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The heat transfer characteristics are established on the basis of an 
analytic solution and experimental data. Relations are given for deter- 
mining the axial heat flow along the gas-cooled neck. 

We will cons ider  a vesse l  conta in ing the r i s i ng  va -  
pors  of a c ryogenic  liquid. The top of the neck is at 
the t e m p e r a t u r e  of the ambien t  med ium T~, and the 
bot tom at the t e m p e r a t u r e  of the c ryogenic  l iquid T L. 
The t e m p e r a t u r e  of the gas at the inlet  to the neck is 
also equal to T L. The heat flow along the neck is de-  
t e r m i n e d  by the t e m p e r a t u r e  d i f ference  between i ts  
ends,  the heat t r a n s f e r  to the outer  su r face  through 
the l ayer  of insu la t ion  f rom the ambient  medium,  and 
the heat  exchange between the inne r  sur face  of the 
neck and the r i s i n g  vapors .  

The r e s u l t s  of theore t ica l  s tudies  of the heat t r a n s -  
fer  in a neck are  p r e s e n t e d  in [1-3].  In fo rmula t ing  
the p rob lem the authors  neglec t  the heat t r a n s f e r  at 
the outer  su r face  of the neck and a s s u m e  that the heat 
exchange between the gas and the wall is perfect ,  i . e . ,  
T w = Tg. In mos t  cases  the assumpt ions  are  too crude 
and the ca lcula ted  va lues  of the axial heat flows a re  in 
poor  ag r eemen t  with the expe r imen ta l  data  [4]. 

We have solved this p rob lem on the following as -  
sumpt ions :  

1. The the rma l  conduct ivi ty  of the neck ma te r i a l ,  
the phys ica l  p r o p e r t i e s  of the gas,  and the t he rma l  
conduct ivi ty  of the insu la t ion  at the outer  su r face  of 
the neck do not depend on t e m p e r a t u r e .  

2. The coeff icient  of heat t r a n s f e r  between the wai ls  
of the neck and the gas is a s sumed  given and cons tant  
along the length. 

3. The re  is no axial  heat conduction through the 

gas.  
The heat conduction equation for the walls  of the 

neck and the energy  equation for the gas flow now take 
the form 

dx s 

= an D~ (T=, - -  Tg) § 2n~in (T~ - -  Tg), (1) 
In (Din/Dw) 

dTo 
mc ~ = an  D ~ ( T ~ - -  Tg). (2) 

dx 

The boundary  condit ions can be wr i t ten  as follows: 

x = 0 ,  T~=To ,  (3) 

x = - -  L, T~ = TL ,  (4) 

x = - - L ,  T ~ = T L .  (5) 

We in t roduce  the d i m e n s i o n l e s s  va r i ab l e s  

X =  x ,  Ow_ T ~ - - T g  , O g - - T ~ - - T ~  (6) 
L T o -  TL T o - -  TL 

and the d i m e n s i o n l e s s  p a r a m e t e r s  

H - -  mc L, (7) 

L ) 2  ~gF 
KS - a~ D~ L = 4 N u  - -  (8) 

8 s = 2~'in Le (9) 
~ f  In (Din/Dw) 

Using (6)-(9),  we reduce  Eqs. (1) and (2) to d imen-  
s ion less  form:  

d20w /~(Ow --Og) -~ ~sOw, (lO) 
dX s 

H dO~ =Ks(o- -0g)  (11) 
d X  

with boundary condit ions 

X = 0 ,  0 ~ = 0 ,  (12) 

X = - - l ,  0 w = l ;  (13) 

X = - - l ,  Og= 1. (14) 

Equat ions  (10) and , ( i l )  can be reduced  to a n o r m a l  
sys t em of three  f i r s t - o r d e r  l i nea r  homogeneous equa-  
t ions.  Solving this  sys t em by the usual  techniques ,  we 
obtain the following re la t ions :  

O~ = Clexp(71X) + Csexp(TsX) + Caexp(y3X) ,  (15) 

Og = Clal exp (y~ X)  @ C2as exp (y~ X ) + C3a3 exp (~3 X),(16)  

where  

K 2 
a i , (17) 

K s §  

and the values  of 3 / a re  de t e rmined  f rom the c h a r a c t e r -  
i s t i c  equation 

f + --H-- vs + (gs + ~s) V H - 0. (18) 

At f i2 /H < 0.4 approximate  va lues  of the roots  of Eq. 
(18) can be de t e rmined  f rom the fo rmu la s  
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Vt = 0.5H -- V (0.SH) 2 + ~, (19) 

%3 = -- (KV2H) +_/'(I~/2H) 2 + (K 2 + ~2) f (20) 

The va lues  of the cons tan t s  in (15) and(16) a r e  found 
f r o m  boundary  condi t ions  (12)-(14) .  

In mos t  c a s e s  of p r a c t i c a l  i m p o r t a n c e  

exp (%) << 1, ( 2 1 )  

~2exp(--7~) << 1. (22) 
% 

With these  condi t ions  Eq. (15) t akes  the f o r m  

132y~ ) exp (7; X) - -  epx (?2 X) 
0 ~ = - -  ( 1 +  K-~3)  exp (--  "h) - -  exp (--  y,) + 

+ [32Y---~ exp [(1 + X) ~3] �9 
/~  73 

(23) 

In the sec t ion  x = - L  the d i m e n s i o n l e s s  heat  f low 
along the neck  

QL = ( 1 +  6272~ -- 7~ + ?2exp(?l--~2) + 
QT /~73] 1 + exp (T1-- 72) 

(24) 

where 

Q r =  ~,wf (To-- TL ). 
L 

Given f12 < 0.1 and a s s u m p t i o n s  (21) and (22), we can 
n e g l e c t  the hea t  t r a n s f e r  at  the ou te r  s u r f a c e  of the 
neck.  In th is  c a s e  

QL V~ (25) 
QT exp ('~2) - -  1 

In [1] the fo l lowing r e l a t i o n  i s  given fo r  the ca se  of 
p e r f e c t  heat  t r a n s f e r :  

QL H 
- -  ( 2 6 )  

Qr exp (H) - -  1 

The e x t e r n a l  f o r m s  of Eqs.  (25) and (26) a r e  p e r -  
fec t ly  analogous ,  but the f a c t o r s  a s s o c i a t e d  with con-  
vec t ive  heat  t r a n s f e r  a r e  taken  into account  by i n t r o -  
ducing the quant i ty  72 in s t ead  of the p a r a m e t e r  H. 

Solving Eqs.  (1) and (2) for  the ca se  of p e r f e c t  heat  
t r a n s f e r ,  we obtain the fol lowing r e l a t i o n  fo r  d e t e r m i n -  
ing the heat  flow along the neck: 

Q c  = A cth (A) - -  0.5 H, (27) 
Qr 

where 

A = V(0,5H) ~ + p2 

When/3 = 0, Eq. (27) reduces to Eq. (26). 
Using (12), (15), and (16), we can determine the 

temperature difference between the gas and the wails 

at the "hot" end' of the neck  at X = 0. With a s s u m p -  
t ions (21) and (22) we have 

~o - -  To - -  Tgo 

T o  - -  TL 

= (1 + ~/2~2/73 K2) exp(71) (28) 

[ l + ~ ] [ 1 - - e x p ( , 1 - - 7 2 ) ]  

On the b a s i s  of the r e l a t i o n s  obta ined  we a r r i v e  at 
the fol lowing conc lus ions :  

a) at/3 > 1 heat  t r a n s f e r  at the ou te r  s u r f a c e  of the  
neck l eads  to a c o n s i d e r a b l e  i n c r e a s e  in ax ia l  heat  
flow; 

b) in the e a s e  of e f fec t ive  hea t  t r a n s f e r  between 
the gas  and the wa l l s ,  as  the gas  f low r a t e  i n c r e a s e s  
the heat  flow along the neck tends  to a m i n i m u m  value ,  
at which it c e a s e s  to depend on the gas  f low ra te .  

Th i s  m i n i m u m  value  of the hea t  f lux is  a p p r o x i m a t e l y  
equal  to 

1Him ~ ~ = K  -~2" + 

To cheek  these  r e l a t i o n s  we c a r r i e d  out e x p e r i m e n t s  
on a spec i a l  a p p a r a t u s  (Fig .  1). 

The  a p p a r a t u s  was  so des igned  that  it  was  p o s s i b l e  
to d e t e r m i n e  d i r e c t l y  the hea t  flow along neck  6 f r o m  
the v a p o r i z a b i l i t y  of the c ryogen i c  l iquid in con t ro l  
c h a m b e r  1. P r o t e c t i v e  c h a m b e r  2, f i l l ed  with the s a m e  
c ryogen ic  l iquid as  the cont roI  c h a m b e r ,  was p r o v i d e d  
to take  c a r e  of s e c o n d a r y  hea t  f luxes .  

The  e x p e r i m e n t a l  da t a  for  i iquid n i t rogen  and h y d r o -  
gen a r e  p r e s e n t e d  in F ig .  2 for  a n e c k  made  of C r l g N i 1 0 T i  
s t ee l  with d i m e n s i o n s  D x 6 = 18 x 0.3 ram. As  the neck 
insu la t ion  we used  a lumin i z e d  m y l a r  f i lm with i n t e r m e -  
d ia te  l a y e r s  of g l a s s  cloth.  

In the e a s e  of r a d i a t i v e  heat  t r a n s f e r  at the s u r f a c e  
of the neck the e x p r e s s i o n  for/32, obta ined  f r o m  the 

Q 
7 
j '  
f /  --" j 2  

F ig .  1. D i a g r a m  of the e x p e r i m e n t a l  appa ra tu s :  
1) con t ro l  chamber ;  2) p r o t e c t i v e  chamber ;  
3) ou te r  shel l ;  4) inner  hea te r ;  5) p r o t e c t i v e  
d i sks ;  6) neck; 7) neck  h e a t e r s ;  8) p o t e n t i o m e -  
t e r  c i r cu i t ;  9) gas  counter ;  10) t h e r m o c o u p l e s .  
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Fig .  2. C o m p a r i s o n  of c a l c u l a t e d  and e x p e r i m e n t a l  da t a  (x in ram, T in ~ a) t e m p e r a t u r e  d i s t r i b u -  
t ion in n i t rogen  e x p e r i m e n t s ;  b) d i m e n s i o n l e s s  hea t  flow along neck;  c) d i m e n s i o n l e s s  t e m p e r a t u r e  
d i f f e r e n c e  at "hot" end of neck: I) c u r v e s  ca l cu l a t ed  f r o m  Eqs.  (23), (27), (32), and (33), r e s p e c t i v e l y ;  
II) f r o m  Eq. (26); III) a cco rd ing  to the da t a  of [4]; 1) m = 0; 2) 1 . 5 . 1 0  -3 g /sec ;  3) 3 .53 .10-3 ;  4) 5.17.  
�9 1 0 - 3 ;  5) N 2, L = 0 . 2 8 m ;  6) N2, L =0 .28 ;  7) H 2, L =  0.28; 8) N 2, L =  0.12; 9) H2, L =  0.12; 10) Nz, L = 

= 0.12; 6--9) vacuum m u l t i l a y e r  neck insula t ion;  1 and 10) h igh -vacuum neck insu la t ion .  

heat  ba lance ,  has  the fo rm 

4 4 
~ = (~e~,n D ~ ( T a - -  T~v) L2" (30) 

(To--T~v)~,~,f  

As the quant i ty  Tav i t  is  p o s s i b l e  to take  the m e a n  
i n t e g r a l  t e m p e r a t u r e  of the neck  wa l l s ,  which is  ap -  
p r o x i m a t e l y  equal  to 

Tav = To + (To - -  TL) X 

I1 - -  exp (Y1) exp ( ~ ) 1 )  - -  exp (Y1 - -  Y2)] • + -- . (31) 
/ 

Y1 % J 

Solving Eqs.  (29) and (30) jo in t ly  by s u c c e s s i v e  ap -  
p r o x i m a t i o n ,  we find the va lue  of f12. 

In ana lyz ing  the e x p e r i m e n t a l  da t a  the va lues  of 
the p h y s i c a l  cons tan t s  of the wai l s  and the gas  we re  
taken at the m e a n  wal l  t e m p e r a t u r e .  The  axia l  heat  
flow through the gas  was taken into account  by i n t r o -  
ducing in s t ead  of Xwf the quant i ty  Xwf + kgF.  Since in  

all the experiments the gas flow was laminar, the value 

of Nu was taken equal to 3.66. 

At small gas flow rates the experimental data are 

in good agreement with the theoretical values both with 

respect to temperature distribution and with respect 

to the values of the axial heat flows. 

At large gas flow rates the theoretical values of 
the heat flows along the neck exceed the experimental 
values by 15-40% depending on the value of fl and K. 

These discrepancies are due to the assumptions 

made in formulating and solving the problem. 
An increase in the value of the Nusselt number has 

only a very slight effect on the temperature distribu- 
tion along the neck, but leads to an underestimation of 

the axial heat flows. 

In the experiments the parameters were varied with 
in the following limits: 

0 . 3 - ~ - ~  10, l ~ H ~ 2 0 ,  

1 3 . 5 ~ K ~ 4 8 0 ;  Tav~ ]00~ 
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Under these conditions good agreement between the 
experimental and calculated values of the heat fluxes 

can be obtained if it is assumed that 

QL = 0.9 - -  ~/1 + 72 exp (71-- 72) + 72 . (32) 
Qr 

At •2 < 0.1 it is poss ib le  to use Eq. (25) with condi -  
t ions (21) and (22). The expe r imen ta l  values  of the 
t e m p e r a t u r e  d i f fe rence  between the walls  and the gas 
at the hot end of the neck a re  well  expres sed  by the 
re l a t ion  

exp (Y1) 
@o = (1 -~ 2K2/H ye) [1 - -  exp (y~ - -  y,)] " (33) 

The ca lcula ted  and expe r imen ta l  data are  compared  
in Fig.  2. 

NOTATION 

T is the t empe ra tu r e ;  Q is  the heat flux; m is the 
gas flow rate;  k is  the t he rma l  conductivi ty;  c is the 

i soba r i c  specif ic  heat of the gas; f is the c r o s s - s e c -  
t ional  a r ea  of the neck walls;  F is the c lea r  c ros s  sec -  

tion; D is the d iamete r ;  L is the length of the neck; 
a is the heat t r a n s f e r  coefficient;  e is the emis s iv i ty ;  
(r is the Stefan-Bol tz  mann constant .  Subscr ip t s :  w--wall ;  
g- -gas ;  0 - - ambien t  med ium or sect ion x = 0; L - - c r y o -  
genic l iquid or sect ion x = L; in - - insu la t ion .  
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