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Optimization of geometric and flow parameters

of solar air heater roughened with artificial
roughness by Taguchi method

MUKESH KUMAR SAHU®*
SHIVAM MISHRA®
AVINASH KUMAR®

¢ Cambridge Institute of Technology, Department of Mechanical

Engineering, Tatisilwai, Ranchi, Jharkhand, Pin-835103, India

® G L Bajaj Institute of Technology and Management, Department
of Mechanical Engineering, Greater Noida, Uttar Pradesh, Pin-201308,
India

Abstract The paper presents the investigation of the optimum design
parameters of a solar air heater (SAH) having wire ribs as artificial rough-
ness by using the Taguchi method. The solar air heater has arc shape
roughness geometry with apex upstream flow on the absorber plate. The
objective of this paper is to obtain a set of parameters that deliver max-
imum thermo-hydraulic performance. For this objective, a new parameter
the thermo-hydraulic improvement parameter (nTuip), has been introduced.
For the present analysis, the effects of Reynolds number (Re), relative
roughness pitch (P/e), angle of attack («), and relative roughness height
(e/Dy), denoted by A, B, C, and D, respectively, have been considered. An
(L1s = 6" - 3%) orthogonal array (OA) was chosen as an experimental plan
for applying the Taguchi method. The set of control factors for the solar air
heater SAH which delivers the maximum Nusselt number (Nu), and mini-
mum friction factor (fr) — are AsB2C2, and A1B1Cj3 respectively. To obtain
the maximum THIP the experimental set-up requires only one single run
using the parameter AgB2Cs, hence there is no need to run it all 54 times.

Keywords: Roughness; Nusselt number; Friction factor; Taguchi method; Optimization

*Corresponding Author. Email: mks.nitjsr@gmail.com
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Nomenclature
A surface area of the absorber plate, m?
Ao area of orifice plate, m?
Chra specific heat of air, J/kgK
Cq coefficient of discharge for orifice meter
D hydraulic diameter of duct, m
e roughness height, m
e/Dp, relative roughness height
f friction factor
G velocity of air, m/s
h heat transfer coefficient, W/m?K
H depth or height of solar air heater duct, m
Ah height of U-tube manometer fluid column, m
Ahi height of micromanometer fluid column, m
I intensity of solar radiation, W/m?
Ka thermal conductivity of air, W/mK
L length of solar air heater duct, m
m mass flow rate of air, kg/s
N number of glass cover
Nu Nusselt number
P roughness pitch, m
P, pumping power, W
APp pressure drop across the test section, N/m?
AP, pressure drop across orifice meter, N/m2
Ple relative roughness pitch
Re Reynolds number
Qu useful heat gain, W
SN-R signal-to-noise ratio
Ta ambient temperature, K
Tom mean temperature of the bottom plate, K
Ty; air inlet temperature, K
Tim mean air temperature in the duct, K
Tyo outlet air temperature, K
Tom mean absorber plate temperature, K
AT rise in air temperature, K
w width of solar air heater duct, m
W/H aspect ratio of collector duct
Greek symbols
«@ — angle of attack, deg
Br — ratio of orifice diameter (D2) to pipe internal diameter (D7)
€ —  emissivity
mn — thermal efficiency
Nes — thermohydraulic (effective) efficiency
m — absolute viscosity of air, Ns/ m?
p —  air density, kg/m?
pm  — density of fluid used in micromanometer, kg/m?
pu  — density of fluid used in U-tube manometer, kg/m®
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Subscripts
¢ — glass cover
p — plate
r — roughened
s — smooth
Acronyms
DOE —  design of experiment
GI — galvanized iron
OA — orthogonal array
SAH — solar air heater
THIP - thermo-hydraulic improvement parameter
THPP - thermo-hydraulic performance parameter

1 Introduction

Since energy demand is increasing globally and it will increase more rapidly
in the coming years, we have to harness and obtain more energy from
the various available non-conventional energy sources that are free, more
reliable and environment-friendly.

Various studies on different types of solar air heaters (SAHs) and other
solar thermal systems which are focused to convert solar energy into useful
heat energy for various applications have been reported. Solar air heaters
are the most used device in thermal energy conversion systems worldwide.
Due to simplicity in construction and ease of operation SAHs are effectively
used in various domestic, industrial, and agricultural applications such as
drying crops, fruits and vegetables, room and space heating, preheating,
dehydration of various products, and coal drying [1]. However, it has been
found by investigators wvia their research that SAHs have low thermal effi-
ciency (n,) due to the poor thermal conductivity property of air and low
heat exchange between the air and smooth absorber plate. In addition to
these, irregular solar intensity and availability of solar energy throughout
the day are also the other major reasons for the low thermal efficiency of the
SAHs [2]. Hence, the different heat transfer augmentation techniques and
modifications on SAH absorber plates are employed by the investigators to
obtain enhanced heat transfer rates and thermal performances.

To improve the thermal performance of SAHs various enhancement tech-
niques like the use of fins, baffles and obstacles have been adopted [3-5]. It
further includes different types of absorber plates such as V-groove, corru-
gated type, application of packing bed and porous materials in the air-flow
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path in the duct of SAH. Numerous research has also been carried out
with the use of thin wire ribs as artificial roughness and its geometries on
the absorber plate of the SAH to obtain higher efficiency and outlet air
temperature (T't,) compared to the smooth plate SAH. The presence of
artificial roughness in the form of ribs breaks the laminar sublayer and it
is responsible for creating turbulence in the path of core-fluid flow which
increases the heat transfer rate [5].

It is reported by the researchers that the use of any type of heat transfer
augmentation technique in SAHs enhances the heat transfer coefficient (h)
but it also increases the friction factor (f) in terms of more pumping power
(Py,) as compared to simple SAH. Therefore, in order to analyze the over-
all performance of a SAH, by using any type of heat transfer augmentation
techniques, Webb and Eckert [6] and Lewis [7] proposed a thermo-hydraulic
performance parameter (THPP) that evaluated the heat transfer and fric-
tion factor (pumping power) characteristics simultaneously of the enhanced
SAH to the reference (smooth) SAH, which is discussed in details in the
further section of the present paper. For optimizing different system and
operating parameters like the number of glass covers (N), the emissivity
of the absorber plate (gp), mean absorber plate temperature (Tpy,), rise in
the air temperature (AT), tilt angle (), and solar radiation intensity (1)
for smooth flat plate SAH, Varun et al. [8] have used stochastic iterative
perturbation technique (SIPT).

Further, Rao and Waghmare [9] applied teaching learning based opti-
mization (TLBO) to optimize the thermal efficiency of a flat plate SAH.
Optimization of smooth absorber plate SAH has been done by Siddhartha
et al. [10] by using the particle swarm optimization (PSO) algorithm. Cha-
moli [11] has used the preference selection index (PSI) approach for the
optimization of a V-down perforated baffled roughened rectangular chan-
nel. Similarly, Chauhan et al. [12] have used the preference selection index
(PSI) algorithm to optimize the thermal efficiency of impinging air jet SAH.
Bilen et al. [13] employed the Taguchi method to optimize the heat trans-
fer from the surface of a rectangular block. Varun et al. [14] performed
their experimental work and used the Taguchi method to optimize the
thermo-hydraulic (effective) efficiency of SAH duct roughened with com-
bined inclined and transverse rib geometry. Aghaie et al. [15] performed
CFD (computational fluid dynamics) simulation-based study to optimize
the geometry of angled ribs SAH and its thermo-hydraulic efficiency by us-
ing the Taguchi method. An experimental study was performed by Chauhan
et al. [16] who employed Taguchi design of experiments (DOE) method for
optimizing the thermo-hydraulic performance parameter (THPP) of im-
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pinging air jet SAH. Chamoli [17] applied the Taguchi method to optimize
the flow and geometrical parameters of the roughened channel with V-down
perforated baffles. Hu et al. [18] optimized the thermal efficiency of solar
air collectors with holes on the baffle by the Taguchi method. The Taguchi
method has also been used by investigators for the optimization of different
types of heat exchangers [19,20]. Kotcioglu et al. [21] used this method to
optimize the plate-fins type heat exchanger. Similarly, Chamoli et al. [22]
optimized the shape of the heat exchanger with compound inserts, whereas
Zeng et al. [23] employed the Taguchi method for optimizing the heat ex-
changer with a vortex-generator fin.

The above literature review revealed that Taguchi optimization tech-
niques have been used for the optimization of the thermo-hydraulic (effec-
tive) efficiency (7eg), thermal efficiency and thermo-hydraulic performance
parameter of the smooth plate, baffle, impinging air jets, and for rough-
ened SAHs.

For calculation and analyzing the performance via experimental works,
multiple runs or trials need to be carried out to analyze the effects of various
roughness and flow parameters on the performance of the roughened SAHs.
Also, investigating the effects of all roughness parameters on heat transfer,
friction factor and thermo-hydraulic performance of SAHs is a very time-
consuming process. The various types of equipment, different devices (to
read the input and output data/parameters), and their cost are also in-
volved in the fabrication of the experimental setup. By applying any of the
optimization methods, we are able to predict and find the combination sets
of design and flow parameters by which we will obtain the optimum (maxi-
mum) performance from the SAH, and this also allows to save time and cost.

In the last few years, the Taguchi method has been used widely as an
optimization technique to optimize the performances of various devices
which are used in heat transfer applications such as heat exchangers and
various types of SAHs. It is the technique developed by Taguchi [24, 25]
based on orthogonal arrays (OA) of experiments with optimum values of
process parameters providing reduced variance. Taguchi method is one of
the optimization techniques which has been extensively used to obtain the
set/combination of system parameters to optimize the performance of the
systems [26,27]. It also helps to minimize the costs which are involved in
running multiple experimental runs [28,29].

Based on the above review, it can be seen that not many papers have
been presented by the researchers, especially for the artificial roughened
type SAHs to optimize its thermo-hydraulic performance parameter by us-
ing the Taguchi method (see Table 1).
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Table 1: Summary of investigations carried out by researchers for different types of SAHs
by using the Taguchi method.

Type of solar | Orthogonal Parameters Optimization | Authors and
air heater array Definition Range factor reference
Relative rough-
ness pitch 3-8
Transverse (P/e) Thermo-
and inclined Loz (3%) hydraulic Varun
roughened Mean plate (effective) et al.,
solar air temperature 68-112 efficiency 2009 [14]
heater (Tpm) (Nefr)
Irradiation (I) 800-1000
Reynolds
number (Re) 1200-11600
f:ttijl?z)n_e/tg ) | 0.043-0.109
I Thermo-
Impinging jet Lig (3%) | Streamwise hydraulic Chauhan
solar air pitch ratio 0.435-1.739 | performance et al.,
heater (X/Dy,) parameter 2017 [16]
S r— (THPP)
panwise pitc 5
ratio (X/Dp) 0.435-1.304
Rib relative 19
itch (P/H
pitch (P/H) Thermo-
Machined rib Lig (44) Rib relative 0.05-0.75 hydraulic Aghaie
solar air height (e/H) ’ : performance et al.,
heater 3 3 parameter 2015 [15]
Rib relative (THPP)
tip width 0-1
(a/H)
Rib relative
front projection 0-1
(s/(H —a))
Relative rough-
ness pitch 1-4
P
V-down L 44 ( /e) fu;ss ltr
perforated 16 (4%) [ Relative rough- (ll\llu) zn d Chamoli,
baffle rectan- ness height 0.287-0.6 friction 2015 [17]
gular channel (e/Dy) factor (f)
Open area ratio
12-44
(8)
Reynolds
number (Re) 4100-18600
Hole size 1/2-1/6
Holes on , Hole location 0-1/3 Thermal N
baffle solar Loz (43) Hole number 3-9 efficiency "
) 2018 [18§]
air heater (nen)

Inlet flow rate

(Re)

0.0044-0.0132
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A novel parameter, the thermo-hydraulic improvement parameter
(nTaIP), Which evaluates in equal proportions of the increment in Nus-
selt number and friction factor for the present enhanced roughened surface
SAH compared to the conventional smooth plate surface SAH is introduced
and applied as an optimization parameter.

In this paper, the extended work compared to what has been previously
investigated by Sahu et al. [30,31] is presented. The objective is to determine
the set and combination of flow and roughness parameters for experimental
studies (for the present arc shape apex-upstream roughened SAH), that
will provide and which delivers the maximum Nusselt number, thermo-
hydraulic improvement parameter, and the minimum friction factor using
the Taguchi-based design of experiment (DOE) method.

2 Details of the experimental set-up

The experimental set-up rig was designed and fabricated as per the guide-
lines of the American Society of Heating, Refrigerating and Air-Condi-
tioning Engineers (ASHRAE) standards [32] and was installed at the ter-
race to conduct experiments in actual outdoor conditions. Figure 1 is the
schematic representation of the detailed experimental setup. It consists of
a centrifugal blower, two wooden rectangular ducts, galvanized iron (GI)
pipes and GI sheets (for SAHs absorber and bottom plates), one main air
control valve, orifice plates and flanges (for two ducts), U-tube manome-
ters (for two ducts), micromanometers (for two ducts). Each rectangular
duct is suitably divided into three subsections, i.e. entry, test, and exit sec-
tions with the length (L) of 650 mm, 1200 mm and 300 mm, respectively.

Rough Duct

Air Inlet El |
—t —— — - " "
X X Y
\\ \\ '-i -
1 2 3 4 5 6 7 =
Air Inlet

= = — = e

Smooth Duct

— Air Outlet

=~
~
~

Figure 1: Schematic diagram of experimental set-up: 1 — entry section, 2 — test section,
3 — exit section, 4 — header, 5 — flow pipe, 6 — orifice meter, 7 — flange pipe,
8 — control valve, 9 — U-tube manometer, 10 — centrifugal suction blower.
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The duct has a width of 330 mm (W) and 30 mm height (H) with an aspect
ratio of W/H = 11.

One main air control valve (denoted by 8) is used to regulate the mass
flow rate of air in both SAH ducts. Two sides and the bottom of the duct
were insulated with 50 mm thick glass wool insulation adequately. A glass
of 4 mm thickness was used for glazing with a distance of 30 mm between
the glass cover and the absorber plate. The absorptivity of the glass cover
was determined using a spectrophotometer, which measured the amount
of radiation absorbed by the glass at different wavelengths [1,4]. The glass
cover has an absorption of 0.06, transmission of 0.86 and reflection of 0.08.
Absorber and bottom plates are made of a 1 mm thick galvanized iron (GI)
sheet which is painted black to enhance absorptivity. It has an absorptivity
of 0.88, a transmittance of 0.08 and a reflectivity of 0.04. Wire ribs are
tack welded at three points on the absorber plate as shown in Fig. 2. As
the area occupied is very less it will not alter the thermal resistance and
does not affect the results. Also, a commercially available high-temperature
adhesive was used which is designed specifically for the use of solar thermal
collectors. The adhesive has a thermal conductivity of 0.2 W/(m?K) and
a thermal resistance of 0.001 K/W.

Air Flow in
Air Flow out

Figure 2: Photographic view of an arc-shape wire roughened absorber plate with apex
upstream flow.

The photographic and schematic view of arc shape wire roughened absorber
plate with apex upstream flow is shown in Figs. 2 and 3, respectively. Digi-
tal thermal temperature indicators which give temperature in °C were used
to measure the air temperatures. They were installed at the inlet and out-
let of the test section in both SAH ducts. Thermocouples (fifteen) were
used to measure the absorber plate temperatures at different locations.
Two micromanometers (one for smooth SAH and one for roughened SAH)
(Flowtech) with an accuracy of £0.01 mm of water column were used to
measure pressure drop along the SAH test (APp) sections. A digital pyra-
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nometer (Virtual Hydromet) with accuracy of £0.5% was used for measur-
ing the intensity of solar radiation on a horizontal surface.

Air Flow In

Figure 3: Absorber plate with roughness elements geometry.

2.1 Experimental procedure and data collection

Experimental runs were carried out outdoors under bright sunlight condi-
tions between the months of March to May 2017 between 10.00 am and
4.00 pm on clear sky days. The readings were noted down when the system
attained a steady state for at least 30 min. Figure 4 shows the variations
of solar intensity versus local time (hrs) for some selected days on which

1000

900 —

800

700

600 —

Solar intensity (W/mz)

500 —

400

Time (hrs)

Figure 4: Variation of solar intensity versus local time for five different days.
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the study was conducted. It can be seen, from Fig. 4 that solar intensity
increases up to 1.00 pm and after that it starts decreasing.

2.2 Data reduction

The mass flow rate of air is calculated using equation [30, 31]:

. [2pA P,
= A, ) 1
m Cd 1— 5?{ ( )

where C, is the coefficient of discharge evaluated by calibration which
amounts to 0.61, whereas Sris the ratio of orifice diameter (D2) to air (fluid)
flow pipe internal diameter (D;) and equals 0.60. Parameter p stands for
the air density and A, represents the area of an orifice plate.

The pressure drop across the orifice meter (APy) was been calculated
using the U-tube manometer fluid difference head (column) reading (Ah),
having a 300 mm scale, with water as manometric fluid [29-31]:

AP, = pugAh, (2)

where p,, is the density of water (manometer fluid) and g is gravitational
acceleration.
Useful heat energy gain by air was computed from [33,34]

Qu= mea (Tfo - Tfi) ) (3)

Heat transfer coefficient for the test section ducts was computed using the
expression [30,31]

Qu ()
Ac(Tpm — Trm)’
where A, is the surface area of the absorber plate, and 7T}, is the mean
absorber plate temperature, which is the average of all temperatures mea-
sured by thermocouples located over the absorber plate (at 15 measurement
points), and is calculated from

B =

1 B
Tym = —< Z 1; . (5)
15 “
=1
Temperature T, is an arithmetic mean of the entry (inlet) and exit tem-
perature of the air flowing through the SAH duct and is expressed as [30,31]

_ Tiit Ty (6)

Ttm 5
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Figure 5 shows the locations of thermocouples in the inlet (entry) and outlet
(exit) sections, and on the absorber plate.

—
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Section 82
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Figure 5: Locations of digital thermocouples in the entry and exit sections and
on the absorber plate (all dimensions in mm).

The Nusselt number is given by [30,31]

hDy,
Nu =
w= =2t ™

where K, is the thermal conductivity of air, and Dy, is the hydraulic diam-
eter of the duct which can be calculated from

2WH
Dy = . 8
"W H (®)
The Reynolds number is evaluated by [30, 31]
D
R = 00 o)
,u

where p is the absolute air viscosity and G is the mass velocity of air, which
can be evaluated as .
m

G=—. 10
To calculate the friction factor for SAHs, the following equation is used [30,
31,33,34]:
o 2pAPp Dy,

O 4LG?
where Ly is the distance between two pressure taps in the test section
of the SAH duct. The pressure drop across the SAH test section (APp)

(11a)
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is calculated by using the micromanometer fluid difference head reading
(Ahy) which have the least count of 0.01 mm of water column:

APp = pmgAh; . (11b)

2.3 Thermal and thermo-hydraulic performance criterion

The thermal efficiency of a SAH can be determined using the equation [4]

_ Qu
Nth = IAC . (12&)

The evaluation of the thermo-hydraulic performance criterion included both,
the thermal and hydraulic performance of a SAH, as introduced by Webb
and Eckert [7] and Lewis [6], and follows the equation:

Nu,
N
NTHPP = — (12b)

(5
[s

where Nu,. , Nug and f, , fs are the Nusselt number and the friction factor
for a roughened and smooth duct solar heater, respectively.

2.4 Thermo-hydraulic (effective) efficiency of solar
air heater

The effective efficiency of the solar air heater was determined by considering
pressure drop and the power needed to force the airflow across the SAH
duct, in addition to thermal energy gain (Q,,). Hence, the thermo-hydraulic
efficiency or effective efficiency takes both, i.e. pumping power and thermal
energy gain, and is given by equation [35]
Qu - %
f

Neff = Ta (13)

where Cy is conversion factor and Wp is a pump work, which is defined as

. AP
szmpD. (14)
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2.5 Thermo-hydraulic improvement parameter

Thermo-hydraulic improvement parameter (THIP) which is applied as an
optimization parameter in the present paper, can be evaluated as
NNIF

FFIF ’

where NNIF is the Nusselt number improvement factor which is calculated
(in percentage) by

NTHIP = (15)

Nu, — N
PJNIF‘::AJﬂiTAAlE—x 100 (16)

Us
and FFIF is the friction factor improvement factor which is expressed (in
percentage) by
f r f S

Is
It can be seen from Eq. (15) that when NNIF is higher than FFIF the
THIP becomes greater than 1 (npgrp > 1), which is desirable for the use of
any type of enhancement technique in the SAHs and also in other thermal
systems.

FFIF =

x 100. (17)

2.6 Uncertainty analysis

An error analysis was done as per the methodology suggested by Kline and
McClintock [26]. For the investigated roughened absorber solar air heaters,
the maximum uncertainty values for dimensionless numbers are obtained as:

o thermal efficiency: +5.61%,

e Reynolds number: +4.87%,

o friction factor: +5.14%,

o thermo-hydraulic efficiency: +8.47%.

3 Experimental design and plan for optimization

3.1 Taguchi method

The Taguchi method is well-known method that has been used for the
design of experiments (DOE) and as an optimization tool in different in-
dustries and numerous areas of engineering via experiments. It analyzes
and evaluates all different design factors/parameters which are used in the
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experiments and determines the best choices of factors/parameters that
deliver us target optimum performance values by selecting desired control
factors with the minimal number of experiment trails/runs.

The Taguchi method uses standard tables of experiments called orthog-
onal arrays (OA) which are represented by [24, 25]

OA = LyA™, (18)

where Ly is the number of experimental /test runs, A denotes levels of the
factors/variables and n is the number of factors.

For studying a large number of parameters with a lesser number of ex-
perimental trials (runs), the OA was adopted, and after that, the effect
of main and interacting experimental parameters was converted into the
signal-to-noise ratio (SN-R).

In the Taguchi method, firstly one has to choose and select the desired
objective performance as the target function to which we have to optimized.
After selecting the objective function, the control factors which are to be
varied, are chosen. Then, the affecting factors are assigned with their levels
according to experimentation, and these assigned control factors and their
levels are numerically tested by the signal-to-noise ratio (SN-R) analysis.

3.2 Plan for optimization

In the present analysis, the number of test runs (N) was considered as
18. Furthermore, Reynolds number, relative roughness pitch and angle of
attack were considered as factors (n) with their levels (A), 6, 3, and 3,
respectively. Hence, we obtained an orthogonal array of Lig = 6! x 32.

The present study accommodates the mixed Lig design array including
three control factors: Reynolds number (Re), relative roughness pitch (P/e)
and angle of attack («) varying with levels 6, 3, and 3, respectively. The
same is tabulated in Table 2.

Tables 3 and 4 tabulates 18 experimental runs based on the orthogonal
array (OA) and a signal-to-noise ratio (SN-R) respectively, which was used
to determine the sensitivity of the parameters on the physical behavior. It
also presents the results obtained from the experimental runs which were
converted into signal-to-noise ratio (SN-R).

The Taguchi technique defines an optimum condition as a case where
least variation of a system performance is observed by noise factor or best
SN-R represents optimum system configuration. Quality characteristics us-
ing SN-R are classified in two cases: higher-is-better (HB) and the lower-
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Table 2: Control factors (Lig = 6! x 32) used in the experiments with their values and

levels.
Level
Control factors
I ‘ II ‘ IIT ‘ v ‘ \% ‘ VI
Reynolds number (Re) 2983 | 4717 | 7459 | 9435 11556 13955
Relative roughness pitch (P/e) 8 10 15 - - -
C | Angle of attack (), deg 45 60 75 - - -

Table 3: Experimental plan and results of OA (Lig = 6' x 3?) for control factors and
output responses.

Control factors Results
E Thermo-
Xp. A B c Nusselt Friction hydraulic
rurg number factor improvement
number parameter
Reynolds Relative
Angle of
number roughness at tr;%ke ((:1) Nu fr (nTHIP)
(Re) pitch (P/e)

1 2983 8 45 17.7 0.0202 54.98851
2 2983 10 60 19 0.0200 70.35294
3 2983 15 75 14.15 0.0176 24.88525
4 4717 8 45 29.95 0.0188 87.40027
5 4717 10 60 31.5 0.0184 103.04380
6 4717 15 75 22.94 0.01635 54.20538
7 7459 8 45 50.96 0.0174 118.40960
8 7459 10 60 53.2 0.0172 131.60490
9 7459 15 75 40.94 0.0152 100.10300
10 9435 8 45 67.04 0.0168 127.93730
11 9435 10 60 72.12 0.0166 149.21850
12 9435 15 75 54.45 0.01465 114.14260
13 11556 8 45 84.93 0.0163 147.97850
14 11556 10 60 91.59 0.0161 171.76220
15 11556 15 75 69.14 0.014 141.95300
16 13955 8 45 105.9 0.0158 153.11290
17 13955 10 60 112.5 0.0156 173.05830
18 13955 15 75 85.4 0.0136 144.2752
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is-better (LB). The characteristic equations for these two cases are, respec-
tively:
for higher-is-better:

SN —R = —10log (;f > 12) (19)

and for lower-is-better:
1
N—R=—-10log [ — 2 2
SN-R OOg(Nzy), (20)

where N is the number of experimental runs, and y? is the observed exper-
imental data.

Table 4 represents the experimental plan and its signal-to-noise ratio. In
the present analysis, the Nusselt number and thermo-hydraulic improve-
ment parameters are considered as higher-is-better criterion, whereas the
friction factor for the roughened surface (f,) is considered as a lower-is-
better criterion.

Table 4: Experimental design (Lig) with its SN-R values.

Results
Exp.
run Thermo-
number | Nusselt | Signal-to-noise | Friction | Signal-to-noise hydraulic Signal-to-noise
number ratio factor ratio improvement ratio
parameter
1 17.70 24.95947 0.0202 33.89297 54.98851 34.80544
2 19.00 25.57507 0.0200 33.97940 70.35294 36.94565
3 14.15 23.01513 0.0176 35.08975 24.88525 27.91884
4 29.95 29.52794 0.0188 34.51684 87.40027 38.83026
5 31.50 29.96621 0.0184 34.70364 103.04380 40.26044
6 22.94 27.21187 0.01635 35.72964 54.20538 34.68085
7 50.96 34.14459 0.0174 35.18902 118.40960 41.46774
8 53.20 34.51823 0.0172 35.28943 131.60490 42.38544
9 40.94 32.24296 0.0152 36.36313 100.10300 40.00895
10 67.04 36.52668 0.0168 35.49381 127.93730 42.13995
11 72.12 37.16111 0.0166 35.59784 149.21850 43.47646
12 54.45 34.71996 0.01465 36.68325 114.14260 41.14896

Continued on next page
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Table 1. Continued from previous page.

Results
Exp.
run Thermo-
number | Nusselt | Signal-to-noise | Friction | Signal-to-noise ) hydraulic Signal-to-noise
number ratio factor ratio improvement ratio
parameter

13 84.93 38.58122 0.0163 35.75625 147.9785 43.40397
14 91.59 39.23696 0.0161 35.86348 171.76220 44.69855
15 69.14 36.79459 0.014 37.07744 141.9530 43.04289
16 105.90 40.49792 0.0158 36.02686 153.1129 43.70023
17 112.50 41.02305 0.0156 36.13751 173.0583 44.76385
18 85.40 38.62916 0.0136 37.32922 144.2752 43.18383

The application of the Taguchi method and its procedure which is used for
the present investigation is given by the flow chart shown in Fig. 6.

Selection of factorsParameters

1

Selection of Number of levels for
selected factors

|

Selection of the appropriate QA

|

Statistical Analysis

}

Obtain Optimum Results

}

Confirmation by E xperiment

1

Satisfy
Ohjectives

Select New
Inputs

Figure 6: Flow chart of the Taguchi method for optimal design.
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4 Result and discussion

4.1 Thermal efficiency

By using the present apex-upstream roughened SAH the maximum thermal
efficiency of 65.2% has been observed, corresponding to e/Dj;, = 0.0454,
P/e = 10, a = 60 deg and for the highest Reynolds number considered
in the present analysis, i.e. Re = 13955, while for the smooth plate SAH
the maximum thermal efficiency obtained for the highest Reynolds number
was 41.4%.

4.2 Comparison of Nusselt numbers in SAH duct

Figure 7 shows the comparison of experimental values of the Nusselt number
for roughened duct and smooth plate SAH as a function of Reynolds number
for different values of relative roughness pitch. The other fixed parameters,
a = 60 deg and e/Dj;, = 0.0454, are shown in the figure. It is observed
that Nu for both SAHs increases with increasing Re values, however, the
Nu values for roughened SAH are larger compared to the smooth plate
SAH. Furthermore, the maximum value of Nu was attained at the relative
roughness pitch (P/e) of 10.
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Figure 7: Effect of relative roughness pitch (P/e) on Nusselt number as a function of
Reynolds number for apex-upstream roughened SAH and smooth plate SAH.

Figure 8 shows the comparison of the Nusselt number change with the
Reynolds number between the smooth plate SAH and the apex-upstream
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roughened SAH at various angles of attack. It can be observed that Nu
attains maximum value for roughened SAH of o = 60 deg.
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Figure 8: Effect of angle of attack (a) on Nusselt number as a function Reynolds number
for apex-upstream roughened SAH and smooth plate SAH.

4.3 Comparison of SAH duct pressure drop

Figures 9 and 10 show the comparison of experimental values of pres-
sure drop in the roughened duct and the smooth plate SAH for differ-
ent Reynolds number values. Figure 9 shows the comparison of the pres-
sure drop variation (APp) for the roughened duct with different values of
the relative roughness pitch (P/e) and fixed values of a = 60 deg and
e/Dy = 0.0454 with that for the smooth plane SAH as a function of
Reynolds number. It can be observed from the figure that APp increases
for both SAH ducts with an increase in the values of Re, and APp values
for smooth duct are lower compared to those for roughened SAH for all
values of Re.

Figure 10 shows the comparison of pressure drop (APp) between the
apex-upstream roughened SAH with different values of «, and for the
smooth plate SAH as function of Re. It can be seen from the figure that
pressure drop for both SAHs increases with increasing Re, however, the
values of APp for roughened SAH are larger as compared to the smooth
plate SAH. Furthermore, it is observed that the maximum value of APp
corresponds to a = 60 deg for roughened SAH.
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Figure 9: Effect of relative roughness pitch (P/e) on pressure drop as a function of
Reynolds number for apex-upstream roughened SAH and smooth SAH.
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Figure 10: Effect of angle of attack () on the pressure drop as a function of Reynolds
number for apex-upstream roughened and smooth SAHs.

4.4 Analysis

Figures 11-13 represent the mean effect plots for Nusselt number, friction
factor, and thermo-hydraulic improvement parameter, respectively. Their
performance values and results obtained are presented in Tables 5-7.
Figure 11 shows the effect of three control factors: A, B, and C on Nu
and it can be observed from the figure that there is a continuous increase in
Nusselt number as factor A (Re) increases from level 1 to 6. This is because
by increasing the Re, turbulent intensity increases in the fluid flow inside
the duct. Thus, higher values of mass flow rate result in higher rates of heat
transfer coefficient h, and hence in higher values of Nu. Furthermore, it can
be seen from Table 5) and Fig. 11, that Nu increases with an increase in



Optimization of geometric and flow parameters of solar air heater. . . 23
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Figure 11: Variation of Nusselt number with change in the design parameters
of A, B, and C.

the factor B (P/e) from 1st level to 2nd level and after that, it decreases
down to 3rd level with further P/e increase. In the present analysis, the
maximum value of Nu is observed at P/e = 10. This is due to the reason
that number of reattachment points decreases (which in turn reduces the
heat transfer rate) with an increase in the value of P/e. It is reported
by the researchers that maximum heat transfer occurs at the attachment
points between two roughness ribs (also called inter-rib space) and the
reattachment of the flow between two roughness ribs does not occur for the
higher values of pitch. Reattachment of flow occurs for P/e > 8 while the
optimum value for maximum heat transfer varies in the P/e range of 8-12,
which again depends on the type of rib roughness and its geometries used on
the absorber plate. For factor C («), the Nusselt number slightly increases
from 1st level to 2nd level with an increase in « from 45 to 60 deg and after
that, it decreases. The Nu has its lowest value for « = 75 deg in the present
analysis while the maximum value of Nu was obtained for a = 60 deg.
Angling roughness ribs creates span-wise counter-rotating secondary flow
along the length of the absorber plate in the test section, which enhances the
heat transfer coefficient significantly. Furthermore, due to alignment of ribs
at an angle with respect to flow on the absorber plate the vortices creates
on the upstream and downstream sides of the ribs. These vortices move
along the flow at the absorber plate surfaces and merge with the (main)
core flow and thus helps in increasing the heat transfer rate. The generation
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of secondary flows and vortices occurs maximum for the alignment of ribs
at an angle of & = 60 deg for the present roughness geometry.

In Table 5, Delta is the difference between the highest and lowest average
response values for each factor. After calculation of Delta values, the factor
which have highest Delta value has been assign as Rank 1, the factor which
have second highest Delta value has been assign as Rank 2 and so on.

Table 5: Response table for signal-to-noise ratios (SN-R) for Nusselt number (Nu).

Level AR) | B | cw@ |
1 24.52 34.04 33.60
2 28.90 34.58 33.62
3 33.64 32.10 33.50
4 36.14 — —
5 38.20 - -
6 40.05 - -
Delta 15.53 2.48 0.12
Rank 1 2.00 3.00

Figure 12 shows the effect of three control factors on the friction factor f;.
Furthermore, from Fig. 12 and Table 6 it can be seen that f, attains its
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Figure 12: The effects of design parameters of A, B, and C on the friction factor.
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minimum value corresponding to control factors A (Re) = 2983, B (P/e) =
8 and C (a) = 45 deg. In the present analysis, the friction factor has its
minimum for P/e = 8 and o = 45 deg because at these values of roughness
parameters least turbulence is developed in the fluid flow and due to this
less pressure drop in the SAH duct takes place, which results in the lowest
values of friction factor.

Table 6: Response table for signal-to-noise ratios (SN-R) for friction factor (f).

Level AR | B | cw@ |
1 34.32 35.15 35.60
2 34.98 35.26 35.62
3 35.61 36.38 35.58
4 35.92 - -
5 36.23 - -
6 36.50 - -
Delta 2.18 1.23 0.02
Rank 1 2 3

Figure 13 represents the mean effects of control factors on THIP. As demon-
strated in the figure, an increasing trend can be observed for THIP for all
values of control factor A (Re). It can also be seen that growth in THIP
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Figure 13: The effects of design parameters of A, B and C on the thermo-hydraulic
improvement parameter (THIP).
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is steeper up to the 3rd level of Re = 7459 and afterward, with further
increase in Re the THIP curve increment rate is relatively lower. This is
due to the reason that when the value of Re increases, there is an increment
in the pressure drop and pumping power in the SAH duct, as THPP is the
ratio of the Nusselt number improvement factor to the friction factor im-
provement factor (Eq. (15)) and at a higher range of Re the enhancement
in friction factor and pressure drop is more dominant (or relatively more)
over the enhancement in the heat transfer coefficient and Nu. Furthermore,
from Fig. 13 and Table 7, it can be concluded that the highest THIP is
observed for Re = 13955, P/e = 10 and o = 60 deg.

Table 7: Response table for signal-to-noise ratios (SN-R) for thermo-hydraulic
improvement parameter (THIP).

Lel | A@®Re) | B®Pe | <
1 33.22 40.72 40.82
2 37.92 42.09 41.07
3 41.20 38.33 39.25
4 42.26 - -
5 43.72 - -
6 43.88 - -
Delta 10.66 3.76 181
Rank 1 2 3

4.5 Contribution ratio

Figure 14 represents the detailed representation of the contribution ratio
percentage of each control factor to the Nusselt number, friction factor, and
thermo-hydraulic improvement parameters. It can be seen from the figure
that the parameter A (Re) contributes to 94.09% for Nu, 66.17% for (f;)
and 85.85% for THIP, respectively, of the total effect. This reveals that Nu,
fr, and THIP are majorly affected by parameter A. As it can be seen, the
parameter B (P/e) contribution ratio is 4.74% for Nu, and parameter C («)
contribution ratio for Nu is 1.18%. The contribution ratios of factors B and
C for friction factor are 33.65%, and 0.18%, respectively. Hence, it can be
concluded, that Reynolds number (A) is the most effective parameter that
affects the performance of roughened SAH, i.e. the Nusselt number, friction
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factor and thermo-hydraulic improvement parameter, more than P/e and
. The contribution ratios of each control factor on every performance
parameter are tabulated in Table 8. Thus, the optimum level of control
factors for Nu is AgB2Co, for f, is A1B1Cs and for THIP is AgB2Cs, which
are also shown in Fig. 15.
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Figure 14: The contribution ratio of each parameter to Nusselt number, friction factor
and thermo-hydraulic improvement parameter.
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Figure 15: Optimal combination of control factors for Nu, f, and THIP.
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Table 8: Optimum performance conditions and the contribution ratios of each control
factors on the different performances.

Parameter
A B C
Reynolds number Relative roughness Angle of attack
(Re) pitch (P/e) (a)

Nusselt number (Nu)

Optimum level Level — VI Level — 11 Level — 11
Optimum value 13955 10 60 deg
Contribution ratio 94.09% 4.74% 1.18%

Friction factor (f)

Optimum level Level — 1 Level — 1 Level — 1
Optimum value 2983 8 45 deg
Contribution ratio 66.17% 33.65% 0.18%

Thermo-hydraulic improvement parameter (THIP)

Optimum level Level — VI Level — 11 Level — 11
Optimum value 13955 10 60 deg
Contribution ratio 85.85% 13% 1.16%

5 Experiments for confirmation

In the Taguchi design of the experimental method, a confirmation exper-
iment is done to validate the results. This is performed by consideration
of a new set of control factors which is further done by setting AgB2Cs,
A1B1C3, and AgBsCs to predict the Nusselt number, friction factor, and
thermo-hydraulic improvement parameter, while Table 9 takes into account
the results of confirmation tests carried out with optimum design parame-
ters.

The estimated value of signal-to-noise for Nu, f,., and THIP were cal-
culated by taking a summation of an average performance by considering
the contribution of each parameter at an optimum level using the following
equations [16,17]:

o =Tha+ (A —Twu) + (Ba = Taa) + (G2 = o), (21)

=Tt (=T + (B-T3)+(G-T5) @
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and
nrare = T + (AG —M) + (Bz —M) + (02 - M) , (23

where T represents the average experimental temperature and Ag, Bo, Co
is the mean response for factors at designated levels for Nu.

A comparison of values of Nu, f,, and THIP obtained from both exper-
iments and the prediction are presented in Table 9. As can be seen from
the comparison of initial parameters and optimum parameters obtained
from the Taguchi method, shown in the table, an improvement in the SN
ratio for Nu is 16.16 dB with an error of 15.90%. The obtained improve-
ment in the SN ratio for f, is 4.2 dB with an error of 6.56% while the
achieved improvement in the SN ratio for THIP is 11.48 dB with an error
of 12.74%. This indicates that the experimental results are very close to
the predicted results. The results obtained from confirmation experiments
proved the validity of the Taguchi approach used in the optimization of the
design parameters.

Table 9: Results of the confirmation experiment

Optimum control parameters

Initial
Parameters Improvement of
parameters c . . . :
Prediction | Experimental | signal-to-noise
ratio, dB

Level A1B1Cy AgB2Co AgB2Co -

Nusselt number (Nu)

SN-R, dB 24.95 34.57 41.11 16.16
Level A1B;1C A1B;Cs A1B1C: -
Friction factor (f) e ks 1o 1o
SN-R, dB 33.89 35.59 38.09 4.2
Thermo—hydraulic Level A1B1Cq AgB2oCo AgBoCo —
improvement
parameter (THIP) SN-R, dB 34.80 40.38 46.28 11.48

6 Conclusions

The present study applies the Taguchi design of experimental methods, to
find the configuration of a set of roughness and flow parameters to maximize
the Nusselt number and the thermo-hydraulic improvement parameter, and
minimize the losses due to friction for a roughened solar air heater (SAH).
Further, the Reynolds number, relative roughness pitch, and angle of attack



30

M. Kumar Sahu, S. Mishra, and A. Kumar

were taken as control factors for the present study. Based on the results of
the investigation, the following conclusions are drawn.

1.

The Nusselt number, friction factor and thermo-hydraulic improve-
ment parameter are very much influenced by the control factors wiz.
the Reynolds number, relative roughness pitch, and angle of attack.

The contribution ratio of the control factors: Reynolds number (A),
relative roughness pitch (B), and angle of attack (C), on the Nusselt
number (Nu) is 94.09%, 4.74%, and 1.18%, respectively. For the fric-
tion factor (f,) it is 66.17%, 33.65%, and 0.18%, and for the thermo-
hydraulic improvement parameter (THIP) it is 85.85%, 13.00%, and
1.16%, respectively.

An optimal value of the parameters for maximum Nu is AgB2Co, i.e.
Reynolds number of 13955, relative roughness pitch of 10, and angle
of attack of 60 deg. The optimal condition for minimum friction factor
is A1B1Cs3, i.e. Reynolds number of 2983, relative roughness pitch of
8, and an angle of attack of 45 deg. For maximum thermo-hydraulic
improvement parameter the combination of optimal design param-
eters is AgB2Co, i.e. Reynolds number of 13955, relative roughness
pitch of 10, and angle of attack of 60 deg.

The experimental confirmation shows a 16.16 dB improvement in the
signal-to-noise ratio (SN-R) for the Nusselt number. For the friction
factor and thermo-hydraulic improvement parameter, it shows 4.2 dB
and 11.48 dB improvements in SN-R values, respectively.

The Taguchi method is most effective when dealing with a small num-
ber of factors and parameters that can be controlled. In the present
analysis, there are only 3 control factors considered. There are also
many factors that affect the performance of the solar air heater such
as type of absorber plate material, flow rate of air, wind velocity,
angle, and orientation of the SAH, etc.

It may be challenging to design an experiment that includes all relevant fac-
tors and interactions. In the future, researchers can consider other control
factors for their analysis.

The results of this study show that that using for the present roughened
solar air heater an optimized configuration of roughness and flow parame-
ters, which are obtained by applying the Taguchi method there is no need
to run the experimental set-up all 54 times.
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Abstract The present work is aimed at geometrical optimization and
optical analysis of a small-sized parabolic trough collector (PTC). Improving
the performance of parabolic trough collectors can greatly justify the use of
solar energy. An optimized curvature geometry, the location of the absorber
tube, and the heat flux distribution along the circumference of the absorber
tube are major features in the geometric optimization and optical modelling
of parabolic trough collectors. Rim angle, aperture width, the diameter of
the absorber tube, receiver position, and the optimum value of heat flux are
the major parameters considered in this work for geometrical and optical
analysis. The Monte Carlo ray tracing method has been adopted for anal-
ysis. The non-uniform heat flux distribution profile obtained from optical
analysis of the proposed parabolic trough collector has been compared with
the profile available in the literature, and good agreement has been obtained,
which proves the feasibility and reliability of the model and method used
for this study. An experimental new small-sized parabolic trough collector
has been fabricated for the optimized rim angle of 90 deg after a successful
laser light feasibility test. The effect of the absorber tube position along the
optical axis on the heat flux profile was analysed and found to be substan-
tial. Furthermore, the sensitivity analysis of the parabolic trough collector
using the software applied has been discussed separately.
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uniform heat flux distribution; Optical analysis; Geometrical analysis
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Nomenclature
As —  surface area, m?
Ap —  aperture area, m>
CR — concentration ratio
DNI -~  direct normal irradiation, W/m?
f —  focal length, m
H —  height of the trough, m
L — length of the trough, m
LCR - local concentration ratio
l — length of the absorber tube, m
do — outer diameter of the absorber tube, m
T — rim radius, m
Wa — aperture width, m
z, y — Cartesian coordinates, m
q — local heat flux, W/m?

Greek symbols

ap — acceptance angle, deg
¢r — rim angle, deg
Acronyms
CFD — computational fluid dynamics
CSHFD — circumferential solar heat flux distribution
CSP — concentrated solar power
CTG — circumferential temperature gradient
MCRT - Monte Carlo ray tracing
PTC — parabolic trough collector
SEGS — solar energy generating system

1 Introduction

The parabolic trough collector (PTC) is a line-focused type of concen-
trated solar power (CSP) technology that is prominently used due to its
wide temperature range (up to 400°C). The reflector and absorber tubes
are two major components of PTC. A reflector concentrates incoming beam
radiation at the focus of the aperture at which the absorber tube is kept so
that the heat transfer fluid (HTF) passing through it gets heated [1,2]. Op-
tical performance significantly influences PTC’s overall efficiency. By using
the method of ray tracing, the optimal configuration of the collector with
maximum performance can be obtained. The thermal performance of PTC
systems depends upon optical efficiency, which is significantly influenced
by the geometry of the collector, heat flux intensity distribution along the
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absorber tube circumference, the location of the absorber tube, etc. Various
numerical and experimental analyses have been carried out by numerous
researchers to investigate the heat flux distribution around the absorber
surface of PTC and other CSP technologies.

Wang [3] conducted a review study related to slope error in reflector
surface and sun shape using six different optical modelling tools: SolTrace,
Tonatiuh, Solar PILOT, Tracer, Solstice, and Heliosim. Mwesigye et al. [4]
estimated the heat flux profile on the receiver tube surface of PTC using
Monte Carlo ray tracing (MCRT) and coupled it to computational fluid
dynamics (CFD) for heat transfer analysis. Particularly, they analysed rates
of entropy generation at a range of rim angles, concentration ratios, and
temperatures of flowing fluid.

Many times, the optical efficiency of the PTC system does not reach
expectations due to geometrical and optical faults such as receiver posi-
tion inaccuracy, misalignment, slope, and profile error, among others. It is
important to design by figuring out what these errors are and what they
mean for how well PTC works. Donga et al. [5] studied the influence of
receiver location on the optical and thermal performance of a PTC. The
simulation was carried out by coupling MCRT heat flux distribution data
with CFD. They found that the error in receiver position had a significant
impact on thermal performance and the heat flux profile. Zhao et al. [6]
simulated heat flux distribution along the circumference of absorber tubes
by combining coordinate transformation with the MCRT method. They re-
ported the substantial effects of inaccuracies in receiver position, tracking
errors, geometrical concentration ratios, and incident angle on the solar
heat flux distribution profile. The error becomes larger with an increase in
incident angle and a decrease in geometrical concentration ratios. Tread-
well examined the effects of receiver location errors in the lateral direction
from the focus [7]. When the receiver position was shifted along the lat-
eral y-direction by +£10% of its diameter from the focus, no major change
in the performance of the PTC was detected. He also recommended that
the receiver tube’s diameter be expanded to compensate for misalignment
without compromising the PTC’s performance significantly. Treadwell and
Grandjean said that the receiver positioning error affected the PTC’s an-
nual performance, depending on how much the receiver was moved [8].
The above-mentioned literature shows that the receiver position error has
a considerable effect on the optical efficiency of the PTC and the heat flux
distribution throughout the circumference of the absorber tube, and hence
on the thermal performance of the PTC system.
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The generation of circumferential solar heat flux distribution (CSHFD)
is essential in concentrating solar collectors since it is one of the boundary
conditions for the PTC receivers’ thermal analysis. Various works from
the past are available; a few of them have been discussed here. Ghomrassi
analysed numerically the thermal performance of the PTC receiver tube for
different diameters by coupling CSHFD obtained in SolTrace software to
CFD [9]. Jeter proposed a semi-finite analytical approach for evaluating the
CSHFD of the PTC receiver [10]. Wang et al. [11] investigated the thermal
performance of the PTC system numerically by the finite element method
(FEM). Solar flux densities are evaluated by using the solar ray tracing
method. Cheng et al. [12] investigated the thermal performance of the PTC
receiver by combining MCRT with the finite volume method (FVM) and
compared their findings with the experimental results of Dudley et al. [13].
It was found that the numerical results were quite close to the experimental
results. Among other techniques, the MCRT method is extensively used for
obtaining focused solar heat flux distribution [5,6,9,11,12,14].

From the above discussion, it is clear that for the efficient functioning
of PTC systems, the optimised collector geometry, the optical model for
concentrated heat flux distribution, and the correct location of the absorber
tube are crucial, among other factors. Aperture width, focal length, and rim
angle are the parameters that define the size and curvature of a parabolic
trough. The rim angle is a single parameter having the capability to define
the cross-section of the parabolic trough [15,16]. Since some smaller and
larger rim angles are not good for a reliable PTC, this study gives an
optimal rim angle for a new small-sized PTC based on the average and
peak values of CSHFD over the absorber tube. More heterogeneous heat
flux densities around the circumference of the absorber tube may result in
a higher circumferential temperature gradient (CTG), increased thermal
stress and strain, damaging the receiver tube and reducing system stability
and safety. The impacts of the receiver dislocation from the focus point as
well as the sensitivity analysis of the PTC have also been discussed.

2 Numerical simulation for design optimization
and fabrication of parabolic trough collector

In this section, the numerical modelling of a new small-sized parabolic
trough collector and fabrication of a laboratory-scale experimental setup
for an indoor experiment have been discussed. In this work, the two major
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components of PTC, namely the reflector and absorber, were analysed.
Other components, such as the sun tracking mechanism, the glass cover,
the heat transfer fluid (HTF), and so on, are irrelevant in this study.

2.1 Consideration of design parameters

To define the physical structure of a parabolic trough, there are mainly four
geometric parameters: trough length, aperture width, rim angle, and focal
length. The size of the absorber tube can be determined by its diameter
and length. The two dimensional (2D) cross-sectional view in Fig. 1 depicts
critical elements for designing a new small-size PTC. The length of the
trough or collector has been determined (1 m) based on prior work related
to small-sized PTC, which reported the length of the collector in the range
of 1-3 m [17-20]. The lower the aperture width of the trough, the shorter
the geometric factor, resulting in greater optical efficiency. For a particular
absorber diameter, however, the concentration ratio reduces as the aperture
width lowers, resulting in large thermal losses. Kalogirou et al. [21] proposed
that the aperture width be reduced to a length ratio of 0.64 after aperture
width optimization to achieve the goal of having a small geometric factor
and a high concentration ratio. Based on the above literature, we can figure
out that the aperture width is 0.64 m for the analysis of the present work.

HTF “ocal point (F)
i . Absorber tube

/

Focal
length(f)

Trough

Figure 1: 2D sectional view of present PTC.

One of the critical criteria for the proper operation of any PTC system is
the selection of the optimum rim angle [16]. A ray tracing software based on
the MCRT algorithm has been adopted for analysing the effect of different
rim angles on the concentrated heat flux and selecting the optimum one.
The parameters of PTC that have been used in the analysis of CSHFD are
listed in Table 1.
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Table 1: Parameters of the parabolic trough collector used in the circumferential solar
heat flux distribution analysis.

Parameters Units Numerical value

Collector length mm 1000
Aperture width mm 640
Absorber tube outer diameter mm 21

Absorber tube inner diameter mm 19

Absorber tube length mm 1000
Direct normal irradiance W/m? 1000
Concentration ratio - 9.38
Reflectivity of concentrator — 0.88
Absorptivity of the absorber tube - 0.95
Slope error concentrator mrad 2

Specularity error of concentrator mrad 0.5
Sun shape (pillbox) mrad 4.65
Desired number of ray interaction - 106
Maximum number of generated sun rays - 108

The analysis has been carried out for a rim angle ranging within 30-130 deg,
with a gap of 10 deg to obtain the maximum collection of solar heat flux for
a non-ideal concentrator, having the slope and specularity errors mentioned
in Table 1.

As the rim angle decreases, the focal length increases, and concentrated
heat flux falls on a very small region of the bottom outer surface of the
absorber tube while the rest of the tube receives direct normal irradiation
(DNI). In this case, the peak value of heat flux (51.3 kW /m?) is very high,
51.3 times the DNI (1 kW /m?), which can cause thermal stress and damage
to the absorber tube due to the high CTG. In Fig. 2, the effect of one of
the smaller rim angles (30 deg) on concentrated heat flux density is shown
through a ray-intersection plot, contour plot and surface plot.

As the rim angle increases, the focal length reduces, and the reflected
radiations from the outer portion of the concentrator travel a relatively
greater distance. In this case, the outer part of the reflector also contributes
less to reflection. Also, it is clear from Fig. 3 that as the rim angle increases,
the intensity of heat flux decreases (16.8 kW /m?). Large rim angles are also
restricted due to economic constraints and are practically uncomfortable
and difficult to handle. Figure 3 depicts the effect of one of the larger rim
angles (130 deg) on heat flux distribution.
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Figure 2: Effect of small rim angle (30 deg) on heat flux: (a) ray intersection plot,
(b) contour plot, (c) surface plot.

As it follows from the above discussion, due to some reasons, a range of
smaller and larger rim angles are not suitable for a reliable PTC. In the third
case, a medium range of rim angles (90 deg) has been taken for analysing
its effect on heat flux intensity, which is shown in Fig. 4.

In the case of a 90-degree rim angle, the peak value of heat flux is
19.4 kW /m?, which can be seen in the contour and surface plot in Fig. 4.



42 R. Kumar Singh and P. Chandra

(@)
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Figure 3: Effect of larger rim angle (130 deg) on heat flux intensity: (a) ray-intersection
plot, (b) contour plot, (¢) surface plot.

For ease of analysis, the rest of the rim angle range (30-130 deg) and its
effect on heat flux intensity have been tabulated in Table 2.

Table 2 shows that the optimum value of average heat flux for a 90-
degree rim angle is 8.58 kW/m?, while smaller rim angles of 30 deg and
larger rim angles of 130 deg have relatively very high (51.3 kW/m?) and
poor values (16.85 kW /m?) of peak heat flux, respectively, in comparison
to 19.44 kW /m? of peak heat flux for a 90-degree rim angle.
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Figure 4: Effect of medium range rim angle (90 deg): (a) ray-intersection plot, (b) contour
plot, (c) surface plot.

Furthermore, the ideal value of the rim angle for proper operation of the
PTC system is 70-110 deg [16], which is satisfied by the result given in
Table 2. Table 2 shows that the simulated values of peak and average heat
flux for 70-110 deg of rim angle do not vary much. A 90-degree rim angle is
most practically employed in PTC with a circular absorber tube, according
to Jeter [10]. The above discussion proves that the MCRT method used
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Table 2: Comparative analysis of heat flux density for different values of rim angle.

. Uncertainty in Average Uncertainty in
Rnr:i angle Peall:\;;eatQﬂux peak heat flux heat flux average heat flux

(deg) ( /m?) (%) (kW/m2) (%)

30 51.3 +0.86 8.55 +0.07

40 35.65 +1.04 8.56 +0.07

50 30.78 +1.12 8.56 +0.07

60 25.86 +1.2 8.57 +0.07

70 23.54 +1.2 8.56 +0.07

80 22.26 +1.32 8.56 +0.07

90 19.44 +1.4 8.58 +0.07

100 20.42 +1.37 8.57 +0.07

110 19.93 +1.39 8.56 +0.07

120 19.81 +1.39 8.55 +0.07

130 16.85 +1.51 6.52 +0.07

in this work is viable and the numerical findings obtained are reliable. So,
a 90-degree rim angle is what we have selected for further numerical analysis
and the fabrication of an experimental setup.

2.2 Data reduction

The different geometrical parameters are discussed mathematically as fol-
lows. The aperture of the parabolic trough collector is represented by the
parabola equation [22,23]: )
x
E ) (1)
where z and y are Cartesian coordinates and f is the focal length of the
parabola.

The following is the relationship between focal length, aperture width
(W,), and rim angle (¢,):

y:

fe—t )
4tan§

The minimum theoretical outer diameter of the absorber tube that can
intercept all the reflected DNI is given by the relation as follows [24,25]:

d, = 2r, sin 04713 , (3)
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where 7, is the radius of the rim which can be calculated from the relation
[1,26]
2f

T 1+coséy (4)

Tr
Parameter ap is the acceptance angle for maximum concentration and its
value is taken as 0.53° [27].

By using Eqgs. (3) and (4) for a 90-degree rim angle, we get a minimum
theoretical outer diameter of 2.96 mm for the absorber tube. However, due
to geometrical imperfections, misalignments, and other constraints, it is dif-
ficult to use the theoretically designed diameter for experimental analysis.
In this study, we used an absorber tube with an inner diameter of 19 mm
and an outer diameter of 21 mm, which is within the range of diameters
used by many researchers to investigate small-sized PTC.

a

The height of the parabolic trough can be obtained by putting z = -
and y = H in Eq. (1), which finally gives

W2
H=_c.
16f

()

The surface area (A;) of the reflector is given by the relationship [17]

Wa Wa? Wa W(%

where [ is the length of the parabolic trough.

As =

Another important geometrical parameter for focusing type of solar col-
lector is the concentration ratio which is given as

CR Effective aperture area (Wo —dyo) 1

(7)

- Absorber tube surface area - rd,L

where L is the length of the absorber tube.

2.3 Design methodology for a new parabolic trough
collector

The flow chart of the design methodology and the fabrication process for
a new small-sized PTC is shown step by step in Fig. 5.
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Figure 5: Flow chart for design methodology and fabrication of a new PTC.

2.4 Experimental design and fabrication of a parabolic
trough collector

This section deals with the experimental process adopted for the design and
fabrication of the PTC. First, a laser light test for the design of the curva-
ture of the PTC has been done to determine the feasibility of the technique
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After that, an experimental trough with the dimensions shown in Table 1,
including an optimized rim angle of 90 deg and, correspondingly, a value of
the focal length of 160 mm calculated using Eq. (2), was fabricated for the
further study.

2.4.1 Laser light test

This test has been performed for a smaller dimension of the parabola, for
the feasibility test of the procedure, and for the ease of conducting the test.
The materials and parameters used in the test are summarized in Table 3.
Later, this technique was used to create actual troughs for experimentation.
Their dimensions are given in Table 4.

Table 3: Parameters and material used for laser light test.

Parameters and material used Dimensions/Property
Width of aperture 200 mm
Focal length of the parabolic aperture 50 mm
Rim angle 90 deg
Laser light 635 nm
Chrome sheet (reflector) — reflectivity 0.88
Drawing sheet -

Table 4: Description of the components, materials and its dimensions used in the
fabrication of PTC.

Components Material Dimension
End aperture of trough Plywood Width of aperture: 640 mm
Trough Galvanised sheet Length: 1000 mm, width: 640 mm
Absorber tube Copper d; =19 mm, dp = 21 mm
Solar reflector film Chrome sticker Reflectivity: 0.88
Focal length - 160 mm
Rim angle - 90 deg

In this test, a 635 mm laser light was used as the light source, and a drawing
sheet of 1 mm thickness has been shaped into a parabolic curve according
to the coordinate points marked on the sheet, obtained by Eq. (1) for the
parabola and the parabola calculator 2.0 software [28]. A chrome sheet
adhered to the parabolic-shaped sheet was used to reflect the laser light
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that fell on it. We can see in Fig. 6 that the laser light, after reflection from
the parabolic-shaped reflector, exactly passes through the focal point made
at 50 mm focal length, corresponding to a 90-degree rim angle, which proves
the feasibility of the test. Sixteen segment coordinate points for designing an
accurate parabolic curve have been obtained from the parabola calculator,
as shown in Fig. 7. For a 50-mm focal length, the same coordinate points
can also be obtained by using the parabola equation (Eq. (1)).

Figure 6: Experimental view of laser light test.

\u/ Parabola Calculator 2.0 X

File Options Wifi Calcuations Print About

Enter the Parabola
Dimensions

Both dimensions must use the
same units (integers only).

Diameter 200 «|[ ]
Depth:  [50 N iy |

Focal Length 50.00
Linear Diametes [ 22347

Segments «|[ || 16

Calculate

Save to Text File

Ext

Figure 7: Snap of the parabolic curve and coordinate points in Parabola Calculator 2.0
software [28].

2.4.2 Fabrication of experimental parabolic trough collector

After a successful feasibility test of the laser light, the same procedure was
used for the fabrication of experimental PTC, as shown in Fig. 8. Table 4
lists the materials and dimensions used in the fabrication of experimen-
tal PTC.
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Figure 8: Experimental view of (a) parabolic aperture drawn on the sheet, (b) trough
with absorber tube, (c) parabolic tough collector with supporting frame.

3 Methodology for heat flux distribution
analysis using SolTrace software

The CSHFD analysis with SolTrace is carried out in the steps depicted in
flow chart (Fig. 9). It is based on an optical interaction technique that uses
the ray tracing method. The programme generates the scatter plot, surface
plot (3D), and contour plot (2D) for the heat flux distribution profile on
the circumference of the PTC absorber [29]. The first step to analysing the
ray tracing is to define the sun’s shape and sun position. There are three
options available to define the shape of the sun, namely pillbox, Gaussian
and user-defined distributions, while the position of the sun is defined either

Sun Shape Profile

T T T T T
-10 -5 0 5 10
Angle from center (mrad)

Figure 9: Flow chart of CSHFD analysis using SolTrace software version 2012.7.9.
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by the global coordinate system or by defining the latitude, day and solar
hour of a particular place. In the present analysis, the sun’s shape is defined
as a pillbox distribution with a half-angle width of 4.65 mrad as shown in
Fig. 10 [11,29,30], and the sun position is defined by the global coordinate
system. The next step is setting the optical properties of the concentrator
and absorber tube as shown in Fig. 9. After defining the optical properties,

Generate results

i

2‘

Ray intersection
plot

{ End ]‘

J%

Figure 10: Pillbox sun shape profile.
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the geometry of the system was developed by setting stage properties and
defining the element aperture and element surface. The desired number of
ray interactions of 10% and a maximum number of generated rays of 108
have been employed in the trace options parameter to obtain an accurate
heat flux profile and save computational time [5]. During simulations, it
has been seen that the value of heat flux changes significantly between
runs when the desired number of ray interaction values is less than 106.
A constant value of DNI 1000 W/m? is employed for the simulation. The
sun‘s rays first strike the absorber and concentrator, and the reflected rays
from the concentrator fall on the absorber and are absorbed by it.

4 Results and discussion

4.1 Discussion on non-uniform heat flux profile

Figure 11 shows the surface plot of heat flux distribution along the outer
periphery of the absorber tube. The surface plot actually shows the heat
flux distribution on the unwrapped absorber tube, varying from 0-360 deg
from left to right, where 0 deg and 180 deg stand for the top and bottom
positions of the absorber tube, as illustrated in Fig. 12c. As shown in Fig. 11,

18000
16000
14000
12000
10000

8000

6000

Flux

4000
2000

Figure 11: Surface plot of solar heat flux distribution along the absorber tube periphery.
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the curve can be divided into six parts for ease of explanation of heat flux
variation. In the first part of curve depicted in Fig. 11, heat flux intensity
is very low, since in this part, the absorber tube only receives DNI. This
is clear from the graph representing the change in heat flux distribution
with the absorber tube circumferential angle (Fig. 12b) and the scatter
plot shown in Fig. 12a. In the second part, heat flux increases rapidly and
reaches a peak of 19.44 kW /m? at about 112.5 deg circumferential angles
from the top of the tube, as shown in Fig. 12b, then decreases rapidly

1]

(a)
60 -

—

B 50 0°
S

= | —=— Present work_

.

B

=

= 30+

=

-

= 90°
g 204 5 270°
=

e ‘\.\ /"

-

U

= 104 =

0 ei=peu-y . T . - T ]
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Figure 12: (a) Scatter plot for 90 deg rim angle, (b) heat flux vs. absorber circumferential
angle, (c) absorber circumferential angle distribution.
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and reaches a value of 10.55 kW /m? at 180 deg in the third part due to
a decrease in reflected heat flux, which can also be seen in the scatter plot in
Fig. 12a. The curve is symmetrical about 180 deg, and the variation of heat
flux in the next part exhibits the same characteristics as in the earlier one.

These CSHFD can be used as one of the boundary conditions in the
CFD simulations for further thermal analysis.

4.2 Receiver position error analysis

In this part, the numerical modelling software was used to investigate how
the misalignment of the receiver along the optical axis affects the heat
flux profile. For this analysis, the dimensional details have been incorpo-
rated from Table 4 without consideration of a slope or specularity error
(i.e., 0.0001 mrad). As presented in Fig. 13, the centre of the absorber
tube is shifted above the focal point of the parabolic trough by its outer
radius (10.5 mm) in the first case (Fig. 13a), in which most of the re-
flected ray concentrates at the small bottom part of the absorber tube. In
this case, the peak value of heat flux is 76.95 kW /m?, i.e., almost 77 times
DNI (1 kW/m?) which is very high, and will increase CTG in the absorber
tube. The second is the case when the absorber tube is concentric with
the focal point (Fig. 13b). This is the ideal case, where the peak value of

JHIIRIREL | ’ ‘ | [ | y L 7000
I I | T i
| ‘ ‘ | | |
so i L I {18 1 - 60,000
| I 50000
00
0 [
1 200
024 |
L 20000
1000
04 }
0 o0 o 0 ot wm o3

Ausuoux xnjd

lll i
0

(a) Scatter plot and contour plot for absorber tube with the centre shifted by 10.5 mm
above the focal point

Figure 13: For caption see next page.
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(b) Scatter plot and contour plot for absorber tube concentric with the focal point
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(c) Scatter plot and contour plot for absorber tube with the centre shifted by 10.5 mm
below the focal point

Figure 13: Effect of receiver position misalignment along the optical axis on the heat flux
profile.

heat flux is 23.5 kW /m?, and the average value of heat flux is 9.32 kW /m?,
which is greater than the average value of 8.17 kW /m? for the first case and
8.16 kW /m? for the third one. The third case deals with the centre of the ab-
sorber tube being below the focal point by 10.5 mm (Fig. 13c). In this case,
the absorber tube receives a poor value of peak heat flux (12.57 kW /m?).

The above discussion reveals that the heat flux density is significantly
affected by receiver misalignment along the optical axis.
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4.3 Validation of numerical modelling results

For the validation of the present simulation work in SolTrace, the obtained
outcome was compared with Jeter’s result [10]. In his paper, the parameter
local concentration ratio (LCR) is discussed [5]:

_q
LCR = BN’ (8)

where ¢ represents the local heat flux.

Jeter’s result corresponds to the parameter of the solar energy generat-
ing system (SEGS), solar collector (LS2 — Luz system 2) used in Sandia
National Laboratories. Numerical simulation was carried out at the same
geometrical dimensions, and optical and material properties as presented
in [10] with normal irradiance, 90 deg rim angle and a uniform sun of
0.0075 mrad angular radius. The simulation results of LCR distribution
at the cross-section of the absorber outer surface compared with those re-
ported by Jeter are shown in Fig. 14. The comparison shows that the pre-
dictions agree well with Jeter’s results, which also proves that the MCRT
method used in the present work is viable and the numerical results are
reliable.
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Figure 14: The LCR distribution — comparison between the present study and Jeter’s
results.
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4.4 Sensitivity analysis
4.4.1 Influence of rim angle on the peak heat flux

The variation of the peak value of heat flux with the rim angle around the
absorber tube periphery is shown in Fig. 15. Within the 30- to 130-degree
rim angle, the peak value of heat flux is very large at 30 deg, with a poor
value for peak heat flux at 130 deg. The peak value of heat flux for the rim
angle varies little in the optimum range (70-110 deg).

55 1 ——Peak heat flux |
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20 40 60 80 100 120 140
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Figure 15: Peak heat flux vws. rim angle.

4.4.2 Heat flux variation along the receiver circumference
for three different rim angles

The heat flux distributions along the absorber circumference for three dif-
ferent rim angles, namely 30 deg, 90 deg, and 130 deg, are compared in
Fig. 16. Due to concentrated heat flux in a relatively small region of the
absorber tube, a larger spike in the peak value of heat flux can be observed
with a smaller rim angle of 30 deg. A poor value of peak and average heat
flux is found for the relatively larger rim angle of 130 deg, while an accept-
able range of peak heat flux and an optimum average heat flux is observed
for the 90 deg rim angle. The heat flux profile distribution for different rim
angles have been discussed in more detail in Section 2.1.
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Figure 16: Comparison of heat flux profile along the absorber circumferential angle for
different rim angles.

4.4.3 Effect of absorber tube outer diameter on the heat flux
profile

Figure 17 depicts the variation of heat flux distribution with the absorber
tube’s outer diameter. For this analysis, all parameters given in Tables 1
and 4 have been adopted, except for the receiver’s outer diameter. The three
different values of the absorber tube’s outer diameter, 21 mm, 23 mm, and
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Figure 17: Variation of heat flux along absorber circumferential angle for different outer
diameters of absorber tube.
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25 mm, have been used while keeping the aperture width at 640 mm. As
we know from Eq. (7), the concentration ratio depends on the width of an
aperture as well as the outer diameter of the absorber tube. As the outer
diameter increases, the concentration ratio decreases, resulting in a decrease
in the value of heat flux intensity.

5 Conclusion

The present work focus on the geometrical optimization and optical analysis
of a novel small-sized PTC based on the analysis of heat flux distribution
around the circumference of the absorber tube using a ray tracing software
called SolTrace. The outcome of this study can be summarised as follows:

e Heat flux distribution analysis was carried out for different values of
rim angle within 30-130 deg, and an optimized rim angle of 90 deg was
obtained on the basis of the optimum value of average heat flux and an
acceptable range of peak heat flux to obtain the maximum collection
of solar heat flux for a non-ideal concentrator. Also, the determined
optimum rim angle falls within a range of values obtained by other
researchers in the literature, which proves the Monte Carlo ray tracing
method used in the present work is viable and the numerical results
are reliable.

o Ray-intersection plots, contour plots and surface plots were provided.
Also, the peak and average values of heat flux were presented for the
different values of rim angle 30-130 deg, with a gap of 10 deg.

o An experimental model of a small-sized parabolic trough collector
was designed and fabricated. The curvature of the parabolic trough
was designed for an optimized value of rim angle 90 deg, and other
parameters mentioned in Table 1. A laser light test of a small dimen-
sion parabolic trough was performed first for the feasibility test of
the procedure before fabrication of the actual parabolic trough col-
lector and was found successful. Also, the design methodology was
presented through a flow chart.

e The heat flux around the circumference of the absorber tube is non-
uniform in nature. The heat flux profile is found to be symmetrical
about the bottommost point of the circular absorber tube. The max-
imum value of heat flux is found at the bottom part of the tube
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(112.5 deg and 247.5 deg from the topmost point), and the heat flux
decreases towards the top of the absorber tube due to only direct
normal irradiation falling in this location.

e The effect of the receiver position error along the optical axis on
the heat flux profile was analysed and found to be significant. A re-
ceiver with a centre 10.5 mm above and below the focal point of the
parabolic trough increases peak heat flux by 227.44%, which is very
large and decreases it by 46.8%, which is poor. A very large value of
heat flux caused by concentrated rays at a very small area of absorber
creates a greater value of circumferential temperature gradient, and
a poor value of heat flux may decrease overall performance; hence,
both large and poor values of peak heat flux are not recommended
for the efficient functioning of a reliable before fabrication of the ac-
tual parabolic trough collector and was found successful.

e During the sensitivity analysis of the parabolic trough collector, it was
observed that as the outer diameter of the absorber tube increases,
while keeping the aperture width the same, the heat flux intensity
around the circumference of the absorber tube decreases due to a de-
crease in the concentration ratio.

e The slope error has a significant impact on the uniformity of flux
intensity and the peak heat flux at the focal point. When the slope
error is low, the peak heat flux at the focal point of the trough is
high. When the slope error is high, however, the peak heat flux and
uniformity go down because the rays do not reflect as well off the
concentrator.

e A comparison of the local concentration ratio distribution versus ab-
sorber tube circumferential angle was made between the present work
and Jeter’s result for the optimized value of rim angle 90 deg and the
same geometrical configurations, and the profile of the curve is found
to be very close. This proves that the Monte Carlo ray tracing method
used in the present work is viable and the numerical results are reli-
able.

e The heat flux distribution profile along the absorber tube circumfer-
ential angle generated by using the Monte Carlo ray tracing method
can be utilized as one of the boundary conditions in CFD.
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Abstract The paper presents a thermodynamic analysis of the integra-
tion of a cryogenic air separation unit into a negative CO2 emission gas
power plant. The power cycle utilizes sewage sludge as fuel so this system
fits into the innovative idea of bioenergy with carbon capture and storage.
A cryogenic air separation unit integrated with the power plant was simu-
lated in professional plant engineering and thermodynamic process analysis
software. Two cases of the thermodynamic cycle have been studied, namely
with the exhaust bleed for fuel treatment and without it. The results of cal-
culations indicate that the net efficiencies of the negative CO2 emission gas
power plant reach 27.05% (combustion in 95.0% pure oxygen) and 24.57%
(combustion in 99.5% pure oxygen) with the bleed. The efficiencies of the
cycle without the bleed are 29.26% and 27.0% for combustion in 95.0% pure
oxygen and 99.5% pure oxygen, respectively. For the mentioned cycle, the
calculated energy penalty of oxygen production was 0.235 MWh/kgO2 for
the lower purity value. However, for higher purity namely 99.5%, the energy
penalty of oxygen production for the thermodynamic cycle including the
bleed and excluding the bleed was indicated 0.346 and 0.347 MWh/kgOa,
respectively. Additionally, the analysis of the oxygen purity impact on the
carbon dioxide purity at the end of the carbon capture and storage instal-
lation shows that for the case with the bleed, CO2 purities are 93.8% and
97.6%, and excluding the bleed they are 93.8% and 97.8%, for the mentioned
oxygen purities respectively. Insertion of the cryogenic oxygen production in-
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stallation is required as the considered gas power plant uses oxy-combustion
to facilitate carbon capture and storage method.

Keywords: Thermodynamic analysis; Oxy-combustion of syngas; BECCS; Cryogenic
air separation; Penalty of oxygen production
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velocity, m/s
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lower heating value, MJ/kg

mass flow rate, kg/s

power for air separation needs, kW
power for CCS compressors needs, kW
total power for own needs, kW

power for fuel compressor needs, kW
power for oxygen compressor needs, kW
power for water pump needs, kW
power for SEC pump needs, kW
combined turbines power, kW

factor describing energy source as renewable
temperature, °C

chemical rate of combustion, kW
internal energy, kJ/kg

volume fraction of carbon dioxide, %
height, m
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Acronyms
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CCS
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GT
HE

nCO2PP
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WCC

cumulative efficiency, %

gross efficiency of the cycle, %
net efficiency of the cycle, %
gasifier efficiency, %

density, kg/m?®

—  air separation unit

—  bioenergy with carbon capture and storage
— carbon capture and storage

— gas scrubber

— gas turbine

—  heat exchanger

— negative CO2 emission gas power plant

—  pre-cooler

— spray ejector condenser

— wet combustion chamber
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1 Introduction

It is estimated that the production of electric power contributes to the
generation of approximately 25.0% of COg in the atmosphere [1,2]. Over
the years, several ways for reducing CO2 from the atmosphere were in-
troduced. These solutions can be divided generally into oxy-combustion,
post-combustion, and pre-combustion [3]. In post-combustion technology,
COg, is captured after the combustion process from flue gases. It can be done
in several ways including sorption technologies, membrane separation, and
cryogenic distillation [3-5]. A very crucial advantage of the post-combustion
method is that it can be introduced to existing power plants, and a dis-
advantage is that CO2 concentration in exhaust gases is very low and the
exhaust pressure is near the atmospheric pressure [3]. According to the lit-
erature, the most mature way to separate COq from the rest of the flue gas
is absorption and its energy requirement contributes to 13.0—15.0% of the
power plant efficiency [3].

The pre-combustion technology assumes carbon removal from the fuel
before the combustion process. This process consists of two parts. In the
first one, the mixture of Hy and CO is obtained from gas reforming, then
in the second part, CO is altered into CO9 and separated from Hs. In the
end, only Hy is combusted. The power cycles coupled with pre-combustion
technology are called integrated gasification combined cycles (IGCC) [3].

Oxy-fuel is the third carbon capture and storage method, next to post-
combustion and pre-combustion. It is probably the most promising solution
for power plants that require carbon capture and storage (CCS) technol-
ogy. In particular, in the case of the connection between increasing global
electricity production and growing COs concentration in the atmosphere.
Future power plants will need to feature the CCS installations [6, 7], due
to the need of stopping and avoiding an increase in CO2 concentration in
the atmosphere. A typical power plant worked with oxy-combustion tech-
nology would require 20 tons of Oy for each megawatt per day [8-10]. Oxy-
gen can be produced in several ways. The most popular are cryogenic air
distillation, followed by pressure swing adsorption, oxygen transport mem-
branes, chemical looping air separation, and electrolysis of water [11]. For
the combustion process, low-purity oxygen in the range of 85.0—98.0% is
supposed to be the most appropriate. It is connected with high energy
consumption while producing oxygen purer than 95.0% with the cryogenic
air distillation method. This technology will be taken into consideration
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in this work and will be connected with the negative CO2 emission gas
power plant.

Cryogenic air distillation is the most developed technology in oxygen
production [11]. Its biggest disadvantage is that oxygen production is very
energy-consuming. On the other hand, cryogenic separation is the only
technology that can provide huge capacities of produced oxygen. Addition-
ally, other air gases which are also industrial gases are possible to be ob-
tained [10]. The minimum thermodynamic work needed to produce oxygen
is 0.051 MWh/kgO3 but in real cryogenic installations, it is approximately
four times greater [12].

Conventional cryogenic double-column air separation unit consists of an
air compressor considered the most energy-consuming device in the installa-
tion [9], two thermally-coupled rectification columns, and heat exchangers.
In the first step, the air is compressed usually to 5.4—6.0 bar [13,14]. Next,
it is cooled in a heat exchanger called a pre-cooler, then separated into two
streams. One of the streams is introduced into the high-pressure column and
the second into the low-pressure column. At the top of the high-pressure
column, nitrogen is obtained at a pressure of 6.0 bar. At the bottom of
mentioned column oxygen-enriched liquid is obtained. Obtained nitrogen is
condensing because of boiling oxygen in the reboiler, which connects two
columns. Both product streams obtained at the high-pressure column are
depressurized and sent to the low-pressure column. In this column, gaseous
nitrogen is obtained at the top of the tower, and liquid oxygen at the bot-
tom [13,14]. The distillation process is based on differences in boiling points
of air components at specified pressures [15].

The paper presents the results of an integration of a cryogenic air sepa-
ration unit (ASU) into a negative CO2 emission gas power plant (nCO2PP)
and the impact of the oxygen production installation on the power cycle. For
this thermodynamic cycle, other oxygen production methods might be con-
sidered such as membrane or sorption techniques. Some of these technolo-
gies were compared with cryogenic air distillation in other works [16-18].
However, when it comes to large scale power plants with a capacity of
hundreds of megawatts, cryogenic air separation is the only appropriate
solution [19], because only this method is able to produce huge amounts of
oxygen up to 150000 m?/h [20]. Moreover, it is the most developed way to
produce oxygen from the air. Due to its maturity, low-temperature tech-
nology was chosen.
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2 Negative CO; emission gas power plant
integrated with cryogenic air separation unit

Over the years, several configurations of power cycles with oxy-fuel tech-
nology have been proposed, with either gas or coal fuels. The common
entity for all these cycles was the oxygen as an oxidizer and then flue gases
composed of steam and carbon dioxide. Part of the solutions recovers the
carbon dioxide from exhaust gases, recirculates it to the combustion cham-
ber, and uses it as a working medium in the cycle [21-23]. Most oxy-fuel
cycles are integrated by a heat recovery steam generator with the Rankine
cycle to avoid huge heat losses [24].

The scrutinised nCO2PP cycle is a gas-steam turbine cycle integrated
with a CCS installation and a cryogenic ASU. The power plant is fuelled
with syngas from the gasification process of sewage sludge. The combustion
process takes place in the atmosphere of pure oxygen and the combustion
chamber is cooled by water injection. The considered thermodynamic cycle
has been studied before in other works [25], but its integration with an ASU
has not been taken into consideration.

The diagram of nCO2PP is presented in Fig. 1. The system is equipped
with two compressors. The first one forces the flow of oxidant (Coz), whereas
the second one is for the fuel transport (Cgyer). The cycle also consists of
the high-pressure gas turbine (GT), low-pressure gas turbine (GTPP), wet
combustion chamber (WCC), and generator (G). The main heat exchanger
(HE1) heats the water supplied to the WCC with exhaust gases. The spray-
ejector condenser (SEC) is a novel device for the exhaust gas condensation
process. A CCS installation consists of two compressors (Ccoz), two heat
exchangers (HE3, HE4), and a heat exchanger connected with a water sep-
arator (S+HE2). The water pump (Pp20) increases the pressure of water,
which is supplied to the WCC. Between two expanders is an exhaust bleed
for the needs of the gasification process. Sewage sludge gasification takes
place in the gasifier (R). A heat exchanger (HE R) and a gas scrubber (GS)
are also on the fuel way to the combustion chamber.

According to the calculations, exhaust gases contain mostly steam. In-
deed, oxygen and fuel are supplied by compressors, as they are present in
gas turbines, but there is much more water injected into the combustion
chamber by the pump. This amount of water exceeds the fuel and oxi-
dizer streams. An additional characteristic of steam cycles is the presence
of a condensation process, which is also characteristic to the considered
nCO2PP cycle.
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Figure 1: Diagram of negative CO2 emission gas power plant.

The beginning of the process in the cycle can be established when fuel and
oxygen compressors (Cgyel, Co2) start transporting fluids to the combus-
tion chamber (WCC). In the combustion chamber fuel, oxygen, and injected
water, due to high temperature processes, create a mixture of carbon diox-
ide and water. Water injection is necessary, because of high temperatures,
which are the effect of the oxy-combustion process. Additionally, the extra
mass flow of water contributes to the increase of the turbines power, which
is dependent on the mass flow. After the combustion process, expansion in
two turbines (GT, GTPP) takes place. Afterwards, exhaust gases are heat-
ing water, which is transported by the pump (Pp20) to the combustion
chamber, through the heat exchanger (HE1). The spray-ejector condenser
(SEC) intakes the flue gases from the heat exchanger (HE1). Provided is
also water, which is a motive fluid in the SEC with the pump (Pggc).
The presence of motive water, which breaks up into droplets, and the mix-
ture of steam and carbon dioxide enables the condensation process to take
place. The mixture of water and carbon dioxide leaving the SEC goes to
the separator connected to the heat exchanger (S+HE2). Water is isolated
and directed to pumps (PSEC, PH20) in the separator. Subsequently, it
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is used as the motive fluid in SEC or as a cooling fluid in the combustion
chamber (WCC). The carbon dioxide is directed to the compressor (Cco2)
and the heat exchanger (HE3).

The oxygen, which is an oxidant in the combustion process in the WCC,
is supplied from the cryogenic air separation unit. Air separation in a mod-
elled installation starts with compressing the air by a compressor (C,;;) and
then cooling in the precooler (PC). Afterwards, cooled air is introduced into
the first distillation column (RCI). The separation section of the installa-
tion consists of two columns. In column RCI oxygen is obtained, and the
rest of the air is transported to the second column and is separated there
into low-purity nitrogen (IN2) and high-purity nitrogen (hNs). A diagram
of modelled cryogenic ASU is presented in Fig. 2.

L

iz RCII B
IN2
N4
7N
{1
PC RCI
]
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02

Figure 2: Diagram of modelled cryogenic unit.

3 Methodology

3.1 Cycle efficiency

The gross and net efficiencies of the power cycle have been calculated using

the following formulae:
Ny

Qcc’

Mg (1)
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and
Ny — Nep
Thnet = ——=——— , (2)
! Qcc
where N; is a combined power of turbines, Q¢ is a chemical energy rate
of combustion, and Ngp is the power for the cycle own needs, and which

can be expressed as
Nep = Nasu + Ney,o + Neo, + Negoo + Nespe + Neges (3)

where Nagy is the power for oxygen production, N¢;, , is the power for fuel
compressor, N¢,,, is the power for oxygen compressor, Np, is the power
for water pump, Npg,, is the power for SEC and N¢4 is the power for
CCS compressors needs.

Additionally, the cumulative cycle efficiency which is a product of the
net efficiency of the power cycle and gasification process efficiency (ng,,)
has been calculated. The gasification process inside the gasifier was not
calculated in this work but its efficiency has been taken from another paper
regarding nCO2PP [21]. The cumulative efficiency is expressed as

Tlcum = TRy Thnet 5 (4)

where the gasification process efficiency (ng,, ) according to the literature [26]
is equal to 86.52% for the nCO2PP cycle.

3.2 Energy penalty and emissivity

For cryogenic oxygen production, an important parameter is the energy
penalty of oxygen production:

Nasu
— AU 5
Pen = 360000 (5)

where Nagy is the power for the needs of oxygen production and 1o is
the produced oxygen mass flow.

Due to the name of the cycle (negative CO2 emission gas power plant),
an essential factor is the emission potential of the whole system, which can
be defined as [25-27]

MA4CO,

GCOQ = Rm

3600, (6)
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where m4co2 is the mass flow rate of carbon dioxide at the outlet of the
CCS, R is a factor describing the energy source as renewable energy (for
sewage sludge is 90.0% according to Polish regulations [28]).

The emission calculations should be carried out properly and carefully
if the power cycle is integrated with the carbon capture and storage unit.
If an energy source is only partly considered a renewable source of energy,
emissions should be multiplied by the factor that accounts for it. In this
case, the relative emissions of carbon dioxide were multiplied by 7pnet. The
relative emission is

N . .
t 0P p THCO2 5600 = R7MCO2 3600,  (7)

et €COg = -
Tnet 2 LHV o1 Nt — Nep Qcc

where LHV is the lower heating value.

The avoided eCOq for the negative emission power plant is a sum of
emissions without COq capture and the value of negative emissions obtained
because of the application of renewable energy sources [27].

3.3 Ebsilon software

A numeric code for the purpose of the present analysis solves equations
of mass and energy balance. According to the mass balance equation, the
mass that flows into a channel is equal to the mass, which flows out of
the channel [29,30]. The mass balance is nothing else than the equation of
continuity:

i=1 j=1

where 1 is a mass flow rate. According to the energy balance, the energy
that flows into a device is equal to the energy, which outflows [29,30] and
can be written as

Zml<ul+ —&—p—l—zzg)—i—QZ ij(u]—&-—i-p—i—zjg)—i-Nj, 9)

where u is the internal energy, c is the velocity, p is the pressure, p is the
density, z is the height, ¢ is the gravitational acceleration, @ is the heat
energy rate, and N is the mechanical power, and here ¢ = 1, 2, ..., n,
j=1,2, ..., m, and m and n represent streams that flow in the channel
and flow out of the channel, respectively.
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There are many various equations of state, which are used in industrial
calculations [31]. The system under investigation was simulated using com-
mercial plant engineering and thermodynamic process analysis software,
Ebsilon Professional [32]. Ebsilon software uses the Peng-Robinson equa-
tion of state for real gas, instead of the Clapeyron ideal gas equation of
state [29]. The software predefined models are clearly expressed by thermo-
dynamic tables for steam. Appropriate choice of the thermodynamic models
of real gases has crucial importance for the critical area [33,34]. The cru-
cial advantage of using the Peng-Robinson equation of state is obtaining
a higher accuracy of calculation, especially near the gases and mixtures crit-
ical points. This fact is important for modelling real thermodynamic cycles.
The Peng-Robinson equation takes into account intermolecular forces [34].
A disadvantage of this model is the fact that not all of the factors have
been fully examined at the area of their critical point. On the other hand,
the Clapeyron equation allows us to obtain results very fast but it idealizes
all gases.

4 Calculation conditions

In the study, four analyses have been carried out. The first one is the
nCO2PP connected with cryogenic ASU and with the exhaust bleed for
sewage sludge gasification. The bleed is made between GT and GTP?P, its
pressure is 1.0 bar and temperature is 664.83°C, whereas the mass flow
transported to the gasifier is 18.0 g/s. The second analysis is for the same
cycle but without the bleed for gasification. Moreover, research on the cryo-
genic ASU model power consumption depending on the produced oxygen
purity has been done. The fourth analysis refers to COs purity at the end
of the power cycle (point 5%V in Fig. 1). Traditionally it is assumed that
the production of nitrogen oxides in gas turbines combustion chambers is
connected with Zeldowicz’s thermal mechanisms [35]. In order to properly
model NO, and COs production in new devices, computational fluid dy-
namics (CFD) simulations are more convenient, because they allow us to
take into account a distribution of components, production sources in par-
ticular chemical reactions, and velocity fields [36,37]. The most important
conditions for the ASU model are presented in Table 1.

Important assumptions of the nCO2PP cycle are stoichiometric combus-
tion in oxygen as oxidizer and using sewage sludge as fuel. Fuel composi-
tion is as follows: 13.31% CO, 5.12% Hs, 11.46% CHy4, 59.29% COs, 8.03%
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C3Hs, and its lower heating value (LHV) is 17.44 MJ/kg. The rest of the
assumptions and boundary conditions are presented in Table 2.

Table 1: Cryogenic ASU model condition.

Description Symbol Unit Value
Air initial temperature ¢Oair °C 15.0
Air initial pressure plair bar 1.0
Air compression pressure plair bar 5.8

Table 2: The nCO2PP model input data.

Parameter Symbol ‘ Unit ‘ Value
Initial fuel temperature tofuel °C 50.0
Initial oxygen temperature too2 °C 40.0
Syngas fuel pressure before Cgye) compressor Pofuel bar 1.0
Oxygen pressure before Coa compressor D002 bar 1.0
Exhaust temperature after HE1, before SEC ts °C 65.42
COz2 pressure after compressor Ccocu P2cCU bar 40.0
COg pressure after compressor Cccu PaCCU bar 90.0
H2O temperature after HE4 t2_H,0 °C 91.67
CO2 temperature after HE3 ts_ccu °C 110
Pressure after GTPaP P4 bar 0.078
Temperature after SEC te °C 18.03
Turbine GT, internal efficiency (n;) 7:GT - 0.89
Turbine GT?beP, i 1GT—bap 0.89
Fuel compressor Cgyel, M: 7:C—fuel 0.89
Oxygen compressor Coo, 1; niC—02 0.87
Water pump P20, 7: 7iP—H20 0.43
Water pump Psgc, n: 1iP—SEC 0.80
CO2 compressor Cco2—1, 1i 7C—CO2—1 0.85
CO2 compressor Cco2-2, NiC—CO2-2 0.85
Mechanical efficiency for all devices Nm 0.99
Gasification process efficiency MRy 0.8652
Temperature in the WCC to °C 1100
Pressure in the WCC p2 bar 10.5
Exhaust mass flow after WCC Mo g/s 100.0
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5 Results

The following studies have been accomplished:

analysis of the nCO2PP integrated with ASU which produces oxygen
at 95.0% and 99.5% purity, and with the bleed for the gasification
process;

analysis of the nCO2PP integrated with ASU which produces oxygen
at 95.0% and 99.5% purity, and without the bleed for the gasification
process;

analysis of power consumption of an individual cryogenic ASU model
dependent on produced oxygen purity. In this case, constant oxygen
mass flow was established as 21.7 g /s, and C,;; compression to 5.8 bar;

analysis of the impact of oxygen purity on the nCO2PP cycle effi-
ciencys;

analysis of oxygen purity impact on the carbon dioxide purity at the
end of the CCS installation.

In Table 3 the results for nCO2PP integrated with cryogenic ASU, with the
bleed and without the bleed for the gasification process are presented. Two
oxygen purities were taken into consideration, namely 95.0% and 99.5%.

Figure 3 presents the obtained plot of the energy penalty of the cryogenic
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Figure 3: Results of power consumption of the modelled ASU dependent on produced

oxygen purity.
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Table 3: Results of the analyses of the nCO2PP integrated with the cryogenic ASU in-
cluding the bleed for gasification process and excluding the bleed.

Oxygen purity

Description Symbol Unit 95.0% 99.5%

nCO2PP | opp | nNCO2PP | onp
+ ASU Asy | +ASU \SU
T bleed | T 4 bleed | T

Air mass flow MOoair g/s 98.0 97.73 94.0 93.69

Oxygen mass flow Moo2 g/s 22.64 22.48 21.7 21.55

ASU power Nasu kW 19.17 19.03 27.03 26.91

consumption

nCO2PP turbines Ny kW 143.91 | 15477 | 143.05 | 154.56

output

nCO2PP power for Nop kW 61.1 65.85 67.79 72.27

own needs

Chemical rate of .

o Qcc kW 306.08 | 303.88 | 306.27 | 304.80

nCO2PP gross Ny % 47.02 50.93 46.71 50.71

efficiency

nCO2PP net

efficiency et % 27.05 29.26 24.57 27.0

nCO2PP cumulative | = % 23.41 25.32 21.26 23.36

efficiency

Emission of COs eCOy | kgCO2/MWh | —782.54 | -874.49 | —860.98 | —905.57

Relative emissivity

of COs neteCO2 | kgCO2/MWh | —211.71 | —255.89 | —211.58 | —244.49

Avoided emission

of COs Avoid eCOg | kgCO2/MWh | 1652.03 | 1846.15 | 1817.63 | 1911.75

Energy penalty €pen MWh/kgOo 0.235 0.235 0.346 0.347

ASU dependent on the produced oxygen purity. It is important to mention
that the considered ASU model is the same as the one which was integrated
with the nCO2PP but independent and with constant oxygen mass flow.
In Fig. 4 efficiencies characteristics of the whole cycles dependent on the
generated oxygen purity are shown both for the cycle including bleed and
excluding bleed. In the same figure, the results of the produced COs purity
for two power cycle cases are presented.
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Figure 4: Results of the nCO2PP cycle efficiency and CO2 purity in the exhaust
dependent on produced oxygen purity.

6 Discussion of the results

According to the results in Table 3, the cycle net efficiency is higher for
combustion in the oxygen of 95.0% purity for both cases including and
excluding the bleed. Although 99.5% is an extremely high value of oxygen
purity and it is desirable in some industries like metallurgy, it is too high
for the nCO2PP cooperating with cryogenic ASU. This high level of purity
does not have a positive impact on cycle efficiency. Its advantage might be
resulting in a smaller amount of nitrogen oxides in the exhaust [38,39] but
it was not considered in this work. With the enhancing oxygen purity, the
temperature in the WCC should increase [40], but for the purpose of this
analysis, the temperature in the WCC and exhaust mass flow were set and
balanced at 1100°C and 100.0 g/s for every simulation. The analysis of the
influence of oxygen purity on the nCO2PP efficiency showed (Fig. 4) that
the most appropriate oxygen purity is 97.0%, because efficiency is growing
until oxidizer purity reaches 97.0%. After surpassing this value, a rapid
efficiency drop is observed. The most common statement is that oxygen at
95.0% purity is the most proper for the majority of the power cycles that
work with oxy-fuel technology [41,42].

Regarding the independent model of cryogenic ASU, it can be seen that
the energy penalty does not change significantly until it reaches a purity
of 96.0% (Fig. 3). After this value, it suddenly increases. It is supposed to
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be a proper behaviour. In [42] Darde showed a similar characteristic, which
was increasing after exceeding the value of 95.0% oxygen purity. In [13] also
the power consumption dependent on ASU can be seen but the plot is more
steady. It grows but significantly slower. The obtained energy penalty values
are crucial factors for this ASU model and they are 0.235 MWh/kgOs for
95.0% purity, 0.263 MWh/kgOq for 98.0% purity, and 0.351 MWh /kgO4 for
99.5% oxygen purity. The obtained values can be compared to the results
from other works. Fu claims that the power consumption for 95.0% purity
is 0.229 MWh/kgO, [9], Janusz-Szymanska states that for 97.0% oxygen
purity, the power consumption is 0.247 MWh /kgO, [43], Aneke says about
0.357 MWh/kgO, for oxygen at purity 99.9% [14], and Tafone assumes
0.370 MWh/kgO2 for 99.5% oxygen purity [44].

Results regarding the emissivity indicate that cycles with a combustion
process with 99.5% oxygen achieved higher values of negative emission and
avoided emission of COy than the equivalent cycles with combustion in
95.0% oxygen.

There is one more point worth mentioning. According to the calculations,
COgq purity is different for various oxygen purities. For the cycle case with
the exhaust bleed, the CO, composition in the last point of the cycle (5¢€Y)
is 97.6% and 93.8% for 99.5% and 95.0% oxygen purity, respectively. For
the cycle case excluding the bleed, COy composition in mentioned point is
97.8% and 93.8% for 99.5% and 95.0% oxygen purity. A reasonable COs
purity for the oxy-combustion process is in the range of 95.0-97.0% [45,46].
In this work, this value is only achieved for 97.0% oxygen purity. Thus, as
the authors [47] pointed out, in addition to electricity, the output product
of the nCO2PP cycle is also carbon dioxide, and in such a context it makes
as great sense as possible to raise its purity. CO2 is a useful product and its
purity for syngas from methane was examined in [47]. On the other hand,
in [48] at the inlet of the carbon capture installation, the gas composition is
as follows: 64.72% H20, 32.53% COq, 2.0% O, and 0.75% Ns. It means that
in the model, the excess of oxygen and oxygen purity lower than 100.0%
was assumed.

In this paper, oxy-fuel technology is considered in case of thermodynamic
cycle with gas turbine. However, it would also be interesting to introduce
oxy-combustion technology to piston engines. There were researches regard-
ing piston engines with internal combustion and oxy-fuel before [49-51]. It
would also be interesting to see how oxy-combustion technology can be in-
troduced into piston engine with external combustion process e.g. Stirling
engine like in [52].



78 M. Kaszuba, P. Ziétkowski, and D. Mikielewicz

7 Conclusions

In the paper, the impact of the cryogenic air separation unit on the negative
CO3 emission gas power plant was presented. As the results showed, the
highest oxygen purity does not provide the most profitable cycle efficiency.
Power consumption dependent on oxygen purity plot shows that attempts
to obtain high purity oxygen may generate large power demand and due
to that the cycle efficiency drop. However, it should be emphasized that
increasing the purity of the oxygen injected into the combustion chamber
has a beneficial effect on the purity of the captured carbon dioxide obtained
from the CCU.
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Abstract For the sake of exploring the thermodynamic characteristics
of hybrid ceramic bearings with metal inner rings in the application pro-
cess, we established the mathematical model of bearings with metal inner
rings based on the thermodynamics of bearings. The heat of the bearings,
inner and outer raceway, and the deformation of bearings were calculated
by the thermodynamic model. We used the bearing life testing machine to
test the bearing load and speed. The consequences indicate that the temper-
ature stability time of a hybrid ceramic bearing with the metal inner ring
is about 6 hours after loading, and its temperature is about 1-2°C higher
than that of a metal bearing. Under the condition of a certain speed, the
stable temperature of bearing operation improves with the enlargement of
the load. Under the condition of a certain load, the bearing temperature also
improves with the enlargement of bearing speed. The overall temperature
trend of the bearing outer ring is unanimous with the overall temperature
value calculated by the model. The maximum error is between 2.2 and 2.4°C.
The thermodynamic analysis of hybrid bearings with metal inner rings is
conducive to a better study of the effect of bearing material characteristics

on bearing performance.
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Nomenclature

a — bearing raceways contact along the half-shaft

Cn — sliding coefficient of friction between the cage and the inner and outer rings

di, de — bearing inner and outer ring groove diameter

Dy, — rolling element diameter

Dy — bearing pitch diameter

dn — bearing outer ring inner diameter

duw — bearing inner ring outer diameter

Ew) — second type elliptic integral of the raceway contact zone

F, — friction of bearing cages

fo — coefficient related to the bearing type and lubrication

fi — coefficient related to the bearing type and load

Hyi, Hpe — friction between the cage and the inner and outer ring generates heat

H, — frictional heat generation between the bearing rolling elements and the
cage pocket bore

H;, H. — heat generation in the inner and outer rings of the bearing

Hsi, Hse — heat generated in the contact zone between the inner and outer rings of

the bearing

M — frictional moment of the bearing

Mo — frictional moment related to the bearing designation, the speed of the bear-
ing and the lubrication medium

M, — load-related frictional moment

M;, M. — frictional torque between the inner and outer rings of the bearing
M, — frictional moment generated by the spin motion of the bearing
Ms;, Ms. — friction torque concerning raceway dimensions

n — bearing speed

Nom, — rotation speed of the bearing rolling elements

P — equivalent dynamic load of the bearing

Q — normal contact load between bearing rolling elements and raceways
Qg — contact load between rolling elements and cages

W, — rolling element angular velocity

Wi, We  — bearing inner and outer ring angular velocity

z — number of rolling bodies

Greek symbols

p — coefficient of friction between the bearing raceway and the rolling elements
uy — coefficient of friction between the rolling elements and the cage
v — lubrication and dynamic viscosity

1 Introduction

As an important supporting component, the rolling bearing is an impor-
tant part of the high-speed spindle element, and the high-speed spindle el-
ement is a critical part of the high-speed machine tool. Its performance has
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an important impact on machining accuracy of high-speed machine tools.
At present, engineering ceramic materials such as silicon carbide (SiC),
zirconia (ZrOz), and silicon nitride (Si3N4) have excellent properties such
as corrosion resistance, abrasion resistance, high-temperature resistance,
low-temperature resistance, high hardness, high strength, low density, low
expansion coefficient and good self-lubrication [1,2]. Silicon nitride (SizNy)
stands out among engineering ceramic materials due to its higher hardness,
better wear resistance, and lower weight. It is considered to be the best al-
ternative for bearing steel. Silicon nitride full ceramic ball bearings have
the characteristics of high hardness, high wear resistance, lightweight, and
high thermal steady state [3,4]. Under the conditions of the same load and
speed, the maximum contact area between the bearing rolling element and
the inner and outer rings of steel bearings is larger than that between the
bearing rolling elements and the inner and outer rings of hybrid bearings.
So the contact stress is higher than that of steel bearings. And the density
of silicon nitride material is smaller than that of bearing steels [5]. As the
rotor system of the spindle unit is mainly metal, the assembly accuracy of
full ceramic bearings is very high. Hybrid ceramic ball bearings with only
ceramic balls as rolling elements cannot fully demonstrate their pressure re-
sistance and self-lubricating characteristics. So this paper proposes a kind
of hybrid ceramic ball bearing with the outer ring and ball as silicon nitride
ceramic and the inner ring as metal. This type of bearing can reduce the
mismatch between metal and ceramic materials and can fully utilize the
performance of ceramics.

Friction between materials is a root cause of thermogenesis. The fric-
tional thermogenesis between internal components of bearings under heavy
load, high speed, and other working conditions is the main reason for the
formation of a thermal field during bearing operation [6]. The formation
of the thermal field directly affects the service performance and life of the
bearing. Because the operation state of bearings is complex, the formation
of the bearing thermal field is closely related to its operating state. The
working temperature and its distribution are important aspects of bearing
condition monitoring, which directly affects the service performance and
life of the system.

At present, many experts and scholars have conducted an in-depth study
on the performance of hybrid ceramic bearings. Ohta and Satake [7] ex-
perimentally studied the vibration characteristics of full ceramic bearings,
mixed ceramic bearings, and full steel bearings respectively. They found
that the factors affecting the vibration of full ceramic bearings, mixed
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ceramic bearings, and steel bearings were almost identical, but the over-
all vibration level of mixed ceramic bearings was larger than that of full
ceramic bearings and all-steel bearings. Wang et al. [8] built a compre-
hensive dynamic model of ball bearings with structural flexible deforma-
tion as the focus and deduced the ring flexibility caused by the assembly
state change of the bearing housing system. They analyzed the interac-
tion mechanism between the ring and other bearing components. Ma et
al. [9] proposed the dynamic model of the bearing-rotor system and es-
tablished the same motion differential equation as the bearing assembly.
They obtained the real-time coupling and synchronization solutions for
the bearing and rotor model. Fang et al. [10] improved the quasi-static
model of ball bearings and proposed a general mathematical model of DR-
ACBA in three different configurations. They compared and analyzed the
influence of preload, velocity, and load on the variation of nonlinear stiff-
ness of DR-ACBB under different configurations. Hao et al. [11] established
a new thermal mesh model for the dynamic temperature of bearings, dis-
cussed the coupling effect between lubricant characteristics, heat gener-
ation, structural parameters, and temperature during bearing operation,
and finally realized and discussed the effects of speed, load, oil tempera-
ture, and lubricant flow on the temperature rise. Zhang et al. [12] used
the Hertz theory to establish the dynamic and thermal coupling model of
ceramic bearing electric spindle, studied the influence of different temper-
atures, preload, and speed on bearing dynamic performance, and verified
the accuracy of the dynamic and thermal coupling model through the elec-
tric spindle test platform. Tian et al. [13] established a bearing heating
model based on silicon nitride material, measured the bearing temperature
by a bearing life testing machine, verified the correctness of the model,
and used the friction and wear testing machine to analyze the temper-
ature change trend between rolling elements and raceways with different
precision. Chen et al. [14] established a bearing lubrication and heat gen-
eration model under oil-air lubrication conditions based on the theory of
high-speed rolling bearings and two-phase flow, and further studied the
effects of oil supply, lubricating oil viscosity, load, and speed on bearing
temperature rise.

Currently, there is relatively little research on hybrid bearings based on
an inner ring of metal and an outer ring and balls of ceramic. To deeply
study the thermodynamic characteristics of such bearings, it is planned to
first establish a mathematical model based on the characteristics of metal
and ceramic materials, predict the temperature rise of the bearing, and
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then use the life testing machine to test the bearing, analyze the test re-
sults, finally establish a finite element simulation model suitable for ceramic
bearings, and further analyze the test results in combination with the test.

2 Model building and test methods

For the sake of better understanding the thermodynamic characteristics
of hybrid ceramic bearings during operation, a thermodynamic model of
bearings was established based on the material characteristics of ceramic
materials and metal inner rings. Bearing-related parameters are shown in
Table 1.

Table 1: Material characteristics

’ Material parameter Units SigNy GCrlb
Density g-cm ™3 3.2 7.85
Coefficient of thermal expansion K1 3.5-106 3.107°
Modulus of elasticity GPa 310 207
Poisson’s ratio - 0.26 0.30
Thermal conductivity W-m— 1K1 35 45

Friction torque due to lubricant viscosity when the bearing is unloaded is
equal to

160 - 1077 fu D3 for vn < 2000,
My = fo pw (1)
107 fo(vn)*3D3,  for vn > 2000,
where fy is the coefficient related to the bearing type and lubrication, v
is the dynamic viscosity of the lubricant, and n is the bearing speed. The
load-dependent friction torque is

Ml = flPIDpum (2)

where f; is the coefficient related to the bearing type and load, and P;
refers to the bearing equivalent dynamic load. Therefore, the formula for
the bearing friction torque is

M:M0—|-M1. (3)

During the operation process of angular contact ball bearings, the contact
status between the rolling bodies and the inner and outer rings under the
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action of centrifugal force is slightly different due to the high-speed rotation,
resulting in different friction torque between the inner and outer rings [15].
Thus, according to the difference between bearing inner raceway diameter
d; and outer raceway diameter d., the total friction torque is divided. The
friction torque of the inner ring is

MD,,
M; =0.5 (4)
d;
and the friction torque of the outer ring is
MD,,
M, =0.5—-" (5)

Because ceramic ball bearings are mostly used in high-speed rotation con-
ditions, the spin sliding between the rolling body and the inner raceway
of the bearing is one of the main movements during the working process
of the bearing in addition to the inner ring rotation of the bearing and
the rolling body rotation movement. The friction torque generated by spin
sliding has a great effect on the total friction torque and should be consid-
ered when calculating thermogenesis. Therefore, the thermogenesis by spin
sliding friction is added based on the above formula to make the empirical
formula more accurate:
_ 3pQaky,

M, = (®

where p is the friction coefficient between the bearing raceway and the
rolling body, and @ is the normal contact load between the bearing rolling
body and the bearing raceway. The thermogenesis by the inner and outer
rings and the contact area of the rolling body is related to the friction
moment of the contact area and the rotation speed of the inner and outer
rings and the rolling body. According to the diameter of the raceway, the
spin friction moments M, are divided into M. and My; related to the size
of the raceway.
The thermogenesis by the inner ring is

H; = 1073W,M; 4 1.047 - 10~ M yn,, = (7)
and the thermogenesis by the outer ring is
H, =1073W_,M, + 1.047 - 10~ *M,en,, 2, (8)

where z is the number of rolling bodies and W, is the rolling element angular
velocity.
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Because the rolling body rotates around the centre of the bearing in the
cage pocket, the angular speed of the cage is equal to the public angular
speed of the rolling body. The friction thermogenesis between the rolling
body and the cage pocket hole is

Hg = MngW07 (9)

where uy is the friction coefficient between the rolling body and the cage,
and @ is the contact load between the rolling body and the cage. Under
high-speed rotation, the contact load )4 between the rolling body and the
cage is very small. So the friction thermogenesis between the rolling body
and the cage can be ignored.

The movement of the cage is mainly guided by the friction between the
cage and the rolling body or the inner and outer rings. When there is sliding
friction between the cage and the outer ring, that is when the outer ring
is guided, the thermogenesis by sliding friction between the cage and the
outer ring is

Hye = 0.5d, F, [en (We — W), (10)

where d,, is the inner diameter of the bearing outer ring, F;, is the friction
force, ¢, is the sliding friction coefficient and W, is the outer angular ve-
locity. When there is sliding friction between the cage and the inner ring,
that is when the inner ring is guided, the thermogenesis by sliding friction
between the cage and the inner ring is

Hy; = 0.5d, F, [Cn (WC - Wl)] ’ (11)

where d,, is the outer diameter of the inner ring and W is the inner angular
velocity.

The total thermogenesis in the contact area of the inner and outer rings
of the bearing is, respectively

Hy, = H; + Hy; ,

(12)
Hse = He + Hbe .

3 Test methods

For the sake of studying the temperature variation characteristics of hy-
brid ceramic bearings during operation, we used the life testing machine
for experimental research, as shown in Fig. 1. First of all, the test bearing
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Load /’ Control

system system

f-(

Figure 1: Life testing machine device diagram.

was soaked in the oil pollution cleaning agent to clean, to prevent pollu-
tants from the bearing assembly process, affecting the operation state of
the bearing. Then the test bearing was installed on the mandrel, and the
mandrel was placed in the cavity of the bearing life testing machine. After
the test bearing placement was completed, the bearing performance test
was executed for the test parameters gathered in Table 2.

Table 2: Experimental parameters.

Working condition ‘ Units ‘ Value
Rotational speed rpm 6000, 8000, 10000
Load N 0, 500, 1000, 1500, 3000, 3500, 4000
Ambient temperature °C 25
Lubrication - oil bath lubrication

As these hybrid ceramic bearings have the same inner ring as metal bear-
ings, the outer ring, and balls are made of different materials, the thermal
deformation of the shaft and the inner ring of the bearings are larger com-
pared to the outer ring and balls when these bearings are used in conjunc-
tion with metal shafts. And the volume of change between the ball and
the outer ring is relatively small. The thermal deformation of the shaft and
bearing inner ring can be compensated by bearing clearance. However, the
change of bearing clearance has a certain effect on the temperature rise
of the bearing [16-20]. For the sake of studying the form of temperature
change of hybrid ceramic bearing, the temperature rise of hybrid ceramic
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bearing and metal bearing was compared, as shown in Fig. 2. Under the
same operation condition, the initial temperature of the bearing is the same,
but with the increase of operation time, the temperature of the bearing also
rises. The temperature rise of metal bearings is lower than that of ceramic
bearings. This is due to the relatively large thermal variables of the bear-
ing inner ring and the shaft, while the thermal deformation of the ceramic
ball and the ceramic outer ring is relatively small. Then the bearing heat
dissipation space becomes smaller, and eventually, the temperature rises.
In the process of operation of the bearing, its operation time is 6 hours,
and the temperature of the bearing tends to be stable.
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Figure 2: Test temperature of metal bearing and mixed ceramic bearing.

For the sake of studying the influence of load on the temperature of hybrid
bearings, the speed of the life testing machine was set at 6000 rpm, and
then the load as in Table 2 was applied. For the sake of obtaining the stable
temperature of the bearings under each operation condition, each group of
tests was operated for 8 h. The test consequences are indicated in Fig. 3.
The consequences indicate that under the condition of a certain rotational
speed, during stable operation of the bearing, its temperature increases
with the increasing load. However, the heating process of the bearing is
not obvious due to the influence of loading time and frequency. At bearing
loads of 1500-4000 N, the stabilized temperature of the bearing during op-
eration does not change much as the operating time increases. However, the
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warming process of the bearing during operation is quite different. Under
the condition that the bearing load is 4000 N, the operation temperature of
the bearing rises relatively fast, and the highest temperature reaches 40°C.
When the bearing is in no-load operation, the stable temperature of the
bearing is about 37°C.

5 ll'lH"‘il" L b b
.ru-"EEE}E!*

i
S00%

1000X
1 A
OO
500N
00N
500N
- 4000

T peratune™C

Tme/'man

Figure 3: Influence of bearing load on temperature change.

To study the effect of the speed on the temperature of the hybrid bearing,
the load of the life testing machine was assumed 1000 N, and the rotational
speed was applied as in Table 2. The test consequences are indicated in
Fig. 4. The consequences indicate that under a certain load, the tempera-
ture of the bearing increases with the rise of the bearing rotational speed.
When the bearing speed is 10000 rpm, the highest temperature of the bear-
ing reaches 45°C. When the bearing speed is 6000 rpm and 8000 rpm, the
temperature changes are relatively smooth. This is because the friction fre-
quency between the bearing ball and the inner and outer rings increases
during the high-speed operation of the bearing, which makes the bearing
temperature rise faster. However, after the bearing temperature reaches
a stable value, it tends to be stable, and the temperature no longer rises,
reaching a state of thermal equilibrium. The higher the rotational speed,
the faster it takes to reach thermal equilibrium.

Since it is difficult to realize the test of bearing operation under high
speed and heavy load conditions, the temperature change of bearing was
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Figure 4: Influence of bearing speed on bearing temperature.

modelled, analyzed, and calculated. For the sake of verifying the accuracy
of the model, we selected the rotational speed of 8000 rpm, and the load
parameter as 0 N, 500 N, 1000 N, 1500 N, 2000 N, and 2500 N, and com-
pared the obtained results with the experimental data. As can be seen from
Fig. 5, the overall temperature trend of the bearing outer ring is consistent
with the overall temperature value calculated by the model. The calculated
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temperature of the bearing model and the test temperature are similar un-
der the conditions of load 0 N, 500 N, 1000 N, and 1500 N. The error value
is between 1.3 and 2°C, while the error for 2000 N and 2500 N is between
2.2 and 2.4°C. The error increases as the load increases, which is because
the model has some error in calculating the amount of heat transfer in the
calculation process.

The ball of the bearing, the inner raceway of the bearing, and the outer
raceway of the bearing are difficult to measure during operation. The heat
released in the bearing is generated under the action of torque between the
ball and the inner and outer rings. To better understand the change of the
temperature of the inner and outer ring of the hybrid bearing, based on the
simulation model, the simulation analysis of the temperature change of the
bearing under the condition of speed 8000 rpm and load 0-2500 N is made.
The bearing simulation setup is shown in Fig. 6. The simulation procedure
consists of the following steps:

1) set the material properties of each part and define the bearing assem-
bly;

2) set the analysis step, power-display analysis, and turn on geometric
nonlinearity;

3) divide the grid, using the C3D8R grid type;

4) set interaction, the ball is in face-to-face contact with the inner and
outer ring and cage setting, the inner ring and the inner surface of
the cage are coupled to the bearing centre, and the reference points
RP1 and RP2 are set respectively;

Figure 6: The bearing simulation setup.
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5) apply load and boundary conditions, apply gravity as a whole, and
apply force to the inner ring reference point RP1. The outer ring is
fully fixed and angular velocity is applied to RP1 and RP2;

6) submit the job and run the analysis.

The simulation results are shown in Fig. 7. The temperature of the
bearing ball and the inner and outer raceway increases with the increase of
load. Using ABAQUS finite element analysis software, it was found that the
highest temperature occurred in the position where the sphere is in contact
with the channel — 65.61°C, as shown in Fig. 8. The high-temperature
region of the inner and outer rings of the bearing is mainly concentrated
in the raceway area. The temperature of the inner raceway is the same as
that of the ball, but with the increase in load, the temperature difference
between the ball and the inner raceway becomes larger, which is because
of collection of heat from the inner raceway and the outer raceway. The
heat generated by the ball is higher under the condition of large load. The
temperature of the inner raceway of the bearing is higher than that of the
outer raceway, and the maximum difference is 5°C. The overall simulation
analysis of the bearing is shown in the figure, and the highest temperature
point in the figure is at the position of the ball.
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Figure 7: Analysis of temperature of bearing inner and outer rings and spheres.
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Figure 8: A Simulation analysis of the overall bearing temperature change.

Conclusion

The thermogenesis model of a hybrid bearing with the metal inner ring
was established based on bearing thermodynamics, and the heat change of
the bearing rolling body and the inner ring was analyzed. For the sake of
studying the influence of bearing load and speed change on bearing ther-
mogenesis, a bearing life testing machine was used to analyze and confirm
the correctness of the simulation model.

1. Due to the relatively large thermal deformation of the inner ring and

shaft of the bearing, the ceramic ball and ceramic outer ring have
a relatively small thermal deformation. The clearance of the hybrid
bearing becomes smaller, and then the heat dissipation space of the
bearing becomes smaller, and finally, the temperature rises. There-
fore, the temperature rise of hybrid bearings is relatively higher than
that of metal bearings. After operation for 6 hours, the temperature
of a hybrid ceramic bearing with a metal inner ring tends to be stable.

. The stable operating temperature of the bearing increases with the

rise of load. Under the condition of bearing load 4000 N, the operation
temperature of the bearing rises relatively fast, and the highest tem-
perature of the bearing reaches 40°C. When the bearing is in no-load
operation, the stable temperature of the bearing is about 37°C.

. Under the condition of a certain load, the temperature of the bearing

rises with the rise of the bearing speed. When the bearing speed
is 10000 rpm, the highest temperature of the bearing reaches 45°C.
When the rotating speed is 6000 rpm and 8000 rpm, the temperature
change is relatively smooth.
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4. The temperature of the bearing ball is mainly focused on the contact

position between the ball and the raceway, and the highest temper-
ature is 65.61°C. The highest temperature of the inner and outer
rings of the bearing is mainly on the raceway, and the temperature
of the inner and outer raceway is the same as the temperature of the
ball. However, with the rise of the load, the difference between the
temperature of the ball and the inner raceway becomes larger. The
temperature of the inner raceway of the bearing is higher than that
of the outer raceway, and the maximum difference is 5°C.
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Mixed convection heat transfer in trapezoidal
lid-driven cavity with uniformly heated inner
circular cylinder
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Abstract The present work comprises a numerical analysis using the
Ansys program to solve the problem of combined free-forced convection
around a circular cylinder located in a horizontal lid-driven trapezoidal en-
closure. The enclosure is filled with water. The upper moving wall and lower
fixed wall are cold at a constant temperature, whereas the inclined walls are
adiabatically insulated. The uniformly heated cylinder is located at different
positions in the cavity. The study covers three values of Richardson number
(0.01, 1, and 10). The results show that the streamlines and isotherms in
the enclosure, the Nusselt number and friction factor in the moving wall,
hot wall and bottom wall are strongly dependent on the position of the
inner hot cylinder. The results are validated with previous work, and the
comparison gives good agreement.

Keywords: Cavity; Heat transfer; Mixed convection; Lid-driven

Nomenclature
Bn Bingham number
Cy friction coefficient
Da Darcy number
g gravitational acceleration
Gr Grashof number
H hieght of cavity
Ha Hartmann number
L side length of cavity
Le Lewis number
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D —  pressure

Nu —  Nusselt number

n — coordinate normal to wall

Pr —  Prandtl number

Re —  Reynold number

Ri — Richardson number

T — temperature

T — freezing point of the base fluid, = 273.15 K
To — reference temperature, = 310 K

U,V — dimensionless velocity in z- and y-direction
u, v — velocities in z- and y-direction

Ug —  velocity of moving wall

T,y —  Cartesian coordinates

Greek symbols

«@ —  thermal diffusivity
153 —  thermal expansion coefficient
0% — inclination angle

0 — dimensionless temperature

K —  thermal conductivity

Kf, ks — thermal conductivity for base fluid and nanoparticles
m — dynamic viscosity
9 —  kinematic viscosity
p — density
%) — nanoparticles volume fraction
Subscripts
¢ — cold
h - hot

1 Introduction

Fluid behaviour and thermal field in lid-driven trapezoidal cavities is a topic
of great importance to many researchers due to its significance in practical
engineering applications. These applications include solar energy, power
stations, heat exchanger devices, nuclear reactors, the technology of lu-
brication, combustion of atomized liquid fuels and cooling of electronic
equipment [1,2]. The forced convection process is achieved when the fluid
motion is caused by using external devices such as a compressor, fan, etc.
This process may be occurred by using rotating cylinder in cavity or move-
ment of wall in the cavity (lid-driven cavity). It is characterized by the
Reynolds number (Re). The heating of the system causes thermal patterns
between the hot wall and the cold fluid and leads to reducing the fluid
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density. As a result, the light fluid particles rise upwards while the heavy
particles descend downward. The motion of fluid resulting from density
changes in the fluid is called free convection. This process is characterized
by the Rayleigh number (Ra) or Grashof number (Gr). The Richardson
number (Ri) is the ratio between Gr and Re?. The value of the Richard-
son number determines if the process is dominated by forced convection,
natural convection, or mixed convection. The mixed convection heat trans-
fer in a lid-driven cavity with different geometries and thermal boundary
conditions was studied by many authors [1-24]. The cavity with lid-driven
is considered in different shapes, such as square [1-8], trapezoidal (or tri-
angle) [9-13], rectangle [14-18], and other geometries [19-24] with various
thermal and hydrodynamic boundary conditions. Tables 1-4 present a sum-
mary of these works.

Table 1: Previous works which included square lid-driven cavity.

Geometry Conditions Conclusions Reference
T=Teows, U=0.1 ,v=0
T=Toor,
e u=0y=0 T Air Richardson number
u=0 v=0 D =0 v=0 102 < Re < 103 plays an important Rosdzimin et
Ri = 0.0L-10 role in fashioning of al. (2010), [1]
- vorticity
T=Tcow , U=0 ,v=0
g
& ] .
H20-Al203, .Cuo’ Increasing Re causes
J Cu nanofluids : .
7, l” | rer © = 0—0.05 reduction of the Nemati et al.
_ ’ nanoparticles (2010), [2]
l Re F;ali 1100’4100 concentration
'L. w 1
Adiabatic s
Wi;ir(;ﬁli?g The heat transfer
T T, _ O—Ll; 06 enhances as volume | Sheikhzadeh et
e = 107 fraction of al. (2012), [3]
Ri — 0_017100 nanoparticles increases
Adiabatic

Continued on next page
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Table 1. Continued from previous page.
Geometry Conditions ‘ Conclusions Reference
Insulated U
The thermal patterns
Air and fluid field depend | Chattopadhyay
Ts Te Ri=1 on the direction of et al.
1075 < Da < 107! | moving walls with (2014), [4]
. nonuniform heating
x Insulated
Tc
Al30O3 + ethylene
l g g:l};?igjff The thermal patterns Ogiit and
U ‘ . - — 0-0.08 and fluid field depend Kahveci
H adiabatic 89 = . on ¢ (2016), [5]
Ri = 0.1-10
Gr = 10%
adiabatic
L "
?7“ > U
The maximum heat
. transfer rate is
rat l” | 71 Cu-H20 nanofluid produced with Mastiani et al.
p = 0-0.05
Ri = 0.01-100 presence of the (2017), [6]
1= shear-driven and the
y w buoyancy forces
T—. x .o
L
2
%
Cu-H2O nanofluid
@ =0.05 The heat transfer Haque Munshi
103 < Gr < 106 enhances with et al.
1 < Re <100 decrease in Da (2019), [7]
107°% < Da < 1072
u=lv=0
a=0
Gr =103, 105
— 10-103
wmba=] 20_, 20 _glu=a.v=0 Re = 10-10 The heat‘ traﬁnsfer Cakmak et al.
E o Al2O3-H2O enhances with increase (2020), [8]
nanofluids in Re ’
. ¢ = 0-0.05
u=0.v=0
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Table 2: Previous works which included trapezoidal lid-driven cavities.

Geometry Conditions Conclusions Reference
W
L2
Cold (1)
: A T The bottom wall
S b Pr =0.015, 0.7, 10 produces multiple Bhattacharya
‘\\s "’1,',," i Re = 1-100 steady states in either et al.
W ke % Gr = 103-10° natural or mixed (2013), [9]
e convection
= ;0‘ —— L0
x=) x=3L2
Ty (case 1)or T+ (T;=T ) sin(2my/3L) (case 2)
4 w—Up
—
T, = gl T. 0.026 < Pr < 1000 | There is no effect of Mehmod and
» ’ 103 < Ra < 10% the moving lid for Tabish
Ha = 50-1000 Ra > 10° (2016), [10]
T x
by
Uniform heat flux
Le = 0.1-50 concentrated of the Uddin et al.

(ase:]

0.1 < Ri < 100

fixed horizontal wall
has given high mass
transfer

(2016), [11]

u=0=v,0=

1=5

0 X o5

Physical Domain

E@%Su’T?og; Ha and heat source
0< o ’< 0.02 location produced Ahmed et al.
0.04 < Ri < 100 significant influence on | (2018), [12]
0 < Ha < 50 Nusselt number
u=1,v=0, 6,=0=5§_
:- ol £ Pr = 0.7, 1000 T.h(.) results produced Monda and
b 5 7 103 < Ra < 10° iinum entr?py and Mahapatra
% h ~ = 45°-90° maximum efficiency of (2020), [13]
) » any system ’
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Table 3: Previous works which included rectangular lid-driven cavity.

‘ Geometry ‘ Conditions Conclusions Reference
The heating process
Watsr - increases as the tilt .
Ra =10°~10 angle is moved from Sharif
Re = 408.21 & : (2007), [14]
— 0°—30° vertical to horizontal
7= situation
01 <Ri<10 Nu decrease with Oztop et al
1< <0. i i :
0.1<h/H <0.5 increasing the wall (2008), [15]

0.01 < kf/rs < 10

thickness ratio

H20-Cu Nu increases strong]
v =0°-30° as tilt anele is gy Salahi et al.
Ri =0.1-10 increased forgRi =10 (2015), [16]
© = 0.05-0.08 =
lI=Uo
Pr=1
B Re C?r 1_0017014000 Nu increases with Kefayati and
Ty ¢ /i H{|Te Ha. B 05 increasing Ha, and Tang
Bn — 1-10 with decreasing Bn (2018), [17]
L

Cu—H20O nanofluid
Gr = 10*
Ri = 0.1-10

The heat transfer
increases using
A1203—H20 nanofluid
with increase in for
a constant Darcy
number

Ardalan et al.
(2021), [18]
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Table 4: Previous works which included other geometries of lid-driven cavities.

Geometry

Conditions

Conclusions

Reference

The influence of

Chin-Lung and

E Moving lid Pr = 0.71 (air) inertia f .
§ ey Gr = 0-106 ;?gi;ingézeffr Chin-Hsiang
Re = 0-500 G < 105 (2004), [19]
Pr=0.71 The average Nu .
. s Parvin and
R Re = 300 increases with increase .
u=r=0,% - 5 . Nasrin
: &2 Ra =10 in the number of waves (2010), [20]
= 0 < Ha <50 and decrease in Ha ’
u=1,v=0T=1
Bl l e The parameters
= g s Pr =0.71 (Re and Gr) affect Kumar et al
i 5 Re = 102-5 - 103 significantly on the (2013) [21}'
I S Gr = 103106 fluid field and ’
= thermal patterns
u=0,v=0T=0
u=-i vzl . l.
TS L i and volume fracti
£ y, CuO-H,O Ri an - volume raction
) & . have significant effects
( \ | nanofluid . .
s N ¢ : Pr — 10. 1.47 on the behavior of Nasrin et al.
4 > . T heat transfer and fluid | (2014), [22]
=, » {1=5 Ri = 0.17 1, 10 a inside th
weveo( S — 0.04-0.2 ow inside the
> \/ ® ’ ’ triangular cavity

Pr = 0.71 porous

media
Re = 1-100
Gr = 103-10°

Da =10"5-10"3

The heat transfer rate
in the vertical wall is
higher than that in the
horizontal wall at
a low Gr, higher Da
and higher Re

Mojumder et
al. (2016), [23]

Continued on next page
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Table 4. Continued from previous page.

Geometry Conditions Conclusions Reference

L

—_—
W=1T'=v=0

Significant effects of

Pr=0.7 .
or lg or 0.01 < < 0.08 |Mumber and amplitude | -0, )
H | —e=0 el — "5 s of roughness elements
x Ra = 103—10 (2016), [24]
Re — 10. 2000 on the thermal and

fluid patterns

Roughness

elements
L A
T-lu=v=0 |

x

The motivation of the present simulation is to enhance the heat transfer
process inside the trapezoidal cavity because of its importance in mechan-
ical engineering applications. To obtain this goal, the influence of different
parameters that affect the heat transfer process should be studied. One of
these important parameters is the position of an inner hot cylinder inside
the trapezoidal lid-driven cavity for the same condition. Additionally, the
influence of the Richardson number on the thermal pattern and fluid ve-
locity requires further study. The working fluid is water. The parallel walls
are cooled and the inclined walls are adiabatically insulated. The upper
wall only moves as lid-driven at a constant speed, while the other three
walls are stationary. The novelty of this work is studying the mixed convec-
tion heat transfer inside the cavity at different hot source positions. This
work requires advanced computers and more patience with the run time
of the program. The simulation was achieved using the Ansys commercial
program (ANSYS Fluent 2021 R2).

2 Theoretical analysis

The physical domain for a trapezoidal enclosure with the movement of
the top wall at velocity U is shown in Fig. 1. The heating source consists
of a circular cylinder located at different positions inside the cavity. The
circular hot cylinder is kept constant and the inclined walls are adiabatically
insulated. The working fluid is water with Pr = 6.2. The combined effect of
buoyancy forces due to the temperature difference throughout the fluid and
the forced convection effect due to the motion of the top wall of a trapezoidal
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cavity is numerically modelled. Table 5 represents the hydrodynamic and

thermal boundary conditions for the problem.

L

—» U, Tc

ue/ 1@

Tec

Case 1

Tc

Case 2

wg/ L
’)T/dn

Tc

Case 3

Figure 1: Schematic of physical domain.

Table 5: Boundary conditions for the present study.

Position of wall ‘ U ‘ 14 ‘ 0
Bottom wall 0 0 0
Top wall 1 0 0
Left and right walls 0 0 00/0X =0
Circular cylinder wall 0 0 1

2.1 Governing equations

The two-dimensional laminar mixed convection heat transfer in the lid-
driven trapezoidal cavity containing concentric and eccentric circular cylin-
ders is represented by governing equations. The water properties are as-
sumed constant except for the density which varies in the buoyancy term ac-
cording to the Boussinesq approximation. The governing equations include
continuity, momentum in z- and y-direction, and energy equations [14]:

ou  Ov
oy 27— 1
ou Ou  10p ?u  0%u
“or oy = por Y (axz * ay2> ’ @)
v v 10p v 0%
It o o427 T-T
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2 2
or ~ or <8T 8T> n

Yor Ty T\ a2 T a2

These equations can be normalized by defining the dimensionless variables
as follows:

x Y U v T-T, urH
X == Y == U=— V=— 0=—"+ Re=——
L’ L7 ul’ ul’ Th—TC7 ¢ 9 ’
T, — T.)H3 L2 19
Gr:gﬂ(ih’ c) , P:pia PI‘:—7 Ri:*GI‘Q.
92 pa a Re

So, Egs. (1)—(4) can be written in dimensionless form as shown below:

7%+ oy = O ®

AR TN L) N
US—; Vg—}‘i g*;(gﬁ;*g;@”ﬁe (7)
Uaa)ec ng/ PrlRe (5?(92 + g??) ‘ (8)

2.2 Nusselt number and pressure drop losses

The Nusselt number expresses the average heat transfer rate in the system.
In the present work, the mean Nusselt number on the moving wall is as
follows [14]:

Nu = /Nux dzx , 9)

where Nu, is the local Nusselt number. Equation (9) can be written as

follows:
7 o0
-1/ % ’ (10)
0

h\H

where L is the length of wall.
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2.3 Validation

The code which is used to obtain the present results is validated by taking
a case study investigated by Alesbe et al. [25]. The results of streamlines
and isotherms for both studies with three values of Richardson numbers
are given in Fig. 2. Alesbe et al. [25] in their work used a hybrid nanofluid

Streamlines Isotherms

Alesbe et al. [25] Present results Alesbe et al. [25] Present results

'¥'(0, 0.682) (0. 0.85) " (0, 0.84) =0 $=0.1
$=0 =01 ) $=0.1

' (0,0.098) W (0,
A v

Ri=10

Figure 2: Code validation for the present study (® — nanoparticles volume fraction,
¥ — stream function).
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in a trapezoidal lid-driven annulus. The comparison has been carried out
by moving only the top wall. It is noticed that the comparison gives a good
validation for both studies.

3 Numerical results

3.1 Flow field and thermal patterns

The effects of the inner cylinder position as in case 1: concentric annulus;
case 2: lower position; case 3: upper position on the behaviour of fluid mo-
tion and thermal fields for three Richardson numbers (Ri = 0.01, 1, and 10)
are shown in Figs. 3 and 4, respectively. Generally, the thermal distribution

case 1 case 2 case 3

STmax=1.03 S$Tmin=0 STmax=1 04 STmin=0 STmax=1.56 STmin=0

\ (

—
(

O

STmax=0.18 STmin=0

STmin=0

STmax=0.068

Ri=10

Figure 3: Streamlines in trapezoidal lid driven annulus with different Richardson numbers
Ri=0.01, 1, and 10 (STmin, STmax — minimum and maximum stream function).
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inside the enclosure depends greatly on the forced convection flow resulting
from moving the top wall. So, at a low Richardson number (Ri = 0.01), the
shear effects resulting from the motion of the top lid are predominant. This
motion of the top wall causes a significant recirculating eddy which will be
generated in the corners of the cavity for the three investigated cases. The
number of these eddies for the concentric annulus (case 1) is higher than
that for the eccentric annuli (cases 2 and 3), especially on the left-hand
side of the cavity. As can be seen, higher temperature gradients are formed
near the hot cylinder wall. The thermal lines (isotherms) rotate about the
hot cylinder. The isotherms get away from the hot cylinder. So, the region
seems to be colder than nearby areas because of the dominating forced

case 1 case 2 case 3

TDmax=1 TDmin=0 TDmax=1 TDmin=0

il

Figure 4: Isotherms in trapezoidal lid driven annulus with different Richardson numbers
Ri = 0.01, 1, and 10 (TDmin, TDmax — minimum and maximum temperature
difference).
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convection. Actually, for forced convection (low Richardson number), the
vorticities are stronger at the upper region of the enclosure than those in
the mixed and natural convection.

The free convection currents grow as the Richardson number increases
and produce circulation. The mini vortices (eddies) diminish in the top
region of the annulus at Ri = 1 (dominant mixed convection, i.e., the pri-
mary and secondary flows are equivalent) for case 1 and case 3 except for
case 2 (bottom position of the circular cylinder). Moreover, two eddies will
be formed at the lower region of the concentric annulus, while circular lines
of fluid velocity will be generated around the hot cylinder in case 3 (top
position of the inner cylinder). Moreover, two eddies will be formed at the
lower region of the concentric annulus. It is evident that the isotherms
move towards the outer cylinder. The higher velocity of the fluid close to
the lid-driven wall produces a significant distortion in the thermal plume.

Increasing the buoyancy effects at the expense of inertia force reduces the
shear-driven circulation. In this case, the natural convection is dominated
(Ri = 10). It is noted that the small vortices (eddy) will be eliminated.
One large vorticity will be formed. Its centre depends on the position of
the inner cylinder. The maximum stream function in case 1 is higher than
in case 3 and case 2, consequently. It is expected that the heat transfer rate
in case 1 is better than that in case 3 and case 2, respectively. The isotherms
in case 1 and case 3 are more uniform than in case 2 because higher natural
convection currents in case 2 cause a high temperature gradient, and a large
distortion in the thermal plume deviates towards the adiabatic left wall,
while the right wall will be cold. Additionally, the bottom region of cases 1
and 3 will be colder than other regions of the cavity; leading to a high heat
transfer rate in these cases. Increasing Ri from 1 to 10 leads to the thermal
patterns which do not exhibit much change in cases 1 and 3 because the hot
cylinder is close to the moving wall in these cases. As a result, the thermal
plume will be affected by the motion of fluid near the moving wall.

3.2 Nusselt number

Figure 5 represents the relationship between the mean Nusselt number and
Richardson number for three cases studied in the present work, and for
three walls for each case: moving wall, bottom wall and hot circular wall.
It is shown in this figure that the values of the mean Nusselt number in the
moving wall are higher than that in the hot and the bottom walls. This is
attributed to the effect of the lid-driven wall to improve the heat transfer
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Figure 5: The relation between the mean Nusselt number and the Richardson
number for all cases considered.

rate and due to the dominant inertia force in the mechanism of heat trans-
fer. Also, the natural convection currents aid to increase the fluid velocity
near the hot wall. This leads to an increase in the rate of heat transfer on
the hot wall. Moreover, the maximum value of the Nusselt number in the
moving and hot walls for both cases: case 1 (concentric cylinder) and case 2
(lower position of the inner cylinder) occurs at Ri = 1 (mixed convection),
whereas for case 3 (upper position of the inner cylinder), the maximum
Nusselt number occurs at Ri = 0.01 (forced convection) in the moving and
hot walls. This behaviour will be reversed in the bottom walls for all cases.
The minimum value of the Nusselt number in the three walls: hot wall,
moving wall and bottom wall for all cases occurs at Ri = 10. This is related
to the dominant buoyancy force in the mechanism of heat transfer.

4 Friction factor

Figure 6 represents the variation of skin friction with Richardson number
for three cases studied in the present work, and for three walls for each case:
moving wall, bottom wall and hot circular wall. The higher values of skin
friction on the lid wall at Ri = 0.01 (dominant forced convection) compared
with other values on the other walls and for other cases make these values
seem to be closer to each other in the lower portion of the figure.

So, Table 6 shows the average skin friction values for the above cases. It
is seen that the friction coefficients for Ri = 0.01 are much higher than that
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Figure 6: Average skin friction coefficient versus Richardson number on
the moving, hot, and bottom walls.

at Ri = 1.0 and 10.0, especially on the moving wall because the dominat-
ing forced convection produces an increased pressure drop on the moving
wall, bottom wall and hot cylinder wall. Moreover, the values of friction
coefficient on the lid wall are higher than that on the bottom wall due to
the high velocity of fluid motion on the moving wall, whereas these values
are higher on the hot cylinder wall with respect to the bottom cold wall
because of high mixed convection in this region.

Table 6: Average skin friction on the moving, hot, and bottom walls.

Wall type Ri Case 1 Case 2 Case 3
Moving wall 0.01 1.371-103 3.1536 - 10~4 1.5087 - 103
Moving wall 1.00 5.53.107° 6.6222 - 1075 6.5097 - 10~5
Moving wall 10.00 1.56 - 1075 1.554 - 1072 1.51829 - 10~°
Bottom wall 0.01 3.107° 5.7376 - 1076 4.9819-107°
Bottom wall 1.00 2.29-10-6 2.6087 - 106 5.5419 - 10~7
Bottom wall 10.00 6.23-10~7 1.826- 107 1.1374 1077
Hot wall 0.01 3.4-107° 1.0121-107° 1.185-107%
Hot wall 1.00 1.3-1075 1.1176 - 10~° 4.7116 - 1076
Hot wall 10.00 5.33.107° 3.0551-1077 1.53388 - 10~5
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Figure 7 shows the behaviour of pressure drop on the moving wall at dif-
ferent values of Richardson numbers. The behaviour is the same as that in
the average friction factor.

0.40

0.35

—case2  fcasel  -@-cased

Pressure Drop (Pa)

0.00 T T T T T T T T T
0.01 1.01 2.01 3.01 401 5.01 6.01 7.01 8.01 9.01

Ri

Figure 7: Pressure drop versus Richardson number on the moving wall.

5 Conclusions

The objective of the present study is to investigate the influences of the posi-
tion of the hot circular cylinder on the behaviour of streamlines, isotherms,
average Nusselt number and friction factor in a lid-driven trapezoidal cavity
filled with water. The top wall moves as lid-driven with a constant speed.
Three values of Richardson number (Ri = 0.01, 1.0, and 10) are considered.
It is concluded that:

1. At a low Richardson number (Ri = 0.01), the shear effects resulting
from the motion of the top lid are predominant.

2. The higher velocity of fluid close to the lid-driven wall produces a sig-
nificant distortion in the thermal plume.

3. When the natural convection is dominated (Ri = 10), the maximum
stream function in case 1 (concentric cylinder) is higher than in case 3
(upper position of the inner cylinder) and case 2 (lower position of
the inner cylinder), consequently.
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The values of the mean Nusselt number in the moving wall are higher
than that in the hot and bottom walls.

. The maximum value of the Nusselt number in the moving and hot
walls for both cases: case 1 and case 2 occurs at Ri = 1 (mixed con-
vection).

. The skin friction factors (frictional losses) for Ri = 0.01 are much
higher than those at Ri = 1 and 10, especially on the moving wall.

. The values of friction coefficient on the lid wall are higher than those
on the hot and bottom walls.
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Abstract The numerical simulation of the heat transfer in the flow chan-
nels of the minichannel heat exchanger was carried out. The applied model
was validated on the experimental stand of an air heat pump. The influ-
ence of louver heights was investigated in the range from 0 mm (plain fin)
to 7 mm (maximum height). The set of simulations was prepared in Ansys
CFX. The research was carried out in a range of air inlet velocities from
1 to 5 m/s. The values of the Reynolds number achieved in the experimental
tests ranged from 93 to 486. The dimensionless factors, the Colburn factor
and friction factor, were calculated to evaluate heat transfer and pressure
loss, respectively. The effectiveness of each louver height was evaluated us-
ing the parameter that relates to the heat transfer and the pressure drop
in the airflow. The highest value of effectiveness (1.53) was achieved by the
louver height of 7 mm for the Reynolds number of around 290.

Keywords: CFD; Heat transfer; Heat pump; Louvered fins; Minichannel heat exchanger

Nomenclature
A~  airside area of the heat exchanger, m?
A. — minimum free flow area, m?
¢p — air specific heat, J/(kgK)
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Fy flow depth, mm
F, fin pitch, mm
f friction factor
H fin height, mm
h mean value of heat transfer coefficient, W/(m?K)
JF parameter related to heat transfer and pressure drop in airflow
j Colburn factor
Jref, fref reference values of j and f factors (for L, = 0 mm)
Lq louver angle, °
Ly louver height, mm
L, louver length, mm
L, louver pitch, mm
Nu Nusselt number
Pr Prandtl number
Pin air pressure at the inlet to the evaporator, Pa
Pout air pressure at the outlet of the evaporator, Pa
Re Reynolds number
T mean value of air temperature at the inlet to the evaporator, K
Tout mean value of air temperature at the evaporator outlet, K
Vave mean value of airstream velocity in the air MCHE channel, m/s
Vr — mean value of the frontal velocity of an airstream, m/s
Q —  heat transfer rate, W
Xy — length of the air side section inside the fin, mm
Xtin — length of the air inlet section to the fin, mm
Xfout — length of the air outlet section downstream of the fin, mm
Xin — length of the air inlet section, mm
Xout — length of the air outlet section, mm
AT — cooling effect in the airstream, = Ti, — Tout, K
AT, — logarithmic mean temperature difference, K
Ap — pressure drop in the airstream, = pin — pout, Pa

Greek symbols

0 —  characteristic dimension (L), m
p —  air density, kg/m?
Aair  — thermal conductivity of air, W/(m K)
v —  air kinematic viscosity, m?/s
n — surface efficiency
Abbreviations
CFD — computational fluid dynamics

MCHE - minichannel heat exchanger
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1 Introduction

Nowadays, refrigeration systems face new challenges caused by environmen-
tal standards. According to the Regulation of the European Parliament and
the Council of EU No. 517/2014, developed countries are obliged to reduce
greenhouse gas emissions by about 80-95% by 2050 in comparison to 1990.
The fluorinated greenhouse gases on the market should be reduced by about
79% by 2030. These actions were undertaken to prevent climate change.
Conventional refrigerants are replaced by new ones with an indifferent im-
pact on the environment. This situation is also a challenge for components
of refrigeration systems, like heat exchangers (evaporators and condensers).
A minichannel heat exchanger (MCHE) meets these requirements. MCHE
is a type of heat exchanger, built from flat tubes with minichannels and lou-
vered fins. Minichannels improve refrigerant heat transfer by enhancing the
contact area. Furthermore, louvers on the fin wall improve air heat transfer
by decreasing boundary layer thickness. MCHE is made from aluminum.
Due to these features, it achieves high thermal performance. MCHE is ap-
plied in the automotive industry and is more frequently used in modern
refrigeration systems because of its high effectiveness. In previous years,
this device was the subject of many papers focused on its exploitation and
the methods of construction improvement.

A good example of experimental studies was presented by Boeng et al.
from the Federal University of Santa Catarina [1]. They performed exper-
imental research on a new microchannel evaporator design for ‘no frost’
household refrigerators (sixteen aluminum evaporator samples). The re-
searchers prepared empirical correlations based on the entire data set for
the Colburn factor (j) and friction factor (f). They were able to predict
90% of the experimental data within £10% and +20% error bounds, respec-
tively. Considering the air-side pressure drop observed for all microchannel
evaporators tested, the authors concluded that such technology seems to
be suitable for household refrigerating appliances as it barely impacts the
total air flow rate of the system. Another case of the MCHE studies was
conducted by Huang et al. [2]. The thermal and hydraulic performance of
a designed compact bare-tube heat exchanger prototype was experimentally
evaluated in comparison with the louvered-fin and flat-tube heat exchanger
(with a similar frontal surface). Based on the experimental results it was
possible to show that the bare tube heat exchanger was able to achieve the
same heat capacity with 72% less envelop volume and 70% less material
volume than in the case of louvered-fin and flat-tube heat exchangers. As
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regards the j/f ratio, the so-called coefficient of goodness, the value of the
bare tube heat exchanger was 50% larger than that of the reference heat
exchanger. Srisomba et al. [3] published experimental results showing the
effect of the operating conditions on the performance of a microchannel
heat exchanger under wet surface conditions. The subject of studies was
an aluminum microchannel heat exchanger with a multi-louvered fin and
multi-port minichannels. The tests were performed on R-134a refrigerant.
The conditions were as follows: the relative air humidity in the range be-
tween 45% and 80% and the air inlet temperature of 27, 30, and 33°C.
The Reynolds numbers ranged between 128 and 166. In their paper, the
authors showed that when air inlet temperature and inlet relative humidity
increase the heat transfer coefficient increases, but the wet fin efficiency de-
creases rapidly. Dogan et al. [4] performed the experimental comparison of
double- and triple-row multi-louvered fin heat exchangers. The tests were
conducted under constant thermal conditions and with identical frontal
areas and depths. The tests in the wind tunnel were conducted under tran-
sient and steady-state conditions. The Reynolds number calculated based
on the louvered pitch was 275. Their results showed that the heat exchanger
with double-row fins had a higher thermal performance in terms of NTU
(number of transfer units) and effectiveness.

The examination of automotive air conditioning systems was presented
by Prabakaran et al. [5]. They conducted tests for two operating states (dry
bulb temperature 27°C; relative humidity 40% and dry bulb temperature
40°C; relative humidity 40%) for the basic circuit (conventional serpentine
evaporator with parallel flow condenser) and the enhanced (minichannel
evaporator with an integrated receiver-dryer condenser). For both operat-
ing states, the coefficient of performance achieved in the test was higher
for the enhanced cycle by 15% and 8%, respectively. The influence of the
symmetrical and the asymmetrical pattern of the louvered fins was investi-
gated experimentally by Vasi et al. [6]. The results of their work showed that
the symmetrical setting of the louvers increases the values of heat transfer
coefficients by 9.3% while reducing the pressure loss by 18.2% compared
to the asymmetric setting. Additionally, with the set constant values of
heat exchange and pressure drop for both settings, a 17.6% decrease in the
weight of lamellas with symmetrical cuts can be observed. The next exam-
ple of the test of compact heat exchangers with louver fins was presented
by Ribeiro et al. [7]. They used wavy turbulators with louvers in the tubes
and performed the experimental investigation for Reynolds numbers within
the range 2588-7045. A new correlation for the Nusselt number in terms of
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the hydraulic diameter based Reynolds number, Prandtl number, and geo-
metric parameters has been proposed for the tubes with turbulators. They
observed a gain in the performance by use of the turbulators, obtained by
a significant improvement in the convection heat transfer coefficient at the
cost of an increase in the friction coefficient. Ayad et al. [8] investigated
experimentally the air-side thermal-hydraulic performance of louvered fin
and flat-tube heat exchangers under dehumidifying conditions. The tested
louvered heat exchanger was characterized by geometrical dimensions as
a flow depth of 47 mm, a high louver angle of 50°, and a louver pitch of
1.1 mm. The heat exchanger was tested in dry and wet work conditions.
They observed that, for all inlet conditions, the wet friction factor is higher
than that for the dry surface (from 15 to 43%). At a low Reynolds num-
ber, the Colburn factor under wet conditions is not influenced by the inlet
humidity and it does not deviate from the dry conditions. However, as the
Re increases, the sensible wet j factor decreases (up to 23%) compared
to the dry one. Cao et al. [9] investigated the condensation heat transfer
and pressure drop characteristics of R600a in a multi-louvered fins compact
heat exchanger. The experiments conditions included saturation pressures
from 530 to 620 kPa, mass fluxes from 25 to 41.25 kg/(m?s), air temper-
ature from 25 to 35°C, and inclined angles from 0° to 180° in horizontal
and vertical directions, respectively. Based on the results, the authors noted
that both the heat transfer capacity and the heat transfer coefficient of the
condenser increase with an increase in mass flux. The heat transfer coef-
ficient increases with the decrease in air temperature and the decrease in
saturation pressure. However, both these parameters have opposite effects
on the heat transfer capacity.

The computational fluid dynamics (CFD) methods are widely used in
studies on MCHE performance. Yue et al. [10] used numerical simulations
to evaluate MCHE heat transfer characteristics and flow mechanisms un-
der different filling ratios in the evaporator of a microchannel separate heat
pipe. The model was built in the Ansys Fluent software and it was vali-
dated in the experimental facility. The authors noticed that the optimal
refrigerant filling ratio was from 68% to 100%. They found that the cooling
capacity increased with the filling ratio and was as high as 4087 W at a fill-
ing ratio of 78%. They also noticed that the distribution of wall temperature
and the liquid fraction both indicated that the effective heat transfer area
of the two-phase region was a key parameter affecting the cooling capacity.
Another numerical investigation of the louvered fin heat exchanger was de-
veloped by Zuoqin et al. [11]. They investigated the influence of louver fin
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configurations on thermal performance. The analyzed ranges of the geome-
try parameters were 7.5-12.5 mm (louver length, L;), 8-20° (louver angle,
L,), and 2.25-3.75 mm (louver pitch, L,). The achieved range of Reynolds
number was 70-350. The authors showed the optimized geometrical param-
eters as L; = 7.5 mm, L = 8°, and L, = 2.25 mm. The best geometry in-
creased the value of performance evaluation criterion by 19% in comparison
to the reference one. Numerical studies on the air-side thermal-hydraulic
performance of multi-louvered fin heat exchangers at Reynolds numbers
from 30 to 500 were presented by Saleem and Kim [12]. The authors con-
ducted parametric studies for 36 heat exchanger configurations with louver
angles between 19-31°, fin pitches of 1.0, 1.2, and 1.4 mm, and flow depths
of 16, 20, and 24 mm. They determined numerically the critical Reynolds
number and the variation in flow physics along with the thermal and hy-
draulic performance of the microchannel heat exchanger. The researchers
found that the critical Reynolds number rises with an increase in flow depth
(Fy) and a decrease in fin pitch (F),) values. Based on the heat transfer co-
efficient determined using numerical results, they reported the best air-side
thermal performance for geometry with F;, = 1 mm, Fy = 16 mm, and
L, = 19°. The other example of the numerical investigation of the lou-
vered fin was provided by Shinde et al. [13]. They conducted numerical
studies of aluminum heat exchangers with different fin and tube geometri-
cal configurations in the range of Reynolds numbers from 25 to 200. Three
different heat exchanger geometries were obtained for the experimental in-
vestigation purposes with constant fin pitch (14 fins per inch) but varied
fin geometrical parameters (fin height, fin thickness, louver pitch, louver
angle, louver length, and flow depth) were numerically investigated. The
research team found that in the tested range of small Reynolds numbers,
the flow is directed by fin instead of louvers. Karthik et al. [14] also provided
a parametric analysis of the performance of a compact heat exchanger using
numerical methods. The researchers modeled different frontal air velocities
by changing the geometrical parameters such as fin pitch, transverse tube
pitch, longitudinal tube pitch, louver pitch, and louver angle. The authors
found that a decrease in fin pitch led to a higher pressure drop at a tested
frontal air velocity. The effect of the increase in both transverse and longi-
tudinal tube pitches resulted in a higher pressure drop due to an increase
in the surface without louvers. The influence of these parameters on the
convective heat transfer coefficient is very minimal owing to the constant
of the louver configuration. The reduction of the louver pitch contributed
to a higher pressure drop with only a minimal increase in heat transfer
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coefficient and hence, the goodness factor of the compact heat exchanger
decreased significantly. An example of the numerical investigations concern-
ing the methods for enhancement of MCHE performance was presented by
Dezan et al. [15]. The influence on the thermal efficiency of two geome-
tries with a vortex generator was investigated. The geometrical differences
concerned the louver height and delta-winglet frontal area. The Reynolds
numbers based on the hydraulic diameter of 120 and 240 were tested. The
calculation was conducted using Ansys Fluent. The authors stated that
for both geometries and Reynolds numbers, the louver angle is the major
contributor to the friction factor. Another numerical test was presented by
Kang’s research group [16] who examined a prototype minichannel heat
exchanger working with fuel cells. The heat exchanger was investigated in
terms of achieved heat transfer rates on the air side and pressure drops.
The authors commented that the arrangement of pipes in the prototype
had little effect on the pressure drop but had a large impact on the heat
transfer coefficient due to the contact zone of the pipes and the lamellas
with the louvers. Martinez-Ballester et al. [17] investigated the effect of the
number of passes of the medium in the heat exchanger on its operation.
They found that there is an optimal value of the number of passes, in the
case studied, it was 3. With such a number, they noticed an increase in heat
exchange of approx. 3%. The numerical and analytical approach to conden-
sation in MCHE was presented by Kumar’s research team [18]. The authors
used an analytical approach to calculate the heat transfer and the pressure
drop through the condenser. In the analytical approach, the condenser was
discretized into multiple segments and the effectiveness of heat exchanger
— number of heat transfer unit (e-NTU) method was applied. In the second
approach, computational fluid dynamics was used to analyze condensation
phenomena inside the microchannel and it was compared with the analyt-
ical results. The maximum deviation of the heat transfer and the internal
pressure drop (refrigerant side) for the analytical approach was found to
be 8.3% and 9.4%, respectively compared to the experimental results. The
results showed that the proposed analytical approach can be used to calcu-
late the heat rejection and internal (refrigerant) pressure drop within the
10% accuracy range.

The literature review shows that most of the experimental and numerical
research was performed for Reynolds numbers in the range of 25-500. The
numerical research concerns geometrical parameters of fins, for example, fin
height, fin pitch, louver pitch, louver height, etc. However, there is a lack
of data due to the influence of louver height on thermal performance.
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The present work focuses on the numerical investigation of minichannel
heat exchangers with different louver heights based on the results from
an experimental study conducted on the small heat pump system test rig.
The tests were performed in the range of Reynolds numbers from 93 to 486.
The JF factor was used to determine the performance of each geometry.

2 Materials and methods

The object of the tests was the MCHE with rectangular fins (shown in
Fig. 1), which was working as an evaporator in a small refrigeration system
(Fig. 2).

-

Measurement Mini-channel Ava
Plane Evaporator - Warer
— <
" Plate
Refirigerant Condenser

Ventilation Electronic
Channel Expansion

Valve

Figure 2: Scheme of the experimental stand of small air heat pump system.
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The experimental rig consisted of two parts: a refrigeration system and
a ventilation channel. The refrigeration system consists of a scroll compres-
sor, water cooled plate condenser, an electronic expansion valve (EEV),
and a tested minichannel evaporator. By controlling the parameters of the
refrigeration system (rotation speed of the compressor, stream of water in
the condenser, and percentage of opening of EEV), the evaporating condi-
tions in MCHE can be adjusted. The second part of the experimental rig
is the ventilation channel in which the tested MCHE evaporator is placed.
The airflow through the channel is forced by a fan placed at the outlet of
the channel. Evaluation of MCHE performance was based on the measure-
ment of airflow parameters in the ventilation channel. These parameters
included the mean velocity of the airflow in front of MCHE, the pressure
drop through the heat exchanger, and the temperature distribution before
and after the evaporator. The locations of the measurement points inside
the ventilation channel with the dimensions are presented in Fig. 3.
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Figure 3: Scheme of ventilation channel with the location of measurement points.
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The experimental rig was described in the previous paper [19]. The rig was
improved by changing the expansion element and improvement of the air
velocity measurement system. A change of the expansion element was im-
plemented in the way to acquire a higher range of the evaporator capacity
control. Thus, the electronic expansion valve Carel E2V 14BSF01 and Carel
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EVD controller were used. To enhance the accuracy of velocity measure-
ment, a tungsten hot-wire probe with module ATU-08 was implemented
in place of the previously used climate meter. Additionally, the ventilation
channel was equipped with a flow straightener and a mixing plate. Both
elements were used according to the improvement of the airflow parameters.

3 Numerical methods

The numerical model was based on the dimensions of the real object. The
analysis concerned air flow inside one of the louvered fins (Fig. 4). The
model of the fin consisted of one fin and two flat tubes on the bottom and
top (half of the thickness). The schematic drawing of the louvered fin and
the dimensions are shown in Fig. 5 and Table 1.

Figure 4: The geometrical model of the tested louvered fin.

Table 1: The dimensions of the tested louvered fin.

I I R P I

’ 15.8 mm ‘ 0.95 mm ‘ 8 mm ‘ 1.1 mm ‘ 1.13 mm ‘ 20° ‘

The louvered height (Lj) was the parameter changed in the analysis. The
simulations were performed for heights: 0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, and
7 mm. The reference value of the louver height in the real object was
6.5 mm. The simulations with a 1 mm step were performed to the mini-
mal value of 1.5 mm. Moreover, the simulations for 0 and 7 mm (0 mm is
plain fin and 7 mm is the maximum height due to geometrical construction)
were additionally carried out.



Investigation of thermal-flow characteristics of the minichannel. .. 129

Lh
H

Fd

77\ -
A RN

Figure 5: The schematic diagram of the tested louvered fin: H — fin height, L, — louver
height, Fy — flow depth, F}, — fin pitch, L; — louver length, L, — louver pitch,
L, — louver angle.

The analyzed geometry consisted of two domains: solid and fluid. The solid
domain is the aluminum fin. The fluid domain is the air stream flowing
through the fin. The air is modeled as an ideal gas. The thermodynamic
properties of both domains are presented in Table 2. To obtain a well-
distributed mesh the fluid domain was divided into five parts. The ge-

Table 2: Thermodynamic properties of the domains.

Parameter Value
k,
Air molar mass 28.96 &
kmol
k
Air density 1.185 —g3
m
. . J
Air specific heat 10044 ——
kg - K
Pressure 101.325 Pa
. e _5 kg
Air dynamic viscosity 1.5-10 —
m-s
. . . 72 W
Air thermal conductivity 2.61-10 —_—
m- K
Aluminum thermal conductivity 237 ——
m- K




130 A. Romaniak, M.J. Kowalczyk, M. Lecki, A. Gutkowski, and G. Goérecki

ometrical model and its schematic view are displayed in Figs. 6 and 7,
respectively. The dimensions are described in Table 3.

Table 3: Dimensions of the air domain sections.

’ Xin ‘ Xfin ‘ Xf ‘ Xfout ‘ Xout ‘

’ 8 mm ‘ 1.9 mm ‘ 16 mm ‘ 1.9 mm ‘ 48 mm ‘

Solid Domain
Aluminum

N

LY

Fluid Domain
Air

Figure 6: The geometrical model of the tested louvered fin.

Xin Xfin Xf Xf out X out

Figure 7: Schematic view of the division of air domain: Xj, — inlet section, X, — inlet
section to the fin, Xy — fin section, Xyout — outlet section downstream of the
fin, Xout — outlet section.

After the design of the domain geometry, the mesh density independence
test was performed. For 8 different densities of each grid, two simulations
were conducted, for 1 and 5 m/s (minimum and maximum flow). Based
on the calculation results the mesh with 2412583 elements was chosen
which made it possible to achieve the required accuracy of the results while
maintaining a reasonable calculation time.

The numerical model was used to simulate the phenomenon of heat
transfer during air cooling by the fragment of MCHE. The measured value
of air temperature and velocity at the inlet to the channel was set on the
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Inlet surface. On the Outlet surface, the relative pressure was set at 0 Pa.
In the horizontal direction, the translation periodicity was used for the fluid
and the solid domains. Therefore, the right position of the louvers could be
established. Additionally, on the top and bottom surfaces of the fin (purple
surfaces in Fig. 8), the boundary Wall of constant temperature was set.
For experiment validation, the values of the inlet velocity and temperatures
were taken from the test conditions but in the case of parametric simulation,
the values of these parameters were set. All boundaries with their location
are presented in Fig. 8 and the values of each set parameter are summarized
in Table 4. In the table, the parameter values are divided into two sections:
the validation model (where there are parameter values entered into the
numerical model from the experiment condition) and the parametric model

Constant Temperature of the Wall Relative Pressure: 0 Pa

Solid Domain
Aluminum

Fluid Domain
Air

Translation Periodicity

Air Temperature and Velocity on Inlet '

Figure 8: Boundary conditions distribution.

Table 4: Parameters used in simulation.

Parameter Validation model Parametric model

293.55

Temperature on the surface (Inlet), K ggggg 298.15

292.45

288.05

Temperature on the solid boundary (Wall), K ggg?g 288.15

289.45

0.86

. 1.67
Velocity on the surface (Inlet), m/s .48

3.29

O (Ut W=

Relative pressure, Pa 0
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(where there are conditions for numerical analysis of the impact of the
louver height on the efficiency).

The simulations were conducted in Ansys CFX 2021 R1 [22] with the
following solver settings: a first-order turbulence model and an SST k-
w model of turbulence. The convergence criterion for the momentum and
heat transfer was 1076,

The validation of the CFD model for the louver height of 6.5 mm (louver
height for tested MCHE) is shown in Fig. 9, where a cooling effect and
pressure drop are presented. Additionally, Table 5 lists the maximum values
of estimated measurement uncertainties.

7 90
n 80 »
¢ n ~-#--Experiment
& 70 ’ -
N —a— Simulation
60
— 5 —_
M S 50
o7 =]
4 o 40
<1 4 B
30
- ® - Experiment
3 20 |
—&— Simulation
10
2 0 . .
0 1 2, 3 4 0 1 9 3 4
Vi [m/s] vy [m/s]

Figure 9: Validation of the simulation: the cooling effect (left picture) and the pressure
drop (right picture) vs. the mean value of the frontal velocity of the airstream.

Table 5: The measurement uncertainties.

Maximum value

Parameter of uncertainty
Mean value of the frontal velocity of an airstream, vy, 0.1 m/s
Pressure drop in the airstream, Ap 0.74 Pa
Cooling effect in the airstream, AT 04 K

The tested numerical approach compared with the experimental results
is shown in Fig. 9. The cooling effect convergence is within the range of
12.8-15.8%. The differences are probably caused by the temperature in
the flow channels of MCHE. The refrigerant distribution in minichannels
is non-uniform, which could be caused by occlusion. The dimensions of
minichannels are rather small, and they may be easily clogged with solid
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impurities (for example from soldering). That phenomenon can disrupt the
proper, uniform distribution of heat transfer in the contact area between
the air and the aluminum flat tube. This condition raises uncertainty in
the calculation of the average temperature of the fin. In terms of pres-
sure loss, the convergence is in the range between 5.8-32.7%. The highest
value of convergence was noted for the minimum velocity of the air stream
(0.86 m/s), and the lowest value for the maximum velocity of the air stream
(3.29 m/s). The measurement error in the case of pressure drop is constant.
In other words, it had the biggest influence on the smallest measured value
of pressure loss.

4 Results and discussion

Characteristics concerning changes in the pressure drop and the cooling ef-
fect with the change in the mean frontal velocity of the airstream are shown
in Fig. 10. One can see that pressure drop increases with the velocity of
the airflow (Fig. 10, right), and the highest values are achieved for a louver
height of 7 mm. The highest value of pressure drop achieved in the test is
approx. 120 Pa. As regards the cooling effect (Fig. 10, left), it is decreasing
with increasing velocity of the airflow. It can be observed that the high-
est values of the cooling are achieved for the maximum considered louver
height. One can notice that there is a linear trend of the characteristics
in the range of louver height within 5.5-7 mm. The highest value of the
cooling effect achieved in the test is almost 10 K.

10.0

~&—CFD; Lh=0mm

95

9.0 CFD; Lh=2.5mm

—4—CFD; Lh=3.5mm
85 |

80 —e—CFD: Lb=4.5mm
— 80 | — CFD; LI=5 Smm
1 = S
= a CFD; Lh=6.5mm
= 75T =60 F | —aecFD: Lie7om
< —+—CEFD: Lh=0mm % =
7.0 H <

6.5 H
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Figure 10: The influence of the mean value of the frontal airflow velocity on the cooling
effect (left picture) and the pressure drop (right picture).
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Further analysis was based on dimensionless numbers. The friction factor
(f) and Colburn j factor were used to describe pressure drop and heat
transfer. Both coefficients were presented as the function of the Reynolds
number.

The Re based on the louver pitch (L,) is calculated according to the

formula [20]
Vaved

ReLp: r (1)

where vaye is the mean value of airstream velocity in the MCHE channel, §
represents the characteristic dimension (§ = L,), and v is the air kinematic
viscosity.

The Colburn and friction factors are given by, respectively:

. hPr2/3
j=T—, (2)
PUaveCp
2Ap A
T~ a )

where p and ¢, are the density and specific heat of air, respectively, Ap
denotes the pressure drop, A is the airside area of the heat exchanger, A,
represents the minimum free flow area of a heat exchanger, 7 is the surface
efficiency, and Pr is the Prandtl number.

The heat transfer coefficient is defined as

@
= T @

h

where ATy, is the logarithmic mean temperature difference and @ is the
heat transfer rate.

The range of Reynolds numbers for the experiment is from 93 to 486. The
friction factor for the tested geometries varies from 0.050 to 0.300 (Fig. 11,
right). The characteristics show that higher louver height means a higher
friction factor. In terms of the j factor (Fig. 11, left), one can observe a
similar trend. But the values for louver height ranging from 0 to 4.5 are
characterized by smaller differences of j factor values than in the case of
other tested cases. The highest j values are obtained for 7 mm.

Additionally, based on the simulation results, the Nusselt numbers (based
on the louver pitch as the characteristic dimension) were calculated using

the formula
hé

)
)\air

(5)

Nug, =
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Figure 11: Characteristics of the Colburn factor (left picture) and the friction factor (right
picture) vs. Reynolds number.

where Ay is the thermal conductivity of air, and 6 = L,. The characteristics
of this parameter are shown in Fig. 12. The values of the Nusselt number
increased with the increase in louver height. Under the tested conditions
the Nusselt number was in the range from 4 to 13.
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P
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3 L L L L L
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Figure 12: Characteristics of the Nusselt number vs. Reynold number.

The evaluation of the effectiveness is conducted based on the JF' factor.
This parameter refers to the heat transfer and the pressure drop in the
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airflow and is calculated using the formula [21]:
J
JF = Jref , (6)

of
fref

where jof and fref represent the Colburn and friction factors for the ref-
erence geometry, respectively. In the present study, the reference geometry
is the fin with L; = 0 mm. The values of the JF factor are compared with
the reference geometry.

The characteristics of the JF' factor variable with the mean value of the
frontal velocity of the airstream are shown in Figure 13. As one can see, the
first two values of louver height (1.5 and 2.5 mm) improved effectiveness
by a maximum of about 0.13. The trends of their changes are similar. The
maximum value of JF' was obtained for the largest airflow velocity, but for
the velocity of 1 m/s, there is almost no growth at all. The geometry with
the louver height of 3.5 mm shows better performance but only a slight

—
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09 H —*CFD;Lh=0mm  -#=CFD:Lh=1.5mm CFD; Lh=2.5mm
——CFD; Lh=3.5mm —e—CFD; Lh=4.5mm CFD: Lh=5.5mm
CFD; Lh=6.5mm ——CFD; Lh=7mm
0 5 8 L L L 1
0 1 2 <] 4 5 6
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Figure 13: Characteristics of JF factor vs. the mean value of the frontal velocity of
airstream.
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improvement for small velocity (1 m/s). The maximum enhancement is
observed for 5 m/s airflow (JF = 0.181). Next geometry (L, = 4.5 mm)
increased the value of JF' in the range of 0.084 to 0.267. The improvement
was achieved in the whole examined range of airflow velocity. A similar
situation is in the case of geometry with L, = 5.5 mm. The performance
increased in the whole velocity range and the value of JF' enhancement is
from 0.206 to 0.369. The two last geometries, i.e., with louver heights of
6.5 mm (real object L) and 7 mm, show a similar trend. The effectiveness
improved in a whole range of tested velocities and the maximum value was
achieved for 3 m/s. The maximum JF improvement is observed for 7 mm
geometry for the velocity of 3 m/s and it is 0.531.

Figure 14 demonstrates the effect of airflow velocity on the JF factor
depending on the louver height. The trend of improvement for each height
is similar but it is the worst for the velocity of 1 m/s. For this velocity, the
improvements can be noted for Ly larger than 3.5 mm. The best perfor-
mance is achieved for the maximum value of L, at the velocity of 3 m/s.
It can be explained by an occurrence of a flow regime in which the flow
is driven by louvers, but there is a smaller pressure drop than in the case
of the highest velocity. This is the reason why this area of exploitation
(Lp, = 7mm; vy, = 3 m/s) brings better effects.

o—CFD: vir=1m/s

—a—CFD; vir=2m/s
CFD; vir=3m/s
—+—CFD; vir=4m/s

——CFD; vir=5m/s

JF[]

Lh [mm]
Figure 14: Characteristics of JF factor vs. louver height.
Figures 15 and 16 show the comparison of velocity and temperature distri-

bution, respectively, in the air domain for Lj, = 0 mm and 7 mm (minimum
and maximum height). The comparison is based on the parameters’ distri-
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Figure 15: Distribution of velocity inside the air channel of MCHE: L, = 0 mm (top),
Ly, =7 mm (bottom).
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Figure 16: Distribution of temperature in the air channel of MCHE: Lj, = 0 mm (top),
Ly =7 mm (bottom).
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bution on the vertical plane in the center of the air channel in the flow
direction, obtained for 5 m/s inlet velocity. The influence of louvers on the
velocity distribution can be observed in Fig. 15. For the maximum velocity
of the air stream (5 m/s), the area of maximum velocity for the plain fin
geometry is much wider than for the highest louver case (7 mm). Addi-
tionally, the area of vortex below the flat tube is better observable in the
plain fin. As for the temperature distribution, faster cooling can be noticed
at the maximum louver height (L; = 7 mm, Fig. 16 (bottom picture)).
A cooling effect similar to the plate fin is observed in the half-length of the
flow channel.

5 Conclusions
e The effectiveness of the cooling is rising with an increase of Lj,.

e In terms of the JF' factor, the highest value was achieved in the tested
range for geometry with the maximum louver height (Lj, = 7 mm).

o The best performance is achieved in the range of 2-4 m/s, where there
are smaller pressure drops and louver-directed flow of the medium.
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Abstract Conventional fuels are the primary source of pollution. Switch-
ing towards clean energy becomes increasingly necessary for sustainable de-
velopment. Electric vehicles are the most suitable alternative for the future
of the automobile industry. The battery, being the power source, is the crit-
ical element of electric vehicles. However, its charging and discharging rates
have always been a question. The discharge rate depends upon various fac-
tors such as vehicle load, temperature gradient, surface inclination, terrain,
tyre pressure, and vehicle speed. In this work, a 20 Ah, 13S-8P configured
lithium-ion battery, developed specifically for a supermileage custom vehicle,
is used for experimentation. The abovementioned factors have been analyzed
to check the vehicle’s overall performance in different operating conditions,
and their effects have been investigated against the battery’s discharge rate.
It has been observed that the discharge rate remains unaffected by the con-
sidered temperature difference. However, overheating the battery results in
thermal runaway, damaging and reducing its life. Increasing the number of
brakes to 15, the impact on the discharge rate is marginal; however, if the
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number of brakes increases beyond 21, a doubling trend in voltage drops was
observed. Thus, a smoother drive at a slow-varying velocity is preferred. Ex-
periments for different load conditions and varying terrains show a rise in
discharge with increasing load, low discharge for concrete, and the largest
discharge for rocky terrain.

Keywords: Clean energy; Lithium-ion battery; Discharge rate; Voltage; EV; Super-
mileage; Environment

1 Introduction

Encouraging renewable and alternative energy is the need of time for sus-
tainable development. With the current speed of globalisation and thriving
industrialization, the worldwide energy demand has increased promptly.
Indeed, fossil fuels have made a significant impact in the previous two cen-
turies in worldwide development; however, global climate change and the
depletion of fossil fuels have become major constraints. As per the data
mentioned in the literature [1-3], it has been anticipated that with the
5% annual increment in the present production rate of oil (1.41%), coal
(1.64%), and natural gas (2.69%), the fossil fuels will barely survive for
next 50 years. Moreover, annual fossil fuel consumption on a global scale
has increased by 1.77%. However, the spread of coronavirus disease 2019
(COVID-19) and subsequent restrictions have impacted such fuels’ inter-
national supply and demand. Restricting the use of fossil fuels is one of the
prime focuses of the Paris Climate Accords adopted in 2015; the committee
has agreed to decrease the overall temperature below 1.5°C [3,4].
Alternative energy sources have been promoted and commercialized to
overcome environmental and other major challenges [5]. As per the latest
data in the literature [6, 7], about 22 cities out of 30 most polluted cities
in the world are from India. Air pollution has become a major global issue,
and millions of lives are at risk due to severe air pollutants released from
the transportation and industrial sectors [8,9]. After so many cautions and
various action plans, the issue is still showing an alarming trend. One such
modification and action is switching towards electric or hybrid vehicles.
Although there are lots of constraints, the popularity of electric vehicles is
increasing. Consequently, lots of research is being processed to overcome
the shortcomings and improve overall performance. Furthermore, the need
for electric vehicles are even more justified, considering the environmental
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degradation. The search for alternative power sources has been a constant
struggle, and electric cars can potentially be a solution. The overall cost
of ownership, including battery cost, drivetrain cost, fuel prices, and main-
tenance costs with time, will have better pricing in the future with more
research in the fields of battery technology [10].

Electric mobility is an important aspect of the energy transition. Elec-
tric vehicles (EVs), even with lower maintenance, higher well-to-wheel effi-
ciency, and the obvious environmental and economic benefits, still have the
biggest challenge of low range, low efficiency, longer charging times, limited
infrastructure, and high capital cost of batteries [11,12]. For an electric
vehicle to be resourceful, the main characteristics to be focused on are that
it should run entirely on cheap, small, and efficient electric motors, requires
low maintenance, has a large battery for long range, and has a fast-charging
capability. Consequently, battery charging conditions should be maintained
to supply uninterrupted power [13]. Therefore, significant research, analy-
sis, and optimization of batteries, which act as a portable energy reserve for
an e-vehicle, are of utmost importance. The longevity of batteries is related
to charging and discharging as well as ambient conditions of use.

Among many other batteries, the lithium-ion rechargeable battery has
been a focal point of research and application. It has the potential to power
not only electric vehicles but also various electronic consumer goods, en-
ergy storage systems, aerospace, robotic and military applications [14, 15].
Compared to traditional batteries, lithium-ion batteries charge faster, last
longer, and have high power density for longer battery life in a lighter
package [16,17].

Lithium atoms at the anode get ionized and separated from their elec-
trons during the lithium-ion battery’s discharge cycle. The lithium ions
then move to the cathode, recombining with electrons and getting electri-
cally neutralized. They move through the electrolyte and are small enough
to pass through a micro-permeable separator between the anode and the
cathode [18]. Due to the small size of lithium-ion, lithium-ion batteries can
produce a very high voltage and charge storage per unit mass and volume.

o Lithium (Li) batteries are powered by the lithium oxidation reaction:
Li — Lit + e (3.05 V).

o The oxidation potential pushes electrons generated at the anode through
external circuitry, thus delivering energy.
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o Different types of materials can be used as electrodes in a lithium-ion
battery. One of the most typical compositions is that of lithium cobalt
oxide (cathode) and graphite (anode), which can be usually discovered in
compact electronic devices such as mobile phones and laptops [19]. Addi-
tional materials that can be used as cathodes include lithium manganese
oxide and lithium iron phosphate. Lithium-ion batteries ordinarily use
ether as an electrolyte.

1.1 Advantages

Lithium-ion cells offer a considerable advantage of low self-discharge rate
compared to rechargeable cells, namely, NIMH and Ni-Cad forms. This
helps deal with the concern of the range of EVs and more prolonged op-
erations before discharge. The cell voltage of lithium-ion battery cells is
higher than other standard batteries available; thus, the number of cells
required for the same power generation is smaller. Lithium is the lightest
of all metals, has the greatest electrochemical potential, and provides the
largest energy density for its weight [20]. Two of the main reasons elec-
tric cars failed in the past were the size and weight requirements of the
battery installed. Earlier, fuel-powered vehicles proved to be a more conve-
nient and effective way of energy storage [21]. However, the development in
battery technologies has made them wonderfully compact and light. With
such progress, electric cars will be lighter than ever, taking the weight of
the drivetrain and the energy storage together into account. Lithium-ion
batteries have a reasonably high energy and power density. The broadly ac-
cepted lithium-ion battery should have a longer life along with high energy
intensity [22,23].

1.2 Disadvantages

One charge plus one discharge is known as a cycle, and the number of
times a battery supports its charging and discharging without its decay is
called the life cycle. The battery life of lithium-ion batteries isn’t just de-
pendent on life cycles but also on environmental conditions. Exposing them
to high temperatures reduces their capacity. Also, lithium is an abundantly
available resource, but its current extraction is not cost-effective [24].

The current energy densities of batteries aren’t at par with the fuels used
in IC engines. Battery charging infrastructure is currently under develop-
ment as well. Controlled charging is an additional requirement for the safe
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operation of the battery and the vehicle. To ensure continuous safe use of
the battery without its degradation, a novel technique, i.e., a dynamic early
recognition framework was proposed to distinguish the abnormal batteries
from normally degrading batteries before their capacity drops [25].

Electric vehicles may catch fire as the Lithium-Ion battery is susceptible
to a short circuit within one or more cells that make up the battery [26]. The
overheating batteries could result in thermal runaway, damaging the vehicle
and its life [27]. The heat can ignite the chemicals within the battery, and
the fire can spread rapidly and efficiently. Various articles in the literature
have discussed the way to safeguard the battery and hence the electric
vehicle. Consequently, a control strategy was discussed by Dar et al. [28] to
protect the battery and enhance its life. The article proposed an offboard
charger for charging lithium-ion batteries used in EVs. The methodology
used for charging safeguards the battery by protecting the battery from
overvoltages. The considered charger has the ability to transfer power in
two directions to transfer the additional power back to the grid and hence,
protect the battery from overcharging.

1.3 Scope

It is usually difficult to predict the factors responsible for battery ageing and
degradation. Some studies conclude the type of degradation, whether chem-
ical or mechanical, by analyzing the battery’s condition over time [29-32].
However, limited studies infer the ergonomic or environmental factors that
may influence the said deterioration. This paper analyzes the trend of volt-
age drop of a lithium-ion battery as it discharges due to various factors
and conditions. This paper aims to explore the multiple conditions con-
tributing to faster discharging, which can be manipulated or evicted. The
primary research concentrates on external factors affecting the discharge of
the battery, namely, vehicle load, ground terrain, braking conditions, and
temperature. To consolidate, the variation in the voltage of the battery
has been investigated by varying each factor separately and a few factors
simultaneously to understand the real-time impact on the battery.

This paper includes modifications in operational parameters to study
their effect on vehicle efficiency, which is directly linked to the battery.
The aim is to conduct testing of voltage drops under various conditions
and understand the combined impact of these parameters. The present
research will help predict the battery’s efficiency and its dependency on
external factors [33]. This study can further aid in optimizing the battery
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and its application to its maximum potential. The enhancement and pro-
gression of battery technologies, sustainable and manufacturable battery
pack, and robust design of the battery pack act as a major catalyst in
the promotion of electric vehicles as a means of transportation and energy
reserve [34].

The battery under observation is lithium-ion, one of the most promi-
nent propellers for EVs. Apart from vehicles, it finds use in solar energy
storage. When these two applications are combined, it will pave the way
for the energy transition that will be sustainable, economical, efficient, and
convenient nonetheless [35-37]. Thus, research about lithium-ion batteries,
their study, analysis, and up-gradation will be a breakthrough in achieving
this conclusion.

In 2021, the automobile industry aspires to have over 50 per cent of all
new models equipped with EV drivetrains [38]. This is possible as many
original equipment manufacturers (OEMs) have aimed to introduce models
to their production lines, which is nonetheless aided by government policies.
In the coming decade, the EVs produced would comprise further optimized
versions of their electronic systems due to advancements in the methods of
monitoring energy consumption [39].

2 Materials and method

2.1 Materials and configuration

The main focus of this work is the lithium-ion battery. The battery used
in the following analysis is an essential component of an existing project
that involved the design and fabrication of a supermileage vehicle. The
vehicle was conceptualized and manufactured by Team Panthera for the
Shell Eco-Marathon, Asia, and is illustrated in Fig. 1. The car was de-
signed on Solidworks software [40]. The specifications of the battery cater
to the vehicle. The experimental analysis for the battery performance and
voltage drop conducted later in this research has been done via the said
supermileage vehicle. The configuration of the battery has been charted in
Table 1. The authors had begun taking readings with an initial voltage of
53.4 V. The observations were taken using a voltmeter enabled in the ve-
hicle itself. The shell vehicle consists of a compact chassis with subsystems
specified in Table 2.
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Figure 1: Illustration of the electric vehicle used for experimental analysis.

Table 1: Custom lithium-ion battery configuration.

Custom battery configuration

Current rating 20 Ah
Cells arrangement 13S 8P
Rated voltage 48 V

Number of batteries 1

Table 2: Supermileage vehicle subsystems.

Chassis

Structural members: Aluminium 4130

Single passenger seat

Steering

Steering assembly

Brake assembly

Brake pedal

Braking handle mounted
on the steering

Lithium-lon battery with mount and

Battery connections
Transmission Acceleration system, including the pedal
Miscellaneous Honking system

2.2 Method

The electrical connections of the vehicle used for the present research are
illustrated in Fig. 2. The positive terminal connects the battery to the kill
switch, which is externally accessible so that the vehicle can be stopped



150 S. Dhawan, A. Sabharwal, R. Prasad, S. Shreya, A. Gupta, and Y. Parvez

in an emergency. There are three wires connected to the motor controller.
The fourth wire is a Hertz sensor which senses the frequency and sends the
signal to the motor regarding the speed. The command given on the throttle
is accessed by the controller and transmitted to the motor. The negative
terminal connects the battery directly to the controller and speedometer.
Also, the kill switch is connected directly to the speedometer and controller.
The battery usually takes 56 h to charge to its maximum capacity. The
speed reading is observed on an external speedometer software.

SPEEDOMETER \(‘\‘m
ON/OFF

Red
Speed
vay

Yellow
THROTTLE Blue JL \
Black
Controller

CONNECTIONS

Figure 2: Illustration depicting the electrical connections of the electric vehicle.

For readings, the experiments were conducted at different times of the day
to get the different environmental temperatures. Accordingly, the tempera-
ture of the battery taken and its effects were noticed. The experimentation
started in the early morning when it was slightly chilly, and then based on
the environment temperature, it continued to the afternoon when it was rel-
atively hotter and then in the night when it was cold again. A thermometer
was installed with the vehicle to measure the environmental temperature.
Additionally, the load on the vehicle was measured from the weighing scale
and varied from 49 kg to 55 kg. Also, a voltmeter was installed with the
vehicle to measure the voltage drop during the experiments.

The analysis and observations have been performed from start to end on
the supermileage vehicle throughout the same day. The mileage observed
was approximately 119 km/kWh. The four essential parameters such as
temperature, number of brakes, load and surface terrains, have been con-
sidered for experimentation as illustrated in Table 3.
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Table 3: List and range of parameters evaluated during experimentation.

Parameters considered Range defined
Temperature 6°C

Number of brakes 20 brakes

Load 6 kg

Terrain muddy + grass, concrete

1. The first parameter, the temperature, has been varied to check the
variation of the discharging of the battery. Temperature variation was
achieved through changes in the temperature of the surroundings from
morning to evening. The discharge at temperature differences of 2°C
has been observed by keeping the load constant.

2. The second parameter, the number of brakes, has been observed by
keeping the temperature, load, and distance travelled constant. The
number of brakes applied is increased for a fixed distance.

3. The third parameter is load. While keeping the temperature constant
and increasing the load by 6 kg, the discharge rate has been analyzed
in gradual increments.

4. The final parameter, the terrain, has been changed twice to check the
battery’s voltage drop. The experiment was conducted on: (1) a muddy-
grass road and (2) a concrete road.

3 Result and discussions

The variation of discharge with temperature, load, terrain, and the number
of brakes is represented in graphs and charts for efficient visualization of
results.

3.1 Temperature variation analysis

As illustrated in Fig. 3, the vehicle’s voltage drops with an increase in
temperature. This is associated with battery performance and its chemical
reactions [41]. The initial drop is observed at 0.3 V, which is steeper till
24°C (53.8 V to 53.5 V), followed by a short phase with a reduced drop,
i.e., 66% of the initial fall (53.5 V to 53.3 V). The voltage drop is observed to
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get steeper again (53.3 V to 53.0 V) beyond 26°C. Low temperatures show
a reduction in the ionic conductivity of the battery [42,43]. In contrast,
high temperatures tend to increase the rate of thermal ageing, thereby
shortening the life of the lithium-ion battery [44,45].

DROP IN VOLTAGE WITH INCREASE IN TEMPERATURE

53.80
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53.40
53.3
53.20
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53.00
52.80 I
52.60
27.00 28.00

22.00 23.00 24.00 25.00 26.00
TEMPERATURE

VOLTAGE

Figure 3: Battery voltage versus temperature in degrees Celsius to depict
voltage drop with temperature.

3.2 Number of brakes variation analysis

Figure 4 shows that the voltage drop increases with the number of brakes
applied due to high energy losses in the conventional braking system [46].
With nine brakes, the voltage drop is negligible, as seen from the reading
change from 52.2 V to 52.1 V, i.e., 0.1 V. When the number of brakes is in-
creased by 6 to 15 for the same distance patch, the drop observed increases
by 100%, i.e., 0.2 V (from 52.1 V to 51.9 V). With another increment of 6
brakes to 21, the drop increases by another 100% to 0.4 V (from 51.9 V to
51.4 V). This doubling trend in voltage drops is inferred to be highly wor-
risome and causes concern in EVs. The battery powers auxiliary systems.
The brakes are a crucial part of the system and have an impact on the ob-
served voltage drop. Therefore, it is recommended to adopt energy-efficient
driving practices to develop an optimal speed. This, in turn, reduces the
aerodynamic drag and hence, the power consumption. Moreover, it is also
recommended to install a regenerative braking system. However, existing
research has proved that even with regenerative braking, optimal velocity
profiles can be beneficial in reducing electromechanical energy conversion
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losses [47]. Several researchers have studied the benefits of regenerative
braking systems in the past. Recovering the kinetic energy evolved can
substantially reduce the load on the lithium-ion battery [48-52].
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Figure 4: Battery voltage versus number of brakes to depict voltage drop
with speed variation.

3.3 Load variation analysis

The voltage of the battery drops drastically with an increase in the load,
as illustrated in Fig. 5. At 49 kg, the observed drop is 0.3 V, from 53.3 V to
53.0 V. When the load gradually increases to 55 kg, the voltage drop also
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51.00 52.00 53.00
LOAD

VOLTAGE

Figure 5: Battery voltage versus load in kg to depict voltage drop with load.
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increases by 167% to 0.8 V, from 53.0 V to 52.2 V. This is because, as the
load increases, the current through the battery resistance increases; thus,
the voltage drop increases [53].

3.4 Terrain variation

The terrain was switched from muddy-grass to concrete to investigate the
impact of road surface roughness on the change in voltage drop. As de-
picted in Table 4, the voltage drop observed for a concrete road and a
muddy-grass, i.e., a relatively rugged road, was 0.1V (51.5V to 51.4V,
and 51.4V to 51.3 V, respectively) for the same distance with the same
loading and environmental conditions. Therefore, the average drop is con-
sidered relatively the same across different terrains except for rocky and
puddled terrains due to the added load on suspension and the difficulty of
traction.

Table 4: Drop in voltage with variable terrain.

Terrain Voltage drop (V) ‘ Change in voltage (V) ‘
Concrete 51.5 to 51.4 0.1
Muddy + Grass 51.4 to 51.3 0.1
Rocky 51.3 to 51.0 0.3

A group of researchers studied the performance of an EV powered by a
lithium-ion battery in the hilly terrains of Vermont and found a 13% in-
crease in energy consumption without regenerative braking [54]. It is safe to
conclude that terrain is an essential, if not highly influential, characteristic
that may impact the battery’s performance.

4 Conclusions

In the present research, a lithium-ion battery, part of a competitive su-
permileage vehicle, has been considered. Various factors, such as vehicle
load, temperature gradient, road surface terrain, and vehicle speed, have
been analyzed to check the vehicle’s overall performance in different oper-
ating conditions. The effect of these factors on the battery discharging rate
has also been investigated. The following remarks have been concluded as
mentioned below.
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e From the analysis, it was observed that the discharge rate remained
constant for the considered temperature difference of 6°C. However,
warming a battery decreases internal resistance and improves the elec-
trochemical reaction. Thus, operating a battery at a high temperature
improves battery performance. Therefore, increasing temperature up
to a limit will improve the performance. However, overheating bat-
teries could result in thermal runaways, damaging the vehicle and its
life. Therefore, batteries are often accompanied by cooling systems.

e Secondly, increasing the number of brakes increased discharge. With
nine brakes, the voltage drop is negligible (0.1 V), however, when the
number of brakes risen from 9 to 15 for the same distance patch,
the drop observed increased to 0.2 V. With another increment of 15
brakes to 21, the drop increases further to 0.5 V. Hence, it is clear
that starting increasing brakes will not impact much on the discharge
rate, however, when the number of brakes increases beyond 15, the
battery will discharge with a much faster rate.

o Lastly, a heavier load requires more energy to operate the electric
vehicles; this voltage drop is more significant with a higher load, and
hence, the battery will discharge more. Additionally, the average volt-
age drop is relatively the same across different terrains except for
rocky and puddled terrains due to the added load on suspension and
the difficulty of traction.

It is important to acknowledge the results validated by experimentation
and make subsequent changes to our method of usage. By fabricating
lightweight vehicles, the discharge rate may be controlled. This is achieved
by smart weight-reduction strategies employed while choosing the chassis
material, removing material without hampering the strength of the compo-
nent, etc. Moreover, some additional measures taken to limit the discharge
rate are mentioned below.

1. As recommended, keeping the tyre pressure maximum according to
its model specifications.

2. Charging and discharging the battery to a moderate range of voltages.
Extremely high and low voltages affect the battery life.

3. Usage at temperatures ranging between a few degrees of room tem-
perature. At high temperatures, the electrochemical reactions that
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power the battery occur at a higher rate as opposed to low tempera-
tures, at which the chemical reaction rates reduce. Low temperature
also causes low conductivity in lithium salts.

4. Reducing the number of brakes, especially abrupt braking, leads to a
rapid drop in battery voltages which are otherwise quite slow in their
discharge. Thus, a smoother drive at a slow-varying velocity keeps
the battery from discharging soon.
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Abstract The paper is of practical importance and describes the con-
struction of a test rig and the measurement method for determining the
relative emissivity coefficient of thermosensitive thin polymer coatings. Poly-
mers are high-molecular chemical compounds that produce chains of repeat-
ing elements called ‘mers’. The polymers can be natural and artificial. The
former ones form the building material for living organisms, the latter — for
plastics. In this work, the words plastics and polymers are used as synonyms.
Some plastics are thermosensitive materials with specific physical and chem-
ical properties. The calorimetric method mentioned in the title consists of
two steps. The first stage, described here, involves very accurately measur-
ing the emissivity of black paint with the highest possible relative emissivity
coefficient, which covers the surface of the heater and the inner surface of
the chamber. In the second step, the thermosensitive polymer will be placed
on the inner surface of the chamber, while black paint with a known emis-
sivity coefficient will remain on the heater. Such a way of determining the
properties of thermosensitive polymers will increase the error of the method
itself, but at the same time will avoid melting of the polymer coating. Dur-
ing the tests, the results of which are presented in this work, the emissivity
coefficient of the black paint was obtained in the range of 0.958-0.965.
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Nomenclature
¢p — specific heat at constant pressure, J/(kgK)
S — surface, m?
P - power, W
T — temperature, K

Greek symbols

p — mass density, kg/m®
€ — emissivity coefficient
@ — heat stream, W

1 Introduction

This paper presents the design of the test rig and the results of the first
stage of the study of the relative emissivity coefficient, understood as the
amount of thermal radiation as a form of energy transferred between solids
of different temperatures — in the energy and electromagnetic wavelength
range: from 1 peV to 1 eV and 107 m to 1073 m, respectively. The solids
studied in the second stage will belong to a special group of materials that
have a low softening point or clearly change their thermophysical proper-
ties with temperature. The measurement of certain properties, including
emissivity in the method presented here, ultimately requires that samples
of thermosensitive materials be placed at low temperatures, below the soft-
ening point.

This group of materials includes plastics, which are used as insulation,
whether in the form of rigid surfaces , films or directly sprayed onto a spe-
cific body [1-3]. The coatings change surface heat transfer coefficients simi-
larly to ceramic coatings in blast furnaces and exchangers operating at high
temperatures [4]. Plastics appear to be the materials of the future [5]. They
are both transparent and opaque. Without chemical admixtures, they gen-
erally have low thermal conductivity [6]. They are very popular in the con-
struction industry [7,8], and because they can also be transparent, they are
used to achieve high thermal yields, in buildings with walls with so-called
high optical efficiency [9]. Mention should also be made of the so-called so-
lar energy market, where plastics are increasingly competing with glass or
metal structural elements in various solar devices due to their relatively low
weight and high durability. Transparent insulation increases the efficiency
of devices such as solar collectors [10], built-in storage solar water heaters
and others [11].
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Plastic films are a group of very fast-growing materials because of the
possibility of easily interfering with their properties. First of all, films can be
assembled into layers with different physical and chemical properties [12],
and various metals or ceramics can be sprayed onto their surface with
a thickness of e.g. nanometres, thereby increasing or decreasing optical re-
flection or achieving selective reflection, influencing the conductivity in the
layers [13] and creating other yet unexplored properties of the target mate-
rials [14], including properties affecting human health [15]. Thus, they have
a variety of tasks: from reinforcing, protective - anti-burglary, increasing the
insulation of building walls, and blocking UV radiation, to informative [16]
and others [17]. A very good example of a common application is films used
for car windows.

Such materials in general are such a rapidly growing industry that there
is a need to evaluate and classify them [18].

In the practical applications of the above-mentioned ones, not only op-
tical properties are important, but also mechanical and thermal properties,
including emissivity, which justifies the topic of this paper.

In particular, some emissivity data are available in the literature, but
due to the rapid development of materials, there is far too little data on
these new materials. Automotive companies sometimes provide approxi-
mate emissivity values for films used for automotive glazing. However, the
vast majority of such information is not published, as it is an element of
commercial confidentiality. All the more so because, as mentioned earlier,
plastic-polymers with relatively easily modifiable properties are increasingly
used in a variety of industries, and sometimes form their basis. Therefore,
topics related to the study of the properties of thin surfaces made of differ-
ent types of polymers are very topical now and in the future. However, as
mentioned earlier, these types of materials require a special approach when
studying their properties.

Emissivity measurement methods can be briefly divided into two main
groups: radiometric and calorimetric methods. The first group includes
methods that use the information provided by infrared radiation in a se-
lected range of electromagnetic waves by an infrared detector installed most
often in a thermal imaging camera. This camera measures and then images
the radiation coming from the object being photographed. The energy that
can be measured in this way is a function not only of the object’s tempera-
ture but also of its emissivity. Therefore, when using methods with thermal
cameras, radiometric calibration of such devices is essential. The accuracy
of the results obtained depends on the correct application of the appro-
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priate measurement procedures [19-23] the authors present the design and
operating principles of polarimetric imaging cameras.

The calorimetric method of measuring emissivity is classified as a conven-
tional method. It involves direct heating of the sample and the emissivity is
determined from the measured temperature and surface area of the sample,
as well as the electrical power converted into radiation and consumed in the
heating process under specified conditions — often in a vacuum. The system
under test is brought to thermodynamic equilibrium with the measure-
ment of specific parameters under so-called steady-state conditions. Sam-
ples should therefore be characterised by good thermal conductivity [24].

There are also variants of calorimetric methods that use measurements
over a specific time interval, in transient states, the so-called dynamic meth-
ods, which require further mathematical calculations to determine the val-
ues of specific parameters in the distant future, e.g. using neural networks.
Again, material samples should generally have good thermal conductivity,
but practically, the method has also been shown to be effective for materi-
als with lower thermal conductivity. In [25] a variation of the calorimetric
method was used to measure the properties of non-metallic materials, which
are not electrically self-heating. A Fourier transform spectrometer (FTS)
was used on the test bench. One calorimetric method has also been suc-
cessfully used to measure the properties of thin polyamide films, which are
poor heat conductors too [26].

It is also possible to combine methods from both of these main groups [27].

In short: the advantage of the calorimetric method is that the value of
the selected parameter can be determined in a steady state, the value of
which is assumed to be constant in time. In addition, test stands built
using this method usually have a relatively simple and logical construction.
The disadvantage of this method is the high operating costs resulting from
the need to create certain constant conditions both inside and outside the
measuring station for a relatively long time.

The use of the calorimetric method in this work was determined by the
above-mentioned advantages and the fact that most of the values of material
parameters applicable in technology are determined in steady states.

The calorimetric method proposed here consists of establishing a heat
balance while continuously heating a rectangular radiator inside a hexago-
nal chamber placed inside a desiccator, hereafter referred to as the chamber.
During the test, the air is pumped out of the desiccator using a vacuum
pump to eliminate heat transfer by convection. The only form of energy
exchanged between the heater and the internal surface of the chamber is
therefore radiant energy.
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2 Theory

Heat radiation has the same properties as light waves in the spectrum visible
to the eye. The condition for heat exchange in this way is the presence of
a transparent medium between bodies of different temperatures exchanging
energy with each other. The useful formulas used in this work are based
on laws discovered in the course of radiation research. These are primarily
Planck’s law, formulated as a formula for the amount of radiation emitted
by a blackbody as a function of the electromagnetic wavelength emitted and
the temperature of the body, and Stefan-Boltzman’s law, which describes
the total energy flux radiated by a blackbody. In its simplest form, the
amount of energy radiated from a body with temperature T expressed in
kelvins into a vacuum, is proportional to the fourth power of the absolute
temperature of that body. A black body is characterised by the fact that, at
steady-state, it absorbs as much energy as it radiates. Grey bodies, found in
the real world, radiate similarly to black bodies over the entire wavelength
range, only slightly weaker. To compare the radiation properties of a gray
body with a black body, the concept of relative emissivity coefficient is
introduced, i.e. the quotient of the amount of energy radiated by a gray
body to the amount of energy radiated by a perfect black body at a given
temperature. The value of this coefficient may refer to a specific length of
the emitted electromagnetic wave or to its average value determined by the
appropriate temperature range. According to the literature, the emissivity
of all bodies is not greater than the one.

The idea of the calorimetric measurement method shown in Fig. 1 is
based on radiative heat transfer from the rectangular heater (2) to the

Vacuum pump P 1
~—1r

Figure 1: Conceptual outline of a test rig for testing the emission
of back paint and coatings of thermosensitive materials.
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cooler surface of the cubic chamber (1) surrounding it, hereinafter referred
to as the chamber. The temperature will be read by means of thermocou-
ples (3) located on the surface of the heater and the chamber. Both the
chamber and the heater are placed inside the vacuum desiccator to elimi-
nate heat transfer by convection.

Measurements will be carried out in two stages. The first stage, described
here, involves measuring the emissivity of the black paint that covers both
the surface of the heater and the inner surface of the chamber. The coat-
ing used, which is also an example of a polymer, has sufficient thermal
resistance to be placed on the heater.

Using equations (1), (2) known from the literature [28-31], it is possi-
ble to calculate the relative emissivity coefficient under the conditions of
thermal equilibrium of the system:

_ Q12
T Sie[m)' - m)'] W
=TT S 1 1 ’ @)
2t

where: €, — the so-called equivalent relative emissivity coeflicient obtained
experimentally without taking into account the position of the surfaces
exchanging heat with each other, Q1_o — heat stream exchanged between
surfaces with different temperature, So, So — the outer surface of the heater
and the inner surface of the chamber respectively, T7, To — the higher and
the lower average absolute temperature respectively, o — Stefan—Boltzmann
constant, €1, €9 — emissivity coefficients for surfaces with temperatures 73
and T5 respectively.

In the presence of black paint on the surface of the chamber and the
heater, from (2) the following formula can be obtained (3):

S
1 _
G % (3)
1 l ﬂ’
€ 52

where: €1 — the relative emissivity coefficient of black paint, assuming its
equal emissivity on the surface of the heater and the inner surface of the
chamber.
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The emissivity coeflicient of the black paint determined in this way has
a smaller absolute error than if the heater and the interior of the chamber
were covered with different coatings. It is calculated using the differential
method, which is presented later in this paper. Its smaller value is due to
the smaller number of components affecting the value of the total error
associated with this method. Knowledge of the relative emissivity of the
black paint described above is necessary to determine the emissivity of the
corresponding temperature-sensitive material in the second stage of the
study.

3 The construction of the test rig

The test rig, shown schematically in Fig. 1, was originally built to assess
the correctness of neural networks for predicting the temperature of heated
solids in the distant future, which in practice meant determining the steady-
states temperature at specific points on the body. The photograph with
main components of the rig can be found in the article [32]. It has been
adapted to determine the relative emissivity of black paint, mentioned in
the title of the work and allows a proper thermal equilibrium to be achieved.

The ambient test conditions are a dynamic vacuum of 300 Pa (2500 pmHg).
Inside the desiccator, which acts as a vacuum chamber, is a cube made of
5 mm thick sheet metal with 150 mm sides. Its interior forms a closed space,
hereinafter referred to as the chamber, with an inner side length of 140 mm,
made of PA11 aluminium alloy with a linear thermal expansion coefficient
of 23.7-107% 1/K. In its geometrical centre was placed a rectangular heater
made of PA6 aluminium alloy with a linear coefficient of thermal expansion
of 22.9 - 107% 1/K. The heater was made of a rod with a square cross-
section, side a = 30 mm. The heater has a length of b = 40 mm. The design
of the heater is simple. A resistance wire (Fe Cr Al 135), insulated with
Teflon, is wound on a threaded aluminium alloy pivot with a diameter of
approximately 25 mm. The resistance wire has a diameter of d = 0.5 mm
and a resistance of /m.

The pivot is placed in a hole in a square rod, which forms the body
of the heater. Its average resistance at room temperature 20°C is 9.667 2.
The resistance of the cables connecting the heater with the power supply
at 20°C is 0.037 Q2. The test rig is attached to a gauge of type KEITHLEY
(hereinafter called the gauge), which provides relatively accurate readings
of output signals in the form of resistance or voltage.
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4 The way of performing the measurements

On the test rig, temperatures were measured at three specified locations on
the heater and three specified locations on the inner surface of the chamber
(Fig. 2).

1
- 2
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5
30
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Figure 2: Axonometric mapping of the interior of the chamber (2) including
the heater (1) and temperature measurement locations (3).

Temperature measuring points on the heater are located at the intersec-
tion of the diagonals: one on the side wall, one on the bottom wall, and
one in the corner of the side wall. Similarly, three measurement points are
defined on the inner walls of the chamber. The temperature was measured
with thermocouples after they had been calibrated: [33-35]. An average
temperature was then calculated on the heater and on the surface of the
chamber, which was treated as a constant value, for a given power dissi-
pated by the heater.

The reference temperature of cold ends of thermocouples in the temper-
ature of the meter is measured by the PT-1000 resistance sensor calibrated
earlier [36]. During each experiment, the voltage and resistance in the heater
circuit were measured. The pressure in the desiccator was maintained at
300 Pa using a vacuum pump. This is known as a dynamic vacuum, which
requires continuous operation of the vacuum pump.

Two stages of the process can be distinguished in each experiment. In
the first stage, the desiccator was filled with air at ambient pressure. The
temperature stabilization process after switching on the heater was rela-
tively quick. After about 30% of the duration of the entire experiment,
the second stage occurred, in which the vacuum pump was turned on and
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operated until the steady state temperature was reached at selected mea-
surement points.

5 The test results

A sample temperature evolution on selected surfaces at the test rig is shown
in Fig. 3.
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Figure 3: The dependence of the average temperature from time, exspressed in SE M}, on
the heater (higher values) and in SEM.p, on the inner surface of the chamber

(lower values).
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The heat flux dissipated by the heater Q1_s (4) is power on the heater
P minus two kinds of losses. One is the loss on the wires Q,,, which can be
estimated using the Fourier formula, based on knowledge of the diameters
of the thermocouples wires and the temperature difference between the
surfaces on which the measuring junctions are placed and the environment
in which the meter is located. Another one is the loss of enthalpy Q, in
the chamber resulting from the maintenance of dynamic vacuum at 300 Pa.
Therefore:

Qi2=P—Qu—Q,. (4)

Examples of experimental results are given in Table 1. Here the following
information is gathered in columns from left to right: the ambient temper-
ature where the gauge is placed, measured by Pt-1000 thermometer; the
heat stream dissipated by the heater, taking into account losses (4); the
resistance of the hot heater; voltage in the heater circuit; SEM of thermo-
couples measured in the corresponding points of the heater and the inner
surface of the chamber: AT}-ATj; the average temperature of the heater
Tuwwr and the inner surface of the chamber Ty,.,; the relative emissivity
coefficient €,, €1, €9 = 1; the absolute method error Ae.

Table 1: The selected experimental results gathered during the emissivity measurement.

File 1 2 3 4 5 6
to K 296.313 290.405 292.503 292.668 289.695 291.506
Q12 W 0.219 0.758 1.338 1.336 2.17 5.057
R Q 9.686 9.797 9.685 9.709 9.788 9.808
U \% 1.462 2.748 3.604 3.613 4.626 7.065
ATy mV 4.159 16.387 26.593 26.235 41.733 77.775
ATy mV 4.035 16.134 24.87 25.835 40.389 80.63
ATz mV 4.374 15.895 25.855 25.899 39.719 76.468
ATy mV 0.552 1.979 2.812 3.363 4.915 12.071
ATs mV 0.29 1.727 2.996 2.847 4.676 8.767
ATg mV 0.156 1.17 1.875 1.723 3.611 9.344
Tovh K 300.543 306.583 318.632 318.699 330.349 369.837
Tov ch K 296.687 292.07 295.421 295.353 294.136 301.607
€z 1.052 0.954 0.975 0.973 0.961 0.955
€1 1.049 0.958 0.976 0.975 0.964 0.958
Ae 0.102 0.027 0.017 0.017 0.012 0.07




Emissivity measurement of black paint using the calorimetric method 171

6 Errors in determining the emissivity
of black paint

The method adopted in the experiment for determining the relative emissiv-
ity coefficient is the classical calorimetric method. In the direct measure-
ment, the temperature at the selected locations, the current and voltage
supplying the heater, the vacuum level in the desiccator, the corresponding
areas of the heater and the interior surface of the chamber, and the am-
bient temperature and pressure are measured. When both the heater and
the inner surface of the chamber are covered with black paint, the formula
for the relative emissivity coefficient of this material is of the form (5):

U2 S1
bl (I
R < i 52)

T \* o\ siU%’
¢5 [(100) _(100) %R

where: €1 — the relative emissivity coefficient of the black paint, U, R — the
voltage and the resistance of the heater, respectively, S1, S2 — the surface of
the heater and the inner surface of the vacuum chamber, respectively, 17,
T5 — the measured average temperature of the heater and the inner surface
of the chamber, respectively, C = 5.67 W/(m?K?*).

The maximum error of the method was determined by summing the
absolute values of the errors of the individual quantities occurring in the (5).
The individual members generating absolute errors have the form as follows:
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When the heater and the inner surface of the chamber are covered with

coatings of different materials, the relative emissivity coefficient of the ma-
terial covering the cold surface of the chamber can be calculated from the
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following formula:

U2
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The corresponding partial derivatives, generating the absolute error have
the following forms:
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7 Observations and conclusions

1. Within the heater power range of 0.21-5.06 W, the relative emissivity
coefficient is in the range of 0.958 +0.07 to 1.049+0.102. The method
error of determining the relative emissivity for black paint covering
both the chamber interior and the heater increases with decreasing
heater power.

2. Each test was performed for a different temperature range, depending
on the heater power. If it is assumed that the relative emissivity co-
efficient of black paint is constant over the temperature range tested,
then its value should fall within the common range of values of this
coefficient for all the tests carried out, regardless of the accuracy of
the measurements.

The range of common values of the coefficient sought for all tests is
within the field of values (0.958-0.965).

3. If the tests will include thermosensitive materials, a sample of such
material should be placed on a cold surface — the inner surface of the
chamber. A layer of black paint with a known value of the relative
emissivity coefficient will remain on the heater. According to prelim-
inary calculations, the error of the method should increase, but the
undertaking is necessary to avoid the melting of the polymer coating.



Emissivity measurement of black paint using the calorimetric method 175

4. After initial attempts to apply a thin thermosensitive coating on the

cooler surface of the chamber, insufficiently satisfactory results were
obtained in the second stage of the research. If the technical problems
related to the adhesion of coatings cannot be solved, the range of
materials tested by this method will be limited to those that can only
be sprayed onto surfaces.

Received 17 May 2023
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Abstract In this work, we propose a new method for manufacturing
busbars in photovoltaic modules for different solar cell generations, focusing
on 1st and 3rd generations. The method is based on high-pressure spray
coating using nanometric metallic powder. Our focus is primarily on opti-
mizing conductive paths for applications involving conductive layers used in
3rd generation solar cells, such as quantum dot solar cell, dye-sensitized so-
lar cell, and silicon-based solar cells on glass-glass architecture for building-
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integrated photovoltaic. The advantages of the proposed method include
the possibility of reducing the material quantity in the conductive paths
and creating various shapes on the surface, including bent substrates.

This paper examines the influence of the proposed high-pressure spraying
technique using metallic particles on the morphology of the resulting conduc-
tive paths, interface characteristics, and electrical parameters. Conductive
paths were created on four different layers commonly used in photovoltaic
systems, including transparent conductive oxide, Cu, Ti, and atomic layer
deposition processed Al;Os. The use of high-pressure technology enables
the production of conductive layers with strong adhesion to the substrate
and precise control of the spatial parameters of conductive paths. Further-
more, the temperature recorded during the deposition process does not ex-
ceed 385 K, making this technique suitable for various types of substrates,
including glass and silicon. Additionally, the produced layers exhibit low
resistance, measuring less than 0.3 €. Finally, the mechanical resistance, as
determined through tearing tests, as well as environmental and time stabil-
ity, have been confirmed for the produced paths.

Keywords: Photovoltaics; Busbars; DSSC; BIPV; Solar module

Acronyms
ALD atomic layer deposition
BB busbar
BIPV building integrated photovoltaic
DSSC dye-sensitized solar cell
EDX energy dispersive X-ray spectroscopy
FTO fluorine-doped tin oxide
GG glass-glass
IEC International Electrotechnical Commission
I(U) current-voltage characteristic
1Y% photovoltaic
PVD physical vapor deposition
SEM scanning electron microscopy
TCO transparent conductive oxide
QDSC quantum dot solar cell

1 Introduction

Photovoltaic (PV) modules possess several crucial parameters that deter-
mine their performance and suitability for specific applications. The relia-
bility and lifespan of photovoltaic modules predominantly hinge on degra-
dation and failure modes. Therefore, comprehending the degradation mech-
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anisms, including the origins of these degradation modes and their impact
on PV module efficiency [1], is an essential and foundational task to enhance
the reliability of PV modules [2, 3].

One vital parameter relates to busbars and their stability, particularly
concerning DSSC (dye-sensitized solar cell) and glass-glass modules. The
issue at hand is closely linked to busbar production technology and can
be refined through the technological solution proposed in this study. When
subjected to cyclic bending, cracks can emerge near the points where the
busbars are soldered to the silicon, potentially propagating due to fatigue [4,
5]. Conversely, under cyclic axial strain, the busbars endure loads beyond
the elastic limit, leading to plasticity and hysteric energy dissipation [6,7].
Kaule et al. demonstrated that the strength and cracking susceptibility are
highly dependent on the side and direction of the load, with the lowest
strength observed on the rear side loaded with tensile stress parallel to the
busbars [8].

Improving module efficiency and reducing production costs are two crit-
ical objectives for the photovoltaic industry. Achieving these goals can help
make solar energy more competitive with traditional energy sources and
enable wider adoption of renewable energy [9-11].

In this paper, we will discuss one of the strategies that can be used
to enhance module efficiency and reduce production costs by employing
alternative methods for busbar production. Busbars (BBs) are essential
components of photovoltaic modules [12,13] commonly used to generate
electricity from solar energy. The primary purpose of busbars in PV mod-
ules is to enhance the electrical performance of the module by reducing
resistive losses and improving the overall efficiency [14, 15].

In a typical PV module, each solar cell generates a relatively small
amount of electricity. Busbars serve to interconnect the cells, increasing
the total voltage and current produced by the module. This is necessary
because the voltage and current produced by a single solar cell are generally
too low to be practical on their own. When solar cells are connected in series
to form a module, the cumulative current flowing through each cell adds
up, and any resistance in the circuit can result in power losses [16,17]. New
techniques involving copper busbars offer the most efficient placement and
a simplified amount of materials for PV panels [18,19]. In fact, the busbar
system replaces two crucial components in a typical PV panel: the power
distribution block and the connecting cables [20, 21]]. Lu et al. observed
that optimizing busbars based on the uneven distribution of illumination
created by the concentrator contributes to the enhancement of the electrical
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parameters of the compound parabolic contractor-photovoltaic (CPC-PV)
cell [22-24]. The study of the electromagnetic field distribution due to the
incident photon flux demonstrates that increasing the number of busbars
can generate carriers in the shaded areas under the busbars [25-27]. Sev-
eral attempts have been made to reduce material costs in the production of
BBs, including the application of shingled technology [28]. Shingled photo-
voltaic modules involve the process of creating shingled strings by splitting
and gluing solar cells [29]. As an adhesive method, the application of di-
vided cell strips across the width of the busbar is used to connect them
together using electroconductive adhesive (ECA) [30]. Given the high cost
of Ag paste used in the production of solar cells, efforts have been made to
reduce its usage as a solar cell electrode. Oh et al. employed an econom-
ically effective electrode pattern that significantly reduced the amount of
Ag paste used [31,32].

In dye-sensitized solar cells (DSSCs) [33,34], busbars are employed to
connect the individual cells and create an electrical circuit. The photoac-
tive layer consists of a semiconductor material coated with a layer of dye
molecules. When light strikes the dye molecules, they absorb the energy
and transfer it to the semiconductor, generating an electrical current. Given
that the current generated by a DSSC is relatively low, busbars in DSSCs
are typically crafted from transparent conductive materials [35], such as
Indium Tin Oxide (ITO) or Fluorine-doped Tin Oxide (FTO) [36,37], and
are also used in the form of metallic paths on the edges [38]. These materi-
als provide low-resistance paths for the current to flow through, minimizing
resistive losses, and enhancing the electrical performance of the cell.

Glass-glass (GG) [39,40]] solar cells comprise two glass layers that sand-
wich the photovoltaic cells, typically silicon-based [41,42]. The glass layers
offer mechanical support and protection for the cells while allowing light
to penetrate and reach the cells [43,44]. Busbars are employed to collect
the current generated by the individual cells and transfer it to an exter-
nal load [45-47]. They also aid in distributing the current evenly across
the cell, reducing hot spots and the risk of cell damage. Since GG solar
cells are relatively thin [48], the busbars used in these cells are generally
composed of highly conductive metals, such as copper or silver [49, 50].
These materials offer low-resistance paths for the current to flow through,
minimizing resistive losses and improving the electrical performance of the
cell [51,52]. Additionally, in GG solar cells, busbars can be placed on both
sides of the cells, further enhancing current collection and reducing power
losses [53].
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Reducing the manufacturing cost of busbars is a critical parameter, and
considerable efforts have been made in this regard. Cost reduction can be
achieved through various means, including:

e Thinning the busbars: Busbars can be made thinner while maintain-
ing their electrical conductivity, thus reducing the required material
per busbar.

o Using alternative materials: Instead of copper, which is commonly
used for busbars, alternative materials such as aluminum or silver
can be employed. These materials offer higher conductivity per unit
weight than copper, allowing for a reduction in material usage.

o Utilizing busbarless cell interconnection: In this method, solar cells
are interconnected without the need for busbars, eliminating the ne-
cessity for busbars entirely.

o Optimizing busbar layout: By carefully designing the layout of the
busbars, it is possible to reduce the material requirements for each
busbar while maintaining the necessary electrical conductivity.

All of these approaches can be achieved or improved through the high-
pressure spraying process described in this paper.

2 Experimental procedure

The busbar paths under investigation have been analysed by means of con-
tact profilometry (DektakX, Bruker) to obtain the cross-sectional shape
and thickness of the busbar structures. Additionally, the elemental com-
position of the alloy was determined using eenergy-dispersive X-ray spec-
troscopy (EDX), and the interface between the metallic tracks and the
substrate was imaged using high-resolution scanning electron microscopy
(HR-SEM). Electrical measurements were conducted during the tests us-
ing a four-point probe (4-Probe, Ossila BV), an ohmmeter (Keihley), and
an emission spectrometer with a glow discharge excitation source (GDS,
GD-Profiler 2, Horiba).

Samples of metallic busbars made using the high-pressure spraying me-
thod on various types of glass substrates were tested. The substrates were
TCO glass in the 1000 mm x 2000 mm format, covered with various nano-
coatings. Two of them were created using the physical vapor deposition
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(PVD) method (Kenosistec PVD system), containing coatings made of
pure copper (Cu) and titanium (Ti). Aluminum (III) oxide (AlyO3) was
deposited on glass panes using the atomic layer deposition (ALD) tech-
nique (Beneq). Additionally, one series of metallic traces was made on
uncoated TCO (transparent conductive oxide) glass. The electrodes were
spray-coated using a system manufactured by Ceri-com companies, follow-
ing these parameters: sputtering rate between 30—40 mm/s, busbar width
of 5 mm, and the process was conducted at room temperature and standard
humidity.

Table 1 summarizes the information on the tested metallic tracks, includ-
ing sample designations, types of coating, methods of coating deposition,
and detailed descriptions of the process.

Table 1: Summary of information on tested metallic tracks.

Designation Layer Deposit method Detailed description of the process
TCO-clear No layer - unmodified TCO glass
TCO-Cu_a Copper PVD 2.4 kW, 3 number of rounds, v =4 mm/s
TCO-Cu_b Copper PVD 1.4 kW, 3 number of rounds, v = 4 mm/s
TCO-Ti_a Titanium PVD 2.4 kW, 3 number of rounds, v =4 mm/s
TCO-Ti_b Titanium PVD 1.4 kW, 3 number of rounds, v = 4 mm/s

v — speed of the substrate during deposition process.

3 Results

3.1 Determination of busbar thickness

The thickness of busbars plays a crucial role in determining the electrical
performance of the module. Thicker busbars can offer lower resistance and
improved current collection, leading to higher efficiency. However, thicker
busbars can also increase shading effects on the cells, potentially reducing
the overall power output of the module.

Samples were extracted from both the edge and the center of the glass
pane. Each obtained sample, measuring approximately 50 mm x 50 mm,
underwent analysis using the methods described above. Figure 1 illustrates
the locations where glass fragments with electrodes were collected, exempli-
fied by TCO-Cu__a, which features TCO glass covered with a thin copper
(Cu) layer.



Alternative method of making electrical connections. .. 185

1eqsng

Figure 1: Photograph of TCO-Cu_a glass with marked (red)
sampling points for testing.

Needle profilometry was employed to perform scans of the busbar profiles.
The scans were conducted across the electrodes, resulting in the left and
right sides of the scan containing the substrate profile. This allowed for
the measurement of the track’s height relative to the substrate. Figure 2
displays several exemplary profiles. While there is a notable difference in
their heights relative to each other, the shape of each resembles a Gaussian
distribution, albeit not perfectly symmetrical about the center. Due to the
significant roughness of the electrodes, thickness measurements were con-
ducted by measuring the relative height between the substrate and the one-

160 4

1204
140 Al point averaging
20 1004 area: 1 mm
E 100 £ 8o
3 ]
. A =
-b‘:a 80 ,'En 60 - electrode
0) .
E o] < thickness
40
40
2 204
0+ 4 S 0 T T T T T T T
0 7 0 1 2 3 4 5 6 7
Width (mm) Width (mm)

Figure 2: List of several exemplary profiles of the cross-section of metallic tracks, illus-
trating the method of measuring the thickness of the electrodes (averaging the
height from 1 mm of the top of the profile).
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millimeter average height of the top of the electrode (as depicted in Fig. 2).
The width of each path fluctuated around 5 mm. The average thickness of
all collected substrates was 125 + 16 wm. However, when comparing the
smallest (65 pm) and the largest (154 pm) values, it is evident that there
is a significant spread.

Lower values predominantly appeared on the edge side, likely where
the deposition of tracks commenced. Subsequently, the thickness stabilized,
with a few exceptions. Analyzing the thicknesses for individual substrates
(Fig. 3), it is apparent that these values closely align with the value de-
termined for all samples, averaging around 125 pm and sharing similar
uncertainty values. The largest deviation from the average occurred in the
case of the TCO-Ti_ a sample, where the average value was 113 +7 pum. All
thickness values, along with their associated uncertainties, are presented in
Table 2. The standard busbar thickness can vary depending on the specific
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Figure 3: Determined on the basis of collected profiles of constant
thickness for all substrates.

Table 2: Average thicknesses determined based on collected profiles for all substrates.

Designation Busbar thickness (pm)
TCO-Clear 120 £21
TCO-Cu_a 124 +£19
TCO-Cu_b 134 £ 12
TCO-Ti_a 113+ 7
TCO-Ti_b 124 +12
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module design and requirements. In general, the thickness of busbars in PV
modules can range from 0.1 to 0.5 mm.

3.2 Thermal distribution during the deposition process

The deposition process took place in a room environment with a tempera-
ture of 295 K and a maximum humidity of 63%. Temperature measurements
at the very surface of the contact point between the beam and the sub-
strate were conducted using a standard pyrometer (laser pyrometer TP10)
with a spot size of 1 mm and an accuracy range of =1 K. Measurements
were performed at three different points on the sample, covering the right,
center, and left sides during the deposition process. Once the process pres-
sure stabilized, no significant temperature discrepancies were observed. The
measured temperature at 7.2 £ 1 bar pressure was 377.4 + 2 K.

A slight correlation between temperature and busbar thickness is dis-
cernible as shown in Fig. 4. Thicker busbars tend to be associated with
higher temperatures. However, it is essential to note that these values fall
within the measurement error range. Drawing definitive conclusions from
this observed relationship necessitates further testing.
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Figure 4: Temperature values for all substrates combined with
the busbar thickness.
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3.3 Mechanical tear and shear tests

Mechanical tear and shear tests are critical evaluations for assessing the
strength and durability of busbars used in various applications, including
photovoltaic modules. The tear test involves subjecting busbars to con-
trolled tensile loads until they break or tear. Several standards outline tear
test procedures for busbars in PV modules, with reference to the Inter-
national Electrotechnical Commission (IEC) standard IEC 61215, which
specifies requirements for the design and testing of crystalline silicon PV
modules. According to IEC 61215, PV module busbars should withstand
a minimum tensile force of 30 N/mm? without tearing. This test is typi-
cally performed on a module sample containing busbars, applying gradual
load until busbar breakage occurs. The tear test serves as a crucial quality
control measure to ensure the reliability and durability of busbars in PV
modules. By subjecting busbars to controlled tensile loads, the test helps
detect potential weaknesses or defects, enabling corrective action before
deployment in the field.

Busbar shear tests assess the busbar’s ability to endure mechanical
stresses and loads typical of its intended application. In PV modules, bus-
bars face various stresses, including thermal expansion, wind loads, and
mechanical vibration. These stresses can lead to busbar deformation, crack-
ing, or failure over time, resulting in reduced module efficiency or module
failure. The International Electrotechnical Commission standard 61215 for
terrestrial PV modules specifies a minimum requirement of 50 N for bus-
bar shear tests. Similarly, the IEC 61646 standard for thin-film PV mod-
ules prescribes a minimum requirement of 60 N for the busbar shear test.
Nonetheless, these values represent minimum requirements, and manufac-
turers may opt to exceed them to ensure their modules’ mechanical strength
and durability.

After conducting a series of measurements on each sample, the average
values, regardless of the layer, were found to be 500 N/cm? for the tear test
and 600 N/m? for the shear test as presented in Fig. 5. These values signif-
icantly exceed those typical for busbars made by conventional methods.

1. Tear test 2. Shear test

Dynamometer | Stress 500 N/cmt' T Stress 600 N/em’

Bus bar ? Glass 5?

Py Py Py Py ?y

Soldering

Figure 5: Schematic representation of tear and shear tests.
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3.4 SEM imaging

The morphology of the tested samples was analyzed using scanning elec-
tron microscopy (SEM). Images were obtained for both the surface of the
metallic tracks and the cross-section, which was achieved by cutting and
fracturing the glass. Figure 6a presents an image illustrating the bound-
ary between the metallic path (left) and the substrate (right). Upon closer
examination in Fig. 6b, it becomes apparent that CuZn alloy particles are
present at the boundary regions, although they do not have physical con-
tact with the track. The electrode itself consists of fused particles, form-
ing a highly rugged structure, as depicted in Fig. 6¢. This roughness is
further emphasized in images 6d to 6f. When observing the material at
the nanoscale (Figs. 6g and 6h), nanoroughness becomes apparent, which
may, but not necessarily, result from surface oxidation of the track. These
nanoscale images reveal both darker and lighter areas, possibly indicating
an inhomogeneous distribution of elements within the CuZn alloy or the
presence of admixtures (estimated at < 0.5 wt%).

Figure 7a offers a general view of the cross-section of the TCO-clear
sample, with a more detailed view in Fig. 7b. Figure 7c displays the in-
terface between the glass, the FTO coating, and the metallic track, in-
dicating a strong connection between these components. It is likely that
the glass manufacturer employs an additional, very thin buffer layer of un-
known chemical composition (probably SiOs) between the glass and the
FTO coating to prevent ion migration from the glass to the FTO. An inad-
vertently detached metallic track from the substrate (Fig. 7d) reveals that
the detached surface mirrors the rough topography of the FTO coating, im-
plying that during the initial phase of metallic track deposition, the layer is
likely liquid or semi-liquid, allowing it to conform to the substrate’s surface
shape. Upon analyzing the interior of the cross-section (Fig. 7e), it becomes
evident that the interior of the metallic path is denser (solid) compared to
its surface (as seen in Fig. 6).

Similar conclusions can be drawn for samples with copper (Fig. 8) and
titanium (Fig. 9) coatings. The visible cross-sections resemble Gaussian
distributions. Metallic tracks exhibit strong adherence to the TCO sub-
strate with the applied coating. During attempts to image the interface
between the track and the substrate, it was challenging to directly visual-
ize the metallic coating located between the FTO and the track (Figs. 8c
and 9c). These tests were conducted on thinner (TCO-Cu_b, TCO-Ti_b)
and thicker metal coatings (TCO-Cu_a, TCO-Ti_a). A slightly brighter
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Figure 6: SEM images of the path-substrate boundary (a-b) and of the CuZn alloy surface
(c-h) at different magnifications.

appearance in these areas may indicate the presence of a metallic coating,
as the cross-section for secondary electron removal is correlated with the
atomic number and material density.
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_ Busbar

Busbar

Busbar

Figure 7: SEM images of the metallic path in the case of the TCO-clear sample:
(a)—(b) the general cross-section, (c) the cross-section of the track-sub-
strate interface, (d) the electrode detached from the substrate, (e) the
inside of the cross-section.

The interface between the glass, FTO, Al203, and the metallic path was
also examined for the TCO-Al;O3 sample (Fig. 10c). In this instance, a thin
layer of aluminium (III) oxide is prominently visible, appearing notably
darker than the surrounding areas, and it uniformly covers the surface of
the FTO along its entire length. The larger area of charge accumulation
observed on the glass surface (Fig. 10a) suggests that the flow of electrons
from the glass to the FTO may be hindered due to the insulating properties
of AlyO3. While the charging effect (bright, floating image) was observed
for the other samples as well, it was particularly pronounced in this case.
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Figure 8: SEM images (a)-(b) showing the general section and (c) the path-substrate
interface section obtained for the TCO-Cu_ a sample.

T e

Busbar

Figure 9: SEM images (a)—(b) displaying the general cross-section and (c) the cross-
section of the path-substrate interface for the TCO-Ti_a sample.
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Figure 10: SEM images (a)—(b) of the general section and (c) of the path-substrate
interface section obtained for the TCO-Al2O3 sample.
3.5 Energy-dispersive X-ray spectroscopy analysis

The elemental composition of the electrodes was analyzed using EDX spec-
troscopy. Figure 11 presents an example of a spectrum collected from a me-

Intensity [counts]

3 4 5 6 7 8 9 10 11 12
Energy [keV]

Figure 11: An example spectrum collected in the area of the metallic path
from the area of 50 pm x 50 pm.
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tallic track deposited on a TCO-clear sample. The spectrum displays char-
acteristic peaks for copper (Cu) and zinc (Zn) atoms. Furthermore, signals
from silicon (Si) and oxygen (O) are also present. While the presence of
oxygen can be attributed to the oxidation of the metallic track’s surface,
the silicon content may result from the signal originating from the sub-
strate (FTO glass) or a minor admixture of this element to the CuZn alloy.
The former theory appears to be more plausible because, within the energy
range of 34 keV, small peaks emerge from the noise, typical of tin (Sn)
originating from the FTO (SnO3:F) coating on the glass.

The weight percentage of the elemental composition is presented in Ta-
ble 3. Upon analysis of the data, it is evident that the metallic traces pri-
marily consist of copper with a notable admixture of zinc. The weight ratio
of copper to zinc (Cu/Zn) varies and falls within the range of 2.33 to 3.37.

Table 3: Summary of the percentage by weight elemental compositions for individual
samples of metallic paths determined from the collected EDX spectra.

Designation % by welght Ratio
C O Cu Zn Cu/Zn
TCO-clear 8.1 2.7 68.7 20.4 3.37
TCO-Cu_a 5.6 2.1 68.7 23.7 2.90
TCO-Cu_b 4.7 1.8 71.1 22.4 3.17
TCO-Ti_a 6.8 1.9 70.0 21.3 3.29
TCO-Ti_b 4.9 1.9 70.6 22.6 3.12
TCO-AI203 5.0 2.1 64.5 27.7 2.33

3.6 Electrical measurements

The resistance of the busbar is an important electrical parameter that af-
fects the overall efficiency of the module. Lower resistance leads to lower
power losses due to Joule heating and results in higher module efficiency.
Attempts to measure the electrical properties were made on a device for
determining the surface resistance with four probes and a Keithley multi-
meter. In both cases, the results were unclear and difficult to interpret.

A measurement made with a multimeter showed a resistance of around
0.3 Q2. However, this value is lower than the resistance on the measuring
probes, because when shorting them together, the device showed a resis-
tance of about 0.4 2. This value indicates the resistance of the test probe
leads themselves, since the internal resistance of a device of this class is
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negligible. Another measurement was made on a device for measuring the
surface resistance. In this case, the measurement of the current from the
voltage I(U) between the two probes is performed and the measurement of
the voltage from the current U(I) between the other two probes. Both val-
ues should be linear so that the algorithm can handle the calculation of the
resistance and conductivity values of the material. Attempts with different
parameters and measurement locations failed because the I(U) relationship
was exponential. The reason for this state of affairs may be ballistic, and
not diffusion, charge transport in the metallic path resulting from nanomet-
ric channels between sintered CuZn alloy particles. The counterargument
to this theory are the particles visible in the SEM images, the size of which
exceeds 1 um, and the radius of their sintering is significant (large sinter-
ing area between the particles). However, from the measurements carried
out and the I(U) characteristic obtained in the four-probe mode, it can be
approximated that the resistance of the material is less than 0.4 €, which
indicates that it achieves the conductivity of pure metals.

4 Summary

In summary, this research investigated the deposition of metallic busbars us-
ing a high-pressure spraying process on various substrates for photovoltaic
modules. The key findings and observations from this study include:

e Substrate variety: The study examined six different types of substrates
for busbar deposition. These substrates included TCO glass, TCO glass
with metallic copper (Cu) and titanium (Ti) coatings, and insulating
alumina (IIT) (A1203) coatings prepared using physical vapor deposi-
tion and atomic layer deposition processes.

o Busbar thickness: The average thickness of the busbars was determined
to be approximately 125416 pum. There were slight variations in thick-
ness between different substrates, with the smallest thickness of around
65 pm observed at the beginning of one of the busbars.

o Surface topography: The busbars exhibited rough surface topography
at both micro- and nanometer scales. Despite this roughness, they dis-
played low resistivity, making them suitable for photovoltaic applica-
tions.
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Good adhesion: SEM images showed that the CuZn alloy of the bus-
bars adhered well to the fluorine-doped tin oxide surface, as well as
to fluorine-doped tin oxide surfaces covered with Cu, Ti or Al203
nanocoatings.

Material reduction: The study demonstrated that it is possible to re-
duce the amount of copper (Cu) and silver (Ag) used in busbar produc-
tion while maintaining low resistance values. This reduction in material
usage can lead to cost savings in production.

Versatile deposition technique: The presented high-pressure spraying
process is effective for depositing conductive busbars on various sur-
faces, including glass, glass with a conductive layer (TCO), and poly-
mer substrates. The relatively low deposition temperature allows for
its use on different types of substrates, such as glass, TCO-coated glass,
or silicon.

Low resistance: The conductive busbars produced through this method
exhibited low resistance, making them suitable for use in photovoltaic
modules where efficient electrical conduction is essential.

Overall, the research suggests that the high-pressure spraying process is
a promising technique for manufacturing cost-effective and efficient bus-
bars for photovoltaic modules. It offers good adhesion, low resistance, and
the potential for reducing material costs, which are all important factors
for improving the performance and cost-effectiveness of solar energy gener-
ation.
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Abstract The paper presents the first off-grid system designed to supply
electricity to the equipment mounted on components of the district heat-
ing network in district heating chambers. The proposed off-grid system is
equipped, among other things, with a turbine and a generator intended for
electricity production. On-grid power supply is a common way of providing
electricity with strictly defined, known and verified operating parameters.
For off-grid power supply, however, there are no documented testing results
showing such parameters. This paper presents selected results of tests and
measurements carried out during the operation of an off-grid supply system
powering the equipment installed in a district heating chamber. The values
of voltage obtained from a turbine-driven generator are analysed in detail.
The analysis results can be used as the basis for further works aiming to op-
timize the off-grid system of electricity supply to devices installed in district
heating chambers.
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1 Introduction

District heating has been faced with increasing goals and developments
over the years [1]. This is largely the effect of increasing environmental re-
quirements. The year 2014 marked the introduction of the 4th generation
(4G) district heating [2], which is characterized by low supply temperatures
(below 70°C) and digitization of district heating systems and nodes. The
premise of the 4G district heating was to increase the efficiency of the dis-
trict heating system and reduce the use of fossil fuels by integrating the
network with low-temperature energy sources, such as geothermal sources,
waste heat or solar collectors. Research projects on the 5th generation (5G)
district heating networks were performed as early as in 2015 [3]. This gen-
eration assumes an additional cooling function and supply temperatures
below 50°C. In addition, the 5G network will no longer have a central
source but distributed sources. An example work with a focus on 5G net-
works is [4], dedicated to a 5G heating and cooling network for a residential
district. It presents the design and a thermal and economic analysis of such
a novel network.

The technical and economic aspects of the application of adsorption
refrigeration devices to generate cool using hot water from a district heating
network are the subject of [5]. The paper studies the operation of adsorption
air-conditioning units co-operating with a dry cooler.

The future of district heating necessitates the introduction of new energy
sources (such as renewable sources), as well as other modern solutions inte-
grating and controlling parameters of transmitted thermal energy. The au-
thors of [6] note that with the development of renewable energy sources and
their application in district heating, district heating systems will become
increasingly complex. They present the results of an analysis conducted,
among others by means of artificial neural networks, and concerning op-
timization of the operation of combined heat and power (CHP) plants.
A combined heat and power plant is also the subject of [7]. The paper
emphasizes that for efficient operation of such a cogeneration system, it
is necessary to provide short-term prediction of the heat demand within
the horizon of the next day. A method of hourly forecasting of the heat
load was proposed. The results of such off-season forecasting in a real dis-
trict heating system are presented. Optimization issues are also addressed
in [8]. Two mathematical models for the network operation optimization
are presented. A detailed analysis is conducted of thermal energy storage
in pipelines. Energy storage in district heating systems is also the focus
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of [9], which presents the concept and implementation of droop control for
a district heating network. The characteristics of the droop between the
heated water temperature and the share of power in the thermal energy
storage tank are developed for a district heating network using the analogy
with the droop control in a direct current (DC) electrical network.

The development of district heating networks also requires the ability to
simulate heat and pressure losses in the network. For this purpose, power
companies use simulation software. Such software must include fast and
efficient numerical methods that produce accurate and stable results [10].

In recent years, the topical issue has been smart district heating networks
(SDHNs), in which the processes of the operation management (through
data monitoring and gathering) and control are improved. In order to build,
and first of all operate a SDHN, it is necessary to equip it with automatic
devices and elements for monitoring and regulation. However, such devices
need to be supplied with power, and the access of district heating network
facilities (such as district heating chambers) to the power grid is often
difficult. This involves the need to create an alternative source of power
supply, referred to as off-grid power supply [11], characterized by no access
to the power grid, but having its own local source of voltage. The literature
survey indicates that so far off-grid power supply has not been analysed, let
alone utilized to supply electricity to devices of district heating facilities,
such as the district heating chamber. Consequently, there is no experience
related to the selection of electrical components making up an off-grid power
supply system. There are also no verified algorithms for the control of the
operation of an off-grid system being an alternative source of power supply.

The structure of a SDHN requires transition from district heating and
power grid networks being traditionally independent to systems which are
actively coupled. The district heating network thus has to be increasingly
co-ordinated with the power grid. The expected outcome is a smart system
integrating industries that have up till now been independent [2]. The au-
thors of [12] indicate that SESs will fulfil an important role in implementing
sustainable energy systems. A method of technical assessment of actively
coupled district heating and power grid networks is proposed in [13].

The processes of integration and optimization of multiple energy net-
works (electricity grid, district heating grid, gas grid) are important issues
in the building industry as well. This will help to increase the flexibility of
future SESs that also use renewable energy [14].

The need to construct a SDHN contributed to the construction of the
first off-grid system supplying power to a district heating chamber using
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a turbine-based pressure controller (TPC) [15]. The turbine was installed
on a pipeline belonging to the Municipal Heat Supply Company in Krakow.
This paper presents the results of measurements performed during the op-
eration of the first district heating chamber supplied with electricity by an
off-grid power supply system. As indicated by the literature survey, this
issue has not been analysed yet.

2 Technological description of the modernized
district heating chamber

The off-grid power supply system located in the heating chamber of the
Municipal Heat Supply Company in Krakow (Fig. 1) is the facility for the
testing and analysis of the off-grid system operation. The district heating
chamber (Fig. 2) was retrofitted to satisfy the needs of the tested off-grid
power supply system. It was equipped with a TPC mounted on the pipeline.
The turbine drives the generator. The main turbine and generator param-
eters are shown in Tables 1 and 2, respectively.

Pressure
transducer B31A

Valve MV1 Valve MV4

District heating pipeline Turbine Generator
Figure 1: Fragment of the system in the district heating chamber.
The system located in the district heating chamber was extended by a by-

pass of the main return pipeline (DN 350). The bypass has the DN 250
diameter and branches into three pipelines:
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e DN 100 pipeline, on which the turbine is located along with the gen-
erator and the MV1 valve,

e DN 100 pipeline, on which the MV2 valve is located,

e DN 250 pipeline, which is equipped with the MV3 valve.
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Figure 2: Flowchart of the district heating chamber: G31— generator with the turbine;
MV1, MV2, MV3, MV4 — valves; U31 — flowmeter; B12, B22, B31A, B31B —
pressure transducers.

Table 1: Turbine parameters.

Type Etanorm 32-250
Capacity 19 m3/h
Delivery head 30 m
Rotational speed 1020 min—!

Table 2: Generator parameters.

Type GV 100L8
Rated power 2 kVA
Rated voltage 28V
Rated current 419 A
Rotational speed 1020 min—!
Frequency 68 Hz
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To protect the off-grid power supply system against too low a flow rate
of the heating medium driving the turbine, a DN 100 pipe was added to
connect the supply and the return of the district heating network. The pipe
connects the main feed pipeline (DN 350) to the DN 100 pipeline on which
the turbine is installed. The medium flow through this connection is opened
when the turbine is not operating (due to a small flow on the bypass) and
at the risk of discharging the accumulators.

The pipeline in the district heating chamber is fitted with four pressure
transducers (B12, B22, B31A, B31B), a flowmeter (U31) and four electri-
cally driven control valves (MV1, MV2, MV3, MV4). These elements are
powered by the off-grid supply system. The B12 pressure transducer mea-
sures the pressure on the main DN 350 feed pipeline, transducer B22 is
used to measure the pressure on the main DN 350 return pipeline of the
district heating network, while transducers B31A and B31B, respectively,
measure the pressure upstream and downstream of the turbine. Flow me-
ter U31 is used to measure the heating medium volume flow rate through
the turbine. The task of valves MV1, MV2 and MV3 is to maintain the
set value of the pressure in the return pipeline. Valves MV2, and MV3
maintain the set disposition and do not allow the return pressure B22 to
be exceeded. Valve MV1 determines the appropriate operating point of the
turbine. The medium flowing through valve MV1 drives the turbine located
after it (G31). Valve MV4 operates only if a threat arises of complete dis-
charge of the accumulators and no energy production by the generator due
to too low a flow through the turbine. The MV4 valve is only opened for
emergency charging of the accumulators.

The reason for installing the turbine on the bypass of the return pipeline
was the medium lower temperature. The assumed mass flow rate through
the chamber totals 97.22 kg/s in the winter period and 5.56 kg /s in summer.
The main DN 350 return pipeline is closed and the entire heating medium
flows through valves MV1, MV2 and MV3, i.e. through the bypass created
during the chamber modernization.

3 Description of the tested facility electric
system
The tested facility electric system (Fig. 3) includes the system of the elec-

tricity generator, the system of the valve drives, the system of the dewater-
ing pump, the system of the cabinets with the control and measuring ap-
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paratus and the lighting system. Measurements of the following quantities
are performed on the off-grid power supply system: pressure, the medium
volume flow rate through the turbine, the desired degrees of opening of the
valves along with their actual positions, the voltage coming out of the gen-
erator after passing through the bridge rectifier, and the voltage supplying
the equipment through the off-grid system. Trend logs are created for the
measured quantities for data archiving.

The analysed off-grid power supply electric system (Fig. 3) is built based
on an alternating current (AC) generator with voltage in the range of 24—
28 V, driven by a water turbine mounted on the return pipeline of the dis-
trict heating network. The supply from the electric current generator is fed
to the controller through an alternating current/direct current (AC/DC)
system. The system was built using the maximum power point tracking
(MPPT) solar charge controller intended for off-grid photovoltaic (PV) sys-
tems, where voltage is obtained from PV panels. Two in-series configured
12 V 24 Ah accumulators are connected to the charge controller. The system
is equipped with an accumulator protection module which ensures continu-
ity of the 24 V DC supply and appropriate control of the charging of the
accumulators. The maximum consumption power of the devices installed
in the chamber, i.e. the electric drives of the valves, the dewatering pump,

JUL 24VDC
24VDC B5A
MPPT
type controller

Battery
protection
module

Py BATTERY
= +

Qo1 f ———————————— N \
32A
R S Mt | —_———— e e a4 —_—————————— -
u Ug
G ol
BB | G31 I =
Switchboard
GV 100L-8 GenerVolt T SATAA SA witchboart
PaT o 2 e S
ETN-50-032-250 GG 60Ah 60AR

Figure 3: Diagram of the electric system of the generator connection to the controller:
G31 — turbine with generator, U02 — MPPT controller, U03 — accumulator
protection module, BAT04A, BAT04B — accumulators, SA — switchgear, Q01
— circuit breaker, F02, F03 — fuses, HO5 — lamp.
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the chamber lighting and the control system, totals 440 W at the supply
voltage of 24 V DC.

3.1 Characteristics of the electric system elements

The off-grid power supply system consists of two main parts: the generation-
storage and the power-receiving components. The generation-storage sec-
tion includes a synchronous generator with permanent magnets, a charge
controller, an accumulator protection module, and accumulators. The po-
wer-receiving part encompasses valve drives, a dewatering pump, a lighting
system, and electrical cabinets.

A charge controller with the MPPT function is integrated into the off-
grid system. The MPPT function continuously monitors the voltage and
current intensity generated by the generator (at the controller input). Un-
like conventional pulse width modulation (PWM) controllers, the MPPT
controller can harness the maximum power produced by the generator. This
maximizes the efficiency of energy utilization for charging the accumulators
and powering other devices. The charge controller used in the system is de-
signed with a maximum open-circuit voltage of 100 V, a rated charging
current of 50 A, an accumulator voltage of 24 V, and a nominal power out-
put of 1400 W at this voltage. The operating temperature range extends
from —30°C to +60°C. To ensure safety, the off-grid system adheres to safe
DC voltage parameters. Safe voltage refers to a voltage level that does not
pose a risk to human health or life. Considering that the heating chamber
can be classified as a wet environment, the safe voltage threshold is set
at 30 V DC.

The installed accumulator protection module serves the dual purpose of
preventing the accumulators from complete discharge, which could poten-
tially damage them, and safeguarding them against a power drop below the
level required for the engine to start. The accumulator protection function
operates by disconnecting the accumulators from less critical power con-
sumers. This module automatically detects the system voltage and provides
overvoltage protection to prevent damage to power receivers. Additionally,
it includes an alarm system that notifies users when the accumulator volt-
age falls too low. The initial off-grid system installed in the district heating
chamber was constructed using two 12 V 60 Ah gel accumulators connected
in series to store electricity.

Below, you will find an overview of the analysed operational parameters
of the off-grid power supply system during real chamber operations.
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3.2 Quantities measured in the district heating chamber

The quantities measured in the off-grid power supply system in the district
heating chamber are provided at the beginning of Section 3 above. Pres-
sure is measured using pressure transducers, where the measuring element is
a piezoresistive silicon sensor, separated from the fluid by a diaphragm and
a selected manometric liquid. The pressure transducer’s measuring range
is from 0 to 2.5 MPa, and the output signal falls within the range of 4—
20 mA. The intrinsic error of such transducers amounts to +0.1%. The
medium volume flow rate through the turbine is measured using an Axonic
ultrasonic flow transducer with a measuring range of 0.1 m3/h to 55 m3/h
and Class 2 accuracy, compliant with the PN-EN 1434 standard. The posi-
tioning tolerance of the valves installed in the chamber is +5%. Voltage is
measured using MB-1U-1 voltage transducers [16], which have a maximum
measurement error of 0.5%, with a processing error totaling +0.5%.

3.3 Archiving of measurement data

All measured quantities are systematically archived in the supervisory con-
trol and data acquisition (SCADA) system. Additionally, a synoptic dia-
gram of the district heating chamber has been created in the system (Fig. 4).

supply voltage

of the equipment v A
Drain with
ball valve

28V DC Drain with

ball valve

district heating network - supply Ball valve Ball valve

Drain with
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Ball valve f
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Figure 4: District heating chamber synoptic diagram in the SCADA system.
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This diagram allows for the online tracking of various parameters related
to the chamber’s operation.

4 Measurement results and their analysis

The operation of the off-grid power supply system during the heating sea-
son is shown in Figs. 6, 8, 10, and 12, while Figs. 5, 7, 9, and 11 illustrate
operation beyond the heating season. Figures 5-11 show the 24-hour mea-
surement series at one-minute intervals, while Fig. 12 represents the 24-
hour measurement series at five-minute intervals. Figures 5 and 6 show the

Heating chamber 24-hour operation - off the heating season
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Figure 5: Supply and return pressure values of the district heating network main pipeline
in the chamber — off the heating season.
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supply and return pressures of the district heating network main pipeline.
The pressure on the supply beyond the heating season (Fig. 5) oscillates
around the value of 9.5 bar, whereas during the heating season (Fig. 6) it
is between 10 and 12 bar. It can be observed that both the supply and the
return pipeline of the district heating network operate with greater stability
during the heating season.

The values shown in Figs. 7 and 8 represent the pressures upstream and
downstream of the TPC on the return pipeline, beyond and during the
heating season, respectively. The pressure upstream of the turbine both
during and beyond the heating season totals about 5.5 bar. More frequent

Heating chamber 24-hour operation - off the heating season
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and larger fluctuations in the pipeline pressure are visible off the heating
season compared to the network operation in the heating season. Off the
heating season, the district heating network supplies the heating medium
mainly to the domestic hot water (DHW) system. The discontinuous nature
of the operation of the domestic hot water system can cause pressure fluc-
tuations in the district heating network off the heating season. The pressure
downstream of the turbine beyond the heating season is more stable and
oscillates around 3.8 bar (Fig. 7). During the heating season, the pressure
downstream of the turbine also looks stable (Fig. 8). However, mild changes
from about 3 bar to about 5 bar can be seen over a period of 5 h of op-
eration. The so-called disposition, i.e. the difference between the pressure
value upstream and downstream of the turbine, both in and beyond the
heating season, varies between 0.9 bar and 2.2 bar.

Figures 9 and 10 show the curves illustrating changes in the heating
medium volume flow rate through the turbine, the history of changes in the
generator output voltage (after passing through the bridge rectifier) and in
the accumulator voltage beyond and in the heating season, respectively.

Heating chamber 24-hour operation - off the heating season
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Figure 9: Turbine flow rate, generator voltage, and accumulator supply voltage
(off-heating season).

The voltage at the accumulator output supplies the receivers included in
the equipment of the district heating chamber and being a part of the off-
grid power supply system. It follows from the analysis of the figures that the
accumulator voltage beyond the heating season is 24 V DC (Fig. 9), while
during the heating season it is 28 V DC (Fig. 10). This is a correct range of
changes in the value of the device supply voltage, which is maintained by
the MPPT controller. The voltage value at the generator output beyond
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Heating chamber 24-hour operation - during the heating season
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Figure 10: Turbine flow rate, generator voltage, and accumulator supply voltage
(heating season).

the heating season varies strongly and ranges from 23 V to 40 V DC, with
occasional measurement results between 40 V and 45 V DC (Fig. 9). During
the heating season, on the other hand, the generator voltage is characterized
by slightly more stable values, but in a higher range of values from about
30 V to about 48 V DC (Fig. 10). The fluctuations in the generator output
voltage are caused by fluctuations in the volume flow rate and pressure
of water in the district heating network. Even a slight change in these
parameters involves a change in generated voltage, which can clearly be
seen especially in the case of changes in the water volume flow rate. In the
range of about 9 m?/h the water volume flow rate results in the generation
of voltage of about 25 V DC. An increase in this quantity to about 12 m?/h
translates into a much higher voltage, oscillating around 48 V DC.

The next two figures (Figs. 11 and 12) present the operation of valves
under real conditions of the chamber operation. It is very useful to take
advantage of the capability of the actuators to provide a feedback signal
representing the valve actual position. By comparing the set value to the
value from the positioner, it is possible to detect an emergency condition
of the network. Such a condition can be seen in the part of Fig. 12 marked
with the letter A, when, for example, a foreign object not captured by the
filter gets under the valve and blocks the actuator operation. Beyond the
heating season (Fig. 11), the MV3 valve is mostly in the closed position,
with minor adjustments made within a 24-hour cycle. However, it plays
a much bigger part in the regulation of the network operation during the
heating season. Both off and during the heating season valves MV1 and
MV2 are usually in the open position.
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Heating chamber 24-hour operation - off the heating season
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Figure 11: Valve set point and positioner (off-heating season).
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Figure 12: Valve set point and positioner in the district heating chamber (heating season).

5 Conclusions

The conducted analyses of the off-grid power supply of the district heating
chamber show how much the voltage generated by the permanent magnet
synchronous generator is affected by the flow rate of the medium through
the turbine. The biggest problem is the high voltage values at the generator
output and their considerable variability. This raises the question of where
the problem lies. The solution may be selection of a turbine with parameters
more suited to the operating conditions of the district heating network. On
the other hand, the problem solution can just as well be found on the
generator side. Measurements carried out in different periods of the district
heating network operation (in and beyond the heating season) provide a lot
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of information that should help in further works aiming to improve off-grid
power supply.

The result of the work on the off-grid supply of the district heating cham-
ber is local power generation. It enables visualisation of district heating
network parameters at a given point and its control. It has been observed
that the equipment selection (such as a turbine and generator) for an off-
grid power system requires an individual approach. Namely, it is necessary
to take into account the operating parameters of the grid at the off-grid
location and to determine the electricity demand of the equipment supplied
by the off-grid system.

Off-grid electricity generation to supply the district heating network fa-
cilities, such as heating chambers in the first place, offers great opportunities
for the development of district heating. The off-grid power supply technol-
ogy will not only enable but also speed up the development of smart district
heating networks.

Received 31 May 2023
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Abstract The main goal of today’s car designers is to minimize fuel
consumption in all possible ways at the same time maintaining the vehi-
cle’s performance as usual. The goal of this work is to study the effect of
adding a vortex generator (VG) on the aerodynamics of the vehicle and
fuel economy. Both theoretical and experimental works were carried out
and the outcomes of the numerical simulations are contrasted with those
of the experimental results. A utility vehicle model with a scale ratio of
1:15 was used as a test model. Experimental research has been done on the
fluctuation of the coefficient of pressure, dynamic pressure, and coefficients
of lift and drag with and without VG on the roof of a utility vehicle. The
delta-shaped VG was put to the test both numerically and experimentally.
At a velocity of 2.42 m/s, it is observed that the addition of VG can raise
the pressure coefficient by about 17%. When compared to the vehicle model
without vortex generators, the velocity profile of the ccomputational fluid
dynamics analysis shows that at the back end of the vehicle, the wake has
been minimized with VG.
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Nomenclature

—  projected area, m?

A
Cho —  coefficient of drag
CL —  coefficient of lift

' —  pressure coefficient
D — drag force, N
H

—  height, m
I/H — interval to height ratio
L —  lift force, N
D —  static pressure, N/m?
Py — dynamic pressure, N/ m?
Poo —  total pressure, N/m?
Re — Reynolds number
S — user-defined source term
Sij —  strain tensor
t —  time, s
Uss — velocity of air, m/s
u — relative speed of air, m/s
u; — components of velocity in z;-direction, m/s
T — coordinate along scale model centreline, mm
x; — Cartesian coordinates, m

Greek symbols

o — yaw angle, deg
poo — density of air, kg/m®
d;j — stress sensor
o - viscosity
Acronyms
CFD - computational fluid dynamics
VG —  vortex generator

1 Introduction

An aerodynamic component known as a vortex generator (VG) is a tiny
vane attached to a body to produce a vortex. They are used in a variety of
applications, including those in road vehicles, ships, turbines, and aircraft
wigs [1]. To keep the airflow constant over the control surfaces at the back
of the moving wing or a body, vortex generators are used. They are often
made in a rectangular or triangular shape to a size of 10 to 20 mm [2].
For passive control of shock Wave/boundary-layer interactions, vortex gen-
erators are researched by both theoretical and experimental methods by
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researchers [3,4]. The exact methods by which they operate at high speeds
are still a debate [5,6].

The review of the literature shows that vortex generators (VGs) alter the
boundary layer’s internal structure to increase its resistance to separation.
Some researchers contend that the mixing of the free stream with the trail-
ing vortices energizes the boundary layer[7, 8]. However, it would appear
that no experimental or computational findings have been made to back
up this assertion. The compactness of VGs provides a practical advantage
over their conventional counterparts [9,10].

Generally, analyzing the flow over an object with add-on devices like
a vortex generator in a wind tunnel is expensive [11,12]. The cost of the wind
tunnel, measuring equipment and the number of test runs necessary for add-
on device optimization for drag reduction is money and time-consuming.
These expenses can be eliminated by using computational fluid dynam-
ics (CFD) simulations. Aerodynamic simulation utilising offers a quicker
turnaround time and will only cost a fraction of the price of the wind
tunnel or road testing today due to the decrease in computational cost as
well. The Reynolds-averaged Navier—Stokes equations (RANS equations)
and turbulence modelling equations can thus be solved to analyse the flow
over vehicles and produce results that are close to realistic [13,14].

The amount of power needed for a car travelling at constant speed on
a flat road to overcome tyre rolling resistance is about 20% of engine output
and aerodynamic drag is about 80% of engine output. While the rolling
resistance nearly stays constant as speed increases, the power required to
overcome aerodynamic resistance (drag) increases dramatically with the
vehicle speed as shown by the relationship

1
Power(Required) = ichooAUgo : (1)

Though fuel-saving technology has been the main focus of both vehicle
manufacturers and researchers, studying the aerodynamic impacts of vehi-
cles is crucial given the considerable increase in passenger cars around the
world. So this study’s main goal is to look at the influence of adding a VG
on aerodynamics and fuel consumption. Before conducting the experimen-
tal studies, to check the merit of the VGs to reduce drag, a CFD analysis of
the flow above utility vehicles with vortex generators with different interval
to height (I/H) ratios was also carried out. Followed by the theoretical
study, the fluctuation of the static pressure, dynamic pressure, and coefli-
cients of lift and drag with and without vortex generators (VG) on the roof
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of a utility vehicle has been experimentally explored in the current work
at varied I/H ratios of VG. This work focuses on researching aerodynamic
drag as well as generated lift caused by airflow over the vehicle at various
free-stream velocities.

2 Experimental details

2.1 Design of vortex generator

To establish a feasible configuration of a vortex generator the determination
of the design aspects (variables) for the construction of a VG is essential.
Based on the analysis and suggestions from earlier studies, most of the
variables were fixed or the degrees of freedom is limited [15]. The shape
selected for this study was a single vane-type delta (triangular). Due to their
simplicity and widespread usage vane type VGs are more appropriate for
installing to the vehicle body. The most typical application of delta-shaped
VGs was on aircraft wings [16]. Based on the presumption that the ideal
height of the VG would be almost equal to the boundary layer thickness, the
thickness of the boundary layer is measured in relation to height [17]. The
velocity profile on the car’s roof is depicted in Fig. 1. According to Fig. 1,
the boundary layer thickness is found to be around 2 mm at the roof end
directly in front of the separation point. The ideal height for the VG is
therefore thought to be up to about 2 mm. To create a stiffer construction,
the VG thickness was maintained at 0.5 mm. The length was measured in
relation to the VG’s height. In these experimental VGs, the length-to-height
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Figure 1: Velocity profile on roof.
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ratio is 2, and the yaw angle is 15° to the direction of the airflow. This ratio
was used to arrange a single row of VG with 8 members of VG on the roof,
as illustrated in Fig. 2.

Direction of flow
o

. L l

Figure 2: Dimensions of the vortex generator.

The distance (I) between each VG in a row is described in this paragraph.
At 5 mm from the end of the roof, one row of VG was mounted. Based
on measurements of the boundary layer and the streamline’s separation
point on the roof, this position was fixed. To reduce weight and potential
production costs, there was only one row installed with different I /H ratios
of 5, 6, and 7, the delta-shaped VGs. However, it was observed that the
direction of wind varied at the side points on the roof. At the centre of
a vehicle, the airflow is parallel to the backward direction and gradually
deviates towards the centre as the measurement point moves away from
the centre. Figure 3 depicts the way of arrangement of vortex generators.

Figure 3: Arrangement of vortex generators in a row.
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2.2 Experimental model

A utility vehicle model with a scale ratio of 1:15 was the test model used for
this study. Figure 4 depicts the vehicle’s scale model. The scaled model mea-
sured 0.290 m in length, 0.108 m in width, and 0.1 m in height. A 0.5 mm
thick galvanised sheet metal was used to make this model. The same sheet
metal was used to create the vortex generators, which were cut into pieces
and gas welded onto a base plate. A fastener was used to secure the base
plate to the scaled model’s roof.

Figure 4: Scale model.

As illustrated in Fig. 5, 0.2 mm diameter holes were made on the vehicle
body’s centre line starting from the front end to the back end of the vehicle
to measure the static pressure above the body. There are 15 pressure tapings

Figure 5: Location of pressure taps.
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randomly employed, the roof of the car had five tapings, three of them on
the back, and seven on the front. These tapings are bonded with the help of
metal paste from the bottom side of the model with the sheet metal surface.
Silicone tubes are used to connect the pressure tappings to a 20-way single
selection box (like a multiplexer), which is followed by a digital manometer,
where the pressure difference is then measured.

The test section of an open circuit wind tunnel (Altech, India) [18] was
0.09 m?. Figure 6 depicts the wind tunnel’s schematic layout. The test
section’s length was 1 m, while the wind tunnel’s overall length was 6 m.
For suction, a 2.5 HP electric motor was employed. The yaw angles used
in the wind tunnel testing ranged from 15° in both directions. The scale
model of the car has a frontal area of 0.0108 m?. Concerning the model,
it is estimated that the blockage ratio is around 9.2% of the test section.
In the test part of a wind tunnel, a micromanometer (Furnace Control
Ltd.) was used to measure the relative airspeed. The dynamic pressure
fluctuations along the centre line of the vehicle body were calculated using
this relative air speed measurement. The accuracy of a micromanometer
is 0.5%. According to the SAE Wind Tunnel Test protocol, the velocity
uniformity is 0.96% or 1% [19].

P a
= 3

ia
i
H
= =
& o

5

Figure 6: Experimental setup: 1 — air filter, 2 — car model, 3 — axial fan duct, 4 — test
section, 5 — force display unit, 6 — micromanometr, 7 — 20-line single way
selection box.

The experiment’s main goal was to evaluate the drag force, pressure fluc-
tuations, and relative speed on the front, roof, and back along the centre
line at different wind speeds. The test model is mounted on a platform
which is fastened to a three-axis load cell which enables the measurement
of drag and lift force. Figure 7 shows the photographic view of the mount.
This load cell converts the variation in position caused by force into an
equivalent change in resistance. The output of the load cell is connected to
a display unit.
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Figure 7: Platform on which model is fixed.

2.3 Experimental analysis

The pressure coefficient (Cp) which is a dimensionless quantity charac-
terises the relative pressures present throughout a flow field. For the study
of the low-speed flow of compressible fluids like air, the pressure coefficient
is a helpful metric. The relationship between the dimensional parameters
and the dimensionless coefficient is as follows:

P — P
= - 5 2
b pooUgo @)

where poo, Uso, and po, are the total pressure, air velocity and density of
air, respectively.

The Bernoulli equation for incompressible flow yields the dynamic pres-
sure (P;), which is given by

Pi=p+ %"u?. (3)
In the equation above, pressure (p) and speed (u) along a streamline are
related. The total pressure, according to Bernoulli’s equation, is the sum
of static and dynamic pressure. In places with high local velocities, the
equation predicts low pressure, and wvice versa. The resultant force that is
parallel to and opposes the flow is known as the drag force (D). The drag
coefficient (Cp) is calculated empirically, which allows the results to be
independent of the actual vehicle dimensions. Drag is related to the drag
coefficient as follows:

1
D= §CDpooAU§o : (4)
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The part of the resulting force that is perpendicular to and in opposition
to the flow is known as the lift force (L). The relationship between lift force
and the force of the relative fluid,

1
is represented by the value of C7..

2.4 Computational fluid dynamics analysis

Without much expense and time, CFD techniques can be effectively used
to visualize the flow pattern of the geometry or fluid flow over a surface
when the flow is laminar. When the flow becomes turbulent, it is impossible
to solve the Navier—Stokes and continuity equations analytically. Reynolds
stress originating from the time averaging process was a problem that re-
quired a time-averaged Navier—Stokes equation (Reynolds averaged Navier—
Stokes equations, RANS), along with turbulent models, to resolve. The
fundamental mathematical equations that control computational fluid dy-
namics are the equations of continuity (conservation of mass), the equation
of momentum (Navier—Stokes equation), and the equation of energy (con-
servation of energy). Only the continuity and momentum equations out of
these governing equations are important for automotive flow problems in-
volving external aerodynamic flow. Combining the transient term with the
advection/convection term results in the following representation of the
continuity equation:

8poo 8(poouj)

8t + 85[3]'

where p is the density of air, ¢ is the time, x; are the Cartesian coordinates
and u; are the components of air velocity in x;-direction (j = 1,2, 3).

The transient, advection/convection, diffusion, and source terms can be
used to present the momentum equation as

Opoctti | O(pscujui) 0 [ Ou; ,
ot + 8a:j = a.Tj Maxj Si

=0, (6)

(7)

where p is the viscosity and S; is the user-defined source term.

The mean flow impact is more prominent in a real-world automobile flow
problem. Therefore, a statistical method is employed for the vast major-
ity of flow issues including turbulence by time averaging the momentum
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and continuity equation to account for the mean velocity of the flow. The
instantaneous flow velocity is split into mean velocity (U;) and variable
velocity (u;) components using the time-averaging approach as

ui:Ul-—i—u;. (8)

The Navier—Stokes equation is then created by converting the momentum
equation to its simpler conserved version, which is

ou; Ipou;) 1 Op 10 Oou;
ot + or; pooﬁxi+p8xj 'uﬁacj 5,

(9)
where the diffusion term in its original form is written as

1 0 Gu, 1 0 2 auz
- = —— (2 i — = =20 | , 1

where S;; denotes the strain tensor components and ¢;; is the stress sensor.
The last term on the right side of the equation denotes the impact of volume
dilation.

After averaging the mean and variable velocity components over time,
the Reynolds averaging Navier—-Stokes equation is produced and is repre-
sented as

aﬂi -0 (pooﬂi) _ 1 @]3
ot U 0x; P O

1 0 2 Ouy 0 —

— (2 i'_*izi' 7_00{/, . 11
* Poc 0T ( 1S 3/18%53) + Ox; ( P uzu]) +8 (11)

where —u;u; is the Reynolds stress term, here the over-bar denotes a time
averaged quantity and prime denotes the deviation from the average.
The corresponding time-averaged continuity equation can then be writ-

ten as
8uj

aZL'j

The system of equations for a three-dimensional flow consists of three
RANS equations and a continuity equation, for a maximum of four equa-
tions. Four equations, however, require the system to be closed up for ten
unknowns. One mean pressure, three mean velocities, and six Reynolds
stresses make up this. As a result, more equations are required to finish the

= 0. (12)
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system. By simulating the Reynolds stress factor in the RANS equation,
the closure of the system can be achieved. This also goes by the name of
‘turbulence modelling’. The turbulence model employed will have an impact
on how realistically the RANS equations represent the flow [15]. The gov-
erning equations for kinetic energy and dissipation in the RNG k-¢ model
are as follows:

Equation of turbulent kinetic energy

1 0

0 Uef OT
Jgot (Poo\/9) + o, (Pooujl“ - = )

oy 0x;

3 ou; ou;
= Lt (P—l— PB) — Poc€ — = (“taz +pooz> gt (13)

2 i aIL'Z ’
where
Heff = U + Mt
3ui
P=25,—
1) 83}] 9
py—_ Y 1 9pss
Oht Poo ox;

and /g is the determinant of the metric tensor, g; is the component of the
gravitational vector in the ith direction, x is the coordinate along X-axis,
Left 1S the effective viscosity, and p; is the turbulent viscosity, oy is the
turbulent Prandtl numbers for £, 0}, ¢ is the k-e turbulence model coefficient,
€ is the rate of dissipation, and p is the density of air:

1 0 0 Ueff O€
(V9poct) +% (pooujs - H)

%a 7 O¢ 8l‘j

£ Ou;
- El; {,ut (P + CE3PB)} - 054/0005871:1'
20,8 ( Oui | ) Oui
3 8156 e 8561 Poot 81‘1
n
cun? (1 - >
- C 25 _ " 7o )00052 (14)
“x 1+ B3 x

where n = Sf, S = (2SijSij)1/2, S is the magnitude of the rate of strain, o,
€
is the turbulent Prandtl number for ¢, C,;, C.1, Cea, Ce3, and Cy4 are con-

stants, 79 is the creeping viscosity, (3 is the coefficient of thermal expansion.
The RNG theory gives values of the constants [16].
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Ansys software was used for the numerical analysis [20]. In order to
create a three dimensional CAD model Solidworks software was used [21].
Complete surface and wireframe data were produced. The Initial Graphics
Exchange Standard (IGES) format was then used to translate this data [21].
The vehicle used in the CFD simulations is depicted in detail in Fig. 8.

Figure 8: CAD model of the vehicle.

The CAD model of the car was improved using Ansys geometry modeller
because the model had an excessive number of intersecting surfaces and free
edges. The computational space has the following measurements: 1.5 times
the height above the ground, 3 times the breadth sideways, 5 times the body
length downstream, and 3 times the length upstream. A suitable number
of grid points were assigned to each subblock of the computational domain
after it had been partitioned into many logical blocks. The domain was
split in half using a symmetry plane to reduce calculation time, and the
resulting meshes had 1.1 million fluid cells. For each of the many wind
tunnel domains, a different meshing characteristic was used.

Despite the varied approaches, both domains utilised the same arrange-
ment of hexahedral core cells. These components are easily adaptable to
the intricate bodies used in aerospace and automotive bodies. The utility
vehicle utilised in the experiment’s original 1/15th scale model was utilised.
The ICEM Meshing tool from Ansys was used to complete the meshing.
The vehicle’s meshed geometry is depicted in Fig. 9.

Before starting the simulations, the solver setup must be finished for the
numerical analysis issue. The viscosity model, boundary condition, solution
controls, and solver type (3D or 2D) are all included in the solver settings.
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Figure 9: Meshed geometry of the vehicle.

The terms ‘velocity inlet” and ‘pressure outlet’ are used to describe the inlet
and outlet of a wind tunnel, respectively. The temperature and density
of the typical ambient environment were taken into consideration when
calculating the fluid characteristics. In the near-wall region, a typical wall
function was used. At the input of the flow domain, the mass flow rate
and static pressure were imposed. When the total momentum residuals
had decreased by at least three orders of magnitude and the monitored
flow velocities and flow characteristics had not significantly changed after
additional iterations, the calculations were stopped. On a machine with 32
GB of RAM and 16 parallel processors, the typical solution time for a mesh
with 1.1 million cells was roughly 36 hours.

3 Results and discussions

3.1 Experimental results

Variations of pressure coefficient, dynamic pressure, coefficient of drag and
coefficient of lift for different arrangements of VG’s with different I/H
ratios at different free stream velocities are presented in this section.

3.1.1 Pressure coefficient

Figure 10 depicts the pressure coefficient change along the scale model’s x
coordinates at a free stream velocity of 2.42 m/s. From the figure, it can
be seen that the pressure coeflicient value without VG is lowest at the x
coordinate of around 240 mm, while it is at its highest when VG has an
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Figure 10: Variation of C}p at Uss = 2.42 m/s for different values of I/H ratio.

I/H ratio of 6. This is because the boundary layer’s thickness is almost
identical to the I/H ratio of 6. Figures 11, 12, and 13 depict the pressure
coefficient change along the scale model’s x coordinates at corresponding
free stream velocities of 3.7, 5.42, and 7.14 m/s. It is clear that for different
values of the I/H ratio, the values of the pressure coefficient do not change
appreciably as the velocity increases. This is due to the inverse relationship
between the boundary layer thickness and Reynolds number, which means
that at higher velocities, or higher Reynolds number, the boundary layer
thickness becomes too tiny and prevents the effect of the I/H ratio of VG
from being realised.
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Figure 11: Variation of Cp, at Usx = 3.7 m/s for different values of I/H ratio.
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Pressure Coefficient

Figure 12: Variation of C), at Us, = 5.42 m/s for different values of I/H ratio.

Figure 13: Variation of C) at Uss = 7.14 m/s for different values of I/H ratio.
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It is intriguing to note that the presence of VG can raise the pressure
coefficient by about 18% at a speed of 7.14 m/s. Similarly, with an I/H
ratio of 6, adding VG can raise the pressure coefficient to a maximum of
approximately 26% and 20% at velocities of 5.42 and 3.7 m/s, respectively.

3.1.2 Dynamic pressure

Figure 14 depicts the dynamic pressure variation along the scale model’s
x coordinates at a free stream velocity of 2.42 m/s. From the figure, it can
be seen that dynamic pressure without VG is largest at the x coordinate of
around 240 mm, whereas dynamic pressure with VG having an I/H ratio
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Figure 14: Variation of Py at Uss = 2.42 m/s for different values of I/H ratio.

of 6 is smallest. The findings demonstrate that adding VG enhances the
dynamic pressure over the surface of the car roof, which is advantageous
for preventing flow separation and the ensuing losses. Figures 15, 16, and 17
illustrate the dynamic pressure change along the scale model’s x coordinates
at different free stream velocities of 3.7, 5.42, and 7.14 m/s. It is clear
that for different values of the I/H ratio, the dynamic pressure values do
not change considerably as the velocity increases. It is intriguing to note
that the incorporation of VG can raise the dynamic pressure by about
21% at a speed of 7.14 m/s. Similar to this, the presence of VG can raise
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Figure 15: Variation of Py at Uss = 3.7 m/s for different values of I/H ratio.
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the dynamic pressure to a maximum of approximately 24% and 18% at
velocities of 5.42 and 3.7 m/s, respectively, for an I/H ratio of 6.
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Figure 16: Variation of Py at Uss = 5.42 m/s for different values of I/H ratio.
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Figure 17: Variation of Py at Uss = 7.14 m/s for different values of I/H ratio.

3.1.3 Coefficient of drag

Figure 18 depicts the variance in Cp values for various I/H ratio values
at various free stream velocities along the scale model’s longitudinal centre
line. The graphic makes it very clear that the addition of VG lowers the
value of Cp. This can be attributable to the use of VG to prevent flow
separation. For instance, using VG with an I/H ratio of 6 reduces the
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coefficient of drag at a velocity of 2.42 m/s by up to 90% compared to the
results obtained without VG. For VG with an I/H ratio of 5, a minimum
20% reduction in drag is obtained at the same velocity. The Cp stays
constant as velocity increases for changing I/H ratio values. However, when
the I/H ratio is raised, the Cp values change as the velocity rises. We
conclude that VG with an I/H ratio of 6 will be effective at lower speeds.
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Figure 18: Variation of Cp for different values of I/H ratio along the centre plane.

3.1.4 Coefficient of lift

Figure 19 depicts the change in C}, values along the scale model’s longi-
tudinal centre line for various I/H ratio values and free stream velocities.
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Figure 19: Variation of Cy, for different values of I/H ratio along the centre plane.
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The graphic makes it very clear that the inclusion of VG lowers the value of
C'r,. This can be attributable to the use of VG to prevent flow separation.
For instance, when VG with an I/H ratio of 6 is utilised, the coefficient
of lift is lowered by up to 87% at a velocity of 2.42 m/s compared to the
results obtained without VG. For VG with an I/H ratio of 5, a minimum
loss in the lift of 50% is attained at the same velocity. However, as veloc-
ity increases both with and without VG, C’s value declines. The findings
showed that for all VGs of I/H ratios at greater velocities, C, remained
constant.

3.2 CFD simulations

The variation of pressure contour and velocity contour along the x/L ratio
at different free stream velocities for different arrangements of VG’s with
different I/H ratios are presented.

3.2.1 Validation of CFD results

Experimental absolute pressure measurement from baseline testing (exper-
iments without VG) at 7.14 m/s was compared with the simulated results
for validation purposes. The front body absolute pressure shows a minor
variance, but the pattern of the plot is comparable, even though the findings
of the absolute pressure on the roof surface closely match the experimental
data as in Fig. 20. The front windshield of the car model has the highest
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Figure 20: Comparison of experimental and CFD values of absolute pressure along the
centre line of vehicle surface at a velocity of 7.14 m/s.
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absolute pressure value. The simulation’s calculation of the maximum ab-
solute pressure on the front windshield came out at 101.676 kPa, which is
fairly close to the experimental measurement of 100.586 kPa.

3.2.2 Pressure contour

The results of the CFD simulation of the variation in absolute pressure
at the utility vehicle’s rear top surface with and without VG are shown
in Fig. 21a and 21b, respectively. It may be concluded that there is lit-
tle difference between the two scenarios in the absolute pressure value at
the utility vehicle’s rear top surface. According to the analysis, the vortex
generator energises the flow and causes it to separate at a distance that
is comparatively greater than that of the vehicle model without a vortex
generator, which lowers the drag of the vehicle.

(b)

Figure 21: Pressure contour on the vehicle without (a) and with (b) vortex generators at
a velocity of 7.14 m/s.
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3.2.3 Velocity contour

The results of the CFD simulation (using Ansys Tool Package 2020) of
the fluctuation in velocity at the utility vehicle’s rear top surface with and
without VG are shown in Fig. 22a and 22b, respectively. The velocity at the
front end of the car is assumed to be relatively low, however, it is discovered
that the velocity at the rear end of the car is higher than that at the front
end. This demonstrates how low the pressure is at the vehicle’s back. It has
been accomplished with the help of the incorporation of vortex generators,
and the drag has also been decreased. The velocity at the rear of the car will
be minimized if the pressure drop is lowered. When compared to the vehicle
model without vortex generators, the graphic depicts the velocity at the
rear end that has less wake. This always results in the vehicle’s drag being
reduced. This backs up the experimental results covered in Section 3.1.2
that the addition of VG is beneficial for preventing flow separation and the
ensuing losses.

(b)

Figure 22: Velocity contour on vehicle without (a) and with (b) vortex generators at
a velocity of 7.14 m/s.
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4 Conclusion

The following conclusions were drawn from an experimental study on the
measurement of the variation of dynamic pressure and pressure coefficient
on the roof of a utility vehicle with and without vortex generators (VG).

The value of the pressure coefficient without vortex generators VG is
minimum, whereas its value was observed to be maximum with VG having
an I/H ratio of 6. The addition of VG can raise the pressure coefficient by
roughly 17% at a speed of 2.42 m/s. For different values of the I/H ratio,
the values of the pressure coefficient do not change all that much as the
velocity increases.

The addition of VG raises the dynamic pressure over the surface of the
vehicle roof, which is advantageous for preventing flow separation and the
ensuing losses. At a velocity of 2.42 m/s, the inclusion of VG reduces the
value of Cp by 90%, and VG achieves a minimum drag reduction of 20%
with an I/H ratio of 5. It is noted that VG with a 6 I/H ratio will be
helpful at lower velocities. The results showed that at a higher velocity,
the value of Cf, remains constant for VG with varied values of the I/H
ratio. The value of (' declines with the rise in velocity both with and
without VG.

The pressure contour of the CFD analysis demonstrates that the vortex
generator energises the flow and causes the flow to separate at a distance
that is significantly greater than that of the vehicle model without the
vortex generator, which lowers the drag of the vehicle. When compared to
the vehicle model without vortex generators, the velocity contour of the
CFD study demonstrates that the velocity at the rear end has reduced
wake.
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with inverted L-shape ribs as roughness element
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Abstract Improvement in the exegetic efficiency of a solar air heater
(SAH) can be done by enhancing the rate of heat transfer. In this work, the
exergetic efficiency optimization of an artificially roughened solar air heater
having an inverted L-shape rib has been performed. The numerical analysis
of the exergetic performance of the solar air heater was carried out at a con-
stant heat flux of 1000 W/m?. The study was conducted to investigate the
effect of different relative roughness pitch (7.14-17.86) on the exergy losses,
under the Reynolds number range of 3000 to 18 000. The roughness param-
eter of this geometry has been optimized and found to be among functional
operating parameters like average solar intensity and temperature rise across
the collector. The optimized value of relative roughness pitch is 17.86 at the
isolation of 1000 W/m?, and the parameter of temperature rise ranges from
0.005 to 0.04.

Keywords: Solar air heater; Heat transfer; Exergy loss; Exergy efficiency; Thermal ef-

ficiency

Nomenclature
A, — cross-sectional area of the rectangular duct, m?
A, — area of absorber plate, m?
Cp — specific heat, kJ/kgK

*Corresponding Author. Email: sohansh@nith.ac.in


mailto:sohansh@nith.ac.in

242 M. Chaudhari, S.L. Sharma, and A. Debbarma
Dy, —  hydraulic diameter of duct, mm
E, - exergy, J
FEzloss, E1  —  exergy loss, J
e —  height of L-shape rib, mm
e/Dy, — relative roughness height
f — friction factor
fs —  friction factor for smooth duct
h —  convection coefficient, W/m?K
k — thermal conductivity of air, W/m K
L, Lo — length of test section, mm
L —  total length of the duct, mm
Ly — length of inlet section, mm
L3 — length of outlet section, mm
m — rate of mass flow, kg/s
Nu —  Nusselt number
Nug —  Nusselt number for smooth duct
Qu — useful heat gain, W
q, I —  heat flux applied on absorber surface, W/m?
P —  pitch between two successive ribs, mm
Ple — relative roughness pitch
AP —  pressure drops, N/m2
Re —  Reynolds number
THPF —  thermohydraulic performance factor of roughened SAH
Ts —  fluid inlet temperature, K
Tt —  fluid outlet temperature, K
Ttm —  fluid mean temperature, K
Tom — mean absorber temperature, K
AT — temperature rise of air, K
AT/I — temperature rise parameter, K/W
El, — exergy loss by the absorber
Elap — exergy loss by friction
Elar — exergy loss by the air
v —  velocity, m/s

Greek symbols

Texe exergetic efficiency

nex  — effective efficiency

Tth — thermal efficiency

I — dynamic viscosity of air, kg/m s

p —  density of air, kg/ m?
Subscripts

i — inlet

o — outlet

i — fluid inlet

fo — fluid outlet

u — useful
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a — absorber
S — smooth
pm — plate mean
fm - fluid mean
exe — exergetic
eff — effective
Acronyms
CFD - computational fluid dynamics
HT —  heat transfer
SAH - solar air heater

1 Introduction

It was during the 1973 oil crisis that scientists began looking for ways
to balance energy requirements and consumption. 81% of the world’s en-
ergy needs are met by traditional energy sources like fossil fuels and coal,
etc. Traditional fuels and wood burning cause air pollution in agricultural
countries. Therefore, it is important to create a heating and cooling system
for indoor environments and factories that uses hot air efficiently, sustain-
ably, and cheaply [1,2]. Because of rising industrialization and population,
conventional resources are dwindling and cannot keep up with the rising
energy needs of the world. These traditional energy sources are detrimental
to humans and have harmed the environment [3,4]. Although it has been
demonstrated that conventional energy sources are limited, monetarily out
of reach for many developing nations, and cause environmental damage, the
current energy future is heavily weighted toward these sources. The pattern
of energy consumption in emerging nations like India predicts a future that
is likewise skewed toward the energy that is concentrated in urban centres.
A large disparity exists between energy demand and supply because of the
lack of access to reliable energy sources in rural regions.

Our natural environment provides a plethora of solar energy that might
be harnessed in large quantities. Solar air heaters (SAHs) that use solar
energy are common to harness solar energy because of their low cost and
ease of use. The SAH is used for a wide variety of heating needs, including
crop drying and space heating, etc. The thermal efficiency of SAHs is low
in comparison to that of solar water heaters because of the weak heat
transfer (HT) capability of air over water. Therefore, increasing the HT
coefficient will increase its thermal efficiency. Sharma and Debbarma [5]
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reviewed several strategies employed to boost the thermal performance of
flat plate SAHs. These techniques mainly include artificial roughness like
fins or other geometries. By disrupting the laminar boundary layer, these
alterations generate more turbulence and boost heat transmission.

To improve the SAHs’ thermal performance several roughness geome-
tries were examined in previous research. Artificially roughened absorber
plates enhance the local wall turbulence and create secondary flow. Sec-
ondary recirculation flow is responsible for improving the convective HT.
Transverse ribs, V-shaped, inclined, W-shaped, and multi-V-shaped ribs are
all examples of ribs that may be used to generate turbulence. The height
of roughness elements is often maintained at a lower value than the height
of ducts. Some characteristics are utilized to determine the geometry and
placement of roughness. Prasad and Mullick [6] experimentally examined
the impact of protruding wire ribs of circular cross-section on the perfor-
mance of SAH, used for drying crops. High mass flow rates are employed to
generate turbulence in the ducts by introducing protruding wires of 1 mm
diameter. The performance of roughened air heaters was enhanced by 14%
and increased the HT coefficient from 0.63 to 0.72 using the present wire ge-
ometry. Sahu and Bhagoria [7] studied the impact of 900 broken ribs on the
thermal performance of a SAH. The fixed roughness height of 1.5 mm and
pitch varying from 10 to 30 mm for the range of Re from 3000 to 12000
were examined. The heat transmission coefficient enhanced from 1.25 to
1.40 times. The roughness pitch of 20 mm yielded the highest Nusselt num-
ber (Nu) value, and a thermal efficiency of about 51% to 83.5% was ob-
tained according to the findings. Gupta et al. [8] experimentally tested the
thermohydraulic performance of a roughened SAH using inclined ribs. The
HT and friction factor (f) enhancement for roughened SAH were reported
about 1.79 and 2.69 times respectively, for the angle of 70° and 60°. The
optimum thermohydraulic performance was recorded for a relative height of
roughness 0.023 and Re of 14 000. Karwa et al., [9] conducted experimental
research to study the impact of repetitive, 60° inclined rectangular ribs on
HT and f for duct aspect ratio varying from 7.19 to 7.75 and Re range from
2800 to 15000. According to the findings the increase in f about 1.12 to
1.16 times, and enhancement in Stanton number about 22% to 32% were
reported as compared to the transverse ribs for 0.0467 to 0.050 relative
pitch of roughness. Aharwal et al. [10] experimented to study the impact
of the width and spacing of square-cross-sectional inclined broken ribs on
heat transmission and f. Under the same conditions, the increase in heat
transmission for a continuous rib was about 1.48 and 2.26 times, and for
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a split rib was about 1.71 and 2.59 times as compared to the smooth duct.
For the range of parameters studied, the optimal values of heat transmis-
sion, f ratio, and thermohydraulic parameter were found to be associated
with a relative gap position of 0.25 and a relative gap width of 1 under
Re values 3000 to 18000. Saini and Saini [11] conducted an experimental
study to better understand the impact of the wire mesh absorber on SAH
performance under a range of Re varying from 1900 to 3000. The optimum
enhancement in the rate of HT was achieved about 4 times concerning the
plain duct and the f was claimed to be at its maximum value.

Momin et al. [12] tested the effect of V-shaped ribs on the fluid flow
and HT properties of the rectangular duct SAH. At 60° attack angle, the
result reveals that the Nu and f increase about 2.30 and 2.83 times respec-
tively concerning the plain duct. The Nusselt number was increased by 1.14
and 2.30 times, respectively, when a V-shaped rib pattern was used instead
of inclined ribs and a smooth absorber plate. Muluwork et al. [13] exam-
ined and compared the thermal efficiency of staggering discrete down ribs
and V-apex up with equivalent transverse staggered discrete ribs. Effects
of various roughness parameters on heat transmission and f were studied
including the angle of attack. According to the findings, the maximum heat
transmission and f were observed at an attack angle of 60° and 70° respec-
tively. Karwa et al. [14] examined heat transmission and f characteristics
of SAH using an aspect ratio of 4.8 and 12 and repeated chamfered ribs.
The Re range from 3000 to 20 000, the pitch of 4.5 to 8.5, roughness height
of 0.014 to 0.0328, and a chamfer angle of 15° to 18° were considered. The
Stanton number and the f rose when the chamfer angle was raised and the
highest value was achieved at 15° chamfer angle. Bhagoria et al. [15] con-
ducted experimental research for SAH using transverse wedge-shaped ribs
to analyze the HT and flow properties. Relative roughness height of 0.015
to 0.033 and a rib wedge angle of 80° to 120° were used at the Re range
from 3000 to 18 000 for this study. The Nu and f over smooth duct rose by
2.4 and 5.3 times respectively. Saini and Saini [16] looked at how adding
arc-shaped ribs to the SAH absorber affected its HT efficiency and frictional
resistance. According to the results, the Nu was found to be increased when
the relative arc angle decreased, and f decreased with the arc angle. Both
Nu and f were observed to increase by a factor of 3.6 and 1.75 respec-
tively at a relative arc angle of 0.3333 and a roughness height of 0.0422 as
compared to a plain duct. Saini and Verma [17] examined the impact of
dimple-shaped roughened geometry on HT and f. The Re range from 2000
to 12000 was selected for the investigation. The highest Nu was determined
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to correspond to the relative roughness height and pitch of 0.0379 and 10
respectively. At constant relative roughness pitch (i.e., 10) the highest and
lowest f were achieved about 0.0289 and 0.0189 respectively. Karmare and
Tikekar [18] conducted an experimental investigation for an absorber plate
roughened with the grit of metal ribs of a circular cross-section with the
goals of heat transmission and friction characteristics enhancement. Nu
and f rose by 187%, and 213% with maximum performance at a relative
roughness height and pitch of 0.044 and 17.86 respectively.

Hwang and Liou [19] studied the impact of perforated turbulators on
the heat transport behaviour of SAH. They examined and compared the
thermal efficiency for solid, perforated, and slit turbulence promoters. They
employ fences that are either half or perforated, with open area ratios of 0,
10, 22, 38, and 44%. They found that the thermal performance of the per-
meable fence was superior to the solid-fenced. Sara et al. [20] compared the
HT from a plate with and without blocks as well as with solid and perfo-
rated rectangular blocks, affixed on a flat absorber surface in a SAH. They
determined that utilizing perforated blocks might increase energy produc-
tion by as much as 20%. Increasing the hole diameter, perforation index,
and slope of perforated holes can boost HT performance. Sara et al. [21]
further examined perforated rectangular cross-sectional blocks connected to
their surface to enhance heat transmission and found that the rate of heat
transmission increased with an increase in the perforation index and that
blocks with inclined holes, transfer the heat more efficiently than blocks
with straight holes. Greater heat transmission and potential pressure losses
are observed with higher f and more compact yields. Buchlin [22] conducted
experimental research on the flow through a conduit with perforated ribs
at the Re range of 30000 to 60000. They conducted experiments with five
different Plexiglas rib designs and concluded that a rib pitch ratio of 5 and
an open area ratio of 0.53 produce the best results. Moon and Lau [23]
performed experimental research with Re varying from 10000 to 30000, to
investigate heat transmission and pressure drop between two obstructions
with the hole in a flow channel. The pressure drop was higher, but the heat
transmission was boosted by 4.6-8.1 times due to the obstructions. Though
they allow for more heat transmission, smaller holes also result in a greater
pressure drop. Karwa et al. [24] investigate the impact of perforated baf-
fles integrated into the heated surface on HT and f with Re varying from
2,850 to 11,500. Nu was found to be 60.6 to 62.9, and 45% to 49.7% higher
for perforated baffles than for smooth ducts and decreasing with increasing
open area ratio from 18.4% to 46.8%, and 73.7% to 82.7% higher for solid
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baffles than for smooth ducts. We discovered that the f for solid baffles
was 9.6-11.1 times that of a smooth duct, but that it began to fall sig-
nificantly for perforated baffles as the perforation index increased. Karwa
and Maheshwari [25] experimentally investigated the heat transmission and
f characteristics of SAH using fully and partially perforated baffles under
the Re range of 2700 to 11150. The perforation index for half and fully
perforated baffles were 26% and 46.8%, respectively. The Nu was increased
by 79-169% and 133-274% as compared to the smooth duct with fully
and half-perforated baffles respectively. On the flip side, the f was found
to be 2.98-8.02% higher with fully perforated baffles than with a smooth
duct and 4.42-17.56% higher with half perforated baffles. Half-perforated
baffles with a relative pitch of 7.2 are found to provide the highest per-
formance about 51.6% to 75.0% as compared to a smooth duct under the
same pumping conditions. Liu and Wang [26] did the numerical investiga-
tion for semi-attached ribs in SAH under the Re range of 10000 to 25 000.
Results showed that the semi-connected rib design not only outperformed
the completely attached and detached rib channels but also considerably
improved local HT and fluid flow characteristics. The 45°-angled-rib design
with a hole radius to channel width ratio of 0.125 provides the best thermal
performance. Nuntadusit et al. [27] studied the heat transmission and flow
properties of the SAH duct with perforated ribs. They selected the rib hole
positions about 0.2H, 0.5H, and 0.8H, and attack angles of 15° and 30° at
Re of 60000. They discovered that angled perforated ribs significantly im-
proved heat transmission in comparison to standard ribs. Ghildyal et al. [28]
performed a numerical analysis to study the thermo-hydraulic performance
of SAH roughened with D-shaped, reverse D-shaped, and U-shaped rough-
ness. Out of the investigated parameters the SAH equipped with U-shaped
turbulators exhibited the most favorable thermo-hydraulic performance,
achieving the highest factor of 1.76 at a Reynolds number of 4000.

From the foregoing literature study, it can be stated that various inves-
tigations have been undertaken on roughened SAHs. However, less research
work is done on exergy analysis. The purpose of this study is to analyze
the exergetic performance of SAHs having inverted L-shape ribs.

1.1 Novelty and objective of the study

Energy analysis is essential for estimating the performance of the system,
while exergy analysis is necessary for investigating how internal irreversibil-
ity and systems with varying energy losses actually behave in practice. Ex-
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ergy analysis is a crucial method for designing SAHs that make the optimal
utilization of the sun’s energy. By considering exergy efficiency, researchers
may identify the major sources of irreversibility and optimize the system
for improved performance.

Therefore, the novelty of this study is to evaluate the exergy efficiency
of an SAH with inverted L-shape ribs, which was already examined experi-
mentally and numerically for their thermal efficiency by Gawande et al. [29].
This approach provides valuable insights into the system’s thermodynamic
behaviour, enabling the identification of potential areas for improvement
and optimization in terms of energy conversion and overall performance.
The comparison plot of exergy efficiency obtained by the proposed model
with existing research is shown in Fig. 17 under Section 4 (comparison of
the present study with existing research), which shows its novelty over the
many previous work.

The primary objective of the present work is to evaluate the exergetic
performance of SAH with inverted L-shape ribs as a roughness element
by evaluating the various exergy losses. Exergy losses by friction, by the
absorber, by working fluid (air), and by convection and radiation are the
major losses that are evaluated in this study to analyze the exergy effi-
ciency of the system. The present study has been taken up to explore the
effect of relative roughness pitch (P/e), Nusselt number (Nu), friction factor
(f), and Reynolds number (Re) on the flow passage as well as on inverted
L-shaped ribs. Further subdivisions of the objective are given below:

e to investigate the exergetic losses in inverted L-shaped ribs,

e to determine the effect of these parameters on artificially roughened

SAHs,

e to determine the roughness parameter that maximizes exergetic effi-
ciency.

2 Exergy analysis and methodology

The schematic diagrams of the present SAH and the test section with in-
verted L-shape ribs are shown in Fig. 1a and 1b respectively as explained
in existing experimental and numerical studies performed by Gawande et
al. [29]. The geometry of the SAH duct with three section lengths L1, Lo
(or L), and Ls is selected for exergy analysis. By making the duct 20 mm
in height and 100 mm in width, the duct has an aspect ratio of 5. The SAH
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duct has a hydraulic diameter of Dy = 33.33 mm. The top wall of the test
portion (Lg) is an aluminium absorber plate. The underside of the duct’s
top rib is a potential location for an inverted L-shaped rib. The roughness
element remains on a plane that is always perpendicular to the flow. In-
vestigated parameters were selected as per the previous research, such as
roughness pitch (P/e) varying from 7.14 to 17.86, Re varying from 3000
to 18000, 1000 W/m? heat flux, and constant roughness height (e/D) of
0.042. The geometrical parameters for the inverted L-shape rib considered
for the analysis are given in Table 1.

q = 1000 W/m’

Absurberplatu J, J, »L 'L J’ 'J'

Airin Air out
— Inlet Section Test Section Exit Section 20— »

Ly =245 > L, =280 >ie— Ly =115

Absorber Plate Lisafing Surfaie

Inlet
bitilid

\
ol

(b)

Figure 1: Schematic diagram of roughened SAH duct (a), and the test section with
inverted L-shape ribs (b).

To evaluate the SAH’s efficiency considering the second law of thermo-
dynamics [31,32], it is necessary to analyze the exergy lost and the entropy
created in a heat exchanger as a result of heat transfer between two me-
dia and friction. Total exergies connected with thermal systems may be
expressed mathematically as

Eyr="ME, +5E, + VB, + IE, (1)
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Table 1: Dimensional details of model and roughness parameters [29].

Roughness and flow parameters Range of parameters ‘
Hydraulic diameter (Dp,) 33.33 mm

Length of inlet section (L1) 245 mm

Length of test section (L2) 280 mm

Length of outlet section (L3) 115 mm

Rib pitch (P) 10 mm, 15 mm, 20 mm, and 25 mm
Rib height (e) 1.4 mm

Relative roughness height (e/Dy,) 0.042 (fixed)

Relative roughness pitch (P/e) 7.14, 10.71, 14.29, 17.86

were the physical, kinetic, potential, and chemical constituents of total ex-
ergy are denoted as Ph%ExT, ?EI, ];Ex, and C%Ex, respectively. Under the
assumption that all exergy components other than the physical components
are insignificant, the balancing equation is expressed as

Ezw = Ligout — Ezin + Exloss ) (2)

where Eiin, Frout and Fyoe represent the entrance, outflow and loss in
exergy:

Exin =1m [(hin - ho) - T0<Si - So)] y (3)
Eacout =m [(hout - ho) - To(Sout - So)] y (4)
E:(:loss = ToSgen . (5)

In exergy calculation a dead state condition is required. In equation 5, the
term T, is the dead state temperature (300 K) which is required to calculate
the exergy losses, and reference point ‘0’ represent the dead state. At entry,
outflow, and reference point, the enthalpy and entropy are all expressed by:
hin, Sin, hout, Sout, and h,, S, respectively, 1 is the mass flow rate of air,
Sgen and T, represent the entropy generation and reference temperature at
dead state.

The exergetic efficiency (7exe) and the energy loss (e) are calculated as
follows [33]:

n _ Emout - Emin (6)
e E:rout - Ea:in + Exloss ’
E
El = zloss ) (7)

m(Exin - xout)
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The exergy analysis flow chart is shown in Fig. 2.
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Figure 2: Flow chart for exergy analysis.

All the parameters are assumed to be noticed at steady state conditions and
with the help of these parameters we can calculate the Nusselt number (Nu)
and friction factor (f). To calculate the rate of mass flow (7i2), useful heat
gain (Qy) by the air to raise their temperature T to Tt,, and the convection
coefficient (h) between air and heated plate, the following equations are

used:
. IQPwAPo
m = C’dAAo (17_ 54) ) (8)

where the orifice plate calibration using a Pitot tube gave a coefficient of
discharge (Cy) value equal to 0.608, the pressure drops across the orifice
(AP, = 9.81p,,) was calculated by a U-tube manometer, p,, is the density of
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D
the manometric fluid, Ag is the area of orifice plate, and 5 = D—O is defined

P
as the ratio of orifice diameter (D,) and the blower pipe diameter (D).
Qu = me (Tfo - Tﬁ) ) (9)

where C), is the specific heat capacity of air at constant pressure of 101325 Pa,
T and Ty, represent the temperature of working fluid (air) at the inlet and
outlet, respectively, and

Qu

h = :
AP (Tpm - Tfm)

(10)

where A, is the area of the absorber surface used to transfer the heat to

. T + Tk . . . .
the air, Ty, = AT T is the mean temperature of flowing air and T}, is

plate mean temperature. These equations determined the Nu and the f in
both experimental and computational fluid dynamics (CFD) investigations,
mathematically expressed as

hD
Nu = Th , (11)
APDy
=—- 12
f 2pLo? (12)
. . . 2WH | .
where k is the thermal conductivity of air, D), = WL H is the hydraulic

diameter, H — height, W — width of a rectangular duct, L = Ly — length
of test section, and p is the density of air. It is necessary to calculate the
hydraulic diameter for a non-circular duct for proper results. The Reynolds
number formula can be expressed by

_ pDpo

Re , 13
. (13)

where v and p are known as the flow velocity and dynamic viscosity of air.
The optimum performance of roughened SAH is decided by a factor
called thermohydraulic performance factor (THPF) and expressed as

Nu
Nug

(1)

THPF = (14)
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The standard Dittus—Bolter correlation is used to calculate the Nug for
smooth ducts in CFD analysis, mathematically expressed as

Nug = 0.023Re’8 Prd4 (15)

Similarly, for CFD analysis, the standard Blasius correlation to calculate
the friction factor for smooth ducts is utilised:

fs = 0.0791Re ™02, (16)

Here we see the crucial correlation for forecasting thermohydraulic perfor-
mance, which is necessary for selecting the best possible geometric param-
eters in each context. The Nu and f are shown to be effectively influenced
parameters with changing P/e and Re during evaluation at a fixed value
of e/D [29]:

Nu = 0.023Re8332 <P>0'3479 exp 0100410 (£)° (17)
e
0.0815
f — 0.2805Re_0'2617 <P) eXp*0~0319 ]n(§)2 . (18)
e

2.1 Validation of the proposed model

Comparisons have been made between the Nu obtained from the present
study and those from previously conducted experimental study by Gawande
et al. [29]. For the experimental validation, the input parameters used in
the proposed model were carefully matched with the ones employed in
the experimental study. These parameters included boundary conditions,
material properties, and operating conditions. The predicted Nu from the
present study is compared with the corresponding values obtained from the
experimental study as shown in Fig. 3. The mean deviation in the results is
obtained in the acceptable range of about 5%. By conducting this validation
process, we can assess the agreement between the proposed model and the
previously performed experimental model.

The proposed numerical model of SAH with inverted L-shape rib rough-
ness for exergetic analysis is validated under the same operating conditions
proposed by Chamoli et al. [30]. Fig. 4 shows the plot for exergetic efficiency
enhancement across the full range of system and operating parameters cor-
responding to the temperature rise parameter (AT/I). The exergetic effi-
ciency obtained from the proposed model has deviated from the previous
research by about +2%. This comparison shows the justification of the
proposed numerical model for further investigation.
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Figure 3: Experimental validation of the proposed model.
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Figure 4: Validation of the proposed numerical model with the work of
Chamoli et al. [30].

3 Results and discussion

The exergetic performance analysis of SAH having inverted L-shape ribs
has been done at a fixed amount of heat flux, i.e. 1000 W/m?, variable P/e
(7.14 to 17.86), and Re from 3000 to 18 000. The results obtained from the
exergy analysis are explained as follows:
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3.1 Effect of pitch ratio on exergy loss components
3.1.1 Effect of pitch ratio on exergy losses by friction

The conditions that lead to increased friction losses determine the exergy
loss. High friction losses and a greater mass flow rate are the results of
a lower temperature increase parameter (AT'/I). Therefore, the lowest pos-
sible pitch ratio (P/e) results in the greatest possible exergetic losses. Ex-
ertional losses due to friction (Ela,) were shown to be positively correlated
with the rate of temperature increase shown in Fig. 5.

07 4
06 4 fixed: 1I=1000 W/m?2

05

0.4 p/e=7.14

P/e=10.71

03 Pfe=14.29

P/e=17.86

02

Exergy losses by friction

01

o
o 0.01 0.02 0.03

Temperature rise parameter

Figure 5: Variation of exergy losses by friction (Elaj,) with temperature
rise parameter (AT/I).

3.1.2 Effect of pitch ratio on exergy losses by an absorber

Mean plate temperature (T,m) is used to calculate exergy losses through
the absorber (El,). The El, decreases with increasing temperature increase
parameter (AT/I) as illustrated in Fig. 6. For the simple reason that there
is more exergy in the energy present at higher temperatures. Raising the
temperature of the absorber reduces the exergy loss through the absorber.

3.1.3 Effect of pitch ratio on exergy losses by working fluid

Exergy losses rise in proportion to the quantity of irreversibility, which
grows when the temperature increase parameter is increased. An increase
in the temperature increase parameter causes the absorber temperature
to rise. That’s why the parameter for the temperature increase where the
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Figure 6:
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Variation of exergy losses by an absorber (El.) with temperature
rise parameter (AT/I).

exergetic losses by air (Ela7) are the greatest is the one with the highest
values. As can be seen in the losses of exergy due to friction increase with
a pitch ratio (P/e) of 7.86, but thereafter they drop and reach a minimum
for all pitch ratios considered as shown in Fig. 7.
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Figure 7: Loss of exergy by air (Elar) corresponds to temperature rise

parameter (AT/I).
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3.1.4 Effect of pitch ratio on the loss of exergy by convection
and radiation

Increasing the temperature increase parameter (AT/I) results in a greater
temperature difference between the absorber and surrounding, and hence
a greater exergy loss, as shown in Fig. 8. It follows that the smallest tem-
perature increase parameter results in the smallest exergy losses due to
heat transmission to the surrounding environment. The exergy loss by the
convection and radiation is denoted by El., and the values of El. are highest
at pitch ratios (P/e) of 14.29 and lowest at 7.14.

5 -
Fixed: I=1000 W/m?
45 -

4 1

35 1

3 4

Exergy losses by convective and radiative

25 P/e=7.14
p/e-1071
2 o
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0 1=
0 001 0.02 0.03 0.04

Temperature rise parameter

Figure 8: Variation of exergy losses by convection and radiation (El.) with temperature
rise parameter (AT/I).

3.1.5 Effect of pitch ratio on exergetic efficiency

Exergetic efficiency is a function of temperature rise parameter. Exergetic
efficiency is negative for low values of the temperature increase parameter
(AT/I) due to the extremely high mass flow rate, but it rises as AT/I
rise. Exergetic efficiency (nexe) is illustrated in Fig. 9 for a range of relative
pitch (P/e) values, with low values seen for pitch ratios of 17.86 and 7.14,
respectively.



258

M. Chaudhari, S.L. Sharma, and A. Debbarma

0.012

0.008

Exergetic efficiency

0.004

0.002

Fixed: 1=1000 W/m?

——Ple=714
——P[e=10.71
——P/e=14.29

—P/e=17.86

001

0.02 003 0.04

Temperature rise parameter

Figure 9: Variation of exergetic efficiency (7exe) With temperature rise parameter (AT/I).

3.1.6 Effect of pitch ratio on effective efficiency

Early on, as the Reynolds number rises, effective efficiency improves; it
reaches a peak, and then it begins to decline. The domination of mechani-
cal power is what’s needed to overcome the forces of friction. The effective
efficiency (neg) drops down dramatically as the temperature increase pa-
rameter (AT'/I) is increased. As can be seen in Fig. 10, it reaches its peak
when the temperature rise is rather modest.
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10: Variation of the effective efficiency (neg) with temperature
rise parameter (AT/I).
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3.1.7 Effect of pitch ratio on thermal efficiency

When referring to heat transfer, thermal efficiency is measured as the
amount of usable heat gained divided by the amount of radiation incident
on the absorber. Because of this, it stands to reason that the roughened
surface which is accountable for maximizing the usable heat uptake would
have the highest thermal efficiency (7). As the temperature increase pa-
rameter (AT'/I) increases, thermal efficiency deteriorates. When the pitch
ratio is at its lowest, P/e = 7.14, the thermal efficiency is at its highest as
presented in Fig. 11.
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Figure 11: Variation of thermal efficiency (nn) with temperature rise parameter (AT/T).

3.1.8 Effect of pitch ratio on pressure drop

A significant pressure decrease over the test portion is the price we must pay
for optimizing heat transfer. The first law of thermodynamics states that
the only allowed change in energy is a change in its form. The turbulence
in the test portion is therefore stimulated by a reduction in pressure. As
the mass flow rate () increases, the pressure drop (Ap) over the absorber
plate does as well, reaching a maximum value for 0.02 kg/s as presented in
Fig. 12.

3.1.9 Effect of pitch ratio on the mass flow rate

The mass flow rate is a function of the Reynolds number (Re), and when
the value of the Re is increased from 3000 to 18 000, the mass flow rate also
rises as shown in Fig. 13.
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Figure 13: Variation of mass flow rate (rh) with Reynolds number (Re).

3.1.10 Effect of pitch ratio on Nusselt number

In most cases, an increase in the Reynolds number is accompanied by a cor-
responding rise in the Nusselt number. The value of the Nu concerning
the Re attained its maximum for inverted L-shaped roughness at a pitch
ratio of 7.14, while concurrently achieving its minimum at a pitch ratio
(P/e =17.86) as shown in Fig. 14.
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3.1.11 Effect of pitch ratio on friction factor

The friction factor (f) has a minimum value of P/e = 17.86 and a maxi-
mum value of P/e = 7.14, and its value decreases as the Reynolds number
increases as in Fig. 15.

Friction factor

Figure 15: Variation of friction factor (f) with Reynolds number (Re).

0.035

0.025

0.015

0.005

0.04 A

0.01

Fixed: I=1000 W/m?

[v] T T T 1
3000 6000 9000 12000 15000 18000
Reynolds number

P/e=7.14
P/e=10.71
—— Pfe=14.29

——P/e=17.86



262 M. Chaudhari, S.L. Sharma, and A. Debbarma

3.1.12 Optimization of system parameters

Figure 16 clearly shows that the value of the pitch ratio (P/e) is optimised
at an insulation of 1000 W/m?, and that the value of the temperature rise
parameter (AT/I) ranges from 0.005 to 0.03, with 17.86 being the optimum
value for the relative pitch, as has been shown.

20
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I=1000

Pitch ratio

o KN B2 O @

0 0.005 0.01 0.015 0.02 0.025 003
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Figure 16: Variation of pitch ratio (P/e) with temperature rise
parameter (AT/I).

4 Comparison of the present study with existing
research

A comparison was made between the results in the literature acquired us-
ing different shapes to make it evident how much of an improvement might
be made by the proposed numerical model. Exergetic efficiency obtained
from the present study is compared to the existing research by Chamoli et
al. [30]. This comparison of the plot between the present study and previ-
ous literature is presented in Fig. 17. Present study offers higher exergetic
efficiency at a small temperature rise parameter (A7'/I) and starts decreas-
ing with a further increase in AT'/I when compared to existing literature.
After the comparison is concluded that the exergetic efficiency found from
the proposed model with an inverted L-shape rib on the absorber plate is
larger as compared to the existing work by Chamoli et al. [30] at a higher
range of AT /I, which shows the novelty of the proposed model.
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Figure 17: Comparison of the present study with existing research by Chamoli et al. [30].

5 Conclusions

In this work, we do a numerical analysis of an inverted L-shape rib on the
absorber plate of solar air heater that has been intentionally roughened.
Heat transfer improvement and flow friction characteristics as a function
of relative roughness pitch and Reynolds number are investigated. Using
the exergetic efficiency requirements, the roughness parameters for a given
operating state of a SAH were optimized using a Matlab based analytical
model.

The following are the study’s most significant findings:

e As the Re rises the average value of the Nu increases and the friction
factor decreases in general. A fixed value of relative roughness height
(e/Dp,) and a decrease in relative roughness pitch (P/e) leads to an
increase in the average Nusselt number and friction factor.

o At a Re of 15000, P/e of 7.14, and e/Dj, of 0.042, the highest im-
provement in Nusselt number has been to be about 2.827 times over
the smooth duct.

o At P/e of 7.14, the exergetic efficiency of the inverted L-shaped rib
is at its highest point, and at P/e of 17.86, it is at its lowest.
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o Exergy losses (El) from the absorber plate by convection and radia-
tion heat transfer are the smallest at P/e = 7.14 and the largest at
P/e =14.29.

o As the temperature increase parameter (AT/I) rises, the working
fluid’s exergy losses from the absorber plate decrease. Exergy losses
due to the working fluid are the greatest for P/e = 17.86 and the
lowest for P/e = 7.14.

o As the AT/I increase, the exergy losses via absorber (El,) from the
absorber plate decrease, and they become nearly equal for all P/e
ratios.

o The maximum effective efficiency (7eg) of the inverted L-shaped rib
was seen at P/e = 7.14 and the minimum efficiency was observed at
P/e = 17.86, both as a function of the AT/I.

o The maximum thermal efficiency (n,) is achieved at P/e = 7.14,
while the minimal efficiency is achieved at P/e = 17.86.

o Gaining a mass flow rate of 0.02 kg/s produces a maximum pressure
drop (Ap) from the absorber plate.

The research outcomes of exergy analysis of SAH with inverted L-shape
ribs have significant industrial relevance. They provide valuable insights
for optimizing system performance, improving energy efficiency, guiding
system design and retrofitting, conducting techno-economic assessments,
and promoting sustainability in industrial processes.

Received 22 April 2023
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Abstract The design of suitable thermophysical properties of reinforced
ice as well as employing the novel material in feasible ways represent key
aspects towards alternative building sustainability. In this overview research
studies dealing with reinforced ice structures have been presented with an
emphasis on construction parameters and reinforcement materials of the
structures. The main focus of the study is directed to the identification of
the main issues related to the construction of reinforced ice structures as
well as the environmental and economic impact of such structures. Obtained
research data shows that the compressive, tensile, and bending strength of
reinforced ice can be increased up to 6 times compared to plain ice. The ap-
plication of reinforcement materials decreases creep rate, enhances ductility,
and reduces brittle behaviour of ice. Assessed reinforced ice structures were
mainly found to be environmentally friendly and economically viable. How-
ever, in most of the analysed studies construction parameters and physical
properties were not defined precisely. The conducted overview indicates the
necessity for more comprehensive and more accurate data regarding rein-
forced ice construction, applied methods, and processes, and preparation of

ice composites in general.
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1 Introduction

With growing concerns over carbon dioxide pollution, ways are being sought
to reduce the emissions. Innovative abundant earth materials could play
a significant role in that challenge. In 2009 the global construction sector
generated 5.7 billion tons of carbon dioxide, both from energy use and ce-
ment production [1]. That equals to 23% carbon dioxide emissions from
global economic activities [1]. In cold areas construction is very costly and
time consuming, as transportation of building materials to cold remote re-
gions is a difficult and expensive process [2]. Hence, it is of great importance
for cryogenic environments to consider the use of indigenous natural materi-
als, like ice and frozen soil, as well as the latest developments and techniques
in producing novel materials [3]. With water being the most common com-
pound on Earth, renewable, abundant, and clean, it has a strong potential
of being used in sustainable, clean technologies. It is crucial to have reli-
able data on thermophysical properties of ice and frozen soil in order to
widen their application in cryogenic environments. Frozen soil effects on
concrete have been examined in [4] but there is still space to broaden the
investigations of ice.

Structures made of ice are known since ancient times when people were
building ice shelters to protect themselves from cold weather. Nonethe-
less, it has been stated that there is still insufficient understanding of ice
as a material [5]. Ice has a couple of downsides when compared to con-
ventional engineering materials: it is brittle, relatively weak, and prone to
creep behaviour [6]. Because of its natural origin, it is not as homogeneous
nor workable as conventional building materials. However, ice can become
much more applicable with the use of reinforcement. First known structure
made from reinforced ice was an igloo — a combination of ice, snow, and
lichen [6], after which no progress was made until World War II when re-
inforced ice has started to be utilized for building bridges and roads for
military purposes. Bridge over Dnieper River in Ukraine and ice roads on
Ladoga Lake in Russia were made of ice reinforced with logs, branches,
and twigs [6]. At the time project Habakkuk took place — it was a plan
to construct an aircraft carrier out of ice strengthened with wood pulp
(pykrete) [7]. Although the project never came to life, it gave rise to the
research of possibilities and applications of ice reinforcement. During Cold
War, project Ice Way was conducted in Greenland with a goal to make an
airstrip out of sea ice strengthened with fibreglass. Ice was treated as a read-
ily available and inexhaustible local construction material [8]. Ice domes
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were first made at the University of Calgary, Canada. Unlike igloos, no
blocks were used but a thin-walled structure was created by spraying water
on an inflatable formwork with a network of fibreglass yarn [3]. Since then,
ice domes and similarly shaped structures have been made in the cryogenic
environments around the globe, as a part of winter festivals and experi-
mental projects, like pykrete dome [9], and Sagrada Familia [10], in Juuka,
Finland, Candela pavilion in Ghent, Belgium [11], Flamenco Ice Tower, ice
pavilion THRICE [12], and Koi-fish ice shell in Harbin, China [13], all made
of ice reinforced with some type of cellulose fibres. In 2019 first restaurant
made of paper-reinforced ice was built in Harbin, China [14]. Ice roads
crossing rivers in Arkhangelsk region in Russia have been reinforced with
geonets from fibreglass [15]. Reinforced ice has been used in the form of
cryogels to seal a leakage at the base of a dame at the Russian Irelyakh
hydro system [16]. Reinforced ice as a sustainable and often fully recyclable
building material could be used for all kinds of temporary constructions in
cold areas, ice events, the Winter Olympics and even Mars missions [9].

Research demonstrated that there is a wide range of possibilities for
ice reinforcement and the reinforcement methods are constantly developing
and progressing [6]. However, applications of reinforced ice were not covered
well and nor were the problems arising from the processes of producing ice
composites and building the structures.

The main objective of this work is focused on those aspects and offers
an encompassing study of achievable applications considering the construc-
tion parameters (method of construction, wall thickness, cooling method)
and reinforcement method (material, mass fraction, particle size). Although
numerous studies have dealt with reinforced ice, possibilities of reinforce-
ment and properties of ice composites, not many have used reinforced ice
in practice. In this work only ice composites that have been put in prac-
tice have been presented along with building techniques and issues that
appeared in the process. The economic and environmental aspects of the
novel materials have also been discussed. Hence, the analysis of herein pre-
sented reinforced ice structures provides a useful basis for comparisons and
problems identification.

1.1 Review methodology

Reviewed articles were obtained mainly from Elsevier’s Scopus database.
According to the Elsevier’s Scopus database and based on targeted key-
words, research work done in the area from 1988 until today has been very
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modest with a total of 41 publications, including articles and conference
papers, dealing with reinforced ice and ice composites, Fig. 1 [17].
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Figure 1: Number of publications dealing with reinforced ice through the years [17].

However, a rise in the number of publications can be observed from the
year 2019 onwards. Specifically, from 2019 until today the sum of 28 publi-
cations was released which is almost 70% of a total number of publications
associated with ice reinforcement possibilities and applications. It is a clear
indicator that the interest of the research community for reinforced ice,
although still low, is on the rise. Most of the research studies related to
the investigation of ice were done in the fields of engineering and mate-
rial science which suggests the interest in the usage of reinforced ice for
engineering purposes.

The selection process consisted of two stages. The primary selection
was made with respect to the targeted keywords. The subject area was
limited to engineering, material science, earth and planetary sciences and
environmental science. Document type was chosen to be papers only and
written in English. Time range was not taken because overall a limited
number of research papers are related to the herein considered search topic.
In the second step, papers focused on ice reinforcement and those that cover
reinforced ice structures were selected.

The aim of this work is to introduce and compare the possibilities of
using reinforced ice as a building material. Thus, an overview of different
reinforced ice structures is given with emphasis on construction parameters
and environmental and economic aspects of the structures.
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2 Comparison of thermophysical properties
of pure ice and reinforced ice

2.1 Thermophysical properties of pure ice

Ice has many crystal structures, but in nature it can be found in 12 crys-
talline and 2 amorphous forms [18]. Under standard conditions (0°C,
101325 Pa), it has a hexagonal crystal lattice (I5,). Ice is less dense than
water with a density of 916.4 kgm™3 at 0°C, and the value increases as the
temperature decreases [18].

2.1.1 Thermal properties of pure ice

In Table 1 thermal properties of pure ice (Iy) at —20°C [18] and 0°C [19]
are presented. It is apparent that the thermal conductivity of ice is about
4 times greater than that of water and increases with the decrease of tem-
perature. On the contrary, the specific heat of ice decreases with tempera-
ture decreasing and it is more than two times lower than the specific heat
of the water [20].

Table 1: Thermal properties of pure ice (I5) at —20°C [18] and 0°C [19].

. Value
Property Symbol Unit
—20C | 0°C
Thermal conductivity A Wm— 1K1 2.4 2.2
Specific heat capacity c kJkg—1K 1.96 2.01
Latent heat of fusion r kJkg—1! 333.5 334
Linear expansion coefficient « K1 5.3 x 107° 10-6

Measured thermal conductivities of pure ice found in literature depend
largely on specific chemical composition of water used, and the temperature
of ice specimens. Most notable conducted measurements were summarized
by Fukusako [21], Fig. 2. Variations between the values is due to the fact
that each researcher used different preparation methods and different ways
to collect the experimental data.

Latent heat of fusion of ice represents a change in enthalpy as a unit mass
of ice coverts into water isothermally and reversibly [21]. Measured values
showed that the latent heat of fusion for ice at 0°C under atmospheric
pressure is 333.9 kJkg™! and decreases with temperature decreasing [21].
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Figure 2: Thermal conductivity of pure ice in the range from
—173.15°C to approx. 0°C [21].

Linear thermal expansion coeflicient is a fractional change in length per one
kelvin change in temperature. It increases with the temperature increase,
as well as coefficient of cubic expansion of ice, Fig. 3. Yen gave an adequate
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Figure 3: Cubic expansion coefficient as a function of temperature [21].
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expression to calculate cubic expansion of ice [22]:
i = (0.67T — 24.86) x 1075, (1)

where T’ is the temperature in K.

2.1.2 Elastic properties of pure ice

When compared to conventional building materials, ice is more of an in-
sulator than a conductor [19]. Main elastic properties of Ij, are shown in
Table 2 [19]. Ice can be observed quite isotropic elastically but is meaningly
anisotropic plastically [18]. Its noteworthy mechanical properties are elas-
ticity, viscoelasticity, viscoplasticity, creep rupture, and brittle failure [18].
Both ductile and brittle behaviour is noticeable when dealing with ice. Ice
behaves ductile at low strain rates, but when the strain increases it becomes
exceptionally brittle [20]. Aside from it demonstrating brittle and creep be-
haviour, it is also distinctly weak when compared to conventional building
materials [6]. Ice strength has shown to be dependent on temperature, freez-
ing process, presence of impurities, structure, chemical composition, load,
application rate, etc. [2]. Shear and tensile strength of pure ice have al-
most identical values while compressive strength is nearly 3 times greater
than the latter [2]. The compressive strength of the meteoritic ice demon-
strates a notable decrease in temperature, from a maximum of ~ 40 MPa
at —50°C to a minimum of ~ 3 MPa at 0°C. The tensile strength of the
meteoritic ice is an order of magnitude lower than the compressive strength
(between ~ 1 and 3 MPa) and exhibits an insignificant temperature depen-
dence in comparison. Empirical data insinuates that ice is less rigid than
many widespread materials such as glass [20]. As stated by the parameter
provided by code GB 51202-2016 [23], the linear expansion coefficient of

Table 2: Elastic properties of pure ice (I) [19].

Property ‘ Symbol ‘ Unit ‘ Value
Young’s modulus E Nm~—2 9.33 x 109
Compressibility K m2N—1 112.4 x 10~ 12
Bulk modulus B Nm~—2 8.9 x 10°
Shear modulus G Nm~—2 3.52 x 109
Poisson’s ratio n - 0.325
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ice is approximately 50 x 107%°C, meaning 5 times higher than that of the
concrete [23].

2.2 Thermophysical properties of reinforced ice and
comparison with pure ice

Reinforced ice has been examined mostly mechanically, whilst its thermal
properties remain unknown. Only data available in literature are mea-
surements made on pykrete, whose thermal conductivity and diffusivity
were examined and subsequently compared to the measured values for
pure ice [24]. Values of thermal conductivity were shown to vary between
1.637 Wm'K~! at —15°C to 1.749 Wm~!'K~! at —33°C what is calculated
to be approx. 21% lower than values measured for pure ice with the same
technique [24]. When it comes to thermal diffusivity, measured data ranged
from 0.877 mm?s~! at —15°C to 1.107 mm?s~! at —33°C, showing a drop
of approx. 23% when compared with values obtained for pure ice with same
method [24].

When considering the overall properties of reinforced ice, more than
a few advantages over plain ice can be identified. The reinforcement makes
ice more deformable and can decelerate the creep rate [6]. Adding reinforce-
ment can shorten the freezing time which is a major financial advantage
when significant amounts of water need to be frozen. Compared to pure ice,
reinforced ice is less affected by thermal shock [5]. Obtained experimental
data shows that the use of different kinds of reinforcement can provide
a significant improvement in the mechanical properties of ice. It has been
investigated that the compressive strength of ice reinforced with pulp fi-
bres can reach up to 3 times that of the plain ice [6]. Conducted research
shows that introduction of fillers like basalt fibres leads to an increase in
tensile strength by a factor of 2-3 [25], and an increase in bending strength
by 1.5 times [2]. Even better results were obtained by Buznik et al. [26],
who reinforced pure ice both chemically with dopants, and physically with
basalt rovings and showed an increase in the strength properties of the
reinforced ice specimens by 4-6 times compared to freshwater ice samples.
Still, the most approved ice composite is a mixture of ice and some forms of
wood pulp, such as wood chips, shavings, and sawdust, known as pykrete,
Fig. 4.

Pykrete displays a low thermal conductivity which decreases ice melt-
ing rate. Its ductility has shown to be 10 times higher than of the plain
ice [6]. Several authors have examined the mechanical properties of the
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Figure 4: Pykrete samples [9].

pykrete, varying the type of wood pulp and the percentage used. According
to Vasiliev et al., the best mechanical properties were accomplished with
pykrete reinforced with 10% sawdust [6]. In comparison to plain ice up
to 4 times higher compressive and flexural strength was attained with the
values of 12 MPa, Fig. 5, and 3.7 MPa, Fig. 6, respectively.

Compressive strength

14

m Plain ice - non layered
12

m Plain ice - layered
10 m Wood chips 2.6%

Wood chips 10.5%

~ 8
g m Wood shavings 2.6%
= 6 m Wood shavings 5.8%
4 m Sawdust 2.6%
m Sawdust 5.3%
2 I m Sawdust 10.5%
0

Figure 5: Compressive strength of plain ice and pykrete samples [6].

Pykrete bending tests, Fig. 7, were carried out by the group of students to
check mechanical properties of specimens with different fibre percentage.
The results have shown plentiful dissipation, i.e., the average compressive
strength measured on specimens with 10.5% of fibres was in the range from
3.74 MPa on prisms to 12.45 MPa on cubic specimens [10]. Cryogel com-
posites have shown to be capable of resolving issues in the freezing-thawing
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Flexural strength

35 m Plain ice - non layered

2.5

1

O. I
0

Figure 6: Flexural strength of plain ice and pykrete samples [6].
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contact zones that occur in the hydraulic engineering and transport struc-
tures [6]. Prior to being used as watertight elements, cryogel solutions made
with polyvinyl alcohol (PVA) were examined in the laboratory experiments
as described in [16]. It was observed that subsequent freezing-thawing cycles
improve the strength of cryogels.

—

>

Figure 7: Sample casting (a) and bending test (b) on pykrete specimen [10].

Also, modulus of elasticity can be increased by increasing the concentration
of polyvinyl alcohol and cross-linking agent, as well as the by adding elec-
trolyte. The properties of ice reinforced with spun fibreglass yarn were first
investigated in late 20th century [3]. Shear strength tests were executed
by Glockner [3] on specimens with different quantities of yarn strands. It
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was observed that all specimens failed by brittle failure after 3-5 s at stress
levels between 2.2 MPa and 2.7 MPa, Table 3.

Table 3: Results of sheer strength tests for ice reinforced with spun fiberglass yarn [3].

Number of Failure stress, Average failure Placement of yarn
strands of MP stress, . t'
fiberglass yarn a MPa 1 cross-section
2.59
2.61
0 2.25 2.45
2.35
2.45
2.48
1 255 2.48 (]
2.44
2.70 © o
4 2.29 2.49 o ©

Therefore, the spun fibreglass did not improve the shear strength of ice when
subjected to short duration loads. The author stated that it was expected
as fibreglass itself has no shear strength. Short load-duration elastic tests
were also carried out by varying amounts and forms of spun fibreglass
yarn reinforcement. Failure of specimens happened 3—4 s after the loading
started. While in plain ice the initial cracking stress was also the ultimate,
it was not the case with reinforced ice, Fig. 8.

The average initial tensile cracking stress for the reinforced specimens
turned out to be about 25% larger than the corresponding stress for plain
ice specimens, 1.82 MPa and 2.33 MPa, respectively. That indicated that
reinforcement prevents crack initiation and propagation, thereby increasing
the tensile strength. In the long-term (creep) tensile strength test, both
plain and reinforced ice specimens exhibited a typical creep deformation
curve with failure taking place towards the end of decelerating creep stage.
At the stress of 1.02 MPa unreinforced specimens crept to failure whilst
reinforced specimen continued to creep at a steady rate until the load was
removed. When the stress rate was reduced to 0.68 MPa plain ice specimens
continued to creep without failure. Consequently, it was concluded that
between 0.68 MPa and 1.02 MPa there is a critical stress level below which
plain ice does not creep to failure. More details about the size, structure,
and preparation of the samples can be found in the paper by Glockner [3].
Based on the results of the tests carried out by Vasiliev and Gladkov [9],
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Figure 8: Tensile test results of fibreglass reinforced ice [3].

Table 4, it can be concluded that ice reinforced with fibreglass shows a sig-
nificant increase both in compression and flexural strength, and a slight
increase in dynamic elastic modulus. Ice with 4% fibreglass cloth has shown
better properties in all categories than ice with 2% fibreglass net. All test
materials have shown an increase in strength as the temperature decreased.

Table 4: Mechanical properties of reinforced ice examined by Vasiliev and Gladkov [9].

Temperature D}inat]rp ic Compression Relative Flexural | Relative
Test material* po C ’ mi)?l?ﬂllfs strength, compression | strength, | flexural
’ MPa strength MPa strength
GPa
L -5 7.0 1.5 1.0 1.8 1.0
Plain ice
0 8.0 2.5 1.0 2.5 1.0
Ice with 2% -5 8.0 2.9 2.0 5.1 2.9
fibreglass net -20 8.8 5.0 2.0 8.5 3.4
Ice with 4% -5 8.2 3.2 2.1 5.2 3.0
fibreglass cloth 20 9.2 6.0 2.4 10.0 4.0

*Ice specimens reinforced with fibreglass net or cloth uniformly distributed through the thickness

of the ice.
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By changing its temperature, differences in the mechanical properties of
ice occur. At temperatures close to 0°C, ice has shown ductile and creep
behaviour. The crystal structure, stress level, impurities, size of grains and
temperature have an influence on creep behaviour. Creep behaviour was
analysed by Kokawa [27], where in ice shell construction, linear increase
of creep deflection was spotted at the beginning (stationary stage), but as
time progresses the deflection rate accelerate until collapse, Fig. 9.

dfe)

failure

dyfeg

[N | —— ’

g Il g
T

0| Stationary stage_Accelerating stage

(b)

Figure 9: (a) Creep deformation just before the collapse [27]. (b) Model of creep
deflection-time curve [27]: §(¢) — creep deflection (mm/day), ¢t — time (day),
€ — uniaxial strain rate, f — complete failure, m — end of stationary stage.

Plain ice properties can be considerably improved by using suitable re-
inforcement. The percentage and the type of the reinforcement material
directly influence the thermophysical and the mechanical properties of the
composite [5]. When compared to conventional building materials, a lack of
uniformity of pure ice can be noticed which leads to the inability to manage
and anticipate its behaviour. By developing a systematic and formal knowl-
edge of the ways and mechanisms of the reinforcement and the properties of
reinforced ice, many ambiguities concerning ice behaviour could be dimin-
ished. Appropriate reinforcement used comprehensively in the construction
of reinforced ice structures has yet to be established and/or embraced.

3 Possibilities of using reinforced ice
as a building material

There are only two design codes for ice and snow structures that can be
found: the first one is the Finland snow construction — general rules for
design and construction [28], and the other is Chinese Technical standard
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for ice and snow landscape buildings [23]. Ice reinforcement can be divided
into two categories: macroscopic and microscopic reinforcement, Fig. 10.

[ THE METHODS OF ICE AND ICE-SOIL ]
[ microscopic reinforcement ] [ macroscopic reinforcement ]

by addition of . .. by addition of
disperse by addition of by addition of by addition of geosynthetic
particles (or short fibres water-solutable e T
air bubbles) (i cempousts logs, steel
reinforcement) (method of ope .
cryotropic gel 1
formation)
[ ICE AND ICE-SOIL COMPOSITES ]
THE FIRST GROUP: THE SECOND GROUP: THE THIRD GROUP:
aero-ice, foam-ice, ice ice (-soil) composites composites reinforced by
reinforced by particles, reinforced by a variety of short geofabrics, cutwood and
ice-concrete, eutectic fibres or water-soluble etc. Sandwich or laminar
composites, alluvium compounds. Pykrete, ice (-soil) composites,
reinforced ice. fibre-ice-composites, etc. geocomposites.

Figure 10: The methods of ice and ice-soil reinforcement [6].

Macroscopic reinforcement indicates that the size of the reinforcement par-
ticles is larger than that of the ice grains, such as rebar and trunk. Mi-
croscopic reinforcement means that the reinforcement particles size is com-
parable to the ice grains, such as sawdust, blast furnace slag, straw, etc. [6].
The most investigated reinforcement materials with the matching type of
reinforcement are shown in Table 5. Among organic materials, sawdust
and wood pulp were the most explored while glass fibre and geogrid were
utilized the most among inorganic materials [6].

Several impacts that influence the performance of reinforcement can be
listed: fibre-matrix stiffness, strain compatibility between the fibre and the
matrix and fibre-matrix interfacial bond. It is of crucial importance to se-
cure appropriate bonding between the matrix and reinforcement to transfer
the load from one to another. It is recommended to use hydrophilic fibres
rather than hydrophobic ones [6].
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Table 5: Reinforcement materials and type of reinforcement [6].

Reinforcement material Reinforcing type* Fr?(11191§;f)210cif5;15e
Glass fibre Mi/Ma 7
Geogrid Ma 2
Cryotropic gel Mi 1
Steel Ma 1
Slag Mi 1
Asbestos fibre Mi 1
Wood pulp (pykrete) Mi 5
Peat mass Mi 1
Hay Mi/Ma 1
Straw Mi/Ma 1
Sawdust Mi 12
Newspaper Mi 1
Paper dust Mi 1
Twigs Ma 1
‘Wood chips Mi 3
Newspaper (mash) Mi/Ma 1
Algae Mi 1
Cotton (fibre/cloth) Mi/Ma 2
Sand (silica, coarse) Mi 2
Gravel Mi 1

*Mi — micro, Ma — macro.

Igloo, Fig. 11, was the first and most famous building made of ice rein-
forced with lichen in polar regions of north hemisphere [6]. It was made in
a traditional way by cutting bricklike elements out of snow or ice and stack-
ing them together. Igloos are catenoid-shaped to avoid tensile stresses [9].
Thickness of igloo ice walls and details of the reinforcement could not be
obtained from research publications.

During World War II, the reinforcement of ice has started to be inves-
tigated for military purposes. In Russia (former Soviet Union), ice bridges
and ice roads were being strengthened with logs, branches, and twigs to en-
able heavy military transportation [6], while in the USA project Habakkuk
took place [7]. It was a top-secret project with a goal to make an aircraft
carrier out of seawater ice combined with 14% wood pulp. The material was
named pykrete after its inventor Geoffrey Pyke [7]. Artificial cooling was
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Figure 11: Construction of an igloo [9].

planned to shorten the freezing time of pykrete in the vessels. Although the
project had huge support at the time, it is reported that several problems
appeared and caused the work on the project to cease. First, engineers had
insufficient knowledge about the physical properties of ice and therefore,
were not positive whether it can perform its function safely. Also, they did
not know how to build structures that can stand up to forces imposed by
ice. In addition to that, as large quantities of pykrete needed to be frozen,
requirements for an immense refrigeration capacity emerged. According to
Gold [7], in many ways engineers have not gone forward in the understand-
ing of ice since Habakkuk project.

In January 1961, the project Ice Way was conducted on floating sea ice
on the North Star Bay, Greenland. To build an airstrip that can withstand
heavy loads, three layers of parking pads were built on top of the natural
ice [8]. The first pad was flooded with the sea water in 3 m thick layers, the
second one had a thickness of 2 m and was reinforced with fibreglass mats at
the top and the bottom and top pad was 1.5 m thick and made of ice chips,
fibreglass reinforcement and saturated with sea water. Size and structure
of reinforcing mats were not discussed. Successful aircraft landing, parking
and take-off tests were conducted on the 4270 m long reinforced runway.

In the Glockner’s paper, it was stated that reinforced ice domes represent
an economical and practical solution to the problem of making temporary
and semi-permanent enclosures that northern communities could use for
various purposes, e.g., recreational centres, storage areas and workshops [3].
Dome structures make the best use of ice because of their much higher
compressive than tensile strength. At the University of Calgary in Canada,
4 domes were created by spraying water with a compressed air-garden hose
on the reusable inflatable membrane formwork. The first dome was a pilot,
and the rest were made with, without or with some reinforcement. Dome
number 2, Fig. 12, was fully reinforced with a network of glass fibre yarn,
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a reinforcement material chosen over nylon string and wire. The exact size
and shape of the reinforcing network were not provided.

Figure 12: Dome made of ice reinforced with fibreglass [3].

Difficulties encountered during the construction process were freezing of
the water in the nozzle, establishing the rate and fineness of application
to form a layer of ice, and sun shining onto the fabric. It was necessary
to ensure continuous spraying by circling the dome at an even rate as well
as allowing water enough time to freeze before applying the next layer.
After completing the construction, the inflatable was pulled loose from the
internal surface of the dome. To test their load-carrying capacity, domes
were loaded with sandbags. The tests have shown that reinforced ice domes
have larger load carrying capacity and can withstand heavy loading even
during higher temperatures, Table 6. It was concluded that reinforced ice
can be a useful structural material and the spraying technique was proven
successful on small-scale models.

However, questions arose about the requirements for appropriate spray-
ing equipment and the rate of application of spray as well as the placing of
the reinforcement network to a large-scale model. Glockner advised using
insulation if exposure to the sun is unavoidable and insulating the interior
of the structure to increase its lifespan. It was suggested that additional re-
search work needs to be done in the thermodynamic aspect of reinforced ice
structures, such as heat loss, ice conductivity and the effect of air boundary
layers. In addition to that, further investigation of the creep deformation
and behaviour was suggested.

Research work related to ice reinforcement has stagnated for a few
decades until the early two-thousands when cryogel based on ice and PVA
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Table 6: Construction and testing information of the domes [3].

Volume | Average . .
Dome | Reinforce- Hour.s of of water | erection | Load Loaq Air t(.emp : Ave.rage 1ce
spraying, . duration | at failure | thickness
No. ment approx. | air temp. | (kN) S
approx. 1) ©C) (h) (°C) (mm)
1 None - - - - - - -
3 54 -21.9 14 72 - -
2 Full 1 23 -19.7 2.4 190 -5.0 12
network
Total: T
1 18 -14.2 1.7 0.2 -12.0 15
3 None 3 59 -14.1 - - — —
Total: 77
Door 0.5 9 -13.2 2.4 29 +6.0 8
4 region 2 40 -16.2 - - - -
only Total: 49

was used to seal a leakage at the base of a dame at the Russian Irelyakh
hydro system [16]. Cryogels are polymer gels generated due to freezing and
thawing cycles of an aqueous polymer solutions. Cryogels based on a PVA,
with a cross-linking agent and electrolytes as additives, are widely used and
have exceptional mechanical, thermophysical and diffusional properties. It
has been emphasized that PVA cryogels are easily available, simple to pro-
duce, non-toxic and biocompatible. In 2003, 51 tons of cryogel-forming so-
lution were injected into 5 holes at the base of a dam which formed a 3 m
thick barrier that covered an area of approx. 430 m?. The material was
found reliable, hence the technology continued to be used in the following
years. In the paper mass fraction of PVA in cryogel solution was not pro-
vided. Polyvinyl alcohol powder and fibre in combination with saltwater ice
was proposed and tested for cold-region constructions [29]. Results showed
that PVA reinforcement improved the compressive strength of saltwater ice
from 10.1 to 29.6 MPa [29]. The experiments in the field of ice road cross-
ing rivers are of high interest for Alaska, Canada, northern Russia, and
Scandinavian countries. The tests including geonets and their applications
as a reinforcement of ice covers were undertaken by a group of researchers,
led by Sirotyuk and Yakimenko. They tested freezing geonets from above,
Fig. 13, but also from below the ice cover. As the results of the test con-
ducted from 2014-2015 have shown, reinforcement by the geonets from
above improves the bearing capacity of the ice cover up to 30%. Loading
tests on the ice cover reinforced from below pointed out up to 70% higher
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bearing capacity [15]. Reinforcement both from above and from below gave
an excellent stabilizing effect. It has also been stated that the geonets and
the geogrids can be easily removed and stored for future using what makes
them environmentally acceptable solutions.

Figure 13: Reinforcement of an ice crossing from above [15].

In the winter of 2013, 30 m span Pykrete dome, Fig. 14, was built in Juuka,
Finland by scientists and students from Eindhoven University of Technol-
ogy [9]. The construction method was based on the research on ice shells
conducted by Kokawa [27]. In the process of dome construction, instead
of ice, a team led by Pronk used pykrete — a mixture of water and 10%
fine sawdust. Information about the particle size of sawdust was not given.
An inflatable polyethylene mould along with rope covers was fixed to the
anchor points and inflated, after which a slush made from water and snow
was applied to the foundation. It is not clear what spraying equipment was

Figure 14: Making of a pykrete dome [9].
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used, what was the application rate and was there just one or more lay-
ers. The 150400 mm thick dome was tested with sandbags that weighed
1850 kg and there was no deformation to measure. Afterward, pykrete sam-
ples were cut out and compared to pure ice. It was concluded that the
spraying method creates ice of high quality and that the pykrete samples
were stronger than the ice samples by 21%. However, pykrete samples were
found nonhomogeneous with fibre reinforced ice making up only an average
of 42% of the content. It was concluded that the usage of pykrete allows for
even thinner shell thickness — which would lower the structure’s dead load
— and that the construction of an ice shell with a 100 m span is realizable.

The research continued in 2015 with the construction of the reinforced
ice replica of Gaudi’s Sagrada Familia [10], Fig. 15, and an attempt to
make a replica of da Vinci’s bridge, Fig. 16 [30], also in Juuka, Finland.

Figure 15: Construction of the Sagrada Familia in reinforced ice [10].

Figure 16: Render of the da Vinci’s bridge in ice [30].
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Creating of Sagrada Familia was an international project as, apart from
the Eindhoven University of Technology, teams of students from Ghent
University in Belgium also participated. The structure was built in the
same manner as the pykrete dome, Fig. 17.

7
55

2

AVAVAS
5

YAV

Figure 17: Schematic representation of applying pykrete around the inflated
formworks [10].

Authors have stated that during the process several problems have oc-
curred. To begin with, ice reinforced with sawdust was not homogeneous
due to gravity and snow that kept falling during the construction time, so
large safety factors needed to be adopted. Several delays were encountered
as the outside temperature was around —5°C which is much higher than
the ideal —20°C for instant freezing of pykrete. Strong wind has caused
displacements of the structure and damaged the main tower which in the
end was not finished completely. Finally, installations froze and there was
a lack of electricity. It remained unclear how thick was the structure, as
well as how much sawdust was added and what was the particle size.

Project Da Vinci’s Bridge in Ice was inspired by Leonardo da Vinci’s
sketches of the bridge that was supposed to be built on the Bosporus River.
A mixture of water and 2% cellulose was used and sprayed on the PVC in-
flatable in the same building process already used in the construction of the
Pykrete dome and Sagrada Familia. However, due to unexpected changes
in the weather conditions, i.e., above 0°C temperatures and rain, structural
capacity was jeopardized what caused an implosion of the inflatable mould
and the bridge was never built [30].

Candela pavilion, Fig. 18, was another similar project inspired by Fe-
lix Candela’s famous reinforced concrete hypar shells and built by staff
and students from the Ghent University a part of ‘Juuka in ice’ manifesta-
tion [30]. A mixture of 2% cellulose and water was used to make a 0.05 m
thick pavilion with a span of about 15 m. Cellulose was chosen over sawdust
as it is white which is more aesthetically pleasing. Also, it is easier to make
a homogenous suspension when mixed with water [11].
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Figure 18: The Candela pavilion [11].

Size of the cellulose particles was not provided. It is stated that mass per-
centage was not determined by the strength criteria, but the mixture needed
to be fluid for it to be sprayed far enough. Besides from pavilion’s complex
geometry, a major challenge was a very low thickness to span ratio and
unfavourable weather conditions, i.e., unusually high temperatures, wind,
and snow. It has been concluded that the project yielded valuable data for
future reinforced ice structures.

In winter 2017-2018 two ice shell structures were created: Flamenco Ice
Tower, Fig. 19, and THRICE, Fig. 20, [12]. Both were made as a part of
the Harbin Ice Festival.

Figure 19: The Flamenco Ice Tower [9].
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Figure 20: Assembly procedure of THRICE [12].

Flamenco Ice Tower was a joint project of students and professors from
the Eindhoven University of Technology, Summa College, Harbin Institute
of Technology, School of Architecture and School of Civil Engineering. It
was inspired by the flamenco dress, the traditional Chinese tower, and the
Harbin flower. A 30.5 m high tower with 6 surrounding shells holds the
world record for the largest thin shell ice structure. The structure was
made in pykrete — a mixture of 2% paper fibre (cellulose) with unknown
particle size. The spraying technique was used in the same way as with the
previously mentioned structures. Prior to the construction, calculations of
the inflatable and of the shell structure were made, as well as finite element
model in Ansys environment engineering software.

An ice pavilion THRICE, Fig. 21a, was inspired by the work of architect
Heinz Isler and built by a team from the College of Architecture and Envi-
ronmental Design, Kent State University in Harbin. THRICE consisted of
three intersecting asymmetrical cones with an average thickness of 0.06 m
and heights of 10 m, 8.5 m, and 7 m that covered an area of approx. 100 m?2.
Aided by a computer model in Rhino, the structure was realized by spray-
ing a mixture of water and cellulose on the membrane mould fixated with
ropes, Fig. 20. Mass percentage and size of cellulose particles were not re-
ported. It was observed that the deformations were larger than predicted
which indicated a need to fully understand the connection between materi-
als and forms used for creating the structure (ropes, oculi, and formwork)
and the structure’s material, thickness, and geometry.

It was emphasised that ice composite structures are still in the experi-
mental phase with a lot of new possibilities that are yet to be discovered.
However, several limitations were recognized such as the albedo effect, sub-
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Figure 21: (a) THRICE — an ice pavilion [12]. (b) The world’s first sprayed net hyper-
boloid ice structure [31].

limation, creep behaviour and strong temperature dependency of the struc-
ture. In conclusion, it was stated that there is a need for a building code
of ice composites as there is still no technical standard for ice shells nor
for reinforced ice. The world’s first sprayed net hyperboloid ice structure,
Fig. 21b, was built during winter of 2018 by a group of student archi-
tects and engineers of the Design Research Centre, School of Architecture
and Harbin Institute of Technology. A water mixture, with 0.6% cellulose
and no particle size recorded, was used to form the reinforced structure.
The novelty that was introduced was the spraying of rope nets and using
the rope formwork. Because of the reinforced ice properties, a formwork
that enables the transformation from the completely tensile structure in
construction to the completely compressive structure when released was
used [31]. Previously mentioned ice structures required sophisticated form-
work while hyperboloid ice structure construction was low-cost, swift, and
sustainable. The observed deficiency was the waste of the cellulose-water
mix while spraying [31].

The ice composite shell structure, named Koi-fish after famous orna-
mental fish species, realized with complexly shaped inflatable formwork
was made in Harbin Ice — Snow World festival in China. The Koi-fish shell
structure, Fig. 22, was built with ice reinforced with 2% white pulp-fibre
material [32]. Because of the material imperfections detected, reinforced
ice specimens at heights of two and four metres were collected. Density
test, fibre mixing ratio test, as well as compressive and tensile strength
tests, have been carried out. It has been concluded that the ice composite
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density performs a normal distribution. Also, the material delamination ef-
fect on the bearing capacity, which occurs because of an unequal composite
mixing while spraying, was investigated. It was shown that the material de-
lamination has a serious material strength lowering effect [32]. Also, it was
concluded the monitoring thickness was higher than the designed one and
the temperature and material thickness directly affect the bearing capacity
of the Koi-fish ice shell. The main surface scanning was used to compare
and examine the drawbacks between the actual surface and the model. It is
emphasized the spraying technique must be improved to create a satisfying
quality of the reinforcement.

Figure 22: The Koi-fish ice shell [32].

The construction process and the design details of the ice shell restaurant,
Fig. 23, were elaborated in [14]. Ice restaurant occupied 554 m? and could
receive up to 40 people at once. Two types of inflatable mould, the airbag
mould, and the air rib mould, were compared and the superiority and pecu-
liarity of the air ribbed inflatable mould construction process, used for this
structure, was discussed. The reinforcement material was 2% paper fibre
because of its improved material properties compared to pure ice. Particle
size was not mentioned. The structural behaviour under 10 different load
conditions was analysed. As the fundamental variable for a finite analy-
sis for the average test strength reinforced ice at —15°C was used. It was
concluded that the results of the maximum tensile and the maximum com-
pressive stress of the structure were under safety requirements. Buckling
tests were not discussed.
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Figure 23: Ice restaurant at the 21st Harbin Ice and Snow World [14].

Summary of reviewed papers dealing with ice structures was given in Ta-
ble 7 where used reinforcement materials are synthetised, while in Table 8
construction methods and parameters are presented. It can be noted that
for most ice structures construction parameters were not completely defined
and nor was the size of reinforcement material.

All presented structures have been made from frozen plain or seawater,
both of which are easily available in cold areas. However, if tap water is
used, the cost of it should be considered as well as the cost of artificial
cooling if needed. Various types of used reinforcement materials proved to
be economical and environmentally friendly. Lichen has no economic value
so building an igloo is cost-free. Furthermore, as lichen is a sustainable nat-
ural material, there is no waste when using it. Logs, branches, and twigs
are also sustainable biodegradable materials, and their usage can be con-
sidered economical. Similar non-toxic, low-cost biodegradable materials are
cellulose and pulp fibres which have been widely used in recent years. Saw-
dust is already a waste and therefore a low-cost material. However, it is not
always available in large quantities. On the contrary, fibreglass, and PVA
are much pricier than mentioned natural materials. PVA is a non-toxic and
biodegradable material while fibreglass can be toxic and is not biodegrad-
able. Given the economic and environmental aspect, most of the structures
were found to be economical and environmentally acceptable.
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4 Conclusions and future directions in field

This paper focuses on the examination of existing research studies related
to reinforced ice and reinforced ice structures. Ice structures covered so far
in research findings were presented with an emphasis on construction and
reinforcement parameters. It was found that ice is very suitable for usage
in various fields of engineering applications, but there is still insufficient
knowledge of its behaviour when used as a building material. Its prop-
erties vary and are not entirely suitable for building purposes. However,
thermophysical properties of ice can be significantly improved by reinforce-
ment. Presented data shows that, with introduction of sawdust, thermal
conductivity and diffusivity of pure ice can be decreased by 21% and 23%,
respectively. Different kinds of reinforced ice may have up to 4-6 times
higher compressive, tensile, and flexural strength than plain ice as well as
lower creep rates and an improvement of brittle behaviour. For instance, ice
reinforced with wood pulp (pykrete) was found to have up to 2 times higher
tensile strength than concrete. Possibilities of reinforcement are numerous
and there is a wide range of choices with respect to application, availabil-
ity, and cost-effectiveness. Cellulose derivatives have demonstrated the best
physical properties with being environmentally friendly and economically
viable. However, in the analysed studies several issues were observed. In
most of the studies construction parameters — construction method and
wall thickness — were not defined accurately and nor was the size of rein-
forcement particles or nets. There is a necessity to define a procedure of
preparation of ice composites for practical purposes. It is crucial to know
the effects that reinforcement type, size, quantity (mass or volume fraction
percentage), positioning, and distribution have on the final product. Fur-
thermore, the freezing process and ways that ensure reinforcement material
stays in the desired position during the process should be defined. Over-
all, it can be concluded that there is a necessity for more comprehensive,
clear, and accurate data regarding reinforced ice construction methods and
processes, as well as regarding the preparation of ice composites in general.
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installations
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Abstract The paper presents the methodology of designing a system
for accumulating waste heat from industrial processes. The research aimed
to analyse the fluid’s movement in the heat accumulator to unify the tem-
perature field in the volume of water constituting the heat buffer. Using the
computer program Ansys Fluent, a series of computational fluid dynamics
simulations of the process of charging the heat storage with water at 60°C,
70°C, and 80°C was carried out. The selected temperatures correspond to
the temperature range of unmanaged waste heat. In the presented solution,
heat storage is loaded with water from the cooling systems of industrial
equipment to store excess heat and use it at a later time. The results of
numerical calculations were used to analyse the velocity and temperature
fields in the selected structure of the modular heat storage. A novelty in
the presented solution is the use of smaller modular heat storage units that
allow any configuration of the heat storage system. This solution makes it
possible to create heat storage with the required heat capacity.

Keywords: Heat storage; Heat recovery; Waste heat, CFD

Nomenclature
Cie, Cae, C, — turbulence model constants
c —  specific heat, Jkg 'K™!
Gk — generating kinetic energy of turbulence
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k —  kinetic energy of turbulence

P —  pressure, Pa

S — modulus of the average strain rate tensor

Sij — strain rate tensor

T —  temperature, K

t —  time, s

ui, uj, wg — velocity components, ms™!

xi, xj, 11 — Cartesian coordinates, m
Greek symbols

0;; — Kronecker delta

€ — dissipation coefficient

A —  heat conductivity, Wm~'K~!

m —  dynamic viscosity coefficient, kg m~!s™!

u:  — turbulent viscosity, m?s™!

p —  density, kgm ™3

or — turbulent Prandtl number for k

e —  turbulent Prandtl number for ¢

1 Introduction

Thermal energy is a by-product of every energy generation and industrial
process. The growing crisis and rising environmental problems force the
development of heat recovery systems to mitigate the current situation [1].
Waste heat recovery is one of the most promising ways to improve the en-
ergy efficiency of many technological processes and energy devices [2]. All
kinds of construction industries are among the most energy-intensive areas.
This sector accounts for almost a third of the world’s total energy consump-
tion. Domestic hot water, space heating and cooling currently account for
about 50% of energy consumption in the construction sector [3]. Thanks
to waste heat recovery systems, it will be possible to reduce COy emis-
sions, and fossil fuel consumption [4]. Nowadays, all countries around the
World are in a period of energy transformation. Distributed energy, com-
plementary to fossil and renewable energy, is currently a research hotspot.
However, the variability and discontinuity of renewable energy require the
use of energy storage facilities that will provide energy in the event of in-
sufficient production from renewable energy sources (RES) [5]. Numerous
industrial processes generate a significant amount of low-temperature waste
heat, a potential source for building heating systems and industries such as
drying, pasteurization, water heating and distillation in the paper, food, to-
bacco, wood, etc., chemical and machinery sectors. A low-temperature heat
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source could be sufficient to heat buildings; however, high-temperature wa-
ter, steam or air is required in the abovementioned industrial branches.
This temperature can be achieved by using electric heating or traditional
fossil fuel boilers. This is associated with low energy efficiency and high
emission of pollutants into the atmosphere. To improve energy efficiency,
traditional boilers can be replaced by heat pumps, a more efficient method
of high-temperature heating. When generating energy in a heat pump, no
production of pollutants could get into the atmosphere [6]. However, waste
heat production does not always correlate with actual heat demand. This
makes it necessary to accumulate this heat and use it at a later time. There-
fore, one of the most urgent issues in the power industry is collecting and
storing the generated thermal energy using heat accumulators. Such de-
vices can be used as thermal power reserves during night hours or system
failures [7]. In addition, thermal energy can be converted into electrical
energy for production in the thermomechanical cycle when there is a de-
mand for it [8]. The modular heat storage is usually a few hundred litres,
well-insulated accumulator tank that allows heat to be stored in the form
of, for example, hot water. The heat source can be water from industrial
equipment’s cooling systems. Due to the risk of evaporation, heat storage
with water is mainly used at temperatures below 90°C [9,10]. The dynamic
and static modes can be distinguished during the water tank operation.
The dynamic mode of operation refers to the process of loading and un-
loading the water tank. The static operating mode refers to the thermal
behaviour of the heat storage when water is accumulated [11]. If necessary,
the accumulated heat can be transferred at a given time and in a certain
amount to various receivers in the building, such as radiators, floor heating
or domestic hot water (DHW) storage heaters [12]. Unused heat should be
managed for its subsequent use in low-temperature processes and heating
buildings. A diagram of such an installation is shown in Fig. 1.

In such an example installation, the heating fluid operates in a closed cir-
cuit. The heated fluid flows from the waste heat source to a 4-way valve with
a thermometer and, depending on the temperature, is either transferred di-
rectly to the heat consumer or heats the water in the thank thermal energy
storage (TTES) for later use. An expansion vessel is used in the system and
in the TTES itself to collect the excess fluid created by temperature expan-
sion. Sensors are used throughout the system to measure the temperature
of the medium.

In the literature, the static mode of operation is also called the cooling
process because, due to heat loss to the environment, a natural water cool-
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Figure 1: Scheme of waste heat storage installation.

ing process occurs [11,13]. Heat exchange between the fluid in the tank and
the environment results in the creation of boundary layers of temperature
and water velocity along the side wall of the tank. As a consequence of this
phenomenon, thermal stratification is formed in the reservoir. This stratifi-
cation significantly affects the capacity of the accumulated thermal energy
and even the efficiency of the entire system [11,14]. Heat storage, also called
accumulation, is present in heat accumulators, i.e., thermal energy storage
(TES). Depending on the temperature of the storage medium, heat accu-
mulation can be divided into low-temperature, whose temperature does not
exceed 120°C, medium-temperature, ranging from 120°C to 500°C [15] and
high-temperature, whose temperature exceeds 500°C. In thermal energy
storage, heat can be accumulated using specific heat, phase-change ma-
terial (PCM), and heat of chemical transformations [16,17]. Due to their
construction, heat accumulators can be divided into two main groups. The
first one includes underground thermal energy storage (UTES), i.e., under-
ground heat reservoirs that use soil, water or gravel as a storage medium.
The second form of storage is a water reservoir, i.e., tank thermal energy
storage (TTES) [16]. In general, the energy storage density of overt heat
storage materials is relatively low (in the range of approximately 10 to
50 kWhm~3 [9,18]), requiring more materials and larger tanks [9,19].
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Heat storage with very large capacities are used in power plants [20].
This arrangement feeding the district heating system. Such solutions are
applicable to areas with access to the district heating system [21].

A novelty in the presented solution is the use of smaller modular heat
storage units that permit any configuration of the heat storage system and
the use of thicker insulation than in standard tanks, which results in lower
heat losses to the environment. The proposed solution makes it possible to
create heat storage with the required heat capacity. Particularly, this work
provides an analysis of heat storage accumulating heat in an overt form
up to 80°C. A series of computational fluid dynamics (CFD) simulations
of the TTES charging process with water at 60°C, 70°C, and 80°C were
carried out. The research demonstrates the influence of the temperature
and the tank’s structure on the movement of the water velocity field in
the tank and heat loss as a result of heat conduction through its walls.
In the literature, one can find various uses of thermal energy storage with
phase change substance, which accumulate waste heat and heat from so-
lar energy [22,23]. Phase change materials have a high heat capacity but
only in a narrow temperature range, while water works better in a broader
scope. Phase change material (PCM) is also much more expensive than
commonly available water. Due to the low interest in the area of modu-
lar TTES loaded with water from waste heat recovery installations and
the matter of extending the ranges of applied temperatures, the presented
publication fills this gap.

2 Methodology: computational fluid dynamics
method

Effective modelling of the charging process of modular heat storage requires
the use of mathematical models that allow the determination of the temper-
ature field and the velocity field resulting from water heating in the tank.
The heated water temperature field results from two heat transport mech-
anisms, convection and conduction. The conduction equation with a con-
vection term, also known as the Fourier-Kirchhoff equation, can describe
their mutual overlap. The general form of this equation is [24,25]

oT oT oT or )\ <a2T T a?:r) )

ot oz T Yon; T om " ep\0a? " 0a2 " 0a)



306 P. Gorszczak, M. Rywotycki, M. Hojny, and G. Filo

The Navier-Stokes equation coupled with continuity equation, describes
the heated water velocity field. The general form of this equation, describing
the movement of a viscous fluid, is as follows [26]:

Q(u.)+i(u.u.)_ .,6p+i 8“i+6”1
ot T g ) =PI 0 T o [P\ 0wy T O

j
2 Oy
e )] @)
op 0 B
2 G (pu;) = 0. (3)

Turbulent flow is a three-dimensional, non-constant, random motion ob-
served in fluids at moderate to high Reynolds numbers above 3600 [26].
Since technical flows are usually based on low-viscosity fluids, almost all
are turbulent. Many technically essential quantities, such as the mixing of
momentum, energy, and substance kinds, heat transfer, pressure losses and
efficiency, depend on turbulence. Turbulent flows are unsteady, and their
accurate simulation requires high computing power. For this reason, aver-
aging methods must be applied to the Navier-Stokes equations to filter out
all, or at least, parts of the turbulence spectrum. The most widely used
solution is trying to solve the time-averaged equations of motion for fluid
flow — the Reynolds-averaged Navier-Stokes (RANS) equations. This pro-
cess eliminates all turbulent structures from the flow, and a smooth change
of the averaged velocity and pressure fields can be obtained. However, the
averaging process introduces additional unknowns into the transport equa-
tions that need to be related to the averages somehow, which is why the
so-called turbulence modelling occurs at this stage [27,28]. The quality of
the simulation may depend on the turbulence model selected. It is essential
to choose a suitable model and provide the appropriate numerical mesh for
the selected model. An alternative to RANS constitutes the scale-resolving
simulation (SRS) model. In SRS methods, at least part of the turbulence
spectrum is resolved in at least part of the flow domain. The best-known
method is large eddy simulation (LES); however, many new hybrids (mod-
els between RANS and LES) are emerging. Since all SRS methods require
timed simulations where the time step is relatively small, it is crucial to
understand that these methods are computationally much more demanding
than RANS simulations. The RANS models include the Spalart-Allmaras
model, k-¢, k-w, and Reynold’s stress. The k-¢ model belongs to the family
of time-averaged Navier-Stokes (RANS) turbulence models in which all tur-
bulence effects are modelled. It is a model based on two equations [29]. This
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means that in addition to conservation equations, it also solves two trans-
port equations, such as convection and diffusion of turbulent energy [30].
The standard k-e model is a semi-empirical model based on default trans-
port equations for turbulence kinetic energy, k, and its dissipation coef-
ficient, €. Both variables contribute to the turbulent viscosity, p;. It is
designed to model the apparent increase in viscosity associated with the
existence of additional fluctuations. In this case, the transport equations
may be written as follows:

ou; ou; 10 10 Ou;  Ou;
+ Pgi p_[(ﬂ+ﬂt)< + J)] (4)

ot uj% — P p Oz p Ox; Ox;  Ox;
gz —0, (5)
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The transport equations for k£ and € include additional quantities such as:

2
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The model also requires several constants. In the carried out research, by
the general Ansys/Fluent recommendations [31], they amounted to:

C,=0.09, Cp=144, Co =192, 0,=10, o =13.

Equations (4) and (5) are valid only for incompressible flows. The tested
working medium is water, which is treated as an incompressible fluid. For
this reason, the over mentioned equations are appropriate. The formulated
equations are solvable for averaged values over a suitable time period. It
is assumed that the averaged values may still vary over time to some ex-
tent [28]. In the derivation of the k-e model, it was assumed that the flow is
turbulent since the standard k-e model is valid for fully turbulent flows [27].
Finally, based on the Ansys Fluent documentation [27,31], among many dif-
ferent mathematical models, the k-e turbulence model was used mainly due
to optimal calculation time and high stability.
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3 Case study: numerical model

Calculations of the heat capacity of a single tank were carried out for differ-
ent charging temperatures. It was assumed to build compact heat storage
with internal dimensions of 2.0 m x 0.5 m x 0.5 m, which was filled with
water. The actual volume of stored medium is therefore 0.472 m3. This is
the volume calculated with Ansys DesignModeler on the basis of the ge-
ometry after subtracting the heating and heat-receiving plates, which is
filled with water. The initial temperature of the water in the tank was as-
sumed to be 12°C, and the final temperatures amounted to 60°C, 70°C, and
80°C, respectively. The accumulator heat capacity was determined based
on the energy balance. The specific heat of the water and the temperature
difference were used to calculate the heat capacity. The calculated heat ca-
pacity at different charging temperatures converted to kWh is presented in
Table 1.

Table 1: Summary of thermal capacity for different charging temperatures.

‘ Charging temperature (°C) ‘ Heat capacity (kWh) ‘
60 26.27
70 31.78
80 37.32

The tank geometry (Fig. 2) was created in DesignModeler, which is part of
the Ansys package 2022 R2 [32]. The buffer consists of a steel sheet tank
which thickness is 0.005 m, polystyrene insulation which thickness is 0.1 m,

@ Water
[ Polystyrene insulation
B Steel sheet

[ Heating plate

[ Heat receiving plate

Figure 2: Tank geometry created in DesignModeler.
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a copper heating plate, and a heat receiving plate which length is 0.8 m,
while the width is 0.015 m. To speed up numerical calculations, symmetry
was used when creating the geometry, which reduced the number of mesh
elements. The external dimensions of the tank, after taking into account
symmetry, are 2.21 m in height and 0.355 m in width.

Two types of model meshing methods were proposed: automatic and
MultiZone. The automatic method is the default mesh generation method
in Ansys Meshing. This method attempts to sweep the mesh for solid (3D)
models and generate quadrilateral elements for surface solid (2D) mod-
els. Sweep mesh generates a mesh on one surface (the source surface) of
the body and literally ‘sweeps’ along the body to another surface (the
target surface). The mesh pattern is identical along the entire length of
the body. The MultiZone mesh method automatically decomposes geome-
try into mapped regions (structured/stretched) and free regions (unstruc-
tured). Where possible, it automatically generates a clean cubic mesh, then
fills the harder-to-grasp areas with an unstructured mesh [27,32].

Two methods, automatic and MultiZone, were used when creating the
mesh on the tank model. The automatically created mesh used in the cal-
culation is shown in Fig. 3 and has 1523617 elements. This method is
characterized by the fact that the program selects the optimal geometry
structure itself. The minimum orthogonal quality of this mesh is 0.1, and
the maximum quality is 0.99. The average mesh quality is 0.77. The average
skewness of the elements is 0.23. The size of mesh elements is 0.04 m. Local
refinement was used in the areas where water meets solid surfaces.

Figure 3: Tank mesh created in Ansys Meshing using automatic algorithm.
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For comparison, the mesh created with the help of the MultiZone method
is shown in Fig. 4 and has 665724 elements. The minimum mesh quality
is 0.58, and the maximum mesh quality is 1.00, with an average value of
0.99. The average skewness of the elements is 0.03, and the size of mesh
elements is 0.008 m. The MultiZone method was used to create a mesh of
the fluid body in order to obtain a hexagonal shape. Local mesh refinement
was applied in the areas where water meets surfaces.

Figure 4: Tank mesh created in Ansys Meshing with the MultiZone method.

The most commonly used indicators characterizing a given mesh are skew-
ness and orthogonal quality. Ansys recommends the minimum orthogonal
quality to be higher than 0.1 and the maximum skewness less than 0.95.
These values are acceptable, but the higher the minimum orthogonal qual-
ity and the lower the maximum skewness, the more reliable results can be
obtained from subsequent CFD simulations [33]. Comparing the above two
meshes (Figs. 3 and 4) and recommendations, it can be seen that thanks to
the use of the MultiZone method, the quality is excellent. In the case of the
automatic method, it is also acceptable, but its parameters are noticeably
worse. In Ansys Fluent, appropriate physical properties were assigned to
individual materials presented in Table 2. An initial boundary condition
was assigned to each wall of the tank. For external walls (insulation) tem-
perature of 15°C and a heat transfer coefficient of 15 Wm™2K~! were set.
System coupling was assigned to the internal walls (sheet metal) and to the
heat-receiving plate. The hotplate was ascribed an initial temperature of
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60°C, 70°C, and 80°C. All surfaces were assigned a wall boundary condition.
The Standard k-e model was used as the viscosity model in the calculations
to simulate the average flow characteristics under turbulent flow conditions.
Pressure-velocity coupling was used to derive an additional pressure condi-
tion. The pressure-based solver allows the flow problem to be solved sepa-
rately or in combination. The calculations use the simple method solution,
which means that the algorithm uses the relationship between velocity and
pressure corrections to enforce mass conservation and obtain a pressure
field. This is the default setting for transient simulations [27]. The compu-
tation time was 10800 s of real process time. While loading the tank with
hot water, a constant temperature was set on the surface of the bottom
plate responsible for heating the system. The top plate was assigned an
initial temperature of the water.

Table 2: Physical properties of materials used in calculations [31].

Material Specific heat Density Concll_flecitivity ]313; 2?;3;1;
type (Jkg_lK_l) (kgm_s) (Wm—lK—l) (kgm_ls_l)

EPS 1210 29.933 0.033 -

Copper 381 8978 387.6 -

Steel 502.48 8030 16.27 -

Water 4182 —0.4589T 4 1129.6 0.6 0.001

To determine the impact of the mesh quality on the accuracy of the
results of numerical calculations, the results obtained using two types of
meshes were compared. Figures 5-7 show the distributions of the water
velocity field for the automatically-generated mesh and a mesh created
using the MultiZone method. The comparisons are presented in particular
time periods, at charging temperatures up to 60°C.

Analysis of Figs. 5-7 shows that the usage of automatic method leads
to the accumulation of higher velocities in the upper part of the tank. The
maximum velocities are observed near the plate that does not transfer heat
to the system. This movement does not come from the lower heating plate,
unlike the MultiZone method. In the case of the MultiZone simulation, the
water velocity distribution range is smaller but uniform throughout the
volume of the tank. This is related to better mesh quality; therefore, the
MultiZone model is selected for further calculations.
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Figure 5: Distribution of water velocity in the tank after the first
hour of calculations.
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Figure 6: Distribution of water velocity in the tank after the second
hour of calculations.
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Figure 7: Distribution of water velocity in the tank after the third
hour of calculations.

4 Computational fluid dynamics simulations and
analysis of the results

Figures 8, 12, and 16 show the temperature distribution in the graphical
form over the first, second and third hours when heating water in a tank
with different required temperatures. Three points were distinguished in
each figure mentioned above. Graphs of temperature distribution over time
were prepared for each marked point, as shown in Figs. 9, 13, and 17. In
addition, Figs. 10, 14, and 18 deliver the water velocity field in the tank
as a result of temperature changes. Similarly, points were marked in the
figures, and diagrams of the water velocity field distribution in time were
made for them, which are presented in Figs. 11, 15, and 19. The Reynolds
number was determined for the sections corresponding to points 1, 2, and
3 at the time moments, which are shown in Figs. 10, 14, and 18. The value
is in the range of 374512679, which corresponds to a fully turbulent flow
(Re > 3600) [26].

In Figs. 8 and 9 at 60°C, one can see that the temperature increases
with the charging time. Similarly, Figs. 12, 13 as well as Figs. 16 and 17
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Figure 8: Temperature distribution in the tank for the maximum value of 60°C.
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Figure 9: Graph of temperature distribution over time for a maximum value of 60°C.

refer to the temperature of 70°C and 80°C, respectively. A higher charging
temperature leads to more heat stored in the warehouse and a longer dis-
charge time. In the drawings showing the distribution of the temperature
field, it can be observed that in each charging variant, there is a layer of
cooler water at the bottom of the tank. This is due to the fact that the
heating plate does not adhere to the bottom wall of the heat storage, so
there is no global fluid movement there.
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Figure 10: Water velocity distribution in the tank for the maximum temperature of 60°C.
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Figure 11: Graph of water velocity distribution over time for a maximum
temperature of 60°C.

Figures 10, 14, and 18 show the distribution of water velocity in the tank.
It can be observed that the velocity field in the upper area of the tank is
significantly larger than the velocity field in the lower part. Generally, the
values of the water velocity field in the entire tank are small and are caused
only by the dissimilarity in water temperature resulting in its different
density. Hence, it can be seen that in the tank’s lower part, the fluid’s
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Figure 12: Temperature distribution in the tank for the maximum value of 70°C.
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Graph of temperature distribution over time for a maximum value
of 70°C.

Figures 11, 15, and 19 show graphs of water velocity distribution in

the reservoir.

In the charts, you can see an increase in speed in the initial

seconds of loading. A high gradient between the initial water temperature
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Figure 14: Water velocity distribution in the tank for the maximum temperature of 70°C.
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Water velocity distribution over time for a maximum temperature
of 70°C in points 1, 2, and 3.

and the temperature of the heater causes this phenomenon. Over time, the
speed starts to decrease as the temperature difference drops. In addition,
the highest rate is present in the centre of the tank (point 2) since this point
is close to the upper part of the heating plate. The lowest water velocity
field is near the bottom of the tank (point 1) due to the faster temperature

equalization.
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Figure 16: Temperature distribution in the tank for the maximum value of 80°C.
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Figure 17: Graph of temperature distribution over time for a maximum value
of 80°C.

From Figs. 11, 15, and 19, one can see the noticeable change in the
velocity of the three points over time. The same cannot be observed for
Figs. 9, 13, and 17. Temperature variation over time is still present; how-
ever, the values at each point are not significantly different. This is due
to the movement of the fluid, which results in equalizing the temperature
throughout the entire volume of the tank.
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Figure 18: Water velocity distribution in the tank for the maximum temperature of 80°C.
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Figure 19: Water velocity distribution over time for a maximum temperature
of 80°C in points 1, 2, and 3.

5 Total heat loss to the environment

In the calculations, expanded polystyrene (EPS) was used as the default
insulation of the tank. It is a commonly used insulation material with a ther-
mal conductivity 0.033 Wm~'K~!. Thanks to the applied layer of expanded
polystyrene with a thickness of 0.1 m, it was possible to reduce heat losses
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to the environment significantly. Table 3 shows the daily heat losses and the
heat capacity of the tank at different charging temperatures and their per-
centage ratio. It can be read from the table that an increase in the charging
temperature by 20°C causes the total heat loss to the environment increases
from 1.58 to 2.33 kWh per day. However, a higher charging temperature
provides more heat available to use and a longer discharge time.

Table 3: Summary of daily losses and thermal capacity of the tank.

Tem(}leéz)xture Da(li{}\r]\}ck)sses Therraz:\l}vcs)pamty Percentage ratio
60 1.58 26.27 6.01
70 2.02 31.78 6.36
80 2.33 37.32 6.24

Based on Table 3, it can be concluded that the ratio of daily heat losses
to the heat capacity of the tank is highly comparable depending on the
charging temperature. The use of better insulation would result in a reduc-
tion of heat loss to the environment. The usage of more tanks with better
insulation could meet the heat demand on unfavourable days, where direct
waste heat recovery would not meet the needs.

6 Conclusions

e The conducted research analysed the thermal parameters of the de-
signed compact heat storage. The study aimed to examine the move-
ment of the fluid in such a heat accumulator to unify the temperature
field in the volume of water constituting the heat buffer. Using CFD
simulations, water movement in the tank was studied.

e During the tests, the heat capacity of a tank was determined, and the
heat losses to the environment at different charging temperatures were
estimated. Three temperatures were selected, and the heat storage
was loaded into each for an equal period of time.

e In conclusion, as it arises from the results of the calculations presented
in the work heating the water in the tank to 60°C is the most energy
efficient, because heat losses to the environment, in this case, are the
lowest.
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e Due to the fact that waste heat from industrial equipment has dif-
ferent temperatures, such a tank will also be charged with different
temperatures. Therefore, using wate as an accumulation medium in-
stead of a variable-phase substance is less expensive.

e Due to the compactness of the designed system, it can be used in var-
ious configurations depending on the environment in which it works.
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Abstract Solar air heater is regarded as the most common and popular
solar thermal system and has a wide range of applications, from residential
to industrial. Solar air heater is not viable because of the low convective
heat transfer coefficient at the absorber plate which contributes to decreas-
ing the thermal efficiency. Artificial coarseness on the plain surface is the
most effective method to enhance heat transfer with a moderate rate of
friction factor of flowing air in the design of solar air heater duct. The dif-
ferent parameters and different artificial coarseness are responsible to alter
the flow structure and heat transfer rate. Over the years different artificial
roughness and how its geometry affects the performance of solar air heater
have been thoroughly studied. Various investigators report the correlations
between heat transfer and friction factors. In the present study, a compar-
ison of several artificial coarseness geometries and methods with a view to
enhancing the performance of solar air heater has been made. A brief outline
has also been presented for future research.

Keywords: Solar energy; Artificial coarseness; Heat transfer coefficient; Thermo-hydraulic
performance; Friction factor

Nomenclature
D —  hydraulic diameter, mm
d — dimple diameter, mm
d/W — relative width of the gap
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d/D — relative diameter of rib print

e — rib height, mm

Re™ — roughness Reynolds number

e/D — relative roughness height

F’ — flat collector efficiency factor

Fr —  heat removal factor

fr — friction factor for roughened surface
fs —  friction factor of flat duct

G° —  mass flux, kg/(sm?)

Gq — distance of the gap, mm

G(Ret) — heat transfer function

Ga/Ly, d/x — relative position of the gap

g — groove position or gap, mm

g/e — relative gap position

g’ /e — relative additional gap in each symmetrical rib
g/P — relative groove position

H — duct height, mm

I —  global solar irradiation, W/m?

L — length of long way test section, mm
Ly — final length of duct, mm

L, — length of V-rib, mm

L/e — relative long way length

l/s — relative length of metal grid rib

mP° — mass flow rate, kg/s

Nu —  Nusselt number of roughened duct
Nug —  Nusselt number of smooth duct

Gu —  heat flux, VV/m2

P’ — staggered rib position, mm

Py/eq — relative dimpled pitch

p/P — relative staggered rib pitch

P'/p — relative staggered rib roughness
Ple — relative roughness pitch

AP — pressure drop, Pa

Re —  Reynolds number

R(Re™) — momentum transfer roughness function
r/g, v/e — relative staggered rib size

S — length of short way discrete rib, mm
S/e — relative short way length

St —  Stanton number

s'/s — dimensionless gap position

s’ —  gap position, mm

Ty; — entry temperature, K

Tyo —  exit temperature, K

Ta — ambient temperature, K

UL —  overall heat loss coefficient, W/(m?K)
Vv —  velocity, m/s

w — duct width, mm

w —  width of a single V-rib, mm

W/H — aspect ratio
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W/w — relative roughness width
We/Waq — relative dimpled obstacles
w/e — staggered length of the rib to the height of the rib

Greek symbols

a — angle of inclination in flow direction, degree
® — chamfer angle, degree
p — density, kg/m?
n  — thermal efficiency
T — transmittance
Acronyms
HVAC - heating, ventilation and air conditioning
SAH — solar air heater
THP —  thermo-hydraulic performance

1 Introduction

Since the beginning of human civilization, energy has been one of the most
vital factors for sustainability of the mankind. Today, energy remains an
essential element of global economic growth and industrialization. With the
rapidly diminishing fossil fuel reserves, which have been the primary source
of energy so far, it has become imperative to find new energy sources. Solar
energy has emerged as a viable source of alternative energy, which is clean,
ensures a pollution-free environment, and which is available year-round.
In other words, besides mitigating the energy crisis, it can also reduce
COg2 emissions. Another benefit is that solar energy is easy to change into
other types of energy, such as thermal, mechanical, chemical, and electrical
energy. A solar air heater (SAH) is an apparatus that absorbs solar energy
and then transfers the heat energy to the air passing through. As SAH has
been established as one of the most cost-effective techniques for converting
solar energy, it is being widely used in various industries for room heating,
room cooling, room drying, and other industrial purposes [1].

Absorber plates are an essential component of solar air heaters (SAHs).
However, the formation of a viscous sublayer over the absorber plate tends
to reduce the heat transfer coefficient and increase thermal resistance. The
research established that artificial coarseness in the absorber plate could be
an effective method to break laminar sublayers and increase the heat trans-
fer coefficient [2]. However, it causes a significant pressure drop, enhanc-
ing the requirement for electricity. Many researchers have utilized artificial
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coarseness geometry of various configurations and dimensions to enhance
heat transfer and improve SAH efficiency. The present study provides an
overview of different geometries, such as V-shape, W-shape, arc-shape, etc.,
and examines how different orientations of artificial roughness affect the
performance of SAH. The aim of this paper is to determine which artificial
coarseness surface works the best with different shapes and structures.

Generally, traditional SAH has low thermal performance because of
a smooth surface that offers low convective heat transfer to flowing air, lead-
ing to major losses in surrounding. The SAH performance can be increased
in two ways: by reducing the top surface heat loss of SAH or by enhancing
the heat transfer at the absorber plate. Various methods are available to
enhance the heat transfer but the most common method is to increase the
heat transfer rate by using artificial coarseness instead of a smooth surface.
Artificial roughness develops turbulence on a heated surface and breaks
the laminar sublayer but it causes an increase in the pressure drop which
is undesirable for the design of SAH. In this paper, the previous research
of artificial coarseness used in SAH is summarized.

2 Theory of artificial roughness

Conventional SAHs are inefficient due to inadequate provision for heat
transfer between the absorber plates and the air passage. As a result, the
thermal resistance between the absorbing plates and the air is higher in
the SAHs. Consequently, it increases the temperature, thereby increasing
the heat loss to the surrounding area. The presence of a laminar sublayer
interrupts heat exchange between the absorber plate and air passage [3].
By introducing artificial coarseness, the laminar sublayer can be broken so
as to improve heat exchange by producing local turbulence. However, it
can also increase the friction losses leading to an increase in the power con-
sumption for fluid flow. Several studies revealed that Nusselt number (Nu)
and friction factor (f) are also affected by factors, such as rib arrangement,
wire form, rib height, and rib pitch.

3 Principle of solar air heater

In a nutshell, a traditional solar air heater absorbs solar radiation and con-
verts it into thermal energy. As illustrated in Fig. 1, the SAH has a glass
cover, a rear insulated cover, and a blower. To prevent heat transfer from
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the top of the absorber plate to the surroundings, a glass cover is used,
which simultaneously allows incoming solar light to pass through the ab-
sorber plate. In addition, it serves as insulation at the backside, thereby
reducing the energy loss. The heated air is transported wvia a duct to the
three insulated sides and a collector at the top side of the heater. SAH
is utilized for various residential and industrial applications in moderate-
temperature. Applications include industrial heating, ventilation and air
conditioning (HVAC) systems, agricultural crop drying, and space heating.
A conventional SAH loses the maximum amount of energy to the surround-
ing environment because energy cannot be transferred efficiently between
the absorber plate and the air duct. Due to the formation of a laminar
sublayer near the boundary exchanging thermal energy, its thermal perfor-
mance is poor. As a result, it is essential to choose an appropriate method
of heat transfer that will enhance the performance of SAH.

. Absorber plate
Solar radiations

__«Airout

Glass cover it
P Insulation

Air in

Figure 1: Schematic diagram of a solar air heater.

4 Characteristics of fluid flow and heat transfer
through artificially roughened ducts in solar
air heater

In the study, Nikuradse [4] used a technique called sandblasting to make
the air flow more smoothly and control its temperature. He tested differ-
ent levels of roughness and speed to see what works best. The ‘roughness
Reynolds number’ (Re™) is a special number that helps us understand how
well a rough surface is performing in transferring heat. It is a way to figure
out the best conditions for heat transfer on a rough surface.

The roughness Reynolds number is provided as

Ret = \/f? (g) Re, (1)
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where f, is the roughened surface friction factor representing the pressure
loss of a fluid, e/D is the relative height, which is defined as the ratio of
rib height (e) to the hydraulic diameter (D) of the duct.

As explained below, three flow regions were developed for the flow rough-
ness:

I Hydraulic flow regime (0 < Re' < 5)

For smooth pipes, the friction factor (fs) remains constant for all values of
relative height (e/D).

In the hydraulic smooth flow regime, the flow resistance in terms of
friction factor is not a function of roughness height and flow behaves as
laminar in such roughened pipe.

Roughness function R(Re™) is defined as dimensional flow velocity at the
control volume edge enclosing roughness elements. It represents momentum
losses caused by roughness. The following correlation was proposed:

R(Re™) = \/er 2.51n (2;) +3.75. (2)

IT Transitional flow regime (5 < Re™ < 70)

The effect of rib altitude can be observed in this transitional area. The
roughness Reynolds number (Re™) and the e/D ratio, which is defined as
the ratio of rib height (e) to the hydraulic diameter of the duct, have an
impact on the roughness behavior.

III Fully developed flow regime (Re*™ > 70)

The roughness function (R) remains constant in the rough area. Reynolds
number is unaffected by roughness. Dipprey and Sabersky [5] investigated
the flow across an irregular plane of densely filled-up sand grains in a con-
duit by using air as the moving fluid. Heat transfer correlation for the fully
developed flow region is presented as follows:

G(Ret) = <2fsst - 1) \/§+ R (Re*). (3)

Here, St is the Stanton number which is defined as the ratio of heat transfer
of a fluid to the thermal capacity of a fluid, and D is the hydraulic diameter
of the duct which is generally defined for a non-circular duct. The roughness
function is defined as for fully developed flow region (Eq. (3)).
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Heat transfer function G (Re™) represents dimensionless temperature dif-
ference over the same control volume. It signifies the heat transfer capacity
of a rough surface.

In addition to the analytical model, some researchers studied the heat
transfer and friction flow characteristics using numerical methods. Poitras
et al. [6] investigated the flow structure by using a numerical simulation of
transverse ribs. Inter-rib spacing and Reynolds number effects were exam-
ined. The length of the recirculation zone was significantly influenced by
inter-rib space.

5 Measurement of solar air heater performance

Heat transfer is enhanced by artificial roughness at the expense of friction,
resulting in turbulent flow within the SAH duct. A highly efficient and
economically feasible collector may be designed by enhancing the Nusselt
number with the least amount of pressure drop. In this connection, sev-
eral designs for solar air collectors have been presented that have different
configurations of roughness geometry.

5.1 Hydraulic performance

Pressure drop in the SAH duct is used to assess hydraulic performance,
which is again linked to the surplus heat, produced by the fan. Frank and
Mark [7] defined the friction factor (f) as a dimensionless version of the
pressure drop. The hydraulic performance of SAH is determined by the
Darcy-Weisbach equation:

2(AP),D

= 4pLV?2

(4)

where (AP), is the pressure drop in the duct p is the density of a fluid, L
is the length of the duct and V is the mean fluid velocity.

5.2 Thermal performance

This term refers to the heat transfer from the collector to the circulating air.
Thermal performance is determined in terms of the energy gained by the air,
solar energy gained by the collector, and the energy lost to the surroundings.
Hottel and Woertz [8] presented the following energy equation:

qu=Ita-Ug (TP - Ta) ) (5)
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where T}, and T are the plate temperature and ambient temperature, re-
spectively, and Uy, is the overall heat loss coefficient which is expressed by
the following summation:

Up=Uc+U; + Uy, (6)

where U, is the heat transfer coefficient on the top side, U, is the heat
transfer coefficient on the bottom side, and U, is the heat loss coefficient
on the side surface.

The actual excess heat, transmitted to the air from the SAH duct is
calculated using the Hottel-Whillier-Bliss [8] equation

qu=FrlIta— L (T; — T,)], (7)

where L is the final length of the duct.

5.2.1 Heat removal factor

When the fluid inlet temperature remains as per the collector temperature,
the heat removal factor is defined as the ratio of the actual heat transfer
to the maximum possible heat transfer by means of the collector plate

m° C, ApULF,
Fr— fa ya Pl _1f, 8
where C,, is the specific heat of a fluid, m" is the mass flow rate of a fluid, F},
is the collector efficiency factor, and A, is the surface area of the absorber

plate.
The thermal efficiency of a solar collector () is defined as

n= q7“- (9)

Thermal efficiency can also be expressed by means of Hottel-Whillier-Bliss
equation [§]

Ima— UL (T, — Ta)} | 10)

=F
= a0
Bondi presented the following collector efficiency equation when the air

inlet temperature and the surrounding temperature are equal [9]:

Tio— Ty }
1

where Ty, and TY; is the fluid outlet and inlet temperature, respectively.

n==F, [Ta—UL , (11)
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Here F, is the heat removal factor based on the temperature of the exit air
which takes the form

GC F'UL
F,=—% -1 12
’ U [exp ( GCP ) ] ’ ( )
where G is the function of heat transfer (Eq. (13)), U is the overall heat
transfer coefficient and the plate collector efficiency factor F’ is the ra-

tio of the actual and the ideal heat absorption in a SAH when the fluid
temperature and the collector temperature are equal.

5.3 Thermo-hydraulic performance

The objective of this comparison is to determine the performance of the
roughened SAH ducts with smooth SAH ducts. Lewis proves that rough-
ened duct provides better thermo-hydraulic performance (THP) which is
defined as the ratio of actual heat transfer to the maximum possible heat
transfer under the same pumping power, in accordance with the formula [10]

Nu

THP = N (13)
(%)

fs
where Nu and Nug are the Nusselt numbers of rough and smooth ducts,
respectively, and f, and fs are the friction factors of rough and smooth
surfaces, respectively. Thermo-hydraulic performance thus indicates the ef-
fectiveness of SAH because it includes the pumping power losses due to
pressure drop inside the duct.

6 Influence of roughness design on the flow
pattern

Artificial roughness geometry can take up various forms and orientations.
Rib pitch, rib height, inclination, cross-section of rib, and flow parameters,
including Reynolds number, are among the major geometrical variables,
which are used to indicate the artificial roughness geometry. The impact of
these variables on the THP of the SAH ducts has been examined.

6.1 Influence of relative rib pitch

Prasad and Saini [11] explained the influence of the ratio of the pitch to
the rib height (P/e) on the flow variation. If the P/e ratio is between 8 to
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10, then the reattachment point becomes higher and the heat transfer can
be the maximum. Conversely, if the P/e ratio is less than 8, then the flow
deviates. If this ratio is beyond 10, it decreases the reattachment point and

reduces the heat transfer rate.

6.2 Influence of relative

Prasad and Saini [12] also explained how the height of rib roughness in-
fluences flow variation. In this context, the authors explained its effect on
the SAH duct. While the rib height can cause the separation of flow and
reattachment, the area close to the reattachment ensures the most efficient
heat transfer. Reattachment occurs when the e/D is only moderate, as seen

rib height

in Fig. 2.
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Influence of relative rib height (§ denotes the laminar sublayer height) [12].
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6.3 Influence of rib inclination

The angle at which the rib element is aligned in relation to the flow di-
rection is an essential factor behind the counter-revolving secondary flow
throughout the span, determining variable heat discharge rates. When fluid
comes out from the leading edge and goes to the trailing edge, it is trapped
and its temperature goes up. It has been observed that no turbulence, cre-
ated by transverse ribs, reduces the heat transfer rate because of the rise in
fluid temperature at the wall. When the angle in the rib geometry alters,
turbulence is created, thereby enhancing the heat transfer rate. Therefore,
it is always beneficial for the rib geometry to have a degree of inclination.
The heat transfer is maximum at the leading edge and it reduces when it
goes to the trailing edge, as shown in Fig. 3.

High coefficient region Vortices

Trailing edge

Low coefficient region

Leading edge

Figure 3: Flow pattern due to angled rib [13].

6.4 Influence of duct aspect ratio

The ratio of the width to height of the duct (WW/H) is known as the aspect
ratio, which considerably impacts the thermal performance of the SAH.
With a moderate increase in the heat discharge, a high duct aspect ratio
enhances turbulence inside the duct and raises the friction factor. On the
other hand, with a minimum height-to-width ratio, SAH exhibits better
heat convective performance. The flow is faster in the duct because the
cross-sectional area is shorter. Hence, it increases the heat transfer rate of
the flowing fluid. A number of researches have been undertaken to find out
the parameters for the optimal width and height of a duct to achieve the
optimum heat transfer.
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6.5 Influence of relative gap position

A secondary heat flow is released by creating a space in continuous ribs. Af-
terwards, the main heat flow along with the secondary flow passes through
the gap and the flow. As a result, the thermal barrier layer weakens, re-
sulting in a greater heat transfer coefficient. On the one hand, a small gap
cannot offer enough area for adequate heat flow. On the other hand, if
there is a large gap, the flow is retarded [14]. Hence, the gap should have
the optimal width for attaining the best heat transfer coefficient.

6.6 Influence of relative roughness width

The relative roughness width (WW/w) pertains to the total width of the
absorber plate (W). For understanding the concept, one can consider at-
taching a rib to the absorber plate in a V-shape, with two of its edges
at the leading sections and a third one at the trailing section. One would
observe that in comparison to the trailing edge, the heat transfer rate is
higher at the leading edges. It is due to the turbulent nature of the fluid
at the leading edges that the heat transfer rate is higher there. When the
flow moves into the trailing edge, it becomes almost stagnant, reducing the
heat transfer rate [15]. It has been established that when W/w rises from
1 to 6, the rate of heat transfer improves. The peak is at 6 after which it
declines.

7 Artificial roughness patterns in the solar air
heater

During the present study, various rib arrangements that influence friction
and heat transfer properties were examined. The following sections focus
on the effects of different patterns of roughened surfaces as observed in
SAH ducts.

7.1 Transverse rib

7.1.1 Continuous transverse rib

The solar air heater, designed by Prasad and Saini [16], made use of wires
with small diameters for ensuring roughness. As part of their experiments,
the authors increased the P/e ratio from 10 to 20 while changing the e/D
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ratio from 0.02 to 0.033. Following their experiment, Prasad and Saini found
the maximum increase in Nu and f by 2.38 and 4.25 times, respectively, at
the P/e of 10.

Verma and Prasad [17] examined the Nu and f in circular wire ribs
with fixed geometrical parameters. Their experiments revealed the e/D ra-
tio varying from 0.01 to 0.03, the P/e ratio varying from 10 to 40, Re™
varying between 8 and 42, and Re ranging between 5000 and 20000. Fur-
thermore, the maximum THP of 71% was recorded at a roughness Reynolds
number of 24.

The impact of transverse wire, attached to the absorber plate, as well as
the effect of heat transfer and friction on the transition flow regime, were
examined by Gupta et al. [18]. The Reynolds number is, in fact, a function
of the Stanton number. The St rises when Re increases and it reaches its
maximum value when Re reaches 12 000.

7.2 Transverse broken ribs

Sahu and Bhagoria [19] investigated Nu and f for broken transverse ribs
with fixed geometrical parameters. Their study involved four parameters,
including the P/e ratio varying from 10 to 30, e/D ratio of 1.5, aspect
ratio (W/H) of 8, and Re ranging from 3000 to 12000. Their experiments
established that the optimum range of the Nusselt number could be attained
when the pitch was at P = 20 mm. The maximum enhancement of the heat
transfer coefficient by 1.25 to 1.4 times as compared to the smooth plate
was obtained. Figure 4 depicts the transverse broken rib geometry.
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Figure 4: Transverse broken small diameter wire [19].

7.3 Inclined ribs
7.3.1 Continuously inclined ribs

According to Gupta et al. [18], inclined ribs are superior to transverse ribs.
During experimentation, the authors changed the W/H ratio from 6.8 to
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11.5, the e/D value varied from 0.018 to 0.052, the P/e ratio was fixed at
10 and the Re changed from 3000 to 18 000. Following their experimenta-
tion, Gupta and his team found the thermal efficiency in the roughened
plates to improve by a range of 1.16-1.25 times compared to the smooth
plates.

7.3.2 Inclined broken ribs

The impact of a gap in the continuously inclined ribs was examined by
Aharwal et al. [14]. The different parameters of the continuous inclined
ribs included the P/e ratio at 10, the e/D ratio of 0.377, the W/H ratio
of 5.84, the angle of attack («) at 60 deg, and the Re varied from 3000 to
18 000. During experimentations, the gap width of the ribs was also changed
from 0.5 to 2 and the relative gap position was altered from 0.16 to 0.67.
Accordingly, the maximum enhancements in the Nu and f in ducts with the
continuous inclined ribs were recorded at 2.59 and 2.87 that for a flat plate,
respectively. Figure 5 depicts the continuous inclined geometry of the ribs.
Aharwal et al. [20] changed the dimensions and calculated Nu and f. In
their study, different parameters were varied, such as the P/e ratio altered
from 4 to 10, the e/D ratio changed from 0.018 to 0.0377, and the angle
of inclination in flow direction («) altered from 30 to 90 deg. Aharwal and
his team attained the highest Nu and f increased by 2.83 and 3.6 times,
respectively, as compared to flat ducts. Thermo-hydraulic performance was
reported to be maximum for relative gap width of 1.0 and a relative gap
position of 0.25.
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Figure 5: Inclined broken ribs [20].
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7.4 V-shape rib
7.4.1 V-shape continuous rib

Momin et al. [21] investigated the impact of the V-shaped ribs connected
to the absorber plate. During the experiments, the authors varied o from
30 to 90 deg and the e/D ratio from 0.02 to 0.034. Both the Nu and f were
enhanced to the maximum at the 60-degree o as compared to a flat duct.
In the course of their probe, the authors discovered that the V-shaped ribs
performed better than the inclined ribs. The performance of Nu in V-shape
rib was 1.14 times the one for the inclined ribs, having equal rib height,
pitch, and other operating conditions.

Roughness geometry in V-shaped rib was investigated by Isanto et al. [22].
According to their published article, they set the e/Dratio at 0.033, « at
30 to 80 degrees, and P/e at 10. Following their experiments, the f and Nu
were recorded to increase 2.45 and 2.34 times, respectively, when compared
to the flat plate.

7.4.2 Discrete V-rib

Karwa et al. [23] used V- discrete and V- discontinuous ribs in their exper-
iment. The parameters, set by them, were the P/e ratio at 10.63, relative
roughness length (B/S, Fig. 6) which is defined as the ratio of the half-
length of the V-rib element to the short-way length of the mesh and varied
from 3 to 6, and angles of attack set at 45 to 60 deg. The Re value also
varied from 2850 to 15500. The authors observed that discrete ribs out-
performed discontinuous ribs and the angle of attack at 60-degree ribs per-
formed better compared to 45-degree ribs. Figure 6 depicts the V-shape’s
rough geometry.
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Figure 6: V-shape rib different geometry [23].

Muluwork et al. [24] compared the V-down rib, V-up rib, transverse discrete
rib, and V-down discrete rib. Studies revealed that the value of St for V-up
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and transverse discrete ribs is less than for V-down discrete ribs. Within
the range of the parameters studied, the St was found to have a maximum
value between 1.32 and 2.47. Karwa [25] examined the V-down continuous,
V-up continuous, inclined transverse, V-down discrete, and V-up discrete
ribs. He found that the V-down ribs facilitated the maximum heat transfer
when pumping powers were equal in both artificially roughened and smooth
ducts.

Singh et al. [26] investigated the discrete rib with a V-shaped geometry.
In their study, the Re values varied from 3000 to 15000, the relative gap
position (g/e) from 0.5 to 2.0, the e/D ratio from 0.015 to 0.043, « varied
from 30 to 75 deg and the P/e ratio ranged between 4 and 12. They found
that maximum Nu and f increased by 3.04 and 3.11 times, respectively, as
compared to smooth plates. Figure 7 depicts the V-down discrete roughness
geometry.
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Figure 7: V-down discrete rib [26].

7.5 Ribs with multiple V-shape
7.5.1 Continuous multi V-rib

According to Hans et al. [27], the roughness of a variety of V-ribbed ducts
is characterized by Reynolds numbers, the e/D and P/e ratios, the angle
of inclination, and the W/w value changes from 1 to 10. They observed
heat transfer to be the maximum when W/w is equal to 6. The authors
pointed out that if the W/w value is less or greater than 6, the extent of
heat transfer decreases. Figure 8 depicts the roughness geometry. Maximum
enhancement in Nusselt number and friction factor was six- and five-fold,
respectively, in comparison to the smooth duct for the range of parameters
investigated.
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Figure 8: Continuous multi V-rib [27].

7.5.2 Multi V-shaped ribs with a gap

Kumar et al. [28] examined the acceleration of heat flow and generation
of local turbulence by creating a gap between the V-shaped ribs. Accord-
ingly, the e/D ratio was recorded at 0.043, angles of inclination at 30 to 75
deg, relative roughness pitch at 10, relative gap distance ratios at 0.20 to
0.80, relative gap widths at 0.55 to 1.5, relative width ratio at 6, and Re
varied from 2000 to 20 000. The thermo-hydraulic performance (THP) was
also found to be significantly boosted compared to a smooth plate. They
reported maximum enhancement in Nu and f as 6.32 and 6.12 times that
of smooth duct, respectively.

7.6 Arc-shaped ribs

Roughness geometry in an arc-shaped rib was investigated by Saini and
Saini [29]. Accordingly, the e/D ratio ranged from 0.0213 to 0.0422, an-
gles of inclination varied from 30 to 75 deg, the P/e value was 10 and Re
varied from 2000 to 17000. The roughness geometry of the arc-shaped ribs
improved the Nu to a maximum value of 3.80 and f increased 1.75 times
compared to the smooth plate. Figure 9 depicts the arc roughness geometry.
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Figure 9: Rib roughness in arc shape [29].
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7.7 Multi-arc ribs
Continuous arc multi-rib

Singh et al. [30,31] probed the concept of multi-arc roughness. The Reynolds
numbers were kept between 2200 and 22 000, the e/D ratio ranged between
0.018 and 0.045, the P/e value varied from 4 and 16, whereas the width
ratio was between 1 and 7. They reported maximum enhancement in the
Nu and f as 3.71. and 5.07 times that of smooth duct, respectively.

7.7.1 Multiple arc ribs with a gap

Pandey et al. [32] studied the concept of multi- arc-shaped roughness ge-
ometry with a gap. During the experimentation, e/D varied from 0.016
to 0.044, P/e varied from 4 to 16, the gap width ratio changed from 1 to
7, « varied from 30 to 75 deg, the relative gap varied from 0.5 to 2 and
the dimensionless position of the gap ranged from 0.25 to 0.85. The heat
transfer on this rough surface is much better than on a smooth one. In fact,
it’s 5.85 times more effective in moving heat. So, the rough surface is a lot
better at transferring heat. Figure 10 depicts the arc roughness geometry.
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Figure 10: Multiple arc-shaped ribs with gap [32].

7.8 W-shape ribs

The roughened W-shaped SAH duct used by Lanjewar et al. [33,34] is shown
in Fig. 11. The authors carried out experiments by varying Re from 2000
to 14000, e/D from 0.018 to 0.03375, angle of inclination from 30 to 75 deg
while keeping P/e fixed at 10. They reported maximum enhancement in
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Nu as 2.36 times and in friction factor as 2.01 times in comparison to the
smooth plate for a 60-degree angle of inclination.

<—
Weup Air flow
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Figure 11: Continuous W-shape rib roughness [33].

7.8.1 Discrete W-shaped rib

Roughness geometry in discrete W-shaped was investigated by Kumar et
al. [35]. During experimentation, the authors changed e/D from 0.0168 to
0.0338, P/e was fixed at 10, the angle of attack was between 30 to 75 deg,
while the Reynolds number varied from 2000 to 15000. The rise of 2.16 and
2.75 times in Nu and f were observed, respectively, as compared to a flat
plate at an angle of inclination of 60 deg.

7.9 Arc-shaped dimple rib

Yadav et al. [36] experimented with the arc-shaped dimple coarseness as
shown in Fig. 12. During test series, the authors changed different param-
eters, including e/D, P/e, Reynolds number, and angle of inclination. Ya-
dav and his team found that the thermal efficiency in the roughened plates
improves as compared to smooth plates. The friction factor and Nusselt
number were increased by 2.93 and 2.89 times with respect to the smooth
duct for an angle of attack of 60 deg, a relative pitch of 10, and a relative
rib height of 0.03.
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Figure 12: Dimple arc-shaped roughness [36].
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Sethi et al. [37,38] examined angular dimple-shaped ribs with different
relative pitches and heights. They investigated the geometries with the P/e
set from 10 to 20, e/ D from 0.021 to 0.036, and arc angles from 45 to 75 deg.
The maximum Nu was calculated based on the P/e at 10, e/D at 0.036,
and arc angles at 60 deg. They observed an improvement in the thermo-
hydraulic performance (THP) of 1.10 to 1.887 times in comparison to the
smooth plates.

7.10 Transverse dimple roughness

Saini et al. [39] were the first to experiment with artificial roughness created
by means of dimpled ribs instead of transverse ribs. During experimenta-
tion, the authors changed various parameters like e/D and P/e ratios, and
Reynolds numbers. Saini and his team also determined the maximum Nu
and f value for P/e at 10. They reported the maximum value of the Nusselt
number for a relative roughness height of 0.0379 and a relative roughness
pitch of 10.

7.11 Staggered dimple roughness

Bhushan et al. [40] experimented with the staggered dimpled roughness
instead of the transverse-shaped dimpled roughness. In their study, the duct
aspect ratio was 10 while the relative print diameter ranged from 0.147
to 0.367, the relative long-way length (L/e) 25 was set at 37.50 and the
relative short-way length (S/e) ranged from 18.75 to 37.5. The maximum
enhancement of the Nusselt number and friction factor was increased by 3.8
and 2.2 times, respectively, as compared to the smooth plates. Figure 13
depicts the staggered dimple roughness geometry.
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Figure 13: Staggered dimple rib roughness [40].
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7.12 Wedge-shaped ribs

According to Bhagoria et al. [41] the SAH heat flow and flow characteristics
can be improved by roughening the absorber plates and by incorporating
transverse ribs, as shown in Fig. 14. In their experiment, the rib wedge angle
(@) ranged from 8 to 15 deg, e/D from 0.015 to 0.033 and the Reynolds
number from 3000 to 18000. When the difference between the rough and
flat plates is compared, the Nu and f were increased by 2.4 and 5.3 times,
respectively, in comparison to the flat plates following this experiment.
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Figure 14: Wedge rib roughness [41].

7.13 Chamfered ribs

The artificial chamfered rib roughness, as shown in Fig. 15, was analyzed by
Karwa et al. [42]. In their experiment, the relative roughness pitch varied
between 4.5 and 8.5, the roughness height within 0.0141-0.0328, the duct
aspect ratio ranged from 4.8 to 12, the rib chamfer angles from 15 to 18 deg,
and the Reynolds numbers varied between 3000 and 20 000. They observed
an improved THP in plates having chamfered-shaped ribs as compared to
the smooth plate. The maximum enhancement factor in friction factor and
Nusselt number were found to be 3.74 and 3.24, respectively.

P
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Figure 15: Chamfered ribs [42].

7.14 Combination of ribs

Varun et al. [43] investigated the effects of combined inclined and transverse
ribs. The researchers modified some parameters, such as P/e, e/D, and
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Reynolds number, and tried with a fixed ratio of the duct aspect ratio. The
geometry having a relative roughness pitch of 8 had the maximum thermal
efficiency. Layek et al. [44] investigated the effects of chamfer grooved ribs.
They experimented with the e/D ratio ranging from 0.022 to 0.04, P/e
from 0.3 to 0.6, relative groove position (g/P) from 0.3 to 0.6, as well as
the chamfered angles of 50 to 30 degrees. They found the maximum thermal
performance by keeping the relative groove position at 0.4.

Ravi and Saini [45] studied the multi-V-shaped gap with staggered ribs
by using different operating parameters, as shown in Fig. 16. They varied
the staggered rib pitch (p/P) from 0.2 to 0.8, the staggered rib ratio (r/e,
where r is the staggered rib length) between 1 and 4 and kept the W/w ratio
at 8. The authors achieved the maximum augmentation of heat transfer
at p/P of 0.6, r/e of 3.5, and W/w equaling 8. In another work, Ravi
and Saini [46] investigated the double-pass (DP) SAH, having a multi V-
shaped gap with staggered ribs. The analysis included parameters such as
p/ P varied from 0.2 to 0.8, r/e ratio between 1 and 4, and W/w values from
5 to 8. At the corresponding values of p/P amounting to 0.6, r/e ratio of
3.5, and W/w of 7, they found the maximum thermo-hydraulic performance
(THP) parameter as compared to the smooth plates.

Figure 16: Multi-V-shaped discrete and staggered rib [45, 46].

The performance of the V-shaped discrete and staggered rib was analyzed
by Patel and Lanjewar [47], as shown in Fig 17. The maximum value of Nu
and f were found to be 2.27 and 4.28 times that of a flat plate, respectively.

Patel and Lanjewar [48] experimented with symmetrical V-shaped gaps
and staggered ribs in the duct to evaluate their influence on SAH. They
found that the number of gaps in the ribs affects the performance of SAH.
At the number of gaps of 3, the authors attained the maximum rise of
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Figure 17: Multiple V-shaped discrete combined with staggered ribs [47].

2.05 and 3.39 times, respectively, in the Nu and f as compared to a flat
plate. They also found the maximum THP value of 1.59 as compared to
the smooth plate when the number of gaps was 3. Figure 18 depicts the
symmetrical V-shaped gap and staggered rib roughness geometry.

Figure 18: Symmetrical V-shaped gap and staggered rib roughness [48].

In their study, Patel and Lanjewar [49] also observed that the relative rough-
ness pitch P/e varied while other parameters, including e/D, relative gap
position (g/e), dimensionless gap width (d/W), p’/P, r/e and the num-
ber of gaps, remained constant. They found the maximum value of Nu at
P/e of 10.

A novel V-rib symmetrical gap and staggered rib element in a SAH were
examined by Jain and Lanjewar [50]. They found how artificial roughness
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affects the SAH performance, as shown in Fig. 19. They found the maximum
value of the THP parameter at P/e = 12.

Flow

Figure 19: V-rib symmetrical gap with staggered element rib [52].

Patil et al. [51-53] investigated a SAH plate with V-rib gaps combined
with staggered elements, as shown in Fig. 20. The relative gap positions
were changed from 0.2 to 0.8 while all other parameters, including e/D,
P/e, relative staggered rib size, and the staggered rib location, remained
unchanged. They noted an enhancement in the hydraulic performance vary-
ing from 1.48 to 2.10 times and a rise in the Nusselt number from 1.89 to
2.85 times that of the smooth plate.

V Ribs with Gap
Staggered Ribs s'
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Figure 20: Combination of V-rib gaps with staggered element rib [51-53].

Similarly, Deo et al. [54] experimented with V-rib gaps combined with the
staggered element. Several parameters were altered, including the relative
roughness diameter (e/D) of 0.065, the relative pitch of ribs (P/e) from 4
to 14, the angle of attack from 40 to 80 deg, the number of gaps per limb
fixed at 2, relative staggered rib size (r/e) of 4.5 and relative gap width
(w/e) of 1. They found the maximum thermal performance as compared to
the flat plate.
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7.15 Wire mesh
7.15.1 Expanded metal mesh

Saini et al. [55] focused on the expanded metal mesh roughness geometry,
as shown in Fig. 21. First, they combined relative long way length (L/e)
and relative short way length (s/e). They also studied the effects of friction
and heat transfer. Their experiments revealed heat transfer coefficients and
friction factors rising 4 and 5 times, respectively, as compared to the flat
plate.
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Figure 21: Expanded metal mesh [55].

7.15.2 Discrete metal mesh

Karmare and Tikekar [56] investigated discrete metal mesh, as illustrated
in Fig. 22. The authors studied a number of parameters, such as e/D,
P/e, Reynolds number and metal grid dimensions. They discovered that
plates with roughness values of e/D = 0.044, [/s = 1.72, and P/e = 17.5

performed best.
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Figure 22: Metal grid rib roughness [56].
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7.16 Other roughness
7.16.1 W-rib roughness geometry

Thakur and Thakur [57] investigated W-shaped rib geometry. They exper-
imented with a unique roughness geometry. During the investigation, they
altered several parameters, such as the relative staggered length (w/e), rel-
ative staggered pitch (p/P), e/D, «, P/e, Re and number of gaps. With
the experiment, Thakur and his team could enhance the Nu and f by 3.3
and 4.1 times as compared to smooth ducts, respectively.

Kumar et al. [58] examined the effect of an S-shaped configuration on
the arc ribs. The parameters used by the team included the e/D was 0.022,
W/w varying from 1-4 to 0.054, the P/e varying from 4 to 16, and the
angle of attack («) fixed at 60 deg. Kumar and his team could enhance the
Nusselt number 2.71 times and friction factor 4.64 times, as compared to
smooth ducts.

7.16.2 Combination of the arc with gap shape and staggered
piece

Gill et al. [59] investigated a SAH with a broken arc paired with staggered
rib roughness geometry. The authors conducted experiments to investi-
gate the impact of different coarseness parameters on Nu and f, including
PJe,r/g, e/D, W/w, and relative staggered rib position (P’/P). Figure 23
depicts the roughness geometry. The maximum obtained enhancement of
Nusselt number and friction factor was 2.04 and 4.18 times that of a flat
plate, respectively.

Figure 23: Combination of broken arc rib with staggered rib [59].
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7.16.3 A symmetrical arc with multiple gaps:

Jain et al. [60-62] investigated arc shape geometry using various gaps in
a single arc. The parameters, used in their study, were the Reynolds number
between 3000 and 18 000, relative roughness pitch (P/e) at 12, arc angle («)
at 60 deg, g/e varying from 2 to 5, and e/D of 0.047. With the experiment,
Jain and his team could enhance the Nusselt number 2.77 times and the
friction factor 3.66 times, as compared to flat ducts.

8 Thermo-hydraulic effectiveness of artificial
roughened surfaces

To sum up, a significant rise in the friction factor was observed with the in-
corporation of artificial coarseness in order to improve heat transfer. Hence,
roughness geometry proved to be essential for heat transfer to a greater
degree while minimizing friction losses. While choosing the methods for en-
hancement of heat transfer, one has to account for the huge requirement
of pumping energy as turbulence in the flow results in a significant pres-
sure drop. A high rate of heat transfer at the minimum pumping energy is
essential for developing an effective and compact SAH.

During the present study, the Nusselt number and the friction factor
values for the roughened and smooth absorber surfaces were compared us-
ing the parameters for thermo-hydraulic performance (THP). Figure 24
represents the friction factor versus the Reynolds number and shows that
an increase in the Reynolds number results in a friction factor decrease.
According to Fig. 24, the optimal outcome for the friction factor along the
whole range of the Reynolds number is not a single geometry. The max-
imum value of friction factor is obtained in the case of continuous multi
V-rib geometry.

They were also compared with their respective Reynolds numbers, as
shown in Fig. 25. The THP characteristics with a wide array of values,
ranging from 0.49 to 3.70, are presented in Fig. 25. The THP parameter
is the lowest when the inclined angle and transverse ribs are combined.
However, multiple V-ribs with a gap ensure the highest rate of heat transfer.
At low Reynolds numbers, multi-arc ribs with gaps are not very effective.
However, their performance improves dramatically as the Reynolds number
increases.



352

M.K. Dubey and O. Prakash

friction factor

—— Inclined Broken ribs [21]
—@— Continuous multi V ribs [29]
—&— Continuous V shaped ribs [23]
—%— Multiple V ribs with gap [30]
—4— V shaped ribs with gap [28]
—<«— Combination of transverse and Inclined ribs [45]
—p— Metal grit ribs [58]
—@— Wedge shaped ribs [43]
—%— Arc shaped ribs [31]
@ Multi arc ribs with gap [34]
—@— Expanded metal mesh [57]
W shaped ribs [35]
—<— Chamfered and grooves ribs [46]
—#— W shaped discrete ribs [37]
—— Discrete multi V shaped and staggered ribs [48]
Arc with symmetrical gap [64;

—— T T r
0 4000

I 1 I
8000 12000 16000

Reynolds number

T
20000

Figure 24: Friction factor with respect to Reynolds number, based on data from different
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research works.
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—e— Continuous multi V ribs [29]
—a&— Continuous V shaped ribs [23]
—w— Multiple V ribs with gap [30]
—4&— V shaped ribs with gap [28]
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—p— Metal grit ribs [58]
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Figure 25: Comparison of thermo-hydraulic performance parameters for various rough-
ened surfaces determined based on data reported by different researchers.
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9 Conclusions

The present study has attempted a thorough examination of several artifi-
cial roughness configurations in solar air heaters as suggested by a number
of researchers. The impact of different shapes of coarseness and flow char-
acteristics on heat transfer and friction factors has also been discussed. The
following conclusions may be taken from the data that has been analyzed.

1.

Artificial coarseness in the form of small ribs on the undersurface of
the absorber plate is an excellent alternative for improving heat trans-
fer in solar air heaters. However, at the same time, artificial roughness
is responsible for the increased friction factor which enhances the de-
mand for pumping power.

The characteristics of various parameters such as relative roughness
pitch, relative roughness height, angle of attack, and rib arrangement,
i.e. inclined, transverse, single V-shape, multiple V-shape, arc-shape,
and multi arc-shape ribs were investigated.

For almost the entire experimental setup, the maximum values of
the Nusselt number and friction factor were obtained for the relative
roughness pitch (P/e) of 8 to 10, the relative roughness height (e/D)
of 0.03, and an angle of attack (a) of 60 deg.

. Compared to continuous ribs, insertion of V-gaps in continuous ribs,

continuous arc ribs, and continuous W-ribs enhance the friction factor
and heat transfer rate.

The maximum increase in heat transfer was recorded for multiple V-
rib geometry with a gap, followed by multiple V-shaped rib geometry
and multiple arc-shaped rib geometry with a gap. Due to providing
a gap in continuous V-ribs, multi V-ribs, arc ribs, and multi arc-ribs,
the Nusselt numbers were increased by 1.32,1.12,1.33, and 1.15 times,
respectively.

Continuous multiple V-rib geometry showed a significant increase in
the friction factor, followed by multiple V-rib geometry with a gap.

S-shaped ribs, metal rib grids, and ribs with grooves proved to be
inadequate. Each of these types needed machining in order to create
grooves.
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8. Comparison of the-hydraulic performance parameter with respect to

the Reynolds number has been performed. Maximum of thermo-hy-
draulic performance were found for W-ribs, multiple V-ribs with a gap,
and multiple arc-rib with a gap in different Reynolds number.

This review article will assist researchers in understanding the importance
of the roughness aspect that significantly increases the the Nusselt number
and friction factor, thereby improving the operation of solar air heaters.
Accordingly, one could work on the development of designs for alternative
configurations of rectangular solar air heater ducts by using these roughness
factors.
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