
NOTATION 

uo, u, UF, UE, initial, current, final, and equilibrium mass contents, g/g solid phase; 
a, mass of adsorbed substance per unit volume of porous body, g/cma; B = da/dc, adsorption 
isotherm parameter; c, mass of vapor in pore space per unit volume of porous body, g/cma; Di, 
effective coefficient of internal diffusion, cm2/sec; Ro, radius of spherical grain, cm; Ds, 
coefficient of surface diffusion, cm=/sec; S, specific surface, i/cm; r, pore radius, cm; ~, 
time, sec; p, adsorbate vapor pressure, g/mole; R, universal gas constant, erg/mole; T, ab- 
solute temperature, ~ m, porosity. 

1. 
2. 

, 

4. 
5. 
6. 
7. 
8.  
9. 

I0. 

ii. 

12. 

13. 

LITERATURE CITED 

P. P. Zolotarev, Ya. I. Rabinovich, and N. V. Churaev, Inzh.-Fiz. Zh., 32, No. 4 (1977). 
P. P. Zolotarev, Izv. Akad. Nauk SSSR, Ser. Fiz., No. I0, 2403 (1968); No. 3, 711 (1969); 
No. 5, 1174 (1969). 
P. P Zolotarev, Teor. Osn. Khim. Tekhnol., 3, 854 (1969). 
P. P Zolotarev, Izv. Akad. Nauk SSSR, Ser. Khim., No. 9, 1882 (1971). 
P. P Zolotarev, Zh. Fiz. Khim., 48, 1778 (1974). 
P. P Zolotarev and M. M. Dubinin, Dokl. Akad. Nauk SSSR, 203 , 1347 (1972). 
A. V Lykov, Theory of Heat Conduction [in Russian], Vysshaya Shkola, Moscow (1967). 
P. P Zolotarev, Izv. Akad. Nauk SSSR, Ser. Khim., No. 3, 526 (1972). 
M. S Panchenko, V.P. Dushchenko, et al., in: Heat and Mass Transfer [in Russian], Vol. 
6, ITMO, Akad. Nauk BelorusSSR (1972), p. 118. 
V. P. Dushchenko, M. S. Panchenko, I. A. Romanovskii, and I. B. Slinyakova, Inzh.-Fiz. 
Zh., 15, No. 4 (1968). 
V. P. Dushchenko, M. S. Panchenko, and S. F. D'yachenko, Inzh.-Fiz. Zh., 16, No. i, 67 
(1969). 
M. S. Panchenko, V. P. Dushchenko, A. L. Panasyuk, and A. S. Mosievich, Inzh.-Fiz. Zh., 
2-2, No. 5 (1972). 
M. S. Panchenko, V. P. Dushchenko, A. L. Panasyuk, and A. S. Mosievich, in: Physics of 
Solids [in Russian], KGPI, Kiev (1972), p. 107. 

NONSTATIONARY PROBLEM OF HEAT TRANSFER IN LAMINAR-VACUUM INSULATION 

I. S. Zhitomirskii, A. M. Kislov, and V. G. Romanenko UDC 536.248.1 

A mathematical model for nonstationary heat and mass transfer in multilayered in- 
sulation for the case of transverse evacuation of the packet is proposed. Results 
of numerical computations of the gas pressure, the shield temperature, and the 
heat flux in the packet for certain insulation variants are presented. 

Experimental [1-4] and theoretical [4-6] investigations of the heat transfer in laminar- 
vacuum insulation have shown that one of the fundamental interrelated and simultaneously oper- 
ating heat-transfer mechanisms therein (radiation, thermal conduction by the gas and by the 
solid) is thermal conductionby the residual gas. Hence, stationary processes of evacuation of 
the insulation packet and the heat transfer therein for a steady temperature distribution and 
molecular gas flow mode are considered in almost all the papers. Theoretical results for the 
stationary gas pressure distribution in an insulation packet with perforated radiation shields 
and an estimate of its influence on the heat transfer are obtained for a temperature distribu- 
tion given in the form of a constant [6] or power-law [4, 7] function ofthe numberof shields. ~ 
The nonstationary equation of the process of transverse evacuation of the packet was solved 
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numerically in ~B] for a molecular gas flow; however, the packet was considered isothermal 
here and the heat transfer through it was not considered. 

We propose a mathematical model of the heat-transferprocess through aninsulation packet 
with perforated shields in which all three transfer mechanisms are considered interrelated 
from the time of the beginning of packet evacuation and taking account of internal outgassing. 
Nonstationary energy and gas flow equations are written for the packet and a method is pro- 
posed for their numerical solution. Shield temperature, gas pressure, and heat flux distribu- 
tions over the packet, as well as theirchange with time for certain insulation models, are 
obtained. 

A packet of multilayered thermal insulation consisting of N perforated radiation shields 
separated by washers of porous material and found between the cold (.inner) and warm (outer) 
walls with the temperatures T c and T k = Tk(t) , respectively, is examined. The warm wall has 
a system of drainage holes through which the packet cavity communicates with the environment 
(an evacuated volume) in which the pressure, starting with the time t > O, is a decreasing 
function of the time Pk = pk(t) �9 In the initial state [the drainage holes are closed and 
pk(0) is on the order of atmospheric pressure], the packet cavity is filled with a single- 
component and uncondensable gas at the pressure Pu ~ Pk (0). At the time t = 0 the drainage 
holes are opened and transverse evacuation of the primary gas and the gas being liberated by 
the shield and washer surfaces occurs from the packet cavity. 

The mathematical description of the nonstationary heat- and mass-transfer process 
through the insulation will be carried out for a plane, one-dimensional packet model. Let 
us number the shields from i to N in the direction from the cold to the warm wall. Hence, 
we agree that the cold wall has the number 0 and the warm, N + i. The temperature of the 
n-th shield will be denoted by Tn = Tn(t). Let us assume that the gas flow through the per- 
forated holes (channels) of the shields is quasistationary and that the gas in the n-th gap 
[between the (n -- l)-th and n-th shields] is in a thermodynamic equilibrium state correspond- 
ing to the pressure Pn = pn(t) in the gap and the mean temperature Tn' = (Tn-x + Tn)/2, n = 
i, 2, ..., N. We represent the total coefficient of thermal conductivity of the medium in 
the gap as the sum of conductive and radiative components: %n = %c (Tn' ' Pn) + %r(Tn-~, Tn)- 
Then for the n-th insulation layer (a shield with adjoining half-layers of the washer), the 
nonstationary energy equation is written as 

;~ dT,~ = An+x (T,~+, - -  T~) - -  A,~ (T,~ - -  T,~_x) - -  Cp (T~) G~ (T~ - -  T,~_ O, (1) 
dt 

where ~ = %n/L E h(Tn_x , Tn, Pn). The third term in the right side of the equation takes 
account of cooling of the layer under ideal heat exchange with the gas. 

The conductive and radiative heat transfer between the shields through the porous (fiber- 
glass) washer is determined by formulas from [9], except that a correction taking account of 
perforation of the shields is introduced for the radiative heat transfer. The perforated 
shields are considered equivalent to solid shields with the effective absorptivity ~ and 
radiativity ~, which depend on ~, e, and ~. These effective characteristics are determined 
approximately as follows. 

Let black radiation corresponding to the temperatures Tn_x and Tn+a of adjoining shields 
be incident on the n-th perforated shield. Then the specific radiant fluxes "absorbed" and 
"~aitted" (including the radiation passing through the perforated channel) by the side of the 
perforated shield toward the (n -- l)-th shield, for instance, equal 

4 
qabs = (1 - -  ~) e~T._x --I- ~(~ 4- ~i) GT~_I , 

(2) 
qrad = (1 - -~)  e~T~ @ ~(aT~+I + 4~w2T~) ~, 

where w and wx are the probabilities of the passage of radiation incident on the channel en- 
trance through theperforated channel and its absorption on the walls; wa is the probability 
of the intrinsic radiation of its walls emerging from the channel (for unit flux density). 
The~e probabilities are functions of the channel parameters e and ~ and their evaluation is a 
separate problem. 

For the sides turned to the (n + l)-th shield, Tn_x and Tn+a must change places in (2). 
Now, if qabs is divided by ~T~-x (or aT~+x for the second side), and qrad by c~, and we take 
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T ~ -T 4 ~ n+~/ n i, T~-~/T~ ~ I, then we obtain the following approximate expressions for the ef- 
fective radiation characteristics of the shield: 

= ( 1 - -  ~) e Jr ~. (w q- w~), ~ = ( 1 - -  ~) e + ~ (w + 4/ewe). (3) 

The reduced emissivity ~ of the two adjacent perforated shields w~th the radiation character- 
istics (3) is evaluated in the usual manner [i0] and the formula e = ~/(2 - ~) is obtained. 

The coefficient of gas heat-conduction dependent on T'n and Pn is expressed by the gen- 
eral approximate formula for all flow modes [Ii]. The thermal conductivity and specific heat 
of the materials of the insulation packet are determined by empirical relationships [12] for 
different temperatures. 

In analyzing the process of transverse evacuation of the packet cavity, we consider the 
gas flow through the n-th shield to occur in the nonmolecular (viscous or intermediate) mode 
if the Knudsen number is Kn(n) = L(Tn, pn')/D ! • where Pn' = (Pn + pn+1)/2, and in the 
molecular mode if Kn(n) > • z ~ 1. The Knudsen number Kn(n) for the nonmolecular gas flow 
mode is evidently a nondecreasing function of the number of the shield. 

Using the accepted criterion of replacement of the gas flow modes, the shield m which 
separates the packet into two domains [in one domain the flow through the shield (including 
the m-th) is nonmolecular, while in the other it is molecular] can be determined. Taking ac- 
count of this packet separation into two domains, we write the nonstationary gas flow equa- 
tion for each of the gaps between the insulation shields: 

v E = Z +  

F,~_I (P,~_I - -  P,~) - -  F .  (p~ - -  P,~+x), 

n = l ,  2 . . . . .  m~N; 

F~_x(p~_~--p~)--A ( P~ 

n = m +  1; 

A { P"--~ 2 P'~ -I- 

n = m §  . . . . .  N. 

P~+I / 

Pn+l ) 
Vr%j 

(4) 

(5) 

( 6 ) .  

Here gn = g(Tn', Pn, t) and F n = F(Gn) are the velocity of outgassing in the n-th gap and the 
analog of the capacity of the n-th shield in the nonisothermal case, referred to unit surface 
of the shield; A = ~ K ~ ;  V = ~L. Equations (4) and (5) and the expression (6) describe 
the gas flow in the nonmolecular and molecular modes, respectively. In particular, the flow 
in the whole packet is nonmolecular for m = N and molecular for m = 0. The capacity of the 
perforated hole is determined for the nonmolecular flow mode of the general approximate for- 
mula for all modes [ii]. 

The boundary and initial conditions for (i), (4)-(6) have the form 

T o = T  c, T,v+z=T~;  T,~(0)=0,~, n =  1, 2 . . . . .  N; 
(7) 

F o = 0 ,  Px+x =P~,; p ,~(0)=pu,  n =  1, 2 . . . . .  N--I-1. 

The initial conditions are given under the assumption that a constant pressure Pu has been 
maintained for sufficient time in the insulation cavity prior to the evacuation and the temper- 
ature distribution over the packet 8 n has hence been built up. This distribution is the so- 
lution of (i) in the stationary case for Pn = Pu, To = Tc, TN+x = Tk(0). 

A numerical method combining factorization over the packet layers with iteration in each 
time space was used to solve the obtained system of nonlinear differential equations. 

Selecting the finite time spacing At and using the notation O n = Un(t), Un = Un(t + At), 
where Un is Tn or Pn, we approximate (i), (4)-(6) by a purely implicit difference scheme. To 
do this, the left sides of the equations are replaced, respectively, by 

~n (T,, - -  Tn)/At, V (pn/T'n --  l)=/~)/At. 
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Consequently, a nonlinear system of algebraic equations in Tn and Pn, which is solved by us- 
ing iteration, is obtained. The iteration process is constructed as follows: 

,r,(s+I ;~ '  T( '+ '~--T-  *'~) '"( '+ ' )  T(,~+'))--(A(~ ') +c(p~)G(~ ')) (T~ '+') ~._,  ~); (8) 
A t  = l ' t r t - t -1  I '1 n'{-1 ~ 

V ( P(~ +n [~. ) 
At r;,"' =/;, 

V 
At 

V(s+l) 
n 

V-r 

[=(s) ~_(s+1) _(s+l L F(S) f,~(s+l) . ( s+ IL  
[rn-IWn-1 --pn I-- n ~vn --F,+l J, 

l n=l, 2 ..... m; 

g~) ! =(s) : ,,s+i) ~(~+I h 
j c l  * n--I ' , Pn - - !  - -  P n  J - -  

l /T 'n  la l' T~ (s) 

t n = m + l ;  " 

%~r/. 
l />-~ _ T~ (o -[- A (v(nt+~') - -  2vL~+ 1) + v~ , '  )), 

(9) 

(10 )  

v n = p , J | : ~ . . ,  n = m §  . . . . .  g .  (11)  

is linear in the quantlties T n , Pn , The system of difference @quations (~)-(iI) �9 (s+1) (s,~) 
and 9~s+I). The values of T~ ~ = ~n, p~O) = Pn, v~ ~ =~n in the preceding time spacing are 
used as the initial iteration. To solve the system of three-point equations (8), (9)-(11) 
under the conditions (7) we use a factorization method, where the method of counterfactoriza- 
tion [13] is used for the system (9)-(11). For m = N and m = 0 the counterfactorizations de- 
generate, respectively, into left and right factorization. The factorization formulas are 
stable. 

Let us note that this same method can be used to find the initial temperature distribu- 
tion 0n over the packet from (i). 

To estimate the qualitative regularities of the nonstationary heat- and mass-transfer 
processes in the insulation under consideration, the transfer equations were solved numeri- 
cally for certain insulation packet models, and the temperature, gas pressure, and heat flux 
distributions over the packet were found as a function of the time. 

The computations were performed for insulation with perforated aluminum foil shields 
(l = 14.10 -6 m, L = 32.10 -5 m, ~ = 0.0314, s = 0.05, N = 90) and glass-paper SBR-M washers 
(p = 0.99, fiber diameter about 6-10 -6 m). The boundary walls had the constant temperatures 
Tc = 77~ and T k = 300~ Nitrogen was considered as the gas being evacuated (primary and 
liberated by the packet surfaces). 

The initial gas pressure in the packet cavity was assumed to be 1.01,102 Pa (760 torr). 
The pressure of the environment varied with time according to a piecewise-exponential law in 
such a way that its value decrease monotonically from Pk(0) = Pu to Pk = 4"10-s Pa (3,10 -7 
torr) in 5 min and then remained constant (Fig. la,b). 

Two versions of perforated holes distinguished by the relative length ~ = Z/D and cor- 
responding to a long (~ = 7) cylindrical channel [14] and a hole in a very thin wall (~ = 
10 -2 ) were considered for a constant shield perforation factor. The computation was per- 
formed for both versions without inner outgassing in the packet (g = 0) and for outgassing 
with two constant values of g (in time and over the packet thickness). 

The dependences of the gas pressure and specific heat flux at the cold and warm walls of 
the packet, as well as the stationary temperature distributions over the thickness, obtained 
as a result of the computations, are presented in Figs. 1 and 2. 

From the results obtained the deduction first follows that the buildup time for a sta- 
tionary value of the heat flux (temperature distribution) in the packet is considerably 
greater (103- to 10~-fold) than the buildup time for the stationary gas pressure. This dif- 
ference diminishes with the increase in the rate of outgassing. In turn, this increase is 
explained by both the rise in gas pressure in the packet and the respective increase in the 
effective coefficient of thermal conductivity of the insulation. For values of g greater 
than a certain value [in the computation for g = 1.33,10 -~ (mS.Pa)/(m2.sec)], the value of 
the heat influx to the coldwall during the transition is always higher than the stationaryvalue, 
which canbe of substantial use in estimating the insulationefficiency. It should just be kept 
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Fig. i. Gas pressure and heat flux at the cold (solid 
lines) and warm (dashed line) walls of the packet for ~ = 
7 (a) and ~ = 10 -2 (b): 1,4,4') g = 0; 2,5,5') 1o33-10-6; 
3,6,6') 1.33.10 -~ (P, 133 Pa; q, W/m2; g, (cm S.Pa)/(mz.sec); 
t, sec). 

flux to the cold wall during the transition is always higher than the stationary value, which 
can be of substantial use in estimating the insulation efficiency. It should just be kept 
in mind that this result has been obtained for the case of a noncondensing gas and a constant 
rate of outgassing, independent of the time and the temperature distribution over the packet 
thickness. 

The obtained temperature distributions and time dependence of the gas pressure and heat 
flux in the packet depend on the kind of perforated holes in the shields and the rate of out- 
gassing. Stationary values of the pressure, which vary slightly over the packet and have an 
abrupt jump only near the warm wall because of the low shield capacity for the perforation 
factor under consideration, are greater for the case of perforations in the form of channels 
(type I) than for perforations in the form of holes (type I!). This is naturally explained 
by the lower capacity of the channels. The pressure in the packet also rises with the in- 
crease in the outgassing rate (Fig. la,b) and hence the nature of the temperature distribu- 
tion over the packet varies, corresponding to the passage from a heat-transfer mechanism main- 
ly because of radiation to a conductive mechanism because of thermal conductionthrough the gas 
(Fig. 2). For the case of the highest value of g, the presence of a pressure jump in the last 
gap influences the nature of the temperature distribution (a high gradient at the warm wall) 
exactly as a high temperature gradient holds at the cold wall in the g = 0 case because of 
the poor heat transfer by radiation for a low shield temperature. Let us note that the curves 
2 and 2' for the temperature distribution over the packet (Fig. 2) agree qualitatively with 
the experimental curves [4, 15]. 
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Fig. 2. Steady temperature distribu- 
tion in a packet: i,I') g = O; 2,2') 
1.33"i0-6; 3,3') 1.33"10 -~ (ma.Pa)/ 
(m=.sec[. Dashed curve) 8n; solid 
curve) I = 7; dashed-dot curve) ~ = 
10 -2 . 

In conformity with the mentioned nature of the change in the stationary value of the 
pressure and temperature distribution in the packet, the value of the heat influx to the cold 
wall varies, although the radiant component of the heat transport increases in the case of 
perforations of type II. The stationary values of the heat influx in the case of perfora- 
tions of type I (channels) equal 0.158, 0.39, and 8.9 W/m =, and 0.21, 0.24, and 2.46 W/m 2 for 
perforations of type ii (holes) for g = 0, 1.33.10 -~, and 1.33.10 -~ (mS.Pa)/(m2.sec), re- 
spectively (Fig. la, b). The effective coefficient of thermal conductivity of the insulation 
packet, calculated by means of this data, equals 2.3.10 -5 (3.10 -5 ) and 6.10 -5 (3.8.10 -5 ) W/ 
(m.~ for g = 0 and g = 1.33.10 -6 (ma.Pa)/(m=*sec), respectively, in the case of perfora- 
tions of type I (II). The experimental values of this coefficient [15] for the same packet 
with nonperforated shields are 5.10-5-8.10 -5 W/(m.~ 

Therefore, the heat flux for ~ = 0.0314 for perforations in the form of holes and g ~ 0 
turns out to be less than for perforations in the form of channels because of the high capac- 
ity of the holes for the gas and, therefore, its lower pressure in the cavity. It can be ex- 
pected that such a relationship between the heat fluxes (for a fixed g) will be conserved for 
an increase in ~ up to a certain critical value and will go over into the opposite when the 
coefficient turns out to be greater than this critical value. Because of the high shield 
capacity in this case, the absolute value of the gas pressure in the packet will be so low 
that the heat transfer through the packets will occur mainly by radiation. Then the heat in- 
flux through the packet will be greater for shields with perforations in the form of holes 
than for the case of perforations in the form of channels, since channels transmit radia- 
tion more poorly than do holes (or reflect completely [14]). 

Indeed, it has been obtained as a result of additional computations for ~ = 0.2 and g = 
1.33.10 -6 m3*Pa/(m2.sec) that q = 0.41 (0.72) W/m 2 in the case of perforations of the type 
I (II), i.e., it turns out to be greater for perforations in the form of holes. For compar- 
ison, let us mention that under the assumption of total reflection of the radiation by the 
perforated channels under consideration (diffraction-hole shields [14]), the heat flux is 
found to equal about 0.167 W/m 2. 

NOTATION 

N, quantity of shields in the packet; Tn, Tc, Tk, temperature of the n-th shield and 
cold and warm walls, respectively; Tn', mean temperature in the n-th gap; Pu, initial pres- 
sure in the packet cavity; pk(t), pressure of the environment; Pn, gas pressure in the n-th 
gap; t, time; Cp, isobaric specific heat of the gas; Gn, mass flow rate of the gas through 
unit surface of the n-th shield per unit time; D, diameter of the perforation hole; L, mean 
free path of the gas molecule; K, Clausing coefficient; R, universal gas constant; M, molec- 
ular weight of gas; q, specific heat flux; L, spacing between shields; l, ~, ~, thickness, 
perforation factor, and emissivity of the shield, respectively; ~, washer porosity; ~, rel- 
ative length of the perforation channel; ~n = ~(Tn), specific heat of the n-th insulation 
layer referred to unit shield surface; X r, X c, radiative and conductive coefficients of ther- 
mal conductivity;Xn, coefficient of thermal conductivity of the medium in the n-th gap; 8n, 
initial temperature of the n-th shield. 
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HEAT AND MASS TRANSFER IN LAMINAR-VACUUM INSULATION 

R. S. Mikhal'chenko and N. P. Pershin UDC 536.248.1 

Nonstationary heat and mass transfer in laminar-vacuum insulations are investi- 
gated experimentallyand theoretically in application to their operating condi- 
tions in cryogenic vessels. 

The heat-transfer process in laminar-vacuum insulation (LVI) is complex in nature and 
includes heat transfer simultaneously by radiation, by thermal conduction through the LVI mate- 
rial, and bv contacts and heat transmission by the residual gas molecules. As has been shown 
in [1-3], heat transfer through a gas may exert considerable influence on the thermal char- 
acteristics of LVI packets. A theoretical investigation of gas flow in LVI for the case of 
transverse evacuation [4], as well as computations of the thermal LVI characteristics [3] 
performed by using theoretical dependences for the contact and radiative components of the 
heat flux and velocity of molecule desorption from the surface of the insulation layers, af- 
fords the possibility of representing just the qualitative picture of the heat and mass 
transfer in LVI, but does not permit quantitative estimates for real insulation systems. 

The purpose of this paper is the study of the peculiarities of the insulation evacua- 
tion process under conditions of their application in cryogenic vessels and the development 
of an engineering method of computing the nonstationary heat and mass transfer in LVI by us- 
ing the experimental results we obtained earlier [5, 6], as well as during execution of this 
research, on thethermophysical and gasdynamic characteristics of multilayer insulation. 
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