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ABSTRACT

A thermoelectric generator system consists of an exhaust heat exchanger, a thermoelectric module, and water heat
exchanger. Perfect heat exchangers recover as much heat energy as possible from engine exhaust with an acceptable
pressure drop. The capacity and efficiency of the heat exchanger depend on its shape, type, and material of the heat
exchanger. The main objective of this research was to perform a parametric analysis of the test section of the exhaust heat
exchanger by using simulation tools. The simulation results were validated with the experimental results to ensure the
performance of the simulation model. The performance of the test section was measured in relation to geometry, pressure
drop, temperature distribution, fluid velocity, and temperature uniformity coefficient. The test section of 60 mm x 60 mm x
180 mm (F-type) shows a higher surface temperature with an allowable pressure drop than the other types of test section
without inserts. The inserts played a vital role in enhancing the surface temperature distribution and uniformity coefficient.
The cone type (G-type), cone-cylinder type (H-type), and cone-cylinder-cone type (I-type) inserts were used to improve the
performance of the F-type test section. The G-type and H-type test sections of the exhaust heat exchanger have a high

surface temperature, high-temperature uniformity, and allowable pressure drop.
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INTRODUCTION

According to the basic concepts and background
of the thermoelectric system, it is observed that a
thermoelectric module (TEM) is fixed between the heat
source and the heat sink. The heat source and sink create a
temperature difference on both sides of the thermoelectric
module, which is essential to generate electric power. The
design of heat exchangers and thermoelectric module
selection is very vital for thermoelectric generator (TEG)
systems. Researchers are currently concentrating on the
design and development of thermoelectric generator
systems and heat exchangers (HE). New TEG parameters,
such as the number of TEMs, cooling systems, heat
exchangers and the thermoelectric materials, should be
optimized. The size and shape of the heat exchanger and
number of thermoelectric couples govern the
thermoelectric output power (WengChien-Chou et al.,
2013). The conversion efficiency and power output of the
TEG are significantly affected by the heat source
temperature and the mass flow rate of the fluids
(PatilDipak S et al., 2018). More effective heat exchangers
extract large amounts of heat from vehicle exhaust with an
allowable drop in pressure. Heat exchangers supply
preliminary heat for a TEG, and their efficiency and
capacity are affected by the heat exchanger type, material
and shape (Bai Shengqiang er al., 2014; PatilDipak S. et
al., 2018). The performance of the TEG was affected by
the heat capacity and heat transfer of the heat recovery
device. More thermoelectric modules are required to
increase the output power of the TEG, which requires a
large surface area. Therefore, the weight and size of the
heat exchanger has increased. The optimization of exhaust
the heat exchanger surface area is a different type of issue

than internal structures. (Su C.Q. et al., 2014). The plate-
shaped exhaust heat exchanger (EHE) is suitable for
thermoelectric generators because of the short distance
between the ground and automobile chassis. Different
types of inserts, fin structures and heat exchanger
configurations are used to enhance the heat transfer
(Tzeng Sheng-Chung et al., 2014; AmaralCalil et al.,
2014; Kim Tae Young et al., 2016). The heat transfer rate
of the heat exchanger is improved by using metal foam in
the channel of the fluid flow because it has a larger surface
area per unit volume and more contact when fluid flows
through the foam of the metal (Wang Tongcai et al.,
2014). The fin number increases the heat source
temperature but the fin thickness increases the pressure
drop because of the reduction in the cross-section area of
the flow channel (Kim Tae Young et al., 2016). Kumar C.
Ramesh et al. (2011) used computational fluid dynamic
(CFD) code to develop computer-aided design and heat
exchanger analysis for fluid flow and heat transfer
performance. The fluid flow through the heat exchanger
was assumed unsteady and turbulent. An iterative
algorithm was used to resolve the governing equations.
Deng Y. D. et al. (2013) developed a 3-dimensional heat
exchanger model with internal structures. The analysis and
simulation of exhaust flows through heat exchangers were
performed using computational fluid dynamics software.
The standard k-omega model was used for the CFD
simulation. It was considered to have a fully turbulent
flow and negligible viscosity. The pressure at the exit of
the heat exchanger was atmospheric pressure. The heat
transfer coefficient by convection between the heat
exchanger surface and air was considered 20 W/m’K. The
design of a heat exchanger with various internal structures,
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CFD analysis, and experimentation were performed by Su
C. Q. et al. (2012). A CFD tool was applied to simulate
the temperature distribution of the exhaust flowing
through the heat exchanger. The desired thermal
simulation was performed by varying the internal structure
of the heat exchanger. For the CFD analysis and
simulation, some assumptions were made that the fluid is
incompressible, with negligible molecular viscosity, and
fully turbulent fluid flow. The turbulent model k-¢ was
used for simulation purposes. The boundary conditions are
very important for the simulation, such as the fluid inlet
temperature, fluid velocity, exit back pressure of the
system, and convection heat transfer between the heat
exchanger surface and air. Su C. Q. ef al. (2014) attempted
to achieve a higher temperature at the interface and
uniform temperature distribution through different types of
internal structures, such as fishbone, scatter, and accordion
shape. The accordion and fishbone structures have a
higher temperature at the interface than the scatter
structures. The accordion-shaped structure showed a more
uniform temperature distribution than other structures.
Based on temperature distribution, the accordion shape is
more appropriate for thermoelectric generators. Liu X. et
al. (2014) performed a CFD simulation and analysis of a
heat exchanger with chaos and fishbone shaped structures.
The turbulence model, x—e, was wused for the
computational fluid dynamic analysis. For all solid walls,
no-slip boundary conditions were considered. The fluid
flow velocity and temperature at the inlet were considered
as the boundary conditions. Bai Shengqiang et al. (2014)
developed a heat exchanger with different internal
structures such as an inclined plate, parallel plate, separate
plate with holes, series plate and novel pipe structures, and
a CFD model was used to compare the pressure drop and
heat transfer. Heat exchange with a symmetrical dimple
arrangement in the upper and lower surfaces of the heat
exchange was developed by Wang Yiping et al. (2016) to
improve the rate of heat transfer with a smaller drop in
pressure. Tang Z. B. et al. (2015) carried out an analysis of
thermal uniformity; it includes index parameters, such as
the coefficient of temperature or thermal uniformity v,
which are used to determine temperature uniformity.
Equation 1 was used to determine the temperature
uniformity of the surface:

Z«/(T ~T,) 0

i=1 T

m

Where, X is the number of thermocouples, T, 18

the probed temperature at ! position and Tm represents

the heat exchanger surface temperature. The coefficient of
thermal uniformity (y) fluctuates from 0 to 1. When y =1 it
shows that the temperature is constant throughout the
surface.

The above review shows that the exhaust heat
exchanger is a key component of the thermoelectric
generator. The performance of the thermoelectric

generator depends critically on the design of the exhaust
heat exchanger. Simulation tools such as computational
fluid dynamics can be used for the parametric analysis of
the exhaust heat exchanger. The simulation results should
be matched with the experimental results to ensure that the
simulation tool can be used for further parametric analyses
of the thermal system. Different types of inserts enhance
the performance of the exhaust heat exchanger and
obviously enhance the performance of the thermoelectric
generator.

EXPERIMENTATION

The aim of the experiment was to determine the
surface temperature of the test section and check the
temperature uniformity. An ideal heat exchanger should
have a high surface temperature and temperature
uniformity coefficient. The thermal stress on the hot
surface of the duct can be reduced by maintaining a higher
thermal uniformity. An experimental system was
developed for the exhaust heat exchanger.

Figures 1 and 2 show the layout and a photograph
of the experiment setup, respectively. The experimental
setup consisted of an engine setup, exhaust heat
exchanger, type K thermocouples, U-tube manometer, and
temperature meter/indictor. The test section (duct) of 80 x
80 mm cross-section with a length of 300 mm was made
up of a 3 mm thick aluminum sheet. The thin aluminum
sheet was used to reduce the thermal resistance and
increase the heat transfer rate.

The outer and inner surface temperatures of the
duct are the same to be considered because of the higher
thermal conductivity of the thin aluminum sheets. The
exhaust of an engine running at a full-load condition of 10
kg was used as the heat source. The flow rate of the engine
exhaust is the sum of the air and fuel flow rates used in the
engine. This information was obtained from the data
acquisition system of the engine. The mass flow rate of the
air and fuel were 1.05 and 28.19 kg/hr. respectively. The
total exhaust flow rate was 0.00812 kg/s at the full load
condition of the engine.

The exhaust temperatures were measured using
cartage-type thermocouples fixed at the entry and exit of
the duct. All the outer surface temperatures of the duct
were measured using twenty numbers of Type-K
thermocouples (T1 to T20) with temperature meter.
During the experiment ambient temperature was 28°C.
The exhaust temperatures at the inlet and outlet of the duct
were measured using thermocouples T21 and T22 at
280.5°C and 195.0°C respectively.

A pressure drop in the duct was measured by
using ‘U’- tube manometer in terms of the water column
and it was 196.2 Pa. The average surface temperatures of
the duct obtained during experimentation were 137.62,
136, 132, 124.06 and 115,75°C along the lengths of ducts
0, 75, 150, 225, and 300 mm respectively and as shown in
Figure-3.

The temperature uniformity coefficient calculated
using Equation 1 was 0.87. The average exhaust
temperatures at the entry and exit of the duct were 280.5
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and 196.5°C, and the pressure drop of the system was
196.2 Pa.
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Figure-1. Schematic layout of the experimental setup of
duct (80x 80x300 mm) assembly.

Figure-2. Photograph of experimental setup of duct
(80x 80x300 mm).
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Figure-3. Surface temperature varies with length of the
test section.

HEAT EXCHANGER- THERMAL SIMULATION
The simulation tool can be used for the
parametric analysis of the test section because it reduces
the cost and quality time. Therefore, the simulation results
of the test section (80 mm x 80 mm x 300 mm) of the

exhaust heat exchanger should be verified using
experimental results.

The surface thermal distribution of the exhaust
heat exchanger is essential in various aspects, as follows:

= It determined the operating temperature for selecting
thermoelectric module material.

= [t affected the conversion efficiency of heat energy to
electrical energy and

= It dominated the thermal stress uniformity in module
and device level.

The rough surface contact between the heat
exchanger and thermoelectric module can be caused by
non-uniform temperature distribution, resulting in
permanent damage to the thermo-electric generator
modules (Liu X., er al., 2014). Typical software, the
computational fluid dynamic was used to simulate the
exhaust gas flow through the EHE, enabling the simulation
of the surface temperature distribution. The ideal or best
results of the thermal field simulation can be achieved by
varying the cross-sectional area and length of the EHE and
introducing different types of inserts into the test section
of the heat exchanger.

Model Description

As the main element of the TEG, the exhaust heat
exchanger acts as a heat source to recover the waste heat
from the engine exhaust and provides TEMs for energy
conversion with the help of a heat sink (coolant). In the
present study, a simple numerical model of an exhaust
heat exchanger without a heat sink and its effects on the
thermal equilibrium process were considered. It was
simulated by setting a heat transfer coefficient by
convection between the heat exchanger surface and the
ambient environment.

Geometric Configuration

As shown in Figure-4, the 3D model of the
exhaust heat exchanger was divided into the inlet, front,
middle, rear and outlet parts. The Cartesian coordinates
(X, Y, and Z) of the system were fixed. A schematic
layout of the exhaust heat exchanger is shown in figure 5.
The inlet and outlet of the exhaust heat exchanger is a
cylindrical pipe of 38 mm inlet diameter with 5 mm thick
of Galvanized Iron (G. I.) material. The front part of the
exhaust heat exchanger has a cross-section of 38 x 38 mm
at the inlet and 80 x 80 mm at the outlet with a 150 mm
length and 5 mm thickness of mild steel material, and vice
versa for the rear part of the EHE. The middle part of the
EHE was a square duct with a cross-section of 80 x 80
mm, thickness of 3 mm, and length of 300 mm. All parts
of the exhaust heat exchanger were fastened with flanges
of mild steel material.
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Numerical Formulation

As per the simulation model description and
geometry configuration, a three-dimensional (3D)
numerical model was constructed using ANSYS
FLUENT- 18.2, and the finite volume method (FVM) was
used for discretization. The equations of continuity,
momentum, and energy were the governing equations for
the simulation of the exhaust heat exchanger.

The continuity equation state that

a—’O+V-(p\7)=0 )
ot

Where, /0 represents density, V= (u,v,w)

represents the velocity vector, and [ indicates time.
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Figure-5. Schematic layout of exhaust heat exchanger
(test section 80 x 80 x 300 mm).
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Where, X , Y ) Z represent forces per unit volume inX,
Y , and z components. A indicates viscosity of the fluid

and P is the pressure.
The energy equation is

or or  oT T 0T o°T » (6)
PClu—+V—+0— |=k| 5 +—F5+—5 |+ Hp+q
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Where, U and gindicate viscous dissipation
and volumetric rate of thermal energy generation,

respectively. /1 indicates the tem erature, C,represents
p y p prep

the specific heat at constant pressure and Kindicates the
thermal conductivity.
Note: The energy of the fluid per unit mass is

estream = h = CpT
BOUNDARY CONDITIONS

A single-cylinder four-stroke, constant speed
diesel engine was used in this study. According to the
engine performance, an engine exhaust flow rate of 0.0082
kg/s and temperature of 280.5°C were obtained when the
engine was running at a full load condition of 10 kg with
an engine speed of 1500 rpm. For an incompressible fluid,
either the velocity or the mass flow rate can be used as the
inlet boundary condition. Therefore, the mass flow rate of
the engine exhaust was set to 0.0082 kg/s and the engine
exhaust temperature was set to 280.5°C. The engine
exhaust was released into the atmosphere; therefore, the
exhaust pressure at the outlet of the EHE was
approximately the typical atmospheric pressure, that is, the
gauge pressure at the outlet was set to zero Pa. In addition,
the coefficient of heat transfer between the outside surface
of the test section and atmospheric air was set to 20 W/m’
K, with the environment (air) temperature set to 28°C. The
engine exhaust was considered to be fair, the
characteristics of which change with temperature.
Aluminum and mild steel materials of the test section and
the remaining parts of the exhaust heat exchanger were
employed, respectively. For this simulation, the standard

equations of K—& were adopted as the turbulence
models. The model assumes that the viscosity can be
ignored. The no-slip boundary conditions were applied to
all solid walls. The governing equations, such as the
continuity equation, momentum equation and energy
equation were included using the first-order upwind
discrete method, and other parameters were set as the
system default. The working fluid was considered to be in
a steady state and incompressible, and the density was
assumed to be constant.
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MESH TEST

Prior to the parametric study, a mesh test was
conducted to confirm the numerical results. The numerical
simulations were performed until the results were
complete. The computational domain is meshed using
unstructured  tetrahedral elements. Grid or mesh
convergence is the term used to describe the development
of results using smaller cell sizes for the calculations. The
numerical solution provided by a computational model
tends to a unique value as the mesh density increases.
Computer systems are required to perform the simulation.
A mesh test should be performed to determine the
appropriate mesh size for use in different cases of the
exhaust system. Therefore, CFD analysis was initially
performed on an aluminum test section of 80 x 80 x 300
mm with a thickness of 3 mm. Different mesh sizes, such
as 5, 3, 2, 1.5 and 1 mm were used to verify the mesh
convergence. The mesh size of the test section was
maintained at 5, 3, 2, 1.5, and 1 mm and inflation were
applied along its boundary. Figures 6-10 show the
meshing size and the respective simulation results of the
surface temperature field on the test section. The element
counts for this mesh generated were 0.6, 1.4, 4, 9.7 and
32.2 million elements or cell counts respectively. The
maximum temperatures observed on the aluminum test
section of the exhaust heat exchanger at different mesh
sizes, that is, 5, 3, 2, 1.5 and 1 mm, were 156.20, 166.71,
172.97, 173.54 and 173.62°C respectively. The mesh size
1.5 mm and 1 mm showed the same maximum surface
temperature; however, the run time of the 1 mm mesh size
was greater. Hence, a mesh size of 1.5 mm was selected,
as it gave the best result and did not obstruct the accuracy
of the analysis. The mesh size with the number of
elements/cells counts and the maximum temperature are
shown in Figure-11. The surface temperature distribution
on the test section of the exhaust heat exchanger using a
1.5 mm mesh size is shown in Figure-12.

Figure-6. Mesh size of 5 mm and simulation result of
temperature field/distribution on test section
(80x80x%300) by using 5 mm mesh size.

G

Figure-7. Mesh size of 3 mm and simulation result of
temperature field/distribution on test section
(80%80x300) by using 3 mm mesh size.

Figure-8. Mesh size of 2 mm and simulation result of
temperature field/distribution on test section
(80x80%300) by using 2 mm mesh size.

Figure-9. Mesh size of 1.5 mm and simulation result of
temperature field/distribution on test section
(80x80%300) by using 1.5 mm mesh size.

Figure-10. Mesh size of 1 mm and simulation result of
temperature field/distribution on test section
(80%80%300) by using 1 mm mesh size.
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Figure-11. Variation of maximum surface temperature
with cell count.
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Figure-12. Temperature distributions on the test section of
80 x 80 x 300 mm by using 1.5 mm mesh size.

THERMAL ANALYSIS

The numerical simulation result of the thermal
field of the test section (80 mm x 80 mm x 300 mm) using
a 1.5 mm mesh size is shown in Figure-9. The distribution
of the surface temperature along the length of the test
section (1.5 mm mesh size) is graphically represented in
Figure-12.

According to the simulation results of the test
section, a maximum temperature of 157°C was obtained at
the beginning and gradually decreased with increasing
length of the test section. At the outlet of the test section, a
temperature of 102.25°C was obtained.

The temperature uniformity coefficient has been
calculated using Equation 1. In this case, the temperature
uniformity is 0.67. The temperature uniformity coefficient
indicates the temperature distribution. To improve the
surface  temperature and temperature  uniformity
coefficient, it is necessary to investigate the test sections

of the exhaust heat exchangers with different dimensions
and inserts.

EXPERIMENTAL AND SIMULATION RESULT
VALIDATION

The simulation and experimental results of the
test section of 80 mm x 80mm x 300 mm were compared
in terms of the heat transfer coefficient shown in Figure-
13. It was observed that the heat transfer coefficient of the
CFD analysis was high at the inlet of the test section of the
exhaust heat exchanger; however, it was closer to each
other with the length of the test section.

At the outlet of the test section, there was a small
difference between the theoretical and experimental heat
transfer coefficients. A maximum error of 20% was
observed at the inlet of the test section, and a minimum
error of 6.1% at the length of the test section of 75 mm.

120 ——CFD (HTC)

£ g0 + —+—Experiment (HTC)

§t& 80 T
™

5% 60 -
E% 4 |
220

D ! 1 ! |

0 75 150 225 300

Length of test section of exhaust heat exchanger, mm

Figure-13. Comparison of numerical and experimental
results of the test section of 80 x 80 x 300 mm.

TEST SECTION GEOMETRY

Generally, thermoelectric module sizes of 30 x
30 to 60 x 60 mm with thicknesses of 3 - 5 mm are
available. Therefore, the test section of the exhaust heat
exchanger should have a minimum width of 60 mm, with a
suitable length that depends on the available heat, space,
thermoelectric module size and use quantity. This type of
heat exchanger can be used for all sizes of thermoelectric
modules with different thicknesses. For this reason,
different sizes of test sections were studied in this study, as
shown in Table-1.
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Table-1. Different types of test section with dimensions.

S. No. Type of Size of test section
test section (width x height x length) mm

1 A-type 80 x 80 x 300

2 B-type 80 x 80 x 240

3 C-type 80 x 80 x 180

4 D-type 60 x 60 x 300

5 E-type 60 x 60 x 240

6 F-type 60 x 60 x 180

7 G-type 60 x 60 x 180 with cone type insert
3 H-type 60 x 60 x 180 wi;l; t(}:r(;ne-cyhnder type
9 I-Type 60 x 60 xc(l)ig tv;//;tg icnosrfl:fr:t-cyhnder-

Schematic Layout of the Exhaust Heat Exchanger

The schematic layout of the exhaust heat
exchangers with having A-type, B-type, and C-type test
sections are shown in Figures 14, 15, and 16, respectively.
The A-type, B-type, and C-type test sections of the
exhaust heat exchanger had the same cross-sectional area
of 80 x 80 mm with different lengths of 300, 240, and 180
mm. The cross-sectional areas of the test sections were
reduced to 60 x 60 mm each with the same lengths of 300,
240, and 180 mm and are called D-type, E-type, and F-
type test sections, respectively, as shown in Figures 17, 18,
and 19. Different types of inserts were used to improve the
performance of the heat exchanger (EHE). The inserts of
the cone type, cylinder-cone type, and cone-cylinder-cone
type were inserted in the test section of the EHE to direct
the exhaust flow for developing extreme performance of
the heat exchangers, as shown in Figures 20, 21, and 22,
which are called G-type, H-type, and I-type test sections,
respectively. The G-type test section has a cone-type insert
with a 46.5 mm base diameter and 180 mm length. The
cylinder-cone type insert is used in the H-type test section
having 46.5 mm base diameter with 90 mm length of cone
and 46.5 mm diameter with 90 mm length of cylinder.

The I-type test section has a cone-cylinder-cone
type insert with a 46.5 mm base diameter and 100 mm
length cones on both sides of the cylinder with a46.5 mm
diameter and 180 mm length. All types of inserts were
inserted into 60 mm x 60 mm x 180 mm test sections of
the exhaust heat exchanger.

RESULTS AND DISCUSSIONS

After validating the simulation results with the
experimental results, the simulation model of the EHE can
be used for parametric analysis of the EHE, which is the
main element of the TEG. Based on the TEM size,
quantity and available space, parametric analysis should
be performed using simulation models to reduce time and
cost. The same initial boundary conditions and
assumptions were applied for the parametric analysis.

Temperature Distribution

The simulation model was used to determine the
surface temperature field/distribution for all test sections
(A - 1) of the EHE. The temperature distributions of the A,
B and C-type test sections are shown in Figures 23, 24,
and 25 respectively. Figure-26 shows the temperature
plots of the A, B and C-type test sections. The temperature
distribution and its plots indicate that the A, B, and C-type
test sections have temperature ranges of 102.25 - 157.00,
107.26 - 157.48 and 111.28 - 168.56°C respectively. The
temperature ranges slightly, owing to the reduction in the
length of the test section. The C-type test section exhibited
a more uniform temperature distribution than the A and B-
type test sections.

The temperature distributions of the D, E, and F-
type test sections were simulated using CFD tools, as
shown in Figures 27, 28, and 29, respectively. The
temperature plot of the test sections of types D, E, and F-
type are graphically represented in figure 30. Based on the
temperature distribution and their plots, it was observed
that the test sections of D, E and F-type have temperatures
range of 126.34 - 158.28, 128.68 - 157.78 and 130.59 -
160.24°C respectively. The F-type test section of the
exhaust heat exchanger has a higher surface temperature
with a uniform distribution than the other test sections
such as A, B, C, D, and E-type.

The performance of the F-type test section can be
improved using different types of inserts to increase the
surface temperature and its distribution. Different types of
inserts such as cone, cylinder-cone, and cone-cylinder-
cone, are used in the F-type test sections called G, H, and
I-type test sections, respectively.

The temperature field/distributions are shown in
Figures 31, 32, and 33. Figure-34 shows the temperature
plots of the G, H, and I-type test sections. The G, H, and I-
type test sections show a temperature range of 153.27 -
161.64, 158.86 - 162.09 and 154.78 - 180.00°C
respectively. The H-type test section had more
temperature uniformity than the G and I-type sections.
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Pressure Drop

This pressure drop can reduce the efficiency of
the heat source. Therefore, a minimum pressure drop
should be created by the heat exchanger, with or without
inserts. The pressure drops created by the A, B, and C-type

test sections are shown in Figure-35.
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Figure-36 shows the pressure drop plots for the
D, E, and F-type test sections. The test section with
inserts, such as G, H and I type test section creates a

pressure drop on the heat source, as shown in Figure-37.

According to the pressure drop plots, test sections
A, B, and C-type show a pressure drop in the range of 51.3
- 51.6 Pa. The D, E and F-type test sections create pressure
drops in the range of 52.1 - 52.6 Pa, slightly more than A,
B and C-type test sections because they are reduced in the

cross-section area of the test sections.

The G, H and I-type test sections with inserts
show maximum pressure drops of 71.8, 72.2 and 82.1 Pa

respectively. The inserts reduced the flow area of the test
section, which increased the pressure drop in the test
section of the exhaust heat exchanger system.

Fluid Velocity

Figure-38 shows the velocity plots of the C-type
and F-type test sections of the EHE. The exhaust velocity
depends on the engine exhaust flow rate and geometry of
the test section. The results show that the cross sect of 80
mm x 80 mm with a length of 180 mm (C-type) test
section shows an exhaust velocity range of 2.00 - 2.77 m/s
and a cross section of 60 mm x 60 mm with a length of
180 mm (F-type) test section shows an exhaust velocity
range of 3.40 - 3.73 m/s.

The density of the engine exhaust was constant so
that the exhaust velocity was inversely proportional to the
cross-section of the test section.
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Figure-14. Schematic layout of exhaust heat exchanger (test section 80 x 80 x 300 mm) (A-type).
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Figure-17. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 300 mm) (D-type).
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Figure-18. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 240 mm) (E-type).
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Figure-19. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 180 mm) (F-type).
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Figure-20. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 180 mm) with

cone-insert (G-type).
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Figure-21. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 180 mm)

with cone-cylinder insert (H-type).
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Figure-22. Schematic layout of exhaust heat exchanger (test section 60 x 60 x 180 mm)

with cone-cylinder-cone insert (I-type).
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Figure-26. Temperature plots of test sections
Figure-23. Simulation result of temperature field on test (80x80x300-240-180) (A, B, C-type).

section (80x80x300) (A-type).

Figure-24. Simulation result of temperature field on test Figure-27. Simulation result of temperature field on test
section (80x80x240) (B-type). section (60x60x300) (D-type).

Figure-25. Simulation result of temperature field on test . ) ]
section (80x80x180) (C-type). Figure-28. Simulation result of temperature field on test

section (60x60x240) (E-type).
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Figure-32. Simulation result of temperature field on test

Figure-29. Simulation result of temperature field on test section (60x60x180) with Cylinder-Cone type insert
section (60x60x180) (D-type). (H-type).
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Figure-30. Temperature plots of test sections
(60x60x300-240-180) (D, E, F-type). Figure-33. Simulation result of temperature field on test
section (60x60x180) with Cone-Cylinder-Cone type
insert (I-type).
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Figure-34. Temperature plots of test sections (80x80x180

Figure-31. Simulation result of temperature field/ on test mm with inserts) (G, H, I-type)
section (60x60x180) with Cone type insert (G-type).
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Figure-35. Pressure drop plot of heat exchangers (test
section of 80x80x300-240-180 mm) (A, B, C-type).
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Figure-36. Pressure drop plot of heat exchangers (test
section of 60x60x300-240-180 mm) (D, E, F-type).
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Figure-37. Pressure drop plot of heat exchangers (test
section of 60x60x180 mm with inserts) (G, H, I-type).
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Figure-38. Velocity plot of test section (80x80x180 mm
and 60x60x180 mm) (C, F-type).

The heat transfer rate increased with the exhaust
velocity. A test section with high fluid velocity is
preferred as a heat source for the TEG for power
generation. According to the velocity plot of the C-type
and F-type test section of the exhaust heat exchanger, it
was observed that the higher the exhaust velocity at the
entry and exit of the test section higher than that at the
middle section. A constant exhaust velocity was revealed
in the middle section of the test section.

Temperature Uniformity

Temperature uniformity is as important as the
surface temperature of the test section of the exhaust heat
exchanger. A non-uniform temperature distribution creates
thermal stresses in the test section to make rough contact
at the interface of the test section and the thermoelectric
module. The temperature uniformity was measured in
terms of the temperature uniformity coefficient. Therefore,
the temperature uniformity coefficient should be
determined for all test sections of the heat exchanger.

The thermal uniform coefficients of all the test
sections are graphically represented in Figure-39. Equation
(1) was used to determine the temperature uniformity
coefficients of the test sections. It was observed that the A,
B, and C-type test sections showed very low-temperature
uniformity coefficients of 0.67, 0.69, and 0.71,
respectively. The test sections of D, E and F-type showed
0.84, 0.85 and 0.86 temperature uniformity coefficients
respectively, but this was not sufficient.

The G, H and I-type test sections show high
temperature uniformity coefficients of 0.94, 096, and 0.91,
respectively. The cone-type, cylinder-cone-type and cone-
cylinder-cone-type inserts were used to improve not only
the surface temperature but also the temperature
uniformity coefficient of the test sections.
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Figure-39. Temperature uniformity coefficients of all test sections (A to I-type).
CONCLUSIONS FUNDING:
Experiments were performed on an 80 mm x 80 Not applicable
mm X 300 mm test section of the exhaust heat exchanger
under specific operating conditions. The simulation tool CONFLICT OF INTEREST:

computational fluid dynamics simulation tool was used to
determine the performance of the 80 mm x 80 mm %300
mm test section. The simulation results were validated
with experimental results to ensure the performance of the
simulation model. A simulation model with a 1.5 mm
mesh size was used to determine the temperature
distribution, temperature uniformity, fluid velocity and
pressure drop of the exhaust heat exchanger with different
types of test sections. The test section of 60 mm x 60 mm
x 180 mm (F-type) shows a higher surface temperature
with an allowable pressure drop than the other types of test
sections without inserts. It was observed that the surface
temperature gradually declined with the increasing length
of the test section. The inserts played a vital role in
enhancing the surface temperature distribution and
uniformity coefficient. The Cone type, Cone-Cylinder type
and Cone-Cylinder-Cone type inserts are used to improve
the performance of the F-type test section. The inserts
used in the F-type test section were G-type, H-type and I-
type test sections. The results indicate that the G and H-
type test sections of the exhaust heat exchanger have a
high surface temperature and high temperature uniformity
with an allowable pressure drop. The G-type and H-type
test sections of the heat exchanger can be used for
thermoelectric generators to produce electric power. This
work aids in the design of thermo-electric generator
systems. In the future, different types of insert geometries
should be designed with an allowable pressure drop to
enhance the heat transfer coefficient of the heat exchanger
used in thermoelectric generators.
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