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ON THE DESIGN OF A TRENCH THERMOELECTRIC
SOURCE OF HEAT AND ELECTRICITY

The article presents physical and mathematical models of a trench thermoelectric source of heat
and electricity intended for heating the military and powering low-power military equipment,
mobile and special communications systems, charging batteries and lighting, providing heat and
minimal electrical energy to the civilian population in places where the energy infrastructure has
been destroyed, as well as in non-electrified areas outside the combat zone.A computer model has
been created for designing the structure of such a heat and electricity source, as well as
optimizing the thermoelectric material it is made of for various operating modes.Bibl. 15, Fig.1.
Keywords: thermoelectric source of heat and electricity, physical model, efficiency, cyclic mode.

Introduction

At present, the use of chemical current sources as autonomous low-power sources of electricity
remains traditional for powering military equipment. However, their significant disadvantages are
self-discharge and low reliability, especially at low ambient temperatures and under conditions of
increased mechanical loads. Mobile mini-power plants are practically unsuitable for use in combat
areas due to unacceptable mass and dimensional characteristics, the need for fuel, which may not
always be available in combat conditions, and most importantly - due to the noise accompanying their
operation, they become a significant unmasking factor. In this regard, it is important to search for and
create fundamentally new designs of autonomous heat and electricity sources that are as close as
possible to military equipment and at the same time suitable for use in combat areas.

In this regard, autonomous thermoelectric power sources operating from the heat of combustion
of any fuel are especially promising. They can offer a long service life, have increased reliability and
resistance to climatic and shock loads, are universal, silent in operation and easy to use.Scientists and
engineers from many countries are actively working on the creation of such sources. Thermoelectric
generators with an electric power of 2 - 20 W, intended for charging mobile phones, MP3 players,
navigators during travel and hiking trips, have been developed by a number of foreign companies
(TES, Power Pot, Biolite) [1 — 5]. Thermoelectric generators have also been developed, the operation
of which is based on the use of heat from solid fuel furnaces [6 — 9]. They are mass-produced by a
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number of foreign enterprises [8 — 10]. However, all of these thermoelectric generators are expensive,
have an exclusively domestic purpose and are not suitable for military needs.

At the same time, the main obstacle for their widespread practical use is a relatively high cost,
primarily due to the high cost of the thermoelectric material from which they are made. Therefore, it is
important to carry out research aimed at significantly reducing the cost of materials for autonomous
thermoelectric sources of electricity and heat, as well as finding optimal designs of such sources,
specialized according to the conditions of their use.

Therefore, the purpose of the work is to create tools (physical and mathematical models,
computer programs) necessary for the design of autonomous thermoelectric generators and
optimization of the thermoelectric material they are made of, as close as possible to the reality of their
operating conditions.

Physical model

The physical model of the thermoelectric generator (Fig. 1) comprises: heat sources 1 (heated
surface), heat exchangers for supply 3 and discharge 8 of the heat flow to/from the thermopile 6,
thermal insulation 5, water tank 10, electronic device for stabilizing the output voltage with electric
energy accumulator 11. The model also takes into account thermal contact resistances 2, 4, 7 and 9:
between the heat source (heated surface) and the hot heat exchanger — Ki; between the hot heat
exchanger and the thermopile - K>; between the thermopile and the cold heat exchanger - K3; between
the cold heat exchanger and the water container - Ks.
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Fig. 1 Physical model of a trench thermoelectric generator:

1 — heat source (heated surface); 2, 4, 7, 9 — thermal contact resistances; 3 — hot heat exchanger;
5 — thermal insulation; 6 — thermopile;8 — cold heat exchanger; 10 —container with water:
11 — electronic device for stabilizing output voltage with an electric energy accumulator
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In Fig. 1: 01 — is heat entering the hot heat exchanger from the heat source; O, — is heat loss
from the lateral surface of the hot heat exchanger to the environment due to radiation and convection;
(s — is heat entering the hot side of the thermopile from the hot heat exchanger; Qs — is heat loss from
the lateral surface of the thermopile; Qs — is heat coming from the cold side of the thermopile to the
cold heat exchanger; Qg — is heat transferred from the lateral surface of the cold heat exchanger to the
environment due to radiation and convection; Q7 — is heat transferred from the cold heat exchanger to
the container with water; Oz — is heat transferred from the lateral surface of the container with water to
the environment due to radiation and convection; Oy — is heat transferred from the container with
water to the environment due to evaporation; P is electric power of the thermopile.

The thermoelectric generator can have two modes of operation:

1) heating water in the container to boiling temperature and gradually reducing the amount of

water due to evaporation;

2) heating water in the container to boiling temperature and replacing it with water at room

temperature.

Since it is assumed that the generator is mounted on a heated surface with a constant
temperature 75, heat exchange processes between the real source of fuel combustion and this surface
are not considered.

Mathematical and computer descriptions of the model

To calculate the thermoelectric generator according to its physical model (Fig. 1), a system of
heat balance equations was used:

Q1 :Q2+Q3s

O, =P+0,+0+0 +0,. M

The supply of heat from the heated surface to the hot side of the thermopile and the removal of
heat from its cold junctions to the cold heat exchanger is carried out due to thermal conductivity and is
described by the equations:

S

0, =2 (1, -1, @)
h
k.S

0, = Z”(Té—ﬂ), (3)

where: k;, K. — is the thermal conductivity of the material of the hot and cold heat exchangers; /, I, S,
S. — are the thickness and area of the hot and cold heat exchanger.

The thermal power of Qs is removed from the cold side of the thermopile by a cold heat
exchanger, which is a container with water.

In doing so, different approximate formulae can be used to calculate the heat transfer coefficient
during boiling, which are in good agreement with the experimental data [11]. In particular, the
following approach to calculating the heat transfer coefficient during boiling is presented in [12]
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q
P ==, @
AT
where ¢ is the heat flow density at the solid-liquid interface; AT is the temperature head between the
surface and the liquid,

AT =T -T

Hac -
It is considered that the heat flow density on the wall:

qc=qcomvt Qvapor, (6)

where g.ony takes into account the transfer of heat by convection of a single-phase liquid; gvpor takes
into account the transfer of heat by vapour bubbles breaking away from the wall.
The heat flow density corresponding to heat transfer by vapour bubbles is equal to:

N
qupOl‘ = VpanZ\f > (7)

where: V' is the average volume of the bubble at the moment of separation from the heating surface; p,
is vapour density on the saturation line; Nz is the number of active vaporization centres on the area AF;
fs the average frequency of separation of vapour bubbles; 7 is the heat of vaporization.

Assuming that the main amount of heat is transferred due to boiling, and the effect of
convection is taken into account by introducing a correction, we can write:

NZ
AF

f&, (®)

qc = qconv + qvapor = qmpwfi = Vpnl"

where ¢ is the correction for gc..,, which takes into account the proportion of heat transferred by
convection.

o V3 . .
Substituting the value V' = gdg and making some permutations we get:

q. TN,
=— déS 9)
rp, fd, 6 AF

Here, the left side of the equation is the ratio of the average rate of vaporization Ao (this value
7

has the dimension m/s) to the average rate of growth of vapour bubbles d,, f =w"

In general, the dependence for calculating the heat exchange coefficient will have the form [12]:

B 5 R
. A4
boil — 75 QC _p (10)

}\‘ rpnfdo a ’

p p
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where J is the characteristic size, in this case the Laplace capillary constant

o= —2 11
g(pr_pﬂ) ( )

The average growth rate of vapour bubbles is determined by the relationship:

w =w =d,f=036-10"11"*, (12)

sat *

E, :
Where 11 = 3 ; defining temperature f,,, =1, =1

The electric power generated by the thermopile is proportional to Qs and the thermopile
efficiency n.

The main heat loss:

- from the lateral surface of the hot heat exchanger due to convection and radiation

4
T +T, T +T,
Q2=hhAh( 22 3_%j+8hGC.E.Ah ( 22 3} _To4 , (13)

where: 4, is the coefficient of convection heat exchange between the lateral surface of the hot heat
exchanger and the environment; 4, is the area of the lateral surface of the hot heat exchanger; ¢ is the
radiation coefficient of the lateral surface of the hot heat exchanger; os.5. is the Stefan-Boltzmann
constant.
- from the lateral surface of the thermopile due to thermal insulation
K,,S;

O, =l—_“(T4—Ts), (14)

3

where: k;; is the thermal conductivity of the insulating material; S;; is the surface area of the hot heat
exchanger not occupied by the thermopile; /;; is the thickness of the thermal insulation layer.

The electric power P generated by a thermopile is proportional to (3 and the efficiency of the
thermopile 1 and is determined primarily by the operating temperatures of the thermopile 74 and 75, as
well as the properties of the thermoelectric material it is made of.

The solution of the system of equations (1) with regard to formulae (2) - (15) allows one to
determine the main energy and design parameters of a thermoelectric generator for various properties
of the thermoelectric material, generator designs and its operating modes.

In this case, the Comsol Multiphysics software package [13] was used for the computer
representation of the mathematical model of the thermopile. To do this, it is necessary to present the
equation in the following form.

To describe the flows of heat and electricity, we will use the laws of conservation of energy
divE =0 (15)

and electric charge
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divi =0, (16)
where
E=§+Uj, (17)
G=xVT+alj, (18)
j =-cVU -caVT. (19)

Here E — is energy flow density, § — is heat flow density, j — is electric current density, U —

is electric potential, T — is temperature, o, G, k — are the Seebeck coefficient, electric conductivity and
thermal conductivity.
From equations (17) — (19), one can obtain

E=—(x+0*6T+aUc)VT —(acT +Uc)VU. (20)
Then the laws of conservation (15), (16) will acquire the form:

~V[(x+a’6T +aUc)VT |-V[(acT +Uc)VU] =0, (21)

~V(caVT)-V(cVU)=0. (22)

By solving equations (21) - (22), it is possible to obtain the distribution of physical fields, as
well as the value of the efficiency and power of a thermopile, depending on the thermoelectric
properties of the thermopile material and the temperature conditions of its operation, obtained by
solving the thermal part of the model.

This information is the basis for the creation of specialized thermoelectric modules based on
thermoelectric materials optimized for different modes of their operation. The significant change in the
cost of thermoelectric generators can be achieved, especially due to the development and use of
optimized functional thermoelectric materials, use of flat extruded thermoelectric materials, etc.
Indoingso, material optimization is usually done experimentally. For this purpose, samples of different
chemical composition and with different impurity concentrations in the expected range of its values
are prepared using different methods. The set of thermoelectric materials obtained in this way is
subjected to measurements of o, a, k in the required temperature ranges.The measurement results
provide information used to adjust the initial chemical composition and concentration of impurities
and, accordingly, to find their optimal values. The decisive role in this will be played by the accuracy
of the measurements and their speed [14, 15].

Conclusions

1. A physical model of a trench thermoelectric generator designed to power low-power military and
civilian equipment is presented, as well as a mathematical and computer description of this model.

2. The created computer model allows determining the dynamic and average power of a
thermoelectric generator, and designing a generator with specialized thermoelectric modules based
on thermoelectric materials optimized for various operating modes.
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ITPO IMMPOEKTYBAHHS OKOITHOI'O
TEPMOEJIEKTPUYHOTI'O /UKEPEJIA TEIIVIA TA EJIEKTPUKHU

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2023 99



L. I. Anatychuk, V. V. Lysko

On the design of a trench thermoelectric source of heat and electricity

Haseoeno ¢hizuuny ma mamemamuuny mMooesi OKONHO20 MEPMOCLEKMPULHO20 OdCEPend menid ma
eNleKmpUKY, NPUHAYeHo2o 05l 00iepigy GIlICbKOGUX MA JHCUBLEHHS MAIONOMYICHOL BIlICbKOBOY
anapamypu, cucmem MOOLIbHO20 MA CHEYIATbHO20 38 SI3KY, 3apsiOKU aKYMYISIMOPI6 ma OCEimaeHH s,
3abe3neyentss MenioM ma MIHIMATbHOIO eeKMPULHOIO eHePRIEIo YUBLILHO2O HACENIEHHS 8 MICYSX, Oe
3PYIUHOBAHA eHepeemUYHA THPPACMPYKMYPA, A MAKONC Y HeeleKmpupikosaHux patioHax no3a
30H0I0 Ootiosux Oiti. Cmeopeno KOMN IOMepHy MoO0elb Ol NPOEKMYSAHHS KOHCMPYKYIL MaKkozo
Ooicepena menia ma eneKmpury, a MakoiC ONMUMI3ayii MepmMoeleKmpUuHO20 MAmepiany, 3 sKo2o
11020 8U20MOGIEHO, O/ PI3HUX pedcumie excnayamayii. bion. 15, puc. 1.

KiaiouoBi cioBa: TepMoenekTpuyHE DKEpeNo Telula Ta eJIeKTPHKH, (i3udHa MOJEIb,
e(EeKTUBHICTB, IUKIIIYHUH PEKUM.
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