DIGITAL-COMPUTER THEORETICAL INVESTIGATIONS
OF NONSTATIONARY PROCESSES IN
THERMOELECTRIC GENERATORS

A. P. Baranov, Yu, G. Manasyan, UDC 621.362
and A. E. Solov'ev

Equations are given for the nonstationary processes occurring in thermoelectric generators;
a method is developed for investigating them by digital computer. Sample calculations are
given for nongtationary processes in a thermoelectric generator.

There is no exact analytic way of solving the system of differential equations that describe nonsta-
tionary processes in thermoelectric generators. Thus it is necessary to use a numerical method developed
for parabolic-type systems, i.e., the method of nets or the method of straight lines [1].

Comparing these methods for our problem, we see that it is better to use the straight-line method,
since the method of nets requires considerably more programing effort, and the solution is cumbersome.

By using the straight-line method to solve the system of equations describing nonstationary processes
in thermoelectric generators, we can reduce the problem to a system of ordinary first-order differential
equations. This in turn makes it possible to employ standard Runge —~Kutta routines.

Figure la shows the design scheme for the thermogenerator, which consists of flat thermocouples;
the equation system for this arrangement can be written as

Wy _xs T 1, 9,4,6 1), x,<x<f

ot ox?
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with the initial and boundary conditions
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and the contact conditions
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Fig. 1. Design (a) and structural (b) diagrams for
thermoelectric generator: a) 1) heat line on hot-junc-
tion gide; 2) electrical insulation; 3) connecting plates;
4) thermal insulation; 5) semiconductor material; b)
1) steel; 2) mica; 3)copper; 4)semiconductor material.

Ouy __ ou .
3 5 (9
- ot — -
}\'7'4 '(W ;\'T_s ax + qpc) u4 = u5’ X = xln
where uj =u(x, t) (i =1,..., 7) is a continuous function of the temperature distribution, which has piece-
wise-continuous derivatives up to order two inclusive.
We write the system of equations for the thermogenerator 2] as
1 — as [ub (x31 t)_ulg (xln t)) .
M+ 1r '
U=ker a,lug(x ) —u,(x, DI — 1k 1 (5)
P=IMk
8, — Pk r g = a, fu, (s, 1) g = — adu, (x, 1)
e > TS T T F T =T T

Next, to simplify (1), we make the approximate substitution

2 1
G = Wl D —2ue, O+ uy,, 0], (6)

0%

t=x,

while we use the following formulas for the contact and boundary conditions:

0 1 .
T = A D e 0 G @
!
and also let
Ou(x;, 1) - _
u(x, ) =u(t), —”%;’-——)=u,-(t) =1 ..., n—1.

Substituting (6) and (7) into (1)-(5), we obtain a system of ordinary differential equations:

2

w;= )’ii far, s ) — 2w, () a0 (O =1, ..., 9), xp<<Tx<<Txy;
1
. x32 . (8)
Uz, ;= 722 [uz, i+1 (t)—ng_ L(t) + Ug j—1 (t)] (l = 1, ey 4), x1<x<x2;
2
. X3 1 . .
us, (= T s, g1 () =203 )+t it ] — 5=y, (=1,....4), HL<r<xg
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. x?
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5
. X2 ) 1 4 .
uﬁ, = hZ [ue_ i4-1 (t) -— 2”5, L(t) + uG, i—l1 (t)] (L T iy ey )! x5<x<x3’
6 :
. X2 .
Uy, = —h;— lur, i1 () —2u7, (&) +ur, = ()] =1, ..., 9, X<x<xp
7

can write the boundary conditions as

Allowing for the above, we
Ty, (B — o (O + By (t) =M Tmedf), *=x;
(&)

[ty 10 () — thg o (D] + Agthy 59 (8) = T, @), x=x,

and the layer contact conditions as

T

A A
= [y,10(0) =ty o N = 72 tty 1 () — 1ty (O], % = %y
h, h

2

Uy 10 (f) =ty o (@);
Ar, [ ‘ Ar, .
Ty s —m, 0] = T WO =1, O, x=xy

Uy 5 (8) = 1y o (1);

Az, A
’é“ lug,s (6) — ug,y ()] = hL,: (4,0 () — 14,5 (] 'I‘th X = X3

N u3;( ) =t (f) "
”FZ‘ [ty 10(8) —u, 4 ()] = hL; {5, (£) — u5,4 ()] -+ Gpo =15
Uy 10{t) = 5,4 (1);

Az, Ar,
T s (O) —us O] = 5 W () — o (0, x =25

U5 (1) = ug o (t);

Ar, A7,
7,’;— o5 (1) — 6.0 (] = 5= [y () — o ()], % =55
Ug,5{£) =uy o (£).
In like manner, we can write (5) in the form
1

I = a0 () —ty (t)]muﬁ) :

U= ser @ity () =ty 40 (O] — Bser. [ (Auy, 1) r(A%);
P = ko PP (Auy, 1) M{(Aw)r(Au,);
(11

a
fon = ~FS— [{Au,, f)u,, (),

a
Tpe=— Fs [(Auy, £)uy 10 (E);

k
85, = 3L 12 (Au,, )7, (Aw),

where Auy =uy g—u4 19, M = M(Auy), r = r(Auy) are given in tabular or analytic form.

In addition,
2
: (12)

1? = {as(m, i—1 — U, i-H) [‘I’Z(Au4,i)+1]‘F1(Au4I) ’
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where
Vi (Buge) = ry (Bug) = r U, o1 —tha, o41);
1}"2 (Au”) = ‘Mi (Aué) = M(LM, i—] = Uy, i-H) (l = 1, N 9}
To determine the initial conditions for (1), we must solve the algebraic~equation system for stationary

operation of the thermogenerator. The coefficients in the algebraic system can be found from (3} and (4).
In this case, we obtain the nonsingular matrix,

To find the initial conditions for the system (8)-(11), we must find their values at the node points for
the straight-line method.

As an example, let us look at the determination of the relaxation time for the thermogenerator (Fig.
1b) under a step disturbance in the temperature of the heat~transport medium.

The initial data are

by=b,=5107 m; b= by=0,1.10" m
by = by =15-10% m; b, =4.107 m,
Tmed, max = 300°C; Tcmax = 50°C;
¢, = 0,11 keal/kg. deg; o, = 0,094 keal/kg deg;
c; = 0,21 keal/kg: deg; ¢, = 0,03 keal/kg. deg;
Yo = 7,88-10° kg/m% v, = 8,93.10% kg/m®; v, = 3-10° kg/m®;
Y, = 7-10% kg/m®;

Ar, = 58,5 keal/m- h. deg; Ar, = 0,5 keal/m- h. deg;
Ar, = 331 keal/m b deg; A7, = 1,29 keal/m. h. deg;
atp= 4200 kcal/m- h. deg;
Qye = 3000 kecal/m. h- deg; kger = 1;
, e =a,, +a;, = 0,3.107% v/deg;

V = 400 mm?; F = 100 mm®.

A Minsk-22 computer was used to determine the thermal characteristics; a time integration step of

0.5-107% sec was used. The graphs of r = r(Au) and M = M(au) employed in the computations were tabu-
lated.

Figure 2 shows the relaxation~time results for an abrupt change in Tmed from 100 to 150°C.

Thus for the indicated thermal-characteristic values and the given arrangement of the thermogener-

ator, the relaxation time is t,, = 5 sec. If we allow for the normally permitted range of fluctuation in volt-
age and current, however, this time is less than 1 sec.

In like manner, we can obtain t,. for disturbances in T or in Ty,.q and T simultaneously.

Let us now look at some possible simplifications in calculations for nonstationary processes in ther-
mogenerators. From a determination of the temperature distribution over the layers of the thermogener-
ator heat-transfer surface (Fig. 3), we can draw the natural conclusion that the greatest temperature dif-
ferential occurs across the layer of semiconductor material and electrical insulation.

To make a quantitative estimate, we introduce the parameter AT /b, where AT is the temperature dif~
ference across the given layer, while b is the layer thickness., For T =100°C and T, = 20°C, for the

med
specific type of thermogenerator considered (Fig. 1b) we have:

for layer 1, AT /by = 0.6 deg/mm,;
for layer 2, AT /b, = 80 deg/mm;
for layer 3, AT/b; = 0.6 deg/mm;
for layer 4, AT/b, = 28 deg/mm.

As a cousequence, we can neglect the influence of layers 1 and 3 with no loss of accuracy.

In such case, the equation system for the nonstationary processes in the thermogenerator can be sim~
plified, and written as
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Fig. 2. Current (I, a), voltage (U, v), and power (P, W) of thermo-
generator as function of time (t, sec) under abrupt change in Tyeq
from 100 to 150°C.

Fig. 3. Static distribution of temperature (u, °C) over layer thick-
ness (x, mm) in thermogenerator.

Ouy oy Ouy 1 o
e - A B
ou o .
L=Xp S, n<r<u (13)
Ous 5 0%y e X
W"—Xa_“a_x‘z"—*— 9 ﬁ.’) x2<x< 3
Here the initial conditions are
() = =g;(x) (=12 3), (14)
the boundary conditions are
ou
( axl + Iy ) =M Ted
X=Xy
3 (15)
it
("7; +h3”s) =hyT
and the layer contact conditions are
O Ou
1 = uy;
Ou, Oug )
Ar, Fx Ar, T + qpc’ X == Koy
Uy = Uy,

where uy = u(x, t) (j =1, 2, 3) is a continuous function of the temperature distribution, having piecewise-
continuous derivatives up to order two, respectively.

NOTATION

is the temperature distribution function;

is the cross-sectional area;

is the specific gravity of the material;

the volume of the material;

is the flow rate of the heat-transport medium (coolant);
is the density of the material;

is the heat capacity of the material;

0o Q <R =HE
@
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the thermal diffusivity;

the heat-transfer coefficient;

the thermal emf coefficient;

the thermal-conductivity coefficient;

the temperature of the thermocouple hot junctions;

the temperature of the thermocouple cold junctions;

the temperature of the heat-transport medium;

the temperature of the coolant;

the per-second temperature variation caused by Joule heat;

the density of the heat flux resulting from the Peltier heat absorbed at the thermocouple

hot junctions;

the density of the heat flux produced by the Peltier heat liberated at the thermocouple

cold junctions;

a coefficient;

the electrical resistance of the load;

the internal electrical resistance of a single thermocouple;
the optimal ratio of electrical resistances;

the number of series-connected thermocouples;

the thickness of the layer of material;

the time;

the current;

the voltage;

the electrical power.
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is

ar is

g is

AT is
Th is

Te is

Tmed is
Te is

19J is
qph is

Apc is

h = ap/Ay is
R is

T is

M = r/kgert is

kser is
b is
t is

I is

U is

P is
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