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COMPUTER DESIGN OF A THERMOELECTRIC GENERATOR
FOR HEAT AND ELECTRICITY SUPPLY TO HEAVY-DUTY VEHICLES

The physical model of the thermoelectric generator for the autonomous system of pre-heating of high-
power vehicles is considered. The design of heat exchangers of heat supply and exhaust systems, which
allow to ensure the optimal mode of operation of thermoelectric modules, has been determined by
computer design. The design of a thermoelectric generator with an electric power of up to 350 W has
been developed, which will be enough to supply electric energy to preheaters with a thermal power of
25-30 kW. Such a system, taking into account the thermal energy of the thermoelectric generator, will
be equivalent to more powerful preheaters (36 - 40 kW), but will not require the use of battery
electricity. Bibl. 8, Fig. 9, Table. 1.
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Introduction

Operation of vehicles at low ambient temperatures requires the use of methods of preliminary
thermal preparation of engines for start-up. The most common methods of preheat treatment of engines
used for heavy-duty civil and military equipment include refuelling the engine cooling system and
lubrication system with hot antifreeze and engine oil, the use of furnaces that heat the crankcase by direct
flame, heating air filters by introducing filter heads for small amounts of fuel from a special electric glow
plug, the use of heaters to heat the air entering the engine cylinders, etc. However, these methods of
preheating engines are inefficient and time consuming. Therefore, pre-heaters are used more and more,
which run on vehicle fuel and heat the engine coolant [1, 2]. An effective method of solving the problem of
discharging the battery of vehicles during the operation of preheaters is the use of a thermoelectric
generator that operates from the heat of the heater and provides autonomous power to its components [3 -
5]. Moreover, the electric energy excess of thermal generator can be used for battery charging and power
supply to other equipment.

The Institute of Thermoelectricity has created an experimental sample of a thermoelectric preheater
with a thermal power of 3.5 kW and a maximum electric power of 100 W for heating vehicles with an
engine capacity of up to 4 liters [6, 7].

Preliminary analysis [8] shows the prospects for such uses to improve the operational capabilities of
heavy-duty vehicles, including armoured vehicles.

The purpose of this work is to develop and optimize the design of a thermoelectric generator for the
autonomous source of heat and electricity for heavy-duty vehicles.
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Physical model of a thermoelectric generator and its mathematical description

To find the optimal design of the generator, it is necessary to consider its physical model (Fig. 1). The
model consists of five sections, each of which containing a hot heat exchanger, thermoelectric modules and a cold
heat exchanger. The design of heat exchangers of each section must be optimized to achieve the optimal mode of
operation of all thermoelectric modules. The model provides a separate heat source — air heater on diesel fuel.
Heat is supplied to the hot heat exchanger of the generator due to forced convection of hot fuel combustion
products moving in the heat exchanger channels. Heat removal from thermoelectric modules is carried out by a
liquid coolant that is forcibly circulating in the system.
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Fig. 1. Physical model of a thermoelectric generator for heat and electricity
source for armoured vehicles.: 1 — heat source; 2 — hot heat exchanger (radiator);
3 — thermopile; 4 — cold heat exchanger, 5 — thermal insulation

The thermoelectric converter is composed of standard thermoelectric modules Altec - 1061 that are
most suitable for creation of thermoelectric recuperators. The optimal temperature of the hot side of
modules is about 280 - 300°C, and of the cold side — 30 - 50 °C.

The heat Q,; which comes to the hot heat exchanger of i-th section is passed by way of convection
and radiation:

7.\ T
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where oy, is convective coefficient of heat exchange from the hot gas to heat receiving surface of the hot
heat exchanger of the i-th section; 7¢; is the average gas temperature in the hot heat exchanger of the i-th
section; T,; is the average temperature of the heat receiving surface of the hot heat exchanger of the i-th
section; Sg;) is the area of heat receiving surface of the hot heat exchanger of the i-th section;
& = (exnT1)/2 is the effective degree of blackness of the “hot gas-heat receiving surface” system of the hot
heat exchanger of the i-th section; &, is the degree of blackness of the heat receiving surface of the hot
heat exchanger of the i-th section; oy is Stephan-Boltzmann constant; ¢¢ is the degree of blackness of gas;
A, 1s the absorptivity of the heat receiving surface of the hot heat exchanger of the i-th section.

Heat O, is removed from the cold side of thermoelectric modules with the flow of heat carrier which
circulates in the cold liquid heat exchanger 4:

QZZgT.cpT.(T&x_Tm)a (2)
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where g7 is heat carrier consumption; c,r is heat capacity of heat carrier 7j,, Ty, are temperatures of heat
carrier at the inlet and outlet of system for cooling thermoelectric modules, respectively.

As long as the cold liquid heat exchangers are combined into one hydraulic loop with engine cooling
system 5, the heat dissipated from the modules is used to preheat the engine.

The main losses of heat are determined as follows:

1) O; — with reaction products (water H,0, carbon dioxide CO, and nitrogen N,):

O, =C,-m, '(TG(sux.) _7;)): (3)

where C. is the average heat capacity of reaction products, m, is the mass of reaction products, T u is the
temperature of reaction products at the outlet from the generator.
2) O, — on the thermal insulation:

AS,.
7 (T; - To), 4)

Q4 =
where 4 is thermal conductivity of insulation material; S,. is the surface area of the hot heat exchanger not

occupied by thermopile; L is the thickness of thermal insulation layer.
Thus, the heat balance equation for this physical model of thermoelectric generator can be written as:

Q:Qo"'in(i)"'Qf"Qsa
O, =P+0,+0,.

)

where # is the number of sections in the hot heat exchanger of thermoelectric generator.
The relationship between the velocity v and the hot gas temperature 7 in the heat exchanger is
determined by the formula:

—r——K
Te T, l 11 K(0,)-g,
K2 pTO '7T'd2 /4 5 (336)

where K(O,) is coefficient that determines the amount of oxygen necessary for full combustion of fuel, d
is the diameter of combustion chamber; K; and K, are coefficients that determine the amount of carbon
dioxide, water, nitrogen and air which formed as a result of full combustion of fuel and are derived with
regard to specific values of gas volatility degrees i, Mendeleev-Klapeyron constant R and gas molar mass
I; g, 1s air consumption; pry is air density at a given ambient temperature 7.

The solution of the system of thermal balance equations (5) allows determining the main energy and
structural parameters of the generator. It was implemented in the Comsol Multiphysics application package
by finite-element method in two steps which aimed at determining:

— the effective geometry of the hot heat exchanger and optimal fuel consumption and air velocity v to
assure maximum operating temperature of thermopile hot junctions;

— the effective geometry of the cold heat exchanger and optimal heat carrier consumption to assure
the necessary operating temperature of thermopile cold junctions.
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The input data for the calculation of structural parameters of the heater hot heat exchanger are the
dependences of electric power P,,,, and the efficiency n,,q of the used thermoelectric generator modules of
the type Altec-1061 (Fig. 2).

593

Fig. 2. Dependences of efficiency n (a) and electrical power P (b) of thermoelectric module
of the type Altec-1061 on the hot Ty and cold T, module side temperatures

Results of computer design of a thermoelectric generator

Computer model comprises 5 sections, each of which has landing pads for 8 thermoelectric modules
(Fig. 3). Each section has N; channels of diameter d; for passing of heat carrier. In so doing, the total cross-
sectional area of channels in each section was the same, and increasing the number of channels with a
simultaneous reduction of their diameter was achieved by increasing the area of heat exchanger of each
successive section.

Fig. 3. Computer model of the hot heat exchanger of thermoelectric generator in the
Comsol Multiphysics applied package: 1-5 — heat exchanger sections, 6 — channels for
heat carrier passing; 7 — places of thermoelectric modules arrangement

Optimal geometry of each section was determined from the condition of assuring optimal
temperature mode on the hot side of all thermoelectric modules — about 280-300°C.

An example of temperature distribution in the hot heat exchanger of thermoelectric generator in the
Comsol Multiphysics application package is given in Fig. 4.
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Fig. 4. Example of temperature distribution
in the hot heat exchanger of the generator

Table 1 shows the computer simulation of the geometric parameters of the heat exchanger (number
N; of channels of each section and their diameter d;, area of the heat exchanger), which allow providing the
required temperature mode.

Table 1.
Results of optimization of the hot heat exchanger design
Section 1 | Section2 | Section3 | Section4 | Section 5

Number of channels N; 8 16 32 72 144
Channel diameter d;, mm 21.2 15.0 10.6 7.1 5.0
Heat exchanger area Sg(), m’ 0.037 0.053 0.075 0.112 0.158
Average temperature of module

308.0 309.1 301.6 293.3 281.8
landing pad T(@), °C

The temperature distribution of gas passing through the heat exchanger is shown in Fig. 5.
Coordinate x defines the position in the direction of the gas flow in relation to the heat exchanger.

In order to determine the temperature distribution in the cold heat exchangers of the heater (Fig. 6),
the process of heat transfer from the thermoelectric module to the vehicle heating system by heat exchange
between the cold side of the thermopile and the heat carrier flow, which circulates in the channels of the
cold heat exchanger at speed v and temperatures T;, and T,,, respectively at the inlet and outlet of the heat
exchanger was studied.
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Fig. 5. Temperature distribution of gas inside the hot heat exchanger
of thermoelectric generator (for a heat exchanger
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Fig. 6. Example of temperature distribution
in the hot heat exchanger of the generator

Fig. 6 shows an example of a heat exchanger with channel diameter 4 mm with heat carrier
consumption 0.05 m*/h. Figs. 7, 8 also show the distributions of heat carrier velocity and temperature in the
heat exchanger.

As a result of simulation, we obtained the dependences of temperature difference between the inlet
and outlet from the cold heat exchangers on the geometry of channels and on the heat carrier consumption

(Fig. 9).

v, m/s T,°C
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Fig. 7. Example of distribution of heat carrier velocity in  Fig. 8. Example of distribution of heat carrier temperature

the cold heat exchanger of thermoelectric generator in the cold heat exchanger of thermoelectric generator
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Fig. 9. Dependence of temperature difference AT between the inlet and outlet of cold heat exchanger
system on heat carrier consumption G,, and channel diameter d,

For the case of heat exchanger system comprising 40 individual heat exchangers with channel
diameter 4 mm, combined into one hydraulic loop by two series links, 20 pcs each, to ensure the necessary
operating temperatures of the cold module side (30 - 50°C), the consumption of heat carrier pumped
through the system should be 0.5 - 0.7 nmr’/h.

The results served the basis for the design development of thermoelectric generator with electric
power up to 350 W which will be sufficient for supply with electric energy of starting preheaters of the
type PROHEAT M90 24V (with useful thermal power 26 kW and electric power consumption up to 230
W) or OJD30.8106010 (with useful thermal power 30 kW and electric power consumption up to 140 W).
Such a system with account of thermal energy of thermoelectric generator (about 10 kW) will be equivalent
in thermal power 36 - 40 kW (but autonomous) and will allow replacing the starting preheater of the type
PJD - 44111 (with useful thermal power 37 kW and electric power consumption up to 340 W), which is
widely used in heavy-duty civil and military equipment.
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Conclusions

1. A physical, mathematical and computer models of a thermoelectric generator for the heat and

electricity supply to heavy-duty vehicles were developed. Computer simulation has been used to
determine the optimum design of heat exchanger systems for heat supply and removal, which allows
to ensure the required operating mode of thermoelectric modules.

. A design of thermoelectric generator of electric power up to 350 W and thermal power up to 10 kW

was developed. Combined with a starting preheater of thermal power 25-30 kW, the generator
creates an autonomous starting preheat system with thermal power up to 40 kW This system can
replace a similarly powerful starting preheater and does not require the use of battery power.
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KOMII'IOTEPHE NTIPOEKTYBAHHSA TEPMOEJIEKTPUYHOTI'O
I'EHEPATOPA VI JKEPEJIA TEILJIA TA EJIEKTPUKHU UJIA
TPAHCIIOPTHHUX 3ACOBIB BEJIMKOI ITOTYKHOCTI

Pozensnymo  @izuuny mooenb  mepMOenreKmpuyHo2o  2eHepamopa  Oiis  AGMOHOMHOI  CUCmeMU
nepeonycKo8020 po3icpisy Mpancnopmuux 3aco6ié eeauxoi nomyocrhocmi. LLsixom xomn tomepnozo
NPOEKMY8AHHS BUSHAYUEHO KOHCMPYKYIT Men100OMIHHUKIG cucmeM niogedeHHs: ma i08e0eHHs menia,
KL 003601510Mb  3a0e3neyumu  ONMUMAIbHULL  PelCUM  pOOOmMU  MePMOENeKMPUUHUX  MOOYIIIE.
Po3pobreno koncmpykyilo mepmoenekmpuiHo2o 2eHepamopa ei1ekmpuyHoro nomysicuicnio 0o 350 Bm,
AKOI gucmavamume Oisl JHCUBNIEHHSL eIeKMPUUHOI0 EHeP2icio NePeonyCKOBUX HASPIGHUKIE MENi08010
nomyoicricmio 25-30 xBm. Taxa cucmema, 3 8paxysamnusam mennogoi eHmepeii mepmoerekmpuiHoco
eenepamopa, Oyoe exsisaleHmHOI0 OLIbUL NOTYHCHUM NePeOnyCcKosum HazpisHuxkam (36 — 40 kBm), ane
He  nompebysamume  npu  pobOOmMi  GUKOPUCMIAHHS — eJIeKMpPUYHOi  eHepeii  aKymynsamopa.
bion. 8, puc. 9, maén. 1.

Kawu4oBi cjioBa: mnepeanycKOBHII HAarpiBHHK, TEPMOEIEKTPUUYHUIM TeHepaTop, (i3MyHa MOJIEIb,

KOMIT'FOTEpHE MOJETIOBAaHHS.
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KOMIIBIOTEPHOE ITPOEKTUPOBAHUE TEPMOJJIEKTPUYECKOI'O
IF'EHEPATOPA JJISI UCTOYHUKA TEIIJVIA U 3JEKTPUKU J1JIsA
TPAHCHOPTHBIX CPEJICTB BOJIBIIIOM MOIITHOCTH

Paccmompena usuueckas modenvb mepmoIneKmpuyeckozo cenepamopa 0jis a6MOHOMHOU CUCTHEMbL
NpeonyCcKo8020 pazoepesa MpaHCnOPmMHbIX cpedcms 0obuioll mowHocmu. Ilymem KOMNbIOMEPHO20
NPOEKMUPOBAHUs ONpedeNeHbl KOHCIMPYKYUU Men1000MeHHUKO8 cucmem noodgooda u omeood menid,
noseonsiowue  0becnedums  ONMUMAIbHBIL  PENCUM  pabomvl  MEPMOINEKMPUYECKUX — MOOYIell.
Paspabomana koncmpyxkyus mepmodeKmputecko2o 2eHepamopa 1eKmpudeckot MowHocmvio 00 350
Bm, xomopou Oyoem xeamamv 015t RUMAHUS INEKMPULECKOU dHepauell nPeonyCcKoeblx Omonumenell
mennogou  mownocmvio 25-30 kBm. Taxasa cucmema, ¢ yuyemom MenuioGou  dHepauu
MEPMOINEKMPUYECKO20 — 2eHepamopa, Oydem  9KeusaleHmua 0Oojiee MOWHBLIM — NPEeONnyCKOBbIM
omonumensim (36 — 40 kBm), Ho e nompebyem npu pabome UCHOILI0BAHUSL EKMPUUECKOU IHEP2UU
axkymynsmopa. bubn. 8, puc. 9. Tabn. 1.

Key words: preheater, thermoelectric generator, physical model, computer simulation.
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