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A procedure  is proposed for calculating the effect of thin "floating" shields and of cooled 
cylindrical  shields on radiative heat t ransfer  within the penetration zone. 

The effect of shields on radiative heat t ransfer  within the penetrat ion zone (e. g., within the reac to r  
radiation zone) is a problem which requires  a separate  study, because par t  of the penetrat ing radiant energy 
is dissipated in a shield in the form of heat and thus affects the heat t ransfer  between surfaces  insulated 
from one another.  When a shield is exposed to a nonuniform heat load~ then evidently its temperature  field 
becomes  also nonuniform and internal heat is generated in an amount which depends on the thermal  con- 
ductivity of the shield mater ia l .  It is important ,  in this case,  to co r rec t ly  est imate the effect of not only 
the shield as a whole but also of its individual segments  on the heat t ransfer .  

The equations derived in [1], where the thermal  effect of penetrat ing radiation on a shield is r ep re -  
sented by an additional flux impinging on the shield and by a mean shield temperature ,  fully reflect  the 
effect of the shield set as well as of each individual shield segment on the thermal  conditions, but do not 
define the role of individual shield segments  in the heat t ransfer .  

A convenient method of est imating the effectiveness of individual shield segments would probably be 
by comparing the tempera ture  field of a given shield with the surface tempera ture  of neighboring objects.  

Thin "Floating" Shields. In determining the effectiveness of individual segments  of a "floating" 
shield (i. e., a shield which par t ic ipates  in heat t ransfer  with other objects by radiation only), one must, 
for cer ta in  reasons,  d i s regard  the heat t ransfer  between a given segment and the other segments of the 
same shield. Namely, in the total heat t ransfer  between different shield segments by radiation and con- 
duction the role of each is b lur red  because,  although par t  of the heat which the segment most  intensively 
heated by penetrat ing radiation rece ives  is t ransmit ted fur ther  to other  segments ,  this par t  is still involved 
in radiative heat t ransfer  between those other  segments  and the surfaces  of neighboring objects and, there-  
fore,  in the end still bea r s  on the effectiveness of the thermal  insulation. As a resul t  of heat t ransfer  be-  
tween different shield segments,  the tempera ture  becomes  ra ther  equalized over  the entire shield (the 
tempera ture  of some segments  r i ses ,  causing the tempera ture  of other segments  to drop) and it can pos-  
sibly remain  within the allowable l imit  throughout the shield, but in real i ty  some individual shield seg-  
ments  will reduce the effectiveness of thermal  insulation. 

In Fig. 1 are  shown the components of a closed sys tem where heat is t r ans fe r red  radiat ively between 
surfaces  A and B, with a thin "floating" shield Sh between them which splits sys tem AB into two closed 
sys tems.  When one among many shields is considered,  then obviously the surfaces  of adjacent shields 
must  be taken as the sur faces  A and B. We will assume that T A > T B, that all surfaces  are  gray,  and that 
the direct ional  radiation coefficients are  each constant over the respect ive surface.  It may also be a s -  
sumed, if the shield is thin-walled and of uniform thickness,  that its la tera l  surfaces  have equal areas .  
In this case the shield is most  conveniently replaced by the surface of its median layer .  

The s teady-s ta te  heat balance in a shield element conforming to these concepts can be written down 
a s  
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Fig. i. Schematic diagram 
of a "floating" shield. 

d~A 2v dE - -  dtOB = O, (1) 

where 

depA ---- (leaf. Vps~(T~ _L_ T~) dS; dE = p ~  ~dS; 

dr  = ~,, , .  ~ ~s~(T~ _ T~) dS. 

We dis regard  the temperature  difference between opposite points 
on the two shield surfaces .  After  the necessa ry  substitution and t r ans -  
formation, we have 

T4 = e,*mq)su,~ + ~,=f. ~(Ps~BT*B + p(Iy~la (2) 
~r. 1%hS+ ~f. ~(Pshs 

The mean shield tempera ture  can be calculated from the condition: 

= = 

S 

After the necessa ry  substitution and t ransformation,  letting r = p6 .I TNdS, 
we have s 

1 

Tsh==(--~ .fV4NdS) ~-: I Etcf'l(~$hh~A -{- Eref' 2fpshB~B -~ F / ( ~ S ) .  ~f,1CPShA i-~" ~f. 2(PShB 
S 

The same resul t  is obtained from the condition that ~B = ~ d+B" 
S 

1 

1 (3) 

It is easy to see that formula (3) represen ts  a special  case of the solution to the equation derived in 
[1]. 

a) When one considers  protect ing the relat ively cold surface,  i . e . ,  surface B in Fig. 1 against inc re -  
ments  of heat, one must  take into account that heating the shield will reduce the effectiveness of shielding 
the insulated surface.  A case in point is the thermal  insulation of low-tempera ture  apparatus installed 
within the radiation penetrat ion zone. It is convenient here  to compare  the temperature  field of the shield 
with the temperature  of the relat ively hot surface,  i . e . ,  with the temperature  T A. If one finds that the 
tempera ture  of any shield segment is above T A, this segment  reduces  the thermal  insulation and must  be 
removed.  This requirement  can be expressed as T N -< T A. After  the necessa ry  substitution and t r ans -  
formation, we have 

p ~  ~ neff, 2(ps~ (T~ - -  T'B). (4) 

When the maximum thermal  flux per  unit mass  supplied to the shield by penetrat ing radiation is 
known, then the cr i t ical  thickness for a shield of a given mater ia l  can be calculated by the formula 

tier = ae~f.~%.B(~A-- T~) , (5) 
PYma~ 

while the cr i t ical  flux supplied per  unit shield mass  of given thickness and mater ia l  is 

a%=f *q~s~(T~ - -  T~) (6) 
7=,= p6 

When there are  n shields in a set, the formula for the result ing thermal  radiation flux at the insu- 
lated surface B is in this case [1]: 

) k=l = z ~  + ~ . . . .  " 

i=l etef,~Hf l=l 8tel 'lH~ 

(7) 

The last  formula indicates that more  shields in the penetrat ion zone, with all other conditions un- 
changed, will increase  the shielding effectiveness,  i . e . ,  will reduce the maffaitude of +B, up to a cer ta in  
number of shields above which the shielding effectiveness will again decrease .  As is well known, inc reas -  
ing the number of "floating" shields outside the i r radiat ion zone will always improve the shielding effective- 
hess [1]. 
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Fig. 2. Schematic diagram of a cylindrical  shield cooled 
at the end surface.  

In o rder  to determine the optimum number of "floating" shields inside the reac to r  radiation zone, it 
is evidently necessa ry  to find the minimum of function ~B(n) f rom formula (7). 

b) When one considers  protect ing the relat ively hot surface,  i .e . ,  surface A in Fig. l against heat 
loss ,  one must  take into account that heating the shield will improve its effectiveness until TSh = T A and 
full shielding is attained. Fur the r  heating of the shield will again reduce its effectiveness.  

In o rde r  to determine the optimum thermal  flux supplied to the shield by penetrat ing radiation, we 
substitute (3) for TSh in the condition TSh = T A. A few minor  t ransformat ions  yield 

Fopt = (l~,ref, 2q0ShB S (~ - -  T4B). (8)  

In this case the result ing thermal  radiation flux between shield surface and surface A is equal to zero,  and 
all extraneous heat Fop t is t ransmit ted to surface B. 

With the mater ia l  and the i r radiat ion spectrum of the shield known, the optimum shield thickness can 
be calculated by the formula:  

 op,= ropt/( .I' 
S 

while with the shield mater ia l  and thickness known, the optimum mean thermal  flux per  unit mass  supplied 
to the shield is 

7opt = ropt](p6S). (10) 

When there are  n shields in a set, the formula for the result ing thermal  radiation flux to the insulated 
surface A is in this case [1] 

n-kl 

n ( gkBHkB ) "qK"~ ercfJHi ~=a+l . (ii) 
= "  ,~+1 1 - - 7 -  

i=l i=l 
The optimum number of shields, with all other conditions unchanged, can evidently be determined 

according to formula (11) for the condition ~A = 0. 

Cylindrical  Shield Cooled at the End Surface. In low-tempera ture  apparatus,  the heatup of the 
shields by penetrat ing radiation reduces  their  effectiveness.  In such cases  it is often possible to improve 
the shielding effect iveness by cooling the shields. The extra thermal  flux supplied to the shield [1] is the 
algebraic  difference between the thermal  flux supplied by penetrat ing radiation and the thermal  flux r e -  
moved by cooling. 

An end-sur face  cooling scheme for a cylindrical  shield is shown in Fig. 2. The vacuum jacket A, 
the shield Sh, and the insulated object B constitute coaxial cyl inders.  One end sur face  of the shield is 
cooled and maintained at a constant temperature .  If the cooling of the shield is considered as a one- 
dimensional heat p rocess ,  then the mean tempera ture  of any shield section will be 

T. = T. q- -~- qxdq = T~ + (@A,x,b ~ @ B , ~ , b  + Fx,b) dxp 
0 0 
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Fig. 3. Schematic diagram of a cylindrical shield cooled 
by a through-feed of gas. 

Here @A,xl b, #B ,x t  b, and Fxl b are thermal fluxes per shield segment of length l - x  1, i . e . ,  per seg-  
ment xtb. These thermal fluxes are functions of x, and they can be calculated by the following formulas: 

l l l 

r = dOPA = Oe~f, lq~s~B (T4A - -  T4x,) dSi = ae~f,i ~ld~ (T4A--T~x,)dx~, 
x l  Xl xl 

l l I 

; 3 
XI X l  X l  

l l 

Fx,b = ~ dF = pF ff yx,dx~. 
Xl  X1 

After the necessary  substitution and transformation, we have 
l 

0 xx 0 xa 

where 

G ~  
+ ~,.2 %r A~ = ~ ,  A, = - - ~  (~, , . ld,~ ' 2 .  

O'r 
A 8 = ~ ( 8 ~ f . l d  1 + e , f . 2 % h ~ d , ) .  

On the right-hand side of this equation there appears the unknown variable,  which is found by methods 
of approximate integration. The critical shield length is found from the condition T x = T A. 

The temperature of the unco0led shield end is 
l l . l l 

0 xa 0 x t  

The mean shield temperature can be determined from the condition 
l l 

~PA : (~e -~ f . l~d l l  (T4A - T4h) = t'dCPA == (18.f.l~dl ~(~A- T~) dx 
0 0 

o r  

l l 

0 0 
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After  the necesary  t ransformat ion,  we have 
l 1 

0 

Cylindrical  Shield Cooled by a. .Through-Feed of Gas (Fig. 3). The insulated object B, the shield Sh, 
and the vacuum jacket A constitute coaxial eylinders.  The shield is formed by two eoaxial tubes. Cooling 
gas is fed through the annular space between both tubes. 

With heat t ransmiss ion  along the shield disregarded,  the s teady-s ta te  temperature  of any shield see-  
tion can be determined from the condition of heat balance: 

T. = T G + ATe. + ATsh. ~= T~ + OA.x - -  OB,~ + F~ _!_ dqbA. x - -  dO.,. + dr~ 
mc adSG 

Here ~A, x, ~B,x ,  and F x are  thermal  fluxes per  shield segment of length x. These fluxes are  functions 
of x and they can be calculated by the following formulas:  

r = ,) dOA = I(T4A -- T~x,)dS1 (T~ T~x,) dx I, 

0 0 0 

0 0 

L t "~- yxdx~, and dS~ = ~ (d~ + d~) dx~. 
0 0 

After  the necessa ry  substitution and t ransformat ion,  we have 

T~ = A~ + A,x + A~y~ + A~ y~ dx~-- A~T~-- A6 T~x,dx~ , (14) 

0 0 

where 

AI: :  Tr �9 a (d 3 + d~) ; 

a~ ( e ~ , f . # , ~  + e , , f ,2~3~Bd~) 
A 2  m.~ ~ 

pF ; A4 = pF . 
,43 a~ (d~+d4)  ~ ' 

A~ = a (d 3 + d , ) - -  and A, --~ mc 

This equation, like Eq. (12), is solved by methods of approximate integration, and the cr i t ical  shield 
length is found f rom the condition T x = T A. 

The mean tempera ture  of a shield of length l is determined with the aid of formula (13). 

TA, T B 

TSh 
T N 
Tx 

Ta 
Tb 
TG 
ATg, x 
ATSh, x 

NOTATION 

are the mean tempera tures  (~ of the relat ively hot and of the relat ively cold surface,  r e spec -  
tively, both surfaces  insulated from one another; 
is the tempera ture  of the shield; 
is the mean tempera ture  of an element of a "floating" shield defined by point N(x, y, z); 
is the mean tempera ture  of an a rb i t r a ry  section of a cooled cylindrical  shield defined by coor-  
dinate x; 
is the mean tempera ture  of the cooled end surface of a cylindrical  shield; 
is the mean tempera ture  of the uncooled end surface of a cylindrical  shield; 
is the tempera ture  of the cooling gas; 
is the tempera ture  r i se  of the gas along a shield segment  of length x; 
is the mean tempera ture  drop between the shield and the cooling gas, at a shield section defined 
by coordinate x; 
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is the resultant  thermal  radiation flux from the relat ively hot surface A to the shield; 
is the resultant  thermal  radiation flux to the relat ively cold surface B; 
is the thermal  flux per  unit mass  supplied to the shield by penetrating radiation; 
is the thermal  flux supplied to the shield by the penetrat ing radiation; 
is the Stefan-Boltzmann constant; 
is the r e fe r r ed  emissivi ty  of the closed radiative heat t ransfer  sys tem consisting of the shield and 
surface A; 
is the r e fe r red  emissivi ty of the closed radiative heat t ransfer  sys tem consisting of the shield and 
surface B; 
is the mean directional  radiation coefficient f rom the shield to surface A; 
is the mean direct ional  radiation coefficient f rom the shield to surface B; 
is the r e fe r r ed  emissivi ty  of the set of closed sys tems formed by the shields between surfaces  A 
and B; 
is the interradiat ion surface of the closed sys tem AB without shields between A and B; 
is the one lateral  surface area  of a "floating" shield; 
is the thickness of a "floating" shield; 
is the thermal  flux per  unit c ross  section area;  
is the c ross  section a rea  of a shield; 
is the thermal  conductivity of the shield mater ia l ;  
is the density of the shield mater ia l ;  
are  the a reas  of outside (facing A) and of inside (facing B) surface of a cylindrical  shield, r e spec -  
tively; 
are  the d iameters  of those respect ive surfaces;  
is the total area of the cylindrical  surface,  of outer and inner shield tube cooled by a through-feed 
of gas; 
is the length of the shield; 
is the mass  flow rate of the gas s t ream;  
is the mean specific heat of the cooling gas; 
is the mean coefficient of the heat t ransfer  f rom the shield walls to the gas; 
are  the two insulated surfaces ;  
is the shield; 
is the axial coordinate.  
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