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We develop a method for determining the optimal parameters and operating conditions of a
separating apparatus. We carry out calculations fo minimize the specific losses, using as ex-
amples the mass-diffusion and thermal-diffusion methods of separation.

The production of isotopes, especially when it is based on the use of irreversible methods of separation,
requires the expenditure of considerable material resources and energy. Therefore, the optimization of sepa-
rating devices, with a view to reducing the cost per unit of product, is an extremely timely problem,

The method of experimental optimization enables investigators to determine only a limited number of
parameters, since the interrelations between the processes taking place in the apparatus are highly compli-
cated, However, the method of multiparametric optimization using electronic computers requires a fairly well-
developed theory of the separating element, The present level of the theory enables us to do this for the pro-
cesses of mass diffusion and thermal diffusion, which are the subject of this article.

In[1], for an estimate of the unit costs of obtaining isotope products in cascade installations based on
irreversible separation methods, we proposed the relation
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It was used in that study for minimizing the costs of obtaining isotopes in a cascade of mass-diffusion ele-
ments, However, since at that time there was no satisfactory theory of these apparatuses, our use of the func-
tional (1) was limited to a search for the optimal regime of operation of elements with fixed geometry. The
desired optimization function in the case when only one isotope is valuable took the form
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The function Z takes account of the costs {in rubles) of setting up and operating the separating installation, and
Spr 1s the specific cost per unit of isotope product, in rubles per year.

An analogous function, written in a different form, was used in [2] for determining the optimal sampling
in an ideal thermal-diffusion cascade operating on a given amount of isotope product.

Since in most separation methods the energy optimum and the apparatus optimum of a cascade do not co~
incide [3], the choice of the best values of the parameters must be based on a consideration of how the individ-
ual types of costs influence the total variation in the cost of isotope production.

It must be recognized that the determination of the operating regime and the choice of the structural
parameters solely from the condition of maximum separating capacity or maximum separation factor is one-
sided. In the first case we minimize the total number of apparatuses in the cascade, without taking account of
the increased energy consumption associated with an increase in the separating capacity itself, Such an ap-
proach can be justified only when the energy costs are negligible in comparison with the apparatus costs, i.e.,
when we have the relation
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which under real conditions, as a rule, is not valid for irreversible separation methods. In the second case,
the maximum possible enrichment effect is achieved to the detriment of the quantity of enriched product ob-
tained.

It is of practical interest to consider two main operating regimes of cascade installations — a regime
with fixed product rate and a regime of operation to obtain a total given amount of isotope product, Gpr~ The
solution of the optimization problem for these two cases has some specific peculiarities. The regime of opera-
tion with fixed product rate is characteristic of pilot-plant and industrial cascades based on the use of separa-
tion methods in which equilibrium is reached in a relatively short time. The second case is characterized by
the fact that the time t of product output may be comparable with the time required for the transient process,
which depends on the size of the cascade installation, which is proportional to the size of the sample. The
sampling must be regarded as one of the optimization parameters, since to each concrete value of Gpr there
will correspond its optimum sampling value, This case corresponds, for example, to operation of cascades
consisting of liquid thermal-diffusion columns,

In the present paper, for the sake of simplicity, we solve the optimization problem by using the example
of a cascade with no waste section, for which the target function reduces to the form
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D (eps ) =(2cp—1)In cpll—=cp)  (ep—crll —2c7)

We consider the problem of optimization of a cascade by using the example of a mass-diffusion process,
The separating capacity 6U appearing in formula (4) is:

6U=—;—(1—9)L’52 (5)

and the quantities L' and & appearing in it are not themselves optimization parameters, since they are auto-
matically established, depending on the total vapor flow Q, and the geometry of the element.

As was shown in [4], the quantity L'is associated with the working and geometric parameters of the ele-
ment Qg Tws Pws lel, de, and Hg of the system of equations
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It should be noted that the perimeter II of the diaphragm is determined essentially by design considerations

and cannot be an optimization parameter.

In addition to the flow of the light fraction, the system (6)-(10) makes it possible to obtain the distribu-
tions of flows and concentrations of vapor and gas in the element which are necessary for finding the enrich-
ment coefficient [5]:
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The values of the concentration of the light component in the enriched and depleted flows, ¢’ and ¢, must be de-
termined, according to [6], from equations which take account of the influence of the countercurrent in the ele-
ment on the separation effect:
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Equations (6)~(10) and (12)-(14), taking account of (11), form a complete system for calculating the variation
of the separating characteristics as functions of the design parameters and the working regime of the element,
which makes it possible to carry out our search for their optimal values, taking account of formula (4).

The optimization of the separation process was carried out for the case of production of a 95% isotope of
neon 22 in a cascade consisting of mercury mass-diffusion elements with a vertical arrangement of an addi-
tional condenser, The calculations were carried out by formula (4), making use of the system (5)~(14). The
time of the transient process was considered negligible in comparison with the working time of the cascade,
The determination of the coefficients which take account of the cost of electric power, coolant, apparatus, etc.,
was carried out on the basis of handbook data and operating experience with the pilot~plant mass-diffusion cas-
cade described in [7].

The formula (4) for the specific costs is a complex multiparametric function with nonlinear relations.
Therefore, the solution of the optimization problem requires using special methods of nonlinear programming,
The search for the minimum of the desired function was carried out on an electronic computer by the deformed-
polyhedron method [8, 9]. This method is characterized by improved convergence to the optimum when there
are deep dips in the target function, by stability of the resulting solutlon, and by a relatively low cost in ma-
chine time,

The target function defined by formula (4) has dimension M = 5 (Qg, gl» d¢s Hds P;). Therefore, in
searching for the minimum, we constructed a polyhedron with six vertices,

The search began with the construction of a regular polygon (simplex) whose vertices and sides are all
equidistant from its center. Then we calculated the values of the function being optimized and selected the ver-
tices with maximum and minimum values of the function. Projecting the vertex with the maximum value of the
function being optimized through the center of gravity of the remaining vertices, and replacing its vertices with
the improved less-than~maximum value of the target function, we obtained a new polyhedron. The search pro-
cedure for finding the vertices with improved values of the target function made use of the rules of reflection,
elongation, and compression, In the resulting polyhedron we again determined the vertices with minimum and
maximum values. By repeating the process of exclusion of vertices with the maximum values, we determined
the minimum of the target function, For convenience in use, the program was made up of separate blocks, in
which we calculated the separating characteristics of the apparatus and prepared the initial data for the solu-
tion of the optimization problem, The external block was the block for ealculating the target function and veri-
fying the optimization search,

In the process of solving the minimization problem for the specific costs, we obtained the optimal values
of the design parameters and the working regime of the mass-diffusion elements, given in Table 1,

Another matter of practical interest is the optimization of existing mass~diffusion elements, The solution
of this problem permits us, without changing the general dimensions and design of the apparatus, by merely
selecting the appropriate parameters for the diaphragm and the capillary, as well as the value of the flow of
working vapor, to obtain improvements in the separating properties of the element.

TABLE 1
Q,, moles/sec| Ing 8, lop € |d . cm lHd' cm )Po, torr | 68U, moles/
: j sec
1,40-102 \ 1,69 0,40 ‘ 1,55 \ 0,44 25,4 26 4,12-10"¢
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TABLE 2

Q,. moles/ Py, torr | 8U, moles /sec

sec

legr €M I dc, cm

Ing GV

1,12.1072 0,40

1,70 0,39 ‘ 1,13 27 ‘ 3,00-1076

TABLE 3. Results of the Optimization of an Ideal Thermal-Diffusion

Cascade
S

P-10s, | 6-104,m | AT, K T, K n Pt Remark

g /sec seg |rubles/yr
2,546 2,50 100 360 1 50,0 | Ky /Kop = K4/Kop=0 {2]
3,210 1,46 100 360 1 32.8 | Ky /Kop=0; Ky/Kop=0,19
1,128 2,83 100 360 12 88,2 | Ky /Kop=0,53; Ks/Kop=10
1,343 2,48 100 360 16 73,9 | Ky /Kop = 0,51; Kg/Kop~0,01
2,409 1,71 200 386 20 21,7 | (Ky +Kg)/Kop= 0,42

We give in Table 2 the results of the calculations for the optimum values of the parameters of an element
described in [7], in the case of a fixed Hg = 15 cm,

The possible reduction in specific costs is about 807%, This makes it obvious that the optimization car-
ried out on the basis of our mathematical models for a mass-~diffusion element {4, 6] can reveal substantial re-
serves of cost reduction in the production of isotopes, which would be impossible by an experimental examina-
tion of a large number of working and geometric parameters.

The problems involved in the optimization of a thermal-diffusion process for separating isotopes will be
considered by using the example of a plane ideal cascade consisting of liquid thermal-diffusion columns, We
shall assume that the cascade is designed to produce a given amount of product, Gpy. In liquid thermal-diffu-
sion columns there will inevitably be parasitic convection caused by the nonuniformity of the temperature of
the working surfaces, the impossibility of maintaining a constant working gap, etc. In [10] it was shown that the
influence of paragitic mixing decreases as the height of the column decreases. Consequently, in order to mini-
mize the total separating surface of theidealthermal-diffusion cascade for producing an isotope product of
given concentration, we subdivide the cascade into segments of equal length, On the one hand, in order to
reduce the influence of the temperature asymmetry, it would be desirable to select the value ngeg as large
as possible, but on the other hand, for large values of ngeg the technological scheme of the cascade becomes
more complicated, leading to increased apparatus costs. Thus, the number of subdivisions, ngeg, should be
regarded as one of the optimization parameters. However, since there are no available data on the influence
of Ngeg on the value of the apparatus costs, we shall limit the number of subdivisions to the number corre-
sponding to the length of liquid thermal-diffusion columns that can be set up in practice.

In order to calculate and minimize the specific costs by formula (4), we used expressions for the specific
separating capacity (the separating capacity per unit surface of the cascade) 06U, the specific heat flux Q,, and
the transient-process time tiy [10], which, taking account of the parasitic mixing and the longitudinal diffusion,
take the form

7 . oD AT)?/( Kd+1<w)
6U e 2 — —_— 1 —_—— y
0"t s (T | + Kep (15)
Q, = ATA/S, (16)
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The parasitic mixing is taken into account by the expression

Ky (ylﬂseg . )( o K
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where exp (yl) corresponds to the separation factor of the cascade segment when there is no parasitic convec-
tion. The value of y; is found from the relation

Lbw 1—tepll—nul _ g, (19)
T —n 14 2x+exp[—(1 4+ %) 5]
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where % = 15-'f‘(6 T)/[aT(AT)? is aparameter characterizing the influence of the parasitic convection and (87T) is
the temperature asymmetry over the perimeter of the column, calculated from the results of [11].

In the present study the specific costs were minimized by the method described above with respect to the
following parameters: P, 8, AT, T, and Ng ey where the limits of variation of the parameters were due either
to the technology of manufacture of the thermal-diffusion apparatus or to the conditions of its operation. The
calculations showed that the minimum of the specific costs per unit of enriched product, taking account of the
mixing due to the parasitic convection and the longitudinal diffusion, corresponds to the maximum temperature
drop and minimum value of average temperature; this agrees with the conclusions reached earlier [10] con-~
cerning the functional dependence of the separating capacity of an ideal cascade when K = Kq = 0.

As an example, we shall consider the case of isotope separation in the ideal thermal-diffusion cascade
investigated in [2], when the separation factor is f = 10, @t = 0,04, the quantity of product obtained is Gpr =
10 g, AT = 100°K, and T = 360°K. The values of the coefficients of the target function (4) — ag, agpp» €te. —
were also calculated on the basis of the data of [2]. The results of the calculations are shown in Table 3. Here
we also show the results of the minimization of the specific costs solely on the basis of the size of the sample
in [2]. 1t follows from Table 3 that in the idealized case (Ky = 0), optimization with respect to two parameters
(P and 6) makes it possible to reduce the specific costs by more than one~-third, Since the size of the working
gap is reduced, longitudinal diffusion begins to play a substantial role, which is taken into account by the coef-
ficient Ky. However, disregard of parasitic mixing leads to a clear underestimating of the value of the specific
costs for obtaining the isotope product.

It follows from the calculations that it would be possible to reduce the cost of the product by increasing
the temperature drop across the working gap, which is associated with carrying out the separation process at
high pressures, or by increasing the number of segments Ngeg. In both cases, the reduction in the specific
costs is accompanied by a reduction in the optimum size of the working gap in comparison with its size corre-
sponding to the maximum separation factor (2, 11],

In conclusion, it must be emphasized that the above method is also applicable to the multiparametric op-
timization of installations based on the use of reversible separation methods, In such cases Eq. (4) must be
supplemented by the components of the apparatus costs and energy costs which take account of the specific fea-
tures of the reversible methods, in particular those proportional to the interstage flow in the cascade and also
those associated with phase reversal.

NOTATION

P and cp, W and ¢y, F and cy, flows and concentrations in the sampling, waste, and feed of the cas-
cade, respectively; L', flow of light fraction in a mass-diffusion element; ¢', ¢, mole concentration in the en-
riched and depleted flows; &, enrichment coefficient; 60U, separating capacity of an element or a unit of surface
of the thermal-diffusion column; Dy, coefficient of diffusion of the light component into the vapor; P;, T;, and
Py Ty initial and working pressures and temperatures in amass-diffusion element; In q = ulp/nDy,, Peclet
diffusion number; ® = (2¢c — 1) In[c/(1~ ¢)], separating potential; 7,, viscosity of the isotope mixture being
separated; u, density of flow of the vapor—gas mixture through the diaphragm; n, mole density of the vapor—
gas mixture; my, Mg, molecular weight of vapor and gas; vy vy, mole concentrations of gas in the vapor—
gas mixture at the surface of the lower and upper condensers; yexts Yints average concentrations in the exter-
nal gap and the internal cavity of the element; yg, average concentration over the diffusion path length; yint,,
gas concentration in the vapor—gas mixture at the boundary between the lower and upper condensers; ¢ and
Oys coefficients of separation of the flows of gas and vapor in an element; 11, Hy, I, effective diffusion re-
sistance, height, and perimeter of the diaphragm; Hgy, total height of element; Hy, height of upper condenser;
Xg» Xg» diameter of diaphragm and condensers; dg, I, diameter and length of capillary at the outlet of the ele~
ment; Qg total flow of vapor in a mass-diffusion element, or total heat flux in a thermal-diffusion column;
Gpr’ given amount of isotope product; «t, thermal-diffusion constant; D, coefficient of mutual diffusion of the
components of the mixture being separated; p, A, density and thermal conduectivity of the mixture being sepa-
rated; f, separation factor; T,AT, average temperature and temperature difference between the hot and cold walls of
the thermal-diffusion column; Kop, K4, Kw, coefficients of the transfer equation; (6 T), temperature asymmetry; %,
coefficient taking account of the influence ofthe temperature asymmetry onthe separation effect in the thermal-
diffusion column; 6, width of gap in the column; t, working time of the installation with sampling; ty, time of
transient process; top, time of operation of the separating apparatus; ngeg, number of segments of the thermal-
diffusion cascade; Spy, specific costs associated with obtaining the isotope product; aapp, 2E: &y aFs ams Kp»
coefficients taking account of the cost of apparatus, energy, coolant, feed, maintenance, and repair of the appa-
ratus, respectively.
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THERMAL CONTACT RESISTANCE IN
THERMOPHYSICAL MEASUREMENTS

V. V. Kurenin UDC 536.,2

The author describes the basis for an experimental correction to the thermal contact resistance
(TCR) in investigation of thermal conductivity and thermal diffusivity of solids, using specimens
in the form of plates, Relations are obtained for thermal deformation of specimens and the con-
tact pressure to compensate for thermal deflection,

The use of a permanent agssembly of thermocouples in the contact plates of a thermal measurement cell
simplifies the operation of the thermophysical instrument, increases its reliability, and by means of calibra-
tion allows error due to parasitic thermocouple emf's to be eliminated. However, there then arises an addi-
tional error due to thermal contact resistances {(TCR) of the specimen with the thermal measurement cell, In
most cases, in investigating the thermal conduectivity and diffusivity of materials with A = 0.5 W/(m+°K) one
must introduce a correction for the TCR, determined experimentally on a specimen of known thermal conduc~
tivity, or on a metallic specimen whose thermal conductivity is considerably less than the resistance of the
test specimens. For a number of practical considerations one usually prefers the second method, which is
based on the hypothesis that the TCR depends only on the cleanliness of preparation of the surfaces in contact,
the contact pressure, and the type of lubrication, and is independent of the thermal conductivity of the materi-
als in contact.

It is known that heat is transmitted through a contact zone due to conduction by two methods: through the
place of immediate (actual) contact of the bodies, and through the medium filling the space between rough pro-
tuberances. The conductances of the medium oy and of the actual contact @) are in parallel, and therefore
the specific conductivity of the contact can be expressed as the sum of the specific conductivities [1]

Leningrad Institute of Technology of the Refrigeration Industry, Translated from Inzhenerno-Fizicheskii
Zhurnal, Vol, 42, No, 4, pp. 615-622, April, 1982, Original article submitted July 6, 1981.

0022-0841/82/4204-0425%$07.50 © 1982 Plenum Publishing Corporation 425



