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Abstract

The steadily growing interest in applying granular media in various novel and advanced technologies, particularly in the
energy sector, entails the need to gain in-depth knowledge of their thermal and flow behaviour and develop simulation
predictive tools for systems’ design and optimisation. The focus of the present study is on the numerical modelling of the
thermal decomposition of solid fuel grains in a packed bed while considering a non-classical description of heat transfer in
such a medium. The work aims to assess the influence of the relaxation time and thermo-physical properties of the medium
on the nature of the solution and highlight the factors that are the source of local non-equilibrium affecting thermal wave
speed propagation. The analysis of the predicted temperature distribution was carried out based on the developed transient
one-dimensional thermal and flow model, taking into account the moisture evaporation and the devolatilization of fuel
particles. Obtained simulation results showed a significant increase in the temperature gradients with increased relaxation
times for the case of wet granular bed. They also demonstrated the variable dynamics of thermal wave propagation due to
the change in the packed bed structure with the process progress. For a relaxation time of 100 s, a several-fold increase in
the temperature signal propagation speed during the fuel bed thermal decomposition was predicted.

Keywords: Reactive media; Granular material; Non-Fourier model; Relaxation time; Hyperbolic equations
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OF THERMODYNAMICS

1. Introduction

Granular materials have wide and growing applications in
modern technologies, especially in the field of energy systems
and devices. As filling porous materials, owing to their structure,
they could offer far higher Nusselt numbers, and thereby in-
creased heat transfer rates in the case of laminar flow, compared
to non-filled flow spaces [1,2].

Recent advances involve the use of porous materials to en-
hance heat transfer in energy storage systems, such as shell-and-
tube thermal energy storage (TES) units with composites in the
form of multiple PCMs with alumina nanoparticles, or cascaded
aluminium foam [3], or porous SiC/paraffin composite PCMs
[4]. Inthermochemical energy storage systems, porous materials
are the constituents of composite thermochemical materials [5].
Fluid-saturated porous cavities are also the subject of extensive
studies in terms of convection heat transfer in various cooling
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Nomenclature

a - thermal diffusivity, m?/s
A, B — matrices of coefficients
c — specific heat, J/(kg K)

c — vector of source terms
h — enthalpy, J/kg

p — pressure, Pa

q — heat flux, W/m?

R — particle diameter, m
t —time, s

T — temperature, K

V — velocity, m/s

w®, w® — variables

X — space coordinate, m
y — vector of unknowns

Greek symbols
p  — density, kg/m?
A — thermal conductivity, W/(m K)

applications in the area of electronics, solar and nuclear energy
systems, or heat exchangers [6]. In addition, granular packed
beds serve as the adsorption media in refrigeration devices [7].
Furthermore, axially graded porous materials have gained an in-
terest in the context of cooling systems, where not only the re-
quired temperature but also its uniformity in the medium is of
concern [8]. Following the efforts towards sustainable develop-
ment through energy saving, pollution reduction, and the use of
available alternative biogenic fuels, the common have become
porous burners [9], which due to enhanced heat transfer ensures
more efficient and stable combustion, and thus enables the com-
bustion of low-grade fuels with low pollutant emission levels.
Along with this, porous materials have also been considered in
the context of direct-contact heat exchangers for flue gas heat
recovery [10]. Therefore, modelling heat transfer in such media
becomes one of the key aspects in predicting the performance of
energy-efficient systems. This also refers to various technolo-
gies of thermal conversion of solid fuels. The description of tran-
sient heat transport in granular media such as reactive packed
beds is a difficult issue due to all heat transport mechanisms be-
ing involved and the variability of the particle structure during
the material physicochemical transformations that accompany
its thermal conversion. During the process, the particles change
shape, can swell, shrink, and fragment, but above all their po-
rosity changes. These changes in structure significantly affect
the dynamics of gas flow through the bed and its diffusion in the
particles themselves, and thus the efficiency of phase transitions
and chemical reactions. This may cause large local temperature
differences between the solid and gas phases, reaching in the
case of high-temperature processes even several hundred de-
grees [11]. Numerical analyses indicate that even for particles of
relatively small size, with a diameter of a few millimetres, the
predicted heating times of the particles when taking into account
the intra-particle convection of water vapour and released pyrol-
ysis gases are longer compared to the case with no convection

o — Stefan-Boltzmann constant,
5.67x108 W/(m? K*)

& —wave propagation speed, s

0 —relaxation time, s

Subscripts and Superscripts
¢ —conduction

g -—gas

r —radiation

s —solid

sg - solid to gas
w — water

wg — water to gas
0 —initial

Abbreviations and Acronyms
PCM - phase change materials
TES - thermal energy storage

accounted for [12]. Due to non-uniform porosity distribution in
packed beds of fuel particles, this effect can lead to local ther-
modynamic non-equilibrium.

The classical equilibrium description of transport phenom-
ena in thermal-flow devices, based on Fick's, Newton's and Fou-
rier's laws of gradient type, brings the issues to parabolic equa-
tions [13,14]. Their solutions demonstrate an instantaneous
change in parameters at any point in the medium (e.g. tempera-
ture, pressure) in response to a change in parameters at another
point in the medium. This nature of change is due to the assumed
infinite speed of signal propagation, which is a non-physical ef-
fect. Closer to reality is the non-equilibrium approach, which in-
troduces the hyperbolic-type equations for mass, momentum
and heat fluxes. These take into account the relaxation times of
the fluxes and thus satisfy the assumption of a non-zero propa-
gation speed of disturbances [15].

Among the works regarding the non-classical, i.e. non-Fou-
rier, description of heat transfer, theoretical analyses dominate.
Following the need to account for the complex geometry, differ-
ent boundary conditions and the variability of thermo-physical
parameters, research has largely focused on numerical studies
with the use of different solution methods [16]. It shall be noted
that the limited number of experimental data in this area [17]
significantly hinders the verification of the non-Fourier model
predictions, leaving the question of the validity of its applicabil-
ity to inhomogeneous materials still unresolved.

The literature review indicates that few works are dedicated
to the analysis of the application of a non Fourier-type heat con-
duction model in the mathematical description of thermochemi-
cal processes. These include the works on combustion, both ex-
perimental [18] and theoretical [19], which point to the non-Fou-
rier model as a more adequate description of heat transfer. This
paper thus focuses on the numerical modelling of transport phe-
nomena in a thermally processed reactive granular packed bed.
The objective is to demonstrate the effect of variable structure-
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related medium properties on the speed of a heat propagation
wave. Based on the variant simulation results of a packed bed of
solid particles undergoing thermal decomposition, the meaning
of a relaxation time in the approach considered is discussed.

2. Modelling heat transfer in granular media

The classical heat conduction model, based on Fourier's law, is
considered to sufficiently reproduce the characteristics of the
heat transfer process in most engineering issues, also involving
granular media when processes are slowly varying and heat
pulses are small. However, due to the wave-like nature of the
heat transfer [20], also in homogeneous materials, in processes
of high dynamics and large thermal pulses, the predictions of the
classical heat conduction model deviate significantly from the
experimental data. Then, the problem description requires the
use of an alternative model, proposed by Cattaneo and Vernotte,
defining the heat flux as follows:

q+ 058 = AT, (1)

where A represents the thermal conductivity of a material, t is
the time. Parameter @is the relaxation time, which is a key factor
in the description that determines the delay of heat flux with re-
spect to the temperature gradient. It is a function of the thermo-
dynamic parameters of the medium and, thereby, is a variable
quantity. The higher the temperature, the shorter the relaxation
time. It is therefore recognised that a non-classical approach to
heat transfer (Eq. (1)) should be used when the relaxation time
is of an order of characteristic process time. proposed procedure
is correct for the class of problems).

Experimental studies regarding granular media indicate
much longer relaxation times compared to those reported for
gases and solids and are of the order of a few to several seconds
[19,21]. The reason behind this is a significant difference in heat
transfer patterns through gas and solid phases. In engineering
practice (e.g. pyrolysis reactors, gasifiers) the packed bed struc-
ture is complex, wherein the fuel particles are of irregular shape
sizes with dimensions ranging from millimetres and centimetres.
Nevertheless, just to highlight and visualize the possible occur-
rence of significant local temperature gradients in a two-compo-
nent (solid/gas) reactive system, an example of non-homogene-
ous medium of a simplified geometry, heated on one side, may
be considered, as illustrated in Fig. 1. The figure shows the tem-
perature (Fig. 1a) and gas (air) flow velocity fields (Fig. 1b) in
a chequerboard-type geometry (sized 6 cm x 4 cm) that repre-
sent a small section of the granular bed. It is composed of square
solid elements (grey fields in Fig. 1b) and voids (closed cavi-
ties), each sized 1 cm x 1 cm. Though very simplified, such a
case may mimic the densely packed granular (solid/air) bed of
fuel particles with high flow resistance, to show the general ther-
mal and flow patterns in such a system. The discussed computa-
tional case is two-dimensional and transient. Each element of
the domain consisted of 100 cells (10x10). The thermo-physical
properties of coal and air were adopted for the solid and voids,
respectively. The initial temperature of the domain was set to

6.008+02
5.70e+02
5400402
5.100+02
4800402
4508402
4200402
390e+02
3.60e+02
3.30e+02
3.00e+02

4509002
4.1%-02
367¢-02
321002
275e-02
229e-02
1.8%-02
1.3%e-02
9.17¢-03

4509e-03

0.00e+00

(b)

Fig. 1. Temperature field (a) and gas velocity distribution (b)
in heated granular bed — 2D simulation in a simplified
chequerboard-type geometry, t = 60 s.

300 K and the stepwise increase of temperature to 600 K at the
left boundary of the domain was assumed.

The simulation results displayed in Fig. 1a, showing the pa-
rameters’ distribution after the 60 seconds of bed heating,
clearly indicate the uneven temperature distribution in the
packed bed cross-section transverse to the thermal wave propa-
gation, which is due to the difference in thermal behaviour be-
tween the phases. As can be observed from the figure, the tem-
perature differences in the granular bed cross-section may ex-
ceed 100 K. For the case considered, when comparing tempera-
tures of the upper and bottom sub-layers, these differences may
be estimated at ~150 K, 120 K and 70 K, at the cross-lines rep-
resenting x = 0.5 cm, x = 1 cm, and x = 1.5 cm, respectively.
Obviously, the thermal front propagates faster through the solid
owing to larger material thermal conductivity as compared to
gas medium, leading to more uniform heat transfer through the
solid. By contrast, in the cavities, the convective flows are gen-
erated as a result of the temperature gradient-induced variations
in gas density, as demonstrated in Fig. 1b. In consequence, ther-
mal convection in cavities slows down heat transfer by conduc-
tion through the medium. The issue of energy transfer in the
granular medium becomes far more complex for a reactive case,
when additional intense mass exchange phenomena related to
devolatilization, evaporation and chemical reactions, affecting
the fluid flow dynamics come into play. Relaxation time as the
resultant of these coupled effects depends on the particle diam-
eter, bed porosity and heating rate.
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2.1. Thermal wave propagation

The analysis of thermal wave propagation may be reduced to the
solution of the energy balance problem while taking into ac-
count the equation for the heat flux of relaxation type (Eq. (1)).
In a one-dimensional case, assuming there is no macroscopic
gas movement (i.e., for a porous bed with closed pores), the
problem reduces to a system of equations:
oT | dq
pc—+—=0
at ox (2)

where p and ¢ denote material density and specific heat, respec-
tively. This system of equations for a given vector of unknowns

T
= 3
y=|] ®
may be represented in matrix form [19]
ady dy _
A E + B a =C, (4)

where

a=ly de=l ol e 5

Considering the source-free conditions, the analysis of the prob-
lem given by Eqgs. (3) and (4), and using the method of charac-
teristics, one may arrive at the solution given as

(€8]
W -0 if E=¢

. “ ©)
T =0 if S=—f

where the variables w®® and w® are defined as

sw® = 8T + /%&1, (6)

Sw® = §T — /%&;. 7

Parameter ¢ in Eq. (5) represents the temperature signal propa-
gation speed, which is dependent on the thermo-physical prop-
erties of a medium and the relaxation time, and is expressed as:

¢= [ (8)

One should note that in the case of non-homogeneous media,
parameter A is an effective quantity (1 = Ae) that accounts for
all mechanisms of heat transfer. The signal propagation speed is
therefore influenced by the structure of the packed bed, such as
the packing density, additionally affecting the fluid flow charac-
teristics. It is thus related to the thermochemical process type.
For instance, measurements regarding large-scale coal carboni-
sation report the temperature front to propagate through the
packed coal layer with the speed of the order of 10 m/s during
the main process stage, which further increases up to the order

of 10* m/s at the end stage owing to largely increased post-de-
volatilization bed porosity [22,23]. Experimental studies on the
combustion of biomass reveal that the propagation speed of the
burning front through such beds may vary between ~1x10* m/s
and 5x10“m/s, depending on the single particle combustion
characteristics and bed density [24].

2.2. Integrated model of transport phenomena in
a reactive granular bed

The one-dimensional numerical model, developed to simulate
the thermal decomposition process of a packed bed of fuel par-
ticles was utilised to study the impact of relaxation time and
physical parameters of the bed on the predicted dynamics of heat
propagation. This model was previously used for simulating the
real-scale coal coking process ([22]) and showed good agree-
ment between the predictions and experimental data in terms of
the total duration time of fuel decomposition. However, a dis-
crepancy was observed in the temperature profile representing
the moisture evaporation stage, which was considered to be due
mostly to the simplified model of drying implemented. Having
regard to the multiparameter impacts, the focus in the present
work is on the effect of the key properties of a packed bed, such
as moisture content and porosity, on the thermal wave propaga-
tion speed.

The process to be considered involves the packed bed drying
and devolatilization stages. The proposed model is composed of
balance equations, including mass balance for (i) solid and (ii)
moisture released from the fuel, (iii) mass transport for gas mix-
ture, (iv) momentum balance equation for gas mixture, (v) en-
ergy balance equation with convection term for packed bed,
given as, respectively [22]:

) - iy, ©
W = Wy, (10)

a(sg,;nggvg) __ 0(;;2)) _ ggll;"g, (12)

a(gzr) 5(Egg;qcng) _ _Z_z — Wighsg — Wyghwg.  (13)

wherein the heat flux is described by the relaxation-type equa-
tion

g+ 0% = =22 (14)
Parameter ¢in Eqgs. (9) — (13) represents the volume fraction of
the component (phase), and subscripts s, w, g refer to solid, wa-
ter, and gas, respectively. Source term ng stands for the mass
release rate due to thermal decomposition (devolatilization) and
is described through Arrhenius law, whereas ,,, denotes the
evaporation rate that is defined using a simplified approach [25],

and p is the pressure. Quantities xand K stand for fluid viscosity
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A

granular packed bed

0 L2

Fig. 2. A schematic representation of the considered one-dimen-
sional problem of transport processes in reactive granular
packed bed; L — total width of the bed layer.

and packed bed permeability. The bed is assumed to be iso-
tropic, wherein the properties are averaged in the control vol-
ume. Thermo-physical properties of the packed fuel bed, i.e.
density (p), specific heat (c) and thermal conductivity (Aer) are
the effective properties resulting from the fractions of solid, gas,
and moisture. In addition, as regards the thermal conductivity,
both, conduction (A¢) and radiation through the bed voids (Ar),
were taken into account [22]. For the purpose of the analysis, the
data of air were adopted for the gas mixture. The properties of
gas and solid are summarised in Table 1.

The case of a layer (L) of granular packed bed heated on both
sides is considered. Assuming the process to be symmetric, the
simulations were performed for the half-width of the considered
packed bed, i.e. the calculation domain was 0 < x < L/2 (Fig. 2).
The initial conditions were as follows:

T(x,0) =T,, (15)
p(x,0) = po, (16)
v,(x,0) = 0, (17)
£(x,0) = &, (18)
£ (x,0) = &,0. (19)

The assumed boundary conditions include the values for tem-
perature, evolved gas velocity and pressure, respectively:

2
TO,0=f®, 5, ,,=0 (20)
- 9vg -
w00 =0 Z =0 (21)
p(L/2,t) = po- (22)

Function f(t) in boundary conditions (Eq. (20)) represent the
time-varying temperature at x = 0, adopted from measurements
[22,23].

The problem was solved partly implicitly. The mass and mo-
mentum equations were solved using explicit schemes, while an
unconditionally stable implicit Crank-Nicolson algorithm was
used to solve the energy equation. Further details of the model,
including the numerical schemes used, can be found in the pre-
vious work [22].

Table 1. Thermo-physical properties adopted for simulation.

Parameter Value Ref.
£50 0.55

ps [kg/m?] ps = ps(T) [26]
¢s [/ (kg K)] cs = ¢s(T) [27]

(air, approximation of tabulated

data)

pgy [ke/m?] Pg = Pg(T)

g [/ (kg K)] cs = ¢s(T) [22]

4y [Pas] Hy = Hy )

Ag [W/(mK)] Ag = 2g(T)

K [m?] 5.0x10%*

/q,e/ [W/(m K)] ﬂ'ef = ﬂ'ef(T) = AE(T) + Ar(T)r [22],
2.(T) = 0.0031 exp(0.063T) + [26],

+&,00) [28]

A,(T) = 40ReT?

P [kg/m?3] 1000.0

cw [/ (kg K] 42000

h,4 [1/kgl 2200.0x10°

hyy [I/kel 200.0x103 [29]

3. Results and discussion

The variant simulations were performed to demonstrate the
effect of packed bed properties, such as initial moisture content
and porosity on the nature of solution and thermal front propa-
gation speed, depending on the assumed relaxation time. Fol-
lowing previous studies [22], the relaxation time of 900 s was
adopted as the maximum value considered. Furthermore, it shall
be noted that simulation results regarding thermal behaviour of
a spherical porous fuel particle undergoing decomposition in a
hot gas stream indicate its heating times to be of the order of tens
of seconds [12]. The mentioned study revealed that the outflow
of released moisture and gas from the grain interior greatly con-
tributes to slowing down the dynamics of its heating and decom-
position. The characteristic process times for less porous parti-
cles are longer due to higher flow resistance. For instance, in the
case of a 3 mm wet coal particle with a uniform thermal bound-
ary condition at its surface and the intraparticle gas convection
accounted for, the predicted heating time is around 60 s, whereas
in the case of the same size wet biomass particle (far more po-
rous) it is more than twice as short (~26 s). One may expect these
times to be larger when considering the three-dimensional na-
ture of transport processes and associated non-uniform particle
surface heating in a granular packed bed.

In Fig. 3 the time-varying temperature evolution in reactive
moist granular bed (£,~=0.08, Fig. 3a) is compared with that for
dry granular bed (Fig. 3b). In both bed cases, two significantly
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Fig. 3 An effect of moisture content on the propagation speed of ther-
mal front in reactive granular bed (half of the medium) with initial
porosity of & = 0.45, for different relaxation times, &= 100 s (solid

line) and 6= 900 s (dashed line): a) £,=0.08, b) &=0 (dry fuel);
1-t=1.8h,2-t=54h,3-t=144h

different relaxation times are taken into account, i.e. #=100s
and 6=1900s. The simulation results show similar trends for
both packed beds as regards the effect of relaxation time.
Namely, for lower relaxation time the thermal front propagates
through the granular medium faster than for the larger one. As
expected, however, a considerable difference is observed in
heating dynamics between wet and dry medium. In the case of
a moist bed, there is a delay pronounced in the temperature in-
crease above 373 K that is due to the thermal energy consump-
tion for moisture evaporation. Unlike for the dry bed case, the
results demonstrate a thermal front clearly separating the heated
medium part from the cooler one. In other words, for the wet
medium, the temperature gradients (dT/dx) are larger. As a con-
sequence, the difference between temperatures predicted for dif-
ferent relaxation times may reach hundreds of degrees. This may
be seen in the case of simulated temperature curves for the pro-
cess duration time of 14.4 hours (curves marked with 3, Fig. 3a),
wherein the difference between predictions obtained for consid-
ered relaxation times at the distance of approx. x = 0.12 m from
the heated boundary (x = 0) exceeds 200 degrees. For the dry
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Fig. 4. An effect of initial porosity, & = 0.45 (solid line) and
& = 0.55 (dashed line), on the propagation speed of thermal front
in reactive granular packed bed, &=0, # =100s;1-t=1.8h,
2-t=5.4h,3-t=14.4h.

bed case, characterized by a less sharp thermal front, these dif-
ferences are far below 100 degrees, as displayed in Fig. 3b.
The model predictions indicated a quite significant impact of
porosity (gas volume fraction) on the heat front propagation
speed. The time—varying temperature distribution in dry packed
granular bed (& = 0) for different porosities, 0.45 and 0.55, and
relaxation time of 100 s, are depicted in Fig. 4. As can be seen,
heat propagates faster in the less dense packed bed, i.e. of larger
porosity, owing to an increased contribution of radiation through
the inter-particle voids. Furthermore, the differences in the tem-
perature evolutions between granular beds differing in porosities
increase with time, which clearly reveals the influence of varia-
ble structure-related bed properties. Nevertheless, these differ-
ences are smaller than those observed for temperature distribu-
tions, when water phase transition (moisture evaporation) comes
into play, as shown in Fig. 3a (curves no. 3). The global effect
of variable bed properties on the thermal wave propagation
speed can be demonstrated by the analysis of a change in ther-
mal diffusivity term (a = /(o c¢)) during the process. Figure 5
presents the variation of thermal diffusivity in time along the

x10°
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[
<3
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0
0 0.05 0.1 0.15 0.2
X, m

x10°

D

Fig. 5. The predicted change of thermal diffusivity (a = A/(p c))
in wet granular bed undergoing thermal decomposition, &=0.45,
&~0.08, =100 s.



Issues on numerical modeling of transport processes in granular reactive media — an approach....

packed bed layer of initial moisture content of 8%vol. and po-
rosity of 0.45 during its thermal decomposition. As can be seen
from the figure, the a value is below 1x10® m?/s in the cool un-
reacted part of a packed bed. As the process of decomposition
proceeds, the thermal diffusivity increases by several times with
the temperature rise and related change in the bed structure,
reaching the value of over 8x10® m?/s at the end stage of the
process. This corresponds with a nearly fivefold increase in the
temperature signal propagation speed, i.e. from ~0.7x10° to
~ 2.7x10"° m/s, respectively.

4. Conclusions

In the paper, the non-classical approach was used to describe
heat transfer in the reactive granular bed. Based on the predic-
tions of the developed thermal and flow model that involves the
relaxation-type (non-Fourier) heat conduction equation, the im-
pact of the bed properties, including moisture content and po-
rosity, on the thermal wave propagation speed through the me-
dium was discussed. The simulation results served to indicate
the role of a non-classical approach in the modelling of transport
processes in reactive media of non-homogeneous inner struc-
ture. The obtained numerical results showed the dominant im-
pact of moisture on slowing down heat propagation in the
packed bed, leading to an increase in local temperature gradi-
ents.

The relaxation time accounted for in the developed one-di-
mensional model is a parameter that involves the coupled effects
contributing to the change in energy flow direction in the inter-
particle voids, and thereby, to the delay in heat conduction in the
medium. In this sense, the estimated value of relaxation time is
affected by a degree of mathematical model simplification and,
in particular, whether it accounts for the microscale effects of
mass transfer. As regards the thermal processing of fuel parti-
cles, the precise determination of this characteristic time would
require the detailed analysis of particle heating and devolatiliza-
tion under a temperature gradient field. This would involve the
use of mesoscale models enabling to map the interphase surface,
as well as their experimental verification.
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Abstract

Impinging jets are one of the most effective techniques of heat transfer intensification, therefore they are continuously
applied in various engineering areas. On the other hand, a numerical modelling of complex phenomena contributing to an
overall heat transfer effect (and the Nusselt number value) is still not sufficient and suffers from lack of generalization. The
extensive studies have been conducted to unify approach to the impinging jet modelling and construct the model (in Ansys
Fluent software), which allows mirroring of the results. Presented work discusses differences in representation of impinging
jet between various turbulence models based on the turbulence kinetic energy, momentum and energy budgets. It allows
deep understanding of influence of geometrical and flow parameters on fluid mechanics phenomena interaction and final
effect. The most significant results are connected with linking of Nusselt number distribution with analyzed budgets’ terms.
Each term contributes to the distribution and cannot be omitted. Drawn conclusions explain the origin of reported in litera-
ture differences and includes suggestions, how to evaluate the Nusselt number distribution results coming from various
turbulence models. At this stage of research to have a complete image of relation between the particular quantities budgets
and heat transfer effect it is suggested to consider also the turbulence kinetic energy dissipation budget, which will fil opened
by this research gap.
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OF THERMODYNAMICS

1. Introduction

Turbulent round jet impingement has been studied for a long
time. However, due to its complexity and high heat transfer per-
formance, this phenomenon still attracts the attention of re-
searchers and is a subject of both numerical and experimental
studies [1]. The description of this process is influenced by var-
ious factors such as the Reynolds number, the Prandtl number,

the nozzle-to-impingement-plate distance ratio (H/D), the noz-
zle shape, the inlet velocity profile, and many others [1-4],
whose make it challenging to compare the results from different
studies [5]. Numerical analysis of jet impingement can be car-
ried out using direct numerical simulation (DNS), large eddy
simulation (LES), or Reynolds averaged Navier-Stokes (RANS)
approach. The first two methods provide insight into the physics
of the process but are computationally expensive compared to
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Nomenclature

Cp  — specific heat capacity, J/(kg K)

D — inlet diameter, m

f  —elliptic relaxation function

H  — nozzle-to-impingement-plate-distance, computational

domain height, m
H/D - nozzle-to-impingement-plate-distance to inlet diameter ratio

k  —turbulence kinetic energy, m?/s?
Nu  — Nusselt number

P —average pressure, Pa

Pr  —Prandtl number

q — wall heat flux, W/m?

Re - Reynolds number

S — strain rate tensor, 1/s

T  —average temperature, K

T;, —reference inlet temperature, K
T,  —local wall temperature, K

u;u; — Reynolds stress term, m2/s2

U  —average radial velocity, m/s

|U| - average inlet velocity, m/s

U;, U;— average velocity components, m/s

— velocity fluctuation

— average axial velocity, m/s
— radial coordinate, m

X;, x; — Cartesian coordinates, m

x® <,‘C2N|

x/D - radial coordinate to inlet diameter ratio
y — axial coordinate, m
y+ —dimensionless distance from the wall

Greek symbols
a - heat transfer coefficient, W/(m2K)
a,  — inverse effective Prandtl number

the last one [1]. The third method is more suitable from an engi-
neering perspective, where turbulent flow is more common, and
it is a valuable tool for analyzing and predicting heat transfer
performance [1]. Despite many research efforts in this field,
there are still discrepancies in predicting the local Nusselt num-
ber distribution numerically, especially in the position of its sec-
ondary maximum [6,7].

According to Kofinek et al. [8], the resolution of near-wall
mesh significantly affected the heat transfer of the round jet im-
pingement when using scale-resolving-simulation methods.
They found that mesh refinement in the longitudinal direction is
more crucial than in the perpendicular direction. Furthermore,
they observed that grid refinement was particularly beneficial
for LES and DES (detached eddy simulation) calculations when
dealing with cases of low nozzle-to-plate distance. The paper by
Domino and Wenzel [9] described the results of DNS calcula-
tions for a series of non-isothermal turbulent impinging jet con-
figurations. The simulations showed an increase in radial mixing
as the jet temperature increased. Regions of large negative pro-
duction of turbulence kinetic energy were noted to be a function

14

*

— model constant

— intermittency

— turbulence dissipation rate, m?/s3
— thermal conductivity, W/(m K)

— dynamic viscosity, Pa s

Uesy — effective viscosity, Pa s

us  — turbulent viscosity, Pa s

u;0 — turbulent heat flux, Km/s

p  —density, kg/m?

oy, 0.— turbulent Prandtl number

— specific turbulent dissipation rate, 1/s
— magnitude of the vorticity rate, 1/s
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Subscripts and Superscripts

E  —energy equation
k — turbulence kinetic energy equation
M —momentum equation

Abbreviations and Acronyms
CONYV - convection term

DIFF - diffusion term

DISS - dissipation term

DNS - direct numerical simulation
LES - large eddy simulation

PRESS — pressure term
PROD - production term
RANS — Reynolds averaged Navier-Stokes

RNG - renormalisation group
RS — Reynolds stress term
SST  — shear stress transport

TDIFF — turbulent diffusion term
TKE - turbulence kinetic energy
UDF - user-defined function

of the difference between the axial and radial normal stresses,
with crucial inflection points occurring where their magnitudes
changed. A large recirculation structure was evident in all sim-
ulations, highlighting a faster mixing of nest-like structures at
the higher nozzle-to-impingement-plate-distance ratio. Magag-
nato et al. [4] conducted DNS calculations to examine the im-
pact of the Prandtl number on the heat transfer of a circular im-
pinging jet. In this study, the temperature field was considered
as a passive scalar. The study confirmed that the Prandtl number
affects the value of the Nusselt number at a fixed Reynolds num-
ber. The distribution of the Nusselt number along the plate ex-
hibited similar features at different Prandtl numbers and showed
a characteristic secondary maximum for both analyzed Reyn-
olds numbers (5 300 and 10 000) at Pr = 0.025 and Pr = 0.01.
Huang et al. [10] developed a turbulence model for jet impinge-
ment heat transfer based on the k- SST (shear stress transport)
turbulence model, which considered the effects of the cross-dif-
fusion term and the Kato-Launder model. The modified model
agreed well with the cases studied and overcame the false sec-



ondary Nusselt number maximum (not observed in the experi-
mental studies) at a high nozzle-plate spacing for slot jets, which
the standard k-w SST turbulence model predicted. The study
indicated that the pressure gradient played an essential role in
turbulent slot impinging jet, and the effect of the cross-diffusion
term should be taken into account in the boundary layer. Devel-
oped shear stress transport (SST) model was used by Zhang et
al. [11] to simulate turbulent round jet impingement heat trans-
fer. The model included an additional switching function for
cross-diffusion correction, which provided accurate results in
terms of heat transfer by capturing the closest first maximum,
local minimum, and secondary maximum compared to other
models, except for problems at low nozzle-plate spacing. The
inner maximum at the stagnation point was linked to the radial
pressure gradient, Therefore reinforcing sensitivity to pressure
in a turbulence model can help to improve the prediction of heat
transfer characteristics. The paper by Huang et al. [12] discussed
a modification of the k- SST model for swirling impinging
jets, specifically the SST model with curvature correction
(SSTCC) and the modified SST model using the cross-diffusion
term (SSTCD). They noticed that the SSTCC model might
falsely enhance the effect of swirl/streamline curvature com-
pared to the experimental results. However, the effect of curva-
ture correction could be ignored downstream, leading to a simi-
lar performance of the SSTCC and SST models. The authors
concluded that the SSTCD model significantly improves the
SST model to predict heat transfer in the flows demonstrated in
the paper. Menzler et al. [6] evaluated the Ansys GEKO turbu-
lence model for its ability to determine the local and integral
Nusselt number of an impinging jet. The GEKO (generalized k-
) turbulence model has some parameters that can be adjusted.
The authors achieved an accuracy of about 10% in the prediction
of the local Nusselt number, while adjusting those parameters,
but the limits of the recommended parameters were exceeded.
The study by Chitsazan et al. [2] presented the results of numer-
ical simulations of a single impinging round jet using different
numerical parameters. The researchers compared the results of
different implementations of the k-w SST model, identifying the
low Reynolds number damping modification (correction of tur-
bulent viscosity) as essential to predict the secondary maximum.
The study was concluded that good results could be achieved
witha coarse grid if the boundary region is resolved adequately.
Moreover, polyhedral grids lead to good quality results with
lower memory requirements, cell numbers, and shorter run times
than other cell shapes. The quality of results obtained for various
shapes of the elements was similar to that of polyhedral grids.
Huang et al. [13] investigated the effects of roughness on heat
transfer and flow structures for round jet impingement using the
shear stress transport model with the transition model. The study
showed that roughness enhanced heat transfer by 2.53% to
6.08% compared to a smooth surface, but this enhancement is
nonmonotonic due to changes in the secondary maximum of
heat transfer. Increasing roughness height enhanced turbulent
intensity and led to an early occurrence of the secondary heat
transfer maximum, which is crucial for heat transfer augmenta-
tion. Kaewbumrung and Plengsa-Ard [14] examined a single air
jet impingement at a constant temperature, employing different

15

Understanding of RANS-modeled impinging jet heat transfer...

RANS turbulence models (v2 — f and four Reynolds stress tur-
bulence models) to compare with published measurement data.
The focus was on the secondary maximum of the Nusselt num-
ber, which was clearly generated using the ratio of H/D = 2. The
v2 — f model was found to have better numerical precision in
analysis of the local Nusselt number and velocity profiles. The
first maximum of the Nusselt number location was observed at
0.5 diameter from stagnation point (x/D) due to the change in
the radial flow velocity, while a secondary maximum was ob-
served at a radial distance of approximately x/D = 2.05. The
study by Siddique et al. [15] aimed to predict the flow pattern
and determine the local value of the Nusselt number for varying
heat flux input boundary conditions. The research based on the
SST + Gamma-Theta turbulence model, successfully captured
the turbulence phenomenon of intermittency, flow separation,
local velocity gradient, and transition. The findings suggested
that the Nusselt number is the least affected by the nozzle-target
spacing in the stagnation region because the velocity gradient
development was dominated by an impinging jet momentum.
However, the development of the velocity gradient on the target
surface dominated after the stagnation region. Finally, the de-
pendency of the nozzle-target spacing caused a more significant
impact under constant heat flux boundary conditions as a result
of the further development of a thermal boundary layer. The ex-
perimental study by Kumar et al. [16] referred to the heat trans-
fer characteristics of a free-surface single-phase circular liquid
jet impinging on a smooth, flat surface under varying nozzle di-
ameter, nozzle-to-plate spacing, and Reynolds number. The re-
sults revealed that the local Nusselt number reached maximum
in the stagnation region and decreased downstream. The Nusselt
number was found to be a function of the Reynolds number, the
Prandtl number, system length, and the Weber number. Com-
parison of a free surface and a submerged jet exhibited that the
heat transfer rate was higher in the case of a submerged jet.
Some recent review publications have collected research in
various areas of the jet impingement, such as the influence of
target surface shape and geometry configuration [1,17], ex-
cited jets [17], nanofluids [17-19], single jet impingement
[1,19], jet arrays [1,19], swirling jet impingement [19] and
synthetic jets [19].

The literature overview reveals a focus on improving heat
transfer prediction through the modification or development of
existing turbulence models. Additionally, there has been an in-
crease in the number of publications that present DNS analysis,
which can provide valuable insight into jet impingement flow
and heat transfer physics. Other investigations aimed to enhance
heat transfer using various working fluids or target surfaces. In
addition to numerous numerical investigations, new experi-
mental studies emerged. According to Barbosa et al. [1], the be-
havior of geometric and flow parameters in the jet impingement
is well understood, but their interactions are complex. Recent
studies on the numerical simulation of jet impingement have
mainly concentrated on a single jets. The choice of turbulence
model plays a crucial role, and based on various studies, the k—
@ SST turbulence model has been identified as a reliable and
efficient option for accurate modeling of jet impingement while
minimizing computing time.
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Despite extensive numerical research, it remains challenging
to find studies in the literature that attempt to identify, describe,
and explain the sources of differences in the heat transfer behav-
ior of various turbulence models. Before modification and de-
velopment of turbulence models, it is crucial to conduct an anal-
ysis that provides a deeper understanding of the physics behind
commonly used turbulence models. Such an analysis can be
based on turbulence kinetic energy (TKE), momentum, and en-
ergy budgets, and it gives valuable insights into the characteris-
tics of these models.

The literature contains several publications that focus on the
transport equations and analysis of TKE, which can be broadly
classified into two groups. The first group includes studies that
rely on DNS and experimental methods, while the second group
comprises budgets obtained through RANS calculations. In a
DNS study by Domino and Wenzel [9], the TKE values were
calculated on the surfaces parallel to the impinged one at three
different inlet temperature values. The authors observed that the
TKE values increased with increasing inlet temperature, with
the maximum value found at x/D =~ 0.5. Negative TKE produc-
tion was noted near the impinged surface at values of x/D < 6.
The study also showed that the sign of TKE production changed
when the axial component of the Reynolds stress surpassed the
radial one. An experimental study by Alekseenko et al. [3] was
related to a budget of axial momentum and TKE on lines parallel
to the impinged surface for conventional and swirling jets. For
the momentum budget, the study showed that the viscous term
was negligible compared to other terms, and convection was
characterized by an almost constant positive value near the jet
axis. For the TKE budget, the viscous term, the same as for mo-
mentum, was negligible. Maximum magnitudes of dissipation,
diffusion of pressure and shear stress production were observed
near x/D = 0.5, corresponding to the region of the mixing layer.
The convection term and turbulent diffusion possessed opposite
signs, and the production term had local maxima in the mixing
regions for all analyzed cases. In two publications by Ries et al.
[20,21], DNS numerical analysis and PIV (particle image veloc-
imetry) experimental study were presented. They studied jet im-
pingement on inclined surfaces at 0°, 45° and 90°. The produc-
tion of TKE was negative in the vicinity of the wall in the stag-
nation region, and was balanced by pressure-related diffusion
rather than viscous dissipation. Molecular and pressure-related
diffusion dominated, while dissipation was relatively small. In
an experimental study conducted by Nishino et al. [22], the TKE
budget was presented. The study exhibited that the negative
TKE production occurred near the wall and was compensated
by pressure diffusion.

The analysis of TKE, the budget of TKE, and the momentum
calculated on the basis of the RANS results can be found in four
publications by Kura et al. In the first paper [23], the authors
presented the TKE values in two parallel lines: one at the im-
pinged wall and another outside the boundary layer. They noted
that only the values inside the boundary layer are meaningful.
The TKE values were then compared with the distribution of the
local Nusselt number, where inflection points were observed at
nearly the exact locations of the Nusselt number maxima. In the
second paper [24], the TKE budget obtained by { — f turbulence
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model was presented to show the difference between various im-
pinged surfaces such as flat, convex, and concave. Additionally,
a comparison between momentum budgets by { — f and v2 — f
turbulence models was presented. In the case of the TKE budget,
the authors concluded that the overall trend is the same for all
types of surfaces, but the only differences refer to the maximal
values and their positions. The momentum budget was prepared
on two lines perpendicular to the impinged surface, the first be-
ing located at the stagnation zone that begins to decay, and the
further where the second Nusselt maximum occurs. The v2 — f
turbulence model was characterized by a significantly higher
momentum diffusion near the wall than the ¢ — f turbulence
model. The third investigation [25] compared TKE production
and dissipation between different types of target surfaces. The
general conclusion was that the tendency was similar, but the
highest TKE production was observed in the stagnation zone for
the convex case. The last investigation [26] presented a compar-
ison between the TKE budget for two different inlet conditions.
Regarding the budget, the authors showed that diffusion and dis-
sipation dominated production and convection ones. The con-
vective term possessed a negative value near the stagnation
point and changed its sign near the location of the Nusselt num-
ber secondary maxima occurrence. The link between the values
and trends of TKE and Nusselt number were pointed out.

Numerical investigations such as the DNS and experimental
studies are priceless for understanding the physics of jet im-
pingement, but they are expensive and time-consuming. On the
other hand, analysis of the TKE and transport equations based
on the RANS calculations may only partially explain this phe-
nomenon, because they are just the models. However, such an
analysis can still help to identify why various turbulence models
lead to a different tendency of the results in simulating jet im-
pingement and to modify and further develop the RANS turbu-
lence models. Unfortunately, finding a comparative and com-
plex analysis of various turbulence models in the literature that
describes and explains the sources of discrepancies in heat trans-
fer results is challenging. There are very few comprehensive
analyses, which enable configuration of the numerical model.
Therefore, the authors decided to present their research, which
fills the gap and meets the need of the readers.

The previous research [27] considered the heat transfer of
classic jet impingement. In the numerical studies, 80 different
cases were investigated, which included five different turbu-
lence models (k- RNG Kato-Launder, k-w SST Kato-Launder,
intermittency transition, transition SST, and v2 — f), four geo-
metrical configurations described by the dimensionless ratio of
H/D (where H is the computational domain height, D is the inlet
diameter) such as H/D =1, 2, 4 and 6, and 4 hydrodynamic pa-
rameters defined by the Reynolds number (Re = 10 000, 20 000,
23 000 and 30 000),

U|D
Re=P| | ,
u

)

where: p is the fluid density; |U] is the average inlet velocity,
D is the inlet diameter, and y is the fluid dynamic viscosity.



The study produced valuable findings, including the 80 dis-
tributions of local Nusselt number along the heated wall. The
local Nusselt number was defined as follows:

Nu = —, 2

q
a= Ty—Tin’ (3)
where: a is the heat transfer coefficient, D is the inlet diam-
eter, A is the fluid thermal conductivity, g is the wall heat
flux, T,, is the local wall temperature, and T;,, is the reference
inlet temperature.

Based on the previous analysis [27], the authors could com-
pare various turbulence models and investigate their features un-
der various geometrical and hydrodynamical conditions and pre-
sented systematic analyses with precise definitions of numerical
model settings and comparisons with numerous experimental
and numerical studies. As a result of the research, three turbu-
lence models, which are the k- RNG Kato-Launder, k-w SST
Kato-Launder, and the Intermittency transition model, have
been selected. This paper is an extension of previous studies to-
wards the TKE values. Analyses were conducted for the three
above-mentioned turbulence models and two geometrical con-
figurations with presentation of the TKE, momentum, and en-
ergy budgets. The results are compared with the local Nusselt
number distribution. They lead to explanation of differences be-
tween turbulence models prediction of heat transfer and formu-
lation of the guidelines for selection of turbulence model suita-
ble for particular research problem. An additional benefit of pre-
sented studies is a transparent and easy-to-be reproduced numer-
ical model. It is worth to mention that listing of own function
used to calculate diffusion term of momentum and energy equa-
tions is included.

2. Mathematical model, geometry, and boundary
conditions

Figure 1 shows the geometry and boundary conditions of the 2D
axisymmetric model. The justification of the 2D axisymmetric
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Fig. 1. Geometry and boundary conditions. Inlet diameter D = 0.02 m.
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model was based on the numerical analysis of 3D and 2D geom-
etries presented in [27]. In this model, air at a constant tempera-
ture of 293 K and a fully developed profile enters the computa-
tional domain through the inlet channel. After forming a jet, the
air impinged on the bottom wall (heated with a constant heat
flux of 1000 W/m?), then creates a wall jet along the heated sur-
face and escapes the computational domain via the right surface.
The air used in the analysis was considered as Newtonian, in-
compressible fluid with constant thermophysical properties
(p = 1.225 kg/m?, Cp = 1006.43 J/(kg K), 2 = 0.0242 W/(m K),
u = 1.7894x10° Pa s). The steady-state analysis involved three
transport equations, mass, momentum, and energy [28]:

an _
owiwy) _ _op o[ (2 w) —
p 6x]- - dx; + ax]' I:ﬂ <3Xj + 0x; puiuj]' (5)
2y _ o (aor _ s
P oxj - oxj (Cp oxj 'Dujg), (6)

where: U;, U; are the average velocity components, x;, x; are the
Cartesian coordinates, p is the density, P is the average pressure,
w is the dynamic viscosity, u;u; is the Reynolds stress term, cal-
culated by the Boussinesq hypothesis, T is the average temper-
ature, A is the thermal conductivity, Cp is specific heat capacity,
;6 is the turbulent heat flux.

Additionally, RANS equations such as turbulence kinetic
energy k, turbulent dissipation rate &, specific turbulent dissipa-
tion rate w and intermittency y were incorporated for turbulence
modeling [28]. To ensure accuracy, a block-structured mesh was
prepared for each geometrical configuration, and y+ was kept
equal to or below 1. The y+ value is a dimensionless parameter
that represents the distance from the first grid cell to the surface
wall. The total cell number for the first geometrical configura-
tion (H/D = 2) was equal to 63 100, and for the second (H/D =
6) it was 68 600 cells. Both meshes have passed the grid inde-
pendence test. The discretization of the second geometrical case
is presented in Fig. 2.

Fig. 2. Mesh forH/D=6,D=0.02m, y" <1,
and total cell number = 68 600.
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Fig. 3. (a) Local Nusselt number distribution. (b) Normalized local Nusselt number distribution. k-w SST Kato-Launder turbulence model, H/D = 2.

The numerical calculations were performed in Ansys Fluent
18.1, where the pressure-based solver with SIMPLE (Semi-Im-
plicit Method for Pressure Linked Equations) algorithm was
used. The second-order numerical scheme was chosen for the
pressure, momentum, turbulence, and energy equations. The in-
sight of the mesh and detailed description of the numerical pro-
cedure can be found in the previous publication [27]. The model
validation presented in this publication included a comparison
of 16 turbulence models with 11 different experimental anal-
yses. All source data are stored in the open repository [29].
Figure 3 presents the local Nusselt number distribution along
the heated wall for different Reynolds number values and one
geometrical configuration (H/D = 2). The purpose of this figure
is to demonstrate that for the same geometrical configuration,
the Nusselt number distribution does not vary significantly with
different Reynolds numbers, which is particularly evident for
normalized Nusselt number which is defined as Nu/Re™. In the
literature, the scaling factor for the Nusselt number is typically
set to be Nu/Re?® [1,11,30], but the exponent m can vary be-
tween 0.55 and 0.87 for a single jet impingement [1]. At values
of x/D greater than 2.0, no differences in the Nusselt number
distribution are observed at various Reynolds numbers which is
especially very clear when the scaling factor is equal to Nu/Re®*
(Fig. 3(b)). However, near the stagnation point (x/D < 2.0), some
discrepancies are visible, primarily due to variations in the inlet
profile, which significantly affects the local Nusselt number dis-
tribution in that region. Furthermore, comparing the local
Nusselt number distribution for geometrical configuration (H/D
=2 and 6) at the same Reynolds number in Fig. 4 reveals differ-
ent trends, especially at various H/D. Two particular trends of
the Nusselt number distribution can be distinguished depending
on the H/D parameter [2,4,7,10,11,31,32]. At H/D < 6.0 (con-
firmed in [27]), there is a characteristic secondary maximum in
the Nusselt number distribution. In contrast, at higher values of
H/D, the second Nusselt number maximum does not occur
(some turbulence models may exhibit an artificial/false second-
ary Nusselt number maximum, which is not observed in experi-
mental studies [10,27]). Therefore, in this publication, the au-
thors will compare the results of two H/D values at a constant

Reynolds number of 23 000. Based on the literature and previ-
ous studies the authors have selected three turbulence models
which are most appropriate for modeling the jet impingement
phenomenon. These models will also be used for the comparison
of results.

In the presented study, the analysis is focused on the Reyn-
olds number equal to 23 000, two different configurations (H/D
=2 and 6), and three previously selected turbulence models (k-
¢ RNG Kato-Launder, k—-w SST Kato-Launder, intermittency
transition). The primary objective of this analysis is to demon-
strate the differences between turbulence models concerning
low (H/D = 2) and high (H/D = 6) geometrical configurations
and to provide valuable insights into the turbulence modeling of
round jet impingement.
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Fig. 4. Comparison of local Nusselt number distribution at heated wall,

between different values of H/D and Reynolds number. k-w SST Kato-
Launder turbulence model.

3. The budgets

To conduct a comparative study, the authors utilize the values
of k (turbulence kinetic energy, TKE) and budget of TKE, axial



Table 1. The turbulence kinetic energy equation terms [28].
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Term k—e RNG Kato-Launder k—w SST Kato-Launder Intermittency transition
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where: p is the density, g/m3; k is the turbulence kinetic energy, m?/s?; U is the average radial velocity, m/s; V is the average axial velocity, m/s;
x is the radial coordinate, m; y is the axial coordinate, m; p is the dynamic viscosity, Pa-s; u, is the turbulent viscosity, Pa-s;
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)} is the magnitude of the vorticity rate, 1/s; € is the turbulence

dissipation rate, m?/s; 8* is a model constant; w is the specific turbulent dissipation rate, 1/s; y is the intermittency, -;
0, is the turbulent Prandtl number, -: 1..¢« is the effective viscositv. Pa-s; a. is the inverse effective Prandtl number, -.

and radial momentum, and energy. The analysis thoroughly
compares the terms of the budget equations, which are defined
below. The generic form of the turbulence kinetic energy equa-
tion k, which consists of four terms, is presented as follows:

CONV,, = PROD,, — DISSy, + DIFF,, @)

where: CONV — convection term, PROD — production term,
DISS — dissipation term, DIFF — diffusion term. The subscript k
means turbulence Kinetic energy.

The choice of the turbulence model influences the k transport
equation. In the post-processing stage, the convection, produc-
tion, and dissipation terms can be directly calculated, while the
diffusion term is determined as a closure term. Table 1 presents
details of each term in Eq. (7) for analyzed turbulence models.

The generic form of the axial and radial momentum equa-
tions, which consists of four terms, is presented as follows:

CONVM,,: = pRESSM’i + DIFFMJ + RSM‘,:, (8)

where: CONV - convection term, PRESS — pressure term, DIFF
— diffusion term, RS — Reynolds stress term. The subscript M
means the momentum equation, and i indicates the axial (y) or
radial (x) coordinate.

The axial and radial momentum equations are the same for
all turbulence models. During the post-processing stage, the

Table 2. The momentum equation terms [28].

Term Axial
covect (v v
onvection p ox 3y

oP
Pressure ==

dy
Diffusi 6( 6V>+ 6( 6V>
riusion dx Hax dy Hay
o ids st a (6U+6V> N 6( 26]/ 2
eynolds stress P Ue 3 | ox 3 Ue i

convection and pressure terms can be calculated quickly and di-
rectly. On the other hand, the diffusion term is obtained using
a ‘User-Defined Function’ (UDF), a script that uses the Gauss-
Ostrogradsky Theorem (see the Appendix). Lastly, the Reynolds
stress term is determined as a closure term. The details of each
term in the momentum budget can be found in Table 2.

The last one is the energy transport equation; it consists of
three terms and is presented below in a generic form:

CONV; = DIFF; + TDIFF, 9)

where: CONV - convection term, DIFF —diffusion term, TDIFF
— turbulent diffusion term. The subscript E means the energy
equation.

The energy equation is the same for all turbulence models.
The convection term is calculated directly in the post-process,
but similarly to the momentum equation, the diffusion term is
obtained by the UDF (see the Appendix). The turbulent diffu-
sion term is determined as the closure term. Each term of the
energy equation is presented in Table 3.

It is commonly seen in literature that budgets are typically
prepared on a single line that is either parallel or normal to the
heated wall [3,20-22,24-26,32]. The location at which the
budget is calculated plays a crucial role. When the budget is cal-
culated near the wall, the dissipation and diffusion terms in the
TKE equation tend to dominate over the other terms, making it

k—& RNG Kato-Launder, k—w SST Kato-Launder, Intermittency transition

Radial
au U
o5+ V@)
aP
T ox

6( 6U>+ a ( 6U)
ax \Hax dy Hay

) 6( 20U 2k)+ a (6U+6V)
ax \Mt“5x 73 ady & dy 0Ox

where: p is the density, kg/m?3; U is the average radial velocity, m/s; V is the average axial velocity, m/s; x is the radial coordinate, m;
y is the axial coordinate, m; u is the dynamic viscosity, Pa-s; 1, is the turbulent viscosity, Pa-s; P is the average static pressure, Pa.
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Table 3. The turbulence kinetic energy equation terms [28].

k—€ RNG Kato-Launder, k-w SST Kato-

Term . .-
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where: p is the density, kg/m?; U is the average radial velocity, m/s;
V is the average axial velocity, m/s; x is the radial coordinate, m;

y is the axial coordinate, m; u is the dynamic viscosity, Pa-s;

U, is the turbulent viscosity, Pa-s; T — average static temperature, K;
Ais the thermal conductivity, W/(m:K); C, is specific heat capacity,
J/(kg-K); g, is the turbulent Prandtl number, -.

challenging to observe the tendency of the convection and pro-
duction terms, which are more significant away from the wall.
The results of other studies [3,20-22,26] support this statement.
In this paper, the authors analyze the budgets along vertical lines
perpendicular to the heated wall to eliminate local value disturb-
ances and observe the tendency of all equations terms. Each ver-
tical line originates at the wall and extends 3 mm away. The
endpoint of each line is selected to capture the region of maxi-
mum TKE values, located between 2 mm (0.1D) and 3 mm
(0.15D) away from the heated wall, for both H/D = 2 and 6, and
Re = 23 000. The results represent the integral value along the
distance mentioned. Figure 5 shows the contour plot of the TKE
values with the placement of its maximum, and velocity magni-
tude for k- SST Kato-Launder turbulence model. At H/D =2
(Fig. 5(a)), the maximum occurs between x/D = 1.25 and 2, and
approximately 0.1D from the wall. The literature results show
similar region where the TKE maximum is located [9,14,23,
26,30]. At H/D = 6 (Fig. 5(c)) the maximum is located closer to
the axis, between x/D = 0.9 and 1.4, and approximately the same
distance from the heated wall (0.1D). Comparison between the
TKE values (Figs. 5(a) and (c)) and velocity magnitude (Figs.
5(c) and (d)) for the same value of H/D suggests that the position
of the maximal value of TKE is placed in the region of the strong
interaction of the wall jet with the jet stream.

4. Results

4.1. Turbulence kinetic energy

Figure 6 compares the local turbulence kinetic energy (TKE)
values on the line parallel to the heated wall between two geo-
metrical configurations (H/D = 2 and 6) for three turbulence
models. Analysis of the local k values for both geometrical con-
figurations and all turbulence models shows that there is a max-
imum in their distribution, and further (x/D > 2.5) the values
gradually decrease. Furthermore, it can be observed that the
TKE values are relatively low in the stagnation region (x/D <
0.5), this statement is supported by the DNS results [20]. The
high turbulence kinetic energy values at the stagnation point
cause overprediction in the Nusselt number value. However, this
problem can be resolved by incorporating the Kato-Launder lim-
iter, which restricts the production of TKE at the stagnation
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point [10,27,33]. The results shown in Figs. 5 and 6 indicate
a shift of relatively high values of k toward the stagnation point
in the case of H/D = 6, which is consistent with the location of
the highest values of the Nusselt number around the centerline,
as suggested in [7]. On the other hand, at H/D = 2, the first
Nusselt number maximum moved from the stagnation point and
occurs at about x/D = 0.5. The relation between the local Nusselt
number distribution of presented turbulence models is consistent
with the relation between their TKE local values. If at the same
radial position (x/D), the local TKE values obtained with the
k—¢ RNG Kato-Launder turbulence model are lower than values
of TKE obtained with the intermittency transition turbulence
model, and the same tendency is observed between their local
Nusselt number values. The same pattern is observed across the
entire range of x/D values for both geometrical configurations
(except the near stagnation region at x/D < 0.5 and H/D = 6).
It has been observed that the maximal values of the TKE are
consistent with the second maximum of the Nusselt number dis-
tribution. It appears that other researchers have observed the oc-
currence of high values of TKE or turbulence intensity near the
second Nusselt number maximum, as mentioned in [1,13,23,26,
32,34]. Interestingly, for a case of H/D = 2, the maximum value
of k is observed ahead of the second maximum of the Nusselt
number distribution and at H/D = 6, the maximum value of K is
observed after the second maximum of the Nusselt number (for
the k—w SST Kato-Launder and Intermittency turbulence mod-
els). On the other hand, the k-« RNG Kato-Launder turbulence
model gives a results in which maximum in TKE values exists,
but there is no second maximum in the Nusselt number (which
is more consistent with experimental studies [35— 40]). Increas-
ing the H/D value causes a shift of the TKE maximal values to-
wards the stagnation point for all analyzed turbulence models.
Additionally, the TKE values obtained with k-w SST Kato-
Launder and k—¢ RNG Kato-Launder turbulence models de-
crease with an increase in the H/D parameter. However, the re-
sults obtained with the intermittency transition model exhibit a
different tendency with an increase in the H/D parameter, lead-
ing to a rise in maximal value of TKE. The maximal values of
TKE at H/D = 2 occur between x/D = 1.25 and x/D = 2.0, while
for H/D = 6, they occur between x/D = 1.0 and x/D = 1.5. The
analysis of the lowest H/D value confirms similarities in the lo-
cal TKE distribution between all analyzed turbulence models.
In the case of H/D = 6, the local TKE value distribution ob-
tained with the k—¢ RNG Kato-Launder turbulence model dif-
fers from the other two models of a constant offset.

4.2. Turbulence kinetic energy budget

In Fig. 7, a budget of turbulence kinetic energy, Eq. (7), is pre-
sented, and a few observations can be formulated. The TKE pro-
duction and dissipation terms exhibit maximum positive and
negative values in the case of k- RNG Kato-Launder and inter-
mittency transition turbulence models, while the diffusion and
dissipation terms dominate in the case of k—w SST Kato-Laun-
der turbulence model. These findings are consistent with an ex-
perimental study [3], which also reported maximum magnitudes
of the production and dissipation terms. However, their maximal
values in the experimental study are located near the x/D = 0.5,
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Fig. 5. Local values of TKE, with a position of its maximum, and local values of velocity magnitude. k-« SST Kato-Launder turbulence model,
Re =23 000, D =0.02 m. (a) TKE, H/D = 2. (b) Velocity magnitude, H/D = 2. (c) TKE, H/D = 6. (d) Velocity magnitude, H/D = 6.

which is closer to the stagnation point than the position of pro-
duction and dissipation terms maximal values obtained by the
presented numerical analysis. In the case of H/D = 2, the max-
ima and minima of all terms in the TKE equation are located
between x/D = 1.0 and x/D = 2.0. A shifting towards the stagna-
tion point can be seen for the second geometrical configuration
(H/D = 6). The maxima and minima values are smaller than
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those of the H/D = 2 case. Another interesting observation is that
the convection term changes sign, what was also reported in [3].
Other terms, such as production and diffusion, are always posi-
tive, while dissipation is negative. The research conducted
through experimental and numerical (DNS) studies [9,20,22,41]
has revealed that the production of turbulence kinetic energy is
negative in the stagnation region, which is opposite to the values
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Fig. 6. Comparison of local values of TKE on a parallel to the heated wall line, between two geometrical configurations H/D values
and Re = 23 000, for various turbulence models (a) H/D = 2; (b) H/D = 6. Re = 23 000.

predicted by RANS turbulence models. According to the results
of the RANS, the production of turbulence kinetic energy is al-
ways positive, indicating the energy transfer from the mean flow
to the eddies. As mentioned in [9], this challenges the RANS
and LES models. The relatively low TKE production values in
the stagnation region are due to the Kato-Launder limiter [10].
The production term of TKE (Fig. 7) and local values of TKE
(Fig. 6) exhibit a similar tendency, location of their maxima cor-
respond to each other. The maximum values of the production
term correspond to the second maximum value of the local
Nusselt number. When the H/D parameter is equal to 2, all tur-
bulence models exhibit similar behavior in terms of the TKE
production. The analysis of the convection term reveals a posi-
tive value near the stagnation point, and its sign change near the
location of the first and second local Nusselt number maxima.
In addition, the convection term's lowest value corresponds with
the local Nusselt number minimum, while its maximal value oc-
curs behind the secondary Nusselt number maximum. Moreo-
ver, the k— RNG Kato-Launder turbulence model results show
a different behavior in the second geometrical configuration
(H/D = 6), as presented in Fig. 7(f). The convection term in this
configuration has its local minima and maxima, but it is always
positive. This observation is particularly interesting as the k—e
RNG Kato-Launder turbulence model does not show a false sec-
ondary Nusselt number maximum in this geometrical configu-
ration. Hence, it suggests a connection between the Nusselt
number distribution and the convection term of the turbulence
kinetic energy budged. The shape of the dissipation term mirrors
the production term, what has been noticed in [9]. The diffusion
maximum and dissipation minimum are observed near the
Nusselt number second maximum. Compared to the other two
models, the k—e RNG Kato-Launder turbulence model exhibits
flatter and lower absolute values for these two terms. All terms
of the turbulence kinetic energy equation exhibit higher absolute
values for H/D = 2 than for H/D = 6. The tendency of all terms
is quite similar for the k- SST Kato-Launder and intermittency
transition turbulence models across both geometrical configura-
tions (Fig. 7(a)—(d)). The k-¢ RNG Kato-Launder turbulence
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model results show differences in trend between H/D = 2 and
H/D = 6 cases. In the first geometrical configuration, the shape
is similar to the other two turbulence models, but in the second
case the shape does not exhibit second maximum and all terms
except dissipation are positive.

4.3. Momentum budget

The momentum equation budget, Eq. (8), is considered sepa-
rately for the axial and radial coordinates. Figures 8 and 9 show
the radial and axial components of the momentum budget, re-
spectively. The characteristic of all terms in the momentum
equation is similar for all analyzed turbulence models and both
geometrical configurations. In the case of the radial (x) compo-
nent, the convection and pressure terms are the dominant ones,
while the Reynolds stress term takes the lowest values. Compar-
ing the H/D = 6 case with the H/D = 2 shows that features of all
terms' are similar, but the values are significantly lower in the
case of H/D = 6. The analysis of the axial momentum component
budget reveals some similarities to that of the radial component.
The convection and pressure terms are also dominant, whereas
the Reynolds stress term is larger than the same term in the case
of the radial momentum equation. The diffusion term is almost
negligible, which aligns with the findings presented in [22].
There is a significant difference in the characteristics of axial (y)
momentum equation terms between H/D = 2 and H/D = 6, espe-
cially visible in the stagnation region x/D < 1.0. Almost whole
turbulence kinetic energy is concentrated in this region. With an
increase in the x/D parameter, especially in the range x/D > 2.0,
all terms tend to approach 0. On the basis of the analysis of all
cases, the convection and pressure terms exhibit a mirror-like
shape. In the case of the radial (x) momentum, the pressure term
is always positive, the diffusion and Reynolds stress terms are
always negative, and the convection term changes sign. On the
other hand, the pressure term is always negative for the axial (y)
momentum equation, while the convection and Reynolds stress
terms are positive. The almost negligible diffusion term changes
sign near x/D = 2.5. The large absolute values of the convection
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Fig. 7. Comparison of TKE budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.
(a) k—w SST Kato-Launder, H/D = 2; (b) k-w SST Kato-Launder, H/D = 6; (c) intermittency transition, H/D = 2; (d) intermittency
transition, H/D = 6; (e) k-« RNG Kato-Launder, H/D = 2; (f) k-« RNG Kato-Launder, H/D = 6; Re = 23 000.

and pressure terms in both components of the momentum equa-
tion clearly mark the limit of the stagnation region at x/D = 1.0.
The minimum and maximum values of the pressure and convec-
tion terms correspond to the first maximum value of the local
Nusselt number. A link between radial (x) pressure gradient and
the first Nusselt number maximum has been mentioned in [11].
The maximum and minimum values of the pressure and convec-
tion terms are closer to the stagnation point at H/D = 6 (x/D =
0.25) than at H/D =2 (x/D = 0.5). This is also reflected in the
shift of the first maximum of the local Nusselt number towards
the jet axis. In contrast to the budget of TKE, it is hard to see
any relation between the sign change in the convection term of
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the radial momentum component and the local Nusselt number
distribution in this case. For example, at H/D = 2, the sign
change occurs before the local minimum in the Nusselt number
and behind the second Nusselt number maximum at H/D = 6.
The convection and pressure terms of the axial momentum equa-
tion component show values that are almost constant near the
axis. A similar observation on the constant value of the convec-
tion term can be found in [3]. The Reynolds stress term in the
axial momentum component equation takes higher values for the
k—¢ RNG Kato-Launder turbulence model at the stagnation point
than the other two models in the case of H/D = 6.
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Fig. 8. Comparison of radial momentum budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.
(a) k- SST Kato-Launder, H/D = 2; (b) k- SST Kato-Launder, H/D = 6; (c) itermittency transition, H/D = 2, (d) intermittency transition,
H/D = 6; (e) k- RNG Kato-Launder, H/D = 2; (f) k-« RNG Kato-Launder, H/D = 6; Re = 23 000.

4.4. Energy budget

The last budget is related to the energy equation, Eg. (9), and
presented in Fig. 10. It was observed that the shapes of all terms
remain similar, regardless of the turbulence model used and the
geometrical configurations. However, there was one exception
to this observation, which is presented in Fig. 10(f). The diffu-
sion term is always positive for all cases, and the convection and
turbulent diffusion terms are always negative. The crossing
point between convection and turbulent diffusion terms is very
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characteristic. This point occurs prior to the second Nusselt
number maximum. In Fig. 10(f), which presents the results of
the k—¢ RNG Kato-Launder turbulence model at H/D = 6, the
crossing point is located far from the stagnation point at x/D >
3.0, and the curves tend to converge. The observation is partic-
ularly interesting because, for this geometrical configuration and
this specific turbulence model, the second Nusselt number max-
imum does not exist. This raises the possibility of a potential
correlation between these two terms and the distribution of the
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Fig. 9. Comparison of axial momentum budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.
(a) k- SST Kato-Launder, H/D = 2; (b) k-w SST Kato-Launder, H/D = 6; (c) intermittency transition, H/D = 2; (d) intermittency transition,
H/D = 6; (e) k- RNG Kato-Launder, H/D = 2; (f) k-« RNG Kato-Launder, H/D = 6; Re = 23 000.

local Nusselt number. The convection and diffusion terms dom-
inate in the stagnation region, while the turbulent diffusion term
is close to 0. As the value of x/D increases, the role of turbulent
diffusion becomes more significant, while the impact of the con-
vection term decreases. This tendency is clear, especially out-
side the stagnation region x/D > 1.0. In the k- SST Kato-Laun-
der and intermittency transition turbulence models, the diffusion
term shows local minima and maxima, which correspond to the
distribution of the local Nusselt number, but in the k- RNG
Kato-Launder turbulence model the diffusion term does not ex-
hibit the extrema. The tendency of all terms is similar for the
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k- SST Kato-Launder and intermittency transition turbulence
models but differs for the k-« RNG Kato-Launder turbulence
model. The absolute values of all terms are lower at H/D = 6
compared to H/D = 2. It has been observed that the k—w SST
Kato-Launder and intermittency transition turbulence models
exhibit local minima and maxima in the convection and turbu-
lent diffusion terms at H/D = 2. This corresponds to the second
Nusselt number maximum. However, at H/D = 6, the maxima
and minima are small or non-existent. All terms have almost
constant values near the axis at x/D < 0.5.
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Fig. 10. Comparison of energy budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.
(a) k- SST Kato-Launder, H/D = 2; (b) k-w SST Kato-Launder, H/D = 6; (c) Intermittency transition, H/D = 2; (d) intermittency transition,
H/D = 6; (e) k—¢ RNG Kato-Launder, H/D = 2; (f) k-¢ RNG Kato-Launder, H/D = 6. Re = 23 000.

5. Summary with the local Nusselt number values, which might provide in-
sights into the relation between transport equation terms and the
The publication presented a budget of the turbulence kinetic en-  local Nusselt number distribution. This study can be used for
ergy, momentum, and energy equations together with the local  further analysis and considerations, and in the future, it can be
values of TKE in the case of turbulent round jet impingement.  enriched with more formal analysis such as the curve sketching
The comparative analysis was prepared for one Reynolds num-  technique. This method would allow for a more precise determi-
ber (Re = 23 000), three selected turbulence models, and two  nation of minima and maxima, inflection points for budgets, and
geometrical configurations (H/D =2 and 6). This analysis might  the local Nusselt number. Some general conclusions from this
help identify the essential transport phenomena in the RANS nu-  study are presented below:
merical modeling of turbulent heat transport. The study also in-
cludes comparison of the results of transport equation budgets
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TKE and TKE budget

Maximal values of TKE are consistent with the loca-
tion of the second Nusselt number maximum, at H/D =
2 occurring between x/D = 1.25 and 2.0, while at H/D
=6, it is between x/D = 1.0 and 1.5.

In the TKE budget, production and dissipation terms
dominate in the k-« RNG Kato-Launder and intermit-
tency transition turbulence models. In contrast, the dif-
fusion and dissipation terms dominate in the k—w SST
Kato-Launder turbulence model.

The maxima and minima of all terms in the TKE budg-
ets can be found between x/D = 1.0 and 2.0 at lower
geometrical configuration (H/D = 2). Anincrease in the
H/D value shifts those maxima and minima towards the
stagnation point.

The maximal values of the production term in the TKE
budget correspond to the maximal values of the local
Nusselt number distribution.

Momentum budget

The behavior of all terms in the momentum equation is
similar for all analyzed turbulence models for both ge-
ometrical configurations.

The convection and pressure terms in the radial and ax-
ial momentum equations dominate. The diffusion term
in the axial momentum equation is almost negligible.
The large absolute values of the convection and pres-
sure terms in the equations of both momentum compo-
nents identify the stagnation region's limit at x/D = 1.0.
The minimum and maximum values of the pressure and
convection terms in the momentum budgets correspond
to the first Nusselt number maximum.

Energy budget

General

In the energy equation budget, the convection and dif-
fusion terms dominate in the stagnation region.

The crossing point between the convection and turbu-
lent diffusion terms in the energy equation budget co-
incides with the second Nusselt number maximum for
the k- SST Kato-Launder and intermittency transi-
tion turbulence models. This crossing point does not
occur for the k—¢ RNG Kato-Launder turbulence model
at the H/D = 6 case, which corresponds to a lack of sec-
ondary Nusselt number maximum.

The trend of the transport equation budget for the k—
RNG Kato-Launder turbulence model at the H/D = 6
case differs from the other two presented turbulence
models.

The convection term is the only term in TKE and radial
momentum budget that changes its sign across the x/D
parameter.

The analysis of all transport equation budgets shows
that in the H/D = 6 case, the values of all terms are
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lower than in the H/D = 2 case, maybe with one excep-
tion for the axial momentum budget, where they are
higher at the stagnation point.

Guideline

None of the presented budgets alone describes the
Nusselt number distribution. Each equation contributes
to it, so only together they properly describe the phys-
ics of this phenomenon. Moreover, none of the equa-
tion terms can be neglected (even if they are relatively
small compared to other terms), and each of them in-
fluences the heat transfer.

In the boundary layer, molecular diffusion transports
the heat from the wall, and then in the outer layer the
convection mechanism plays a significant role in the
heat transfer mechanism. Those two terms are the most
important ones in the energy equation, which creates
the general shape of the Nusselt number distribution
and its high values. Moreover, the convection term is
responsible for the first Nusselt humber maximum.
However, convection and molecular diffusion terms
alone cannot describe the second Nusselt number max-
imum, for which the turbulent diffusion term is respon-
sible. Because of that, the energy equation budget
might seem to be the most important one to analyze,
but both terms responsible for Nusselt number maxima
— convection (first one) and turbulent diffusion (second
one) are described by other transport equations — mo-
mentum and TKE equations, respectively. Therefore,
the focus should be on the momentum (axial and radial)
and the turbulence kinetic energy budgets.

Jet's movement toward the wall is represented by the
convective term in the momentum budget, then it im-
pinged on the wall, which causes the increase in the
pressure due to slowing down of the fluid. The high
pressure in the stagnation region forced radial move-
ment of the fluid, so it can be said that the pressure term
of the momentum budget contributes to the develop-
ment of the flow. Both phenomena (convection term in
axial momentum budget supported by the pressure
term in radial momentum budget) determined the ex-
istence of the first Nusselt number maximum.

The second Nusselt number maximum represents the
development of a turbulent boundary layer in a wall jet
and its interaction with the jet stream. Proper modeling
of turbulence (like TKE equation terms) is crucial to
adequately describe the Nusselt number distribution in
a whole range, which is why various turbulence models
describe the Nusselt number distribution differently.
Both the k—w SST Kato-Launder and the intermittency
transition turbulence models tend to generate a second-
ary Nusselt number maximum. For low values of H/D
(H/D = 2), it is the real (observed in the experimental
studies), but for high values of H/D (H/D = 6) is the
fake one (not observed in the experimental studies). On
the other hand, the k-« RNG Kato-Launder turbulence
model does not tend to generate a secondary Nusselt
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number maximum, and it is a better option for higher
H/D values.

The selection of the best turbulence model that de-
scribes the heat transfer of the impingement jet in
a range of various Reynolds numbers and values of
H/D cannot be made on the presented study. It only
supports the recommendations of the previous analysis.
The source of the difference is probably in the dissipa-
tion and diffusion terms of the TKE equation. Further
research should also include the &/w transport equations
budgets.
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Appendix

In general, the diffusion term of any variable in finite volume
method can be calculated by the equation:

() 5(0%)

where: ¢ is the variable (e.g.: temperature, velocity, etc.); T is
the diffusion coefficient; V; is the cell volume; Ay is the face

0

ay

3}

Pc—Pnc
ox A

dTLC

(10)

1 —
= 2r Ty 71y,

#include "udf.h"
#include "sg.h"

DEFINE_ON_DEMAND(on_demand_energy_diffusion_term){
Domain *d;

Thread *t;

cell_t c;

d = Get_Domain(1);

real xc[ND_ND]; /* cell centroid */

real xf[ND_ND]; /* face centroid */

thread_loop_c(t,d){

/* loop through all cells in the model */
begin_c_loop(c,t){

/* face variables */
face_t f;

Thread *tf;

int n;
C_CENTROID(xc,c,t);
real phi_f = 0;

real diff = 0; /* diffusion term */

/* cell, face connectivity macros defined in [42] */
real A[2];

real ds;

real es[2];

real A_by es;

real dro[2];

real dri[2];

/* get cell centroid data */

/* loop through all faces in the cell */
c_face_loop(c, t, n){

f = C_FACE(c,t,n);
tf = C_FACE_THREAD(c,t,n);

F_CENTROID(xf,f,tf); /* get face centroid data */

/* values at the face center */
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area; n; is the face unit normal vector; d, is the distance be-
tween the cell centroids; ¢, is the variable value at the cell cen-
ter; ¢, is the variable value at the neighbor cell center; sub-
script f indicates cell face.

Figure 11 shows a graphical representation of all variables
in that equation:

/Af Iy
qu ‘ﬂi nc
° "o
! (inc

Fig. 11. Graphical representation of all variables in Eq. (10).

The implementation of Eq. (10) for 2D axisymmetric model,
using built-in UDF functions, such as connectivity macros [42],
for the energy equation, the diffusion term is presented below.
The code must be compiled first and then used in the Ansys Flu-
ent model.
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if (BOUNDARY_FACE_THREAD P(tf)){ /* if face is the boundary face */

BOUNDARY_FACE_GEOMETRY(f,tf,A,ds,es,A_by_es,dre);
phi_f = 0.0242/1006.43; /* thermal conductivity/Cp */

phi_f = phi_f*(C_T(F_CO(f,tf),THREAD_TO(tf))-F_T(F_CO(f,tf), THREAD_TO(tf)))*A by es/ds;
/* if face is an interior face */

else{

INTERIOR_FACE_GEOMETRY(f,tf,A,ds,es,A_by es,dro,drl);
phi_f = 0.0242/1006.43; /* thermal conductivity/Cp */

phi_f = phi_f*(C_T(F_Co(f,tf),THREAD_TO(tf))-C_T(F_C1(f,tf),THREAD_T1(tf)))

*A_by_es/ds;

}
if (THREAD_TYPE(tf) == THREAD_F_AXIS){ /* if axis */
diff -= 0;
}
else{
/* phi_f * face normal */
phi_f = phi_f * (xf[0] - xc[0])/sqrt((xf[0] - xc[@])*(xf[O] - xc[O])+(xf[1] - xc[1])*(xf[1] - xc[1]))
+ phi_f * (xf[1] - xc[1])/sqrt((xf[0] - xc[@])*(xf[0] - xc[0])+(xf[1] - xc[1])*(xF[1] - xc[1]));
diff += -phi_f/xf[1]; /* scale face value by face center radius and sum */
¥

}

/* The diffusion term for a cell (for 2D axisymmetric case, volume must be scaled by radius) */

C_UDMI(c,t,0) = xc[1] * diff / C_VOLUME(c,t);

end_c_loop(c,t)
}
1
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Abstract

This paper presents a mathematical model of a vapour vacuum system, which is a crucial component of steam power plants
of critical importance for energy efficiency. This system consists of three stages, with each stage containing a steam ejector
and a gas phase separator in the form of an interstage heat exchanger. The primary purpose of this system is to remove
inert gases and maintain the appropriate level of vacuum in the power plant condenser. The presented mathematical model
can be used to analyse the operation of the vacuum system in a steady state. Preliminary pressure calculations in various
components of the vacuum system show the influence of additional measurement orifice resistance on the vacuum drop in
the condenser, which can reduce the efficiency of the entire energy system. It is worth noting that the presented model can
be used as a tool for analysing elements of the vacuum system in energy systems.
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1. Introduction

Steam-based vacuum systems, employed within steam power
plant cycles, hold tremendous significance in improving their
energy efficiency. They are usually structured as a three-stage
assembly, comprising a steam jet (steam ejector) and a mixing
heat exchanger. Figure 1 presents a schematic diagram illustrat-
ing such a vacuum system.

The arrangement depicted above draws a vapour-air mixture
from the condenser space in order to eliminate inert gases and
maintain a vacuum during its operation. In such a system, the
ejector draws vapours from the condenser space and compresses
them into a mixing chamber to separate air from steam. The con-
figuration of three such interconnected elements allows for

a high vacuum to be achieved in the condenser, thereby improv-
ing heat exchange parameters and the overall efficiency of the
energy system by enhancing the thermal cycle efficiency. In the
literature [1-3] there exist vacuum system models based on ther-
modynamics and gas dynamics. In reference [2], thermody-
namic functions are employed to calculate the enthalpy and en-
tropy of superheated and saturated steam. The paper provides a
detailed discussion of a single-stage vacuum cycle model, and
then, for a larger number of stages, repeats the calculation se-
quence using this model. An important observation in this work
is the statement that multi-zone heat exchangers can only be
considered in the lowest stage of the condenser, which, in a cas-
cading condensate flow configuration, means that sequentially
cooled condensates achieve subcooling only in the final stage.
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Nomenclature

A — heat exchange surface area, m?

deo  — diameter of the outlet nozzle of the supply nozzle, m

dm —diameter of the mixing chamber (cylindrical section), m
hp  —enthalpy of saturated steam, hp = f(pus, X), J/(kg'K)

hs - enthalpy of condensate, hs = f(pus, X), J/(kg-K)

hf—ﬁo — enthalpy of the cooling water at the inlet of the heat
exchanger, J/(kg-K)

hg;;g — enthalpy of the cooling water at the outlet of the heat
exchanger, J/(kg-K)

k — polytropic exponent for superheated steam
Im - length of the mixing chamber, m
m, —mass flow rate of the feed stream to the ejector, kg/s

mi® —mass flow rate of water vapour at the inlet of the mixing heat
exchanger (excluding the feed steam to the ejector), kg/s
m34 — mass flow rate of water vapour at the outlet of the mixing heat
exchanger, kg/s
— mass flow rate of inert gas, kg/s
— mass flow rate of condensate stream, kg/s

my
Thg

Fig. 1. Three-stage vacuum system: 1— inlet of steam-air mixture from
the steam power plant condenser, 2 — inlets of driving steam into the
ejectors, 3 — outlets of condensate from the mixing heat exchangers,
4 — vapour outlet, 5 — supply of cooling water to the heat exchangers.

The paper also utilizes an analogy to the flow through an or-
ifice for modeling the flow of inert gas through microporosities.
However, this analogy is debatable because the flow occurs
through microporosities (long channels with small diameter),
where the influence of viscosity on channel permeability plays
a significant role. The idealized model of gas flow through an
orifice assumed by the authors (short channel with a large diam-
eter) does not correspond to the physics of flow through micro-
channels (porosities in the condenser). Consequently, it may be
inferred that an erroneous assumption was made in this case. In
the case of such flow, a more physically accurate model describ-
ing channel permeability with viscosity taken into account
should be used. A proposed model for viscous flow through mi-
croporosities without heat exchange could be the Fanno model,
and if heat exchange also occurs in such a microchannel, the
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Ths op— Mass flow rate at the ejector suction, kg/s
1y op — Mass flow rate at the ejector outlet, kg/s

m,, —mass flow rate of the cooling water, kg/s
Pat  —atmospheric pressure, Pa

Ps  —suction pressure in the ejector, Pa

Pt —discharge pressure of the ejector, Pa

Pws —steam pressure in the heat exchanger, Pa

qu,o — heat flow carried by the exiting cooling water, W

ts  —saturation temperature, ts = f(pus), °C

twin — inlet water temperature to the heat exchanger, °C
twout — temperature of the cooling water, °C

twout — outlet water temperature from the heat exchanger, °C

Greek symbols
APg,,— measured difference of pressure at orifice system, Pa

Aty 4 — logarithmic temperature difference, °C

ng — efficiency of the ejector diffuser
m,;  — ejector compression ratio
Xm = =22 _ gjection ratio

e

Rayleigh model could be applied. In papers [1,3], highly simpli-
fied models are presented, allowing only for the determination
of pressure values in the prevailing heat exchangers, while ne-
glecting heat exchange processes. Unfortunately, due to the
complex phase separation process in intercooler condensers, the
models discussed above do not delve into the physics of the heat
exchange phenomenon in intercooler condensers. Publication
[4] focuses on the analysis and assessment of the performance
of steam power plants, including vacuum systems. The author
introduces advanced methods for evaluating energy efficiency
and optimizing thermal processes. Book [5] provides extensive
information on the design and applications of steam turbines,
including vacuum systems. It also discusses re-rating technigques
that can help improve the efficiency of existing installations.
The functioning of the condenser in the presence of inert gases
has been discussed in prior studies [6,7] emphasizing the critical
role played by vacuum maintenance systems utilised in steam
power plant setups.

The topic related to the impact of the operation of vacuum
systems remains relevant. Research is being conducted using
new computational methods, such as in the work [8], where
a model of a steam power plant's vacuum system was presented,
and attempts were made to extrapolate and approximate opera-
tional parameters using a neural network. In the work [9], calcu-
lations of the vacuum system were presented using ejector char-
acteristics obtained from a CFD model. There are also numerous
other works related to vacuum systems themselves or focused
on improving the performance of energy condensers due to the
presence of inert gases. However, these are not the subject of
this analysis.

The application of steam ejector systems in power plants is
not limited to providing vacuum in condensers. In the following
studies, other uses of steam ejector systems in steam power
plants are presented. Two-phase ejector systems can also be em-
ployed as safety systems for nuclear reactors [10]. Additionally,
a 660MW supercritical coal-fired power plant, combined with
a steam ejector, is suggested to raise the feedwater temperature,



ensuring NOy reduction capability during low load operation
[11].

The presented model allows for the prediction of the param-
eters of a power condenser system (pressure and saturation tem-
perature) based on equations that describe the processes occur-
ring in the inert gas extraction system.

2. Model of the air removal system for the power
plant condenser

A model of the air removal system, as presented here, can be
employed in the comparative analysis of component perfor-
mance within the energy system. Through a differential analysis
of theoretical calculations against measurement data, one can
gather information to identify the causes of deteriorating perfor-
mance in energy systems. This holds significant operational and
economic importance due to the cost associated with replacing
worn-out components (potential shutdown of the entire power
block) and reducing fuel consumption to compensate for addi-
tional heat losses resulting from inefficient condenser operation.
Given that the power block operates for extended periods in
a steady-state condition, with transient states occurring only dur-
ing start-up or shutdown, the focus of this study is on the analy-
sis of the steady-state condenser air removal system. Figure 2
illustrates an example of such a system along with a description
of the variables used in the presented theoretical model.

Steam Inlet

Non-condensing

Water Inlet
Gas Outlet

Cooling

Cooling Water Outiet \

Condensate Outlet £ Cooling Water Inlet

[

Fig. 2. Steam vacuum system employed in steam power plant systems:
1 — steam turbine, 2 — ejectors, 3 — measurement orifice, 4 — interstage
heat exchangers, 5 — steam power plant condenser, | — first stage,

I — second stage, 111 — third stage.

In the model, it was assumed that the initial state of variables
for calculations is set as for the system operating under nominal
working conditions. Known boundary conditions at the outlet of
the final heat exchanger and the supply parameters of individual
ejectors were used in the calculations.

To calculate the changes in system parameters during vent-
ing, a model consisting of fundamental equations was estab-
lished.
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The equations were applied as follows:

— equations (1) and (2), were utilized to determine variables
governing heat exchangers at I, 11, 111 stage parameters,

— equations (3) and (4) were employed to determine varia-
bles defining the functioning of the ejectors at I, I, Il
stage.

The equations were formulated separately for each stage,
taking into account boundary values characterizing the limits of
each stage.

Input data required for the calculations of the heat exchanger
(Fig. 3) includes the following parameters: mg*, m,,, m, and
B, s. The calculations for this heat exchanger are intended to de-
termine two specific data points: i and ri,,. These values are
essential for assessing and understanding the performance of the
heat exchanger. Additionally, there are parameters and variables
that are derived from closure equations, with one of them being
m. These derived values play a crucial role in the overall anal-
ysis of the heat exchanger's behaviour and characteristics. In
summary, this information provides a framework for conducting
calculations and analysis related to the specified heat exchanger,
with a focus on input data, sought data, and derived parameters
and variables.

Mass balance of the steam-gas mixture at the inlet to the heat
exchanger (see Fig. 3) is expressed by:

M + 1My, + 1, = Mg + Mt + 1y, ()]
Mop = MY + 1My, + 1M, )

where m,,, is the total mass flow rate of the steam-gas mixture
at the inlet to the heat exchanger.

*in
Mp

hp |

.
me
L

W

me

Fig. 3. Schematic diagram of the modeled heat exchanger.

Ejectors, as illustrated in Fig. 4, involve the following key
details:
Input data essential for performing calculations for the
ejector consists of the following parameters: P, (specifi-
cally equal to B), m,, m,, and m,,. These parameters
are fundamental for conducting accurate assessments and
analyses.
The calculations for the ejector aim to determine two spe-
cific pieces of data: P,, and mi". These values are sought
to gain a comprehensive understanding of the ejector's op-
erational characteristics.
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— Furthermore, within the context of closure equations, there
are parameters and variables that result from these equa-
tions. One such variable is m;. These derived variables play
a significant role in the overall analysis of the ejector's per-
formance.

Fig. 4. Schematic diagram of the vacuum ejector.

In summary, this information provides a structured frame-
work for conducting calculations and assessments related to the
ejector, highlighting input data, sought data, and variables that
result from closure equations to comprehensively evaluate the
ejector's functionality.

The required parameters are determined from the system of
equations:

= ©)

1
Tt

Moy — e = Ty, + T, @)

The labels used in Fig. 4 and the symbols in Egs. (3) and (4)
represent the following, respectively (see also Nomenclature):
Ps — suction pressure in the ejector, P;— discharge pressure of
the ejector, P. — supply pressure in the ejector, 7, — ejector com-
pression ratio.

The remaining stages of the vacuum system and their basic
components are described by similar equations as in the previ-
ously described systems. It is evident that the condenser pressure
is P, = P,, at the first stage of ejector system, and the mass flow
rate of vapour sucked from the condenser is 1y o, = s op.

The system of equations provided earlier has been aug-
mented with additional closure equations that describe the flow
characteristics of the ejector and heat exchanger. This compre-
hensive description includes equations that characterize the be-
haviour of the analysed components of the vacuum system.

2.1. Supplementary equations for the ejector

In Fig. 5, the symbols adopted in the ejector calculation are pre-
sented. The figure also presents proprietary software for deter-
mining the parameters of the designed steam ejector. The soft-
ware was developed based on the mathematical description of
the steam ejector as presented in [3] with all the necessary sym-
bols provided to determine the ejector's parameters.
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- mtop N
€3er Pt [0.115022287 78761

[==]
|£.0477T3142059165
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cedcdcr
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Fig. 5. Sample calculations of the steam ejector subsystem.



The general equations utilized are:

B
R=2 )
ms,op = mt,op - mel (6)

where: i1, ,,,— mass flow rate at the ejector suction, m; o, — mass
flow rate at the ejector outlet.
The parameter ;. is determined based on the equation:
Bsmq

= [ "

T

where each parameter is determined from the following relation-
ships:

(8)

©)

For an ejector with a conical-cylindrical geometry of the
mixing chamber, additional auxiliary equations are:

_ Jes lm Cez 4| am Im
Bo=11-7 dim (14247) 225] cser 1 +4 ) (10)
Alm
E, _1+’”’"<2+ 11>—<2+—2d"‘1>csz (11)
dm I,S—Ja—_m 1,5—\/T—m C3¢c

where (see also Nomenclature): ¢, — hydraulic resistance coef-
ficient ({,s/2 ~0.05), 1 — coefficient of friction of the fluid
against the chamber wall (4 =0.004), ¢ — fluid velocity for
a given ejector geometry (Fig. 5),

d 2
an = (), (12)
Ce2 le1 lez 1+)(m
= 1
C3cr ¢ez \/151 le1 —+Xm> ( 3)
\/ _ lSZ 1+Xm ), (14)
C3cr lsl —+Xm
k-1
n=-- (15)
Cs2 Cs2 C3cr
Lsz _ Cs2 G3er 1
Ce2 C3cr Ce2 ( 6)

In the initial stage of calculations, preliminary values for the
compression ratio as a function of the ejection ratio should be
assumed (5s), as well as the geometry of the ejector and param-
eters resulting from gas transformations, i.e., the enthalpy ratios
(pressure) during expansion in the suction chamber and the driv-
ing nozzle:

)Tl

ieZ iSZ ieo n
k, = 0x (B)0 g ¢

— ~ (Psz ~ (psi
leo le1 Ps1 le1 De1
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where: i — fluid enthalpy for a given ejector geometry (Fig. 5),
¢ — coefficient for velocity determining the influence of fluid
friction against the suction chamber wall, ¢., — coefficient for
velocity determining the influence of fluid friction against the
nozzle wall, k — isentropic exponent.

2.2. Additional equations for heat exchange in the con-
densate separator

The equations describing the heat transfer from condensing
steam to cooling water, assuming that the heat fluxes are equal,
are presented, i.e. (qu,0 = qx = qs)

du,0 = mw(hli-?zo - %% ) 7)
qr = kAAthg’ (18)
qs = mg(h, — hy). (19)

From the above equations, variables resulting from addi-
tional closure equations were determined, describing parameters
such as: t,, o,,+ — the temperature of the cooling water heated by
the condensing steam stream at the outlet of the heat exchanger
(where t,, o0 = f(hf5)), hi“h — enthalpy of the cooling water
at the outlet of the heat exchanger, m,, — mass flow rate of the
cooling water, hf'{"zo — enthalpy of the cooling water at the inlet
of the heat exchanger, qy,o — heat flow carried by the exiting
cooling water, 1, — mass flow rate of condensate at the outlet
of the heat exchanger, t,; — saturation temperature (t; = f(pys)),
tw,in — inlet water temperature to the heat exchanger, 4¢t;,, —
logarithmic temperature difference, and:

B in
qH,0~Twhy,0

hifo = ——— (20)
_ kAltyeg
s = (hp_hs)l (21)
Atlog (ts=tw,in)= (ts_twout). (22)

(tS tw,m)
m((ts_tw,out)

3. Methodology and calculation results

The computational algorithm for a steam power plant vacuum
system is presented in Fig. 6. The diagram illustrates the se-
quence of initializing individual calculation steps along with
boundary conditions for the specific heat exchangers and ejec-
tors. Table 1 presents the constants used in the calculations,
which allow for the reproduction of the calculations presented
in this paper. The key system in the vacuum system of a steam
power plant is the ejector system, for which the constants used
in the calculations are presented in Fig. 5. The mass flow rate
from the feed stream to the ejector determines the suction and
delivery flows and pressure to the heat exchangers according to
the algorithm shown in Fig. 6.
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Fig. 6. Algorithm for the calculation of the heat exchangers, ejectors, and the entire vacuum system.

Table 1. Assumed input parameters for calculations.

Mass flow rate of the feed stream

to the ejector. m, = loop {0.8:0.2: 24} kg/h

Atmospheric pressure. P, = 101.325 kPa

Measured difference of pressure

AP = 10 kPa
at orifice system. dpp

Assumed nominal inlet tempera-

twin=20°C
ture of the cooling water. win

Assumed nominal outlet temper-

t =25°C
ature of the cooling water. w.out

Flow rate of inert gases measured

7 =1kg/h
in orifice system. Mt ,op3 g/

The preliminary calculation results for the pressure in the
condenser and individual heat exchangers (condensate separa-
tors) are presented. The calculation results show the influence of
an additional element, namely the measurement cross, on the
pressure in the condenser. It is evident that the vacuum is dete-
riorated due to the additional resistance posed by the measure-
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ment cross, contributing to the overall efficiency reduction of
the thermal circuit. This suggests that additional measurement
elements placed at the outlet of the vacuum system should have
low flow resistance. Please note that the model used has not been
verified with the actual vacuum system of the power generation
system. Figure 7 shows the calculation results of the pressure in
the individual elements of the vacuum system. Figure 8 presents
the characteristic of the jet considered in the vacuum system cal-
culations. The characteristic describes the behaviour of three jets
installed in the vacuum system.

In Figs. 9, 10, and 11, characteristics describing the opera-
tion and thermodynamic parameters of heat exchangers associ-
ated with the ejector system of each vacuum stage are presented.
It is evident that the influence of the ejection ratio on the satura-
tion pressure in the individual heat exchangers is a nonlinear
function dependent on mass flow rates. The logarithmic temper-
ature difference is also related to the mass flow rates of conden-
sate extracted from the inter-stage heat exchangers. It can be ob-
served that for a constant difference in cooling water tempera-
ture, the logarithmic difference depends on the saturation tem-
perature value, which is linked through the thermodynamic
properties of water vapour with the saturation pressure.
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Fig. 7. Calculation of pressure values in the heat exchanger system of
the steam venting and condensation in the power plant condenser.
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Fig. 8. Characteristic of jets obtained from calculations in the vacuum
system of the power generation system.
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flow rate of cooling water.
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Fig. 10. Mass flow rate of inert gases as a function of the mass flow
rate of steam supplied to the ejector nozzle.
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Fig. 11. Pressure in heat exchanger systems as a function
of the ejection ratio.

4. Conclusions

In the paper, a vacuum cycle model has been presented, which
was developed for the purpose of diagnosing elements of the
vacuum system in the energy system.

The results of preliminary pressure calculations in various
elements of the vacuum system revealed the influence of addi-
tional measurement probe resistance on the vacuum drop in the
condenser, which may reduce the overall system efficiency. The
presented results draw attention to the magnitude of the vacuum
drop in the condenser resulting from the installation of the meas-
uring system at the outlet of the vacuum system chimney. The
results also allow for the determination of the pressure value in
the water separators at different stages of the vacuum system.
However, it is worth noting that the presented model serves as
a diagnostic tool that can be used to analyse elements of the vac-
uum system in energy systems. Nevertheless, this model still re-
quires verification with real data and further research.
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The paper provides a significant contribution to understand-
ing and improving vacuum systems in steam power plants,
which may contribute to increasing the energy efficiency of such
systems in the future.
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Abstract

The article presents a comprehensive computational fluid dynamics analysis of the adsorption and desorption cycles in
adsorption refrigeration systems, focusing on the impact of the adsorbent bed geometry. The entire adsorption/desorption
cycle has been modeled, allowing for the observation of events during the transitional period between processes and how
these influence their progression. This approach is a novelty in the field. The developed numerical model was verified
against experimental data available in the literature, demonstrating excellent convergence with the experiment, with a de-
viation not exceeding 2%. The study illustrates how the geometrical parameters such as height and length of the bed affect
the efficiency of the adsorption and desorption processes, emphasizing the importance of bed geometry in the adsorption
of heat and mass exchangers in energy and adsorbate transfer. The research findings provide valuable insights for designing
more efficient cooling devices using adsorption technology, highlighting the role of bed geometry in optimizing these
systems. Modeling the entire adsorption/desorption cycle is a novelty and allows for the observation of what happens
during the transitional period between processes and how this influences their progression.
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1. Introduction

The ongoing pursuit of energy-efficient and environmentally
sustainable cooling technologies has catalyzed the development
of several alternatives to conventional vapour compression sys-
tems. A notable breakthrough in this domain is adsorption cool-
ing technology, which harnesses the principles of adsorption and
desorption of a refrigerant onto an adsorbent material. This ap-
proach has garnered significant attention for its ability to effec-
tively utilize waste heat and significantly reduce greenhouse gas

emissions, marking a substantial leap in eco-conscious cooling
solutions. Due to their innovative operating mechanism, adsorp-
tion cooling systems present a promising prospect, yet they are
continuously subject to enhancements and development. These
systems are characterized by a relatively modest Coefficient of
Performance (COP) and considerable size, factors which cur-
rently limit their competitiveness in the broader market. The
challenge in optimizing these devices lies in the complexity and
cost associated with adjusting various interdependent parame-
ters, which intricately affect the device's performance. In this
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Nomenclature

ag, — interfacial area density, m?

Dp — diameter of the bed particles, m

hg,, — heat transfer coefficient in porous bed, W/(m?K)
k — thermal conductivity of the medium W/(m K)
m — mass flow rate

Nu — Nusselt number

P —pressure, Pa

T - temperature, K

Greek symbols
— porosity of the medium
—time, s

&
T

context, Computational Fluid Dynamics (CFD) emerges as an
invaluable tool for advancing our understanding and enhancing
the efficiency of these systems.

In paper [1], numerical simulations of a real-scale adsorption
chiller, including a sorption chamber with a bed, condenser, and
evaporator, were conducted. The results were verified against
experimental setups, showing high consistency with deviations
not exceeding 2%. This demonstrates the legitimacy of the usage
of numerical models for optimizing adsorption chillers. In the
study [2], the authors present a methodology for conducting nu-
merical simulations of adsorption and desorption processes in
adsorbent beds, utilizing CFD techniques. The research focuses
on analyzing the impact of various factors, such as the cooling
water temperature and cycle duration, on the performance of ad-
sorption chillers. In another work, researchers employed CFD
simulations to examine the influence of silica gel grain size on
the efficiency of the adsorption process, thereby identifying op-
timal grain dimensions for maximal operational effectiveness
[3]. Similarly, investigations into the spatial distribution of po-
rosity gradients have illuminated their critical role in enhancing
the cooling performance of adsorption-based systems. Employ-
ing CFD simulations, researchers have validated the signifi-
cance of directional porosity distribution in improving cooling
efficiency [4]. Analysis of various adsorbent-adsorbate combi-
nations has revealed superior performance in coated beds versus
densely packed ones [5]. The impact of the temperature of the
cooling and heating medium on the sorbent bed was described
in the paper [6]. Despite these advancements, there remains
a need to fully comprehend the impact of adsorbent bed geome-
try on the performance of adsorption chillers, particularly in
light of novel adsorbent materials and innovative bed configu-
rations that have emerged in recent years. In the study [7], the
authors designed and constructed a fin of the heat exchanger,
increasing the efficiency of the adsorption process. The im-
provement was not significant due to the limitations of 3D print-
ing; however, this remains an interesting direction for future re-
search. In the paper [8] the authors proposed using a modified
plate heat exchanger in adsorption devices. Both experimental
and numerical results showed a 310% increase in differential
water absorption after 300 seconds from the start of adsorption
compared to standard adsorbers with aluminium fins.

One of the most critical components in adsorption chillers is
the adsorbent bed. The design and structural geometry of the bed
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Subscripts and Superscripts

a —average
A —absolute
f —fluid

s —surface
t —total

v —vapour

Abbreviations and Acronyms

CFD - computational fluid dynamics

COP - coefficient of performance

PISO — pressure implicit with splitting of operators
UDF — user defined function

significantly influences heat and mass transfer processes, thus
directly impacts the overall efficiency of the adsorption chiller.
Extensive research has been undertaken to explore the effect of
bed geometry on the efficiency of the adsorption process. Stud-
ies have shown, that a thin, flatbed geometry outperforms a cy-
lindrical configuration in analyzed conditions [9]. Additionally,
research findings suggest that a compact bed layout with a high
surface-to-volume ratio can enhance chiller efficiency [5]. In the
study [10], the authors conducted research on optimizing the ad-
sorbent bed. It focuses on optimal geometric parameters and the
impact of metal additives. Numerical simulations were used, an-
alyzing the adsorbent bed with metals and silica gel/water pair.
The study reveals that adding aluminium particles significantly
enhances cooling performance, showing a 300% efficiency in-
crease with the addition of aluminium particles. In a different
study [11], adsorbent beds with vacuum tubes and fins were ex-
perimentally tested. It was found that beds with more fins short-
ened the cooling time but lengthened the preheating and desorp-
tion times. The system's optimal performance was achieved with
four fins, and additional fin enhancement did not further im-
prove the efficiency of the adsorption cooling system. This sug-
gests that each bed geometry has an optimal number of fins, and
more fins do not always equate to better performance. In the pa-
per [12], the impact of fin thickness and height, as well as plate
type, on the efficiency of an adsorbent bed were investigated.
The study revealed that decreasing fin thickness could enhance
water adsorption by up to 8%, and reducing fin height from
30mm to 20mm could increase adsorption by up to 17%. Addi-
tionally, the type of plate used was found to be significant, with
a copper plate improving water adsorption by up to 9% com-
pared to an aluminium plate. Using CFD simulations, the im-
portance of the Z-direction in porosity distribution and its sig-
nificant impact on cooling efficiency have been validated [13].
Furthermore, investigations into different adsorbent-adsorbate
pairings have demonstrated improved performance in coated
beds compared to packed beds [14].

Despite these research advancements, a comprehensive un-
derstanding of how the geometry of the adsorbent bed influences
the performance of adsorption chillers remains crucial. The ef-
ficiency of adsorption in cooling systems is a complex measure
of how effectively the system utilizes the adsorption-desorption
cycle to generate a cooling effect. This process is more compli-
cated than a simple relationship between the amount of water
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vapour adsorbed by the adsorbent and the efficiency of cooling.
Key aspects, such as adsorption capacity and rate, are significant
but represent only a part of the equation. In thermodynamic
terms, the timing of the cycle involving adsorption and desorp-
tion is fundamental. A cycle that is too short may not provide
sufficient regeneration of the adsorbent, while a cycle that is too
long can decrease overall operational efficiency. Therefore, not
only the intensity of vapour adsorption is important, but also the
optimization of the cycle time based on specific conditions and
system requirements. Furthermore, the geometry and size of the
device are crucial. The time required to switch between the ad-
sorption and desorption phases and the stabilization of the pro-
cess can impact efficiency to the extent that lengthening the cy-
cle becomes more advantageous. In this context, optimizing the
adsorbent bed and heat exchanger geometries is particularly im-
portant. Efficient and controlled heat transfer is essential for
maximizing the cycle's efficiency. This research aims to demon-
strate specific correlations between the geometry of the adsor-
bent bed and the adsorption process, ultimately influencing the
efficiency of adsorption-based cooling devices.

2. Methods

The sample analyzed is a representative part of a plate heat ex-
changer used in adsorption refrigeration devices. The model
consists of a wall simulating the heat exchanging surface, where
a convective boundary condition is established with a heat trans-
fer coefficient of 600 W/(m2K), consistent with the experimental
setup described in the literature [15], and a temperature of 303
K, corresponding to the cooling water temperature for the adsor-
bent bed. On this wall, a layer of silica gel, serving as an adsor-
bent in a water vapour atmosphere (adsorbate), is applied. The
silica gel sample is enclosed in an aluminium frame, which re-
stricts vapour flow in one direction, and an adiabatic boundary
condition is applied to it. This inflow is modelled as a pressure
boundary condition with a Pa = 2000 Pa and an incoming water
vapour temperature T, = 290.15 K. The operating pressure
within the model is set to 0 Pa, and the model features only a
vapour inlet with no outlet. The study involved simulating the
adsorption process in beds of various dimensions, where the
base dimensions are set as 100x80x6 mm (Fig. 1).

adiabatic wall

heat exchanger wall

Fig. 1. Geometry analyzed in the simulations.

The model was discretized using the SWEEP method. Pre-
pared geometry enabled the creation of a well-organized struc-
tural mesh across the entire model. In order to perform grid con-
vergence tests, three grids differing by a factor of 1.5 in their
characteristic dimension were generated. Each grid was charac-
terized by a minimum orthogonal quality equal to 1. Detailed
information about the prepared grids is gathered in Table 1. Dif-
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ferences in the values of adsorbed vapour and average tempera-
ture in the adsorption bed between the results obtained for the
individual grids result from the applied global grid size. Consid-
ering the very small differences in values between the fine and
medium grids, it was decided to use the medium density grid
(Fig. 2) for further work, as a compromise between computa-
tional cost and solution accuracy.

Table 1. Parameters of meshes used in the grid convergence study.

Characteristic | Total Average bed

dimension of | number | Orthogonal 8 Uptake

Mesh L tempera-
mesh elements| of mesh | quality [kg/kgl

ture [K]
[mm] elements

Coarse 0.7 125350 1 315.255 |0.1209
Medium 0.5 207360 1 314.925 |0.1212
Fine 0.3 613452 1 314.903 |0.1212

()

Fig. 2. Numerical mesh generated.

In this study, a CFD modelling approach for the adsorption
process as described in paper [2] was adopted. The calculations
were performed using Ansys Fluent software. For the modeling
of the porous volume, the equilibrium model was replaced with
a non-equilibrium model, which is defined by two parameters:
Interfacial Area Density and Heat Transfer Coefficient in AN-
SYS Fluent software.

Interfacial Area Density asy is a parameter used in multiphase
flow simulations within porous media. It measures the area of
the interface between different phases (e.g. liquid and solid) per
unit volume of the porous material. This parameter is crucial for
predicting phenomena such as mass and heat transfer accurately
w= 25 ()

Heat transfer coefficient hg in a porous medium is a param-
eter that quantifies the efficiency of heat transfer between the

fluid and the solid structure within the porous material

1 Dy

kau

Do
10kf.

- 2

The simulation was conducted under transient conditions. It
was assumed that the flow of water vapour is laminar. The
Green-Gauss node based gradient computation scheme, along
with the QUICK momentum discretization scheme, were em-
ployed. A pressure-based solver utilizing the PISO scheme was
used.
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The model was verified against an experiment available in
the literature [15]. The experiment was conducted on a specially
constructed experimental setup that simulated the operation of
an adsorption refrigeration device. The sorption capacity of
a silica gel sample was analyzed under various temperatures of
the cooling/heating medium. The maximum deviation between
the numerical simulation and experimental data did not exceed
2% (Fig. 3), indicating very good convergence of the developed
numerical model.

—— Uptake Sim.
—— Average hed temperature Exp.

—— Uptake Exp.
—— Average bed temperature Sim.

0.20 4

018 4 330
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0144 1)
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Average bed temperature (K)
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Uptake (ka/kg)

T
w
o

[- 305

T T T
1000 1500 2000

Adsorption time (s)

T
500 2500

Fig. 3. Comparison of experimental and numerical results: average
bed temperature and the amount of adsorbed water vapour in the bed.

For further simulations, initial conditions were set: T =
303.15 K, P = 2000 Pa, and H,0O uptake 0 g/g. Each cycle con-
sisted of two stages: adsorption, where the sorption bed was

e

\4’

cooled, and regeneration (desorption), where the bed was
heated. As the adsorption process ends and desorption begins,
the function of the heat exchanger plate switches from cooling
to heating. Consequently, expressions for the cyclic change of
the boundary condition from 303.15 K to 353.15 K were intro-
duced. During desorption, as vapour is released from the bed,
the boundary condition changes from a pressure inlet to a pres-
sure outlet. For this purpose, a UDF (user defined function) was
prepared and implemented to monitor the P in the adsorption
bed. This function calculates and returns the P in a specified
area, allowing observation of P changes over time. Moreover, it
defines pressure boundary conditions that trigger the change in
boundary conditions. Iterative calculations, consisting of 3000
time steps (5 full cycles of 600 seconds each) were performed.
Each step lasted one second and could include up to 500 itera-
tions until a reduction of normalized residuals by four orders of
magnitude was achieved. However, it's important to note that
sudden changes in temperature and pressure may lead to dis-
crepancies in simulation results. Therefore, during transitions
from adsorption to desorption and vice versa, a reduction in the
time step of the simulation from 1 s to 0.005 s for the next 5
seconds was applied. As a result, convergence was achieved at
the level of 4x107° for all residuals. Additionally, the vapour ve-
locity at the inlet, temperature in the adsorption bed, and the
amount of water vapour adsorbed by the bed were monitored.

Within the scope of this study, the adsorption process was
simulated for beds of various dimensions. The base dimensions
of the bed were 100x80x6 mm. The first step involved examin-
ing the effect of increasing the bed height to 6 mm and 9 mm
(Fig. 4a). Subsequently, an analysis was conducted on changing
the bed length to 50 mm and 150 mm (Fig. 4b).

y 80mm - 3mm 100mm "~ 80mmp 6mm 100mm 80mm-—-9mm fo0mm
a
A B C
b) 80mm — 6mm 50mm “— 80mm- Omm [ qoomm— —— 80mp —6mm I! — 150mm ‘
D B E
Compilation of silica gel mass depending on the geometry of the bed.
Geometry A B (o D E
Mass of silica gel [kg] 0.01776 0.03552 0.05328 0.00888 0.02664
Fig. 4. Dimensions of the simulated samples: a) various heights of the adsorbent bed, b) various lengths of the adsorbent bed.
3. Results corresponding to the end of the desorption process in the first

Due to significant differences in saturation values between var-
ious stages of the simulation, different scales were applied to
better illustrate the processes occurring within the bed (Figs. 5a,
5b). Graphical distribution of the amount of vapour adsorbed by
the sorption bed (Figs. 5a, 6a,7a) at t = 300 s, corresponding to
the end of the adsorption process in the first cycle, and at 600 s,
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cycle. Similarly, the amount of vapour adsorbed after 2700 s
(Figs. 5b, 6b, 7b) — marking the end of the adsorption process in
the last cycle, and at 3000 s - marking the end of desorption in
the last analyzed cycle. The graphical distributions (Figs. 5, 6,
7) indicate that for all analyzed geometries, both adsorption and
desorption processes occur most efficiently near the wall
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heated/cooled by the heat exchanger and at the water vapour in-
let surface, highlighting the significance of T on the adsorp-
tion/desorption processes. It is observed that the saturation of
the bed with water vapour increases with each process cycle,

!

l

suggesting that adsorption and desorption do not occur uni-
formly. The ratio of the amount of adsorbed vapour to the size
of the bed is highest for the bed with the smallest height and
lowest for the tallest bed, confirming the importance of the dis-
tance from the centre of the bed to the heat exchange surface.

!

[

Time = 600.0

Uptake kg/kg
5.887e-02
5.378e-02
4.86%e-02
4.360e-02
3.850e-02

Time = 3000.0

Uptake kg/kg
6.420e-02
5.803e-02
5.186e-02
4.569e-02
3.952e-02

Fig. 5. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 100x80%3 mm (A)
after adsorption and desorption process: a) in the first cycle of the process b) in the last cycle of the process.

Time = 600.0

-

Time = 3000.0

N

Uptake kg/kg
1.202e-01
9.012e-02
6.008e-02
3.004e-02

0.000e+00

[
!

Uptake kg/kg
1.202e-01
9.012e-02
6.008e-02
3.004e-02
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Fig. 6. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 100x80x3 mm (B)
after adsorption and desorption process a) in the first cycle of the process b) in the last cycle of the process.
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Fig. 7. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 100x80%3 mm (C)
after adsorption and desorption process a) in the first cycle of the process b) in the last cycle of the process.

The amount of vapour adsorbed was analyzed for beds of
varying heights (Fig. 8). The stabilization of the process in suc-
cessive cycles was quickest for the bed with the lowest height
and slowest for the bed with the greatest height. For beds B and
C heights, similar saturation values after the desorption process
were observed in the initial cycles, which increased with subse-
quent cycles. According to the analysis of graphical distribu-
tions, the most vapour relative to the amount of adsorbent mate-
rial in each cycle was adsorbed by bed A, stabilizing at 0.132
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kag/kg. The least amount of vapour was adsorbed in bed C, sta-
bilizing at 0.111 g/g which represents a difference of approxi-
mately 20%. In the adsorption bed A, vapour desorbed to a level
0f 0.041 kg/kg, whereas in the bed C, it desorbed to 0.074 kg/kg,
constituting a difference of about 45%. The dynamics of the pro-
cess varied depending on the height of the bed. Adsorption was
most intense for the bed A and least intense for the bed C. This
can be attributed to the fact that cooling of the bed during the
adsorption process significantly influences its progression, and
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Fig. 8. Comparison of the amount of water vapour adsorbed
for different bed heights.

heat exchange within the bed itself is inefficient.

A comparison of T, in sorption beds with different geome-
tries during the processes of adsorption and desorption was ex-
amined (Fig. 9).
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340 |

=

k=]
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=

g —A
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Time (s)

Fig. 9. Comparison of the T, in sorption beds
for different bed heights.

The bed A reaches an T, at the end of each cycle stage that
is closest to the T occurring in the heat exchanger, 308 K after
adsorption and 350 K after desorption. This facilitates the most
efficient adsorption/desorption process and has a direct impact
on greater control over the process. In the case of the bed C, the
Tain the bed deviates more significantly from the T of the cool-
ing/heating medium, recording 320 K at the end of the adsorp-
tion process and 337 K after desorption, which affects the
amount of vapour adsorbed.
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Time = 2700.0
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b)

The mass flow of water vapour adsorbed by the sorption bed
is illustrated (Fig. 10). Negative values indicate that vapour is
being released and evaporates from the sorption bed. During the
first cycle, where the saturation of each bed with water vapour
was 0 kg/kg, the most intense m,, occurred in the bed C, reach-
ing 1.13x1072 g/s, which directly depended on the volume of the
sorbent. In subsequent cycles, as conditions stabilize, the differ-
ences in m,, decrease, in the last cycle for beds B and C, they are
very similar, with the initial adsorption rate being approximately
3.02x1073 gfs.
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Fig. 10. Results of solar collector field simulation
— hourly heating output.

Subsequently, an analysis was conducted to assess the im-
pact of bed length on the adsorption process. An aluminium
frame restricted the steam inlet and directed the steam along the
length of the bed. Beds with dimensions of 50x80x6 mm (D),
100x80%6 mm (B), and 150x80x 6 mm (E) were analyzed
(Fig. 5b).

Similarly to Figs. 5—7, Figs. 11—13 illustrate the graphical
distribution of the amount of vapour adsorbed by the sorption
bed at times corresponding to the end of the adsorption process
in the first and last cycles, as well as at times corresponding to
the end of the desorption process in the first and last cycles. The
graphical distributions indicate similar dependencies as ob-
served in the earlier analysis. The most efficient adsorption and
desorption processes occur near the wall heated/cooled by the
heat exchanger and at the surface where water vapour enters.
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Fig. 11. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 50x80x6 mm (D)
after adsorption and desorption process a) in the first cycle of the process, b) in the last cycle of the process.
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Fig. 12. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 100x80x6 mm (B) after adsorption and desorption
process a) in the first cycle of the process, b) in the last cycle of the process.

Time = 300.0

Uptake kg/kg
1.202e-01
9.014e-02
6.009e-02
3.005e-02

0.000e+00

a)

Time = 2700.0

-

Uptake kg/kg
1.202e-01
9.014e-02
6.009e-02
3.005e-02

0.000e+00

b)

Time = 600.0

-

Time = 3000.0

gl

Uptake kg/kg

1.202e-01
9.014e-02
6.009e-02

3.005e-02
0.000e+00

Uptake kg/kg

1.202e-01
9.014e-02
6.009e-02

3.005e-02
0.000e+00

Fig. 13. Distribution of the amount of vapour adsorbed by the sorption bed with dimensions of 150x80%6 mm (E)
after adsorption and desorption process a) in the first cycle of the process b) in the last cycle of the process.

The amount of vapour adsorbed for beds of varying lengths
was analyzed (Fig. 14). The saturation value for the shortest bed
D in the fifth cycle at the end of adsorption was 0.123 kg/kg,
while for the longest bed E it was 0.117 kg/kg. In the case of
desorption at the end of the process, the saturation for a bed D
was 0.0645 kg/kg, and for E it was 0.0641 kg/kg. The length of
the bed was more significant for the adsorption process than for
desorption. It is observed that the impact of bed length on the
process is less significant compared to the previously discussed
bed height. It is noteworthy that as the duration of a single cycle
increases, the differences in saturation also increase. This is at-
tributed to the fact that the more saturated the bed is, the greater
the resistance it poses to the flow of adsorbed vapour. Such a
connection can be beneficial in selecting the optimal cycle time
for a heat exchanger of a specific size.

0.14 4

0.12 4

__0.10

[=2]

S

g 0.08 4

@

= 0.06 -

8

5
0.04 4 — A

—B
0.02 4 R C
0.00 : - T T T T
0 500 1000 1500 2000 2500 3000

Time (s)

Fig. 14. Comparison of the amount of water vapour adsorbed
for different lengths of the bed.
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Similarly to the case of vapour adsorbed by the bed, the T,
within the sorption bed shows little variation for different
lengths of the adsorption bed (Fig. 15). Tastabilizes by the sec-
ond cycle, reaching 314 K at the end of adsorption and 341 K at
the end of desorption. These similar Tain the sorption bed may
explain the comparable dynamics of the adsorption and desorp-
tion processes discussed earlier.
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Fig. 15. Comparison of the average temperature in sorption beds
for different lengths of the bed.

The mass flow of water vapour adsorbed by the bed for dif-
ferent lengths of the bed is illustrated (Fig. 16). Similar to the
analysis of the height of the sorption bed, during the first cycle,
where the saturation of each bed with water vapour was 0 kg/kg,
the most intense ni,, occurred. The mi,, stabilizes by the second
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cycle for each of the analyzed cases. For the bed E, ni,, is high-
est, registering 4.094x1073 g/s at the beginning of the adsorption
stage and —5.554x1073 g/s at the end of desorption. The lowest
m,, was in the bed D, with values of 1.559x1073 g/s at the begin-
ning of adsorption and —2.112x1072 g/s at the beginning of de-
sorption. In the case of varying bed lengths, a clear difference in
m,, between the beds is observed for all cases. It can be con-
cluded that increasing the length of the bed has a direct impact
on enhancing the suction force of water vapour.
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Fig. 16. Comparison of the mass flow of water vapour at the inlet
to sorption beds for different lengths of the bed.

The saturation of water vapour in the adsorbent bed during
the last, fifth cycle of simulation post-adsorption and desorption
processes for all analyzed bed geometries was compiled (Fig.
17). Additionally, the mass of water vapour adsorbed by these
beds is presented. The highest saturation, indicating the greatest
sorption capacity, was exhibited by bed A, characterized by the
shortest distance from the heat source to the centre of the bed,
measuring 3 mm. Despite having a sorbent material volume
three times smaller than bed C, bed A adsorbed only 20% less
vapour. This underscores the significant impact of this parame-
ter on the adsorption process and thus the efficiency of the de-
vice. For the analyzed cycle length (300 s), the saturation differ-
ences in samples varying in length (B, D, E) are minimal,
whereas the differences in the amount of adsorbed vapour are
substantial, reaching about 70%. In the analyzed case, designing
a longer and thinner bed in the adsorption device would be much
more advantaaeous.
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Fig. 17. Summary of water vapor saturation and adsorbed vapor mass

for various geometries of the adsorbent bed.
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4. Conclusions

The paper presents a method for CFD modelling of the entire
adsorption and desorption cycles which enhances understanding
of the relationship between these processes and the impact of
various factors such as the cycle duration, the temperature of the
cooling/heating medium, operating pressure, and the geometry
of the sorbent bed on their dynamics. Until now, literature has
only modelled either adsorption or desorption processes individ-
ually, not the full cycles. This approach allows for the observa-
tion of what happens during the transitional period between pro-
cesses and how this affects their course, which is a novel aspect.

The obtained results demonstrate a significant impact of the
adsorbent bed's geometry on the adsorption and desorption pro-
cesses, emphasizing the crucial role of the distance from the bed
centre to the cooling or heating source in the efficiency of these
processes. The difference in the amount of vapour adsorbed rel-
ative to the amount of sorbent material in beds of different ana-
lyzed heights during the adsorption process was 20% higher for
the 3 mm bed (A) compared to the 9 mm bed (C). During de-
sorption, the difference in desorbed vapour relative to the
amount of sorbent was even greater among these cases of geom-
etry and exceeded 40%. The results indicate that heat exchange
significantly influences the progression and control of the ad-
sorption and desorption processes. The length of the bed, affect-
ing the water vapour path to the bed's centre, also impacts these
processes, particularly in longer cycles. This discovery high-
lights the increased resistance caused by water vapour saturation
in the sorption bed, which becomes more significant in a more
saturated bed, a condition more common in longer cycle dura-
tions. These results offer valuable insights for designers of cool-
ing devices based on adsorption technology. Appropriately tai-
lored geometry of the heat exchanger with the sorbent bed can
achieve the same effects despite a smaller amount of sorbent,
which translates into a smaller device size and cost.
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Abstract

The paper presents a modified in-house model for calculating heat transfer coefficients during flow condensation, which
can be applied to a variety of working fluids, but natural refrigerants in particular, at full range thermodynamic parameters
with a particular focus on increased saturation pressure. The modified model is based on a strong physical basis, namely
the hypothesis of analogy between the heat transfer coefficient and pressure drop in two-phase flow. The model verification
is based on a consolidated database that consists of 1286 data points for 7 natural refrigerants and covers the reduced
pressure range (the ratio of critical pressure and saturation pressure) from 0.1 to 0.8 for different mass velocities and
diameters. The new version of the in-house model, developed earlier by Mikielewicz, was compared with 4 other mathe-
matical models widely recommended for engineering calculations and obtained the best consistency results. The value of
the mean absolute percentage error was 28.13% for the modified model, the best result among the scrutinised methods.
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1. Heat transfer during flow condensation
in trending application

There is a gap in knowledge about condensation at elevated sat-
uration temperatures and corresponding high reduced pressures.
The condensation process in high-temperature heat pumps oc-
curs usually at temperatures higher than 80°C. Most of the ex-
isting experimental data has been collected for temperatures be-
low 40°C, which is related to HVAC (heating, ventilation, air
conditioning) applications of refrigerants. For temperatures
higher than 120°C, most low boiling fluids operate at parameters

close to the thermodynamic critical point, where there are sig-
nificant changes in density and viscosity of the liquid and vapour
phases, which has a significant impact on interfacial phenom-
ena. Over the past century, there have been many papers that
have dealt with the modelling of the heat transfer coefficient
during condensation. Most of the literature models are created
for specific experimental parameters and are not intended to be
applied to a wide range of refrigerants. In recent years, research
on high-temperature heat pumps where saturation temperatures
and saturation pressures are much higher than in classical appli-
cations have become important [1]. The use of new environ-
mentally neutral refrigerants is also principal. For this reason,
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Nomenclature

cp  —specific heat capacity, J/(kg K)
Con - confinement number

d — inner diameter od tube, m

g — gravitational acceleration, m/s?

G - total mass flux, kg/(m?s)

hwv - latent heat of evaporation, J/kg

Jg  —dimensionless vapour velocity, Jg = —x
Vgapy(pi—pv)

Nu  — Nusselt number

P —pressure, N/m?
Pr  —reduced pressure, Pr = Pgg:/ Perit
Pra — Prandtl number
Re — Reynolds number
— temperature, °C
— specific volume, m¥/kg
X — vapour quality

Xit &]0.5

0.1 r4_,10.9
— Martinelli’s correlating parameter, Xtt = [%] [1x—x] [p
V. 1

natural refrigerants such as isobutane or propane are gaining
popularity in heat pump applications and others. Condensation
heat transfer coefficient prediction is also important for the po-
tential application of advanced thermodynamic cycles [2]. Some
novel cycles require modelling of such complex phenomena as
condensation inside spray ejector [3].

2. Methods of calculating the heat transfer
coefficient during condensation

In [4] model for the calculation of heat transfer coefficient dur-
ing condensation within channels has been published, hereinaf-
ter named an in-house model. The method was based on a cor-
relation originally developed for flow boiling. The basis for the
analysis involved predicting heat transfer coefficients in flow
condensations and assessing them against correlations devel-
oped for annular flow structures. In this context, flow boiling
and flow condensation were treated as symmetrical phenomena.
The comparisons yielded satisfactory results. Additionally, the
study examined nonadiabatic effects in the heat transfer coeffi-
cient model, incorporating the blowing parameter into the mod-
elling process. The modifications were found to have significant
effects on condensation for small qualities, affirming that
nonadiabatic effects are less critical for higher qualities. Simi-
larly, in the case of flow boiling, the most substantial changes to
the heat transfer coefficient occurred for smaller qualities. Later
in [5] a method for calculation of heat transfer coefficient during
flow boiling was proposed to take into account the reduced pres-
sure effect. In this paper, a modified Muller-Steinhagen and
Heck two-phase multiplier was introduced to consider the ef-
fects of increased reduced pressures. Promising results have
been obtained, however there was still room left for further mod-
ifications. In [6] authors presented the newest version of two
phase pressure drop model based on the Miiller-Steinhagen and
Heck method.

The outcomes of modelling focused on heat transfer and

Greek symbols

a — heat transfer coefficient, W/(m?K)
4 — dynamic viscosity, Pa s

p —density, kg/m3

A —thermal conductivity, W/(m K)

o - surface tension, N/m

Subscripts and Superscripts
crit— critical

I —liquid

LO — liquid only

sat — saturation

tf  — two phase

v —vapour

VO - vapour only

Abbreviations and Acronyms
MAPE — mean absolute percentage error
RMS — two phase multiplier due to Muller-Steinhagen and Heck

pressure drop during the condensation of R134a and R404A
refrigerants in minichannels have been presented in [7]. Internal
diameters ranged from 0.31 mm to 3.30 mm. The study specifi-
cally examines the local heat transfer coefficient and pressure
drop in individual minichannels, with a comparative analysis
against methods proposed by other researchers. Drawing from
the measured data, the authors introduced their own correlation
for calculating the local heat transfer coefficient.

The study [8] introduces a novel and straightforward model
for determining the local heat transfer coefficient during flow
condensation within plain pipes. The proposed model accounts
for two distinct regimes distinguished by the value of mass flux.
For both regions, a new correlation is presented, resembling the
single-phase heat transfer coefficient model. Corresponding
Reynolds and Prandtl numbers are based on the sum of superfi-
cial liquid and vapour versions. These models emphasize the
significant role of the superficial vapour Reynolds number in
governing the heat transfer coefficient. The model demonstrates
predictive capability for estimating the heat transfer coefficient
across a range of channels including microchannels and conven-
tional channels, encompassing various refrigerants.

Shah [9] presented a straightforward dimensionless correla-
tion designed for predicting heat-transfer coefficients in the con-
text of film condensation inside pipes. The dataset encompasses
various fluids such as water, R-11, R-12, R-22, R-113, metha-
nol, ethanol, benzene, toluene, and trichloroethylene undergoing
condensation in pipes of horizontal, vertical, and inclined orien-
tations with diameters ranging from 7 mm to 40 mm. Addition-
ally, a dataset for condensation within an annulus has been ana-
lysed. The parameter range covered includes reduced pressures
spanning from 0.002 to 0.44, saturation temperatures ranging
from 21°C to 31°C and vapour velocities from 3 m/s to 300 m/s,
and vapour qualities from 0% to 100%. A new version [10] of
correlation extended for a wider range of parameters was pub-
lished in 2009. The presented method has been shown to be in
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Table 1. Formulas of analysed methods.

Model

Mikielewicz [4,5]

Bohdal [7]

Dorao and Fernandiono [8]

Shah 1979 [9]

Shah 2009 [10]

Shah 2019 [11]

Cavallini 2006 [12]

Formula
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good agreement with data ranging from highly turbulent flows
to laminar flow conditions. The ability to predict heat transfer
in mini- and microchannels was introduced in [11]. Improved
versions of correlation are much more complex in comparison
to the original form.

Cavallini et al. [12] introduced a novel method for determin-
ing the condensation heat transfer coefficient of refrigerants
within horizontal plain tubes with inner diameters exceeding
3 mm (D > 3 mm). The proposed method was intentionally de-
signed for simplicity, facilitating its immediate application in
heat exchanger modelling and design for both traditional and
emerging fluids in the HVAC industry. Notably, the method pri-
oritizes accuracy and has been tested across an experimental da-
tabase from various researchers, ensuring reliability with re-
duced experimental uncertainties. To maintain simplicity, the
method employs two equations, each catering to temperature
difference independent and dependent fluid flows. Parameters
influencing condensation heat transfer are incorporated into the
equations. The accuracy of the method was validated through a
comprehensive comparison with data from HCFCs (hydrochlor-
ofluorocarbons), HFCs (hydrofluorocarbons), HCs (hydrocar-
bons), carbon dioxide, ammonia, and water. Application of the
temperature-dependent part of correlation is often complicated
because wall temperature is usually not known. Nearly no data
source provides precise information on the experimental value
of the wall temperature. For design purposes, wall temperature
has to be calculated iteratively. Equations for analysed methods
are presented in Table 1.

2.1. Modification of in-house model

Mikielewicz and Mikielewicz [4] developed earlier a semi-em-
pirical method for modelling heat transfer during boiling and
condensation in minichannels. It is based on the hypothesis the
total energy dissipation in the two-phase flow with boiling is a
sum of two contributions, namely the dissipation of energy from
the shearing flow and dissipation due to bubble generation. In
case of condensation in the flow, the dissipation due to bubble
generation is not present. The main equation includes the term
modelling the resistance in two-phase flow and the term model-
ling the flow resistance associated with the nucleation process
during boiling. The modified main equation presents only the
term corresponding to the flow resistance because this paper fo-
cus on the modelling of heat transfer during condensation:

aTPB
= \/Rp;sCon%3%,

aLo

where n = 0.76 for Re; > 2300 and n = 2 for Re; < 2300.
The flow resistance term is modelled using the modified
Muller-Steinhagen and Heck correlation [5]: presented in Eq.

),

1)

— 1_ m _.N\1/3 3. 1
Rus = [1+2 (f1 1) xCon™| (1 - 1)/ + x = @
where for turbulent flow
(p_,i) (%) Cpl
ﬁ=éﬁ.m=%#@g ©

and for laminar flow

P
fi=% fu=(3) @
Uy
Parameter a;, is the heat transfer coefficient for the single-
phase liquid flow and a;pp represents the heat transfer coeffi-
cient during condensation in Eq. (1). Authors recommend stand-
ard Dittus-Boelter correlation for prediction of forced internal
convection for single liquid phase heat transfer coefficient. The
modification introduced in the present work is based on the in-
troduction of the confinement number (Con), which is variation
of Bond number, into the two-phase flow multiplier RMS. The
flow resistance part was multiplied by the confinement number
raised to the power of 0.34. The Con number,

2 o
\I!](Pl—Pv)

Con = — (5)
describes changes in the nature of the flow at high values of re-
duced pressure. It includes gas and liquid phase densities, sur-
face tension, diameter and gravitational acceleration. This mod-
ification allows to take into account the change in physical prop-
erties that affect the heat transfer process at high values of re-
duced pressure. Surface tension alongside density has an im-
mense effect on two phase flow structures which has been
shown in experimental research [13]. For reduced pressure 0.2
where surface tension and difference in phase specific densities
are high annular flow was observed at quality as low as 7%. For
a reduced pressure 0.8 in the vicinity of the critical point annular
flow occurred at around 50% quality. Surface tension and dif-
ference in phase densities decrease significantly for high values
of reduced pressure.

2.2. Consolidated database

The modelling was based on a consolidated database that con-
sists of 1286 measurement points published in 7 research papers.
It includes data for 7 different natural refrigerants, different di-
ameters, mass velocities and reduced pressures. The database in-
cludes values of reduced pressures ranging from 0.1 to as high
as 0.809. Internal tube diameters vary from 0.76 mm to
9.43 mm. Mass velocity ranges from 75 kg/m?s to 1000 kg/m?s.
Variation of quality is from 0% to 100%. Consolidated database
is presented in Table 2.

2.3. Results

The consolidated database was compared with 7 methods for
predicting the heat transfer coefficient during condensation due
to Bohdal et al. [7], Dorao and Fernandiono [8], Shah [9-11] and
Cavallini et al [12]. The calculation code was written in Engi-
neering Equation Solver EES.

The mean absolute percentage error is given by the equation

(6)

where: N — number of points, A — real value, F — forecast value.
Results of calculations are presented in Table 3. The best re-
sult was the modified Mikielewicz correlation for which the
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Table 2. Consolidated database.

Diameter

Mass velocity Reduced pres- Number of measure-

Authors [mm] Fluid [kg/(m?s)] sure ment points

1 Macdonald et al. [14,15] 0.76-1.45 R290 150-450 0.254-0.809 260
2 Zhuang et al. [16] 4 Ethane 101-255 0.22-0.522 230
3 Zhuang et al. [17] 4 Methane 99-254 0.43-0.76 286
4 Milkie et al. [18] 7.75 n-Pentane 150-600 0.04-0.17 163
5 Moreira et al. [19] 9.43 Pmpyl';;'(’)‘:‘)’aRzgo’ 50-250 0.12-0.32 110
6 Del Col et al. [20] Propylene 80-1000 0.35 109

Longo [21] 4 Propylene, R290 75-400 0.15-0.88 125

mean absolute percentage error (MAPE) was 28.13%. The sec-
ond best model was the Cavallini [12] correlation. The third best
correlation was the original Mikielewicz correlation which
achieved MAPE = 38.97%. The fourth best method was the
model due to Shah [11] which resulted in MAPE = 40.04%.
Doaro and Fernandiono achieved a slightly worse result of
40.78%. The other correlations returned worse results due to
their empirical nature — they were created for completely differ-
ent conditions and specified refrigerants. The results of the cal-
culations are shown in Table 3 and the histogram of discrepan-
cies is in Fig. 1. Figure 2 presents histogram with modelling
results. Figure 3 shows the results of modelling with the modi-
fied Mikielewicz correlation for all considered data sources
separately.

Table 3. Results of calculations for eight modelling methods.

Mean Number Percentage
relative of points of points
Model absolute within within
error +30% +30%
ri"e";'e'ew'cz modi- 28.13% 892 69.36%
Mikielewicz [4] 38.97% 662 51.48%
Bohdal [7] 163.46% 223 17.34%
3;':‘: [asrl'd Fernan- 40.78% 724 56.30%
Shah 1979 [9] 93.17% 273 21.23%
Shah 2009 [10] 45.55% 727 56.53%
Shah 2019 [11] 40.04% 727 56.53%
Cavallini 2006 [12] 38.38% 772 60.03%

Fig. 1. Properties change in function of reduced pressure for R290.

Fig. 2. Comparison of MAPE for calculated methods.

ualted [kW/(m?K)]

a exper

Fig. 3. Results of modeling with modified Mikielewicz correlation.

Results of modelling for data above reduced pressure 0.5 is
presented in Table 4. Table 5 presents results for data below re-
duced pressure 0.5. The new modification slightly lowered val-
ues of error for low pressure experiments to 26.29% from
30.89%. Both values are close to the typical measurement error
for two phase flow heat transfer measurement which is usually
between 20% and 30%. The main improvement lies in data
points with high pressure. In this region, new correlation has an
error 31.63% whereas the old version has 54.33% and the best
other correlations have values of MAPE around 50%. The main
goal of the research was to correct modelling results for high
values of saturation pressure, but new modification managed to
increase accuracy in the whole spectrum of reduced pressure.
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Table 4. Results of calculations for eight modelling methods for data
points with reduced pressure higher than 50%.

Number of Percent-
Mean rela- . age of
Model tive abso- pcfln.ts points
lute error Wlth:n within
+30% +30%
Mikielewicz modi-
fied 31.63% 319 72.01%
Mikielewicz [4] 54.33% 167 37.70%
Bohdal [7] 176.58% 47 10.61%
Dorao and Fernan-
diono [8] 57.58% 242 54.63%
Shah 1979 [9] 167.00% 19 4.29%
Shah 2009 [10] 49.67% 272 61.40%
Shah 2019 [11] 52.32% 272 61.40%
Cavallini 2006 [12] 51.61% 278 62.75%

Although changes below a reduced pressure of 0.5 are not spec-
tacular, corrections for high saturation pressure are significant.
The new version also managed to fit the most points inside the
30% error area for both regions.

Graphical comparison of correlations for all analysed data
sources are shown in Figs. 4-10. Figure 4 presents graph for
Macdonald et al. [14,15] data. Figure 5 presents graph for
Zhuang et al. [16] data.

Macdonald 2015

o calcualted |

a experimental [kW/(m2K)]

Fig. 4. Comparison of correlations for R290 [14,15].

Zhuang 2016

Fig. 5. Comparison of correlations for ethane [16].

Table 5. Results of calculations for eight modelling methods for data
points with reduced pressure lower than 50%

Percent-
Number
Mean rela- . age of
. of points X
Model tive abso- - points
lute error within within
+ 0,
+30% +30%
Mikielewicz modi- 26.29% 573 67.97%
fied
Mikielewicz [4] 30.89% 495 58.72%
Bohdal [7] 156.57% 176 20.88%
Dorao and Fernandi- 31.95% 489 57.18%
ono [8]
Shah 1979 [9] 54.38% 254 30.13%
Shah 2009 [10] 43.39% 455 53.97%
Shah 2019 [11] 33.58% 455 53.97%
Cavallini 2006 [12] 31.43% 494 58.60%

Figure 6 presents graph for Zhuang et al. [17] data. Figure 7 pre-
sents graph for Del Col et al. [18] data. Figure 8 presents graph
for Moreira et al. [19] data. Figure 9 presents graph for Milkie
[20] data. Figure 10 presents graph for Longo et al. [21] data.
Distributions present data for R290, ethane, methane, propylene
and R600a. The modified Mikielewicz method performed the
best of all analysed methods for all data sources.

Zhuang 2017

« calcualted [kW/(m2K)]

a experimental [kW/(m2K)]

Fig. 6. Comparison of correlations for methane [17].

Del Col

Fig. 7. Comparison of correlations for propylene [20].
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Moriera

Fig. 8. Comparison of correlations for propylene,
R290, R600a [19].

e o o o o

Fig. 9. Comparison of correlations for R290 [18].

Longo

Fig. 10. Comparison of correlations for R290 and propylene [21].

3. Conclusions

A modified in-house method for the prediction of heat transfer
coefficients during condensation of natural refrigerants with
special emphasis on high values of reduced pressure has been
proposed. A developed model has been formulated with the aim
of achieving high accuracy while maintaining a straightforward
structure. The modification is based on the fact that the two-
phase flow multiplier used in the in-house model is modified

with the adjusted value of the confinement number. Significant
improvements have been obtained especially in the high range
of reduced pressure values.

The modelling was based on an accumulated database of
experimental measurement data, which consists of 1286
measurement points for 7 natural refrigerants. The database
includes values of reduced pressures ranging from 0.1 to as high
as 0.809. Channel internal diameters range from 0.76 mm to
9.43 mm. Mass velocity range from 75 kg/(m?s) to
1000 kg/(m?s). A full range of distribution of quality from 0%
to 100% is considered. The new method was compared with 7
models from the literature and obtained the smallest value of
mean absolute percentage error (MAPE) 28.13% while 69.36%
had an error value lower than 30%. The second best method
achieved 38.38% MAPE and 60.03% points below 30%error
value. For data above 50% of reduced pressure model achieved
31.64% MAPE while second best method in this region
achieved 49.67%. The other methods surpassed 50% MAPE.
The outcomes reveal a highly satisfactory agreement with
experimental data.
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Abstract

This article presents the results of experimental measurements of the physical properties of new environmentally friendly
bio-based composite building materials containing hemp shives bonded with a magnesium binder. Some of the tested
materials contained an admixture of phase change material (PCM) of variable proportions in the binder to increase the heat
capacity of building elements (walls), which can positively affect room temperature regulation. Densities and porosities
are key parameters describing building materials, directly affecting mechanical, acoustic, and, most importantly, hygro-
thermal properties, including thermal conductivity, water vapor permeability, water absorptivity, and sorption curves. The
experiment was carried out for ten different samples of bio-based building composites, differing in the bulk density ob-
tained during the manufacturing process and in the PCM proportion. As part of the experiment, true density tests were
conducted on a helium pycnometer. Then, the geometric densities of the tested materials (which may differ from the bulk
density obtained during production) were measured using the Archimedes method, making it possible to obtain the total,
closed, and open porosity values. Tests were also carried out for selected traditional building materials, such as red brick
and autoclaved aerated concrete, to compare the results obtained.

Keywords: Bio-based building materials; Bio-based composites; Magnesium binder; Hemp shives; Phase change mate-
rial (PCM); Helium pycnometer; Porosity measurement
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1. Introduction of building materials, which contributes to decreasing carbon di-

oxide emissions into the atmosphere while ensuring the use of
The growing interest in sustainability across all industries is  plant waste such as hemp shives [1,2]. Moreover, bio-based
prompting, among others, a search for innovative building ma-  building composites are easier to recycle and often have an ad-
terials in which environmentally friendly plant wastes can par-  ditional advantage as they have better thermal conductivity than
tially replace standard building materials. A major advantage of  traditional building materials, making buildings more energy ef-
such solutions is concrete utilization reduction in the production  ficient.
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Nomenclature

mary — mass of a dry sample, kg

msat  — mass of a saturated sample containing isopropyl alcohol, kg

Msat,air— Mass of a saturated sample containing isopropyl alcohol, meas-
ured in isopropyl air, kg

Misatiso— Mass of a saturated sample containing isopropyl alcohol, meas-
ured in isopropyl alcohol, kg

Vg - geometric volume, m3
Vp  —open pore volume, m?
Vi  —total volume, m?

Greek symbols
€. —closed porosity

Moreover, this solution can still be improved by adding
phase change materials (PCMs) to the binder, e.g., in the form
of microcapsules, which are designed to increase the thermal ca-
pacity of building elements (e.g., walls) through phase change
transformation [3-5]. In this way, energy losses to the environ-
ment can be reduced during cold weather, while heat gains can
be decreased during hot periods [5], and, as a result, energy con-
sumption needed for space heating and cooling can be lowered
[6]. Hemp-based building materials have very good thermal in-
sulation properties (i.e., their thermal conductivity is typically in
the range of 0.08—-0.2 W/(m K) [7]), good acoustic performance,
and very good moisture accumulation and buffering behavior.
However, traditional hemp concrete based on a lime binder is
very fragile and has very weak mechanical properties, i.e. its
compressive strength is typically below 0.5-0.6 MPa [7]. It can-
not be used in places directly exposed to water, i.e. the hemp
concrete wall must be protected from direct rainfall with plaster
and by protruding roof eaves and from groundwater by horizon-
tal waterproofing and a raised foundation. However, hemp con-
crete is characterized by low microbiological corrosion because
hemp shives consist of only the woody inner part of the hemp
stalk and contain no nutrient elements. It is mainly used as a wall
filling material, for thermal insulation, and to regulate the indoor
microclimate, but it cannot be considered a load-bearing mate-
rial. Therefore, many modifications of this material were pro-
posed in the literature [8] in order to improve its mechanical per-
formance and increase its application range. One of the possible
ways is to use alternative binders that have better mechanical
properties than those based on lime ones [9]. For example, the
use of magnesium binders, as in the case of the material ana-
lyzed in this paper, can increase the strength up to 3.8 MPa [9].

The prospects for using PCMs in the building sector, includ-
ing application in bio-based composite building materials, are
widely reported in the literature. These materials are studied on
both the numerical simulation and experimental levels. For ex-
ample, Sawadogo et al. [10] conducted experiments in which
different properties of hemp concrete with PCM (i.e. capric
acid), such as melting and solidification temperatures and en-
thalpies, thermal conductivity, and general thermal perfor-
mance, were investigated. A similar experiment was conducted
by Meng et al. [11] where, by using simulations and an experi-
ment, they compared the parameters inside an ordinary room

58

€, —Open porosity

€,  —total porosity

pg  — geometric density, kg/m?
pt - liquid density, kg/m3

pt —true density, kg/m®

Subscripts and Superscripts
Air — measurement performed in air
Iso — measurement performed in isopropyl alcohol

Abbreviations and Acronyms
PCM - phase change material

and a room additionally insulated with a PCM layer and pre-
sented possible efficiency gains with the use of this material.

Hemp concrete as a bio-based composite material does not
have clearly and easily defined thermal and moisture parameters
[12]. It is influenced by many factors, from the type of binder
and its admixtures [8,13], the amount of binder used, the degree
of grinding of the plants [7,14], and the harvesting period of the
hemp seed [15]. The plurality of solutions available, whether in
terms of available binders, PCMs, or the form of PCM added to
the building material itself, makes it necessary to pay great at-
tention to the development of available experimental databases
that could be used for mathematical modeling of hygro-thermal
performances [16,17] or comparison of bio-based building ma-
terials.

Key physical parameters describing the structure of building
materials include density and porosity. Their values directly af-
fect mechanical [18], acoustic [19], and hygro-thermal proper-
ties [20,21], including thermal conductivity [22,23], water vapor
permeability [8], and moisture sorption [24,25]. It is supposed
that some of these properties depend more specifically on the
pore size or the type of pores in the structure of the materials
[26,27], hence it is important not only to know the total porosity
but also the open and closed porosity or the pore size distribution
in the structure. Glé et al. [24] point out that open and closed
porosity values have an especially important role in determining
the acoustic properties of materials. Wei et al. [28] conclude that
the lower open porosity results in lower water absorption and
weaker evaporation performance.

Methodology for measuring the porosity of building materi-
als containing bio-additives, like hemp shives, is a matter of con-
cern due to the occurrence of pores in biocomposite materials
ranging in size from a few nanometers to even millimeters [29].
Brewer et al. [29] used helium pycnometry combined with pow-
der micro-granular pycnometry to calculate the densities and po-
rosities of biochar. Jiang et al. [30] identify radiation-based (e.g.
microscopy) and porosimetry-based (such as water immersion
porosimetry) methods as the main experimental techniques
while suggesting the use of several of them to be able to achieve
a comprehensive research result. Glé et al. [24] extensively de-
scribe aspects of density and porosity measurements of hemp
shives themselves and suggest pycnometry (powder, helium, air,
nitrogen, or mercury-based) as the optimal method for measur-
ing the properties of ground biocomposites. They also suggested
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X-ray computed tomography as one option, but due to its time-
consuming nature, it should be rather used for local structure
studies. Delanoy et al. [31] studied the porosities of two different
hemp concretes (with a lime-based binder and a natural cement)
using an air porosimeter. Wei et al. [28] studied the properties
of bio-based composite building materials created from corn res-
idue and magnesium cement using the Archimedes method and
acetone-based pycnometry. Ferroukhi et al. [32] used pyc-
nometry to find densities and porosities of hemp concrete based
on a lime binder containing PCM. However, experimental data
on the physical properties of bio-based building composites
studied in this paper, i.e. hemp concrete created with magnesium
binder, is difficult to find in the literature, and additionally, such
results for materials containing PCM are also notably lacking.

This article presents the results of an experimental study in
which the values of geometric and true density, as well as total,
open, and closed porosity, were measured for 10 samples of bio-
based building composites made of hemp shives and magnesium
binder. Three of them contained microencapsulated PCM in dif-
ferent proportions, seven were bio-based composite samples
with a different bulk density, and additionally, two conventional
building materials were studied for comparison purposes. A he-
lium pycnometer was used to determine total porosity and true
density, while the Archimedes method based on measurements
in isopropyl alcohol was used to determine open porosity.

2. Description of the method and materials inves-
tigated

2.1. Investigated materials

Bio-based composite materials with different bulk densities ob-
tained during the manufacturing of the biocomposite samples by
the research team from the Riga Technical University were
tested [9]. All samples were made by mixing hemp shives, mag-
nesium binder (MgO), magnesium chloride (MgCl.) water solu-
tion, and water needed for the initial preparation of materials. To
3 samples, microencapsulated PCM was added in the form of
concentrated water dispersion. Different mass shares of constit-
uents were used to obtain tested composites, as presented in Ta-
ble 1.

In the applied hemp shives (Natiiralus Pluostas, Lithuania),
almost 74% of all plant pieces were characterized by lengths
ranging from 1 to 30 mm, with the longest pieces reaching up to
40 mm. The base bulk density of the hemp components was in
the range of 80-110 kg/m?®, while compacted bulk density was
115 kg/m3. Magnesia named RKMH-F (produced by RHI AG,
Austria) and calcined at the temperature of 750°C was used to
prepare the composite. Its composition consists of 74% MgO
with an admixture of CaO, SiO,, Fe;O3, and Al,Os in a range of
1-4%. Magnesium chloride (Chemische Fabrik Kalk, Germany)
in the form of flakes was applied and, before adding to the mix-
ture, was initially diluted in water in a 1:1 by-mass proportion.
Additionally, some water was used to initially moisturize dry
hemp particles, which strongly absorb water [33].

PCM-containing samples were produced by adding concen-
trated water dispersion of microcapsules MikroCapsPCM25-
S50 (MikroCaps d.o.0., Slovenia) with the paraffin wax en-
closed in a polyurethane shell. The average size of the micro-
capsules varied from 1 to 15 um, and the PCM content inside
the dry capsule was 82—86%, while in the dispersion, it was 41-
45% wt. Paraffin used was characterized by latent heat in the
range of 140-175 kJ/kg and melting/solidification temperature
of 23-27°C.

The PCM-free materials were designated D200, D300,
D400, D500 and D600 (as listed in Table 1) referring to their
approximate bulk densities. The densities of these samples var-
ied due to the use of variable amounts of MgO and MgCl; solu-
tion relative to the other components (see Table 1). Also, the
sample Ind400 was analyzed, which was specified for its differ-
ent industrial methods of manufacture. Samples containing
PCMs were named PCMO0, PCM5, PCM10 and PCM20. More-
over, autoclaved aerated concrete and red brick, available in the
Polish market, were used as comparative conventional building
materials.

The compositions of all tested bio-based composite samples
were calculated with reference to the mass proportion of hemp
shives (see Table 1). The numbers in the names of samples with
PCM, i.e. 0, 5, 10 and 20, refer to the mass ratio of the PCM-
water dispersion to the mass of MgO used for composite prepa-
ration. In fact, sample PCMO does not contain PCM, but is the

Table 1. Ingredients contents for preparing bio-based composite samples referring to 1 unit of hemp shives (mass proportions).

Hemp MgCl: solution 1:1

Sample name shives Mg0 with water
D200 1.00 0.50 0.32
D300 1.00 1.00 0.63
D400 1.00 1.93 1.22
D500 1.00 2.44 1.53
D600 1.00 3.00 1.89

Ind400 1.00 1.85 1.17
PCMO 1.00 2.00 1.26
PCM5 1.00 2.00 1.26
PCM10 1.00 2.00 1.26
PCM20 1.00 2.00 1.26

Water to initially

PCM water dispersion (41- PCM mass frac-

moisten the hemp 45% wt. of PCM) tion (%)

1.30

0.70

0.50

0.50

0.50

1.00 - -
1.00 0.00 0.0
1.00 0.10 1.2
1.00 0.20 2.3
1.00 0.40 4.5
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reference sample for other materials in this batch, the production
of which required a different composition of ingredients than the
samples named "D", as shown in Table 1. Sample PCMO has a
composition most similar to D400, but during production, a bit
more binder and twice as much water to pre-wet the hemp shives
were used. Taking into account the mass shares of the individual
components, the mass shares of PCM in the samples were 0.0,
1.2, 2.3 and 4.5% for samples PCMO0, PCM5, PCM10 and
PCM20, respectively.

2.2. Total porosity investigation using a helium pyc-
nometer

Four small fragments were extracted from different parts of
a larger block of tested materials to measure the true density and
total porosity of developed bio-based building composites, from
which 13 finely ground samples were prepared for measuring on
a helium pycnometer. The materials were ground to fine dust
using a laboratory grinder, with liquid nitrogen applied to in-
crease the brittleness of the bio-based fibers and facilitate the
grinding of these samples. All samples were then dried in a la-
boratory drier at 60°C for at least 5 days. Weight measurements
showed that this period was sufficient to consider the ground
samples dried. After drying, density measurements were started
using a helium pycnometer AccuPyc 1345.

The ground material (as shown in Fig. 1) was poured into
a cleaned, dry-air rinsed and weighed 3.5 cm? steel vessel and
then weighed. A laboratory scale with an accuracy of 0.001 g
was used to weigh the samples. To increase the accuracy of the
measurement, an effort was made to place as much powdered
material as possible in the vessel, additionally kneading it (the
device required a certain minimum mass of material to be placed
inside the steel vessel). The sample was then placed inside the
device and sealed tightly. Figure 1 also shows a filter, which is
essential for conducting experiments on bulk substances. The
measurement began with 10 cycles of purging the prepared sam-

|

/ |
!
¥

Fig. 1. Exemplary sample prepared for testing
in helium pycnometer.
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ple with helium to remove air and any residual moisture and en-
sure homogeneous conditions inside, followed by 30 measure-
ment cycles. Each cycle consisted of filling the vessel with
a certain volume of helium until an overpressure of about 1.35
bar at 25°C was reached. When pressure stability was reached,
an automatic valve to a vessel of known volume was opened,
and the system was again waiting for equilibrium to be reached.
Knowing the thermodynamic parameters, the device calculated
the volume of the material, and using the known mass of the
sample, its true density (p;) could be determined. Based on the
information about the true density and geometric density, the to-
tal porosity of the test samples was determined.

2.3. Open porosity investigation

The bio-based composite samples in the shape of cubes with
sides of about 50 mm (some of which are shown in Fig. 2), 3 of
each type that came from the same production batch as the sam-
ples investigated on the pycnometer, were tested. For conven-
tional materials, 4 cuboidal samples were prepared from auto-
claved aerated concrete and brick with volumes similar to the
bio-based composite samples (i.e. in the range of 105-180 cm?).
Samples were cut out of the large blocks using an angle grinder,
and then they were smoothed and aligned with sandpaper to ob-
tain parallel walls. After the samples were prepared, they were
placed in a laboratory drier and dried at about 60°C to remove
moisture from them. Over the following days, the weights of the
samples were recorded until they reached a constant mass of mary
in three consecutive measurements. Then, the dimensions of the
samples were measured to the nearest 0.01 mm, three times in
each of the three dimensions, to be able to estimate their geo-
metric volumes (1;;) and then calculate their geometric densities
(Pg)-

After drying, the samples were weighed, and then saturated
with isopropyl alcohol. To do this, they were placed inside
a sealed vessel filled with isopropyl alcohol to the point that the
samples were completely submerged, and then a vacuum pump
was used to create a vacuum (at —0.85 bar gauge pressure) to
remove air from the pores. The samples were in the vessel until
it was determined that no more air bubbles were coming out.
Higher-density materials required several hours to remove air,
while porous materials required at least 2—3 hours. After satura-
tion, the samples were removed from the vessel and immediately
placed in a dish with isopropyl alcohol located on a scale, where
their apparent masses (Msatiso) Were measured (the operation is
shown in Fig. 3). During the measurements, care was taken that
the sample placed in the glass beaker did not come into contact
with the walls and the wires that held the dish. Measuring the
mass in isopropyl alcohol took from 2 to as long as 5 hours.
Samples with higher density needed much more time to stabi-
lize. After the tests, the density of isopropyl alcohol (p;) was
determined using Archimedes' law and a standard of known vol-
ume. This one may have varied depending on the room condi-
tions or as a result of the dissolution of substances contained in
the bio-based building composite samples.
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Fig. 2. Archimedes test samples (from the left: D300, D500, PCM20, red brick, and autoclaved aerated concrete).

After measuring the apparent mass, the samples were re-
moved from the vessel, slightly wiped from the outside to re-
move the lingering liquid layer from the surface, and then
weighed to obtain the mass of the sample saturated with isopro-
pyl alcohol (msatair). The open porosity was calculated based on
mass measurements, and with known total porosity, the closed
porosity value can be obtained. This was done using the follow-
ing steps.

Geometric density is defined as the ratio of a dry sample's
mass (mg,-,) to its geometric volume (V):

Mdry
=—% 1
Pg =, 1)
The volume of open pores is calculated from the following

equation:

Fig. 3. A sample during measurement of apparent mass
in isopropanol.
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Msat,air— Mdr
Y, = Ty
Pl

O]

where: p; is isopropyl alcohol density, and mgg; 4; is the mass
of the sample saturated with isopropyl alcohol measured in air.

The total volume, which is the volume of the solid, including
the pores inside its structure, is defined as the difference in the
saturated weight of the sample measured in air (mgqq 4;,-) and in
isopropyl alcohol (Mg is0):

V. = Msat,air— Msat,iso
t - .
Pl

©)

Open porosity is defined as the ratio of open pore volume
(V) to total volume (V;):

1%
o= 7?1 (4)
while total porosity is determined from the formula:
—(1~- Pag).
€ = (1 pt) 100%, (5)

where p, is a true density, which is the density of a solid phase.
Closed porosity is calculated as the difference between total
porosity and open porosity:
€. =€ — €.

(6)
3. Results

From the results shown in Fig. 4 it can be deduced that the geo-
metric density results of samples that do not contain PCM are
very close to the assumed bulk density values included in the
sample names. The largest difference occurs for D200 samples
containing the lowest amount of binder. The largest standard de-
viation values were also achieved for these samples. This may
be due to the brittleness of the samples since the small amount
of binder used in their production made them extremely fragile,
and they may have lost some material. As a result, their mass
might be smaller and their geometric dimensions irregular, re-
sulting in difficulties in measuring accurately. It is worth noting
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that the geometric density value of Ind400 samples is slightly
higher than that of D400. For the comparative materials, it can
be seen that red brick is much denser, which means it is also
more massive, while autoclaved aerated concrete places its den-
sity between D500 and D600 samples.

Samples containing PCM achieve similar geometric densi-
ties for each composite type (see Fig. 5). As the content of the
PCM increases, no clear trend in the density variation is noticed.
Moreover, the standard deviations for the samples with PCM are
low, and all results obtained were similar for every sample type.
Most interestingly, even though the basic PCMO samples were
manufactured with ingredients fractions very similar to the sam-
ples labeled D400, it can be seen from a comparison of Figs. 4
and 5 that the values of their geometric densities are much closer
to those of D500. This is due to the higher amount of water used
during the preparation of the PCMO mixture than for D400,
which resulted in a more liquid mixture consistency and greater
susceptibility to compaction.
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Fig. 4. Mean geometric density of the tested samples without PCM
(minimal and maximal expanded uncertainty:
0.004 and 0.044 g/cm?®, respectively).

The results in Fig. 6 show the relationship between true den-
sity and bulk density (bio-based composite samples are ordered
according to the rise in geometric density). An increase in true
density with an increase in bulk density can be observed due to
a higher amount of binder in denser samples and, thus, a lower
proportion of hemp shives — the trend is clear. Moreover, the
values of the true density of pure hemp shives and magnesium
binder are also presented for comparison. Since magnesium
binder is denser than plant fibers, samples with higher bulk den-
sity have more of it. Samples labeled D200 and D300 differ sig-
nificantly in their true density from the observed trend for oth-
ers, and a significant spread of results for D200 should be
pointed out. These results show that achieving an even distribu-
tion of the binder in the low-density samples in the manufactur-
ing process is difficult, and samples could be highly macroscop-
ically non-homogenous. In contrast to the results of the geomet-
ric density test, the differences between D400, D500, D600 and
Ind400 samples are relatively small. In this case, the density of
the D400 samples is higher than the value for Ind400. However,
it is worth noting that autoclaved aerated concrete has a higher
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Fig. 5. Mean geometric density of the tested samples containing
PCM (minimal and maximal expanded uncertainty:
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Fig. 6. Mean true density of the tested samples without PCM (mini-
mal and maximal expanded uncertainty: 0.019 and 0.0149 g/cm?,
respectively).

true density than all bio-based composite samples, unlike its ge-
ometric density.

Samples containing PCM have almost the same true densi-
ties. However, comparing Figs. 6 and 7, it can be seen that they
have values slightly smaller than those of the D400 and Ind400
samples and much lower than those of D500.

True density values (sometimes called solid density) for
hemp concrete made of lime-metakaolin binder found in the lit-
erature range from 1.655 to 2.155 g/cm® [34]. These values
should be considered only as a certain point of reference due to
the different compositions of the materials tested and the use of
different binders. Nevertheless, they allow for the conclusion
that the results obtained in this work are realistic. Interesting re-
sults of density studies were presented by Ferroukhi et al. [32],
who show that as the proportion of PCM in the bio-based com-
posite structure increased (i.e., PCM amount was 0, 5, 10, and
15% of the mass of lime binder), the values of true density and
geometric density significantly decreased. For samples investi-
gated in this work, Figs. 5 and 7 show only small changes in
density values with a change in the PCM proportion. Figure 5
shows an increase in density with an increase in PCM for sam-
ples PCMO0, PCM5 and PCM10, but sample PCM 20 disrupts
this trend, while in Fig. 7, true density decreases with the rise in
the PCM amount, similarly as in [32]. Slightly different trends
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Fig. 7. Mean true density of the tested samples containing PCM
(minimal and maximal expanded uncertainty:
0.019 and 0.057 g/cm?, respectively).

in [32] can be due to much higher shares of PCM in the tested
composites than in this work, i.e. 3.3, 6.6 and 9.2% wt. vs. 1.2,
2.3 and 4.5%, respectively, that can better reflect general com-
posites behaviour.

The total porosity values of the bio-based composites shown
in Fig. 8 vary from nearly 90% for the D200 samples to 70% for
the D600 samples. These differences are naturally due to the
varying mass content of hemp shives, which are much more po-
rous than the magnesium binder, i.e., the lower the sample den-
sity, the higher the mass share of hemp shives, and the higher
the porosity. Moreover, less binder resulted in more macropores
in the composite. The porosity value of autoclaved aerated con-
crete does not differ from biocomposites and is very close to
Ind400, while red brick is much less porous through its very
compact structure.

The results in Fig. 9 show that the total porosity of the sam-
ples with PCM is similar to each other and close to that of the
D500 samples but slightly lower than that of autoclaved aerated
concrete. No correlation between the PCM content in the com-
posite and its porosity value was observed.

The open porosity results in Fig. 10 show that this porosity
decreases with the bulk density of the samples. Again, the values
for D200 and D300 are significantly different (i.e., higher) than
for the other composites. A similar level of open porosity as for

100 306

84.1
799 780 455 77.8
70.6
| | I | |
‘@ S < &

& & g &
\ 009&

Total porosity (%)
ccB8888828288

A >

Fig. 8. Mean total porosity of the tested samples without PCM (min-
imal and maximal expanded uncertainty:
0.61 and 3.04 pp, respectively).
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D200 and D300 achieves the autoclaved aerated concrete. More-
over, the Ind400 open porosity value clearly exceeds that of
D400. Among all the samples tested, the values of open porosity
significantly exceed those of closed porosity, which is largely
related to the structure of the hemp shives that are highly porous
with closed pores.

The lowest open and closed porosity has red brick. Its closed
porosity value is only 3.2%, while the open one is 40.2%. The
autoclaved aerated concrete has a slightly higher open porosity
of 3.6%. This shows well the structure of autoclaved aerated
concrete, which is blown during production, and many small
cracks are formed in it. The closed porosity values of bio-based
composites range from 10.3% to 16.5% and seem chaotic — no
relationship between bulk density and closed porosity is visible.

For PCM samples, the open porosity fluctuates around 63%,
which is comparable to D400 samples and much less than auto-
claved aerated concrete (see Fig. 11). This time, however, an in-
teresting relationship was obtained for the closed porosity re-
sults — as the proportion of PCM increases, the value of closed
porosity decreases from 11.5% for PCMO to 10.0% for PCM20.

Literature values for the total porosity of lime-metakaolin-
based hemp concrete reach values in the range of 72—-79% [34].
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Fig. 9. Mean total porosity of the tested samples containing PCM
(minimal and maximal expanded uncertainty:
0.61 and 3.51 pp, respectively).

.8 753 737 74.2
S 70 634 57 G4 o
£60
g0 40.2
2.40
T 30
= 10 | a | o | N .6 .2
go - - -
=
g & & & N S
g & F P ¢§ & F & E
N c® &
D <
&
,.-..\‘4
m Open Porosity = Closed Porosity

Fig. 10. Mean closed and open porosity of the tested samples
without PCM (minimal and maximal expanded uncertainty:
0.74 and 1.74 pp for open porosity, and 1.54 and 4.09 pp for closed
porosity, respectively).
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Fig. 11. Mean closed and open porosity of the tested samples con-
taining PCM (minimal and maximal expanded uncertainty:
0.57 and 2.19 pp for open porosity, and 1.54 and 5.54 pp
for closed porosity, respectively).

In this study, total porosities of 89.6% and 84.3% were achieved
for specimens D200 and D300, respectively, with a much lower
density than those tested in the literature, while other compo-
sites' results are in line with the data presented in [34]. An inter-
esting aspect is the studies of open porosity presented in the lit-
erature, where results ranged from 50% for the vacuum satura-
tion method [35] to 76% for the air porosimetry [36]. The po-
rosity results achieved by Ferroukhi et al. [32] for PCM materi-
als were in the range from 74.9% for a reference sample to
73.1% for a sample named HC15PCM. The values shown in
Fig. 9 are very close to these, although one should consider the
different compositions of the biocomposite samples and differ-
ent constituents used in [31] and this study.

All combined standard uncertainties presented in Figs. 4-11
take into account both measurement uncertainties due to inaccu-
racies of the instruments (mainly related to weight measure-
ments on balances, but also geometrical measurements, volume
with a pycnometer or isopropyl alcohol density) and standard
deviations of the results obtained from multiple samples. In the
case of the uncertainty calculation for total porosity, where each
of the 13 samples had a different uncertainty in volume meas-
urement, the measurement with the largest relative uncertainty
was selected, and this error was assumed for the whole material.
Finally, an expanded uncertainty was calculated by applying
a coverage factor k = 2, for which the confidence coefficient is
better than 95%.

4. Conclusions

In the conducted experiments, the values of the basic parameters
of bio-based composite building materials, such as densities
(i.e. true and geometric) and porosities (total, open, and closed),
were measured. The results obtained can find application as in-
put data in numerical models simulating the hygro-thermal be-
havior of wall elements or help in assessing the utility of con-
sidered building materials. The basic properties of the biocom-
posites were also compared with autoclaved aerated concrete,
some of whose properties were quite similar to bio-based mate-
rials, and with the much denser and less porous red brick.
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The applied measurement techniques achieved results that
can be considered realistic when compared to similar experi-
ments described in the literature. For densities, total porosity,
and open porosity measurements, results with satisfactory meas-
urement uncertainties were obtained, while it should be high-
lighted that a significant part of these uncertainties may be due
to the heterogeneous structure of the biocomposite building ma-
terials. However, it should be emphasized that the calculated
values of the closed porosity of the tested materials, due to the
large relative uncertainties (i.e. reaching even close to 100%),
can only be considered indicative. To achieve more reliable
closed porosity measurement results, a different measurement
method should be developed, which is dependent on a lower
number of intermediate measurements.

Most of the parameters studied show a clear relationship be-
tween the bulk density of the samples (which is controlled by
the amount of binder added to their production) and the individ-
ual parameters. As the bulk density decreases, the true and geo-
metric densities decrease also while the porosity increases. The
situation is completely different in the case of samples contain-
ing PCM — a correlation between the mass share of microcap-
sules with PCM and the studied parameter was found only for
the closed porosity. This may indicate a lack of regularity during
manufacturing or a small effect of the microencapsulated PCM
on the studied parameters. In terms of properties, the samples
with PCM reach values between those obtained for D400 and
D500.
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Abstract

This study provides a simple and effective decision-making method to choose the best phase-change material for different
energy storage applications. Three case studies are provided to demonstrate the proposed decision-making method. The first
case study addresses the problem of best phase-change material selection for a domestic water heating latent heat storage
system by considering 15 different phase-change materials and 8 selection attributes; the second case study addresses the
problem of selecting the best phase-change material for a triple tube heat exchanger unit by considering 12 different phase-
change materials and 5 selection attributes; the third case study addresses the problem of best phase-change material selection
for latent heat thermal energy storage within the walls of Trombe to enhance performance considering 11 phase-change
materials and 4 selection attributes. The results of the proposed decision-making method are compared with those of other
well-known multi-attribute decision-making methods. The proposed method is shown to be simple to implement, providing
a logical way for allocating weights to the selection attributes and adaptable to phase-change material selection problems in
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1. Introduction

A new area of research that connects energy generation and con-
sumption is thermal energy storage. Phase change materials with
high energy storage density and isothermal working qualities are
particularly significant in latent heat storage units. The effective
and efficient heat storage of the thermal energy storage system
depends on the use of phase change material (PCM). Finding
a compromise between competing PCM selection attributes is

usually necessary when choosing the best PCM to meet specific
requirements. Thermal properties (e.g., latent heat of transition,
thermal conductivity, specific heat, thermal stability, etc.); phys-
ical properties (e.g., density, volume change, vapour pressure);
chemical properties (e.g., recycle, toxicity, flammability); ki-
netic properties (e.g., supercooling, phase separation); economic
performance (e.g., cost); and certain managerial considerations
are among the important requirements that must be met. All
these requirements are considered as the PCM selection attribu-



http://www.imp.gda.pl/archives-of-thermodynamics/

Rao R.V.

Nomenclature

Cp - specific heat, ki/(kg K)

K - thermal conductivity, W/(m K)
LH — latent heat of fusion, kJ/kg

t —time, min

T —temperature, °C

Greek symbols
p — density, kg/m?

Subscripts and Superscripts
i —attribute

j —alternative

I —liquid

s —solid

Abbreviations and Acronyms
AHP — analytic hierarchy process

tes. As a number of PCM materials are available in the market,
selecting the right PCM for a particular application becomes dif-
ficult and challenging. No single PCM can possess all the re-
quired properties and characteristics and hence selection of
a best PCM for a given energy storage application is considered
as a multi-attribute decision-making (MADM) problem.

Any MADM method for PCM selection involves the (i).
PCM alternatives, (ii). PCM selection attributes, (iii). weights of
importance assigned to the PCM selection attributes, and (iv).
performance data of the PCM alternatives corresponding to the
selection attributes. The chosen MADM method process the
given data keeping in view of these four components and sug-
gests the best PCM for the given energy storage application for
optimal storage performance. The person making the decision
(known as decision-maker) considers the importance of each se-
lection attribute for the particular application based on his/her
expertise and professional judgment.

Over the past ten years, researchers used several MADM
methods to establish reliable methodologies for selecting the
best PCMs for certain applications [1-16]. It is observed from
the literature review on PCM selection that the researchers used
different MADM methods. Even a particular MADM method
like TOPSIS (technique for order preference by similarity to
ideal solution) was used by the researchers for different applica-
tions. Two or more MADM methods were also used for a given
application by many researchers in their works. Some of the
widely used MADM methods for PCM selection were: tech-
nique for order preference by similarity to ideal solution (TOP-
SIS) [1-3,5,7-12,15,16], visekriterijumsko kompromisno rang-
iranje (VIKOR) [2,11,16], multi-objective optimization of ratio
analysis (MOORA) [6,7], multi-objective optimization of ratio
analysis plus the full multiplicative form (MULTIMOORA) [6],
complex proportional assessment (COPRAS) and weighted ag-
gregated sum product assessment (WASPAS) [11], preference
ranking organization method for enrichment evaluations (PRO-
METHEE) [2], extension of PROMETHEE (EXPROM?2) [16],
evaluation based on distance from average solution (EDAS) [7],
combined compromise solution (CoCoSo) [6], weighted product
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BWM  — best-worst method

CoCoSo — combined compromise solution

COPRAS- complex proportional assessment

CRITIC - criteria importance through intercriteria correlation

EDAS - evaluation based on distance from average solution

EXPROM?2- extension of PROMETHEE

MADM - multi-attribute decision-making

MEREC - method based on the removal effect of criteria

MOORA — multi-objective optimization of ratio analysis

MULTIMOORA — multi-objective optimization of ratio analysis

plus the full multiplicative form

PCM — phase change material

PROMETHEE - preference ranking organization method for enrich-
ment evaluations

TOPSIS - technique for order preference by similarity to ideal

solution

VIKOR - visekriterijumsko kompromisno rangiranje

WASPAS- weighted aggregated sum product assessment

WPM  —weighted product method

method (WPM) [14], etc. For obtaining the weights of im-
portance of the PCM selection attributes, the methods like ana-
Iytic hierarchy process (AHP) and fuzzy AHP [2], entropy
method [3], best-worst method (BWM) [6], criteria importance
through intercriteria correlation (CRITIC) [7], method based on
the removal effect of criteria (MEREC) [11], range analysis
[15], compromise weights approach [16], etc. were used by the
researchers and those weights were utilized in the MADM meth-
ods for processing the data. Fuzzy scales were also used for con-
verting the qualitative attributes into quantitative ones [2,16].
However, the fuzzy logic uses different membership functions
and defuzzification methods and application of these functions
and approaches may produce different results [17]. It is also ob-
served that TOPSIS method is the widely used method by the
researchers for PCM selection.

An important observation is that the researchers [1-16] used
the properties and characteristics of the phase change materials
such as latent heat of fusion, thermal conductivity for solid state
(and liquid state), specific heat for solid state (and liquid state),
density for solid state (and liquid state), cost, maintenance and
operational costs, technological complexities, compatibility,
flammability, risk levels, etc. for selection of a best PCM from
amongst the available PCMs. Using the available data related to
the properties and characteristics a large number of PCMs, the
researchers used MADM methods and conducted simulation
studies to choose a best PCM for the given application. After
choosing a particular PCM, the researchers had then suggested
that particular PCM for use in the given application. However,
real experimentation was not conducted by the researchers
[1-16] on the alternative PCMs to decide the selection of right
PCM. It was because of the difficulty of experimenting on
a large number of PCMs which is a costly and time-consuming
activity.

Only limited number of research works are available on the
real experimentation conducted on the PCMs for the purpose of
selecting a best PCM out of the available ones. However, the
number of PCMs experimented in such works is very less, be-
cause of the difficulty of experimenting on a large number of
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PCMs. Oro¢ et al. [18] studied a thermal energy storage system
using PCM for low temperature applications such as commercial
freezers. A set of PCM formulations based on ammonium chlo-
ride-water binary system were tested and analyzed to provide
information useful for the selection of PCM with regard to their
melting range, latent heat, stability under cycling, and cost. Yu
et al. [19] conducted testing of GH-33 and GH-37 PCMs in
boards mounted on internal surfaces of the main sun-facing
walls of buildings for heating and curing of construction ele-
ments made of precast concrete. The theoretical and experi-
mental study results suggested that the use of 50 mm thick board
made of GH-37 composite PCM on the internal surface of the
main sun-facing wall of the curing building provided the best
thermal performance. Prieto et al. [20] tested thermal energy
storage systems containing PCMs such as LiOH-LiBr and
LIOH-KOH for direct steam generation concentrating solar
power plants. After a deep characterization process, the LiOH-
KOH was selected. Thus, it can be understood that the selection
of best PCM for a given application was carried out by most of
the researchers using MADM methods and simulations only.

Even though the above-mentioned MADM methods are use-
ful for selection of right PCM for a given application, they also
have drawbacks. For example, the TOPSIS approach necessi-
tates extensive computations that become more difficult as the
number of alternatives and attributes increases. The ranks of al-
ternatives provided by the TOPSIS method can vary depending
on the different normalization techniques applied to standardize
the data. In the case of VIKOR method, there is additional pro-
cessing needed. The method could lead to different outcomes for
the same attribute weights in different ranking lists depending
upon the weight allotted to "the majority of attributes". The other
MADM techniques have drawbacks of their own and require
a significant amount of processing [21,22].

The weights of the PCM selection attributes decided by the
decision-maker are called the subjective weights. The AHP
method [2] generates a large number of comparison matrices by
comparing attributes and alternatives on a scale from 1 t0 9. The
issue of contradictory judgements occasionally comes up. Fur-
thermore, the way the weights are determined (arithmetic mean,
geometric mean, etc.) can affect the choice results. The BWM
strategy [6] outperforms the AHP method in terms of judgment
consistency, but it also requires a significant amount of compu-
tational work due to the increase in pairwise comparisons be-
tween the worst, best, and other criteria.

The weights of the PCM selection attributes can also be de-
termined using objective approaches by utilizing methods like
the entropy method [3], CRITIC [7], MEREC [11], etc. These
weights are called the objective weights since the decision-
maker has no control over how they are determined. It should be
highlighted, nevertheless, that the decision-maker has no role in
the objective weights, which are determined by the given nu-
merical values of the attributes. These objective weights may be
(most probably) entirely different from the decision-maker's
opined subjective weights. The opinions of the decision-makers
who actually deal with the practical values of the attributes in
a given decision-making situation are therefore not taken into
consideration, which makes the evaluation and ranking of the
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alternatives using such objective attribute weights potentially
meaningless. Recently, a few studies have begun using compo-
site weights in PCM selection, which combine the objective and
subjective weights [16]. These compromise weights might not
be utilized at all in actual decision-making scenarios and simply
remain as an academic exercise.
The research questions (RQs) related to selection of a right

alternative PCM using MADM methods are:

1. RQZ1: Is there a simple and effective MADM method to

weigh the PCM selection attributes logically and evaluate

the performance of alternative PCMs used in different en-

ergy storage units?

RQ?2: Can such chosen MADM method handle both quali-

tative and quantitative PCM selection attributes?

RQ3: If such simple and effective MADM method exists,

will it be easy to comprehend and practical to use for selec-

tion of best PCM for different energy storage applications?

RQ4: Will the objective weights obtained from the perfor-

mance data of the PCM selection attributes really meaning-

ful?

RQ5: Is it feasible to have an appropriate MADM method

that is both reliable and resistant to changes in the PCM

selection attributes’ weights? Can such kind of MADM

method regarded as best?
The main objective of this research paper is to answer to the
above-mentioned RQs. Hence, an attempt is made in this paper
to develop an improved MADM method based on simple rank-
ing procedure. The proposed decision-making method addresses
the above research questions. The proposed method is a simple,
systematic, logical, and effective MADM method to process the
performance data of the alternative PCMs corresponding to dif-
ferent PCM selection attributes (both quantitative and qualita-
tive), to logically decide the weights of importance of the PCM
selection attributes, and to rank the alternative PCMs based on
their total performance. The proposed method is applied for
PCM selection in three different thermal energy storage appli-
cations.

The proposed decision-making methodology, named as,

BHARAT-II, is explained in detail in the next section.

2. Proposed decision-making methodology for
PCM selection

The following is a description of the steps of the proposed meth-
odology for PCM selection.

Step 1: Determine the PCM selection attributes Ai(i=1, 2,...,
m), and the alternative PCMs B; (for j = 1, 2,..., n). The PCM
selection attributes are both non-beneficial (i.e., lower values are
desired) and beneficial (i.e., higher values are desired).

Step 2: Decide the order of importance of the PCM selection
attributes to obtain the weights w; (for i =1, 2,..., m). The order
of importance is in terms of 1, 2, 3, 4, and so on, based on how
significant they are in relation to each other. An average rank
will be given if two or more attributes are thought to be equally
important.

For example, let there are four PCM selection attributes —
W, X, Y, and Z — and the ranks of 1, 2, 3, and 4 are assigned to
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them. Matrix Al shows the rank relations:

w X Y z

wrl 2 3 4
Ao X |12 1372 42
Ty |13 273 1 43

z 1174 2/4 3/4 1

It may be noted that in matrix Al, the diagonal elements are
1(i.e, rmw=1rxx=1, ryy =1, and rzz = 1) and the elements
below the diagonal are the reciprocals of the rank relations of
the selection attributes given above the diagonal (i.e.
I'xw = 1/rwx, 'yw = 1/rwy, rzw = 1/rwz, Iyx = l/rxy, Izx = 1/rxz,
Izy = 1/ryz).

The arithmetic means of each row of the A1 matrix are cal-
culated and these are 2.5 (i.e., 10/4), 1.25 (i.e., 5/4), 0.833333
(i.e., 3.33333/4) and 0.625 (i.e., 2.5/4), respectively. The grand
summation of these row sums is equal to 5.208333 (i.e., 2.5 +
1.25 + 0.83333 + 0.625). Now dividing each row sum with the
grand sum of 5.208333 gives the A2 matrix, which corresponds
to the weights of the four selection attributes considered:

0.48
0.24
0.16]"
0.12

A2 =

Similar to the AHP and BWM approaches, if the consistency
check is performed to check for consistency of rank relations
provided in matrix A1, the matrix A3 is computed as A1*A2:

1.92
0.96
0.64|
0.48

A3 =Al*A2 =

Now A4 matrix is computed as A3/A2:

|

Now the maximum eigen value (Amax) is computed:

1.92/0.48
_ _[0.96/0.24
A4=A3IA2 = 0.64/0.16‘

0.48/0.12

TR,

Amax = average of Ad = (4+4+4+4)/4 = 4,

Consistency index (Cl) = (Amax—m)/(m-1) = (4-4)/(4-1) =0;
the no. of attributes = size of Al matrix = 4.

The CI value of 0 indicates that the rank relations provided
in Al matrix are absolutely consistent and there is no error pre-
sent in the judgements of rank relations. As a result, weights of
0.48,0.24, 0.16, and 0.12 can be assigned to the attributes W, X,
Y, and Z respectively. By expanding this method to any number
of attributes and giving each one a rank, the attributes’ weights
may be found. It may be stated here that techniques such as AHP
and BWM seldom provide absolute consistency in the assess-
ments of relative importance. Thus, the proposed method is
more dependable.

Step 3: For every alternative PCM, obtain the performance
data corresponding to the PCM selection attributes. The perfor-
mances may be in qualitative or quantitative terms. Transform
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the qualitative attribute data (expressed in descriptive language)
into quantitative data by applying a straightforward scale and
avoiding the use of fuzzy logic. Rao [21-23] proved that there
is no need of using fuzzy scales and simple ordinary scales will
serve the same purpose. Simple ordinary scales can simply re-
place the fuzzy scales provided by different researchers to deal
with linguistic or qualitative attributes using different member-
ship functions. Table 1, for example, shows the transformation
of a qualitative or linguistic attribute into a quantitative attribute
on 11-point scale.

Table 1. Transformation of a qualitative attribute into a quantitative at-
tribute using a 11-point scale.

Fuzzy Fuzzy Simple Simple
scale scale scale
scale
Lo value for value for value for
Linguistic . value for
. a benefi- anon- R anon-
expression N . . a benefi- )
cial at- beneficial cial at benefi-
tribute attribute tribute cial at-
[23] [23] tribute
Exceptionally 0.0455 0.9545 0.0 1.0
low
Extremely low 0.1364 0.8636 0.1 0.9
Very low 0.2273 0.7727 0.2 0.8
Low 0.3182 0.6818 0.3 0.7
Below average 0.4091 0.5909 0.4 0.6
Average 0.5 0.5 0.5 0.5
Above average 0.5909 0.4091 0.6 0.4
High 0.6818 0.3182 0.7 0.3
Very high 0.7727 0.2273 0.8 0.2
Extremely high 0.8636 0.1364 0.9 0.1
Exceptionally 0.9545 0.0455 1.0 0

high

Step 4: Normalize the data for a PCM selection attribute by
comparing it to the attribute's "best" value for various alternative
PCMs. To obtain the normalized data, repeat this normalization
process for each attribute. When referring to a beneficial attrib-
ute, the term "best™ denotes the highest value that is available,
and when referring to a non-beneficial attribute, the lowest value
that is available. Normalization is required for the performance
measurements of alternative PCMs. For a beneficial attribute,
the normalized value (Xji)norm IS X;i/Xi.best; @and for a non-beneficial
attribute, it is Xi.oest/X;i. The i-th attribute's best value is repre-
sented by Xi.oest. The standing positions of the alternative PCMs
in relation to the "best" values of the attributes are clearly dis-
played by this kind of normalization of the data with reference
to the "best" values.

Step 5: Total score of an alternative PCM is Y. Wi*(Xji)norm
and it is the result of multiplying the selection attributes’ weights
with the corresponding normalized data of the attributes for the
alternatives.

Step 6: Arrange the alternative PCMs in decreasing order,
based on their total scores. The alternative PCM that receives
the highest total score is considered best for the particular PCM
selection problem investigated.

The flowchart of the proposed decision-making method is
shown in Fig. 1.
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Determine the pertinent beneficial and non-beneficial PCM selection attributes,
and the alternatives.

|
|

Determine how much weight to give to each attribute by ranking the PCM
selection attributes in terms of 1, 2, 3, and so on, based on how significant they
are in relation to each other.

For every alternative, obtain the qualitative or quantitative performance of the
PCM selection attributes, and convert the qualitative performance into
L quantitative performance.

Normalize the data for each PCM selection attribute by comparing it to the
attribute's "best" value for various alternative PCMs.

Total scores of alternative PCMs are calculated by multiplying the selection
attributes’ weights with the corresponding normalized data of the attributes for
the alternatives.

Arrange the alternative PCMs in decreasing order of total scores. The alternative
PCM that has highest total score is considered best.

Fig. 1. Flowchart of the proposed decision-making method.

3. Applications of proposed decision-making
method to the case studies of phase change ma-
terial selection for energy storage

3.1. Case study 1: PCM selection for a domestic water
heating system using LH storage unit

Gadhave et al. [16] conducted a case study to decide the right
PCM for a domestic water heating system containing a PCM-
based LH storage system, a storage tank with water, and addi-
tional accessories such as a circulation pump, flowmeter, valve,
etc. The decision-making problem considered 15 alternative

Table 2. Data of the 8 attributes and 15 alternative PCMs of case study 1.

LH Ks Kl
PcM k/kg W/mK)  W/(mK)
P116-Wax (M1) 209 0.14 0.277
Stearic acid (M2) 211.6 1.6 0.3
Lauric acid (M3) 178 1.6 0.147
Palmitic acid (M4) 201 0.29 0.21
n-Eicosane (M5) 248 0.426 0.146
Medicinal paraffin (M6) 146 0.3 2.1
Paraffin wax (M7) 210 0.24 0.15
Paraffin wax (M8) 190 0.24 0.22
Stearic acid (M9) 169 0.29 0.29
Sodium sulphate decahy- 180 0.15 0.3
drate (M10)
Sodium acetate trihydrate 190 25 2.5
(90%)+graphite (10%) (M11)
RT55 (M12) 172 0.2 0.2
RT60 (M13) 167.6 0.2 0.2
n-Hexacosane (M14) 256 0.21 0.21
RT50 (M15) 160 0.2 0.2

VH: Very High; H: High; A: Average; L: Low; VL: Very Low

Step 2: To determine the weights of the 8 PCM selection at-
tributes, ranks are assigned. The rank 1 is assigned to LH as it is
considered much more important for the given application. In
this case study, the attributes ps and pl are considered equally
significant. Hence, an average rank of 2.5 (i.e., (2+3)/2) is allo-
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PCMs, designated from M1 to M15, analyzed under 5 selection
attributes. Figure 2 shows the goal, selection attributes, and the
alternative PCMs for case study 1.

Goal Selection of best PCM for a domestic water heating system using latent heat storage unit

Selection Attributes

Alternative
PCMs

ML: P116- Wax
M2: Steraric acid
M3: Lauric Acid
M4: Palmitic Acid
MS: n-Eicosane acid

M6: Medicinal parraffin f\’lll:SDdJy!n acetate trihydrate (90%) graphite (10%)

MT: Parrafin wax Mi2:RTSS
MS: Parrafin wax MI3: RT 60
M9: Steraric Acid MI4: n-Hexacosane; M15: RT 50

MI10: Sodium sulphate decahydrate

Fig. 2. Goal, selection attributes, and the alternative PCMs of case study 1.

Now to select a best PCM out of 15 PCMs, the steps of the
proposed decision-making method are carried out as described
below.

Step 1: Table 2 shows the PCM selection attributes and the
alternative PCMs considered by Gadhave et al. [16]. The selec-
tion attributes are the material properties: latent heat of fusion
(LH), thermal conductivity for solid state (Ks), thermal conduc-
tivity for liquid state (KI), specific heat for solid state (Cps), spe-
cific heat for liquid state (Cpl), density for solid state (ps), den-
sity for liquid state (pl), and cost (C). The attributes LH, Ks, K,
Cps, Cpl, and ps, and pl are beneficial and C is non-beneficial.
The cost (C) is expressed linguistically and the corresponding
quantitative values on a simple ordinary scale are assigned using
Table 1 and shown in parentheses.

Cps Cpl ps pl ¢
kJ/(kg K) kJ/(kg K) kg/m? kg/m?

2.89 2.89 786 786 H (0.3)
1.76 2.27 940 940 VH (0.2)
1.6 2.27 870 870 A (0.5)
2 2.37 942 862 A (0.5)

1.926 2.4 910 769 L (0.7)

2.25 2.2 830 830 L(0.7)
2.9 2.1 860 780 L (0.7)
2 2.15 910 790 L(0.7)
1.59 1.59 965 847 A (0.5)
2 2 1460 1458 H (0.3)
2.5 2.5 1350 1350 H (0.3)
2 2 880 770 L(0.7)
2 2 880 770 VL (0.8)
2 2 778.3 770 A (0.5)
2 2 880 760 L(0.7)

cated. Comparably, Ks and Kl have an average rank of 4.5 (i.e.,
(4+5)/2); Cps and Cpl have an average rank of 6.5 (i.e., (6+7)/2);
and C has a rank of 8. The attributes have been assigned the
same ranks as those shown in Table 3. The rank relationships
and weights of the 8 attributes are shown in Table 3.
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Table 3. Rank relationships of the 8 attributes in case study 1.

Attributes
Attributes Means Weights
LH Ks Kl Cps cpl ps pl ¢ of rows of attributes

LH 1 4.5 4.5 6.5 6.5 2.5 2.5 8 36 0.37353
Ks 1/4.5 1 1 6.5/4.5 6.5/4.5 2.5/4.5 2.5/4.5 8/4.5 8 0.083
Kl 1/4.5 1 1 6.5/4.5 6.5/4.5 2.5/4.5 2.5/4.5 8/4.5 8 0.083
Cps 1/6.5 4.5/6.5 4.5/6.5 1 1 2.5/6.5 2.5/6.5 8/6.5 5.53843 0.05746
cpl 1/6.5 4.5/6.5 4.5/6.5 1 1 2.5/6.5 2.5/6.5 8/6.5 5.53843 0.05746
ps 1/2.5 4.5/2.5 4.5/2.5 6.5/2.5 6.5/2.5 1 1 8/2.5 14.4 0.14941
pl 1/2.5 4.5/2.5 4.5/2.5 6.5/2.5 6.5/2.5 1 1 8/2.5 14.4 0.14941
c 1/8 4.5/8 4.5/8 6.5/8 6.5/8 2.5/8 2.5/8 1 4.5 0.04669

Total=  96.3768 1.000

The CR value for the rank relations matrix containing 8 PCM
selection attributes is 0. Thus, there exists absolute consistency
in the judgments of rank relations. The last column of Table 3
gives the weights of the 8 PCM selection attributes.

Step 3: The linguistic expressions of the attribute C are trans-
formed to quantitative values using Table 1 without the need of
using fuzzy logic. These values are shown in Table 2 in paren-
theses. The values are assigned to non-beneficial C based on Ta

Table 4. Normalized values for case study 1.

ble 1. After assigning like this, the assigned values for C can be
considered beneficial for the sake of normalization.

Step 4: The data is normalized based on the "best" PCM for
each attribute. The best values of the attributes are shown in bold
inside Table 2. Table 4 shows the normalized values. For exam-
ple, the normalized value of 0.816406 for LH corresponding to
M1 is obtained by (209/256); the value of 0.056 for Ks corre-
sponding to M1 is obtained by (0.14/2.5).

PCM Normalized values

LH Ks Kl Cps Cpl ps pl Cc
M1 0.816406 0.056 0.1108 0.996552 1 0.538356 0.539095 0.375
M2 0.826563 0.64 0.12 0.606897 0.785467 0.643836 0.644719 0.25
M3 0.695313 0.64 0.0588 0.551724 0.785467 0.59589 0.596708 0.625
\" 0.785156 0.116 0.084 0.689655 0.820069 0.645205 0.591221 0.625
M5 0.96875 0.1704 0.0584 0.664138 0.83045 0.623288 0.527435 0.875
M6 0.570313 0.12 0.84 0.775862 0.761246 0.568493 0.569273 0.875
M7 0.820313 0.096 0.06 1 0.726644 0.589041 0.534979 0.875
M8 0.742188 0.096 0.088 0.689655 0.743945 0.623288 0.541838 0.875
M9 0.660156 0.116 0.116 0.548276 0.550173 0.660959 0.580933 0.625
M10 0.703125 0.06 0.12 0.689655 0.692042 1 1 0.375
M11 0.742188 1 1 0.862069 0.865052 0.924658 0.925926 0.375
M12 0.671875 0.08 0.08 0.689655 0.692042 0.60274 0.528121 0.875
M13 0.654688 0.08 0.08 0.689655 0.692042 0.60274 0.528121 1
mM14 1 0.084 0.084 0.689655 0.692042 0.533082 0.528121 0.625
M15 0.625 0.08 0.08 0.689655 0.692042 0.60274 0.521262 0.875

Step 5: Total scores of alternative PCMs are calculated by
multiplying the selection attributes’ weights with the corre-
sponding normalized data of the attributes for the alternatives.
For example, the total score of PCM designated as M1 is com-
puted as:

Table 5. Total scores of 15 PCMs of case study 1.

PCM No. PCM Total score
M1 P116-Wax 0.612029
M2 Stearic acid 0.65604
M3 Lauric acid 0.601936
M4 Palmitic acid 0.610559
M5 n-Eicosane 0.679525
M6 Medicinal paraffin 0.591894
M7 Paraffin wax 0.627383
M8 Paraffin wax 0.589825
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Total score (M1) = 0.37353*0.816406 + 0.083 + 0.056 +
0.083*0.1108 + 0.05746*0.996552 + 0.05746*1 +
0.14941*0.538356 + 0.14941*0.539095 +
0.04669*0.375 = 0.612029.

The total scores of the PCMs are given in Table 5.

PCM No. PCM Total score
[\ E] Stearic acid 0.543704
M10 Sodium sulphate decahydrate 0.673313
M11 Sodium acetate trihydrate (90%) + 0.836491
graphite (10%)
M12 RT55 0.553467
Mm13 RT60 0.552883
M14 n-Hexacosane 0.654616
M15 RT50 0.534933
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Step 6: The alternative PCMs are arranged in decreasing or-
der of their total scores. The PCMs are ranked from highest to
lowest total scores as follows: M11-M5-M10-M2-M14-M7-
M1-M4-M3-M6-M8-M12-M13-M9-M15.

With the highest total score, the PCM identified as M11 can
be considered as the best choice for the given application of do-
mestic water heating system. Gadhave et al. [16] used entropy
and AHP methods for obtaining the weights of the attributes and
finally combined those weights to get the compromised weights
of 0.4208, 0.0853, 0.0805, 0.0353, 0.0354, 0.1624, 0.1616, and
0.0187 for LH, Ks, KI, Cps, Cpl, ps, pl, and C, respectively. The
compromise weights were then used by Gadhave et al. [16] in
TOPSIS, VIKOR, and EXPROM2 methods to calculate the
scores and then ranked the PCMs. The PCMs were ranked from
highest to lowest total scores as follows:

TOPSIS [16]: M11-M2-M14-M5-M10-M6-M3-M7-M1-

M4-M8-M9-M12-M13-M15,

VIKOR [16]: M11-M5-M14-M2-M1-M7-M10-M4-M8-

M3-M12-M9-M13-M15-M6,

EXPROM2 [16]: M11-M2-M5-M10-M14-M7-M1-M4-

M3-M8-M9-M6-M12-M13-M15.
These methods also suggested M11 as the best choice. How-
ever, it may be noted that the compromise weights were obtained
by combining the objective weights obtained by entropy method
and the subjective weights obtained by AHP method. In fact, the
objective weights obtained and the subjective weights obtained
by Gadhave et al. [16] were completely different. The objective
and subjective weights were then combined to form the compro-
mise weights. The compromise weights might not be utilized at
all in actual decision-making scenarios and it simply remains as
an academic exercise. However, for fair comparison, if the com-
promise weights used by Gadhave et al. [16] in TOPSIS, VI-
KOR, and EXPROM2 methods are used in the proposed deci-
sion-making method, then the PCMs can be arranged in the fol-
lowing order.

Proposed method (using the compromise weights):

M11-M10-M5-M2-M14-M7-M4-M1-M3-M8-M6-M9-

M12-M13-M15.
Using the same compromise weights as those used in VI-
KOR, TOPSIS, and EXPROMZ, the proposed decision-making
method also suggested M11 as the best choice. The last choice
is M15. It may be noted once again that the proposed decision-
making method is involved in simple normalization procedure
and the calculation of total scores of PCMs compared to the
computationally intensive TOPSIS, VIKOR, and EXPROM?2
methods. The ranks assignment procedure and the subsequent
determinations of the weights of the PCM selection attributes by
the decision maker are more logical compared to the compro-
mise or combined weights used by Gadhave et al. [16]. The pro-
posed method makes it easy to convert qualitative attributes into
quantitative, does not require the use of fuzzy scale as that used
by Gadhave et al. [16].

3.2. Case study 2: PCM selection for a triple tube heat
exchanger unit

Yang et al. [15] presented the results of simulation conducted to
investigate the impact of PCMs’ thermophysical characteristics
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on a triple tube heat exchanger (TTHX) unit's heat storage ratio.
The weights assigned to the attributes were obtained using range
analysis at various time scales. Lastly, the ranking and selection
process was carried out using the TOPSIS method. Figure 3
shows the goal, selection attributes, and the alternative PCMs
for case study 2.

Selection of best PCM for
a triple tube heat exchanger unit

Goal

Selection
Attributes

-

PL:RTS2

P2: RT90HC

P3 : Urea- NH,Cl
P4:NaCL

o e (]

P5: Urea K,C0;
P6 : MgCl, 6H,0
P7: Mg(NO), 6H,
P8 : Plus ICE-S117

P9 : PlusICE-H105
P10 : PlusICE-X120
P11 : PlusICE-A95
P12 : PlusICE-X90

Alternative
PCMs

Fig. 3. Goal, selection attributes, and the alternative PCMs
of case study 2.

The findings showed that the heat storage rate was signifi-
cantly influenced by the thermophysical characteristics. The
PCM PIluslCE-S117 was found to be the ideal PCM when the
melting time was 20 minutes, since the PCM density and ther-
mal conductivity attributes were given greater weights. But
when the melting time was 150 or 250 min, the most important
attributes to take into account were the PCM density and melting
enthalpy, and the alternative urea-NaCl was considered as the
best one.

The decision-making problem considered 12 alternative
PCMs, designated from P1 to P12, analyzed under 5 selection
attributes. Now to select a best PCM out of the 15 PCMs, the
steps of the proposed decision-making method are carried out as
described below.

Step 1: Table 6 shows the PCM selection attributes and the
alternative PCMs considered by Yang et al. [15]. The selection
attributes are the material properties: melting temperature (Tm),
density (p), latent heat of fusion (LH), specific heat (Cp), and
thermal conductivity (K).

Table 6. Data of the 5 attributes and 12 alternative PCMs of case study 2.

PCM PCM Tm P LH Cp K
No. °C | kg/m® | ki/kg kJ/(kgK) W/(mK)
P1 RT82 82 770 170 2000 0.2
P2 RT90HC 90 850 170 2000 0.2
P3 Urea-NH4Cl 102 1348 214 2090 0.58
P4 Urea-NaCl 112 1372 230 2020 0.6
P5 Urea-K,CO3 102 1415 206 2020 0.58
P6 MgCl,-6H20 116 1450 167 2610 0.57
P7 Mg(NOs)»6H, 90 1550 = 163 2480 0.49
P8 PlusICE-S117 117 1450 160 2610 0.7
P9 PlusICE-H105 105 1700 125 1500 0.5
P10 PlusICE-X120 120 1245 180 1500 0.36
P11 PlusICE-A95 95 900 205 2200 0.22
P12 PlusICE-X90 90 1200 135 1510 0.36
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Yang et al. [15] ignored the thickness of the tube walls and
assumed the thermophysical properties of the PCM as equal in
the liquid and solid phases. All these 5 selection attributes are
beneficial.

Step 2: For sub-case 1 of Yang et al. [15], when the heat
storage rate was considered for the first 20 minutes, density p
was considered much more important followed by thermal con-
ductivity K. Hence, rank 1 is given to p, rank 2 is given to K,
rank 3 is given to LH, rank 4 is given to Tp, and rank 5 is given
to Cp. Table 7 displays the rankings assigned to the 5 attributes
along with the weights derived (similar to the procedure ex-
plained in section 2).

Table 7. Rank relationships of the 5 attributes of case study 2 and the cor-
responding weights (sub-case 1 of considering heat storage rate when the
melting process continues up to 20 minutes).

Attrib- Means Weights

utes Tm p IH G K of rows of attrigbutes
Tm 1 1/4 3/4 5/4 2/4 3.75/5=0.75 0.75/6.85=0.109489
P 4 1 3 5 2 15/5=3 3/6.85=0.437956
L 4/3 1/3 1 5/3 2/3 (15/3)/5=1 @ 1/6.85=0.145985
Cp 4/5 1/53/5 1 2/5 (15/5)/5=0.60 0.6/6.85=0.087591
K 2 1/2/3/2 5/2 1 75/5=15  1.5/6.85=0.218978

Total = 6.85 1.000000

It may be noted that the CR value for the rank relations ma-
trix containing 5 PCM selection attributes is 0. Thus, there exists
absolute consistency in the judgments of rank relations. The last
column of Table 7 gives the weights of the 5 PCM selection at-
tributes.

Step 3: The values shown in Table 6 are already quantitative
in nature and there is no need of transformation. All 5 attributes
are of beneficial type.

Step 4: The data shown in Table 6 is normalized based on
the "best" PCM for each attribute. The best values of the attrib-
utes are shown in bold in Table 6. The normalized values are
shown in Table 8. For example, the normalized value of
0.683333 for Tr corresponding to P1 is obtained by (82/120).
Similarly, the other data is normalized and given in Table 8.

Table 8. Normalized values for sub-case 1 of case study 2.

PCM Tm P L Cp K

P1 0.683333  0.452941 0.73913 0.766284  0.285714
P2 0.75 0.5 0.73913 0.766284 = 0.285714
P3 0.85 0.792941 = 0.930435 0.800766 = 0.828571
P4 0.933333  0.807059 1 0.773946 = 0.857143
P5 0.85 0.832353 = 0.895652  0.773946  0.828571
P6 0.966667 = 0.852941 @ 0.726087 1 0.814286
P7 0.75 0.911765 0.708696  0.950192 0.7
P8 0.975 0.852941 = 0.695652 1 1

P9 0.875 1 0.543478 0.574713 = 0.714286
P10 1 0.732353 | 0.782609 0.574713 = 0.514286
P11 0.791667 0.529412 = 0.891304 0.842912 0.314286
P12 0.75 0.705882 = 0.586957 0.578544 = 0.514286

Step 5: Total scores of alternative PCMs are calculated by
multiplying the selection attributes’ weights with the corre-
sponding normalized data of the attributes for the alternatives.
For example, the total score of PCM designated as P1 is com-
puted as:
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Total score (P1) = 0.109489*0.683333 +
0.437956*0.452941 + 0.145985*0.73913 +
0.087591*0.766284 + 0.218978*0.285714 = 0510773.

The total scores of the PCMs are given in Table 9.

Table 9. Total scores of 15 PCMs of sub-case 1 of case study 2.

PCM No. PCM Total Score
P1 RT82 0.510773
P2 RT90HC 0.538682
P3 Urea-NH4Cl 0.827748
P4 Urea-NaCl 0.857118
P5 Urea-K>COs 0.837582
P6 MgCl>-6H.0 0.85129
P7 Mg(NOs)2:6H, 0.821402
P8 PlusICE-S117 0.888427
P9 PlusICE-H105 0.819852
P10 PlusICE-X120 0.707434
P11 PlusICE-A95 0.591309
P12 PlusICE-X90 0.640242

Step 6: The alternative PCMs are arranged in decreasing or-
der of their total scores. The PCMs are ranked from highest to
lowest total scores as follows:

P8-P4-P6-P5-P3-P7-P9-P10-P12-P11-P2-P1.

With the highest total score, the PCM identified as P8 (i.e.
PlusICE-S117) can be considered as the best choice for the
given application of PCM selection for a triple tube heat ex-
changer unit (for the sub-case-1 of case study-2).

For sub-case 2 of Yang et al. [15], when the heat storage rate
was considered for the first 150 minutes, density p was consid-
ered much more important followed by latent heat L. Hence,
rank 1 is given to p, rank 2 is given to LH, rank 3 is given to T,
rank 4 is given to K, and rank 5 is given to Cp. Table 10 displays
the rankings assigned to the 5 attributes along with the weights
derived.

Table 10. Rank relationships of the 5 attributes of sub-case 2 of case study
2 and the corresponding weights (considering heat storage rate when the
melting process continues up to 150 minutes).

Attrib- T p L cp Means Weights

utes of rows of attributes

Tm 1 1/3 2/3 5/3 4/3 5/5=1 1/6.85=0.145985

P 3 1 2 5 4 15/5=3 3/6.85=0.437956

L 3/21/2 1 5/2 2 7.5/5=1.5 @ 1.5/6.85=0.218978

Cp 3/5 1/5 2/5 1 4/5 3/5=0.6 0.6/6.85=0.087591

K 3/4 1/4 2/4 5/4 1 3.75/5=0.75 0.75/6.85=0.109489
Total= 6.85 1.000000

For sub-case 3 of Yang et al. [15], when the heat storage rate
was considered for the first 250 minutes, density p was consid-
ered much more important followed by latent heat LH, K, Tn,
and Cp. Hence, rank 1 is given to p, rank 2 is given to LH, rank
3is given to K, rank 4 is given to Tm, and rank 5 is given to Cp.
Table 11 displays the rankings assigned to the 5 attributes along
with the weights derived (similar to the procedure explained in
section 2).
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Table 11. Rank relationships of the 5 attributes of sub-case 3 of case
study 2 and the corresponding weights (considering heat storage rate
when the melting process continues up to 250 minutes).

Attrib- T L cp Means Weights
utes of rows of attributes
Tm 1 | 1/4 2/4 5/4 3/4 3.75/5=0.75 0.75/6.85=0.109489
P 4 1 2 5 3 15/5=3 3/6.85=0.437956
L 2 1/2 1 |5/2 3/2| 7.5/5=1.5 1.5/6.85=0.218978
cp 4/5 1/5 2/5 1 3/5| 3/5=0.6  0.6/6.85=0.087591
K 4/3 1/3 2/3/5/3 1 5/5=1 1/6.85=0.145985
Total= 6.85 1.000000

Table 12 shows the total scores of 12 PCMs corresponding
to melting process timings. The alternative PCMs can be ar-
ranged in the descending order of the total scores for all the three
sub-cases of case study 2

o proposed method (for tmeiing=250 minutes):
P4-P8-P6-P5-P3-P7-P9-P10-P12-P11-P2-P1.
proposed method (for tmeiing=150 minutes):
P4-P8-P6-P5-P3-P7-P9-P10-P12-P11-P2-P1.
proposed method (for tmeiing=20 minutes):
P8-P4-P6-P5-P3-P7-P9-P10-P12-P11-P2-P1.

Table 12. Total scores of 12 PCMs corresponding to melting process
continued up to 20 minutes (sub-case 1), 150 minutes (sub-case 2)
and 250 minutes (sub-case 3).

PCM PCM Total score Total score Total score
No. (tmelting=20 (tmelting=150 (tmelting=250
min) min) min)
P1 RT82 0.510773 0.558381 0.543869
P2 RT90HC 0.538682 0.588723 0.571778
P3 Urea-NH4Cl 0.827748 0.835966 0.835183
P4 Urea-NaCl 0.857118 0.870326 0.867546
P5 Urea-K,CO3 0.837582 0.84326 0.842478
P6 MgCl2-6H.0 0.85129 0.850414 0.844853
P7 Mg(NO3)2-6H> 0.821402 0.823862 0.822037
P8 PlusICE-S117 0.888427 0.8653 0.866212
P9 PlusICE-H105 0.819852 0.81325 0.807384
P10 PlusICE-X120 0.707434 0.744747 0.72702
P11 PlusICE-A95 0.591309 0.65085 0.633427
P12 PlusICE-X90 0.640242 0.654149 0.645547

The alternative PCM P4 is considered as the best PCM if the
melting time of 150 minutes as well for up to 250 minutes. How-
ever, the alternative PCM P8 is found as the best alternative
PCM for melting time of 20 minutes.

It may be mentioned here that Yang et al. [15] used different
weights of the attributes for the three sub-cases of case study 2
and used these weights in TOPSIS method to evaluate the alter-
native PCMs.

The weights used by Yang et al. [15] for sub-case 1 were:
0.092, 0.404, 0.214, 0.036 and 0.254 for Tm, p, LH, Cp and K,
respectively.

The weights used by Yang et al. [15] for sub-case 2 were:
0.112, 0.405, 0.320, 0.056 and 0.107 for Tm, p, LH, Cp, and K,
respectively. The weights used by Yang et al. [15] for
sub-case 3 were: 0.094, 0.408, 0.340, 0.053 and 0.105 for Tm, p,
L, Cp and K, respectively. The ranking of PCMs for different
melting times were as given below:
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TOPSIS [15] (for tmening=250 minutes): P4-P5-P3-P7-
P6-P8-P9-P10-P11-P12-P2-P1.
TOPSIS [15] (for tmeiing=150 minutes): P4-P5-P3-P7-
P6-P8-P9-P10-P12-P11-P2-P1.
TOPSIS [15] (for tmeing=20 minutes): P8-P4-P5-P6-
P3-P9-P7-P10-P12-P11-P2-P1.

For fair comparison, the same three sub-cases with the same
weights of attributes, as considered by Yang et al. [15], are at-
tempted using the proposed decision-making method and the
following rankings are obtained

e proposed method (for tmering=250 minutes) for the same
weights used in TOPSIS [15]:
P4-P5-P3-P8-P6-P7-P9-P10-P11-P12-P2-P1.

proposed method (for tmering=150 minutes) for the same
weights used in TOPSIS [15]:
P4-P5-P3-P8-P6-P7-P9-P10-P11-P12-P2-P1.

proposed method (for tmeiting=20 minutes) for the same
weights used in TOPSIS [15]:
P4-P8-P5-P3-P6-P9-P7-P10-P12-P11-P2-P1.

It is clear that using the same weights as those used in TOP-
SIS [15], the proposed decision-making method also suggested
P4 as the first choice and P5 as the second choice for the sub-
cases Of tmening=250 minutes and tmering=150 minutes. It may be
noted that the TOPSIS method used by Yang et al. [15] involves
too lengthy calculations for normalization, calculating the ob-
jective weights using range analysis method, and then using
those objective weights in the remaining computationally inten-
sive steps. However, the procedure suggested by the proposed
method is straightforward and simple to comprehend, in contrast
to the TOPSIS method. As seen in this case study, the proposed
method allows the use of weights of attributes calculated by
other methods or as decided by the decision-maker based on in-
tuition or experience.

3.3. Case study 3: PCM selection for an optimal Trombe
wall performance

Thermal energy storage in buildings considerably lowers the en-
ergy demand of the building by releasing its stored energy when
the need arises. Buildings use Trombe walls to store and distrib-
ute thermal energy, which controls the ambient temperature in
each space. PCMs have been investigated extensively for latent
heat thermal energy storage within the walls of Trombe to en-
hance performance. Oulah [5] investigated 11 alternative PCMs
for selection of a suitable PCM for optimal Trombe wall perfor-
mance using TOPSIS method. The heat of fusion, thermal con-
ductivity, density, and cost were the four attributes taken into
account. Except the cost attribute, the remaining attributes are
of beneficial type.

Figure 4 shows the schematic of the PCM selection problem
and Table 13 shows the data of the 4 attributes and 11 alternative
PCMs. The best values of the attributes are shown in bold in
Table 13.

Following the steps of the proposed decision-making
method, the data given in Table 13 is normalized and is shown
in Table 14. Table 15 displays the rankings assigned to
the 4 attributes along with the weights derived.
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Goal l

Selection of best PCM for a Trombe wall energy storage unit

Selection Heat of Thermal i .
Attributes Fusion C UIId:.CIL\-lI Density Cost
~ N =
~ -
Paraffin Cyy 54 Capric acid
RT-2 Capric acid + 1 Decanol
Alternative RT-18 Mn(NO;), 6H,0
PCMs n-octadecane SP25A8 (Hydrared Salt)
Capric acid and Palmitic acid CaCl, 6H,0; MnCl, 4H,0

Fig. 4. Goal, selection attributes, and the alternative PCMs
of case study 3.

Table 13. Data of the attributes for case study 3.

Heat Thermal Densit Cost
PCM of fusion  conductivity k /mgy $/k
ki/kg W/(m K) & &
Paraffin C13-24 (P1) 189 0.21 760 2
RT-27 (P2) 179 0.2 800 3.6
RT-18 (P3) 134 0.2 756 36
n-Octadecane (P4) 179 0.2 750 5
Capric acid and palmi-
tic acid (P5) 177 2.2 784 1.78
Capric acid (P6) 142.7 0.2 815 1.5
Capric acid + 1 deca-
nol (P7) 126.9 0.2 817 1.6
Mn(NOs)226H.0 (P8) 125.9 0.6 1700 2
SP25A8 Hydrated salt 180 06 1380 1.8
(P9)
CaCl,#6H20 (P10) 187 0.53 1710 1.8
MnCl2¢4H,0 (P11) 175 1 1490 2
Table 14. Normalized data of the attributes for case study 3.
Heat Thermal .
PCM of fusion | conductivity [:(er}::! ;:Z:t
K/kg = W/(mK) € J
Paraffin C13-24 (P1) 1 0.095455  0.444444 0.75
RT-27 (P2) 0.94709 0.090909  0.467836 0.416667
RT-18 (P3) 0.708995 0.090909  0.442105 0.416667
n-Octadecane (P4) 0.94709 0.090909  0.438596 0.3
Capricacidand pal- | 530 50g 1 0.45848  0.842697
mitic acid (P5)
Capric acid (P6) 0.755026 0.090909  0.476608 1
Capricacid +1 0.671429  0.090909  0.477778 0.9375
decanol (P7)
Mn(NOs),#6H,0 (P8) | 0.666138 = 0.272727  0.994152  0.75
f: 92)5A8 Hydrated salt ) 055381 0.272727  0.807018 0.833333
CaCl2¢6H:0 (P10) 0.989418 0.240909 1 0.833333
MnCl,#4H;0 (P11) 0.925926 0.454545  0.871345 0.75

It may be noted that the CR value for the rank relations ma-
trix containing 4 PCM selection attributes is 0. Thus, there exists
absolute consistency in the judgments of rank relations. The last
column of Table 15 gives the weights of the 4 PCM selection
attributes.

Now using the normalized data of the attributes given in Ta-
ble 14 and the weights of the attributes given in the last column
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of Table 15, the total scores of the 11 alternative PCMs are cal-
culated and are given in Table 16.

Table 15. Rank relationships of the 4 attributes of case study 3 and the
corresponding weights.

Heat Thermal

. of fu- conduc- . Cost Means Weights
Attributes . . sity ;
sion tivity kg/m? $/kg of rows of attributes
ki/kg W/(mK) &
Heat of fu- B 0.625/5.20833
sion 1 1/4 3/4 | 2/4 2.5/4=0.625 012
Thermal
conductiv- 4 1 3 2 10/4=2.5 2.5/5.20833
. =0.48
ity
. (10/3)/4 0.83333/5.20833
Density 4/3 1/3 1 2/3 -0.83333 =016
Cost 2 1/2 | 3/2 | 1 | 5/4=1.25 1.25/5.20833
=0.24
Total= 5.20833 1.00000

Table 16. Total scores of 11 PCMs of case study 3.

PCM Total Scores of PCMs
Paraffin C13-24 (P1) 0.416929
RT-27 (P2) 0.332141
RT-18 (P3) 0.299453
n-Octadecane (P4) 0.299463
Capric acid and palmitic acid (P5) 0.867985
Capric acid (P6) 0.450497
Capric acid + 1 decanol (P7) 0.425652
Mn(NOs)226H.0 (P8) 0.54991
SP25A8 Hydrated salt (P9) 0.574318
CaCl,#6H;0 (P10) 0.594367
MnCl2¢4H;0 (P11) 0.648708

The PCMs are now arranged in the descending order of the
total scores:

P5-P11-P10-P9-P8-P6-P7-P1-P2-P4-P3.

From the total scores of 11 PCMs, it can be understood that
PCM designated as P5 (i.e., Capric acid and palmitic acid) is the
first choice and PCM designated as P11 (i.e. MnClz+4H;0) is
the second choice for the Trombe wall.

It may be noted that Oulah et al. [5] used the objective
weights of the attributes obtained by the entropy method (the
weights were: 0.020109, 0.7127, 0.1124 and 0.1549 for the heat
of fusion, thermal conductivity, density, and cost respectively).
In fact, the objective weights are not much meaningful as they
do not take into account the decision-maker’s preferences. Us-
ing the objective weights, Oulah et al. [5] obtained the following
rankings using the TOPSIS method:

TOPSIS [5]: P5-P11-P8-P9-P10-P6-P7-P1-P2-P3-P4.

It can be seen that the entropy method suggests a bigger
weightage of 0.7127 for thermal conductivity. Obviously, the al-
ternative PCM which is the best with reference to the thermal
conductivity emerges as the first choice (in this case, the PCM
designated as P5) and the ranking of other PCMs will also be
affected by such a higher weightage assigned to thermal conduc-
tivity. That was why Rao [21] opined that attributes weights
should be decided by the decision-maker only as he/she is going
to face the advantage or disadvantage of his/her decision. How-
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ever, for fair comparison, if the same objective weights are used
in the proposed method, the alternative PCMs can be arranged
as shown below

e proposed method (using the objective weights of

Oulah et al. [5]): P5-P11-P8-P9-P10-P6-P7-P1-P2-P3-P4.

The ranking is exactly same as that given by Oulah et al. [5]
due to the reasons explained above.

4. Discussion

The research questions (RQs) related to selection of a right al-
ternative PCM are reproduced below and discussion is made:
1. RQ1: Is there a simple and effective MADM method to
weigh the PCM selection attributes logically and evaluate
the performance of alternative PCMs used in different en-
ergy storage units?
Yes, it is possible to develop such a simple and effective
MADM method for PCM selection as proved in three dif-
ferent case studies of energy storage units.
RQ2: Can such chosen MADM method handle both quali-
tative and quantitative PCM selection attributes?
Yes, the proposed decision-making method can handle
both qualitative and quantitative attributes. This has been
clearly demonstrated in the first case study. The suggested
method can transform the qualitative (i.e. linguistically ex-
pressed) attributes into quantitative ones with the aid of
simple linear scales.
RQ3: If such simple and effective MADM method exists,
will it be easy to comprehend and practical to use for se-
lection of best PCM for different energy storage applica-
tions?
Yes, it is already shown in case studies 1, 2, and 3 that the
proposed method can easily deal with information at hand.
Even to deal with the qualitative information of the attrib-
utes, simple ordinary linear scales can be used instead of
fuzzy logic-based scales. The proposed method is easy to
comprehend and practical to use for selection of right alter-
native PCM for different energy storage applications.
RQ4: Will the objective weights obtained from the perfor-
mance data of the PCM selection attributes really mean-
ingful?
No, not meaningful. The objective weights may be (most
probably) entirely different from the decision-maker's
opined subjective weights. The opinions of the decision-
makers who actually deal with the practical values of the
attributes in a given decision-making situation are therefore
not taken into consideration, which makes the evaluation
and ranking of the alternatives using such objective attrib-
ute weights potentially meaningless. Recently, a few stud-
ies have begun using composite weights in PCM selection,
which combine the objective and subjective weights
[3,7,16]. These compromise weights might not be utilized
at all in actual decision-making scenarios and simply re-
main as an academic exercise.
RQ5: Is it feasible to have an appropriate MADM method
that is both reliable and resistant to changes in the PCM
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selection attributes’ weights? Can such kind of MADM
method regarded as best?

There is no doubt that an MADM method must be reliable.
However, an MADM method need not be resistant to
changes in the attributes’ weights. How is it justified that
the MADM method suggests the same ranking of alterna-
tives even if the attributes’ weights changed? It is unjusti-
fied and meaningless. It can be seen from the three sub-
cases of case study. When the ranks and the weights im-
portance of the PCM selection attributes are changed, the
rankings are changed. Weights of importance are changed
means the priorities of the decision-maker are changed.
Then how an MADM method should remain insensitive?
Rao [21] opined that the researchers may suggest that a par-
ticular MADM method indicates a particular alternative as
the first choice within certain percentage of variation in
each attribute’s weight. One need not look upon at an
MADM method which is resistant to any changes in the at-
tributes’ weights of importance.

The five research questions (RQs) answered above will
make the readers more informed about the assignment of
weights to the attributes and the application of the proposed
MADM method for right PCM selection for a given application.

The three case studies have amply demonstrated the poten-
tial of the proposed method as a multi-attribute decision-making
method. It is important to observe that the ranking remains the
same even if the fuzzy scales given in Table 1—rather than the
simple linear scales—are used to translate the linguistic expres-
sions used by the decision-maker. This is quite helpful when
making decisions in real-world situations.

5. Conclusions

Thermal energy storage is an emerging field of study that links
the production and consumption of energy. Particularly im-
portant in latent heat storage units are phase change materials
with high energy storage density and isothermal working char-
acteristics. Selecting the right PCM is crucial to the effective and
efficient heat storage of the thermal energy storage system. Se-
lecting the right PCM to satisfy certain requirements typically
necessitates finding a compromise between opposing attributes.
A large number of researchers select PCMs according to cost,
availability, and experience. However, PCMs in the present
work are chosen using a variety of attributes. The research work
reported in this paper tackled the PCM selection problem by us-
ing a simple and effective decision-making method, named as
BHARAT-II.

Three case studies of PCM selection are presented to illus-
trate the potential of the proposed methodology. The first case
study addressed the issue of choosing the best PCM selection for
a domestic water heating latent heat storage system by consid-
ering 15 different PCMs and 8 selection attributes; the second
case study addressed the problem of selecting the best PCM for
a triple tube heat exchanger unit by considering 12 different
PCMs and 5 selection attributes with three sub-cases; the third
case study addressed the problem of best PCM selection for la-
tent heat thermal energy storage within the walls of Trombe to
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enhance performance considering 11 PCMs and 4 selection at-
tributes.

It may be noted that in the case of widely used AHP method
for determining the weights of importance of the selection at-
tributes, the decision-maker must indicate the relative relevance
of each attribute compared to all other attributes. However,
a novel feature of the proposed method is that, it simply ranks
all of the attributes (1 to n) according to their priority as per the
understanding of the decision-maker. A relative importance ma-
trix is then created using these ranks to further establish the
weights. Even though the idea seems to be simple, it has the ad-
vantage of ensuring consistency while prioritizing one attribute
over another. The consistency index is always 0 (i.e. fully con-
sistent). In AHP or BWM, this is not feasible, particularly for
the decision-making problems containing a large number of at-
tributes. Furthermore, the proposed method clearly explained
that the objective weights obtained from the performance data
of the PCM selection attributes are not really meaningful, and
the composite weights which combine the objective and subjec-
tive weights remain as an academic exercise and actually not
used in the real decision-making scenarios.

The second novel feature of the proposed method is that it
can include any number of alternative PCMs and any number of
quantitative and qualitative PCM selection attributes simultane-
ously and aids in calculating the total score values that assess the
alternative PCMs for the selection problem under consideration.
The third novel feature of the proposed method is that it does not
require the use of fuzzy scales to transform qualitative attributes
into quantitative attributes. Using the simple linear scales that
the method suggests, decision-makers may find it simpler to as-
sign numerical values to the qualitative attributes. This fact is
explained in the first case study presented. The proposed method
tackles the PCM selection problem holistically, and is easy for
decision-makers to put into practice.

The proposed methodology offers a general procedure that
may be used to address a range of selection problems that
emerge in the disciplines of energy and thermal engineering that
involve ambiguity, multiple attributes, and alternatives.
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Abstract

This paper presents an analysis of the heat flow in a plate heat exchanger located at a building heat exchange station. The
plate heat exchanger is the main source of heat for the building system based on microsubstations in the building apartments.
The co-operation of the heat exchange station with the substations in the apartments is also described. Such microstations are
intended for both domestic hot water preparation and apartment heating. The method of calculating the product of the heat
transfer coefficient k and the heat exchange surface area A is presented. In order to verify the correctness of the measured
values of the temperatures of hot and cold water at the heat exchange station inlet and outlet, they were compared to the
values calculated using the e-NTU method. Good agreement was found between the results of the calculations and the meas-
urements. Recommendations were made for the temperature of return water to the heating station. The cost of operating the
district heating network could be reduced by increasing the surface area of central heating radiators in apartments, so that the
temperature of return water to the heating station could be lowered.
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1. Introduction

Siegenthaler's comprehensive book [1] presents both individual
and central heating systems. Design solutions for building heat-
ing systems and issues of heating power control in the entire dis-
trict heating network as well as in individual buildings are de-
scribed. Also presented is the principle of the operation of mi-
crostations installed in apartments. Such microstations are in-
tended for both domestic hot water (DHW) preparation and

apartment heating. With a microstation installed in the apart-
ment, only one heat substation is used instead of the two substa-
tions previously required — one to heat the building and the other
to supply the apartment with domestic hot water.

A comprehensive analysis of central heating systems, con-
cerning mainly operating and control issues, is presented in [2].
Attention is drawn to the frequent occurrence of excessively
high temperatures of return water from apartments and the entire
building, which are only 3-5°C lower than the district heating
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Nomenclature

A —heat transfer surface area of the exchanger, m?
C — heat capacity rate, W/K

¢ —water mean specific heat, J/(kg K)

k - heat transfer coefficient, W/(m?K)

m — water mass flow rate, kg/s
NTU — number of heat transfer units
0 - heat flux, W

Q.n — mean heat flux, W

T —temperature, °C

vV  —water volume flow rate, m3/s

Greek symbols

AT,,— logarithmic mean temperature difference, °C
€ —heat exchanger efficiency

p — density, kg/m?

system water temperature at the heat exchange station supply. It
should be added that if a heat exchange station supplies a resi-
dential building equipped with microstations in each unit, which
is the case analysed in this paper, the temperature of the building
return water is only about 2°C lower than that of the water in the
district heating system. In such a situation, it is necessary to se-
lect optimal values of both the network water temperature and
flow rate to ensure a proper supply of heat and hot water to the
building, while maintaining low costs of network water genera-
tion and low consumption of energy needed for pumping water
in the district heating network.

Issues related to the operation and control of district heating
networks are the subject of numerous publications in scientific
journals. This is partly due to the increasing use of renewable
energy sources in central district heating systems and the appli-
cation of new solutions in the supply of buildings with heat and
hot water.

Ensuring a stable room temperature and adequate operating
efficiency by means of predictive control for a district heating
station is the subject of [3]. In China, the control of a heating
station is mostly realized through weather compensation control.
This leads to substantial variations in room temperature and to
high consumption of energy needed for water pumping in the
heating network.

A literature review of the integration of renewable energy
sources with low-temperature district heating systems was con-
ducted by Sarbu et al. [4]. A low-temperature district heating
system makes it possible to provide large amounts of heat. This
is, however, due to the low temperature in decentralized heat
pumps (HPs) that are needed to raise the temperature of the me-
dium before it enters buildings.

Heat exchange substations located in individual apartments,
also called micro heat exchange stations or logotherms, provide
an individual heat supply for heating and hot water preparation.
They are used in multi-family housing where the building has
one main source generating heat in a boiler room or in a heat
exchanger plant. The heating medium from the main source of
the building heat supply is transported by the heating system to
individual apartments equipped with heat exchange substations
(logotherms). Such a thermal energy management system will
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Subscripts and Superscripts

max — maximum

min — minimum

np  — medium with low parameters (water in the building system)

pnp — water return from the building system to the station exchanger

pwp — water return from the station exchanger to the heat distribution
network

—outlet of water supplying the building system from the heat
exchange station exchanger

zwp —inlet of water from the heat distribution network to the heat
exchange station exchanger

— medium with high parameters (network water)

znp

wp

Abbreviations and Acronyms
DHW  — domestic hot water
SCADA - supervisory control and data acquisition

just as well find application in commercial premises, as it ena-
bles individual regulation of the heating medium, making it pos-
sible to set individual preferences for thermal comfort. A heating
system in a residential or commercial building based on one
main heat source and logotherms in individual units makes it
possible to produce domestic hot water efficiently and supply
the heating medium. The main source of heat for the building
can be a gas boiler room, an oil boiler room or a heat exchange
station. In the case of a boiler room, heat is produced directly on
site, whereas in the case of a heat exchange station, thermal en-
ergy is produced at a combined heat and power plant or at a heat-
ing plant, and then distributed to the heat exchange station,
where it feeds the building internal heating system through
a heat exchanger.

The advantage of boiler plants is their operation with modu-
lated power, which makes it possible to adjust the power of the
device to the consumers’ current heat demand. When logo-
therms show less demand for heat from the main source, boiler
rooms with modulated power lower the operating parameters.

If the heat exchange station is the main heat source, there is
a need to take into account the relevant operating parameters of
the district heating network. When logotherms co-operate with
a heat exchange station, it is necessary to pay attention to the
operating parameters of the heat exchange station on the primary
side, i.e. on the side of the working medium with high tempera-
ture, and on the secondary side, i.e. on the side of the heating
system of the building. Thermal energy has to be supplied to the
customer in the amount and with parameters strictly defined, and
at the same time care has to be taken to ensure appropriate pa-
rameters of the district heating network on the primary side so
that they should match the performance characteristic of the
sources of energy. The parameters of the district heating net-
work are strictly defined by the heat distribution company. The
distribution company is obliged to maintain the parameters of
the heat distribution network at both the heat consumer’s and the
heat producer’s end.

This paper presents an analysis of the heat flow in a plate
heat exchanger located at a heat exchange station. The heat ex-
changer is the main source of heat for the building system based
on substations in the building apartments. The co-operation of
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the heat exchange station with the substations in the apartments
will also be described.

2. Heat source: the heat exchange station co-op-
erating with the district heating system

Heat exchange stations are sets of devices connecting the heat
distribution network to the internal system of a building. They
are a part of the heating system affected both by the network and
the internal system of the facility.

The station is the place where the heat exchange occurs be-
tween the heat distribution network and the consumer. The ther-
mal energy in the heat exchange station is transported through
the heating medium. The heat exchange station transforms the
high values of temperature and pressure of the heating medium
flowing in the network, the so-called high parameter medium,
into lower values in the consumers’ systems.

The set of devices making up the heat exchange station reg-
ulates the heating medium on the side of both high and low pa-
rameters.

The main elements of the station are a heat exchanger, a cir-
culation (feed) pump, valves, filters and a heat meter. The com-
position of the station elements depends on technological as-
pects, the requirements of the consumer's system and of the dis-
tribution network.

Heat exchange stations can be divided based on many crite-
ria. One of them is the number of buildings connected to them.
Individual heat exchange stations supply just one facility with
thermal energy, whereas group stations supply a few. Heat ex-
change stations can also be divided depending on the method of
the heat distribution network connection to the consumer’s sys-
tem. In this division, direct and indirect heat exchange stations
are distinguished. In direct stations, the same medium flows in
the network and in the consumer’s system. In indirect systems,
there are two separate circuits, and the heat exchange is realized
through a heat exchanger. Apart from these classification meth-
ods, there are also other divisions of heat exchange stations.

Despite their different functions and kinds, the main task of
heat exchange stations is to supply thermal energy from the heat
distribution network to the consumer.

The parameters of the heat distribution network result from
the operating parameters of the receivers. The main parameters
are temperature and pressure. Quantitative, qualitative and
quantitative-qualitative regulation of the network is used. Qual-
itative regulation consists in changing the supply and the return
temperature. Quantitative regulation consists of changing the
heating medium mass flow rate in the pipeline. The supply tem-
perature in the summer period is constant and is about 70°C,
whereas in the heating season it is 135°C. It should be remem-
bered that in the heating season the temperature of the heating
medium in the network varies depending on the temperature of
the ambient air. The heat distribution network must have an ap-
propriate amount of thermal energy to satisfy the current de-
mand of the consumers. The consumers’ demand depends
mainly on atmospheric conditions, i.e. the ambient temperature.
The water circulates in the heat distribution network thanks to
the work of circulation pumps. The pumps are located both in
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the source of heat generation and in special facilities referred to
as intermediate pumping stations.

3. Structure and operating principle of a heat
exchange microstation

Heat exchange microstations (logotherms), shown in Fig. 1, are
made in various configurations. They can be one- and two-func-
tion devices. Some deliver heat only for room heating, others
can heat domestic water only. Two-function logotherms are able
to provide heat for both central heating and domestic hot water
preparation. The advantages of microstations are their small size
and compact structure [5-10].
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The logotherm basic elements are [11] a mounting
plate/housing, a console with connections including shut-off
valves, piping, a heat exchanger (for domestic hot water sys-
tems), a filter, a vent, various types of control valves: a mixing
valve, a return limiter, a differential pressure regulator, a ther-
mostatic valve.

The simplest models of microstations do not even need an
electronic regulator. The principle of their operation is based,
among other things, on specially designed hydraulic regulators,
and thermostatic and differential pressure valves.

In their models of microstations, the Herz company used
a hydrodynamic regulator, which is the most important element
of the heat exchange substation located in an apartment. It is re-
sponsible for ensuring the correct temperature of domestic hot
water [12]. The basis of the hydrodynamic regulator operation
is the pressure difference upstream and downstream of the reg-
ulator, caused by the flow of domestic hot water collected by the
consumer. Figure 2 shows a simplified diagram of domestic hot
water generation in heat exchange substations located in indi-
vidual apartments based on a self-actuated dynamic regulation
unit.

A self-actuated dynamic regulation unit is composed of a pri-
mary and a secondary part. One element of the structure of the
self-actuated dynamic regulation unit is a movable drive element
connected centrally to a stem. The stem moving in the regulator
opens and closes the supply of the heating medium on the pri-
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mary side of the heat exchanger. The cold water flowing through
the primary part of the regulation unit has to be heated in the
plate heat exchanger. The cold water is heated by the heating
medium flowing through the regulator's secondary part. Flowing
through the regulator's primary part, the cold water causes
a pressure drop due to hydraulic resistance. The resulting differ-
ence in pressure causes the opening of the secondary part, which
allows the heating medium to flow. A rise in the flow of cold
water involves an increase in the flow of the heating medium.
The self-actuated dynamic regulation unit is equipped with
a DHW priority valve.

il

|
|
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‘—‘L return
=M [ l
o | J = o the heating system

g of the building
)

return IS h cold SE cold

‘ ) A ]
to the heating system of the building domestic water —_ .':-;,\,,‘ domestic water
dynamic direct-acting control
supply [ D domestic hot water
from the heating system of the building for the consumer

heat exchanger

Fig. 2. Simplified diagram of hot water generation
in exchanger stations [12].

In their models of microstations, the Flamco company (for-
merly Meibes) [11] uses three-way PM-Regler valves (Fig. 3).
The PM-Regler valve is a hydraulic switching and control valve
that controls the process of the switching of the heating medium
flow. When domestic hot water is drawn, it directs the heating
medium to the heat exchanger to heat cold water. When the do-
mestic hot water intake ends, the PM-Regler valve directs the
heating medium to the central heating circuit. Like the Herz self-
actuated dynamic regulation unit, the PM-Regler valve has the
domestic hot water priority.

heat exchanger i return
8l | i from the central heating system
to the logotherm

hot water heating

‘ domestic ‘

differential pressure
domestic
hot water

%

Additional equipment of logotherms includes an electric ac-
tuator, a water meter, a heat meter, an electronic regulator,
aroom temperature-setting device, circuit pumps, circulation
pumps, etc.

.

return
to the heating system

1

cold domestic water

supply
from the heating system

of the building of the building

Fig. 3. PM-Regler valve.
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Domestic hot water preparation by the logotherm consists of
the rapid heating of cold water in the exchanger, being a part of
the logotherm assembly. The heat exchange microstation starts
operating only if there is a demand for hot water or central heat-
ing. In the standby mode, the heating medium flows through
a bypass, referred to as the thermal bridge, the temperature of
which is kept at the working temperature level using a return
temperature limiter. Owing to that, the heating medium is al-
ways available if a need arises to switch on the logotherm. This
enables the heating medium minimal circulation which is to en-
sure an appropriate temperature of the medium at the logotherm
inlet.

4. Internal heating system based on heat
exchange microstations located in individual
apartments

The internal heating systems commonly utilized by thermal en-
ergy consumers are pump systems where a circulation pump is
used to force the heating medium flow. The circulation pump
overcomes hydraulic resistances in the system piping.

Most often, a two-pipe arrangement of the system is used. In
the building's internal system feeding logotherms, there are three
pipes (Fig. 4). One of them supplies the heat exchange substa-
tion with domestic cold water, and another supplies the substa-
tion with heat feeding the heating medium. The third pipe carries
heating water away from the logotherm.

[l
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domestic
j hot water

T

N
—
— —

supply

of central heating
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from the logotherm

__J
Logotherm

i

Logotherm
" return

from the central heating system
to the logotherm

A1)

return

supply

from the heating system

cold domestic water

of the building
to the heating systemof the building

Fig. 4. Diagram of the clip installed at the end of the heating riser.

The pipes in the internal heating system are run both verti-
cally and horizontally. In a system co-operating with
logotherms, a circulation bridge, called a clip, should be in-
stalled at the end of each riser (Fig. 5). The circulation bridge
makes it possible to regulate the temperature of the heating wa-
ter feeding the microstation and of the water returning from the
system to the heat source.

The task of the circulation bridge is to maintain the minimal
temperature in the pipe feeding the logotherm. On the market,
there are clips with adjustable temperature settings in the range
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from 45°C to 65°C and clips with a single pre-setting. In the
latter case, if a need arises to regulate the operation of the inter-
nal system distributing heat in the building, the clip has to be
replaced with a clip with adjustable settings or a clip with a dif-
ferent temperature pre-setting that activates the valve located on
the circulation bridge. The operating principle of the valve
mounted on risers is to observe the feed water temperature: if
the temperature in the riser drops to values below the setting, the
valve opens, forcing the heating medium flow from the feed riser
to the return riser. In the same way the feed riser is filled with
hot water with a temperature higher than the value of the circu-
lation bridge setting.

Fig. 5. Circulation bridge installed on the riser [11].

The clips mounted within logotherms operate based on the
same principle as the circulation bridges mounted on the internal
system risers. This enables the flow of the heating medium close
to the logotherm, thus shortening the time of waiting for the heat
needed to supply the substation. If the heating medium cools
down in the branch feeding the substation, the valve opens, forc-
ing the heating medium flow to the branch returning to the
source of supply.

Apart from circulation bridges, the internal network distrib-
uting heat in the building can also be regulated using tempera-
ture limiters (Fig. 6) intended for the control of the temperature
of the return from the apartment's individual central heating sys-
tem to the heating medium return. This valve regulates the flow
by limiting the water flow through the apartment's central heat-
ing system, which results in increased cooling of the heating me-
dium and a reduction in the return temperature. Temperature can
be regulated in the range from 25°C to 60°C.

f\

Fig. 6. Heating water return temperature limiter of residential central
heating system.

The minimum and the maximum temperature of the heating
medium in the primary circuit should total 60°C and 80°C, re-
spectively.
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5. Description of the heat exchange station
and the logotherm system under analysis

The analysis of the operation of the heat exchange station with
a system feeding logotherms was performed using the heat ex-
change system feeding the internal system based on logotherms.
Figure 7 presents a schematic diagram of the heat exchange sta-
tion from which the data for the analysis were obtained.

heat exchanger

- low parameter
high parameter control valve —— -indoor installation
- district heating network supply of logatherms
—— ‘@
|———

control valve
heat exchanger

Fig. 7. Schematic diagram of the thermal node from which
the data was obtained.

The station is made of two heat exchangers supplied simul-
taneously and connected in parallel. In both exchangers, the me-
diums flow in a counter-current configuration. The heat ex-
change station, both on the exchanger's primary and secondary
side, was equipped with heat meters with the ability to transmit
data through a communication card and a controller to a super-
visory control and data acquisition (SCADA) system, and the
data were then recorded. The data transmitted from the station
are represented in the on-line mode on the system visualization,
in the SCADA system, on purpose-made synoptic schemes
showing the heat exchange station operation.

6. Heat flow analysis

The heat flow in a plate heat exchanger was analyzed using the
€-NTU method and the measuring data for which the values of
the heat flow rate transferred from the network water to the wa-
ter heating the building are almost equal.

The exchanger analysis by means of the e-NTU method
makes use of thermal equations transformed into a dimension-
less form. The method will be used to assess the impact of
changes in the exchanger operating parameters on outlet temper-
atures of the mediums flowing through the exchanger on the side
of the high and the low parameters. The following formula was
used to calculate the efficiency of the countercurrent plate heat
exchanger:

1— f:min )]
Cmax
_ Fmin )]’
Cmax

where the number of heat transfer units (NTU) is expressed as:

1—exp[—NTU<

£= —— 1
1—%Jexp[—NTU(1
Cmax
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NTU = X4,

Crmin

@)

In order to calculate the number of the heat transfer units, it
is necessary to determine the product of the heat transfer coeffi-
cient k and the exchanger heat exchange surface area A, using
the relation defining the mean heat flux transferred in the ex-
changer:

Om = KAAT,,. 3)

After relevant transformations, product kA can be estab-
lished using the following equation:

kA = n

AT’

(4)

In order to determine product kA, it is necessary to establish
the mean transferred heat flux Q,, and the logarithmic mean
temperature difference AT,,. Adopting the denotation of the inlet
and outlet temperatures of the cold and hot medium presented in
Fig. 8, the logarithmic mean temperature difference is calculated
using the following formula:

_ (Tzwp=Tznp)~(Tpwp—Tpnp)
- Tzwp—Tznp ) '

AT, ®)

(prv ~Tpnp

0 !

Fig. 8. Changes in the temperature of hot and cold water
in a counter-current thermal station.

Heat flow rate Q,, in formula (4) was calculated as the arith-
metic mean of heat flux pr given off by hot water and heat flux
Q'np absorbed by cold water. The following formula was used to

calculate the heat flow rate transferred from the water with
a higher temperature (water from the heat distribution network):

pr = mwaWp (Tzwp - prp)1 (6)
where the water mean specific heat ¢,,,, and the water mass
flow rate m,,,, are defined by the following relations:

= cwp(Tzwp) +ewp (Tpw
pr = P( 14 . p\’pP P), (7)
My = Vip * P(Towp)- (8)
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The heat flow rate absorbed by the building internal system
is given by equation given below:

an = mannp(Tznp - Tpnp)l (9)
where ¢, and m,,,, are calculated as:
_ Ccnp(Tznp ) +enp(Tpn
Cnp — p( p)z P( p P)l (10)
My = Vap * P(Tomp)- (11)

The mean heat flow rate is determined as the arithmetic mean
of the given off heat flow rate pr and the absorbed heat flow

rate Qp:

Qwp+0np

! (12)

O =
Knowing the average heat flow rate value from Eq. (4), prod-

uct KA is calculated, and then the number of heat transfer units

(NTU) is established. In order to calculate the exchanger effi-

ciency, it is necessary to know the maximum and the minimum

heat capacity rates C,,,, and C,,;,, defined as follows:

(13)

Cmax = mannpl

Cmin = mwawp- (14)

Calculating the heat exchanger efficiency from Eq. (1), it is
possible to determine the cold water temperature T, and the
hot water temperature T, taking account of the definition of
the exchanger thermal efficiency:

Cmax(Tznp=Tpnp)

= - : 15
& Cmin(Tzwp_Tpnp) ( )
Transforming Eq. (15), the following is obtained:
Cmi
Tonp = Tonp + & 2 (Towp = Tomp)- (16)

After Eqg. (16) is used to calculate the temperature of the wa-
ter feeding the internal system T,,,,,, the exchanger heat balance
equation;

nps

Cmax(Tznp - Tpnp) = Cmin (Tzwp - prp)v (17)

can be used to determine the temperature of the network water
leaving the heat exchanger T,,,,:

T,

pwp — Tzwp - (18)

% (Tznp - Tpnp)'
The following measuring data of the heat exchange station

feeding the logotherm were adopted for the thermal calculations:

Tawp = 71.1°C — temperature of the heat distribution net-

work water feeding the exchanger of the heat exchange sta-

tion,

Towp = 43.3°C — temperature of the network water leaving

the exchanger of the heat exchange station,

pr = 1.835 m¥h — network water volume flow rate,
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Tpwp = 61.4°C — temperature of the medium heated in the
exchanger of the heat exchange station,
Towp = 39.8°C — temperature of the medium returning to the
exchanger of the heat exchange station,
Vnp = 2.403 m?h — volume flow rate in the building sys-
tem.

Considering that:

Towp+Tpwp
Cop\—

— ° _ ]
Cup = - ) = cuwp(57:2°C) = 418182

My = Vip " P(Towp) =
3

1.8352%. 1 _.990.90 <& = 0,505 &,
h 3600s m s

the heat flow given off by hot water pr totals:
pr = mwawp (TZWp - prp) = 58.81 kW.

The heat flow rate absorbed by cold water an was deter-
mined in the similar manner:

_ Tznp+Tpn o
Cup = Cup (IR = ¢, (50.6°C) = 4179.88 kg’—K
My = Vp + p(Tomp) =
3
2403 . 1. 99226 & — 0,662 €,
h 3600s m s

Onp = MnpCop(Tynp — Tymp) = 59.66 kW.
The mean heat flow rate transferred in the exchanger is:

Qwp+Qnp _ 58810 W+59660 W
2 2

= 59235.0 W.

Qm=

After the logarithmic mean temperature difference AT, is
established:

AT, = (Tzwp=Tznp) = (Towp=Tpnp) _
m — (Tzwp—Tznp) -
Tpwp—Tpnp

(71.1°C-61.35°C)—(43.25°C—39.8°C)

: = = 6.1°C
.1°C—61.35°C y
product KA is calculated:
kA = Gn = S92350W _ 97907 W
ATy, 6.1K K
Considering that:
Cmax = manpn = mnpapn =
0.662 . 4179.88 L = 2767.08 ¥,
s kg'K K
Cmin = mwapw = mwpc_pw =

0.505 *8.4181.83 . = 2111.82
s kg'K

==

2111.82 w

K = 0.763.

K

Cmin —
Cmax  2767.08

The value of the number of the heat transfer units NTU is
determined:
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w
kA 9768.06 —

NTU = - = \va = 4.63.
Cmin 211161+

The efficiency of the heat exchange station totals:

Corri
1—eXp[—NTU(1—M)]

_ Cmax
Cons Coni
1B, exp[—NTU(l——. "”")]
Cmax Cmax

1—-exp[—4.63(1-0.763)] 0.666
P = 2222 = (.894.
1-0.763exp[—4.63(1-0.763)] 0.745

E =

Knowing the exchanger efficiency, temperatures T,,,, and

T,.,, are found:

pwp

Cmin —
Tonp t € o (TZWP Tpnp) =

39.8°C 4+ 0.894 - 0.763 - (71.1°C — 39.8°C) = 61.1°C,

Tznp =

_ Cmax
Towp = Towp — =

Comin (Tonp = Tomp) =
71.1°C — 1.311(61.4°C — 39.8°C) = 42.8°C.

The calculated temperature of the medium feeding the
logotherm of 61.1°C is very close to the value of measured tem-
perature T, = 61.4°C. The calculated temperature of the net-
work water in the heat exchange station is 42.8°C, whereas the
value of the measured temperature T,,,,, totals 43.25°C. The dif-
ference between the measured and the calculated temperature of
the network water leaving the heat exchange station is AT, =
(43.3°C — 42.8°C) = 0.5°C. This small temperature difference
is an effect of the inaccuracy of the measurement of the volume
flow rates of the two mediums and their inlet and outlet temper-

atures.

7. Conclusions

The paper presents an analysis of the heat flow in a heat ex-
change station being the main heat source for the heating system
of a multi-family building using individual microstations
(logotherms) located in each residential unit to supply heat and
produce domestic hot water for individual apartments. The
method of calculating the product of the heat transfer coefficient
k and the heat exchange surface area A is presented. In order to
verify the correctness of the measured values of the temperatures
of hot and cold water at the heat exchange station inlet and out-
let, they were compared to the values calculated using the
£-NTU method. Good agreement was found between the results
of the calculations and the measurements.

The heating medium temperature in the district heating sys-
tem in the summer period is a constant value totalling 70°C. The
heating medium temperature can be a bit lower in the case of
buildings located far away from the heat source. The minimum
temperature of the water feeding the logotherm from this source
totals about 60°C, which means that the temperature of the heat-
ing medium flowing in the district heating network is only a lit-
tle higher than the required temperature of the water feeding the
heating microstations. The value of the minimum temperature
of the medium feeding the logotherms depends on the required
maximum temperature of domestic hot water of 55°C.
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In the summer period, the demand for heat of systems based
on logotherms is low due to the low power needed to heat water
for the purposes of domestic hot water preparation. Beyond the
heating season, the drop in the system water temperature is
slight. The temperature of the medium circulating in the con-
sumer’s system to feed the logotherms is maintained at the re-
quired level by regulating the mass flow rate of the water flow-
ing through the heat exchange station.

In order for the heat exchange station co-operating with the
internal system feeding the logotherms in individual apartments
to maintain appropriate operating parameters, both on the side
of the high-temperature medium and the low-temperature me-
dium, an adequate well-adjusted network distributing the heat-
ing medium to the microstations (logotherms) should be en-
sured. Otherwise, too high temperatures of the heating medium
returning to the district heating system may occur. In apartments
heated using micro heat exchange stations (logotherms), it is
also possible to install central heating radiators with a larger heat
exchange surface area. This will make it possible to lower the
water temperature at the return from the central heating system
to the heat exchange station. Owing to that, the mass flow rate
of hot water in the municipal network can be reduced, which
will translate into a lower temperature of the water from the heat
exchange station and a reduction in the power needed to pump
hot water in the network.

References
[1] Siegenthaler, J. (2022). Modern Hydronic Heating: For Residen-
tial and Light Commercial Buildings (4th ed.). Cengage Learn-
ing, Boston. ISBN 9781337904919.

88

[2]

(3]

(4]

[5]

(6]

(7]

(8]
(9]
[10]

[11]

[12]

Wiltshire, R. (2015). Advanced District Heating and Cooling
(DHC) Systems, Woodhead Publishing, Cambridge. ISBN
9781782423744,

Li, Z., Liu, J., Jia, L., & Wang, Y. (2023). Improving room tem-
perature stability and operation efficiency using a model predic-
tive control method for a district heating station. Energy and
Buildings, 287, 112990. doi: 10.1016/j.enbuild.2023.112990
Sarbu, I.; Mirza, M., & Muntean, D. (2022). Integration of Re-
newable Energy Sources into Low-Temperature District Heating
Systems: A Review. Energies, 15(18), 6523. doi: 10.3390/
en15186523

Zaborowska, E. (2023). Design principles for hydronic district
heating substations. Wydawnictwo Politechniki Gdanskiej,
Gdansk. ISBN 978-83-7348-575-4.

Gorski, J., Baran, J., Gniewek—Grzybczyk, B., Maludzifski, B.,
Wojciechowski, J., Wojtas, K., Grela, J., & Krupa, J. (2008).
Thermal power generation: A handbook. TARBONUS, Krakow
— Tarnobrzeg. ISBN: 978-83-7394-219-6 (in Polish).

Koczyk, H. (2009). Practical heating. Design, installation, en-
ergy certification, operation (2nd ed.). SYSTHERM D. Gazinska
s.j., Poznafi. ISBN 978-83-61265-12-2 (in Polish).
Kotodziejezyk, L. (1984) Thermal management in heating. Wy-
dawnictwo Arkady, Warszawa. ISBN: 83-213-3172-6.

Ojczyk, G. (2011). Hot water ‘at a glance’. Instalator, 2(1) (in
Polish).

Ojczyk, G. (2011). Residential heat exchange stations. Dynamic
heating, Instalator, 8(8) (in Polish).

LogoThermic G2 - Installation and operating instructions.
https://flamco.aalberts-hfc.com/pl/docfinder/istrukcje/meibes/
t+m [accessed 19 Apr. 2024].

Herz DelLuxe residential station Krakow. https://katalog.herz.
com.pl/pl/stacje-mieszkaniowe/78-stacja-mieszkaniowa.html (in
Polish) [accessed 19 Apr. 2024].



Committee on Thermodynamics and Combustion
Polish Academy of Sciences

Co-published by
Institute of Fluid-Flow Machinery
Polish Academy of Sciences

Copyright©2024 by the Authors under licence CC BY 4.0

©

ARCHIVES

OF THERMODYNAMICS

http://www.imp.gda.pl/archives-of-thermodynamics,

Effects of Joule heating due to magnetohydrodynamic
slip flow in an inclined channel

Jagadeeshwar Pashikanti®®, Santhosh Thota?, Susmitha Priyadharshini?

2Indian Institute of Information Technology Tiruchirappalli, Trichy - Madurai Highway, Sethurapatti, Tamil Nadu 620012, India
*Corresponding author email: jagadeeshwarp@iiitt.ac.in

Received: 25.07.2023; revised: 12.01.2024; accepted: 05.05.2024

Abstract

Graphene oxide nanoparticles with higher thermal conductivity aid in enhancing the flow and heat transport in magnetohy-
drodynamic devices such as magnetohydrodynamic pumps. Modelling such devices with promising applications inherently
necessitates entropy studies to ensure efficient models. This investigation theoretically studies the entropy generation in
magnetohydrodynamic flow of graphene oxide in an inclined channel. Buongiorno nanofluid model is used including the
impacts of nanoparticle attributes, namely thermophoretic and Brownian diffusion along with viscous dissipation effects.
The spectral quasi-linearization method with Chebyshev’s polynomials is adapted to solve the differential equations under
slip conditions. On studying the effects of implanted parameters, it is concluded that the conductive heat transfer enhancement
by the Hartmann number is remarked. The Bejan number is found to be greater than 0.9 and hence, heat transfer primarily
causes the entropy generation. A good agreement is found between the results for special cases and the results from the
literature. Furthermore, investigations conclude that entropy is contributed primarily by heat transfer.
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1. Introduction

Nanofluids are preferred to other conventional viscous and mi-
crofluids for their effective heat transfer properties. Addition-
ally, they keep the flow channels from obstruction, deposition
and erosion. Literature suggests that thermophoresis and Brown-
ian motion affect the sole significant slip mechanisms in
nanofluid flows [1]. The performance of nanofluids varies ac-
cording to the volume fraction, choice of geometry, base fluids
and hybridized nanoparticles, and the needs in demand [2-4].
However, the results from computational studies conclude that
graphene oxide (GO) aids in maximizing heat transfer rates be-

cause of its excellent thermal conductivity [5-8]. Some of the
applications of graphene-based nanofluids include their use in
lithium-ion batteries, biosensors, supercapacitors, medical sus-
pensions, etc.

Some classical numerical studies on the fluid flow in in-
clined channels include the study of fully developed laminar
flow in the channel of two parallel plates with an inclination an-
gle. The opposing flow was studied under uniform flux condi-
tions with actual flow characteristics [9]. Choi and Eastman [10]
studied the impacts of natural convective flow with a heat source
between two parallel plates. The results show a strong depend-
ence of the Nusselt number on the inclination angle for values
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Nomenclature

Bo — magnetic field strength

Be - Bejan number, Be = Nsn/Ns

C — concentration, -

Cp - specific heat capacity, J/(kg-K)

Ct  —skin friction

De - Brownian diffusivity

Ec - Eckert number, Ec = Uo®/ (retiCpbf(T2-T1))
g - gravity, m/s?

Gr - Grashof number

h — domain height, m

Ha - Hartmann number

J — Joule heating parameter

Mm — parameter of combined mass and heat transfer, Mm = RDgCo/xuf
No  — Brownian motion parameter

Nr  — Buoyancy ratio

Ns - nondimensional entropy generation number
Nu  — Nusselt number

p — pressure, Pa

Pr  —Prandtl number, Pr = xCpot/xbt

Re —Reynolds number

Rsc —suction/injection parameter

S — slip parameter

Se  —entropy generation rate

Sh — Sherwood number

Su - velocity slip length/factor, m

T — temperature, K

u — velocity, m/s

higher than /4. Talabi and Nwabuko [11] numerically analysed
the convective heat transfer flow in an inclined channel com-
prising a parabolic and a horizontal wall under isothermal and
constant heat flux conditions. Solutions using the staggered dif-
ferencing (SD) technique suggest that Grashof and Prandtl num-
bers improve the Nusselt number for both isothermal and heat
flux cases.

Literature suggests that GO and hybrid graphene nanoparti-
cles suspended in ethylene glycol (EG) and water (H20) are the
common graphene-based nanofluids in theoretical and experi-
mental studies [12]. Analytical investigations on GO nanofluid
flow in moving plates suggest a significant improvement in heat
transfer with improved nanoparticle volume fractions [13]. Gul
et al. [14] conducted a comparative analysis of GO flow dis-
persed in water and ethylene glycol (W-EG) in an upright chan-
nel with interpretations that the ethylene glycol (EG) based
nanofluid has a higher thermal efficiency than water. Shahzad
et al. [15] analysed the experimental and theoretical impacts of
kerosene-based GO nanofluid flow on a parabolic trough surface
accumulator (PTSC). A 15% enhancement in heat transfer rate
of the nanofluid in comparison to kerosene is documented. Naz-
ari et al. [16] experimented to study the impacts of varying con-
centrations of W-GO nanofluids on pulsating heat pipe (PHP).
From the results, it is interpreted that the nanoparticles posi-
tively impacted the heat transfer of water in lower concentra-
tions. The impacts were negative for a high concentration of 1.5
grams per litre. Dehghan et al. [17] analysed the effects of forced
convective flow of GO nanofluids in an inclined backwards-fac-
ing step (BFS). Simulations of the microchannel of double BFS
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— suction/injection velocity
— Cartesian coordinates, m

Greek symbols

— inclination angle, rad

— thermal expansion coefficient, 1/K
— thermal conductivity, W/(m K)

— dynamic viscosity, Pa s

— density, kg/m?

— electrical conductivity

— heat capacity ratio

— temperature parameter, Qr = T2/T1
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Subscripts and Superscripts

a  —upper plate

b — lower plate

bf - base fluid

nf  —nanofluid

sp - solid particle

Se  —irreversibilities caused by combined heat and mass transfer
Sn —irreversibilities caused by heat transfer and fluid friction

Abbreviations and Acronyms
GO - graphene oxide

MHD  — magnetohydrodynamics

ODE - ordinary differential equation
PHP — pulsating heat pipe

SLM — successive linearization method

show a 12.3% enhancement in heat transfer coefficient com-
pared to that of water. Pashikanti et al. [18] conducted an en-
tropy generation analysis on the flow of graphene oxide
nanofluid in an inclined channel in the presence of a magnetic
field. They concluded that the flow velocity enhancement by the
Hartmann number is remarked.

Graphene-based nanofluids yield amplified industrial signif-
icance when hybridised with other metal or semi-conductor na-
noparticles and polymers. For instance, they are used in adsor-
bent materials, lubricant additives, humidity sensors, photoca-
talysis and heat transfer applications. Javanmard et al. [19] in-
vestigated the magnetohydrodynamic (MHD) flow of W-GO
nanofluids in a horizontal channel due to forced convection. Nu-
merical results are interpreted to enhance the convection at the
walls with nanoparticle volume fraction.

Hafeez et al. [20] numerically analysed the Jeffery-Hamel
flow of copper and GO nanoparticles in convergent and diver-
gent channels. The magnetic parameter is seen to lower the skin
friction drag in the magnetohydrodynamic flow. Raza et al. [21]
investigated the impacts of the convective flow of Casson fluid
dispersed with GO and molybdenum disulphide (MoS;) nano-
particles. A fractional derivative model is developed, and the re-
sults show that the Atangana-Baleanu (AB) model is stable com-
pared to the Caputo-Fabrizio (CF) model, and the velocity pro-
files decrease with the fractional parameters. Computational
fluid flow investigations on hybrid graphene nanofluids, such as
the study of the impacts of shape factors due to the flow of ker-
osene-based GO and MoS; nanofluids in an inclined porous
channel, reveal the enhancement of heat transfer with lamina-
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shaped nanoparticles [22].

Combining the magnetohydrodynamic studies with nanoflu-
idics is essential for their applications in industries and biomed-
icine, such as molten pumps contributing to coolants in nuclear
reactors, drug delivery, etc. Similarly, studying the impacts of
viscous dissipation on fluid flow helps with a better understand-
ing of the energy loss due to the interactions of liquid particles,
thereby aiding the utilisation of the fluids as better lubricants.
Akram et al. [23] studied the flow of Oldroyd 4-constant
nanofluids in a non-uniform inclined channel with magnetic
field and cross-diffusion effects. From the results obtained,
chemical reaction and Brownian motion are interpreted to re-
duce mass transfer. Nazeer [24] analysed Eyring-Powell fluid
flow suspended with gold and silver particles, including mag-
netic field effects. The results document a lesser skin friction
drag for gold particles than for silver particles. Yasin et al. [25]
analysed the impacts of an inclined magnetic field on the flow
of blood-based nanofluid hybridised with silver and copper na-
noparticles in a symmetric channel. Studying the effects of Joule
heating, viscous dissipation, heat sink/source and thermal radia-
tion, the conclusions reveal that the magnetic effects positively
affect velocity while reducing the temperature, and the homoge-
neous reactions are found to improve blood circulation.

Computational fluid flow studies under convective condi-
tions, such as the analysis of entropy in an inclined channel due
to micropolar fluid flow under convective and slip conditions by
Srinivasacharya and Hima Bindu reveal that the Reynolds num-
ber and coupling number keep the entropy in check [26]. The
interesting works on steady Maxwell fluid past an exponentially
stretching/shrinking sheet with various effects along multiple
slip conditions show that the values of the skin friction, Nusselt
number and Sherwood number decline due to enhancement in
the time relaxation parameter; temperature and concentration
distribution decline due to thermal and concentration stratifica-
tion parameters and incline due to the relaxation parameter, and
the mass transfer rate augments due to the thermophoretic pa-
rameter [27-29]. Further studies on micropolar fluids over ex-
ponentially stretching cylinders under slip conditions with mi-
croorganisms reveal that skin friction declines. At the same
time, the Nusselt number inclines with stretching and micropo-
lar parameters; velocity, thermal energy, and microorganism
numbers enhances by the slip parameter, while temperature in-
creases with the time relaxation parameter. A transient two-di-
mensional radiative Oldroyd-B nanofluid flow is examined by
e.g. Khan, Nadeem and Ahmad et al. [30—34] on an exponen-
tially stretching porous surface with microorganisms to improve
the stability of the nanofluid. The results reveal that the higher
values of the relaxation parameter correspond to the maximum
heat and mass transfer rate.

The contribution of graphene-based nanoparticles to renew-
able energy and thermal conductivity enhancement reassures
economically large-scale applications as coolants and in power
storage and capacity. Hence, computationally investigating gra-
phene-based nanofluids flow in several geometries is significant
for qualitative references. The novelty of this paper is that it
aims to bridge the gap of computationally studying the impacts
of Joule heating due to the flow of GO nanoparticles dispersed
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in water in an inclined channel, which is an unexplored problem.
The flow is modelled, and the equations are numerically solved
to graph the results.

2. Mathematical formulation

The flow geometry comprises two parallel plates aligned with
an angle of inclination o (in radians). Water with dispersed GO
nanoparticles flows steadily in the channel. The representative
flow picture is shown in Fig. 1.
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Fig. 1. Representative picture of the problem.

We consider the body forces due to gravity and the charac-
teristic effects such as Brownian motion and thermophoresis,
which are the only significant slip mechanisms in nanofluid
flows. Irrespective of the flow, Brownian motion is the random
motion of nanoparticles in the fluid, and thermophoresis is the
movement of the nanoparticles from hotter to colder regions.
Thus, the problem is modelled, taking into account the afore-
mentioned effects and adapting the Buongiorno nanofluid model
[1] as follows:

ou _
E — Y, (1)
ou 0 02
PurVo 5+ 38 = tnp T2+ ((0BInp (T = T =€) +
~(psp = Por)(C = C2)) gsina — oy pB3u,  (2)
fny (92T | DTN Inf poo
(Pcp)nf (ayz) * D oy T Ta (63’) * (PCp)nf Bou 0 (3)
d%c | DT d°T
Pooy ¥ 75y =0 @)
and the slip boundary conditions are
_ . ou
- aty=-h: u=5u$, T=T, C=C, (5a)
~ aty=h: u=—Sug—;,T=Tb, C=¢, (5b)

The notations T, Ty, Caand Cy, represent fluid temperatures
(in Kelvin) and concentrations at the upper and lower plates,
respectively and Sy is the velocity slip length/factor (in meter)
which reflects the amount of liquid slip at a given surface. The
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slip length is the distance beyond the solid-liquid interface
where the liquid velocity linearly extrapolates to zero.
Table 1 presents the values of thermophysical properties
[35,36], and their definitions are as follows:

Ubf

Hnp = G gyzse (6a)
pnr = (1 = P)pys + Ppgy, (6b)
(pcp)nf =(1- cb)(pcp)bf + d)(pCp)Sp, (6¢)
PB)ns = 1= 2)(pBps + P(pB)sp, (6d)
Knf _ xsp+2xbf+2¢(th—xsp), (6¢)

Kpf Ksp+2Kp =P (Kpf—Ksp)
- (6f)

a = .
nf (pCp)nf

The subscripts nf, sp and bf indicate nanofluid, solid particle
and base fluid. In contrast, the quantities «, C,, £, u and p, re-
spectively, denote thermal conductivity, specific heat capacity,
thermal expansion coefficient, dynamic viscosity and density.

Table 1. Thermophysical properties [37-40].

Property and units Water GO
p, kg/m? 997.1 1800
Gy, J/ (kg K) 4179 717
&, W/(m K) 0.613 5000
8,1075/K 21 28.4
6,S/m 0.005 107

The following similarity variables are used to transform the
modelled equations Egs. (1)—(5):

n=y, u=Ufm), 0=;=r  @=_"x ()

The transformed ODEs are given as:
f'— AyRgef + g—ZAZ(Ag,Q — N,¢)sina — A,P, — A,Haf =0, (8)
0" + As(Np,0" + Nyp'®) + AgJ f2 = 0, 9)
" +g—;9” =0, (10)

such that

—an=-1:. f-Sf'=0, 6=0¢=0 (1l
—atp=1: f+Sf'=0, 6=1 ¢=1. (11b)

The constant coefficients (A;, | = 1 to 6) and the dimension-
less parameters used namely the suction/injection parameter
Rsc, the buoyancy ratio Ny, heat capacity ratio z, thermophoresis
parameter N;, Brownian motion parameter Ny, Grashof number
Gr, Reynolds number Re, Hartmann number Ha, Joule heating
parameter J and slip parameter S are defined as:
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Ai=1-0+d22 4, =1 -0)25
Pbf
D o
Ay=1- @+ 220 A, =2L(1 - 9)?,
(PBpf Obf
Ay =10+ 0Ps _ Inf Koy
(pCp)ys Obf Knf'
C oprBER? opBEUZR?
Pr:#bfpbf Ha = Zbr50 ) — Zbf70%0 ,
Kpr Hbf kpf(Tp—Ta)
9By(1-Ca)(Th=Ta)h?p}
RSC = poV()h, Gr = o 2 2 £ bf!
Kbf Hpr
_ (psp=pPpf)(Cp—Ca) _ wD7(Tp—Tqa) S Su
T (B)pf(Tr-Ta)(1—Ca) ' t aprTa a’
= o Re = Prloh N, = TB(Ch=Ca)
L7 voupp ox’ Hpr b apr

Practically significant values such as Sherwood number Sh,
skin friction Ct and Nusselt number Nu are derived as:

atn = £1

Nu=-6'(n), Sh=-¢'(n),
where the constant c is given by:

Cr = cof'(m),

-1

&= (1= )25 (1= @) + D (py/psr))

In the next section, a derivation and an analysis for the en-
tropy is presented.

3. Entropy analysis

The entropy generation analysis is done in order to under-
stand and minimize the loss of energy and thereby enhancing the
efficiency of the model and performance of the device. By the
law of increased entropy, the generated entropy is contributed
from temperature, viscous dissipation and concentration. Thus,
the entropy generation rate, Sg is written as [41]:

aT\?2 ou\2 1 [8c\?
G+ ) o (29
aT\ [oC
)+
Here, the expressions on the right side are ascribed to the
thermodynamic irreversibilities caused by temperature, fluid
friction and combined mass and heat transfer. From Sg and char-
acteristic entropy generation rate, Sco = xnf(T2-T1)%/(T1L)%, we
write the nondimensional entropy generation number as

Ns = SG/SGo.
From Egs. (7) and (12), we have:

an
Té

Hnf
Ta

SG= +

1

Ta

2
UnfBO 2
—u-.

Ta

(12)

(g, EPr o, 2 (0 0
4NS_)((9 totf +C3anr(ar¢ +0')+
J
C4ﬂ_'[‘f2) = Nsh + NSG + NS] y (13)

where the subscripts Sy, Sg and S; respectively correspond to the
irreversibilities caused by heat transfer and fluid friction, com-
bined heat and mass transfer and Joule heating. The parameters
in Eq. (13) are given by constant y = h%/L?, temperature param-



Effects of Joule heating due to magnetohydrodynamic slip flow in an inclined channel

eter Qr = T,/T4, concentration parameter Q¢ = C,/C4, and the pa-
rameter of combined mass and heat transfer My = RDgColkxr,
Eckert number Ec = U (.ofCpbi(T2—T1)), Prandtl number
Pr = uCpnilor and the constants are given by ¢, = (1-®) kil nt
and ¢z = (1-@)2%, ¢4 = (revioni)/ (o).

Bejan number, Be = Ngi/Ns determines the principal source
for entropy generation [42]. From this ratio, it is dictated that
heat transfer mainly influences the entropy if Be > 0.5, while,
fluid friction and mass and heat transfer fundamentally contrib-
utes to the entropy if Be < 0.5 and all the three irreversibilities
contribute equally if Be = 0.5 [43].

4. Numerical solution

The ODEs (8)—(11) are solved by adapting the spectral quasilin-
earization method (SQLM) [26,44,45] and the solution proce-
dure is as follows:

i.  The nonlinear terms about the solution are expanded using
the Taylor series, and the higher-order derivatives are ne-
glected.

The spectral collocation method is applied to the linearised
equations, and the functions are iterated using Chebyshev
polynomials at the collocation points.

A suitable bijection is mapped from the domain to the col-
location points.

Approximations and the derivatives are substituted in the
linearized equations to obtain a matrix equation, which is
solved using MATLAB.

We linearize the nonlinear terms by using the expansion of
Taylor series. Let f;, 8r and ¢, be the solution of the differential
equations. Then, assuming fr+1, fr+1 and ¢r+1 to be the improved
solutions, the system of ODEs is solved using an iterative
method. By expanding the nonlinear terms using the expansion
of Taylor series about the solution and discarding the higher de-
rivatives, the following linearized equations and their associated
boundary conditions are obtained:

r,-’0—1 + al,rf‘r’+1 + a2,rfr+1 + a3,r9r+1 + a4,r¢r+1 = Qs,rs (14)

by fr + 60741 + by b) + b3 = by, (15)
17071 + ¢ =0, (16)

such that
—atn=-1 fr11 =S fis1 =0, Or41 = =0, (170)
—atn=1 fr1+Sf =0, 041 =¢ryy =1. (17b)

The coefficients in the above equations are given by:

a,, =—A1Rs, ay,=—-AHa, a3, =A A3 sm a,
Q= —Ay o NTSinG,  ag, = APy, by, =244 f,
byr = AsNp@'y + 245N @'y, bz, = AsNy0y,
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=
1r — Nb'

bsr = AsNy0,¢'s + AsN.6,” + Ag] [,

We apply the collocation method by using Chebyshev poly-
nomials and iterating f, 6 and ¢ at the Gauss-Lobatto collocation
points & = cos(xnj/N), j =0, 1, 2, ..., N [45]. Thus, we approximate
the unknown functions as:

frir(§) = 1]¥=0fr+1(€k)Tk(€j)‘
0,41(8) = XN_0 0,11 EOTe (&),

¢r+1(f) = 11¥=0 ¢r+1(S(k)Tk(fj),
where Chebyshev polynomial T«(¢) is given by:

Ti(&) = cos(kcos(Q)).

Further, the following equations give the derivatives:

(18)

ar fr+1

;N!

=Xk=0Dijfrs1@),  j=0,1,..

A 6r+1 —
an”

(19)

Il¥=ODI:jer+1(fk)v j=01,..,N

ar ¢r+1 _

N.

ZN ODk]¢r+1($k) ] = 0, 1, .

Here 0 = D/2 is called the Chebyshev differentiation matrix.
On substituting Eq. (18) and Eq. (19) in Egs. (14)—-(17), we
obtain:

AYrs1 = Ry, (20)

associated with the conditions:
(1 + SDoo) fy41(€0) + S Thoy Dorfraa (€) = 0, (21a)
Br41(§0) = tra1(80) = 0, (21b)
S T¥=d DS (6 + (1 = SDyw)fr (64 = 0, (210)
Brs1(En) = Bras(€n) = 1. (21d)

We choose the initial approximations fo = 0, 6o = ¢o = (1-#)/2
in order to satisfy Eq. (17) and the Eq. (20) is recursively iterated
at &, j=0,1, .., N by substituting Eq. (21), to the order of ap-
proximation. Hence, the obtained solution is graphed and inter-
preted. These initial conditions are iterated to obtain the numer-
ical solution.

5. Results

The equation (20) is solved to graphically depict the results with
interpretations. The parameters are varied in the practical range
and the effects of different parameters are studied [46,47]. Since,
the Newtonian behavior of water based nanofluid is considered,
fixed values of @ = 0.01 and Pr = 6.5 are taken. The other pa-
rameter values are taken to be as Ec = 105, Gr =2x10% S = 0.5,
Np = 4x10%4 Re =300, Ny =2x10* Ry =5, a =n/4, J = 3x1075,
Ha = 2 and N = 2, unless mentioned otherwise. The order of
SLM approximation is taken to be N = 100 and the convergence
of results is obtained at a tenth iteration. The results for the case
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Table 2. Comparison of f(5) calculated by the present method for
Ec= Rec=1,P;=-1,Pr=0.7landS=J=Ha=0and Ai=1, (i=1, 2,
3,4, 5, 6) [48] (an approximation of 7 values is taken, because of the use
of Gauss-Lobatto collocation points).

Present study Makinde and Eegunjobi [48]

n fin) n fln)

0 0 0 0
0.100158 0.038849 0.1 0.038793
0.201048 0.071451 0.2 0.071149
0.299985 0.096387 0.3 0.09639
0.400145 0.113789 0.4 0.113769
0.500000 0.122459 0.5 0.122459
0.601394 0.121461 0.6 0.121546
0.700015 0.110017 0.7 0.11002
0.80021 0.086702 0.8 0.086764
0.900783 0.050207 0.9 0.050545

1 0 1 0

of ECc=Rsc=1,P1=-1,Pr=0.71and S = J = Ha = 0 agree with
the results from Makinde and Eegunjobi [48] (refer to Table 2).
Figure 2 depicts the influence of Re on f, Ns and Be. With the
rising Reynolds number, viscous forces decrease and the nano-
fluid moves with a greater velocity. Hence, the flow velocity in-
creases in the proximity of the upper plate and a lesser velocity
is observed near the lower plate (Fig. 2a). Similarly, entropy
number decreases near the upper plate and increases near the
lower plate (Fig. 2b). There is a consequent increase in Bejan
number, suggesting the contribution of mass transfer and fluid
friction and to the generated entropy (Fig. 2c).

The impacts of a on f, Ns and Be are presented in Fig. 3. As
the angle of inclination increases, a drop in velocity is observed
(Fig. 3a). Whereas, an increase in angle of inclination values
causes an enhancement in Ns values (Fig. 3b). This consequently
causes the Bejan number to decrease (Fig. 3c), thus pronouncing
the contribution of fluid friction and mass transfer to the gener-
ated entropy.
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Fig. 3. Impacts of a on: a) f, b) Ns and c) Be.

Figure 4 presents the effects of Ry on f, Ns and Be. As the
suction parameter is enhanced, the fluid velocity depletes
throughout the channel except near the upper plate. Whereas, the
injection parameter increases, the fluid velocity increases
throughout the channel except near the upper plate. In the mid-
dle of the channel, both suction and injection parameters en-
hance the velocity (Fig. 4a). Figure 4b represents that the en-
tropy number increases in the middle of the flow channel. This
results in the reverse trend of Bejan number (Fig. 4c), indicating
the contribution of fluid friction and mass transfer irreversibili-
ties to the generated entropy throughout the channel.

Figure 5 shows the impacts of J on Ns and Be. Increasing the
Joule heating parameter increases the entropy generation and
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hence, Ns increases (Fig. 5a). It impacts on depletion of Bejan
number (Fig. 5b). Hence, the Joule heating parameter contrib-
utes to entropy generation from combined heat and mass transfer
and fluid friction.

It is clear from Fig. 6a that the enhancement in Ha, enhances
the fluid velocity, contradicting the anticipated reduction due to
the Lorentz force. Similarly, as Ha increases, an increase in en-
tropy number is observed (Fig. 6b). This results in an enhanced
Be (Fig. 6¢), which signifies the contribution of mass transfer
and fluid friction to the generated entropy.

Figure 7 depicts the impacts of S on f, Ns and Be. It is clear
from Fig. 7a that the increasing slip velocity values reduce the
nanofluid flow velocity near the upper plate. Whereas, it is seen



from Fig. 7b that when S increases, the entropy near the surface
of the plates decreases and that in the middle of the flow channel
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irreversibilities.

increases. This causes an opposite trend in Be (Fig. 7¢) thus

implying the dominance of fluid friction and mass transfer
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0.99 4

0.96

1.060

b)

-1.0

1.0424

0.988 4

0.970

1.000

a) 1.0

06 02 M

0z

—J=3
nes2q_ _ j-g
J=9
—-=J=10
. 0.940 v T T T
0.6 1.0 b) 1.0 0.6 02 M o0z 06 1.0
Fig. 5. Impacts of J x 10~50n:(a) Ns and b) Be.
1.000

a) 1.0 06 02 n 02

06 1.0 b)

1.060

104247 7

0.988 4

0.970

-1.0

06 02 N o2 0.6 1.0
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Fig. 7. Impacts of S on: a) f, b) Ns and c) Be.
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Table 3 presents the values for Nu, Sh and Cs at the lower
plate for different values of the input parameters. The Nusselt
number, by definition, is the ratio of heat transfer due to convec-
tion to conduction. Clearly, when the parameters Rs, «, Ha and
S are increased, Nu and thereby, convective heat transfer quality
enhances. While the values of Ha increase, Nu values are sup-
posed to increase, and an enhancement is observed, thus imply-
ing the improvement in convective heat transfer quality. Where-
as, the injection parameter, Ny, Nt and J reduce the values of Nu.

This means, the Joule heating parameter heats up the surface of
the channels by conduction and hence a reduction in Nu is ob-
served. Similarly, when Re, Ny, injection parameter and J values
are increased, convective mass transfer increases and hence Sh
improves, causing an enhancement in convective mass transfer.
Likewise, Ha has an improving effect on mass diffusivity, thus
resulting in lesser Sh values. Considering the skin friction drag,
the parameter Ny, suction parameter, o and J values have a con-
trolling effect on C:.

Table 3. Nusselt number, Sherwood number and skin friction values, where J x 1075,

Re N» \ Rsc o
100 0.0004 0.0002 5 /4
200 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
400 0.0004 0.0002 5 /4
300 0.0002 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0006 0.0002 5 /4
300 0.0008 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0003 5 /4
300 0.0004 0.0004 5 /4
300 0.0004 0.0005 5 /4
300 0.0004 0.0002 -5 /4
300 0.0004 0.0002 0 /4
300 0.0004 0.0002 2 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /6
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /3
300 0.0004 0.0002 5 /2
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4
300 0.0004 0.0002 5 /4

6. Conclusions

On examining the flow of water suspended with GO nanoparti-
cles in between two plates aligned with an angle of inclination
and including the impacts of Joule heating, we infer the follow-
ing:
e Velocity is improved by enhancing the Hartman number,
Reynolds number and injection parameter values. Hence,
the flow is better in the presence of magnetic field.
Convective heat transfer is improved by the Hartman num-
ber, suction parameter, angle of inclination and slip param-
eter. Therefore, compared to the flow in a horizontal chan-

O O W W W W W W WWwWWwWwwwwwwwwwwowowwsw

Jany
N

W W w w w w ww
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Ha S -6'(1) -¢'(1) 4;f'(1)
2 0.5 1.066592 0.966704 -40.024441
2 0.5 1.018198 0.990901 -20.920922
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.00445 0.997775 -10.586109
2 0.5 1.008119 0.991881 -14.021619
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.008008 0.997331 -14.086336
2 0.5 1.007919 0.99802 -14.09466
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.008003 0.993998 -14.046363
2 0.5 1.007921 0.992079 -14.022999
2 0.5 1.00784 0.990201 -13.999866
2 0.5 1.015474 0.992263 -18.912752
2 0.5 1.019284 0.990358 -20.936399
2 0.5 1.014996 0.992502 -18.553952
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.003926 0.998037 -9.985362
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.012178 0.993911 -17.17123
2 0.5 1.016207 0.991896 -19.75859
2 0.5 1.008085 0.995957 -14.06996
2 0.5 1.006763 0.996619 -14.072372
2 0.5 1.00544 0.99728 -14.074783
2 0.5 1.004118 0.997941 -14.077193
1 0.5 1.007139 0.99643 -15.725448
2 0.5 1.008085 0.995957 -14.06996
3 0.5 1.008418 0.995791 -13.496468
4 0.5 1.008588 0.995706 -13.205481
2 0 1.006043 0.996978 -27.092764
2 0.3 1.0066 0.9967 -17.493855
2 0.5 1.008085 0.995957 -14.06996
2 1 1.011167 0.994416 -9.433658

nel where the slip condition is ignored, better thermal per-
formance is achieved with the inclined channel in the pres-
ence of a magnetic field and considering slip conditions.
Brownian motion of the nanoparticles significantly con-
tributes to mass transfer since convective mass transfer is
increased by raising values of the Brownian motion param-
eter, Reynolds number, injection parameter and Joule heat-
ing parameter.

Since Be > 0.9, heat transfer primarily causes the entropy
generation, even though the varying parameter values fee-
bly contribute to entropy due to mass transfer and fluid
friction.



Effects of Joule heating due to magnetohydrodynamic slip flow in an inclined channel

The problem considered is useful in automobile radiators,
heat exchangers, manufacturing polymers and fertilizers, and
food processing. The investigation can be further extended by
examining the flow of graphene oxide nanofluid in various other
geometries and exploring the nanofluid's non-Newtonian behav-
iour.
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Abstract

There is no doubt that the miniaturization of various electronic devices, including processors, servers, micro-electromechan-
ical system devices, etc. has resulted in increased overall performance. However, there is a major problem with thermal
management in these devices, as well as in many others. One of the most promising solutions is liquid cooled microchannel
heat sink. In the current work, different cases of open micro pin-fin configurations of heat sink were considered. The con-
figurations considered were a uniform height micro pin-fin heat sink, three-stepped unidirectional micro pin-fin heat sink
and three-stepped bi-directional micro pin-fin heat sink. These configurations were also oriented in two dissimilar fashions,
i.e. inline and staggered, so the total of six heat sink configurations are compared and analysed. Using single phase water as
a coolant and copper as a substrate, these configurations were simulated numerically for different Reynolds numbers
(10-160) under heat flux of 500 kW/m?. It can be concluded that at low Reynolds numbers, steepness does not contribute
much in both inline and staggered arrangements, while at higher Reynolds numbers, 3 stepped staggered configurations has
revealed the best performance due to boosted fluid mixing and more projecting secondary flow. Furthermore, bi-direction-
ality in steepness shows augmented performance only in inline arrangement.

Keywords: Open microchannel heat sink; Periodic stepped; Out of plane fluid mixing; Thermo-hydraulic performance;
Numerical analysis
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1. Introduction chips and micro electromechanical systems. It is certain that it

will reach 10 000 kW/m? in the immediate future [1]. It is pos-

The trend of miniaturization has led to the increased generation  sible for such devices to fail permanently if heat generation is
of heat flux in many engineering devices, such as electronic not properly managed. This quantity of heat cannot be removed
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Nomenclature

A —area, mm?

cp — specific heat, J/(kg-K)

Dn — hydraulic diameter, mm

H - height, mm

k  — thermal conductivity, W/(m-K)
L —length, mm

N — total number of pin fins

Nu — average Nusselt number

Ap — pressure drop, Pa

q - heat flux, KW/m?

Re — Reynolds number

T —temperature, K

T, — average bottom wall temperature, K
TPF- thermal performance factor

U - velocity, m/s

V - velocity matrix, m/s

W — width, mm

Greek symbols
u — dynamic viscosity, Pa-s

by natural or forced air convection, and a better cooling system
is necessary [2].

Micro heat pipes, jet impingement, thermoelectric, carbon
nanotubes, spray cooling, and microchannels have proven capa-
ble of dissipating an enormous amount of heat [3, 4], and due to
its ease of application and smaller coolant volume requirement,
microchannel heat sinks (MCHS) have gained extensive popu-
larity in the research fraternity.

Since Tuckerman and Pease [5] implemented microchannels
for cooling electronic circuits, various approaches have been
used to enhance the cooling performance. A number of external
factors, such as vibrations, electric fields, magnetic fields, etc.
are used to enhance the performance of MCHS in active tech-
niques [6]. In passive techniques, the innovative geometry of the
heat sink and various working fluids have been used to increase
performance [7]. Working fluid modification such as nanoflu-
ids, phase change material slurries [8,9], and the use of multi-
phase approach [10] has been more extensively studied, while
some innovative designs built into the microchannel are multi-
layer microchannels, the use of vortex generator in the micro-
channel, multiple bifurcation, pin-fin arrangement, etc. [6]. The
main idea behind using these geometrical altercations is en-
hanced wetted surface area, i.e. convective area, and better fluid
mixing.

Generally, micro pin-fin heat sink (MPFHS) is having pin
fin height equivalent to the channel height and termed as closed
MPFHS. Next, it was proposed to keep the fins' height lesser
than the channel height to achieve the clearance. In order to im-
prove thermal performance, the pin fin tip clearance should be
between 20% and 25% of channel height [6]. The same range of
tip clearance was also proven through experimental work [11].
It was observed that a larger tip clearance results in lesser con-
vective area while a smaller tip clearance does offers better flow
mixing. To further augment the heat transfer capacity, Bhandari

p  — density, kg/m?

Subscripts and Superscripts
avg —average

b — bottom

bulk — bulk fluid

ch  —channel

eff — effective

f —fin

in  —inlet

| — liquid

0 — base configuration

S — substrate

wl - solid liquid interface

Abbreviations and Acronyms

HS — heat sink

MCHS — microchannel heat sink

MEMS — micro-electromechanical system
MPFHS — micro pin fin heat sink

STEP  —stepped

uo — uniform

and Prajapati [12, 13] opted for a stepped arrangement of
MPFHS, replacing the uniform tip clearance arrangement. They
found that the pin fin in step size of three rows has yielded better
results compared to two and four pin fin rows. They also pointed
out that increasing the tip clearance along the flow direction has
a better performance than the decreasing pattern. Earlier the
stepped arrangement was considered only along the microchan-
nel length direction. To further increase the fluid mixing,
Bhandari [14] opted for a stepped arrangement along both the
microchannel length and microchannel width directions. The de-
velopment of stepness in MPFHS is shown in Fig. 1.

Bidirectional Stepped
micro pin fin heat sink

Uniform micro pin
fin heat sink

Unidirectional Stepped
micro pin fin heat sink

Fig. 1. Various cases of MPFHS.

Two dissimilar pin-fin arrangements, i.e. inline and stag-
gered were often considered in MPFHS designs. An experi-
mental comparison [15] revealed that staggered configurations
possess greater heat transfer coefficients and friction factors
compared to inline arrangements under similar flow rates and
packaging densities. However, prevailing differences in perfor-
mance diminish with the increasing packaging density. Kesha-
varz et al. [16] examined the performance of circular and drop
shaped MPFHS having inline and staggered arrangements. The
authors perceived that the staggered arrangement has a higher
outlet temperature for lesser fin density, while the inline ar-
rangement has more outlet temperature for moderate pin-fin
density. However, for all pin-fin density configurations, the
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staggered arrangement has a higher pressure drop compared to
the inline arrangement. In recent work by Bhandari et al. [17],
different pin fin shapes were analyzed. They found that four-side
arrangements have the best performance among different cases.
The fluid flow mixing is one of the important factors that affects
the thermo-hydraulic performance [18].

The micro pin fin heat sink represents a crucial innovation
with diverse applications across several domains [19—21]. Pri-
marily, it plays a pivotal role in battery thermal management
systems, ensuring the efficient dissipation of heat generated dur-
ing charging and discharging processes. This is particularly rel-
evant in the context of advancing battery technologies, where
effective thermal control is imperative for enhancing overall
performance and longevity. Moreover, the utilization of micro
pin fin heat sinks extends to hydrogen storage systems, contrib-
uting to the optimal management of thermal conditions in the
storage process. In the realm of solar photovoltaic (PV) technol-
ogy, these heat sinks find application in cooling systems, ad-
dressing the challenge of excess heat accumulation during solar
energy conversion [22—26]. Additionally, in electronics cooling,
microchannel heat sinks play a vital role in addressing thermal
challenges associated with modern, compact electronic devices,
enhancing their reliability and longevity [27, 28]. This under-
scores the versatility of micro pin fin heat sinks in facilitating
enhanced thermal regulation across diverse technological do-
mains. Recent advancements in materials and design methodol-
ogies further underscore the ongoing development in this field,
emphasizing the contemporary relevance of micro pin fin heat
sinks in addressing evolving thermal management needs.

In the present work, the directionality of stepped MPFHS
configurations has been numerically studied in two different
fashions. The total of six different configurations have been
compared on the basis of the average Nusselt number (Nu), pres-
sure drop (Ap) and thermal performance factor (TPF). It is the
primary objective of the existing work to investigate out-of-
plane mixing in MPFHS.

2. Mathematical modelling

2.1. Heat sink geometry

A numerical analysis of different MPFHS configurations is car-
ried out in the present work. The total of six MPSHS configura-
tions were chosen, including three in inline arrangement and the
others in staggered arrangement. All MPFHS geometrical con-
structions are as follows:

1) Uniform inline MPFHS (UO inline): In this configuration,
pin fins have uniform height throughout the heat sink
length and width. Pin fin height of 0.375 mm is kept in
channel of height 0.5 mm. Further, fins are arranged in in-
line style. This configuration is kept as a base configura-
tion to assess the total performance of modified sinks.

2) Uniform staggered MPFHS (UO stagerred): A staggered
arrangement of pin-fins in this configuration is character-
ized by equal height and even spacing.

3) Three-stepped inline unidirectional MPFHS (3 step inline):
The pin-fin height differs in three consecutive rows, i.e.
along the channel length only.

4) Three-stepped staggered unidirectional MPFHS (3 step
staggered): Similar configuration as described in (c) but ar-
ranged in staggered fashion.

5) Three-stepped inline bidirectional MPFHS (3 x 3 step in-
line): Pin-fin height variation takes place along both longi-
tudinal direction and transverse direction in inline fashion.

6) Three-stepped staggered bidirectional MPFHS (3 x 3 step
staggered): Similar to 5), but arranged in staggered fash-
ion. The perspective view and top view of 3 x 3 step stag-
gered configuration are depicted in Fig. 2.
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Fig. 2. Three-stepped staggered bidirectional MPFHS
(3 x 3 step staggered): (a) Perspective view; (b) Top view
with its geometrical specification in mm.

As depicted above, a 3-D model of the heat sinks (HS) has
been designed to conduct the current simulation work. The foot-
print area and overall height of the considered cases are equal,
namely 10.13 x 7.875 x 1.5 mm. In all cases, pin fins have
a square cross section, which measures 0.375 mm by 0.375 mm.
The pin fins are positioned differently across nine columns, each
with twelve fins along the channel length. So, the total of 108
pin fins are there in every heat sink. The thorough geometrical
specifications of the open MPFHS are tabulated in Table 1.

Table 1. MPFHS geometrical specifications.

Parameter Value (mm)
MPFHS length (L) 10.125
MPFHS width (W) 7.875
Micro Fin height variation (Hy) 300-375-450
total height of Heat sink (H = Hcnt+Hp) 1.5
Bottom wall thickness (H») 1
Footprint dimension of fin (W) 0.375x0.375
Pitch between two successive pin-fins
0.375

along channel length
Pitch between two successive pin-fins

- 0.375
along channel width
Total fins in each configuration 108

2.2. Solution methodology

Fluid flow and thermal characteristics of projected MPFHS
cases under different flow rates were examined using the same
operating conditions. Simulations were performed using AN-
SYS Fluent Version 18.0 commercial code to study the different
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heat sink geometries, where geometry and meshing have been
carried out in Workbench. Copper is the substrate of the heat
sink, while liquid water is the coolant.

The steady-state basic governing equations, i.e. continuity
Eq. (1), momentum Eq. (2), and energy Eq. (3) applicable for
the fluid flow zone are:

V- (aV) =0, €y
V-V(pV) = =Vp+ V- (V) +pg, )
V- V(p, c, VT,) = V- (k, VT)). 3)

In the above equations 7 is the velocity matrix. The energy
equation for solid substrates is:

V- (k,VT,) = 0. 4)

The thermo-physical properties of single phase liquid water
vary with temperature. For more accurate results, the same has
also been incorporated into the simulation. The variation of lig-
uid thermophysical properties is a polynomial function of tem-
perature [28, 30], while the substrate material has constant prop-
erties. Both properties of substrate and working fluid are listed
in Table 2.

Table 2. Thermo-physical property of substrate material and working
fluid.

Thermo-
physical Copper Working fluid (Water)
property
Density 89783 o(T) = 76533 + 1.8142 7- 0.0035 7>
kg/m
Specific 381 c,(7) = 28070 - 281.7 T+ 1.25 7
heat J/(Kg-K) -(2.48x103) 7% + (1.857x10°°) T*
I::;’::' 387.6 K(T) =-0.5752 + (6.397x103) T
o . _ -6

tivity W/(m-K) (8.151x10°) 7

— 2y -4
Viscosity | u(T) = (9.67x10%) - (8207x101) T

+ (2.344%10°6) 72 - (2.244x10°) T

The pressure drop was evaluated as a pressure difference be-
tween the inlet and outlet. The Reynolds number (Re) was cal-
culated based on the heat sink pin fin hydraulic diameter accord-
ing to:

_ PUinDp
Re = . (5)

Based on the expression below, the average Nusselt number
Nu has been calculated

J— hD D
Nu=-t=__Jefich (6)
kp (Tavgwi=Tbuik, )k

where, the area weighted average temperature of the heat sink's
s-l interface is T,,q,y Thux ; IS the bulk volumetric working

fluid temperature. As the wetted surface area is greater than the
foot print area, the effective heat flux (ger) has been opted in Nu.

The effective heat flux is the heat flux applied on the interface
and has been evaluated according to Eq. (7):

A
eff = ALV:’ @)
where Ay and Ay refer to the bottom wall surface area or foot-
print area and the solid-liquid contact area of the heat sink, re-
spectively. Regardless of the configuration, both areas remain
the same.

2.3. Boundary conditions

In current numerical work, a uniform heat flux of 500 kW/m?
has been applied. Previous studies [6,11] have shown that the
heat flux has little influence on microchannel heat sink proper-
ties. So, only one heat flux condition has been studied. Except
for the bottom wall, all outer walls are adiabatic. Working fluid
with a temperature of 298 K was taken with inlet velocity vary-
ing from 0.1 to 0.4 m/s. Pressure—velocity coupling was based
on the SIMPLE algorithm, and the equations were solved using
the Gauss-Seidel iterative technique.

2.4. Grid independence

In order to prevent any errors resulting from coarse mesh, a grid
independence test was performed before the broad analysis. The
uniform inline (UO) MPFHS case having unit grid size variation
was considered. In total, three different cases were simulated
with Re = 110 and g = 500 kW/m?. Table 3 enlists the complete
details of the grid independence test. Two parameters — pressure
drop (Ap) and average bottom wall temperature (wa) were com-
pared for a varying number of elements. It is observed that the
differences in results for fine and very fine grid structures are
less than 3%, but time taken for the simulation is doubled. So,
the fine mesh type is chosen in simulation of all MPFHS cases.

Table 3. Grid independence test performed on uniform inline (UO) con-
figuration for Re = 110.

Mesh Number Pressure Percentage
Type of elements drop variation
Coarse 256 849 430.846

Fine 1994 845 458.4352 6.40%
Very Fine 4674 104 467.694 2.01%
Mesh Average bottom Percentage

Type wall temperature variation

Coarse 335.6415

Fine 333.6879 0.58%

Very Fine 332.8774 0.24%

2.5. Model validation

Using the methodologies of the proposed model, the work of Ali
and Arshad [29] has been reproduced to validate the present nu-
merical work. ldentical boundary conditions and similar micro
pin fin geometry have been used to predict the results. Under
a heat flux of 37.2 kW/m?, the bottom wall temperature was
compared for different flow rates. Furthermore, it is compared
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to the numerical work by Ambreen and Kim [30], as they have
also used a similar geometry [29]. Based on the present simula-
tion and the literatures, the predicted average bottom wall tem-
perature is shown in Fig. 3. Observations of the present results
show decent agreement with both literatures, with an extreme
deviation of 5%.
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Fig. 3. Present numerical work validation with previous work [29-30].

3. Results and discussion

On simulating different heat sink configurations under heat flux
of 500 kKW/m?, the parameters Nu and T}, were evaluated for a
series of Reynold numbers (Re). The variation of Nu with Re for
different MPFHS cases has been shown in Fig. 4(a). As depicted
in the figure, with a rise in Re, there is a rise in Nu value but
with a decreasing rate. This can be attributed to an increase in
entrance length. There is a distinct gap between inline and stag-
gered configurations for all heat sinks, which is quite obvious
due to enhanced fluid mixing. It is exciting to note that for inline
configurations, 3 x 3 step MPFHS has shown top performance
followed by 3 step inline and UO inline configuration. While,
for staggered configurations, the differentiation is not clearly
visible up to Re < 70, and afterwards, 3 step (staggered) config-
uration has yielded a better Nu value compared to 3 x 3 step
(staggered) and UO (staggered) configuration. The observed
conduct is entirely contingent on how the working fluid moves
within the heat sink.

The influence of Reynolds number (Re) on the average tem-
perature of the bottom wall (7},,) was illustrated in Fig. 4(b) for
different cases of the heat sink.

~+— UO(Inline) —— UO(Inline) —— 3 Step (Staggered)
—— UO (staggered) —e— 3x3 Step (Inline)

—v— 3 Step (Inline) —s— 3x3 Step (Staggered)

+— 3 Step (Staggered)
—a— UO (staggered) —e— 3x3 Step (Inline)

15 —»— 3 Step (Inline) —a— 3x3 Step (Staggered)

5

o 380 F

¢ 500 kW/m?

g =500 kW/m?

r

X
29 :z, 40
7 330 F
& 320
F 310
3 : 300 - R
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Re Re
(@) (b)
Fig. 4. Deviation of: (a) Nu; (b) 7,, with Re for different
MPFHS configuration.

The average bottom wall temperature T}, is calculated as the
area-weighted normal temperature of the lower wall of the heat
sink where the heat flux is applied. Across various configura-
tions of the heat sink, a consistent trend in the bottom wall tem-
perature with respect to Reynolds number was observed. The
general understanding is that as the Reynolds number increases,
the coolant flow rate also increases, leading to more effective
heat transfer from the heat sink and a decreased bottom wall heat
sink temperature. A significant difference was observed be-
tween inline and staggered arrangements due to better fluid flow
through the channel. Among all configurations, 3 step (stag-
gered) configuration has shown the lowest value of T, for
Re > 70 and for Re < 70; it is UO staggered configuration. This
is due to a higher heat transfer rate in this case. It can be con-
cluded that heat sink usage at low Reynold numbers is not justi-
fied as there is less heat transfer than.

The variation of Ap with Re for different MPFHS cases has
been plotted in Fig. 5(a). It is recognized that as Re increases,
there is a corresponding rise in the pressure drop (Ap) due to
elevated flow resistance. Additionally, the gradient of the Ap
curve becomes steeper as the Reynolds number value increases.
Among different configurations, 3 step staggered configuration
has yielded highest value of pressure drop, while UO inline con-
figuration has shown the lowest Ap. This is due to increase in
flow obstruction in the heat sink. The gap between inline and
staggered arrangements kept on increasing with the rise in Re.

To further evaluate the design efficacy of heat sinks, the ther-
mal performance factor (TPF) was plotted in Fig. 5(b). The en-
hancement of the average Nusselt number through diverse de-
sign modifications invariably involves incurring a pressure drop
penalty [22]. Consequently, researchers have endeavored to as-
sess the effectiveness of these designs using various parameters
such as thermo-hydraulic performance, figure of merit, and co-
efficient of performance [22,31-33]. In the current study, the
overall performance of various heat sink configurations was
evaluated based on the parameter TPF. The thermal perfor-
mance factor based on Eq. (8) has been calculated to assess the
overall performance of MPFHS configurations.

—+— UO(Inline) —+— 3 Step (Staggered)
—a— UO (staggered) —e— 3x3 Step (Inline)
—v— 3 Step (Inline) —=— 3x3 Step (Staggered)

—a— UO (staggered)
—v— 3 Step (Inline)
14 —o— 3 Step (Staggered)
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—a— 3x3 Step (Staggered
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Re Re

@ (b)

Fig. 5. Deviation of: (a) Ap; (b) TPF with Re.

All configurations have shown the TPF value > 1 except at
lower values of Re. The design modifications have augmented
thermal characteristics with the least pressure drop penalty.
Among all configurations, UO stepped configuration has the
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maximum value of TPF up to Re < 80, while for Re > 80, 3 step
staggered configuration has depicted the highest TPF value.

The TPF value for UO stepped, 3 step staggered and
3 x 3 step staggered configurations of MPFHS has shown an
increasing trend up to Re = 80 and afterwards it starts decreas-
ing. This is attributed to exponential enhancement in pumping
power at higher Re values. Whereas, the other configurations,
i.e. 3 step inline and 3 x 3 step inline have shown an increasing
slope with the increase in Reynolds number, and at higher Re
values, the curves tend to flatten.

4. Conclusions

In current work, numerical relative analysis has been done for
different configurations of open MPFHS. Mainly three design
parameters (stepness, arrangement and directionality) are simu-
lated and analysed using six different MPFHS configurations.
Using single phase liquid water as a coolant and Cu as a sub-
strate, present cases were compared for a range of Reynolds
number and a heat flux of 500 kW/m?. It can be concluded that
stepness in pin fin configurations has yielded more augmenta-
tion in the inline arrangement rather than in the staggered ar-
rangement. Furthermore, the stepped arrangement has less im-
pact at low values of Reynolds number, i.e. for Re < 70, its in-
fluence kept on increasing with Re. Bi-directional pin fin height
variation is beneficial only in the inline arrangement while has
a negative impact on the staggered arrangement.
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Abstract

This paper investigates entropy generation rate in a temperature-dependent variable viscosity unsteady nanofluid flow past
a convectively heated impulsively moving permeable cylindrical surface. The governing equations based on the modified
Stokes first problem assumption are obtained and transformed using appropriate similarity variables into nonlinear ordinary
differential equations. The numerical shooting method together with the Runge-Kutta Fehlberg integration scheme are
employed to effectively solve the problem. The effects of related parameters on the nanofluid velocity, temperature, skin
friction, Nusselt number, entropy generation rate and Bejan number are displayed graphically and quantitatively explained.
It is found that an upsurge in nanoparticles volume fraction enhances the skin friction, Nusselt number, entropy production

rate and the Bejan number.
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1. Introduction

Impulsively moving permeable heated cylindrical surface in
an infinite nanofluid medium has a wide range of applications
in engineering and industries. Such applications can be found in
the production of composite substances, rocket launching, tor-
pedo, missile, fired bullet, the processing of porous materials,
submarine, thermal insulation, fuel production, glass processing,
and thermal solar panels. Theoretically speaking, this problem
is closely related to an extension of Stokes first problem of un-
steady boundary layer flow past a moving cylindrical surface, as
discussed by Stokes [1]. Meanwhile, Choi [2] coined the term

nanofluid to describe the engineered colloidal suspension of na-
nometer-sized particles in a base fluid. The novelty of nanoflu-
ids lies in their heat transfer enhancement capability. Conse-
quently, studies related to the boundary layer flow of nanofluid
past a moving surface have attracted global attention due to their
useful applications in many industrial and engineering sectors,
as highlighted by Kuznetsov and Nield [3] and others [4-7].

In addition, the generation of entropy is also important in en-
suring the effective functioning of fluid flow and thermal sys-
tems. This concept takes into account the depletion of useful
energy within the system, as explained by Bejan [8]. Therefore,
reducing the entropy generation rate is important in optimizing
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Nomenclature

Be - Bejan number <Be = 1:—N_2)

N1

Bi - thermal Biot number (Bi = %v_ft)
f

Cr - skin friction
Cp - specific heat at constant pressure, J/(kg s)
Ec - Eckert number
Eg - volumetric entropy generation
h - heat transfer coefficient, W/(m2K)
k - fluid thermal conductivity, W/(m K)
N1 - irreversibility because of heat transfer
N2z - entropy generation because of viscous dissipation
Ns - dimensionless entropy production rate
Nu- Nusselt number (Nu = M)
kp(Tp—Teo)
the thermodynamic performance of many engineering flow pro-
cesses. Woods [9] states that the first law of thermodynamics is
essentially a statement about the conservation of energy, while
the second law of thermodynamics highlights how entropy gen-
eration makes technological processes irreversible. Theoretical
studies on the second law analysis of fluid flow with heat trans-
fer characteristics was pioneered by Bejan [10]. Butt et al. [11]
examined the impact of entropy generation on a boundary layer
flow and heat transfer of nanofluid over a cylindrical surface.
Rana and Shukla [12] analytically investigated the effects of en-
tropy production on hydromagnetic boundary layer flow of
nanofluid past a flat plate with aligned magnetic fields, ohmic
heating and viscous dissipation. Freidoonimehr and Rahimi [13]
reported an exact solution for hydromagnetic nanofluid flow and
heat transfer with entropy generation past a permeable stretch-
ing/shrinking sheet surface. The problem of inherent irreversi-
bility in nanofluid flow over a convectively heated radially
stretching disk was numerically examined by Das et al. [14].
Khan et al [15], explored the theoretical analysis for thermal and
mass transport of Maxwell nanofluid along permeable shrinking
surface. The results showed that the thermal boundary layer
thickness decreases with stronger suction influence, resulting in
an increase in heat and mass transfer rate. Zahmatkesh et al. [16]
analyzed the effects of entropy generation rate on stagnation
point flow of nanofluid towards a permeable cylindrical surface
with uniform surface suction and injection. Muhammad and
Makinde [17] discussed the thermodynamics irreversibility in an
unsteady hydromagnetic mixed convective flow over a porous
vertical surface under the combined impact of thermal radiation
and velocity slip. Das et al. [18] numerically investigated the
unsteady hydromagnetic boundary layer flow and heat transfer
of nanofluid past an impulsive convectively heated stretching
sheet with heat source/sink. The entropy generation and heat
transfer of dissipative mixed convection of nanofluid over a ver-
tical cylindrical surface was explored by Agrawal and Kaswan
[19]. Kumar and Mondal [20] studied the flow of heat-radiating
hybrid nanofluids through a stretchable rotating disk with en-
tropy generation in the presence of a magnetic field. The effects
of entropy generation rate on MHD boundary layer flow of a ra-
diating carbon nano-tubes nanofluid was numerically investi-
gated by Mandal and Pal [21].

Pr - Prandtl number (Pr = ”’;{—C”’r)
f

T - fluid temperature, K

Greek symbols
B - variable viscosity parameter
n - dimensionless gap between two-cylinder
6 - dimensionless temperature
A — horizontal movement parameter
u - fluid dynamic viscosity (ambient temperature), kg/(m s)
p - density of the fluid, kg/m3

Abbreviations and Acronyms

ODE - ordinary differential equation
IVP —initial value problem
MHD - magnetohydrodynamic

The aim of this study is to investigate the rate at which en-
tropy is produced in a flow of nanofluids with temperature-de-
pendent viscosity past a permeable cylindrical surface that is
heated and moves impulsively in both vertical and horizontal di-
rections. This research focused on using copper as nanoparticles
and water as the base fluid. Previous research has not explored
this particular geometry, so this study aims to fill that gap in the
literature. Moreover, the inclusion of viscous and porous dissi-
pation terms in the energy equation enables us to examine their
effect on fluid flow and heat transfer. The relevant equations
governing the system are derived and transformed into ordinary
differential equations using appropriate similarity variables. To
solve the model problem, a numerical procedure called shooting
method is employed, which reformulates the original boundary
value problem to a related initial value problem (IVPs) with its
appropriate initial conditions, presented by Ha [22]. The result-
ant IVP is solved numerically using the Runge-Kutta-Fehlberg
integration scheme method for solving linear ordinary differen-
tial equations. The results obtained show the impact of various
parameters on velocity, temperature, skin friction, Nusselt num-
ber, entropy generation rate, and Bejan number. These results
are presented graphically and discussed in detail.

2. Model problem

Consider an unsteady flow of a variable viscosity Cu-water
nanofluid generated by the impulsive motion of a convectively
heated permeable cylindrical surface. It is assumed that the cy-
lindrical body is subjected to both horizontal and vertical motion
as shown in Fig. 1 below.

N

Permeable Surface

Fig. 1. Geometry of the problem.
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The equations that govern the flow field in the boundary
layer are based on the above assumptions, the conservation of
mass, momentum, energy and entropy generation. Using the
boundary layer approximation, as discussed by Munawar et al.
[23], the governing equations of continuity, momentum, energy
and entropy generation rate in cylindrical coordinates, may be
written in the usual notation as [6,16,19,23]:

u 14

P @
u ou u 1 0 u
SV (G-t = (e 5), )
o L yOr _ Knp 109 ( 0Ty, Hnp (0u)?
ot +V ar (pCp)nfr or (T 6r) + (pCp)nf (6r) ! (3)
By = o (IY g e (2 @
g — (Tf_Tw)Z ar (Tf-Teo) \O7/ '

subjected to the boundary conditions
— atr =a(t):
u(at) = Uy, —k; 5 (a,t) = he[Ty — T(a,£)], (5a)

— asr — oo; u(oo,t) » Uy, T(o0,t) = Ty,

(5b)

where u is the velocity in the z-direction while V is the velocity
in the r-direction of the cylindrical polar coordinates, r is the
radius of the cylinder, z is the axial distance, t is the time, U is
the free stream velocity, Uy is the velocity of cylindrical surface
impulsive motion, unr — the nanofluid dynamic viscosity, p,s —
the nanofluid density, T is the temperature, kqr is the conductivity
of the nanofluid, (pCp)ns — the specific heat capacitance of
nanofluid, Tt is the hot fluid temperature at the surface, T. is the
free stream temperature, ki — thermal conductivity of the base
fluid, and hs is the heat transfer coefficient. The physical prop-
erties of water together with copper nanoparticles are listed in
Table 1 below.

Table 1. Nanoparticles and base fluid thermophysical properties [25,26].

Materials p [kg/m?3] Gy [J/(kgK)] k [W/(mK)]
Pure water 997.1 4179 0.613
Copper (Cu) 8933 385 401

2.1. Similarity transformation

The system of differential Equations (1)—(5) consists of coupled
nonlinear equations. Specific feasible similarity transformations
can be utilized to transform the nonlinear system of partial dif-
ferential equations into a nonlinear system of ordinary differen-
tial equations to achieve such simplifications. The following
similarity variables are taken into consideration:

1= V=L 06 = w= UL
(6)
—M(Tf—Too)
ure
ﬂzM(Tf_Too)’ ‘u-nfzf(l_T, a(t) =S Vft

By substituting Eqg. (6) into Egs. (1)-(5) we obtain the di-
mensionless ordinary differential equations:

F' 4 |2 — 0" + A ApeP® (24 o) P - 2 efIF =0,

T]+S
(@)
0" + [n—is + Pra,As (2 + ¢)| 6 + A3 4,PrEce 9 (F')? = 0,
@)
No= (S2) 07 + ey = 0 ©)
S \ky (-¢)2s ’
subjected to the boundary conditions:
F(0) = 2, 0'(0) = —Bi(1 —0(0)),
(10)
F() =1, 0(0) = 0.
The dimensionless parameters are defined as:
A= A =190, Ay =(1-¢)7
f
_ kf _ (Pcp)nf _ U
Ay = kny 57 (ocp), A=, (D
pr=H% gt peo Ve
ke ke ! () ((Tf=Te0)

The physical parameters of interest influencing the flow sys-
tem are ¢ which represents the nanofluid volume fraction,  rep-
resenting the variable viscosity parameter of the nanofluid, s
representing the vertical movement of the cylindrical surface; Pr
is the base fluid Prandtl number (Pr = 6.2), which is a ratio of
momentum diffusivity to thermal diffusivity, Ec is the Eckert
number that defines a ratio of the advective mass transfer to the
heat dissipation, A is the horizontal movement of the model,
¢ > 0 represents nanofluid suction and ¢ < 0 is the nanofluid in-
jection, Ns is the dimensionless entropy generation rate and Bi is
the Biot number defined as the ratio of thermal resistance be-
tween the body and the surface of the body.

Other interesting engineering quantities are the coefficient of
skin friction Cs, the Nusselt number Nu and the Bejan number
Be, given by the following equations:

Re.Cr = —e_(ig_(:;}o) , Nu= —5%6’(0), Be = 1+ch’
where: t
Cf = p;_vljfo' = % y Ty = anz_z |r=a(t);

Ty =—kar 5 lrea, Rec =22 13)
L

and N is the heat transfer irreversibility (HTI), N is the fluid
friction irreversibility (FFI), @ is the irreversibility ratio, 7, is
the cylindrical surface shear stress, q,, is the dimensional heat
flux, Re; is the local Reynolds number.
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For a constant viscosity convectional fluid flow past an im-
permeable stationary cylindrical surface, f=c=¢=A1=0and
s = 1. The model Eqg. (7) is amenable to exact solution based on
the boundary conditions in Eq. (10) and we obtain:

E; @412 —Ei(1, %
o M)

3. Numerical procedure

(14)

The shooting technique with the Runge-Kutta-Fehlberg integral
scheme is a numerical method used to solve model equations.
The dimensionless boundary value problem in the resulting
Egs. (7)—(8), is converted into an initial value problem (I\VVP) by
letting:

X1 = F(U): Xy = F’(n)» X3 = 9(7))' Xy = 9,(7}) (15)

and obtaining:

X =x, (16)

Y N VR Bxs (1)
X' =5 3x, [n+5 Bx, + A A,eP*s ( —+ c)]xz,
a7
X3, = X4 (18)

' 1 + -
X, =— [n: + BAAs (B2 4 )] oy — AgAyPEce P73 ()%,
(19)

with the initial conditions:

x1(0) = 4, x(0) = a;,

x3(0) = ay, x,(0) = =Bi(1 — a,).

(20a)
(20b)

The initial values of a; and a, are guessed initially and
successively obtained using the Newton-Raphson method. The
numerical value is estimated using the shooting procedure. If
these boundary conditions are not satisfied to the required accu-
racy, the procedure is repeated with a new set of initial condi-
tions until the required accuracy is acquired or a limit to the it-
eration is reached [23]. The resultant I\VVP is solved numerically
using any appropriate method for solving nonlinear ordinary dif-
ferential equations (ODE). Then the subsequent system of a set
of nonlinear ODEs is solved by using the Runge-Kutta-Fehlberg
integration scheme.

4. Results and discussion

To fully understand the heat and mass transfer properties in the
overall flow structure, numerical solutions showing the effect of
emerging thermophysical parameters on the nanofluids, temper-
ature profile, velocity profiles, skin friction, Nusselt number, en-
tropy generation, and Bejan number are discussed, and graph-
ically displayed in Figs. 2 to 15. To validate the accuracy of our
numerical procedure, the numerical results obtained for velocity
profiles are compared with their corresponding exact solutions
displayed in Eq. (14). A very excellent agreement is achieved as
depicted in Table 2. This undoubtedly attests to the accuracy of
our numerical procedure and the obtained results. Table 2 pre-
sents a comparison between the exact and numerical results

whenf=c=¢=A=0ands=1.

o 0.16
09 09
0.1
0s 08
#=001, 007, 0.15 0.7 A=0.1,03,05 o
¢=0.1,%=0.1,s = 0.1, Pr =6.2,
06 Bei A=l 5= 1, Prega 06 010 Ec = 0.1, Bi = 0.1, ¢ = 0.005
F'(y) 2= Ta b a5, 85 4, PT =05 F'(y) $=0.1,p=1,5=05,Pr=6.2 o)
03 Ec=2,Bi=01,c=01 V os Ec=0.1, Bi=05,¢ =001 V) 0.08
3=1,4,8
0.4 0 0.06 f
3 03 0.04
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Fig. 2. The impact ¢ of on the velocity
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For this study, we used Cu-water nanofluid because of its
high thermal conductivity. It can be observed from Fig. 2 that
there is a decrease in the velocity boundary layer thickness with
an increase in ¢ (nanoparticle volume fraction), this may be at-
tributed to a slight increase in the base fluid viscosity due to the
presence of nanoparticles. This improves the relationship be-
tween Cu-water nanofluid and the heated cylindrical surface re-
sulting in the heat transfer rate enhancement. A similar trend is
observed with the rise in the parameter values of A (surface hor-
izontal motion parameter). As the parameter 4 rises, the velocity
boundary layer thickness diminished, as a result, the interaction

number of Cu-water.

between the nanofluid and the heated cylindrical surface in-
creases as depicted in Fig. 3. Figures 4-5 show the parameter
effects on nanofluid thermal boundary layer thickness. A decline
in thermal boundary layer thickness and nanofluid temperature
are observed with an upsurge in 3 (variable viscosity parameter).
This can be observed by considering Eq. (6), as f increases the
viscosity of the nanofluid reduces causing the fluid to be less
dense affecting the heat transfer rate of the system (see Fig. 4).
In Fig. 5, the temperature profile shows that the temperature of
the nanofluid is maximized on the cylindrical surface by heat
convection, improving heat transfer and decreasing at a moder-
ate rate towards the free flow temperature far from the surface,
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hence an increase in the value of ¢ (nanoparticle volume frac-
tion) escalates the thermal boundary layer thickness.

Figures 6-7 show the parameter effects on skin friction be-
tween the nanofluid and the heated surface. It’s observed that
skin friction lessened with an upsurge in g (variable viscosity
parameter) and A (surface horizontal motion parameter). This is
evident that when the value of 5 amplifies, the nanofluid viscos-
ity is lightened reducing the friction caused by the copper nano-
particle on the cylindrical surface. However, with a rise in the
value of ¢ (nanoparticle volume fraction), the skin friction in-
tensifies due to the increasing presence of copper nanoparticles
in the base fluid as illustrated in Fig. 6. In Fig. 7, a decline in
skin friction is observed with elevated values of s (surface ver-
tical motion parameter) and c (nanofluid suction at the surface).
The effects of parameters on the Nusselt number which repre-
sents the rate at which heat is transferred from the heated surface
to the nanofluid are shown in Figs. 8-10. The heat transfer rate
is enhanced with an upsurge in the parameter value of ¢ and c
due to elevation in temperature gradient at the surface (see
Fig. 8). Similar results are observed in Figs. 9-10 with the rise
in B, 2 and s. The impact on the entropy generation rate by vari-
ous parameters is depicted in Figs. 11-13. In general, the en-
tropy generation rate attained its maximum value at the heated
cylindrical surface and steadily reduces to the value of zero far
away from the heated surface at the free stream region. How-
ever, the entropy generation rate is enhanced with an upsurge in
parameter values of ¢, Ec and s (see Figs. 11-12) but lessened
with a rise in parameter value of 4 (see Fig. 13).

This implies that an intensification in the number of nano-
particles in the base fluid coupled with the vertical motion of the
surface may boost the entropy production in the flow process,
consequently, lessening the flow efficiency. Figures 14-15 il-
lustrate the parameter effects on the Bejan number which is the
ratio of heat transfer irreversibility to the total entropy produc-
tion in the flow system. Generally, it is observed that the Bejan
number is minimum with zero value both at the cylindrical
heated surface and the free stream region, however, within the
boundary layer region the maximum value of the Bejan number
is achieved. This simply implies that only fluid friction irrevers-
ibility contributes to the entropy production rate both at the
heated surface and free stream region while the effects of both
heat transfer and fluid friction irreversibilities are heightened
within the boundary layer region. It is fascinating to mention that
an increase in ¢ and Ec enhances the impact of heat transfer ir-
reversibility in the flow process (Fig. 14) while an increase in 4
lessened the impact of heat transfer irreversibility as depicted in
Fig. 15.

5. Conclusions

The inherent irreversibility in unsteady nanofluid flow past
a convectively heated impulsively moving permeable cylindri-
cal surface has been investigated. The governing nonlinear dif-
ferential equations based on modified Stoke’s first problem as-
sumption were obtained and numerically examined via the
shooting method coupled with the Runge-Kutta-Fehlberg inte-
gration scheme. The main results can be summarized as follows:

e The velocity boundary layer thickness is reduced with an
upsurge in the nanoparticle’s volume fraction and surface
horizontal motion.

e The thermal boundary layer thickness diminished with a
decrease in nanofluid viscosity but amplified with increas-
ing nanoparticle volume fraction.

e The skin friction reduces with a rise in variable viscosity
parameter, surface horizontal motion parameter, surface
vertical motion parameter and nanofluid suction at the sur-
face but escalates with a rise in nanoparticle volume frac-
tion.

e The Nusselt number is enhanced with elevated values of
nanoparticle volume fraction, variable viscosity parameter,
nanofluid suction, horizontal and vertical motion parame-
ters.

e Maximum entropy production occurred at the heated cylin-
drical surface while the minimum was observed at the free
stream region. An increase in nanoparticle volume fraction,
Eckert number and surface vertical motion strengthens the
entropy generation rate while a rise in horizontal motion
lessened it.

e The Bejan number at both the heated surface and free
stream is zero, consequently, only fluid friction irreversi-
bility ensued. Within the boundary layer region, both heat
transfer irreversibility and fluid friction irreversibility oc-
curred with Be > 0. The Bejan number is enhanced with
a rise in nanoparticle volume fraction and Eckert number
but lessened with the heated surface horizontal motion.

In conclusion, entropy generation minimization is an essen-
tial factor for the efficient performance of a nanofluid thermal
boundary layer flow system. This can be achieved by appropri-
ately regulating the values of the emerging thermophysical pa-
rameters in the system. This will innovatively boost the coolant
effectiveness in various engineering and industrial applications.
It is observed that there are strong interdependencies of the flow
variables on entropy generation, and the investigation has poten-
tial utilizations in the thermal management and energy conver-
sion systems. For future research, concepts such as magneto-hy-
drodynamic and concentration can be included to better modify
the current model.
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Abstract

Indeed, nanofluids have garnered significant interest in various fields due to their numerous advantages and potential ap-
plications. The appeal of SiO, nanofluid, in particular, lies in its low preparation cost, simple production process, controlled
chemistry, environmental safety and its exceptional ability to be homogeneously suspended in the base fluid, which makes
it a promising candidate for a variety of applications. In this study, we investigate the flow analysis of a water based silicon
dioxide nanofluid, passing over a stretched cylinder while subjected to a continuous magnetic field, including Joule heating
effects. The research involves the development of a mathematical model and the formulation of governing equations rep-
resented as partial differential equations. These equations are subsequently transformed into non-linear ordinary differential
equations through suitable transformations. To obtain a numerical solution, the MATLAB bvp4c solver technique is em-
ployed. The study investigates the implications of dimensionless parameters on velocity and thermal distributions. It is
observed that the velocity distribution f'() exhibits a direct relationship with the volumetric fraction ¢ and an inverse
relationship with the unsteadiness parameter S, the magnetic parameter M, and the temperature distribution 6(#) shows an
enhancement for the increasing ¢ and M, as well as the Eckert number. However, it declines against S and the Prandtl
number. The results for local Nusselt number and skin frictions are depicted in Tables.
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OF THERMODYNAMICS

1. Introduction

Nanotechnology is the practice of manipulating matter at the
atomic, molecular and supramolecular levels. It encompasses
the design and construction of materials, electronics, and struc-
tures with dimensions ranging from 1-100 nm. Nanotechnology
finds application in diverse fields, such as environmental re-
search, medicine, materials science, energy, and electronics. By
working on such a minute scale, nanotechnology opens up new
possibilities and potential advancements in various industries

and scientific disciplines. Nanofluids refer to colloidal suspen-
sions of nanoparticles within a base fluid. These nanoparticles
vary in size from one to one hundred nanometers and can consist
of diverse materials, including metals, oxides, carbides, and car-
bon nanotubes. The base fluid can be water, oil or another type
of liquid. The concept of nanofluids was first proposed in the
early 1990s [1], and since then, extensive research has been con-
ducted to explore their potential applications in heat transfer.
The incorporation of nanoparticles in a nanofluid significantly
enhances the thermal conductivity of the base fluid, leading to
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Nomenclature

A —proportionality constant
B —magnetic field

b — dimensional constant

Ec — Eckert number
f'(n) — dimensionless velocity distribution

K —slip parameter

m  — shape factor

Nu  — Nusselt number

Pr  —Prandtl number

p — pressure

Re - Reynolds number

S — unsteadiness parameter
T — temperature, K

t —time, s

U — surface velocity, m/s

improved heat transfer performance across a wide range of ap-
plications such as electronic cooling, using the thermophysical
properties of SiO; in fuel cell [2], in a lithium ion battery, in the
presence of phase change material [3]. Akram et al. [4] studied
ethylene glycol based nanofluid for electroosmotic and peristal-
tic pumping, other authors employed similar nanofluidic models
in solar heating systems [5,6], and Ma et al. [7] extended the
models for nuclear power plants. Arif et al. [8] studied a frac-
tional model of coupled stress Casson tri-hybrid nano-fluid us-
ing dissimilar shape nanoparticles. A mathematical simulations
framework is proposed by Akram et al. [9] for peristaltic pump-
ing of nanofluid due to induced magnetic field in a non-uniform
channel.

A boundary layer refers to a slender layer of fluid that forms
as the fluid flows adjacent to a solid surface. Various engineer-
ing disciplines, such as aerodynamics, heat transport and fluid
mechanics, extensively depend on the understanding of bound-
ary layer flow. This phenomenon plays a crucial role in generat-
ing drag force experienced by objects moving through a fluid,
as well as facilitating the exchange of heat and mass between the
fluid and the solid item. In 1970, Crane [10] conducted pioneer-
ing research on boundary layer flow over a stretching surface.
He developed a mathematical model to describe the two-dimen-
sional incompressible flow of a Newtonian fluid within the
boundary layer. To solve this model, Crane utilized similarity
transformations, a powerful mathematical technique commonly
employed in fluid mechanics. Researchers have explored and
analyzed the flow behaviour for diverse shapes and arrange-
ments, contributing to a comprehensive understanding of this
fundamental fluid mechanics phenomenon.

Ahmed et al. [11] proposed a framework of hon-Newtonian
fluid model of Jeffrey type over a stretching sheet for a convec-
tive heat transfer. Meanwhile, Hayat et al. [12] provided a nu-
merical simulation for heat enhancement using copper nanopar-
ticles dispersed in ethylene glycol, and furthermore studied sim-
ilar models for diverse geometrical effects [13], and for the ax-
isymmetric stagnation point flow [14] over an unsteady radial
surface, the Casson fluid for convective squeeze flow [15].

Greek symbols
o, a1 — dimensional constants

n — similarity variable
&n) - dimensionless temperature distribution
v — kinematic viscosity, m?/s

u#  —dynamic viscosity, Pa-s
p  —density, kg/m?

o — electrical conductivity, S/m

@ — volumetric fraction of nanoparticles

Subscripts and Superscripts

f  —fluid
nf —nanofluid
s —solid particles

Abbreviations and Acronyms

MHD — magnetohydrodynamics
ODEs - ordinary differential equations
PDEs — partial differential equations

Jabeen et al. [16] studied numerically Williamson nanofluid in
the presence of viscous dissipation for bioconvection and energy
activation and the case of inclined stretching cylinder was con-
sidered by Othman et al. [17]. In a series of articles, Hayat et al.
[18] provided a comparative study of thin film flow for wide
range of nanofluidic particles in stretchable surfaces [19] using
boundary layer flows [20].

The study of Joule heating in nanofluids is a relatively recent
area of research that began in the early 2000s with initial inves-
tigations into this phenomenon. Subsequently, there has been
a notable increase in research efforts aimed at comprehending
the effects of Joule heating on nanofluids. This extensive explo-
ration has demonstrated that Joule heating has a significant im-
pact on the performance of nanofluids, highlighting its im-
portance as a critical factor to be taken into account in various
nanofluid-related applications and systems. The effects of Joule
heating are determined by the product of the magnetic parameter
and the Eckert number. Numerous studies have been conducted
to investigate the impact of Joule heating in magnetohydrody-
namic (MHD) channels under various conditions. This research
aims to understand the influence of Joule heating on fluid flow,
heat transfer, and other relevant phenomena in MHD systems.
Chen [21] explored the combined heat and mass transfer in
buoyancy-induced MHD natural convection flow of an electri-
cally conducting fluid down a vertical plate. Ohmic and viscous
heating effects are taken into account. Cao et al. [22] provided
an overview of the use of electrohydrodynamics and Joule heat-
ing effects of direct current (DC) and alternating current (AC)
in microfluidic chips. Hayat et al. [23] analyzed MHD flow of
Cu—water nanofluid over a stretched sheet. Joule heating and
viscous dissipation effects are also studied in this article. Maraj
et al. [24] examined effects of joule heating, partial slip and vis-
cous dissipation on an electrically conducting Casson nanofluid
flow, as well as heat and mass transfer, over a nonlinearly stret-
ched horizontal sheet. For Khashi'ie et al. [25] the main objec-
tives of the study are to achieve the duality of solutions and in-
vestigate the flow and heat transfer characteristics of the hybrid
nanofluid while it passes over a shrinking cylinder with the inf-
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luence of Joule heating. Naseem et al. [26] are considering an
MHDs boundary layer flow past a flat plate with the inclusion
of variable temperature, radiation, Joule heating and viscous dis-
sipation effects. Rehman et al. [27] investigates the characteris-
tics of the melting heat phenomenon in a Powell-Eyring fluid
flow deformed by a linearly stretchable sheet near the stagnation
point. To disclose the heat transport properties, the study incor-
porates quadratic thermal stratification, thermal radiation, vis-
cous dissipation and Joule heating. Investigation of the unsteady
stagnation-point flow performance of a TiO,-C,H¢0, nanofluid
around a shrinking horizontal cylinder is carried out by Ma-
khdoum et al. [28]. The research takes into consideration various
influencing factors such as a magnetic field, Joule heating, vis-
cous dissipation, nanoparticles aggregation and mass suction.
These elements are studied to understand their effects on the
boundary layer flow characteristics of the nanofluid. Raza et al.
[29] accomplished analysis of a radiative Sutterby nanofluid
flow containing suspended swimming microorganisms over a
stretchable cylinder. The article extensively explored the effects
of Brownian motion, thermophoresis, Joule heating and viscous
dissipation in the presence of stratification parameters. Alsaedi
et al. [30] described the bioconvective flow of Reiner-Rivlin lig-
uid susceptible to motile microorganisms.

Wazawa and Nagai [31] analyzed and characterized several
parameters in Joule heating due to ion currents through proteins
channel, and Manshadi and Beskok [32] extended the idea of
Joule heating induced transport in microchannels. In addition,
Khan et al. [33] and Narayanaswamy et al. [34] provided a new
framework on suppression of heat transfer in vertical tube
through suspension of alumina nanoparticles using Joule heating
and thermal radiations [35].

The peculiarity of this study lies in its examination of the
unsteady flow of nanofluid around a stretchable cylinder. Addi-
tionally, the study investigates the influence of different shapes
of Si0, nanoparticles on the nanofluid's flow behaviour and heat
transfer, particularly with consideration of the Joule heating ef-
fect. In this study, the impact of relevant factors on the flow and
temperature is graphically analyzed. Charts are employed to pre-
sent the computational results of skin friction coefficient and
heat transfer rate. The main findings are systematically orga-
nized and summarized in the conclusions section.

2. Physical and mathematical description of the
problem

In this particular problem, the stretching of a cylinder with sur-
face velocity along the z-axis

U(z,t) =

bz
1-aqt

induces an unsteady three-dimensional (3D) flow of nanofluid,
as illustrated in Fig. 1. The temperature field is denoted by

2

To(z,t) = Ty = T, 2= (1 — ayt) /2,

va
with a; and b representing dimensional constants. Here, T, is
the reference temperature, T, is the ambient temperature, and v,
is the kinematic viscosity of the base fluid. Additionally, a uni-
form magnetic field

B0
(1-a; )1/’

B (t) =

is considered to act along the radial axis.

~z-axis

Fig. 1. Physical model of flow, the red-arrow showing
the magnetic field along the r-axis.

According to the usual notation, governing equation of con-
tinuity, momentum, and thermal energy for the current study are
expressed as follows:

a a
or(ru) + az(rw) 0, (1)
w W w _ ”"_fi( "_W) _ W B
at+u6r+wﬁz_ r or rar anf'(l—alt)' @)

aT T aT Hnf (aw)2 a2T 1(6T)]
—_ —_ —_—= —— —_— - — )|+
at tu ar tw 0z pppCp \Or + g ar2 + r \or
G'nfBg 2
—Z——w*. (3)
[oClp),,

Equations (1)—(3) are subjected to the boundary conditions

e atr=R w=U, + Ay, u=0 T,=T

e asr — oo w->0, T-T, 4

Thermo-physical properties in Egs. (1)-(4) are defined in
Table 1.

Table 1. Thermophysical properties of nanofluid. [36,37].

Properties Mathematical form
Hn
Kinematic viscosity Unp = e
Pnf
tng = pp(1+ A1 + Ay07)

Onf = Uf(l — ) + ¢o,

Dynamic viscosity

Electrical conductivity

Density Py =1 —P)pr + Pps ,

Heat capacity (Pcp)nf =(1- ¢)(Pcp)f 4 ¢(Pcp)5'
key g

Diffusivity

Anr =7—~
" (pcp)nf

.. k Kst(m-1)k p+(m—1)(ks—k £
Thermal conductivity S o || 2SR |
kg kst (m-1)kp~(ks—kp)$

In addition to the previously mentioned parameters, the
equation involves the following coefficients and constants:
= Ag: viscosity enhancement coefficient,
= Ay heat capacitance coefficient,
= hy: convective heat transfer constant,
= A: proportionality constant,
= ¢: volume fraction of SiO; in the nanofluid.

117



Ali R., Igbal A., Abbass T., Arshad T., Shahzad A.

These coefficients and constants play crucial roles in deter-  volume fraction. Table 2 shows the values of the viscosity en-
mining the behaviour of the nanofluid flow and heat transfer,  hancement coefficient (A1), heat capacitance coefficient (Az) and
particularly in relation to the viscosity, heat capacitance, con-  form factors. Table 3 shows the thermo-physical characteristics
vective heat transfer and the influence of SiO, nanoparticles'  of the fluid and silica.

Table 2. Impact of incipient factors on skin friction —f " (0).

(0} S K Ec M Pr Sphere Blade Cylinder Platelets
0.02 0.2 0.5 0.5 0.5 6.0 0.80163391 0.9346161 1.1070321 1.2776538
0.04 - - - - - 0.83543901 1.091834 1.7184747 1.9118712
0.06 - - - - - 0.87173587 1.2441354 2.5194769 2.64974
0.08 - - - - 0.91043654 1.3928966 3.4801488 3.4868193
0.02 0.0 = = = = 0.77531893 0.90361498 1.0700079 1.2347688

- 0.2 - - - - 0.80163391 0.9346161 1.1070321 1.2776538

- 0.4 - - - - 0.82600329 0.96339731 1.1415057 1.3176906

- 0.6 - - - - 0.84861013 0.99016497 1.1736609 1.3551333

- 0.2 0.5 - - - 0.80163391 0.9346161 1.1070321 1.2776538

- - 1.0 - - - 0.5654237 0.66873311 0.80475493 0.94130412

- - 1.5 - - - 0.43972782 0.52414435 0.63632519 0.74994213

- - 2.0 - - - 0.36083911 0.4322793 0.52780859 0.62514519

- - 0.5 0.0 - - 0.8016338 0.93461598 1.1070319 1.2776536

- - - 0.5 - - 0.80163391 0.9346161 1.1070321 1.2776538

- - - 1.0 - - 0.80163413 0.93461635 1.1070324 1.2776541

- - - 1.5 - - 0.8016346 0.93461789 1.107034 1.2776558

- - - 0.5 0.0 - 0.70500522 0.82146064 0.97286742 1.1232813

- - - - 0.5 - 0.80163391 0.9346161 1.1070321 1.2776538

- - - - 1.0 - 0.87293338 1.0190793 1.2085495 1.3959192

- - - - 1.5 - 0.92945001 1.0865073 1.2902392 1.4917594

- - - - 0.5 4.0 0.8016346 0.93461788 1.107034 1.2776557

- - - - - 6.0 0.80163391 0.9346161 1.1070321 1.2776538

- = = - - 8.0 0.80163374 0.93461591 1.1070319 1.2776536

- - - - - 10.0 0.80163371 0.93461588 1.1070319 1.2776535

Table 3. Impact of emerging parameters on local Nusselt number —6'(0).

[0} S K Ec 1% Pr Sphere Blade Cylinder Platelets
0.02 0.2 0.5 0.5 0.5 6.0 2.9465264 2.9790597 3.0000152 3.0117782
0.04 - - - - - 2.961509 3.0129846 3.0235016 3.0148118
0.06 - - - - - 2.9761148 3.0383966 2.9788285 2.9663797
0.08 - - - - 2.9902525 3.0580802 2.8791404 2.8805444
0.02 0.0 - - - - 2.7168342 2.755958 2.78315 2.7987929

- 0.2 - - - - 2.9465264 2.9790597 3.0000152 3.0117782

- 0.4 - - - - 3.162634 3.1899354 3.2055882 3.2138224

- 0.6 - - - - 3.3671808 3.3902631 3.4014138 3.406517

- 0.2 0.5 - - - 2.9465264 2.9790597 3.0000152 3.0117782

- - 1.0 - - - 2.7083412 2.7588335 2.8024725 2.8350076

- - 15 - - - 2.5314231 2.5880426 2.6408211 2.6826098

- - 2.0 - - - 2.3972012 2.4554346 2.5117424 2.557684

- - 0.5 0.0 - - 3.1842384 3.2548878 3.3231226 3.3800661

- - - 0.5 - - 2.9465264 2.9790597 3.0000152 3.0117782

- - - 1.0 - - 2.7088149 2.7032319 2.6769078 2.6434903

- - - 15 - - 2.4711049 2.427418 2.3538109 2.2752103

- : - 0.5 0.0 - 3.0451521 3.0664606 3.075619 3.0781856

- - - - 0.5 - 2.9465264 2.9790597 3.0000152 3.0117782

- - - - 1.0 - 2.864198 2.9050168 2.9347271 2.9532537

- - - - 15 - 2.7932117 2.8406537 2.877529 2.9016253

- - - - 0.5 4.0 2.4022243 2.4339983 2.4567606 2.4710008

- - - - - 6.0 2.9465264 2.9790597 3.0000152 3.0117782

- - - - - 8.0 3.4030649 3.4360023 3.4552401 3.4647965

- - - - - 10.0 3.8038222 3.8370168 3.8546711 3.862244

¥ = (Uvz2)"*Rf (), (5a) 0()=—rm———. (5¢c)
—TT[%][l—alt]_wz
r2_R2 ry\1/2
= 73R (vz) (5b) In this context, ¥ represents the stream function, while u and

w denote the velocity components that satisfy the continuity
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equation. The velocity components can be expressed as follows:

_—19¥ _ -R( bv \Y2
= 25 =T () o, (62)
10¥ bz ’
W= T (1—oc1t)f' (6b)

Here, u and w are the axial and radial velocity components,
respectively, and they are related to the stream function ¥ in
such a way that the continuity Eq. (1) remains satisfied.

So by using Eqg. (5) and Eq. (6) we have:

[1+2Cnle f"" + 2Ces f" —
+Hf" = (=0, ()
[f9'

[esM + S1f" = 1Sf" +

[1+2Cn]e" + 2¢O’ + 2f'0 —2(39 +160") +

61M EcPr

+Ece; (1 +2Cm(f)?] + (f? = (@)
and boundary conditions are:
f'(0) =0,
6(0) =1,

f1(0) =1+kf"(0),
6(0) =0, (9)

where the Eckert number, curvature parameter, Prandtl number,
unsteadiness parameter, magnetic parameter and slip parameter,
respectively, are defined as:

2 _ ve(pCp)
p f
g _ ofBS K=A [vfuw]l/z
’ pfb ’ z ’
where
knf
_ 1+¢pA1+¢2 A, _ kf
“as 1-p+gp(23)’ 2= ek (102)
3 (pCp)f
1—¢+¢<Z—5> 1- ¢+¢<U )
€ = —L, e, = —LC (10b)
1-¢p+6 Ps 1 ¢(PC )
Py e (pCp)f

where €;, i = 1,2, 3, 4, are constants.

The values of Cf and Nu provide valuable insights into the
flow and heat transfer characteristics of the nanofluid around the
cylinder, and are defined as:

Cf —pr = with T, —unf[ ] Y
_ Taw i — 6_T
Nu = K (Ty—To) with  q,, = =Ky [ﬂr]r=R'

They take the dimensionless form as:

RezC; = (1+ pA; + $p2A)f" (0), (12)

and
-1
Rez N, =

~5r g0, (12)
kg

where the Reynolds number is defined as Re = %

3. Numerical procedure

The renowned and efficient BVP4C method in MATLAB is em-
ployed to numerically solve the reduced nonlinear system of or-
dinary differential equations (ODES) (7) and (8) along with the
given boundary conditions (BC) (9). To facilitate the numerical
solution, these nonlinear ODEs are converted into a system of
first-order ODEs, and the boundary conditions are substituted
with appropriate initial conditions by tagging the variables as
such:

s f'=yu f"=y2, 8, y:=06) =1 Y2 Y3 Ya V5,

so Egs. (7) and (8) in program’s algorithm take the form:

flll _

(—2€,Cy(3) + (esM + S)y(2) +

ereTs
+ 0 _ y(1)y(3) +y(2)),
and
0" = 5= (=2Cy(5) - Z (Y (VY (5) - yy(4) ~

+; By +1y(5)) + Ece; (1 + 2Cn)y(3)?) +

R (@),
with corresponding boundary conditions:
y2(B) =0,  y2(0) = 1+ ky;(0),
y4(0) =1, y4(B) = 0.
4. Results and discussion

This section investigates the impact of emerging physical pa-
rameters on numerically calculated velocity and temperature
profiles. It looks into the effects of numerous embedding varia-
bles on dimensionless velocity and temperature distributions,
such as particle concentration, magnetic parameter (M) and Eck-
ert number (Ec). The study intends to obtain insight into how
these elements impact the flow and thermal behaviour of the sys-
tem by analysing them. Furthermore, the study investigates the
influence of these values on the skin friction coefficient and
Nusselt numbers. The data are given in the form of graphs and
charts, which provide a visual representation of the results for
easier understanding and interpretation.

4.1. Velocity profile

Figures 2 to 6 show how the f () gets affected by variation of
the volumetric fraction, slip parameter K, unsteadiness parame-
ter S and magnetic parameter M. Figures 2a—2d demonstrate that
as the volume fraction value increases, there is also a corre-
sponding increase in velocity.

This phenomenon is attributed to the rise in dynamic viscos-
ity and momentum diffusion. In Figs. 3a—3d, an inverse relation-
ship is observed between the velocity and increasing values of
K. The reason behind this phenomenon is that an increase in K
indicates more surface irregularity, which consequently leads to
a reduction in velocity at the surface area.
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Figures 4a—-4d illustrate the relationship between the un-
steadiness parameter and velocity. It indicates that the velocity
of the nanofluid decreases with an increase in the unsteadiness

Fig. 3. Impact of K on f '(): a) sphere, b) blade, c) cylinder, d) platelets.

parameter. This can be attributed to the stretching of the cylin-
der, which reduces the boundary layer thickness associated with
momentum, leading to a decrease in velocity with the unsteady-
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attributed to the rise in Lorentz force, which creates resistive
forces between the layers of nanofluid, leading to a reduction in

ness parameter S.

Figures 5a-5d display the impact of the magnetic parameter
on the velocity profile. The results reveal that the velocity de-
creases with increasing values of M. This phenomenon can be

velocity as the magnetic parameter (M) is enhanced.
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Fig. 5. Impact of M on f '()): a) sphere, b) blade, c) cylinder, d) platelets.
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Figure 6 clarifies the influence of each multi-shape nanopar-
ticle on the velocity profile. The study reveals that the SiO2-H,O
nanofluid attains its maximum velocity with platelet-shaped par-
ticles, outperforming cylinder, blade and sphere-shaped particle
nanofluids.

T
m=3.0
m=8.26| |
m=4.82

m=5.72

$=0.02,5=02,M=05K= 0.5 Pr=60,C=03,
> Ec=05,~=04,
Y= 03F 4

Fig. 6. Depiction of effects of shape factors on velocity.

4.2. Temperature Profile

The effect of volumetric friction on temperature is evident in
Figs. 7a—7d. The graph clearly illustrates that an increase in the
volumetric fraction value corresponds to a rise in temperature.
This phenomenon occurs due to the higher thermal conductivity
of the nanoliquid resulting from the increase in volume fraction,
leading to higher temperatures.
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Figures 8a—8d clearly illustrate that as the value of the un-
steadiness parameter S increases, there is a noticeable decrease
in the temperature profile. This physical phenomenon arises
from the fact that the increase in the unsteadiness parameter en-
hances heat loss due to cylinder stretching. During the stretching
scenario of an unstable flow, the distances between the mole-
cules become larger, leading to a proportional decrease in the
temperature profile.

Figures 9a-9d highlight the outcomes of the influence of the
magnetic parameter M on the temperature profile. It is observed
that the temperature increases with the rising values of the mag-
netic parameter. This phenomenon occurs because an increase
in the values of the magnetic parameter leads to an upsurge in
the magnetic field, which opposes fluid movement and conse-
quently causes an increase in the nanofluid temperature.

In Figs. 10a-10d, it is evident that the Prandtl (Pr) number
exhibits an inverse relationship with the temperature profile.
This phenomenon occurs because the Pr number reduces the
thermal diffusivity of the SiO,-water nanoliquid and decreases
the thickness of the thermal boundary layer. Consequently, heat
travels more rapidly through the nanoliquid, leading to the ob-
served inverse relationship between the Prandtl number and the
temperature profile.

Figures 11a-11d present the relationship between Eckert's
(Ec) number and temperature. The graph shows that the temper-
ature increases as the Ec number is increased. This phenomenon
occurs because as the Eckert's number increases, there is a cor-
responding rise in viscous dissipation and kinetic energy. Con-
sequently, the temperature distribution also increases due to the
enhanced energy dissipation in the nanofluid.
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Fig. 7. Impact of volume fraction on 6(r)): a) sphere, b) blade, c) cylinder, d) platelets.
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Fig. 9. Effects of M on 6(»)): a) sphere, b) blade, c) cylinder, d) platelets.
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Figure 12 shows the results for the comparison of tempera-
ture values for different shape factors m = 3.0, 8.26, 4.82 and
5.72, representing sphere, blade, cylinder and platelet shapes,
respectively. It is observed that the maximum temperature is
noted for platelet and minimum for sphere-shaped nanoparticles
of SiOz.

m=3.0
m=8.26] 7
m=4.82
m=5.72]

K=05,8=02,Pr=6.0,C=03,
$=0.02Ec=05M=05

Fig. 12. The effect of different shapes of SiO, on ().

4.3. Skin friction and Nusselt number

The study presents numerical values of skin friction in Table 2.
It is observed that the skin friction decreases with the slip pa-
rameter and increases with the magnetic, volumetric fraction
and unsteadiness parameters. Among the different nanoparticle
shapes, the platelet shape exhibits both the maximum and mini-
mum values for platelets and sphere-shaped nanoparticles, re-
spectively.

Furthermore, Table 3 illustrates the values of the Nusselt
number for variations in the Eckert number, volume percentage,
unsteadiness parameter and magnetic parameter. The Nusselt
number magnitude decreases with increasing values of M and
Ec. Conversely, it increases with higher volumetric percentage
and unsteadiness parameter values. Notably, SiO» nanoparticles
with spherical shapes have the highest Nusselt numbers, while
platelet shapes have the lowest values.

5. Conclusions

The study aims to analyze the effects of various parameters on
the velocity distribution f () and temperature distribution 6(#)
in the MHD flow of nanofluids containing different shaped na-
noparticles (spherical, platelet, blade and cylinder) in an SiO»-
H>0 nanofluid. The investigations have been focused on under-
standing how the pertinent parameters impact the velocity and
temperature profiles in the system. In conclusion, the velocity
profile is positively affected by the volume fraction ¢, while it
is negatively influenced by the slip parameter K, magnetic pa-
rameter M and unsteadiness parameter S. The temperature field
rises with higher values of volume fraction ¢, M and Eckert pa-
rameter Ec, but decreases with the Prandtl number Pr and un-
steadiness parameter S. The skin friction decreases as the slip
parameter value increases, but it rises with the magnetic param-
eter, volume fraction and unsteadiness parameter. The Nusselt

number exhibits an increasing trend for increasing values of
Pr, ¢ and S, while it decreases with the Eckert number and mag-
netic parameter.
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Abstract

In engineering phase-change phenomena are found in a multitude of applications, ranging from refrigeration and air con-
ditioning to steam turbines and petroleum refining. This study investigates the flow of moist air in a circular duct where
water vapour condenses in contact with the cold wall of the duct. The investigation delves into the relationship between
the condensation mass transfer rate, the heat transfer between the bulk flow and the wall, and the temperature of the wall.
The volume of fluid model coupled with the Lee evaporation-condensation model was employed. Five simulations were
carried out, involving different wall temperatures while maintaining the same inlet conditions. Condensation was more
pronounced at lower wall temperatures, which aligns with the expectations. The heat transfer between the bulk flow and
the wall decreased with the decreasing temperature difference. Interestingly, the findings revealed that the surface heat
transfer coefficient increased as the wall temperature approached the temperature of the bulk flow. The success of the study
suggests potential applications in optimising thermal management systems, with implications for industries where accurate

predictions of moisture behaviour and heat transfer are crucial.
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1. Introduction

Phase changes are ubiquitous in our everyday lives and play
a fundamental role in various applications across diverse fields.
In engineering, the controlled evaporation and condensation of
working fluids are found in a multitude of applications, offering
innovative solutions to various challenges. One prominent ex-
ample can be found in the field of refrigeration and air condi-
tioning. These systems rely on the evaporation and subsequent
condensation of a refrigerant to regulate temperatures. The
working fluid evaporates within the evaporator coils, absorbing
heat from the surrounding environment, thereby cooling the

space. The vapourised refrigerant is then compressed, releasing
the absorbed heat, and subsequently condensed back into a lig-
uid in the condenser [1,2]. The applicability of phase changes
extends beyond refrigeration and air conditioning. Many power
plants, both nuclear and fossil fuel-based, use steam turbines to
generate electricity. Water is heated to produce high-pressure
steam, which drives turbines, and then the steam is condensed
back into water, completing a continuous cycle [2]. This phase
change mechanism is fundamental to power generation. Another
good example of this is distillation, a process which takes ad-
vantage of the different characteristics of the substances in
a mixture in order to separate them. In the petroleum industry,
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Nomenclature

h - surface heat transfer coefficient, W/(m?K)
I —turbulence intensity

M — mass transfer rate, kg/s
n — power-law exponent

P — pressure, Pa

q - heat flux, W/m?

Q — heat transfer rate, W

r —radial coordinate, m

R - radius of the pipe, m
Re — Reynolds number

RH — relative humidity

T —temperature, K

u - axial velocity, m/s

distillation is used to extract products like liquid petroleum gas
and gasoline from crude oil. Similarly, within the alcohol in-
dustry, distillation is in the centre of the production of distilled
spirits.

Numerous experimental and numerical investigations have
been conducted on phase change phenomena. In [3], the volume
of fluid method (VOF), coupled with an in-house evaporation-
condensation mass transfer model, was employed by the authors
to explore phase changes in the internal two-phase flow of
R134a refrigerant. The findings showed reasonable agreement
with available experimental data. In [4], the condensation of wa-
ter vapour in the presence of dry air was examined by the au-
thors, who employed two advection equations to monitor the
free surface and utilised the Lee model to simulate interfacial
mass transfer. The results demonstrated favourable alignment
with experimental data, revealing a nearly linear decrease in
condensation rate as the dry air mass fraction increased. In the
paper [5], the authors delved into the evaporation of a water film
in a duct with a humid air flow, where the volume of fluid and
Lee model were employed to capture the physics. The evapora-
tion rate was observed to rise with the increasing air temperature
and decreasing air flow rate. In [6], a single-phase approach was
developed by the authors to model the condensation of vapour
in the presence of air, yielding good agreement with experi-
mental data. Interesting conclusions were drawn in [7], where
the authors investigated the influence of flow direction on the
condensation process in a vertical pipe. The study developed
a mathematical model based on conservation equations and val-
idated it through experimental apparatus. Results suggested that
co-current gas/liquid flow enhanced heat transfer. Additionally,
comparisons between theoretical predictions and experimental
findings confirmed the model's accuracy.

In this study, the numerical simulation explores the flow of
humid air in a circular duct, where water vapour condenses in
contact with the cold wall of the duct. The objective is to evalu-
ate how the wall temperature influences the condensation mass
transfer rate of water vapour in the presence of dry air.

Subscripts and Superscripts

avg - average

c — condensation

max — maximum value

ref —reference condition

sat — saturation condition

v — vapour

wall — through the wall/on the wall

Abbreviations and Acronyms
RANS- Reynolds averaged Navier-Stokes
VOF — volume of fluid

2. Materials and methods

The model was prepared and solved within the commercial com-
putational fluid dynamics (CFD) package Ansys Fluent. To sim-
ulate this case, the steady-state Reynolds-averaged Navier-
Stokes (RANS) approach was adopted, offering a balanced com-
promise between accuracy and computational cost. RANS mod-
elling stands as the industry standard for heat transfer and mass
transfer applications. It has proven to be quite successful at pre-
dicting both local and integral quantities in heat and mass trans-
fer applications [4,6,8].

Five simulations were carried out, involving different wall
temperatures while maintaining the same inlet conditions, as de-
tailed in Table 1.

Table 1. Simulations.

Simulation number Inlet conditions = Wall temperature [K]

1 278.15

2 Uavg =3.91 m/s 283.15
Re = 10*

3 T=303.15K 288.15

4 RH = 95% 293.15

5 298.15

The fluid domain is a cylindrical space bounded by the duct
with a standard diameter of 40 mm. In the hypothetical real-life
laboratory, the duct extends sufficiently far upstream from the
inlet (Fig. 1) for the velocity profile to fully develop and for the

— wall
-
— 5
E velocity inlet gravity > pressure outlet
~
: axis

500 mm

Fia. 1. Boundarv conditions.

128



Influence of wall temperature on condensation rate in duct flow of humid air...

temperature distribution to plateau, achieving the inlet condi-
tions specified in Table 1. Although the duct is quite lengthy, in
this context, focus is put on a segment that is 500 mm in length,
whose walls are maintained at a temperature different from that
of the upstream part. The copper duct releases heat through
forced convection to the surroundings. An external liquid-cool-
ing system is used to maintain a uniform temperature of the seg-
ment. Downstream from the outlet, the flow exits into atmos-
pheric conditions. It is important to observe that the shape of the
domain, the boundary conditions, and the expected results ex-
hibit axisymmetry (the water condenses as an axisymmetric film
because asymmetric dropwise condensation requires vapour ad-
ditives or surface coatings to maintain, and often transitions to
film condensation over time [1]). Hence, the problem can be vis-
ualised on the axial-radial plane, where the third circumferential
dimension has no impact on the results. With this in mind, the
three-dimensional cylinder was simplified into a single rectan-
gular shape measuring 20 mm by 500 mm, as shown in Fig. 1.

Because of limited computational resources, a decision was
made to use a coarse discretisation in the bulk flow and utilise
mesh adaptation to refine the grid in the near-wall region,
thereby increasing both flow-wise and wall-normal resolution.
The final mesh is based on a rectangular grid that has 30 cells in
the radial direction with a bias factor of 10 000 (creating a de-
creasing cell height towards the wall) and 50 equally-distributed
divisions along the length of the duct. Hanging node mesh adap-
tion [9] was used afterwards. In contrast to mesh refinement
achieved by increasing the bias factor or the number of divi-
sions, this approach mitigates the occurrence of excessive aspect
ratios in near-wall cells. The refinement region extends approx-
imately 5 mm from the wall (as shown in Fig. 2), reaching well
beyond the momentum, thermal and concentration boundary
layer. Such discretisation results in approximately 20 cells
across the thickness of the water film, which, combined with the
carefully chosen numerical schemes, results in an accurate res-
olution of the near-wall region. The grid has a total of 5400 finite
volumes.

The dry air and water vapour mixture was modelled with the
use of species transport, treating both species as ideal gases. Alt-
hough water vapour is close to the saturation line, it can be ef-
fectively treated as an ideal gas under such low pressures [2].
Moreover, dry air and water vapour properties exhibit negligible
variations within the temperature ranges applied. Since the mass
fraction of water vapour is minimal and the properties of water
vapour and dry air are rather similar (except for the specific iso-
baric heat capacity, which is twice as large for water vapour),
the properties of humid air were assumed to be identical to those

T

Fig. 2. Grid refinement (radial direction to the right).

of dry air. Careful consideration was given to the temperature
point at which these properties were obtained. While the bulk
flow has a temperature of 303.15 K, heat and mass transfer phe-
nomena occur in the colder near-wall region. Hence, the prop-
erties of dry air were extracted from tables [10,11] for a tem-
perature of 293.15 K, a value in-between the hot core of the
flow and the cold wall. The properties of the mixture are tabu-
lated in Table 2. The molar heat of condensation was set to
4.4x107 J/kmol [12].

Liquid water was modelled as an incompressible fluid.
While most of its properties (shown in Table 2) exhibit meagre
temperature dependence, the dynamic viscosity of water chan-
ges drastically with temperature [13]. In each simulation, the
viscosity of water was taken from tables [14] for the temperature
of the wall, as tabulated in Table 3.

The closure of the RANS equations was achieved by em-
ploying the shear stress transport (SST) turbulence model.
Based on the Boussinesq concept of eddy viscosity, this model
proves effective for shear flows dominated by one of the turbu-
lent shear stresses, as seen in pipe flows. Moreover, the SST
model allows for full boundary layer resolution, a crucial aspect
for found widespread use in similar contexts [6, 15,16]. Turbu-
lence damping was implemented to limit unrealistic turbulence
production within the interfacial region and help capture the ve-
locity field near the free surface [17-19].

Table 2. Humid air and water properties.

Propert Humid Water

perty air liquid

. Ideal gas
3

Density [kg/m3] law 1000
Thermal conductivity [W/(K m)] 0.025 0.60
Dynamic viscosity [kg/(m s)] 1.8x10° SZTQT:-
i;))]euflc isobaric heat capacity [J/(kg 1000 4200
Mass diffusivity of water vapour in 2.4%10° NA

large excess of dry air [m?/s]

Table 3. Water liquid dynamic viscosity as a function of temperature.

Water liquid dynamic viscosity

Wall temperature [K] [10°xkg/(m s)]

278.15 1.5
283.15 13
288.15 1.1
293.15 1.0
298.15 0.89

The inlet velocity was defined as a velocity profile, estab-
lished through the power-law approximation:

u(r) = Unmax (1 - %)Un- @

For the calculated Reynolds number, the exponent n was esti-
mated to be 5.3 [20].The turbulence properties at the inlet were
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provided implicitly in terms of the hydraulic diameter and tur-
bulence intensity, in accordance with the Fluent guidelines [19].
From the equation [19,21]

I=016Re "8 )

the inlet turbulent intensity was estimated to be 5%.

A gauge pressure of 0 Pa was specified at the outlet, and the
reference pressure was set to 101 325 Pa.

The temperature on the outer side of the wall specified as
a parameter Twai, and the thermal resistance of the wall was de-
fined based on a thickness of 2 mm and the thermal conductivity
of copper, which is 390 W/(m K).

In the examined scenario, water vapour experiences local
cooling in proximity to the walls, leading to its condensation as
a liquid film [1]. This represents a case of stratified flow, where
phases are separated into distinct layers with a well-defined in-
terface. The VOF model, designed for such applications [9], was
employed in this study. The model has found widespread use in
modelling multiphase flows [3-5,8].

The implicit scheme was used, wherein the phase continuity
equation is solved iteratively together with momentum and pres-
sure [18]. The interface modelling type was set to ‘Sharp’, the
preferred option for distinct and well-defined interfaces between
phases [19]. Although interfacial anti-diffusion is typically sug-
gested for sharp interfaces resolved on meshes with high aspect
ratios [18,19], it was deliberately left inactive. This decision was
made due to the recommendation for allowing some numerical
diffusion when the evaporation-condensation mass transfer
mechanism is enabled [19]. Since gravitational forces acting on
the water film are significant, the ‘Implicit Body Force’ formu-
lation was enabled, in accordance with [17,19].

The evaporation-condensation approach utilised the Lee
model, with the evaporation and condensation coefficients set to
10 and 20 000, respectively, in accordance with [22]. This model
is widely used in modelling interfacial mass transfer [3-6,8].

The saturation temperature was defined as a function of wa-
ter vapour pressure through a ‘User Defined Function’. It utilises
the Antoine equation to compute and return the saturation tem-
perature [23,24]:

B
Tsor =

—y C+273.15K. 3)
A-logiorgsp,

For water, the equation parameters are approximately as fol-
lows: A =5.1156, B =1687.5 and C = 230.17. These parameters
have been fine-tuned for use within the temperature range of
273 K to 473 K and under pressures ranging from 1 kPa bar to
1600 kPa [24]. Although the current set of coefficients is appli-
cable for vapour pressures greater than 1 kPa, its range of ap-
plicability in this study can be expanded. At 1 kPa, the calculated
saturation temperature is 280 K, a value that approaches the
lower limit of the thermal range observed within the pipe. Under
lower pressures, the calculated saturation temperature decreases
below the minimum temperature within the domain (regardless
of whether the formula overestimates or underestimates the re-
sult), thereby maintaining a gaseous state in the respective cells.

The solver was run in the double-precision mode, the recom-
mended approach for high-aspect-ratio meshes [19]. The simu-
lation employed a pressure-based, steady-state solver with ena-
bled pressure-velocity coupling, following the guidelines out-
lined in [9]. Moreover, the ‘Coupled with Volume Fractions’ op-
tion was enabled. The pressure interpolation scheme was set to
‘Modified Body Force Averaged’, which provides better stabil-
ity for multiphase flows with body forces compared to its alter-
natives [9]. Additionally, the gradient reconstruction scheme
was selected as ‘Least Squares Cell Based’, following the rec-
ommendation outlined in [9]. The spatial discretisation of mo-
mentum, turbulence, density, energy and species transport equa-
tions was set to ‘Second Order Upwind’.

The volume fraction interface scheme was set to ‘Modified
HRIC’. While offering inferior interface resolution compared to
the compressive scheme [18], a more diffusive discretisation is
recommended when the evaporation-condensation mass transfer
mechanism is enabled [19].

‘Pseudo-Transient” under-relaxation was activated. This ap-
proach not only accelerates the convergence of steady-state
problems but can also assist in the convergence of mildly un-
steady flows [17].

To assess iterative and spatial convergence, the approach in-
volved monitoring equation residuals and five integral output
quantities: the water mass flow rate through the outlet, the total
water film mass, the condensation mass transfer rate, the aver-
age total specific enthalpy at the outlet, and the total heat transfer
rate through the wall. Both the residuals and the monitors flat-
lined, indicating iterative convergence. Moreover, the global
balance of air/water mass and energy was verified. The grid was
refined near the wall to guarantee maximum accuracy within the
constraints of available computational resources.

3. Results and discussion

The results presented below are from the first simulation with
a wall temperature of 278.15 K. The results from the subsequent
simulations exhibit the same tendencies, differing only in values
due to the progressively higher wall temperature.

The radial distribution of the mass fraction of water vapour
is shown in Fig. 3 (plotted on the inlet, outlet as well as
100 mm, 200 mm, 300 mm and 400 mm from the inlet). It is
evident that the vapour content consistently decreases along the
stream. The most significant decline occurs just downstream
from the inlet, coinciding with the steepest slope of the water
film thickness (Fig. 8).

z T ——

Radial Coordinate [ mm ]
=] )

wn

o

0.01 0.015 0.02
Phase 1 Humid Air.Mass fraction of h2o
inlet — 100 mm — 200 mm — 300 mm — 400 mm — outlet

Fig. 3. Water vapour mass fraction profiles (for Tyay = 278.15 K).
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The reduction in water vapour content results in the buildup
of dry air near the wall. The presence of a non-condensable gas,
such as dry air, has an adverse effect on condensation heat trans-
fer [1]. This can be explained as follows: upon condensation of
vapour mixed with a non-condensable gas, only the non-conden-
sable gas is present near the wall. This gas layer serves as a bar-
rier between the vapour and the surface. The vapour now has to
diffuse through the non-condensable gas before reaching the
surface, leading to a decreased mass and heat transfer rate.

The effectiveness of heat transfer between a fluid and a solid
surface can be quantified by the surface heat transfer coeffi-
cient [19]:

dwall
- Tref_Twall. (4)
It represents the rate of heat transfer per unit area per unit tem-
perature difference between the surface and the fluid. The higher
the heat transfer coefficient, the more effectively heat is trans-
ferred between the surface and the fluid.

Here, the reference temperature T is set equal to the inlet
temperature of 303.15 K. Using the average temperature on the
axis, which would appear more representative of the bulk tem-
perature, yields nearly identical results.

The presence of air, coupled with the increasing water film
thickness (which can be treated as a conductive resistance due
to its laminar nature [25]) and an increasing thermal boundary
layer thickness, impedes heat transfer between the hot stream
and the surroundings of the duct. This tendency is visible in
Fig. 4. The surface heat transfer coefficient decreases in the
downstream direction as both the thermal boundary layer and
the water film grow.

Surface Heat Transfer Coef.

200 300 400 500
Axial Coordinate [ mm ]

Fig. 4. Surface heat transfer coefficient along the pipe
(for Twan = 278.15 K)

The tendencies described above are evident in all five simu-
lations. Some interesting patterns emerge when comparing the
results for different wall temperatures. An approximately linear
increase in the surface heat transfer coefficient is observed as
the wall temperature approaches the freestream temperature, as
shown in Fig. 5.

In free convection (single-phase flow with constant fluid
properties), the heat transfer coefficient tends to increase with
a growing temperature difference between the wall and the bulk
flow. However, this correlation is not prominent in forced con-
vection [25]. It can be concluded that the variability in the sur-
face heat transfer coefficient is, to a great extent, caused by con-
densate formation. This trend can be explained as follows: at
a higher wall temperature, the water film becomes thinner due
to both reduced water viscosity and a lower condensation rate.

Fig. 5. Average surface heat transfer coefficient as a function of
wall temperature.

A thinner water film poses less resistance to heat flow, resulting
in the observed increase in the surface heat transfer coefficient.

To validate this hypothesis, simulations or experiments need
to be conducted, as no correlations between the heat transfer co-
efficient and the temperature difference were identified in the
literature.

Despite the variation in the surface heat transfer coefficient,
the negative relationship between the total heat transfer rate and
the temperature difference remains observable, as depicted in
Fig. 6. Heat transfer becomes null when the wall temperature
equals the temperature of the flow, as indicated on the graph
with point Twa = 303.15 K, manually added for clarity.

3.15 278.15 283.15 288

[K]

Fig. 6. Total heat transfer rate through the wall as a function of
wall temperature.

While the surface heat transfer coefficient follows an intri-
guing trend, the variation in the condensation mass transfer rate
aligns with expectations. The condensation mass transfer rate
steadily decreases as the temperature of the wall increases, as
can be observed in Fig. 7. No condensation would occur if the
temperature of the wall and the flow were equal, as marked by
the manually added point Tyan = 303.15 K.

3.00E-06

0.00E+00

Fig. 7. Condensation mass transfer rate as a function of
wall temperature.
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With increasing temperature, the air's moisture-holding ca-
pacity increases. Eventually, mass transfer between the phases
ceases when the temperature near the free surface reaches the
dew-point temperature of the bulk flow.

As the rate of mass transfer through condensation dimin-
ishes, the water film contracts, as illustrated in Fig. 8. The re-
duction in thickness with each simulation is further intensified
by a decrease in the viscosity of the liquid water.
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278.15 K — 283.15 K — 288.15 K — 293.15 K —298.15 K

Fia. 8. Water film thickness as a function of wall temperature.

The undulating shape of the profiles is a result of how the
software interpolates the value of liquid volume fraction within
each computational cell. As an illustration, an interfacial cell
may have a value of 0.6, while the radially adjacent cells have
values of 0 and 1. An interpolation is required to determine the
theoretical position of a point with a value of 0.5 (used as an iso-
-value to plot the film thickness). The accuracy of this interpo-
lation largely depends on the spatial resolution of the interfacial
region.

4. Summary

Throughout this study, a computational fluid dynamics model
was developed to simulate the flow of moist air in a circular
duct, where moisture condenses upon contact with the cold wall
of the duct.

The volume of fluid surface-tracking model, ideal for strati-
fied flows, was applied to model the free surface. The Lee model
was used to compute the interfacial mass transfer through con-
densation, with model coefficients drawn from the literature.
Additionally, a ‘User-Defined Function’ was developed in the
C programming language to set the saturation temperature as
a function of vapour pressure using the Antoine equation.

The dry air and water vapour mixture was modelled using
species transport, treating both species as ideal gases with con-
stant fluid properties. Liquid water was modelled as an incom-
pressible fluid, with constant properties and a viscosity that was
constant but different for each simulation.

The closure of the Reynolds-averaged Navier-Stokes equa-
tions was achieved by employing the shear stress transport tur-
bulence model recommended for most industrial applications.
Based on the Boussinesq concept of eddy viscosity, the shear
stress transport formulation leverages the strengths of two
widely adopted turbulence models: k- and k-&.

Five simulations were carried out, involving different wall
temperatures while maintaining the same inlet conditions. Con-
densation was more pronounced at lower wall temperatures,
which aligns with expectations. The heat transfer between the
bulk flow and the wall decreased with the increasing wall tem-
perature. Interestingly, the findings revealed that the surface
heat transfer coefficient increased as the wall temperature ap-
proached the temperature of the bulk flow.

The findings, particularly the observation that surface heat
transfer coefficient increases with the decreasing temperature
difference between the wall and the bulk flow, contribute to
a deeper understanding of heat exchange processes. The success
of the study suggests potential applications in optimising ther-
mal management systems, with implications for industries
where accurate predictions of moisture behaviour and heat trans-
fer are crucial.
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Abstract

The melting and solidification processes of the organic phase change material — lauric acid exposed to air were experi-
mentally studied to investigate the heat exchange and its effect on the heat transfer behaviour inside a shell as well as its
phase-change characteristics. Lauric acid was placed in spherical shells made of polyvinyl chloride with diameters of 44,
63, and 74 mm. This study was based on analyses of the surface temperature and vertical temperature distribution data
inside the shells. We found that the phase change characteristics were strongly related to the dominant heat transfer mech-
anism. In this case, melting was dominated by convection, whereas solidification was dominated by conduction. The
convection intensity increased as the shell diameter increased. Further analysis revealed the melting and solidification
periods. In contrast to latent heat release accompanying solidification, latent heat absorption accompanied by melting does
not occur at a constant temperature, although it has a smaller temperature gradient than does sensible heat absorption.
Based on the asymmetry between the melting and solidification processes, we discuss various possible strategies by which
to control the charging and discharging of the phase change material by restraining the heat transfer rate to optimise its
performance as a latent thermal energy storage material.

Keywords: Phase change material; Lauric acid; Heat transfer rate; Asymmetry melting and solidification; Heat
transfer control
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1. Introduction versa [1,2]. Organic PCMs have several attractive features such

as congruent melting, high latent heat of fusion, nontoxicity,
Organic phase-change materials (PCMs) for latent thermal en-  nonflammability, little or no volume change, extremely small or
ergy storage (TES) have emerged as suitable materials for stor-  even negligible supercooling, low cost, high thermal stability,
ing and releasing large amounts of energy at relatively constant  good chemical stability over many thermal cycles, compatibility
temperatures during the solid-to-liquid phase transition, or vice  with several types of container materials, and environmental and

human friendliness [3—7]. Among the organic PCMs, saturated
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Nomenclature

A — heat transfer area, m?

h - convective heat transfer coefficient, W/(m?K)
L —length,m

P — power density, W/m?

Q - rate of heat, W

tr  — beginning of freezing time, min

it — end of the solidification, min

tm — beginning of melting time, min

tom — end of melting time, min

Tb — temperature at half-bottom, inside the sample, °C
Tc —temperature at centre, inside the sample, °C

—t

Tt — freezing temperature, °C

Tm — melting temperature, °C

Tsb — temperature at bottom surface, °C
Tsu — temperature at upper surface, °C

fatty acids with the general formula CH3(CH2),COOH are of
particular interest because the melting temperature of a material
is proportional to the number of carbon atoms, that is the chem-
ical bond between carbon and hydrogen. Therefore, this material
can be easily selected for certain applications. Fatty acids have
been used in several fields including building components
[8-10], solar energy storage applications [6], temperature-regu-
lated drug-delivery systems [11], and biological applications
[12].

For energy storage applications in buildings, the macroen-
capsulation of organic PCMs is beneficial because of their sim-
plicity and relatively low cost [13—15]. It is implemented as ei-
ther an internal thermal mass [16,17] or a building envelope
[13,15] to reduce building energy consumption, reduce the cool-
ing load, achieve room cooling, and improve indoor thermal
comfort. Focusing on the spherical geometry, which exhibits the
highest thermal performance [18], the heat transfer rate of PCMs
in spherical cells-can be easily adjusted from the surface-area-
to-volume ratio [19]. In practical applications, the common
phase change of PCM is solid-to-liquid (melting) or vice versa
(solidification). The melting and solidification processes of
PCM involve conduction and convection heat transfers, each
with different characteristics and heat transfer rates [20]. In ad-
dition, depending on the effects of gravitation on the solid phase
of the PCM, the melting process can follow one of two possible
mechanisms: constrained or unconstrained. In constrained melt-
ing, the solid PCM is prevented from sinking to the bottom of
the sphere using a glass-enclosed thermocouple, whereas in un-
constrained melting, the solid PCM sinks to the bottom of the
sphere owing to gravity [21]. The melting rate is slower in con-
strained fusion than in unconstrained fusion [21,22].

Numerous theoretical, simulation and experimental studies
have been performed to study the melting and solidification of
PCMs in a spherical geometry, as summarised in Table 1, which
outlines the surrounding fluid as the heat transfer fluid (HTF) as
well as the output parameters from the study. In addition to the
temperature difference and surface area, the properties of the
fluid, nature of the fluid motion, and bulk fluid velocity are var-

Tu —temperature at half-upper, inside the sample, °C

Greek symbols

Atc — solidification period, min
Atm— melting period, min

& —thermal conductivity, W/(m K)

Subscripts

a —ambient
C —container
w - boundary

Abbreviations and Acronyms
LA —lauric acid

HTF — heat transfer fluid
PCM - phase change material
TES - thermal energy storage

iables that determine the convection heat transfer coefficient for
the heat exchange rate between the PCM and the environment
as well as the heat transfer rate inside the PCM. The higher the
density of the fluid and faster the fluid motion, the greater the
convective heat transfer [20]. As shown in Table 1, water is
commonly used as the fluid; however, for various applications,
PCM can be used with different types of HTF, including air
[23,24]. Because of the relatively high density, viscosity and
thermal conductivity of water compared with air, a steady state
can be achieved in a relatively short time, after which the surface
temperature of the PCM can be assumed constant. This condi-
tion allows for a comparison between the results of the experi-
mental and simulation studies, with the time evolution of the lig-
uid or solid fraction as a common comparative output parameter.
The results of the experimental and simulation studies show that
during a solid-to-liquid phase change using water at a constant
temperature or water with variable electrical power [25], the
temperature inside the PCM increases sharply around the melt-
ing point [21,26-28]. This contrasts with the liquid-to-solid
phase change that occurs at relatively constant temperature [29].
For melting and solidification with forced air convection [30],
a high transfer rate obliterates the phase change characteristics
at a constant temperature. The drastic change in the PCM tem-
perature during the phase transition raises the question of its ca-
pability as a latent TES that can absorb and release a relatively
large amount of thermal energy at a constant temperature.

In this study, the melting and solidification processes of an
organic PCM of lauric acid (LA) encapsulated in a spherical
shell exposed to a natural air environment were experimentally
studied to investigate the relationship between the dominant heat
transfer and heat transfer rate, and its implication on the phase
change characteristics for its application as latent thermal energy
storage. The use of air instead of water as the medium for the
phase change of LA allowed us to study the heat exchange pro-
cess in detail owing to the slower heat transfer rate. Based on the
asymmetry between the melting and solidification processes, we
discuss several possible methods for controlling the heat transfer
rate to optimise the performance of a PCM as a latent TES.
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Table 1. Phase change studies of PCMs contained in a spherical enclosure with environmental conditions and output parameters.

Process Method
1 c
w g LS [ . .
Author/Ref. s | & s E’ 5 &t HTF/Environment condition
K} 3=l o QS o
= g° £E &F
2] @
Tan, 2008 [21] N N Water bathp:/ri:ucrc;:stant tem-
;(zozt]harl el v N A constant wall temperature
Water bath with tant heat
Rizan etal., 2012 [25] = N oo e
Galione et al., 2015 N N N Water bath at a constant tempe-
[26] rature
Hosseinizadeh et al.,
2013 [27] v N Y Constant wall temperatures
Tan et al., 2009 [28] N N N Constant surfz:ﬁfewall tempera-
Ismail and Moraes,
2009 [29] \ v V Constant surface temperatures
Ettouney et al., (2005) N N N Air at constant temperatures and
[30] different velocities.
Toledo et al., 2022 N N N Water bath at constant tempera-
[31] tures
Assis et al., 2007 [32] \ N \ Constant wall temperatures
W bath -
Li et al., 2017 [33] N N ater bat attc:;r‘;ztant tempera
Ghosh et al., 2019
[34(])5 eta \ N Constant surface temperature
Nazzi Ehms et al.,
2018 [35] v v Constant surface temperatures
ssis et al., niform wall temperatures
Assis et al., 2009 [36] \ V Unif Il
Li et al., 2015 [37] N N N Water bath \’/)v;trf;tau::nstant tem-
Prabakaran et al., N N Constant temperature bath of
2020 [38] water

Output parameter

Melting phase front, liquid fraction, time dependent
temperature

Melt fraction

Phase front and isotherm, melt-fraction, Stefan num-
ber
Time dependent temperature, liquid fraction, tempera-
ture map

Melt fraction, melting phase front, temperature con-

tour and streamline, heat flux, time dependent tem-
perature, Nusselt number

Melt fraction, streamline, temperature contour, time
dependent temperature

Time dependent temperature, solidified mass fraction

Time dependent temperature, Nusselt number, Fourier
number

Liquid fraction, heat flow, Nusselt number
Melt fraction, heat flux

Melt fraction

Melt fraction, heat flux

Solid/liquid fraction, heat flux, streamline, temperature
line, heat flux
Melt fraction

Time dependent temperature

Time dependent temperature

2. Materials and methods

We use technical LA with a purity of > 98%. The thermophysi-
cal parameters of LA are listed in Table 2.

Table 2. Thermophysical parameters of LA from the previous experi-
mental studies (s: solid, I: liquid).

Thermophysical parameters Value Ref.
Melting temperature, °C 45 [39]
Freezing temperature, °C 41 [39]
Latent heat, ki/kg 187 [39]
Density, kg/m3 940 (s), 885 (/) [40]
Specific heat, kJ/kg °C 2.18(s), 2.39 (/) [40]
Thermal conductivity, W/m °C 0.169 (s), 0.144 (/) [39]
3.74 (55 °C)
Viscosity, kg/m's 4.565 (70 °C) [39]

6.325 (80 °C)

Figure 1 shows the experimental setup used to study the
melting and solidification of LA in air. Three spherical shells
with outer diameters of 44 mm, 63 mm, and 74 mm were filled
with LA. We used commercial spherical shells, which were
made of polyvinyl chloride with a thickness of approximately
0.5 mm. The mass of the sample inserted into the sphere was
reduced by approximately 1% of its maximum value, allowing

volume expansion during phase transition. The melting process
was performed in a cubical adiabatic bath that could be set to a
maximum temperature of 87°C, provided by four heating ele-
ments connected to a voltage controller and a step-down trans-
former for temperature setting. For homogeneous temperature
distribution, the heating elements were covered with ceramic
and glass wool and placed at the bottom of the room. The ce-
ramic acts as a thermal mass that stabilises the temperature when
the PCM shell is inserted. The maximum difference in the tem-
perature along the vertical configuration is approximately 1°C.

Thermocouple

e
Computer

L iz Data logger

MELTING SOLIDIFICATION

Fig. 1. Experimental setup for melting and solidification LA
in air environment.
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The temperature sensor consists of a T-type thermocouple
with an accuracy of 0.2% + 1°C and is part of a multichannel
data logger. Temperature data were recorded at time intervals of
5 s. For each spherical LA, three temperature sensors tied to
a stick were placed vertically inside the shell, and two tempera-
ture sensors were placed at the upper and lower parts of the outer
surface of the shell, as shown in Fig. 2. The positions of the tem-
perature sensors and their symbols are listed in Table 3.

" Igh

Fig. 2. Sensor position and symbol.

Table 3. Position of temperature sensors and its symbols.

Position Symbol
Upper surface Tsu
Half-upper, inside the sample Tu
Centre, inside the sample Tc
Half-bottom, inside the sample To
Bottom surface Tsp

For the melting process, the solid LA at room temperature
(25°C) was exposed to an 80°C environment in an adiabatic
room. However, for the solidification process, the melted LA at
80°C was cooled to room temperature in a natural air environ-
ment at 25°C. For each process, the experiment was repeated
thrice to ensure data repeatability.

3. Results and discussion

3.1. The heat absorption associated with the melting
process of lauric acid

Figure 3(i) illustrates the temperature versus time for the melting
process of LA in a spherical shell with a diameter of 44 mm for
the sensors on the upper (Ty), centre (T¢), and bottom (Tp) of the
shell, along with the surface temperature data for Tsy and Tsp. In
addition to the LA temperature, the temperature data of T, were
influenced by the opening at the top of the shell. Hence, the
small opening acts as a medium for convection in air. Further-
more, both surface temperatures were affected by the outside air
temperature and the LA temperature inside the shell.

Starting from a room temperature of approximately 25°C,
the melting process of LA involves the absorption of sensible
heat in the solid phase with a significant temperature change up

to the melting temperature (Tr), followed by latent heat absorp-
tion from the solid-to-liquid phase change process at T and sub-
sequent sensible heat absorption in the liquid phase. Heat ab-
sorption in the sensible and latent phases is indicated by temper-
ature changes, although the solid-to-liquid phase transition oc-
curs with a smaller temperature gradient than that in the sensible
phase. Latent heat absorption at a relatively constant tempera-
ture occurred only for the sensor at the bottom (Ty). This result
is in agreement with those of previous experimental studies on
the melting of PCM using a water bath with a relatively small
temperature gradient [37,38].

The dominance of the convection heat transfer mode during
the melting process was indicated by the different temperature
profiles inside and on the surface of the shell. Because of air
convection outside the shell, Ts, was always higher than Tsp, ex-
cept at the beginning and end of the process, when equilibrium
occurred. The skin of the shell provided thermal resistance be-
tween the outside air and the PCM inside the shell such that T,
was lower than Ts, and Ty, was lower than Tg,. The temperature
differences (Tsu—Tc) and (Tsp—Tc) (Fig. 3(ii)) are proportional to
the heat exchanged between the PCM and the environment. An-
isotropic heat exchange characteristics were observed for the up-
per and lower surfaces of the shell; however, they decreased as
they approached thermal equilibrium. A large heat exchange oc-
curred during the solid-to-liquid phase transition (see Section
3.3 for the analysis, as indicated by the dotted and dashed lines
in Figs. 3(i) and 3(ii)). Concerning the melting mechanism, con-
strained melting occurs from the beginning up to a certain time,
depending on the shell diameter, as indicated by Tp < Ts. AS
time increases, the solid part of the LA collapses; therefore, Ty
> Ts, and constrained melting was replaced by unconstrained
melting. For various shell diameters, a transition from con-
strained to unconstrained melting occurred at approximately 70
min for 44 mm, 108 min for 63 mm, and 130 min for 74 mm, as
indicated by the valley in (Tsp—Tc) in Fig. 3(ii).

To study the heat transfer inside the shell during melting,
Fig. 4 shows the temperature distribution along the vertical di-
rection at certain times. From this heat absorption profile, we
observed that inside the PCM shell, the melting process started
from the upper part to the bottom, such that T, > T¢ > T, for all
measurements. This result suggests that the phase transition pro-
cess at the upper part is the fastest, followed by that at the centre
and bottom parts of the shell, because of the sinking of the solid
phase to the bottom owing to its higher density. From the heat
conduction mode in the solid phase, heat transfer was converted
into heat convection, as signified by the asymmetric temperature
profiles inside the shell and the large temperature difference or
gap in the temperature distribution. The convection at the upper
part of the shell was stronger than that at the centre and bottom.

From the beginning (left panel of Fig. 4) to the end of the
melting process (right panel of Fig. 4), the temperature distribu-
tion shown in Fig. 4 clearly indicated a larger convection with
increasing shell diameter. This was also clarified by the differ-
ence between T, and T, with respect to dimensionless time,
which was defined as the absolute time divided by the shell radii,
as shown in Fig. 5. As the shell diameter increases, the (Ty—Tb)
values increase, implying a higher convection intensity [30]. In
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addition, for each shell, the temperature difference of (T,~Tp)  the melting time and a larger peak before the end of the melting
showed double peaks, with a smaller peak after the beginning of  time (see Section 3.3 for the analysis of the melting period).
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Fig. 3. Experimental data of the melting of LA in a spherical shell with outer diameters of (a) 44 mm, (b) 63 mm, and (c) 74 mm.
Left (i): temperature data inside the sample (T,, T, and Ty), surface temperature data (Ts, and Tsp), and bath temperature (Tparm)-
Vertical dotted lines denote the phase transition region for each sensor inside the shell.

Right (ii): the temperature differences of (Ts,—Tc) and (Ts,—Tc) with vertical dashed lines denote the melting period.
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3.2. The heat release associated with the solidification

35
30 process of lauric acid
25_§ From the time-dependent temperature during the solidification
- 20 st process (Fig. 6(i)), we observed that starting from a high tem-
= | d=63mm perature of approximately 80°C, the solidification process of LA
7‘: 1541 —d=74mm involved the release of sensible heat in the liquid phase with
= m_§ a significant temperature change up to the freezing temperature
‘ At (Tr), followed by latent heat release from the liquid-to-solid
* At M phase change process at Tr and the subsequent sensible heat re-
ol r ; — . ; lease in the solid phase. No significant differences were ob-
] 10 20 30 40 50

served in the temperature data at the centre and bottom of the
sample. Furthermore, the liquid-to-solid phase transition oc-
curred at a relatively constant temperature of 43°C, and no su-
percooling was observed in the freezing curve.

t/(d/2) (min/mm)

Fig. 5. Effect of shell size on convection. Vertical and horizontal
lines indicate the phase transition region for each shell size.
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Fig. 6. Time-dependent temperature data during the solidification of LA in a spherical shell with outer diameters of (a) 44 mm, (b) 63 mm, and
(c) 74 mm. Left (i): temperature data inside the sample (T, T, and T), surface temperature data (Ts, and Tsp), and bath temperature (Tyatn)-

Vertical dotted lines denote the phase transition region for each sensor inside the shell. Right (ii): the temperature differences of (Tsy—Tc)
and (Tsp—Tc) with vertical dashed lines denote the solidification period.

Compared with melting, the isotropic heat exchange over the

surface of the shell is shown in Fig. 6 (ii) which shows a simi-

larity in the temperature differences of (Tsu—Tc) and (Tsp—Tc).

The temperature distributions at certain times during solidi-

fication are shown in Fig. 7. Initially, the temperature distribu-
tion inside the shell was relatively homogenous, and the surface
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temperature was lower than that inside the shell owing to the
influence of the environment. With increasing time, the temper-
ature distribution inside the shell became inhomogeneous, and a
gap in the temperature distribution was observed. Because of
convection, T. was always higher than T, and T, was higher than
Tb. The gap in the temperature distribution diminished after a
certain time, that is approximately 30, 40 and 60 minutes for
shell diameters of 44, 63 and 74 mm, respectively. Hence, the
heat transfer mechanism may change from convection to con-
duction following the phase change process.
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Fig. 7. Temperature distribution along the vertical direction at certain
times (in minute) during the solidification of LA in a spherical shell
with diameters of (a) 44 mm, (b) 63 mm, and (c) 74 mm.

3.3. Controlling the heat transfer rate of PCM

During the charging and discharging processes of PCM, heat ex-
change between PCM and its environment occurs at the surface

layer of the shell, and is dominated by conduction and convec-
tion. The rate of heat conduction through a wall is expressed us-
ing Fourier’s equation [20] and is proportional to the tempera-
ture difference across the wall (AT) and the heat transfer area
(A) but is inversely proportional to the wall thickness (L)

. AT
Qconduction = —kcA 7 1)

where &, is the thermal conductivity of the container material
and is a measure of its ability to conduct heat. Despite the com-
plexity of convection, the rate of convection heat transfer is pro-
portional to the temperature difference, and is conveniently ex-
pressed by Newton’s law of cooling as follows [20]:

Qconvection = hA (Tw - TPCM)! (2)

where h is the convective heat transfer coefficient, A is the sur-
face area through which the convective heat transfer occurs, Ty
is the boundary temperature, and Tecm is the temperature of the
PCM. We note that h is not a property of the material, as the
thermal conductivity is, because it is dependent on several ex-
ternal factors, such as the properties of the fluid, pressure, and
fluid velocity.

The melting and solidification processes of PCM-based TES
systems are highly complex and involve conduction and natural
convection heat transfer mechanisms with different dominant
mechanisms. The power density of the PCM as a TES system
can be calculated as:

dar
P = xpem Fi h(Tpcm — Ta), 3)

where xpcym IS the thermal conductivity of PCM and T is the
ambient temperature.

Focusing on constrained melting, the description of the melt-
ing mechanism begins with PCM initially in the solid phase with
conductive heat transfer. As time increased at the beginning of
the melting process, the liquid phase started to form when the
solid—liquid interface was parallel to the heating boundary. In
this case, the heat transfer process was still dominated by heat
conduction [38,41], and the liquid formation of PCM was rela-
tively constant because of the direct contact between the inner
wall and solid PCM [27,41]. As melting progressed, the layer of
liquid PCM increased, particularly at the upper part of the shell
[27,37-38,41]; thus, the heat conduction was significantly re-
duced. Hence, a transition stage from dominant heat conduction
to heat convection occurred [38], and the shape of the solid-lig-
uid interface was no longer parallel to the heating boundary. In-
stead, it had an irregular curve shape with a position slightly
lower than the centre of the shell owing to the higher density of
the solid phase [21,41]. This irregularly shaped phase front was
caused by natural convection when the liquid layer thickness in-
creased. In this case, natural convection occurred because the
warm liquid PCM rose along the hot wall, whereas the cooler
liquid in the centre flowed down to replace the warmer fluid.
This phenomenon creates unstable fluid circulation inside the
shell, known as ‘buoyancy-driven convection’ [21,42]. With an
increase in the amount of liquid phase, the size of the solid phase
decreased before finally reaching a fully melted state.
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In the solidification process, the initial condition was a mel-
ted PCM with dominant convective heat transfer. As time in-
creased, the temperature of the liquid layer adjacent to the inner
wall decreased, and solidification propagated slowly towards the
centre of the sphere concentrically, with the solid—liquid inter-
face being relatively parallel to the cool boundary [37,43]. As
cooling progressed, the temperature and liquid fraction de-
creased rapidly, and the buoyancy-driven convection moved the
cooler liquid downward owing to its higher density. Under these
conditions, the solid-liquid interface was relatively spherically
symmetric, with the solid phase being thicker at the bottom of
the shell, and a transition from the dominant heat convection
stage to the heat conduction transition stage occurred [30,35].
As time increased, the amount of cold-liquid PCM decreased
before the PCM reached its full solid state. However, at the end
of solidification, the front phase is relatively irregular owing to
the formation of voids caused by the shrinkage of the solid PCM
[43]. The number, size and distribution of voids are influenced
by the initial temperature and liquid viscosity of the PCM, in
addition to the ratio of the surface area relative to the volume of
the sphere (A/V), because a larger surface area provides a faster
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cooling rate and makes it easier to trap voids [44].

Following the T-history method [45,46], we considered the
time derivative of the PCM temperature to determine the melt-
ing and solidification periods. The resulting dT/dt-t graph plot-
ted along the T—t graph is shown in the upper part of Fig. 8. For
melting (left), each of the three temperature sensors exhibits two
peaks (tmand ty,m) on the derivative curve corresponding to the
beginning and end of melting. The melting period Aty was de-
termined as the difference between t,, from T, data and tym from
Ty data. In contrast, for solidification (right), the three tempera-
ture sensors showed a constant value of zero in the temperature
derivative curve at almost the same time (ts) owing to the latent
heat release, and an inflection point (tif) in the dT /dt — t curve
marked the end of the solidification process [47,48]. The solidi-
fication period Atc is defined as the difference between ti
and t;, with ti; obtained from T, data. The results (bottom part of
Fig. 8) show that the melting and solidification periods in-
creased with increasing shell size because of the larger amount
of stored heat, which agrees with the results of previous studies
[33,49-51].
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Fig. 8. Time-dependent temperature data of T, T, and Ty and their time derivatives to determine the melting (left) and solidification (right) periods; and
bottom: the melting/solidification periods of LA in a spherical shell with various diameters. For each shell size, we show the data from three
repetitive measurements with means and standard deviations.
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An asymmetry exists between the behaviours of the melting
and solidification processes. In other words, melting and solidi-
fication do not simply reverse the process direction. The melting
process was dominated by natural convection [27,37,38],
whereas the solidification process was dominated by heat con-
duction [30,37,50]. As shown in bottom of Fig. 8, shorter melt-
ing period associated with heat absorption than the solidification
period associated with the heat release agrees with the prediction
that convection is considerably more efficient than conduction
for heat transfer [20]. With convective dominance, the heat
transfer rate of the melting process is highly sensitive to the
properties of the surrounding fluid, nature of the fluid motion,
and bulk fluid velocity.

The optimal performance of PCM for diurnal applications
requires a balance between the charging and discharging peri-
ods. This can be achieved, for example, by using different heat
transfer fluids as media during melting and solidification. From
a geometric perspective, for the spherical geometry of the PCM,
by decreasing the diameter of the sphere, the A/V ratio can be
increased to enhance the heat transfer [27]. Additionally, various
active and passive methods can be used to control the heat trans-
fer rate of PCM [52,53]. Passive methods involve using addi-
tives or surface modification techniques to increase the thermal
conductivity of PCM or composite PCM. This method is typi-
cally performed by adding dopant particles with high thermal
conductivity to the PCM [54,55], inserting a metal matrix into
the PCM [56], extending the surface using finned tubes with var-
ious geometries [57], using porous materials [58], or microen-
capsulating the PCM [59]. The active method relies on an exter-
nal field, such as mechanical disturbances, vibrations, ultra-
sound, electric fields, or magnetic fields [60]. The effectiveness
of ultrasound in enhancing heat transfer is closely related to the
ultrasonic power and action time [61]. In the case of an electric
field, electric body forces, including the Coulomb forces pro-
duced by an external electric field, induce flow [62], bubble gen-
eration [63,64], or complex compounds [63,65—67] that enhance
heat transfer. In contrast, the effect of a magnetic field or its
combination with magnetic dopant particles [68—70] controls
the convective heat transfer from the PCM and modifies the
shape of the solid-liquid interface [71]. The effectiveness of
electric and magnetic fields is closely related to the polarisabil-
ity and magnetisation of the material and its effect on the change
in the Gibbs free energy [72,73]. We note that apart from differ-
ent heat transfer mechanisms, from a thermodynamic point of
view, melting is related to an increase in the entropy of the sys-
tem, whereas solidification is related to a decrease in entropy.
These two processes are irreversible to each other [74]. Finally,
the asymmetry between melting and solidification may be intri-
cately related to the asymmetry between heating and cooling, as
has been recently studied in the thermal kinematics of micro-
scopic systems [75].

4. Conclusions

In this paper, we present the results of an experimental study on
the heat exchange of the organic phase change material (PCM)
of lauric acid in a spherical shell in an air environment as well
as its implications for the heat transfer mode inside the shell and

phase change characteristics. From the time-dependent temper-
ature data inside and on the surface of the shell, we found that
melting was dominated by convection, whereas solidification
was dominated by conduction. The convection intensity in-
creases with increasing shell size. Hence, the melting process
depends on the properties of the surrounding fluid, nature of the
fluid motion, and bulk fluid velocity. Owing to the relatively
high convection transfer rate, latent heat absorption following
a solid-to-liquid phase change does not occur at a constant tem-
perature. The sensor at the bottom half of the shell showed
a smaller temperature gradient in the latent phase than in the
solid and liquid sensible phases. This differs from the solidifica-
tion process, in which a latent heat release accompanied by a lig-
uid-to-solid phase transition occurs at a relatively constant tem-
perature. In addition, for a given shell size, the melting period
was shorter than the solidification period.

Because of the asymmetry between the melting and solidifi-
cation processes, controlling the heat transfer rate is important
for achieving a balance between charging and discharging to op-
timise the performance of PCM for diurnal applications. From
a geometric point of view, this can be achieved by choosing
a certain shell diameter, considering that the A/V ratio increases
with a decreasing shell diameter, which enhances the heat trans-
fer. From the heat transfer medium, a fluid with a higher density,
such as water, is suitable for solidification while melting in an
air environment because of its longer solidification time. In ad-
dition, we discuss active and passive methods for controlling
heat transfer in PCM. Passive methods rely on the use of dopant
particles, metal matrices, and surface modifications, whereas ac-
tive methods require additional external energy, such as me-
chanical energy, electrical or magnetic field energy. However,
because of the different dominant heat transfer mechanisms for
melting and solidification, different strategies may be applied to
the two processes. Controlling heat transfer in the charging and
discharging processes of PCM is highly beneficial for future
PCM technologies, although it is challenging for practical appli-
cations.
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Abstract

This article explores the phenomenon of natural convection in the rotatory flow of Cu-water nanofluid under the influence
of non-uniform heat source. In order to design more effective and efficient cooling systems, this work attempts to increase
our understanding of how nanofluids behave in the presence of hon-uniform heat sources, convection, and rotatory force.
The higher order partial differential equations governing the flow are remodelled into ordinary differential equations using
similarity transformations. The remodelled equations were solved using shooting methodology and the Lobatto-111 A
algorithm. The impacts of various parameters such as the Richardson number (1 <Ri<4), the Schmidt number
(0.5 < Sc < 2), nanoparticle’s volume fraction (0.02 < ¢ < 0.08), etc. on velocity, concentration and temperature was ana-
lysed. One of the main findings of this analysis was study of the impact of the space dependent heat source (0.2 <A <1)
and the temperature dependent internal heat source (0 <B <0.5) on the heat regulation. Furthermore, increasing the quantity
of the nano-additives and improving the fluid’s thermophysical properties intensified the acceleration of the fluid elements
in the flow region. The presence of spatial and temperature-sensitive parameters facilitated quantification of the effects of
a standard and variable heat source in combination of Coriolis force in the case of a Cu-water flow. The findings of the
investigation will be helpful in the process of medical, architectural planning systems, oil recovery systems and so on.

Keywords: Coriolis force; Lobatto I11A technique; Richardson number; Volume fraction of Cu nanoparticle; Non-uni-
form heat source
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1. Introduction able number of engineering applications relied solely on tradi-

tional heat transfer agents. However, currently they are used in
The heat transmission process in nanofluids is important for  intense cooling processes [1]. Further, the unique characteristic
many industrial and manufacturing applications. Initially, asiz-  of matter at the nanoscale in nanotechnology has become a pop-
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Nomenclature

A —coefficient of space dependent source/sink

a  —constant (a>0)

B — coefficient of temperature dependent heat source/sink

C - concentration of the species

Cp - specific heat at constant pressure constant pressure, J kgK?

Cw —free stream concentration

C-» — uniform constant concentration

D - mass diffusivity coefficient

2  —gravitational acceleration, m s

k — thermal conductivity, W m1K-!

Pr  —Prandtl number

q" - rate of internal heat generation/absorption
Ro  — rotational parameter

Re - Reynolds number

Ri - Richardson number
Sc  — Schmidt number
T — fluid temperature, K

Tw - surface temperature, K
T —ambient temperature, K
Uw — free flow velocity

u, v, W- X, y, Z components of velocity, m s
X, ¥, z— Cartesian coordinates, m

ular research topic in the twenty-first century. This resulted due
to the limitations of thermal conduction of the aforementioned
agents. Heat transfer efficiency can be considerably enriched by
including metallic and non-metallic particles in ordinary fluids.
The rise in the thermal conductivity of nanofluid has spurred a
flurry of activity in the field of flow analysis. The thermal con-
ductivity of several common fluids, such as water, toluene, eth-
ylene glycol and mineral oils, is negligible. To overcome the is-
sue of lower thermal conductivity of the above mentioned fluids
Choi introduced the suspension of nanometre-sized particles
(10-100 nm) or fibres into the conventional fluids [2]. To put it
another way: nanoparticle-encapsulated fluids offer superior
gripping, dispersion and scattering capabilities when applied to
a solid substrate. Nanofluids have been the subject of much
study for applications in engineering and manufacturing, espe-
cially as heat transfer fluids. These nanoparticle-containing flu-
ids have many uses in a wide range of industries [2]. Scholars
have examined several facets of nanofluids, such as enhancing
thermal conductivity, integrating nanoparticles, and other asso-
ciated domains [2-5].

Convective heat transfer in nanofluid has multiple uses and
is essential in research and engineering [6]. Nanofluids are prac-
tically used in every technology that requires heat transfer
agents for temperature control, such as renewable radiation, nu-
clear reactors, etc. As a result, fluid dynamics experts have paid
particular attention to the field of nanofluids in recent years, ow-
ing to potential applications in various sectors [7].The influence
of an exogenous directed magnetic force on heat exchange and
entropy formation of nanofluid flow of Cu-water in a heated
open cavity from beneath was investigated numerically by
Mehrez et al. [8]. Punith Gowda et al. [9] explored the steady

Greek symbols

B —thermal expansion coefficient, K-
v — kinematic viscosity, m?s
¢ —nanoparticle’s volume fraction
p - fluid density, kg m™

Q —angular velocity, rad s
u  —dynamic viscosity, kg ms?!
n - similarity variable

© - dimensionless temperature
@ - dimensionless concentration

Subscripts and Superscripts

f —fluid

nf —nano fluid

s —solid particle

w — condition at wall

oo —ambient condition

> —differentiation with respect to »

Abbreviations and Acronyms
MHD- magnetohydrodynamic

Marangoni driven boundary layer flow, mass and heat transfer
properties of a nanofluid. Their findings indicate that strength-
ening the Marangoni number upgrades the flow velocity and
lowers heat transfer. Yacob et al. [7] examined the steady 3D
flow across a rotating extending/diminishing sheet fluid contain-
ing SCNT (single-walled carbon nanotubes) and MCNTSs
(multi-walled carbon nanotubes) in kerosene and water as base
fluids. Faisal Shahzad et al. [10] studied the Fe,0,4-H,O flow
sandwiched between two gyrating plates, presuming porosity in
the top side, in order to create forced convection, the bottom sur-
face was assumed to move at a variable speed. Through their
meticulous analysis, Ashraf et.al. forecasted how heat and fluid
would move around a non-conducting horizontal circular cylin-
der implanted in a porous material at various angles [11].

The magneto-thermoanalysis of electrically conducting flow
over the vertically symmetric heated plate using the Keller box
method was done by Ullah et al. [12]. Further, the importance of
the convective heat transfer with various fluids in different con-
ditions and flow regimes can be learned from the papers [13-
17].

The exploration of heat production or absorption impacts the
moving fluids. It is crucial due to various physical issues. With
the rapid advancement of digital means, adequate refrigeration
of electrical devices have become necessary. This equipment in-
cludes everything from single transistors to mainframe comput-
ers, energy suppliers, and telephone switchboards [18]. Hasarika
et al. [4] in their theoretical investigation using the perturbation
technique examined the impact of the nanoparctical volume
fraction along with thermo-diffusion on a chemically retorting
MHD (magnetohydrodynamic) Cu-water fluid flow. They dis-
covered that “cupper particles had a better conductivity than
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water based particles”. And a noteworthy finding in their study
is that the flow velocities are increased due to the influence of
internal heat, diffusion and core heat generation.

One of the most important factors in changing the direction
of fluid flow is the Coriolis force [19]. It is equivalent to other
inertial forces such as magnetohydrodynamic forces and viscous
forces in the fundamental equations of fluid dynamics. Liquid
flow on the surface of the Earth is influenced by a number of
forces, including friction, centrifugal, gravitational and pressure
gradient forces. On the other hand, the Coriolis force usually has
little effect on transport phenomena in the situations of atmos-
phere and water. This is most noticeable when the liquid motion
speed is much slower than the rotating speed, which makes the
Coriolis effect insignificant and the reason it is not commonly
noticed on Earth. However, studies on the Coriolis force's ef-
fects on various liquid streams have been conducted in recent
decades and each of these analyses have identified that this force
has a significant impact of the flow velocities [20-22].

The analysis of the current research has been done based on
the above literature assessment. As per the gap identified by the
authors, the impact of non-uniform heat on rotatory nanofluid
flow has not been investigated in any methodical paper. Thus,
the prime objective of this paper is to analyse the predominance
of a non-uniform heat source and convective rotatory flow of
Cu-water nanofluid across a stretched sheet. Typical applica-
tions for rotating flows include centrifugal filtering, cooling
high-speed aircraft skins, anticyclone flow circulation, and the

geological stretching of tectonic plates under rotating oceans [2].

2. Problem formulation

A steady, incompressible nanofluid rotating flow over an elon-
gating sheet under the stimulus of convection in the presence of
a non-uniform source or sink has been considered for this study
[23]. Its basic prototype of the flow is demonstrated in Fig. 1.
The rotatory nanofluid flow is considered in the region z > 0.
The xy-plane is anticipated to be linearly stretching in the direc-
tion of the flow with the free flow velocity U, = ax, where
a>0isaconstant. The fluid is a copper-comprising water-based
nanofluid. This two-component mixture flow is assumed under
the following conditions [24]:

a) no chemical reaction,

b) minimal amount of viscous dissipation,

c) insignificant radiative heat transportation,

d) ensuring that there is no slip between the base fluid H,O,
and the nanoparticles (Cu) and that they are in thermal equi-
poise [24].

Centred on the above hypotheses, the governing equations of
the flow are [25,26]:

du  dv  ow
tatar =0 oy
2

ox oy 0z pnf 022

v v v Unf 8%v
Wy = B0
u— +v 3y +w 02 = pny 977 2u, 3)

Formulate and construct the mathematical model
of the Nanofluid

¥

Reduce the Partial differential equationsinto
system of coupled Ordinary differential equations
using similarity transformation

¥

The non-linear equations are first converted into
linear equations to solve using Lobatto ITIA
method with the help of BVPACMATLAB

¥

Results and Analysis

Fig. 1. Flow model.

aT | 9T | 3T _  kny q"

u—tv—+v— = T, 4

ax dy 9z (pCp)nf (pCp)nf )
ac ac ac a%c

ua—+U5+W5—anﬁ. (5)

The boundary conditions are:
u=0U,, v=0, w=0, T=1T,, C=C, as z— 0,
u—0,v—->0,w—0,7—> T,;C—Cy, as z— 0, (6)

where (u,v,w ) are velocity components along the x-, y-, and z-
directions, respectively, Tand C are the temperature and con-
centration, g is the gravitational acceleration, and ﬂnfis the dy-

namic viscosity [2]; P is the density, k,, is the thermal conduc-
tivity, (pﬂ)nf is the thermal expansion coefficient of nanofluid

[2], ¢" is the rate of internal heat generation/absorption [27],
(pCp)nf is the heat capacitance, D, is the mass diffusivity [28]

of the nanofluid, which are given by:

qm: O()C;]Ufw [A(T, — 7;0)]“'(77) + B(T — T,)],

— Kr
Hnr = G C $)5/2"

Py =1 = P)ps + Pps,

k. = ks+2kf—2¢(kf—ks)
W ks +2kp+ ks — k) |

(pCp)nf =1~ q,’))(pCp)f + ¢(pcp)sv
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PBng =1 = P)(pB)s + P (PB)s,

Dr

1— ¢' (7)

Dy =
The subscripts nf, f and s indicate the properties of nanofluid,
base fluid (¢ =0),and the solid nanoparticle. ¢ is the ‘signifi-
cant volume fraction of the nanoparticle’ of (Cu), 4 and B are
the coefficients of ‘space and temperature-dependent heat
source/sink’, respectively [27]. The condition 4, B > 0 relates to
‘internal heat generation’ and 4, B < 0 corresponds to ‘internal
heat absorption” [27].

Let us consider the following similarity transformations [7]:

n =\/§z, u=axF (), v=axG(n), w= —avF (1),

T—Ty
T—To’

C-Co
Cw—Coo

o(n) = () = ®)
The above transformation completely satisfies Eq. (1) and
Egs. (2)-(5), along with the boundary conditions, Egs. (6),
transformed into highly non-linear ordinary differential equa-

tions (ODEs), which can be given as:

Fuf Pf. Prfpig= (F) - FF' —
. pan + P RiO=(F')" = FF" — 2R,G, 9)
E 2L G"=F G — G'F+ 2R,F, (10)
Hf Pnf
pC " , ,
ny (P%9); [0'+AF +B6|+PrFo =0,  (11)
kf (Pcp)nf
@'+ o ¢)Fcb =0, (12)

with the boundary conditions:

F(p=1,6m=0,An=0,00)=1o(n)=1atnp=0,

F'(m—0,G(m)—0,0(n)—0,&() >0asp—>oo.  (13)

The parameters involved in the above equations are:
. n
e rotational parameter: R, = -

e  Prandtl number: Pr = Z—f
f

e Schmidt number: Sc = L.
Dy

The expression for the local drag force coefficients Cy;, and
Cy, , heat transfer coefficient Nu, and the mass transfer coeffi-
cient Sh, can be defined as:

T Tyz
Crx = T Cry = 1>
4 3PUG’ 4 3PUG
x x
Nu, = —™ — Sh, = —m
k(Tw_Too) DM(CW_COO)

in which z,., 7, indicate the shear stressand ¢ , ¢, represent the

heat and mass flux at the walls of the sheet. Applying the trans-
formations, Egs. (8), the above expressions are transformed into:

1/2 Re 1/2

#an (0) !‘nfG (0)

Crx = Cry =

-1/2
Re,/*Nu, =

knf } Dps .,
. —k—;0(0), Re;!/?Sh, = —D—fch(O). (14)

3. Methodology of the solution

Equations (9) to (12) combined with the boundary conditions are
solved by implementing the Lobatto I11A method using BVP4C
numerical code in the MATLAB software [30]. To implement
this method, the non-linear equations are first converted into lin-
ear equations by opting the following procedure and then con-
verting the equations compatible to be solved by the MATLAB
code:

fi=F, fo=F, fs=F,
F'= fs‘ == A1A2[f1f3 +2Rog — (fz)z + A4Ri@1],

&1=G g =GC,G=g=AA4[-fig +2Rf + 2]
6, = 6(1), 6, = 6'(n),
P k
05=0,= — . LI4:f16] - 4f, = Bo,,  (19)
_ P __ Scfo
d)l_(bn (I)Z_(b)(b3_ 1-¢)'
(pcp)nf (ﬁ)nf
A = #nf > Az = Pf > Az = (pCp)f T )y (16)
The modified boundary conditions are:
f1=0, =1, =0, 6,=1, &y =1asn-0,
f2_>0’ g]__)O, 91_)09 (pl_)oasﬂ_)oo' (17)

The thermophysical properties of nanoparticles and base
fluid are placed in Table 1, these values have been utilised to
calculate the values mentioned in Egs. (16).

Table 1. Physical property parameters used for the analysis [4].

Properties B(a;:tf::;d pglft?ctljes
(Cu)
Thermal conductivity, k (Wm™K?) 0.613 400
Density, p (kgm) 997.1 8933
Specific heat, C, (Jkg'K™*) 4179 385
Thermal expansion coeff., B (K?) 36.2x10 ° 1.67x10°

The MATLAB BVPA4C programme implements the Lobatto
I11A collocation Runge-Kutta (RK) method [31]. The code was
validated by calculating the values of Cg, Cy, and Nu, for the
base fluid when R, =0, 0.5, 1,2. These obtained values were
then compared with the previously published findings in Tables
2 and 3. The results demonstrate a strong agreement between the
obtained results and the exiting literature.
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Table 2. Comparison of the values of Re}*Cj, and Re}>C, for base
fluidwhen ¢ =Ri=4=B=Sc=0.

Salleh et al. [7] Present findings

R 2LE0) Heo)  BLe) | e
My My Ky My

0.00 -1.00000 0.00000 -1.000000 0.000000

0.50 -1.13838 -0.51276 -1.138411 -0.512802

1.00 -1.32503 -0.83809 -1.325031 -0.837121

2.00 -1.65240 -1.28726 -1.652392 -1.287301

Table 3. Comparison of calculated values of Re;"*Nu, for base fluid.

Nadeem Salleh Current
et al. [32] etal. [7] findings
ke, kg, kg,
Ro k_fe (0) T,Q(O) k_fo(o)
0.00 1.770948 1.770948 1.77094791
0.50 1.725631 1.725631 1.72563892
1.00 1.660286 1.660286 1.66028591
2.00 1.533487 1.533487 1.53348701

4. Results and discussion

Equations (9) and (12) subject to the boundary conditions, Eqg.
(13), are solved numerically using the Lobatto 11 A (Runge-
Kutta) method in MATLAB. The impact of relevant factors, to
be precise Ri, 4, B, Sc, ¢, etc. on the velocity, mass and heat
transfer of the rotatory flow over an elongated sheet are dis-
cussed. The non-dimensional parameter values such as Ri=0.2,
Ry=0.02, $=0.05, Sc=0.5, A=0.2 and B=0.3 are kept as
common in the entire analysis unless stated otherwise.

The effect of the Richardson number (Ri) and the rotation
parameter Ro on the profiles of primary and secondary velocities
as well as on the temperature and concentration of the Cu-water
nanofluid is observed in Figs. 2 to 5. It is evident from the fig-
ures that the amplified values of Ri improve the primary veloc-
ity gradient F'(s7), whereas the secondary velocity gradient
G(7), thermal and concentration boundary layers exhibit the
opposite behaviour. These oscillations in secondary velocity

1.2

F'(n)

Fig. 2. Impact of rotation parameter (Ro) and Richardson
parameter (Ri) on F'(y).

gradient, resulting from the angular momentum's excess convec-
tion, occurred in the boundary layer’s physical space.

The primary velocity layer diminishes with magnification in
rotational parameter R, as displayed in Fig 2. With rising in Ry,
the profile of the secondary velocity gradient takes an S-shape
as illustrated in Fig 3. This occurs as a result of the Coriolis
force, which when the moving plate is suddenly set in motion,
acts as a constraint in the primary fluid flow. It is possible to
state that the Coriolis force stopped fluid flow in the primary
flow direction to create a secondary and cross flows in the flow
field [33]. Figures 4 and 5 depict that growth in R, leads to the
increase in @(n) and ®(n) profiles.

For the positive values of 4 and B, as demonstrated in
Fig. 6, the magnification of the space and time-dependent non-
uniform heat source/sink leads to the enhancement of the pri-
mary velocity gradient and fall in profiles of the secondary ve-
locity.

The temperature rises as 4 and B increase, as shown in
Fig. 7. The height of the concentration boundary layer decreases
when A and B increase, as seen in Fig. 8. Physically these effects

G(n)

Fig. 3. Impact of R, and Ri on G().
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Fig. 4. Impact of Ry and Ri on O(»).
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can be related to the fact that the growth in the values of A and
B prominently rises the temperature of the nanofluid, and the
nanoparticles diffuse from higher to lower thermal areas, lower-
ing the concentration boundary layer.

1
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0.6} R,=0.51,1.51.8
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- 0.5 %
04 /
03}
0.2
0.1
0 AR
0 1 2 3 4 5

0.2384[" % % B301,020304
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Fig. 6. Impact of A and B on F'(y).
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Fig. 7. Impact of A and B on G(7).

Figure 9 displays the impact of time and spatial reliable heat
sources on the concentration profile. We observe that the con-
centration boundary layer of the nanoparticles decreases with an
increase in values of A and B. Figure 10 displays the effect of
Cu-nanoparticle volume fraction (¢) change on the physical pa-
rameters of the rotating flow. As the values of ¢ escalate, the
primary velocity and concentration of species fall. Moreover, in-
creasing the volume percent of nanoparticles increases the ther-
mal conductivity, the secondary velocity gradient, and thermal
boundary layer. This is because the volume density of nanoflu-
ids increases with the volume fraction of nanoparticles, slowing
the flux of nanofluids, thickening the thermal boundary layer,
increasing the thermal conductivity and accelerating the surface
heat transfer coefficient [34].

The ‘molecular diffusivity’ deteriorates as the Schmidt num-

ber develops and the concentration boundary layer shrinks, as
exhibited in Fig. 11.

A=0.2.DAL.S.0.B 0.023'
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Fig. 8. Impact of A and B on O(z).
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Fig. 9. Impact of A and B on &(n).

From Table 4 we observe that the production of thermal en-

ergy increases as A and B increase. As a result, the nanofluid
temperature rises, causing the Nusselt number to decrease and
drop, while the Sherwood number tends to rise. With the in-
crease in Sc, the Nusselt number decreases, and the Sherwood
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oy

Table 4. The calculated values of Cs,, Cy, - -
f

Hof o Hog
Parameter u_,f (0) u—fg (0) Re;/’Nu, = Re;/’sh,
Ry =0.0 -1.0114290 0.0000000 1.8681770 @ 0.4433540
Ry =1.0 -1.5410230 -1.4232460 @ 1.7145830 @ 0.3827830
Ry =1.5 -1.8342400 -1.8399630 @ 1.5827540 @ 0.3620820
Ry=1.8 -1.9978780 -2.0498870 @ 1.4998280 | 0.3528740
Ri=0.5 -1.0070340 -0.0413870 @ 1.8643150 & 0.3908740
Ri=1.0 -0.5236630 -0.0434250 @ 1.9352600 @ 0.4133410
Ri=2.0 -0.0665240 -0.0450680 @ 1.9952570 | 0.4318640
Ri=2.5 0.3710150  -0.0464600 2.0477770 0.4477820
A=0.2 -1.0237050 -0.0400830 @ 1.9513770 @ 0.4421270
A=04 -0.9999550 -0.0404290 1.7839950 | 0.4444610
A=0.6 -0.9757630 -0.0407730 1.6134640 & 0.4468200
A=0.8 -0.9511620 -0.0411140 1.4398230 | 0.4491990
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number increases. The higher the Sc, the lower the molecule dif-
fusivity and the smaller the concentration boundary layer.

The improvement in the values of Ri and ¢ leads to the en-
richment of the Nusselt number and the mass diffusivity coeffi-
cient. On the other hand, their enlargement results in the drop of
primary and secondary drag friction values as shown in Table 4.

6(0) and '1+¢¢’(0) for different values of the physical parameters.

Hof o B |
Parameter Tlf (0) ng (0) Re;/’Nu,  Re;/’sh,
B=0.1 -1.0165690 -0.0412950 @ 1.9697570 0.3898610
B=0.2 -1.0118770 -0.0413400 @ 1.9175650 @ 0.3903580
B=0.3 -1.0070340 -0.0413870 @ 1.8643150 0.3908740
B=0.4 -1.0020290 -0.0414360 @ 1.8099550 @ 0.3914080
@ =0.0 -0.7324850 -0.0249520 @ 1.7003820 0.4301090
¢®=0.1 -0.7898190 -0.0279390 @ 1.7360860 0.4309590
¢®=0.3 -0.8458140 -0.0309340 @ 1.7710520 @ 0.4327930
@ =0.5 -0.9011610 -0.0339670 @ 1.8049780 @ 0.4355000
Sc=0.0 -1.0070340 -0.0413870 1.8643150 0.3908740
Sc=0.3 -1.0070340 -0.0413870 @ 1.8643150 @ 0.6329460
Sc=0.5 -1.0070340 -0.0413870 @ 1.8643150 0.8261700
Sc=0.6 -1.0070340 -0.0413870 @ 1.8643150 @ 0.9892370

5. Conclusions

This study concentrated on the impacts of convection, uneven
heat production and uneven heat absorption on the rotating flow
of Cu-water nanofluid. In order to assess several properties, such
as velocity, mass and heat transfer, we performed mathematical
evaluations of the governing equations. The results we obtained
are beneficial. These estimations, which were derived over
a broad range of parameter values, provide a thorough grasp of
the system under study.

The key observations after an intensive and integrated math-
ematical study are:

e The velocity, temperature and concentration boundary layers
are significantly impacted by the Coriolis force. Secondary
flow patterns are created as a result of the velocity boundary
layer's deflection and deviation. The Coriolis force affects
temperature gradients and can lead to the creation of thermal
anomalies in thermal boundary layers. Similar to this, the
Coriolis force influences solute transport in the concentra-
tion boundary layer, causing mixing and changing concen-
tration distributions. The precise effect of the Coriolis force
on these boundary layers relies on a number of variables, in-
cluding the strength of force, the strength of flow and inter-
actions with other forces in the system.

e Richardson’s number governs the balance between buoy-
ancy and other forces (inertia, thermal diffusion or diffusion)
in the velocity, heat and concentration boundary layers. It
determines the thickness, turbulence and heat or mass trans-
fer properties of these boundary layers. The specific effect
of Richardson’s number on each boundary layer depends on
the specific flow conditions and the relative importance of
different forces in the system.

e Nu and Sh values both increase when copper nanoparticles
are added to base fluids. It increases Nu to increase the effi-
ciency of heat transmission and Sh to increase the efficiency
of mass transfer. These outcomes are advantageous for many
technical applications that need for effective mass and heat
transport.
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Skin friction increases with rising Schmidt number, volume

fraction parameter and heat source values.

Under the impact of the forces at play, the nanoparticles in

the range of parameters examined neither settle nor separate
from the primary nanofluid. They may be mixed and dis-

placed, yet they stay suspended.
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Abstract

The aim of the present work is to discuss the effect of varying thermal conductivity in a semiconducting medium under
photothermal theory. An infinite elastic half-space is overlying the infinite semiconducting medium, and a constant me-
chanical force is applied along the interface. The normal mode analysis method is applied to find the analytic components
of displacement, stress, carrier density and temperature distribution. It was found that all physical quantities are affected
by variable thermal conductivity. The novelty of the paper lies in the fact that no such a problem of variable thermal

conductivity has been discussed by any researcher so far.
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1. Introduction

Semiconductor materials are being considered important in cur-
rent years due to their wide utilization in various fields of sci-
ence and engineering. The plasma waves get generated due to
the excitation of electrons under exposure to a beam of laser or
sunlight. As a result, the interaction between the thermal wave,
elastic wave and plasma wave occurs. Gordon et al. [1] and
Kreuzer [2] made remarkable contributions in developing the
photothermal theory. Mandelis et al. [3] studied the coupling of
thermoelastic and electronic waves under photothermal theory.
Todorovic [4] investigated plasmaelastic and thermoelastic
waves in the semiconducting medium. Song et al. [5] worked on

a reflection problem in a semiconducting medium for finding
reflection coefficient ratios. Othman et al. [6] explained the
wave propagation problem in a semiconducting medium in the
context of Lord-Shulman (LS) theory. Ailawalia et al. [7] ana-
lysed the influence of mechanical force at the interface of semi-
conducting half-space and thermoelastic micropolar cubic crys-
tal. Alzahrani and Abbas [8] studied a two-dimensional semi-
conducting medium under thermoelastic theory with one relax-
ation time. Hobiny [9] explored wave propagation in a semi-
conducting medium under a hyperbolic two-temperature model
without energy dissipation. Saeed et al. [10] introduced a novel
model for studying photothermal interaction in a rotating mi-
crostretch semiconductor medium subjected to initial stress.
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Nomenclature

a —wave number in the x-direction

C, — coefficient related to diffusion of carriers

C, —specific heat, J/(kg K)

E, —gap in energy of valence and conduction band
of the semiconductor, J

e; — strain tensor

F —mechanical force

K — arbitrary constant

K, —physical parameter

K* —thermal conductivity, W/(m K)

N — carrier density, kg/m3

N, — carrier concentration at temperature T in equilibrium

— position vector

T —temperature, K

T, - reference temperature, K

t —time,s

u - displacement vector

u, w— X, z components of velocity, m/s

ui — components of velocity (i=1, 2, 3), m/s

~4

Hilal [11] demonstrated photothermal interaction in a micro-
elongated semiconducting medium under the influence of grav-
ity. Kaur et al. [12] explained photo-thermo-elastic interactions
in an infinite semiconducting rotating solid cylinder subjected to
the magnetic field and hall current. Lotfy et al. [13] put forward
a novel model for investigating non-local semiconductor me-
dium. Azhar et al. [14] studied the reflection problem in a non-
local semiconducting medium under the effect of hall current
and magnetic field.

Under exposure to high temperature, the thermal conductiv-
ity of an elastic material is found experimentally to be varied
with temperature. Therefore, the thermal conductivity cannot be
treated as constant. El-Bary [15] introduced a mathematical
model for studying layered thin plate subjected to variable ther-
mal conductivity. Ezzat and Youssef [16] studied thermoelastic
medium subjected to variable electrical and thermal conductiv-
ity under the theory of one relaxation time. Sherief and Abd EI-
Latief [17] explored the impact of variable thermal conductivity
in an elastic half-space with respect to the theory of fractional
thermoelasticity. Zenkour and Abbas [18] applied finite element
method for obtaining thermal stress for a hollow cylinder in a
temperature dependent thermoelastic medium. Yasein et al. [19]
demonstrated the effect of varying thermal conductivity in a
semiconducting medium subjected to thermal ramp type in the
context of dual-phase-lag (DPL) and L-S model of thermoelas-
ticity. Abbas et al. [20] analysed the behaviour of semiconduct-
ing medium with cylindrical cavities subjected to variable ther-
mal conductivity. Alzahrani et al. [21] discussed eigen value
problem for variable thermal conductivity in a porous medium.
Marin et al. [22] explored porothermoelastic materials subjected
to fractional time derivatives by applying the finite element
method. Lotfy and El-Bary [23] proposed an elastic-thermod-
iffusion model for studying photothermal interactions in a sem-
iconductor subjected to mechanical ramp type and variable ther-
mal conductivity. Hobiny and Abbas [24] utilised the finite ele-

X, ¥, z— Cartesian coordinates, m
Xi, — Cartesian coordinates (i=1, 2, 3), m

Greek symbols

o —thermal expansion coefficient, 1/K
£ — coefficient of electronic deformation
y —r=@r+2u)a

§ -6=@1+2u9p

0; — Kronecker delta

x - coupling parameter for the thermal activation, = (%) (%)

A, u— Lame's constants

p —density, kg/m?

- photogenerated carrier lifetime
w —complex time constant

Subscripts and Superscripts

e —elastic medium

s —semiconducting medium

uij — differentiation of u; with respect to x;
()"~ amplitude of the variables

ment method for describing thermoelastic interaction in an or-
thotropic material with spherical cavities under variable thermal
conductivity. Kumar et al. [25] explained thermodynamical in-
teractions for a thermodiffusive medium subjected to rotation
and gravitational effect. El-Sapa et al. [26] demonstrated the in-
fluence of variable thermal conductivity on wave propagation in
a non-local semiconducting medium.

The present research work deals with investigating the effect
of varying thermal conductivity in a semiconducting medium.
The problem has been modelled as an elastic half-space overly-
ing the semiconducting half-space. The analytic components of
displacement, stress, carrier density and temperature distribution
are obtained by applying the normal mode technique. It was ob-
served that all considered physical quantities depend on variable
thermal conductivity.

2. Governing equations of the problem

Let us take a semiconducting half-space with an overlying elas-
tic half-space. A mechanical load of magnitude F is acting on
the boundary separating the two half-spaces. Further, we con-
sider coordinate system (x, y, z) in which z-axis is taken in ver-
tically downward direction. The region z > 0 is occupied by the
semiconducting half-space (medium I) and the region z < 0 by
elastic-half space (medium I1) as represented in Fig. 1.

The fundamental equations for a semiconducting medium af-
ter neglecting body forces are given by Lotfy [27]:

WSVAE(E,E) + (A5 + pS)V(V- 4R D) +

92U t)

atz -’ @

The coupled equations for the semiconducting medium are
given by Song et al. [28]:

—yVT —6VN =p

ou
V-

Es oT
KSVZT—?N‘}'YTO E_'DCSE:O' (2)
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Elastic half-space
Medium IT

x-axis

Semiconducting half-space

Medium I
Z-axis
v
Fig. 1. Geometry of the problem.
1 N
CdVZN—;N+KT—E=O. 3)

Further the stress-strain relations for the considered medium
are given by Lotfy [27]:
0;j = Zuse” + (Asuk,k — 6N — ]/T)6”, (4)
where
1
el] = E(uj,i + ui‘j).

The fundamental relations for elastic half-space are given by
Ewing et al. [29]:

02ue(7t)
otz ' (5)

rlk=1,23. (6)

ueVREe (7, ) + (A€ + uo)V(V - Ue(7 1)) = p°
e = 2°ug 8y + 1 (ugpe +wiy)
3. Formulation of the problem

We assume that the waves are propagating in x-z plane. Hence
the displacement vector in the semiconducting medium is con-
sidered as # = (u,0,w), where u = u(x, z,t), w = w(x, z, t).
Equations (1)—(4) in two dimensions can be expressed as:

O +20) Tk + O + ) S
9%u aT N _ 9%u
WS =Y o= =pos (7
L0%w . 0%u . o 0w
MW‘F(A +,Ll)aa+(l +2M)—+
aT N _  9%w
~v5,~ 05, =Pz 8
Eg aw aT _
KSAT = 5N +yTo 2 (2 4+22) - pC, 2 =0, (9)
1 N
CabN =N +xT -2 =0, (10)
=+ 2 2 D T +ON), (1)
=+ 2 2+ 2L gT N, (12)

ou 0w) (13)

— s(Z= i
Ozx = H (Bz + ax/’
9? 92

where: 4 = 322 T 3,2

Further for the elastic half space, Egs. (5) and (6) in two-
dimensions can be reduced as:

G + 20 HU S e S =t T (19
: +2u) T+ (0 + ) T = pe T, (15)
08 = (0 + 2u9) 2 4 10 2 (16)

0g, = (A +2u%) 20 4 22 2 17)

og = u° (2 +22) (18)

Under exposure to high temperature, heat conductivity K*
depends on the temperature of the medium, therefore it must be
taken as variable as given by Lotfy [30]:

KS(T) = KS(1 + K, T). (19)

We can use the Kirchhoff transformation for conversion of
thermal conduction equation into linear form by the following
relation given by Lotfy [30]:

S 1 /T
=1l K°®E (20)
Differentiating (20) with respect to x; we get
K§T, = K3(T)T,;. (21)

Differentiating the above equation again with respect to x; we
get
K5T, = (KS(T)T,,-)J_. (22)

Above equation has the following linear form after removing

non-linear terms:
KsT, = K5(T)Ty. (23)

In T, the subscript should be treated as ii in Egs. (22) and (23),
though it appears as Il under T due to some software issue.

Differentiating (20) with respect to t we get
KsTy = K5(T)T. (24)

Equations (7) to (13) can be rewritten using (19)—(24) as:

(/15 + Z,us) + (/15 + ,us)— +
sQu _ o  goN _ 9%u
K 5z ax ax P (25)
BT O + ) g+ (O + 20 5
at aN a%w
v, — 85 =5 (26)
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K3AT = 5N 49Ty 2 (2 4+ 2) — pe, St =0, (27)
CabN =N +xT -2 =0, (28)
=5+ 2[15) —+ ,15— - (yT + 6N), (29)

=5+ zuS) + /15 — (yT + 6N), (30)
Oppe = U° (Z—Z + Z—Z). (3)

Further, for simplicity we use dimensionless quantities writ-
ten below:

! 1 ! 1 ! 1 ! 1
X' =—x, z=—z, U =—u w =—w,
ot 1t t* ot
pot g ¥, N
e st (A5 +2u%) (A5 +2p5)
e _ 1 oe el _ 1 e o _ i
=opus wo =nwh, o = (32)

where:

12 _ @S+2p%) = K3
)

C = .
p Cs clz

Using dimensionless variables (32) in Egs. (25) to (31) we
get equations as:

%u o?w 9T oON  d%u

ax2 bna 2+bllaxaz_5_ﬂzﬁ' (33)
2%u  9%w 2w 9T oON  3*w
2o T TaE T T T (34)
2 aT 0%u 22w
a15AT + a16§ + a17N + aqg (@ + azat) = 0, (35)
ON S
a11AN + apN +ag3 5+ a,T =0, (36)
= b13 ox + b14 oz b13T by3N, (37)
u ow 2
zz = b14a+ b13¥_b13T_ bi3N, (38)
du a
o= (2+2). (39)

Further for the elastic half space, Egs. (14)—(18) in dimen-
sionless form can be reduced as:

11 062:'2 t e vaavz t o 66222 - aazTu:’ (40)
e e b =G (@)
Oxx = C14 % + €15 aalzel (42)

05, = C1a % + C15 %j: (43)

og = (2420, (44)

Here:
Gy =—2 g, =—L1 a.=——, a,=%
1T 5z M2 T T N3 T Ty e T
_ kg _ @S+2p) _ Es(S+2p5)t* _ YT
Q15 = Q16 = — » A7 =T Aig =
yt*Cs 14 8pCs pCs
b, = us - AS+us AS+2,u b /15
11 — (/15_'_2#5)’ 12 — ;{5+2M5' 13 — # 14 = #
ﬂ_s /19_'_2#9 Ae+ue uE
bu== chu=—7 ="z, (13 =3
14 Hs’ 11 peclz » 12 peclz » +13 pecll’
Aé+2u° _A®
C14 = e G5 T e

4. Normal mode analysis

We use the following normal mode analysis for obtaining the
solution for above considered physical variables:

[w,w,T,N,u®,we| = [u*,w*,T%, N*,u®, w®*| (z)e®t*ia*, (45)

Using the solutions given by (45) in (33)—(36), we obtain the
following equations in coupled form as:

(by1D? + e;5)u” + iab,,Dw* — iaT* — iaN* = 0, (46)
iab;,Du* + (D? + e;)w* —DT* —DN* =0, (47)
ezu” + e ,Dw* + (a;sD? +e;,)T* + a;,N* =0, (48)
a;,T* + (a;,D? + e;;)N* = 0. (49)

On solving these coupled equations (46) to (49), we get the
following eighth-order differential equation:

[9sD® + goD® + g1oD* + g1, D* + g1 (uw', w*, T%,N*) = 0.
(50)

Similarly, using the solutions given by (45) in (40)—(41), we
obtain the following equations in coupled form:

(C13D2 + 617)ue* + iaclzDWe* = 0, (51)

(c11D? + e;g)w®* + iac,,Du’* = 0. (52)

On solving these coupled Egs. (51) and (52), we get the follow-
ing fourth-order differential equation:

[913D* + 914D? + g15](u®*, w®*) = 0. (53)
Here:
e;1 = —a1a% + ag, + a3, e, = —a35a° + ajew,
€13 = iawdyg, €14 = Wag, €15 = —(a? + w?),
e = —(b110° + ?), ey = —(cy0* + w?),
e1g = —(c13a* + w?),
fi = iaayshyy, fo = ialezb, +e14), f3 =

—eq14b11,

fa = laeizbi; — eqseys, fs = ia(ag7by; + €14),

_ _ 2 2 _
fo = b1, f7 = €5+ e16b1140°b12", fg = 1546,
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fo=1ia(by, — 1), fio = —iaess,
91 = fifer 92 = fofe + fif7 = f3fo
93 = fof7 + fifs = fafio = fafor 94 = fofs — fafro
9s = fsfe = f3for 96 = fsf7 = fafo — f3f10s
97 = fsfs = fafior 98 = 01191, 9o = €1191 + Q1192
10 = €1192 + A1193 — A149s,
911 = €1193 + @119 — W14 fe,
912 = €1194 — A1497, Y13 = C11C13,
J1a = C11€17 + Ci3€15 + a%c2%, gis = —eqgeqs.

Using radiation conditions u*, w*,T*, N* > 0 as z > o,
the solution of Eq.(50) can be written as:

TF = %4, Ce "7, (54)
u =Yt A e, (55)
w* =31, Bje 7, (56)
N* =Y Ee™7, (57)

where k7 (j =1, 2, 3, 4) are roots of Eq. (50). Also using
Egs. (46)—(49), the coupling constants A;, B;, E; are given by
Aj = L;C;, B; = M;C;, and E; = N;C;, where:

hlk}+h2ka-+h3
Lj = —4—5—,
hakf+hsk? +he

_ h7kf+h8k}‘+h9kl?+hw

M =
S ik +hagkthazk;
a
Nj - _+
aukj+eu

and
hy = —fiay;, hy = —fra11 — fre11, hs = fsa14 — fr€14,

hy = f3a11, hs = foa;1 + fzeq1, he = faeqs,
h; = —aisfza11,

hg = eisfiain — aisfser; — a11f3€12 — Aisfuaas,

hg = a17f3a14 + €13f2011 + e13fi€11 — erafze; +

—e12f4a11 — Aisfae11,
hio = ay7f4014 — €13f5a14 + €13f2€11 — €12faeyy,

hi1 = ay1f3€14,

hiz = aq1fae14 + €14f3€11, iz = €11f4€14.

Using Egs. (54)—(57), we obtain the expressions for all phys-
ical quantities as:

T — Z}?Zl C] e—kaewt+iax’ (58)

u= Z?:l C] Lje—k]-zea)t+iax’ (59)
w = 231'-21 Cj Mje—k}-zea)t+iax’ (60)
N = Z;!—=1 Cj Nje—kaewtﬂ'ax‘ (61)

Oxx = Zle[iaanj — by4kjM; — by3N; — b13] X

X Cje—kaea)tﬂax’ (62)

O_ZZ = Z;l‘=1[_b13ij] + lab14Lj - b131V]' - b13] X
X Cje—kaewtﬂ'ax' (63)

O, = Z;l'zl[—k]L] + laM]]C] e_kaewt+iax. (64)
Using radiation conditions u®*, wé* — 0 as z — oo, the so-
lution of Eq. (53) can be written as:

ex _ \'6 kypz
u® =Yg F, e"?,

(65)

we =35 _: G, ekr?, (66)

where k5 (j = 5, 6) are roots of Eq. (53). Also using Eqgs. (51)—

(52), the coupling constant G, is given by G, = O, F,, where:

_ 13 ki+e17

0, =

iacizkp

Using Egs. (65)—(66), we obtain the expressions for all phys-
ical quantities in elastic half-space as:

U = ¥5_o F, efpewttior, (67)
We = N5_g 0, F, ekpZeortiax, (68)

0% = Y5sliacyy + ci5k,0,|F, epZe@ttiax - (69)
0%, = X5-s|iacss + 14k, 0, |F, ekrZe®t 0 (70)
ol = Zf,:S[iaOp + k, |F, efpZe@ttiox, (71)

5. Boundary conditions

For evaluating the constants C; (j =1,2,3,4) and F, (p =

5, 6), the following boundary conditions are applied:

1) A mechanical force Fe®t*%* js applied at z = 0 along the
normal direction:

0,, = 05, — Fe®wttiax, (72)
2) The tangential stress vanishes at z = 0:
Opx = Opy. (73)
3) The surface z = 0 is thermally insulated:
ar
Fol (74)
4) The carrier density at z = 0 is
oN
a5, = KN. (75)
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5) The tangential displacement is continuous at z = 0:
u =u¢. (76)
6) The normal displacement is continuous at z = 0:
w = we, 77)

Using Egs. (58)—(64) and (67)—(71) in Egs. (72)—(77), we get
the following non-homogenous system of four equations:

a;’C, +a;’C, +ay’Cs+ay’Cu+ ad’Fs + al'Fy = —F, (78)

bI*Cl + b;*CZ + bg*C3 + bZ*C‘l- + b;*FS + bg*Fﬁ = O, (79)

k1C1 + kZCZ + k3C3 + k4C4 = 0, (80)
eI*Cl + e;*CZ + e;;*C3 + eZ*C4 = 0, (81)
L1C1 +L2C2 +L3C3 +L4C4_F5 _F6 = 0, (82)

M,C; + M,C, + M3Cs + M,C, — OsFs — OgFs = 0. (83)
where:
a;” = —by3k;M; + iaby4L; — bysN; — by,
ay' = —[c14k, 0, + iacys],

bi* = iaM; — k;L;, by' = —[k,, — ia0,),

e = (c—‘; +I) N, J=1234 p=56.

For evaluating the values of constants C; (j = 1,2, 3,4) and
E, (p = 5,6), the system of Egs. (78)—(83) are solved using
MATLAB. After evaluating the values of these constants, the
expressions for temperature distribution, components of dis-
placement, carrier density and components of stress can be ob-
tained by the expressions (58)—(64).

Using Egs. (19) and (20), the relation between the tempera-
ture T and the operator T can be written as

T==[V1+2KT —1] == 1+ 2K, T ewr+iax — 1]. (84)
1

Ky
The temperature, components of displacement, stresses and
carrier density may also be expressed in terms of K; as:

T = Kil[\/l + 2K, ?:1 G e KiZgwt+iax _ 1], (85)
— L i z _ i wt+iax
u == [1’(1 (T + Kl) Kl] e : (86)
_ M 1 2 _ 1| wt+iax
w=— [Kl (T + Kl) 3 e , (87)

1 1 2 1 . sk sk 1
Oxx =3 [K1 (T + K_1) - K_1] liabysL™ — by3—b s N**]e®t+iar+

% 4 —-kiz jwt+iax
— byaM i=1 k}- Cie "i%e ,

(88)

1 1 2 1 . sk sk i
O-ZZ = E [Kl (T + K_l) - K_l] [lab14L - b13_b13N ]ea)t+1ax+

— bysM* Y3, k; Ce %@t Hiax, (89)

_L** Z?:l k] Cje—ka +

Oy = + ial;l** [Kl (T + Kil)z

ewt+iax
1

K1

(90)

N* 1\¢ 1 ;
W= (r e 2) e, o

K1
where:

_ hyr*+hyr?+hs
har*+hsr2+hg’

L**

M = hor®+hgrt+hor?+hqg
hq175+hir3+h 3T '

N** — ai4
a;iri+e;q

6. Numerical results

For the numerical justification of the analytical results obtained,
we take example of silicon (Si) as semiconducting medium for
which related values of constants are given by Song et al. [28]
as:

2 =3.64x10"" N/m?, 1* =5.46x10'"" N/m2, p=2330 kg/m’,
Ty=800K,7=5x10"s, C;=2.5x10" m%/s, C, = 695 J/(kg K),
E,=1.11eV, a=4.14x10"/K, K = 150W/(m K),
p=—9x10""m* F=1.0,k=2.0.

Further the physical constants for elastic medium — granite — are
given by Bullen [31]:

p°=2.65x10’kg/m>, 1° =2.238x10°N/m?, ¢ = 2.238x10° N/m?.

All calculations have been done at the surface x = 1, t = 1.
Further w = wy + i€ , where wy, =-0.03, £ =0.01. The
graphs are obtained for constant and variable thermal conduc-
tivity by taking three values of K;, namely 0, -2 and -5, respec-
tively.

6.1. Results and discussion

Figure 2 shows the variation of normal displacement against
horizontal distance. Parameter K; represents thermal conductiv-
ity of the medium. K; = 0, when the variables are independent
of thermal conductivity, and when K; is not equal to zero
(K; = —2,-5), then the variables are dependent on thermal con-
ductivity. The value of normal displacement decreases with an
increase in horizontal distance for both the cases. In the case of
variable thermal conductivity, the magnitude of normal dis-
placement decreases with increase in value of K;.

Figure 3 shows variation of normal stress with horizontal
distance. The value of normal stress increases as the horizontal
distance increases in the case of constant thermal conductivity.
The similar behaviour is observed for K; = —5. But for
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K, = —2, the magnitude of normal stress first increases to attain
the maximum value, then follows a sharp decrease.

Figure 4 shows variation of carrier density against horizontal
distance. The value of carrier density increases sharply for con-
stant thermal conductivity following a sharp decrease. But for
variable thermal conductivity, the magnitude of carrier density
varies inversely with value of K.

\
N —e—K,=0
12F B K=2H
A —o—K =5
10+ s
3 N
5 \
£ .
=
2
=
= B 1
=
S
= 4 -
2 <
0 . . " ’ N :
] 0.5 1 15 2 25 3 35 4

Horizontal distance

Fig. 2. Variation of normal displacement against
horizontal distance.

Normal stress

o 0.5 1 1.5 2 25 3 35 4
Horizontal distance

Fig. 3. Variation of normal stress against horizontal distance.

Carrier density

L L L L L . L
o 05 1 1.5 2 25 3 35 4
Horizontal distance

Fig. 4. Variation of carrier density against horizontal distance.

Figure 5 shows variation of temperature against horizontal
distance. The magnitude of temperature increases exponentially,
then becomes constant for all values of K. Further for variable
thermal conductivity, the temperature varies inversely with pa-
rameter K;.

o
1 ‘0"0’ 4
P

.2< g/ .

3t e _
g 4 /a’
E af ]
P

5 L i
E & —e—K,=0

6 K=2 E

7L —e — Klzrﬁ i

8t ]

-9

] 05 1 1.5 2 25 3 35 4

Horizontal distance

Fig. 5. Variation of temperature against horizontal distance.

7. Conclusions

The following conclusions can be drawn from the performed
study on the effect of variable thermal conductivity in semicon-
ducting medium underlying an elastic half-space:

1) The variable thermal conductivity has a considerable effect

on all the physical quantities.

2) The maximum variation is obtained for carrier density in con-
text of constant and variable thermal conductivity.

3) All the physical quantities are inversely proportional to the
value of parameter K; , except normal stress.

4) This research work finds its application in different fields of
engineering to calculate displacement, stress and carrier den-
sity in semiconductors subjected to variable thermal conduc-
tivity.

5) This problem has its importance due to the fact that physical
properties of a material change drastically when there is
a change in temperature.
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Abstract

The present study explores the characteristics of reacting flow in a scramjet combustor with struts, focusing particularly on
implementing different injection strategies. A three-dimensional DLR scramjet combustor is utilised to assess the impact on
the system, incorporating multiple injections and varying injection angles on the triangular wedge. The analysis considers
three injectors with parallel, upward and downward injections at angles of 15° and 30°. The numerical investigation is con-
ducted under a constant total pressure of 7.82 bar, a temperature of 340 K, and an airspeed of Mach 2 at the inlet. The results
highlight the significance of injector location and shape in promoting flame stabilization. Furthermore, injection angles play
a crucial role in mitigating shockwave intensity. The numerical analysis involves a steady-state Reynolds-averaged Navier-
Stokes equation with the shear stress transport k—w turbulence model. The obtained results were analyzed by examining the
critical variables such as Mach number, static pressure and combustion efficiency across the combustor. Based on the com-
putational results, injecting fuel upward not only increases the overall pressure loss but also enhances the subsonic regime
downstream of the strut, which leads to better mixing and combustion efficiencies. This is primarily due to shockwave
generation from the edges of the strut and the interactions with the fuel stream shear layers.
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OF THERMODYNAMICS

1. Introduction

Scramjet engines operate as air-breathing propulsion systems,
enabling them to attain hypersonic speeds while maintaining
regular functionality. These engines produce thrust by com-
pressing incoming air and combusting it with pre-existing
onboard fuel, making them well-suited for efficiently propelling
high-speed vehicles like missiles or aircraft. The application of
scramjet engines becomes imperative for hypersonic and super-
sonic flight, characterized by vehicle speeds exceeding Mach 5
[1-4]. The ineffectiveness of conventional jet engines at hyper-

sonic speeds is attributed to the challenges posed by shockwaves
and increased drag. In contrast, scramjet engines outperform in
high-velocity environments, given their specific design for such
conditions. However, it is crucial to acknowledge that scramjet
engines encounter various technological hurdles that require res-
olution. [5-7]. Attaining steady combustion during hypersonic
speeds is a challenge due to the rapid air velocity. To address
this, various geometric shapes, including cavities [8-12], struts
[13-18], pylons [19-22], and shockwave generators [23,24],
have been employed within the combustor. These design modi-
fications aim to enhance mixing and combustion processes, mit-
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Nomenclature

A — area of the cross-section, m?
m - overall mass flux, kg/s

P — static pressure, Pa

Po — total or stagnation pressure, Pa
T - static temperature, K

u - axial velocity, m/s

X —axial distance from the inlet, m
Y —distance, m

Y —mass fraction

Greek symbols

nc — combustion efficiency, %
nt  — total pressure loss, %

p —density, kg/m3

igating the difficulties associated with high-speed airflow and
contributing to more effective combustion at hypersonic speeds.
This phenomenon induces turbulent flow, effectively promoting
the mixing of fuel and air. Consequently, it leads to an improved
efficiency in the combustion process.

Effectively controlling shockwaves is a crucial consideration
in the design and operation of a scramjet engine. The rapid flow
of air and fuel through the combustor creates conditions that can
give rise to shockwaves. These shockwaves stem from the com-
pression and heating of incoming air, causing abrupt changes in
both pressure and temperature within the engine. Shockwaves
play a significant role in governing and maintaining the combus-
tion process [25-27]. Their function involves ensuring that the
air and fuel mixture remains confined within the combustor for
a sufficient duration. Engineers employ diverse design strategies
to mitigate the adverse effects of these factors. Intricate geome-
tries within the combustor are often utilized to control the flow
and minimize the impact of shockwaves [28,29].

Cavities are commonly integrated into scramjet combustors
to enhance mixing and combustion processes. These structures
induce turbulence, promoting better fuel-air mixing and, conse-
quently, improving combustion efficiency. The incorporation of
cavities contributes to an expanded surface area, thereby en-
hancing the combustion process. This leads to improved effi-
ciency and accelerated fuel burning within the scramjet engine.
Furthermore, cavities contribute to flame stabilization and help
prevent flame blowout [30]. Li et al. [31] investigated the impact
of different depths and diameters of multi-cavities on a Mach
2.52 flow. They have focused on the flow structure and mixing
effectiveness at various pressure ratios across different cavity
depths. The study revealed that increasing cavity depth and uti-
lizing multiple cavities with a maximum number of injections
could lead to improved mixing compared to a single injection.
This improvement is attributed to the generation of shock waves
and the separation of the shear layer. Jeyakumar et al. [32] ex-
perimentally examined cavity-based reacting and non-reacting
flow in circular cross sectional combustor. They tested various
cavity configurations such as fore wall modifications [33], aft
wall angles with single and dual step angles [34], various cavity
depths [35], and transverse upstream injection [36] within the
scramjet combustor. Their findings demonstrate that employing

Subscripts and Superscripts
H2  — hydrogen

H20 — water
N2  — nitrogen
O2 —oxygen

Abbreviations and Acronyms

AUSM- advection upwind splitting method

CFD - computational fluid dynamics

CFL — Courant-Friedrichs-Lewy

GIT - grid independence test

RANS- Reynolds-averaged Navier-Stokes (equations)
SST - shear stress transport

transverse upstream injection with aft wall angle cavities results
in lower stagnation pressure loss compared to rectangular cavi-
ties. Additionally, they observed uniform mixing with increas-
ing injection pressures.

Kannaiyan [37] examines the supersonic combustion of eth-
ylene was investigated in various combustor configurations, in-
cluding the baseline design without a cavity, a configuration fea-
turing a square cavity, and another with an angled cavity. The
findings unequivocally show that the model combustor, distin-
guished by a shallow and sloped aft-wall cavity, exhibits the
longest residence period and the highest level of heat release.
Moreover, it is noted that the influence of a cavity with a reduced
length-to-depth ratio on the estimation of residence time and
heat release is negligible. The research conducted by Liu et al.
[38] investigated the application of cavity-based scramjet en-
gines in both counter-jet and co-jet configurations. The study's
results indicate that the counter-jet configuration has a more pro-
nounced impact on fuel mixing compared to the co-jet configu-
ration. This effect is attributed to the proximity of the main eddy
to the counter jet, facilitating an efficient distribution of fuel
through the primary circulation. The findings suggest that the
penetration of hydrogen in counter jets is approximately 25%
higher compared to co-jets. Feng et al. [39] conducted research
on the combustion behaviors of powder fuels within a cavity-
based supersonic combustion chamber. The findings suggest
that steady burning of the powder fuel is achievable in the pres-
ence of supersonic wind. The main areas of flame dispersion oc-
cur within the cavity's interior and the shear layer, near the
boundary layer of the expansion region. As the air-to-fuel ratio
increases, the total pressure loss beside the combustion chamber
decreases. However, the efficiency of powder particle combus-
tion exhibits the opposite trend. In the cavity-based supersonic
combustor, reducing the amount of air to fuel mixture proves
advantageous.

An experimental investigation was conducted on a combined
fuel injection method involving a strut/wall configuration by
Qiu et al. [40]. The primary goal of this investigation was to im-
prove the combustion performance in a flush-wall scramjet com-
bustor fueled with liquid kerosene. The results suggest that the
combustion intensity of the core flame increases with a higher
fuel equivalency ratio. The combustion process includes the
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propagation of the core flame toward the combustor sidewall,
igniting the fuel present on the wall, and leading to the formation
of a wall flame. The presence of the wall flame induces thermal
choking downstream of the strut, thereby enhancing the flame
within the core. The performance of the combustor and the char-
acteristics of the flame are influenced by the different fuel dis-
tribution strategies employed. Additionally, the positioning of
wall fuel injectors is optimized to enhance combustion effi-
ciency. Steady and unsteady flow characteristics of strut-based
scramjet combustors with implications of the dual cavity and
various cavity locations were analyzed numerically by Rajesh
et al. [41,42], Athithan et al. [43] and Jeyakumar et al. [44]. The
results reveal that the dual cavity is shifted away from the strut
injector, and a lateral expansion of the combustion zone is ob-
served. This phenomenon improves combustion propensity and
facilitates a decrease in combustor length.

Flame propagation characteristics and combustion perfor-
mance with multiple struts and fueled by liquid kerosene were
examined by Qiu et al. [45]. The study concentrated on examin-
ing fuel distribution patterns, particularly investigating different
single-strut injection methods and expanding the analysis to in-
clude up to five injection struts. The findings demonstrated an
enhancement in fuel mixing efficiency, reaching a value of
53.8%, with an increase in the number of injection struts. The
discussion revolved around the interaction that occurs between
the flame of the ignition and injection struts. A technique for
augmenting the width of flame spread, without the need for ad-
ditional energy input, was suggested, drawing upon the inherent
properties of flame propagation. Kummitha et al. [46] concen-
trated on analyzing wedge-shaped and revolved wedge-shaped
injectors to explore the possibility of improving mixing by in-
creasing interactions between the shear mixing layer and shock
wave. The results indicate that the newly designed struts achie-
ved complete mixing at a distance of 0.180 m from the combus-
tor inlet. This accomplishment was accompanied by an average
gain in mixing efficiency of 9%, with a corresponding increase
in pressure losses of 12%.

Much of the research on strut combustor scramjets has pri-
marily focused on a single injector located at the central strut.
While numerous studies have reported numerical results using
a two-dimensional scramjet combustor with a strut, the develop-
ment of three-dimensional scramjet combustors has lagged. This
current work addresses supersonic flows at high speeds, high-
lighting the significant impact of a wedge on flow characteris-
tics. The presence of a wedge contributes to the development of
gradients in flow properties, including pressure, velocity, and
density. This study also emphasized investigating various injec-
tion angles within the strut, to create more disruptions in the
flow field and enhance diverse interactions between shear lay-
ers, shock waves, and flow streams. Understanding the flow
physics associated with injection angles in strut-based super-
sonic flow is vital for optimizing mixing mechanisms, control-
ling flow characteristics, and improving the efficiency of scram-
jet combustion. Given that higher injection angles can signifi-
cantly disrupt the boundary layer formed along surfaces, leading
to increased flow separation, boundary layer instabilities, and
potential impacts on combustion performance, lower injection

angles were chosen for this study. The research has systemati-
cally explored the impact and importance of the injection posi-
tion on mixing enrichment specifically in the context of the strut
base.

2. Numerical methodology

2.1. Geometric modelling

A numerical analysis was performed on a scramjet combustor
utilizing angular injection within a strut-based configuration. In
this study, two distinct injection angles with three-hole injec-
tions were selected and compared against a parallel injection
method. Specifically, injection angles of 15° and 30° were em-
ployed using upward and downward injection techniques. The
hydraulic diameter of the injection holes for the three injection
ports was consistently maintained at 1 mm. The gaseous state of
hydrogen is utilized as the reactive fluid, being injected from the
strut base under sonic conditions. The incoming free stream air
reaches the entrance of the combustor with Mach 2. The dimen-
sions of the scramjet model are 300 mm in length, 45 mm in
breadth, and 50 mm in height. The leading edge of the strut is
positioned at a distance of 68 mm from the air intake while
maintaining a vertical distance of 25 mm above the bottom wall.
The half angle of the strut remains constant at 6°. The length of
the strut is measured at 32 mm. The upper wall features a diver-
gence angle of 3°, starting 100 mm from the inlet of the com-
bustor, as illustrated in Fig.1, and terminating at its outlet. The
separation between the base of the strut and the entrance of the
combustor measures 100 mm.

Outlet

.

25mm

Inlet

300 mm

Fig. 1. Schematic view of scramjet combustor.

2.2. Numerical modelling

The study of the scramjet combustor entails solving three-di-
mensional conservative equations governing the conservation of
mass, momentum, and energy. The primary challenge in study-
ing supersonic flows lies in developing reliable turbulence mod-
els that allow for the examination of the underlying flow struc-
ture [47]. The current approach utilizes the Shear Stress Tran-
sport (SST) k—w turbulence model to solve the compressible
Reynolds-averaged Navier-Stokes (RANS) equations. The k—w
SST model is considered the most accurate turbulence model for
scramjets [48]. It enables predictions of mixing layers, negative
pressure gradients, and separated flows, making it suitable for
a comprehensive analysis of scramjet flows [49]. In the ANSYS
Fluent framework [50], the finite volume approach is employed
to discretize the governing equations of the flow. The modelling
of the working fluid as an ideal gas, along with the use of a mix-
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ing-law equation, allows for the capture of both density and vis-
cosity fluctuations. The combination of the Advection Upwind
Splitting Method (AUSM) with a higher-order upwind approach
enhances convergence and yields more accurate results [51]. En-
suring stability involves preventing divergence and maintaining
the Courant-Friedrichs-Lewy (CFL) value at 0.5 [52], providing
a reliable approach to guarantee a stable solution.

2.3. Discretization and grid independence test

The three-dimensional grid generation for the strut-based
scramjet combustor was completed using Ansys ICEM R22,
employing hexahedral elements. The O-Grid method was
utilized to discretize the injectors, enabling the creation of
structured grids closely aligned with the geometry to ensure an
accurate representation of the flow domain. To capture shock-
waves and boundary layer interactions effectively, the y+ value
is kept below 1 near the wall boundaries. Additionally, the grid
elements are maintained with a minimum angle of approxima-
tely 45° and a skewness of around 0.9 to ensure optimal grid
quality. A grid independence test is essential to ensure
computational consistency. To enhance the accuracy of
numerical results while minimizing computational cost and
time, three different element sizes were employed to optimize
grid resolution. Grid independence test (GIT) was conducted on
a three-dimensional supersonic combustor, employing three
different mesh element sizes: 3.5 million, 6.6 million, and 9.9
million elements. The discretized 3D scramjet combustor and
zoomed view of the O-Grid mesh is depicted in Fig. 2.

Fig. 2. Three-dimensional mesh of the scramjet combustor.

The investigation involved measuring total pressure and
Mach number along the centerline of the combustor. Figures 3a
and 3b illustrate minimal variation among the three mesh ele-

3.5 Million Elements
24 #— 6.6 Million Elements
—&— 9.9 Million Elements

Axial Total Pressure (Bar)

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
a) Length of the combustor (m)

ment sizes concerning both the bottom wall pressure and axial
pressure plots. To minimize convergence time, medium size
mesh elements were selected for this investigation.

2.4. Boundary conditions

The steady-state three-dimensional modeling of the strut-based
scramjet combustor employs specific boundary conditions were
shown in Table 1.

Table 1. Inlet boundary conditions for air and fuel.

Condition Air Hydrogen
Mach number 2.0 1.0
Velocity 730 m/s 1200 m/s
Density (p) 1.002 kg/m? 0.097 kg/m?
Static pressure (P) 100 000 Pa 100 000 Pa
Total or stagnation pressure (Po) 782 444 Pa 189 292 Pa
Static temperature (T) 340 K 250 K

Mass fraction of hydrogen (Yu2) 0 1

Mass fraction of water (Yuzo) 0.032 0
Mass fraction of oxygen (Yo2) 0.232 0
Mass fraction of nitrogen (Ynz) 0.736 0

The static pressure and Mach number of the entering airflow
have been provided, making the far-field the definition for air
and fuel inlet. Due to the density-based solver, the operating
conditions were stated to be zero. For the walls of the combustor
and the strut, a no-slip wall condition has been defined. The out-
let from the combustor is characterized by a pressure outlet.

2.5. Combustion modelling

In the context of investigating the combustion characteristics of
supersonic flow, the computational analysis incorporates the uti-
lization of species transport [53] and eddy dissipation models.
The utilization of the eddy dissipation concept is employed as
a means to streamline the complex connections between turbu-
lence and chemistry, while also aligning with empirical obser-
vations [54]. The selection of a single-step reaction process over
multistep hydrogen reaction models is based on the superior out-
comes it offers in terms of overall combustor performance. The
utilization of a single-step reaction mechanism has the added
benefit of reducing the computational period required for solv-
ing the reaction equation [55]:

2H, + 0, — 2H,0. 1)

3.0

254

2.0+

Mach Number
&
1

3.5 Million Elements
—&— 6.6 Million Elements

0.5+ —A— 9.9 Million Elements
0.0 T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
b) Length of the combustor (m)

Fig. 3. Grid independence study: a) static pressure along the bottom wall of the combustor, b) axial pressure along the centerline of the combustor
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2.6. Validation

The assessment of the steady-state simulation results involved
a comparative analysis carried out by Oevermann [47] at the
DLR (German Aerospace Center) scramjet combustor. The pre-
sent study has been validated for both reacting and non-reacting
conditions. In the non-reacting conditions, the analysis includes
the consideration of static pressure at the bottom wall and cen-
terline. In contrast, for reactive cases, the study demonstrates the
distribution of velocity magnitude and temperature. From Figs.
4 a and b, the observed agreement between the simulation out-
comes and empirical data includes consistent findings related to

25

Bottom Wall

2.0+

"‘ A Experimental
1590 % -# - Numerical
\ s

Static Pressure (Bar)

0.5+

0.0
0.10

T T T T
0.15 0.20 0.25 0.30 0.3¢

a)

Length of the Combustor (m)

strut-generated shock, wall-reflected shock waves, and the dis-
tribution of wall static pressure. The observed slight fluctuations
in static pressure near the boundary may be attributed to unex-
pected turbulence vortices close to the wall. The numerical re-
sults exhibit a similar pattern and only marginal variation when
compared with experimental observations.

The validation process for reacting flows encompasses con-
siderations of combustion chemistry, incorporating the eddy dis-
sipation model, and solving species transport equations. The ve-
locity distributions at X = 78 mm, X = 125 mm, and X = 207 mm
along the axial plane are depicted in Figs. 5a to 5c.

25

Centerline Axial Pressure

A A  Experimental
.. - % - Numerical

2.0

Static Pressure {Bar)

0.5

0.0
0.10
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0.15 0.30

b)

Fig. 4. Validation for 3-dimensional scramjet combustor using pressure plots (non-reacting): a) static pressure at bottom wall,
b) static pressure at a distance of Y = 25 mm.
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Fig. 5. Validation of axial velocity plots for reacting flow with Oevermann [47] at: a) X = 78 mm, b) X = 125 mm, ¢) X =207 mm.

The comparison reveals a high level of concordance between
experimental findings and numerical simulations, with minimal
discernible deviation. Figures 6a to 6¢ illustrates the temperature
distribution along the strut-based scramjet combustor at axial
positions of X = 78 mm, X =125 mm and X = 233 mm from the
inlet. The numerical predictions closely align with experimental

50

observations. Discrepancies between the high-temperature val-
ues obtained in experiments and those predicted numerically can
be attributed to heat transfer effects and three-dimensional vor-
tices. Nevertheless, the study demonstrates the competence of
the numerical approach employed here in analyzing diverse con-
figurations of strut-based scramjet combustors.
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Fig. 6. Validation of static temperature with Oevermann [47] at: a) X = 78 mm, b) X =125 mm, ¢) X =233 mm.



3. Results and discussion

In this study, computational fluid dynamics (CFD) is employed
for numerical analysis to investigate the mixing performance as-
sociated with different strut injection techniques in the DLR
scramjet combustor. The primary objective is to assess the per-
formance characteristics of a strut-based scramjet combustor un-
der varying injection angles and directions. A recently updated
three-dimensional numerical investigation further explores the

0.00e+00 1.70e-01 3.40e-01 5.10e-01 6.80e-01

impact of angled injectors, pointing both above and downward,
on the overall performance of a strut-based scramjet engine. The
numerical solution for steady-state flow under identical opera-
tional variables and boundary conditions is obtained by solving
the RANS equations.

The density contours for different injection angles, both up-
ward and downward configurations, are illustrated in Figs.7a to
Te, respectively.

b)

8.50e-01 1.02e+00 1.19e+00 1.36e+00 1.53e+00 1.70e+00

Fig. 7. Contours of density in kg/m?*: a) parallel injection, b) 15° upward injection, ¢) 30° upward injection,
d) 15° downward injection, €) 30° downward injection.

An XY plane has been established at the center of the com-
bustor to visualize density and Mach number contours for four
distinct injection methods: 15° upward, 15° downward, 30° up-
ward, and 30° downward. These injections induce shockwave
interactions and recirculation zones, significantly impacting the
supersonic flow field. Notably, robust shocks originate from the
leading edge of the strut and undergo reflection upon encounter-
ing the Combustor wall. Subsequently, these reflected shocks
experience distortion at various points downstream of the strut.
The shockwaves generated at the trailing edges of the strut in-
teract with the shockwave reflected on the combustor wall, lead-
ing to a subsequent reduction in strength as they approach the
bottom wall of the combustor. Interestingly, it has been noted
that the strength of the reflected shock wave is contingent on the
injection angle, as depicted in Fig. 7. This variability is visually
represented in the density contour for both injection angles and
directions.

Figure 8 represents a graphical depiction of the Mach num-
ber distribution throughout the flow field, enabling the identifi-
cation of regions characterized by supersonic or subsonic flow,
as well as the presence of shock waves. The development of the
subsonic region occurs downstream of injection struts due to the

shock and shear layer interactions. This region enables the mix-
ing of hydrogen and air, facilitating the combustion process. The
width of the subsonic area was observed to expand as the injec-
tion angle was raised, as shown in Figs. 8b—8e when compared
to parallel injection. A discernible L-shaped pattern was found
in Figs. 8c and 8e when employing downward injection angles.
Additionally, it was discovered that boundary layer separation
occurred when the flow encountered the inclination of the top
wall. The magnitude of the oblique shock intensifies and causes
a reduction in the velocity of the fluid downstream of the strut.
The presence of these recirculation zones results in the deceler-
ation of the high velocity flow within the combustor, hence caus-
ing a decrease in the Mach number of the combustor as meas-
ured along its length.

3.1. The effect of wall-static pressure

The graphical representation in Fig. 9a and 9b depicts the
static pressure distribution along the bottom wall and axis of the
combustor. Notably, the pressure levels observed at the inlet of
the combustor consistently exhibited a high degree of uni-
formity.
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Fig. 9. Static pressure distribution for different injection angles:
a) wall static pressure, b) axial pressure.

In Fig. 9a, the representation shows the static pressure ex-
erted by the bottom wall of the combustor. Notably, as the waves
developed, the pressure at a distance of 0.15 m from the leading
edge of the strut decreased. An interesting observation is the sig-
nificant recirculation generated at the trailing edge of the strut,
stemming from upstream injection at a distance of 0.2 m, indi-
cating the presence of elevated pressure levels. Remarkably, the
range of pressures at the exit of the combustor remained con-

sistent for both injections with varying angles.

Figures 9a and 9b highlight a significant difference in the
static pressure applied to the wall by distinct configurations of
struts. Axial pressure measurements were taken using the cen-
terline of the combustor as a reference point. Notably, a higher
pressure was observed at a distance of 0.15 m, attributable to the
injection pressure at the midpoint of the strut. Comparing angled
injection to parallel injection, it is evident that angled injection
leads to a higher pressure exerted at the center of the combustor
compared to the center of the strut. The presence of the recircu-
lation area located in the central region of the strut base, as de-
picted in Fig. 9b for the 15° upward injection, leads to a higher
injection pressure compared to the other two scenarios.

3.2. Static temperature

Temperature graphs in a scramjet combustor commonly depict
the spatial distribution of temperature along the longitudinal or
vertical axis of the combustor. The presented charts offer valua-
ble insights into the combustion process and the spatial distribu-
tion of temperature for different injection angles within the com-
bustor. From Fig. 10, it is observed that in each case at X =
128 mm, the static temperature profile exhibits a high degree of
similarity, indicating a reduced level of combustion and mixing
of air and fuel near the injection area when compared to the outer
regions of the streams. In all instances, it can be observed that at
X =128 mm, the temperature profile exhibits a high degree of
similarity, indicating a reduced level of mixing and combustion
of the fuel and air near the injection site in comparison to the
boundary of the streams. Additionally, it can be noted that as the
flow progresses towards the exit of the combustor, there is a re-
duction in temperature along the axial distance from the inlet at
X'=175mm, X =207 mm, and X = 283 mm. The DLR scramjet
model exhibits a concentration of maximum temperature within
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the central region of the combustor. The subsonic zone is where
intense combustion occurs as a result of the intense interactions
between shock waves and the fuel shear layer. Additionally, the
flow downstream is decelerated due to shock-shock interactions.
Furthermore, the interaction between the fuel-air stream and the
strut injector occurs at a location further downstream. The high-
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est recorded temperature was obtained at a distance of X =128
mm from the combustor inlet. This finding is further substanti-
ated by the presented data in Figs. 10a to 10d, where the peak
temperature was observed within the range of Y =0.20 mm to
Y =0.35 mm.
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Fig. 10. Temperature profile along the combustor at a distance of: a) X = 128 mm, b) X = 157 mm, ¢) X =207 mm, d) X = 283 mm.

3.3. Performance analysis

3.3.1. Combustion efficiency

The most crucial variables for achieving optimal performance in
scramjet combustors are the efficiency of mixing and combus-
tion. The air-fuel mixing efficiency of any position across the
stream can be determined by calculating the average values and
expressing it as the ratio of the stoichiometric hydrogen mass
flux to the overall hydrogen mass flux. This representation is as
follows[56]:

fA(X)pgaquHZdA -1

MH2(X) 2
MH2(inj) )

ne=1- MH2(inj)’

where Y, stands for the hydrogen mass percentage and gas den-
sity, while A represents the area of the cross-section. Addition-
ally, u indicates the axial velocity. Assuming that miy; ;) Sig-
nifies the overall hydrogen mass flux and my; x, the hydrogen
mass flux about X.

Figure 11a illustrates the fluctuation in the combustion effi-
ciency of the DLR scramjet model as a function of various in-
jection angles. The phenomenon of shockwave and fuel stream
shear layer interaction is observed to occur predominantly in the
downstream region of the strut.

The existence of a subsonic region near the strut area en-
hances the mixing process, contributing to an overall improve-
ment in combustion efficiency. One more observation is noted,
comparing all cases with parallel injection, 15° upward injection
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Fig. 11. (a) Combustion efficiency, and (b) total pressure loss
of strut-based scramjet combustor with various injection angles.

having complete combustion attained with minimum combustor
length nearly x = 0.11 m.
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3.3.2. Total pressure loss

Another important analysis to access the scramjet combustor
performance is the total pressure loss. Illustrated in Fig. 11b is
the total pressure loss corresponding to different angles of injec-
tion utilized within a strut-based scramjet combustor along its
axial length. The fluctuations in pressure loss are attributed to
the generation of shockwaves originating from the strut. The to-
tal pressure loss is calculated using the formula outlined below
[47]:

Ja PopudA (3)

nf = 1 - .
Ja Po(inletypudA

Comparatively, angled injections in the scramjet combustor
result in higher total pressure losses than parallel injections due
to the increased strength of shockwaves. Notably, higher pres-
sure loss is evident downstream of the strut during angled injec-
tion, primarily attributed to multiple shockwaves and their inter-
actions with the fuel stream shear layer that decelerate the flow
in the combustor. Specifically, a significant increase in pressure
loss of approximately 20% is observed for upward injection an-
gle, stemming from augmented shear layer formation and the

H2 mass fraction at x axis
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emergence of recirculation zones in the downstream region. Ad-
ditionally, an intriguing trend emerges from the Fig. 11b total
pressure loss exhibits a notable decrease with increasing injec-
tion angle when compared to parallel injection configurations.

3.4. H; and H,0 mass fraction

The estimation of mixing and combustion characteristics for the
strut-based scramjet combustor is based on the mass fractions of
H» and H20 in its distribution. If the combustion conditions are
optimized to achieve complete combustion, the mass fraction of
hydrogen can drop. Figs. 12a and 12b illustrate the mass percent
of hydrogen and H,O over the length of the combustor. A range
of mass fraction variation was recorded within the distance
range of 0.1 m to 0.15 m from the entrance of the combustor.
Based on the findings depicted in Fig. 10a, it can be observed
that optimizing the combustion conditions for achieving com-
plete combustion may result in a drop in the hydrogen mass frac-
tion. Figure 13 illustrates the concentration of H, and H.O, ex-
pressed as mass fractions, at different axial locations within the
combustor.
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Fig. 12. Mass fraction along the length of the combustor: a) H, mass fraction, b) H,O mass fraction.
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Figure 13 displays a discernible disparity in the H, mass frac-
tion, which is found to be at a low concentration, and the H,O
mass fraction, which exhibits a substantially greater profile, spe-
cifically at the position X = 125 mm. Therefore, the implemen-
tation of angled injection in the scramjet combustor enhances
combustion efficiency. The hydrogen is nearly depleted at
X =207 mm and X = 283 mm. The results of the investigation
indicate that the mass fraction of H,O is significantly higher
when employing a downward injection angle at the position
X =125 mm. The H,O mass fraction graphs reveal that a similar
large variation was seen in the strut wake zone. As indicated by
the mass fraction graphs, it is evident that the implementation of
angled injection results in the nearly complete consumption of
fuel.

4. Conclusion

The numerical investigation of the three-dimensional DLR com-
bustor is conducted and subsequently compared with experi-
mental data. The injection of hydrogen fuel is accomplished by
the utilization of a strut-type injector, which employs a range of
injection angles in the direction of flow. The computational sim-
ulations employed in this study are based on the three-dimen-
sional RANS equations. The simulations utilize the SST k-w
model to accurately predict the effects of turbulence. Addition-
ally, the eddy-dissipation approach is employed to represent the
single-step hydrogen reaction in the reacting flow. The analysis
of the combustor includes an assessment of flow characteristics
such as shock waves, static pressure and temperature distribu-
tions, mass fraction of hydrogen and steam, and performance
parameters at different locations. The present study yields the
following findings:

e From density contours, the shock interaction within the
combustor led to the creation of strong recirculation zones
along both the upper and lower walls. These recirculation
zones play a vital role in aiding the mixing process and fos-
tering the stabilization of the flame. The rise in pressure is
ascribed to the interaction between shock waves and the
separation of the boundary layer. Consequently, the down-
stream flow undergoes a deceleration, accompanied by
a decrease in the intensity of the shocks.

e The hydrogen mass fraction profile exhibited a peak at X =
0.125 m, indicating improved mixing and combustion effi-
ciency. This suggests that angled injection enhances the ef-
fectiveness of the scramjet combustor. The H, mass frac-
tion exhibits near-complete consumption at X = 0.207 m
and X = 0.283 m, indicating efficient fuel utilization. H,O
mass fraction is maximum while using of downward injec-
tion angle at X = 0.125 m. From mass fraction graphs, it can
be observed that the fuel is completely burnt before it
leaves the scramjet combustor.

e |t is evident that upward injection angles yield superior
mixing characteristics in comparison to downward injec-
tions. Notably, the subsonic region near the strut which en-
hances the mixing and combustion efficiencies, and angled
injections, particularly upward ones, demonstrate enhanced
combustion characteristics within the region of X =0.12 m.

e The total pressure loss is higher for upward injection angles
than parallel and downward injection, primarily due to
shockwave generation from the leading edge of the struts.
In this study, it's observed that the total pressure loss for
upward injection angles is 20% and downward injection

angles exhibit a 15%. It is also noted that both upward and
downward injection angles have higher total pressure loss
compared to parallel injection due to the emergence of ad-
ditional shockwaves downstream of the strut. Despite this
increased pressure loss, upward injection angles are pre-
ferred because they achieve high combustion efficiency
within the shortest combustion length.
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Abstract

The investigation of the couple stress fluid flow behaviour between two parallel plates under sudden stoppage of the pressure
gradient is considered. Initially, a flow of couple stress fluid is developed between the two parallel plates under a constant
pressure gradient. Suddenly, the applied pressure gradient is stopped, and the resulting unsteady flow is studied. This type
of flow is known as run-up flow in the literature. Now the flow is expected to come to rest in a long time. Usually, these
types of problems are solved by using the Laplace transform technique. There are difficulties in obtaining the inverse Laplace
transform; hence, many researchers adopt numerical inversions of Laplace transforms. In this paper, the problem is solved
by using the separation of variables method. This method is easier than the transform method. The velocity field is analyti-
cally obtained by applying the usual no-slip condition and hyper-stick conditions on the plates, and hence the volumetric
flow rate is derived at subsequent times. The steady state solution before the withdrawal of the pressure gradient is matched
with the initial condition on time. The rest time, i.e. the time taken by the fluid to come to rest after the pressure gradient is
withdrawn is calculated. The graphs for the velocity field at different times and different couple stress parameters are drawn.
In the special case when a couple stress parameter approaches infinity, couple stress fluid becomes a viscous fluid. Our
results are in good agreement with this special case.
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OF THERMODYNAMICS

1. Introduction

A couple stress fluid displays distinctive behaviour, shaped by
internal rotational effects resulting from the interaction of forces
and moments within the material. In fluid mechanics, these
properties influence how the fluid responds to external forces,
impacting factors like flow characteristics, stress distribution,
and deformation. In unsteady flow, the dynamic behaviour of
a couple stress fluid is characterized by the interaction of rota-

tional forces within the material, impacting fluid flow patterns
and responses, particularly in the presence of changes in external
forces. The couple stress fluid based on pure kinematic behav-
iour was proposed mathematically by Stokes in 1966 [1]. The
couple stress fluid shows the rotational effects and sustention of
couple stresses which were not observed for Newtonian fluids.
The properties of the couple stress fluids when they flow past
a sphere and spheroid have been studied [2]. A method was de-
veloped for free convection in magnetohydrodynamics (MHD)
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Nomenclature

G - nondimensional pressure gradient
h  — half of the distance between the plates, m
P — pressure, Pa

p —nondimensional pressure

Q - volumetric flow rate, m%/s

S —couple stress parameter

t  —nondimensional time

T —time, s

U - velocity in Y- direction, m/s

u —nondimensional velocity

Us — steady state velocity, m/s
Ut — transient state velocity, m/s

flows using Laplace transforms, which was applied to a thermal
shock problem [3]. The authors compared the results between
the analytic and numerical solutions by applying the HAM tech-
nigue and shooting method on the axisymmetric flow of an elec-
trically conducting viscous fluid in the presence of a magnetic
field over a non-linear stretching sheet [4]. The authors focused
on the exact solution for an MHD boundary layer problem for
momentum and heat transfer in Jeffrey fluid flow over a non-
isothermal stretching sheet in the presence of dissipative energy,
thermal radiation, and internal heat source [5]. The effects of
Soret and Dufour on velocity, temperature, and concentration
were discussed in the three-dimensional MHD flow of
Oldroyd-B fluid [6]. Heat transfer and effects of various embed-
ding parameters on the flow were discussed on three-dimen-
sional flow couple stress fluid with convective boundary condi-
tions by employing the HAM technique [7]. The authors inves-
tigated non-Newtonian fluid flows due to the sudden application
of pressure gradient. In their study, the velocity field is obtained
by Laplace transforms and by separation of variables [8,9]. The
effects of directional permeability on the Couette flow of immis-
cible Newtonian fluids are explored in an anisotropic medium
[10]. The authors examined the flow of electrically conducting
immiscible Newtonian fluids with variable viscosity through an
inclined channel under the influence of a magnetic field [11].
The fourth-order accuracy boundary value problem is applied to
get the numerical solution by considering slip conditions on the
magnetic effect on radiative inclined magneto-hydrodynamic
mixed convection hybrid nanofluid flow through an inclined
shrinking permeable plate [12]. The author used the HAM tech-
nique to examine the couple stress fluid flow between two
curved plates with the porous medium [13]. The entropy pro-
duction in a couple stress fluid flow regions is observed to be
smaller than that of the micro-polar fluid flow region [14]. They
examined the flow of electrically conducting immiscible New-
tonian fluids with variable viscosity through an inclined channel
in the presence of a magnetic field [15]. The authors investigated
the characteristics of entropy production, temperature-depend-
ent thermal conductivity, variable viscosity, and a couple stress
parameters on non-immiscible fluids in an inclined porous chan-
nel [16].

A special type of flow named “run-up flows” for the case of
viscoelastic fluids was introduced by Kazakia and Rivlin [17].

Greek symbols

n - coefficient of couple stress viscosity, N s
A —separation constant

u  — coefficient of viscosity, Pa s

p — density of the fluid, kg/m3

Abbreviations and Acronyms

HAM  — homotopy analysis method
LHS — left hand side

MHD  — magnetohydrodynamic
RHS —right hand side

Later Rivlin used Laplace transforms theoretically and exten-
sively to investigate the flows formed in run-up flows [18-20].
Almost in the same period, a similar problem of step jump ve-
locities in shear flows was studied by Narain and Joseph [21].
Researchers explored the run-up flows of couple stress fluids
and micro-polar fluids through the application of Laplace trans-
forms [22,23]. Additionally, the study delved into the run-up
flows of Maxwell fluids, employing Laplace transforms as well
[24]. Subsequent investigations were extended to explore run-
up flows, considering Hall effects on the flow of Rivlin-Erick-
son fluids [25]. Another aspect of interest involved the exami-
nation of run-up flows of conducting liquid within an annulus
[26]. Notably, recent research focused on magneto-hydrody-
namic (MHD) fluid run-up flows, employing Laplace trans-
forms for analysis [27]. Many authors solved the problems with
run-up and similar flows using numerical inversion of Laplace
transform techniques [28,29]. As an extension of [22], the pre-
sent work investigates the unsteady flow of a couple stress fluid
between two parallel plates using the separation of variables
technique. The advantage of this method is that it is easy to ob-
tain solutions and can avoid the difficulty in inverting Laplace
transforms.

2. Statement of the problem and mathematical
formulation

Examining the fully developed steady flow of incompressible
couple stress fluid between two parallel plates under a constant
pressure gradient, we investigate the scenario where the pressure
gradient is suddenly stopped. This leads to the study of the sub-
sequent transient flow, focusing on the extended period required
for the fluid to rest. We derive the duration for the fluid to reach
a state of rest and estimate the volumetric flow rate during this
process.

The linear momentum equation for a couple stress fluid [1]
is given by:

au _ 8P Y a*u 1)
or = “ox T Hoyz T Mopw

where p is the pressure, p is the density, T is time, x4 and # are
coefficients of viscosity and couple stress viscosity, respec-
tively.
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We introduce the following non-dimensional scheme:

2
X=hx, Y=hy, T=522 =
u ph
_ 2 _Mu
_pthv S - rl- (2)

The quantities on LHS are physical quantities and non-di-
mensional quantities are on RHS.
Substituting Eq. (2) in Eq. (1), we get the following non-di-
mensional equation for velocity u:
du _ dp  *u 1 09%u

Iy _L0u @3)

at  oax  dy? SZayt
Equation (3) can be solved under the following conditions
(Fig. 1):

1. Noslip conditionu=0aty = + 1.

2. Hyper stick condition (angular velocity is zero VX g = 0,
where g is fluid velocity) gives: Z—Z =0aty == 1.Ingen-
eral, when the surface is under rotation, we take type A
condition, or no couple stresses condition on the surface.

When the surface is not under rotation, we take type B con-
dition or no angular velocity or hyper-stick condition on the

surface.
3 6_p_{—G for t<O,
©oox 0 for t=0.
Y
h dl:{—ﬁf'nr£<0
—_—  dx 0 fort=z0
Uly)
0 *x
-h

Fig. 1. Graphical representation of the problem.

3. Solution procedure
We assume the solution for Eq. (3) as

u= { us(y) for
Bl ut()’; t) for

t<o,

t>0, “)

where u, is steady state fully developed flow under constant
pressure gradient G and u, is transient or unsteady state solution
such that:

%ug 1 dtug
0=G+55 -5, )
and
dug azut 1 64ut

(6)

at  9y? s oyt

Equations (5) and (6) are subjected to the following condi-
tions:

(D=0, w(+1,0=0, T2ED=0, Z*(+1,0=0,7)

and u,(y,0) = ug and u,(y,t) =0ast — oo.
Equation (5) is an ordinary differential equation and is re-
written as:

ull — S2ul = 5%G. 8
The solution of Eq. (8) under conditions for u, in Eq. (7) is:
us(y)zg(l —y2)+SSiihS(coshSy —coshS). (9)
We assume the solution of Eq. (6) in the form
u(y, ) = EQ)F (). (10)
Substituting Eq. (10) in Eq. (6) and rearranging we get
P _ E/r_sizElv B 5
FE— =, (11)

where F' is derivative with respect to t and E’ is derivative with
respect to y, the separation constant is taken as negative to sat-
isfy the condition at t = oo.

This gives F'+ A2F =0and E'V — S2E" —12S%E =0
with the auxiliary equation m* — $2m? — 1252 = 0,i.e.

S2 452 445252 52 472
mi=2""—2 0 = (14 1+ =,

22
m1,2=i% 1+ 1+4—2,
and
22
m34=ii2 1_ 1+4_2,

are the roots of the auxiliary equation.
The solution for u, is given by:

u,(y,t) = Z e~ At (A coshm;y + B;sinhm;y+
7

+C, cosmyy + D, sinmzy).  (12)

Constants in Eg. (12) are found from the conditions in Eq. (7):
u;(1,t)=0= Acoshm, + Bsinhm, + Ccosmg + Dsinms =0
u;(—1,t)=0= Acoshm,; —Bsinhm, + Ccosmz —Dsinm; =0
which implies:

Bsinhm, + Dsinm; =0,
and

Acoshm, + Ccosm; = 0.
Again Z—I;t (1,t)=0 gives:
m, Asinh m; + my Bcoshm, + myCsinms + myDcosm; =0
and ‘Z—Zf (—=1,t)=0 gives:
—m, Asinh m; + m; Bcoshm; + m;Csinm; + mzDcosm; =0
which implies that  m;Asinhm; — m3;Csinm; =10
and m, Bcoshm,; + m3Dcos m3; = 0.

Then, from equations of B and D, we get:
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B= _pJSinms _ _ ) mscosms (13)

sinh m, mqcoshm,’

and from equations of A and C, we get:

cosmg mgzsinmg

A= -0 — ¢ mysinhmy’ (14)
Substituting (13) and (14) in Eq. (12), we get:
2 coshm,
u:(y, t) =z e* fA{coshml y— cosm, cosmg y} +
+¥ e"thB{sinh myy — 5::1:;1 sinmsy } (15)
Rearranging Eq. (14) we get:
z=m, tanhm, + mz tanm; = 0. (16)

The zeroes of Eq. (16) will give the values of the separation con-
stant A.

The initial condition at t= 0, u,(y, t)= us(y), yields B =0
(since u, is an even function, the odd function terms will van-
ish). Hence at t= 0, we have:

G coth S (cosh Sy coshmyy cosmzy
-y L )y (s
S cosh S coshmq cosmg

(17)

From Eq. (11) at a fixed value of S, for a range of A from 0

to 100, we find m; and m5 values. With these values of m, and

ms, We obtain z from Eq. (16). Thus, we can plot for z for the
values of 4 as shown in Fig. 2.

From this graph, the roots for A are obtained, and then m,

and mg corresponding to these roots A are found from Eq. (11).

E(l

2

roots for A

ATV
A1 T

T T T T T T
0 20 40 60 80 100

2
I

A

Fig. 2. Graph for finding roots of z (1) = 0.

The first five roots for A and the corresponding values for m; and
ms are shown in Table 1.

Table 1. The first five values of separation constant 4.

n An 2(An) m ms

1 3.297 0.000399 2.981 2.2115
2 15.909 —0.00088 5.8207 5.4663
3 38.193 —0.00074 8.8551 8.6262
4 70.305 0.00042 11.9425 11.7739
5 112.271 0.0008 15.0516 14.9181

To obtain 4,,, we solve n equations from Eq. (17) by evalu-
ating Eq. (17) at n equally spaced points y;, or alternately mul-

tiply Eq. (17) by (% - %) and integrate w.r.t. y be-
1 3
tween the limits —1 to 1. We get n equations in A,, and 4,, is

obtained by solving this system. The values of A,, by collocation
method are given in Table 2.

Table 2. The values of A,.

Coefficients A1 Az As As As

Values 0.6821 0.0137 0.00156 0.00035 0.000013

We observe that the collocation method gives a very accurate
solution. Then finally, we get:
U=, (y, t 2 0)= Y5y e h A4, (oI SEmY) (1)

coshm, cosms

and the volumetric flow rate Q at any time t is given by:

© 32
Q=2%5 e A, (

tanhm,; tan m3)

my ms3

(19)

4. Results and discussion

The unsteady flow of a couple stress fluid between two parallel
plates due to the sudden withdrawal of an applied constant pres-
sure gradient is studied. The expressions for the velocity for the
transient state and volumetric flow rate are derived and shown
in Egs. (18) and (19), respectively. The velocity profiles for u;
versus distance y at different times t at fixed couple stress pa-
rameters (S = 2) are shown in Fig. 3a for G = 5 and Fig. 3b for
G =10, respectively. From Fig. 3, we notice that for 0.5 units of
time, u; becomes almost zero, i.e. the flow comes to rest by 0.5
units of non-dimensional time. And we observe that as G in-
creases, the velocity increases. Initially, velocity starts from
higher values and becomes zero by about 0.5 units of times at
S = 2. This is because when the pressure gradient increases, the
applied force on the flow increases, increasing velocity.

w

w Iy

1N

Ut
-

) o \
/ P os .
){(_.‘ S =03 N
o I =04 RS .
T T T T T
10 o 00 05 10
Yy
a)
o~
=
g -
pos w
=
b
o
s
1 : ' I 1
1.0 05 00 05 10
b) y

Fig. 3. Velocity profiles (u) for S = 2 at pressure gradient G =5 (a)
and pressure gradient G = 10 (b), for various time values.
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The velocity profiles u; at fixed pressure gradient (G = 10)
for various values of couple stress parameter (S) are depicted in
Fig. 4a for t = 0.1 and Fig. 4b for t = 0.6, respectively. From
Fig. 4, one can observe that, as the couple stress parameter in-
creases, the velocity values also increase, which is in good
agreement with [22]. As S increases, couple stresses decrease,
leading to a reduction in the energy required for particle rotation
and subsequently causing an increase in velocity. As S increases,
the fluid approaches viscous fluid as a limiting case. Conse-
quently, we can infer that viscous fluids consistently exhibit
higher velocities compared to fluids with couple stresses at any
given time.

u —
o~
o |
~
uw —
5 -
o |
w —
[e=)
o
=
T T T T T
-1.0 0.5 0.0 0.5 1.0
Yy
a)
w |
< — s=2
— S=1
--- S=6
< S=8
(=]
g o N
= o
~ . \
= v \\\
pg
= —
(=]
T T T T T
1.0 0.5 0.0 0.5 1.0
y
b)

Fig. 4. Velocity profiles (u;) at G =10,t=0.1 (a) and G = 10,
t = 0.6 (b), for various values of couple stress parameter (S).

Figure 5 depicts the relationship between the pressure gradi-
ent and rest time for different values of the couple stress param-
eter (S). It is observed that with an increase in the couple stress
parameter, the rest time also increases. Moreover, as the pres-
sure gradient rises, the rest time experiences a gradual increase.
This is because, as observed in Fig. 4, as S increases, couple
stresses decrease and hence the energy spent for generating cou-
ples and rotation decreases; hence, fluid takes more time to rest.

Figure 6 illustrates the time versus volumetric flow rate for
various couple stress parameter values. Notably, the flow rate
rapidly decreases to zero as time progresses. Additionally, an
increase in the couple stress parameter (S) corresponds to an in-
crease in the volumetric flow rate. Consequently, we deduce that

in the limiting case of a couple stress fluid, viscous fluids exhibit
higher volumetric flow rates and velocities compared to corre-
sponding couple stress fluids. This result correlates with the ob-
servations in Fig. 3 and Fig. 4. As S increases, velocity increases
and hence, the volumetric flow rate also increases.
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Fig. 6. Time vs. volumetric flow rate (Q) for varying values of S.

5. Conclusions

This paper examines the unsteady flow of a couple stress fluid
between two parallel plates following the sudden removal of
a pressure gradient. The initial state involves both upper and
lower plates being stationary, and flow initiation occurs through
a constant pressure gradient. The study focuses on the flow pat-
terns resulting from the sudden withdrawal of the pressure gra-
dient, observing that the flow eventually stops after a certain du-
ration. It is observed that:
e The velocity for viscous fluids is more than for the couple
stress fluids at any given time.
e Viscous fluids take longer to rest than couple stress fluids.
e Arrise in pressure gradient slowly increases the rest time of
the fluid.
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e The volumetric flow rate at any given time for viscous flu-
ids is more than for the couple stress fluids.
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Abstract

In order to improve the output performance of direct methanol fuel cell, the finite-time thermodynamic model of direct
methanol fuel cell is developed in this paper. Then, mathematical expressions for energy efficiency, power density, exergy
efficiency and exergy coefficient of performance are derived. In addition, the effects of operating temperature, inlet pres-
sure and membrane thickness on the performance of direct methanol fuel cells are considered. The results show that the
exergetic performance coefficient not only considers the exergy loss rate to minimize the loss, but also the power density
of the direct methanol fuel cell to maximize its power density and improve its efficiency. Therefore, the exergetic perfor-
mance coefficient is a better performance criterion than conventional power and efficiency. In addition, increasing the inlet
pressure and decreasing the membrane thickness can significantly improve the exergetic performance coefficient and en-

ergy efficiency.
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1. Introduction

Liquid methanol is considered to be a suitable fuel for fuel cell
vehicles due to its high energy density, easier storage, and the
fact that it can continue to be used in conventional fuel tanks
when applied to vehicles. Methanol is very stable as a fuel, has
low volatility and remains liquid over a range of temperatures.
As a result, direct methanol fuel cells (DMFCs) are widely used
in small portable devices (e.g. laptops and portable power sup-
plies) [1,2] and large installations (e.g. vehicles and stationary
power generation equipment) [3,4].

Currently, DMFC research consists mainly of performance
testing of internal components such as membranes and catalysts.
Yildirim et al. [5] prepared sulfonated poly(phthalazinone ether
ketone) impregnated microporous membrane — into a polyeth-
ylene support (SPPEK-PE) and pure SPPEK membrane, set dif-
ferent methanol concentrations and conducted experiments in
order to analyze the effect of different polymer membrane im-
pregnation on the performance of DMFC fuel cell. The experi-
mental results showed that SPPEK-PE enhanced the perfor-
mance of DMFC. Li et al. [6] synthesized a novel bifunctional
polyhedral oligomeric silsesquioxane (POSS) with vinyl and su-
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Nomenclature

A — effective area of the electrode, m?

AL - corresponding thermal leakage area,m?

Cp - constant specific heat of the gas, constant

Enemst— reversible potential, V

et — chemical exergetic energy of each component, kl/kg
ex —exergy, kJ/kg

exrw — recoverable residual exergy, kJ/kg

exuww — hon-recoverable residual exergy, ki/kg

F  —Faraday

fexa  — exergy destruction factor

Gtlig — liquid Gibbs function, J

AH - total energy absorbed from methanol and oxygen, J
Ah - change in standard molar enthalpy, kJ/kg

KL —thermal leakage coefficient

k — specific heat rate, J/(kg-K)

j — current density, A/m?

jo  —exchange current density, A/m?
ji1  — limiting current density, A/m?
n — number of electron transfers

P — power density of DMFC, W/m?

P — maximum output power density of DMFC, W/m?

Pmax — maximum output power density of DMFC at operating
temperatures, W/m?

P1,max— maximum power density of DMFC at operating pressure

p =1 atm, W/m?

po - standard pressure, atm

Qn - remaining component of the thermal rate of DMFC, J

QL - thermal leakage rate from DMFC to the environment, J

R —equivalent resistance caused by the three overpotentials, Q

Rohm — oOperating temperature of DMFC, K

rw — recoverable residual exergy ratio

ruw — non-recoverable residual exergy ratio

T  —temperature of the DMFC, K

Ifonic groups (Vi-POSS-SO3Na) and crosslinked it by a simple
in situ heat treatment, which significantly improved the proper-
ties of this proton exchange membrane. Huang et al. [7] used
sulfonated spunlace carbon as a filler for SPEEK membranes,
and the synthesized membranes showed improved performance
as DMFC. The results showed that the MOF-C-SO3H@SPEEK
membrane has good ionic conductivity compared to Nafion 115,
and its special structure helps to reduce methanol penetration
from the anode to the cathode, and promotes the speed of pro-
tons across the membrane. Yogarathinam et al. [8] embedded
proton membrane (SPEEK) of DMFC with (PANI-A-BN). The
results showed that the water absorption (58.42 %) and ionic
conductivity of the PANI-A-BN/SPEEK membrane could be
significantly enhanced. The methanol permeability of BN and
functionalized BN embedded in SPEEK nanocomposite mem-
branes was significantly reduced.

Currently, the methanol single cell is studied in a large num-
ber of theoretical and experimental studies. Yuan et al. [9]
achieved a reduction in methanol volatility and methanol per-
meation using capillary distillation. Experiments were then de-
signed to demonstrate the reduction of the relative volatility of
methanol/water by the selected carbon aerogel. The results show
that by providing a suitable methanol/water ratio in the vapor

To —temperature of the environment, K
tmem — thickness of the membrane, cm

Vv —voltage, V

Xn  —molar fraction of the components

Greek symbols

a  —transfer coefficient
£ —magnification constant
n — output efficiency

Subscripts and Superscripts
act — activation overpotential
CO2 - carbon dioxide

cell —fuel cell

ch  —chemical

conc — concentration overpotential
H  —hydrogen

H20 — water

in  —inlet

meoh — methanol

n  —number

Oz —oxygen

ohm — ohmic overpotential
out —outlet

ph  —physical

rw  —recoverable residual exergy
uw  — non-recoverable residual exergy

Abbreviations and Acronyms

DMFC — direct methanol fuel cell

ECOP - ecological coefficient of performance

EDI — environmental destruction index

EPC — exergetic performance coefficient

POSS - polyhedral oligomeric silsesquioxane
SPPEK - sulfonated poly(phthalazinone ether ketone)

supply to DMFC, methanol permeation and water deficiency
can be significantly mitigated, resulting in DMFC that exhibits
excellent performance and stability. Mathew et al. [10] de-
signed, fabricated and tested DMFC stacks with an effective
area of 16 cm? and experimentally investigated the effect of var-
ious operating parameters on the performance of DMFC stacks.
The results show that increasing battery temperature, cathode
flow rate and methanol concentration can improve the perfor-
mance of DMFC. Li et al. [11] developed an energy analysis
model for direct methanol fuel cells and derived expressions for
electrical, thermal and total energy efficiencies. Hotz et al. [12]
performed a numerical analysis of the energy efficiency of direct
methanol fuel cells, showing the importance of exergy analysis
of the fuel cell as part of the overall thermal system for power
generation. Yang et al. [13] developed a semi-empirical model
of a direct methanol fuel cell and experimentally investigated
the performance of four operating parameters, such as tempera-
ture and methanol concentration, under different operating con-
ditions. Liu et al. [14] developed a finite-time thermodynamic
model of PEMFC, including exergy efficiency and ECOP. The
findings show that the heat loss of components such as function-
ing fuel cells is the most serious. At low current densities, the
ecological performance and economy of the fuel cell system is
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better, while at high current densities, the exergy loss and net
power of the system increases. Li et al. [15] proposed an ecolog-
ical performance factor and an ecological objective function,
which are defined as the ratio of power to power loss and the
difference between power and power loss. In the above study,
the aspect of exergy analysis to get the performance metrics of
DMFC under various operating conditions and using the perfor-
mance metrics to define the output performance of DMFC is still
not enough.

In recent years, finite-time thermodynamics (FTT) has been
used to criticize various kinds of thermodynamic processes and
cycles. Chen et al. [16] applied finite-time thermodynamics for
exergy analysis in a solar thermal power system and found that
the system had a positive impact on both energy and exergy per-
formance. Qi et al. [17] developed a finite-time thermodynamic
model of a two-stage multivariable temperature difference gen-
erator, considered losses such as external heat transfer and col-
lector radiation losses, and studied the basic performance of the
system. The results showed that the system performance is opti-
mal when the external heat transfer form and internal structure
parameters are optimized. Qi et al. [18] developed a thermo-
Brownian heat engine model based on finite-time thermody-
namics, and numerically investigated the heat transfer process
and the influence of important parameters on the output perfor-
mance of the system. The results showed that enhanced heat
transfer can improve the performance of the system.

The electrochemical model of DMFC can be modeled as fi-
nite-time thermodynamic model through exergy analysis, which
can be used for thermodynamic performance study [19,20] and
optimization to get the best performance [21]. Currently, typical
optimal finite-time thermodynamic objective functions include
exergy loss, exergy efficiency, ecological coefficient of perfor-
mance [22], ecological function [23], and entropy yield. Akkaya
et al. [24] defined the coefficient of exergy performance (EPC)
for analyzing the performance of solid oxide fuel cell. EPC is a
thermal-ecological indicator that combines energy and hydro-
nium parameter functions. Therefore, EPC allows for a better
evaluation of thermodynamic processes and cycles that include
DMFC than traditional performance metrics such as power and
efficiency.

In this paper, finite-time thermodynamics is introduced to
analyze the irreversibility of DMFC, and a mathematical model
of DMFC considering irreversible loss is established, which not
only explored the thermodynamic performance of DMFC under
different parameters, better defined the source of polarization
loss of the fuel cell and provided a direction for the improvement
of the performance of the fuel cell, but the result obtained can
also provide some kinds of theoretical instructions for the opti-
mized design and practical usage of fuel cell.

2. Theory and methodology

2.1. Working principle of DMFC

DMFC consists of an electrode plate, catalyst layer, diffusion
layer, proton exchange membrane, diffusion layer and electro-
lyte, and its working principle is as follow [25,26] (Fig. 1): dur-
ing its operation, CH3OH is continuously transported to the an-

ode chamber, where it reacts with H,O to form CO,, H"and e~
with the assistance of the anode catalyst, and the generated CO;
is discharged from the outlet of the anode chamber. H* reaches
the cathode chamber through the proton exchange membrane
and converges with e~ and O transferred from the external cir-
cuit to produce H,O, which is discharged from the outlet of the
cathode chamber.

W —
I MEQH 02 -
i+
VEOH = [ = e Heat
VEOH i H20
e e

=

20, €02 and
heat

I

Anode (o) ytic layer Catalytic layer Cathode

Memhrane

Fig. 1. Working principle of direct methanol fuel cell.

The electrochemical reaction equations of DMFC are:
e Anode:

CH;0H + H,0 — CO, + 6H" + 6¢", (@))
e Cathode:
20, + 6H" + 6" — 3H,0, @)
e Over reaction:
CH;OH + % 0, — CO, + 2H,0. (3)

The main assumptions cited in the DMFC system model are
as follows:
1. DMFC system is working in steady state.
2. All types of gases in DMFC are ideally compressible, with
air consisting of 21% oxygen and 79% nitrogen.
3. Only physical and chemical exergy is considered, no po-
tential exergy and kinetic exergy are considered.
4. The distribution characteristics of the temperature of the
electric stack are not considered.
5. The operating temperature of the stack is uniform.
For DMFC, the reversible potential can be given by the equa-
tion [27]:

3
Pmeoh (Pé >
Gy li RT 2
Enernst= — f'FLq +_F +1In z | 4)
n n Pco,(PH,0)

InEQ. (4), Gy iq is the liquid Gibbs function; n is the number
of electron transfers; F is the Faraday constant; 7 is the operat-
ing temperature of DMFC; R is the gas constant.

2.2. Overpotential of DMFC

Polarization can have a significant impact on the performance
of DMFC. The causes of polarization phenomena include polar-
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ization caused by the electrochemical reaction rate of the active
substances at the positive and negative electrodes being less than
the rate of electron movement, and polarization caused by the
depletion of reactants that cannot be replenished in time at the
electrode surface. This means that some energy will be con-
sumed to overcome this resistance during DMFC operation. In
general, the polarization phenomenon produces three types of
overpotentials: activation overpotential, ohmic overpotential,
and concentration overpotential.

The electrochemical reaction rate of DMFC affects the acti-
vation overpotential. When the electrochemical reaction rate of
positive and negative active substances is less than the rate of
electron movement, the polarization loss is more serious, the
loss generated by activated polarization increases, and the acti-
vation overpotential increases. In addition, the higher the activ-
ity of the catalyst used for the cathode and anode, the lower the
activation loss generated, and the activation overpotential will
be reduced accordingly. The activation overpotential 7, can be
expressed as follows [27]:

RT log,]—', (5)

V. ., ,=—
act= np Jo

where a is the transfer coefficient and jj is the exchange current
density.

Ohmic polarization is polarization due to the contact re-
sistance that exists between the electrolyte, the electrode mate-
rial, the diaphragm resistance and the various component parts.
For DMFCs, the ohmic resistance consists of two main compo-
nents: the resistance of the ions as they cross the proton ex-
change membrane and the resistance of the electrons as they
reach the end of the electrode. The ohmic overpotential v, can
be expressed as follows [27]:

Vorm=J Ronm. (6)

t at
R — mem mem 7
ohm fO 0.04107+0.01878¢100tmem’ ()

where R, is the equivalent resistance caused by the three over-
potentials, Z,,.,, is the thickness of the membrane.

In the working process of DMFC, concentration polarization
occurs when the electrode surface is not replenished in time be-
cause the reactants are consumed too quickly, and the electrode
reaction surface is unable to maintain the concentration of the
reaction gas as it should be. The expression for the concentration
overpotential V,,,. is as follows [27]:

Veone=(1+7) I (1-2), ®)
where f is the magnification constant and j, is the limiting cur-
rent density.

The irreversible output voltage V., of the DMFC can be ex-
pressed as:
Gruq RT

Ve = E, = Vaecr = Veone =V, =
cell nernst act conc ohm nF nF

3
2
Pmeoh (Poz) RT

—
Pco,(PHy0) | onF

+1In lgﬁ—jRohm—(l +§)%m(1-ﬁ). 9)

The power density of DMFC can be expressed as:

P =Veen 4, (10)

where j is the current density and 4 is the effective area of the
electrode.
As an energy conversion device, the output efficiency of
DMFC can be shown in Eq. (7) [23]:
n=-= 11)
where AH is the total energy absorbed from methanol and oxy-
gen, which can be expressed as [22]:

JAAR
nF

AH = ——, (12)
where A# is the change in standard molar enthalpy.

The thermal leakage rate from DMFC to the environment
can be expressed as [28]:

Q=K AL(T —Tp), (13)

where K; and A; represent the thermal leakage coefficient and
the corresponding thermal leakage area, respectively. Ty is the
temperature of the environment.

Following the first law of thermodynamics, the remaining
component of the thermal rate of DMFC can be expressed as:

Qu=-AH-P-Q, = niF [-(1 = n)jAh - by (T - Ty)], (14)

nFKpAj

where, b;= — [28].

2.3. Exergetic performance analysis of DMFC

The output performance of DMFC is reduced due to different
irreversible loss, including heat loss, gas-flow channel friction
loss, leakage current and polarization loss. Exergy analysis eval-
uates the actual useful fraction of energy and can therefore be
used as a measure of the quality of the energy released by the
DMFC. The exergy balance of DMFC is show in Fig. 2.

Ex}¢

d,out

;

—
v ExMeuh,ou[

ExMeoh‘fn Y .
— Exg,ou

DMFC

|;,\f ExCOZ,our

E«"oz,m I—D‘ .
) ExHQO.oM

fc
Exw,out Ex.’leat

Fig. 2. Exergy balance of DMFC.
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In the reaction process of DMFC, only physical and chemi-
cal exergy are considered [29,30]. The expressions of physical
and chemical exergy are as follows [31,32]:

(ex)Ph=C,T, [TTT, —1-1In (Tlo) +1n (p%)%] (15)

(ex)P'=Y xn,ef + RTy Y x, In x,,, (16)

where C,, is the constant specific heat of the gas, p, is the stand-
ard pressure, K is the specific heat rate, x,, is the molar fraction
of the components and <" is the chemical exergetic energy of
each component.

In DMFC, the total input exergy and output exergy are
shown as follows:

JA 3

eXiy = = (exmeoh +3 exoz), a7
JA

eXour = — E(Zexﬂzo + excoz). (18)

In practice, the quality of energy decreases during transfer
processes, including friction, drag, radiation and heat transfer.
Exergy loss can be used to express the degree of irreversibility
of the energy transfer process. For DMFC, the lower the exergy
loss in the thermodynamic process, the higher the effective uti-
lization of energy [32]:

T
ExD = ex;p — expye — P — Qy (1 - T—). (19)
0

The recoverable residual exergy ratio can be assumed to be
the ratio of the recoverable residual exergy of the DMFC to the
total exergy input. The recoverable residual exergy ratio can be
expressed as:

T = G (20)

The non-recoverable residual exergy ratio includes the phys-
ical consumption of unused methanol and unused oxygen and
heat, as well as the logistical exergy to generate water. The ratio
of non-recoverable residual energy can be expressed as:

Taw = i%v (21)

In the above equation, ex,,, and ex,,, can be calculated by
the following equations, respectively:

— ch 3 ch
eXuw = mMeoh,out X exMeoh,out + mOZ.out X exoz,oun (22)

) ph . ph
eXrw = mMeoh,out X exMeoh,out + mOZ,out X exoz,out +

+My0,,0ut X €Xyo, + EXq. (23)

The exergy destruction factor is an important parameter of
DMFC that indicates the impact of DMFC on exergy sustaina-
bility.exergy destruction factor can be expressed as:

f _ ExD
exd exin .

(24)

The environmental destruction index is used to indicate the
residual exergy output that cannot be recovered from DMFC op-

eration and the environmental impact caused by exergy destruc-
tion. This coefficient rises with the decrease of exergy effi-
ciency. Therefore, for the practical application of DMFC, EDI
should be fully considered, and appropriate operating and design
conditions should be selected. The optimal reference value of
"1" for EDI indicates the reversibility of exergy efficiency,
where the residual exergy that cannot be recycled is close to
zero. EDI is a function of ExD, the non-recyclable residual ex-
ergy ratio and the environmental damage factor and can be ex-
pressed as:

exin _ exyw—ExD
P ExD

EDI = (ruw + fexd) (25)

In DMFC systems, energy analysis can analyze and study the
processes of energy flow, conversion and storage in the system,
while exergy performance analysis can visually grasp the impact
of irreversible loss in the system on DMFC. Based on ecological
and DMFC performance considerations, the performance of
DMFC is evaluated by combining both energy and energy per-
formance aspects, and the evaluation indicator is defined as an
alternative criterion, which is more accurate and practical, and
can be expressed as:

EPC — L — Ecell JA

= a
ExD exXin— eXout — P — QH(l_T_O)

(26)

2.4. Comparison of different objective functions

There are dimensional and order-of-magnitude differences be-
tween the indicators, therefore, in order to visualize the relation-
ship between EPC, P, n and ExD more conveniently and intui-
tively, this paper uses a dimensionless method for numerical
study and analysis. The dimensionless functions of EPC, P, 5
and ExD are expressed as EPC = EPC/EPCax, P=P/P,,,,,
ExD = ExD/EXD.,, ., n = nex/nexmm, n=nmn,,.

The dimensionless maximum output power density of
DMFC can be expressed as follows:

p = Lmax (27)

P1,max
where P, IS the maximum output power density of DMFC at
different operating temperatures, and P; ,,4, iS the maximum
power density of DMFC at operating pressure p = 1 atm. The
dimensionless methods of output efficiency, exergy efficiency
and exergy performance coefficient corresponding to the maxi-
mum power density are similar to the dimensionless maximum
power density.

3. Results and discussion

In existing systems for evaluating DMFC performance, power
and efficiency are commonly used. However, power and effi-
ciency are only evaluated from the perspective of mechanical,
friction loss to the performance of DMFC. Heat loss is also
a very important phenomenon in practical applications. DMFC
generates a large amount of heat loss during operation, so heat
dissipation needs to be taken into account when evaluating its
performance. EPC is defined as the ratio of power to heat dissi-
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pation, taking into account both mechanical and heat loss. The
conclusions obtained when evaluating the performance of
DMFC using EPC will be more realistic and accurate.

The relevant parameters in the DMFC model are shown in
Table 1. According to the input parameters, the thermodynamic
irreversibility and exergy performance coefficients of DMFC
with different operating parameters were investigated.

Table 1. Relevant data of DMFC.

Parameter Value
Current Density, | (Am?) 0-20000
Faraday Constant, F (Cmol?) 96485
Gas Constant, R (Jmol*K?) 8.314
Number of electrons, n 6
Ambient Temperature, T (K) 298.15
Anode Pressure (atm) 1[33]
Cathode Pressure (atm) 1[33]

100 % MEOH [33]
21 % 02;79 % N2 [33]
0.3[33]

25 [33]

Anode Gas Compositions
Cathode Gas Compositions
Transfer coefficient, a

Active area, A (cm?)

Figure 3 compares the predicted model potential and exper-
imental data of DMFC at 333-353K (p = latm; /,,, =
0.02 mm). From the experimental results in Fig. 3, it can be seen
that the error between the predicted data and the experimental
data is about 11%. This experimental result shows that the model
has good accuracy. The relationship between polarization loss
potential, output voltage and current density is shown in Fig. 3.
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Fig. 3. Comparison of predicted model voltage and power density
with experimental data[30].

As shown in Fig. 3, all three overpotentials increase with in-
creasing current density, where the concentration overpotential
increases exponentially, the activation overpotential increases
logarithmically, and the ohmic overpotential increases by
a small amount. When in the lower current density region, the
activation overpotential rises sharply in this region, and activa-
tion loss dominates in this phase. In the medium to high current
density part, the increase in concentration overpotential is larger,
and in this stage, the concentration overpotential has a greater
effect on the voltage variation.

3.1. Comparsion of relationship between EPC, P, ExD
and n

As can be seen in Fig. 4, when the EPC reaches its maximum
value, the efficiency is 0.41, 5, /5, is 1, and P/P,,,, is 0.55.

This means that the power density under the EPC is very close
to the maximum value. When P is at its maximum value, the
efficiency is 0.24, », /n, is 0.34, and EPC/EPC,,,, is 0.57.

Obviously, compared with 2, if EPC,,., is used as the stand-
ard, the efficiency of the breakdown is improved by 66%, the
breakdown loss is reduced by 70%, the efficiency is improved
by 41%, and the power density is reduced by 45%. Therefore,
this paper derives EPC, which takes into account not only the
exergy loss to minimize the loss but also the power density of
DMFC to maximize the power and improve its output perfor-
mance.

EPC/EPC,
PP,

max
ExDIEXD,

oM max
07
06
051
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03
02

01

0 0.1 0.2 0.3 0.4 0.5 0.6
n

Fig. 4. The relationship between ; and dimensionless EPC, P, 7, .

It can be seen from Fig. 5 that the working temperature has
a very obvious effect on the output performance of DMFC,
which is mainly due to the fact that when the working tempera-
ture increases, the activity of the cathode and anode catalysts is
enhanced, which improves the electrochemical reaction rate of
the positive and negative active substances; the diffusion coeffi-
cient of the reacting gases is increased, and the internal mass
transfer conditions are improved. Both P and EPC of DMFC in-
crease with the increase of operating temperature, and in the low
current density region, the performance improvement brought
by increasing temperature is much smaller than that in the high
current density region. This is mainly due to the reason that in
the low current density region, the electrochemical reaction has
just started, the electrochemical reaction rate is low, and the op-
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erating temperature has little effect on the electron and proton
activity, so increasing the operating temperature has little effect
on the electrochemical reaction rate, and only increasing the cur-
rent density can accelerate the electrochemical reaction rate.
Then, the irreversible loss of DMFC is dominated by activation
loss in the low current density region, while the increase of ac-
tivation loss in the high current density region gradually tends
to smooth out.
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Fig. 5. The relationship between # and dimensionless EPC, P, , .

It can also be seen from Fig. 5 that increasing the inlet pres-
sure can improve P and EPC of DMFC, but the improvement
from the inlet pressure is not obvious. Increasing the inlet pres-

sure can increase the supply rate of reactants, and the concentra-
tion gradient of the reactants involved in the reaction and supply
is reduced, so that the concentration loss is reduced, and the
power dissipation becomes smaller and P increases. Increasing
the inlet pressure also improves the mass transfer of the reactants
at both poles, expelling the water vapor generated at the cathode
more easily, taking away more heat, reducing irreversible ex-
ergy loss, and improving the EPC.

Figure 6 reflects the power density of DMFC and the varia-
tion of EPC with the inlet pressure at different operating tem-
peratures. It is obvious that the maximum power density of
DMFC constantly increases with the increase of inlet gas. Since
the exchange current density increases with the increase of op-
erating pressure, the activation polarization loss will decrease
and the reversible potential will increase. Therefore, as the op-
erating pressure increases, the irreversible loss of DMFC de-
creases and the maximum power density of DMFC increases ac-
cordingly. Numerically, when the operating temperature is
453 K and the operating temperature of DMFC increases from
1 atm to 3 atm, the maximum power density of DMFC increases
from 1563 W/m? to 1689 W/m?, an improvement of only 8%,
and EPC increases from 0.3344 to 0.3528, an improvement of
5.5%. Numerical analysis shows that the increase in operating
pressure does not improve the DMFC performance as signifi-
cantly as the increase in operating temperature. In addition, in-
creasing the operating pressure requires additional power con-
sumption to compress the inlet reactants.

Figure 7 reflects the power density of DMFC and the varia-
tion of EPC with operating temperature at different inlet air. It
can be seen from the figure that the maximum power density of
DMFC becomes larger as the operating temperature increases.
This is due to the fact that the increase in the operating temper-
ature leads to an increase in the exchange current density and
hence the activation overpotential decreases with the increase in
the exchange current density. At the same time, the increase in
the operating temperature increases the proton conductivity and
thus decreases the ohmic overpotential of DMFC. As a result,
the power loss from ohmic overpotential and activation overpo-
tential will be reduced. When the inlet pressure is 1 atm and the
operating temperature is 413 K, the corresponding maximum
power density is 371 W/m?, and when the operating temperature
increases to 473 K, the corresponding maximum power density
reaches 1833 W/m?, which indicates that when the operating
temperature of DMFC increases from 413 K to 473 K, the max-
imum power density of the DMFC increases by 4.94 times. The
results show that DMFC can significantly increase its maximum
power density by choosing the right operating temperature
range.

The DMFC operating parameter variation range is show in
Table 2.

Table 2. DMFC operating parameter variation range.

Parameter Value
Operating temperature, T; (K) 413-473
Electrolyte thickness, /., (cm) 0.0005-0.0015
Intake pressure Py, Py, (atm) 1-5
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Another factor that affects the performance of DMFC is the
inlet pressure. On the one hand, increasing the inlet pressure ac-
celerates the diffusion of reactant gases and improves the condi-
tions for the mass transfer process between methanol and oxy-
gen. In addition, it increases the concentration of reactants and
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Fig. 8. The effect of inlet pressure P,,on the performance of DMFC.
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Fig. 9. The effect of inlet pressure P,,,,, on the performance of DMFC.

reduces the effect of concentration polarization on the reversible
potential. Figures 8 and 9 represent the effect of oxygen and
methanol inlet pressures on DMFC performance, respectively.
From the figures, it can be seen that the power density and
efficiency of DMFC increases with the increase of methanol and
oxygen inlet pressures. The increase in power density and effi-
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ciency in numerical value is not significant when the oxygen in-
let pressure increases from 1 atm to 5 atm, but the value of power
density increases significantly when the methanol inlet pressure
increases from 1 atm to 5 atm, and the efficiency also increases
at the same time. The power density and efficiency curves grad-
ually decrease with the increase of methanol pressure because
when the methanol concentration is too high, the rate of increase
of reversible potential loss due to the concentration polarization
is higher than the rate of decrease of reversible potential loss due
to the increase of methanol pressure, so the power density and
efficiency performance curves gradually smooth out.

Figure 10 reflects the effect of membrane thickness on
DMFC power density, efficiency, exergy efficiency and EPC. It
can be seen from the figure that the power density, efficiency
and exergy efficiency and EPC all increase with decreasing
membrane thickness, which is mainly due to the fact that de-
creasing proton membrane thickness will make the path length
between the ions crossing from the anode to the cathode shorter,
resulting in a lower ohmic potential of DMFC. However, if the
proton membrane is too thin, it will lead to the penetration of
methanol fuel from the anode to the cathode through the con-
centration difference, and cause problems such as short circuit
and proton membrane rupture. Therefore, choosing the right
proton membrane is crucial to enhance the performance of
DMFC.
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Figure 11 shows the relationship between EPC and effi-
ciency before and after optimization of DMFC parameters. It
can be seen that the EPC increases with increasing inlet pressure
when the set membrane thickness /,,,,, and efficiency # are the
same, increasing the inlet pressure can significantly improve the
EPC of DMFC, indicating that the operating pressure has an ef-
fect on the power density and exergy destruction rate. When the

operating pressure is the same, the efficiency of DMFC can be
improved by improving the membrane thickness. By increasing
the operating pressure and reducing the membrane thickness, the
efficiency and EPC of DMFC will be significantly improved,
which not only reduces the fuel consumption but also the heat
loss in energy. However, if the thickness of the membrane is too
low, methanol will come to the cathode side through the proton
membrane more easily, which aggravates the methanol crosso-
ver phenomenon, thus accelerating the corrosion of DMFC and
reducing the service life of DMFC.
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Fig. 11. Exergetic performance coefficient versus energy efficiency.

In addition, when higher pressure is provided to the inlet, ex-
tra power is consumed to compress the inlet reactant. In practice,
when DMFC is applied to vehicles, the EPC and efficiency of
DMFC can be improved by increasing the inlet pressure and re-
ducing the membrane thickness.

4. Conclusions

In order to evaluate the thermodynamic performance of DMFC,
the finite-time thermodynamic method is used to model DMFC
considering three overpotentials and a new criterion, and exergy
performance factor, the ratio of power to exergy loss rate are
proposed to analyze the performance of DMFC. Relationships
between EPC, power density, exergy efficiency and energy ef-
ficiency are obtained, and the results show that EPC can replace
power density as a new performance metric. In the analysis of
DMFC model, the effect of different parameters on power den-
sity, efficiency, exergy efficiency and EPC is analyzed. Analy-
sis of the data reveals that EPC has the same trend as energy ef-
ficiency but represents different specific meanings.
EPC,,. Stands for the fact that DMFC has the highest external
output while minimizing the dissipation in the environment.
Therefore, the higher the EPC,,, of DMFC, the better the per-
formance in terms of energy and ecology. In addition, increasing
the inlet pressure and decreasing the film thickness can signifi-
cantly improve the energy efficiency. This new criterion can be
used in the future engineering field to analyze fuel cell vehicles.
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Abstract

In this study, an irreversible thermodynamic model for the high temperature proton exchange membrane fuel cell taking
electrochemical and heat losses into account is developed. The power density, exergy destruction index, exergy sustainability
index and ecological coefficient of performance is derived. The model was validated against experimental data. The influence
of parameters on the irreversible thermodynamic performance of high temperature proton exchange membrane fuel cell are
considered. The multi-objective particle swarm optimization algorithm is utilized to optimize the power, ecological coeffi-
cient of performance and efficiency. The population distribution of the optimization variables was analyzed using a three-
dimensional Pareto frontier analysis, and results show that the maximum power density, maximum efficiency and maximum
ecological coefficient of performance being 6340 W/m?, 64.5% and 1.723 respectively, which are 43.28%, 3.7% and 17.8%
higher than the preoptimized high temperature proton exchange membrane fuel cell. Moreover, the hondominated sorting
genetic algorithm 11 and simulated annealing algorithm have been chosen versus multi-objective particle swarm optimization

algorithm for making the optimization comparative analysis.
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1. Introduction

The high temperature proton exchange membrane fuel cell (HT-
PEMFC) is regarded as an alternative device to make up for the
shortcomings of PEMFC with the advantages of simpler water
and thermal management, faster electrochemical reaction rates
and higher utilization of waste heat [1]. However, it is accompa-
nied by significant irreversible thermal losses which lead to limit
the broader application of HT-PEMFC [2-4].

Irreversible thermodynamic loss refers to the energy loss that
occurs in the process of energy conversion or transfer that is not
completely recoverable [5]. In thermodynamic systems, irre-

versible processes lead to an increase in the entropy of the sys-
tem, which results in thermodynamically irreversible losses. Re-
garding fuel cells, irreversible thermodynamic losses are inevi-
tably caused by heat transfer and chemical reactions in the sys-
tem, such as polarization losses caused by the electrochemical
reaction process of the fuel cell, heat losses that cannot be con-
verted into electrical energy during the working process, and re-
sistance losses caused by the current passing through the resis-
tive elements in the cell. These irreversible thermodynamic
losses have a significant impact on the performance and effi-
ciency of fuel cells, which can be minimized by optimizing the
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Nomenclature

A - activation area, cm?

C, - constant specific heat of the gas, J/(kg K)
DL — phosphate doping level

E - potential, V

Ex — exergy, W/m?

eSh — chemical exergy, J/mol

F —Faraday’s constant, C/mol
fefcfi— exergy dissipation rate

AG — Gibbs free energy change, J/mol
AH — enthalpy transition, W/m?2

j  —current density, A/m?

K — specific heat rate, J/(kg K)

n —number of electrons transferred
P — power density, W/m?

p —pressure, atm

R - gas constant, J/(mol K)

RH — relative humidity, %

r —waste exergy ratio

AS — variation of standard molar entropy, J/mol
T - operating temperature, K

T, —ambient temperature, K

t —thickness, cm

U -voltage, V

x, —mole fraction

Greek symbols
a - transfer coefficient

design and improving the materials to achieve higher efficiency
and performance of fuel cells [6]. A large number of researchers
have made efforts to find more efficient materials and design
methods in order to minimize these losses and improve the sus-
tainability of fuel cells [7-9].

Numerous studies have been conducted to analyze and opti-
mize the irreversible performance of fuel cells according to the
first and second laws of thermodynamics. Atak et al. [10] inves-
tigated the thermodynamic performance of PEMFC using en-
ergy analysis and exergy analysis under a certain range of tem-
perature and pressure, and the results showed that increasing the
temperature improves the power density and exergy efficiency,
and increasing the current density leads to an improvement in
the entropy production, however, the effect of the pressure
change on the irreversibility of PEMFC is not as visible as that
of the temperature. Chen et al. [11] established a degradation
model for predicting the lifetime of PEMFC and analyzed the
thermodynamic performance during the whole lifetime based on
the model, as well as discussing the influence of various currents
on power, degradation rate and thermal efficiency. Lu et al. [12]
proposed a PEMFC and organic Rankine cycle (ORC) cogener-
ation system to generate electricity by recovering the waste heat
from the fuel cell stack through the ORC subsystem, and ana-
lyzed the thermodynamic performance under steady state and
dynamic conditions based on this system. The results show that
the exergy efficiency of this PEMFC system can reach 51% and
the energy efficiency can reach 75%, and the rate of electric ef-
ficiency decrease with increasing current is reduced. Tayfun
Ozgiir end Yakaryilmaz [13] investigated the energy and exergy

8§  —entropy production
nlS —exergy efficiency
o  —proton conductivity, S/m

Subscripts and superscripts
act —activation

ch  —chemical

con —concentration

d  —dissipation

fc  —fuel cell

mem — membrane

ohm — ohmic

ph —physical

rev —reversible

rw  —recyclable exergy waste
uw —unrecyclable exergy waste
w  —waste exergy

Abbreviations and Acronyms

HT-PEMFC- high temperature proton exchange membrane fuel cell
ECOP - ecological coefficient of performance

EDI  —exergy destruction index

ESI  —exergy sustainability index

MOPSO- multi-objective particle swarm optimization

NSGA - nondominated sorting genetic algorithm

ORC - organic Rankine cycle
PBI  — polybenzimidazole
SA  —simulated annealing

performance of a PEMFC with output power of 1 kW, and the
experimental results showed that the energy efficiency of the
PEMFC was 45.58%, and that increasing the temperature and
pressure allowed an increase in the physical exergy of all the
reactants and products.

The performance can be significantly improved by numeri-
cally analyzing and optimizing the operating and design param-
eters of the PEMFC, which is a well-designed approach to save
experimental expenses and time, and is more conducive to over-
all energy efficiency than time-consuming and laborious exper-
imental studies. A large number of researchers have studied fuel
cells using advanced optimization algorithms and parametric
analysis methods [14,15]. Chen et al. [16] analyzed the electro-
chemical and thermodynamic properties of PEMFC using para-
metric studies, and achieved efficiency and power improvement
by optimizing the operating parameters of PEMFC using a novel
evolutionary algorithm, and the final optimization results
showed that the energy efficiency of PEMFC could reach 79%
and the power could reach 8.04 kW. Xu et al. [17] investigated
the effects of operating parameters on the irreversibility and ex-
ergy performance of HT-PEMFC under different operating con-
ditions and optimized the performance of HT-PEMFC using
Manta Ray Foraging Optimization Algorithm. Lin et al. [18] an-
alyzed the exergy efficiency of HT-PEMFC using the meta-heu-
ristics method as well as evaluated and optimized the thermody-
namic irreversibility of HT-PEMFC using an improved collec-
tive animal behavior algorithm. The results show that the algo-
rithm has stronger convergence speed and optimization effi-
ciency compared to the genetic algorithm. It is evident from pre-
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vious studies that optimization of parameters to match the best
operating conditions of the HT-PEMFC can reduce irreversible
losses and improve efficiency.

The multi-objective particle swarm optimization (MOPSO)
is to use the external population archive to store all the current
non-dominated solutions, and regard the individuals in the ex-
ternal archive as the elite individuals, control the direction of
population evolution through the elite individuals, and guide the
population to approximate the real Pareto frontier, and take the
particles in the external archive as the obtained approximation
of the Pareto optimal solution at the end of the algorithm opera-
tion. The MOPSO algorithm has been widely used in the energy
field to solve multi-objective optimization problems. Ehyaei et
al. [19] used MOPSO algorithm to optimize the thermodynamic
performance of parabolic through collector based on energy, ex-
ergy and economic analysis, and the optimal results were calcu-
lated with maximum exergy efficiency and minimum heat gen-
eration. Yuan et al. [20] designed an optimization algorithm
based on the MOPSO algorithm and grey correlation analysis,
as well as employed this algorithm to optimize a multi-objective
energy scheduling problem for a hybrid solid oxide fuel cell and
solar hybrid cogeneration system.

Few literatures about ecological performance analysis in
HT-PEMFC have been published by far and even fewer papers
focus on the ecological coefficient of performance (ECOP) as
an optimization function for the thermodynamic performance of
HT-PEMFC. The ECOP is an important evaluation index for ir-
reversible thermodynamic and ecological performance, and op-
timizing ECOP can reduce power loss to benefit the environ-
ment. Therefore, in this paper, the ECOP, P and efficiency as
the multi-objective optimization function for analyzing and op-
timizing the thermodynamic performance while maintaining the
power of HT-PEMFC is still required. The population distribu-
tion of the optimization variables was analyzed using a 3D Pa-
reto frontier analysis, and the popular nondominated sorting ge-
netic algorithm 11 (NSGA-II) and simulated annealing algorithm
(SA) have been chosen versus MOPSO algorithm for making
the optimization comparative analysis.

2. Model development

The principles of redox reactions can be simplified and stated as
follows [16]:

H, - 2H* + 2e™, (1)
2H* +20, + 2~ > H,0 + heat, )
2
H, + %Oz — H,0 + heat + electricity. 3)

In addition, some assumptions about modeling are provided
below:
e The HT-PEMFC is operated in steady state [4].
e The fuel is a mixture of hydrogen and water [21].
e The movement of reactants exhibits laminar flow [10].
e The consideration of kinetic and potential energy of hydro-
gen is omitted [16].
e The corrosion reactions at the electrodes are neglected [22].

The values of basic designing and operating parameters used
in this paper are obtained from Ref. [22], which can be shown
in Table 1.

Table 1. Operating and design parameters [22].

Parameter Value Unit  Parameter Value Unit

T 413~473 K R 8314  J/(molK)
p 1~3 atm j 0~20000 A/m?
RH 0~7.6 % To 298.15 K

DL 2~10 - a 0.25

tmem 0.005 cnm n 2

F 96485 C/mol  Amem 600 cm?

2.1. Electrochemical description
The reversible voltage E,..,, can be calculated by [1]:

0.5
PH,P0,

PH,0

AS RT
Erev = E,g + E (T - 29815) + all’l( ), (4)
where E? is the ideal standard potential, R is the gas constant,
AS is the variation of standard molar entropy, T is the tempera-
ture. The correlation between AS and T reads:

25— _18.449 — 0.01283T. (5)

Ne
(1) Activation overpotential
The E, . taking the effect of leakage current into account
can be calculated by:
— BT\ (itjieak

Eqer = anF ll‘l( Jjo )' )
where « is the transfer coefficient, j is the current density,
Jieak 1S the leakage current density, j, is the exchange cur-
rent density. The correlation between j.., and T is calcu-

lated by [2]:
. 1
INjiear = —2342.9 (3) +9.0877. @
(2) Ohmic overpotential
The E, .y, IS given by:
. . .t
Eonm = j(Rion + Rete) = jRion = J e, (8)

Omem

where t,,..n is the thickness of the membrane, a,,.., is the
proton conductivity.

(3) Concentration overpotential
The E_,,, is expressed as [3]:

- IRy (I
Econ = (1 + a) nr D (jL—j)' ©)

where j, is the limiting current density.
The total internal resistance due to these three overpotentials

can be calculated by:

R _ Eact"‘thm"‘Econ’ (10)

int — :
AmemJ

where A,,.., is the activated area.
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Combining Egs. (6)—(10), the voltage U can be calculated as:

U= Erep — (1+1)Eln(j—l“)_£ln(f+j.ﬂ)_jtmﬂ.

a) nF JjL=J anF Jo Omem
(11)
The power density can be calculated as:
P =jU = j(Erev — Econ — Eact — Eonm)- (12)

2.2. Thermodynamic description

When fuel cell operates, oxygen and hydrogen interact in a re-
dox reaction [11], and the total energy released by the electro-
chemical reaction is equivalent to enthalpy variation, i.e. —AH,
which can be calculated by:

—af = - 220 (13)
The —AH can be described by:
—AH = —AG — TAS. (14)

Total energy can be categorized into electrical energy and
thermal energy, which is due to the enthalpy variation being
lower than the Gibbs free energy, and a portion that cannot be
converted to electricity is released to thermal energy [4]. This
fraction is denoted by —AG + AH, which is equal to TAS, and
AS is called the entropy [2].

Based on the laws of thermodynamics, thermal efficiency
can be calculated by [2]:

P

Based on the representation of ECOP in Ref. [5], it can be
calculated by:

PT

To(—~AH-P)

(16)

ECOP is a crucial irreversible thermodynamic indicator due
to the advantage of compromising the weights of power and ef-
ficiency.

Moreover, the exergy analysis of irreversible thermodynam-
ics is used to study and optimize the recoverable energy and un-
recoverable losses during fuel cell operation [6]. The exergy bal-
ance can be represented as:

(17

Exl-fnc =P+Ex/° + Exgc,

w,out

where Exl.';f is the total input exergy, E xv’;fout is the waste ex-
ergy, and Ex(’;C is the exergy dissipation.

Therefore, the exergy dissipation can be obtained as:

fe _p_Ex/*

Ex£C = Exin w,out" (18)
Recoverable exergy wastes are losses that can be recycled,
e.g. remaining hydrogen can be recycled and used to generate
energy [6], the unrecoverable exergy waste is a loss that cannot

be reused, such as waste heat:
Ex!¢ . =Ex/S +Ex]S,

w,out

(19)

where Ex/C is the recoverable exergy, and Ex/.S is the unrecov-
erable exergy.

The recoverable exergy is mainly the chemical exergy of the
remaining hydrogen and oxygen and can be expressed as:
(20)

fe _ . oaCh . ~Ch
Exrw - nHz,out exHZ,out + nOz,out exOZ,outv

where ny, ¢ is the mole fraction of hydrogen, exﬁ’;_out is the

standard chemical exergy of hydrogen, ng, 4 is the mole frac-
tion of oxygen, and exg’;,out is the standard chemical exergy of
oxygen.

The unrecoverable exergy is mainly the physical exergy of
the discharged hydrogen, oxygen and water as well as the waste
heat, and can be expressed as [1]:

fe _ . oy P . oD
Exuw - (nHz,Out etz,out + No,,out exOZ,out+

h fc

14 To
+Ny,0,0ut * exHZO,out) + Qw,out (1 - F)' (21)
where ny, o0y i the mole fraction of water, exs:o,out is the

fc

w,out

standard chemical exergy of water, and Q is the waste heat

of the fuel cell.

The exergy destruction index EDI is used to numerically de-
scribe the environmental impact of unrecoverable exergy losses
in this paper, and larger values of EDI indicating that the irre-
versible thermodynamic process is more damaging to environ-
ment; it can be calculated by [7]:

ExfS, + Ex)C

EDI = (22)

The exergy sustainability index ESI can be calculated by [2]:

P

ESI = (23)

0> feyt

EDI-(P+Ex!T2 02 W HEXL)

W,out+Ex

2.3. MOPSO optimization

2.3.1. Description of MOPSO algorithm

The MOPSO is a bionic algorithm derived from imitating the
hunting behaviour of birds, which is based on the principle of
randomly distributing a certain number of particles in the feasi-
ble domain, and each particle flies at a certain speed and direc-
tion and adjusts the direction and speed of the next moment by
combining with its own current optimal position and the optimal
position of the group, and ultimately achieves the purpose of
searching for the optimal solution domain [8].

Suppose the search space is D dimensional and the entire
particle population is Ng, the velocity and position of the parti-
cle i at the t iteration are v{ = (v{;,V{,,...,v{p), and x{ =
(xf1,xf5 ..., x{p), respectively; the optimal position searched
so far by the particle i at the t iteration is pf =
(Pf1, P2 Pip), i.e. the personal best position; the optimal
position searched so far by the population at the t iteration is
gt =9t4g5..., 95, , i.e. the global best position. At the ¢t + 1
iteration, the particles adjust their forthcoming velocity and lo-
cation in the search space, incorporating insights gained from
their personal history as well as the sharing experiences of the
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entire population [8,9]. The velocity and position updates of the
particle swarm optimization algorithm with inertia weights can
be represented by Eqg. (24) and (25), respectively:

1_

vitt = v + e (plj — xi) + cora(gh — xf5), (24)
t+1 _ .t t+1

Xijo =X; v, (25)

where ¢t is the number of iterations, c;, c, are constants, ry, 7,
are random numbers, w™ is the inertia weight, pflj is the individ-
ual position, gjt- is the global optimum position, and j =
1,2,...,D is the dimension.

The position of the particle is updated schematically as
shown in Fig. 1.

4

\ % ' c,

i (_x) (e .,

(.'\r\\pl ’ ." ),-\ t+1
"\__," '\.1

t 4
v, b

°t :,-\‘

x; @

Fig. 1. Schematic diagram for updating the position of a particle.

2.3.2. Determination of optimization variables and
objective function

Considering that the thermodynamic performance of HT-
PEMFC is affected by multiple parameters and there are various
indexes to evaluate the irreversible loss in the working process
from different perspectives, and that each performance evalua-
tion index has its advantages and imperfections. Based on the
established model and previous studies, it is seen that the oper-

ating and design parameters such as the temperature T, pressure
p, relative humidity RH, and phosphate doping level DL have
a large impact on the performance of the HT-PEMFC, and dif-
ferent configurations of the operating parameters determine the
output performance of the HT-PEMFC. Therefore, in this paper,
not only the effects of the above parameters on the thermody-
namic performance of HT-PEMFC are analyzed, but also these
parameters are used as optimization variables to improve the
thermodynamic performance of HT-PEMFC. Moreover, the
power P and efficiency 7 are the most widely used basic metrics
for evaluating fuel cells, while ECOP is an important indicator
in thermodynamics to quantify the irreversible thermodynamic
loss of fuel cells; therefore, the P, efficiency n, and ECOP are
selected as the objective functions in order to improve the output
performance of the HT-PEMFC in a more comprehensive way
and to reduce the irreversible thermodynamic loss in this paper.
The range of the determined optimization variables and the ob-
jective function are shown in Table 2.

Table 2. The optimization variables and the objective function.

Optimization variables and ranges Objective function

T 413~473 K P
P 1~3 atm n
RH 0~7.6 % ECOP
DL 2~10

j 0~20000 A/m?

The flowchart of the MOPSO algorithm is shown in Fig. 2.
The optimization procedure is as follows:
1) Initialize the random parameters, and create the external
archive.
2) Calculate the objective function of the particle swarm.
Evaluate the particles and conduct Pareto sorting.

_—

bt Optimization Opti.miz.ation
Tl variables objectives
i DMEFC system ———
W k! vt i 4
e N l A
R
-------- bodocdbdinny

Initial random Calculate the value of

population

particles objective function

= MOPSO

Selection of individual optimal -
solutions and global optimal solutions

Fig. 2. The flowchart of the MOPSO algorithm.
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3) Store the non-dominated solutions into the external archive
and update it.

4) Select the individual optimal solution and the global opti-
mal solution.

5) Update the velocity and position of the particles.

6) Return to 2) if the maximum iteration is not reached, and
exit the loop if the maximum iteration is reached.

3. Results and discussion

3.1. Validation of the HT-PEMFC model

The output voltage of HT-PEMFC versus j found based on the
above equations for the E,.,, Econs Eonm, Eace 1S illustrated in
Fig. 3a To verify the U-I curve, Fig. 3b shows the comparison
between model predictions and experimental data of Scott et al.
[10]. It can be seen that the theoretical predictions are basically
consistent with the experimental data.

12 — trm.-
1
-~ 08
= os
0.4
0.2 .
r‘..hm\_\_ A
0
o 5000 10000 15000 20000
a) Current density/A-m 2
Model prediction 1(T=423 K) |
1 Experimental data 1(T=423 K)
Model prediction 2(T=448 K)
+  Experimental data 2(T=448 K)
_ 08
e
v
=
S
= 06
=
0.4
02
4,000 8,000 12,000 16,000
b) Current density/A-m 2

Fig. 3. The model validation: a) curves of potential, activation overpo-
tential, concentration overpotential, ohmic overpotential and voltage
versus current density, b) comparison of curves between model results
and experimental data.

3.2. Effect of operating and design parameters

It can be seen from Fig. 4a and Fig. 4b that increasing the tem-
perature of HT-PEMFC has an obvious effect on P, ECOP and
EDI, mainly due to the fact that the increase in temperature en-
hances the catalytic activity of the electrodes, which accelerates
the redox reaction rate of hydroxide. The maximum power den-
sity can reach 5300 W/m? when the temperature is 473 K,
which is an increase of 58.3% compared to when the tempera-
ture is 413 K. As the electrochemical reaction proceeds, P, ESI
and ECOP are significantly enhanced by increasing temperature,
but EDI is decreased, this is due to the fact that the elevation of

T greatly enhances the electrochemical reaction rate, which re-
duces the fuel emissions and facilitates the reduction of the loss
of exergy and the impact on the environment.

10000 - . . 5
[ T=413K
T=443K
| T=473K

8000 4

o 6000 3
& 4000 |

2000

a)
25
T=413 K
T=443 K
T=473 K
i A2
i 15
i &
5
0
0 05 1 15 2
b) Current density / A-m™= x10*
10000 T T T S
p=1atm
p=2 atm
| p=3 atm
8000 4
o 000 3
E
o a000
2000
0
c) Current density / A-m™ x10*
25
p=1atm
p=2 atm
p=3 atm
1 2
1
i
- 0
0 05 1 15 2
d) Current density / A'm™ «10*

Fig. 4. Curves of P and ECOP versus current density under:
a) different operating temperature, c) different operating pressure.
Curves of ESI and EDI versus current density under:
b) different temperature, d) different pressure.

From Figs. 4c and 4d, the maximum power density can reach
4648 W/m? when the pressure is 3 atm, which is an increase of
8.9% compared to when the operating pressure is 1 atm. It is
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clear that P, ECOP, ESI and EDI are less affected by pressure in
the range of low current densities, which is due to the low rate
of electrochemical reaction. The rate of electrochemical reaction
is rising very quickly in the range of high current densities, the
irreversible losses are reduced by increasing pressure.

10000

A 000

2000

a) Current density / A-m™ <10*

o 05 1 15 2
b) Current density / A-m™ <10

10000 T T 5
DL=6
DL=8
DL=10

G000 3
o

4000

2000

c) Current density / A-m? <10*
25
DL=6
Di=8
DL=10
2
415
>
- =
n
— = 1
AF
I \_L >
""""" - 0.5
.//-‘-
-
-
0
0 0.5 1 1.5 2
d) Current density / A-m™ %10*

Fig. 5. Curves of P and ECOP versus current density under: a) dif-
ferent relative humidity, c) different DL. Curves of ESI and EDI
versus current density under: b) different relative humidity,

d) different DL.

The proton conductivity is increased by improving relative
humidity, as shown in Fig. 5a and Fig. 5b, where P and ECOP
are enhanced by increasing relative humidity.

When the relative humidity is 7.6%, the maximum power
density of HT-PEMFC can reach 4565 W/m?, which is an in-
crease of 17.7% compared to when the relative humidity is zero.
As illustrated in Fig. 5¢ and Fig. 5d, P, ECOP and ESI first grow
and then fall with the rise of DL, reaching a maximum at DL of
8. A proper increase in DL can help to improve proton conduc-
tivity while reducing irreversible losses. However, excessive DL
can damage the structure of PBI, such as affecting the attach-
ment rate of phosphoric acid on the catalytic layer, and resulting
in a decrease in proton conductivity [7].

3.3. Optimization results

The optimized Pareto frontier curve of the MOPSO algorithm is
shown in Fig. 6. The green fork represents the dominated solu-
tions of the MOPSO algorithm, the blue dots are the individual
optimal solutions, and the red hexagrams are the non-dominated
group optimal solutions, i.e. the Pareto frontier. Because the
MOPSO algorithm procedure used in this paper is a minimum
value seeking method, the function set in this procedure is the
opposite of the objective function, i.e. Pyopso (xx) = —P(xy),
ECOPyopso(xi) = —ECOP(xx), Nmorso(Xx) = —1(xx), thus
seeking the maximum value of the original function, therefore
the axis in Fig. 6 is minus. Since the three optimization objective
functions of P, efficiency and ECOP are taken into account, the
final optimization result should not only be picked in the Pareto
frontier, but also satisfy that each objective function should not
be worse. Therefore, after carrying out several optimizations, we
chose the Pareto point with the coordinates of —3584, 1.685,
—0.518, and its corresponding values of the optimal parameter
variables are shown in Table 3.

dominated solutions
individual optimal solutions

}  pareto optimal solutions

ToPSO

-0.6 § N
N

-0.65 d -

15 0
. -1000

-

ECOP

-2000

MoPsO 5 P
-6000 MOPSO

Fig. 6. The optimized Pareto frontier curve of the MOPSO algorithm.

The population distribution of the optimization variables
corresponding to the Pareto optimal solutions is shown in Fig. 7.
The distribution of current densities is shown in Fig. 7a, and it
can be seen that the current densities corresponding to the opti-
mal solutions obtained from the MOPSO optimization are uni-
formly distributed between 0 and 14000 A/m?, which is due to
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the optimal solutions of the multi-objective optimization select-
ing different values of weights for each objective. The distribu-
tion of operating temperatures is shown in Fig. 7b, and it can be
seen that most of the temperatures corresponding to the optimal
solutions are between 472.8 K and 472.9 K, which indicates that
higher temperatures are useful for the power, efficiency and
ECOP. The distribution of pressures is shown in Fig. 7c, and it

Table 3. Optimal parameter selection for HT-PEMFC.

can be seen that most of the pressures corresponding to the op-
timal solutions are in the range of 2.82 atm to 2.88 atm, which
indicates that higher pressures are beneficial for improving per-
formance. The distribution of DL is shown in Fig. 7d, and most
of the pressures corresponding to the optimal solutions are be-
tween 7 and 8, which shows that the DL should not be either
excessive or insufficiently low for improving irreversible ther-
modynamic performance.

Preoptimized MOPSO NSGA-II SAl SA2 SA3
Objectives 2 P, ECOP, n P, ECOP, n P EcoP n
j(A/m?) 0~20000 7825 6629 13974 5994 6069
T (K) 443 472.88 471.98 469.08 462.00 464.20
p (atm) 2 2.98 2.92 3.00 2.66 3.00
RH (%) 3.8 7.15 7.20 7.48 7.52 7.11
DL 6 8.23 7.90 8.37 9.00 7.60
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Fig. 7. Population distributions of current density (a), operating temperature (b), pressure (c) and doping level (d).

The optimized Pareto frontier curve of NSGA-II algorithm
is shown in Fig. 8a, the red pentagrams are the Pareto frontier of
multi-objective optimization, after performing several optimiza-
tions, we chose the Pareto point with the coordinates 3088, 1.87,
0.5413, and the values of the optimal parameter variables corre-
sponding to it are shown in Table 3.

The optimization results of the SA algorithm are shown in
Figs. 8b, 8c and 8d. In this study, the SA algorithm is a single
objective optimization algorithm. Therefore, the optimization
objective functions are power density, ECOP and efficiency,
and the optimized solutions tend to be stable after several opti-

mizations. The three optimal solutions with power density,
ECOP and efficiency as the optimization objective functions are
6281.67 W/m?, 1.617 and 51.1%, respectively, and the corre-
sponding values of the optimal parameter variables are shown in
Table 3.

In order to compare the convergence speed and optimization
accuracy of two multi-objective algorithms more precisely, the
Ackley test function is introduced in this paper for comparative
analysis, which can detect the global convergence speed of an
algorithm. The directional gradients of the Ackley function are
various when the dimension increases. As shown in Fig. 9 for
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the graph of Ackley, it can be seen that its minimal value is O.
The optimization algorithm can easily fall into the trap of local
minimal value. In order to fairly evaluate the advantages and
disadvantages of the algorithms, the number of iterations set are
all 500, and the population size are all 100. In the NSGA-II al-
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gorithm involving crossover probability and mutation probabil-
ity, are set to 0.7 and 0.01, respectively. whereas in the MOPSO
algorithm involving the initial inertia factor weights are set to
0.9, and the inertia factor at the time of iterating to the maximum
number of evolutionary generations is 0.4.
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Fig. 8. The optimized Pareto frontier curve of NSGA-II algorithm (a) and the optimization results of the SA algorithm (b-d).

Fig. 9. A graph of the Ackley test function.

The variation of the global optimal solution with the number
of iterations for the MOPSO algorithm and the NSGA-II algo-
rithm for optimization of the Ackley test function is shown in
Fig. 10. It can be seen that the MOPSO algorithm finds the
global minima within less than 100 iterations, while the NSGA-
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Fig. 10. Comparison of global optimal solutions.

Il algorithm finds the minima only after a number of iterations
greater than 400.

Figure 11 shows the variation of the individual (historical)
optimal solutions of the MOPSO algorithm and the NSGA-II al-
gorithm with the number of iterations in finding the optimal so-
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lution to the Ackley test function when the spatial dimensions of
the Ackley test function are taken from the first to the tenth di-
mension. It can be seen that the MOPSO algorithm is the first to
find the extrema in most cases. However, the NSGA-II algo-

The 1 dimension The 2 dimension

The 3 dimension

rithm always has problems finding local minima, such as in the
1st, 3rd and 10th dimension cases. Moreover, the NSGA-II al-
gorithm shows oscillatory changes in the historical optimal so-
lution when the number of iterations is small.
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6500 0.650 29 175
; ECOP, ]
F‘SI\IIM
= 0.645
6000 28
1.74
0.640
5500 L 27
B m
S = By w
E 0.635 1.73 =
-~ ¢ g :
o

5000
0.630

4500
0.625

400 MOPSO SAL SA3 o 0020

NSGA-II

Dp[cupumimlian SA2

Fig. 12. The optimal result comparison for maximum power
density and maximum efficiency.

From the above results, it can be seen that the MOPSO algo-
rithm is faster in finding the optimum compared to the NSGA-
Il algorithm and is more accurate and less likely to fall into local
extremes.

By using the optimal parameters of the MOPSO algorithm
as inputs to the HT-PEMFC model, the obtained maximum
power density, maximum efficiency, maximum ECOP and max-
imum ESI are compared with the preoptimized results and the
results optimized by other algorithms as shown in Figs. 12 and
13. The MOPSO algorithm yields the best performance, with the
maximum power density, maximum efficiency, and maximum
ECOP being 6340 W/m?, 64.5% and 1.723, respectively, which

1.72

24

g 1.71
preoptimization

NSGA-IT SAl

MOPSO

Fig. 13. The optimal result comparison for maximum ECOP
and maximum ESI.

are 43.28%, 3.7% and 17.8% higher than the preoptimized HT-
PEMFC, but the maximum ESI is slightly reduced.

4. Conclusions

An irreversible thermodynamic model of HT-PEMFC is estab-
lished to study the effects of different operating parameters and
design parameters on the thermodynamic performance, four pa-
rameters including T, DL, p, and RH are considered in this work,
while P, ECOP and efficiency are used as the optimization ob-
jective functions. The primary findings are summarized as fol-
lows:
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1) The validation of the irreversible thermodynamic model
for HT-PEMFC was conducted through comparison with
experimental data.

2) Temperature and pressure have a significant effect on the
increase of P, ECOP, ESI and decrease of EDI, while DL
and RH have a lesser effect.

3) The population distribution of the optimization variables
of the optimal solutions is analyzed based on the 3D Pareto
frontier of the MOPSO algorithm, which results in a uni-
form distribution of the current density in the operating
range due to the different weight accounting for each opti-
mization objectives. Temperature and pressure are main-
tained in the high value region of the operating range,
while DL is stably distributed between 7 and 8.

4) Parameter optimization of HT-PEMFC using MOPSO al-
gorithm and comparison with the optimization results of
NSGA-II algorithm and SA algorithm show that MOPSO
algorithm performs well for multi-objective optimization
as a function of P, ECOP and efficiency, with the maxi-
mum power density, maximum efficiency, and maximum
ECOP being 6340 W/m?, 64.5% and 1.723, respectively,
which are 43.28%, 3.7% and 17.8% higher than those of
the preoptimized HT-PEMFC.

The conclusions obtained in this paper regarding the future
development of HT-PEMFC design and integration into existing
systems are: firstly, by considering the effects of temperature
and pressure on performance, new membrane electrode materi-
als can be investigated and developed to adapt to operating en-
vironments at higher temperatures and pressures, which can help
to improve the stability and durability of HT-PEMFC. Secondly,
when integrating into an existing system, the effects of operating
and design parameters need to be considered, and the system ar-
chitecture and operating conditions need to be adjusted accord-
ingly, and the MOPSO algorithm can provide guidance for the
design of HT-PEMFC systems to achieve optimal performance.
In addition, in terms of optimization algorithm selection, future
HT-PEMFC developments could consider using the MOPSO al-
gorithm as the preferred parameter optimization algorithm to
achieve multi-objective optimization of power, ecological per-
formance and efficiency. By comparing the optimization results
of different parameter combinations, the optimal system config-
uration can be determined to guide future HT-PEMFC develop-
ment.
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Abstract

In the paper, a model of a heated building using a PEM (proton exchange membrane) fuel cell is presented. This work
introduces a novel and more comprehensive depiction of the thermal processes occurring within a fuel cell under transient
conditions. The developed PEM fuel cell model was synergistically incorporated with a thermodynamic model of a build-
ing. The resulting mathematical framework provides insights into the building's performance concerning fluctuating am-
bient temperatures and the heating system powered by the PEM cell. The developed mathematical model delineates the
interplay between the building's thermodynamics and the fuel cell in the context of the devised heating control system

featuring an indirect heat distribution mechanism.
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1. Introduction

This paper explains the control process of a PEM cell concern-
ing the utilisation of waste heat within buildings. The supply of
fuel and oxidant to the fuel cell is facilitated through a valve
system actuated by stepper motors. Given the proportional de-
mand for reaction substrates, it becomes feasible to employ
a single regulator with suitably chosen stepper motor-driven
valves to energize the PEM cell. The second regulator finds ap-
plication in the PEM cell's cooling system — this configuration

could also function as a means to distribute heat to the building's
rooms. Based on existing literature, this paper introduces a new
continuous control system employing a singular SIMO (Single
Input, Multiple Output) type regulator for the PEM cell. Further-
more, the article presents an innovative fuel cell temperature
control system, that exploits the potential for waste heat recov-
ery and subsequent utilization for heating purposes. A novel
mathematical model, encompassing the fuel cell's temperature
control process to meet heat demands within buildings is pro-
posed.
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Nomenclature

A — heat transfer surface, channel cross-section normal to flow, m?
¢ —specific heat, J/(kg K)

ci — molar specific heat (i = Hz, O2, H20), J/(mol K)

e(t) — control deviation

G - Laplace transform transfer function

h  — specific enthalpy, J/kg

H - enthalpy of formation, J/mol
| —electric current, A
k — overall heat transfer coefficient, W/(m?K)
m —mass, kg

n — molar flow, mol/s

P — electrical power, W

0 - heat flux, W

s - Laplace operator

S — channel cross-section normal to flow, m?

t —time,s

T —temperature, K

U - voltage, V

w  — flow velocity, m/s

x — flow path between inlet and outlet of the heat exchanger, m

Greek symbols
p - density, kg/m?

Subscripts and Superscripts
b —room under study

Over the past century, a variety of power systems dedicated
to energy conversion has emerged — extending beyond the con-
fines of the Rankine vapour cycle. Among these systems, fuel
cells stand out as prominent examples. Fuel cells are predomi-
nantly associated with energy conversion mechanisms rooted in
hydrogen oxidation without combustion. The fuel cell landscape
encompasses a variety of types, including Solid Oxide Fuel
Cells (SOFC), Proton Exchange Membrane Fuel Cells (PEM-
FCs), Alkaline Fuel Cells (AFC), and Phosphoric Acid Fuel
Cells (PAFC), among others. Fuel cells readily lend themselves
to mathematical modelling concerning the thermodynamic pro-
cesses involved. The control process of PEM fuel cells was de-
scribed by Nehrir and Wang [1]. Their study offers a relatively
comprehensive model of the PEM fuel cell, and while the heat
exchange with the surroundings is somewhat simplified, the
mathematical description precludes the estimation of tempera-
ture elevation in the fuel cell's coolant.

The current body of literature not only encompasses transi-
ent models for PEM cells [1] but also includes more intricate
elucidations of the processes occurring in these cells. Notably,
certain papers offer more detailed insights into phenomena like
two-phase flow [2]. However, these models are predominantly
tailored to PEM cells operating under steady-state conditions.
Consequently, they are inadequate for simulating the behaviour
of PEM cells during start-up, shutdown, or when subjected to
varying heat loads over time — scenarios that include heat recov-
ery, a factor that directly affects the energy efficiency of fuel
cells.

bw — solid wall (without glazing) between the room under study
and the external environment
d - differentiating (in reference to gain)

gd — ground

h —heater

i —integrating (in reference to gain)
in —inlet

ki — corridor

k2 — corridor

| —saturated liquid water

net — total heat balance

0 - external environment

out — outlet

p — proportional (in reference to gain)

pn —adjacent rooms (n = 1,...,5)

s —ceiling, saturated water vapour

set — controller setting

str —acquired stream

uj - latent and sensible heat

w — glazed wall between the room under study and the external
environment

win— inlet water

chem — chemical reaction

wout — outlet water

Abbreviations and Acronyms
PEM — proton exchange membrane
PID - proportional-integral-derivative

In the Abdin et al. study [3], a transient model was meticu-
lously developed to delineate the chemical and electrochemical
processes in a fuel cell. Although somewhat lacking precision in
explaining thermal processes, it proved useful in understanding
PEM fuel cell dynamics from an electro-technical perspective.
Taner [4] characterised electrical parameters related to substrate
pressure in the fuel cell, employing a steady-state PEM cell
model to determine cell exergy He evaluated a PEM fuel cell's
performance based on operating pressure and voltage parame-
ters, finding energy and exergy efficiencies of 47.6% and
50.4%, respectively, and highlighting wastewater management's
importance in fuel cell lifespan. In another study [5], Taner com-
pared traditional PEM fuel cell systems with nano-designed ver-
sions, demonstrating significantly higher energy (72.4%) and
exergy (85.22%) efficiencies in the latter, and suggesting that
pressure and flow rate optimizations can greatly enhance ther-
modynamic efficiency. Naqvi et al. [6] conducted a techno-eco-
nomic and enviro-economic analysis of hydrogen production us-
ing an optimised alkaline electrolyser. The authors developed
a prototype that efficiently produced oxyhydrogen gas, evidenc-
ing economic feasibility with a favourable payback period.
Lastly, paper [7] introduces an innovative PEM electrolyser pro-
totype for hydrogen generation, featuring Cr-C coated SS304 bi-
polar plates and a specialized chemical mixture, achieving a pro-
duction rate of 6 m*h and an economically advantageous pay-
back period, showcasing efficiency and cost-effectiveness.

In the context of the study of Sudarshan and Dhananjay [8],
PEM cell dynamics is characterised by assuming equal partial
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pressures for hydrogen and oxygen. Notably, the model's imple-
mentation in SIMULINK software falls short of accommodating
temperature variations in the PEM fuel cell's cooling medium.
A detailed description of physical models situating the PEM cell
in a three-dimensional space under steady-state conditions is
presented in the study of Mingruo et al. [9]. Herein, the authors
presented the PEM cell voltage/current characteristic observed
under steady conditions.

Moving forward, Ziogou et al. [10] not only modelled the
PEM cell but also confirmed the model predictions through ex-
perimental validation, focusing on the cell's electrodynamic at-
tributes. The work [11] details PEM cell test outcomes while in-
corporating Pl and Fuzzy Logic regulators for control. Describ-
ing an alternative configuration, Waseem and Ghait [12] out-
lined a PEM cell model wherein substrate production was driven
by PV cells. A distinct model, as presented in [13], explicates
the dynamics of proton diffusive transport through the PEM
cell's membrane.

Given that the primary application of PEM fuel cells re-
volves around electricity generation, the prevailing literature
predominantly emphasizes models aimed at calculating electric-
ity and voltage parameters. Notably, software tools like
Matlab/Simulink, particularly within the Simscape™ Electri-
cal™ toolbox [14], have integrated models of diverse fuel cell
types (e.g., PEM, SOFC, AFC), primarily focused on configur-
ing electricity and voltage attributes. Regrettably, the models in-
tegrated within this software fail to account for the thermal char-
acteristics of the cell arising from heat dissipation into the sur-
roundings and the cell's interaction with heating systems.

Within the realm of literature, the examination of building
dynamics finds expression through the utilisation of the thermo-
electric analogy, a concept comprehensively expounded upon in
studies [15,16]. In [17], fundamental principles related to heat
management and the quantification of energy balances within
buildings are elucidated, alongside the presentation of guide-
lines for constructing such energy balances. Mathematically de-
tailing heat flow between heated and unheated spaces is a rela-
tively straightforward task. Nevertheless, due to the reliance on
factors such as wall materials, inter-room thermal processes, and
ambient thermal conditions, the actual process of formulating
equations governing heat transfer becomes protracted and intri-
cate.

Windows significantly influence building energy use and
thermal comfort. While many models exist for assessing indoor
thermal comfort, the effect of solar radiation is often neglected.
Song et al. [18] applied the SMRT (simplified mean radiant tem-
perature)-air temperature deviation method to evaluate solar ra-
diation's impact on indoor comfort during the initial design
phase. Focusing on office buildings in various orientations and
climates, the findings indicate a more pronounced impact of so-
lar radiation in colder climates, especially through east and west-
facing windows. Adjusting the Solar Heat Gain Coefficient
(SHGC) of windows could reduce discomfort by over 86%
across all climates, aiding designers in enhancing indoor thermal
comfort. Wonorahardjo et al. [19] explored how various fagade
systems impact thermal comfort and Urban Heat Island (UHI)
effects. Their study involved outdoor field measurements on

materials like brick, concrete, low-E (low-emissivity) glass, and
Aluminium Composite Panel (ACP), focusing on solar exposure
effects on fagade surface temperatures. Additional lab experi-
ments under simulated solar exposure assessed the thermal be-
haviour of these materials. Findings showed that brick walls
stored and emitted heat, affecting both indoor and outdoor tem-
peratures. Adding ACP to brick walls significantly lowered in-
door temperatures but may contribute to UHI. Insulation mate-
rials like newspaper and corn husk mats were effective in reduc-
ing indoor temperatures during the heating period but slightly
increased outdoor temperatures. The study underscored the im-
portance of considering both indoor and outdoor temperatures in
building design for thermal comfort and UHI mitigation.

In HVAC system design, balancing user comfort and energy
consumption often leads to a conflict, requiring Pareto-optimal
controls. While indoor air temperature is a common control pa-
rameter, it does not always accurately capture perceived thermal
comfort due to sensor placement. Computational fluid dynamics
(CFD) can help develop more effective control strategies [20].
A comparative study between PMV (predicted mean vote)-
based thermal comfort control and traditional temperature-based
control in a sunlit office room showed that an iterative approach
for adjusting air supply flow can better meet ISO 7730 comfort
standards. CFD simulations compared air temperature distribu-
tion and ventilation effectiveness for both strategies, analysing
thermal indices and energy savings. The PMV-based control not
only enhanced thermal comfort in the glazed office but also re-
duced energy use by 1.6% daily.

A numerical study in research [21] examines the energy con-
sumption of bedroom task/ambient air conditioning (TAC)
across different climate zones, focusing on a PMV-based control
strategy for night-time energy use. Two traditional operating
modes were analysed: variable supply air temperature (VAT)
and variable supply air flow rate (VAF). Results showed that
VAT mode reduces energy consumption significantly more than
VAF, with savings of at least 10% in Beijing, 19% in Shanghai,
and 18% in Guangzhou. An optimized mode, VFT-LowE,
which combines variable flow rate and temperature, was found
to save up to 6.5% more energy than VAT mode in Guangzhou.
The study also highlighted that the highest energy-saving poten-
tial is observed in warmer climates, reaching up to 403 kJ per
night in Beijing and around 1100 kJ in Shanghai and Guang-
zhou. The findings suggested the effectiveness of optimized
TAC operation modes in reducing energy consumption, partic-
ularly in hotter climates.

Buyak et al., in the previous work [23], based on experi-
mental analysis demonstrated that enhancing thermal insulation
to Swedish standards and adopting intermittent heating can sig-
nificantly reduce energy consumption. However, they also high-
lighted the need for additional electric heating during transition
periods to maintain comfort, potentially increasing energy con-
sumption. The results of the research might be useful for identi-
fying the thermal characteristics of a building, even though they
did not include a mathematical description of the building that
could be used to simulate its thermal dynamics. A mathematical
model of such a building is presented in the present work.
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2. Mathematical modelling of a building heated
by a PEM cell

This section provides an in-depth analysis of a mathematical
model that comprehensively covers various facets of the PEM
cell control system. Specifically, the focus lies on both electric-
ity generation and the recovery process of waste heat. The model
incorporates the utilization of logarithmic temperature differ-
ences as output parameters, serving as a metric for assessing the
stability of the PEM cell. Furthermore, the chapter introduces
a mathematical model adapted to a building with a PEM cell,
utilized primarily for heating purposes.

The thermal dynamics of room, subject to temperature fluc-
tuations, is influenced by a myriad of factors. These factors en-
compass solar radiation exposure within the room, the operation
of electrical and heating appliances, occupancy levels, the effec-
tiveness of the ventilation system, as well as heat exchange with
the external environment and the ground.

The ambient temperature within a designated room is an out-
come of achieving a balance between heat influx and dissipa-
tion. When heat dissipation surpasses influx, a gradual temper-
ature decrease is observed. Conversely, heat influx higher than
dissipation leads to temperature elevation. The equilibrium be-
tween these heat factors holds pivotal importance in maintaining
the desired room temperature. Notably, such equilibrium is pre-
dominantly attainable under stable operating conditions, a crite-
rion upon which heat-providing systems are designed. Real-
world scenarios, however, entail dynamic heat influx and dissi-
pation, resulting in fluctuating and occasionally uneven heat dis-
tribution across various rooms.

Accurately quantifying heat flow through the walls delineat-
ing the volume of a heated room proves to be a complex task.
This section presents a mathematical model that determines the
diurnal oscillations of the temperature (Ty) in the analysed room.
These fluctuations are driven by the introduction of warm water
sourced from the PEM fuel cell. The spatial proximity of the
room to heated chambers (Tp1, Tp2, Tps, Tps, Tps) and unheated
halls (T« and Ty.) establishes boundaries with the external envi-

T @& “3 — &l
e i B

Fig. 1. Diagram depicting the configuration of the simulated rooms.

ronment, potentially extending to the ground surface based on
geographical nuances (Fig. 1).

The computations were performed to determine the temper-
ature changes that occur due to the difference between the heat
demand (losses) and the heat supplied (gains) from the PEM fuel
cell.

Figure 2 depicts a negative feedback loop where the con-
trolled variables of molar hydrogen expenditure (nH) and molar
oxygen expenditure (nO.) depend on the temperature T3 of the
water (H.0) exiting the fuel cell and PID (proportional-integral-
derivative) controller settings.

PEM fuel cell

cooling water

T; Ta

PID

L Tset

Fig. 2. PID control system for the PEM fuel cell.

The mathematical model of the room operates under the fol-
lowing assumptions and simplifications [23]:

1) It depicts daily temperature fluctuations during winter.

2) Heat gains from solar radiation and electrical appliances
have been excluded.

3) Changes in humidity, as well as gains and losses through
the ventilation system, have not been considered.

4) The anticipated sinusoidal temperature changes within the
room are linked to the controller.

5) The ambient temperature is represented by a signal that lin-
early increases and decreases.

6) Heat transfer coefficients are assumed to be the same for
walls adjacent to external surroundings and unheated
rooms.

While in operation, the PEM fuel cell (Fig. 2) generates elec-
tricity and concurrently produces thermal energy. The model ap-
plied to the fuel cell is based on the following assumptions [1]:

1) It operates transiently.

2) The fuel cell's characterisation employs spatial parameters.

3) Control of the modelled fuel cell is based on the logarith-
mic temperature difference between the cell and the cool-
ing water. The temperature of cooling water is set at a level
that optimizes its applicability for heating purposes.

4) The entire heat generated during the reaction is effectively
transferred to the heating system.

5) Fluid flow within the fuel cell is turbulent, characterised by
a Reynolds number (Re) exceeding 10000.

6) The discrepancy in enthalpy during the phase transition be-
tween steam and water is determined by a value dependent
on the saturation pressure of the two-phase mixture.

The mathematical model for the building includes the equa-
tions describing the temperature changes over the time within:
(i) the analysed room, (ii) room p1, (ii) room p2, (iii) room p3,
(iv) room p4, and (v) hall k1, and (vi) hall k2, respectively:
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—MmMyCp = Ab—plkb—pl(Tpl - Tb) + Ab—pzkb—pZ(TpZ - Tb) + Ab—pSkb—p3(Tp3 - Tb) + Ab—p4kb—p4—(Tp4 - Tb) +

+Ab—p5kb—p5(Tp5 - Tb) + Ap—skp—s(T, = Tp) + Ap—wkp-w(To — Tp) + Ap_1kp—s1 (Ter — Tp) + 1)

My1Cp1 = Ap—prkp—p1 (Ty = Tp1) + Axi—prkr—p1(Tir = Tp1) + Akz—p1Kiz—p1 (Tez = Tp1) +
Tpl) + Apl—p4kp1—p4(Tp4 -

Tpl) + Apl—Wkpl—W(TO - Tpl) + (2)

+Ap1—bwkp1—bw(To - Tpl) + Apl—skpl—s(To - Tpl) + Ah—plkh—pl(Th - Tpl)'

- TPZ) + ApS—pzkps—pz (TpS

Mp2Cp2 = Ap—p2kp—p2(To = Tp2) + Arr—p2kici—p2(Ter = Tp2) + Aka—pakio—p2(Tiz — Tp2) +

- sz) + Apz—wkpZ—W(To - sz) + (3)

+Ap2—bwkp2—bw(To - sz) + Apz—skpZ—s(To - sz) + Ah—pzkh—pz (Th - sz)

Myp3Cp3 = Ap—pskp—p3(Ty = Tp3) + Axa—pskir—p3(Tir = Tps) + Akz—p3kiz—p3(Tez = Tp3) +
- Tp3) + Ap3—wkp3—w(To - Tp3) + Ap3—bwkp3—bw(To - Tp3) + (4)
- Tp3) + Ah—pSkh—pS (Th - Tp3)x

dTp
dat
+Ap—k2kp-r2(Tyz — Tp) + An—ppkn—pp (Th - pr) )
dTpl
dat
+Ap1—p3kp1—p3 (Tp3 -
dTp>
dt
+Apa-p2kpa—p2(Tpa
dTys
dat
+Apa—pskpa—p3(Tpa
+Ap3-gakpz-ga(Tya
dTys
dat

+Ap4—wkp4—W(To - Tp4) + Ap4—gdkp4—gd (ng

MypaCps = Ap—pakp—pa(Ty = Tpa) + Axi—pakici—pa(Tir = Tps) + Arz—pakicz—pa(Tiz = Tpa) +

- Tp4) + Ah—p4kh—p4(Th - Tp4) + (5)

+Ap1—p4kpl-p4(Tpl - Tp4) + Apz—p4kp2p4(Tp2 - Tp4) + Ap3—p4kp3—p4(Tp3 - Tp4) + ApS—p4kp5—p4(T195 - Tp4)'
%mpSCpS = Ab—pSkb—pS(Tb - TpS) + Akl—pskkl—pS(Tkl - TpS) + Akz—pSka—pS(Tkz - TpS) +
+Ap5—wkp5—w(To - Tps) + Aps—bwkps—bw(To - Tps) + Aps—gdkps—gd (Tgr - Tps) + Ah—pskh—pS(Th - Tps) + (6)

+Ap1-pakp1-pa(Tp1

dTgq

- Tp4) + Apz—pskpz—pS(TPZ

- Tps) + Aps—p4kp5—p4(Tp4 - Tps)'

. MkiCra = Ap—k1kp—1 (Tp — Tier) + Akl—plkkl—pl(Tpl - Tkl) + Ag1-p2Ki1-p2 (sz - Tkl) +

+Ak1-p3ki1-p3 (Tp3 - Tkl) + Akl—p4kk1—p4(Tp4 - Tkl) + Akl—pskkl—pS(TpS - Tkl) + ()
+Ap1—i2ki1—k2(Tkz = Tier) + 2+ Aga—wkicr—w(To — Tir) + Apa—skia—s(Ts — Ti1),

ATy,
dt

—EMyaCrz = Ap—i2kp—12(Tp — Ti2) + AkZ—plka—pl(Tpl - Tkz) + Ak2—p2kk2—p2(Tp2 - Tkz) +

+Ara—p3kiz—p3(Tps — Tiz) + Arz—pakicz—pa(Tpa — Tiz) + Axz—pskia—ps(Tps — Thz) + @)
+Ar1-k2ki1—12(Tier — Tiz) + 2 - Agz—whiia—w (Ty — Tiz) + Agz—gakia—ga(Tga — Tiz),

where: m — mass, T — temperature, ¢ — specific heat, 4 — heat transfer
surface area, channel cross-section normal to flow, k — overall heat trans-
fer coefficient, t —time. In Eqs. (1)—(8), the subscripts refer to the follow-
ing, respectively: k1, k2 — corridor, gd — ground, h — heater; b — room
under study, bw — solid wall (without glazing) between the room under
study and the external environment, o — external environment; pl1,..., p5
—adjacent rooms, w — glazed wall between the room under study and the
external environment.

Heating for the building is obtained by utilising water from the fuel
cell's cooling system, which is controlled by a PID controller. The math-
ematical representation of both the control system for the hot water sup-
ply and the controller is presented below.

The heating process is described by the equation:

daTy _ Twin,h_Th Th_Twout,h
pC.S‘? = pWCST - pWCST -
2 2
(Twin,h‘Th)_ (Twout,h_Th) (9)

_Ahkh 1 ( (Twin,h_Th) ) 1]
(Twout,h_Th)

where: S — pipeline cross-section, p—density, x—flow path between
inlet and outlet of the heat exchanger, w —flow velocity, win — inlet water;
wout — outlet water.

The process of regulation of flow through the heat exchanger
is determined by the correlation:

Gpip(s) = (Kp + % + de) =

(10)

= ky (e(®) + - [y e@de + T, ),
e(t) = Wyee —w), (11)
Kp = kp, K; = l;—zi), Ky = k4T,, (12)

where: e(t)- control deviation; s — Laplace operator, £ — gain of the PID
controller; T— time constant. The respective subscripts are: p — propor-
tional; d — differentiation; i — integration; set — controller setting.

The PEM cell model addresses transient conditions; none-
theless, this model takes into account heat exchange with the
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surroundings, phase transitions, and chemical reactions occur-
ring within the PEM fuel cell. The electrical impedance of the
materials used to construct the PEM cell was not considered.

The energy balance of the PEM cell can be formulated by
the following equation;

Qnet = Qchem -P- Quj - Qstrv

where ( is the heat flux, P is the electrical power. Subscript net refers to
the total heat balance, chem to the chemical reaction, uj to the latent and
sensible heat, and str to the acquired stream.

The heat generated by hydrogen consumption in the PEM
cell can be described by the equation:

Qchem = lezAHx

where 7, is the molar concentration of the reacted hydrogen
and 4H represents the overall enthalpy change during the chem-
ical reaction.

The electrical power generated in the PEM cell is dependent
on voltage and current, according to:

(13)

(14)

P=Ul (15)

where 7 is an electric current and U stands for voltage.

The latent and sensible heat depends on the molar energy
fluxes of the individual components (hydrogen (H.), oxygen
(O2), and water (H20)) involved in reactions within the PEM
cell, as well as the gas-liquid phase transitions that occur, and is
expressed by:

Quj=ﬁH2,outCH2 (T-T,)+ floz,outcoz (T-T,)+

. . , (16
+1y,0¢H,0(T — To) + 1,0 (hs — hy) (16)

where: 72 — molar flow rate of a substance, hs — molar enthalpy
of water steam, J/mol; h;— molar enthalpy of liquid water, J/mol;
Ci (i = Ha, O2, H20) —molar specific heat.

The heat transferred from the fuel cell to the heating system
is connected to the rate of heat transfer (k), the surface area for
heat exchange, and the logarithmic temperature difference
(ATiog), according to equations:

Qstr — APEMkPEM (TPEM_TVEout,PEM)_(TPEM_Twin,PEM), (17)
1

N (TPEM_Twout,PEM)>
(TPEM _Twin,PEM)

s (Twinn=Th)=(Twout,n=Th)
Cer = Ankin of CIEN
(Twout,h_Th)
Additionally, the transferred heat is defined by the energy bal-
ance:

(18)

Qstr = pWCS(Twin,h - Twout,h) =

= pWCS(Twout,PEM - Twin,PEM)-

(19)

During transient conditions, the term Q,,,, representing the
change in dynamic heat flux is variable. Under steady conditions
0,.:=0. Since the computations were carried out considering
transient conditions, the dynamic heat flux is related to the mass

of the PEM cell, its overall specific heat, and the temporal tem-
perature change, following the equation:

Qnet =mc—. (20)

The model equations were formulated within the

SIMULINK software environment. In the context of the PEM

cell, the input parameters were selected to match the parameters
reported in [1].

3. Determination of dynamic parameters for
building and the PEM fuel cell

3.1. Calculation results for the PEM cell

While examining the fuel cell, its operation was simulated in
scenarios both with and without negative feedback. The PID
controller (Fig. 1) was incorporated within the negative feed-
back loop (Fig. 2). Given that the water temperature leaving the
fuel cell must remain above 320 K for the underfloor heating
system, the logarithmic temperature difference was identified as
the analysed state parameter within the negative feedback loop.
The flowchart outlining the equations describing the PEM cell
model is presented in Fig. 3, and Fig. 4 displays the chart of the
PID continuous control system within the negative feedback
loop.

The regulatory system of the PEM cell model encompasses
an output variable, Tout, along with two input variables. These
inputs are managed utilising the output signal from the PID sys-
tem — the molar stream 72y, and the molar stream 7, .

The process of linearizing the open feedback loop system
was conducted for a MISO (multi-input, single-output) configu-
ration. This was carried out with the purpose of evaluating the
stability of the cell model's response to variations in hydrogen
and oxygen supply caused by logarithmic temperature fluctua-
tions. The outcomes of the linearization procedure for the input
variable 7y,, and the output variable ATiog Of the control object
defined as:

T -T —(T -Twi
ATlog — ( PEM Wout,PEM) ( PEM wm,PEM)’ (21)
ln<(TPEM_Twout,PEM)>
(TPEM_Twin,PEM)

is exhibited in the form of a transfer function:

—0.0001512

G”Hz (s) = 5+0.002122" (22)

where s stands for the Laplace operator.

Similarly, the outcomes of linearizing the control system
with respect to the input molar oxygen flow rate (71,,) and the
same ATiog (EQ. (21)) as an output variable, is expressed in the
form of a transfer function:

—0.00007748

Grio, (s) = 5+0.002122 (23)
Linearization of the closed-loop feedback system was car-
ried out, employing the fuel cell's setpoint temperature as the

input variable and the fuel cell's logarithmic temperature differ-
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Fig. 3. The flowchart depicting input and output parameters concerning a PEM fuel cell operating
in an open feedback loop configuration, excluding any regulatory mechanisms.
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Fig. 4. The flowchart illustrating input and output parameters pertaining to PEM fuel cell with a feedback loop
that integrates the PID regulation system.

ence as the output variable. This linearization was specifically
applied to a single-input single-output (SISO) object featuring

an internal feedback loop responsible for regulating the fuel L R S B
. i : : i i i i ——closed control loop
cell's operating temperature: O

0,000059135+0,0000001578 ‘
. (24) 560 f-eee e
53+0,012415240,000060925240,0000001042 / : :

540

GTm (s) =

The behaviour of the closed-loop control system, in conjunc-
tion with the designated regulator's setpoint parameters, con-
cerning the stability of the logarithmic temperature difference,

520+

P77 | SO N SR

is of utmost importance due to its impact on the ability to uphold B I s A S S S

the thermal characteristics of the simulated building's heating

system. el
The calculation results for the fuel cell's operation with and

. R . . Fig. 5. The power output of the PEM fuel cell under open and closed-
without a feedback loop are presented in Figs. 5—7. Figure 5 il- loop feedback conditions.

lustrates the power produced by the fuel cell, while Fig. 6 dis-
plays the voltage generated within the fuel cell.
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In Figs. 5 and 6, two responses can be observed, where both
power and voltage exhibit a more flattened characteristic in the
case of an open feedback loop. For the feedback loop, over-
shooting occurs due to the regulation process involving the mass
flow rate of individual streams feeding the PEM cell.

m open cantrol loop.
—closed control loop

LU

| i
W00 am0 000
1[s]

I i H i I
0 500 1000 1500 2000 2500 3000 3500

Fig. 6. VVoltage on the PEM fuel cell during open and closed-loop
feedback operation.
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Fig. 7. The logarithmic temperature difference of the PEM fuel cell
during operation within an open and closed feedback loop.

Figure 7 depicts the logarithmic temperature difference,
which is significant for the heating system of a building.

Furthermore, Fig. 8 provides a graphical representation of
the heat generated by the fuel cell, and Fig. 9 exhibits the tem-
perature of the liquid leaving the fuel cell. As it can be seen, the
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Fig. 8. The heat flow directed to the cooling water during operation
within an open and closed feedback loop.
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Fig. 9. The operational temperature of the PEM fuel cell during
operation within an open and closed feedback loop.

fuel cell temperature increases abruptly in response to the chem-
ical processes occurring in the fuel cell. The results of calcula-
tions for the molar oxygen and hydrogen flow rates are shown
in Figs. 10 and 11, respectively. They indicate that the molar
flow rates of reactants supplied over time cause an overshoot of
the fuel cell temperature above the setpoint. Once the tempera-
ture exceeds the setpoint (320 K), the molar flowrates are stabi-
lized, resulting in maintaining both thermal and electrical power
at a higher level.
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Fig. 10. The molar oxygen flow rate during operation within
an open and closed feedback loop.
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Fig. 11. The molar hydrogen flow rate during operation within an
open and closed feedback loop.
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In the case of implementing a feedback loop associated with
maintaining the outlet temperature of the PEM cell at a specified
useful level in the space heating process, an increase in the log-
arithmic temperature difference is observed (Fig. 7) as well as
an increase in the thermal power of the fuel cell (Fig. 8).

Figures from 4 to 9 depict a slight over-regulation of the fuel
cell's parameters associated with the regulator’s operation, from
which the control signals are transmitted to the actuator systems
(supply valves). As a result, it becomes essential that the actua-
tor systems (valves) facilitate a wide range of molar flow rates,
as illustrated in Fig. 10 and Fig. 11. The molar flow rate experi-
ences a sevenfold increase during transient conditions compared
to steady conditions, which corresponds to the initial phases of
the fuel cell's chemical reactions. During the initial period, the
actuator systems should enable achieving significantly high mo-
lar flow rates for both the fuel and the oxidant. Failure of the
actuator systems to provide adequately high molar flow rates of
reaction substrates could potentially extend the startup time and
the duration required to attain the conditions required by the
heating systems. For this PEM cell, the elongation of this time
could range from 2500 to 4000 seconds.

Figure 12 presents the control error values before processing
the signal in the PID controller and the output signal from this
controller, whereas Fig. 13 displays the Bode plots, showing
both the amplitude and phase characteristics of the controlled
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ol

PID - in

i i i i H i i L i
500 1000 1500 2000 2500 3000 3500 4000 4500 tis] 5000

Fig. 12. The control signals at the input and output
of the PID regulator.
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Fig. 13. The Bode plots of the PEM cell system
with a closed feedback loop.

system within the closed feedback loop. Upon scrutinizing the
Bode plots constructed for the PEM cell control system
(Fig. 13), it can be inferred that the system remains stable across
the entire amplitude spectrum and exhibits a notably substantial
phase margin (approximately 90 degrees).

2.2. Transient analysis of a building heated by the PEM
cell

The investigation involved calculations for determining the ther-
modynamics of a building heated by a PEM cell. Figure 14 il-
lustrates the signal connections among the PEM cell model, the
heating system, and the building, all designed within the SIM-
ULINK software.

Fig. 14. Implementation of the simulated building heated by the PEM
cell, developed in SIMULINK software.

Figure 15 demonstrates variations in the logarithmic temper-
ature difference between the PEM cell and the heating system
within heated rooms. The predicted variations of ambient tem-
perature, heated room temperature, and the setpoint temperature
of the regulatory system are displayed in Fig. 16. Figure 17 ex-
hibits fluctuations in the operating temperature of the PEM cell.
Figure 18 portrays the heat supplied to the heated room (Q) and
the electric power produced by the PEM cell (P).

0 1000 2000 3000 4000 5000 6000 7000 tfs] 8000

Fig. 15. The logarithmic temperature difference between the PEM cell
and the heated water.

Based on the conducted calculations, it is evident that un-
heated rooms, such as adjacent halls without heating, exert a no-
table influence on heat losses from the heated rooms. This effect
is primarily due to the lack of insulation in the separating walls
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Fig. 16. Ambient temperature, the heated building's temperature
and the regulator's setpoint.
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Fig. 17. The operating temperature of the fuel cell.

and the inherent lack of airtightness in front doors and windows
in stairwells. Heating of these halls, coupled with ventilation-
related losses, can significantly perturb a building's energy bal-
ance, subsequently leading to escalated operating costs for the
heating system. Addressing this concern, enhancing insulation
within the halls becomes imperative.

This situation is especially evident in Fig. 5, where the tem-
perature rise in the halls contiguous to the heated rooms occurs
at a relatively gradual pace. This behaviour is attributed to the
interplay of ambient temperature and the heat transfer coeffi-
cient of the non-insulated walls. The oscillation in ambient tem-
perature T, (variation between approximately —3°C and +3°C as
in Fig. 16) is attenuated due to heat penetration through the
walls, having minimal effect on room temperatures. The minor
temperature fluctuations (Fig. 17), arising from the operation of
the thermostatic valve within the building's heating system, are
mitigated by the mass flow rate of heating water obtained from
the PEM fuel cell via the PID regulator, as described by Eq. (10).
Consequently, the fuel cell maintains stable thermal parameters
for the cooling system. As a result, the heat derived from the
PEM fuel cell also remains stable.

Discussing the potential use of waste heat from fuel cells for
heating purposes is intriguing, yet it requires in-depth analysis.
Understanding the heat transfer processes from cells to the
building's heating system and the technical aspects of integrat-
ing these two systems are pivotal. Optimal utilisation of waste
heat can significantly amplify the overall energy efficiency of
the system.

One crucial aspect worth highlighting is the efficiency of
proton exchange membranes (PEM) in fuel cells. This mem-
brane plays a pivotal role by enabling the flow of protons be-
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Fig. 18. The thermal power (Q) employed for heating purposes and
the electrical power (P) produced by the PEM cell.

tween the anode and cathode, thereby generating electric cur-
rent. However, in practice, the effectiveness of PEMs can be
hindered by factors such as humidity, temperature, and the pres-
ence of impurities. Hence, continuous research into refining
membrane technology is essential to ensure reliability and effi-
ciency.

3. Conclusions

In the realm of cutting-edge building technology, this work pre-
sents a pioneering exploration in the field of sustainable thermal
management by integrating Proton Exchange Membrane (PEM)
fuel cells into the heating systems of modern structures. At its
core, this investigation pivots on the innovative utilisation of
waste heat emanating from PEM fuel cells, repurposing it as a
strategic asset to foster a more energy-efficient and sustainable
approach to building heating.

The cornerstone of this research lies in the development and
presentation of a robust mathematical model. This model serves
as a sophisticated analytical tool, meticulously mapping out the
intricate interactions between the thermal dynamics inherent to
PEM fuel cells and the variable heating demands typical of con-
temporary buildings. This is particularly emphasized under tran-
sient operational conditions, a crucial factor in optimizing the
system’s overall performance.

A focal point of the study is the operational parameters of
the PEM cells. When situated within a closed feedback loop,
these cells exhibit an operating temperature orbiting around
320 K. This is contrasted with their performance in an open
feedback loop, where the temperature is capped at a slightly
lower threshold of 312 K. The research underscores the efficacy
of a regulatory system capable of modulating the molar flow
rates of hydrogen and oxygen, adjusting them to the stoichio-
metric amounts required for the cell's chemical reactions. The
ingenuity of this system lies in its dual-regulation capability, al-
lowing for controlling both oxygen and hydrogen molar flow
rates with precision.

When the PEM cell is configured to function as a cogenera-
tion unit, the study reveals its capacity to achieve optimal cool-
ing water thermal parameters. This facilitates the concurrent
generation of both heat and electrical power, a testament to the
cell's versatility and efficiency. Theoretical analyses deduce that
the thermal inertia of adjoining unheated rooms plays a signifi-
cant role in the overall thermal balance, mainly governed by the
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heat transfer coefficients, and the physical characteristics of the
walls.

The research highlights the stabilizing role of the propor-
tional-integral-derivative (PID) regulator in maintaining the
cooling water supply to the fuel cell. This regulator effectively
mitigates minor fluctuations induced by the building’s heating
system thermostat, ensuring consistent operational conditions.

The paper further delves into the thermal implications of un-
heated rooms on the overall heat loss in heated spaces, advocat-
ing for the strategic insulation of these areas. This insight holds
particular relevance for older buildings that may lack modern
insulation standards, suggesting potential retrofitting solutions
to enhance their energy efficiency.

In conclusion, this work not only charts new territory in the
field of building heating systems but also sets forth a compre-
hensive roadmap for future research. It calls for an in-depth ex-
ploration into areas such as membrane efficiency, advanced con-
trol strategies, and the integration of renewable energy sources.
This forward-thinking perspective holds the promise of harness-
ing the full potential of PEM fuel cell technology, potentially
leadinga transformative shift in the landscape of heating tech-
nology.
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Abstract

Most high-quality solar panel products suffer from performance degradation at an annual rate of 0.4-0.5% per year during
their specified normal operational life of 25-30 years. This percentage increases in areas with hot climates and roof photovol-
taic systems and varies according to the quality, guarantee and reliability of the solar panel manufacturers. The aim of this
research is to assess the degradation rates of solar panels in the city of Baghdad and to determine their impact on the investment
feasibility of residential systems under hot climatic conditions. In this research, an evaluation of performance of photovoltaic
solar panels working in a 2 kWp system connected to the electrical grid was done under the operational climatic conditions in
the evaluation area (Baghdad, Irag). The degradation rate of all photovoltaic system modules during the operation time from
2015-2023 is equal to 4.74% (0.593% / year). For comparison, a new monocrystalline solar panel of power 185.94 Wp with
an old solar panel of monocrystalline type of power 183.33 Wp (which previously was installed in 2015) were installed at the
same tilt angle of 30°, and evaluated during the operation months starting in March and ending in November of the year 2023.
The degradation rates per year of an aged solar panel were determined to range from 0.441% to 0.850%, with an average value
of 0.788% per year. After undergoing a correction process to align the maximum power values of the old and new solar panels,
the corrected degradation rates per year values ranged from 0.391% to 0.684% per year, with an average value of 0.621% per
year, which closely matches the degradation rate of all photovoltaic system modules at 0.593% per year.
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1. Introduction

The topic of evaluating the performance of photovoltaic sys-
tems (PV), specifically the performance of solar panels during
their operational life has become extremely important to focus
an increased attention of photovoltaic solar energy researches.

When investing in the solar photovoltaic energy field, many cri-
teria must be taken into account to ensure the system’s perfor-
mance reliability. The most important criterion that specialists
in the solar photovoltaic energy field care about is the solar
panel's degradation, which reduces their production power and
is included in the panel’s nameplate [1,2]. Solar panel manufac-
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Nomenclature

% D.R  — degradation rate in the performance of the solar panels, %
Imax. — maximum current, A

Isc. . — current of short circuit, A

Pmax (2015) — max. output power of solar panels measured in 2015, W
Pmax (2023) — max. output power of solar panels measured in 2023, W
Pmax (new) — measured max. output power of new solar panel, W
Pmax (old) — measured max. output power of old solar panel, W

Vmax — maximum voltage, V

turers offer to their customers a warranty ranging from 25-30
years with about a 20% decrease in power. Recent studies have
proven degradation rates of 0.6-0.7% annually [3].

Solar panel technology continues to develop until the degra-
dation rate has commonly reached below 1% a year. Currently,
despite the development of technology, rates of deterioration are
inevitable. However, work can be done to reduce and slow down
the degradation rate by choosing the solar panel's technical qual-
ity and providing appropriate environmental conditions for the
solar system operation [4]. The typical degradation rate of sili-
con cell technology (Mono-Si, Poly-Si) is 0.4-0.5% / year, for
thin film cell technologies (CdTe, CIGS) it is 0.5% / year. The
appropriate degradation rate power for mono-crystalline silicon
cells with back contact technology can be considered about
0.35% / year [5].

For example, the degradation rate in the solar panel's capac-
ity is 0.8% in year two, which means that the solar panel's
productivity will be at a rate of 99.2% of their total output; by
the end of the 25-year operating life, the productivity rate will
be 82.5%. The most durable solar panel with a degradation rate
of 0.5% will have a productivity of about 87.5% of its produc-
tion power upon its first installation [6]. To estimate the solar
panel productivity of any system, one can simply multiply the
degradation rate by the number of years required and subtract
the result from the total value of 100% [7]. When the topic re-
lates to the solar panel's degradation rate concept, it is necessary
to look at the solar panel's performance warranty. Typically,
a performance warranty is a 25-year warranty and will guarantee
that your solar panels maintain a certain percentage of their orig-
inal output each year. The panel's performance warranty period
varies depending on the quality of the product, and this gives an
idea of the solar panel's operational life [8,9].

Since solar panels installed in outdoor locations will be ex-
posed to various and changing weather conditions such as solar
radiation, high temperature, humidity, rain, etc., which have a
significant effect on their performance over time [10,11]. Aging
degradation is one of the main reasons for the decrease in solar
panel power [12]. The first type of deterioration that affects the
solar panel is the potential-induced degradation (PID). This de-
terioration occurs between the conductive solar panel parts and
the grounding system as a result of the high voltage between
conductive parts [13,14]. The second degradation that occurs in
the solar panel is due to exposure to light that contains ultravio-
let rays, which causes solar cell discoloration. This is known as
light degradation [15,16].

Voc. — voltage of open circuit, V

Abbreviations and Acronyms

CdTe— cadmium telluride

CIGS- copper indium gallium selenide
EVA — ethylene-vinyl acetate

PID - potential-induced degradation
PV - photovoltaic

UV —ultraviolet (radiation)

Environmental factors contribute to increasing the solar pan-
el's degradation, including high temperature, humidity, wind,
and mechanical stress, which work to change the solar panel's
physical specifications [17,18]. Common physical effects
caused by environmental conditions, as previous studies have
shown, are discoloration, corrosion, delamination, and cracking.
Corrosion between solar cells and connections is caused by at-
mospheric humidity and leakage current. The delamination ob-
served between the solar cells and the encapsulation material of
solar panels is attributed to metal corrosion induced by high hu-
midity levels. [19]. Optical transmission losses have an impact
on the solar panel's productivity due to the discoloration caused
by ultraviolet rays. Other effects that affect solar panel's produc-
tivity are dust storms and lightning strikes that strike the solar
panel's metal parts [20].

There are several ways to diagnose defects in solar panels,
such as visual inspection, conductivity testing, electrical insula-
tion, and electrical luminescence, in addition to electrical speci-
fications [21]. The solar panel's electrical specifications are
tested individually to diagnose the current-voltage curve under
normal solar radiation by using a curve tracer device. Appear-
ance defects in the solar panel, such as cracks and discoloration
for solar panel parts, can be diagnosed by visual inspection. The
electroluminescence test is an important preliminary test to pre-
vent the development of cell defects by applying a forward bias
to the solar panel [22]. Defects in the packaging between the
solar cells and the front glass cover with the filling glue material
and defects in the back packaging with ethylene-vinyl acetate
(EVA) cause discoloration in the solar panel. The EVA changes
colour from light yellow to dark brown as the discoloration pro-
gresses [23].

The solar panel emits a low-intensity emission due to the
electron-hole pair recombination. This emission is within the
spectral region near the infrared 1000-1300 nm, which can be
detected by a thermal camera [24]. The test environment varies
according to the type of test. Electroluminescence test requires
a dark environment within indoor tests, but it can be conducted
in outdoor field conditions [25]. Thermal camera is used to in-
spect solar panel defects in large-scale solar power plants, by
diagnosing temperature changes in the solar panels at the plant.
Visual inspection is an effective method for identifying defects
in a solar panel and has been supported by numerous research
studies [26]. The US National Renewable Energy Laboratory
announced in its 2017 report that degradation defects common
in solar panels for the last 10 years were hotspots (33%) fol-
lowed by ribbon discoloration (20%), glass breakage (12%), en-
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capsulate discoloration (10%), cell breakage (9%) and potential-
induced degradation PID (8%) [27].

The reason for these cases are the stresses to which the solar
panel is exposed, in addition to humidity, ultraviolet (UV) radi-
ation, temperature, wind, hail, and high system voltages as well
as other factors such as broken interconnects, hot spots, corro-
sion, encapsulate discoloration and delamination [28]. The
cause of solar panel failure is mainly related to the construction,
packaging, design and operating environment [29]. Hot spots in
the solar panel damage the solar panel as a result of the high
solar cell temperatures due to the external shadow and the
shadow that is formed as a result of interference between the
solar cells within the solar panel or intermittent contacts be-
tween the cells and mismatch between them [30,31]. In this re-
search, the degradation of the solar panel was measured after
eight years of exposure of the solar panel to different conditions
within a site of the city of Baghdad.

2. Materials and methods

In this research, an evaluation of the performance of solar
panels for a photovoltaic system with a maximum power of
about 2kWp connected to the electrical grid was conducted us-
ing the performance analyzer device (PV Analyzer model
Solmetric PVA-600) during the year 2023 to evaluate the deg-
radation occurring in the power produced by the solar panels of
the system over eight years after their installation in the field.

Note that, this system was installed on the roof of the build-
ing at a Baghdad site, at a constant tilt angle throughout the year
of 30°. The practical part included the following steps:

e The performance of the solar panels of the system as
a whole was evaluated on 8/14/2023 and compared with
the performance of the system’s solar panels previously
measured on 8/12/2015 according to the results docu-
mented in our previous research [17]. The solar panels of
the system are shown in Fig. 1.

Fig. 1. The solar panels of the system 2 kWp.

e The evaluation results which were recorded previously in
August 2015 and currently in August 2023 (after eight
years of life operation of the system) by PV Analyzer
model Solmetric PVA-600, were documented as shown
in Fig. 2.

e To reinforce the obtained result in the second step, as
shown in Fig. 3, a new solar panel with maximum power
of 185.94 Wp (of monocrystalline type ) with a fixed tilt
angle of 30° was installed next to an old solar panel, also a
product by the same factory, with maximum power of

183.33 Wp (of monocrystalline type), previously installed
in 2015 at the same tilt angle.
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Fig. 2. System test results in August 2015 (a)
and August 2023 (b) by PV Analyzer.

Fig. 3. New module and old module.

e After completing the installation of the new solar panel on
the metal structure, performance evaluation readings were
taken for the old and new solar panels at the same time by
the performance analyzer device once every month, start-
ing in March and ending in November of the year 2023.

The percentage of decrease in the total maximum output
power of the solar panels of the system, which is called the deg-
radation rate in the performance of the solar panels (% D.R) was
calculated according to the following Eq. (1):

%D.R = Pmax (2015)~Pmax (2023) % 100 %, (l)
Pmax (2015)

where Pmax 2015 and Pmax (2023 denote the maximum output
power of solar panels measured in 2015 and 2023, respectively.
Note that this slight difference in the maximum power values

of the two solar panels and their dissimilarity is due to the toler-
ance imposed in the production of solar panels by the manufac-
turer. Table 1 explains technical specifications of the two solar
panels at standard conditions, which were used in this research.
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Table 1. Standard conditions test of the two solar panels.

Module specifications PV Module (2015) PV Module (2023)

Prmax 183.33 W 185.94 W
Vou. 45.19V 4537V
Is.c. 5.41A 5.51A
Vimax 36.43V 36.62V
Imax 5.03A 58A
Max. system voltage 1000 V.. 1000 V..

3. Results and discussion

The obtained results from the evaluating process of the perfor-
mance of all the system’s solar panels via the performance ana-
lyzer device were documented for the years 2023 and 2015 in
the same month in August, as shown in Fig. 2. As found from
Fig. 2 using Eq. (1), the performance degradation rate of the so-
lar panels (% D.R) for the total PV system during eight years of
the system’s operational life was calculated at 4.74%, and there-
fore the annual performance degradation rate of the system solar
panels was equal to 0.593% / year (see Table 2), due to the sys-
tem’s panels being exposed to fluctuating environmental factors
and continuous exposure to influential ultraviolet rays during
this period.

Table 2. % D.R for the total PV system during eight years.

. Pmax Total % D.R o
Time (total modules) (8 years) % D-R/year
12/08/2015 1278.3 W
4.74% 0.593%
14/08/2023 1217.6 W

Figure 4 shows the incident solar radiation rates every
month, starting in March and ending in November, whereas
Fig. 5 exhibits the maximum output power from the two solar
panels (new and old) recorded via the performance analyzer de-
vice for these months.
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Fig. 4. The change of solar radiation rate with months.
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Fig. 5. Maximum output power of two solar panels.

The degradation rate % D.R and % D.R / year for the old
solar panel which is selected from the PV system (of 2 kWp),
was calculated monthly using Eq. (2):

%D.R = Pmax(new)_Pmax(old) x 100 %’ (2)

P max(new)

where Pax (new) aNd Pmax (o1d) represent the measured maximum
output power of the new and old solar panel, respectively.

Due to the production tolerance, and the discrepancy be-
tween the maximum power value of the new and old solar panels
— 185.94 Wp for the new panel and 183.33 Wp for the old one
(based on the available solar panels) — we observe a lack of
equality in the maximum power output

The calculation was done to correct the values of practical
% D.R accurately by multiplying the maximum power results of
the old solar panel by a factor equal: 185.94 / 183.33 = 1.014.
A correction was made for the results of the performance degra-
dation values of the old solar panel, which should be accurate to
a very high degree. The process of correcting values of % D.R
is shown in Fig. 6.
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Fig. 6. The total degradation rate.

Figure 6 illustrates the annual performance degradation rate
of the old solar panel (2015) over eight years of its operational
life in the PV system compared to the performance of the new
solar panel (2023). The obtained value of % D.R / year during
the operation months ranged from 0.441-0.850% / year and the
average of these values equal to 0.788%. The % D.R per year
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values, after undergoing a correction process to align with the
maximum power values of the selected solar panels for real eval-
uation, ranged from 0.391% to 0.684% per year, with an average
value of 0.621% per year.

The average value of the % D.R per year, after correction
(*0.621% per year), for the aged solar panel used under the op-
erational climatic conditions in the evaluation area (Baghdad,
Iraq) closely aligns with the performance degradation rate of all
PV system solar panels, which was 0.593% per year. These val-
ues were deemed logical and consistent with the natural rates of
performance degradation for panels of this type, specifically
manufactured using monocrystalline technology, as indicated by
previous research mentioned in the theoretical framework of this
study.

In general, the annual performance degradation rate
% D.R / year of PV solar panels varies depending on the classi-
fication of the solar cell preparation technology, the guarantee,
the brand of solar panel you purchase, environmental factors and
climatic conditions that are exposed to it. These factors pose
a major challenge to the generated electrical energy by PV solar
panels. Finally, solar panel with low degradation rates will pro-
duce more energy and will be considered as the better one before
purchasing and using it in PV solar systems. Proper maintenance
of your solar panel system can result in a decrease in the annual
rate of solar panel degradation and prolong their life (25-30
years), which includes regularly inspecting your solar panels,
and exposed wires checking, and keeping your solar panels
clean, free of dirt and debris, and away from the shade of trees.

4. Conclusions

In this research, the evaluation of PV solar panels performance
2 KWp connected to the electrical grid. The performance degra-
dation rate (% D.R) of all PV system modules (2 kWp) over
eight years of operation, from 2015 to 2023, was calculated for
a previous performance evaluation conducted in August 2015. It
is equal to % D.R = 4.74%, or 0.593% per year. The calculated
values of % D.R per year for the old solar panel during the op-
erational months ranged from 0.441% to 0.850% per year for
each month, with an average of 0.788% per year, While the ob-
tained values of % D.R/year — corrected after a correction pro-
cess ranged from 0.391-0.684%/year with the average value
equal to *0.621%/ year. The corrected average value of %
D.R/year for the used old solar panel is very close to the value
of %D.R/year of all PV system modules (0.593% / year) under
the operational climatic conditions in the evaluation area (Bagh-
dad, Iraq).
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