
Research Article
Effect of an Exhaust Heat Exchanger with Inserts on the
Performance of Thermoelectric Generators

Dipak S. Patil and Himadri Majumder

Department of Mechanical Engineering, G H Raisoni College of Engineering and Management, Wagholi, Pune 412207, India

Correspondence should be addressed to Dipak S. Patil; dspatil100@gmail.com

Received 15 November 2023; Revised 8 January 2024; Accepted 19 January 2024; Published 2 February 2024

Academic Editor: Samuel E. Sanni

Copyright © 2024 Dipak S. Patil and Himadri Majumder. Tis is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

A thermoelectric generator is used as a waste heat recovery system for generating electric power. Te thermoelectric generator
system consists of an exhaust heat exchanger, a thermoelectric module, and a water heat exchanger.Te aim of the current work is
to explore diferent types of inserts used in the test section of the exhaust heat exchanger and power generation of thermoelectric
generators at diferent operating conditions. An experimental setup has been developed for conducting experimental investigation
on thermoelectric generators to fnd the efect of the exhaust heat exchanger (EHE) with inserts on the performance of ther-
moelectric generators. Te cone (G-type test section) and cone-cylinder (H-type test section) type inserts were introduced to
enhance the performance of the thermoelectric generator. Compared with an insert-free (empty, F-type) thermoelectric generator
with cone and cone-cylinder type inserts in terms of the output power, the average heat transfer rate and convection heat transfer
coefcient of F-type, G-type, andH-type test sections of the EHE are 358, 468, and 459W and 76, 100, and 97W/m2K, respectively.
It shows that the G-type test section of EHE exchanges more heat from engine exhaust to the hot surface of the thermoelectric
module through the wall of the EHE. Te G-type test section created more temperature diference; obviously, it generated more
power output. It was observed that the G-type and H-type test sections of exhaust heat exchangers improved average maximum
output power by 29.49% and 26.11% than that by the F-type test section of heat exchanger, respectively.Te F-type, G-type, andH-
type test sections of exhaust heat exchangers showed a maximum average efciency of 0.80, 0.78, and 0.70%, respectively.

1. Introduction

Waste heat is nothing but heat generated with the aid of
a method of petroleum/gasoline combustion to dump into
the atmosphere and is not used again for benefcial func-
tions. If the waste heat may be recuperated, a notable
amount of fuel may be stored [1]. It has been diagnosed that
waste heat recuperation technology may be utilized to store
the energy [2]. If the part of unwanted heat energy may be
recuperated, energy performance could be enhanced and
automobiles can save energy and decrease worldwide global
warming [3]. A waste heat restoration technology facilitates
the regulation of engine temperature [4]. Based on exhaust
temperature, bottoming cycle, unique heat exchanger,
thermoelectric system, and turbocharger can be hired to
recover waste heat [1, 5, 6]. Te mechanical or electrical

energy can be generated by using high levels of temperature,
and the low level temperature can be utilized for water or
area heating. Te waste heat restoration techniques should
be selected according to the temperature condition [7].
Engine producers have accelerated engine efciency by
means of enforcing exclusive strategies such as superior gas/
air mixing, turbocharging, and variable valve timing [8]. It is
observed that only 5-6% exhaust heat is transferred into
electrical energy, and it is shown to save 10% fuel due to
reduction in mechanical losses of alternator drive [9]. Fuel
reduction depends on heat recovery technologies and the
driving cycle [10]. Te transformation of temperature dif-
ference to an electrical energy or vice versa is known as
thermoelectric efect (TEE). Termoelectric systems are
small in size, have no fuid for process, are lightweight, and
have no moving parts [11]. Termoelectric systems have
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some restrictions, which are high cost and low efciency; it
restricts space, military, and medical uses [12, 13]. Ter-
moelectric generator (TEG) applications are moved from the
most primitive use on a kerosene lamp to medical services,
temperature measuring and detecting facilities, aerospace
applications, and electronic devices [12]. Termoelectric
systems can be utilized as power generators, thermal sensors,
or coolers and are extensively utilized in biology, equipment,
and engineering products [11]. Te thermoelectric genera-
tors are an alternative source to convert solar power into
electric power apart from photovoltaic technology [14].
Termoelectric generators are also utilized in diferent types
of wood stove to produce electric power for lights and to
power fans [15–17].Te researchers are concentrating on the
design and development of thermoelectric generator systems
and heat exchangers. New TEG parameters such as the
number of TE modules, cooling system, heat exchanger, and
the thermoelectric material should be optimized. [18]. Heat
exchangers (HE) supply preliminary heat for a TEG, and its
efciency and capacity are afected by the heat exchanger
material [19, 20]. Exhaust thermoelectric generators
(ETEGs) can enhance the fuel economy of an engine. Te
performance of the TEG is afected by heat capacity and heat
transfer of the heat recovery device. More thermoelectric
modules are required for increasing the output power of the
TEG, which requires more surface area. So the weight and
size of heat exchangers have increased. Te optimization of
the heat exchanger surface area is a diferent kind of issue
unlike internal structures [21].Te conversion efciency and
power output of the TEG are signifcantly afected by the
heat source temperature and the mass fow rate of the fuids
[22]. Shengqiang Bai et al. [19] developed a heat exchanger
with diferent internal structures such as inclined plate,
parallel plate, separate plate with holes, series plate, and
novel pipe structures. Te plain and ofset strip fns were
studied by S. Vale et al. [23] with fn dimensions such as
length, spacing, height, and thickness. X. Liu et al. [24]
performed CFD simulation and analysis of heat exchangers
with chaos shape and fshbone shape structures. C. Q. Su
et al. [21] tried to achieve a higher temperature at the in-
terface and uniform temperature distribution through dif-
ferent types of internal structures such as fshbone, scatter,
and accordion shape. Heat exchange with a symmetrical
dimple arrangement in the upper and lower surfaces of the
heat exchanger was developed by Yiping Wang et al. [25] to
improve the rate of heat transfer with low drop in pressure.
Te inserted fns deteriorate the emission performance, fuel
economy, and performance of the internal combustion
engine [26]. Tis is useful for the enhancement of the hot
side temperature of thermoelectric modules and the in-
crement of output power of the automobile exhaust ther-
moelectric generator [27, 28]. Te temperature distribution,
temperature uniformity, conversion efciency, and back
pressure should be considered to design the optimization
objective, length, width, angle, and spacing of fns inserted
inside the heat exchanger [29].

Te above survey shows that the TEG is used for heat
recovery from engine exhaust. Diferent types of insert can
be used to enhance the performance of exhaust heat

exchangers with allowable pressure drop and obviously
enhance the performance of the TEG. Selection of the
thermoelectric module (TEM) is based on available
temperature. Te mass fow rate and temperature of both
hot and cold fuids govern the thermoelectric power
output.

2. Theoretical Analysis

Te temperature diference at cold and hot sides of the
thermoelectric material generates electrical energy by pro-
ducing holes and free electrons in the semiconductors and is
called as the Seebeck efect. Figure of merit is a method used
to measure a thermoelectric performance. High fgure of
merit can be obtained when the Seebeck coefcient is more
and electric resistivity and thermal conductivity are less. Te
thermoelectric properties such as the Seebeck coefcient,
material resistance, and thermal conductance are needed to
evaluate the thermoelectric module performance, but they
are not available easily to the end user. Te thermoelectric
properties can be determined from the geometric data of the
thermoelectric module such as the number of thermocou-
ples, length, and cross-sectional area of thermocouple. A real
TEG consists of a number of thermoelectric elements. Heat
conduction loss and Joule electrical resistive loss of cold and
hot junctions of the semiconductors are responsible for
creating internal irreversibility. Te internal heat is created
by Joule heat loss I2R, where I and R are the current and
internal resistance, respectively. K(TW − TC) is the heat loss
by conduction, where K, TC, and TW are the heat con-
ductance, cold junction, and hot junction temperature,
respectively [30].

Te fnite rate heat transfer creates external irrevers-
ibility, i.e., the temperature diferences (TC − TW) and
(TH − TW). Also, kCAC and kHAH are the heat conductance
in the cold and hot sides of HE, where AH and kH are the hot
side HE area and heat transfer coefcient for thermoelectric
element and AC and kC are the cold side heat exchanger area
and heat transfer coefcient for thermoelectric element.
Terefore, the heat transfer rate from the heat source to the
element hot end at temperature, and the heat transfer rate
from the element cold end at temperature to the heat sink
[31].

QH � αITW − 0.5RI2 + K TW − TC( 􏼁􏽨 􏽩

� kHAH( 􏼁 TH − TW( 􏼁,

QL � αITC − 0.5RI2 + K TW − TC( 􏼁􏽨 􏽩

� kCAC( 􏼁 TC − TC( 􏼁,

(1)

where α � αP − αN, αN, and αP are the coefcients of See-
beck of the N-type and P-type semiconductor legs.

A practical TEG consists of n number of thermoelectric
elements.Terefore, the rate of absorbing heat becomes nQH

and the rate of rejecting heat is nQL.
Where (kCAC) and (kHAH) are the heat conductance of

exchangers between the TEG cold and hot nodes, adding
above equations yields
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Here, P is output power and η is the conversion ef-
ciency of the TEG:

P � QH − QL,

η �
QH − QL

QL

� 1 −
QL

QH

􏼠 􏼡.

(3)

Combining above equations gives
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Equations (4) and (5) show heat reservoir temperatures
efects (TH and TL), heat transfers (kHAH and kCAC), in-
ternal resistance (R), internal heat conductance (K), current
(I)limx⟶∞, coefcient of Seebeck (α), and number of
thermoelectric elements (n) on the power output (P) and
efciency (η) of the TEG.

When n � 1, equations (4) and (5) become the fnite time
analysis results of single element of the TEG. If kHAH

� kCAC⟶∞, TW � TH, and TC � TL, equations (4) and
(5) become the results of nonequilibrium thermodynamic
analysis.

P � α TH − TL( 􏼁I − I
2
R􏽨 􏽩n,
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α TH − TL( 􏼁I − I

2
R
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.

(6)
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In this case, η is independent on n andP is dependent on n.
If n � 1, equation (6) become the results of reference. However,
TW � TH and TC � TL need infnite surface area of heat
transfer, and its specifc output power P/(AH + AC) is zero.

3. Experimental Details

3.1. Termoelectric Generator (TEG) System. Te heat re-
covery from the engine exhaust with the help of an exhaust
heat exchanger and the engine specifcation is shown in
Table 1. Te exhaust heat exchanger (EHE) is a main
component of thermoelectric generators. It is divided into
three parts, namely, the front part, middle part, and rear
part.Te front part has 38mm diameter at the entry end and
60× 60mm cross-section at the exit end with a length of
150mm. Te rear part is the same as the front part but the
direction is opposite to the front part. Te middle part of the
EHE has a 60× 60mm2cross-section on both sides with
a length of 180mm.Te middle part of EHE is called the test
section.Te front and rear parts of EHE are made up of mild
steel (MS) with a thickness of 5mm. Te test section of EHE
is made up of Al (aluminum) material with a thickness of
3mm.Te front, rear, and middle parts of EHE are shown in
Figure 1. All the parts of EHE having fanges at both ends are
used to connect each other by fasteners.Te EHE is joined to
the exhaust pipe of an engine. Te EHE absorbs heat energy
from the engine exhaust to maintain high temperature at all
surfaces. Te water heat exchanger (WHE) is equally im-
portant as an exhaust heat exchanger, as shown in Figure 2.
It is a simple box of 40mm width, 160mm length, and
15mm height and is made up of an aluminum sheet of 3mm
thickness. Te water heat exchanger contains six numbers of
bafes of 3×15× 30mm (thick× height× length) size for
guiding zigzagging to cold fuid. Water was used as a cooling
fuid to maintain low temperature at the cooling side of the
thermoelectric module (TEM). Te WHE has an entry and
exit port of 5mm diameter. Tere are four numbers of water
heat exchangers used in the TEG.Te various types of inserts
can be used to improve the temperature uniformity co-
efcient and surface temperature of the test section. Te
inserts are shown in Figure 3, namely, the cone type (G-type)
and con-cylinder type (H-type). Te EHE without insert is
known as F-type HE. All the inserts are made up of a tin
sheet of 2mm thickness. Te size of the cone type insert is
a base diameter of 46.5mm with a length of 180mm. Te
cone-cylinder type insert is a combination of cone and
cylinder of 46.5mm diameter with a length of 90mm each.
Te TEM is the heart of the TEG; its semiconducting ma-
terial shows low thermal conductivity and high electric
conductivity. Te thermoelectric material (TM) converts
heat energy to electric energy by using the Seebeck efect. In
this work, bismuth telluride (TEP1-1264-1.5) thermoelectric
modules were used. Te size of the TEM is 40× 40× 3.5mm;
the detailed specifcation is shown in Table 2. Te TEM
consists of a number of thermocouples (N-type and P-type)
that are thermally connected in parallel and electrically in
series. All the thermocouples of TEM are sandwiched be-
tween ceramic plates. It is very important to identify cold
and hot sides of the TEM as displayed in Figure 4.Te inserts

play a vital role in enhancing surface temperature distribution
and temperature uniformity coefcient. Te inserts direct the
engine exhaust in such a way to increase surface temperature of
the exhaust heat exchanger. Te G- and H-type test sections
show high temperature uniformity coefcients of 0.94 and 0.96.
Te permissible pressure drop has been created on the engine
by using the inserts. Hybrid type inserts can be used to recover
the waste heat from the engine exhaust by caring for back
pressure, temper uniformity, and surface temper of the exhaust
heat recovery system.

3.2. Experimental Setup. Te experimental setup was de-
veloped to perform the experimental investigation on the TEG
under diferent operating conditions. Figure 5(a) shows the
experimental system of the TEG. Four numbers of thermo-
electric modules (TEMs) are located over all (four) surfaces of
the EHE. Te water heat exchanger (WHE) was located over
the thermoelectric modules at each surfaces of the EHE. All the
TEMs were serially connected to each other. Te EHE, WHE,
and TEMs are fxed by the “C” clamp. Te entire assembly of
the TEG was connected at the exhaust pipe of the engine. Te
water system was linked with the WHE of the TEG. All the
thermocouples are fxed at the appropriate places on the
thermoelectric generator for measuring the temperature of the
inlet and outlet of water and engine exhaust and cold and hot
sides of the thermoelectric modules. Te thermocouples are
connected with a temperature meter. Te ball and gate valves
are connected in the lane of water and the exhaust fow to
control the water and exhaust fow rates. Te manometer was
coupled at the exhaust inlet and outlet of the TEG to measure
the pressure drop. Te multimeter and preset were linked with
thermoelectric modules. Te schematic layout and photo-
graphs of the experimental setup are shown in Figures 5(b) and
5(c), respectively.

3.3. Operating Conditions. Te diferent operating condi-
tions should be fxed before performing the experiment on
the thermoelectric generators. Te parameters and their
levels considered for experimentations are shown in Table 3.
Te frst factor was the test section of the exhaust heat
exchanger (EHE) of 60× 60×180mm with and without an
insert. It has three levels; the frst test section without an
insert is named F-type, the second test section with a cone
type insert is named G-type, and the third test section with
a cylinder-cone type insert is named H-type. Te second
factor was the engine load (EL) which has six levels of 0, 2, 4,
6, 8, and 10 kg. Te engine load can be applied or control by
an electric (eddy current) dynamometer which is connected
to the engine shaft. Te third factor was the water fow rate
(WFR) of 0.030, 0.050, and 0.080 kg/s. Te fow control
system consists of two ball valves to regulate the mass fow
rate of fuid. One of the valves was fxed in the path of the
cooling water supply to bypass the excess amount of water,
and another valve was used to control/regulate the water
mass fow rate of the water heat exchanger. Te last factor
was external load resistance (ELR) of 0–50Ω with 5Ω in-
crements and 50–100Ω with 10Ω increments. According to
the factors and their levels, the experiments were carried out
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on the thermoelectric generator system.Te total number of
trials were 864 which have been performed on the experi-
mental setup. Te exhaust entry and exit temperature, water
entry and exit temperature, WFR, cold and hot side tem-
perature of TEMs, manometer reading, and thermoelectric
voltage and current were measured. Te thermoelectric
output power is a multiplication of thermoelectric current
and voltage. All the observations were taken for F-type, G-
type, and H-type test sections of the exhaust heat exchanger
under diferent engine loads of 0, 2, 4, 6, 8, and 10 kg, water
fow rates of 0.030, 0.050, and 0.080 kg/s, and an external
load resistance of 0, 5, 10, 15, . . ., 50, 60, . . ., and 100Ω.

4. Results and Discussion

Te experiment has been conducted on the thermoelectric
generator by using diferent test sections of F-type,
G-type, and H-type while changing the engine load, water

fow rate, and ELR. Te engine exhaust was considered as
air; the properties of air are assessed at the mean tem-
perature. Te engine exhaust was selected as the heat
source and water as the heat sink. Te bismuth telluride
thermoelectric modules (TEP1-1264-1.5) were used for
the thermoelectric generator. Te performance of the TEG
was measured in terms of thermoelectric voltage, current,
and output power. Te diferent types of test section of the
heat exchanger, WFR, EL, and ELR are the parameters of
an experimental investigation. Te aim of the current
work is to search diferent types of inserts used in the test
section of the EHE and power generation of TEGs at
diferent operating conditions. Te average heat transfer
rate and convection heat transfer coefcient of F-type, G-
type, and H-type test sections of the exhaust heat ex-
changer are 358, 468, and 459W and 76, 100, and 97W/
m2K, respectively. It shows that the G-type test section of
the exhaust heat exchanger exchanges more heat from the
engine exhaust to the hot surface of the thermoelectric
module through the wall of the exhaust heat exchanger.
Te G-type test section created more temperature dif-
ference; obviously, it generated more power output.

4.1. Efect of External Load Resistance (ELR) on Voltage,
Current, and Output Power. Te thermoelectric voltage,
current, and output power variation of the F-type, G-type,
and H-type test sections of the EHE with ELR (0–100Ω) at
EL of 10 kg and diferent WFR (0.03, 0.05, and 0.08 kg/s)
are shown in Figures 6–8. Te thermoelectric voltage
increases with increasing ELR. Te thermoelectric current
decreases with increasing ELR. Te thermoelectric output
power increases with increasing ELR; once it has achieved
maximum output power, it then decreases with increasing
ELR. Te maximum thermoelectric output power is ob-
tained when ELR matches with the internal resistance and
is called matched load output power. Te G-type test
section of the exhaust heat exchanger shows higher
voltage, current, and output power than other test sec-
tions. Te F-type test section of the EHE generated the
maximum output power of 3.80, 3.92, and 4.30W at WFR
of 0.03, 0.05, and 0.08 kg/s, respectively, EL of 10 kg, and
ELR of 40Ω, as shown in Figure 6. Similarly, the G-type
and H-type test sections of EHE generated the output
power of 4.79, 5.24, and 5.59W and 4.21, 4.51, and 4.83W
at WFR of 0.03, 0.05, and 0.08 kg/s, respectively, EL of
10 kg, and ELR of 45Ω, as shown in Figures 7 and 8. Te
G-type and H-type test sections of the exhaust heat ex-
changer improved the average maximum output power by
29.49% and 26.11% than that by the F-type test section of
the heat exchanger, respectively. Termoelectric voltage
generation depends on temperature diference between
hot and cold surfaces of the thermoelectric modules. Te
G-type (cone) test section maintained more temperature
diference and generated more voltage and power output
than H-type (cone–cylinder) and F-type (empty) test
sections. Te matched load condition shows maximum
thermoelectric power generation. Termoelectric current
decreases with increasing external load resistance.

Table 1: Engine specifcation.

Particular Specifcation
Number of cylinder Single
Engine stroke Four
Fuel Diesel
Engine power 3.5 kW
Engine speed 1500 rpm (constant speed)
Cylinder stroke length 110mm
Bore diameter 87.5mm
Engine capacity 661 cc
Compression ratio 17.5 :1

180 mm150 mm
60 mm

60 mm
38 mm38 mm

Figure 1: Front/rear and middle parts of the exhaust heat ex-
changer (EHE).

160 mm

15 mm

40 mm

Figure 2: Water heat exchanger (WHE).
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Table 2: Description of the TEM 1 (TEM1).

TEM Model dimension (mm) Parameters Value

TEP1-1264-1.5 40× 40× 3.5

Temperature (°C) (hot side) 300
Temperature (°C) (cold side) 30
Open circuit voltage (V) 9.40

Resistance (Ohms) (matched load) 2.80
Output voltage (V) (matched load) 4.70
Output current (A) (matched load) 1.56
Output power (W) (matched load) 7.30

Figure 4: Hot and cold sides of the thermoelectric module (40× 40× 3.5mm).

(a)
Figure 5: Continued.

Cone type insert Cone-Cylinder type insert

Figure 3: Photos of diferent types of inserts.
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A - TEG
B - Engine Setup
C - Water System
D - Measuring
 System
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1

1-Engine setup, 2- Engine flywheel, 3-Dynamo meter, 4- Data storage system, 5- Air box, 6- Diesel tank, 7-Exhaust control valves, 8- U tube manometer, 9-Heat sink (water heat exchanger
(WHE)), 10- Thermoelectric module, 11-Heat source (exhaust heat exchanger (EHE)), 12- Inlet of EHE, 13- Front part of EHE, 14- Rear part of EHE, 15- Outlet of EHE, 16- U tube manometer
connectors, 17-Thermocouples for inlet and outlet exhaust temperature, 18- Temperature meter, 19- Preset, 20- Multi-meter, 21- fluid flow measuring flask, 22- Water tank, 23- Self-priming
pump, 24- Water inlet flow control valves, 25- Water outlet flow control valves 

(b)

(c)

Figure 5: (a) Experimental setup of the thermoelectric generator. (b) Schematic layout of the experimental setup. (c) Photographs of the
experimental setup.
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4.2. Validation of Experimental TEG Power Output with the
TeoreticalModel of TEM. Te theoretical and experimental
output power increases with increasing hot surface tem-
perature of the TEM.Te diference between theoretical and
experimental power outputs at lower temperature of the hot
surface is very less but it increases with increasing the hot
surface temperature. Te theoretical power output range of
F-type, G-type, and H-type test sections are 0.46–4.65W,
0.75–6.29W, and 0.64–5.74W, respectively. Te experi-
mental power output range of F-type, G-type, and H-type
test sections is 0.38–4.80W, 0.71–5.59W, and 0.62–4.83W,
respectively, as shown in Figure 9.Te average error between
theoretical and experimental power outputs of F-type, G-
type, and H-type EHE is 10.90%, 11.60%, and 14.10%,
respectively.

4.3. Efect of External LoadResistance (ELR) onTermoelectric
Efciency. Te thermoelectric efciency variation of the
F-type, G-type, and H-type test sections of the EHE
with ELR (0–100Ω) at EL of 10 kg and diferent WFRs
(0.03, 0.05, and 0.08 kg/s) is shown in Figures 10–12. Te
thermoelectric efciency increases with increasing
ELR; once it has achieved maximum efciency, it then
decreases with increasing ELR. Te F-type test section of
EHE showed the maximum efciency of 0.76, 0.78, and
0.86% at WFR of 0.03, 0.05, and 0.08 kg/s, respectively, EL
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Figure 6: Voltage, current, and power output variation of the
F-type, G-type, and H-type heat exchangers with load resistance at
EL 10 kg and WFR 0.03 kg/s.
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Figure 7: Voltage, current, and power output variation of the
F-type, G-type, and H-type heat exchangers with load resistance at
EL 10 kg and WFR 0.05 kg/s.
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Figure 8: Voltage, current, and power output variation of the
F-type, G-type, and H-type heat exchangers with load resistance at
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of 10 kg, and ELR of 40Ω. Similarly, the G-type and
H-type test sections of EHE showed the maximum ef-
ciencies of 0.70, 0.79, and 0.84% and 0.65, 0.69, and 0.75%
at WFR of 0.03, 0.05, and 0.08 kg/s, respectively, EL of
10 kg, and ELR of 40−45Ω. Te F-type, G-type, and H-
type test sections of the exhaust heat exchanger showed
maximum average efciencies of 0.80, 0.78, and 0.70%,
respectively.

4.4. Pressure Drop. Te variation of exhaust pressure drop of
all test sections with engine load is shown in Figure 13. Te
exhaust pressure drop of all test sections increases with in-
creasing the engine load. Te ranges of exhaust pressure drop
of F-type, G-type, and H-type test sections show 853–1207,
903–1256, and 952–1285 Pa, respectively. It refects that the
H-type test section shows more pressure drop and the F-type
test section shows minimum pressure drop. Intermediate
pressure drop is shown by the G-type test section.
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Figure 9: Comparison of experimental output power with theoretical power output for F-type, G-type, and H-type HE.
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Figure 10: Termoelectric efciency variation of the F-type,
G-type, andH-type heat exchangers with load resistance at EL 10 kg
and WFR 0.03 kg/s.
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Figure 11: Termoelectric efciency variation of the F-type,
G-type, andH-type heat exchangers with load resistance at EL 10 kg
and WFR 0.05 kg/s.
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5. Conclusions

Te parameters of the study are heat exchangers with
diferent kinds of inserts, water fow rate of the water heat
exchanger, engine load, and external load resistance.
Results are generated in the form of the thermoelectric
voltage, current, and output power. Te G-type test
section of the exhaust heat exchanger extracted more
heat compared to the F-type and H-type test sections. Te
output power increases with increasing EL 0–10 kg and
the water fow rate of 0.03–0.08 kg/s. Te F-type test
section of the exhaust heat exchanger generated the
maximum power output of 4.30W at the engine load of
10 kg, water fow rate of 0.08 kg/s, and ELR of 40Ω.
Similarly the G-type and H-type test sections of the
exhaust heat exchanger generated the maximum output
power of 5.59W and 4.83W at the engine load of 10 kg,
water fow rate of 0.08 kg/s, and external load resistance
of 45Ω, respectively. Te average error between

theoretical and experimental power outputs of F-type, G-
type, and H-type EHE is 10.90%, 11.60%, and 14.10%,
respectively. Te G-type and H-type test sections of the
exhaust heat exchanger improved maximum output
power by 29.49% and 26.11% than that by the F-type test
section. Te diference between theoretical and experi-
ment output power is due to the efects of heat losses and
nonuniform exhaust fow in the thermoelectric genera-
tor. Te F-type, G-type, and H-type test sections of the
exhaust heat exchanger showed maximum average ef-
ciencies of 0.80, 0.78, and 0.70%, respectively. Te G-type
test section generated a permissible pressure drop. It is
observed that the G-type test section is suitable for
thermoelectric generators to generate maximum power.
In future, diferent kinds of insert geometries can be
designed to absorb maximum amount of heat with al-
lowable pressure drop. Te simulation tool should be
used to analyze the performance of the heat exchanger
with the inserts to save the cost and time.

Nomenclature

I: Electric current, Amp
K: Termal conductance, WK−1

k: Termal conductivity, Wm−1K−1

P: Power output, W
Q: Heat transfer rate, W
QP: Power output, W
T: Temperature, °C or K
V: Voltage, V
Greek Symbols
α: Seebeck coefcient, VK−1

η: Efciency of thermoelectric generator
∆T: Temperature diference, K or °C
Subscripts

c: Cold side, cold junction
Ceramic: Ceramic plate
con: Conversion
Copper: Copper strip
exp: Experiment
Grease: Termoelectric grease
h: Hot side
in: Input
max: Maximum value
out: Output
solder: Soldering material layer
th: Termoelectric
Abbreviations
Cu: Copper
EL: Engine load
ELR: External load resistance
ETEG: Exhaust thermoelectric generators
EHE: Exhaust heat exchanger
HE: Heat exchanger
HTC: Heat transfer coefcient (convective)
TEG: Termoelectric generator
TEM: Termoelectric module
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Figure 12: Termoelectric efciency variation of the F-type,
G-type, andH-type heat exchangers with load resistance at EL 10 kg
and WFR 0.08 kg/s.
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TM: Termoelectric material
WFR: Water fow rate
WHE: Water heat exchanger.

Data Availability

Te data used to support the fndings of the study are
available from the corresponding author upon request.

Conflicts of Interest

Te authors declare that they have no conficts of interest.

Acknowledgments

Te authors acknowledge the management of G H Raisoni
College of Engineering and Management, Wagholi, Pune,
India, for providing research laboratories for the research
and their support in conducting this work.

References

[1] V. Pandiyarajan, M. Chinna Pandian, E. Malan, R. Velraj, and
R. V. Seeniraj, “Experimental investigation on heat recovery
from diesel engine exhaust using fnned shell and tube heat
exchanger and thermal storage system,” Applied Energy,
vol. 88, no. 1, pp. 77–87, 2011.

[2] R. Saidur, M. Rezaei, W. K. Muzammil, M. H. Hassan,
S. Paria, and M. Hasanuzzaman, “Technologies to recover
exhaust heat from internal combustion engines,” Renewable
and Sustainable Energy Reviews, vol. 16, no. 8, pp. 5649–5659,
2012.

[3] E. H. Wang, H. G. Zhang, B. Y. Fan, M. G. Ouyang, Y. Zhao,
and Q. H. Mu, “Study of working fuid selection of organic
Rankine cycle (ORC) for engine waste heat recovery,” Energy,
vol. 36, no. 5, pp. 3406–3418, 2011.

[4] P. Kauranen, T. Elonen, L. Wikström, J. Heikkinen, and
J. Laurikko, “Temperature optimisation of a diesel engine
using exhaust gas heat recovery and thermal energy storage
(diesel engine with thermal energy storage),” AppliedTermal
Engineering, vol. 30, no. 6-7, pp. 631–638, 2010.

[5] V. Dolz, R. Novella, A. Garćıa, and J. Sánchez, “HD Diesel
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