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Abstract: One of the methods of converting thermal energy into electricity is the use of thermoelectric
generators (TEG). The method can be used in low-temperature waste heat conversion systems from
industrial installations, but its serious limitation is the low efficiency of thermolectric generators
and the relatively low power of the electric waveforms obtained. Increasing the obtained power
values is done by multiplying the number of TEGs used, grouped into modules (MTEG). In such
systems, the design of the module is extremely important, as it should ensure the best possible heat
transfer between both sides of the TEG (hot and cold), and thus obtaining maximum electrical power.
The article presents an analysis of a two-section flat plate heat hot side exchanger MTEG. The key
parameters like effectiveness of exchange and MTEG efficiency and their impact on the efficiency of
heat use and generated electric power were indicated. The tests showed an improvement in these

main system parameters for the mixed cycle (co-current and countercurrent—inward direction) of

check for the hot side heat exchanger, compared to the countercurrent flow in both sections of this exchanger.
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One of the elements of sustainable development is the use of solutions for more
efficient use of energy. An example of such activities is the closing of technological cycles
and the recovery of waste heat energy through its conversion into electricity with the use
of thermoelectric generators [1,2]. These systems use thermoelectric phenomena: Seebeck,
Thompson, and Peltier effects [3]. Advantageous features of this type of solutions are, i.e.,
long service life, reliable commissioning, no moving parts, and no maintenance required.
This is an advantage of thermogenerators over conventional electricity generation systems.
Nevertheless, solutions of this type still have areas for improvement, and one of the main
ones is to increase the efficiency of thermal energy conversion into electricity [4], which
published maps and institutional affil- 15 currently at the maximum level from 5% to 8% [5]. In laboratory systems, even values
{ations. of about 10% are achieved [6]. Improving its performance was investigated based upon,

among others, the cost-per-watt, power-per-area, and manufacturing quality factor [7].

TEGs are composed of a series of interconnected thermocouples, using the Seebeck
effect; they are characterized by the direct generation of electricity from heat. A single
cell is composed of two semiconductor elements that conduct electricity and heat. The
materials that constitute them characterize a given cell, and they can be materials of the
following type: BiyTes [8] or ZnySbs [9]. Despite the constant search for more effective
materials for thermocouples, their conversion efficiency is still relatively low; however, the
conditions of the Creative Commons  application to convert low-quality thermal energy into electricity is gaining more and more
Attribution (CC BY) license (https://  interest [10~12]. The main challenge of thermoelectric technology remains the improve-
creativecommons.org/licenses /by / ment of materials’ properties and a decrease in costs and commercialization [13].
40/). Since single thermoelectric generators are low-power systems, in order to obtain
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higher electric power at the output of the energy recovery system, TEGs are combined into
larger sets of generators. Thus, shaping the required output values of the electrical circuit
parameters takes place, such as current and voltage.

A typical thermoelectric generator module (MTEG) consists of the following com-
ponents: a hot side heat exchanger (HSHE), which is designed to provide heat energy
from a heat source (HS); a set of thermoelectric generators (THM) and a cold side heat
exchanger (CSHE), which works as a heat sink that dissipates the thermal energy of the
system (Figure 1).
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Figure 1. Heat flux distribution in the MTEG system with the thermoelectric modules.

To achieve the maximum possible efficiency of such a system, it is necessary to opti-
mize the geometric and thermodynamic parameters of its individual elements.
Garud et al. [14] developed a model of a finned heat exchanger, which was subjected
to a combined numerical electro-thermo-structural analysis, and the results were com-
pared with the experiment, optimizing its parameters. The choice of the heat exchanger
structure is connected on the one hand with the choice of the heat transfer medium (lig-
uid or gas) [15], and on the other hand with the fluid flow geometry. Esart et al. [16]
analyzed selected exchanger geometries: spiral, zig-zag, straight fins. Modeling of the
three geometries of exchangers for MTEG allowed for stating that the highest temperature
difference of the flowing fluid and the pressure drop can be obtained for the “zig-zag”
structure. The mentioned internal geometry solutions or other internal structures (such as:
dimple-shaped, maze-shaped, chaos-shaped [5] or fishbone-shaped [17]) can be used in
exchangers of various external shapes: hexagonal, tubular, or flat plates.

Numerical analysis of the heat exchanger solution in the form of a flat, parallel
plate [18] revealed that the fluid temperature change between the cold and hot part in
MTEG is almost linear, while, in traditional plate heat exchangers, it is logarithmic.

Analyzing the literature, it appears that most modules with thermogenerators are
made in the automotive industry, where car exhaust fumes are the hot medium. Fewer
solutions use a liquid medium. In the area of low-temperature heat energy recovery, the
most similar solution was identified in the form of the numerical model presented in
Figure 2. The study of this simulation model of a single-section flat plate heat exchanger
showed better heat exchange efficiency for counter-rotating flow in relation to concurrent
flow. A copper heat exchanger was used for the tests and water was used as the heat
exchange medium. In [19], the authors conducted simulation studies of the air gap blocking
effect on heat exchange under periodic flow conditions in a plate-fin heat exchanger with a
symmetrical cross-section. They showed that blocking the flow of heat through the air gap
leads to a reduction in the rate of heat transfer.



Energies 2021, 14, 5169

30f15

hot|fluid

ey
’
et E BREEL
/
/
g
/
/
/
i

HIIIIII]]IIIIIIIIIIIII -------------------- IIIIIIIII]IIIIII[II‘I‘
. cold fluid

| S

Figure 2. Numerical model of a flat plate finless heat exchanger MTEG. Reprinted with permission
from ref. [18]. Copyright 2021 Elsevier and Copyright Clearance Center.

By analyzing the mentioned numerical models of exchangers and low-temperature
application solutions [1-20], the MTEG system was developed, with a flat exchanger and
with an internal fluid flow geometry similar to “zig-zag”, to achieve the greatest possible
temperature difference, the possibility of using low-temperature waste heat transferred by
liquid, and the modularity and scalability of the solution with the sectional nature of the
places of heat energy supply.

The aim of the conducted research is to analyze and compare various configurations of
the liquid circulation in the two-section flat plate heat exchanger of the MTEG hot side, with
the constant circulation on the cold side. It allows for determining the influence of thermal
and flow parameters as well as circulation configuration on the effectiveness of heat use
and generated electric power. In addition, the authors included guidelines for the design
and optimization of the parameters of the liquid HSHE exchanger for low-temperature
heat recovery.

The paper consists of three sections: in the first section, the construction of the TEG
module with the dimensions is shown. In the second section, the laboratory stand with the
selected parameters of the TEG modules is described. The last part shows the results from
the experimental studies of TEG modules with efficiency calculations of the heat exchanger
and energy conversion in TEG.

2. Materials and Methods
2.1. The Construction of the TEG Module

The design of the thermoelectric generator module is shown in Figure 3. The main
element of the system is a flat, two-section MTEG hot side heat exchanger. The main
dimensions of the HSHE are: length 680 mm and width 200 mm (Figure 4), which gives an
area to accommodate 20 TEGs.

Figure 3. Design of two-section MTEG hot side heat exchanger; (a) view of the fluid circulation
channels, 1—section I, 2—section II; (b) assembly view of the exchanger model, 1—channel exit
location, 2—intermediate plate, 3—plate with channels, 4—temperature measurement points on the
cover plate.
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In the analyzed solution, a similar exchanger was used as a CSHE module, which acts
as a heat sink to remove heat from the system.

200

680

Figure 4. Dimensions of a two-section plate with fluid circulation channels (S1, S2—exchanger
sections).

Thermoelectric generators were placed symmetrically, 10 for each section of the ex-
changer (from a1 1 to a5 19), which are depicted in Figure 5. Between the two-section plate
and the THM walls, an intermediate plate was placed, whose task is, on the one hand,
sealing the channels, and, on the other, stabilizing the temperature distribution on the
surface of single TEGs.

| i a“‘
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(b)
Figure 5. MTEG view with arrangement of individual TEGs; (a) model (1—hot side exchanger,
2—TEG layer, 3—cold side heat exchanger); (b) hot side exchanger prototype with THM.

The presented MTEG is dedicated to receiving thermal energy from industrial in-
stallations, for example hot industrial surfaces, from where, through a liquid medium,
thermal energy in the form of low-temperature energy is transferred to the MTEG hot side
exchanger.

2.2. Description of the Laboratory Stand

The main elements of the MTEG test stand are shown in Figure 6.
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Figure 6. View of the experimental stand with the MTEG: 1—waste heat source with adjustable
parameters, 2—connections with a pump, 3—MTEG in a thermally insulated housing.

It allows for testing the parameters of the hot side heat exchanger with a forced flow
of fluid with adjustable temperature parameters. In the analyzed system, water was used
as the working fluid and thermoelectric modules based on bismuth alloys (Table 1).

Table 1. Selected parameters of the thermoelectric modules MTEG, own elaboration based on [20,21].

Parameter Value
Dimensions of the module 62 X 62 x 3.9 mm
Number of modules 20

Surface area of internal side of the heat exchanger 1332.8 cm?
Current of the generated power 252 A
Voltage of the generated power 1.84V
Resistance of the module (T = 50°C) 031Q
Max. power of the module (AT = 80°C) 4.63 W
Total max. electric power of modules 926 W
Max. operating temperature 138 °C

P-N Junction 127 couples

The tests involved effective liquid cooling of the CSHE module at a constant Vsyr
flow and Tcsyg temperature (Table 2). This approach enables the independent analysis of
each of the main elements of MTEG: THM, HSHE, and CSHE. All MTEG components are
designed for specific operating parameters. The experimental tests were carried out with
different values of Vy,,, and Ty;,, of the hot fluid.

In the system with MTEG, one of the losses are hydraulic losses Ap, resulting from the
supply of thermal energy to the THM. In the analyzed solution, these losses constitute the
required power P, for the operation of an additional pump. This power can be considered
as an additional load. Other losses in the tested system are heat losses through the HSHE
and CSHE casing and connections. Heat transfer is assumed only through the HSHE
surfaces in contact with THM. The remaining surfaces were covered with a layer of thermal
insulation, hence they were considered adiabatic in the research. The tests did not take into
account the heat loss through the HSHE casing to the environment. Aluminum was used
as the material for HSHE and CSHE.
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Table 2. Selected parameters of the components of the tested system.

Component/Parameter Material/Medium Description/Value
heat exchanger aluminum alloy dimensions: 680 x 200 x 68 mm,
mass: ~25 kg
Vim water 0.200-0.335 kg/s
Ty water 60 -90°C
HSHE circulations water variable flow directions:
TEG_O1, TEG_02, TEG_0O3, TEG_0O4
HSHE sections S1, S2
VesHE water ~0.335 kg/s
TcsHE water 9-22°C
CSHE circulations water constant
CSHE sections S1,S2

In the analyzed HSHE, four cases of hot fluid circulation were considered (Figure 7).

According to the developed algorithm of the research method (Figure 8), the exper-
iment was carried out for a hot side exchanger with flows parallel to the cold side and
circulation configurations: concurrent (TEG-O1), inward (TEG-O2), countercurrent (TEG-
O3) and from the center (TEG-O4). The tests were carried out with the same geometrical
dimensions of the exchanger and thermophysical parameters of the TEG semiconductors.
The influence of the hot fluid flow direction on the temperature distribution and the effec-
tiveness of heat use were compared. In each of the hot side circulations, the speed of the
fluid flow was additionally controlled. In the exchanger of the cold side, one circulation
and a constant, equal speed of the coolant flow were established.

The algorithm used allowed for the analysis of 42 parameters of the system as a func-
tion of three variables (liquid flow direction, initial liquid temperature, liquid flow), with a
two-second parameter sampling step and a duration of a single iteration of approximately
30 min.

Sty 1 S2

=

—
TEG-0O1 TEG-02 TEG-03 TEG-04

1,152, 1, | s2, 1,182, 51,082,

Figure 7. Hot (H) and cold (L) side fluid circulation configurations in the MTEG heat exchanger.

START

Configuration of a fluid flow direction in HSHE
* (TEG-01, TEG-02, TEG-03, TEG-04),
0;:0,-0,,i=1-4

4

Regulation of HSHE initial liquid temperature
T:60--90°C,j=4

4

Regulation of HSHE liquid flow
V,:0.2-0.335kg/s, k=1--5

4

Results of a single iteration
Eustie (Op Ty Vids 7 (O T Vi),
Prim (0, T‘, Vi)

‘ Experiment results ’
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maXx Eysye, MaXx 7reg, Max Pryy
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Figure 8. The algorithm of the experiment to analyze the parameters of the MTEG system.
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3. Results
3.1. Effectiveness of the Heat Exchanger

HSHE effectiveness was determined using the Carnot dependence, indicating the
efficiency of heat transfer. The dependency is defined as:

Q—-Q TNTh-T
€HSHE = — = = 1
Q1 T
The analyzed effectiveness relates to the heat flowing from one medium Q; =
Q1in(T1 = Try) to another Q» = Qps(Tr = Tys). Figure 9 shows the dependence of
the effectiveness of selected circulations of hot fluid flow via HSHE on the mass flow rate.

17 +
~TEG-O1
16 L+ «+TEG-02
5 TEG-0O3
Tim=69°C ~TEG-04
15 —_—tt
049 021 023 025 027 029 031 033
Vim, kg-s™

Figure 9. HSHE effectiveness for selected circulations at T;, = 69 °C.

The highest effectiveness of heat exchange was achieved for the TEG-O2 and TEG-O1
circulations. The lowest one was obtained for the TEG-O4. The maximum effectiveness
values for these cases were about 20%. This value is about four times lower than in
typical exchangers of domestic heating boilers with a capacity of less than 25 kW [22]. In
these exchangers, the aim is to minimize the thermal resistance of the partitions between
working fluids, hence the effectiveness will be higher. On the other hand, in the MTEG heat
exchangers, additional thermal resistance results from the use of thermoelectric modules
and a reduced heat exchange surface. This lowers the HSHE effectiveness, and at the same
time has a positive effect on the increase of the temperature difference between the hot and
cold side of single TEG and more efficient generation of electricity at the THM output.

In the analyzed cases, the value of ejsyr decreases with the increase of the mass flow
rate, which may be due to the decrease in the heat transfer time and the transfer of heat
energy between the hot working fluid and the surface of the HSHE channels. Additional
effectiveness gains can be made by extending the flow path or changing the geometry of
the channels to cause turbulent flow.

The effectiveness determined for the circulations is in correlation with the mean inlet
(Try) and outlet (Tys) temperatures of the MTEG hot side heat exchanger. The lower
temperature at the Tyg outlet for individual measurement points was obtained for the
TEG-O2 (Figure 10), which corresponds to the highest HSHE effectiveness (Figure 9). The
relations between the temperature of Try and Ty are almost linear, hence it follows that
the heat transfer coefficient of the fluid is constant in the analyzed temperature range.
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Figure 10. Characteristics of the dependence of inlet and outlet temperatures for extreme effectiveness
cases at different flows: (a) Vy,, = 0.238 kg- s~ L (b) Vy,, = 0.303 kg- s

3.2. Distribution of Parameters along the HSHE

The efficiency of energy conversion in thermoelectric modules is related, on the one
hand, to the uniform temperature distribution of the TEG hot side [20], and on the other
hand to the highest temperature difference on the TEG walls. Thus, an optimal temperature
distribution on the HSHE, according to the criteria mentioned above, will generate the
greatest electric power of THM. In the experimental tests (Figures 11 and 12), the TEG-O2
circulation was characterized by the best parameters (the highest temperature difference
on the walls and uniformity of its distribution along the HSHE), and TEG-O3 the weakest.
The results were obtained with constant parameters of the fluid flow rate V3, and the hot
fluid inlet temperature of Ty;,, = 69 °C. The difference between the best case of circulation
and the worst case was up to several °C.

A relatively uniform temperature distribution was achieved in TEG-O2 along the
HSHE for each analyzed temperature range (Figure 12a).

32

30 +

AT, °C

28 +
26 +

24 1
=69°C

22 Twi9% ~TEG-Of
b | Tu=86°C =TEG-02
Tos=22°C TEG-03
18 T V,,=0.201kg-s" +~TEG-04
16 } f f } } } } f } } } } f f } }
0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680

X, mm

Figure 11. Distribution of the temperature difference along the surface of the HSHE in contact with
the THM with different hot side fluid circuits.

The only uneven distributions occur at the ends of the exchanger, where the thermal
energy is supplied to this liquid circuit. Hence, thermocouples should be placed in the
middle of the HSHE, leaving the ends free. While TEG-O3 is characterized by a greater
unevenness of the temperature distribution on the hot side (Figure 12b). This is due to the
supply of thermal energy, two-section in reverse, to the circulation of the cold side. Thus,
local temperature increases on the HSHE wall appear; however, the increases in Trys do not
result in an increase in the temperature difference and a greater generation of electricity in
THM.
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Figure 12. Temperature difference distributions along the HSHE with varying supply temperatures,
for the two selected circulations: (a) TEG-O2; (b) TEG-O3.

Figure 13 shows the actual results and approximate characteristics of the temperature
distribution along the longer edge of the exchanger wall for parallel fluid flows: concurrent
and counter-rotating, on the hot side of the HSHE.

The tendency of temperature changes on the exchanger walls is similar to that obtained
in simulation studies in [18] for concurrent and counter-rotating flows. The linear regression
of the raw data for TEG-O1 maps the nature of the temperature changes along the exchanger,
where Ty is a decreasing function and Tcg is an increasing function. For counter-rotating
flows, the trends of the characteristics were similar to those of the results of the numerical
model [18]. The determined approximated characteristics of Ty and T¢s temperature
changes along the longer edge of the exchanger in the TEG-O3 are linear increasing
functions.

3] o
_ 50 2 e £ 50 — e 5
A ’ s 5
248 & 8 248 i 14
24 49 -
46 46 I VI S SR o 24
44 P S S 22 P i .
42 20 12 22
40 18 40 20
:: TEG-O1 ® % ARG o3 T 18
=L " T 1 BT 1 ewc [
34 T,0=69°C T 34 V.. =0.200 kgs" 2 Tes 16
32 Vi =0.201 kg-s™ Efiics 12 32 ik 9s
30 0 30 14
0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680
X, mm X, mm
@) (b)

Figure 13. Temperature changes on the hot and cold side of the parallel walls of the exchangers in
contact with the TEG plates, with selected hot side fluid circulations: (a) TEG-O1; (b) TEG-O3.

3.3. Efficiency of Enerqy Conversion in the TEG Module

The experimentally determined temperature distributions allowed for the determina-
tion of the TEG operating parameters. A set of 20 series-connected TEGs with a maximum
generated power of approx. 5W was used (Table 1). The equivalent electrical circuits for
this system are shown in Figure 14.

Figure 14. Equivalent electrical circuits of the TEG; (a) open circuit voltage; (b) closed circuit voltage
(with load resistance of single TEG); (c) closed circuit voltage (with load resistance of n TEG).
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The applied thermoelectric modules are characterized by a maximum operating
temperature of the hot side equal to 138 °C. The voltage U, generated in the open circuit of
a single module (Figure 14a) is proportional to the temperature difference AT}, between
the outer walls of the TEG:

Uy = NaATy, 2

With the maximum power generated by the TEG and the assumption that the load

resistance is equal to its internal resistance, the relationship is satisfied:
Uy
b= Tim + Rp ®

In the presented research, the results of the tests of the TEG set under the conditions
of the open circuit of individual thermoelectric modules were not presented, as they were
discussed in the article [20].

During the tests, the changes in the internal resistance of selected TEGs, modules a53
and apg, located in the central parts of individual sections of the HSHE, were analyzed
(Figure 5b). The experiment shows that the value of the internal resistance of TEG, at
a constant temperature T7;, and a variable mass flow rate Vy,,, increases, but to a slight
extent. The average value of the internal resistance of a single TEG was determined based
on the results of the tests of the two above-mentioned modules, which is r;,, = 0.608 ()
with a measurement uncertainty of £0.012 (), at the temperature Ty;, = 90 °C (Figure 15).

The expanded uncertainty was determined from the dependence on the complex un-
certainty u, (statistically and using the B method), with a confidence level of 95.45% [23,24],
as below: ) )

2=y 2y @
where:

uj—standard uncertainty of type A, current measurement,

uy—standard uncertainty of type A, voltage measurement.

0.620

Q

g 0615

0610 + .,/'/’/—4
T——

0605 +

0600 |

im

I

0.595 +
0.580 +
0,585 +
0.580 +
TEG-02 a3
0.575 + T”n=gooc ;_aza
0.570 t t f f f t t t t f t t t t
020 021 022 023 024 025 026 027 028 029 030 031 032 033 034 035
Vims Kg-S"‘

Figure 15. Characteristics of changes in the internal resistance of selected TEGs as a function of the
flow rate V.

The value of the voltage U}, on the load resistance Rj, of a single TEG can be determined
as follows:
Up = IRg ®)

The value of the voltage Uj,,; on the load resistance Ry, for n single TEG, is deter-
mined as follows:
Uioad = IRjoad (6)
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The power generated at the output of a single loaded TEG is:
Preg = IPRy @)
while the power generated at the THM output of the analyzed loaded system is:

Pram = *Riou (8)

The MTEG module, under the conditions of the experiment (for certain parameters:
Vim, Thin, ATwm), is able to generate Pryp power up to 28 W. The generated power increases
with increasing the temperature Ty;;, at the inlet of HSHE and the hot fluid flow rate Vj,,
(Figure 16). The highest value of Pryy is achieved by the module at the maximum mass
flow rate Vi, the maximum temperature Ty;, = 90 °C, and the temperature difference on
the walls of the TEG AT, = 47 °C (Figure 16b).

2 2 = g1 30
Vin= 0201 kg: o 261 v, -033kKgst

10 e [[~TEG-OZ | 10 = -~TEG-02
8t ~TEG-O4 8t ~TEG-04

6
58 60 62 64 66 68 70 72 74 76 78 80 82 B84 86 88 90 92
Tine °C

6 t t + t
58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92
tins

(a) (b)

Figure 16. Characteristics of the power generated by the TEG set in relation to Tj;,, at the minimum
and maximum flow rate Vy,, for the selected HSHE fluid circulations: (a) Vi, = 0.201 kg- s L
(b) Vi, = 0.334 kg s~ L.

The circulation that gives the best power generation parameters in the THM system
turns out to be the TEG-O2, which provides significantly better parameters. In the experi-
ment, a high-power wire resistor with R;,,; = 12 () was used as a load.

Thermodynamic analysis of the phenomena occurring in the thermoelectric module
consists of taking into account four types of heat: Peltier cooling (Qpgc, W), Peltier heating
(Qpec, W), Fourier (Qry, W), and Joule (Q]H, W) [25,26].

Qpec = alTcs )
Qpen = alTys (10)
Qrn = kr(Ths — Tcs) (11)
Qi = Priy, (12)

Hence, the heat flux adsorbed by the hot junctions of the TEG set (Qps) and flowing
through the cold side of the THM (Qcs) is as follows:

) . . 1. 1

Qus = Qrn + QpPEH — EQ]H = kr(Ths — Tcs) +alTys — Elzrim (13)
. . . 1. 1,

Qcs = Qrn + Qpec + EQ}H = kr(Thgs — Tcs) +alTcs + 51 Tim (14)

Using the above dependencies, the efficiency of single TEGs can be determined, which
relates to the heat flux Qps and the generated electric power. In turn, the efficiency of the
entire MTEG #7rc was determined on the basis of experimental studies, the generation of
electric power by THM, and the heat flux supplied to the inlet of HSHE:

P
nrEG = —M (15)
Q1in
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The highest MTEG efficiency for the temperature Ty;;, = 69°C and the average
difference AT, = 27 °C, and the system achieves for the TEG-O2 circulation and the mass
flow rateVy,, = 0.238 kg /s (Figure 17), similarly to the best effectiveness ¢ ysr of HSHE
operation. The least effective circulations turn out to be TEG-O3 and TEG-O4.

e 0,70

0,

065 T
=060 1
055 +
0,50 +
0,45 +

0,40 +

0,35 +

0,30 —————
019 021 023 025 027 029 031 033
V1m! kg'5'1

Figure 17. Efficiency characteristics of 1 at different flow rates and cycles of the MTEG hot side
fluid and temperature Ty;, = 69 °C.

For elevated conditions of the experiment (T1;, = 90°C, AT,; = 47 °C) and constant
temperature of the cold side, the MTEG efficiency is 7rg = 0.93%, with a flow rate of Vy,,
=0.238 kg/s and circulation TEG-O2 (Figure 18a). Similarly, TEG-O4 turned out to be less
effective (Figure 18), and the increased flow rate did not improve the efficiency.
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Figure 18. Efficiency characteristics of #7gg at different Ty;, temperatures and selected flow rates:
(@) Vi, = 0.238 kg s~ 1; (b) Vy,,, = 0.303 kg- s L.

The tests show that the efficiency of the system 51 increases with the increase of
the temperature Ty;, the hot fluid at the inlet of the exchanger. The highest efficiency is
achieved with the mass flow equal to Vj,,, = 0.238 kg/s, and a further increase in the mass
flow rate does not improve the system efficiency (Figure 18). It results from the fact that
the maximum 77g¢ in relation to the mass flow rate is about 0.238 kg /s (Figure 17).

Increasing the efficiency of the presented MTEG system is connected, on the one hand,
with the determination of the optimal flow rate, and, on the other hand, with increasing the
temperature of the hot side of HSHE. Nevertheless, the main limitation to further increasing
the efficiency of #1g¢ in real MTEG systems is the maximum allowable temperature of the
hot side of the thermoelectric module used. In the analyzed system, it is at a low level,
which results from the use of low-temperature heat for energy recovery.
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4. Conclusions

The paper presents the results of experimental research on the influence of flow,
thermal, and design parameters, and configuration of liquid circulation in HSHE on the
power generated in the MTEG module and its efficiency. The analysis takes into account
the determination of the main characteristics of the HSHE exchanger and the module’s
response to variable thermal and flow forces. The design of the MTEG is based on the hot
and cold side flat liquid heat exchanger. The use of a two-section design of the hot side
exchanger improves the efficiency of MTEG.

During the experiment, the behavior of HSHE was analyzed in four configurations of
the hot side fluid circulation. The research shows that the TEG-O4 and TEG-O2 circulations
are extreme configurations. The best is the circulation of the hot side exchanger with a
parallel flow directed towards the center (TEG-O2), which in a two-section exchanger
combines co-rotating flow (first section—S1p) and counter-rotating flow (second section—
52p). This circulation allows for achieving the best parameters, including the generation
of electrical power. The highest effectiveness of epsr and efficiency of #rpc were also
obtained for this circulation. The generated electric power at the MTEG output increased
by 14%, the efficiency by 16%, and the HSHE effectiveness by 7% in relation to the counter-
current flow in both sections of the exchanger.

Hydraulic and thermal losses through connections and housings were not included in
the analysis. These losses will be the subject of further analyzes, and their minimization
may turn out to be significant in increasing the efficiency and performance parameters of
the prototype device and its operation in real conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

CSHE  cold side heat exchanger

HS heat source

HSHE hot side heat exchanger

MTEG TEG grouped in modules

TEG thermoelectric generators
THM  set of thermoelectric generators
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Nomenclature

Tyin initial liquid temperature, °C

Tiout liquid outlet temperature, °C

Trg liquid temperature entering the HSHE, °C

THs hot-side temperature, °C

Tcs cold-side temperature, °C

ATy temperature difference between hot and cold side of the TEG module, °C
O1in heat flux entering the HSHE, W

Qiout  heat flux leaving the HSHE, W

Qns heat flux absorbed at the hot junction of the MTEG, W
Qcs heat flux sank at the cold junction of the MTEG, W

Py power needs for pressure losses, W

Prypm  electrical power generated by the THM, W
o Seebeck coefficient, V/K

u, voltage generated by the TEG, V

Tim internal electrical resistance of the TEG, ()
Ripad load resistance, O

I, current for the maximum power generated by the TEG, A
I electrical current, A

N number of couples in the TEG

Vim initial liquid mass flow rate, kg/s

n number of the TEG in the THM

Ry load resistance of the single TEG, (2

egsye HSHE effectiveness, %

NTEG MTEG efficiency, %

kr thermal conductance of the TEG, W/K
Vesye  flow rate in the CSHE, %

Tesyp  initial liquid temperature in the CSHE, %
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