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Thermoelectric devices (TEDs) convert heat directly into electrical energy,
making them well suited for waste heat recovery applications. An integrated
thermoelectric device iTED) is a restructured TED that allows more heat to
enter the p—n junctions, thus producing a greater power output P,. An iTED
has heat exchangers incorporated into the hot-side interconnectors with flow
channels directing the working fluid through the heat exchangers. The iTED
was constructed of p- and n-type bismuth-telluride semiconductors and copper
interconnectors and rectangular heat exchangers. The performance of the
iTED in terms of P,, produced voltage V and current I, heat input @, and
conversion efficiency u for various flow rates (2190 < Repy < 9920), inlet
temperatures (50 < T}, (°C) < 150) and load resistances (0 < Ry (Q) < 5000)
with a constant cold-side temperature (7. = 0°C) was conducted experimen-
tally. An increase in T;, had a greater effect on the performance than did an
increase in Repy,. A 3-fold increase in T}, resulted in a 3.2-, 3.1-, 9.7-, 3.5- and
2.8-fold increase in V, I, P,, @} and 5, respectively. For a constant T3, of 50°C,
a 3-fold increase in Repy, from 3300 to 9920 resulted in 1.6-, 1.6-, 2.6-, 1.5- and
1.9-fold increases in V, I, P,, @; and 1, respectively.

Key words: Thermoelectric, flow channel, integrated heat exchanger, waste
heat recovery

List of Symbols Greek Symbols

1

CrossMark

Variables « Seebeck coefficient, VK1
A Cross-sectional area, m? n  Thermoelectric conversion efficiency,
A, Flow cross-sectional area, m? dimensionless
A, Surface area, m? x Thermal conductivity, W m~1 K1
C, Specific heat of fluid, J kg1 K1 p Dynamic viscosity, N s m—2
D, Hydraulic diameter, m p Electrical resistivity, Ohm m or density of fluid,
I Electric current, A kg m3
P, Power output, W o Electrical conductivity, Ohm ! m~
Qs Heat transfer, W
R Electric resistance, Ohms Subscripts
Rep, Reynolds number, hydraulic diameter c Cold side
(psUDy, /1) exit Exit
T Temperature, °C FA  Flow area
\%4 Voltage, V h Hot side
v Volumetric flow rate, L min—! in Inlet
L Load
max Maximum
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INTRODUCTION

Since the industrial revolution, we have devel-
oped tremendous technological processes, which
have included electrical energy production. Electri-
cal energy production comes in the form of coal-, oil-
and gas- fired power plants, boiling and pressurized
water nuclear reactors, geothermal, hydro, and
photovoltaic (PV) power generation plants and wind
turbines, to name just some. It is quite evident that
power production through the usage of fossil fuels
has adverse effects in terms of pollution of the
environment and the release of greenhouse gases
(GHG). The emission of GHG, in the form of carbon
dioxide, and more harmful gases like methane,
cholorfluorocarbons (CFCs) and nitrous oxide™? can
lead to changes in the global climate. Although the
levels of GHG, in particular carbon dioxide, are not
the hi§hest they have been in the past 60 million
years,” an increase in GHG does lead to a change in
the climate, as evidenced by an increase in the
global temperature within the past century.

From the start of the twentieth century to 1960,
the global temperature increased 0.2°C, and from
1960 to 1980, another 0.2°C.* The global tempera-
ture has continued to increase at a rate of 0.15°C—
0.20°C per decade since the late 1970s.” Curbing the
emission of greenhouse gases could mitigate the
effects of global climate change,® therefore much
policy-making attention has been devoted to
renewable and sustainable energy (RSE) production
technologies.” Moreover, the decarbonization of
electricity generation is not enough to reduce the
emission of GHG,® and RSE technologies need to be
developed concurrently to diversify the energy pro-
duction portfolio.’

Although RSE production technologies like PV,
concentrated solar power, geothermal, fuel cells,
and biomass are promising alternatives to fossil
fuel-based power generation systems, they have an
inherently similar trait with the aforementioned
fossil fuel systems: waste heat. Recovering any
amount of waste heat and converting it into elec-
trical energy can increase the efficiency of any cycle,
device and process while mitigating potential envi-
ronmental impacts. For fossil fuel-based power
generation and transportation, the system can
achieve more power output per unit fuel, effectively
reducing GHG emissions.

Thermeoelectric devices (TEDs) are well suited
for waste heat recovery. These steady-state devices
directly convert thermal energy into electrical
energy via an applied temperature difference (See-
beck effect'?). Additionally, a restructured TED can
use a voltage potential to generate a temperature
difference (Peltier effect'!). TEDs are constructed of
n- and p-doped semiconductors that are connected
electrically in series and operated thermally in
parallel. Thermoelectric materials have a high
Seebeck coefficient o, high electrical conductivity o
and low thermal conductivity x.'>'® In the 1950s,

semiconductors with higher thermoelectric perfor-
mance were developed, which aided in the develop-
ment of devices with moderate performance.'*'®

The material’s performance is characterized by a
dimensionless figure of merit, ZT (62T /x), which is
expressed as the ratio of the electrical conductivity o
times the square of the Seebeck coefficient « over
the the thermal conductivity x times the absolute
temperature 7. The figure of merit depends on both
materials’ intrinsic properties and the hot- and cold-
side temperatures, T}, and 7., respectively.'® Effi-
ciency enhancement of TEDs is a multi-faceted
approach; material fabrication via methods of
cold-'"'®* and hot-isostatic pressing,'®?° nano-
structuring of existing materials via mechanical
alloying,?'?" spark ?lasma sintering,?®? and the
use of new elements'® are pursued to increase the
material efficiency. To increase device performance,
modeling, design and optimization of the TED
system®°* are pursued.

In terms of design and optimization of TED sys-
tems, cascading and segmenting of TE materials are
the best methods for efficiently recovering waste heat
from high-temperature sources. Cascading optimizes
temperature-dependent material properties along
the direction of the temperature gradient, allowing
each material to operate at a temperature difference
that maximizes either power output or efficiency.
Fujisaka et al.>® demonstrated that cascaded TEDs
can increase the power output by 1.24 times and
efficiency by nearly 50% as compared to conventional
designs. Segmenting involves placing the high- and
low-temperature materials in the waste heat up- and
downstream, respectively, allowing each material to
operate in the desirable temperature difference.'®
Caillat et al.> demonstrated a segmented TED can
achieve an efficiency of 15% over an operating tem-
perature range of 300 K to 973 K.

Waste heat recovery applications of segmented
and cascaded TEDs have already been applied to
automobiles. LaGrandeur®® and Crane et al.>” have
demonstrated that TEDs can recover exhaust gas
waste heat, potentially producing enough electrical
energy to aid and/or replace the secondary electro-
mechanical alternator systems. The replacement of
the alternator would reduce load on the engine,
increasing efficiency. Crane et al.** developed a
cylindrical TED comprised of segmented elements
that produced a maximum power output of 608 W.
They then implemented this TED concept into two
passenger cars, converting exhaust gas heat into
electrical power.?® Furthermore, Yao et al.®® dis-
cussed using TEDs in the same application using a
thermal resistance network model for automobile
waste heat recovery at both the radiator and the
post-catalytic converter, finding that more heat
energy was available within the exhaust gas.
Additionally, Chau et al.*’ discussed using TEDs for
both waste heat recovery and temperature control
modules for hybrid vehicles.
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It should be noted that TEDs are not only appli-
cable to automotive waste heat recovery; TEDs have
also been applied to hybrid photovoltaic sys-
tems.*’™3 It has been estimated that hybrid sys-
tems could achieve nearly 23% conversion
efficiency.**

The use of typical TED structures, whether con-
ventional, cascaded or segmented, in automotive or
RSE waste heat recovery has disadvantages, such
as the large thermal resistance associated with the
use of ceramics and the subsequent thermal contact
resistances associated with attaching the heat
source and sink to said ceramics. Liang et al.> have
shown the thermal contact resistance between the
TED module and heat source and sink affects
the power output of a multistage TED by reducing
the temperature difference AT the TE material
realizes. To address the current issue of a large
thermal resistance between the source and sink
when applying conventional TEDs to waste heat
recovery applications, the authors**-®! have pro-
posed an integrated thermoelectric device GTED).

An iTED is a reconfigured conventional TED
where the hot-side heat exchanger is directly
incorporated into the hot-side interconnector. The
hot-side heat exchanger is not electrically insulated
from the TE materials, allowing the device to oper-
ate electrically in series and thermally in parallel.
The working fluid is then directed through the hot-
side heat exchanger via flow channels, which pre-
vent the working fluid from entering the cavity
between the thermoelectric legs. This configuration
eliminates the need for an electrically insulating
and low thermal conductivity ceramic plate between
the hot-side heat exchanger and interconnector. For
a given set of operating conditions, the iTED has
increased performance in terms of power output as
compared to a conventional TED due to the
decreased thermal resistance between the heat
source and sink; this reduction increases the tem-
perature difference across the thermoelectric ele-
ments, thereby increasing the power output. This
study presents the experimental investigations on
the performance of a single-stage iTED comprised of
n- and p-type bismuth-telluride semiconductors
applied to low-grade waste heat recovery under
various inlet flow conditions. The influence of inlet
flow rate and temperature and load resistance on
the iTED’s performance in terms of thermoelectric
characteristics are investigated.

MATERIALS AND METHODS

An integrated thermoelectric device GTED) was
made with bulk n-type 75% BisTes-25% BisSes and
p-type 25% BigTes-75% SbeTes (1.75% excess Se)
bismuth-telluride semiconductors. The n- and
p-type bismuth-telluride square cuboids were
chemically bonded onto the top and bottom surfaces
of medium-phosphorus nickel-plated oxygen-free
high thermal conductivity (OFHC) copper heat
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Fig. 1. Schematics of (a) an integrated thermoelectric device and
(b) cross-sectional view of the flow channel configuration; a = 2 mm
and b=7.1 mm.
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exchangers using a silver-filled epoxy (p < 0.4 mQ-
cm, k=8 W m~! K1). The hot-side heat exchangers
had internal rectangular flow channels and were
also the hot-side interconnectors for the p—n junc-
tions. This arrangement allowed the n- and p-type
thermoelectric materials to be in direct contact, both
thermally and electrically, to the hot-side heat
exchanger, thereby eliminating the need for an
electrical insulator, like ceramics, as seen in con-
ventional TED designs. The iTED operates ther-
mally in parallel and electrically in series like a
conventional TED.

The p—n junctions not established via the internal
heat exchangers were established through medium-
phosphorus nickel-plated OFHC interconnectors,
which were in contact with, but electrically isolated
from, a cold reservoir of temperature T, and acted
as terminals when the device was connected to
external loads of resistance Ry,. Figure la depicts an
iTED module. The geometry of a leg (single p—n
junction) within an iTED module is as follows: the
p- and n-type thermoelectric materials had a cross-
sectional area of 25 mm? (5 mm by 5 mm) and a
thickness of 1 mm; the heat exchanger had a cross-
sectional area of 25 mm? (5 mm by 5 mm) and
height of 10 mm; the interconnector had a width of
5 mm, length of 15 mm and height of 1 mm.

Inlet flow was directed from the source to the first
heat exchanger, between the first and second heat
exchangers and then away from the module through
electrically insulated flow channels. The flow chan-
nels were constructed of Somos® NanoTool resin
and printed using stereolithography by Fineline™
(Raleigh, NC, USA). The inlet and exit channels had
sufficient length such that fully developed flow was
established before entering the first heat exchanger
and before exiting the iTED. The length of the
intermediate channel was 5 mm. The internal width
and height of the inlet, intermediate and exit
channel was 4.5 mm by 9 mm. The flow cross-sec-
tional area A, of the hot-side heat exchanger was

14.2 mm?2 and the surface area A was 90.7 mm?2.
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Fig. 2. Schematic of test set-up. Compressed air is passed through
a rotameter and coil heater before entering the iTED module. A
voltmeter is used to measure the voltage drop across the ammeter
and resistance simulator (potentiometer).

The ratio of A to A. of the hot-side heat exchanger
was ¢4 = 6.4. Figure 1b depicts the heat exchanger
geometry that was exposed to the flow.

EXPERIMENTAL

Figure 2 illustrates the schematic of the experi-
mental setup. The iTED was placed in a vacuum
chamber with a working vacuum of 27.5 inHg to
minimize convection from the external surfaces. Hot
air was passed through the iTED via the inlet channel
with flow rates (V) varying from 100 L min ' to 200 L
min ! and temperatures between 50°C and 150°C.
Compressed air was passed through a Dwyer VFB-
55-SSV rotameter and a coil-wrapped heater before
entering the iTED. The inlet and exit temperatures
(T;, and T,y;) of the air was measured with high-
temperature K-type thermocouples. All thermocou-
ple voltages were measured using a National
Instruments Data Acquisition system (NiDAQ) with
a built-in reference temperature and analyzed using
National Instruments VI-Logger software.

The heat @; added to the iTED is expressed by
Eq. 1. @, was calculated via the volumetric flow
rate of the fluid V, the temperature-dependent
density p and specific heat C,,, which were evaluated
at the average temperature of the fluid flow (i.e. the
average of the inlet and exit temperatures, T}, and
T.vi:) and the temperature difference between the
inlet and exit fluid flow, such that

Qh = vpCp(frm - Texit)~ (D

To simulate a cold-side reservoir, the top and bot-
tom surfaces of the iTED were placed in contact
with electrically insulated cold plates. A 50/50
mixture of water and ethylene glycol was passed
through the cold plates using a recirculating chiller.
The temperatures of the cold plates were kept con-
stant at T, = 0°C.

The iTED was connected electrically in series
to an Agilent U3606A ammeter and an IET Labs
RS-RTD resistance simulator which represented
load circuitry of resistance R;. The U3606A was
used to measure the produced current I. An Agilent
U34401A multimeter was used to measure the
voltage V produced by the iTED, which is the
summation of the Ohmic V,,,, and Seebeck V.

voltages. The uncertainties associated with the
voltage and current measurements are 0.025%. The
resistance simulator’s load resistance Ry was
adjusted between 0.01 ohms and 5000 ohms and the
power output of the iTED was calculated via the
second and third expressions of Eq. 2, which is
expressed as

0(2RL 2
(RL + Rin)?

Evaluating the second and third expressions of
Eq. 2 yields the same result within error of the
measurement system. The term o of the fourth
expression is the summation of the absolute values
of n- and p-type Seebeck coefficients, R;, is the
internal resistance of the iTED and AT is the tem-
perature difference across the p—n junctions. The
fourth expression of Eq. 2 is provided only to illus-
trate the effect of R;, and AT on P, and was not
evaluated to determine P,. The efficiency of the
iTED was calculated using the power output and
heat input, expressed as

P, =1V =I’R;, = )

_P
1 Qy

A FLIR® SC-325 thermal camera was used to image
the surface of the iTED and determine the temper-
ature difference AT across the thermoelectric ele-
ments. The iTED was painted matte black and the
camera was calibrated to thermocouple measure-
ments at 25°C and 150°C. The thermal images were
evaluated using FLIR® ExaminIR™ software. Each
test was conducted three times to determine the
average temperatures of the working fluid and the
thermoelectric characteristics V, I, P,, @, and 7, as
well as AT.

3

RESULTS AND DISCUSSION

The thermoelectric performance of an integrated
thermoelectric device with a rectangular flow
channel in terms of produced electric current I and
voltage V, calculated power output P, and thermal
conversion efficiency 1 under various flow conditions
(2190 < Repy, <9920,50 < T},(°C)<150) and load
resistances (0 < Ry (Q) <5000) has been experi-
mentally investigated. The effect of inlet tempera-
ture, flow rate, as expressed by the Reynolds
number, and load resistance are presented.

Effect of Inlet Temperature

Figure 3 illustrates the electrical characteristics
for an integrated thermoelectric device under vari-
ous fluid inlet temperatures and Reynolds numbers
(50 < T3, (°C)< 150,2190 < Repy, < 3300). The pro-
duced voltage V is the summation of the V,;,, and
V,. voltages. V obeys Ohm’s law such that it is equal
to the produced current I time the resistance R,
which is the summation of the load R;, and internal
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Fig. 3. Voltage V, current | and power output P, of an iTED with
various inlet temperatures T;, and Reynolds numbers Rep, with a
cold-side temperature of 0°C.

R;, resistance. The increase in voltage scales line-
arly with an increase in fluid inlet temperature Tj,.
For instance, as T}, increases from 50°C to 75°C and
125°C to 150°C (1.5- and 1.2-fold increase), the
maximum voltage increases from 12.52 mV to 18.66
mV and 33.00 mV to 39.72 mV (1.5- and 1.2-fold
increase). Likewise, the I produced follows the same
linear trend with an increase in Tj,, such that as a
3-fold increase in T}, resulted in an increase in the
maximum [ value by 3.1-fold, as evidenced by Fig. 3
and Fig. 4. The P, increases non-linearly with an
increase in T},; as Tj, is increased 1.5-, 2-, 2.5- and
3-fold for the 3300 to 2190 Rep; cases (Fig. 3), the
maximum power output increased 2.2-, 4.3-, 6.7-
and 9.7-fold, respectively.

Figure 5 illustrates the effects of 7j, on the
maximum power output P,max and maximum pro-
duced voltage Viyax. Increasing Tj, drastically
increases P, max and V¢ values. For roughly the
same Repy, values (3300 and 2190), a 3-fold increase
in T}, (50°C to 150°C) results in a 9.7- and 3.2-fold
increase in P,max and Vp,e values, respectively.
P, max is proportional to AT? as seen by the fourth
expression of Eq. 2. By increasing T}, from 50°C to
150°C, the temperature difference across the ther-
moelectric legs AT, as measured by the thermal
camera, increased from 19.0°C to 58.4°C, as illus-
trated in Fig. 6. The 3-fold increase in T}, resulted
in a 3.1-fold increase in AT across the TE material,
which corresponds very closely to the 9.7-fold in-
crease in P, n.x and is within error of the mea-
surement system.

Figure 7 illustrates that increasing Tj, increases
@ and 5. The heat input @, increases more than 5
with the same increase in T}, such that a 1.5-, 2-, 2.5
and 3-fold increase in Tj, results in a 1.8-, 2.2-, 2.7-
and 3.5-fold increase in @, and a 1.2-, 1.9-, 2.4- and
2.8-fold increase in 5. As T}, increases from 50°C to
150°C, the density of the working fluid decreases
from 1.097 kg m3 to 0.835 kg m?® and the dynamic

Barry, Agbim, and Chyu

4.0 1 /v 20
v 183 —"
— ] 16 /-/
< 35 ] 14 ‘/
S 1 123
% ] / 1.0 S T
_E 3.0 4000 6000 8000 10000
= ] —v—125
o b o~y —a— 100
= - T
=1 257 (0 —e—75 .
O ] —a— V
E 20 .
E —
b~ j
] /l
S 151 /-
1 [
1.0 T T T — T
2000 3000 4000 5000 6000 7000

Flow Rate (Re,)

Fig. 4. Effect of increasing flow rate Rep, and inlet temperature T},
on the maximum produced current Inax at R =0 Q. Inset shows Imax
versus Repy, for T;,=50°C series with high Repy.

12 22

S 457 Ew [45
;1 ] 8 /=/:/.—we F ;
% 404 6 g Ev |
é 5 47./ E 14 __40 €
o’ 354 230 k12 [ %
~— - 4000 6000 8000 10000 F
= ] F35 >
3 30 x P2 2
=] i — Pomax [ g
O 254 T Ve XS
o ] _e [ o

1 .- [ >
5 27 L7 F25 ¢
o ] = P . r >
E 15—_ - ‘,—’. [ E
S ] -7 F20
£ ] "/‘ - F ®
g : B e S
S 51 /. b

T S L L A L L A

2000 3000 4000 5000 6000 7000

Flow Rate (Re_,)
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dictions. Inset shows P,max and Vmax versus Rep, for T;,=50°C
series with high Repy.

viscosity increases from 1.760-107° to 4.623-107°
kg m~1-s7!, resulting in a decreasing Reynolds
number for the same flow area (i.e. from 3300 to
2190). With a decreasing Reynolds number comes a
decrease in the convective heat transfer coefficient
h, which would decrease @ for a given Tj,. Al-
though Rep,;, decreases 33.6% with a 3-fold increase
in T;,, these Rep; values lie within the transition
region between laminar and turbulent flow and the
effect of decreasing Rep;, on kA and subsequent @
values are unclear and non-linear. Despite the po-
tential decrease in A with an increase in T;,, AT
increases linearly which results in a non-linear in-
crease in P,. Furthermore, @) increases with T},
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and more substantially than the increase in P,,
resulting in a non-linear increase in .

Effect of Reynolds Number Rep;,

The effect of flow rate on the maximum produced
current I« (evaluated at R;,=0 Q) is illustrated in
Fig. 4 with the high Rep; cases depicted in the inset.
For an inlet temperature of 50°C, a 1.5-, 2-, 2.5- and
3-fold increase in Rep;, results in a 1.3-, 1.4-, 1.5-
and 1.6-fold increase in I,x. Figure 5 illustrates the
effects of Reps, on the Vi and P, max for various
inlet temperatures. It is evident that an increase in
Rep;, marginally increases the maximum power
output. With T}, invariant at 50°C, a 2- and 3-fold
increase in the Repy values from 3300 to 6610 and
9920 results in a 2.0- and 2.6-fold increase in P, max,
a 1.4- and 1.6-fold increase in V., and a 1.4- and
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(b) produced current / and voltage V for various inlet temperatures
Tin and flow rates Repp.

1.6-fold increase in I,.c. This trend is seen in all
cases with different inlet temperatures.

Figure 7 shows how an increase in Repy, causes an
increase in @ and 7. As the flow departs the tran-
sition region and becomes turbulent, i.e. an increase
in Rep;, the convective heat transfer coefficient A
increases. A rise in A increases @, and thus pro-
duces a larger AT across the TE elements and sub-
sequently a larger P,. For instance, given T;,=50°C,
a 2- and 3-fold increase in Rep;, from 3300 to 6610
and 9920 resulted in a 1.3- and 1.5-fold increase @,
and a 2.0- and 2.6-fold increase in P, mayx, yielding a
1.5 and 1.9-fold increase in 7.

However, increasing Rep;, does not have as sub-
stantial an effect on the AT imposed upon the TE
elements as does increasing Tj,. As Rep;, increased
from 3300 to 9920 (3-fold) at a constant inlet tem-
perature of 50°C, AT across the TE elements
increased marginally from 19.0°C to 28.9°C, yield-
ing a 1.5-fold increase; in comparison, AT increased
from 19.0°C to 58.4°C (3.1-fold) as Tj, increased
3-fold from 50°C to 150°C.
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Effect of Load Resistance

For an iTED with inlet fluid temperatures of 50°C
to 150°C and corresponding Rep; varying from 3300
to 2190, Fig. 8a illustrates the effect of Ry, on the P,
and Fig. 8b of Ry, on I and V. From Fig. 8a, P, max is
produced when the Ry is equal to the R;,. The
measured internal device resistance was 0.46 Q at
ambient, non-operating conditions, however, the
system resistance including cables and connections
resulted in a total system resistance of approxi-
mately 10 Q during operating conditions. As T},
increases, there is a slight increase in R;, of the
device as seen by a shift in the maxima of the curves
in Fig. 8a, thus the optimum load resistance
increases.

It is evident from Fig. 8b that the produced I
decays while the produced V increases as Ry,
increases. As the total resistance increases (sum-
mation of R;, and R;), V must increase and
I must decrease as dictated by Ohm’s law. The P, as
evaluated by the second expression of Eq. 2 reaches
the maximum P, n,x when the load resistance is
equal to the internal resistance, and is found where
the curves depicting current and voltage intersect.
These two methods, that of the maxima as illus-
trated in Fig. 8a (I2Ry) and of the intersection of the
I and V curves as in Fig. 8b (IV), yield concurrent
optimum Rj, and P, nax values. Irrespective of Repy,
and T;,, the P, and produced I and V trends follow
the same behavior with a change in Ry.

CONCLUSIONS

An integrated thermoelectric device (iTED) is a
restructured TED in which the hot-side heat
exchanger is integrated into the hot-side intercon-
nector. The working fluid is then directed through
the integrated heat exchanger via flow channels.
This configuration reduces the thermal resistance
between the waste heat source and sink, allowing
for greater heat input and power output. The effects
of inlet fluid temperature (50 < Ty,(°C) < 150) and
flow rate (2190 < Rep;, < 9920) and load resistance
(0 < RL(Q) <5000) on the performance of an iTED
in terms of produced current I and voltage V, power
output P,, heat input @, and conversion efficiency 5
have been studied.

It was found that T), had a more substantial
effect on the performance of an iTED than did Repy,.
The P, increases non-linearly with T, whereas I, V,
@5, and 7 increase near-linearly in T;,. A 3-fold
increase in T}, resulted in a 3.1-fold increase in AT
across the TE material, which resulted in a 9.7-fold
increase in P, max. For the same increase in T}, the
values of Iax, Viax, @, and 5 increased 3.1-, 3.2-,
3.5- and 2.8-fold, which is attributed to the linear
increase of AT across the TE material with T3,.

Increasing Rep; while Tj, was fixed, the V, I,
P, max, @ and 1 values did not increase as drastically
compared to an increase in T;,. For a constant
T;,=50°C, a 3-fold increase in Rep, resulted in a 1.6-,
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1.6-, 2.6-, 1.5- and 1.9-fold increase in Viax, Imax,
P, max @ and 5, respectively. Increasing Rep, in-
creased the convective heat transfer coefficient A,
which increases the amount of heat delivered to the
heat exchangers. However, the non-linear increase
in 2 and subsequent @; did not increase the AT
across the thermoelectric elements as drastically as
an increase in Tj,, thus the performance did not in-
crease as greatly as compared to an increase in Tj,.
For instance, with a constant 7},=50°C, a 3-fold
increase in Repy, resulted in a 1.5-fold increase in AT'.

Increasing the load resistance Ry increases the
produced V and decreases the produced I. Addi-
tionally, increasing R;, up to the value of the inter-
nal resistance R,;, increases P, to the maximum
P, max; an increment in Rp beyond R;, then
decreases P,.
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