SOLVING NONLINEAR HEAT AND MASS TRANSFER
PROBLEMS WITH THE AID OF COMPUTERS

N. A, Fridlender UDC 681,332: 536.24:532,72

A method is proposed of electrically simulating heat and mass transfer processes which can
be described by a system of nonlinear equations, using for this purpose nonlinear resistances.

1. We first consider solving by electrical simulation the nonlinear heat conduction equations of the

general form
i(xqﬂ —c, )
dx ox dt
with A = A(t). Such problems can be solved, for example, by the Liebmann method with resistance net-
works. This method, where time derivatives are represented in discrete terms, is rather cumbersome.

The author proposes to solve the transfer problem with the aid of analog computers using nonlinear
circuit elements, with voltage simulating the temperature and current simulating the thermal flux density.
In the nonlinear heat transfer problem the temperature gradient and the thermal flux density are related
through a proportionality factor which is a function of the temperature:

jq = [7"q (t)] grad 2 )

This relation will be rewritten as a difference equation for the one-dimensional case:

o =M+ A () G
jq ~ Ax .

Equation (1) becomes a difference equation:
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Here the specific heat is also a function of the temperature,

For the system of nonlinear difference equations (3) one can construct the nonlinear model shown in
Fig. 1, where the nonlinear resistors in blocks N. R-1 and N. R-2 simulate the nonlinear coefficients
cq/ A (). These resistor blocks are made up of diodes connected in parallel, with both their bias voltages
and t%e slopes of their volt—ampere characteristics adjustable over wide ranges so as to ensure the
feasibility of piecewise-linearly approximating the nonlinear curve
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Fig. 1. Schematic diagram of the electrical model for
solving a nonlinear heat transfer problem.
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Fig. 2. Schematic diagram of the electrical model for
solving a nonlinear heat and mass transfer problem.
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The corresponding relafion on the model is
. 1
= ——0

R(v)

where R (V) is the nonlinear resistance of an N.R block [5, 6].

’

Into a certain nodal point A (Fig. 1) flow the following currents:

[ U ; %1 P _ dvl

N _
TRy
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®"R@) 0,5R (v;) ° dr,,

(the capacitance in an integrating circuit is taken as equal to unity) and, as a result, the following equation
is simulated:

Y% Uy 0,2 du,

R(w) R(v) R(@) dre

the latter being an analog of the difference equation (3).

A major advantage of the proposed model is that all nonlinear N. R~1 blocks, which simulate non-
linear thermal resistances c /Aq(t) , are the same; the N, R-2 blocks are also all the same, but differ from
the N. R-1 blocks by the factor 2: this follows from Eq. (5), where the third term appears with the coef-
ficient 2.

"It is well known that the nonlinear circuits of analog computers contain up to 20 adjustable diode
elements, i.e., that the nonlinear relation between current and voltage can be approximated by a broken
straight line of up to 20 segments, while the necessary accuracy can be obtained almost entirely with not
more than 34 segmenis, A further convenience offered by this model is that, unlike in the Liebmann
method, it is set up once and for all withidentical components and the resistors do not have to be changed
during a simulation process; rather, the voltage is varied continuously, which contributes to the stability
and the convergence of the simulation process.

2. We will now consider solving by electrical simulation the nonlinear heat and mass transfer equa~
tion in [1]:
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Fig. 3. Schematic diagram for solving the special heat and
mass transfer problem.
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A method of electrically simulating such a system of nonlinear equations by means of resistances
has been proposed by L., A. Kozdoba in [2] and, for a more general case, in [3].

We propose here to simulate system (6) by means of amplifiers and nonlinear resistors.
As in the preceding case, we approximate Eqs, (6) by difference equations
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These difference equations can be simulated on analog computers by two amplifier networks with
nonlinear resistors. Two stages of this model are shown in Fig. 2.

Let each coefficient of the unknown functions in Egs. (7) depend on one of the unknown functions
only, namely the function with which it is associated.

The N, R-1 blocks simulate the nonlinear dependence of

.
hg + 2 a
(bt 2 en)
on the temperature t, the N.R-2 blocks simulate the dependence of er(\pp/c,) on 9; the N, R-3 blocks

simulate the dependence of a1,6g9 on the temperature t, and the N, R-4 blocks simulate the dependence of
a;, On 6.

Doubling the N, R-3 resistance is indicated on the diagram by 2N. R-3.
Similar designations indicate here the doubling of other resistances.

3. The process of heat and mass transfer is particularly strongly affected by the nonlinear depenF
dence of Ag on t and @y, on 9. In view of this, we will consider the problem with 69 = const. and ¢ = const.,
i.e., with the Pn number and the Ko* number both constant, while A = A(t) and am = ap, (@) are given.
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Then Egs. (6) in dimensionless form become [1]:

T _ 8 (4 oT ox 08
’ aFo ax(x* ax)+K dFo ‘
3 (8)
1 068 0 oT
l 3Fo fl +Lu Pn KO*]mean aX (L 'a_X'> + (Lup )meanaF

Here the coefficients of 9®/8Fo and 9T/3Fo refer to some mean values of the thermophysical prop-
erties in the given process. The Luikov number (Lu = am/d ) is a nonlinear function of ®, with some
constant (mean) quantity “q in the denominator.

The ratio Aq/ Kq is also a nonlinear function of T.

As in the preceding case, Egs. (8) will be converted to difference equations and a model will be
constructed as shown in Fig. 3. Here the capacitances C;, Cy, C3, and C; are already different, respec-
tively proportional to 1, Ko* (1 + PnKo* Lu)yean. and (Pnlu)mean. ‘
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NOTATION

is the temperature;

is the mass-transfer potential;
is the time;

is the thermal conductivity;

is the specific heat;

is the mass diffusivity;

is the ratio of mass change by phase transformation to total mass change;

is the specific heat of phase transformation;

is the temperature gradient coefficient;

is the vector of thermal flux density;

is the dimensionless temperature;

is the dimensionless mass transfer potential;

is the Fourier number;

is the Luikov number;

is the Kossovich number;

is the Posnov number;

is the electric potential simulating t and ¢, respectively;
is the nonlinear electrical resistance, a function of v;
is the machine time (on the electrical model);

are the characteristic thermophysical constants.
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