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ABSTRACT

In an automotive engine, around 40% of the heat produced by fuel combustion is wasted through exhaust gas. Conversion of part of this
heat into electricity by a thermoelectric generator has the potential to improve the vehicle fuel efficiency. Developing an automotive exhaust
thermoelectric generator (AETEG) for such conversion involves many challenges. The performance evaluation of the generator at the system
level is one among them. The present work describes the design and development of a test rig for the evaluation of various characteristics of an
AETEG. The test rig simulates the typical thermo-physical conditions of the engine of a light-duty vehicle using hot air. The temperature and
the mass flow rate of the hot air entering the AETEG can be varied independently. The instruments provided in the system can measure the
pressure drop, voltage-current and power-current characteristics of the AETEG under various inlet hot air conditions. An AETEG designed
and assembled containing 40 modules each of 5 W capacity is tested for its performance in this test rig. Under the highest inlet temperature
of 385○ C and mass flow rate of 255 kg/h tested, the AETEG showed less than 1 kPa pressure drop with maximum open circuit voltage
of 157 V and power of 27 W. The test rig could successfully map the temperature non-uniformity in the hot side heat exchanger and its
effect on power output from each module. The overall efficiency of AETEG is only 0.4% mainly due to poor efficiency of the hot side heat
exchanger.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093587

I. INTRODUCTION
The conversion of energy by any process usually results in a
certain amount of its wastage. In the case of chemical to mechanical energy conversion that occurs in an internal combustion engine
(ICE), the wastage is very significant. In a typical ICE, only 30% of
the thermal energy generated by the fuel combustion is converted
into mechanical work, and the remaining 70% is wasted. The recovery of a part of this thermal energy, mainly lost through exhaust gas
(nearly 40%)1 and its conversion into useful energy can improve the
overall engine efficiency. Significant efforts have been made, especially in the past two decades, to utilize the exhaust gas heat by using
various recovery methods.2 Among them, thermoelectric (TE) technology has gained prominence due to its distinctive advantage of
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direct conversion of thermal to electrical energy which can be stored
and used.
The design and development of a thermoelectric generator
(TEG) for automotive exhaust heat conversion (AETEG) and its
performance evaluation has to be carried out considering the realistic exhaust conditions of an ICE. The power output and overall efficiency of AETEG depends not only on the TE modules but
also on the allied ancillary systems such as hot side and cold side
heat exchangers which determines the temperature difference (∆T)
across the TE modules. The thermoelectric figure of merit (ZT)
(ZT = (S2 σT)/κ where S is the Seebeck coefficient, σ is the electrical
conductivity, κ is the thermal conductivity and T is the temperature
in absolute scale) of the p-type and n-type materials gives the conversion efficiency of the TE modules (ηTE ). The overall AETEG system
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efficiency (ηAETEG ) depends on the heat exchanger efficiency (ηHX ),
module efficiency (ηTE ), and the ratio of heat transferred from the
hot side to the module cold side (ε) given by the relation ηAETEG
= ηHX × ηTE × ε.
The performance evaluation of the AETEG is usually carried
out in a test rig either connected to the actual ICE exhaust3–8 or
by using hot air as the heat source.9–11 In test rigs using actual
engine exhaust, AETEGs are usually tested under certain specific
driving cycles12,13 or various predetermined engine operating conditions.4,6,14 Though the internal combustion engine based test rigs
have the advantages of evaluating the AETEG performance in realistic conditions, hot air based test rig, which is simple and costeffective, is adequate for parametric studies and initial design validation. For example, Lu et al. (2013)9 has successfully used hot
air based test rig to investigate the thermal uniformity and pressure drop of an AETEG heat exchanger. Favarel et al. (2016)10 used
a similar test rig for the experimental validation of the numerical
model of the TEG by relating the power generated with the location
and number of TE modules. Lu et al. (2017)11 also used a hot-air
based test rig to relate the hot-side heat exchanger internal structures with the TEG power output. However, it is important to note
that in most of these works, the hot air mass flow rate used in the tests
are far lesser than that of the typical exhaust output of a light-duty
vehicle.
The performance evaluation of the AETEG reported so far,
irrespective of the type of test rig used, predominantly focused on
measuring its power output and efficiency under different operating
conditions. The temperature difference (∆T= TH -TC ) across the TE
modules and its performance degradation due to dynamic exhaust
conditions are rarely reported. In actual AETEG, the individual TE
modules are subjected to different ∆T due to the factors such as (1)
fluctuation in exhaust gas temperature and flow rate (2) its location
in the hot side heat exchanger and (3) coolant flow arrangement in
the cooler plate relative to exhaust gas flow direction.15 Hence, the
power generated in each of the TE modules could be different. The
overall power output, i.e., the combination of voltage and current
for a particular load resistance, can reach maximum only under a
specific sequence of electrical connection involving a combination
of both parallel and series configurations.16 Hence it is essential to
characterize current-voltage (I-V) characteristics of either individual
TE modules or a group of TE modules.
In the present work, a hot air based test rig is designed and
developed with the exhaust output comparable to that of a light-duty
vehicle. The test rig can deliver a maximum hot air flow of 260 kg/h
at 400○ C. The mass flow rate and the temperature at the inlet and the
outlet of the TEG can be measured so that the waste heat conversion
efficiency can be calculated using the relation
ηTEG =

Poutput
ṁ × Cp × (TiH − ToH )

(1)

where ηTEG is the conversion efficiency, Poutput is the AETEG power
output, ṁ is the mass flow rate of the hot air, Cp is the specific
heat of the air, TiH and ToH are temperatures of the air entering
and exiting the heat exchanger respectively. Two pressure gauges
are attached near the inlet and the outlet of the heat exchanger to
measure the pressure drop across the heat exchanger. A temperature
mapping of the heat exchanger surface can be carried out using 16
thermocouples provided in the test rig. The power generated in each
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or set of TE modules can be measured with the help of variable load
resistors in a terminal panel. There is also a provision in the terminal panel to connect individual and group of TE modules in different
electrical configurations using which power mapping of the array of
the TE modules can be carried out.
An AETEG designed and developed using 40 modules each
of 5 W capacity was evaluated for its performance in this test rig.
The variation of the power output from individual modules concerning the temperature distribution on the hot side heat exchanger
surface was mapped. The pressure drop across the heat exchanger
and its efficiency was estimated. The overall efficiency of the
AETEG and the parameter that influences the efficiency most, are
discussed.
II. DESIGN AND FABRICATION OF TEG TEST RIG
In general, the performance evaluation of the AETEG is carried
out in a custom-built test rig. In this work, we discuss the design
of a test rig with detailed descriptions of the various subsystems
and associated instrumentation to study the critical characteristics of
AETEG. The test rig is designed considering the typical exhaust output conditions of a light-duty vehicle engine. The temperature in the
exhaust line after the catalytic converter in these vehicles is approximately 430○ C for gasoline engine and around 240○ C for diesel
engine under full load conditions.17 The heat source is designed in
such a way that the temperature and mass flow rate of the air can be
varied independently up to 550○ C and 260 kg/h respectively. Fig. 1
shows a schematic of the test rig. The main subsystems of the test rig
are:
A. Heat source
B. AETEG
C. Flow rate, pressure & temperature measurement
D. Data acquisition and integration unit
A. Heat source
The heat source in the test rig is a hot air generator which consists of independently controllable blower and a pair of heaters. The
blower (Leister AIRPACK) is a high-pressure side channel type with
a maximum air flow rate of 260 kg/h. The output from the blower is
connected to two 15 kW heaters (Leister LHS6IL) which can heat the
air to different set temperatures up to 550○ C. A variable frequency
inverter (Fuji Electric Frenic-Ace) is used to control the blower
speed to vary the mass flow rate. The flow rate can be varied from
108 kg/h to 260 kg/h by varying the input AC frequency to the motor
from 20 Hz to 50 Hz. The hot air from the two heaters are mixed and
channeled to the heat exchanger. A conical arrangement of length
250 mm is designed for this purpose which is connected to stainless steel (SS 316) pipe of 55 mm internal diameter and 1100 mm
length which is fastened to the heat exchanger inlet. The temperature drop in the hot air while flowing from the source (THS ) to the
mouth of the heat exchanger inlet (TiH ) is only 3-5 ○ C under steady
state conditions. Such a small difference is due to the 100 mm thick
thermal insulation provided over the SS pipes using glass wool which
prevents the heat loss effectively. The Reynolds number of the hot
air is in the range of 12000 – 22000, calculated based on the inlet
hot air velocity and hydraulic diameter of the rectangular channel,
indicating that the flow is turbulent.
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FIG. 1. Schematic of the TEG test rig.

B. AETEG
The AETEG experimental set-up consists of a heat exchanger
to extract heat from the flowing hot air, TE modules to convert heat
into electricity, and cooler plates to regulate the TE module cold side
temperature. Fig. 2 shows the actual image of the AETEG after the
assembly of various components and covered with thermal insulation. The TE modules are sandwiched between the top and bottom
surfaces of the heat exchanger and the cooler plates.
Fig. 3a shows the schematic of the heat exchanger used in
AETEG and TE modules arrangement over its surface. The heat
exchanger is of rectangular cross-section made of 2 mm thick
stainless steel (SS 316) plate with dimensions 250 mm × 200 mm
× 100 mm. The inner surface of the rectangular channel is attached
with pin fin arrays in an in-line manner by TIG welding to enhance
the heat transfer. The pin fin array on the top plate of the heat
exchanger is in an offset position concerning the array on the bottom

FIG. 2. Actual image of the assembled AETEG.
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plate (Fig. 3b). Circular cross-section pin fins are used here, as
they can be easily fabricated and also provide a better trade-off
between heat transfer and pressure drop compared to the other
cross-sections.18 The height to diameter (H/D) ratio of the pin fin is
maintained 2.6, and the stream-wise pitch to diameter ratio (SL /D)
and the span-wise pitch to diameter ratio (ST /D) of the pin fin array
is 2.3. The ends of the rectangular channel are welded with truncated rectangular pyramids each of length 100 mm so that it can be
connected to the hot air pipe by flanged joints. A 2 mm thick stainless steel plate with 30% perforation, was kept on the inlet region
of the rectangular channel to straighten the hot air flow. The flat
surface area of the heat exchanger (250 mm × 200 mm) can accommodate 20 modules (each TE module is of size 40mm × 40mm).
Thus a maximum of 40 modules can be arranged on the top and bottom and surfaces of the heat exchanger. Barring the area of contact
with the TE modules, the remaining surfaces of the heat exchanger
are thermally insulated using glass wool to avoid convective heat
loss.
The TE devices in the AETEG are Bi2 Te3 based commercial
modules (TEGpro TGMT-5W-5V-40S). Table I lists the essential
electrical characteristics of the TE module. The cold side of the TE
modules in the AETEG is maintained at required temperatures by
cooler plates (with dimensions of 250 mm × 200 mm × 40 mm)
made of stainless steel (SS 316). Two such cooler plates are placed,
one on the top and other on the bottom flat surface of the heat
exchanger, after positioning the TE modules on them. The internal
volume of the cooler plates has four equal sections (Fig. 3c). The
internal structure of each section is provided with three baffles to
the height of 40 mm designed in such a way that the coolant flows
in a serpentine pattern within the section. Two water heads are provided, each for all the inlets and outlets of the two cooler plates. The
coolant for the coolers is provided by a chiller unit which can supply cold water with a maximum flow rate of 25 l/min and a minimum
temperature of 16○ C. The entire heat exchanger -TE modules-cooler
plate arrangement is clamped together tightly using bolts and nuts
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FIG. 3. (a) Schematic of the heat exchanger, (b) Schematic
showing the pin fin arrangement and (c) Actual image of the
cooler plate.

arrangement. The clamping force is maintained uniform by applying
constant torque over all the bolts and nuts.
C. Flow rate, pressure and temperature
measurement
In AETEG, the conversion efficiency (ηTEG ) and the pressure
drop across the heat exchanger are some of the critical factors that
needs to be evaluated. The test rig has the necessary instrumentation to measure the flow rate, pressure, and temperature of the hot
air under dynamic operating conditions. The volumetric hot air flow
rate is measured using a vortex flowmeter (Digital YEWFLO, Yokogawa) which is calibrated to measure the hot air temperature up
to 400○ C. This flow measurement technique is based on the principle of vortex shedding around a solid object called the bluff body.
This type of flowmeters has advantages like simple construction with

TABLE I. Electrical specifications of the TE module.

Parameter

Value
○

Hot Side Temperature ( C)
Cold side Temperature (○ C)
Open Circuit Voltage (V)
Matched Load Resistance (Ω)
Matched Load Output Voltage (V)
Matched Load Output Current (A)
Matched Load Output Power (W)
AC Resistance (Ω) measured at 27○ C, 1000 Hz
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300
30
10.8
5.4
5.4
1.0
5.4
2.8 ∼ 3.9

no moving mechanical parts and hence, they are maintenancefree.19 The flowmeters on the test rig are installed in two positions, viz. 400 mm before the heat exchanger and 650 mm after the
heat exchanger. Two pressure transmitters are installed, 150 mm
upstream and 150 mm downstream of the heat exchanger respectively. The variation in pressure drop across the heat exchanger,
under dynamically varying input conditions, is measured using a
differential pressure transmitter (DPharp Yokogawa). The measurement of the pressure drop is essential for optimizing the design of the
internal finned structures of the heat exchanger. The hot air temperature at the inlet of the heat exchanger (TiH ) and the exit (ToH ) is
measured using resistance temperature detectors (RTD). The temperature at the surface of the heat exchanger at various locations is
measured using 1.5 mm thick, sheathed K-type thermocouples.
D. Data acquisition and integration unit
Data acquisition system (DAS) is used to collect and analyze
the various signals associated with the test rig. The DAS is based on
a programmable logic controller (PLC), which can scan the input at
high speed (10 millisecond sample rate). A program is written using
MICREX–SX programmer expert software. The PLC uses two dedicated input modules, one for measuring the temperature and other
for measuring the parameters like flow rate, pressure, current and
voltage signals. The temperature module is programmable, and it is
configured to accept signals from the K-type thermocouple. It has
in-built cold junction compensation feature to compensate the fluctuation/changes due to atmospheric temperature. The current input
module is programmable, which can accept the current signal of
4-20 mA DC from the transmitters/transducers. Both temperature
and current input modules can connect eight channels (inputs).
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FIG. 4. Actual image of the complete test rig.

The system can accept 16 current and voltage signals from
the TE modules. It is mainly divided into two parts viz. individual and group. In the individual section, we can connect up to
eight individual TE modules to monitor their performance. The current and voltage generated by each TE module are monitored and
converted into a standard 4-20 mA DC signal by using transducers. In the group section, four TE modules can be connected as a
group. The group section allows connecting all the four TE modules in series, parallel or series-parallel combination to determine
the effect of the combination in real time. The collective current
and voltage signals are monitored and converted into standard 420 mA DC by using signal transducers. Both individual and group
sections are provided with variable load resistors (ranging from 0
to 200 Ω) for TE module performance evaluation under various
loads.
The system process parameters like flow rate, pressure, inlet
and outlet temperatures are measured using transmitters, which
provides standard 4-20 mA DC signal suitable for DAS. It also provides 4-20 mA/0-10 V signal output suitable for the heater unit
set point. This facilitates the heater remote set point, which can be

ramped up/down and held at a point with respect to time, using
20 segment program in the PLC. The ramp rate and time can be
independently assigned. The DAS uses 10.2 inch touch screen monitor for the human-machine interface (HMI). It is programmed to
display real-time data of all measured variables associated with the
test rig. Each variable is plotted against time in a real-time trend plot.
The HMI also records the data every one minute, and up to 82,000
samples can be stored in the memory. These data can be downloaded
to any Windows compatible machine and can be retrieved later for
analysis.
Fig. 4 shows the image of the complete test rig attached with
AETEG for testing. The complete specifications of the various subsystems and measuring instruments in the test rig are given in
Table II.
III. EXPERIMENTS AND RESULTS
The AETEG prototype assembly with 40 TE modules was tested
for its heat exchanger performance and the I-V and P-I characteristics. The conversion efficiency of AETEG is also estimated.

TABLE II. Specifications of the instruments in the test rig.

Instrument
Blower
Heater
Variable Frequency Inverter
Flow meter
Pressure Transmitter
Pressure Transmitter
Temperature Sensor
Temperature Sensor

Type

Make/Model

Test Range

Accuracy

Side-channel
Resistive
Vector control
Vortex
Gauge
Differential
RTD
Thermocouple

Leister/LHS61
Leister/AIRPACK
Fuji Electric
Yokogawa/DY050
Yokogawa/EJA110E
Yokogawa/EJA110E
Tempsense
K-Type

0 – 260 kg/h
30 – 550○ C
20 – 50 Hz
0 – 12000 l/min
0 – 10 kPa
0 – 1 kPa
0 – 400○ C
0 – 500○ C

±5%
0.01Hz
±1% of reading
±0.055% of span
±0.055% of span
±2.3○ C at 400○ C
±0.75%
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FIG. 5. (a) Arrangement for surface temperature mapping: no thermal insulation
(left) and fully thermally insulated (right)
condition and (b) surface temperature
distribution for TiH = 225○ C (left) and TiH
=335○ C (right) under no thermal insulation.

A. Evaluation of the heat exchanger performance
In an AETEG, apart from the TE module conversion efficiency,
the overall power output is influenced by many factors such as (i)
efficiency of the hot side and cold side heat exchangers, (ii) temperature gradient along the streamwise direction of exhaust flow and (iii)
thermal contact resistance between the TE module surface and the
heat exchangers. The hot side heat exchanger efficiency and surface
temperature uniformity can be improved by attaching appropriate
finned structures and deflectors/grooves on its inner walls. However,
the design of these inner wall structures should be in such a way that
it improves the convective heat transfer coefficient without adversely
increasing the pressure drop.
The heat exchanger used in the present AETEG prototype was
evaluated for its temperature distribution on its surface where the
TE modules are placed, efficiency and pressure drop under different TiH and mass flow rates of the hot air. The temperature mapping
was carried out using 16 thermocouples positioned in such a way
that they cover the entire top flat surface of the heat exchanger.

The measurements have been carried out with two different conditions, one under full thermally insulated (using glass wool) condition and another without any thermal insulation. Fig. 5a shows
the typical experimental arrangement for mapping the temperature
distribution. Fig. 5b shows the temperature distribution obtained
for TiH of 225○ C and 335○ C under uninsulated condition. Table III
gives the average surface temperature (Ts,avg ) and temperature difference (∆Ts ) on the flat top surface of heat exchanger along the
streamwise direction of hot air flow and across the width of the
heat exchanger. It was observed that under complete thermal insulation, the Ts,avg of the heat exchanger is only 2-5% lower than the
TiH . However, in the absence of such insulation, the Ts,avg is 26-30%
lower than TiH, which is very significant. The temperature difference
along and across the stream-wise direction given in Table III indicates the degree of temperature non-uniformity in heat exchanger
surface. The extent of non-uniformity is relatively more in the
uninsulated condition compared to the insulated condition. The
insulation which minimizes the convective heat loss to the atmosphere enhances the lateral (across the stream-wise direction) heat

TABLE III. Average surface temperature (Ts,avg ) and temperature difference (∆Ts ) on the flat top surface of the heat exchanger along the streamwise direction of hot air flow
and across the width of the heat exchanger (HX).

Average surface temperature
(Ts,avg ) (○ C)
TiH (○ C)
225
275
335

Heat exchanger under
thermal insulation

Without thermal
insulation

With thermal
insulation

∆Ts along the hot
air flow direction

∆Ts across
the HX width

∆Ts along the hot
air flow direction

∆Ts across
the HX width

167
202
237

221
268
318

26
29
36

12
10
12

7
10
11

10
13
22
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Heat exchanger without
thermal insulation
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conduction on the surface of the heat exchanger resulting in more
thermal uniformity. However, irrespective of whether the surface
is covered with thermal insulation or not, the temperature nonuniformity of the heat exchanger in the stream-wise direction always
increases with TiH .
Fig. 6 shows the variation of the surface temperature of the heat
exchanger under thermally uninsulated condition along the streamwise direction of hot air flow for different TiH . Each temperature data
in the figure is the average of four temperatures measured in each
row, marked in the inset of Fig. 6. The temperature along the flow
direction reaches the maximum at about 75 mm from the inlet end
of the rectangular channel and then decreases towards the exit of the
heat exchanger. Under thermally insulated condition, also the similar trend is observed, but only at TiH of 335○ C. For the TiH of 225○ C
and 275○ C, the surface temperature decreases uniformly from the
inlet to the exit end of the rectangular channel.
The heat exchanger used in the AETEG prototype was evaluated for its efficiency. The efficiency (ηHX ) is calculated from the
equation20 given below as
ηHX =

(TiH − ToH )
(Qin − Qout )
= ṁ × Cp ×
Qin
TiH

(2)

where ṁ is the mass flow rate of hot air in kg/s, and Cp is the specific heat capacity in J/kg.K and TiH and ToH are temperatures of
the hot air at the entrance and exit of the heat exchanger respectively. Fig. 7 shows the variation of heat exchanger efficiency with
TiH for the bare heat exchanger and heat exchanger assembled with
TE modules (TEMs) and cooler plates. The efficiency (ηHX ) of the
heat exchanger increases with TiH and shows a value of 9.2% for the
bare heat exchanger at TiH of 385○ C. However, at the same TiH in
the case where the heat exchanger is assembled with TE modules
and cooler plates, the ηHX is increased to 12.7%. The higher ηHX in
the second case is due to lower ToH value, which can be attributed to

FIG. 6. Variation of the surface temperature of the heat exchanger for hot air inlet
temperature (TiH ) of 225○ C and 335○ C.
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FIG. 7. Variation of efficiency (ηHX ) for bare heat exchanger and heat exchanger
assembled with TE modules and cooler plates for various hot air inlet temperatures
(TiH ).

forced heat extraction from the heat exchanger by the cooler plates
through the TE modules.
It is a well-known fact that in the case of hot gas flowing
through a channel, the heat transfer between the two, mainly occurs
by a combination of convection and conduction. The rate of heat
transfer is predominantly determined by the heat exchanger’s internal surface area, its thermal conductivity, and the velocity of the gas
flowing through it. In the heat exchanger used in the present work,
the ratio of fin surface area (Afin ) to the overall internal surface area
(Atotal ) is around 0.34. Increasing this ratio by improving the fin density per unit area can enhance the heat transfer rate. However, this
may also increase the pressure drop in the heat exchanger. A balance between these two opposing factors needs careful optimization
of size, shape, and internal geometrical arrangement of the pins. The
pin fins with a droplet or elliptical cross-section, arranged in a staggered manner tend to improve the efficiency without increasing the
pressure drop.21
Fig. 8 shows the variation of pressure drop across the heat
exchanger with the mass flow rate for various hot air inlet temperatures (TiH ). The pressure drop increases with both the mass flow
rate and temperature of the hot air. At the highest mass flow rate of
255 kg/h and TiH of 385○ C tested, the heat exchanger had a maximum pressure drop of about 0.93 kPa. The pressure drop obtained
across the heat exchanger has a contribution from multiple sources.
In the heat exchanger, the rectangular channel is connected to the
hot air inlet and outlet by a pair of the truncated rectangular pyramidal structures. The expansion and contraction of the hot air in
this pyramidal structures and the frictional pressure loss in the rectangular channel are the major sources that can contribute to the total
pressure drop. The contribution of the rectangular channel frictional
pressure loss alone can be estimated from the empirical equation
given below.
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where Re is Reynold’s number, SL is the stream-wise pitch of the pin
fins.
Based on the calculation using the above equations it was
found that the ∆P due to the pin fin arrays was about 0.1 kPa at
TiH of 385○ C, corresponding to a hot air flow rate of 255 kg/h.
Such a low value indicates that the pressure drop across the heat
exchanger is predominantly due to the expansion and contraction
losses at the truncated rectangular pyramidal structures. The perforated plate attached at the inlet of the rectangular channel can also
contribute to the overall pressure drop. The maximum overall pressure drop obtained in the present heat exchanger is less than the
values reported for some of the AETEGs fabricated and tested in
similar operating conditions.8,9
B. I-V and P-I characteristics

FIG. 8. Variation of pressure drop across the heat exchanger with a mass flow rate
of hot inlet air for various hot air inlet temperatures (TiH ).

f=

∆P
2
( DLh ) × ρ × v2

(3)

where f is the friction factor, ∆P is the pressure drop due to the pin
fin arrays, L is the channel length, Dh is the hydraulic diameter of the
channel, ρ is the density of air and v is the flow velocity. The friction
factor is obtained from an existing correlation for circular pin fin
arrays22 and is given by
f = 0.6803 × Re0.088 × (SL /L)−0.472

(4)

The AETEG with 40 modules were evaluated for the I-V and
P-I characteristics in detail under different TiH and mass flow rates.
Fig. 9 shows the typical arrangement of the modules in AETEG with
20 modules each on both sides of the heat exchanger. The open circuit voltage (Voc ), load voltage (V) and current (I) for different load
resistances (RL ) of all the 40 modules were measured individually
for various TiH . The temperature and flow rate of the coolant was
kept at 16○ C and 25 l/min respectively. A thermal paste (Dow Corning TC-5625C) which has a thermal conductivity of 2.7 W/m.K was
used at the heat exchanger-TE modules and the TE modules-cooler
plate interfaces.
Fig. 10(a–b) shows the I-V and P-I characteristics of the TE
modules placed on the top (TXY series) and bottom (BXY series) surfaces of the heat exchanger for the TiH of 385○ C and mass flow rate
of 255 kg/h. For clarity, the characteristics of two modules each on
the top and bottom side of the heat exchanger generating the highest
and lowest Pmax alone is shown in Fig. 10. The I-V and P-I curves
of all the remaining modules lie in between these two curves. The
Voc and Pmax measured in the TE modules showed wide variation

FIG. 9. Arrangement of forty modules on heat exchanger
surface top side and bottom side.
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FIG. 10. I-V and P-I characteristics for TiH of 385○ C and mass flow rate of 255 kg/h for the highest and lowest power output modules: (a) on the top side of the heat exchanger
and (b) on the bottom side of the heat exchanger.

depending on their location on the heat exchanger surface.
Fig. 11(a–b) shows the variations of the Voc and Pmax of the TE
modules along the streamwise direction of hot air flow in the heat
exchanger. The TE modules placed at the inlet region of the heat
exchanger rectangular channel gave higher Voc and Pmax compared
to those placed at the exit region. Such behavior is expected since
the temperature distribution mapped on the heat exchanger surface
where the modules are placed also showed a similar trend. However, the very low Voc and Pmax observed in some of the TE modules
located at the exit end of the heat exchanger is not only due to low TH

AIP Advances 9, 065004 (2019); doi: 10.1063/1.5093587
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but also can be due to higher TC . It appears that the current design
of the segmented cooler plate with the serpentine flow pattern is not
effectual in uniformly extracting the heat from the cold side of the TE
modules.
Table IV shows the total Voc generated from all the 40 TE modules under different temperatures and mass flow rates of hot air.
The total Voc increases with both hot air temperatures and mass
flow rates keeping constant coolant temperature (16○ C) and flow
rate (25 l/min) to the cooler plates. At the maximum TiH of 385○ C
and mass flow rate of 255 kg/h investigated, the Voc and the Pmax

9, 065004-9
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FIG. 11. Maximum power output for individual TE modules along the streamwise direction of hot air flow (a) on the top side of the heat exchanger and (b) on the bottom side
of the heat exchanger.

obtained was 157 V and 27 W respectively. The conversion efficiency of AETEG estimated from the power output and the total
heat input to the heat exchanger using equation (1). The heat input
to AETEG is calculated from the difference in the heat content of
the hot air entering and exiting the heat exchanger. For the highest inlet hot air TiH of 385○ C, the mass flow rate is 255 kg/h tested,
the maximum conversion efficiency obtained was only 0.4%. This

AIP Advances 9, 065004 (2019); doi: 10.1063/1.5093587
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efficiency is very low compared to other reported values in actual and
simulated test conditions.5,8,11,23 The efficiency can be improved further by increasing the heat exchanger efficiency from current 12.7%
(at TiH = 385○ C) and also by better cooler plate design. The new,
improved design of heat exchanger and cooler plates optimized
using COMSOL Multiphysics simulation software is under investigation for its performance.

®
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TABLE IV. Total open circuit voltage (Voc ) of 40 TE modules at different TiH and mass
flow rates of the hot air.

Hot air inlet
temperature TiH (○ C)

Hot air mass flow
rate (kg/h)

Total open circuit
voltage (V)

198
260
215
255
196
255

85
99
132
138
147
157

225
225
335
335
385
385

IV. CONCLUSIONS
A test rig simulating the typical exhaust conditions of a lightduty vehicle engine has been designed and fabricated to evaluate
the performance characteristics of an AETEG. A blower and heater
assembly generating hot air is used as the heat source for testing. A
variable frequency inverter integrated with the blower control the
mass flow rate of the air. The test rig has instruments for measuring
hot air temperature, mass flow rate, and the pressure drop across
the heat exchanger. A data acquisition system collects the signals
associated with these instruments and analyzes and record them for
every one minute. The test rig also has basic electrical instrumentation required for evaluating the I-V and P-I characteristics of the
individual modules as well as a group of modules in the AETEG.
An AETEG designed and developed with 40 modules each of 5
W capacity is tested for its performance in this test rig. The AETEG
uses a pin fin heat exchanger made of SS316 with the dimensions
of 200 mm × 250 mm × 100 mm to capture the heat from the hot
air. The heat exchanger efficiency, surface temperature distribution
and the pressure drop developed were measured for various hot air
temperatures and flow rates. The I-V and P-I characteristics of the
individual TE modules as well as a group of TE modules corresponding to these inlet conditions was also measured. The pressure drop
across the heat exchanger is less than 1 kPa. The AETEG generates
a maximum Voc of 157 V and 27 W power at TiH of 385○ C and
255 kg/h of air flow rate, which is only 13.5% of its maximum capacity. The conversion efficiency is 0.4%. The low power output and the
conversion efficiency are mainly due to low heat exchanger efficiency
of 12.7%. The improvement in conversion efficiency and power output requires the optimization of the heat exchanger internal design
and the flow pattern in the cooler plates.
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NOMENCLATURE
Symbol

η
T
∆T
I
V
P
R
ṁ
Cp
H
D
S
f
∆P
Re
L
Dh
A
ρ
v

efficiency
temperature (○ C)
temperature difference
current (A)
voltage (V)
power (W)
resistance (Ω)
mass flow rate of hot air (kg/s)
specific heat of the air (J/kg.K)
height of the pin fin
diameter of the pin fin
distance between the adjacent pin fins
friction factor
pressure drop due to pin fin arrays (Pa)
Reynold’s number
channel length
hydraulic diameter of the channel
surface area
density of the air (kg/m3 )
flow velocity of air (m/s)

Subscript

HX
H
C
HS
iH
oH
L
T
s
oc
L

heat Exchanger
hot side of the TE module
cold side of the TE module
heat source
inlet of heat exchanger
exit of heat exchanger
streamwise
spanwise
surface
open circuit
load
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