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Effect of D-shaped, reverse D-shaped and
U-shaped turbulators in solar air heater
on thermo-hydraulic performance
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Abstract As the cost of fuel rises, designing efficient solar air heaters
(SAH) becomes increasingly important. By artificially roughening the ab-
sorber plate, solar air heaters’ performance can be augmented. Turbulators
in different forms like ribs, delta winglets, vortex generators, etc. have been
introduced to create local wall turbulence or for vortex generation. In the
present work, a numerical investigation on a solar air heater has been con-
ducted to examine the effect of three distinct turbulators (namely D-shaped,
reverse D- and U-shaped) on the SAH thermo-hydraulic performance. The
simulation has been carried out using the computational fluid dynamics, an
advanced and modern simulation technique for Reynolds numbers ranging
from 4000 to 18000 (turbulent airflow). For the purpose of comparison, con-
stant ratios of turbulator height/hydraulic diameter and pitch/turbulator
height, of 0.021 and 14.28, respectively, were adopted for all SAH configura-
tions. Furthermore, the fluid flow has also been analyzed using turbulence
kinetic energy and velocity contours. It was observed that the U-shaped
turbulator has the highest value of Nusselt number followed by D-shaped

*Corresponding Author. Email: prabhakar.bhandari4d0@gmail.com
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and reverse D-shaped turbulators. However, in terms of friction factor, the
D-shaped configuration has the highest value followed by reverse D-shaped
and U-shaped geometries. It can be concluded that among all SAH con-
figurations considered, the U-shaped has outperformed in terms of thermo-
hydraulic performance factor.

Keywords: CFD; Renewable energy; Solar air heater; Turbulence kinetic energy; Thermo-
hydraulic performance

Nomenclature
Ap — heat transfer area, mm?
Cp — specific heat capacity, J/(kgK)

Dyn, - hydraulic diameter, mm

e — rib height, mm

fr  — friction factor

h —  heat transfer coefficient, W/m?K

H — duct height, mm

I —  heat flux, W/m?

k —  thermal conductivity, W/(m K)

l — duct length, mm

m  — mass flow rate, kg/s

Nu -~ Nusselt number

Pi - pitch, mm

P — pressure, Pa

Ap — pressure drop, Pa

Re - Reynolds number

Q. — useful heat gain, W

T —  temperature, K

U — mean airflow velocity in the duct, m/s
u; — air flow velocity component in ¢ direction (i = 1,2)
W —  duct width, mm

Greek symbols

p — density, kg/m®

u — dynamic viscosity, Ns/m?

XA — thermal diffusivity, m?/s

v — kinematic viscosity, m?/s
Subscripts

in — inlet

F - fluid

out — outlet

P — absorber plate

t — solar air heater with turbulator

s — smooth solar air heater
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Abbreviations
SAH — solar air heater
SST — shear stress transport
CFD — computational fluid dynamics
ASHRAE - American Society of Heating, Refrigerating and Air-Conditioning
Engineers
THPF —  thermo-hydraulic performance factor
RNG — renormalization group

1 Introduction

The majority of energy is mainly produced using traditional energy sources
such as coal, oil, and natural gas. As a result, traditional energy sources
are decreasing at an alarming rate. Furthermore, these energy sources also
pollute the environment significantly. So, in order to meet the energy needs
of such a vast population, some non-traditional energy sources are needed
that do not affect the environment and are easily available. As a result,
the usage of alternative energy sources such as solar, wind, biomass, and
hydropower has been explored very much in recent decades. Major sources
are primarily derived from solar energy either directly or indirectly. Solar
energy has been used for a variety of applications, including water heating
and cooling, space heating, water purification, cooking, and power genera-
tion [1-3]. One of the most common uses of solar energy is room heating
via a device known as a solar air heater (SAH). SAH is a better device
in terms of handiness, maintenance, and environmental damage. However,
one of the major drawbacks of SAH is its poor thermal performance, which
is caused by a low heat transfer rate from the absorber plate to the fluid
flow, i.e. air. Generally, the flow in SAH is in a turbulent regime as more
flow has to take place. So, when air molecules collide with a stationary
surface, a thin viscous sublayer forms near the wall in turbulent boundary
layers, where the damping impact of molecular viscosity on turbulent ve-
locity fluctuation is dominant, as indicated by Bopche et al. [4]. Because
of the comparatively low velocity of the air and reduced thermal conduc-
tivity, the heat transfer rate between the absorber plate and the air in this
viscous sublayer is adversely affected. However, artificial roughness, such
as baffles and ribs, twisted tapes, dimples, etc. can be used to overcome
this problem [5-8]. This roughness causes turbulence inside the air duct,
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which causes the laminar sublayer to break down, increasing the heat trans-
fer coefficient. Artificial roughness, on the other hand, causes friction loss.
As a result, turbulence must only be induced in the laminar sublayer, i.e.
near the duct surface. Turbulators’ applications are not limited to solar
air heater but has also been used in other cooling devices such as photo-
voltaic/thermal collector [9], gas turbine blades [10], and car radiator [11].

Chaube et al. [12] studied numerically a solar air heater with ribs having
square, rectangle, chamfered, circular, semi-circular, and triangular shapes.
They observed that rectangular ribs have yielded the best thermo-hydraulic
performance. They also pointed out that the shear stress transport (SST)
turbulence model, i.e. SST k-w model, accurately predicts the experimen-
tal value. Karmare et al. [13] employed rib grits in a circular, triangular,
and square shape with five distinct angles of attack of 54°, 56°, 58°, 60°,
and 62°. Their study involved Reynolds numbers ranging from 3600 to
17000. In the commercial solver (Ansys Fluent), they used the k-epsilon
model. They found that a 58° angle of attack has yielded optimum perfor-
mance. Rajput et al. [14] used square, triangular, rectangular, and cham-
fered turbulators to evaluate flow properties in a SAH. For the analysis,
they employed the SST k-w turbulent model. They observed that triangu-
lar and chamfered turbulators provided better thermal characteristics while
rectangular turbulators have the best overall performance index among
all the configurations. Chaube et al. [15] analyzed nine different forms of
ribs in a rectangular duct using the SST k-w model in the CFD program.
They found that rectangular ribs with a surface area of 3 mm x 5 mm
had the best performance index. Furthermore, they also pointed out that
two-dimensional analysis predicts the experimental results more accurately.
Yadav and Bhagoria performed a parametric computational study on a so-
lar air heater having equilateral triangular sectioned rib roughness on the
absorber plate [16]. They reported that the thermo-hydraulic performance
parameter varies between 1.36 and 2.11 for different geometrical param-
eters of ribs. Semalty et al. [17] employed a novel approach of multiple
broken arc and circular protrusions as roughness in a solar air heater and
found that such configuration improves the thermal performance of the so-
lar air heater with a minimum penalty of frictional pressure drop. Bohra
et al. [18] roughened their absorber plate with 45° Z-shaped baffles in their
numerical study and found that a blockage ratio of 0.3 yielded optimum
performance.

Following the above discussion, we have found that the turbulator shapes
can significantly affect the thermo-hydraulic performance of a solar air
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heater. So, in the present work, three different shaped turbulators i.e.
D-shaped, reverse D-shaped, and U-shaped were studied. They are named
according to their constructional feature. As per the best knowledge of the
authors, these turbulator configurations have not been reported for solar
air heaters and the same is the novelty of the present work. These turbu-
lators were attached to the absorber plate to disturb the viscous sublayer.
Furthermore, the investigation was carried out to visualize the impact of
variation in Reynolds number on the fluid flow characteristics, heat trans-
fer, and friction. The prime objective of the present work is to explore the
possibility of enhancement in the thermo-hydraulic performance of solar air
heaters using differently shaped turbulators.

2 Numerical modelling

2.1 Computational domain

Using three various types of turbulators, a two-dimensional numerical anal-
ysis was carried out to see how the performance of the solar air heater would
change. The schematic diagram of the solar air heater in its operation is
shown in Fig. 1a. The geometries of turbulators employed in this study were
U-shaped, D-shaped, and reverse D-shaped as depicted in Fig. 1b. In this
study, we built the two-dimensional rectangular SAH duct domain in the
same way as Chaube et al. [15] did. The 2D flow domain was designed using
the principles of ASHRAE standard 93-2003 [19]. The use of a numerical
approach, i.e. computational fluid dynamics solver, is more common in sim-
ilar types of problems [20,22,23] and predicts the flow physics accurately.
The present simulations has been carried out in the CFD commercial code
Ansys Fluent V 16.0. The duct is divided into three sections. The input and
output sections are 245 and 115 mm, respectively. The length of the test
segment is 280 mm. The area where the absorber plate is installed is known
as the test section. The absorber plate is where the various turbulators are
mounted. On this absorber plate, a continuous heat flux of I = 1000 W /m?
is applied to model the solar radiation. The rib height is kept constant at
0.7 mm and the pitch is kept at 10 mm. The temperature of the working
fluid and ambient air at the inlet is 300 K. The hydraulic diameter is esti-
mated to be 33.33 mm. Table 1 summarises the parameters applied in the
simulations.
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Solar Radiation

S SN

Absorber Plate

Cold airin Hot air out

Insulation
(a)

All dimensions are in mm

(C] (b2) (b3)

(b)

Figure 1: A diagram of the solar air heater (a) and differently shaped turbulators:
U-shaped (bl), reverse D-shaped (b2), and D-shaped (b3).

Table 1: Parameters employed in the analysis.

Parameters Symbols Values
Total length of the duct, mm L 640
Duct width, mm w 100
Duct height, mm H 20
Roughness ribs height, mm E 0.7
Pitch, mm Pi 10
Hydraulic diameter, mm Dy, 33.33
Relative roughness pitch Pi/e 14.285
Relative roughness height e/Dy, 0.021
Uniform heat flux, W/m? I 1000
Reynolds number Re 4000, 8000, 12000, 16000, 18000
Inlet temperature of the air, K Tin 300
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2.2 Grid generation

The computational domain of SAH has been discretized in quadrilateral
structural meshing. Furthermore, to get uniform meshing throughout SAH,
face meshing and body sizing of 0.2 mm was used. The meshed image of
SAH having D-shaped turbulators is shown in Fig. 2 with a zoomed view.
The grid independence test has also been carried out to predict results
more accurately in lesser computational time. The grid convergence index
(GCI) has been used to measure the relative change in the corresponding
magnitude with the grid refinement [24,25]. However, in the present work,
the average Nusselt number for different mesh sizes has been compared.
Table 2 highlights the change in the Nusselt number with variation in the
number of elements in the computational domain. As the number of ele-
ments for the D-shaped configuration increases, the percentage variation of
the Nusselt number decreases. Furthermore, it was observed that the mesh
size between the last two cases has very low variation, so the number of
319 907 cells was considered in further studies.

Figure 2: Meshing of SAH having D-shaped turbulators.

Table 2: Grid independence test in SAH with the D-shaped turbulators.

Number of nodes Number of cells Nusselt number Variation, %
280781 100242 66.32 -
564231 201264 92.68 39.74
898165 300127 110.89 19.65
966392 319907 114.59 3.34
1001879 340213 114.74 0.13
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2.3 Governing equations

The fluid phenomenon in artificially roughened rectangular solar air heater
ducts is solved by using steady-state two-dimensional continuity equation,
time-independent incompressible Navier—Stokes equations and the energy
equation [5,17]. These equations can be written in the Cartesian tensor
system as follows:

Equations of continuity:

Oui
=0, i=1,2, 1
2, i (1)

where z; are the Cartesian coordinates and wu; are the components of fluid
velocity in z;-direction.
Equations of momentum:

(9 U 8u1 + 8Uj
3 (ujug) 1-0p N dxj  Ox; B 0 (u;ug)

Ox; ~p Oxy Ox;j Ox;j

L ij=12, (2)

where p is the pressure, p and u are the density and dynamic viscosity

of air, respectively, over-bar denotes a time averaged quantity and prime

denotes the deviation from average. The last term on the right-hand side

of Eq. (2) is the Reynolds stress tensor and represents the effect of the

turbulent fluctuations on the decomposed velocity and pressure fields.
Equation of energy:

0 0 oT
o, (uT) = oz, [(A + At) 8%] ; (3)
where T is the thermodynamic temperature at different location. The sym-
bols A and \; are molecular thermal diffusivity and turbulent thermal dif-
fusivity, respectively.

Adding turbulators in the fluid flow duct enhances heat transfer, as
predicted by calculating Nusselt numbers [26,27]. In addition to this en-
hancement, the friction factor also increases. In artificially roughened solar
air heaters, the Nusselt number is calculated as follows:

hDj, QuDn

Nu= "h — 4
YTk T Ap(Tp - TR K )

where Ap is the heat transfer area, Dy, k, and h denote the hydraulic di-
ameter of the duct, the thermal conductivity of air, and the heat transfer
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coefficient between the air and SAH absorber plate, respectively. Param-
eters Tp and Tr are the average temperatures of the absorber plate and
fluid, respectively. The quantity Q,, is the heat gained by air during its flow
in the SAH duct and is calculated using the equation

Qu - me (Tout - T1 ) ; (5)

where 71 is the mass flow rate of air in the duct, C, is the specific heat
capacity, Tyt and T, are temperatures of air at the outlet and inlet cross-
sections, respectively.

The friction factor is calculated as

fr=-t—, (6)

where Ap is the pressure drop across the test section length (1) of an arti-
ficially roughened solar air heater and U is the mean velocity of the air i.e.
resultant of u; and u;. The Reynolds number is calculated as
UD
Re = 2220 (7)
1

where p is the dynamic viscosity of air.

Thermo-hydraulic performance factor (THPF) has been proposed by
Webb and Eckert [28] and the expression used in the present work is

Nut
Nu,

()
Irs
where subscripts ¢t and s stand for solar air heater duct with and without
turbulators, respectively.

THPF = , (8)

=

2.4 Validation of results

The results of the present numerical model have been validated with the
research outcomes of Yadav and Bhagoria [16]. They opted equilateral tri-
angular sectioned rib on the absorber plate of the solar air heater. The
geometry, similar to Yadav and Bhagoria [16] has been created and sim-
ulated in commercial code Ansys under the constant value of heat flux
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(1000 W/m?) and using RNG k-¢ turbulence model. The variation of two
different parameters, i.e. Nusselt number (Nu) and friction factor (fr) with
respect to Reynolds number (Re) has been compared as illustrated in Fig. 3.
It is observed that our numerical model results are similar to those reported
by Yadav and Bhagoria [16]. The deviation in Nu value and fr value can
be due to assumptions considered in the present simulation like constant
thermophysical property of the working fluid, incompressible flow, etc.

160 0.040
140 —a— Present Work —— Present Work
—e— Yadav and Bhagoria i —e— Yadav and Bhagoria
120 | 0.035
100 0.030
2 80} =
60 0.025
40
0.020 |
20 |
0 - 0.015 :
2000 6000 10000 14000 18000 2000 6000 10000 14000 18000
Re Re

(a) (b)

Figure 3: Comparison of the Nusselt number (a) and friction factor (b) values obtained
in the present work with those of Yadav and Bhagoria [16].

3 Results and discussion

The results of the CFD analysis of a roughened solar air heater were thor-
oughly reviewed. With the help of Ansys Fluent findings, we explored
aspects such as heat transfer characteristics, pressure drop, friction fac-
tor, turbulent kinetic energy, temperature change, and energy conversion.
With the inclusion of different turbulators, the SAH performance varies.
Finally, the thermo-hydraulic performance factor is used to compare all
three configurations. All simulations were studied under the constant value
of relative roughness pitch (Pi/e = 14.285) and relative roughness height
(e/Dyp, = 0.021).

3.1 Velocity contour

The variation in the velocity of the flowing fluid, i.e. air inside the duct, is
depicted in Fig. 4. Furthermore, the figure also shows the zoomed view of
the computational domain near the turbulators. The contours have been
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plotted for Reynolds number of 18000. The fluctuation in velocity will be
reduced if a smooth surface is chosen. However, if some roughness is applied
inside the duct, the velocity variation will be greater because the space
available for air circulation around the ribs is limited, and the velocity
of air should rise below the ribs to maintain a consistent mass flow rate.
The turbulence inside the duct will rise as the air velocity increases. This

Velocity
Contour

(m/s)

Velocity
Contour

(m/s)

. N = S 0N W am (=]
Velocity 28 AT DR SIS
Q= NnaoANm N WM N © amoo
Contour 3 6 NN @6 th B & m ™ N o o S O

(m/s)

Figure 4: Velocity contour in the SAH duct employing (a) U-shaped roughness,
(b) D-shaped roughness, and (c) reverse D-shaped roughness.
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will increase heat transfer between the absorber plate and the air, which is
the primary goal of adopting varied roughness. However, there is a penalty,
i.e. increase in pressure drop along the flow direction. Due to that more
pumping power is required to flow fluid through the duct of SAH.

3.2 Turbulent kinetic energy contour

The mean kinetic energy per unit mass associated with eddies in turbulent
flow is known as turbulent kinetic energy. With the help of turbulence
kinetic energy, we can directly describe the strength of turbulence in the
flow field. The thermal phenomenon in an artificially roughened SAH can
be explained using turbulent kinetic energy contours. The contours show
that the largest value of turbulent kinetic energy is found near the absorber
plate and between the first and second rib and that it decreases along the
absorber plate length. The variations of turbulent kinetic energy in SAH
for differently shaped turbulators (i.e. U-, D-, and reverse D-shaped) are
depicted in Fig. 5.
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Figure 5: For caption see next page.
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Figure 5: Turbulent kinetic energy contour in the SAH duct employing (a) U-shaped
roughness, (b) D-shaped roughness, and (c) reverse D-shaped roughness.

3.3 Heat transfer and Fluid flow characteristics

A numerical analysis of the solar air heater was carried out in order to de-
termine the heat transfer enhancement. To improve heat transfer, we used
three different types of ribs in our investigation. The U-shaped, D-shaped,
and reverse D-shaped ribs were considered. All other parameters were main-
tained constant, hence the properties of the solar heater are mostly deter-
mined by the Reynolds number. In this study, the Reynolds numbers ranged
from 4000 to 18000. At a Reynolds number of 18000, the maximum heat
transfer is obtained. Variation of the Nusselt number with respect to the
Reynolds number for all SAH configurations is depicted in Fig. 6. As can

140 -

Reverse
U-Shaped -
_— — aped —@- D-Shaped D-Shaped == Smooth Duct

100 +
80 -

60

Nusselt number (Nu)

40

20 +

0 + + + + + + + J
2000 4000 6000 8000 10000 12000 14000 16000 18000
Reynolds Number (Re)

Figure 6: Variation of Nusselt number with Reynolds number for different turbulator
geometries.
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be seen from the figure, among all configurations U-shaped roughness has
shown the best performance.

The change in friction factor with Reynolds number from 4000 to 18000
for all configurations is demonstrated in Fig. 7. As artificial roughness was
introduced in the smooth absorber plate, the friction factor increased for all
roughened geometries. While among all configurations, U-shaped geometry
has shown a minimal friction factor.
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Figure 7: Variation of friction factor with Reynolds number for different turbulator
geometries.

3.4 Thermo-hydraulic performance factor

Using different surface roughness in the solar air heater results in enhanced
thermal performance but at the expense of pressure drop penalty. Differ-
ent terms such as the figure of merit, coefficient of performance, thermal
performance factor, etc. have been used in the literature to evaluate the
design efficacy [29,30]. The term thermo-hydraulic performance factor has
been outlined by Webb and Eckert [28] in the design of the solar air heater
and the same has been incorporated here. Obtained results are presented
in Fig. 8. They illustrate that among the considered configurations, SAH
with U-shaped roughness has the highest value of THPF followed by re-
verse D-shaped and D-shaped geometries. Furthermore, the THPF value
decreases continuously with the Reynolds number due to an exponential
increase in pressure drop. The highest THPF of 1.762 was reported for
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U-shaped roughness at Re = 4000. There are various optimization tech-
niques like Taguchi [31], Taguchi-Topsis [32], the preference selection in-
dex method [33], the hybrid entropy-VIKOR (VIsekriterijumsko KOmpro-
misno Rangiranje) method [34], the hybrid analytical hierarchy process and
preference ranking organization method for enrichment evaluations tech-
nique [35], analysis of variance [36], etc., which can be opted in SAH for
effective performance.
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Figure 8: Variation in thermo-hydraulic performance factor as a function of Reynolds
number for various geometries.

4 Conclusion

In the present work, a two-dimensional CFD model of a solar air heater hav-
ing an artificially roughened absorber plate has been analyzed. For compar-
ison purposes, three different roughness shapes, namely D-shaped, reverse
D-shaped, and U-shaped were studied for constant turbulator height to hy-
draulic diameter and pitch to turbulator height ratios of 0.021 and 14.28,
respectively. The heat transfer and flow friction characteristics of differ-
ent roughness shape configurations were compared. The following are the
outcomes of the above investigation:

e For the investigation of a two-dimensional rectangular duct, the RNG
k-& model provides satisfactory accuracy.

o For all types of geometry, the Nusselt number increases with an in-
crease in the Reynolds number while the friction factor decreases.

e The presence of turbulators in a solar air heater significantly increases
the heat transfer rate but at the expense of an increased friction fac-
tor. The maximum enhancement in the Nusselt number was 2.56 times



18

A. Ghildyal, V.S. Bisht, P. Bhandari, and K.S. Rawat

while the highest friction factor increment was 3.60 times relative to
the smooth solar air heater.

Among different turbulator configurations, the U-shaped configura-
tion has shown the highest value of Nusselt number followed by the D-
shaped and reverse D-shaped. In terms of friction factor, the D-shaped
configuration had the highest value followed by reverse D-shaped and
U-shaped configurations irrespective of Reynolds number.

Among the examined configurations, SAH with U-shaped turbulators
has shown the best thermo-hydraulic performance factor, with the
highest value of 1.76 at the Reynolds number of 4000.
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Abstract Solar photovoltaic power is widely utilized in the energy in-
dustry. The performance of solar panels is influenced by different variables,
including solar radiation, temperature, wind speed, relative humidity and
the presence of haze or dirt. Outdoor solar panels are particularly susceptible
to a decrease in energy efficiency due to the accumulation of dust particles
in the air, which occurs as a result of natural weather conditions. The extent
of dust deposition is primarily determined by factors such as the tilt angle of
the panel, wind direction, cleaning frequency as well as local meteorological
and geographical conditions. The dust on the solar cell glazing reduces the
optical transmittance of the light beam, causing shadowing and diminishing
the energy conversion productivity of the panels. Sand storms, pollution lev-
els and snow accumulations all significantly impact the photovoltaic panel
performance. These circumstances reduce the efficiency of solar panels. The
experiment was carried out on two identical dust-accumulated and dust-free
panels. The evaluation was carried out in two different situations on the off-
grid stand-alone system: in a simulated atmosphere and in an open space
during the day. The current-voltage curves have been developed for both
panels at various tilt degrees. The features provide sufficient information to
analyse the performance of the panels under consideration. The measure-
ments demonstrate that as dust collects on the panel’s surface, the average
output power and short circuit current decrease dramatically. The installa-
tion tilt angle affected the ratio of efficiency and average power outputs of
dusty and clean panels.
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Nomenclature
G — irradiance, W/m?
Gret — irradiance at STC = 1000 W/m?
1 — output current, A

I — diode current, A

I, — diode reverse saturation current, A

I, — current in parallel resistance branch, A
I — source current, A

k ~  Boltzman constant, = 1.38 x 107%* J/K
m — diode ideality factor

N — number of PV cells connected in series
P -  power, W

q — electron charge, = 1.6 x 107 C

R, —  parallel resistance, €2

R —  series resistance, 2

T —  cell temperature, K

T —  p-n junction cell temperature, K

14 — terminal voltage, V

Greek symbols

€ —  band gap, = 1.12 €V for silicon
tse — temperature coefficient of short circuit current, A/K
n — efficiency
Subscripts
oc — open circuit
sc — short circuit
av — average
Acronyms
PV — photovoltaics
STC -~ standard test conditions

1 Introduction

Over the recent decades, the steady growth in the installed capacity of
power generation by solar photovoltaics (PV) has been observed all over the
globe. Photovoltaic generators produce clean energy by extensively using
solar energy and converting it into electrical energy. Technological advance-
ments, ecological and prise aspects have attracted a lot of special attention
from governments, investors, and researchers. Several studies and research
works have been done in associated areas.
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The desert regions are the most popular locations for solar plant in-
stallations because of land availability and great solar potential. Different
parameters influence the performance of PV generators in deserted areas,
including the capability of the glass cover to transmit solar radiation, the
intensity of solar radiation, the installation angle of the PV cell, the proper-
ties of the solar cell materials, the location of installation, temperature, etc.

For the panels installed in the open air, the factor responsible for the
gradual degradation of transmittance is an accumulation of dust. Dust de-
posited on the glass top of the PV system reduces the transmission coeffi-
cient, which significantly results in a drop of energy conversion efficiency.
The PV literature is concerned with the problems that occur due to dust
and sand. The experimental study by Hassan et al. [1] provided informa-
tion that the degradation is fast in the period of the first month and found
a reduction of 33.5% in PV panel efficiency. It was analyzed by Rehman
and El-Amin [2], Cabanillas and Munguifa [3] that the dust deposited on
the module cover may cause a significant reduction in the performance of
PV. A reduction by 5% in one month was recorded in Saudi Arabia, by 1%
in one month in Abu Dhabi, UAE and by 5.8% in 20 days in Hermosillo,
Mexico. The operation of PV systems largely depends on the site location
and weather conditions. The dust accumulation rate of 1-50 mg/m?/day
was reported in Colorado by Boyle et al. [4] and 150-300 mg/m?/day in
Egypt, undergoing visible variation, which is specifically due to the variable
weather conditions. Furthermore, the impact of cooling on the PV electrical
output was studied with the advanced cooling system in Pakistan by Bashir
et al. [5] to have an insight into performance analysis. The deposition of
dust is a challenge in the looming deployment of PV systems as shown by
Javed et al. [6], Adinoyi and Said [7]. During the dust storm, the output of
PV modules can even drop down to 20%.

The studies of the impact of dust accumulation on PV output per-
formance play an important role in sustainable progress. The study by
Mehmood et al. [8] showed that coarser dust particles have a more sig-
nificant impact on PV panels’ performance than fine particles. The dust
particle size, chemical properties and thickness have been studied to bet-
ter understand the physicochemical properties of dust depositions. For the
study of the impact of dust sedimentation on PV performance, some work
has been done to unearth the influencing parameters. The results showed
that dust accumulation is highly dependent on the wind direction, pressure,
tilt angle, azimuth angle, surface friction, humidity and the time duration
for which the panels are placed in the environment. It elucidates the fact
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that the deposition rate significantly affects the decreasing efficiency, which
is majorly dependent on the weather conditions.

Most recent broad and accurate experimental studies have been con-
ducted and reported by Darwish et al. [9] on the impact of variable tem-
perature dust particles in dust accumulation on solar PV panels. The com-
prehensive and satisfactory studies were conducted in controlled laboratory
conditions under unnatural weather. But the natural weather environment
has an enormous impact on dust accumulation; it is tedious to simulate and
consider all the variables. So, to better simulate the natural environmental
conditions of Tehran, researchers performed the study under external nat-
ural conditions. Middle east countries like Iran have a massive solar gener-
ation perspective, but dust deposition is an unavoidable circumstance. The
performance and energy conversion in PV depend on different environmen-
tal factors, solar irradiance, installation tilt angle and wind direction as
reported by Cabrera-Tobar et al. [10]. The studies powerfully depict that
the dust clouds on the modules cause a significant reduction in efficiency,
particularly during sand storms and in polluted areas. Therefore, cleaning
PV surfaces is essential for maintaining the operating efficiency at a high
level in the desert region.

There are several studies done on dust accumulation in PV. It was ob-
served that the tilt angle strongly impacts the dust density. Also, the wave-
length loss due to the accumulated dust has been studied. The effects of
dust size and composition have been carefully investigated by Sanusi [11].
The necessity of cleaning the dusty or polluted module glass covers is ob-
served in various studies, but cleaning issues remain a concern in desert
regions where the water supply is limited and requires minimum cleaning
frequencies for maintaining the system performance at a high level. Though,
research on the frequency of cleaning dust from the PV module glass cov-
ers has been minimal. Kaldellis [12] conducted a study in Greece on panels
tilted at 30° with red soil particles with a diameter of less than 150 pm, ash
particles with a diameter of less than 10 pm and limestone particles with
a diameter of less than 60 um. The experimental study was conducted un-
der the ambient temperature within the range of accumulated dust density
from 0.12 g/m? to 3.75 g/m?. The reduction in performance was observed
from 2.3% to 7.5%. In Germany, Schill et al. [13] conducted tests at the op-
timal tilt angle for five months under visible light and found a reduction of
20% in efficiency. Klugmann-Radziemska [14] in Poland conducted a study
for two years on the panels at a tilt angle of 37°. The particles settled over
the panel were 50 pm in diameter, and few particles above 50 wm. The data
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collected indicated a reduction in efficiency by 0.8% per day. In Morocco,
Azouzoute et al. [15] investigated the performance of the solar panels at
an angle of 32°, for three months. The dust deposited on the unclean glass
top panels was of density 1.6 g/m?and the resulting reduction in efficiency
was equal to 35%. The dust particles of different sizes and different den-
sities were investigated under laboratory conditions by Lu et al. [16]. The
results of the eight week simulated environment experimentation in China
have shown that under visible light of wavelength 350 nm to 800 nm, the
reduction in the efficiency was from 28.8% to 43.41%. In India, Bergin et
al. [17] conducted a performance evaluation for which the data was col-
lected during continuous 30 days in the Gujrat state. After the analyses,
a reduction in efficiency by 50% was observed. Al-addous [18] conducted
an experimental study in Jordan for 16 weeks and observed a reduction
from 1.37% to 5.02% per year. In China, Chen [19] collected the data for
one week to check the performance of solar panels. The panels were under
environmental conditions at an angle of 20°, the deposited dust density
was found equal to 0.644 g/m?, which reduced the efficiency by 7.8% per
week. In the Bangladesh, Rehman et al. [20] conducted their study with the
uncleaned panels under the natural conditions for one month to check the
reduction in efficiency. The results showed a drastic reduction by up to 35%.

The latest new technologies are evolved with recent development in the
field of neural network. Abdulghafor et al. [21] studied the modern seven
artificial neutral network approaches, which are used to precisely estimate
the thermal performance of a solar air heater based on input data such
as mass flow rate, ambient temperature, plate temperature, wind speed
and direction, relative humidity, and so on. Statistical error analysis with
the mean square error and correlation coefficient was used to evaluate the
neural network models. However, Mzad et al. [22] addressed the modelling
of PV cooling employing a single nozzle with low temperature, minimal
mass flow, and low pressure, with droplet velocity ranging from 0.1 to 1.7
m/s. The droplet size of the nozzle spray is a critical component that in-
fluences contact efficiency and panel cooling. The solar energy is a popular
way of green energy generation but still there are some limitations. Wecel
et al. [23] studied that the megawatt capacity photovoltaic power stations
have a substantial negative indication in the energy generation capability of
producing energy exclusively during the day. This needs the use of massive
energy storage systems. The storage can be made more effective by combin-
ing optimised PV cells with an electrolyzer. The solar energy production
can be more efficient if the solar radiation received at the earth surface
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can be predicted. Daghsen et al. [24] studied the two optimised regression
models that are utilised to generate the Petela model and the ASHRAE
method for energy conservation and solar energy forecasting, respectively.
These models were used to create the universal patterns for solar radiation
exergy accounting.

Various researchers from different countries studied the behaviour of the
panels and analysed the reduction in efficiency. In India, there are many
regions which are prone to sand and dust particles, but this is not the only
factor which leads the dirt to be deposited. The urbanization has given
birth to rapid development in the infrastructure and construction, and the
building of concrete jungles gives rise to the deposition of nanoparticles.
The burning of residual grass in the fields, the deposition of soot particles
and festivals like Diwali are big contributors to polluting the panels.

In the paper, Section 1 gives a brief introduction with a literature re-
view. The works of various researchers from different countries were studied.
Section 2 gives the mathematical modelling of the solar panels, where the
voltage and current equations are solved with the Matlab Simulink. Graphs
of dependence between the voltage and current are also drawn at various
radiation levels. The dust particles tend to reduce the radiation effect by
providing the shadowing effect. Section 3 gives the experimental setup of
the solar panels. Section 4 discusses the observations and results. It also
gives a deep analysis of the obtained results. The conclusions of the paper
are given in Section 5.

2 Mathematical Model

The photovoltaic panel can be shown as an electric circuit, as shown in
Fig. 1, where the radiation (G) is incident on the panel, and the current
generated is supplied to the resistances and the diode.

The current flow is given by the formula

I=1I,—1I;—1,. (1)

The diode current (I;) is directly proportional to the reverse saturation
current (Ip) and is given by

I;=1Iy {exp (TngT) — 1} , (2)

where m is the diode ideality factor, which is constant and depends on the
PV cell technology, k is the Boltzman constant, ¢ is the electron charge,
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Figure 1: Single diode model with R, and R,.

T is the cell temperature and V' is the terminal voltage). If we neglect the
shunt resistance in the circuit, then the current can be written as

I=1,— I {exp <TngT) - 1} , (3)

by putting the diode current equation. Under the short circuit conditions
when V = 0 and open circuit conditions when I = 0, the short circuit
current can be found from the given equation

v
le=I1=1I,—1, {exp(n‘;ﬂT)—q at V=0, (4)
and the voltage equation can be written as
kT I
V:Vocmln(l—i—sc) at I =0, (5)
q I,

where V. is the open circuit voltage and I, is the short circuit current.
The diode current and current through the series resistance can be ex-
pressed in terms of voltage and current as

I
Tu=To [exp (F15) -] (6)
I=1I,—1I [exp (VJFQIR) - 1} , (7)
where NoankT.
q = sl (8)

q
These equations are for the case when the shunt resistance is not present. If
the shunt resistance is present, then the equation given below is considered:

IR, IR,
IZIS—Io{eXp<V+R)—1}—V+RR. (9)
a P
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Various parameters are used in these equations and directly affect these
values. The output current at the standard test conditions (STC) is given as

e
1= Is,ref - Io,ref [exp ( > - 1] > (10)
Qref

where a,ef is the value of a at temperature 25°C .
If the PV cell is short-circuited the value of I ;of can be written as

0
1= Is,ref - Io,ref [GXP ( ) - 1:| = Is,ref7 (11)

Qyef
which is valid during the ideal cases:
The source current depends on both the irradiance and temperature:

I, = Gi (Is,ref + NrefAT) s (12)
ref
where AT = T, — Tt e and Tirer = 298 K and pier is the temperature
coefficient of short circuit current in A /K.

The simulation was done based on the above equations using multi-
paradigm programming language and numerical computing environment
MATLAB Simulink — version 2020b [25]. The simulation was run to draw
characteristics of the PV panel under various conditions. The irradiance (G)
is the factor that is most affected by the dust particles. The panel under
the dust does not receive its best radiation. Figure 2 shows the simulation
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Figure 2: Simulink results under different radiation levels.
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result under different radiation levels. The simulation models show that
as the radiation level decreases, the short circuit tends to decrease too,
decreasing with the voltage.

3 Experimental setup

The measuring techniques were utilized to get current-voltage curves from
two similar PV panels, one panel is perfectly clean, and the other is polluted
with dust as shown in Fig. 3. In the primary consideration, both panels are
set under controlled indoor unnatural conditions in the laboratory. The tilt
angle varied, and I-V qualities were recorded. In the second consideration,
panels are put in the natural habitat outdoors under natural daylight. The
study aims at analyzing the PV performance with the changing tilt angle
and dust deposition. The identical panels are subjected to different ambi-
ent conditions and dust depositions in indoor and outdoor conditions. The
dirt deposited on the PV surface depends on various parameters, which
include the installation tilt angle, physical characteristics of the dust and
local atmosphere. In general, the optimal angle for installation of the PV
surface, which receives the maximum direct radiation, is highly dependent
on the PV site. The best installation angle varies with the season and sun
position, however, the regular angle adjustment is uneconomical. Therefore,
the best tilt angle for engineering applications is approximately equal to the
local latitude. In this study, in order to examine the impact of dust depo-
sition, five various tilt angles (0°, 10°, 20°, 30°, 40°) have been considered.
The indoor test setup has two comparable panels, one next to the other,

‘.r - 3 A
R S
L

.ﬁ“l \
T AR S

Figure 3: Experimental setup.
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mounted parallel to the ground. The arrangements are made to change the
light intensity of the sun-simulating lamps set over each panel.

The characteristics -V were plotted using a data logger interfaced with
the panels. A Tenmars portable solar power radiation measuring tester [26]
is used to measure the intensity of light over the panel. In the indoor ex-
perimental setup, the bulb light intensity is kept at 500 W/m?. The tem-
perature of the solar module was measured from the back of the module
with the platinum resistance thermocouple PT100. The cell operating tem-
perature was maintained during the experiment between 35°C to 42°C.
The fans controlled the panel temperature by cooling the back of the solar
modules. The reading of voltage and current was recorded for various tilt
angles. The I-V curves were obtained for both panels. During the dust
simulation, sand was taken as the dust particle. The dust was spread over
the panel non-uniformly, which covered 80% of the surface area. As the tilt
angles assumed values above 20°, at 30° and 40°, 5.1% and 15.75% of sand
dropped on the floor from the panel.

Outdoor experimental test arrangements were installed at a Gurugram
roof-top location (latitude 28.45°N, longitude 77.02°E). The test had a roof-
mounted polycrystalline PV panel with no shading effect, which was in-
stalled with an adjustable tilt angle parallel to the ground surface facing
south. The two panels under consideration received the same insolation lev-
els, kept in the same atmospheric natural conditions. The PV cell operating
temperatures measured were recorded between 45°C and 65°C. The dust
with non-niform distribution of covering density was set up in the exper-
imentation. During the investigation, the insolation level was 950 W/m?2,
the atmospheric temperature was 43°C, and the wind speed was 9.3 km /h.

4 Results and discussions

In the unnatural environmental conditions, the temperature, bulb light in-
tensity and tilt angle of the installation were controlled for the comprehen-
sive investigation. One panel with dust accumulated and the other with
the clean surface were examined. The recording of readings started from 0°
tilt angle at the light intensity of 500 W/m? and temperature 35°C. First
1-V curves were plotted for the initial tilt angle. Then, the tilt angle was
increased in steps of 10° starting from 0° up to 40°. The readings were
recorded when the module temperature was 35°C to 42°C. The I-V curves
for the two panels under study at different tilt angles are drawn in Figs. 4-8.
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Figure 4: -V characteristics at 500 W/m? and 0° tilt angle in laboratory conditions.
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Figure 5: I-V characteristics at 500 W/m? and 10° tilt angle in laboratory conditions.
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Figure 6: -V characteristics at 500 W/m? and 20° tilt angle in laboratory conditions.
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Figure 7: -V characteristics at 500 W/m? and 30° tilt angle in laboratory conditions.
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Figure 8: I-V characteristics at 500 W/m? and 40° tilt angle in laboratory conditions.

Tables 1 and 2 give the various parameters of dusted panels with respect
to those of clean panels, including the voltages and currents. The power of
the solar panels is determined from the product of open circuit voltage and
short circuit current given as

P =V, Is. (13)

The efficiency of the solar panel can be calculated from the given equation:

n= %100, (14)

where G is the irradiance and A is the total surface area of the solar panel.
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Table 1: Ratio of open circuit voltage and short circuit current under controlled indoor

conditions.
Ratio of short Ratio of open
Solar module . R
: ° circuit currents circuit voltages
Tilt angle temperature (°C)
©) (%) (%)
Clean ‘ DuSty Isc dusty/Isc clean Voc dusty/Voc clean
0 35 35 72.57 99.52
10 37 35 69.14 97.78
20 35 39 66.89 95.58
30 37 42 54.06 93.39
40 37 40 72.00 94.62

Table 2: Ratio of efficiency and average power under controlled indoor conditions.

Tilt angle Ratio of efficiencies Ratio of average
©) (%) powers (%)
Ndusty /Tclean Py dusty / Pav clean
0 64.14 62.87
10 63.56 69.85
20 62.63 76.62
30 49.12 66.17
40 62.67 71.05

The readings from the panels under investigation were obtained for different
tilt angles. The following conclusions can be drawn:

e Sand-deposited panels were observed to have the operating tempera-
tures higher by 2°C to 7°C than those of the sand-free panels under
the same insolation level.

e The sand spread over the panel was non-uniformly distributed with
a density of 12.5 g/m? at a zero degree tilt angle. As the tilt angle
increased, the sand density decreased reaching 10.5 g¢/m? at 40°. The
average power loss for the given sand densities is from 38% to 24%.

e It may be observed from the presented tables that accumulation of
dust does not have a high impact on the open circuit voltage. The
ratio of the open circuit voltages between dusty and clean panels
varied from 93.39% to 99.52%. The values of the open circuit voltage
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of the clean and sand-accumulated panels were nearly identical. The
voltage difference is visible at angles above 10°; the impact may be
because of the module temperature increase.

o The short circuit current ratios varied from 54.06% to 72.57%. The

dust deposited on the panels gives larger differences in short-circuit
current ratios than in the open-circuit voltage ratios. The graphs
show that sand has a sizable impact on the short-circuit current. The
percentage ratio tends to decrease with the increase in the tilt angle,
but for the largest angle, it suddenly increased. It was most likely due
to the temperature increase and reduction of dust density over the
panel by 15.75% due to the gravity and more radiation responsible
for the power generation available on the panel.

e The ratio of efficiencies of dusty and clean panels is minimum at 30°,

but no such correlation was found for this.

The experiment under natural conditions was conducted on the rooftop
of a building in Gurugram in the month April. The sand spread over the
panel was non-uniform. The sand density was nearly equal. The two panels
were kept parallel to the ground, one with non-uniformly distributed sand

and the other with a clean surface. During the outdoor investigation, the

temperature of the sand varied from 40-45°C. The solar cells had experi-
enced a temperature difference of approximately 10°C. I-V curves for clean

and dusty panels at different tilt angles and at an increased radiation rate
are shown in Figs. 9-13.
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Figure 9: I-V characteristics at 950 W/m?, 0° tilt angle in natural conditions.
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Figure 11: I-V characteristics at 950 W/m?, 20° tilt angle in natural conditions.
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Figure 13: I-V characteristics at 950 W/m?, 40° tilt angle in natural conditions.

The calculated ratios of short circuit currents, open circuit voltages, effi-
ciencies, and average powers between the two studied panels are gathered
in Tables 3 and 4. The outdoor experimentation was conducted at different
insolation levels. The following observations were made:

e The non-uniform distribution of sand did not strongly impact the
open circuit voltage ratio.

o A sizeable impact of sand accumulation was seen in the short circuit
currents of the panels. In natural conditions, solar radiations have
an adverse effect on the short circuit currents. In the clean panels,
the short circuit currents were below 2 A for 0° and 10°, at 20°, 30°
and 40°, approximately invariant. In the sand-deposited panel short

Table 3: Ratio of open circuit voltage and short circuit current of dusty and clean panels
under natural conditions.

Tilt angle Ratio of short circuit Ratio of open circuit
of the panel currents (%) voltages (%)
) Isc dusty /Isc clean Voc dusty / Voc clean
0 36.60 91.30
10 37.39 89.70
20 35.60 94.58
30 50.63 94.93
40 84.74 96.97
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circuit currents were below 1 A for angles 0°, 10°, 20°, 30°, and the
current rose above 1.5 A at 40°. This is due to the reduction in dust
density over the panel.

o The average power ratio was between 45.19-52.63% for 0°to 30° tilt
angles. For 40°, the ratio of average powers for the clean and dusty
panels was quite different.

e The ratio of dusty to clean panel efficiencies is minimum at the tilt
angle 20°, and no correlation was observed for this.

Table 4: Ratio of average powers and efficiencies of dusty and clean panels under natural

conditions.
Ratio of Ratio of average
Tilt angle efficiencies (%) powers (%)
©) Ndusty/Nelean Pay dusty/ Pav clean
0 41.99 52.57
10 42.79 52.63
20 29.80 45.19
30 34.15 46.03
40 90.59 86.47

5 Conclusions

The study was done to provide early insight into the effects of collected
dust on the photovoltaic (PV) panel performance. The study describes the
indoor controlled and outdoor natural conditioned experimental setups.
The experiment yields the current-voltage characteristics curves for vari-
ous tilt angles, temperatures and insolation levels, i.e., 500 W/m? indoors
and 950 W/m? outdoors. The investigation was carried out on two similar
panels, and a thorough analysis was conducted to determine the impact of
dust accumulation on the panel performance. The monitored panel tem-
perature was found to increase in dust accumulated PV panels, more in
the natural open-air conditions than in the indoor conditions. The con-
taminated panel’s short circuit currents were greatly decreased, whereas
the open-circuit voltages had only slightly reduced values. The efficiencies
and average powers of dusty PV panels were found to significantly decrease
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with respect to clean panels. The collection of airborne dust particles sig-
nificantly lowers the optical transmittance of solar cell glazing.

The density of dust sitting over the panel with the particle dimensions
and colour can be considered for future work. The dimension of the poly-
disperse particles with scanning electron microscopy and transmission elec-
tron microscopy can be useful in analysing the behaviour of the dust par-
ticles, which can be further used in designing the cleaning methodologies
for specific locations. The horizontal panels amass dust with a high parti-
cle density. Panels with dust deposition suffer from substantial power loss,
causing massive solar power-producing houses to suffer from electrical and
economic power loss. The generation must be kept running by cleaning the
panels regularly. Cleaning at regular intervals with self-cleaning technol-
ogy may be implemented with solar panels to achieve optimal transmission
through solar cell glazing. Because urban regions are more prone to pol-
lution, it is recommended to employ auto-cleaning technologies to obtain
optimal energy conversion efficiency from solar panels. The location of the
site determines the frequency of cleaning.
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Abstract Thermophysical properties of frozen soil have a great influ-
ence on the quality of cast-in-place concrete piles. In this paper, the embed-
ded concrete temperature monitoring system is used to test the variation
law of the concrete temperature during the construction of the bored pile.
Thermophysical properties of permafrost around piles are tested. Based on
the theory of three-phase unsteady heat conduction of soil, the influence
of specific heat capacity, thermal conductivity, thermal diffusivity, and la-
tent heat of phase transformation on the temperature change of a concrete
pile is systematically studied. The thermal parameter is obtained which
exerts the most significant influence on the temperature field. According
to the influence degree of frozen soil on pile temperature, the order from
high to low is thermal conductivity, thermal diffusivity, latent heat of phase
change, and specific heat capacity. The changes in pile wall temperature
caused by the change of these properties range between 2.60-10.97°C, 1.49—
9.39°C, 2.16-2.36°C, and 0.24-3.45°C, respectively. The change percentages
of parameters vary between 35.77-47.12%, 12.22-40.20%, 12.46-32.25%, and
3.83-20.31%, respectively. Therefore, when designing and constructing con-
crete foundation piles, the influence of the thermal conductivity of frozen
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soil on concrete pile temperature should be considered first. The differences
between the simulated and measured temperature along the concrete pile
in the frozen soil varying with the respective thermal properties are: —2.99—
7.98°C, —1.89-4.99°C, —1.20-1.99°C, and —1.76-1.27°C. Polyurethane foam
and other materials with small thermal conductivity can be added around
the pile to achieve pile insulation.

Keywords: Thermal properties of frozen soil; Temperature of the cast-in-place concrete
pile; Negative temperature environment; Ice-rich permafrost; Heat conductivity coeffi-
cient

Nomenclature

—  volumetric heat capacity, J/(m*K)

— specific heat capacity, J/(kg-K)

—  test time, day

position of measuring point in the pile, m

—  volumetric latent heat of phase change, kJ/m?
— latent heat of phase change, kJ/kg

— heat of hydration, kJ/kg

freezing and thawing boundary position of soil over time
—  temperature, K

—  boundary temperature, K

single-side concrete cement content, kg/m®
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Greek symbols

a — thermal diffusivity, m?/s
p ~  density of concrete, kg/m®
pa — dry density of soil, kg/m®
A — thermal conductivity, W/(m-K)
w  — water content, %
Subscripts
f — freezing state
u — unfreezing (thawing)

1 Introduction

Daxinganling and Xiaoxinganling in the northeast of China belong to the
degraded island permafrost region with an area of about 216 600 km? [1].
In the construction of highway projects, the basic bridge cast-in-place pile
is widely used. After the cast-in-place pile is poured, the concrete dissipates
heat and exchanges heat with the surrounding soil. The negative tempera-
ture environment of the surrounding soil affects the formation of concrete
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strength [2—-4], which influences the quality of the concealed project and
causes potential safety hazards. The thermal and physical properties of
frozen soil are the main subject of frozen soil research. Frozen soil in neg-
ative temperature affects the quality of pile formation by acting on the
temperature field of concrete piles. Therefore, it is necessary to find the
thermophysical parameter that has a great impact on the concrete pile. It
is beneficial to improve the pile foundation design and construction scheme
and improve the project quality.

Some progress has been achieved in the study of the thermophysical
properties of frozen soil and the temperature field of pile foundations. Yu
et al. [5] analyzed the influence of the temperature of casting concrete on
structural temperature stress. The temperature field change and thermal
stress change were obtained at different ages of hardening under different
temperatures of casting concrete. And the control measures of the temper-
ature of casting concrete were proposed during mass concrete pouring. Li
and Sun studied the influence of concrete hydration heat on the temper-
ature field of a pile foundation in a high-temperature permafrost area [6].
The results of the study indicated that the refreezing time could be reduced
and the construction period could be shortened by adding fly ash, slag, and
other admixtures into the concrete because this method could lower the
temperature of casting concrete [7-9]. Other researchers analyzed the dis-
tribution law of the temperature field of the asphalt pavement structure of
the old cement pavement. Along the depth of the pavement, the temper-
ature, daily range, temperature gradient, and rate of temperature change
were nonlinear distributions. And there is a phenomenon that the ampli-
tude of change decreases and the stage of the change lags [10,11]. According
to the basic principles of thermology and the needs of structural design, by
taking a bridge in Shanghai as the object, Liu and Geng examined the influ-
ence of basic thermal parameters on the temperature field and temperature
effect of concrete structures [12]. They focused on the effect of the radiation
absorption coefficient and the surface heat exchange coefficient. By taking
a concrete box beam as an example, some researchers used meteorological
parameters to calculate and analyze the sunshine temperature field. And
the vertical temperature difference distribution was obtained according to
the calculation of temperature field fitting [13-15]. Cai conducted computa-
tional research on indoor fire environment and temperature field of concrete
structures [16]. Daghsen et al. designed a universal model for solar radia-
tion (exergy) accounting based on a case study in Tunisia [17]. Based on
the thermophysical properties of cement mud and the temperature value of
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micropiles, Alekseev and Zorin established 02erical models. They studied
the interaction between bored micropile and permafrost, then analyzed the
strength of micropile [18]. Fajobi et al. [19] and Zhang et al. [20] studied
the section internal temperature distribution of a newly proposed regener-
ative energy storage pile foundation system. The thermal conductivity of
concrete, the specific heat capacity of concrete, the size of the pile foun-
dation, and other parameters were considered. Xiao et al. [21] analyzed
the response of the temperature cycle to temperature change, cycle, and
different water content of the soil-concrete interface.

Former researchers studied the influence of certain factors on the tem-
perature field, and the research on the temperature of casting concrete and
meteorological conditions is relatively mature. As for the study of thermal
and physical properties, most of them are limited to the use of thermo-
physical parameters as the modeling conditions. And the final goal is to
investigate the temperature field or strength and mechanical properties of
the pile foundation. However, there is little research on the influence of
thermophysical parameters of frozen soil on the temperature field of pile
foundations. This paper refers to the influence of the thermophysical pa-
rameters of the concrete box girder and suspension bridge main cable super-
structure on the temperature field [22-24]. And it focuses on the research of
the specific heat capacity, thermal conductivity, thermal diffusivity, phase
change latent heat, and other thermophysical parameters of the frozen soil
under the negative temperature environment. At the same time, the tem-
perature influence degree of the cast-in-place concrete pile after pouring
will be discussed. So, it can provide a reference for improving the design
and construction of the pile foundation.

2 Experimental study on the temperature field
of foundation pile in the construction stage

2.1 The main contents of the field study and the choice
of the test site

The test site is located in Mohe County, Heilongjiang province, at the
south-eastern edge of the permafrost region of Furasia and the northern-
most part of China. The east longitude is 121°07'~124°20’, the northern
latitude is 52°10'-53°33’, and the average elevation is 550 m [25]. The site
has a developed water system, and rich wetland resources, with a total
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area of 3935 ha. There is continuous permafrost, with a thickness of 50—
100 m [26,27]. The average annual temperature is about —5.5°C. The lowest
temperature is —52.3°C, and the highest temperature is 38.9°C. The aver-
age annual precipitation is 460.8 mm, and the annual average icing period
is 7 months [28]. In the past 50 years, the temperature in the Mohe area has
increased by 0.357°C every 10 years, and the warming trend is obvious [29].

The test site is located between pile no. 10 and pile no. 11 of the
K4244-380 newly-built permafrost bridge in the Zhangling-xilingji section
of the national highway from Beijing to Mohe. The geological soil layer and
the type of frozen soil were determined by field sample drilling and indoor
geotechnical tests [20-22], as shown in Fig. 1.
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Figure 1: Map of the geological soil layer of the test site (unit in m).

This study demonstrates the influence of thermophysical properties of frozen
soil on the temperature of the concrete cast-in-place pile body in a negative
temperature environment. A test pile with a diameter of 1.4 m and a length
of 11.5 m was poured at the test site on October 31, 2017. The ordinary
C30 concrete commonly used in this area was used, and the mixing ratio of
cement /fly ash/sand/gravel/water was 1,/0.290/2.762/3.373/0.545. When
heat transfer occurred between the hydration heat release of the pile and the
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permafrost around the pile after pouring concrete, a temperature detection
system was set up at the test pile to dynamically monitor the temperature
changes. And the influence of permafrost on the pile foundation is analyzed.

2.2 Experimental research program and implementation

With the help of a parallel temperature measuring line, the temperature
of the concrete pile wall is observed. The temperature measuring line is
the same length as the pile, both of which are 11.5 m. In order to place
temperature sensors in each layer of soil as far as possible, 13 tempera-
ture sensors are placed at unequal intervals. This is based on the geological
survey drawings of the design institute and the distance between adjacent
sensors ranging from 0.55-1.30 m. The first temperature is at a depth of
0.2 m below the surface. The temperature measuring line is located at the
pile wall 0.1 m from the pile-soil interface. The vertical profile of the sensor
temperature observation system is shown in Fig. 2. The temperature mon-
itoring system began to collect temperature data from the piling day, and
the observation period was from October 31, 2017 to November 29, 2017,
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Figure 2: The vertical profile of pile wall temperature measuring points (unit in m).
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lasting for 30 days. According to the instructions of the National Meteoro-
logical Science Data Center on the statistical method of the daily value of
ground temperature [31], the data collected 4 times a day (at 02:00, 08:00,
14:00, 20:00) were used to calculate the daily average.

The temperature monitoring system is composed of the lower and the
upper computers. The system structure is shown in Fig. 3. The lower com-
puter includes a temperature sensor, a temperature acquisition module,
a power supply control module, a wireless transceiver module, and a fully
sealed box. According to the pre-set time of the temperature acquisition
module, the lower computer is used to collect the ground temperature data.
And the data is transferred to the upper computer through the GPRS (gen-
eral packet radio service) point-to-point wireless transmission system. The
upper computer includes the computer and data-receiving platform. Its
function is to receive data and process the data to generate a text file. By
setting the data acquisition time of the temperature acquisition module, the
temperature can be monitored dynamically. This is the biggest advantage
of this intelligent monitoring system. In the continuous low-temperature
environment in winter, this monitoring system can use an independent so-
lar energy power supply system to ensure the continuity and stability of
the temperature acquisition module.

Temperature sensor  ——

Temperature
acquisition module

GPRS point-to-point
wirel ess ransmission

Data receiving
platform

Power control | Low
module | ower cormpuner

Wireless transceiver
module

Fully sealed box

Figure 3: Schematic diagram of temperature monitoring system structure.

As shown in Fig. 4, the temperature sensor uses a JMT-36C resistive tem-
perature sensing element. A three-layer sealing protection waterproof pro-
cess is adopted. And the outermost layer uses stainless steel shell for protec-
tion and sealing. The temperature measurement range is —40°C to +150°C,
the sensitivity is 0.1°C, and the accuracy is £1°C. According to the sensor
layout scheme, each temperature measuring wire with a single-head ther-
mistor is bound one by one to the main bar of the reinforcing cage with
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Waterproof protective seal

Red wire
Blue wire
Black wire

The cable core

Inner epoxy seal

Stainless steel protective seal

Figure 4: Internal structure of temperature sensor.

insulation and waterproof adhesive tape. And it is poured into the concrete
pile together with a reinforcing cage. The elements of measuring system are
shown in Fig. 5. The shape of the circle standing on the ground is the rein-
forcement cage, and the red binding line on the ground is the temperature
measurement line.

:I Reinforcement cage

Temperature
measuring line

Figure 5: Arrangement of the measuring system elements.

The temperature acquisition module is the core of the intelligent temper-
ature observation system. It integrates the main control chip, clock, large-
capacity data storage, wireless transmission module, power interface, data
interface, rechargeable battery, etc. The temperature acquisition module
can work independently. According to the set measurement start time and
interval time to ensure the continuity and non-loss of data, it can automat-
ically complete the measurement and store it in the memory. The power
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control module consists of two parts, a solar panel and an external accu-
mulator. When the capacity of the external accumulator is insufficient, the
rechargeable battery built into the temperature acquisition module can con-
tinue to measure regularly. A mobile phone card is installed in the wireless
transmission module to realize the function of remote data transmission.

2.3 Experimental study on temperature field of concrete

Figure 6 shows the curves of temperature changing with time in the refreez-
ing process in each measuring point at the pile wall after pouring the pile.
It can be seen from the figure that the temperature change of the concrete
pile has gone through two main stages: the temperature rising period of
the hydration heat release pile body and the refreezing stage of the pile
body when the permafrost around absorbs heat. In the first stage, with
the massive heating of concrete hydration, the pile wall temperature rises
in a negative temperature environment. The rate of rise varies at different
depths, and the peak temperature is different. The temperature rise rate
of the No. 10 measuring point at the depth of 7.4 m is the highest, with an
average daily temperature increase of 4.7°C in 2 days, and 4.0°C in 3 days.
This is because the moisture content of the gravel layer located at the mea-
suring point is as low as 0.7%, which is less than that of other soil layers.
On the one hand, when the concrete starts to hydrate and release heat,
and the permafrost is melting around the pile, the free water in the pores
of the boulder soil is permeated by gravity into the strongly weathered tuff
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Figure 6: The temperature curve of the pile wall.
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with larger pores. On the other hand, the capillary water in the boulder soil
moves up into the silty soil along the fine pores under the action of surface
tension. At the same time, since the silty soil layer is a soil-containing ice
layer, the frozen water is far greater than the underlying cryo-rich soil layer.
Thus, under the action of the gravity of soil particles and molecules, the
bound water in the unfrozen water in the gravel soil (cryo-rich soil layer)
constantly migrates to the frozen area (soil-containing ice layer). That is,
the bound water migrates to the silty soil. The movement of these water
molecules eventually results in the moisture content of the boulder layer
being lower than that of the overlying and underlying soil layers, and even
lower than that of other non-adjacent cohesive soil layers. The temperature
rise of the No. 1 and No. 2 measuring points near the surface is negative
due to the influence of the external atmospheric environment. And the
temperature drop of the No. 1 measuring point is the fastest. The other
measuring points are in the state of temperature rise. The peak tempera-
ture reached by each temperature measuring point is 15.7°C at the highest,
which is generated on the third day in the No. 10 measuring point. The
peak temperature in 2 days is 14.5°C and it is produced in the No. 6 mea-
suring point at the depth of 4.10 m. In the second stage, the heat release
of concrete hydration is less than the heat absorption of the frozen soil
around the pile, and the temperature of the pile body gradually decreases.
The cooling rate of the No. 6 measuring point at a depth of 4.10 m is the
largest, followed by the No. 4 measuring point at a depth of 2.65 m. The
daily cooling amounts of the two are 3.8°C and 3.6°C, respectively. By 20
days, the negative temperature begins to appear at the No. 5 measuring
point at a depth of 3.2 m. By 30 days, the temperature of each measuring
point is below 0.1°C.

The law of temperature changing with the depth at different measuring
points is divided into two types. The first one involves the No. 1 measuring
point at a depth of 0.20 m, which is most disturbed by external meteoro-
logical conditions, and the temperature change there is basically the same
as the temperature change trend of the day. The other category covers the
measuring points located below 2.65 m that are almost no longer affected by
the atmospheric environment. At those points the temperature first rises
and then falls, reaching the peak temperature on the 3rd day. And the
nature of temperature change is very similar.

The temperature in the measuring points near the interfaces of different
types of soil layers generally fluctuates slightly. For example, the No. 9 mea-
suring point at a depth of 6.10 m is located near the interface between the
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silty soil layer and the gravel soil layer. The temperature at this measuring
point on the 3rd day is 13.9°C, while the temperatures measured on the
same day at the No. 8 and No. 10 points adjacent to it are 14.2°C. The
No. 11 measuring point at a depth of 8.5 m is located near the interface
between the round stone and the strongly weathered tuff. The temperature
at this measuring point on the 3rd day is 13.4°C, while for the No. 10 and
No. 12 measuring points adjacent to it, the temperatures on the same day
are 15.7°C and 15.3°C, respectively. In the negative temperature environ-
ment, the temperature value at the interface of the soil layer is generally
slightly lower than that of the center measuring point of the adjacent soil
layer, which is easy to produce errors. In order to reduce the measurement
error caused by the location of the temperature measuring point, this paper
selects the temperature value of the measuring point located at the center
of each soil layer for research. Therefore, measuring points 2, 4, 6, 8, and
10 are selected as the following research object.

3 Thermophysical parameter analysis model

This paper establishes a two-dimensional model (Fig. 7), which is 14.0 m
deep and 11.4 m wide. It is divided into 6 layers: the cumulosol layers
between 0 and 2.1 m, and between 3.4 and 5.0 m, the ice layer between 2.1
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Figure 7: Pile foundation and geological model (unit in m).
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and 3.4 m, the muddy layer between 5.0 and 6.3 m, the round stone layer
between 6.3 and 8.7 m, and a strong weathering tuff layer between 8.7 and
14.0 m. The pile length is 11.5 m and the pile diameter is 1.4 m. The model
has 127202 units and 258 596 nodes.

3.1 Thermal property test of soil

The dry density and water content shall be determined by the combined
method of frozen soil density. Specific heat capacity, thermal conductivity,
and thermal diffusivity are measured by the ISOMET-2104 heat transfer
analyzer [33]. The latent heat of phase change can be calculated after the
actual measurement of unfrozen water content. In the model, the change
of the latent heat of phase change is characterized by the change in the
initial ground temperature. The ice-related data can be obtained from the
relevant literature [6]. The geotechnical parameter data of frozen soil such
as dry density, water content, specific heat capacity, thermal conductivity,
and thermal diffusivity are shown in Table 1.

Table 1: Geotechnical parameters

Dry Specific heat Thermal Thermal
density Water capacity conductivity diffusivity
Soil layer of g)oﬂzen co(n%)e)nt (J/kgK) (W/m-K) x10~6 (m2/s)
(kg/m?) freeze ‘ thaw | freeze ‘ thaw | freeze ‘ thaw
Cumulosol 300 282.5 | 1339.0 | 1259.8 | 3.41 145 | 2.21 1.00
Ice layer 470 124.5 | 2090.0 | 4217.7 | 2.21 | 0.56 | 1.17 0.13
Cumulosol 1170 69.1 1121.8 | 1046.6 | 3.41 1.45 1.54 0.70
Mucky soil 1040 58.1 1024.2 | 715.0 2.02 1.48 | 1.20 1.25
Roundstone 1830 19.8 680.4 | 485.6 | 2.07 | 1.55 | 1.39 1.46
Strong weathering tuff 2220 10.7 642.3 | 639.3 | 3.66 | 1.57 | 2.32 1.00

3.2 Establishment of the thermophysical analysis model

3.2.1 Soil control equation

When the permafrost is in a frozen state, the moisture in the soil con-
denses into ice and there is very little flowing water. Thus, the convection
heat transfer between the surface of the soil particles and the flowing wa-
ter can be ignored. When the frozen soil is in a thawing or semi-thawing
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state, the water in the soil changes from solid to liquid phase, and the
latent heat of the ice-water phase transition releases (or absorbs) a large
amount of heat. The convective heat transfer between the soil and water is
insignificant [25].

In soil, heat conduction is more effective than convective heat transfer.
Thus, convection heat transfer can be ignored, and only heat conduction
and ice-water phase transition are considered. The heat transfer process
can be divided into two states: the freezing state and the thawing state,
which may be described by the equations, respectively:

T8 (,011) , 2 (0T
o = ou (Af oz ) "oy (Af dy ) @
oT, 0 oT, 0 0Ty
Cuﬁ = o (Au(‘)x) + 373/ <>\uay> ) (2)

where the subscripts f and u represent the freezing state and thawing states,
respectively. Parameter T stands for the temperature, C' is the volumetric
heat capacity of the soil, and A stands for its thermal conductivity.

The ice-water phase change process s(t) can be expressed as:

Tf [S(t)7 t] =T, [3<t)7 t] =Tm, (3)

where T, represents the temperature of the freeze-thaw interface, ¢t denotes
time, and 0/0n is the derivative in a direction that is outwardly normal
(perpendicular). Quantity L stands for the latent heat per unit volume,
and it can be calculated as follows [6]:

L= pgl (w—wy), ()

where L' is the latent heat of water, which usually takes 333.7 kJ/kg, pq is
the dry density of soil, w is the water content, and w, is the unfrozen-water
content.

3.2.2 Pile foundation control equation

In concrete hydration, adiabatic temperature rise in pile foundation at ¢
after concrete pouring can be expressed as follows:

T(t) = VZPQ (1), (6)
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where W is single-side concrete cement content, () is the heat of hydration
per kilogram of cement, p is the concrete density assumed at 2400 kg/m?,
and c is the specific heat of concrete ranging between 0.92 and 1.00 kJ /(kg-K)
[25]. Here, it takes 0.96 kJ/(kg-K). Parameter k is the adjustment coeffi-
cient of hydration heat of admixture with different dosage, whose value is
available in the range of 0.2-0.4. Time (¢) in Eq. (6) is expressed in days.

3.2.3 Boundary condition

According to meteorological data of the Mohe region [11], the boundary
temperature of the natural surface can be described by
2m(t — 105)
T, =5.35 —40.015cos ——. 7
Y cos 365 (7)
The initial temperature of frozen soil at the bottom and lateral boundary
of the model is —3°C. The initial temperature of concrete is 10°C. The unit
of time () is expressed in days, and the unit of temperature (Ty) is °C.

3.3 Validity of thermal analysis model

The temperature profile is used to verify the model (Figs. 8 and 9). In Fig. 8,
the red area on the left is a higher-temperature area, the right (dark blue)
is a lower-temperature area, and between them is a temperature gradient
area. It can be seen from Fig. 9 that on November 3, 2017 and November 7,
2017, the maximum temperature difference between the two dates is 0.84°C

Figure 8: The pile-soil temperature field after pouring
concrete for 3 days (unit in K).
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and 0.62°C, respectively. The simulation results are in agreement with the
measured results, and the model calculation results are reliable.
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Figure 9: Experimental verification of pile wall simulation temperature: a) November 3,
2017, b) November 7, 2017.

4 The influence of frozen soil thermophysical

properties on the temperature field
of pile foundation

As can be seen from Fig. 6, the temperature reaches the maximum when
concrete is poured for 3 days. In the present work, the pile-soil three-phase
heat conduction model has been utilized. It considers the factors of frozen
soil including specific heat capacity, thermal conductivity, thermal diffusiv-
ity and latent heat of phase change. Based on this, the impact of thermo-

physical properties of frozen soil on the temperature field of the foundation
pile is analyzed.

4.1 Specific heat capacity

According to the references, the specific heat capacity of frozen soil ranges
from 0.71-4.22 kJ/(kg-K) [31,32]. Therefore, the values of specific heat ca-
pacity applied in the model are 0.7, 1.0, 2.09, 3, and 4.22 kJ/(kg-K). As
can be seen from Fig. 10, when the specific heat capacity increases from
0.7 to 4.22 kJ/(kg-K), the temperature of the concrete pile wall in different
soil layers decreases. From the top cumulosol layer (h = 1.05 m) to the
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shallow depth in the strongly weathering tuff layer (h = 9.80 m), the pile
wall temperature corresponding to each soil layer decreases from 6.20°C,
11.04°C, 15.98°C, 14.67°C, 16.90°C, 17.00°C to 5.96°C, 10.46°C, 14.85°C,
13.58°C, 14.33°C, 13.55°C. The temperature reductions are 0.24°C, 0.58°C,
1.13°C, 1.09°C, 2.57°C, 3.45°C, respectively, accounting for the changes of
about 3.83%, 5.26%, 7.05%, 7.42%, 15.22%, 20.31%. It can be seen that

the greater the depth of the pile body, the greater the proportion of the
decrease in the pile wall temperature.
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Figure 10: The variation of pile wall temperature with the change
in specific heat capacity.

As the specific heat capacity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall
at different depths decreases. It can be seen from Fig. 11 that when spe-
cific heat capacity is at the lower limit of 0.7 kJ/(kg-K), the temperature
difference of the pile wall at different measuring points shows an increasing
trend as the depth increases. The temperature difference values are 0.47°C,
1.21°C, and 1.70°C, respectively, of which those obtained for adjacent cu-
mulosol layer and mucky layer (Fig. 11, h = 4.10 m and h = 5.55 m) are
very close. The difference between the maximum and minimum value of
temperature difference is 1.6°C. For the specific heat capacity increased to
4.22 kJ/(kg-K), the temperature difference is just opposite to the initial
value of temperature difference, i.e. it becomes a negative value. That is,
the maximum value appears in the top cumulosol layer, whereas the min-
imum value appears in the strongly weathering tuff layer at the largest
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Figure 11: The variation of the temperature difference between the
simulated and measured temperature of the pile wall with
the change in specific heat capacity.

burial depth. The difference between the maximum and minimum value
of temperature difference is 1.62°C. With increasing depth the tempera-
ture difference decreases to —0.14°C, —0.34°C, —0.65°C, —0.62°C, —1.37°C,
—1.76°C, respectively.

4.2 Thermal conductivity

The value of thermal conductivity of frozen soil ranges from 0.18-3.79
W/(m-K) [5,29], while that of ice ranges from 0.08-2.21 W/(m-K) [27].
Therefore, the values of thermal conductivity considered in the model are
0.08, 1.0, 2.21, 3.0, and 4.0 W/(m-K), respectively. As can be seen in
Fig. 12 that when thermal conductivity increases from 0.08 W/(m-K) to
4.0 W/(m-K), wall temperature of the concrete pile in different soil lay-
ers decreases. From the upper cumulosol layer (h = 1.05 m) to the shal-
low depth in the strongly weathering tuff layer (h = 9.80 m), the pile
wall temperature corresponding to each soil layer decreases from 7.49°C,
13.66°C, 20.09°C, 18.52°C, 22.79°C, 23.28°C to 4.89°C, 8.90°C, 13.10°C,
11.89°C, 12.87°C, 12.31°C, respectively, and the temperature drops are
2.60°C, 4.76°C, 6.99°C, 6.62°C, 9.92°C, and 10.97°C, respectively, account-
ing for the changes of about 34.68%, 34.83%, 34.80%, 35.77%, 43.53%,
47.12%. Tt can be seen that the greater the depth of the pile body, the
greater the proportion of the decrease in the pile wall temperature.
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Figure 12: The variation of pile wall temperature with the change
in thermal conductivity.

As the thermal conductivity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall at
. As is demonstrated in Fig. 13 when the thermal

different depths decreases

Temperature difference ("C)

Thermal conduetivity (Wi(m "))

Figure 13: The variation of the temperature difference between the
simulated and measured temperature of the pile wall
with the change of thermal conductivity.
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conductivity is at the lower limit of 0.08 W/(m-K), the temperature differ-
ence at different measuring points shows an increasing trend as the depth
increases. The temperature difference values are 1.39°C, 2.86°C, 4.59°C,
4.32°C, 7.09°C, and 7.98°C, respectively, of which the temperature differ-
ences obtained for the adjacent cumulosol layer and mucky layer (Fig. 13,
h = 410m and h = 5.55 m) are very close. The difference between the
maximum and minimum value of temperature difference is 6.59°C. With
an increase in thermal conductivity, the temperature difference of the pile
wall decreases. When thermal conductivity increases to 4.0 W/(m-K), the
temperature difference value is just opposite to the initial temperature dif-
ference value. That is, the maximum value appears in the upper cumulosol
layer, and the minimum value appears in the strongly weathering tuff layer
at the largest burial depth. The difference between the maximum and min-
imum temperature difference is 1.78°C. Compared with the initial temper-
ature difference (6.59°C), the difference is reduced by 4.81°C. It can be
seen that with increasing thermal conductivity, the difference in the tem-
perature difference of the pile wall measured at each depth is narrowing.
The temperature difference decreases with the depth to —1.21°C, —1.90°C,
—2.40°C, —2.31°C, —2.83°C, —2.99°C, which means the decreases by 2.60°C,
4.76°C, 6.99°C, 6.62°C, 9.92°C, and 10.97°C, respectively.

4.3 Thermal diffusivity

Thermal diffusivity is the ratio of thermal conductivity to volumetric heat
capacity. For frozen soil in a frozen state, it ranges from 0.139 x 1076 m?/s
to 0.783 x 1079 m?/s. In the thawing state, it varies between 0.172 x 10~°
and 1.531 x 107% m?/s [5,29]. In the model, the values of 0.1 x 1075,
0.4 x 107, 0.8 x 1075, 1.2 x 1075, and 1.6 x 107 m?/s were applied.
The results in Fig. 14 show that with the increase of thermal diffusivity
from 0.1 x 107% m?2/s to 1.6 x 1075 m?/s, the temperature of the con-
crete pile wall in different soil layers decreases. From the upper cumulosol
layer to the shallow surface of the strongly weathering tuff layer, the pile
wall temperature corresponding to each soil layer decreases from 7.93°C,
12.18°C, 17.71°C, 17.69°C, 20.69°C, 23.35°C to 4.96°C, 10.69°C, 14.75°C,
12.87°C, 13.81°C, 13.96°C, respectively. The temperature reductions are
2.97°C, 1.49°C, 2.96°C, 4.82°C, 6.88°C, 9.39°C, respectively, which amount
to about 37.46%, 12.22%, 16.71%, 27.23%, 33.24%, 40.20%, respectively. It
can be seen that from the ice layer (h = 2.65 m) to the highly weather-
ing tuff layer (h = 9.80 m), the greater the depth of the pile body, the
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greater the proportion of the decrease in the pile wall temperature. Near
the surface, the temperature drop of the pile wall is greater than that in
the ice layer and beneath it. Thus, the proportion of temperature decrease
is greater. It is larger than that of the ice layer, cumulosol layer, and mucky
layer beneath it. And it is only slightly smaller than that of the strongly
weathering tuff layer.
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24 1%
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Thermal diffusivity 10™%m2 / 5)

Figure 14: The variation of pile wall temperature with the change
of thermal diffusivity.

As the thermal diffusivity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall
at different depths decreases (Fig. 15). When the thermal diffusivity is at
the lower limit of 0.1 x 107% m?/s, except for cumulosol at the surface,
the temperature difference of the pile wall increases with the depth. The
maximum temperature difference of 8.05°C is predicted in the strongly
weathering tuff layer (h = 9.80 m), and the minimum of 1.38°C in the ice
layer (h = 2.65 m). With an increase in thermal diffusivity, the temperature
difference of the pile wall decreases at each measuring point. For the largest
considered thermal diffusivity, of 1.6 x 1076 m?/s, the maximum temper-
ature difference appears in the ice layer, which is —0.24°C. The minimum
temperature difference appears in the muddy layer, i.e. at a measuring point
depth of 7.40 m, and it is —1.89°C. The drop in temperature difference in-
creases with the depth, and for successive measuring points it amounts to
2.97°C, 1.49°C, 2.96°C, 4.82°C, 6.88°C, and 9.39°C, respectively.
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Figure 15: The variation of the temperature difference between the simulated and mea-
sured temperature of the pile wall with the change in thermal diffusivity.

4.4 Latent heat of phase change

The change of unfrozen-water content in each layer with temperature is

shown in Fig. 16. The fitting formulas of unfrozen water content (w,,) for
T given in °C corresponding to the particular soil layers are as follows:

wy = T.AT0 + 7.466T + 2.324T7 + 0.2267°, ( ) )

wy = 82.225 +47.783T + 12.907T% 4 1.180T%,  ( ) )

wy = 79.009 + 514817 + 14.215T% + 1.3117%,  (R?* =0.997),  (10)

Wy = 17.163 + 17.057T + 5.299T2 4 0.515T3, ( ) )

( ) )

5.377
wy = 0.093 = =, R?=10.995), (12
4.107
wy = =0.114 = ==, (R? =0.995). (13)

In formulas (8)—(13), w represents water content, T represents temperature,
and R? represents a variable.

Substituting the unfrozen water content (Egs. (8)—(13)) into formula
(5), the latent heat of phase change can be calculated. According to the
monitoring data of the original ground temperature, the ground tempera-
ture of each soil layer in this area from June to November remains almost
unchanged. Therefore, the ground temperature at this time is selected as
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Figure 16: The change of unfrozen water content in the soil layers
with initial ground temperature.

the initial ground temperature, ranging from —4.7°C to 0.67°C. The initial
ground temperature values in the model are —5.0°C, —4.0°C, -3.0°C, —1.5°C,
and —0.5°C, respectively. The relationship between the latent heat of phase
change of each frozen soil layer and temperature is shown in Fig. 17.
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Figure 17: Variation of pile wall temperature with the latent heat of phase change at
different depths.



The influence of thermophysical properties of frozen soil on the temperature. .. 43

As can be seen from the figure, when the initial ground temperature
increases from -5°C to -0.5°C, the latent heat of phase change of each soil
layer varies greatly. It is the largest in the cumulosol layer closest to the
surface, as shown in Fig. 17a. Its value changes from 278.46 x 103 kJ/m?3
to 282.75 x 10% kJ/m3, and the difference is only 4.29 x 103 kJ/m3. The
cumulosol layer under the ice layer at a depth of 4.10 m has the largest
value of latent heat of phase change (Fig. 17c). The minimum value is
47.55 x 103 kJ/m? and the maximum value is 217.43 x 103 kJ/m3. The
variable quantity is 169.88 x 103 kJ/m3. The latent heat of different soil
layers has different effects on the corresponding pile wall temperature. In
the cumulosol layer at a depth of 1.05 m, the latent heat of the frozen soil
is the largest and the temperature of the pile wall is the lowest, ranging
between 4.90°C and 7.24°C. In November, the test site is covered with
snow, and the temperature change of the pile wall is mainly affected by
the hydration heat release of the concrete and thermophysical properties
of the soil around the pile. But it is less disturbed by surface meteorolog-
ical conditions. Therefore, the low temperature of the pile wall of the soil
layer is mainly caused by the latent heat of the phase transition of the soil.
The soil absorbs the hydration heat of the concrete and stores the internal
energy in the soil particles and the middle of ice and water. Although the
ice-water phase change and soil-water structure change occur, the temper-
ature change caused by the pile wall is very small. On the contrary, at the
depth of 9.80 m, due to the low water content of the strongly weathering
tuff layer, the latent heat of phase transition is small, varying only from
19.18 x 103 kJ/m? to 73.84 x 103 kJ/m?. Thus, the pile wall temperature
here is as high as 15.13-17.29°C, and it is the maximum temperature of each
soil layer. The latent heat of the phase change of the ice layer (Fig. 17b)
is between that of the surface soil layer and the shallow surface soil layer.
Its value changes from 98.58 x 10% to 165.90 x 103 kJ/m?, and the varia-
tion is only 67.32 x 10% kJ/m?. The corresponding pile wall temperature is
different from that of other soil layers. The temperature of the soil layer is
obviously higher than the one of the pile wall corresponding to the surface
soil layer. And it is also significantly lower than the pile wall temperature
corresponding to other soil layers. The temperature ranges from 10.21°C
to 12.51°C, but the temperature difference is similar to those predicted
for other soil layers, and it is 2.3°C. Although the unfrozen-water content
changes little with the initial moisture content and dry bulk density in the
frozen soil [28], the latent heat of phase change is greatly affected by the
change in unfrozen water content. From the irregular change of the soil
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layer in Figs. 17a—f, the latent heat of phase change is not only affected
by temperature but is also related to multiple factors. These factors are
the water content of the soil body and the structure between the soil and
water, which is more complicated.

4.5 The comparative analysis of the influence
of permafrost thermophysical properties
on the temperature field in foundation piles

The thermophysical properties have different effects on the temperature
of concrete piles, as shown in Table 2. In the table, the influence of the
thermophysical parameters on the temperature of the concrete pile body
shows a consistent rule. It is analyzed from three aspects. The first is the
change in pile wall temperature caused by the change of a thermophysical
property. The second is the percentage change in temperature based on
the parameter values for the respective soil layer. The third is the differ-
ence between the simulated and measured temperature at each considered
point that changes with the thermophysical parameter value. The compar-
ison illustrates that thermal conductivity has the greatest impact on the
temperature of the pile body. The thermal diffusivity and latent heat of
phase change have less impact, and the specific heat capacity has the least
influence on it.

Table 2: The comparison of the influence of permafrost thermophysical properties on the
concrete pile temperature

Range of
Smbol | Tompeatae | Boentag | temporiar
(°O)
Specific heat capacity c 0.24-3.45 3.83-20.31 -1.76-1.27
Thermal conductivity A 2.60-10.97 35.77-47.12 —2.99-7.98
Thermal diffusivity « 1.49-9.39 12.22-40.20 -1.89-4.99
Latent heat of phase change L 2.16-2.36 12.46-32.25 -1.20-1.99

*Refers to the pile wall temperature change in the soil layer with the change of respective
property.
**Refers to the difference between the simulated and measured temperature.

Therefore, in the construction of a bridge pile foundation, it is needed to
ensure the quality of the concrete pile and reduce the rate of temperature
reduction of the pile body. Considering that the thermal conductivity of
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frozen soil has the greatest influence on the temperature field of the foun-
dation pile, this problem can be solved by adding materials with low thermal
conductivity around the pile. For example, polyurethane foam (the ther-
mal conductivity is only 0.017-0.023 W/(m-K)) and asbestos can be used.
On the other hand, the thermal conductivity of the soil increases with an
increase in the dry bulk density as well as the soil water content. And it
decreases with the increase of the dispersion of the solid particles in the
soil [27]. Therefore, in order to effectively reduce the thermal conductivity
of the frozen soil around the pile, the heat preservation of the pile body can
be achieved by replacing the soil with a small dry bulk density, moderately
increasing the dispersion of solid particles, and reducing the water content.

5 Conclusions

Aiming at the problem that the thermo-physical properties of frozen soil
have a great impact on the quality of cast-in-place concrete piles, the vari-
ation law of concrete temperature during the construction of bored piles is
studied, and some results are obtained.

e Under the negative temperature environment, the temperature change
of the concrete pile body is a dynamic process, including two stages
of temperature rise and refreezing of hydration. In the temperature
rising stage, the temperature rises fastest at a depth of 7.40 m, and
the peak temperature is the highest. The average daily temperature
rise in 2 days is 4.75°C and the average daily temperature rise in 3
days is 4.07°C; the peak temperature is generated on the third day
and the temperature is 15.7°C.

e In the refreezing period, the descending speed of temperature is the
highest at a depth of 4.10 m, and the daily cooling rate is 3.85°C. After
30 days, the temperature at each measuring point is below 0.1°C.
Each measuring point at a depth below 2.65 m is almost no longer
affected by the atmospheric environment. The temperature first rises
and then falls, and reaches the peak value on the third day. The
change law is very similar.

e Thermophysical properties of frozen soil have different effects on con-
crete piles. According to the influence of frozen soil on the temper-
ature of the pile body, the order from high to low is the thermal
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conductivity, thermal diffusivity, latent heat of phase change, and spe-
cific heat capacity. The changes in the pile wall temperature caused
by the change of thermophysical property values of the soil are: 2.60—
10.97°C by thermal conductivity, 1.49-9.39°C by thermal diffusiv-
ity, 2.16-2.36°C by the latent heat of phase change, and 0.24-3.45°C
by specific heat capacity. The percentage changes are within 35.77—
47.12%, 12.22-40.20%, 12.46-32.25%, and 3.83-20.31%, respectively.
The corresponding differences between the simulated and measured
temperature along the pile due to the changes in the thermophysical
soil parameters are —2.99-7.98°C, —1.89-4.99°C, —1.20-1.99°C, —1.76—
1.27°C.
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Abstract This work is an attempt to study the behaviour of fluid in
the mixing vessel with a two-bladed or four-bladed impeller. The working
fluid is complex, of a shear-thinning type and the Oswald model is used to
describe the fluid viscosity. The study was accomplishedby numerically solv-
ing the governing equations of momentum and continuity. These equations
were solved for the following range of conditions: 50-1000 for the Reynolds
number, 0-0.15 for the baffle length ratio, and the number of impeller blades
2 and 4. The simulations were done for the steady state and laminar regime.
The results show that the increase in baffle length (by increasing the ratio
baffle length ratio) decreases the fluid velocity in the vessel. Increasing the
speed of rotation of the impeller and/or increasing the number of blades
improves the mixing process. Also, the length of the baffles does not affect
the consumed power.
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Nomenclature
D — diameter of the vessel, m
H —  height of the vessel, m
h — diameter of the impeller, m
ks — weak function factor
l — length of the baffle, m
m —  fluid consistency, Pas"
N — rotational velocity, rad/s
n — power-law index
N, —  power number
P — mechanical power, W
P —  pressure, Pa
p* — dimensionless pressure
Qv —  viscous dissipation, rn/s2
R* — dimensionless diameter
r, 0,z — cylindrical coordinates
Re —  Reynolds number
Vi — radial velocity, m/s
V. — axial velocity, m/s
Vo — tangential velocity, m/s

Greek symbols

4 — shear rate, 1/s

pn — dynamic viscosity, Pas
p — density, kg/m®

7 — shear stress, Pa

1 Introduction

The study of mechanical agitation is considered one of the most important
studies that witnessed the interest of many researchers recently. This is
mainly due to its sensitive presence in many areas of industry including
the pharmaceutical industry, food manufacturing, cosmetics manufactur-
ing, medical analyses and so on.

The mixing process using a mechanical mixer is evaluated by two main
factors, namely: the quality of the mixture obtained and the duration of
mixing with the mechanical energy consumed. Therefore, the research in
this field aims at designing of a mixer capable of mixing the fluid effectively
with the effects of saving energy and mixing time.

There are quite a few researchers who have investigated in this direction.
Hadjeb et al. [1] researched the shape of the agitator by combining two
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previous simple shapes of an agitator, namely: a helical screw and a two-
blade impeller. The fluid studied in this paper was that of a highly viscous
fluid, while the vessel had a simple cylindrical type without any baffle. The
results of the research showed that this new form has the ability to raise the
quality of mixing. Laidoudi [2] accomplished a numerical work on the effect
of shape of the mixer on the quality of mixing. The form studied in this
paper consists in holes in the blades of the two-bladed agitator. The form of
the vessel was cylindrical without baffles. The working fluid was Newtonian
and the flow regime was perfectly laminar. The results showed that this
new form has a tendency to improve the mixing quality. Ameur [3] studied
the effect of the form of the vessel on the mixing quality, while the form
of the impeller was kept fixed (Scaba 6SRGT- six-curved bladed impeller
impeller). The forms studied here are: a dished bottomed cylindrical vessel,
a flat bottomed cylindrical vessel and a closed spherical vessel. The results
of the research confirm that the shape of the vessel affects the quality of
mixing.

There is also a group of researchers who studied mixing of complex fluids
using a mechanical agitator where the impeller has curved blades [4-12].
Some investigators [13-19] also studied the effect of baffles inside the vessel
on the quality of mixing. The behaviour of the fluid in the vessel has been
understood with the determination of energy consumed.

Ameur [20] conducted the numerical simulation of shear-thinning fluid
in a cylindrical vessel stirred by a turbine. The study examined the effect of
impeller shape on the characteristics of mixing. The mechanical power con-
sumed by the impeller has been evaluated according to the power number.
The model of Oswald has been used to define the viscosity.

There are also other works [21-32] that have studied different groups of
fluids inside vessels with mechanical agitators of different shapes and sizes.
Furthermore, recent studies show that the fluid motion inside the vessels is
mainly related to the geometry of the vessel and rotating objects [33—44].
Generally, it can be concluded that the performance of the mixer and the
mixing process can actually be improved if the process is analyzed and the
effects of the engineering parts are known.

From the aforementioned previous investigations, the following becomes
clear: the mixing process for complex fluids is one of the most important
factors in industrial applications such as the manufacture of medicines,
organic compounds and foodstuffs. Also, the mixing process is related to
the geometric shape of the mixer and the quality of the fluid. In addition
to this, each fluid must be studied in order to know its exact behaviour.
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Accordingly, this work presents a study of a type of complex fluid inside
a mixer. The general shape of the mixer undergoes geometric changes in
order to determine the shape that helps in accelerating the process of mixing
the fluid and reducing the mechanical energy consumed. Accordingly, the
elements studied here are: the speed of rotation of the impeller, the number
of blades and the length of baffles placed in the vessel.

This research can be used to enhance results related to industrial ap-
plications such as the process of mixing pharmaceuticals, cosmetics and
alimentary. This research can also be a reference for pedagogical works
related to the mixing process.

2 The studied system

The mixing system studied in this paper is presented in Fig. 1. The system
mainly consists of a flat bottom vessel ofa circular cross-section (Fig. 1a).
The height (H) and diameter (D) of the vessel are equal (H = D =
400 mm). The vessel has four baffles evenly distributed by 90°. The length
of the baffle is (I) which is given by the ratio /D = 0.05, 0.1, 0.15 and
0.25. The vessel is assumed to be completely filled with a complex shear-
thinning fluid. The cylindrical vessel is equipped with a two-bladed impeller
(Fig. 1b) or a four-bladed impeller (Fig. 1c). The diameter of the impeller

(c)

Figure 1: General view on the mixing system.
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is equal to h = D/2, while the height of the impeller blade (b) is given by
the ratio b/D = 0.1. The agitator is placed in the vessel at the clearance
D/2. The thickness of the blade is 2 mm. The impeller rotates at a uniform
speed expressed in terms of Reynolds number.

3 Mathematical formulation

The fluid used in this research is of polymer type, which has the behaviour of
a shear-thinning fluid. For the shear-thinning fluids, the dynamic viscosity
(1) becomes apparent and it is expressed according to the Oswald model as:

po=mi", (1)

where * is the shear rateThis type of apparent dynamic viscosity is specific
to shear-thinning fluids, meaning that as the shear rate between fluid layers
increases, this dynamic viscosity decreases. This type of fluid has two rheo-
logical characteristics, namely, the flow consistency (m), and the power-law
index (n), which are evaluated as 13.2 x 1072 Pas™ and 0.85 x 1073 Pas™,
respectively. The density of this fluid is 998 kg/m?. These values were taken
from the results of experimental work done by Venneker et al. [31].

In order to control the flow regime, the rotation of the impeller is ex-
pressed by the Reynolds number:

pN2an2
=—, (2)
mks

where p and N refer to the fluid density and rotational speed of the impeller.
ks is the weak function, it is a dimensionless value which is equal to 11.5.
This value is taken from [20].

The power consumption is characterized by a dimensionless quantity
which is called the power number as:

Re

P

Ny= ——
P pN3D5

(3)

where P is the power consumption and it is calculated as:

P=yu / Q, dv, (4)

vessel volume

where dv is written in cylindrical coordinates as:

dv = rdrdfdz, (5)
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@, indicates the viscous dissipation:

1
Qv = 2 (27’ + 278 4 272, + 272, + 272 + 272 ) (6)
where

ov,

rr — -2 )

r =201 (57 ) (7)

Vg
(%)
. r 1 0U7n

T’!’9 - /‘1’ r 87‘ + r 89 bl (8)
ov, 0Ov,

Tr'z—_ﬂ<62+8r)' (9)

Equations (1)-(9) can be used to solve differential equations that model
the fluid behaviour. These equations can be written as follows [45-47]:

L0(prVe) | 10(pV) | D(prVe)
r  Or r 00 0z

WV, Vv, v VF
p<rar+r60+zﬁz_r>

=0, (10)

op 0 (10 1 0%V, 0%V, 20V,
_ 919 Ly L _ = 11
0r+M[8r<r8 r )> 2o o aa] 1
oVy V98V9 oWy ViV
(Vo )

19p . [0 (10 102, 0%V 2V,
“r o0 [ar (ra <V)>+r2 o T2 T2an | Y
OV,  VedV. oV,
p<T67“+7“80 +Vzaz>
_op [18(81/2) 1 0%V, 82%]

— 1
a r Or r@r +7“2 002 + 072 (13)

These equations are written in dimensional form, some non-dimensional
variables are given as:

(T*,Z*) _ (sz)’ (‘/:"/0*,‘/;) _ (VMJ\‘T/‘QD’VZ) ,
P (D) "D
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4 Simulation steps

Since the vessel includes baffles, multiple reference frame (MRF') technique
was employed. This technique mainly depends on dividing the domain of
computation into two main parts. The first part is fixed and includes the
walls of the vessel with the baflles, while the second is in rotation and
includes the impeller. This technique was used in many previous works,
including [2,18,19]. In the absence of baffles inside the vessel, a rotating
reference frame (RRF) can be used as in works [1,3,8].

In order to achieve this simulation, both static and movable parts were
created by using Gambit. A tetrahedral mesh with concentration of ele-
ments around the impeller was generated as it is shown in Fig. 2. The grid
elements are constructed in this way because the flow layers are very sen-
sitive in the vicinity of the impeller, which is the main cause of the fluid
motion. The number of grid elements was selected based on the results of
grid independency tests.

A
EERAET

Figure 2: Computational mesh of the mixing domain.

The commercial computational fluid dynamics package Ansys-CFX was
used to perform the calculations, solving the differential equations of con-
servation of mass and momentum (continuity and Navier-Stokes equations).
The SIMPLE (semi-implicit method for pressure linked equations) algo-
rithm was used for pressure-velocity coupling. The calculation results ter-
minate when the residua in equations become less than 10~7. No-slip bound-
ary condition was employed around the walls of the impeller and the vessel.
This condition provides the velocity gradient due to the effect of viscosity.
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5 Results and discussion

Before presenting the new results we must verify the effectiveness of the
method used in solving the considered problems. Therefore, we repeated
the same experiment that was done by Youcefi et al. [32] and Ameur and
Bouzit [8]. The first work is experimental, while the second work is nu-
merical. Both works concentrate on a two-bladed impeller that rotates at
a certain speed in a cylindrical vessel. The comparison of results between
previous works and our results is shown in Fig. 3. The first graph shows
the change of tangential velocity along the radius of the vessel. The graph
shows a good agreement between the results. The second graph is for the
variation of power number as a function of Reynolds number. Also, this
graph shows a good agreement between the results.

il —=— Present Ameur et al. [8]
z 0% *  Youcefi [32] 2 Areg
3 ety 10004
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Figure 3: Validation test.

Figure 4 shows the effect of rotational speed and the number of blades on
the fluid motion in the middle section of the vessel with respect to the
direction z (Z* = z/D = 0.5), for the vessel without baffles. Note that
there are steady vortices near the walls of the container in the first case
(two-bladed impeller), for Re = 50. But as the fluid speed increases, either
by increasing the rotational speed or increasing the number of blades, this
gradually dampens these vortices. This observation is similar to the one that
was made in the previous work [2]. In other words, when the movement of
the impeller is weak, vortices form near the impeller, while they disappear
when the mixing speed increases. Furthermore, it is deduced from Fig. 4
that increasing the number of blades accelerates the movement of the fluid
inside the vessel.
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Re =100 Re = 1000

Figure 4: Streamlines at Z* = 0.5 and [/ D = 0 for three values of Re; two-bladed impeller
(top), four-bladed impeller (bottom).

Figure 5 presents the tangential velocity contours as a function of Reynolds
number and the number of blades. Note that the greater the Reynolds num-
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Figure 5: Contours of tangential velocity at Z* = 0.5 and {/D = 0 four three values of
Re; two-bladed impeller (top), four-bladed impeller (bottom).
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ber and/or the number of blades, the greater the fluid velocity expansion
within the space, which gives the mixing efficiency.In addition to this, the
uniform distribution of velocity indicates that the studied physical phe-
nomenon has no evolution in terms of time. It is also noted that the fluid
velocity is at its maximum value near the blades of the impeller and then
gradually decreases towards the wall of the vessel. Figure 6 illustrates the
linear distribution of the tangential velocity along the container radius. Val-
ues of the velocity and the location are written non-dimensionally. These
values are taken at three locations in the direction Z*, 0.25, 0.5 and 0.75, at
a fixed value of Re = 50. It is noticed that the fluid speed increases closer
to the impeller location. Also, the greater the number of blades, the higher
the fluid velocity.
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Figure 6: Dimesnionless tangential velocity (Vy") along the diemensionless radius (R*) of
the vessel for Re = 50: (a) Z* = 0.25, (b) Z* = 0.5, (¢) Z* = 0.75.



Study of the effect of geometric shape on the quality of mixing. .. 79

Figure 7 shows the streamlines at the height Z* = 0.5 of the vessel
for three values of baffle length ratio (I/D) and for the rotational speed
corresponding to Re = 100. The first row is for the case of a two-bladed
impeller and the second row is for the case of a four-bladed impeller. It
is clear that there is a formation of recirculation zones around the baffles.
The size of these zones increases gradually with the increasing length of the
baffles.

1/D =0.05 1/D=0.1 1/D =0.15

Figure 7: Streamlines at Z* = 0.5 and Re = 100 for three values of the ratio I/D; two-
bladed impeller (top), four-bladed impeller (bottom).

Figure 8 shows the tangential velocity contours at the same height (Z* =
0.5) and under the same previous conditions. It is noted that the increase
in the length of baffles reduces the flow velocity.

Figure 9 shows the distribution of tangential velocity along the radius
of the vessel at the height of Z* = 0.25 of the vessel for three baffle length
ratios for the case of a two-bladed impeller and the case of a four-bladed
impeller. The rotational speed of the impeller is constant in all cases and
corresponds to the value of Reynolds number equal to 500. It is noticed
that as the length of the baffles increases, the value of the flow velocity



80 M.S. Bouchouicha, H. Laidoudi, S. Hassouni, and O.D. Makinde

248960-001
. 224080001

248960001
St
S 1 sereant

199160001 190780001
74260001 174270001 174280001
149870001 143380001 148398001

L 124470001 124180001 [§ 124450001
095800002 995880002 995918002
746850002 7 48016002 746840002
497900002 497960002 497960002
248960002 2.4901e-002 248990002
874316007 575700006 117126006
245190000 249200001 249240-001

| & 224280001 E 224320001
198360001 1.93360001 " 1 90400001

1 Tadde- 001 174840001 178476001

o 149520001 149520001 L 140556001
124608001 = 1.24608-001 124828000
66800002 86830002 996900002
747600002 7 aT840.902 TaTIae002

4 98410002 d 88450002 4 9850e-002
245220002 2.49200-002 245250000

227386006

1/D =0.05 1/D=0.1 1/D =0.15
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Re; two-bladed impeller (top), four-bladed impeller (bottom).
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Figure 9: Dimensionless tangential velocity (V5") along the dimensionless radius (R*) of
the vessel for Z* = 0.25 and different ratios of [/D at Re = 500: (a) two-bladed
impeller, (b) four-bladed impeller.

decreases. The baffle makes the value of the velocity zero next to it and
this is very evident at the end of the graphs of the first and second case. It
is also noticed that the presence of the baffle has the ability to change the
pattern of fluid motion inside the container.
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Figure 10 shows the variation of the power number versus Reynolds
number and the baffle length ratio. The first graph (Fig. 10a) is for the
case of a two-bladed agitator and the graph (Fig. 10b) is for the case of
a four-bladed agitator. Before proceeding with analyses of the figure, we
remember that the shear-thinning fluid in the one that the increased flow
velocity decreases the viscosity of the fluid. Then, it is clear that the increase
inthe number of blades increases the power number due to the increase of
fluid friction. On the other hand, for the two cases considered, an increase
in the value of Re decreases the value of power number due to the decrease
of the fluid viscosity with the increasing flowvelocity. However, the effect
of length of the baffles is clearly absent for both casesof two-bladed and
four-bladed impellers. The power number decreases with Re, because with
the increase of Re, the frictional force is reduced, and this is what reduces
the total energy of the impeller.
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Figure 10: Variation of power number versus Re and ratio I/ D: (a) two-bladed impeller,
(b) four-bladed impeller.

6 Conclusions

This work describes the results of numerical simulation of a complex fluid
in a mechanical mixer. The work was carried out in order to understand the
mixing process of this fluid. Some geometrical modifications were performed
in order to know their effect on the mixing process. The points dealt with
are: the rotational speed of the impeller, the number of blades and the
length of the baffles added on the vessel wall. The effect of these parameters
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on the flow velocity in the vessel and the consumed mechanical energy was
investigated. After analyzing the results, the following facts were noted:

Increasing the number of blades and/or the rotational speed of the
impeller increases the flow velocity inside the vessel.

The presence of the baffles on the vessel walls obstructs the flow
motion, and this is what makes the speed of the flow decrease as the
length of the baffles increases.

The power number decreases as the rotational speed increases, while
the length of the baffles has no effect on this number.

The power number increases with the increasing number of blades.

As for the fluid motion, it is more consistent with the higher rotational
speed of the impeller.

Received 13 February 2023
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Abstract Laminar mixed convection heat transfer in a vented square
cavity separated by a porous layer filled with different nanofluids (Fe3Oy,
Cu, Ag and Al;O3) has been investigated numerically. The governing equa-
tions of mixed convection flow for a Newtonian nanofluid are assumed to
be two-dimensional, steady and laminar. These equations are solved nu-
merically by using the finite volume technique. The effects of significant
parameters such as the Reynolds number (10 < Re < 1000), Grashof num-
ber (10° < Gr < 10°), nanoparticle volume fraction (0.1 < ¢ < 0.6), porous
layer thickness (0 < v < 1) and porous layer position (0.1 < ¢ < 0.9) are
studied. Numerical simulation details are visualized in terms of streamline,
isotherm contours, and average Nusselt number along the heated source. It
has been shown that variations in Reynolds and Darcy numbers have an
impact on the flow pattern and heat transfer within a cavity. For higher
Reynolds (Re > 100), Grashof (Gr > 10°) numbers and nanoparticles vol-
ume fractions the heat transfer rate is enhanced and it is optimal at lower
values of Darcy number (Da = 107°). In addition, it is noticed that the
porous layer thickness and location have a significant effect on the control
of the heat transfer rate inside the cavity. Furthermore, it is worth noticing
that Ag nanoparticles presented the largest heated transfer rate compared
to other nanoparticles.

Keywords: Mixed convection; Vented cavity; Porous layer; Finite volume method
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Nomenclature

a —  thickness of porous layer, m

b — position of porous layer, m

Cp —  heat capacity, J/kgK

Da —  Darcy number

F — the inertia coefficient

h — length of heated source, m

g —  gravitational acceleration, m/s?

Gr —  Grashof number

K — permeability of porous layer

L — cavity length and height, m

Nu —  Nusselt number

P — dimensionless pressure

Pr —  Prandtl number

Ra — Rayleigh number

Re — Reynolds number

T — temperature, K

U,V — dimensionless velocity components

u, v —  velocity components in x, y directions, m/s

w — size of inlet and outlet port

X,Y — dimensionless coordinates

T,y —  Cartesians coordinates, m

Greek symbols

PO TE >0 R

thermal diffusivity, m?/s

thermal expansion coefficient at constant pressure, 1/K
dimensionless position of porous layer

dimensionless thickness of porous layer

porosity of porous layer

thermal conductivity, W/ mK

dynamic viscosity, Pas

density of fluid, kg/m?

nanoparticles volume fraction

dimensionless temperature

Subscripts and superscripts

effective

fluid

hot and cold temperature
x—y components
nanofluid

porous medium

solid
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1 Introduction

The study of mixed convection in an open or vented cavity induced by
combined effects of mechanical inflow and buoyancy force has so far been
a fundamental research area and requires comprehensive analysis to un-
derstand the physics of resulting flow and heat transfer. This is frequently
encountered in engineering applications such as cooling of electronic and
microelectronic equipment, heating and air conditioning, solar energy col-
lection, nuclear reactors and heat exchangers [1-7].

The vented cavity is one of the most studied geometries in heat transfer,
due to its application in electronic equipment cooling. Different configu-
rations have been studied. Mehrizi et al. [8] used the lattice Boltzmann
method (LBM) to investigate the effect of nanoparticles suspension on the
mixed convection in a square cavity with inlet and outlet ports and a hot
obstacle in the vented cavity. It was found that the heat transfer rate en-
hanced with the increasing nanoparticles volume concentration. Ismael and
Jasim [9] investigated fluid-structure interaction in mixed convection inside
a vented cavity having two inlet and outlet openings. They reported that
a flexible fin enhances the Nusselt number better than a rigid fin. Benzema
et al. [10] used the thermodynamic second law to study magnetohydrody-
namic (MHD) mixed convection heat transfer in a vented irregular cavity
filled with a hybrid nanofluid. Their results showed that adding nanoparti-
cles to water improves heat transfer but increases total entropy generation.
Selimefendigil and Oztop [11] examined magnetohydrodynamics forced con-
vection in a layered U-shaped vented cavity with a porous layer under the
wall corrugation impact. It was found that the flow field and heat trans-
fer are impacted by the Reynolds number, Hartmann number and Darcy
number. Ataei-Dadavi et al. [12] conducted an experimental study of mixed
convection in a vented, differentially side-heated cubical cavity filled with
a porous medium. The results showed that there are three different flow
and heat transfer regimes depending on the Richardson number. Dhahad
et al. [13] studied numerically mixed convection in a vertically vented cav-
ity using the spectral element method. Moayedi [14] investigated the heat
transfer of Cu-water nanofluid in laminar convection around double rotat-
ing cylinders in a vented cavity with different inlet and outlet ports. They
reported that the mean Nusselt number increases with the nanofluid volume
fraction and rotational Reynolds number. Velkennedy et al. [15] have stud-
ied convective flow in a ventilated cavity having two outlets and one inlet
with cold partitions using the finite difference method. They showed that
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the presence of cold partitions modifies the flow structure inside a ventilated
cavity. Recently, Jamshed et al. [16] conducted a numerical analysis of MHD
mixed convection in a ventilated porous cavity with a heated elliptic inner
cylinder filled with nanofluid. They demonstrated that the average Nusselt
number increases when the Richardson number and porosity ratio increase.

Currently, mixed convection in nanofluids has been the subject of several
theoretical, experimental and especially numerical studies. Among them:;
Benos and Sarris [17] presented an analytical study of MHD natural con-
vection of nanofluid in a shallow cavity. Arani et al. [18] have used the finite
volume method to solve numerically the natural convection in a square cav-
ity with a heated horizontal plate containing a nanofluid. Results showed
that the mean Nusselt number increases with the increasing nanoparticles
volume fraction and decreases as the heated plate location varies from the
top to bottom of the cavity. Selimefendigil and Oztop [19] studied mixed
convection in a lid-driven cavity filled with ferrofluid in the presence of two
rotating cylinders. They observed that flow patterns and thermal transport
are affected by the Reynolds number and magnetic dipole strength varia-
tions. Rabbi et al. [20] studied MHD mixed convection in a ferrofluid filled
lid-driven cavity for different heater configurations. They observed that the
higher Richardson number enhances the heat transfer rate, although the
higher Hartmann number decreases the heat transfer rate. Elshehabey et
al. [21] investigated numerically natural convection with a nonlinear Boussi-
nesq approximation in an inclined and partially open cavity. Jakeer et
al. [22] studied magneto-hybrid nanofluid flow in a lid-driven porous cavity
with an inside heated square obstacle. Recently, Wang and Xu [23] investi-
gated mixed convection in an inclined lid-driven cavity filled with a hybrid
nanofluid. They indicated that hybrid nanofluid is superior to traditional
heat transfer fluids for heat transfer enhancement. Jayaprakash et al. [24]
suggested a mathematical model to illustrate the flow and radiative heat
transfer of a hybrid nanofluid over a curved stretching sheet. Their results
showed that the heat transfer enhanced with the increasing radiation pa-
rameter and Biot number. Dutta et al. [25] performed a study of mixed
convection in a ventilated cavity filled with viscoplastic hybrid nanofluid
and with a mounted heated solid obstacle. It is observed from their analysis
that the heat transfer rate enhanced with the inclusion of Cu nanoparticles
in AlyOs-viscoplastic fluid.

Convection heat transfer within an enclosure filled with a porous medium
has become important owing to its benefits in diversified applications in
various areas. Numerous studies have explored the phenomenon. Neild and
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Bejan [26] presented a board literature review about convection in porous
media. Balla et al. [27] investigated the flow and heat transfer of the MHD
boundary layer in a nanofluid-filled inclined porous square cavity. Their
results are obtained for different values of the Rayleigh number, inclination
angle, magnetic field and nanofluid volume fraction. The effect of MHD
convection of nanofluid in a porous enclosure with sinusoidal heating was
investigated by Malik and Nayak [28]. They found that the heat transfer
rate and entropy generation depend on the Grashof, Hartmann and Darcy
numbers. Sheremet et al. [29] studied mixed convection in a square porous
cavity filled with a water-based nanofluid under suction/injection zones ef-
fects. It has been found that an increase in Rayleigh and Darcy numbers
leads to flow acceleration near the heated wall. Abu-Hamdeh et al. [30]
investigated the impact of various parameters in a lid-driven cavity filled
with porous media having a one-side opening in the presence of heat gen-
eration. They found that the heat transfer rate rises and decreases as the
heater length and Grashof number increase, respectively. Maboud et al. [31]
considered the unsteady MHD incompressible Casson fluid flow in porous
media. Kumar et al. [32] examined the non-Newtonian hybrid nanofluid flow
through a porous moving rotating disk. Kashyap and Dass [33] investigated
numerically the influence of inclination of the cavity on mixed convection in
a double-sided lid-driven cavity with a hot porous square blockage. The re-
sults reveal that the inclination significantly impacts the heat transfer rate
and entropy production. Alsedais et al. [34] examined the influence of radi-
ation and heat generation on MHD mixed convection of a nanofluid in an
inclined undulating porous cavity containing an obstacle. Choudhary and
Ray [35] worked on a porous-corrugated enclosure containing a discrete
heat source. They found that different parameters (Rayleigh, Darcy and
Hartmann numbers) have a significant effect on flow behaviour. Nammi et
al. [36] have explored numerically unsteady natural convection heat transfer
within a square-shaped porous cavity with four heated cylinders. Recently,
Kumar et al. [37] used original mathematical models to evaluate convective
flow dynamics of viscous dissipative heat and mass transfer in a doubly
stratified fluid saturated porous enclosure.

Convection heat transfer with a superposed fluid and porous layers con-
fined in an enclosure (partly layered enclosure) have been studied early
because of their great mathematical and practical interest, such as in fuel
cells, solidification, and many other systems [38—41]. Aly et al. [42] studied
the effects of wavy nanofluid/porous interface on mixed convection and en-
tropy generations of Cu-water nanofluid. Under the influence of a uniform
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inclined magnetic field, Astanina et al. [43] explored natural convection
in an open trapezoidal cavity including a porous layer and a ferrofluid
layer. Their result showed that growth of the porous layer height leads to
a reduction of the heat transfer rate. Selimefendigil and Oztop [44] stud-
ied the curved porous layer impact on forced convection heat transfer and
entropy generation in a vented cavity filled with hybrid nanofluid under
inclined magnetic field effects by using the finite volume method. Gibanov
et al. [45] examined MHD mixed convection in a lid-driven cavity partially
filled with a porous medium saturated with a ferrofluid. It is found that the
magnetic field inclination angle and porous layer height influence greatly
the heat transfer enhancement and fluid flow intensification. Al-Srayyih
et al. [46] investigated natural convection inside a superposed enclosure
filled with composite porous-hybrid nanofluid layers. They observed that
the heat transfer rate in a hybrid nanofluid is higher than within pure fluid.
Al-Zamily [47] carried out a numerical analysis of natural convection and
entropy generation in a cavity filled with multi-layers of porous medium
and nanofluid with heat generation. They showed that the Nusselt number
depends on the heat source position. Moria [48] studied improvements of
porous layers in natural convection of an L-shape enclosure, with different
parameters considered. Recently, Alsabery et al. [49] provided a numerical
investigation of two-phase flow and heat transfer for hybrid nanofluid in
a wavy enclosure partially filled with a porous medium. They indicated
that hybrid nanofluid is better for heat transfer enhancement compared to
simple nanofluid. It’s worthy of note that there are other interesting papers
on this subject with various other applications [50-53].

Motivated by the above-mentioned research, the present study focuses
on numerical simulations of mixed convection in a ventilated square cavity
filled with different nanofluids containing a horizontal porous layer with
a heated source. It should be noted that this investigation is driven by
the need to understand the heat transfer mechanisms in heat exchangers
by analyzing the performance of the insertion of a porous layer associated
with the addition of nanoparticles to the base fluid.

2 Mathematical formulation
We consider steady laminar, two-dimensional, mixed convection inside

a vented square cavity filled with nanofluid having a horizontal porous
layer with thickness a (v = a/L) and position b (6 = b/L). A schematic of
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the problem under investigation and the coordinate system are shown in
Fig. 1.

g Adiabatic wall

nanofluid layer J

mmmm Heated wall

b-a/2

nanofluid layer AW

T,

0 h2 h 3hi2 L X

Figure 1: Schematic description of the physical system.

The cavity side length and height are denoted by L. The inflow opening is
located on the left of the upper wall and the outflow opening of the cavity
is fixed at the right wall bottom. The inlet port size is the same as that of
the outlet port, which is equal to w = 0.2L. It is assumed that incoming
flow is at a constant velocity (V.) and low temperature (7¢). A heat source
is located at the middle of the bottom wall with a higher temperature T}
and at a length denoted by h = 0.5L, and all other walls are thermally
insulated. Basic fluid (water) and different spherical nanoparticles are in
thermal equilibrium and their properties are presented in Table 1.

Table 1: Physical properties of the based fluid and nanoparticles [45,49]

Physical property ‘ Units ‘ Base fluid (water) ‘ Fe3zO4 ‘ Cu ‘ Ag ‘ Al O3 ‘
Cp J/kgK 4179 670 385 235 765
p kg/m3 997.1 5200 8933 10500 3970
A W/mK 0.613 6 401 429 40
B x 1075 K1 21.0 1.3 1.67 1.89 0.85
o Pas 0.001003 - - - -

The Forchheimer—Brinkman-extended Darcy model and Boussinesq ap-
proximation are applicable. The domain boundaries are impermeable, while



94 H. Messaoud, S. Adel, and O. Ouerdia

the interface between clear fluid and porous medium is permeable. The
porous medium is saturated with a nanofluid that is in local thermodynamic
equilibrium with the solid matrix and is assumed to be homogeneous and
isotropic. Nanofluid thermophysical properties are constant, except for the
density variation, which is determined based on the Boussinesq approxima-
tion. Governing conservation equations for laminar and steady Newtonian
fluid flow with consideration of the above-mentioned assumptions can be
written in the following form:

For the nanofluid layer:

Continuity
ou Ov
4220, 1
oz + y 0 (1)
Momentum
2 2
SO ey (P )
dy png Oz ppy \ Oz Oy
0 1 0 ni [0%u 02
0= o o Gt 3)
dy pnf O ppy \Oz* 0Oy
Energy
al + aj — an + 827T (4)
Yor Ty T\ 922 T 92

For the porous layer:

Continuity
ou  Ov
7 + ay 0. (5)
Momentum
2 2 2
W20 O ey (07w, OTu
Ox oy Pnf 0T  ppy 022 ' 9y?

— Mnfgzu + F—ggu\/ u? 4 v2 (6)
Pan \/E 7
ov ov 523p+5unf OUJF@
oz Oy?

U—— V— =
oxr Oy pnf OY pnf

LT v\/u2+v2+ = (PB)ns g(T—To). (7)
pan Pnf
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Energy
or T o0*T N o*T ®)
= _— _—
eff 92 8y2 )
where € is the porosity and K is the porous medium permeability, F' is
the inertia coefficient, a.g is the effective thermal diffusivity of the porous

medium. The inertia coefficient can be expressed mathematically by

1.75
e 9
v 150¢3 ©)

while the effective thermal diffusivity of the porous layer is given by

)\eff
= ) 10
Qeff 2Cp ( )
The effective thermal conductivity of the porous layer is given by
At = Ang + (1 —€)As (11)

where A represents the porous medium thermal conductivity and A, s in-
dicates the nanofluid thermal conductivity.

Effective physical properties of the nanofluid were applied in the
form [39,45]:

« nanofluid density

pug = (1= @)ps + dpp, (12)
« nanofluid buoyancy coefficient
(PB)ng = (L= 9)(pB) s + ¢(pB)p (13)

o nanofluid heat capacitance
(PCp)ns = (L =) (pCp) s + ¢(pCP)s , (14)

o nanofluid thermal conductivity

Mi /\p+2)\f—2¢()\f—)\p)
Ar 2+ 0= A)

o thermal diffusivity

(67 = 7>\nf
nf (pCP)nf )
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 nanofluid viscosity (Brinkman [54])

Hnf = ufiﬁ (17)

The above equations were written in a non-dimensional form using the
following variables:

_* _Y _ v
X = T Y T U v o)
T—-T,
V=" 0= ¢, p=-">
Ve T, — 1t pVCQ
For the nanofluid layer:
ou IV
ou ou oP 1 pgps (02U 0°U
Urs + Vs = 20
9X T oY T ToxX " Repspny \0X2 072 (20)
ov ov oP
Vox Ty T ov
i:ulnfpf *V *V Pnfﬁnf EH (21)
Re pspny \OX2%2  0Y?2 ) pnsBs Re? "’
00 00  any 1 0%0 0%
— — = . 22
U@X V@Y ay RePr <6X2 + Y2 (22)
For the porous layer:
ou oV
X + v = 0, (23)
U8£ V87U 26P e pngps (O*U . 02U
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2 F 2
S S VIR (24)
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Dimensionless boundary conditions are expressed as follows:

e at the inlet port:

U=0, V=1, 60=0; (27)
e at the outlet port:
U=0, V=0, %:%:07 (28)
o at the walls:
U=0, V=0, 2791_0’ (29)
o at the heated source:
U=0, V=0 60=1. (30)

Taking the same dynamic viscosity (u, = finy) in both layers, interface
boundary conditions are obtained by equating the tangential and normal
velocities, shear and normal stresses, temperatures, and heat flow across
the interface. Therefore, interface conditions can be expressed as:

00 09,
%=tss Moy =iy

oU. ou,,

oVp oV,
Vo=Vars oy = v

The local Nusselt number (Nu) along the heat source and the average Nus-
selt number can be defined as follows:

g+ (1 —e)As 90
eXp+(1=e)Xs Oyly—o’
k4 (32)

Nu =
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3 Numerical procedure and code validation

3.1 Numerical scheme

The governing coupled equations, Eqgs. (1)—(8), with the boundary condi-
tions, Egs. (27)—(28), were solved with the finite volume method (FVM).
The SIMPLE (semi-implicit method for pressure linked equations) algo-
rithm was adopted for the pressure velocity coupling (Patankar [55]). The
second order QUICK (quadratic upstream interpolation for convective kine-
matics) scheme was used to discretize the continuity, momentum and energy
equations. The obtained discretized equations were solved using a Gauss-
Seidel iteration technique. A convergence criterion for continuity, momen-
tum and energy equations was defined as such that the residuals become
lower than 1076, In this study, the computations were performed on a per-
sonal computer with an Intel Core i3 — 3.6 GHz processor. The typical CPU
time is around 100423 s for a productive run.

3.2 Grid dependency

The grid independence test was performed for the present formulation (see
Fig. 1) at Gr = 10* Re = 10, ¢ = 0, Da = 1073, § = 0.5 and v = 0.2.
Six uniform grids were tested. Table 2 shows the effect of mesh resolution
on the average Nusselt number along the heated source. Using this result,
a uniform finer grid of 140 x 140 was found to meet the requirements of
both the grid independency study and the computational time limits.

Table 2: Grid independence study for Gr = 10*, Re = 10 and Da = 1072

Grid size 60 x 60 | 80 x 80 | 100 x 100 | 120 x 120 | 140 x 140 | 160 x 160
Average Nusselt number 7.688 7.686 7.683 7.695 7.709 7.713

3.3 Code validation

Validation of this study was done for natural convection flow in a lay-
ered porous cavity filled with nanofluid, as investigated by Chamkha and
Ismael [39], for Da = 10~°, Rayleigh number (Ra) of 10° and ¢ = 0. Com-
parisons with streamlines and isotherms are shown in Fig. 2, respectively.
Results are in very good agreement with the benchmark solution for the
considered range of parameters.
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Figure 2: Comparison of streamlines and isotherms at Da = 107° and Ra = 10°:
a) numerical results of Chamkha and Ismael [39], b) present study.

4 Results and discussion

This section presents numerical results for streamlines, isotherms and the
average Nusselt number for various values of the Reynolds number (1 <
Re < 1000), the Grashof number (103> < Gr < 109), the Darcy number
(10~! < Da < 107?), nanoparticles volume fraction (0 < ¢ < 0.06), differ-
ent nanoparticles (Fe3sOy4, Cu, Ag, Al2O3), thickness and position of porous
layer (0 <y <1), (0.1 <46 <0.9), respectively. The porous layer porosity
is fixed at € = 0.9.
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4.1 Effect of Reynolds and Grashof numbers

Figure 3 illustrates the effects of Reynolds and Grashof numbers on the
structure of streamlines (top row) and isotherms (bottom row) at Da = 1073,
¢ = 0,5 = 05 and v = 0.2. As can be seen from the figure, in the
present study the Reynolds number characterizes the inlet vertical veloc-
ity of nanofluid at the inlet zone. Growth of this dimensionless parameter
reflects more intensive penetration of nanofluid inside the cavity.

Re =100 Re = 1000

mm \\\\\\H l\\\
S N

/L

o8V
»5/_\

Figure 3: Streamlines (top) and isotherms (bottom) for different Reynolds numbers at
Da=10"% Gr=10* ¢=0,5=0.5and v =0.2.

At low Re = 10, flow is generally made up of a main (forced) flow, charac-
terized by open streamlines, connecting the inlet and outlet of the cavity.
However, near the porous layer, streamlines become vertical. This is due to
the hydrodynamic resistance provided by the porous layer. An additional
vortex is generated near the inlet port at the upper wall when Re is further
increased to Re = 100. As the value of Reynolds number increases further
(Re = 1000), the last vortex becomes stronger and a new small vortex ap-
pears in the left bottom corner, proving that the convection is more or less
dependent on the intensity of the inflow.

On the other hand, isotherm lines for all values of Reynolds number are
below the porous layer; cold nanofluid occupies entirely the cavity. For high
Reynolds numbers, isotherms are clustered toward the bottom part of the
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cavity. Due to inlet flow with high momentum, flow is entirely dominated
by inertia forces.

The variation of the average Nusselt number on the heated plate with
the Reynolds number for different Grashof numbers at ¢ = 0, Da = 1073,
0 = 0.5 and v = 0.2 is shown in Fig. 4. Results indicate that the average
Nusselt number enhances significantly with the increasing Reynolds and
Grashof numbers, the increase of the latter leads to an improvement in
the heat transfer rate. But, it is interesting to note that for Re = 100, the
average Nusselt number stays nearly the same with the increasing Grashof
number.

50

=05, y=0.2, Da=10>, $=0
—=—Gr=10

40 - 4
—e—Gr=10

—A—Gr=10
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204

Average Nusselt Number
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Re

Figure 4: Variation of average Nusselt number with Reynolds number for different values
of Grashof number at Da = 1073, ¢ =0, § = 0.5 and v = 0.2.

4.2 Effect of Darcy number

Figure 5 illustrates the distributions of streamlines and isotherms for differ-
ent Darcy numbers (100, 1072 and 107°) at Gr = 10%, Re = 100, ¢ = 0.03,
0 = 0.5, v = 0.2 and Fe30y4. It can be seen from this figure that for a tiny
Darcy number 107°, i.e., low permeability, flow is similar to the previous
case of (Da = 1073) and is characterized by open streamlines and a small
vortex in the upper wall. The porous layer hinders fluid flow acting like
a solid; streamlines are vertical in this section. Increasing Darcy number
(10~2 and 100) means increasing the porous layer permeability and there-
fore, more cold nanofluid is allowed to penetrate the porous layer, consid-
erably increasing the strength of the vortex. However, the Darcy number
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variation does not have a significant effect on the distribution of isother-
mal lines, which are almost completely confined around the heated source,
except for a slight rise of isotherms.
Da =10"° Da = 1077
)

Figure 5: Streamlines (top) and isotherms (bottom) for different Darcy numbers at
Gr = 10%, Re = 100, ¢ = 0.03, § = 0.5 and v = 0.2 for Fe3Oy.

Figures 6-7 show the overall heat transfer rate for different values of Darcy
number, volume fraction of nanoparticle and Reynolds number with fixed

40

k/A\A\A A A A

116=0.5, y=0.2, Gr=10 $=0
25 —a—Re=10
] |—e—Re =100
20 |—4—Re =500

Average Nusselt Number
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10°  10*  10®* 102 10" 10° 10' 10
Da

Figure 6: Variation of average Nusselt number with Darcy number for different values of
Reynolds number at Gr = 10*, ¢ =0, § = 0.5 and v = 0.2.
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values of Gr = 10%, § = 0.5 and v = 0.2 for Fe30, nanoparticles. Similar to
the previous case, an increase in the overall heat transfer rate is observed
with the increasing Reynolds number for the fixed value of Darcy number.
It can be seen, that for the fixed value of the Reynolds number, the Darcy
number has not a significant effect on the average Nusselt number. The
Darcy number effect is more clear in Fig. 7, where it demonstrates that
the average Nusselt number is optimal at lower values of Darcy number
(Da = 107°). On the other hand, the average Nusselt number increases with
the increasing nanoparticles volume fraction for different Darcy numbers.
In fact, the nanofluid thermal conductivity and heat transfer rate increase
with the increasing nanoparticles volume fraction.

18
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Figure 7: Variation of average Nusselt number with nanoparticles volume fractions for
different values of Darcy number at v = 0.2, § = 0.5, Gr = 10*, Re = 100 for
FesO4 nanoparticles.

4.3 Effect of nanoparticles type

Figure 8 shows streamline (top row) and isotherm (bottom row) profiles for
three types of nanoparticles (Cu, Ag, AlO3) in association with Gr = 10%,
Da = 1072, Re = 10, 6 = 0.5 and v = 0.2. Therefore, a concentration of 4%
has been chosen as a reference for each type of nanofluid. The flow structure
is wired, connecting the inlet and outlet of the cavity and the isotherms
are concentrated in the cavity lower part. It is noted that changing the
type of nanoparticles has no discernible impact on the flow pattern and
temperature distribution.
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Cu Ag Alg Od

Figure 8: Streamlines (top) and isotherms (bottom) for different types of nanoparticles
at Gr = 10%, Re = 10, Da = 107°,¢ = 0.04, § = 0.5 and v = 0.2.

The comparison of Nusselt number for various working nanofluids with
various nanoparticles volume fractions for three different Darcy numbers
and Gr = 10* Re = 100, v = 0.2 and § = 0.5 is presented in Fig. 9.
It is notable that Ag nanoparticles have the uppermost heat transfer rate
chased by Cu, Fe3O4 and Al,Os nanoparticles. This is due to the fact
that Ag nanoparticle has a higher thermal conductivity compared to other
nanoparticles. On the other hand, the Nusselt number increases with the
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Figure 9: For caption see next page.



Mixed convection heat transfer of a nanofluid in a square ventilated cavity. .. 105

16.8

Da=10', Re=100, Gr=10"
16.6-|—=— Fe30y

—e—Cu

—A— Ag

—v—Al,03

=)
IS
1

16.2

16.0
15.8

15.6

Average Nusselt Number

154 T T T T T T
001 0.02 003 004 005 0.06

Volume fraction (¢)

Figure 9: Variation of average Nusselt number with nanoparticles volume fractions for
different types of nanoparticles and Darcy number at v = 0.2, § = 0.5, Gr = 10*
and Re = 100.

increasing volume fraction whatever the Darcy number and nanoparticle
type.

4.4 Effect of porous layer thickness

Figure 10 illustrates the effects of porous layer thickness on streamline
contour maps and isotherms, when Da = 1073, Re = 100, Gr = 10* and
¢ = 0.04 for Fe3O4 nanoparticles. It is observed that the change of porous
layer thickness leads to significant changes in flow patterns. At v = 0 (pure
nanofluid), two vortices develop, a large one is located at the right top
corner and a small vortex is located at the left bottom corner. As the
value of v increases, the size of circulating two cells gradually decreases. It
should be noted that flow is directed toward the outlet port as the porous
layer thickness increases. Corresponding isotherms are compressed near the
heated source at the bottom wall, while all the upper part of the cavity is at
a cold jet temperature, due to dominated forced convection. However, for
a cavity completely filled by the porous medium (v = 1) the through-flow
fluid stream occupies the entire cavity and isotherm lines become wider and
stratified due to strong effects of conduction larger than those of convection.

The behaviour of the average Nusselt number with ~ is presented in
Fig. 11. A growth of the porous layer size results in a rise of the heat
transfer rate. This behaviour is imputed be to a reason that the effective
thermal conductivity of the porous layer (Eq. (11)) is larger than that of
the nanofluid layer.
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Figure 10: Streamlines (left) and isotherms (right) for different porous layer thicknesses
(7) at Gr = 10*, Re = 100, Da = 10™2, ¢ = 0.04 for Fe304 nanoparticles.
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Figure 11: Variation of average Nusselt number with porous layer thickness for at
Gr = 10*, Re = 100, Da = 102 and ¢ = 0.04 for Fe3O4 nanoparticles.

4.5 Effect of porous layer position

Figure 12 shows the distribution of streamlines (left row) and isothermal
lines (right row) for various porous layer locations (6 = 0.1, 0.3, 0.7 and
0.9) in the cavity for v = 0.2, Da = 1073, Re = 100, Gr = 10* and ¢ = 0.04
for Fe3O4 nanoparticles. When the porous layer is located at the top wall
(6 = 0.9), two vortices appear in the right top corner and in the left bottom
corner. However, for the case § = 0.7, cells disappear leaving a space for
the main flow stream. Gradually as the porous layer approaches the bottom
wall, two vortices reappear and become stronger, due to the dominance
of convection flow. Isotherms are compressed at the cavity lower part as
6 < 0.9. It is noticed that when the heater source is surrounded by porous
media (6 = 0.1), isotherms ascend slightly, which means that the porous
layer acts as a heat diffuser.

Figure 13 illustrates the average Nusselt number for the heated source
at different aspect ratios (6) and Darcy numbers. It is noted from the figure
that the Nusselt number increases with the decreasing aspect ratio ¢ for
all values of Darcy number. On the other hand, the Nusselt number is not
much affected by a change in the Darcy number for § > 0.5, i.e., when the
porous layer is far from the heated source. But usually, the Nusselt number
increases with the decreasing Darcy number. In contrast, this tendency
changes for the case § = 0.1, the heat transfer rate increases with the
increasing Darcy number,which is due to the increase of effective thermal
conductivity of the porous layer.
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Figure 12: Streamlines (left) and isotherms (right) for different porous layer positions
(6) at Gr = 10*, Re = 100, Da = 1073, v = 0.2 and ¢ = 0.04 for Fe3O,4
nanoparticles.
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5 Conclusions

The purpose of this work was to numerically analyze mixed convection in
a vented square cavity filled with different nanofluids having a horizon-
tal porous layer. The effects of governing parameters on flow and thermal
fields characteristics were analyzed. A detailed analysis of streamlines dis-
tribution, isotherms and the average Nusselt number in the cavity were
carried out to investigate the effect of Reynolds, Grashof and Darcy num-
bers, nanoparticle volume fraction, thickness and positions of porous layer
on fluid flow and heat transfer in the mentioned cavity. The numerical
results reported lead us to the following conclusions:

1. The average Nusselt number increases with the increasing volume
fraction of nanoparticles, Reynolds and Grashof numbers for all stud-
ied Darcy numbers.

2. The flow pattern does not change substantially with the volume frac-
tion and nanoparticles type.

3. The average Nusselt number is optimal at lower values of Darcy num-
ber.

4. An addition of nanoparticles to basic fluid leads to an increase of the
average Nusselt number.
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5. Ag nanoparticles seem to produce the highest values of Nusselt num-

ber compared to other types of nanoparticles.

6. A growth of the porous layer size increases the heat transfer rate and

the position of the porous layer at the bottom wall has an uppermost
effect on the heat transfer rate.

These various results should be useful for the design and optimization of
several thermal engineering problems associated with heat exchangers. Sub-
sequently, it would be interesting to complete this initiative by continuing
the analysis and exploring the impact of discrete source location and three-
dimensionality on the flow and heat transfer when the governing parameters
are changed.

Received 12 October 2022
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Nomenclature

a constant

B, — uniform magnetic field, T

Bi — Biot number

C fluid nanoparticle volume concentration, mol/ m?®

Cuw — dimensional nanoparticle concentration at the stretching surface

Coo — dimensional ambient volume fraction

Cy skin-friction coefficient, 1/s

Dy —  coefficient of Brownian diffusion, m? /s

Dr —  coefficient of thermophoresis diffusion, m?/s

f dimensionless stream function

f! —  fluid velocity, m/s

Gce —  Grashof number for mass transfer

Gr Grashof number for heat transfer

g — gravitational acceleration, m/ s?

h1 —  heat transfer coefficient

Jw mass flux coefficient

k* —  thermal conductivity of the fluid

L — characteristic length, m

M — magnetic field parameter

Nb — Brownian motion parameter

Nt —  thermophoresis parameter

Nu —  Nusselt number

Pr —  Prandtl number

Qu —  heat flux coefficient

r — radius of the cone, m

1 —  wall thermal factor

T2 — nanofluid concentration parameter

T —  fluid temperature, K

Tw — surface temperature, K

Too — temperature of the fluid far from the stretching sheet, K

S - suction/injection parameter

Sc —  Schmidt number

Sh —  Sherwood number

u, v — z and y directions of velocity components, m/s

uw(z) — stretching velocity of the fluid, m/s

Vo —  suction/injection velocity, m/s

We —  Williamson fluid parameter

T, y — Cartesian coordinates calculated along the stretching sheet, m

Greek symbols

(%
*

a
Bc
Br
r
n

half angle of the cone

thermal diffusivity, m? /s

coefficient of concentration expansion
coefficient of thermal expansion
shear stress, 1/s

dimensionless similarity variable
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0 — non-dimensional temperature

%k — thermal conductivity of the fluid, W/(mK)

s — dynamic viscosity of the fluid, Pa s

v — kinematic viscosity, m?/s

p —  density, kg/m®

o — Stefan-Boltzmann constant, W/m?*K*

T — Ratio of nano particles heat capacity to fluid heat capacity

78— wall shear stress, Nm ™2

1) — non-dimensional nanoparticle concentration
Subscripts

f - fluid

p  — nanoparticles

w  — condition on the sheet,

oo — ambient conditions
Superscripts

()Y - differentiation with respect to 7

1 Introduction

Nowadays, non-Newtonian fluids have garnered a lot of attention from hy-
drodynamics specialists all over the world. This interest may be attributable
to the significant scientific advancements that have been made in the ap-
plications of this field. In terms of viscosity and the rate of shear stress,
the Williamson fluid is remarkably similar to polymeric solutions. Because
of this, the Williamson fluid is considered. According to the Williamson
fluid model, as the shear rate increased, the viscosity would fall [1]. These
flows are often used in a wide variety of industrial applications, including
the extrusion of polymer sheets from a die, the production of the boundary
layer in processes that include the condensation of liquid films, and the
emulsion coating of photographic films. Severa; reseachers examined the
Williamson model and, as a consequence of covering a variety of flow pat-
terns, presented a number of different tests, covering a wide range of topics.
Aldabesh et al. [2] investigated the effects of gyrotactic bacteria on the un-
steady flow of Williamson nanofluid using a revolving cylinder. The heat
radiation and chemical reaction were examined by Krishnamurthy et al. [3]
using porous media as the delivery medium. Amer [4] examined the results
of numerical simulations of heat flow that made use of Williamson nanofluid
MHD and thermal radiation. Loganathan and Rajan [5] investigated Joule
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heating and Williamson nanofluid flow with negligible nanoparticle mass
floodway. Dawar et al. [6] conducted research to determine which analysis
was the most accurate for three-dimensional flow across a stretched surface
in convective conditions. Yahya et al. [7] studied heat flux on Williamson
sutter through the use of nanofluid transportation generated by a stretched
surface. This was done in order to better understand how these two heat
fluxes interact with Williamson sutter. Sreedevi and Reddy [8] looked at
the spinning cylinder with the Cattaneo-Christov heat flux and the gyro-
tactic microbe. Shafiq and Sindhu’s presentation [9] described a Williamson
flow that lacked compressibility and was unstable. A unique notion for en-
tropy amplification and activation energy in the transient axis-symmetric
flow of Williamson nanofluid was suggested by Azam et al. [10]. Ahmed
et al. [11] investigated the heat transfer mechanism in a Williamson-type
fluid in a magnetohydrodynamic (MHD) mixed convection flow over an
exponentially stretched porous curved surface. The transfer of heat and
mass in Williamson fluid was studied by Nazir et al. [12] using generalised
non-Fourier models. Kumaran et al. [13] directed research on the impacts
of gooey dispersal and intensity moves in a radiative MHD Williamson lig-
uid stream over the top paraboloid of upheaval. At the point when the
liquid stream was influenced by the presence of a temperature-subordinate
intensity source, Raju et al. [14] assessed the Williamson and Casson lig-
uid streams through an extended sheet while thinking about both intensity
and mass exchange. It has been accounted for by Bhatti et al. [15] that
the MHD Williamson nanofluid stream was influenced by gyrotactic mi-
croorganisms as it went through spinning round plates. Shateyi et al. [16]
conducted a thorough investigation into the behaviour of an incompress-
ible conductive Williamson-nanofluid over an extending penetrable sheet.
It was conjectured by Nadeem et al. [17] that the Williamson liquid stream
would happen across an extended sheet.

Nano-fluids are a whole new category of fluids that were invented by
Choi [18]. Researchers from all around the world who specialise in studying
fluids have shown a great deal of interest in this particular kind of fluid. It
is an essential component in a wide variety of today’s technological appli-
cations that make people’s lives easier and more enjoyable. On the other
hand, nanofluids have applications in a diverse variety of industries, includ-
ing the satellite industry. Nanofluids are also vital in the field of medicine.
For example, the use of gold nanoparticles in the treatment of cancerous
tumours and the assembly of minuscule bombs that are utilised to wipe
out destructive tumours are both examples of how nanofluids are employed
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in these fields. Suresh and colleagues [19] produced a hybrid nanofluid by
adding nanoparticles to the basic fluids. They claim that this nanofluid
surpasses traditional nanofluids in terms of its heat transfer rate. In their
study [20], Nadeem and Abbas looked at the behaviour of a micropolar hy-
brid nanofluid as it moved around a circular cylinder. In addition to this,
they emphasised the sliding effects by using a numerical technique. The
authors of the study, Devi and Devi [21], conducted their investigation of
the hybrid nanofluid at a stretched surface using numerical simulations.
Khan et al. [22] studied the unsteady flow over a stretched sheet by using
a chemical reaction in their research. Lu et al. [23] investigated the flow of
hybrid nanofluids through a curved surface as part of their research. Khan
et al. [24] placed a strong focus on the significance of activation energy in
relation to chemical processes. Khan et al. [25] employed computer simu-
lations to research the flow of a nonlinear radiative fluid that was coupled
with a chemical process. Khan et al. [26] researched and represented the
conditions directing the MHD radiative nanofluid stream with heat age and
substance responses toward a wedge. They found that these equations guide
the flow of nanofluids under MHD conditions. Motsumi and Makinde [27]
explored heat radiation and viscous dissemination in nanofluids as they
went through a formerly level subsurface. Rana et al. [28] determined how
much entropy is created by a nanofluid slip stream when exposed to the
impact of the Stefan blowing impact by utilising a changed form of the
Buongiorno model. Qing Song and colleagues [29] investigated the flow of
a topsy-turvy turning circle. Alsabery et al. [30] took a gander at the im-
pact that half-breed nanofluid has on the properties of a blended convection
stream in a cover-driven pit. Turkyilmazoglu et al. [31] discussed the inten-
sity exchange of nanofluid streams as they passed through an infinitely high-
level plate. They did this while considering the effects of radiation caused
by two different types of warm boundary conditions. In order to solve the
problem of spinning Maxwell liquid in a three-dimensional nano-fluid while
it was being hit by an ever-expanding surface, Hayat et al. [32] used the
homotopy research approach. Sheikholeslami and Shehzad [33] looked into
the heat transport of a non-equilibrium nanofluid in the presence of an at-
tractive field and a permeable medium. Their research was published in the
journal Nano Letters. The bio-convection of nanofluid through a porous sur-
face that extends vertically was shown by Sarkar et al. [34]. Rao et al. [37]
studied three-dimensional flow of inclined magneto Carreau nanofluid with
chemical reactions. Sathyanarayana et al. [38] studied the characteristics of
MHD nanofluid flow towards a vertical cone under convective cross-diffusion
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effects. Archana et al. [39] focused on the bidirectionally stretched flow of
a Jeffrey liquid with nanoparticles.

This work is persuaded by the past exploration works, and its goal is to
research the progression of a two-layered magnetohydrodynamics (MHD)
Williamson-nanofluid across an upward cone with heat transfer, mass trans-
fer, pull/infusion, and convective boundary conditions. The review will
likely figure out additional details about these parts of the stream. The
halfway differential conditions (partial differential equations, PDEs) are
controlled by the fundamental Navier-Stokes equation and the Williamson
liquid model, and fitting similitude changes are used to transform them into
customary differential conditions (ordinary differential equations, ODEs).
The conventional differential equations that result are then mathematically
addressed using the Runge-Kutta method. The effects of a variety of var-
ious physical parameters on the temperature, velocity, and concentration
profiles are shown using graphs and tables.

2 Flow governing equations

This research investigates the heat and mass transfer in a continuous flow
of Williamson-nanofluid that is viscous and incompressible around a ver-
tical cone when suction/injection and convective boundary conditions are
present. The flow is described as being around the cone. The physical co-
ordinates and the geometry of the issue are shown in Fig. 1. The following
presumptions have been made with regard to this project:

e The limit calculations are forced by circumstances.

e Brownian movement impacts are likewise thought of.

TV
e The stretching velocity of the surface is taken as wu,, = 12 whereas

the suction/injection velocity is denoted as vy,.

e The surface temperature is taken as Ty, = T + ax™ where ais a con-
stant and ry is the wall thermal factor.

e The concentration near the surface is expressed as Cy, = Cyo + azx’?
where a is a constant and rs is the nanofluid concentration parameter.

e The half place of the cone is given by «, with sweep r of the cone.
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Figure 1: Geometry representation of the fluid flow.

e Inlight of the above presumptions, the governing equations for consis-
tent, two-layered, electrically directing, incompressible, Williamson-

nanoliquid stream are:

Continuity equation:

ou Ov

Momentum equation:

2 2
u@_i_vau 8u+\/§yrauf)u_<030)u

Ox Oy Y oy? Oy Oy? Py

9[(1 = Cx) pBr (T — Teo) — B (pp — py) (C — Cxo)] cos .

Equation of thermal energy:

or | or _ 0T
W oL 9
Ox By Oy? Oy

Equation of species nanoparticle volume concentration:
80 oC 0°C  Dr 0*T
+v =Dpoa +
81: 8y 8y Too 6y

The boundary conditions for this flow are:

GC’GT D oT
+7'BlDB T< )]

orT
U= Uy, U=—vy(x), —k* (E);y) =h(Ty-T),
ocC Dr
2o (55) 7

oT

— =0 at =0

<8y) R
u—0, T—oTy, C—Cx as y— .

(1)
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The following similarity transformations are introduced

T—Tx C—-Cx Y

—g, :—Z = - = — = —
u= o f'm), v=—710), 6 1.0 . —c. " 7 ()

Making help of Eq. (6), the continuity equation is identically fulfilled
and Egs. (2)—(4) get the subsequent forms:

"+ "+ Wef" " — Wef' — 2 + Grfcosa + Gegcosa = 0, (7)
0" +Prf0 —Prrif'0+PrNbd'¢/ + PrNt(0)2 =0, (8)
Nb¢” + Scf¢’ — Scraf'¢p + ScNtd” =0,  (9)
and the corresponding boundary conditions (5) become:
f(0)=S, f'(0)=1, €(0)=Bil[#(0)—1], Nbg¢'(0)+ Nt#'(0) =1,
(<) =0, 6(cx) =0, ¢(x)—0,

where the involved physical parameters are defined as:

2 _
We — 20B;L  pr= a . Nb= TDp (Cy — Cx) h ’
Pf pCp v
Ne = TP =Toe) g V2L
Vs L (11)

Bi = th’ Gr—gL ﬁT(Tw_Too)’

k* 1z

L2 w T Yoo wL
Ge= 9P (Cu=Co) g _ v

Vg v

Quantities of actual interest, the actual boundaries of the skin-friction
coefficient, the nearby Nusselt number and neighbourhood Sherwood num-
ber are introduced as follows:

Tw 1 ou L /0u\?
AT ()“ 8y+ﬂ<8y)]
P Iz y=0
Wi
= Cr = £'(0)+ == [£" (O], (12)
3]
Nu= 4w _ Y2u=0 _ _g (), (13)

 k(Tw —Teo) K (Tw — Two)
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.'IZ'Jw 82/ y=0

h = _
S = e —C) ~ Dy (G — Co)

= —¢(0). (14)

3 Method of solution

The Runge-Kutta method, along with the shooting approach, can solve
non-linear governing equations in terms of partial derivatives. The proce-
dure for this method is shown in Fig. 2. Other numerical approaches provide
less precise results than this method. Using similarity transformations, the
controlling halfway differential conditions are transformed into common
differential conditions. Utilizing extra factors, non-straight conditions are
changed over completely to direct conditions. For the conversion of higher

Non-dimensionalization of

boundary value problem
y

Boundary value problem

r

Shooting technique

Guessing initial condition

Y

Initial value problem

R-K method

Convergence criterion 1078

Figure 2: Flow diagram of the numerical procedure.
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order to linear differential equations, the following additional variables are
introduced:

f1:f7 f2:f/7 f3:f”7 f4:97 f5:0/7 f6:¢7 f7:¢/‘ (15)

Equations (7)—(9) are transformed to the following first order ODEs:

f3 = fév

fh=—fifs — Wefhfs + Wefo + f3 — Grfycosa — Gefg cos a,

Ji = —Pr fifs + Prryfafs — PrNbfs fr — PrNt/2, (16)
fi =~ (-Schufr +Serafofo — SeNtf)

Using Eq. (16), the corresponding boundary conditions (10) are:

[10) =8, f2(0) =1, f5(0) = Bi[fa(0) —1],
Nbf7(0) + Nt f5(0) = 1, (17)
fQ(OO) — 0, f4(OO) — 0, f6(OO) — 0.

To demonstrate the physical relevance of non-dimensional parameters,
the approximate solutions are numerically derived, resulting in a graphical
representation using MATLAB bvp4c programming. The iterative approach
is repeated until we achieve data that are accurate to a precision of 1076,

4 Program code validation

For the accuracy and approval of the ongoing model, the current discoveries
connected with the skin-friction coefficient and Nusselt number outcomes
are contrasted with those of Vajravelu and Nayfeh [35] and Chamkha [36]
as shown in Tables 1 and 2.

Table 1: Evaluation of the present skin-friction number results with the previously pub-
lished skin-friction number results for various r;.

’ r1 ‘ Vajravelu and Nayfeh [35] ‘ Chamkha [36] ‘ Present Nusselt number results

-2.1 0.155592 0.155592 0.155488203126587
2.0 0.156001 0.155995 0.155862001723045
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Table 2: Evaluation of the present Nusselt number results with the previously published
Nusselt number results for various r1.

’ r1 ‘ Vajravelu and Nayfeh [35] | Chamkha [36] | Present Nusselt number results

-2.1 2.237475 2.238739 2.228503154257842
2.0 2.232780 2.234070 2.227400532610918

5 Results and discussion

After converting the system of partial differential equations used to study
the flow of fluid into a system of ordinary differential equations, it has a set
of important parameters that we list in the following order: We, M, Gr
and Gc which are the Williamson liquid parameter, magnetic field, ther-
mal Grashof number and solutal Grashof number, while S, Pr, Bi and r;
represent the suction/injection, Prandtl number, Biot number and thermal
wall concentration parameters, respectively; also, ro, Nb, Nt and Sc are the
solutal wall concentration, Brownian motion, thermophoresis and Schmidt
number, respectively. The effect of all the previous physical parameters on
the velocity, temperature, and concentration distributions has been studied
by making graphical figures that clarify this and by showing the physical
meanings of each parameter and its importance in this study.

Figure 3 shows the effects of the Williamson fluid parameter on the
velocity profile. By increasing the Williamson fluid parameter, there is an
increase in the value of velocity. This behaviour is well understood by the
physics of the Williamson fluid parameter.

1.0
0.8

7

Figure 3: We impact on velocity.
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Figures 4 and 5 show the impact of the magnetic field parameter (M)
on the flow velocity and temperature, respectively. The fluid velocity was
found to decrease and the temperature was found to increase as the mag-
netic field increased between 0.5, 0.8, 1.0, and 1.2. This is on the grounds
that the attractive field gives what is known as a Lorentz force, which is
a decelerating body force that acts in the opposite direction to the ac-
tual magnetic field. On account of this body force, the progression of the
boundary layer as well as the thickness of the energy boundary layer are
both decreased. Likewise, it produces heat due to the Lorentz force, which
is a fragmentary resistive power that neutralises the velocity of the liquid.
In view of this property, the warm boundary layer will be more prominent
in thickness when the magnetic field is stronger.

- 04 M=05,08,1.0,1.2
02
0.0f
0 1 2 3 4
n
Figure 4: M impact on velocity.
1.0 - - :

0.8}

= 06f N\ M=05,08 10,12
R 0.4] \
0.2}

0.0t

n

Figure 5: M influence on temperature.
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Figure 6 indicates the effect of thermal Grashof number (Gr) on the
velocity distribution for a cone. The increased Grashof number enhances
the velocity distribution for cones. The increased thermal Grashof num-
ber reduces the viscosity of the nanofluid, which decreases the boundary
layer thickness. Thus, the reduced viscosity of the nanofluid flow increases
the velocity distribution. Figure 7 shows the impact of the solutal Grashof
number (Gc) on the velocity distribution. A similar response of the solutal
Grashof number to the thermal Grashof number is depicted here. It is note-
worthy that the solutal Grashof number has a greater effect for a wedge as
compared to a cone. In addition, when Gr = 0 and Gc¢ = 0, the phenomenon
has no thermal or solutal buoyancy forces.

0.8}
i Ge = 0.0, 0.1, 0.3, 0.4
~ 04
0.2
0.0L ,
0 1 2 3 4 5

n

Figure 7: Gc impact on velocity.

Figure 8 illustrate the effect of suction/injection parameter (S) on velocity
profiles. The suction/injection parameter controls fluid flow. It is easy to
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discern that for greater values of S the velocity profile tends to decrease. For
S < 0 (injection), the fluid nearest the boundary boosts which increases the
flow velocity and the collision between the molecules, which in turn causes
an increase in the internal kinetic energy. On the other hand, for S > 0
(suction), the fluid near the boundary is sucked, which creates porosity near
the boundary, which in turn reduces the velocity profile. Figure 9 shows
the impact of the suction/injection parameter (S) on the dimensionless
velocity profiles. The curves in Fig. 9 show that the parameter S affects
the thickness of the boundary layer. With the rising S, the flow appears to
decelerate dramatically. The border layer adheres more tightly to the wall
because of suction/injection. As a result, momentum is lost, resulting in
a decrease in velocity. As a result of suction/injection, the thickness of the
energy boundary layer is decreased.

1.0
0.8 |
E" 0.6}
0.4}
0.2}

0.04, .
00 05 10 15 20 25 30

=-04.-02,02,04

Figure 8: S impact on velocity.

§5=-04,-02,02,04

0.5¢ i i i i i r
00 05 10 15 20 235 3.0

n

Figure 9: S impact on velocity.
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An illustration of the impact of the Prandtl number (Pr) on temperature
profiles is presented in Fig. 10 Increased Prandtl numbers over a certain
threshold indicate that the temperature is decreased. When the thermal dif-
fusivity and Prandtl number are inverted, a cooling effect is seen. Figure 11
delineates that the warm Biot number has a direct connection with tem-
perature distributions. Figure 11 depicts the upsides of warm increments.
The thermal Biot number increase (Bi > 0) means that the heat transfer
rate increases, which causes an increase in the temperature profile.

Figure 11: Bi impact on temperature.

Figures 12 and 13 show the impact of the thermal wall factor (r;) and
nanofluid concentration parameter (r2) on non-dimensional temperature
and nanoparticle concentration profiles for a cone. Both the thermal and
concentration distributions are reducing functions of wall concentration.
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The boundary layer thickness declines with the greater wall concentration.
Thus, the reduction in temperature and concentration of the nanofluid flow
is depicted.

0.07
0.06}
0.05H\
0.04f \
0.03}
0.02}
0.01}
0.00L

£(1)

0.0f
~0.5
-1.0f
S L
~20if
—2.5
-3.0

60 1 2 3 4 3 4

7

2(1)

Figure 13: r2 impact on concentration.

The impact of the Brownian motion parameter (Nb) on temperature and
concentration profiles is displayed in Figs. 14 and 15. Figures 14 and 15
show that as the Brownian motion parameter rises, both the temperature
and concentration rise.

Figures 16 and 17 uncover the effect of thermophoresis parameter (Nt) on
temperature and concentration profiles. Both profiles increase with higher
potential gains of Nt. Thermophoresis is the transport force that occurs
due to the temperature gradient between layers of the fluid. A higher ther-
mophoresis parameter means that the temperature difference between the
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Figure 14: Nb impact on temperature.
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Figure 15: Nb impact on concentration.
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Figure 16: Nt impact on temperature.
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layers increases, so the heat transfer rate also increases. By increasing the
nanoparticles, the concentration of the fluid increases. With more nanopar-
ticles and more heat transfer between the layers, as Nt increase s, both the
temperature and concentration profiles have increased values.

0_! T T T T
_1_
=3

5 3 Nt=0.1,03,08, 1.0 ]

_4_
—5t]
_6 | : : . 1
0 2 4 6 8
i

Figure 17: Nt impact on concentration.

Figure 18 depicts the impact of Schmidt number (Sc) on the concentration
profile showing that the expanding Sc diminishes the concentration pro-
file since Sc is the proportion of the kinematic viscosity to the molecular

diffusion rate.

0.0F
—0.5}

—1.0f //
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7

Figure 18: Sc influence on concentration profiles.

Table 3 shows the numerical values of skin-friction coefficient for varying
values of the engineering parameters such as We, M, Gr, Gc, Pr, S, Bi,
r1, 9, Nb, Nt and Sc. From this table, it is observed that the skin-friction
coefficient increases with the rising values of Gr, Ge, Bi, Nb, Nt, while it
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decreases with the increasing values of We, M, Pr, S, r1, 7o and Sc. The
numerical values of heat transfer coefficient in terms of the Nusselt number
are displayed in Table 4 for different values of Pr, Bi, r;, Nb and Nt. The
heat transfer coefficient gradually rises with the increasing values of Bi,
Nb, Nt while the reverse effect is observed for the increasing values of Pr
and r1. The effects of Sc, ro, Nb and Nt on the mass transfer coefficient in
terms of the Sherwood number coefficient are discussed in Table 5. From
this table, it is observed that the mass transfer coefficient increases with

Table 3: Skin-friction coefficient (Cy) for various We, M, Gr, Gc, Pr, S, Bi, r1, r2, Nb,
Nt and Sc.

(We| M [ar[ce[pPr[ s [Bi|r[r|No][N] sc| Cy

01)05|05]01]071|-04]50]|03]|01]03]0.1]0.22 | 1.263774585842895
0.2 1.227465743637469
0.3 1.176965909390956
0.8 1.216574017409364
1.0 1.185683746349504
0.7 1.302680743987436
1.0 1.338609348608739
0.3 1.316758374183899
0.4 1.346508346984842
1.0 1.209852676358384
3.0 1.165787638708037
-0.2 1.240567896438927
0.2 1.227678956041874
0.4 1.205671346648317
6.0 1.295704360376410
7.0 1.318578036473463
0.6 1.236587634806086
0.8 1.217693960734634
0.4 1.230738976903837
0.7 1.214585489259855
0.5 1.297692365906361
0.7 1.327651076736500
0.3 1.307936705163089
0.8 1.337651756108073
0.30 | 1.227693916334563
0.60 | 1.216873680746348
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the increasing values of Nt and decreases with the increasing values of Sc,
r9 and Nb.

Table 4: Nusselt number for various Pr, Bi, 71, Nb and Nt.

IENEEEEETEE Nu

0.71 5.0 0.3 0.3 0.1 0.349569273975659
1.0 0.303476376573034
3.0 0.286597362937563
6.0 0.365643377877981
7.0 0.376982396736472
0.6 0.317537924073740
0.8 0.297673969724909
0.5 0.375676872391038
0.7 0.398576124087621
0.3 0.382298459127092
0.8 0.406976301073374

Table 5: The rate of mass transfer coefficient for different values of Sc, r2, Nb and Nt.

Sc o Nb Nt Sh

0.22 0.1 0.3 0.1 0.410696923637232
0.30 0.366739692394710
0.60 0.347593477650983
0.4 0.375657034347986
0.7 0.354768973991028
0.5 0.372654701576319
0.7 0.356767895753858
0.3 0.436560564563508
0.8 0.453767901612703

6 Conclusions

In this article, the two-layered, viscous, incompressible, electrically directed
attractive progression of the Williamson nanofluid towards an upward cone
in the presence of heat and mass transfer was considered. On the other hand,
the basic governing partial differential equations were converted into a sys-
tem of ordinary differential equations using similarity transformations and
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the non-dimensional variables under the impacts of the Williamson fluid
parameter and magnetic field, Biot number and thermal wall focus, solutal
wall fixation, Brownian movement, thermophoresis and Schmidt number on
dispersion of velocity, temperature and concentration. The main conclusion
drawn from this study are the following:

1. The velocity distribution of the fluid flow is negatively affected by
the influence of the magnetic field parameter, the Williamson fluid
parameter, and suction or injection, and positively affected by the
influence of the thermal Grashof number and the solutal Grashof
number.

2. The enhancement in the values of Biot number, thermophoresis num-

ber, and Brownian motion resulted in an enhancement of the temper-
ature of the fluid flow, while the opposite occurs with the increasing
values of Prandtl number and thermal wall concentration parameters.

3. It was found that the distribution of the concentration of nanopar-

ticles decreased under the influence of Schmidt number, Brownian
motion coefficient and solutal wall concentration parameter, while
the reverse effect was observed in the presence of the thermophoresis
coefficient.
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Abstract This paper presents new results for the dynamic behaviour of
fluid around a rotating turbulator in a channel. The turbulator has a pro-
peller form which is placed inside a flat channel. The research was carried
out using 3D numerical simulation. The rationale of the experiment was
as follows: we put a propeller-turbulator inside a flat channel, and then we
insert a water flow inside the channel. The turbulator rotates at a constant
and uniform speed. The main points studied here are the effect of the pres-
ence of turbulator and its rotational direction on the flow behaviour behind
the turbulator. The results showed that the behaviour of flow behind the
turbulator is mainly related to the direction of turbulator rotating. Also,
the studied parameters affect coefficients of drag force and power number.
For example, when the turbulator rotates in the positive direction, the drag
coefficient decreases in terms of rotational speed of the turbulator, while the
drag coefficient increases in terms of rotational speed when the turbulator
rotates in the negative direction.
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Nomenclature
A —  frontal surface, m?
Cp —  coefficients of drag force
c —  thickness of the core, m
D — total diameter of the propeller, m
d — diameter of the core, m
Fp — drag force, N
J — advance ratio
H — diameter of the channel, m
Ny — power number
P — dimensionless pressure
P —  pressure, Pa
Re — Reynolds number
T - torque, J
U, V;IW - dimensionless components of velocity
U, v, w — components of velocity, m/s
Uin — inlet velocity, m/s
X,Y,Z — dimensionless coordinates
T, Y, 2 — Cartesian coordinates, m/s

Greek symbols

. — dynamic viscosity, Pa-s
p — density, kg/m®

1 Introduction

Many recent studies aim to induce geometric changes for the purpose of
accelerating the flow within the channel. This dynamic behaviour can be
exploited to speed up the fluid mixing process [1-3], or increase the process
transferring in thermal applications [4—6]. Previous studies showed that the
presence of a solid body inside a channel accelerates the movement of the
flow as it passes around this body. The shape and the position of the body
also play a role in the dynamic behaviour of the flow [7-10]. On the other
hand, a group of researchers focused on changing the shape of the outer wall
of the channel in order to develop the dynamic behavior of the fluid [11-14].

With regard to the previous work related to the subject, we mention
the following: Fang et al. [15] studied the flow of a fluid inside a straight
channel, and in order to accelerate the flow, an innovative turbulator was
added inside the channel. The study included the effect of the turbulator
shape. The results showed that the invented forms have a strong effect on
accelerating the flow, and therefore there is a stimulation of thermal ac-
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tivity.Farshad and Sheikholeslami [16] investigated the development of the
stream velocity inside a canal. For this purpose, they added a turbulator
whose cross-section is spiral in shape. The body is placed along the chan-
nel, and its streamlined form does not hinder the movement of the flow.
The study showed that this shape helps to create a circular flow, which in
turn enhances the thermal activity between the fluid and the channel. Yan
et al. [17] studied the effect of a double tube inside a channel in order to
determine its effect on the flow velocity. The study also included the im-
pact of thermal properties on the heat transfer. It was estimated that this
new design of the system can enhance the mass transfer which has a di-
rect reflection on the heat transfer.Ebrahimpour and Sheikholeslami [18§]
studied the system of absorbing heat from the sun. This system relies on
a straight channel placed above a thermal collector. Inside the channel,
fluid passes through and absorbs energy. For the purpose of developing the
fluid behaviour, a longitudinal turbulator was placed inside the channel.
The study showed that the spiral shape of the tabulator causes the flow
to move in a spiral manner, which increases its speed and has an increase
in thermal absorption capacity of the fluid from the channel wall. Sheik-
holeslami et al. [19] inserted turbulators into a channel with the aim of
strengthening the fluid’s dynamic performance. This study was carried out
in order to develop the thermal system of the channel, which is used in ther-
mal exchangers related to clean energy. The new shape of these turbulators
is that theycontain holes, which allows for reducing the resistance of the
turbulators to fluid flow, in return accelerating the flow. The results showed
an improvement in the speed of the flow with significant development in
thermal activity. In general, there are other works aimed at studying the
shape of the inner turbulator and its spiral form on the general system of
the stream [20-25].

There is also another type of turbulator, in the form of fixed rings placed
in the centre of the channel. When the liquid passes around it, the flow path
changes from a parallel shape to a circular shape. Among these works, we
mention for example: Shafee et al. [26]. The shape of the ring is spiral
and circular. This geometry allowed the flow to accelerate in a superior
way, which effectively reflected the thermal activity of the fluid. Nakhchi et
al. [27] and Bellos et al. [28] used a cylindrical turbulator that was hollow
inside and had holes that allowed the liquid to pass through. That proposed
form was found to have a high influence on the behaviour of the fluid.

Other researchers have combined the existence of more than two turbu-
lators placed in parallel [29-31]. Also a positive development of the fluid
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was elicited. Furthermore, there are also some works directly related to the
subject under study [32-35].

It has already been noted from the previous works that the presence
of a turbulator inside the straight channel increases the flow velocity, and
this is what makes the thermal activity better for the fluid. Despite this,
there are few works on propeller-shaped turbulators rotating at a constant
speed. For this reason, this work aims to bridge this gap. In general, this
paper aims to present the simulation of flow in a channel with a turbulator
in the form of a propeller rotating at a constant speed. The purpose of
this study is to understand the influence of both the speed of rotation of
the turbulator and its direction of rotation on the dynamic and kinematic
activity of the flow. This work can be used in many applications includ-
ing a primarily thermal solar panel, thermal exchangers and semi-static
mixers.

2 Physical problem and mathematical equations

The domain to be studied is described in Fig. 1. The domain is a straight
channel with a propeller-turbulator rotating at a constant speed (Fig. 1a).
The flow enters the channel uniformly at a constant initial velocity and
exits from the other end of the channel. Fig. 1b represents the cross-section
of the turbulator with the channel. The propeller-turbulator is composed of
four blades and a core of diameter (d). The total diameter of the propeller
is given by (D). Also, the diameter of the channel is given by the symbol
(H). Furthermore, Fig. 1b shows the positive direction of the propeller.
Figure 1c shows the longitudinal section of the turbulator. The thickness
of the core is denoted by the symbol (c¢). The propeller blades are directed
at an angle of 45°. All these channel and turbulator geometric proprieties
are set in Table 1.

Table 1: Geometrical characteristics of the studied domain

| D/H \ d/H \ o/H |

’ 0.65 ‘ 0.25 ‘ 0.5 ‘

The fluid used in this research is water, which has the following properties:
density (p) is 998 kg/m?, dynamic viscosity (u) is 0.00000232 Pa-s. The flow
entering the channel has a constant velocity determined by the Reynolds



3D simulation of incompressible flow around a rotating turbulator. .. 143

(b) ()

Figure 1: The studied physical domain: (a) general view of the turbulator with a channel,
(b) cross-section of the turbulator, (c) longitudinal section of the turbulator.

number (Re = 100), while the Reynolds number is given by the following
expression:
inD
Re = 202 (1)
I
where wu;, denotes the velocity value at the channel entrance.
The differential equations needed to be solved to achieve numerical sim-

ulation of the problem areas follows [36-43]:

oU 9V oW
ox Tav Tz =" @)
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O 0L (B ) g
0X oY 0z 0Z Re \ 0X2 09Y?2 0z2 |’
where U, V, and W are the dimensionless component of velocity along
X, Y, and Z directions, respectively, P is the dimensionless pressure, and
Re is Reynolds number.

These equations are written in non-dimensional form after setting these
variables:

Xy, z)= S8 gywy = e po P g
S T A
where z,y and z are the directions in Cartesian coordinate system, u, v,
and w are the velocity component, p is the pressure, and wuy, is the flow
velocity at the inlet.

The turbulator is characterized by a constant called the advance ratio
(J). Tt relates the velocity of the flow at the channel inlet to the speed of
rotation of the turbulator: w

J=—r (7)
where n is the rotational speed. J = 0.2 to 0.9. When J increases, the
rotational speed of the turbulator decreases.

The power number of the turbulator can be calculated as:

T
Ny=— 8

where T is the torque. The drag coefficient of the turbulator is calculated

as:
Fp

=2 9
0.5pn2A )
where Fp is the drag force exerted by the flow on the turbulator, A is the
frontal surface of the propeller.
The appropriate boundary conditions for these non-dimensional equa-
tions are:

Cp

¢ at the inlet of the channel:

U=1, V=0 W=0, (10)

e at the channel and turbulator walls — no-slip condition:

U=0, V=0 W=0, (11)
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e at the outlet tube — the Neumann condition:

oU ov ow
ax =" ax=0 ax =0 (12)

3 Grid independency test and validation test

The propeller-turbulator geometry as well as the mesh were created using
Gambit [44]. The number of mesh elements was set after checking its effec-
tiveness and the results of this test are shown in Table 2. This table shows
variations of the coefficient N, in terms of mesh element number for J = 0.8
and Re = 100. It is noted that the mesh of the second case of 883113 el-
ements is very suitable for solving the above equations. We mention that
the form of the mesh element is triangular. The elements are concentrated
around the propeller to determine correctly the calculated results.

Table 2: Results of grid independency test

| Case | Elements | Power number | Variation, % |
1 441556 1.55984 2.07
2 883113 1.52743 0.23
3 1766226 1.52389 -

The numerical technique used in this research is called multiple reference
frames (MRF). This technique is based on dividing the domain of computa-
tion into two main parts. The first is rotating and the second is fixed. Fig-
ure 2 illustrates this technique in the studied domain. The differential equa-
tions were solved using finite volume method (FVM). The high-resolution

Figure 2: MRF method for the present geometry.
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discretisation scheme was used for solving the convective term, whereas the
SIMPLEC (semi-implicit method for pressure linked equations-consistent)
algorithm was used for coupling pressure and velocity. The relative error of
calculations was 10~% for momentum and continuity equations.

In order to validate this technique to reach accurate results, we con-
ducted a test where we compared the results of this technique with pre-
vious research. The comparison was made with research done by Ameur
and Bouzit [37]. The comparison was made on a two-bladed impeller. The
values of the coefficient N, are presented in Fig. 3 in terms of rotational
speed of the mixer (Re). Figure 3 shows that the applied technique (MRF)
is very accurate in determining the results.

. —#— Correlation of Ameur et al. [37]
—&— Present data
1000 4
.
NP 100
|
10+
T T 1
0.1 1 10
Re

Figure 3: Validation test — comparison with the work of Ameur and Bouzit [37].

4 Results and discussion

Through this work, numerical experience is gathered on the effects of ro-
tating turbulator within a tube channel. The research presents new results
about the effect of rotational speed of the turbulator, as well as the di-
rection of its rotation on flow behind the turbulator. To get an accurate
understanding, numerical simulation results are presented in the form of
streamlines and contours of velocity. In addition to all this, values of the
coefficients N, and Cp are presented in terms of the studied parameters.
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Figure 4 shows a 3D representation of the rotating turbulator and the
streamlines behind it for a constant value of the factor J = 0.7. Figure 4
shows the effect of the direction of rotation of the turbulator on the hydro-
dynamic behaviour of the fluid in the back. It is clearly noticed that the
direction of the rotation greatly affects the performance of the turbulator,
that is, the flow motion in the first case (positive direction) is more circular
compared to the second case (negative), and this is a result of the shape of
the turbulator blades.

(b)

Figure 4: Streamlines behind the turbulator for J = 0.7: (a) turbulator rotates in the
positive direction, (b) the turbulator rotates in the negative direction.

Figures 5 and 6 illustrate the streamlines of several cross-sections of the
tube. The first section is before the turbulator; the second is located just
behind the turbulator; the third section is after the turbulator. The purpose
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Figure 5: Two-dimensional streamlines for the positive rotational direction of the turbu-
lator for different values of J.
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Figure 6: Two-dimensional streamlines for the negative rotational direction of the turbu-
lator for different values of J.
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of these figures is to understand exactly the behaviour of the flow along the
tube, i.e. before and after the turbulator. Figure 5 is for the positive rotation
of the turbulator. Meanwhile, Fig. 6 is for the negative direction. We also
mention that the higher the value of factor J, the rotational speed of the
turbulator is decreased. The two figures show that the dynamic behaviour
of the flow is divided into three main parts. The first part is before the
turbulator, and here the flow is stable and regular. The second part is near
the turbulator from the back side, and here we notice that the flow changes
its regular pattern to a circular pattern due to the circular movement of the
turbulator. In this section, we notice a large vortex inside the section with
small vortices near the inner wall of the tube. The reason for the formation
of small vortices is due to the difference in pressure between the ends of the
turbulator blades (four small vortices for four blades). In the third part,
the flow becomes purely rotational, having only a main vortex. Moreover,
through the third section, we can deduce the direction of the flow motion
and the turbulator as well.

Figures 7 and 8 show contours of dimensionless velocity along the chan-
nel. The longitudinal view of these figures was taken in the middle of the
channel. The figures show the effect of direction of rotation of the turbu-
lator and the effect of rotational speed on the local distribution of flow
velocity. It is noticed in all cases that the maximum value of the velocity
is located at the turbulator sides. For the first case (Fig. 7), the values of
velocity behind the turbulator increase with a gradual increase in the ro-
tational speed of the turbulator. For the second case (Fig. 8), the values of
velocity behind the turbulator remain almost constant with the increasing
rotational speed of the turbulator. Furthermore, in both cases, the higher
the rotational speed of the turbulator, the lower the value of the maximum
flow velocity at the turbulator side. In general, it is noted that the flow
velocity increases significantly after passing through the turbulator. In ad-
dition, the flow velocity values are higher when the turbulator rotates in
the positive direction.

Figure 9 represents the variation of the power number (N,) in terms of
the factor J and the direction of rotation of the turbulator. This coefficient
indicates the mechanical power required for the turbulator to rotate. It
is well shown that in the first case, the rotation of the turbulator creates
a thrust for the propeller in the opposite direction to the flow entering the
channel, so it is noted that the values of the power number are much larger
as compared to the second case. Also, the values of this number increase
with the decreasing rotational speed of the turbulator in the first case.
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Figure 7: Contours of dimensionless velocity for the positive rotational direction of the

turbulator for different values of J.

On the other hand, in the second case, the resulting thrust is in the same
direction as the flow, so the values of the power number is lower. Also, there
is a different trend in the relationship as compared to the first case. There

is a maximum value of IV, when J takes the value of 0.6.
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Figure 8: Contours of dimensionless velocity for the negative rotational direction of the
turbulator for different values of J.

Figure 10 presents the variation of the drag coefficient in terms of factor
J and direction of the turbulator rotation. Obviously, the values of this
coefficient in the first case are greater than in the second case. In addition
to this, in the first case, the higher the value of factor J, the lower the
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Figure 9: Variation of power number (V) of the turbulator versus J: (a) for the case of
positive direction, (b) for the case of negative direction.

value of drag coefficient, while in the second case, the decrease in the ro-
tational speed of the turbulator increases the value of this coefficient. This
shows that in the first case, the thrust force of the turbulator is in the
direction opposite to the flow motion, while in the second case, the thrust
force of the turbulator is in the same direction as the flow entering the
tube.
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Figure 10: Variation of drag coefficient (Cp) of the turbulator versus J: (a) for the case
of positive direction, (b) for the case of negative direction.
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5

Conclusions

In this work, we performed a numerical simulation of a marine turbulator
inside a straight channel. The purpose of this study was to understand the
hydrodynamic behaviour of flow in this case. The elements studied here are
the speed and direction of rotation of the turbulator, while the velocity of
the flow entering the channel is constant and determined in terms of the
Reynolds number equal to 100. The main points drawn from this work are:

The turbulator rotation in the first case (positive rotation) creates an
opposite thrust to the directionof flow entering the channel.

The thrust force of the turbulator in the second case (negative rota-
tion) has the same direction as the flow motion.

The dynamic behaviour of the water inside the channel is divided into
three main parts: the first part extends from the entrance of the canal
to the end of the turbulator; the second part is from the back of the
turbulator a little backwards, then the third part begins where the
flow motion becomes perfectly circular.

It was concluded that the presence of the rotating turbulator in the
canal accelerates the flow and makes the velocity higher near the canal
wall.

With regard to the effect of rotation direction, it was found that
when the turbulator rotates in the positive direction, a higher flow is
produced near the canal wall compared to the negative direction.

Received 16 February 2023
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Abstract Thermochemical treatment processes are used to produce a sur-
face layer of the workpiece with improved mechanical properties. One of the im-
portant parameters during the gas nitriding processes is the temperature of the
surface. In thermochemical treatment processes, there is a problem in precisely
determining the surface temperature of heat-treated massive components with
complex geometries. This paper presents a simulation of the heating process
of a die used to extrude aluminium profiles. The maximum temperature differ-
ences calculated in the die volume, on the surface and at the most mechanically
stressed edge during the extrusion of the aluminum profiles were analysed. The
heating of the die was simulated using commercial transient thermal analysis
software. The numerical calculations of the die assumed a boundary condition
in the form of the heat transfer coefficient obtained from experimental studies
in a thermochemical treatment furnace and the solution of the nonstationary
and non-linear inverse problem for the heat conduction equation in the cylin-
der. The die heating analysis was performed for various heating rates and fan
settings. Major differences in the surface temperature and in the volume of
the heated die were obtained. Possible ways to improve the productivity and
control of thermochemical treatment processes were identified. The paper in-
vestigates the heating of a die, which is a massive component with complex
geometry. This paper indicates a new way to develop methods for the control
of thermochemical processing of massive components with complex geometries.
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Nomenclature
c —  specific heat, J/(kgK)
h — heat transfer coefficient, W/(m?K)
k —  thermal conductivity, W/(mK)
P1 - Theating process (heating rate 5 K/min, fan speed 50%)
P2 — heating process (heating rate 5 K/min, fan speed 100%)
P3 - heating process (heating rate 10 K/min, fan speed 50%)
T —  temperature, K
t —  time, s
p  — density, kg/m?
Subscripts
A — area
b —  boundary
e — edge
g - gas
max — maximum value
min  — minimum value
V —  volume

1 Introduction

Aluminium hot extrusion dies are exposed to thermal and mechanical
loads [1]. These profiles are created by extruding aluminium through a die
at a temperature of 723 K to 772 K and at a speed of 5 to 100 m/min [1].
The complex character of the extrusion process is the reason for the prob-
lems in designing a long-life die [2]. The hard working conditions of the dies
cause them to fail very often. Production of dies with a long operational
life reduces the cost of the extrusion of aluminium profiles. So far, there
has been analysis on tooling impact of the lifetime during hot metal form-
ing on the efficiency and the quality of the process [3]. The damage to the
dies was studied in a sample of 616 cases. Analysis of die damage is the
basis for reducing the cost intensity of aluminium extrusion processes [3].
In addition to the working conditions, the shape of the die also influences
the durability of the die [4], the steel grade of which it is made, and the
heat and thermochemical treatment of the die [1,5].

In the paper [6] a numerical simulation of the heat treatment of the die
used in the extrusion processes is presented. In [7] the die hardening pro-
cedure for Alvar 14 steel (DIN 56 NiCrMoV7) was analysed for aluminium
extrusion in vacuum furnaces. The study of the solid disc-shaped die in-
volved experiment and numerical simulations. The values of the convective
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and radiation heat transfer coefficient and Biot number were obtained. The
obtained temperature gradients showed that higher heating rates could be
used, which reduces the time and cost of the quenching. The simulation of
heat flow in a heat treatment or thermochemical furnace has an important
impact on the control of the resulting surface layers and their properties [8].
So far, numerical simulations of laser and induction hardening [9] and gas
jet hardening have been performed [10]. The paper [8] proposes models
based on numerical simulation and analytical methods to determine radia-
tion, convection, and heat conduction in heat treatment processes.

The dies are also treated with gas nitriding. The duration of the nitriding
process, and thus the thickness of the nitrided layer, is directly correlated
with the cost of the process. A die with a worn-out nitrided layer can be
re-nitrided [1]. It is possible to find the optimum diffusion layer thickness
for which die wear will generate the lowest operating costs [1]. In order
to minimise the cost of “regenerating” the dies, the gas nitriding process
needs to be precisely controlled. So far, models have been developed for the
growth kinetics of the nitrided layer [11]. A weakness of these models is the
lack of knowledge of the surface temperature of thermochemically treated
components.

Thermochemical treatment processes are used to produce a surface layer
of the processed workpiece with improved mechanical properties [12]. Im-
portant parameters during the heat treatment processes are the composi-
tion and temperature of the gas in the furnace retort, the temperature of
the surface to be processed, and the duration of the treatment [11]. The
temperature of the furnace atmosphere can be measured with a high level
of accuracy. The composition of the furnace atmosphere is regulated and
precisely determined throughout the process. During gas nitriding, the sur-
face temperature of the thermochemical workpieces is between ambient and
550°C. In thermal machines, there is a great challenge to determine the pre-
cise surface temperature [13,14]. In thermochemical treatment processes,
there is also the problem of determining the precise surface temperature
of heat-treated solid components [15,16]. The direct measurement of the
surface temperature of workpieces in atmospheric furnaces is subject to
a high error rate [14-16]. In order to precisely determine the boundary
condition in terms of temperature, heat flux, or heat transfer coefficient
(HTC), the temperature inside the heated element is measured and the
inverse problem for the heat conduction equation is solved [17-21]. Inverse
problems are numerically determined incorrectly [22-26]. Controlling the
heat treatment processes prevents cracking of the work pieces [27]. In the
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study [27] the heat treatment of a turbine disc was analysed. Heat transfer
coefficients were calculated using the inverse thermal problem. Solving the
inverse problem for heat conduction equation was used for the analysis of
an incomplete die hardening for aluminium-based foam parts [28].

The inverse model has been used to control of induction heat treatments
so far [29]. The temperature in the cylindrical sample was controlled and the
nonlinear electromagnetic-thermal problem was solved. In the heat treat-
ment furnace, an inverse problem was used together with an artificial neural
network to estimate the optimal control parameters of the heat source [30].
Artificial neural networks together with inverse heat conduction problem
were also used to reconstruct the HTC waveform from temperature signals
recorded during actual heat treatment processes [31]. The analysis of the
heat flow in industrial furnaces in many cases is still based on the opera-
tor’s experience [8,32]. Heat flow phenomena in furnaces have not yet been
adequately studied. A similar issue arises with regard to heat flow in the
components being treated.

This paper presents a simulation of the die heating process based on the
heat transfer coefficient. This coefficient was determined from the solution
of the inverse problem based on experimental data. So far, temperature
distributions in thermo-chemically treated dies have not been studied, and
the inverse heat conduction problem has not been used to analyze the
heating of such components.

2 Description of die geometry and material
properties

The paper presents the problem of heating a die for the extrusion of alu-
minium alloy profiles (Fig. 1). This is a massive component with a complex
shape. The temperature changes in selected areas of the die during three
heating processes differing in the rate of heating and the intensity of gas
flow in the furnace chamber were analysed. The heating processes start
at about 295 K (ambient temperature) and finish at about 823 K. The
conducted analysis of die heating was performer for gas nitriding. The pro-
cess starts at ambient temperature and usually reaches the temperature of
823 K. During the heating process, the temperature must correlate with the
atmosphere inside the furnace. The proper adjustment of those parameters
ensures the creation of surface and near-surface layers with high mechani-
cal parameters. The author heated a roller for chemical and heat treatment
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inside the roller at an earlier stage of research also to the temperature of
823 K [16]. The selection of 823 K as the maximum temperature was dis-
cussed with individuals responsible for gas nitriding in industrial conditions
as well as based on literature [11]. For the temperature range mentioned
above, the variation in the heat transfer coefficient and the specific heat
is significant. Therefore, the heat flow analyses were performed taking into
account the varying properties of WCLV steel as a function of temperature.
WCLV steel is tool alloy steel for hot work.

Figure 1: Extrusion die for aluminium alloy profiles [34].

Table 1 presents the chemical composition of the WCLV steel [36]. The
temperature dependence of the thermal conductivity and specific heat is
shown in Tables 2 and 3 [33]. Linear interpolation was carried out between

Table 1: Chemical composition of the WCLV steel (%) [36]

C 0.35-0.42
Si 0.80-1.20
Mn 0.25-0.50
max 0.030
S max 0.030
Cr 4.80-5.50
Mo 1.20-1.50
W —
A% 0.85-1.15
Co -
Ni -
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the specified points. Due to the negligible effect of changes in steel density
as a function of temperature, the calculation assumes that the steel density
does not change and is 7850 kg/m? [33].

Table 2: Thermal conductivity coefficient (k) as a function of temper-
ature for WCLV steel

T (K) k (W/(m K)) \
293.15 25.5
624.15 27.6
975.15 30.3

Table 3: Specific heat ¢ as a function of temperature for WCLV steel

T (K) c (J/(kgK)) \
273.15 460
365.15 521
962.15 620

3 Computational grid

The temperature distribution inside the die was determined using commer-
cial Ansys Transient Thermal software [37]. The calculations were carried
out for a three-dimensional model, representing the actual die geometry.
Due to the presence of symmetry planes in the die, a quarter of the ele-
ment was analysed, assuming symmetry conditions in the cross-sectional
planes (Fig. 2a, planes marked by green). The mesh constructed from ap-
proximately 500 000 tetrahedral elements is shown in Figs. 3 and 4. The
impact of the number of mesh elements on the obtained calculation re-
sults was analysed. Calculations were also performed for mesh types with
higher and lower number of elements than in the case of the selected mesh.
Grid elements of three different sizes (G1-G3, Figs. 3 and 4) were used
at the main edges of the geometry. The smallest elements of size equal to
5 x 10~* m (G3, Fig. 4) were used to create a mesh discretization of the
edge of the die most mechanically stressed the most during its operation
(edge F, Fig. 2b). It is crucial for the correct operation of the die to deter-
mine the thermochemical treatment conditions and consequently produce
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a layer with high mechanical properties of the mentioned edge. Larger grid
elements of 1073 m (G2, Fig. 4) were used to prepare a grid of die sections
that do not operate under such harsh conditions as the aforementioned

(a) (b)

Figure 2: Fragment of a die with marked: a) planes of symmetry, b) edge E.

A

Figure 4: Cross-section A — A of the die grid showing edge E with grid elements G2 and
G3 marked.
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edge. The grid elements located in other parts of the die were characterised
by a grid size of 4 x 1073 m (G1, Fig. 3). The average orthogonality of the
grid elements was 0.75.

4 Initial and boundary conditions

In Ansys Transient Thermal, the heat conduction equation in the die frag-
ment was solved in the following form

or o oT 0 oT 0 aoT
—=—|k(T)=— — |K(T)— — |K(T)—

ot Gx[()am} 8y{()8y] 82[()6,2}’ (
where the variability of k(7T') is shown in Table 2. The assumed initial die

temperature was 295 K. Calculations were carried out using a boundary
condition of the form

pe(T) )

O ) 1,01~ (1) )

where h(t) was obtained from solving the inverse problem for the experi-
mental data which are shown in Fig. 6.

Three processes were used to analyse the heating process, differing in
the set heating rate and fan speed, which are summarised in Table 4.

k(T)

Table 4: Heating processes

Process Heating rate Percentage of maximum
(K/min) fan speed (%)
P1 5 50
P2 5 100
P3 10 50

The heating rate values given in Table 4 are the set values for the fur-
nace control system. Different furnace control modes resulted in different
gas temperature waveforms (Fig. 5) and heat transfer coefficient values
(Fig. 6) [16,35]. The boundary conditions in the form of temperature,
heat flux and heat transfer coefficient for the cylinder were determined
from previous experimental studies in a thermochemical treatment furnace
and by solving the inverse problem for the heat conduction equation for
the analyzed processes P1-P3 [16]. The inverse heat conduction problem
is ill-posed. Even the slightest disturbance in input data can have a sig-
nificant impact on the calculation results. It was taken into consideration
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and self-regulation was done using the time series method described in [16].
The proper selection of a time series significantly reduced the oscillation of
the result. A time series of At = 30 s was selected for the analysed pro-
cesses. So far, on the basis of experimental studies and the stable solution
of the inverse heat conduction problem, a slight variation of the heat trans-
fer coefficient at different locations in the furnace working chamber has
been shown [15]. Therefore, the boundary condition in the form of the heat
transfer coeflicient determined earlier in the study was adopted for all the
walls of the die model in contact with the furnace atmosphere during the
thermochemical treatment. The remaining planes are planes of symmetry
(Fig. 2). The boundary conditions obtained from the processes analysed
(Table 4) in the form of gas temperature and heat transfer coefficient for
the cylinder are shown in Figs. 5 and 6.

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Figure 5: Gas temperature for heating processes P1-P3 in the thermochemical treatment
furnace.
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Figure 6: Heat transfer coefficient for heating processes P1-P3 in a thermochemical treat-
ment furnace.
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The P1 process had the longest duration and the largest range of heat
transfer coefficient values (Fig. 6). At the beginning of the process, the value
of h was 84 W/(m2K) after which it decreased to a minimum value equal
to 43 W/(m?K) for a time of about 4000 s. Subsequently, the value of the
heat transfer coefficient increased and at the end of the process exceeded
140 W/(m?K). The P2 process (Fig. 6) had the same controlled heating
rate as the P1 process, but because the fan speed was set to maximum, the
gas flow in the furnace chamber was intensified, improving the heat transfer
conditions. At the beginning of the process, a higher heat transfer coefficient
was obtained than in the P1 process, with a value of 88 W/(m?K). The
minimum value for the P2 process is 69 W/(m?2K). This occurred for a time
of 4100 s. At the end of the process, a heat transfer coefficient value was
reached of 160 W/(m2K). The P3 process was characterised by twice the
heating rate of the P1 and P2 processes and the fan speed set at 50% of
its maximum value. These conditions reduced the process time to 11 820 s.
The heat transfer coefficient curves described above were used as boundary
conditions in the die heating analysis.

5 Description and analysis of the results
for die heating

The effect of the 3D simulation was to obtain the temperature in the entire
volume of the die during the heating process. The nature of the gas tem-
perature variation (Fig. 5), the distribution of the heat transfer coefficient
(Fig. 6) and the unbalanced distribution of the die mass resulted in un-
even heating. The distribution of the difference in the gas temperature and
the average die surface temperature for the processes P1-P3 is shown in
Fig. 7. This difference reaches 115, 72 and 148 K for processes P1-P3, re-
spectively. Figure 7 shows that the processes examined varied significantly
in the values of the temperature difference between the gas and the average
temperature of the die surface. The value of the difference is related to the
intensity of the heat flow from the gas to the die at the surface. The inten-
sity of heat flow at the surface causes temperature differences in the volume
of the die. These, in turn, affect the formation of temperature gradients,
thermal stresses and deformations in the die.

Each heating process was characterised by a different distribution of
the maximum temperature difference in the volume of the die (Fig. 8).
For process P1 and a time of 6540 s, a maximum temperature difference
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Figure 7: The difference between gas temperature and average die surface temperature
during heating for the P1-P3 processes.

in the die volume of 15.2 K was obtained. For the P2 process, a more
uniform temperature in the volume of the die was obtained due to the
higher value of the heat transfer coefficient. The maximum temperature
difference in die volume for the P2 process was 14.2 K. For the P3 process
with the highest heating rate, a much larger temperature divergence was
obtained in the volume was obtained, which reached a value of 21.2 K
for a time of 3780 s. Table 5 summarises the time of occurrence of the
maximum temperature divergence values in selected areas: on the heated
surface (Tmax,A—Tmin,A), int the volume (Tryax,v —Tmin,v) and on the edge £
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Figure 8: Difference between the maximum and minimum temperatures in the volume of
the die.
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(Tmax,E — Tmin,e) (Fig. 2b). For each of the analysed heating processes P1-
P3, the maximum temperature differences at the edge surface were obtained
at the same process time as the maximum differences in die volume.

Table 5: Maximum temperature differences in selected areas of the die and their time of
occurrence for each process

Process (z) TmaXvA(K)Tmln,A Tmax,V(K)Tmm,V Twmax,E — Tmin, E
P1 6540 12.9 15.2 4.2
P2 6390 11.9 14.2 3.9
P3 3780 19.0 21.2 5.9

Figure 9 shows the temperature distribution on the heated die surface
according to the boundary condition for the P3 process and the time
t = 3780 s in which the maximum temperature difference occurred (Ta-
ble 5). The lowest temperature of about 557 K can be observed in area A
with the high mass of the die, while the highest temperature of about 578 K
can be observed in area B.

(K]

Figure 9: Temperature distribution in the volume of the die in process P3 for time ¢t =
3780 s, for which the maximum temperature difference occurred during the
entire heating process.

A crucial part of the die geometry is the edge of the die that is mechanically
stressed during extrusion of aluminium alloy profiles (the edge E). To give
the E-edge the necessary hardness, the die is subjected to gas nitriding.
Knowing the exact value of the surface temperature during the process will
allow for a precise control of the thermochemical treatment process. For
this reason, the temperature distribution on the E edge was subjected to
a special analysis. (Figs. 2b, 10, and 11).



Numerical analysis of the heating of a die for the extrusion of aluminium alloy... 171

I
1
I tls]

0 2000 4000 6000 8000 10000 12000 14000 16000

Figure 10: Maximum temperature differences on the surface of the E edge for processes
P1-P3.
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Figure 11: Temperature distribution on edge surface E for process P1 and time
t = 6540 s.

The maximum temperature difference at the edge surface (Fig. 10) for
the analysed processes P1, P2, and P3, respectively, is 4.2, 3.9 and 5.9 K.
These are relatively large values considering the precise control of the edge
temperature during the nitriding process. Figure 11 shows the temperature
field with maximally varying values (for ¢ = 6540 s) at the edge surface E
for process P1.

For the analysed processes, edge E has the highest temperature on the
surface of the long side in the plane of symmetry. For comparison, the
lowest temperature occurs at the corner on the side of the high-mass die
fragment (area A). The temperature difference then reaches 4.23 K. The
temperature distribution at the edge is influenced by the varying mass
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of the die geometry. From the analysis of the data obtained for the P1,
P2, and P3 process, it can be seen that the position of the maximum and
minimum temperature areas does not change for different heating rates and
fan settings (gas flow rate in the chamber of the furnace).

6 Conclusions

In the study, the heating of a massive die with complex geometry was
analysed. A boundary condition was applied in the form of a heat transfer
coefficient obtained for three different heating processes. The variants of
boundary conditions considered match the heating rates and fan settings
used in thermochemical treatment processes.

The analysis shows that the maximum temperature differences at the
edge E occur at the same time as the maximum temperature differences in
the volume. The unevenness of the mass distribution of the die is the cause
of the temperature variation on the edge E. This variability is significant
and reaches 4.2, 3.9, and 5.9 K for P1-P3 processes.

The data show that heating at the maximum fan speed has the positive
effect of reducing the process time and achieving a more uniform tempera-
ture in the die volume.

In order to achieve a more homogenous temperature in the volume of
the component to be worked, and therefore to minimise the occurrence of
thermal stresses, it is necessary to intensify: the gas flow in the furnace
chamber in order to increase the heat transfer coefficient.

A time-varying heating rate can be used to reduce the temperature dif-
ferences in the volume of the die. To increase the productivity of the pro-
cessing, the heating rate can be increased at the beginning and end of
each process. However, during the heating stage, when the temperature
differences reach a maximum for a constant heating rate, the speed can be
reduced. Die heating rate control can be achieved by solving the inverse
problem.
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Abstract The trend of reducing electricity consumption and environ-
mental protection has contributed to the development of refrigeration tech-
nologies based on the thermal effect of adsorption. This article proposes
a methodology for conducting numerical simulations of the adsorption and
desorption processes. Experimental data available in the literature were
used as guidelines for building and verifying the model, and the calculations
were carried out using commercial computational fluid dynamics software.
The simulation results determined the amount of water vapor absorbed by
the adsorbent bed and the heat generated during the adsorption process.
Throughout the adsorption process, the inlet water vapor velocity, temper-
ature, and pressure in the adsorbent bed were monitored and recorded. The
results obtained were consistent with the theory in the literature and will
serve as the basis for further, independent experimental studies. The vali-
dated model allowed for the analysis of the effect of cooling water tempera-
ture on the sorption capacity of the material and the effect of heating water
temperature on bed regeneration. The proposed approach can be useful in
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analyzing adsorption processes in refrigeration applications and designing
heat and mass exchangers used in adsorption systems.

Keywords: Heat transfer; Adsorption; CFD; Mass transfer; Refrigeration devices

Nomenclature
a — amount of adsorbed water vapor, kg/kg
Geq — equilibrium concentration, kg/kg
C —  coefficient of inertial resistance, 1/m
Cp — specific heat capacity, J/kgK
D. — effective diffusion coefficient, m? /s
D, - diameter of the bed particles, m
Do — kinematic diffusion coefficient, m2/s
E, — activation energy, J/mol
H - Theat of adsorption, J/kg
k — thermal conductivity of the medium
km - LDF model coefficient, 1/s
P —  pressure, Pa
P, — saturation pressure, Pa
P, — absolute pressure, Pa
Q —  energy source term, W/m?
R - gas constant, J/(molK)
Ta — radius of bed particles, m
S — source term of momentum, N/rn3
Sm — source term of mass, kg/(s m?)
T — temperature, K
v —  velocity, m/s
Vi — Cartesian components of velocity in x;-direction
T; —  Cartesian coordinates, m

Greek symbols

permeability, m?

@
€ porosity of the medium
m dynamic viscosity of the medium, Pa-s
P density of the medium, kg/m?
T time, s
Subscripts
b — adsorption bed
c — cooling water
f - fluid
h —  heating water
t,7 — components
s - solid
sc  — single cycle
v —  vapor
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Abbreviations
ads — adsorption/
CFD - (computational fluid dynamics
COP —  coefficient of performance
des — desorption

1 Introduction

As a result of the increasing demand for heating, cooling, and air condi-
tioning over the last century, numerous refrigeration technologies have been
developed. Compressor cooling systems dominate the market due to their
high coefficient of performance (COP). Although these devices perform well
in terms of heating and cooling, they have a negative impact on the envi-
ronment. This is due to the refrigerants (such as freon, propane, and carbon
dioxide) used in compressor devices, which have a negative impact on the
ozone layer and global warming. The mentioned refrigerants, despite the
reduction of the global warming potential parameter, are still more harm-
ful to the environment than, for example, water. Additionally, refrigeration
devices account for approximately 20% of worldwide electrical energy used
in buildings [1]. Technologies based on sorption processes are free of the
drawbacks mentioned above [2]. One of these technologies is adsorption.

Adsorption cooling systems operate on environmentally friendly refriger-
ants (such as water) and allow to recover waste heat, thus to reduce primary
energy consumption [3]. Furthermore, adsorption systems are characterized
by low operating and maintenance costs, lack of vibration, and quiet op-
eration [4]. Despite their numerous advantages, adsorption cooling systems
also have drawbacks, such as intermittent operation, large equipment size,
the need for vacuum maintenance, and, above all, low COP [5]. There-
fore, there are ample opportunities for research to improve the efficiency of
adsorption systems.

To provide continuous cooling production, adsorption cooling devices
must be equipped with at least two beds. When a refrigerant is adsorbed
in one bed, the other bed undergoes regeneration or desorption. The cycle
starts with the refrigerant vaporizing in the evaporator. As a result of refrig-
erant vaporization, heat is being drawn from the water flowing through the
heat exchanger, and cooling water is produced as a result [6]. The operating
conditions of the process are closely related to the required parameters of
cooling water.
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In the case of using water as a refrigerant, it is necessary to maintain
a very low working pressure of the unit, as for water temperature of 280 K
(7°C) the saturation pressure is 1000 Pa. This poses additional require-
ments regarding the construction of adsorption equipment — it must be
sufficiently airtight to maintain low pressure. During evaporation, the evap-
orator is connected to a chamber where an adsorption bed is located. The
produced vapor is adsorbed by the bed, which makes it possible to maintain
low pressure in the evaporator. The adsorption chamber is not connected to
the condenser at this stage. When the adsorption bed becomes saturated,
the evaporator chamber is disconnected, and the regeneration process of the
bed begins. A working fluid at an elevated temperature is supplied to the
adsorption bed to force the desorption of refrigerant molecules from the ad-
sorbent pores. After a certain period called switching time, the connection
with the condenser chamber is opened. This stage is called the desorption
stage. After condensation, the refrigerant flows to the evaporator, where
the next cycle of the device operation begins [7].

Adsorption technology is based on surface sorption phenomena. In the
case of refrigeration devices, water is most commonly used as the adsor-
bate, as it is a chemically stable and environmentally friendly liquid. Porous
materials with a developed active surface area (such as silica gels) are used
as adsorbents. Adsorbate molecules are trapped in the adsorbent pores by
van der Waals forces (weak intermolecular electrostatic bonds). Accord-
ing to the law of conservation of mass, the mass of the adsorbent (porous
material) changes, while the adsorbate (refrigerant) only changes its state
and condenses on the porous surface of the adsorbent [8]. As a result, en-
ergy called adsorption heat is released. This means that adsorption is an
exothermic phenomenon, and it is necessary to cool the bed for the process
to proceed properly. This is an essential element of the process that affects
its efficiency [9]. Similarly, desorption is an endothermic process, so to re-
generate a saturated adsorption bed, energy must be supplied from outside.
This is one of the reasons why adsorption aggregates have a low COP coef-
ficient, but they are still used in places where waste low-temperature heat
can be utilized.

The significant influence of heating and cooling the bed on the efficiency
of the adsorption process requires intensive energy exchange between the
adsorbent and the heating/cooling source. This is one of the main design
challenges for adsorption heat exchangers. Additionally, the temperature
distribution in the exchanger should be as uniform as possible, and the
pressure drops of the working fluid should be minimized. Numerical simu-
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lations using CFD (computational fluid dynamics) are increasingly used to
optimize such devices, e.g. improve the geometry of the exchanger [10,11],
determine the optimal cycle time of the device [12], or determine the effect
of the adsorbent size on the sorption capacity and heat exchange in the
adsorption bed [13].

Modelling the adsorption process using CFD poses several challenges.
Fine-grained adsorbent materials generate a significant number of compu-
tational elements, making calculations infeasible. Therefore, simplifying the
model is necessary by replacing the adsorbent bed with a porous material,
which requires determining the substitute characteristics of the porous ma-
terial. Another challenge is the selection of appropriate equilibrium equa-
tions, process kinetics, and their implementation method. Each adsorbent-
adsorbate pair has unique features, which means that developed models are
not universal.

In this paper, a methodology for simulating mass and heat transfer in
an adsorbent bed is presented, which is then validated against available
experimental data [14]. The influence of the cooling water temperature on
the sorption capacity of silica gel and the dependence of the cooling device’s
operating cycle on the cooling water temperature are shown.

2 Method and results

The analyzed sample consisted of a heat exchanger with an insulated alu-
minium housing filled with silica gel (Fig. 1). The geometry was simplified
for computational purposes and consisted of only two elements, as shown in
Fig. 2: the adsorption bed and the water vapor volume. The heat exchanger
was replaced by a convective boundary condition with a heat transfer coef-
ficient of 600 W/m?K and a temperature of 303 K. An adiabatic boundary

Water from evaporator

N

Adsorbent
- Aluminium frame

Heat exchanger

1 2/

1 Adiabatic
2 Convective heat flux
3 Vapor in

Figure 1: Experimental setup diagram, based on [14].
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condition replaced the aluminum frame. The computational mesh which
consists of 537 600 hexahedral cells is presented in Fig. 3.

4Umm4\

Adsorption bed Heat Flux 0 W/m2

/A S S N S S B |

Heat exchanger

Figure 2: Simplified geometry used in the simulation.

Vapor pressure inlet

Figure 3: View of the numerical mesh of the studied sample.

The calculations were carried out using commercial computational fluid dy-
namics software Ansys Fluent [15] in which unsteady Navier-Stokes equa-
tions and energy conservation equation were solved using the finite volume
method, assuming laminar flow and using superficial velocity formulation.
Thermal equilibrium between the adsorption bed (porous medium) and the
fluid was assumed:

Opy , Opyui) _ 1—¢
or + ox; Simps e (1)
6vi 81),' o oP 81)2‘ 87)]' 2 0 3’Uk .
, (E +%> = T [(a? * a) 5o (aar) |+ 50 @
or  or
[(Pcp)s (1—e)+ (Pcp)f 5} (E + Uj%j)
0

(ha(1=2)+ o) 5

T

o ] +Q.  (3)

Due to the small grain size of the adsorbent material, it was necessary
to simplify the bed by using a porous medium, i.e., by adding a negative
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momentum source term to the standard momentum conservation equation:

3 3
1 1
S =— E —p; + E C§p|v|vj . (4)
=1 ¢ =1

The source term S; consists of two parts: viscous losses (classical Darcy’s
law, the first part of the right-hand side of Eq. (1)) and inertial losses (the
second part of the right-hand side of Eq. (1)). The essence of replacing real
structures with a porous medium is to determine their equivalent charac-
teristics [16]. In laminar flows through porous media, the pressure drop is
usually proportional to the velocity, and the inertial resistance C'is equal to
0. The viscous resistance 1/« was determined from the transformed Blake-
Kozeny equation

D2 3

=01 —2)2 (5)

o
assuming a bed particle diameter of D, = 35 x 107® m. The porosity € =
0.37 was determined as the ratio of free space in the bed to its total volume.
In a result, viscous resistance amounted to 9.60 x 10? m—?2

Water vapor was used as a fluid and silica gel was used as the solid body
material. The adsorption process kinetics were modeled using the linear
driving force (LDF) model [17], which takes into account the influence of
mesopore and micropore structures. The form of the equation modified by
Sun and Chakraborty [18] was used to incorporate the adsorption isotherms
and activation energy:

= O (deg— ). (6)

Sm =5 =

where a is the amount of adsorbed water vapor in grams of water vapor
per gram of bed and ae, is the equilibrium value for the given conditions.
The k,, coefficient depends on the bed parameters and is defined by

15D,
=2 > (7)

a

km
r

where r, is the radius of the adsorbent particle. The effective diffusion
coefficient, D., which includes both surface and pore diffusion, is related to
the isotherm:

E,
D, = Dgexp <— RT) , (8)
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where Dy = 2.54 x 107% m?/s, E, = 42 kJ/mol is the activation energy, R
is the gas constant, and T is the temperature. Equation (6) was also used
as a source term in the water vapor mass conservation equation (Eq. (1)).

The equilibrium concentration a4 of the adsorbed water vapor was de-
scribed by the Dubinin-Astakhov adsorption isotherm. This equation is
frequently used for silica gel-water vapor systems and was originally de-
veloped based on Polanyi’s adsorption theory, taking various forms [8,19].
The model used in this study employed an equation based on the saturation
pressure and temperature of the adsorbent:

a RT . P,\"
i N kel P
o OS?exp[ ( Z nPS> ], (9)

where P, is the absolute pressure of water vapor, Ps is the saturation pres-
sure for a given temperature, R is the gas constant, and the isothermal
parameters n and E take values of 1.15 and 4280 J/mol, respectively.

Thermal effects were modeled as an energy source term @, according to
Eq. (10)

da
Q=H", (10)
where H is the heat of adsorption equal to 2415 kJ/kg.

The Green-Gauss node based gradient calculation scheme and the
QUICK (quadratic upstream interpolation for convective kinematics) mo-
mentum, density, and energy discretization schemes (a high-order scheme
for Cartesian grids) were used. The calculations were performed using
a pressure-based solver with the PISO (pressure-implicit with splitting of
operators) scheme. First order implicit transient formulation was applied.

The water vapor inlet was modeled as a pressure boundary condition
with a absolute pressure P, = 1230 Pa and an incoming temperature T, =
283.15 K. The initial conditions were T' = 331.15 K, P = 1230 Pa, and
a = 0.054 kg/kg.

Iterative calculations were then carried out for 2000 time steps. Each
time step lasted 1s and consisted of a maximum of 30 iterations until
the normalized residuals decreased by 4 orders of magnitude. In addition,
the average vapor velocity at the inlet, the average temperature in the
adsorption bed, and the amount of water vapor adsorbed by the bed were
monitored to confirm iterative convergence.

In Figs. 4a and 4b, as well as 5a and 5b, different scales were used to
clearly visualize the temperature distribution and saturation within the
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adsorption bed. Figures 4a and 4b show the temperature distributions in
the adsorption bed at 7 = 200 s and 2000 s, respectively. In the initial phase
of the adsorption process (Fig. 4a), the highest temperature was found in
the middle and upper parts of the bed, reaching approximately 323 K. The
lowest temperature was observed in the lower part of the bed, at 305 K.
This is because adsorption is an exothermic process and generates a large
amount of heat throughout the volume of the bed in the initial stages, while
the lower part of the bed was being cooled most intensively by the heat
exchanger. At 2000 s (Fig. 4b), the adsorption proceeded with much lower
intensity, and the coolest spot (300 K) was in the upper part of the bed,
where T, = 283.15 K was introduced due to the pressure difference between
the bed and the evaporator. The temperature on the lower surface of the bed
was approximately 303 K. The highest temperature, approximately 304 K,
was observed in the middle part of the bed, where the adsorption process
generated more heat than the cooling effect of the cooling medium.

Time =200 s
Temperature in K
Vapcy 323.7
{ (RN ! 319.1
3144
309.7
Heat exchanger 305.0

(a)

Time = 2000 s
Temperature in K
Steam inlet 303.8
302.9
301.9
301.0
Heat exchanger 300.1

(b)

Figure 4: Graphical distribution of temperature in the adsorption bed at:
(a) 7=200s, (b) 7 = 2000 s.

At time 7 = 200 s of simulation, the largest amount of adsorbed vapor
was observed in the lower part of the bed (Fig. 5a), as the heat exchanger
cooling action locally intensified the adsorption. After 2000 s more uniform
distribution of adsorbed water vapor is observed, with maximum in the up-
per part of the bed (Fig. 4b). This is again due to thermal effects (compare
with Fig. 4b), also the top surface is more easily accessible to the water
vapor.
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Time =200 s
Uptake kg/kg
papcy 0.1368
0.1206
0.1044
0.0883
Heat exchanger 0.0721

(a)

Time = 2000 s

Uptake kg/kg
Vapor 0.1921
0.1876
0.1831
0.1786
Heat exchanger 0.1740

(b)

Figure 5: Graphical distribution of adsorbed vapor at: (a) 7 = 200 s, (b) 7 = 2000 s.

Model validation is presented in Fig. 6. The amount of water vapor adsorbed
by the bed and the average bed temperature was compared between the
simulation and experimental data [14].

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

F0.18

-0.16
325 |
F0.14 5
320
F0.12
315

Uptake (kg/kg

-0.10
310

Average bed temperature (K)

- 0.08
305
I 0.06

300 T T T T
0 500 1000 1500 2000 2500

Adsorption time (s)
Figure 6: Comparison of experimental and numerical results: average bed temperature

and the amount of adsorbed water vapor in the bed.

The maximum relative error between numerical simulation and experimen-
tal data for vapor uptake was 3%. For temperature, the maximum relative
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error was 1%. Discrepancies may be attributed mostly to the uncertainty
of experimental data and modelling assumptions (thermal equilibrium as-
sumption, boundary conditions). The discrepancies were judged as small
enough to use the developed model to analyze the influence of various fac-
tors on mass and heat transfer in the adsorption bed.

In this work, an analysis was performed on how the temperature of the
cooling medium affects the sorption capacity of the bed. Several simulations
were conducted at different temperatures of the cooling water (293-313 K),
monitoring the change in vapor uptake (Fig. 7).

——313K
——303K

0.35 7 ——293K

0.31464

0.30

0.25011
0.25

°
x
> 0.20 4 0.19349
<
g
© 0.15
Q.
]

0.10 4

0.05 4

0.00 T T T T

0 1000 2000 3000 4000

Adsorption Time (s)

Figure 7: Comparison of the amount of vapor adsorbed by the bed at different
cooling water temperatures.

The highest amount of water vapor was adsorbed at the lowest tested tem-
perature (293 K), and the least at the highest tested temperature (313 K),
with a difference of 0.121 kg/kg, which is in accordance with adsorption the-
ory and implemented isotherms. This is particularly important considering
the availability of cooling medium in different applications and geographic
locations. In areas with warm climates where it might not be possible to
obtain cooling water for the bed below 303 K using fan-cooling, the de-
vice efficiency would already decrease at the design stage due to the lower
saturation achievable during each cycle.

In adsorption refrigeration systems, the adsorption and desorption pro-
cesses occur alternately between two beds, so their time must be equal.
The next step was to investigate how the temperature of hot water affects
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the desorption process (Figs. 8-10). For this purpose, the bed regeneration
process was simulated, starting from saturation condition. The initial de-
gree of sorbent saturation, which largely depends on the temperature of the
cooling medium, as shown in Fig. 7, significantly affects the course of the
desorption process.
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Figure 8: Comparison of the amount of vapor desorbed by the bed at different

temperatures of the heating water.
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Figure 9: Comparison of the amount of vapor desorbed by the bed at different
temperatures of the heating water.
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Figure 10: Comparison of the amount of vapor desorbed by the bed at different
temperatures of the heating water.

The lowest vapor uptake at the end of the desorption cycle was achieved
when the adsorption process was powered by cooling water at T, = 313 K
and regenerated with heating water at T = 363 K, which amounted to
0.0413 kg/kg. The highest amount of adsorbed vapor, 0.1011 kg/kg, re-
mained within the sorbent grains when the bed was cooled with T, = 293 K
during the adsorption process and desorption was carried out at a temper-
ature of 343 K.

The relationship between these two processes is significant, as the more
vapor remains in the adsorbent material after the regeneration process, the
less it can adsorb in the subsequent adsorption process. Also, the adsorption
process is more intense the further the bed is from the saturation point.
This means that in regions with a warm climate it is possible to achieve
higher temperatures of hot water used for bed regeneration. This will result
in a lower degree of bed saturation, which will compensate for the higher
temperature of the cooling water during the adsorption process. This indi-
cates the possibility of utilizing external conditions during the device design
process.

The course of the adsorption/desorption process was analyzed for various
single-cycle times of 4000, 6000, and 8000 s and the results are shown in
Fig. 11. The analysis was performed for the case where the cooling water
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temperature during the adsorption process was 303 K, while the hot water
temperature during the desorption process was 353 K.
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Figure 11: Comparison of the vapor uptake for cooling water temperature of 303 K,
heating water temperature of 353 K and for various cycle lengths.

Assuming zero uptake as an initial condition, the degree of saturation at
key moments (beginning of adsorption and beginning of desorption) reaches
equilibrium after about 3 cycles for cases where the single cycle time was
Tse = 4000 s and 6000 s, respectively. For the case where 75, = 8000 s,
stability was achieved after only 2 cycles. Shortening the single cycle time of
the device increases the number of cycles required to stabilize the saturation
of the adsorbent bed.

In the case of refrigeration devices, the intensity with which water vapor
is adsorbed by the adsorption bed is important, because it affects the de-
vice’s efficiency. In the case of the third cycle, where adsorption processes
reached stability, the amount of absorbed water vapor (the difference in sat-
uration level between the beginning and end of adsorption) in the adsorbent
bed was 0.1449 kg/kg for 74, = 4000 s, 0.1737 kg/kg for 7, = 6000 s, and
0.1885 kg/kg for 75, = 8000 s.

Increasing the duration of the adsorption process from 2000s to
3000 s resulted in an increase of the amount of absorbed water vapor by
0.0228 kg/kg. Increasing the duration of the adsorption process from 3000 s
to 4000 s resulted in an increase in the amount of absorbed water vapor
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by only 0.0148 kg/kg. The increase in adsorbed water vapor was almost
twice as low when extending the time from 3000 s to 4000 s compared to
extending the time from 2000 s to 3000 s.

Differences can also be observed on the adsorption and desorption graph
where the single cycle duration is 4000 s (Fig. 12). The amount of adsorbed
vapor in the third cycle during the first 1000 s of the adsorption process
(from 8000 s to 9000 s) is 0.108 kg/kg, while in the subsequent 1000 s (from
9000 s to 10000 s) it decreases to 0.0361 kg/kg. This indicates that the
intensity of the adsorption process significantly decreases with the duration
of the process.
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Figure 12: Vapor uptake in function of time for cooling water temperature of 303 K and
heating water temperature of 353 K, for cycle lengths of 4000 s.

The effect of the duration of the adsorption process on its course is due
to the degree of saturation of the bed. This means that the optimal cycle
duration depends on the intensity of the process (cooling water temperature
of the bed during the adsorption process), the initial degree of saturation
(heating water temperature of the bed during the desorption process), and
the type of adsorbent-adsorbate pair. It should be remembered that the
main task of the adsorption process in adsorption refrigeration devices is
to maintain a low evaporation temperature by extracting the vapor gener-
ated in the evaporator. Therefore, the main criterion for selecting the cycle
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duration of the adsorption/desorption process is the minimum amount of
vapor that can be adsorbed at any given time corresponding to the amount
of vapor generated at the same time in the evaporator.

3 Summary

The article presents a method for modeling mass and heat transfer in an ad-
sorption bed using CFD methods. The proposed equation implementation
approach is universal for modeling adsorption processes, while the kinetic
and equilibrium equations used are specific to the analyzed type of silica
gel. The calculations obtained using the model were in agreement with the
experimental results available in the literature. The presented approach will
be the basis for further experimental research.

Numerous scenarios were tested numerically. The study of the influence
of the cooling and heating temperatures on the adsorption/desorption pro-
cess showed the significance of these parameters and indicated the possi-
bility of utilizing external conditions during the device design process. The
impact of cycle length on the intensity of absorbed vapor was also ana-
lyzed. Cycles with a duration of 4000 s, 6000 s, and 8000 s were tested. It
was demonstrated that the intensity of the adsorption process significantly
decreases with the duration of the process. By doubling the cycle length
from 4000 s to 8000 s, the amount of adsorbed vapor increased by only 23%.

The developed numerical model allows for the selection of optimal cycle
times for adsorption refrigeration devices under specific conditions, which
can translate into improving their COP cooling efficiency. This, in turn,
can contribute to their competitiveness in the market and environmental
protection.
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