
PROGRESS AND CHALLENGES FOR EMERGING INTEGRATED ENERGY MODULES

Optimum Design, Heat Transfer and Performance Analysis
for Thermoelectric Energy Recovery from the Engine Exhaust
System

YOUSEF S.H. NAJJAR1,2 and AHMED SALLAM1

1.—Jordan University of Science and Technology, Irbid, Jordan. 2.—e-mail: y_najjar@hotmail.com

Thermoelectric waste heat recovery can improve the thermal efficiency of
internal combustion engines and reduce CO2 emissions. In this study, a
mathematical optimization using a genetic algorithm method is applied to
obtain the optimal fin parameters of a rectangular offset-strip fin heat ex-
changer, used with an automotive thermoelectric generator (TEG) system.
Three fin parameters are considered (fin spacing, fin thickness and fin height).
Their effect on the exhaust pumping power, the exhaust heat transfer coeffi-
cient and the system performance is explored. The main goal is to maximize
the net power output of the system. Results show that fin spacing has the most
significant effect on the system performance. Moreover, when fin spacing is
reduced below 0.5 mm, a negative net power output is obtained. By comparing
the performance of stainless-steel (SS) and copper heat exchangers, it was
found that the SS heat exchanger requires smaller fin spacing and fin height,
which induces a higher pressure drop. TEGs with higher maximum operating
temperature will allow further utilization of the exhaust heat, without a de-
cline in performance due to overheating. Finally, a maximum net power out-
put of 553.3 W is achieved using the copper heat exchanger and commercial
bismuth-telluride (Bi2Te3) thermoelectric modules.

Key words: Thermoelectric generators, automotive waste heat recovery,
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List of Symbols
A Area (m2)
Cp Specific heat capacity (J/kg K)
Dh Hydraulic diameter (m)
f Friction factor
h Heat transfer coefficient (W/m2 K)
I Current (A)
ji Colburn factor
k Thermal conductivity (W/m K)
L Length (m)
m Mass flow rate (g/s)
Nu Nusselt number
W Power (W)
P Pressure (pa)
Pr Prandtl number

Q Volumetric flow rate (m3/s)
q Heat flow rate (W)
R Electrical resistance (X)
Re Reynolds number
S Seebeck coefficient (V/K)
T Temperature (K)
E Voltage (V)
V Velocity (m/s)

Greek Symbols
g Efficiency (%)
q Density (kg/m3)
l Dynamic viscosity (kg/m s)

Subscripts
c Cold
e Electrical
f Fin
g Exhaust gas
h Hot
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HX Heat exchanger
L Load
m Module
p Pumping
w Water

Abbreviations
TEG Thermoelectric generator
ROSF Rectangular offset-strip fin

INTRODUCTION

Automotive internal combustion engines utilize
30–40% of the fuel energy; the rest is lost as heat.
Around 30–45% of it is expelled to the atmosphere
through the exhaust system and the radiator. Waste
heat recovery is the most direct and practical
method to increase the overall efficiency of the
vehicle, and thus improve fuel value and reduce
harmful emissions to the atmosphere. With the
increase in energy demand and the expected short-
age of fossil fuel, the need for sustainable resources
grows. Hence, this was initially handled by using
clean fuels,1 utilization of waste heat2–6 and adopt-
ing different configurations where resources and
environment are conserved.

Recent research in waste heat recovery has
focused on thermoelectric recovery, where thermal
energy is directly converted to electrical energy
using thermoelectric generators (TEGs). TEGs are
solid-state devices that operate on the Seebeck
effect phenomenon. When a temperature difference
is applied on the opposite sides of a thermoelectric
module, electrical power is produced directly. These
devices have attracted great attention for their
waste heat recovery potential, due to numerous
advantages, such as the absence of moving parts,
compactness and long operating life.

In et al.7 developed a mathematical model to
predict the effect of varying relevant factors on the
performance of an automotive TEG system. Among
these factors were the exhaust flow rate and
temperature. They reported that for the case of
water-cooled TEGs, increasing the heat transfer
coefficient of the hot side will greatly improve the
power output. Thus, heat transfer enhancement is
critical for improving the system performance.

Thacher et al.8 conducted experimental tests on a
TEG system installed in a 1999 GMC Sierra truck.
A rectangular offset-strip fin (ROSF) heat exchan-
ger was used for heat transfer enhancement. They
reported that an overall improvement in fuel effi-
ciency was on the order of 1–2%. Lu et al.9 inves-
tigated the effect of two types of heat transfer
enhancements, an ROSF heat exchanger and metal
foams, on the performance of a TEG system. It was
found that metal foams provide better heat transfer
enhancement but induce high pressure drop, result-
ing in a lower net power output. In et al.7

investigated the performance of a TEG system with
different heat sink shapes for heat transfer
enhancement. They found that the power genera-
tion was greatest when a rectangular heat sink
pillar was used. A 6.2-W power output for each
module under the highest load condition was
achieved. Kempf and Zhang10 optimized a parallel-
plate fin heat exchanger to obtain the highest fuel
efficiency improvement. A 2.5% and 2.0% improve-
ment was obtained for SiC and SS 444 heat
exchangers, respectively. Kim et al.11,12 carried
out a series of numerical simulations to obtain the
optimum fin thickness and number in a TEG system
equipped with customized thermoelectric modules.
The system performance was experimentally stud-
ied at the optimum conditions. A maximum power
output of 119 W at 2000 rpm was achieved. Other
types of heat enhancement techniques can be found
in the literature, such as heat pipes,13,14,15 micro-
channels16 and using annular configurations.17

However, existing literature hasn’t carefully con-
sidered each geometrical parameter of a heat
exchanger separately, in order to fully understand
its specific effects on the system performance. In
this work, a numerical model was formulated for an
automotive TEG system, where heat transfer
enhancement is achieved by a ROSF heat exchan-
ger. The goal is to obtain the maximum net power
output from the system by optimizing the heat
exchanger design. This is achieved by maximizing
the electrical power output of the system, while
minimizing the parasitic losses due to the heat
exchanger weight and the pressure drop of the
exhaust and cooling water.

THEORETICAL ANALYSIS

The mathematical model is based on HZ-20 ther-
moelectric modules commercially available from HI-
Z Technology.18 These modules perform well in the
exhaust temperature range, and have a high power
output compared to other commercial TEGs.

Properties of the module are shown in Table I.
These properties are available in the product data
sheet provided by the manufacturer.

Table I. HZ-20 module properties at design point
and matched load

Physical properties Value

Width and length 7.5 cm
Thickness 0.508 cm
Number of legs 142
Thermal properties Value
Thermal conductivity 0.024 W/cm K
Heat flux 9.54 W/cm2

Electrical properties Value
Power 19 W
Internal resistance 0.3 X
Efficiency 4.5%
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Figure 2 is a computer-aided design (CAD) model
for the TEG system. Thirty HZ-20 modules are
connected in series and mounted on the heat
exchanger, 15 on each side with a 5 9 3 array
configuration. The heat exchanger length and width
are 450 mm and 250 mm, respectively, and they are
fixed and were chosen to accommodate the 15
modules on each side. The heat exchanger height
isn’t fixed, and it is one of the parameters of
optimization. The hot side of the module is heated
by the exhaust gas, where the cold side is cooled by
the engine cooling water, as shown in Fig. 1. The
exhaust and the coolant are in a counter-flow
configuration to enhance the heat transfer process.
This design is based on previous work.8

It should be noted that since the cooling is achieved
by the engine cooling water, the additional cooling
load may require a larger radiator to provide suffi-
cient cooling for both the engine and the TEG system.

Thermoelectric Generator

To simplify the analysis, the following assump-
tions were made: thermal resistance of air caused by
gaps and imperfections is neglected, the thermal
resistance of metallic conductors is neglected, the
temperature along the hot and cold sides of the
module is uniform, and ohmic heating occurs exclu-
sively within the semiconducting legs.19

Thermoelectric modules are composed of two
pellets of dissimilar semiconducting materials, an
n-type and a p-type material, joined at their ends as
shown in Fig. 3. A current that is proportional to the
heat flux through the material and its respective
Seebeck coefficient will flow through the circuit.

The Seebeck coefficient is a material property
that represents the proportionality between induced
voltage and temperature difference across the mate-
rial. The International System of Units (SI) unit of
the Seebeck coefficient is volts per kelvin, V/K.20

S ¼ DE
DT

ð1Þ

where S is Seebeck coefficient, and DV and DT are
the voltage and temperature gradients, respec-
tively. The established voltage will drive a current

that will induce heat generation at one junction and
heat absorption at the other; this phenomenon is
known as the Peltier effect. As shown in Eq. 2, the
amount of heat absorbed or rejected is directly
related to the Seebeck coefficient of the material.

q ¼ IST ð2Þ

whereq is the rateofheatabsorptionorrejection, and I
is the electrical current output. The heat transfer
process is illustrated in Fig. 2. Where heat is trans-
ferred by conduction, the Peltier effect and ohmic
heating occur. A steady-state one-dimensional energy
balance is performed on the thermoelectric module;
heat input and output at each side can be expressed as:

qh ¼ kDT
L

Th � Tcð Þ þ ISTh � I2Re

2
ð3Þ

qc ¼
kDT
L

Th � Tcð Þ þ ISTc þ
I2Re

2
ð4Þ

where qh and qc are the heat transfer rates at the
hot and cold side respectively, Th and Tc are the
temperatures of the hot and cold side of the module,
respectively, k is the thermal conductivity of the
module, L is the module thickness and Re is the
internal electrical resistance of the module.

The electrical power output for each module
equals

Wm ¼ qh � qc ð5Þ

Heat absorbed at the hot side from the exhaust gas
by convection can be expressed as

qh ¼ hgAh Tg;in þ Tg;out

� �
=2 � Th

� �
ð6Þ

Similarly, for the heat rejected at the cold side to the
cooling water by convection can be expressed as

qc ¼ hwAc Tc � Tw;in þ Tw;out

� �
=2

� �
ð7Þ

where hg and Tg are the exhaust gas heat transfer
coefficient and temperature respectively. hw and Tw

are the cooling water heat transfer coefficient and
temperature respectively. Ah and Ac are the effec-
tive areas of heat transfer with the exhaust gas and
the cooling water respectively.

Accounting for the temperature change in the
exhaust and the cooling water, we can obtain

qh ¼ mgcpg Tg;in � Tg;out

� �
ð8Þ

qc ¼ mwcpw Tw;out � Tw;in

� �
ð9Þ

where m is the mass flow rate and cp is the specific
heat capacity. The total electrical power output and
efficiency of the TEG system equals

Wtot ¼ 5
X6

i¼1

Wm ¼ I2RL ð10Þ
Fig. 1. Schematic of the automotive TEG system.
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g ¼ Wtot=qh;tot ð11Þ

where RL is the load electrical resistance and qh;tot is
the total heat transfer rate to the system. qh;tot is
given by

qh;tot ¼ 5
X6

i¼1

qh: ð12Þ

Exhaust Heat Exchanger

Since the heat transfer coefficient of the exhaust
gas is very low (20–80 W/(m2 K)21), the area of heat
exchange is limited to the surface area of the
thermoelectric modules. This will limit the hot-side
temperature of the module and, consequently, limit
the TEG performance. Thus, a ROSF heat exchan-
ger is chosen to enhance the heat transfer process
between the exhaust gas and the thermoelectric
modules.

Due to the ROSF heat exchanger’s high heat
transfer performance and compactness,22 it is
widely used in automotive heat recovery systems.

As shown in Fig. 3, the geometry of the ROSF
heat exchanger is defined by fin spacing sf, fin
thickness tf, fin height hf and fin length lf.

The Colburn factor and the friction factor for an
ROSF heat exchanger can be calculated using the
following correlations provided by Magnlik and
Bergles23 (Fig. 4):

ji ¼ 0:6522Re�0:5403 sf

hf

� ��0:1541 tf
lf

� �0:1499 tf
sf

� ��0:0678

1 þ 5:269 � 10�5Re1:340 sf

hf

� �0:504 tf
lf

� �0:456 tf
sf

� ��1:055
( )0:1

ð13Þ

Fig. 2. CAD model for the TEG system installed on the vehicle exhaust system.

Fig. 3. Schematic illustration for the heat transfer process of a
simplified thermoelectric module.

Fig. 4. Geometry of an ROSF heat exchanger. Reprinted with
permission of Ref. 24.
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fg ¼ 9:6243Re�0:7422 sf

hf

� ��0:1856 tf
lf

� �0:3053 tf
s

� ��0:2659

1 þ 7:6669 � 10�8Re4:429 sf

hf

� �0:92 tf
lf

� �3:767 tf
sf

� �0:236
( )0:1

ð14Þ

where Re is the Reynolds number and is given by

Re ¼
qgVgDh

lg

ð15Þ

where qg, vg and lg are the exhaust gas density,
velocity and viscosity, respectively. Dh is the
hydraulic diameter and is given by

Dh ¼ 4Asection

A=lf
¼ 4sfhf lf

2 sfhf þ hf lf þ tfhfð Þ þ tfsf
ð16Þ

Fin efficiency is defined by

gf ¼
tanh mf lfð Þ

mf lf
ð17Þ

where mf equals

mf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hg tf þ lfð Þ

kf lf tf

s

ð18Þ

where kf is the thermal conductivity of the heat
exchanger material.

The Nusselt number of the exhaust gas can be
estimated by

Nug ¼ jiRePr1=3 ð19Þ

The exhaust gas pressure drop across the hot heat
exchanger and the corresponding power that is
required for pumping can be expressed as11

DPg ¼ 4fgqg

LHX

Dh

� �
v2

g

2

 !

ð20Þ

Pp;g ¼ DPgQg ð21Þ

where LHX is the heat exchanger length and Qg is
the exhaust gas flow rate.

Cooling Water Heat Exchanger

The coolant heat exchanger consists of 12 parallel
channels, 6 on each side with equal rectangular
cross-sectional area.20 The Nusselt number for the
cooling water can be estimated using the Dittus–
Boelter equation19:

Nuw ¼ 0:023RePr0:4 ð22Þ

The pressure drop is estimated by

DWw ¼ 4fwqw
LHX

Dh

� �
V2

w

2

� �
ð23Þ

where fw is the Darcy resistance coefficient and is
given by9

fw ¼ 1:82 ln Reð Þ � 1:62ð Þ�2 ð24Þ

The required water pumping power can be
expressed as

WP;w ¼ QwDWw: ð25Þ

Power Loss Due to System Weight

The power lost due to the total weight of the TEG
system is given by

Wweight ¼ lVwsys=g ð26Þ

where l is the rolling resistance coefficient, V is the
vehicle velocity, Wsys is the weight of the hot and
cold heat exchangers including the modules and g is
the driveline transmission efficiency. l and g are
taken to be 0.012 and 0.9, respectively.25

Optimization

The performance of the TEG system is evaluated
by the net power output, since it is the actual useful
power added to the vehicle. Equation 26 shows that
to maximize the net power output, a maximum
electrical power output must be obtained from the
thermoelectric modules with minimum power loss
due to the pressure drop and the system weight.

Wnet ¼ Wtot �Wp;g �WP;w �Wweight ð27Þ

Therefore, mathematical optimization using a
genetic algorithm method was performed on an
ROSF heat exchanger to achieve the optimal design
for the highest net power output. Moreover, three
fin parameters were selected as design variables,
which are fin spacing sf, fin thickness tf and fin
height hf, as shown in Table II. Both copper and
stainless steel (SS) were considered as heat exchan-
ger material, as shown in Table III, both of which
are wildly used for heat-enhancement applications
due to their high thermal conductivity and stability.

Since the total width of the heat exchanger is
fixed, the number of fins will vary according to the
corresponding fin thickness and spacing.

The optimization was performed for highway
driving conditions, since it is important to optimize
the TEG system during its highest potential for
electrical power production, due to higher exhaust

Table II. Fin optimization parameters

Parameter Symbol Range (mm)

Fin thickness tf 0.1–8
Fin spacing sf 0.5–8
Fin height hf 30–80
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temperature and flow rate. The mean inlet condi-
tions for the exhaust gas and the cooling water for a
2.0-L 4-cylinder vehicle at a speed of 107 km/h
under highway driving conditions were experimen-
tally obtained by Ref. 10 and are shown in Table IV.

Since the actual driving conditions of vehicles are
unsteady, it is challenging to design and optimize a
TEG system that performs well under complex
driving conditions. The effect of vehicle driving
conditions on a similar thermoelectric heat recovery
system has been studied.26 It was found that
acceleration and deceleration of the vehicle will
have a noticeable effect on the convective heat
transfer at the hot and cold side of the system. As a
result, this will significantly affect the performance
and power output of the system. It has also been
suggested that a highly frequent change in driving
conditions may have a negative effect on the TEG
performance.

Validation

To verify the validity of the mathematical model
developed in this study, the heat exchanger geom-
etry, the exhaust gas inlet parameters, the cooling
water inlet parameters and the number of thermo-
electric modules are adjusted to fit the experiment
done by Thacher.9 The results are then obtained
from our mathematical model and compared with
the experimental power measurements, as shown in
Fig. 5.

As it can be seen in Fig. 5, at low velocities, there
is a strong agreement between the numerical
results and the experimental results. However, as
the velocity increases beyond 48.3 km/h, the differ-
ence between the experimental results and the
numerical results starts to increase significantly
up to 34%. This can be due to the following reasons:
the difference between the thermoelectric properties

used in the mathematical model and the properties
of the actual thermoelectric modules, the assump-
tions of uniform heat distribution and uniform
surface temperature distribution over the thermo-
electric modules deviate from the actual case as the
speed of the vehicle increase due to the increase in
the exhaust flow rate and temperature.

RESULTS AND DISCUSSION

In this section, we will review the effect of each fin
geometrical parameter on: the exhaust gas heat
transfer coefficient, the required exhaust pumping
power due to the pressure drop at the heat
exchanger and, finally, on the total and net power
output to evaluate the system performance.

To study the effect of each parameter carefully,
each parameter will be varied separately, while the
other two parameters will be fixed at their optimal
values.

Table V summarizes the optimization results for
each heat exchanger material. A higher pressure
drop and heat transfer coefficient is expected in the
SS heat exchanger since it has smaller optimal fin
spacing and fin height.

Fin Spacing Effect

As shown in Fig. 6a and b, when fin spacing is
decreased, an increase in the exhaust heat transfer
coefficient and pumping power is observed, due to
higher exhaust flow speed. Decreasing the fin
spacing from 5 mm to 0.5 mm will increase the
heat transfer coefficient by 300%, while an expo-
nential increase is observed for fin spacings below
0.5 mm. Smaller fin spacing and consequently a
higher heat transfer coefficient will increase the
hot-side temperature and the power output of the
system. However, when fin spacing is reduced below
0.5 mm, a rapid increase in pressure drop and
pumping power occurs, at a rate that exceeds the
increase in power output. As a result, the net power
output of the system declines rapidly and becomes

Table III. Properties of the heat exchanger
materials

Material
Density
(g/cm3)

Thermal conductivity
(W/m K)

Copper 8.94 400
Stainless steel 7.81 16.7

Table IV. Mean inlet conditions measured under
highway driving conditions

Parameter Value

Exhaust gas inlet temperature 708 (�C)
Exhaust gas inlet flow rate 21.9 (g/s)
Cooling water inlet temperature 82.0 (�C)
Cooling water flow rate 14.9 (L/min)

Fig. 5. Comparison between the numerical and experimental results
of the TEG system’s power output.
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negative, as shown in Fig. 6c and d. Not only no
enhancement to the vehicle power is achieved, but
the system will actually consume power from the
engine and decrease its efficiency. It is clear that the
optimal fin spacing for the SS heat exchanger is
smaller than that of the copper one; this can be
attributed to the significantly lower thermal con-
ductivity of SS. The smaller fin spacing in the SS
heat exchanger will provide a higher heat transfer
coefficient to achieve sufficient heat transfer rate to
the modules.

It is generally true that a higher heat transfer
coefficient is desired to achieve higher hot-side

temperature and higher power output. However,
as Fig. 6c and d show, when fin spacing is decreased
below the optimal values, the power output starts to
decline, due to the overheating of the thermoelectric
modules. When the heat transfer coefficient exceeds
a certain value, the hot-side temperature becomes
higher than that of the operating design tempera-
ture. As a result, the Seebeck coefficient of the
modules decreases, and their thermal conductivity
increases. This will lower the modules’ performance
and power output, as shown in Eq. 5.

Fin Thickness Effect

As shown in Fig. 7a and b, the exhaust heat transfer
coefficient and pumping power increase as the fin
thickness is increased, due to higher flow speed.
Increasing the fin thickness to 1 mm will increase
the heat transfer coefficient by approximately 65%.
However, fin thickness effect on the pumping power is
very small in the SS heat exchanger and negligible in
the copper heat exchanger.

As shown in Fig. 7c and d, with very thin fins
(below 0.1 mm), the power output drops rapidly, due

Table V. Optimization results for the copper and
SS heat exchangers

Parameter Copper SS

Net power output (W) 553.5 548.9
Fin spacing (mm) 3.966 1.616
Fin thickness (mm) 0.1216 0.1467
Fin height (mm) 44.12 32.67

Fig. 6. (a) Heat transfer coefficient and (b) exhaust pumping power as a function of fin spacing at the optimal fin height and fin thickness. TEG
power output and net power output for the (c) SS and (d) copper heat exchangers as a function of fin spacing at the optimal fin height and fin
thickness.
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to the decrease in fin efficiency, as shown in Eqs. 17
and 18. Low fin efficiency leads to a decrease in the
effective area of heat exchange.

Despite the increase in the heat transfer coeffi-
cient as fin thickness increases, the power output is
decreased by 14% and 4% in the SS and copper heat
exchangers, respectively. Since the heat exchanger
width is fixed, higher fin thickness will result in
fewer fins and smaller heat transfer area leading to
a lower hot-side temperature. Note that in the SS
heat exchanger, the decrease in the power output is
more rapid due to the lower thermal conductivity.

The lost power which is the difference between
the TEG power output and the net power output
continues to increase as the fin thickness is
increased. This is mainly due to the increase in
the system weight since the increase in pumping
power is negligible.

Fin Height Effect

To optimize the fin height, a balance between the
heat transfer area and the heat transfer coefficient
must be achieved. A significant reduction in either

will result in a lower hot-side temperature and
lower power output. As expected, the exhaust heat
transfer coefficient and pumping power will
increase as the fin height decreases due to higher
flow speed, as shown in Fig. 8a and b. It is also
noted that the fin height effect on the power output
is small for fin heights above 25 mm. Only a 2%
reduction is observed in the SS heat exchanger,
while it is almost constant in the copper heat
exchanger, as evident in Fig. 8c and d. For shorter
fin heights (below 25 mm), the power output starts
to decline due to insufficient area of heat transfer.

If the design requires certain constraints on the
system volume, fin height can be modified without
sacrificing much power output, especially if the fin
spacing and fin thickness were to be modified
accordingly.

Heat Exchanger Design Considerations

In Fig. 9, the net power output of the TEG system
is plotted as a function of fin thickness and fin
spacing at the optimal fin height, and the maximum
net power output point is highlighted. It is clear

Fig. 7. (a) Heat transfer coefficient and (b) exhaust pumping power as a function of fin thickness at the optimal fin height and fin spacing. TEG
power output and net power output for the (c) SS and (d) copper heat exchangers as a function of fin thickness at the optimal fin height and fin
spacing.
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from the figure that many combinations of fin
spacing and fin thickness can achieve a net power
output that is similar to the optimum value. The
TEG system with the copper heat exchanger, a 5-
mm fin spacing and a 0.6-mm fin thickness can
achieve a net power output of 547.5 W, only 1% less
than the maximum net power output. Also, for the
SS heat exchanger, a fin spacing of 2.7 mm and a fin
thickness of 0.62 mm will achieve a net power
output of 545.5 W, only, 0.7% less than the maxi-
mum net power output.

Thus, it is possible to modify the design of the
heat exchanger and alter the fin geometrical param-
eters from their optimal values (within a certain
range) without sacrificing much power. The differ-
ent combinations of fin parameters may have a
cheaper manufacturing and material cost, or may
achieve certain size and weight criteria that may
not have been otherwise possible with the optimal
parameters.

Moreover, it is observed that the system with the
SS heat exchanger has a maximum net power output

of only 1% less than that of the copper heat
exchanger. The smaller fin height and fin spacing
in the SS heat exchanger provide further enhance-
ment to the heat transfer coefficient, which will
overcome the lower thermal conductivity of the
material and provide a sufficient heat transfer rate
to the modules. Thus, a cheaper material with lower
thermal conductivity can be used in the exhaust heat
exchange without sacrificing much power output, if
the system is optimized accordingly. However, with
thermoelectric modules that can operate on a higher
hot-side temperature, the thermal conductivity of
the exhaust heat exchanger material will become
more critical to the system performance. As such,
these modules will have the potential to utilize the
high thermal conductivity of the material without
overheating. Ref. 25 showed that when thermoelec-
tric modules that are designed for high-temperature
applications are used, fuel efficiency improvement is
25% greater with a SiC heat exchanger compared to
a SS 444 heat exchanger due to the lower thermally
conductivity of SS 444.

Fig. 8. (a) Heat transfer coefficient and (b) exhaust pumping power as a function of fin height at the optimal fin spacing and fin thickness. TEG
power output and net power output for the (c) SS and (d) copper heat exchangers as a function of fin height at the optimal fin height and fin
spacing.
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CONCLUSIONS

1. maximum net power output of 553 W was
achieved using the TEG system with the
copper heat exchanger, with only 1% reduc-
tion when the SS heat exchanger is used.

2. Fin spacing effect on the exhaust pumping
power and heat transfer coefficient as well as
the net power output is much more signifi-
cant than that of fin thickness and fin height.
Thus, fin spacing should be carefully consid-
ered.

3. The optimal fin spacings for the copper and
SS heat exchangers are 3.96 mm and
1.62 mm, respectively. The smaller fin spac-
ing in the SS exchanger will provide higher
heat transfer at the cost of higher pressure
drop.

4. As the fin thickness is decreased, the exhaust
heat transfer coefficient and pumping power
increase. Decreasing the optimal fin spacing
by 50% in the copper heat exchanger will
increase the heat transfer coefficient by 45%,
but it will have a negligible effect on the
pumping power.

5. When the fin spacing is reduced below a
critical value of 0.5 mm, the exhaust pump-
ing power and heat transfer coefficient
increase exponentially. This will result in a
negative net power output and, conse-
quently, a reduction in the engine efficiency.

6. When the exhaust heat transfer coefficient
exceeds a certain value (75 W/m2 K), the
thermoelectric modules’ performance starts
to drop due to overheating. Hence, to obtain
additional power gain, thermoelectric mod-
ules designed for higher temperatures are
recommended.
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Fig. 9. Net power output as a function of fin thickness and spacing
for the SS (a) and copper (b) heat exchangers at the optimal fin
height.
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