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EXPERIMENTALLY VALIDATED STUDIES OF THERMOELECTRIC
GENERATORS INSTALLED ON A COMPRESSOR TEST BENCH
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This paper presents preliminary experimental work on a twin-screw compressor, aiming to validate numerical studies and
demonstrate the potential of thermoelectric energy harvesting. Considering two thermoelectric modules, the experimental
validations are conducted in an industrially relevant environment on a test bench for industrial air and gas compressors. The
digital twin was simulated using finite element analysis, provided with a heat sink, and a fully coupled heat transfer and electric
field was solved to assess the thermoelectric effect. This allows for complete modeling of the Peltier-Seebeck-Thomson effects. The
compressor vibrations are also introduced for structural analysis to ascertain that the bismuth telluride thermoelectric modules
are safe to use under sinusoidal mechanical vibrations. The thermoelectric generators are screwed onto the hottest part of the
compressor skid, specifically the multiplier gearbox cover, which is splashed with hot lubrication oil from within. After the thermal
stabilization of the compressor, we obtained a constant series voltage of around 0.4 VDC from the two thermoelectric generators,

and the series current was measured to a value of 115 mA.

1. INTRODUCTION

Any industrial process and machine that produces
mechanical work [ 1-5] inherently produces waste heat as a by-
product, often dissipating into the atmosphere. The waste heat
can also limit a machine’s efficiency and cause thermal aging.

Thermoelectric generators (TEGs), a non-conventional
micro-energy harvesting source, have been researched more
thoroughly over the last two decades, along with the rapidly
expanding technologies for energy harvesting [6—10] and
renewable energy [11-16]. Solid-state TEGs are reliable
solutions to exploiting and harnessing waste heat [17]. They
can harvest energy by converting heat into electric energy,
driven by temperature differences (or gradients), and their
principle of operation relies on the Seebeck effect.

Most research articles on thermoelectric generators take a
theoretical approach. Most deal with only one thermocouple,
not an entire thermoelectric module with several n-p
semiconductor pairs coupled electrically and thermally [18].
Additionally, the analyses are conducted over relatively
arbitrary temperature ranges to maximize electric power
[19-23].

The maximum power output specified for the TEGpro 10 W
thermoelectric modules employed herein, TE-MOD-10W4V-40
[24], corresponds to a temperature difference of more than
200 °C, which is impossible to achieve in our practical
application involving a twin-screw compressor and would be
difficult to maintain even in laboratory conditions. Ensuring
forced convection cooling of the cold side would be ideal;
however, this implies the use of fans or water pumps, which
renders the very purpose of micro energy harvesting void, as
powering these devices would consume more power than the
TEGs can generate.

The paper presents preliminary experimental work carried
out on an industrial compressor test bench. The digital twin
model simulated using the finite element analysis (FEA) [25]
concerns a heatsink and considers the temperature ranges
previously measured on the compressor. Thus, we could
conduct a proper experimental validation of the numerical
simulation results.

The experimental test presented relies on previous works
involving numerical simulations and analytical models [26—
28], as well as a series of studies assessing the compressor’s

vibrations and thermal footprint [28,29]. TEGs are part of a
multisource energy harvesting system together with
piezoelectric harvesters [30]. The present study, focusing on
the thermoelectric aspect, takes a step forward towards in-
situ applications by adopting a practical approach,
implementing thermoelectric devices on an industrial twin-
screw compressor test bench (Fig. 1). A technology

readiness level (TRL) of 6 is achieved, demonstrating the
technology in an industrially relevant environment.
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Fig. 1 — Compressor skid, at the headquarters of the Romanian Research
and Development Institute for Gas Turbines COMOTI [31].

2. THERMOELECTRIC SIMULATIONS

Figure 2 presents the TEGpro TE-MOD-10W4V-40
thermoelectric module. Three such modules have been
acquired, two of which are employed herein. Their overall
dimensions are 40 mm x 40 mm x 5 mm (L x W x H). The
manufacturer claims that these can provide an output power
of up to 10 W and a voltage output of 4 VDC [24] for a
temperature difference of ~200 °C.

The temperature ranges introduced in finite element
simulations follow the temperatures recorded on the housing
of the housing of the twin-screw compressor. A gas exhaust
temperature limit is set within the automation control
software, an automatic shutdown sequence being performed
when this threshold is reached, normally around 75-80 °C,
depending on the lubrication oil injected, since higher
temperatures may cause a faster thermal aging and
deterioration of the lube oil.

Since higher hot side temperatures may be unattainable for
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the TEGs, cooling the cold side would be beneficial for
providing a higher temperature gradient across the module,
which is desirable for increasing the electric output. Proper
ventilation of the cold side should be provided as well.

Fig. 2 — Thermoelectric generator TEGpro TE-MOD-10W4V-40.

For the numerical model’s computational domain, 72
thermocouples were used, relying on the insight into the
inner construction for three commercial thermoelectric
modules provided in [32], and observing the number and
arrangement of the thermocouple arrays. The geometry of
the numerical model in Fig. 3 was designed relying on a
parametrized application builder [33], intended for
thermoelectric coolers, but easing the model building for
thermoelectric modules geometries regardless of application.

Fig. 3 — Digital twin with heatsink and declared boundary conditions.

The material properties used in the simulation program are
presented in the Appendix (Table 2). The manufacturer does
not disclose information on Bi>Tes properties used for the
modules. The n-type and p-type Bi2Te; are assumed to have
same values [33].

The numerical simulations unveil the coupling of heat
transfer and electric field [18] for the full modelling of
Peltier-Seebeck effects and for the resistive heating (Joule
effect). They involve interconnecting two physical models
with an electrical circuit model, which simulates the electric
load, in a hybrid field-circuit ensemble. The TEG powers a
resistive load, R, which is used to evaluate the efficacy of
energy harvesting when the TEG is associated with the
COmpressor.

The physics and mathematical model concern:

o The heat transfer problem:
V-q+Q =0,
q=—kVT,

()

where: p [kg/m®] — density; T'[K] — temperature; q [W/m?] —
conduction heat flux; Q [W/m?] — heat (Joule power) source;
and £ [W/(m-K)] — thermal conductivity.

e The electric field problem:
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V-]=0,

J=oE+], 2
E=-VV,

where: J [A/m?] - conduction electric current density; ¢ [S/m]
— electrical conductivity; E [V/m] — electric field; Je [A/m?] —
a source term that accounts for the thermoelectric effects; and
V' [V] — electric potential.

e The thermoelectric effects are introduced through:
Je = —oaVT,

where: a [V/K] — Seebeck coefficient.

The boundary conditions that close the model are as
follows:

e For heat transfer: an initial hot side temperature, Thot,
100 °C is set, and a convective heat flux (external natural
convection with air at 1 atm, 20 °C) is declared instead of
Tcold used in previous works [26, 28]. For this model,
also provided with a heatsink, a thermal contact condition
is added on TEG’s cold side boundary.

o For the electric currents: ground (GND) and a floating
potential (FP) condition type Circuit are declared on the
faces of the terminal legs.

e For the external electrical circuit, the node connections
are ground and floating potential, derived form the
electric currents interface, for a resistor (2.4 kQ) load.

2.1 STATIONARY STUDY

A stationary study with a parametric sweep of the hot side
temperature, Thot, range(30,5,100) °C, was conducted. The
computed power [25] is relative to resistive load. The
voltage, current and power are plotted on the graph in Fig. 4.

q = aTJ, 3)
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Fig. 4 — Stationary study: voltage, current and power.

An improvement of about one order of magnitude, in
natural convection conditions, is achieved when using the
heatsink, compared to the results obtained without [27]. The
maximum electrical parameters, obtained with heatsink at
Thot=100°C, are 1.2 V,~0.5mA, i.e., ~0.3 mW.

2.2 TIME DEPENDENT STUDY

It is worthwhile to see how the thermoelectric generator’s
output behaves over time, and how fast this one stabilizes
thermally. A time dependent study, range(0,1,60) min was
run to observe the thermal stabilization between hot and cold
sides, taking Thot =100 °C. The initial conditions considered
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are a temperature of 20 °C and null electric potential. experimental research works.
The physics that describes the TEG time dependent
working conditions are as follows: kPa
o Heat transfer: AU
oT 14
pcpa‘}'v'q:Q: (4) 12
q=—kVT. 10
o Electric field: the significant difference between the heat 8
transfer and electric field time scales recommends using 6
an electrokinetic model. 4
V- (=oVV +]J.) =0. 5) 2
e The thermoelectric couplings are described by eq. (3).
v 1.22x10™*

The graphs in Fig. 5 shows that the simulation program
reliably provides the results after the thermal stabilization of
the TEG. Additionally, the time dependent study offers extra
information about the heatsink effect on the electrical
parameters, these ones decreasing more smoothly and
maintaining values with almost one order of magnitude
higher than without heatsink [27]. The stabilization values
are the same as specified in the stationary study above.
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Fig. 5 — Time Dependent study — voltage, current and power.

2.3 FREQUENCY DOMAIN STUDY

For a proper numerical assessment matching the
experimental conditions, Solid Mechanics physics interface
was also introduced to account for compressor vibration
amplitudes measured on the compressor at the rotational
speed of 2500 rpm [29].

For the structural study, a prescribed velocity was applied
on the exterior hot side boundary, in all directions, as
follows: v = 0.998 mm/s, v, = 2.985 mm/s, v: = 1.692 mm/s.
Filling in Young’s modulus (£ =32 GPa) and Poisson’s ratio
(v=0.25) for Bismuth Telluride was required [34].

Figure 6 shows a peak von Mises stress value of 14.1 kPa.
This value is negligible compared to the yield strength of the
Bi2Tes thermoelectric material used, which can withstand
compression stress values of up to 62 MPa, according to [34].

After running this structural analysis, we can conclude that
the vibrational behavior of the rotary screw compressor does
not present any risk whatsoever to damage the thermoelectric
modules placed on the compressor skid, even with the
highest vibration amplitudes measured on the compressor
unit introduced in the simulation. The gearbox vibration
levels are much lower and will be measured within upcoming

Fig. 6 — Von Mises stress evaluation for 83.5 Hz.

3. EXPERIMENTAL SETUP

Before attempting the installation, certain guidelines
should be followed to ensure the proper mounting of
thermoelectric generator modules, to prevent damages and
for increasing the conversion efficiency. Because of the
materials’ thermal expansion that occurs during normal
operation at large temperature differences, it is strongly
recommended to use special hardware for avoiding the
module’s damage. For a proper mounting, even pressure
must be applied on both sides of the module [35].

Thermal conductive paste was applied on both sides. The
heatsinks were screw mounted onto the duplicate gearbox
cover. A torque per screw of 1.25 Nm (0.128 kg'm) is
recommended by manufacturer [35]. A torque screwdriver
within the required range was used for the purpose.

The TEG system was installed on the duplicate gearbox
cover (Fig. 7). The replacement cover, together with the
thermoelectric harvesting system, were then installed onto
the gearbox.

Fig. 7 — a) Multiplier gearbox with original cover, b) Cover removed and
view of the gears; c) TEGs installed on duplicate cover.

Even though the tests do not necessarily require having a
compressor on the test bench, the gearbox oil heats more if
the compressor is provided as load in the kinematic chain,
due to more mechanical work being produced, which is
preferred for the application proposed. The gearbox cover is
splashed with hot lubrication oil from the underneath.

The thermographic image in Fig. 8 was taken during the
experimental tests, proving that the hottest mounting spots
chosen for the TEGs were chosen very well after the
compressor’s preliminary thermal scans.
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Fig. 8 — Thermographic image of the compressor skid.

For the experimental setup, we used the following devices:

e Two TEGpro TE-MOD-10W4V-40 thermoelectric
modules [36] with heatsinks recovered from computer
processors. The modules are sandwiched between
0.3 mm-thick copper sheets, with thermally conductive
paste in between, and are screw-mounted on the spare
gearbox cover, designed for this purpose.

o Fluke Thermography TiS60+ infrared camera, range -20
°C to 400 °C, calibrated for -20 °C to 150 °C. The
emissivity factor was set to 0.96 in the SmartView
software, which is specific to the painted cast iron of the
gearbox. The background temperature was set to 28 °C.

e Fluke 117 true RMS multimeter for measuring current.

e Measuring and data acquisition (DAQ) setup mounted
on DIN rail (Fig. 9), comprising:

- Adlink USB-1903 DAQ module running a LabView
application (Fig. 10) on the laptop, using its CPU as a
processor and its hard disk for data storage.

- Mean Well DR-75-24 VDC source.

- Two Phoenix Contact MACX MCR-UI-UI signal
conditioners.

- Phoenix Contact UT 2.5 terminal blocks.

Wt{‘

\)

Fig. 9 — Setup for measuring and recording the thermoelectric voltage.

5 TEG Claudisi Block Disgram

Fig. 10 — LabVIEW virtual interface block diagram for voltage DAQ.

4. RESULTS AND DISCUSSION

The data presented was acquired on 6™ June 2023, when
a maximum temperature of 28 °C was recorded in Bucharest.

Thermographic images were taken to assess the
operational conditions for the two thermoelectric modules.

The lower module is TEG1, and the upper module is
TEG2. Figure 11 explains the differences in the electric
outputs, where one can notice a higher temperature occurring
in the gearbox cover’s upper half. As previously observed in
Fig. 7b, the gearing contact is at the upper half level of the
cover, and the hot oil is thrown directly on that part due to
the centrifugal motion.

(56

Fig. 11 — a) Thermographic scanning of the two TEGs on the gearbox.

The thermographic image of TEGI1 in Fig. 12, taken
transversally from below, reveals a temperature difference of
~2.1 °C across the TEGl module. This emphasizes the
crucial role of a heatsink in dissipating heat and maintaining
a temperature gradient across the module, which would
otherwise tend to equalize the temperatures between its cold
and hot sides. A higher temperature difference of ~4.3 °C
across the upper TEG2 module is observed in Fig. 13, taken
transversally from above.

Fig. 13 — Thermal image of the upper thermoelectric module, TEG2.
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The graph below shows the separate voltage outputs
rendered by the two thermoelectric modules. As expected
from the thermal analysis above, although they start from
approximately the same voltage outputs, TEG2 reaches a
higher maximum voltage than TEG] after the compressor
has stabilized thermally. The data in Fig. 14 were recorded
over almost one hour (48 minutes), between 11:22 and 12:10.
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Fig. 14 — TEG1 and TEG2 voltage outputs.

The two modules were connected in series, resulting in a
summed voltage output. The series connection was established
after separate measurements, when the compressor had
already reached thermal stability and no further temperature
increase occurred. A constant series voltage between
approximately 0.377 VDC and 0.414 VDC was recorded from
12:12:32 to 12:14:54 (Fig. 15). The series current was
measured with the multimeter at 115 mA (Fig. 16).
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Fig. 15 — Series voltage output of the two thermoelectric generators.

Fig. 16 — Thermoelectric series current.

Thermoelectric generators are easy to install and exhibit
stable electric output. They also have the advantage of output
in direct current for powering low-consumption devices.
This gives thermoelectric generators a higher robustness than
the piezoelectric part of the multisource energy harvesting
system envisaged, and their output consistency confers
standalone potential.

The electrical parameters obtained experimentally for the
series connection are summarized in Table 1.

Table 1
Experimental thermoelectric output parameters
No. Quantity Series value Unit
1. Maximum voltage 0.414 VDC
2. Maximum current 115 mA
3. Maximum RMS power 47.61 mW
5. Temperature gradient (average) 3.5 °C

5. CONCLUSIONS

The paper presents the digital twin simulation model and
experirevealal works conducted on an industrial compressor test
bench. The boundary conditions considered in the finite element
simulations are realistic data measured on the compressor, and
the digital twin model is built according to the physical TEGs.

This research aimed to assess the effects of electrical
parameters that we can realistically expect from harvesting
industrial waste heat rather than obtaining as high values as
possible for the thermoelectric power. Using a multisource
approach, the thermoelectric generators may also be a backup
source for piezoelectric vibration harvesting.

The frequency domain study showed that the compressor's
triaxial sinusoidal mechanical vibrations do not pose a threat to
the thermoelectric modules. This analysis was critical to conduct
before the experiments. The stationary study showed pertinent
results comparable to the plots in the product specifications. The
curves obtained for current, voltage, and power validate the
correctness of the model.

The numerical analyses show that adding a heatsink
improves the thermoelectric power output, even in natural
convection conditions. Future research will focus on
enhancing thermoelectric production through externally
forced convection. The heatsinks shall be rotated at 90°, as
the lateral walls of the gearbox prevent air circulation.
Additionally, the time-dependent indication shall be
conducted when a auxiliary sweep of Thot is performed.

The differences between the simulations and the
experiment may be due to the limited data provided by the
manufacturer and the varying electrical loads. Proper
experimental measurements acquiring the current in time
shall be pursued, along with matching numerical simulations
considering the measurement devices’ impedances, as well
as with the components of an energy harvesting circuitry.
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