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1. Introduction 

The accepted paper must be prepared in two columns. The main 

text of the manuscript must be written in Times New Roman, font 

10, 12-point line spacing. The font size, line spacing, and margin 

of the template must not be altered. Authors can use this template 

document to prepare the manuscript to submission. Authors can 

find and download this Microsoft Word document from the 

website of the journal, www.ijastech.org, Other submission 

versions will not be accepted, so, the manuscript could not go 

further to reviewing process. 

Automobiles are developing thanks to technological 

advancement and transform into vehicles to which more and more 

people have access. However; while the increase in the number of 

automobiles facilitates the human life, the resources consumed to 

own them continue to disrupt the balance of the World and result 

in environmental problems such as climate change and global 

warming. Accordingly, the issues, related to reduction of the 

impact of such environmental problems in all kind of processes, 

from production to usage, from supply of raw material to economic 

life, have been the subject of various scientific researches. Among 

such issues, primary ones include usage of recyclable materials, 

recovery of waste energy and low emission rates during operation 

[1-3]. Exhaust gas waste heat recovery systems constitute a 

significant place in terms of energy recovery in internal 

combustion engines (ICE). Generation of electricity with 

thermoelectric generators (TEG) by using exhaust gas temperature 

is one of the leading ones [4-6]. 

 

Fig. 1. Internal structure and components of thermoelectric generator [7] 
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TEGs shown in Figure 1 are produced by placing semi-

conductors between two ceramic materials. The semi-conductors 

are tied by copper wires. The temperature difference occurring 

between the ceramic surfaces provide acquisition of electrical 

power at outlet edges. The amount of the energy depends on the 

increase in such temperature difference [8]. 

Areas of usage of TEGs become widespread day by day [9]. 

They can be confronted in many areas, from military 

implementations to home-related usage. However, they could not 

be able to provide the desired impact as their efficiency is low. In 

addition, high temperature, lack of cooling cold surfaces and 

increase in internal resistance are other negative aspects [10]. 

TEGs find an area of usage at every point where heat energy is 

available in automobiles. One of such areas is the air conditioner. 

Attar has put forward such issue in his study and also stated that 

the TEGs of today still do not provide the desired efficiency [11]. 

Wang et al. have used two types of heat exchangers whose internal 

structures are different in order to generate electricity from exhaust 

gas waste heat energy, and examined distributions of heat, 

temperature and pressure [12]. Massaguer et al. have designed a 

waste heat recovery system (ATEG) together with the TEG and 

put forward electricity generation performance of the system under 

fixed and driving conditions. As a result, they have explained that 

the speed of the vehicle and the temperature of the exhaust gas are 

significant factors with relation to electricity generation 

performance of the system [13]. Burnete et al. have compared two 

exhaust gas recovery systems that use different cooling methods in 

a vehicle with internal combustion engine (ICE) [14]. In this study, 

the impact of the electrical energy, generated in case of cooling the 

cold surface of TEGs by water and air, has been searched. They 

have mentioned that when TEGs cool at lower temperatures and 

with higher air flow rate, a higher output power is obtained. Gou 

et al. have compared the results of the experiment and calculations 

in their study, and put forward that temperature distribution of the 

cold surface is of great importance in terms of enhancing electricity 

generation performance of TEGs [15]. 

In this study, comparison of simulation figures of three different 

heat exchanger models, designed for generating power exhaust gas 

waste heat energy of vehicles with ICE, has been included. During 

simulations, Fluent programme has been used. Temperature 

distributions and temperature differences of TEGs on hot and cold 

surfaces have been examined comparatively. 

 

2. A waste heat recovery system 

In waste heat recovery systems, more than one TEG are used 

[16]. A well established and equal temperature distribution on hot 

and cold surfaces of TEGs increases their performance. In this 

study, temperature distributions on 3 different heat exchanger 

models that have three-dimensional geometry shown in Figure 2 

have been examined. During simulations, Ansys Workbench 18.1 

fluent programme, computational fluid Dynamics (CFD) and finite 

elements model have been used. In order to accelerate the 

calculations, the models have been contemplated symmetrically, 

and the calculations have been made by dividing them into two. 

 

  
 

   
Number 1 (a) Number 2 (b) Number 3 (c) 

   

Fig. 2. Isomeric and top views of the heat exchangers, which have been compared, as inclined by 5o (a), as gradual inclined by 20o (b), and as placed 
heat sink inside the exhaust gas (c) 

 

In exhaust gas heat energy recovery systems, TEGs contact with 

different exhaust temperatures as the gas cools of gradually when 

such TEGs are lined next to each other in parallel with the gas flow. 

At inlet and outlet areas of the exhaust gas, an approximate 

temperature difference of 323K occurs. Hot parts of TEGs, which 

are close to the initial inlet point that are hotter when compared to 

other points of the exhaust gas, get heated more than the ones 

which are close to the outlet point of the exhaust gas. Such situation 

negatively affects heating of hot parts of TEGs at different 

temperatures, their internal resistance changes and power 

generation performances. These designs have been studied in order 

to eliminate this uneven temperature distribution. In Table 1, basic 

sizes of the models used in the design are given. 

Table 1. Basic sizes of the geometries used 

Symbol Unit Model 1 Model 2 Model 3 

a mm 44.50 44.50 44.50 

b mm 23.50 30.00 44.50 

c mm 120.00 40.00 120.00 

d mm 20.00 20.00 20.00 

e mm -  - 

β degree 5o 20o - 
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In Figure 2a, model no. 1 is shown. Here, the heat exchanger has 

been designed by 5o towards the exhaust gas outlet. The aim here 

is to increase density of the exhaust gas from the inlet to the outlet, 

and to make exhaust gas contact more with the final TEGs. It can 

be though by means of such geometry that the increase in the speed 

of exhaust gas towards the outlet can cause the exhaust gas 

entering into the system to be discharged more rapidly. Such 

situation can put forward as negative result in terms of temperature 

distribution.  

In figure 2b, model number 2 is shown. Here, each TEG has 

been placed on the heat exchanger gradually by an angle of 20o. 

When compared to the first model, each of the TEGs of such 

design is cooled by separate coolers. Moreover, in this model, 

exhaust gas outlet can be wider when compared to the other. The 

aim here is to mitigate the situations that can create negative impact 

in the first design. In this design, the heat exchanger has a shrinking 

structure. 

In Figure 2c, model no. 3 is shown. Here, a totally different 

geometry has been studied. 2 reciprocal heat sinks, which are 

parallel to the flow, have been placed inside a constant-volume 

heat exchanger, instead of a shrinking geometry. According to the 

experiences acquired in the first two simulations of the heat 

exchanger, the heat sinks placed inside the exhaust gas have been 

designed as to distribute the heat in an appropriate manner and 

homogenously. In Figure 3, such system and the heat sink used are 

shown. When such structure is examined, it is seen that the height 

of heat sink wings increase from the hottest part of exhaust gas 

inlet towards the part which is less warm.  

 

 

(a) 

 

(b) 

Fig. 3. Model no. 3 (a) and the heat sink placed inside it (b) 

 

3. Boundary conditions and basic equations 

In the models, the exhaust gas has been used as heat source, and 

the air has been used as coolant. Boundary conditions for exhaust 

gas inlet and outlet, air inlet and outlet for each of three models 

have been given in Table 2. Such conditions have been obtained 

from operating conditions of a motorcycle engine with single 

cylinder. 

Table 2. Boundary conditions for inlet and outlet of the exhaust gas and 
the coolant 

Exhaust gas inlet Boundary condition 

Velocity inlet Temperature 

𝑚 𝑠−1 𝐾 

13.2 600 

Exhaust gas outlet Boundary condition 

Pressure outlet 

Air inlet Boundary condition 

Velocity inlet Temperature 

𝑚 𝑠−1 𝐾 

4.04 300 

Air outlet Boundary condition 

Pressure outlet 

Such engine can reach up to 8000 rpm engine speed. However, 

the temperature and exhaust has speed values measured at speed 

condition of 4500 rpm, during which the engine is used at the 

highest potential, have been considered as velocity inlet boundary 

condition. As the outlet is towards the atmosphere, the pressure has 

been considered as boundary condition. Air has been supplied for 

the coolant by means of a fan; and velocity inlet has been used as 

boundary condition for the inlet, and the pressure has been used as 

boundary condition for the outlet as it is towards the atmosphere. 

The speed of exhaust gas has been measured by means of pitot 

tube, and the speed of air has been measured by means of an 

anemometer. 

Table 3. Physical parameters of the materials. 

TEG 

Insulation plates (Alumina) 

 Density 3720 𝐾𝑔 𝑚−3 

 Specific Heat 837.36 𝐽 𝐾𝑔−1𝐾−1 

 Thermal Conductivity 35.3 𝑊 𝑚−1𝐾−1 

Semi conductor (Bismuth Telluride) 

 Density 7700 𝐾𝑔 𝑚−3 

 Specific Heat 544.28 𝐽 𝐾𝑔−1𝐾−1 

 Thermal Conductivity 1.5 𝑊 𝑚−1𝐾−1 

Electrical conductor (Copper) 

 Density 8978 𝐾𝑔 𝑚−3 

 Specific Heat 381 𝐽 𝐾𝑔−1𝐾−1 

 Thermal Conductivity 387.6 𝑊 𝑚−1𝐾−1 

Heat exchanger (Steel) 

 Density 8030 𝐾𝑔 𝑚−3 

 Specific Heat 502.48 𝐽 𝐾𝑔−1𝐾−1 

 Thermal Conductivity 16.27 𝑊 𝑚−1𝐾−1 

Heat Sink (Copper) 

 Density 8978 𝐾𝑔 𝑚−3 

 Specific Heat 381 𝐽 𝐾𝑔−1𝐾−1 

 Thermal Conductivity 387.6 𝑊 𝑚−1𝐾−1 

Physical parameters of solid materials are given in Table 3. As 

positive and negative semi-conductors included in TEGs display 

similar characteristics, it has been accepted that both of them were 

made from Bismuth Telluride. The heat sinks used in the coolant 

air and the exhaust gas were made of copper material. 

On the coolant side of the system, the air is at a temperature of 

300 K and the hydraulic radius Dh(m) in which the air enters into 

the system can be calculated by Equation 1, and Reynolds number 

can be calculated by Equation 2.  

𝑅𝑒 = 𝜌𝑣𝐷ℎ 𝜇⁄                    (1) 
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𝐷ℎ = 4𝑎𝑏 2(𝑎 + 𝑏)⁄                 (2) 

Here, density ρ (kg m-3) can be obtained from the table showing 

features of air as viscosity µ (kg m-1 s-1) [17]. Moreover, the flow 

rate is v (ms-1). It is considered that air enters into the system 

through quadrangle geometry. It is required to find such geometry 

by transforming it into hydraulic radius Dh (m). As side lengths of 

the geometry are a and b (m), the hydraulic radius is calculated as 

shown in Equation 2. 

Re of the exhaust gas can be calculated by Equation 1. As 

Re>4000, the flow is accepted as turbulent [18]. During 

simulations, realizable method has been used within k-ε turbulent 

model. Here, density ρ and dynamic viscosity µ can be calculated 

by Equation 3 and Equation 4 [19].  

𝜌 = 5.318𝑥10−12(𝑇 + 273)4 − 1.637𝑥10−8(𝑇 + 273)3 +

1.961𝑥10−5(𝑇 + 273)2 − 2(𝑇 + 273) + 3.205             (3) 

𝜇 = −2𝑥10−11(𝑇 + 273)2 + 6𝑥10−8(𝑇 + 273) + 3𝑥10−6      (4) 

Friction factor for turbulent flows f, Nusselt number (Nu), and 

Prandtl number (Pr) can be calculated by Equations 5, 6 and 7 

respectively [19]. 

𝑓 = 𝐴 + 𝐵/𝑅𝑒1 𝑚⁄                  (5) 

𝑁𝑢 =
(0.5𝑓(𝑅𝑒−1000)𝑃𝑟)

(1+12.7√0.5𝑓(𝑃𝑟1 3⁄ −1))

              (6) 

𝑃𝑟 = −9𝑥10−13(𝑇 + 273)4 + 2𝑥10−9(𝑇 + 273)37𝑥10−7(𝑇 +

273)2 − 2𝑥10−4(𝑇 + 273) + 0.7798           (7) 

As heat transfer realizes by convection on the hot side, namely 

the side of exhaust gas, the heat transfer convection coefficient 

here can be calculated by Equation 8.  

ℎ𝑒 = 𝑁𝑢𝑘𝑒 𝐷⁄                    (8) 

Here, ke (W m-1 K-1) refers to thermal conductivity of the exhaust 

gas, and vecp (J kg-1 K-1) refers to specific heat capacity. There can 

be calculated by Equations 9 and 10 respectively [20].  

𝑘𝑒 = 9𝑥10−12(𝑇 + 273)3 − 5𝑥10−8(𝑇 + 273)2 +

1.046𝑥10−4(𝑇 + 273) − 1.168𝑥10−3          (9) 

𝑐𝑝 = 9𝑥10−12(𝑇 + 273)3 − 2𝑥10−8(𝑇 + 273)2 + 10−5(𝑇 +

273) + 1.537                   (10) 

Here, T (oC) refers to the temperature. The regions that are 

outside the boundary conditions in hot and cold sides and that are 

in contact with outer environment have been defined as wall 

boundary condition. It is also assumed that such regions have been 

insulated. Table 4 contains information about the mesh quality and 

properties of the models. 

 

 

 

 

 

 

Tablo 4. Mesh properties of models 

Model no.1 

Max 

Aspect 

Ratio 

Max 

Skewness 

Min 

Orthogonal 

Quality 

Nodes Elements 

27.378 0.899 0.10064 14531000 10227583 

Model no.2 

19.612 0.929 0.10471 15324027 10062668 

Model no.3 

37.412 0.982 0.10075 24069770 15658132 

 

4. Findings and argument 

For three models selected at the end of the simulations, hot and 

cold surfaces of TEGs, heat sink surface, and the temperature 

distribution inside the heat exchanger have been examined. Here, 

the important thing is the proximity of temperature differences on 

cooled and heated surfaces of each TEG. In addition, low rate of 

temperature difference between the TEGs at the first and the last 

line is of great importance. In Figures 4, 5 and 6, the temperature 

distribution occurring on air heat sink found in the models is 

shown.  

When temperature distributions are examined, it is observed that 

the temperature is higher at exhaust gas inlet and air outlet parts on 

the heat sink in all models. The reason of such situation can be the 

fact that the parts in which the air enters into the heat sink are 

cooled better. When the highest and lowest temperatures occurring 

at geometries are considered, the highest and lowest temperatures 

are as follows: between 337.987 K and 319.020 K in model no. 1; 

between 342.905 K and 313.619 K in model no. 2; and between 

363.927 K and 339.341 K in model no. 3. 

 

Fig. 4. Temperature distribution on the heat sink model no. 1 

 

Fig. 5. Temperature distribution on the heat sink model no. 2 
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Fig. 6. Temperature distribution on the heat sink model no. 3 

The heat sink in model no. 3, gets heated much more because 

the heat of exhaust gas is transferred better on the TEGs by the heat 

sink placed inside the exhaust gas. The geometry having the lowest 

difference between the highest and the lowest temperature is no. 1. 

The geometry which has better distribution of temperature is no. 3. 

Such situation means that temperatures of cold surfaces are 

distributed better.  
 

 

Fig. 7. Temperature distribution on cold surfaces of TEGs (Model no. 1) 

 

Fig. 8. Temperature distribution on cold surfaces of TEGs (Model no. 2) 

 

Fig. 9. Temperature distribution on cold surfaces of TEGs (Model no. 3) 

In Figures 7, 8 and 9, temperature distribution on cold surfaces 

of TEGs are shown. In model no. 1, the highest temperature is 

338.087 K and the lowest temperature is 329.615 K; in model no. 

2, the highest temperature is 343.025 K and the lowest temperature 

is 332.789 K; and in model no. 3, the highest temperature is 

364.047 K and the lowest temperature is 335.145 K. When such 

distributions are considered, it is seen that the difference between 

the lowest and the highest temperature occur in models no. 2 and 

3. In addition, when all models have been examined, it has been 

observed that model no. 3 reached to the highest temperature and 

a homogenous distribution occurred on cold surfaces. 

 

 

Fig. 10. Temperature distribution on hot surfaces of TEGs (Model no. 1) 

 

 

Fig. 11. Temperature distribution on hot surfaces of TEGs (Model no. 2) 

 

 

Fig. 12. Temperature distribution on hot surfaces of TEGs (Model no. 3) 

In Figure 10, 11 and 12, temperature distributions on hot 

surfaces of TEGs are shown. It is seen that the highest temperature 

is 508.781 K and the lowest temperature is 402.892 K in model no. 
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1; the highest temperature is 510.242 K and the lowest temperature 

is 409.782 K in model no. 2; and the highest temperature is 

563.745 K and the lowest temperature is 510.783 K in model no. 

3. Here, the lowest temperature difference occurs in model no. 3 as 

298 K when compared to the others. It has come out that hot 

surfaces of TEGs are close to each other in this model. 

 

 

Fig. 13. Temperatures occurring on hot and cold parts of the TEGs in the 
models and the differences between them 

In Figure 13, the highest and lowest temperatures occurring on 

hot and cold surfaces of TEGs and the temperatures differences 

between them are shown. When compared to the others, in model 

no. 3, higher temperature has been reached on both hot and cold 

surfaces. Moreover, the difference between the highest and the 

lowest temperatures has been found less in model no. 3. On cold 

surfaces, all models have given similar results. 

 

 

Fig. 14. Differences between maximum and minimum temperatures 
occurring on hot and cold parts of TEGs 

In Figure 14, the temperature difference between the highest and 

lowest temperatures occurring on hot and cold parts of TEGs is 

shown. Power generation performance of TEGs enhances in line 

with the rate of such difference. When the graphic is examined, it 

is seen that only difference of the highest temperatures occurring 

on hot and cold surfaces is high in models no. 1 and 2. In model 

no. 3, both the difference of the highest temperatures and 

difference of the lowest temperatures are high on hot and cold 

surfaces. According to such graphic, geometry no. 3 displays a 

highly ideal performance.  

 

 

Fig. 15. Temperature distribution on the plane passing through the model 
no. 1 

 

Fig. 16. Temperature distribution on the plane passing through the model 
no. 2 

 

Fig. 17. Temperature distribution on the plane passing through the model 
no. 3 

In Figures 15, 16 and 17, temperature distributions occurring on 

the planes passing horizontally through the models are shown. 

When such figures are examined, it is seen that the temperature of 

the exhaust gas decreases in parts closer to the walls of the heat 

exchanger due to the effect of cooling. In addition, the speed of gas 

decelerates here. The first two models have a shrinking structure. 

When temperature distributions of the third model are examined, 

it is observed that a proper temperature distribution occurs inside 

the exhaust gas. Such situation has resulted in a positive increase 

in hot surface temperatures of TEGs. Although the heat sink placed 

inside the exhaust gas has been designed not to prevent the gas 

flow as much as possible, it still prevents the gas flow. In order to 

mitigate such situation, the plane can be made larger or the heat 

sink can be smaller. 
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Fig. 18. Velocity flow lines of exhaust gas for each geometry 

In Figure 18, velocity flow lines for the exhaust gas in designed 

models are shown. As there is a shrinking plane structure in models 

no. 1 and 2, the speed of gas increases at the outlet. Moreover, 

average gas speed has occurred high in such models as there is no 

hindrance for the flow. In model no. 3, the heat sink placed inside 

the exhaust gas seems as a hindrance whether or not, and it reduces 

the average gas speed. Furthermore, a deceleration is observed as 

the flow is less at internal parts of the wings of heat sink and due 

to the effect of cooling. 

 

5. Conclusion 

Three models which are structurally different from each other 

have been examined in terms of temperature and exhaust has 

velocity/speed distributions. While deciding on such models, the 

situations that can constitute a problem in terms of production have 

been taken into consideration. It has been thought that the plane 

shrinking towards the outlet in models no. 1 and 2 can transfer the 

temperature better to the TEGs. However, in model no. 3, more 

heat energy has been transferred to TEGs thanks to the heat sink 

placed inside the exhaust gas. It has been observed that better heat 

distribution and more temperature distribution occur both on hot 

and cold surfaces of the TEGs in model no. 3. In addition, the 

temperature difference between hot and cold surfaces is higher in 

model no. 3.  Such situation is regarded as a targeted result. When 

exhaust gas speeds are examined, it has been observed that the 

speed of exhaust gas in planes shrinking towards the outlet 

increased, and reached up to higher levels when compared to 

model no. 3. To conclude, all three models comprise difficulties in 

terms of production. Moreover, model no. 3 has given better results 

in terms of temperature distribution when compared to the others. 

Nomenclature 

Re : Reynold number 

ρ : Density (kg m-3) 

V : Velocity (m s-1) 

Dh : Hydraulic diameter (m) 

µ : Dynamic viscosity (kg m-1 s-1) 

T : Temperature (oC) 

f : Fanning Friction factor 

Nu : Nusselt number 

Pr : Prandtl number 

he : Heat convection coefficient (W m-2 K-1) 

ke : Thermal conductivity (W m-1 K-1) 

cp : Specific heat capacity (J kg-1 K-1) 
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