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H I G H L I G H T S  

• Indirect non-evaporative cooling system integrated with TEC modules is studied numerically considering the transient effect. 
• New derived dimensionless factor (HFR) is used to determine the thermal performance of the integrated system in addition to the wall heat flux 

and temperature difference under five different velocities. 
• High temperature mode (HM), medium temperature mode (MM), and low temperature mode (LM) are the modes studied. 
• HFR increases inversly with the inlet air velocity as time increases. 
• Wall heat flux is higher for HM case at higher velocity while temperature difference is higher for HM case at lower velocity.  
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A B S T R A C T   

The current study represents a developed 3-D numerical transient model to a complete indirect 
non-evaporative cooling system integrated with an assisted TEC unit using OpenFOAM V.9 source 
code. The TEC model was developed using a hand-written code as a source added to the energy 
equation. The primary air temperature was a criterion to compare between three cases of envi-
ronment’s temperature: low mode (299 K), medium mode (309 K), and high mode (319 K). A new 
dimensionless factor called by Heat Flux Ratio (HFR) is derived to evaluate the thermal perfor-
mance. In addition, wall heat flux and temperature difference along the vertical air channel were 
the parameters used for comparison. The complete system was constructed and validated ac-
cording to number of experimental and theoretical studies from literature. Furthermore, all cases 
were tested under five different air inlet velocities: 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s, and 1.75 
m/s. Results show that HFR values increase as time increases. In addition, it was found that HFR 
increases with the reduction in the velocity. Moreover, it was found that higher temperature 
difference can be reached at the lowest velocity (0.75 m/s) while the minimum difference would 
be at the highest velocity (1.75 m/s) with the error between modes doesn’t pass (2.5%). On the 
other hand, the highest wall heat flux approached at the highest velocity (1.75 m/s) and vice 
versa where the error doesn’t exceed (2.85%) between the modes. Finally, the validation shows 
good and acceptable agreement in COP values of the system with both experimental and theo-
retical works form literature where the error is ranged between (20.3% and 3.64%).   
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1. Introduction 

In the light of global warming and the increase in demand of air-conditioning for buildings and facilities, the endeavors and effort to 
decrease the negative effect of air-conditioning and refrigeration compression cycle are still in early stage and not adequate to be 
replaced because of many obstacles and milestones. Additionally, the massive increase in demand of air conditioning (A/C) systems for 
building leads to increase in demand in the consumed power. For instance, the International Energy Agency (IEA) reported that 10% of 
global power consumption was utilized to operate 1.6 billion air conditioning units worldwide in 2016 [1]. Thus, intensifying the 
scientific research to develop a new air conditioning systems with less power consumption and less impact on global warming becomes 
a point of interest for all institutions involved to this field. The latest research to develop new air-conditioning and refrigeration 
systems is still underway and in progress. 

The recent development of hybrid air cooling systems integrated with TED (Thermoelectric Devices) is one of the promising 
methods for air cooling with reducing the abovementioned negative impact of air-conditioning and refrigeration compression cycle. 
Thermoelectric Devices (TED’s) are semiconductors that consist of two types of legs; P-type and N-type which are connected in 
electrical serial. Due to the Peltier effect (reverse of Sebeek effect), the arrangement will produce cooling in one side and heating in the 
other side. In order to get the benefit of this effect, each side is connected thermally in parallel. Recently, the system of TEDs’ are used 
variously in different applications such as using TEC cooler to remove the heat form the microelectronic photo-detector (MPD) through 
looping of heat pipe (LHP) to maintain its temperature below 213 K [2]. Cooling and heating applications are the most widely ap-
plications where the TEDs are used [3–8]. The well-known indirect evaporative and non-evaporative cooling systems are the ones 
mostly integrated with TEDs as an air assisted cooler. TEDs unit cannot be used alone for large-scale air-conditioning systems as the 
efficiency of conversion of TEDs devices is very low [9]. Therefore, to make TEDs more efficient, they should be integrated with an 
assisted cooling system in such a way that the convenient conditions target for building can be reached. Thus, the current study focuses 
on investigating the performance of indirect non-evaporative cooling system integrated with TEC (Thermoelectric Cooler) coolers. 

Cai Y. et al. [10]. developed a comprehensive numerical model to investigate the active cooling performance of phase change 
materials-base thermoelectric devices as PCM dynamic runs simultaneously with the TE conversion physics. The study used different 
parameters of PCM and TEDs to evaluate cooling performance in term of energy and exergy efficiencies. The study found that inte-
grating PCM with TED’s will enhance the cooling performance in different applications. Krishna et al. [11] performed an experimental 
study using PCM (Phase Change Material) as a cooling medium at the hot side of the thermoelectric device. Different parameters were 
studied and compared in this study like input voltage, velocity of air at hot side, PCM fill volume and configurations of heat sink 
(square pocket, rectangle pocket and circular pocket).The results showed that the heat sink with PCM reduced the temperature of the 
hot side of the thermoelectric cooler and the square pocket heat sink fully filled with PCM is better than other configurations which 
reduced the temperature of hot and cold sides of thermoelectric cooler from 68.3 ◦C and 34 ◦C respectively to 58.7 ◦C and 27 ◦C as 
compared to the heat sink without PCM at similar operating conditions. 

Yang et al. [12] proposed a multi-TEC cooling modules by comping the TEC heat balance equations and thermal resistance matrix 
model and conducted an optimization process of power supply mode. They also used finite element simulation to verify and compare 
with the theoretical calculation. Their result showed that the theorical and simulation results are very close, and the optimal power 
supply mode depend on the multi-TEC configuration. The different substrate power consumptions will change the optimal current. 

Ji R. et al. [13] Used multiple TECs to sterilize air ventilation form viruses. The work was done numerically using both sides of the 
TECs where the hot side is used to increase air temperature up to 65 ◦C while the cold side of the TECs was used to cool down the 
temperature of air to the conventional room temperature. Two types of surfaces were used to investigate the thermal performance of 
the system: smooth surface and finned surface. Nusselt number and friction factor were the parameters used for comparison. It was 
found that the studied system is sufficient to inactivate some viruses which are sensitive to temperature values up to 65 ◦C. In addition, 
it was found that the finned surface enhances the thermal performance of the system significantly. 

An invented hybrid system proposed by many researchers in order to overcome the higher consumption power when dealing with 
higher cooling load. The hybrid cooling of air conditioning systems consists of direct and indirect evaporative cooling system assisted 
by TEC’s. Those hybrid systems come in different configurations. Zhou Y. et al., 2021 [14] conducted an experimental and numerical 
simulation of indirect/thermoelectric assisted direct evaporative cooling system. The aim of the study was to investigate the influence 
of various operation parameters (i.e., inlet of the ambient temperature, relative humidity, velocity of inlet air, number of TEC modules 
… etc.). Their results showed that the experimental and simulation were agreed within +-10% error. These results allow them to 
theoretically optimize some of the operation parameters such as the current and number of TEC module, inlet velocity and mass flow 
rate in order to achieve high system performance. 

The suggestion to overcome the high-power consumption of TEC’s modules used to bring up the air to the comfortable room 
conditions was proposed by Zhou Y. et al. [15]. The same system configuration used by Zhou Y. et al. [14] was used in this experiment 
excluding the evaporative cooler and replace it with a spray water that is operating on demand order to decrease the temperature and 
increase the moisture content of the outlet air. another study by Zhou Y.et al. [16] introduced a mathematical model for their system to 
investigate the influence of the main operating geometrical parameters on the system. Their result shows that the system is able to keep 
relatively high COP depending on selected parameters. 

Rohan B. et al. [17] Conducted a computational study for using phase change material in heat sink of the hot side of TEC module, 
their results showed that using different PCM types with different heat transfer coefficients and different heat sink geometries can 
reduce the temperature of the hot side significantly and contribute to justifying the thermal management of TECs. 

Erdem C. et al. [18] conducted an experimental study on a novel water with nanofluid to air heat exchanger placed on the hot side 
of TEC. They used different nonfluid materials and the results showed that using Al2O3-water increases the performance of TEC in all 
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studied cases, because of its remarkable high thermal conductivity in compare with the other materials used in the study. Hani S. [19] 
studied the effect of output temperature and pressure drop of the hot side heat sink of TEC modules placed to cool lithium-ion battery 
cell. The study investigated the effect of using different geometrical shapes of fins placed in a channel saturated with alumina 
nanofluids. It was found that the output temperature and pressure drop depend on the fins’ shape and the Reynolds number of the 
nanofluids 

Pourkiaei et al. [20] in their review paper found that by increasing the figure of merit of TEC and developing the system setups, the 
TEC system can be used for residential air conditioning purposes. The improvement in TEC performance could be reached by 
establishing heat transfer model for the heat sink and its heat exchanger. Yang C. et al. [21] proposed an active thermoelectric 
ventilated system to cool a room space. They found in their optimization by comparison with traditional TEC; that for traditional TEC, 
the increase of TEC number will decrease the performance of the system. But by checking the entropy generation for the proposed 
system, the counter flow is better in cooling performance than the parallel flow between the cold and hot sides when the number of TEC 
be increasing. 

Manikandan et al. [22] studied TEC for space cooling application but they used modified pulse operation mode, which means that a 
pulsed current input and pulsed heat transfer coefficient would be used for the hot side while a constant heat flux on the cold side. In 
their model, they used different pulse shapes and widths, and the results showed for typical operation conditions that the cooling 
power and COP increased by 23.3% and 2.12% higher than the normal operation conditions and the square shape pulse can provide 
higher cooling power and COP compared to other pulse shapes. 

Buchalik and Nowak [23] Performed an experimental and theoretical analysis to investigate the feasibility of an air conditioning 
system integrated with TECs module both technically and economically. In term of technical investigation, COP and cooling capacity 
were the main parameters used in the study. On the other hand, new economic parameter called by “ETCC”, or economic total cooling 
capacity was optimized to investigate the viability of the system. Results show that the optimized ETCC reaches about 58 W/$ in case 
of part load utilized power while ETCC increases to 0.64 W/$ if the cooling power load increases by 30%. 

Srivastava et al. [24] investigated numerically a solar assisted TECs module which was integrated at a roof of a vehicle cabin. The 
system was studied under different inlet conditions and different solar tilt angles for cooling-heating purposes in different seasons. It 
was found that the new proposed system can reduce the cabin temperature by (17 ◦C) in summer while the increase in temperature was 
about (15 ◦C) in winter season at the optimum inlet conditions and optimum tilt angle. 

Kim et al. [25] performed an experimental test to investigate an air-cooling integrated system with TECs module constructed with 
an automobile ceil to condition the rear seat passenger. The power supplied to the cooling integrated system was supported by using 
heat recovery system designed by integrating TEGs (thermoelectric generators) with the automobile exhaust system. Results show that 
the new integrated system can condition the rear space by an average of one passenger by reducing the temperature from 45 ◦C to 26 
◦C. 

Further studies were conducting to enhance the performance of thermoelectric generators (TEG) by looping of heat pipe systems 
(LHP). Experimental study was proposed by Suchen W. et al. [26] which compares the performance of TEG in case of integrating metal 
plate with the performance in case of using flat plate of heat piping network instead of metal plate. Three main factors were considered 
as criteria for comparison: heating power, inclination angle, and heating source size. It was concluded that the flat plate of the heat 
piping system increases the performance of the TEG significantly. Samson S. et al. [27] studied the effect of using flat plat heat pipe on 

Fig. 1. Schematic diagram for the geometrical and physical domain of the studied system.  

T.M. Mansoor et al.                                                                                                                                                                                                   



Case Studies in Thermal Engineering 45 (2023) 102969

4

the performance of a hybrid photovoltaic-TEG system numerically. The study compared between two cases; with integrated flat plate 
heat pipe and without flat plate heat pipe. It was found that adding the flat plat heat pipe to the PV-TEG system enhances the efficiency 
of both the PV cell and the TEG module. 

3-D numerical model of tabular arranging-TECs module was proposed for the first time by Xiao Tian et al. [28] around a tube 
bundle. The study was compared with flat-leg TECs modules to investigate its validity and favorability for HVAC systems. The hot side 
of the tabular TECs module was exposed to water flow while the cold side was exposed to air flow for cooling purposes. It was found 
that the performance of tabular TECs modules is much better than the flat-legs TECs module. In addition, it was found that the 
proposed system is suitable to be placed in HVAC systems. 

Investigating the numerical transient effect on a complete three-dimensional (3-D) model of indirect non-evaporative cooling 
system integrated with TECs modules has not been studied yet in literature. Therefore, the main objective work of the current study is 
developing new numerical (3-D) model for a complete indirect non-evaporative cooling system integrated with TECs modules. 
OpenFOAM V.9 source code was used to investigate the transient effect on the thermal performance of the integrated system. Three 
different primary air inlet temperature cases were studied; low mode (LM) case where the inlet temperature approaching (299 K) 
representing the low temperature environment regions, medium mode (MM) case in which the primary inlet air temperature be around 
(309 K) when the environment temperature is moderate, and high mode (HM) case where the primary air inlet temperature be close to 
regions suffer the dry weather approaching (319 K). Furthermore, new dimensionless factor called by Heat Flux Ratio (HFR) was 
derived to determine the thermal performance of the whole integrated system.In addition, all cases (HM, LM, and MM) were studied 
and investigated under five different air inlet velocities: 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s, and 1.75 m/s. Wall heat flux and tem-
perature difference along the air channel are the main parameters used for the comparison in addition to the new (HFR) factor. The 
tested integrated system was configurated and validated according to some experimental and theoretical works from literature. 

2. Physical system description 

All details involved the physical and geometrical domain of the studied system are shown in Fig. 1 The domain includes two 
channels of air as a working medium and two channels of water as a cooling medium. The face area of the air channel inlet is equal to 
(400 mm × 5 mm) while the face area of the water channel inlet is (500 mm × 7 mm). Air and water are flowing in a cross arrangement 
where air flows from the bottom to the top in y-direction while water flows perpendicularly in z-direction. Three sandwiches of TEC 
(Thermoelectric Cooler) modules were interfered through the channels in such a way that the hot side of the TEC modules faces the 
water channel while the cold side is exposed to the air channel. Aluminum plates, of (1 mm) thickness, are placed between the air 
channels and cold side of the TEC sandwiches while the thickness of the plates is (4 mm) between the water channels and TEC 
sandwiches. The TEC devices were placed in the TEC sandwiches in a way that each sandwich has three rows of TECs, each row 
contains three TEC devices. The TEC module used in the current simulation is based on the module named by (CPL4-127-06L). Number 
of thermos-couple is N’ = 127 while each leg has a length of (Lt = 1.5 mm) and cross-sectional area of (At = 1.4 × 1.4 mm2) [16]. Glass 
wool is placed as an insulation material between the TECs to reduce the heat losses. The thermophysical and electrical properties of the 
TECs, insulation material, Aluminum plates, and the flowing fluids are shown in Table 1. 

3. Mathematical modeling and assumptions 

3.1. Governing equations 

The governing equations used in the current work can be categorized according to the sub-regions of the physical domain as below:  

1 Governing equations involve the fluid region (Water channel and Air channel). The governing equations solved in fluid sub-regions 
are described as below: 

3.1.1. Momentum equations 
This equation characterizes the velocity and pressure distribution along the fluid domain in three dimensions [13,33]:  

• Momentum equation in the x-direction. 

Table 1 
Thermophysical and Electrical Properties of all Materials and Fluids used in the current study [16,29–32].  

Material or Fluid Type Density (kg/m3) Specific Heat (kJ/kg.k) Thermal Conductivity (W/m. k) Seebeck Coefficient (V/k) Resistivity (Ω.m) 

Air 1.2 1004 0.0242 – – 
Water 1000 4181 0.561   
Aluminum 2700 871 237 – – 
Glass Wool (Insulation) 23 1800 0.038 – – 

TEC Module 

N-Type Leg – – 1.6 − 210× 10− 6 1× 10− 5 

P-Type Leg – – 1.6 210× 10− 6 1× 10− 5 

Copper (Connector Plates) 8930 386 385 – –  
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• Momentum equation in the y-direction. 
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• Momentum equation in the z-direction. 
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3.1.2. Continuity equation 
Continuity equation describes the mass conservation equation through the flow section. As the flow is assumed to be incompressible 

where flow density is considered as a constant, the continuity equation can be written as [33]: 

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (4)  

3.1.3. Energy transport equation in fluid 
One of the equations used in the fluid regions is energy transport equation. Energy transport equation in fluid medium varies from 

energy transport equation in solid medium where in the fluid medium, the temperature values are driven by the momentum flux of the 
fluid. However, energy transport equation in the fluid region can be written as below [33]: 

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

=
k

ρCp
∇2T (5)    

2 The other group of governing equations solved in the current work are the equations that relate the solid regions. In fact, solid 
regions, that are implemented in the construction of the current geometrical domain, are divided into three regions; solid region 
between the TEC model and the air channel (Air Solid Region), solid region between the TEC model and water channel (Water Solid 
Region), and finally, the solid region which lays within the scope of TEC model (TEC region). 

Regarding the Air Solid Region (ASR) and Water Solid Region (WSR), energy transport equation is the only governing equation that 
should be solved. This energy transport equation is written as: 

∂T
∂t

=
k

ρCp
∇2T (6) 

On the other hand, Eq. (6) can be used in the TEC region to model the TEC integrated system using a source to simulate the TEC 
model as below [34,35], and [28]: 

∂T
∂t

=
k

ρCp
∇2T + ŜTEC (7)  

Where ŜTEC represents the heat source which is added to the energy transport equation as a result to the integrated TEC unit. This can 
be written as:  

• In the n-type legs of the TEC model: 

ŜTEC =∇.
(

αnTJ
⇀)

+ q̇ (8)  

q̇= J
⇀
.E
⇀

(9)  

J
⇀
= σn

(
E
⇀
+ αn∇T

)
(10) 

According to the math laws: 

∇.(αnT)= αn∇T +∇αnT (11) 

By substituting Eq. (10) and Eq. (11) in Eq. (8), the final reformed equation would be: 

ŜTEC = σ− 1
n J

⇀2
− ∇αnT J

⇀
(12)  
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• In the p-type legs of the TEC model: 

Equations form (8) to (12) can be applied in the same context on the p-type legs except that (p) subscript would be used instead of 
using (n) subscript referring to that in the p-type legs, the electrical resistivity (σ) and the Seebeck coefficient (α) of the p-type material 
are the factors that should be used. 

Thus, source term of the energy equation in p-type legs can be described as below. 

ŜTEC =∇.
(

αpTJ
⇀)

+ q̇ (13)  

q̇= J
⇀
.E
⇀

(14)  

J
⇀
= σp

(
E
⇀
+αp∇T

)
(15)  

∇.
(
αpT

)
= αp∇T +∇αpT (16)  

ŜTEC = σ− 1
p J

⇀2
− ∇αpT J

⇀
(17)    

• In the substrate and connector parts of the TEC model: the source term would be represented by the first term of Eq. (17) only as 
being shown below: 

ŜTEC = σ− 1
i J

⇀2 
where (i) represents the electrical resistivity of the substrate part or connector part of the TEC model, accordingly. 

α, σ, and J
⇀ 

represent the Seebeck coefficient, electrical resistivity, and current density, respectively, while the voltage potential: 

E
⇀
= − ∇φ (18)  

Where (φ) is the voltage or the electric field potential.  

• Boundary Conditions. 

The physical domain of the current work is somehow complex due to using more than one fluid medium (air at the cold side, and 
water at the hot side) in addition to using different solid regions characteristics; solid plate between the fluid mediums and the TEC 
model sandwiches, and the solid plate within the scope of the TEC models, in which, equations from (7) to (18) would be applied in the 
mathematical model. However, the boundary conditions used in the current work are applied according to Fu R. et al. [36] and Sun D. 
et al. [37] as being shown below.  

• At the inlet of air and water channels, the following boundary conditions would be applied.  
a. Velocity and energy boundary conditions in fluid regions. 

At the inlet of water channel along z-direction:  

win = constant                                                                                                                                                                     

While at the other directions:  

u = 0, and v = 0.                                                                                                                                                                 

On the other hand, the air inlet velocity along y-direction is:  

vin = constant                                                                                                                                                                      

while at the other directions:  

w = 0, and u = 0.                                                                                                                                                                

Similarly, the temperature values at the channels’ inlet are:  

Tin |air channel inlet. = constant.                                                                                                                                               

Tin |water channel inlet = constant.                                                                                                                                            

At the outlet of the fluid channels, zero gradient boundary conditions are applied for all physical characteristics as below: 

∂u
∂n
|channel outlet =

∂v
∂n
|channel outlet =

∂w
∂n

|channel outlet = 0  
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∂T
∂z
|water channel outlet =

∂T
∂y

|air channel outlet = 0  

Where (n) represents the direction in which velocity gradient would be taken.  

b. Energy boundary conditions in solid regions. 

Energy transport equation is the only equation applied in the solid region. In the TEC model, combining the equations from (7) to 
(18) gives a source which is added to the energy transport equations in the TEC region. Thus, the boundary conditions in the solid 
regions and TEC model can be written as below: 

At the cold side of the TEC model:  

T| tec-cold side = Tc (the initial cold temperature)                                                                                                                     

While at the hot side of the TEC model:  

T| tec-hot side = Th (the initial hot temperature)                                                                                                                        

At the interface between the TEC model and solid regions:  

T|TEC-Interface = T| Solid-Interface                                                                                                                                               

kTEC
∂T
∂x

|TEC− interface = ksolid
∂T
∂x

|TEC− interface 

Similarly, at the interface between the solid region and the fluid:  

T|Fluid-Interface = T| Solid-Interface                                                                                                                                              

kSolid
∂T
∂x

|Fluid− interface = ksolid
∂T
∂x

|Solid− interface.

All other boundaries submit to the zero gradient and no slip conditions. This can be written as below: 

∂T
∂x

=
∂T
∂y

=
∂T
∂z

= 0  

and, u= v = w = 0 

The heat absorbed from air channel (Qc) can be calculated as below [38]: 

Qc =αm JTc +

(
1
2

)

J2 σm − Km (Th − Tc) (19) 

On the other hand, the heat diffused in the cooling medium at the hot side of the studied cooling system can be calculated as below 
[38]: 

Qh = αm J Th +

(
1
2

)

J2 σm − Km (Th − Tc) (20) 

The power employed to drive the heat in the TEC model represents the difference between both the (Qh and Qc) as: 

Pelectric = J.E = Qh − Qc (21) 

αm, σm, and Km were calculated by X. Gaoju et al. [38] as below: 

αm =
Emax

Tho
, σm =

(Tho − ΔTmax)

Jmax
× αm,Km =

(Tho − ΔTmax)

2 × ΔTmax
× αm × Jmax 

The coefficient of performance (COP) of the cooling system can be calculated as below: 

COP=
Qc

Pelectric
(22) 

Emax, Jmax,Tho, andΔTmax are constants provided by the manufacturer of each TEC model which are shown in Table 2. 

Table 2 
The Properties of the TEC model used in the current study [16].  

Factor Jmax Emax JApplied Tho ΔTmax Qmax 

Dimension Amber Volt Amber K K Watt 
Value 6.0 15.4 1.0 299 67 51.4  
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4. Heat flux ratio (HFR) 

One of the novel contributions of the current work is deriving new dimensionless factor called by Heat Flux Ratio (HFR). Utilizing 
dimensionless factors in scientific studies is one of the important approaches to reduce the dependent variables giving a complete 
picture about any change in the studied system by using a smaller number of parameters. However, (HFR) factor is calculated from the 
ratio between the overall heat flux removed from the fluid to the heat flux toward the TECs model. This can be determined as below: 

q̈x = f
(

ΔT,L,Kair,
∂T
∂x

)

(23)  

Where q̈x represents the heat flux toward the TEC module, ΔT is the temperature difference of working fluid between the inlet and the 
outlet, , L is the channel length, Kair is the air thermal conductivity, and ∂T

∂x is the temperature gradient in x-direction toward the TEC 
module. 

Using Buckingham theorem to derive the dimensionless factors shows that: 
N = number of parameters (q̈x,ΔT,L,Kair,and ∂T

∂x
)
= 5 

M = number of dimensions (Mass (M),Length(L),Temperature (T),and Time(t)) = 4 
Number of possible derived factors = N -M = 5-4 = 1 = A = πi. 

M0 . L0. T0. t0 =(ΔT (T))a
. (L (L))b

. (q̈x(M.t− 3))c
.

(

,
∂T
∂x

(T.L− 1)
)d

. Kair
(
M.t− 3.L.t− 1

)
(24) 

Solving the above equation gives:  

c = − 1, d = 0, b = − 1, and a = 1                                                                                                                                        

From all above, and by assuming that πi = HFR, it can be concluded that: 

HFR=
Kair

ΔT
L

q̈x
=

Kair
ΔT
L

¨Kair
∂T
∂x

=
Kair ∗

(Tfluid− in − Tfluid− out)
Channel length

Kair
∂T
∂x

=
Qremoved− Fluid

Qc− TECs
(25) 

Thus, 

HFR=
Qremoved− Fluid

Qc− TECs
(26) 

Equation (26) can be expanded in the other two directions. However, as the walls in the z-direction are insulated, heat transfer is 
neglected in the z-direction. In addition, as the heat is only removed by the TEC module in x-direction, q̈y in flow direction will not be 
considered. 

4.1. Numerical modeling and schemes 

In the current study, OpenFOAM source code (Open-Source Field Operation and Manipulation) [39] was used to generate the mesh 
of the physical domain and solve the related mathematical modeling. OpenFOAM is a finite volume method (FVM) based solver and 
developed under the GL (General License) agreement. Different governing equations were implemented in the current model to find a 
suitable solution for the current indirect cooling system model integrated with TEC (thermoelectric cooler) model as was detailed 
previously. However, the presented numerical model was solved under assumptions shown below:  

1 The solver used is transient solver.  
2 All thermophysical properties are constants where Cp, ρ, K, αt, and μ have been taken as constants in the current model.  
3 The flow is considered as an incompressible flow for both the cold side (where air is the fluid which should be cooled) and the hot 

side (where water is used as a cooling medium).  
4 The flow was assumed to be laminar.  
5 The thermoelectric properties of the TEC are constants. This assumption means that σe and αe are taken as constants through the 

electrical model.  
6 Seebeck effect and conductivity effect are neglected in the connector and load surfaces. 

Euler transient scheme was used to discretize the local or substantial derivative terms of the governing equations. Regarding the 
numerical schemes utilized for the special derivative term, there are different schemes used in the presented model; gauss upwind 
scheme, which represents a second order scheme, used to discretize the momentum equation in the fluid regions while gauss linear 
scheme was used to discretize the energy equation in both the fluid and solid regions including the electric potential source. Different 
numerical solution methods were used to solve the equation sets generated by the numerical schemes mentioned above. GAMG 
(Generalized Geometric-Algebraic Multigrid) solver was used to solve the pressure and energy schemes while diagonal solver was used 
to solve the explicit schemes. On the other hand, PBiCGStab (Preconditioned bi-conjugate Gradient) solver was used to solve the 
velocity and enthalpy schemes in the fluid regions. There are three different algorithms used to link between the pressure and velocity 
schemes in OpenFOAM; PISO (Pressure-Implicit Split Operator), SIMPLE (Semi-Implicit Method for Pressure Linked Equation), and 
PIMPLE algorithm which compromises between the previous two ones. In the current study, PIMPLE algorithm was used for the 
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pressure velocity linkage. To keep the explicit solver as stable as possible, the maximum courant number was set as (1). 
In addition, to avoid any divergence in the solution, adjustable time step option was activated. As a novel contribution for the 

current paper, TEC model was configurated separately using user defined and handwritten codes called “heatTransferTEC” model 
where this model was developed from built-in model in OpenFOAM source code called by “heat transfer” model, and then, compiled 
with OpenFOAM code using specific tool called by “wmake”. All the required parameters mentioned in the TEC governing equations’ 
section of this paper were uploaded to the “controlDict” and “fvModels” journal files as a part of the numerical case study files. 

4.1.1. Mesh convergence study 
In the presented study, there are different mesh sizes tested to investigate the sensitivity of the calculated variables to the change in 

mesh sizes. COP (Coefficient of Performance) parameter is the criteria to find out the final mesh size at which, COP parameter would 
not be affected, or the change is not significant. COP factor was chosen as it represents a dimensionless factor in which more than one 
variable is included. Thus, COP factor behavior gives indication toward the overall system performance. Fig. 2 shows the mesh domain 
of the whole system where the whole mesh was built using structured or uniform mesh utilizing hexahedral cell shape. 

Table 3 demonstrates the change in the COP factor with different mesh sizes. Four different mesh sizes were investigated to mimic 
the value of COP at which the value would not be changed, or the change is not significant when the mesh size increases. The figure 
shows that COP value changes significantly as mesh size increases from course mesh (2894320 cells) to medium mesh (5432348 cells). 
As the mesh size increases further from fine mesh (6585673 cells) to very fine mesh (8437800 cells), COP value would be much less 
sensitive to the increase in mesh. Therefore, as the increase in COP factor is not significant when mesh size increases from fine mesh to 
very fine mesh, it can be said that the numerical domain starts to be mesh independent at the fine mesh size (6585673 cells). Thus, all 
numeric data and cases done in the presented study were investigated under fine mesh size case. 

5. Validation 

The model developed in the current study was validated with number of experimental and theoretical studies from literature that 
have similar applications under similar conditions and inlet potential current. As shown in Table 4, COP value gained from current 
study is very close from theoretical value obtained by Zhou Y. et al. [16] where the error reaches about 3.64% between both values 
while an experimental value gotten by Zhou Y. et al. [15] is higher than the value of the current study by about 20.3%. However, the 
error between the current value and other studies (Du CY., and Wen CD. [40] and Guo D. et al. [41]) is ranged from (8.5%–12.95%). 

Overall, the agreement between the calculated COP value in the presented work and the experimental and theoretical values 
calculated by studies from literature is placed in an acceptable range as was shown above. 

6. Results and discussion 

The thermal behavior of indirect non-evaporative cooling system was investigated in the current paper using new approach of 
determination. HFR dimensionless factor was derived in the present study using the conventional dimensional analysis to be used for 
performance calculations as a novel contribution for the current study. In addition, wall heat flux and temperature difference were 
utilized as a criterion of comparison between different cases. In the current section, the data calculated would be demonstrated and 

Fig. 2. Mesh domain for the whole system.  
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discussed. 
Fig. 3 (a, b, and c) shows the distribution of wall heat flux toward the TEC modules positions after (5 s), (10 s), and (15 s), 

respectively from the run starting point. The results were drawn under three air inlet velocities: a-) Vin = 0.75 m/s, b-) 1.25 m/s, and c- 
) 1.75 m/s result shows that wall heat flux decreases along the air channel from the inlet to the outlet at the same run time for all cases. 
This comes because of the reduction in the heat stored in the fluid as air flows through the channel form the bottom to the top causing 
the flux gradient along the channel. However, as velocity increases, the wall heat flux increases too at the same flow position. This 
likely happens as heat energy in the fluid region is driven by momentum flux unlike the heat energy in the solid region. Furthermore, it 
is found from these figures that wall heat flux increase along the channel as time goes forward, and this is why flux contour seems to be 
brighter as time changes from (5 s) to (10 s, and 15 s). An interesting finding is that the flux parabola at the horizontal line behaves in 
such a way that the flux starts lower and then increases exponentially and then decreases in symmetrical way. As time increases, the 

Table 3 
COP parameter at different mesh sizes.  

Mesh Size COP value 

2894320 cells 2.416484571 
5432348 cells 2.454662649 
6585673 cells 2.471561143 
8437800 cells 2.476568104  

Table 4 
Comparison of COP value in the current study with studies from literature.  

Research Work COP value 

Current Work study 2.47 
Zhou Y. et al. [16] Theoretical 2018 2.38 
Zhou Y. et al. [15] Experimental 2022 3.1 
Du CY. [40] Experimental 2011 2.15 
Guo D. [41] Theoretical 2020 2.7  

Fig. 3. Wall heat flux for HM case after (5 s), (10 s), and (15 s) from system run time under three different velocities; a-) 0.75 m/s, b-) 1.25 m/s, and c-) 1.75 m/s.  
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flux changes in such a way that the values increase and then decrease internally where the curve takes (M) shape to be decreasing 
finally. This comes as the TEC module works more efficiently as time increases where the TEC modules placed at the internal region 
away from the sandwich’s boundaries. The wall flux values calculated in the present work are placed within the range of data reported 
by Yong-Kwon et al. [42] as a sufficient evident regarding the viability of the model solved in the current paper. 

Fig. 4 shows the HFR distribution along the air channel after a-) 5 s, b-) 10 s, and c-) 15 s respectively, from the starting run time 
under four different velocities; 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s, and 1.75 m/s. It was found from the figure that HFR starts small 
reduction at the channel inlet, and then, it starts increasing for all cases. This comes likely as TEC devices starts to be placing at position 
equals to (0.05 m) from the channel inlet along the channel length. Therefore, there is no reduction in the temperature values as the 
TEC effect begins at small distances before the TEC region. Furthermore, it was found that as time increases, the HFR values increase 
too. For instance, it was found that the HFR value is about (0.03875) after (5 s) at velocity of (0.75 m/s) while the HFR value reaches 
about (0.053) and (0.056) after (10 s) and (15 s) respectively. An interesting finding is that the HFR values reduce as velocity increases 
after (5 s) while at (10 s), the HFR for velocity of (1.75 m/s) try to be dominant in compare with velocity of (1.5 m/s) and (1.75 m/s), 
and then, the behavior turns back to its initial state. This happens as at the medium time the TEC module has an efficient work while it 
approaches its maximum activity after (15 s) as has been shown previously that HFR after (5 s) is (0.053) where this value is very close 
to the HFR value after (15 s) which is equal to (0.056) while the initial HFR is (0.03875) after (5 s). 

Fig. 5 (a and b) shows the temperature difference and wall heat flux along air channel at the middle line from channel inlet to 
channel outlet under five different velocities: 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s, and 1.75 m/s. The figure shows the values after (15 s) 
from run starting time. As the TECs module placed at (0.05 m) from channel inlet, temperature difference start increasing gradually 
from this point where at the channel inlet, the difference is very small because that the TEC effect is much lower in compare with its 
effect on flow after (0.05 m). Therefore, it can be seen obviously that the curve has a very steep gradient at the inlet while the 
temperature difference increases normally after that point till it reaches its maximum value at channel outlet. Another interesting 

Fig. 4. HFR behavior along the air channel after a-) 5 s, b-) 10 s, and c-) 15 s from the starting run time for five different velocities; 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s, 
and 1.75 m/s. 
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finding is that as velocity increases, temperature difference decreases. This comes from the fact that as velocity be lower, more heat 
would be removed from the fluid and vice versa. However, it was found that the maximum value of temperature different is (8.62 K) at 
inlet velocity equals to (0.75 m/s) while the maximum temperature difference approaches (8.2 K) at inlet velocity equals to (1.75 m/s). 
Therefore, the maximum error between the minimum velocity and maximum velocity reaches about (4.87%) while the minimum error 
would be between V = 1.5 m/s and V = 1.75 m/s where this value reaches about (1.79%). As was shown in the figure, when air inlet 
velocity increases, the error in temperature difference between the consequent inlet velocities cases decreases because of that less 
velocity gives higher period for heat absorption while this period decreases as velocity increases velocity increases causing less error in 
case of higher velocities. 

Fig. 5-b demonstrates wall heat flux distribution absorbed by TECs modules at the middle line of air channel for five different 
velocities after (15 s) from run starting time. It was found that wall heat flux starts its minimum value at air channel inlet, and then it 
approaches its maximum value at (0.05 m) from the channel inlet where the TECs modules placed at this distance from air channel inlet 
as was shown before. Then, wall heat flux starts decreasing exponentially along air channel. Such a behavior is expected because that 
heat latent in the fluid starts higher at the channel inlet leading to higher heat flux absorbed by the TECs module. As air flows vertically 
toward channel outlet, fluid latent heat decreases by the TECs modules causing less heat flux absorbed by the consequent TECs 
modules. In contract with temperature difference distribution mentioned in the previous section, wall heat flux changes directly with 
air inlet velocity although what have been mentioned before regarding velocity effect on period required for heat removing from fluid 
flow. This likely happens as that the increase in the velocity leads to increase in temperature gradient toward TECs sides as velocity 
contributes to the energy equation of fluid region causing higher flux as was shown in Eq. (5). The range of wall heat flux calculated in 
the current work is very close to values reported by Yong-Kwon et al. [42] assuring the validity of the present numerical work. The 
difference between wall heat flux values at different velocities is increasing as air flows vertically from channel inlet to channel outlet 
till it reaches its maximum value at channel outlet where the difference is equal to (70%) between case of V = 0.75 m/s and V = 1.75 
m/s at channel outlet while that difference reaches about (7%) at channel inlet. Additional finding is that the difference between 
different consequent velocities cases is decreasing as velocity increases. In this context, the difference in wall heat flux between case of 
V = 1.75 m/s and case V = 1.5 m/s is (16.667%). On the other hand, the error reaches about (40%) between case of V = 0.75 m/s and 
case of V = 1 m/s where all these differences were calculated at channel outlet. 

Fig. 6 (a, and b) shows temperature difference and wall heat flux behavior respectively. The figure shows the distribution along air 
channel form the inlet to the outlet under three different modes (LM, MM, and HM) when the air inlet velocity is equal to (V = 1.75 m/ 
s). As was shown in Fig. 5-a, temperature difference starts its minimum values at the inlet where the effect of TECs modules is not 
significant while it starts increasing normally after distance of (0.05 m) where the TECs devices was placed. Therefore, the curves start 
steep lines while the gradient in the temperature difference behaves exponentially and normally after that distance. This behavior is 
applicable for all cases (LM, MM, and HM). For similar reasons mentioned above, curves of LM, MM, and HM are laid on each other at 
channel inlet. However, the minimum values of temperature difference for all modes are similar at the specified velocity. An inter-
esting finding is that temperature gradient differs depending on the mode studied. For instance, it was found that higher temperature 
difference would be for case of HM and the lowest value would be for case of LM. Another finding is that the difference between modes 
increases along air channel till reaching its maximum value at channel outlet where the difference between each mode is about (2.5%). 
Fig. 6-b shows the wall heat flux for different modes (LM, MM, and HM) at (V = 1.75 m/s). In contradiction with the behavior of 
temperature difference, wall heat flux starts its maximum value at channel inlet after (0.05 m) for the similar reasons mentioned in 
Fig. 5-a while it decreases exponentially till it reaches its minimum value at channel outlet. It was found from the figure that HM case 
has higher heat flux values than other cases while LM has the smallest values where the maximum difference between modes reaches 
(4.5%). 

7. Conclusion 

A 3-D transient numerical model was developed in the current study to investigate the thermal performance of an indirect non- 
evaporative cooling system integrated with a TECs integrated units using OpenFOAM V.9 source code. The TECs model was devel-
oped in the current study using a hand-written code which was implemented and compiled with the OpenFOAM solver used in the 
current simulation. The main novelty of the current study is represented by deriving new dimensionless parameter called by heat flux 

Fig. 5. Temperature Difference and wall heat flux distribution along air channel for all velocities after 15 s; a-) Temperature Difference, b-) Wall heat Flux.  
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ratio (HFR) to determine the performance of the system. The whole integrated system was investigated under three main scenarios; the 
case of (299 ◦K) as an inlet primary air temperature for low environment temperature regions or what is called by low mode (LM), the 
case of inlet primary air temperature equals to (309 ◦K) or the medium mode case (MM), and the high mode (HM) case in which the 
inlet primary air temperature approaching the (319 ◦K) threshold. All cases were tested under five different air inlet velocities: 0.75 m/ 
s, 1 m/s, 1.25 m/s, 1.5 m/s, and 1.75 m/s. It was concluded from the results that HFR increases as time increases till it reaches its stable 
values after (15 s) in the current work. In addition, as time goes further, it was concluded that HFR for lowest velocities increases to be 
higher than the HFR values at the higher velocities. Regarded the effect of inlet air velocities, it was concluded that the increase in 
velocity affects negatively the temperature difference along the vertical air channel where it was found that temperature difference at 
velocity equals to (0.75 m/s) is higher than the temperature difference at velocity equals to (1.75 m/s) by about (4.87%) while the 
temperature difference at velocity (1.5 m/s) is higher than the temperature difference at (1.75 m/s) by about (1.79%). In opposite with 
temperature difference, the increase in the air inlet velocity leads to increase in wall heat flux. Furthermore, it was concluded that the 
difference in wall heat flux between different velocities cases is increasing along the air channel where wall heat flux at (1.75 m/s) is 
higher than the flux in case of (0.75 m/s) by about (7%) at channel inlet while the percentage increases to (70%) at channel outlet. 
Regarding the effect of different modes on temperature difference and wall heat flux, it was concluded that wall heat fluxes and 
temperature differences are higher at higher modes and vice versa. For example, temperature difference for HM case is higher than this 
value for the MM case by about (2.34%) at velocity equals to (0.75 m/s) while this percentage increases to (2.5 m/s) for case of (1.75 
m/s). On the other hand, the difference reaches about (2.85%) and (4.5%) in wall heat flux for the cases of (0.75 m/s) and (1.75 m/s), 
respectively. The error in COP between the current study and previous studies is ranged from (20.3%–3.64%) where this range is 
agreeable and acceptable. 
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Nomenclatures  

u, v, w Velocities in x, y, z directions respectively (m/s) 
p Pressure (pa) 
T Time (sec) 
T Temperature (◦K) 
k Thermal Conductivity (W/m. ◦K)

Fig. 6. Temperature Difference and wall heat flux distribution along air channel for all modes after 15 s and air inlet velocity = 1.75 m/s; a-) Temperature Difference, 
b-) Wall heat Flux. 
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Cp Heat Capacity (J/kg. ◦K) 
ŜTEC Source of TEC model added to the energy equation 

J
⇀ 

Current Density (Amber) 

E
⇀ 

Electric Voltage (Voltage) 
q̇ Heat generated (W/m3) 
Q Heat removed or generated by TEC (W) 
Pelectric Electric Power (W) 
x, y, z Spatial distances in the cartesian coordinate system  

Abbreviations 
HFR Heat Flux Ration 
HM High Mode 
MM Medium Mode 
LM Low Mode 
COP Coefficient of Performance 
TEC Thermoelectric Cooler 
TED Thermoelectric Device 
IEA International Energy Agency 
PCM Phase Change Material 
ETCC Economic Total Cooling Capacity 
HVAC Heating-Ventilating-Air Conditioning 
TEG Thermoelectric Generator 
ASR Air Solid Region 
WSR Water Solid Region  

GREEK SYMBOLS 
υ Kinematic Viscosity (m2/s) 
ρ Density (kg/m3) 
∇ Gradient Operator 
α Seebeck Coefficient (Vol/ ◦K) 
σ Electric Resistivity (Ω.m) 
φ Electric PotentialSubscripts 
N N-type leg of the TEC 
p P-Type leg of the TEC 
c Cold side of TEC 
h Hot side of TEC 
ho Initial hot temperature 
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