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ABSTRACT

The global energy and environmental issues are promoting the development of
innovative energy solutions. Thermoelectric Generators (TEGs) are regarded as a
promising alternative to conventional energy technologies. TEG is a device that
converts thermal energy directly into electric power by exploiting Seebeck effect. In
the present study, dynamic performance characteristics of a TEG are experimentally
studied under different operating conditions. The effect of input heat rate and the
influence of utilizing extended surfaces (fins) on both transient and steady state
performance of a TEG are experimentally investigated. The variation in the
temperature of the TEG hot and cold sides in addition to the output voltage is taken
as a denotation of the performance characteristics. Input heat rate of 15.0 W, 17.5 W,
20.0 W, 22.0W and 25.0 W are applied to the TEG hot side. Free air convection (FC)
is the utilized for heat dissipation from the TEG module through the cold side. From
the experimentation, it can be deduced that increasing the input heat rate provides
higher temperature difference across the module sides leading to higher power
output. Additionally, using fins to aid heat dissipations enhanced the TEG
performance by lowering the temperature of cold side and increasing the temperature
difference across the module. The experimental data obtained are compared with the
data available by the TEG module manufacturer and excellent agreement is
obtained.
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NOMENCLATURE

BioTes | Bismuth Telluride Greek symbols

FC Free convection A Difference

k Thermal Conductivity, (W/m n Efficiency, (%)
K)

n Negative Q Ohm

p Positive o Electric conductivity, (S)

P Power Subscript

Q Heat rate (W) c Conversion

R Electric resistance,(W) H Electric heater

S Seebeck coefficient, (V/K) in Input

T Absolute temperature, (K) L Load

TEG Thermoelectric generator o) Output

Vv Voltage, (V)

T Figure of merit

INTRODUCTION

The acceleratory asymmetry between demand and provision supply of energy and
continual energy abjection motivates the researchers to inquire environmental
affable, clean energy resources. Thermoelectric devices are among the most
promoting and cost-efficient energy resources. TEG provides versatile advantages
over conventional power generators. TEG offers various advantages over traditional
power generators. TEGs are robust solid-state energy converters that have no
mechanical moving parts and hence are silent, lightweight, reliable, durable,
compact, maintenance-free, long operating periods, uncomplicated scalability and
environmentally friendly. The use of TEGs has increased rapidly in recent years with
applications ranging from microwatts to kilowatts. One of the most important
applications is the recovery of waste heat from industrial processes [1], as well as the
recovery of automotive waste heat [2]. In addition, TEGs can be used to produce
electricity by direct conversion of renewable energy such as solar energy [3].
Moreover, due to their robustness, thermoelectric generators are suitable for
specialized applications such as aerospace, medical, military and
telecommunications [4]. A typical TEG module consists of a number of
semiconductor pairs. Each pair includes a “p-type” (hole carriers) and an “n-type”
(electron carriers) thermo elements (i.e., pellet) connected through metallic electrical
contact pads, this pair is known as a thermoelectric couple (or thermocouple) which
is shown in Fig. 1 [5].

In the module, thermocouples are connected electrically in series with metal
connecting strips and thermal in parallel, sandwiched between two electrically
insulating and thermally conducting ceramic plates. A cut-away view of a typical TEG
module is shown in Fig. 2.

The efficiency of thermoelectric materials greatly depends on the figure of merit, ZT =
2

STGT, where “S” is the Seebeck coefficient, “0” is the electric conductivity, “k” is the
thermal conductivity, and “T” is the absolute temperature at which the properties are
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measured. [6]. Thermoelectric materials with high ZT values have been developed
continuously [7-8]. In addition to exploring thermoelectric materials properties,
optimizing the geometrical shape and design of thermoelectric module have been
considered continuously [9-10].

Considerable research studies were also experimentally carried out to examine
thermoelectric power generation and device efficiency. Sarhadi et al. [11] presented
the influence of using different interface materials on power-producing capabilities of
a TEG as a function of flow rate. Three different thermal interface materials were
assessed. The optimal thermal interface material was shown to be graphite paper.
The influence of metal foams on the performance of thermoelectric waste heat
recovery system was experimentally investigated by Wang et al. [12]. The results
showed that filling metal foams in the flow channels could efficiently enhance the
performance of the TEG. A comparison between the thermal performances of
thermoelectric generators with the cold sides cooled by either bare plate, 60 mm fin,
80 mm fin and 100 mm fin is presented by Date et al. [13]. It was concluded that the
increasing the fin length from 60 mm to 100 mm did not have as much effect on the
cooling capacity and similarly did not had as much effect on power generation
capacity from the thermoelectric generators. Montecucco et al. [14] analyzed the
impact of thermal imbalance on the power produced from arrays of thermoelectric
generators connected in series and parallel. The presented results suggested that
series electrical connection enabled more of the available power to be captured.
Thermoelectric power enhancement of a liquid-to-liquid TEG was investigated by
Lesage et al. [15]. Three different geometric forms of flow turbulating inserts were
fitted into the channels of the thermoelectric generator. Spiral inserts were shown to
offer a minimal improvement in thermoelectric power production whereas inserts with
protruding panels are shown to be the most effective. Rezania et al. [16] studied the
power generated versus the coolant pumping power in the TEG. The results showed
that there is a unique coolant flow rate at any temperature difference that makes
maximum net-power in the system.

Concluding from the literature, there is a significant push to increase the output
power of TEGs by enhancing their performance in order to make them more
competitive energy technology. In the present study, the influence of different
operating conditions on transient and steady state performance characteristics of a
TEG are experimentally investigated. Operating aspects of the TEG system such as
hot side temperature, cold side temperature, closed circuit voltage and power output
are studied. The effect of input heat rates through the TEG hot side in addition to
utilizing fins to aid heat dissipation from the module cold side on the TEG
performance is experimentally demonstrated.

EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup is designed and constructed to study the performance
characteristics of the TEG for both transient and steady states are shown in Fig. 4. A
thermoelectric Bismuth Telluride (BizTes) device designed for electric power
generation, with a physical size of 62 mm x 62mm x 4.0 mm, containing 127 p-n
couples connected in series has been used in this study. To provide the necessary
thermal input to the device, the hot side was attached to a copper plate, heated with
a nominal power of 277 W. The rate of heat input is adjusted using an electrical



Proceedings of the 18" Int. AMME Conference, 3-5 April, 2018 MP | 147

autotransformer (VARIAC) connected to a voltage stabilizer to ensure constant input
heat rate to the TEG. An assembly is created to house the TEG for the testing
purposes. The assembly consists of two copper plates; one is placed between the
heater and the hot side of the module, while the other plate is placed between the
heat sink and the cold side. These copper plates are chosen for construction due to
its high thermal conductivity, so heat is well distributed and thus temperature
measurements of both sides more convenient. The copper plates are insulated by
Phenolic Laminated sheets (for electric and thermal insulation), where groves are
made in these sheets to occupy the copper plates. The lateral area of the test section
is heavily insulated with a thick layer of glass wool (excluded from Fig. 3) to prevent
the heat loss from the test section to the surrounding. To ensure a proper thermal
contact and minimum contact resistance, optimum-clamping force (i.e. as provided
by module manufacturer) is applied on the TEG using screws and nuts. Additionally,
a layer of thermal interface material is applied between the copper plates and both
sides of the TEG. Both hot and cold sides temperatures are measured using ten
Chromel (Nickel-Chromium Alloy) / Alumel (Nickel-Aluminum Alloy) thermocouples
(type K) with 0.2 mm wire diameter, where five thermocouples are used for each
side. The two terminals of the TEG are connected with a non-inductive power resistor
(0.47Q) to form an electric circuit from which the output voltage and power output
could be accurately measured. The temperature of module sides in addition to the
output voltage is recorded using a data acquisition system model NI PCI-6013,
manufactured by National Instruments Co. Also, all the thermocouples are connected
to temperature recorder through a multi-switch arrangement. The uncertainty in
temperature measurements was + 1.5°C. The utilized fins consist of 15 fins with 2
mm thickness and 16 mm height. The gap between the fins is 2 mm. Also, a layer of
thermal interface material is placed between the fins and the upper surface of the
cold side copper plate to ensure good contact between them. The fin is clamped over
the copper plate through the usage of a pin — screw fixture threaded through two
holes machined in the upper Phenolic Laminated sheet. The surrounding
temperature is maintained at 30°C during all experiments.

DATA REDUCTION

The experimental data obtained from the hot side temperature, cold side
temperature, and output voltage is used to calculate the power output and conversion
efficiency. At steady state condition, the produced heat generated by the electrical
heating is given by the equation:

Qun = (%) (1)

Ry

where “Qin” is the heat generation rate supplied by electric heaters (W), “Vy” is the
applied voltage across the electric heater terminals (Volt) and Ry is the heater
resistance (Q).

The power output from the TEG can be derived from the following equation:

Po = (%) @)

RL
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where “Po” is the power output (mW), “V,” is the output voltage (mV) and “R.” is the
load resistor (Q).

By measuring the power output of the TEG through a load, the conversion efficiency
can be calculated as follow:

Po

nC = Qin x 103 (3)

where “n¢” is the conversion efficiency (%).

RESULT AND DISCUSSION

In experimental results, the effect of different operating conditions on both transient
and steady state performance of the TEG module is presented. A comparison
between the present experimental data of the variation in the power output with hot
side temperature and those reported by the manufacturer [17] in case of FC assisted
by fins as a heat dissipation technique is illustrated in Fig. 4. An excellent agreement
can be observed between both results, concluding that the power output increases
almost linearly with increasing the hot side temperature.

The coincident between the obtained experimental data and those from the
manufacturer indicates the validity of the experimentation procedures applied and the
accuracy of measurement. The slight discrepancies (i.e. within 2.5%) both results
can be attributed to the difference between the used measurement techniques in the
present study and that of used by the manufacturer.

The effect of input heat rate on the variation of both sides temperature with time in
case of FC is illustrated in Fig. 5. Figures 5a and 5b show the variation of the
temperatures with time for the hot side and cold sides without and with fins for
various values of input heat rate, respectively.

From these preceding figures, it can be concluded that for all the operating conditions
in the experimental studies, the temperature of both sides increases with increasing
the input heat rate, whereas the system heats up relatively quickly in the beginning
and then slowly converts to steady state operation. Additionally, by comparing the
temperatures of both sides for all operating conditions studied, it can be deduced that
the temperature of the cold side is always lower than that of the hot side. This is
related to the cooling effect provided by heat dissipation. In addition, it can be
noticed that the temperature of both sides follows the same trend of transitory
increase with operating time and until steady state is achieved. This occurrence is
caused by the direct effect of heat conduction through the module from the hot side
to the cold side. So the thermal conductivity of an excellent thermoelectric material
should be relatively low so that a temperature difference can be established and
maintained across the module. It is worthy to note that in addition to the effect of
heat conduction (i.e., Fourier’s heat), the temperature of both sides is also affected
by Peltier effect, Joule heating and Thomson effect, which occur when a current
flows through the module due to the connection of a load to the TEG output
terminals.
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The effect of input heat rate on the variation in the output voltage with time, in case of
FC, is shown in Fig. 6. Figures 6a and 6b demonstrate the variation of output voltage
with time, in case of FC without and with the aid of fins, respectively for various
values of input heat rate.

According to Seebeck effect, TEG produces a voltage when a temperature gradient
is established at its sides. Increased inward heat rate at the TEG hot side allows for a
much higher temperature gradient across the module and hence increased output
voltage generation. This, in turn, improves the power output, which can be noticed
from the figures mentioned above. At the start of TEG operation, the temperature
difference between the two sides is zero that accordingly will lead to zero output
voltage to be generated from the TEG (i.e., zero power output). With the transient
time increasing, the temperature difference across the module increases with step
trend due to quasi-steady thermal response and until the steady state operation is
achieved. Additionally, it can be observed from Figs. 4 and 5 that the output voltage
and the temperature difference between both sides are almost synchronously
achieved stability. Steady state performance is used to summarize and clarify the
obtained results.

The effect of input heat rate on the temperature of TEG for both the hot side and cold
side is illustrated in Fig. 7. Figures 7a and 7b show the variation in the temperature of
both sides with input heat rates, in case of FC without and with the aid of fins,
respectively. Generally, it can be deduced from the figures that the temperature of
both sides varies almost linearly with input heat rate. Where the temperature of the
hot side and the cold side is directly proportional to the value of input heat rate and
the temperature of the cold side is intuitively lower than the temperature of the cold
side due to the effect of heat dissipation causing the temperature difference between
both sides.

The effect of input heat rate on the output voltage and the corresponding power
output of TEG is shown in Fig. 8. Figures 8a and 8b show the variation in the output
voltage and the corresponding power output in case of FC without and with the aid of
fins for various input heat rates, respectively. It can be illustrated that the output
voltage and consequently the power output is directly proportional to the value of
input heat. Increasing the input heat rate will stimulate the temperature difference
across the TEG, by increasing the temperature of the hot side that in turn causes a
higher output voltage and subsequently enhanced power output. Additionally, it can
be noticed that both output voltage and power output follow the same trend for all
studied cases. This intuitively returns to the dependency of power output on the
output voltage.

The effect of utilizing fins to aid heat dissipation from the module on the temperature
of the TEG hot and cold sides is shown in Fig. 9. It can be noticed that using fins with
the TEG lowers the temperature of both TEG sides by enhancing the rate of heat
transfer from the module cold side promoted by increasing the convective heat
transfer area subjected to surrounding heat sink. This leads to a higher temperature
difference across the TEG with an average increase of 4.8% up t0 5.7%.

The effect of input heat rate on the output voltage and power output is shown in Fig.
10. Figures 10a and 10b show the variation in the output voltage and the
corresponding power output for various input heat rates, respectively.
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Since utilizing fins to aid heat transfer from the TEG causes higher temperature
difference across the TEG sides it will subsequently improve the output voltage, and
in turn, the power output is enhanced with an average increase of 14.9 to 17.3%.

The effect of using fins on the conversion efficiency is shown in Fig 11. It can be
concluded that the increasing input heat rate will motivate the TEG to generate more
output voltage that consequently will increase the power output and promotes, in
turn, the acquisition of higher conversion efficiency. Since the conversion efficiency is
defined as the ratio between the power outputs from the TEG to the rate of heat
input, it can be expected that the enhancing effect caused by the utilization of fins on
power output for the same input heat rate will consequently improve the conversion
efficiency causing an average increase of 14.3% up to 18.4%.

CONCLUSION

In the present study, an experiential investigation on the transient and steady state
performance characteristics of a TEG is carried out. The effect of varying the input
heat rate to the TEG hot side in addition to the effect of utilizing fins to aid the heat
dissipation by free air convection from the TEG cold side on the performance is
enquired. Based on the obtained results of the present study, it can be deduced that
increasing the input heat rate causes an increase in both the hot and the cold sides
temperatures as well as increasing the temperature difference. Hence, according to
the Seebeck effect, the output voltage increases, leading to an increase in the power
output and accordingly increases the conversion efficiency. In addition, it was
observed that utilizing fins to aid heat rejection from the TEG causes an average
increase of 14.9% up to 17.3% in power output. This is attributed to the reduction in
the temperature of cold side, which leads to a higher temperature difference between
the module sides, improves the generated output voltage, consequently increases
the power output and enhances the conversion efficiency. An average increase of
14.9% up to 17.3% in conversion efficiency is achieved by utilizing fins to aid heat
rejection from the TEG. A maximum conversion efficiency achieved was 5.8% in
case of 25.0 W input heat rate and utilizing the fins to aid heat dissipation from the
module.
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Fig. 4. Comparison between the present experimental results and that after reference
[17], for the variation in the power output with hot side temperature.
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