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Abstract
A significant amount of the heat is lost in the vehicle exhaust and simply transferred to the environment. Using a thermo-
electric generator (TEG), it is becoming possible to convert this heat potential into the electrical energy. In this study, nine 
types of the heat exchangers in three different groups, namely A, B, and C are modeled in three dimensions and studied 
using computational fluid dynamics (CFD) analysis with various baffle arrangements to obtain electrical energy from the 
vehicle exhaust. The modeling of the group A is focused on the effect of the angle and thickness of the baffles at the inlet of 
the heat exchanger. In the group B, the distances between the baffles and their heights are changed, and group C is focused 
to model larger baffles with different arrangements. The results show that, the pressure drop is in the permissible range in all 
the models, and the gas flow velocity in group A is almost similar to what studied in other models; however, the power pro-
duced in it is at least 7.25% higher than other models. The best model for the highest generated power is also recommended 
and discussed. It is also shown that implementation of a deflector will lead to a non-uniform and unidirectional distribution 
of temperature. The results also reveal that under identical conditions in the middle section of the heat exchanger, reducing 
the height of the baffles from 8.46 mm to 2.30 mm will result 10.88% decrease in the output power. Furthermore, increasing 
the distance between the baffles from 5.2 mm to 16.8 mm will cause 3.91% increase in the output power.
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Introduction

Nowadays, one of the major concerns in the world is the global 
warming and its harmful impact over the environment. Given 
the international concerns for reducing greenhouse gas produc-
tion and increasing the efficiency of thermal systems to prevent 
energy dissipation, different studies and research methods on 

energy recovery in thermal systems have been conducted and 
elaborated in the recent years [1–4]. The heat waste recovery 
method is the recovery of the thermal energy lost in vehicles 
exhaust using thermoelectric generators (TEGs), which con-
vert the temperature difference between a cold and a hot panel 
to electrical energy based on the Seebeck effect [5, 6]. TEGs 
consist of several n-type and p-type semiconductors, and the 
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most important factors affecting the ZT include the material, 
the coefficient of thermal conductivity and electrical conduc-
tivity [7, 8]. The effectiveness of using TEGs on the exhaust 
and heat exchanger of vehicles have been studied in the litera-
tures [9–11]. The heat exchangers are used for the evaluation 
of optimum temperature distribution to obtain more electrical 
power produced by the TEG in [12–14]. Furthermore, some 
papers demonstrate that to produce more electrical power, it 
is possible to make the temperature distribution more uniform 
over the surface of the heat exchanger, [15, 16]. Niu et al inves-
tigate the effect of baffle angle over heat transfer to TEGs [17]. 
In [18] it is demonstrated and discussed that employing many 
small fins leads to a uniform temperature distribution in the heat 
exchanger. In [19, 20], a computational fluid dynamics (CFD) 
analysis is performed to study the impact of material and sur-
face area on the temperature distribution in the heat exchanger. 
Moreover, adding a cooling source to the TEGs for increasing 
efficiency is studied by [21]. Liu et al explored the relationship 
between engine revolution and TEG output power by compar-
ing the effect of the former [22]. They also studied the impact 
of placing the heat exchanger after the catalytic converter and 
before the muffler on optimizing the temperature distribution 
[23]. Some researchers studied the geometries of fins and folded 
plates and their effects on temperature distribution and pressure 
drop [24–29]. Liu et al studied acoustic attenuation behavior in 
[30]. By creating dimples on the surface of the heat exchanger 
in other research, they calculated the drop in the pressure loss 
[31, 32]. Some literatures obtained a more satisfactory tempera-
ture distribution by implementing a cylinder structure along 
with some fins inside the heat exchanger [33, 34]. Lu et al eval-
uated the temperature variations and shown the changes in the 
output power by considering a different winglet configuration 
[35]. Through CFD analysis and mathematical modeling, Wang 
et al studied the temperature distribution and the output power 
using inserted fins and a dimpled surface in the heat exchanger 
and studied the effects of the pressure drop and power factor 
over the performance of the TEG [36].

Previous researches have confirmed the high impact of 
baffles arrangement in the efficiency of an exhaust TEG. 
Hence, this research study provides a more optimal strategy 
for the structure and distribution of small baffles. Each baf-
fle is designed with specific deviation degrees and dimen-
sions. These baffles have been designed to achieve a more 
uniform and more optimal temperature distribution and uni-
form distribution of temperature. It has also paid attention 
to calculate the pressure drop and gas velocity during this 
optimization so while the maximum usage that each TEG 
module can obtain from the distributed temperature, there 
is no damage to the vehicle engines. By providing special 
strategies for baffles and the facility to increase the gas tem-
perature, it has been attempted to obtain maximum electrical 
power using TEG.

Materials and methods

Design of study

In this research, an arrangement strategy with identical outer 
dimensions was considered and modeled using SOLID-
WORKS 2017, as shown in Fig. 1, for designing the inter-
nal space of the 9 heat exchangers. Each of these models 
consists front, middle, and rear sections. The middle section 
is in the shape of a rectangular cuboid and has dimensions 
390 × 310 × 22 mm. The diameter of the inlet and outlet 
sections of the heat exchanger has been considered to be 
36 mm. As shown in Fig. 1c, the heat exchangers in the 
model A strategy is different in terms of dimension type, 
size, and baffle angles at the inlet. In model B’s strategy, 
the baffle arrangements in the middle section of the heat 
exchanger are different in terms of distances between baffles 
(Fig. 1d). Moreover, the model C’s strategy focuses on non-
perpendicular baffle angles in a chaos-shaped arrangement 
(Fig. 1e). In models  A1 and  A2, two baffle angles were 50° 
and 40° in the front section, and the thickness of the baffles 
has been assumed to be 5 mm. However, in model  A3, the 
baffle angle and inlet thickness have been taken as 50° and 
10 mm, respectively. Also, the placement distances of the 
baffles concerning the inlet of the heat exchanger have been 
changed. In all three models  A1,  A2, and  A3, six rows of dis-
continuous baffles have been installed in the middle section 
with a distance of 5.2 mm between neighboring baffles. The 
height of each baffle has been considered to be 8.46 mm. The 
distances between the baffles in the six rows of models  B1 
and  B2 have been defined as 5.2 mm and 16.8 mm, respec-
tively (Fig. 1d). Unlike models  A1,  A2, and  A3, the baffles 
heights are considered to be 2.3 mm in models  B1 and  B2. 
In model  B3, the authors have tried to re-evaluate the model 
by eliminating 2 baffles in the front section and adding 2 
deflectors in the middle section of the heat exchanger. In 
model  C1, the baffles in the middle section are not connected 
to the top and bottom surfaces of the heat exchanger. Also, 
the arrangement and type of baffles have changed in mod-
els  C1 and  C2, as shown in Fig. 1e. It should be noted that 
the 9 models presented have been gradually completed and 
studied on a step-by-step basis by analyzing the results of 
the initial models.

Formulation

There were various developments in the optimization of 
thermal equations for accurate calculation of thermal dis-
tribution [36, 37]. The thermal-CFD analysis method was 
used to evaluate the temperature distribution. Similar to pre-
vious research, it has been assumed in this simulation that 
the inlet of the heat exchanger is connected to the catalytic 
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Fig. 1  a Dimensions and external surfaces of the heat exchanger, b arrangement of thermoelectric modules, c baffle arrangement in the internal 
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converter, and its outlet is connected to the muffler. Also, 60 
thermoelectric modules have been placed on the top and bot-
tom surfaces of the heat exchanger [21, 32]. The dimensions 
of each thermoelectric module are 55 mm × 55 mm × 5 mm 
(Fig. 1b). In this research, the gas flow is considered to be 
steady state and incompressible, and the K–ε turbulence 
model adopted to compute heat transfer and flow field has 
been used to predict the flow, as described by Eqs. 1–7 [24, 
38–40].

Turbulent kinetic energy equation:

Turbulent energy dissipation rate equation:

Turbulent viscosity:

Continuity equation:

Momentum equation:

Energy equation:

Empirical constants:

where � is the density of exhaust gas, ui (i = 1,2,3) and uj 
(j = 1,2,3) are the velocity components, xi (i = 1,2,3) and xj 
(j = 1,2,3) are rectangular coordinates, � is the kinetic vis-
cosity, �t is the turbulent eddy viscosity, k is the turbulence 
kinetic energy, � is the turbulence energy dissipation rate, 
and Pk is the shear production of turbulent kinetic energy 
[23].

As similar as many previous studies to carry out the 
CFD simulations, the models were input to ABAQUS 
6.16 [41–43]. The temperature of exhaust gas from the 
car’s engine is considered approximately 773–973 K [44]; 
after passing through the catalytic converter and several 
connecting pipes, the gas temperature drops to 623 K, 
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Cε1 = 1.44, Cε2 = 1.92, Cμ = 0.09, �k = 1, �ε = 1.3 [25]

due to local and frictional losses and heat leaks in the 
exhaust path. Therefore, the gas inlet temperature was 
considered as 600 K. The density, specific heat, viscos-
ity, and thermal conductivity were taken to be 0.580 � 
(kg m−3), 1.051 cp (kJ kg−1 K−1), 3.06 × 10−5 (Pa s), and 
0.0466 k(W m−1 K−1), respectively [16]. When the gas 
temperature reaches 573 K, the engine exhaust velocity 
reaches 15–20 m s−1 [18]. In all of the models, the fluid 
velocity at the inlet pressure and the outlet pressure were 
taken to be, respectively, 15.2 m s−1 and 0 Pa [21]. The no-
slip boundary conditions were used for the external fluid 
boundary. It is worth mentioning that the output power of 
the TEG was computed using Eq. 8 according to the values 
in Table 1 [45, 46]:

where � and � are, respectively, the Seebeck coefficient and 
the electrical resistivity in thermocouple materials. N is the 
number of thermocouples in the module, A represents the 
cross-sectional area of the thermoelements, lc is the thick-
ness of the insulating ceramic layers, n = �c∕� , and r = �∕�c 
where �c and �c , respectively, denote the electrical contact 
resistivity and the thermal contact conductivity, l is the 
length of the semiconductor, and ΔT  is the temperature dif-
ference between the cold and hot sources.

It must be noted that in Eq. 8, the temperature of the 
cold source is taken as 363 K which is based on the tem-
perature of the engine water [45]. Also, the hot source 
temperature is the cross-sectional temperature of the effec-
tive areas of the heat exchanger, obtained from the CFD 
simulation of each model and substituted in Eq. 8.

To calculate the pressure drop in the heat exchanger, 
the difference in the inlet and outlet pressures of the heat 
exchanger was determined using Eq. 9 [31]:

where Pin and Pout represent the inlet pressure and the outlet 
pressure of the heat exchanger, respectively. It is worth not-
ing that the values of Pin and Pout have been obtained from 
the thermal-CFD simulation.

(8)P =
�2

2�

NAΔT2

(l + n)(1 + 2rlc∕l)

(9)Pdrop = Pin − Pout

Table 1  Parameters of PN materials [45, 46]

Parameter P type N type

Seebeck coefficient/μV K−1 215 − 215
Electrical resistivity/Ω m 1.04 × 10−5 1.04 × 10−5

Thermal conductivity/W m−1K−1 1.5 2.5
Height/m 0.005 0.005
Sectional area/m2 0.01 × 0.01 0.01 × 0.01
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The tetrahedron element type was used for meshing all 
the heat exchanger models. Also, for the mesh convergence 
study, three mesh strategies were implemented for each 
model. As such, the numbers of elements for the coarse, 
medium, and fine meshing of models A were, respectively, 
287,022, 332,119, and 335,583. The corresponding num-
bers were 366,408, 400,656, and 401,402 for models B 
and 50,221, 70,960, and 73,656 for models C. The results 
obtained from the grid independence study indicate that 
the difference in the maximum velocity results between 
the medium and fine meshes in models A, B, and C was 
0.51%, 1.08%, and 0.98%, respectively (Fig. 2). Overall, 
the difference between these two mesh types was less 
than 1.1% for all models. Hence, the independence of the 
results from the meshing and time step conditions and the 
convergence of the results are suitably guaranteed.

Results and discussion

Data validation

Data validation is a major concern in computer simulations. 
To ensure the validity of the assumptions and the governing 
equations, it is necessary to measure the experimental results 
and compare them to the results calculated by the computer 
simulation. For this purpose, the maximum temperature in 
the heat exchanger was experimentally measured and com-
pared to the simulation results. The experimental measuring 
of the maximum temperature confirmed according to previ-
ous researches [47, 48]. Figure 3 shows the experimental test 
procedure. The comparison results indicated that the maxi-
mum difference in the experimental and simulation values 
of temperature for this model was less than 3.2%. Thus, the 
validity of the computer simulation was confirmed. It must 
be noted that the experimental test of the other models was 
not feasible given the limitations of the research.

Temperature distribution in the heat exchanger 
with a different internal structure

To calculate the output power of the heat exchanger, it is 
required to calculate the temperature difference ΔT  . For this 
purpose, the cold temperature was considered to be 363 K, 
according to the engine water temperature. However, the hot 
temperature was determined from the thermal-CFD simula-
tion results according to the heat distributed to the top and 
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bottom surfaces in the middle section of the model. The 
maximum temperature, which is a significant parameter in 
power assessment, was almost similar in all the models, as 
shown in Fig. 4. However, the baffle arrangement has only 
contributed to the optimal distribution of temperature to 
obtain a larger cross section with a higher temperature. It 
is observed in model  A1 that the placement of the baffles at 
the angle 50° in the front section, the 38.78 mm distance of 
the baffles from the inlet, and the 5 mm baffle thickness have 
together led to a more uniform and more optimal tempera-
ture distribution in the heat exchanger compared to the other 
models. This is because the average temperature of model 
 A1 is 2.81%, 16.87%, 5.09%, 4.39%, 14.58%, 9.49%, 8.08%, 
and 4.74% higher than those of models  A2,  A3,  B1,  B2,  B3, 
 C1,  C2, and  C3, respectively (Fig. 5a). Furthermore, the baf-
fle arrangement in the middle section has caused the highest 
required temperature to be optimally distributed over a larger 
surface. However, in model  A2, the temperature distribution 
slightly tended toward the left side of the heat exchanger 
with a change in the baffle angle to 40° and an increase in the 
baffle distance from the inlet to 55.90 mm while keeping the 
same baffle thickness of 5 mm (Fig. 4). Moreover, in model 
 A3 which is similar to model  A1 with the only difference 
being its 10 mm baffle thickness, the maximum temperature 
value tended toward the right side of the heat exchanger 
(Fig. 4). Hence, it is concluded that the temperature has not 
distributed optimally and uniformly in the middle section 
of the heat exchanger in models  A2 and  A3. As a result, the 
access of the thermoelectric plate to the hot surface has been 

restricted. Subsequently, the baffle arrangement of model  A1 
was repeated in model  B1 with a suitable angle and thick-
ness for the baffles in the front section, while reducing the 
baffle height in the middle section to 2.30 mm. According 
to Fig. 4, the temperature distribution in a portion of the 
middle section is not uniform and optimal. Subsequently, 
a more optimal temperature distribution was attempted 
in model  B2 by increasing the distance between baffles in 
the middle section from 5.2 to 16.8 mm, which resulted in 
better temperature distribution over the surface of the heat 
exchanger. In model  B3, the front baffles were eliminated, 
and 2 deflectors were added to the middle section. As shown 
in Fig. 4, the temperature distribution is not uniform over the 
heat exchanger, and the maximum required temperature is in 
the middle section. In model  C1, the authors tried to prevent 
contact between the middle baffles and the top and bottom 
surfaces of the heat exchanger by neglecting the front baffles. 
This led to a 5.63% improvement in temperature distribution 
over the surface of the heat exchanger compared to model  B3 
(Fig. 5a). As a result, the front baffles were again taken into 
account in model  C2, and unlike model  A1, the middle baf-
fles were given a chaos-shaped arrangement. This, in turn, 
caused the temperature to tend to the left side of the heat 
exchanger while some portions of the middle section were 
not able to distribute optimally and uniformly over the heat 
exchanger surface. Finally, the baffle strategy was changed 
once again in model  C3. It is seen in Fig. 4 that the tempera-
ture is mostly tending to the right side; nevertheless, this 
model has a better temperature distribution than model  C2. 
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Based on the results of the CFD analyses of the 9 models, 
Fig. 5a shows that by applying a temperature of 600 K at the 
inlet of the heat exchanger, the average temperature on the 
desired surface in models  A1 and  A2 increased up to 569 K 
and 553 K, respectively. In the research by Deng et al. [18] 
which has almost model dimensions and an inlet similar to 
this research, the average temperature was reported to be 
513 K. Consequently, the effectiveness of the baffle arrange-
ment in models  A1 and  A2 in the present paper is, respec-
tively, 9.84% and 7.23% higher than that of Deng et al. It 
must be noted that according to the research by Liu et al. the 
average temperature in the heat exchanger without fins or 
with the absence of an obstacle to temperature distribution 
was 373 K, increased to 520 K with the addition of small 
fins. This value was less than the corresponding values in 
models  A1 and  A2 by 8.61% and 5.96%, respectively [17].

An average temperature of 473 K was obtained in model 
 A3 due to an increase in the thickness of the front baffles, 
a change in the path of the required thermal flow, and the 
non-uniformity of the temperature distribution. This model 
is not suitable compared to models  A1 and  A2 because of 
the unidirectional distribution of temperature. The value 
of average temperature reached 540 K in model  B1 with 
a decrease in baffle height and increased only by 4 K in 
model  B2 with an increase in baffle distance in the middle 
section. Although these two models are better than model 

 A3, they have been less effective than models  A1 and  A2. 
It was observed in the results obtained from model  B3 
that by adding 2 deflectors and eliminating the front baf-
fles, one obtains an average temperature of 486 K, which 
is not an optimal temperature distribution. It is possible 
to use 2 baffles in the front section to optimize these con-
ditions for achieving a uniform temperature distribution 
over the whole heat exchanger, similar to the research by 
Wang et al. [32]. In model  C1, which has no baffles in the 
front section, the temperature was distributed unidirec-
tionally, and the average temperature was 515 K. Hence, 
it can be deduced that placing baffles at the front of a heat 
exchanger has a significant impact on the optimal tem-
perature distribution over the whole surface. In contrast, 
placing the baffles in the middle of model  C1 resulted in 
a higher required average temperature on the surface. By 
putting the baffles in a chaos-shaped arrangement in the 
heat exchanger in models  C3 and  C2, the obtained average 
temperature increased to 523 K and 542 K, respectively. It 
can be deduced from the results that the different arrange-
ments in models  B2 and  C2 have led to almost similar tem-
perature distributions; however, none of these two mod-
els have resolved the issues of non-uniform temperature 
distribution and larger access to the hot surface for the 
thermoelectric module.
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Fig. 5  Results of the temperature distribution over the surfaces of the nine heat exchangers with different internal structures
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Evaluation of gas velocity and pressure

The velocity and pressure of the exhaust gas are accord-
ing to the Bernoulli relationship. Increasing the gas velocity 
at the exhaust outlet is important; however, this increase 
leads to a decrease in pressure. The maximum permissible 
pressure drop in the exhaust system is 190 kPa, and in case 
the pressure drop exceeds this limit, it is necessary to use a 
bypass mechanism to ensure the stability and reliability of 
the engine [11]. As shown in Fig. 5b, the largest pressure 
drop and smallest pressure drop have occurred in models  C2 
and  A3 with the values of 86.66 Pa and 25 Pa, respectively. 
In addition, the calculated pressure drop in model  C2 was 
higher than those in models  A1,  A2,  A3,  B1,  B2,  B3,  C1, and 
 C3 by 36.53%, 33.07%, 71.15%, 39.60%, 46.91%, 35.37%, 
27.30%, and 19.15%, respectively. Moreover, the pressure 
drop in model  C3 is 70.06 Pa. The large pressure drop in 
models  C2 and  C3 may be related to the chaos-shaped baf-
fle arrangement strategy. The gas velocity in regions with 
high temperature reaches 10.30 m s−1 in model  C1 and 
13.22 m s−1 in model  C3 (Fig. 6). The baffle arrangement 
combined with the presence of front baffles in model  C3 has 
led the maximum gas velocity to the right side of the heat 
exchanger. Also, the baffle arrangement in the middle of 
model  C2 has led most of the high-velocity region to the left 
side of the heat exchanger. The elimination of the baffles in 
the front part of model  C1 has caused the gas velocity in the 
high-temperature regions to reach 13.58 m s−1 and the pres-
sure drop in model  C1 to be less than those in models  C2 and 
 C3, reaching 63 Pa. The distribution of velocity streamlines 
is displayed in Fig. 6, indicating that the velocity is high in 
the beginning but reduces when the flow collides with the 
baffles in the first row. After the gas passes the middle sec-
tion of the heat exchanger, its velocity increases in the rear 
section. However, according to the same figure, the presence 

of the deflector in model  B3 results in the maximum gas 
velocity to be in the middle section. In this section, the 
velocity reaches 12.05 m s−1, and the pressure drop reaches 
56 Pa. It is worth noting that the maximum gas velocity in 
model  B3 has occurred at the inlet and outlet sections of the 
heat exchanger, as shown in Fig. 6. In the research by Wang 
et al. [32], 1683 Pa of backpressure was created by adding 
baffles in the front section and placing 10 cylinder grooves 
beside the deflector to control the velocity and the pressure 
in all of the heat exchanger. In the present research, in addi-
tion to achieving a better average temperature, a pressure 
drop value better than that in the research by Wang et al. 
was obtained. The pressure drop in models  B1 and  B2 is, 
respectively, 52.34 Pa and 46 Pa, indicating that increas-
ing the distance between baffles in the middle section has 
reduced the pressure drop in the heat exchanger. This dif-
ference in the distance has also caused the velocity in the 
high-temperature regions of model  B1 to reach 12.36 m s−1 
and that in model  B2 to fall to 11 m s−1. It must be noted 
that these conditions have resulted in the creation of vortex 
in the heat exchanger in the 2 models (Fig. 6). This phenom-
enon has somewhat disturbed the distribution of the velocity 
streamlines. As mentioned earlier, the increase in the baffle 
thickness to 10 mm in model  A3 has guided the temperature 
distribution to one side of the heat exchanger and has caused 
a non-uniform temperature of the optimal gas temperature. 
The pressure drop in this model was 25 Pa, and the velocity 
was 28.39 m s−1, as shown in Fig. 4c. This high velocity 
and small pressure drop have led the gas to exit the heat 
exchanger rapidly and have a smaller temperature impact 
on the surface (Figs. 4 and 6). Moreover, model  A3 is not 
in good conditions in terms of temperature distribution and 
gas velocity despite having a very good pressure drop. The 
pressure drops in models  A1 and  A2 are close, measuring at 
58 Pa and 55 Pa, respectively (Fig. 5b). In model  A1, the gas 

V, Resultant

V, Resultant V, Resultant

V, ResultantV, Resultant

V, Resultant V, Resultant

V, Resultant

V, Resultant

A1 A2 A3

B1 B2 B3

C1 C2 C3

Fig. 6  Results of the distribution of gas velocity streamline in the nine different heat exchanger internal structures
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velocity in high-temperature areas reaches 12.83 m s−1, but 
in model  A2, it reduces to 12.67 m s−1 owing to the change in 
the baffle angle in the front section. According to Fig. 6, for 
both models, the velocity distribution is more optimal and 
uniform in the middle section of the heat exchanger, and the 
gas velocity increases in the rear section. It is worth men-
tioning that, according to the research by Niu et al [16], the 
number of baffles affects the pressure drop, and the pressure 
drop in this research increases up to 126.1 Pa. In the study by 
Su et al. [24], the pressure drop reaches 5000 Pa due to the 
difference in the folded plates in terms of length and thick-
ness. In the paper by Liu et al., where the heat exchanger is 
between the catalytic converter and the muffler, given the 
many small fins inside the heat exchanger, the pressure drop 
was 127 Pa at an engine rotation rate of 3000 r min−1, com-
pared to the 9 models studied in the present research [22]. In 
the research by Liu et al., the pressure drop due to the many 
small fins reaches 210 Pa at an inlet pressure of 673 K. How-
ever, the results of the present research are better than previ-
ous research since the maximum pressure drop in the worst 
model is considerably lower than those in other research. 
Given the fact that the pressure drop was acceptable in all 
the nine models and although that model  A3 had the highest 
gas velocity, it is still not a good model overall due to its 
unacceptable temperature distribution. There were two main 
concerns for selecting the best choice among these models: 
one of them is the effect of the maximum of pressure drop 
and velocity, and the other is the distribution of temperature 
through the area. Therefore, models  A1 and  A2 are the best 
models since their pressure drop is in an acceptable range 
and their velocity had merely a slight difference from those 
of the other models.

Output power calculation

In this section, the efficiency of models will be compared 
based on the powers of models for finding the most effective 
arrangement of baffles. Considering the 60 thermoelectric 
modules with rectangular dimensions 390 mm by 310 mm 
on the top and bottom surfaces in the middle section, the out-
put power of each thermoelectric module is calculated using 
Eq. 8, and total power of the 60 modules has been deter-
mined, as shown in Fig. 1b. The highest total output power 
belongs to models  A1 and  A2, with values of 248 W and 
244 W, respectively (Fig. 5d). This is due to the optimal and 
uniform distribution and the high velocity of the required 
heat on the whole surface of the heat exchanger. The maxi-
mum power in the research by Liu et al. [21] in a rectangular 
heat exchanger with an area 4% less than that of the pre-
sent paper was reported to be 183.24 W. The output power 
of models  A1 and  A2 was 26.11% higher than that in the 
research by Liu et al. In model  A3, the temperature distribu-
tion tended to one side with the increase in baffle thickness; 

hence, a smaller surface area of the heat exchanger had the 
temperature required for power generation in the TEG. As a 
result, the total output power has been 156 W in this model. 
By reducing the baffle height down to 2.30 mm in model 
B1 compared to model  A1, the output power in model  B1 is 
observed to reach 224 W (Fig. 5d). Also, creating a 16.8-
mm distance between the baffles in model  B2 has caused 
the output power to be a little higher than that in B1 and the 
total output power of the TEG to reach 230 W. Thus, the 
increase in the distance between baffles in the middle sec-
tion from 5.2 to 16.8 mm has led to only a slight increase of 
2.60% in the output power. In models  B3, the presence of the 
deflector and the lack of uniform temperature distribution 
on the surface of the heat exchanger have caused the output 
power to be 163 W, 34.27% lower than that of  A1. On the 
other hand, by creating baffles in the front section of the heat 
exchanger, one can increase the output power up to 207.8 W, 
which is accompanied by an increase in pressure drop. The 
temperature distribution without baffles in the front section 
and merely guiding the gas flow in the middle section using 
baffles in model  C1 have led to the generation of 189 W of 
power. Also, using 8 baffles in the middle section in model 
 C2 resulted in 199 W of output power from the TEG. The 
baffle arrangement in model  C3 has caused 228 W of out-
put power to be recorded, a better performance compared 
to model  C2. Therefore, similar to the results correspond-
ing to the maximum and distribution temperature, pressure 
drop, and gas velocity, the power output obtained from the 
9 models verifies that models  A1 and  A2 have led to higher 
power output, furthermore, the powers of models  A1 and  A2 
are even better than in previous research.

Limitations and future works

Maintaining system security is a significant issue in TEGs. 
This is because the unit using the electric potential differ-
ence recovered by TEGs operates at a specific power and 
electric conditions, but the power generated by TEGs can 
vary based on engine rpm, combustion conditions, air-
flow, etc. In addition to vibration control [49], open-loop 
or closed-loop maximum power point tracking (MPPT) 
control systems were proposed [50], and Carstens et al. 
[51] have conducted numerous studies to eliminate the 
limitation of these systems in supporting a large number of 
TEGs. Hence, it is suggested that in future research, intel-
ligent systems for controlling the ΔT  generated by TEGs 
be presented to maintain the power resulting, according to 
new technology for solving heat equations [52], from the 
potential difference created by TEGs in the range required 
by the consumer. Furthermore, the effect of cold tempera-
ture is considerable for increasing the efficiency of the 
generators [53]. Hence, cold temperature control may be 
used for this purpose since the hot temperature can be 
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different based on the conditions required by the vehicle 
user, and ΔT  and power output can be kept in the desired 
range by controlling the cold temperature.

Conclusions

In this study, using thermal-CFD analyses, nine different 
heat exchanger models with various configurations were 
emulated and practically examined, and the electrical out-
put power of the TEG for each case were studied.

The best configurations to obtain maximum power were 
introduced and evaluated via practical measurement. It was 
shown that the output power will experience its highest 
value in the models  A1 and  A2, and the lowest power will 
obtain via the model  A3 with the values of 248 W, 244 W, 
and 156 W respectively. Increasing the baffle thickness 
from 5 mm to 10 mm in the front section of the model  A3 
supported the gas flow and prevented the temperature from 
distributing uniformly across the surface; however, less 
electrical power was produced, and the pressure dropped 
for 25 Pa. Also, the decrease in the baffle height from 8.46 
mm to 2.30 mm in the middle section was studied through 
the model B1 and we obtained an average temperature of 
5.09% lower than the model introduced in  A1 while the 
output electrical power was also decreased to 221 W.

Using a baffle height of 2.30 mm and increasing the 
distance between baffles from 5.2 mm to 16.8 mm in the 
model  B2, the distribution of the average temperature was 
increased by 0.73%, and the generated power was changed 
to 230 W. With the elimination of the front baffles in 
the models  B3 and  C1, it was observed that one cannot 
achieve an optimal temperature distribution over the heat 
exchanger surface by merely using deflectors and baffles in 
the middle section. The chaos-shaped baffle arrangement 
in models  C2 and  C3 resulted maximum pressure drops, for 
86.66 Pa and 70.06 Pa respectively. However, it also led to 
power output values lower than the model  A1 by 19.75% 
and 8.06%, respectively.
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