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ABSTRACT 

Channel geometry has a strong influence on the heat transfer coefficient and cooling energy input in a heat sink. 

The net power output in a thermoelectric generator (TEG) can be defined as power generation minus the 

required cooling energy in TEG. This study aims to evaluate the net power generation in TEG for different size 

of hydraulic diameter of plate-fin heat sink and over a wide range of Reynolds number. The particular focus of 

this study is to find optimal Reynolds number in each considered channel hydraulic diameter and to explore 

optimal channel hydraulic diameter for maximum TEG net power output. Three-dimensional governing 

equations for the flow and the heat transfer and thermal-electrics are solved using the computational fluid 

dynamics (CFD) simulation environment. The results show that there is an optimal Reynolds number that 

provides maximum net power output in the TEG, and the maximum net power output occurs at smaller Reynolds 

number when the channel hydraulic diameter reduces. 
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1. INTRODUCTION 

Micro-structured heat sinks provide compact and 

low weight energy system and can enhance 

modularity of power systems. This type of heat sink 

has been interesting for researchers in field of waste 

heat recovery applications such as thermoelectric 

generators (TEGs) [1, 2]. TEGs convert heat energy 

to electrical power by means of semiconductor 

charge carriers due to temperature difference 

between a heat source and a heat sink. A key factor 

in TEG application is to design an optimal heat sink 

to enhance the power generation in the TEG. Heat 

transfer coefficient provided by the heat sink 

critically affects temperature distribution in the 

thermoelements and their optimum dimensions 

design for maximum power generation by the TEG 

[3]. Thermoelements with different temperature 

distribution generate different electric voltage. 

Therefore, the impact of the heat sink geometry on 

flow and temperature distribution needs to be 

carefully considered to create high heat transfer 

coefficient in the heat sink [4, 5].  
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NOMENCLATURE 
 area, m  
 hydraulic diameter, m 

 specific heat capacity,	J kg. K⁄   
 channel height , m 

 electric current density, A/m  
 thermal conductivity, W/m.K 
 number of channels in heat sink 

Nu Nusselt number 
 power, W 
 pressure, Pa 
 heat flux across TEG, W/m  
 heat generation rate per unit volume, W/m
 internal electrical resistance, Ω 
 Reynolds number 

 temperature, K 
∆  temperature difference, K 

 velocity vector, m/s 
 velocity, m/s 
 volumetric flow rate, m s⁄  
 channel width, m 

Greek symbols 
 Seebeck coefficient, V/K 
 dynamic viscosity, N. s m⁄  
 Peltier coefficient, V 
 fluid density, kg m⁄  
 electrical conductivity, S/m 
 electric scalar potential, V 

Subscripts 
c cooling energy 
cr ceramic 
f coolant fluid 
n n-type thermoelement 
net net 
max maximum 
p p-type thermoelement 
ce cooling energy 
w wall 

The voltage generation due to temperature 

difference of the hot and cold junctions of TEG can 

be improved by reduction of thermal resistance in 

heat sink. Because the performance of TEG system 

also depends on required cooling energy [6, 7], 

pressure drop is an important factor beside the 

thermal resistance consideration for optimization of 

heat sink design. One way to reduce the thermal 

resistance is to increase mass flow rate in channels 

of heat sink. However, a higher cooling energy 

input is required for a given channel hydraulic 

diameter because of rapidly increase of the pressure 

drop in the channels. Depending to TEG operating 

temperature, this cooling energy input can be higher 

than the power generation by TEG module and 

cause to negative net power (power generation by 

the TEG minus required cooling energy input in the 

heat sink) by the module [8]. Moreover, heat 

transfer in the heat sink enhances when the channel 

hydraulic diameter decreases at constant Reynolds 

number and channels ratio. Smaller channel 

hydraulic diameter causes lower heat sink thermal 

resistance. The channel ratio is defined as ration of 

the channel height to the channel width. Smaller 

hydraulic diameter also causes higher pressure drop 

in the channels that increases the coolant energy 

input in the heat sink. 

Rectangular cross-section shaped channels have 

highest heat transfer coefficient amongst trapezoidal 

and triangular shaped microchannels [9]. In 

addition, it gives minimum thermal resistance when 

the channel width and the fin thickness are equal 

[10]. Jang et al. [11] explored optimal fin height and 

number of fins in rectangular channel heat sink to 

maximize the net power density in TEGs. The 

results that provide useful information for waste 

heat recovery applications, suggest proper flue gas 

velocity for maximum net power output of TEG per 

the heat sink base area.  

In this study, the effectiveness of compact micro-

structured heat sink on the power generation and 

cooling energy input is considered to maximize net 

power output in TEG. The optimal range of channel 

hydraulic diameter is explored over practical range 

of Reynold number to find maximum net power 

output. In order to reduce thermal resistance of the 

heat sink and to provide compact heat sinks, the 

microchannels are designed on the cold side 
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ceramic layers of TEG module. There are four types 

of heat sinks in this study. The fluid and thermal 

characteristics in the heat sinks are considered in 

laminar regime. 

 

2. GOVERNING EQUATIONS 

The coupled thermoelectric constitutive equations 
(heat flow and the continuity of electric charge) 
under steady-state condition are defined as follow 
[12]: 

The maximum power generation in the TEG, where 

the internal electrical resistance of the uni-couple is 

equal to the imposed electrical load resistance, is:  

where the internal resistance of TEG module is total 

electrical resistance of the n-type and p-type 

thermocouples [13]: 

 

. 
(4) 

The length and width of the TEG module are 

7.2	mm, and the height of thermoelements in this 

studied is 1.4	mm with squared footprint area equal 

to 1	mm . The distance between the 

thermoelements is 0.8	mm. The interconnectors that 

connect the thermoelements to each other are silver 

with thermal conductivity of 429	W/K.m, and its 

electric resistivity varies with 	0.0038T 1.52

10 	Ω.m [14]. The applied thermoelectric material 

is Bismuth Telluride (Bi Te ) with thermal 

conductivity, electrical resistivity and Seebeck 

coefficient equal to 1.2W m.K⁄ , 9.09	Ω.m and 

0.2	mV K⁄ , respectively.  

Equations (5), (6) and (7) represent continuity, 

momentum and energy in the heat sink under 

laminar and incompressible flow conditions [15]: 

. 0, (5) 

. ,	 (6) 

. .	 (7) 

As mentioned, pressure drop in heat sink is an 

important factor that influences net power of the 

TEG module. Required cooling energy is related to 

the pressure drop and the volumetric flow rate in the 

heat sink: 

Δ . (8) 

The net power output of the TEG is defined as 

follows: 

. (9) 

Water is used as the coolant fluid in this study with 

inlet temperature of 290	K. Range of the Reynolds 

number in the microchannels is 2 2000, and the 

hot junction temperature of TEG is fixed at 400	K. 

Table 1 presents properties of the coolant fluid and 

the heat sink used in the simulation. Hydraulic 

diameter of the designed channels in heat sinks N4, 

N8, N24 and N72 are 900	μm, 450	μm, 150	μm 

and 50	μm, respectively, where N represents 

number of microchannels in heat sink. The channels 

dimensions (width and height) and the fin thickness 

are considered equal. Fig. 1 shows configuration of 

the heat sinks with the TEG. The thermoelectrical 

characteristics of the thermoelements are 

. . . . , (1) 

. . . . . 0. (2) 

∆
4

. (3) 
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implemented in a three dimensional simulation 

environment and are solved by the finite element 

method, Mechanical, in conjunction with the 

computational fluid dynamics (CFD) simulation 

environment, CFX, that solve the coupled thermal 

and fluid equations in the heat sinks and coolant 

fluid. 

Table 1 Properties of the coolant fluid and the heat sink. 
Dimension W m	K⁄  W m	K⁄  kg m⁄
Value 30 0.6 998.2 

Dimension kg m. s⁄  J kg. K⁄   
Value 0.001 4182  
 

 

a. 

 

b. 

Fig. 1 a. Configuration of the studied TEG b. front view 
of symmetric domain of studied heat sinks (A quarter of 
heat sink geometry is shown here for better resolution). 

 

 

3. RESULTS 

Thermal characteristic of the microchannels in this 

study is validated with [16] with the same 

geometrical details. Fig. 2 shows variation of the 

circumferential Nusselt number along the channel 

with the same boundary conditions that are is in 

good agreement with previous study.  

 

Fig. 2 Comparison of Nusselt number in the 
microchannel with ref [31] ( 500	μm,	 300 μm  

3 m s⁄  293.15	K, 30	W cm⁄ ). 
 

The computational model used in this study is able 

to demonstrate 3D results of temperature 

distribution and voltage generation in the TEG 

affected by the flow in the micro-structured heat 

sinks. As Fig. 3 shows, temperature of the flow rises 

along the channels because of heat absorbed from 

the TEG. Therefore, temperature on the cold 

junction of the thermoelements is not constant, and 

each thermoelement generates different electric 

voltage. Fig. 4 illustrates how electrical potential 

increases in the series design of n and p-type 

thermoelement. 
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Fig. 3 Temperature distribution in the TEG and fins of 
heat sink. Re 10. 

 

 

Fig. 4 Generation of the electric voltage in TEG. R 10. 
 

The results show that, when the hydraulic diameter 

of channels decreases, the maximum net power 

output happens at lower Reynolds number. For a 

given Reynolds number in the channels and 

constant hot junction temperature on the TEG, the 

thermal resistance of the heat sink decreases with 

the channel hydraulic diameter. The smaller thermal 

resistance provides lower temperature at the cold 

junction of the TEG module and increases voltage 

generation in the TEG. On the other hand, pressure 

drop in the channel increases at smaller channel and 

causes higher cooling energy input. This elevation 

of pressure drop is rapid at high Reynolds number 

condition, and creates significant cooling energy 

required in the heat sink, as shown in Fig. 5. 

To avoid of evaporation of water due to absorbing 

of heat in the channels, the minimum Reynolds 

number considered in this study is Re 2. 

However, since water has high specific heat 

capacity, suitable temperature can be achieved on 

the TEG cold junction at low Reynolds numbers. 

The cold junction of TEG remains at close 

temperature to the flow inlet temperature and 

thermal resistance of the heat sink is small under 

high Reynolds number conditions. Therefore, power 

generation in the TEG increase slightly with the 

Reynolds number compared to the low Reynolds 

number conditions. In this case, specifically when 

the channels have small hydraulic diameter, the net 

power of the system can be negative because of 

high cooling energy in the heat sink. Depending to 

the hydraulic diameter of the micro-channels, the 

limitation of Reynolds number needs to be carefully 

considered to avoid negative net power output. 

There is an optimal value for the Reynolds number 

for each design of heat sink that the net power 

output is at maximum value. This optimal Reynolds 

number is lower when the hydraulic diameter of 

channels is smaller. For example, the optimal 

Reynolds number for studied heat sinks N72, N24, 

N8 and N4 are Re 50, Re 200, Re 500 and 

Re 100, respectively. 

For a given TEG design and its hot junction 

temperature and for constant thermoelectric material 

properties, a higher heat flux across the TEG means 

a higher temperature different between the cold and 

hot junctions of the TEG. Since the power 

generation depends to this temperature difference 

according to (3), if the heat flux enhances the 

voltage generation in the TEG increases. Fig. 6 

shows how the maximum power generation in TEG 

follows the heat flux across the TEGs. 
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Fig. 5 Variation of TEG net power output with variation 
of Reynolds number in channels. 

 

 

Fig. 6 Variation of thermoelectric maximum power 
generation and heat flux across the TEG with variation of 

Reynolds number. 
 

4. CONCLUSIONS 

In this study, effect of hydraulic diameter of 

microchannels on the power generation and net 

power output in TEGs and cooling energy input in 

heat sink is considered over a wide range of 

Reynolds number. The 3D governing equations of 

thermoelectricity and flow are solved, and analysis 

of the model generated detailed description of the 

temperature distribution and voltage generation in 

the TEGs and heat sinks. The results of this study 

show that there is an optimal Reynolds number of 

flow in each heat sink that provides maximum net 

power output in the TEG. The maximum net power 

output occurs at smaller Reynolds number when the 

channel hydraulic diameter reduces. As future work, 

the results will be developed with consideration of 

other channel cross section shapes and air as coolant 

fluid in the heat sinks. 
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