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The temperature field of a cylinder cooled (heated) in liquid media is 
numerically determined with allowance for the tempera~uxe dependence 
of the heat transfer coefficient. The results obtained are compared 
with calculations for a = const. Nonomgrams are given for calculating 
the maximum thermal stresses in the case of a linear dependence of 
heat transfer coefficient on temperature. 

In most  eases  modern  quant i ta t ive heat r e s i s t a n c e  
e s t ima tes  a r e  based on the quaati ty AT = T - T. Here ,  
T is the cyl inder  t e m p e r a t u r e  averaged  over  the s e e -  
tien, and T the t empe ra tu r e  of the sur face  (cooling) or 
een t ra l  (heating) zone, where  the tens i le  s t r e s s e s  are  
maximum.  When the quas i - s t a t i c  theory  of t he r m o-  
e las t i c i ty  is employed,  this d i f fe rence  uniquely d e t e r -  
mines  the t he rma l  s t r e s s e s  leading to c rack  initiation 
and the onset  of fa i lu re  [1, 2]. 
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Fig.  1. Heat  t r ans fe r  coeff ic ient  (W/m 2.deg) 
as a function of t e m p e r a t u r e  (~ C) [3]: a) t r ans -  
f o r m e r  oil; b) approximate  curve;  c) fused 

sal t ,  NaNO3; d) fused sal t ,  KC1. 

An examinat ion of the expe r imen ta l  methods of de-  
t e rmin ing  heat r e s i s t a n c e  shows that one of the s i m -  
p les t  and commones t  is the method of cooling in liquid 
media ,  which has the advantages of quite high heat 
t r ans fe r  coeff ic ients  and the smal l  s ize  and s imple  
shape of the spec imens .  

However ,  the heat  t r ans f e r  coeff icient  of the l iquid 
media  used for  cooling (heating) o rd inar i ly  depends on 
t e m p e r a t u r e ,  which leads to nonl inear  boundary con- 
dit ions in ca lcula t ing the t e m p e r a t u r e  fields.  Thus,  the 
heat t r ans f e r  coeff ic ient  of fused sal ts  has a l inear  
t empe ra tu r e  dependence; for  water ,  wa te r -o i l  emul -  
sions,  and oil this dependence has a sharply  expres sed  
max imum,  which may be s eve ra l  t imes  g r e a t e r  than 
the mean (Fig. 1). 

Curren t  methods of e s t ima t ing  the max imum the r -  
mal  s t r e s s e s  do not take this dependence into account. 
The calculat ions  a re  made e i ther  with the mean value 
of the h e a t - t r a n s f e r  coeff ic ient  ]4, 5] or the max imum 
value [6]. The quest ion of the accuracy  and l imi t s  of 
applicabi l i ty  of these assumpt ions  r e m a i n s  open. 

Exis t ing  analytic methods of calculat ing the t e m -  
pe ra tu r e  f ield for  a va r i ab le  heat  t r ans f e r  coeff ic ient  
[7-10] also offer  only var ious  approximate  methods of 
es t imat ion ,  s ince it is  not poss ib le  to obtain an exact  
solution. In p rac t i ce  these methods a r e  ineff icient  and 
compl ica ted  to employ. 

We have calculated numer i ca l l y  the max imum mean 
t e m p e r a t u r e  d i f fe rence  A-'~ma x = (T" - Ts )ma  x of a 
cy l indr ica l  spec imen  with al lowance for  the t e m p e r a -  
ture dependence of the heat t r ans fe r  coeff ic ient  using 
different  kinds of coolants.  

The heat conduction equation and boundary condi-  
tions for an infini tely long cyl inder  (k ,a  = const) 
cooled in a l iquid medium have the fo rm 

O~u 1 Ou Ou 
0 ~ + ~ 0 ~ 0Fo 

u(L o)= I, (1) 

OUo~ ~=o----- 0, 

Ou . ~ = l =  - -  Bi (ale=l) u [~=l. (2) 
o~ 

F o r  fused sal ts  Bi is a l inear  function of the d imens ion-  
l e s s  t empera tu re :  
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Fig.  2, Maximum d imens ion less  mean t empe ra tu r e  
d i f fe rence  for  a l inear  t e m p e r a t u r e  dependence of 
the heat t r ans f e r  coeff ic ient  (q~ = arc  tgdBi/du):  
1) Bi0 = 0.05; 2) 0~ 3) 0.15; 4) 0.2; 5) 0.25; 6) 0.3; 

7) 0.35; 8) 0.4. 

d Bi 
Bi (u)=-  u+Bio,  (3) 

du 

where dBi/du, a constant for a given fused salt, char- 
acterizes the slope of the temperature curve of the 
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Fig, 3. ReIative e r r o r s  in ca lcula t ing & T m a  x from the 
mean  (a) and max i mum (b) values of the heat t r ans f e r  
coefficient as a function of t empera tu re .  1) BiD = 0.05; 
2) 0.1; 3) 0.15; 4) 0.2; 5) 0.25; 6) 0.3; 7) 0.35; 8) 0.4. 
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heat  t r a n s f e r  coe f f i c i en t .  F o r  coo lan t s  such  as  w a t e r  
and oi l  we wi l l  a p p r o x i m a t e  the Bi(u) r e l a t i o n  with a 
se t  of l i n e a r  s e g m e n t s  of the f o r m  (3) with a l l o w a n c e  
fo r  the cont inu i ty  of the Bi(u) c u r v e :  

dBi 
Bi/(u) = y i u + Bi0i. 

u I ~ u ~ ui+:, (4) 

w h e r e  uj and uj+ 1 denote  the ends  of the  j - t h  s e g m e n t .  

R e l a t i v e  E r r o r s  5 in C a l c u l a t i n g  A T m a  x f r o m  
the M e a n  and M a x i m u m  ValUes  of Bi  as  a 
F u n c t i o n  of the In i t i a l  T e m p e r a t u r e  L e v e l  TQ 

6max,% 6rnean % 

T~176 k=O.1 I k=0.3 k=0.6 k=o.1 k=0.3 k=0.6 
I 

800 +32,3 +15,7 
700 +15.4 + 2.9 
600 + 0.9 + 9,1 
500 +17.8 +20.7 
400 + 4.9 @11.6 

+ 3.7 
+ 3.8 
+17.6 
+28.3 
+19.9 

8~i 

- 2 . 3  
--24.9 
--28.5 

- -3 .2  
- -6 .8  
+ 5.6 
--20.6 
--21.5 

--II .2 
--5~ 
+14.4 
--12.2 
--13,6 

The  n u m b e r  of s e g m e n t s  i s  s e l e c t e d  so  as  to ob ta in  
a g iven  a c c u r a c y  of a p p r o x i m a t i o n  of  the t e m p e r a t u r e  
c u r v e  of the hea t  t r a n s f e r  coe f f i c i en t ;  A"~ma x was  c a l -  
cu l a t ed  by the p ivo ta l  me thod  on an M - 2 0  c o m p u t e r .  
T h i s  me thod  is  v e r y  conven ien t  fo r  so lv ing  p r o b l e m s  
of th is  type,  s i n c e  it  e n s u r e s  c o n v e r g e n c e  and the n e c -  
e s s a r y  a c c u r a c y  fo r  an a r b i t r a r y  r e l a t i o n  be tween  the 

t i m e  and c o o r d i n a t e  s t e p s .  
The  c a l c u l a t e d  v a l u e s  of the d i m e n s i o n l e s s  m e a n  

t e m p e r a t u r e  d i f f e r e n c e  at the m a x i m u m  for  a c y l i n d e r  
coo led  in a fused  s a l t  a r e  p r e s e n t e d  in F ig .  2. The  
c u r v e  obta ined  can  a l so  s e r v e  as n o m o g r a m s  fo r  c a l -  
cu l a t ing  the m a x i m u m  t h e r m a l  s t r e s s e s  when the hea t  
t r a n s f e r  c o e f f i c i e n t  i s  a l i n e a r  func t ion  of t e m p e r a t u r e .  
Va lues  of the p a r a m e t e r s  dBi /du  and Bi  0 w e r e  s e l e c t e d  
with  accoun t  fo r  the known t e m p e r a t u r e  d e p e n d e n c e s  
of the hea t  t r a n s f e r  c o e f f i c i e n t s  of fused  s a l t s  (F ig .  1), 
the p r o p e r t i e s  of the i n v e s t i g a t e d  m a t e r i a l s  (it was  a s -  
s u m e d  that  c~ l i e s  in the r a n g e  300-1000  W/m 2o deg,  
k = 1 0 - 3 0  W / m ~  deg),  and r e a s o n a b l e  s p e c i m e n  d i m e n -  

s ions  (R = 5 - 1 5  m m ) .  In the e x p e r i m e n t ,  when the 
c o m p o s i t i o n  of  the coo lan t  r e m a i n s  cons tan t ,  the  p a -  
r a m e t e r  dBi /du can be v a r i e d  by changing  the in i t i a l  
t e m p e r a t u r e  l e v e l  and the  d i m e n s i o n s  of the s p e c i m e n .  
The  Bi  n u m b e r  has  i t s  m a x i m u m  va lue  at the in i t i a l  
m o m e n t ,  i . e . ,  B i m a  x = Bi(T0), and the  m e a n  va lue  
l i e s  in the r a n g e  be tween  the in i t i a l  t e m p e r a t u r e  and 
the t e m p e r a t u r e  of the m e d i u m ,  i. e . ,  B i m e a n  = (Bi 0 + 
+ B imax) /2 .  T h e  g r e a t e s t  dev i a t i ons  f r o m  the t r u e  v a l -  
ues  A ' - 'Tma x ~ 20-30% a r e  ob ta ined  in c a l c u l a t i o n s  
based  on the m e a n  va lue  at s m a l l  ang l e s  of inc l ina t ion  
of the t e m p e r a t u r e  c u r v e  Bi(u) ( ~ 5 - 1 5  ~ and s m a l l  l e v -  
e l s  Bi  0 (0 .05 -0 .15)  (F ig .  3). F o r  Bi 0 > 0.15 the  e r r o r  
i s  10-20%.  

U n d e r  the s a m e  cond i t ions  c a l c u l a t i o n s  based  on the 
m a x i m u m  va lue  of Bi  g ive  a m u c h  s m a l l e r  e r r o r  f o r  
a l l  Bi0 (about 5-10%).  At  m e d i u m  ang le s  of i nc l ina t ion  
up to about  45 ~ c a l c u l a t i o n s  ba sed  on both the m a x i m u m  
and the m e a n  v a l u e  of Bi  g ive  a p p r o x i m a t e l y  the s a m e  
e r r o r  (about 10-20~ 

At angles of inclination greater than 45 ~ the error 
of calculations based on the maximum of Bi, which in- 
creases monotonically with the angle of inclination and 
depends only weakly on the level Bi0, becomes higher 
than that for calculations based on the mean; thus 

6ma x _ 20%, while 5mean falls to 10-15%. 
As already mentioned, liquids such as water, oil, 

aqueous salt solutions, and water-oil emulsions have 
a heat transfer coefficient with a sharply expressed 
maximum, whose magnitude and location vary with the 
nature and composition of the liquid. 

F or calculation purposes we selected a typical curve, 
characteristic of oil, which was approximated by linear 
segments (Fig. I): 

Bii (u) -= k [- d a  i ] 
L du u + %i , 

u I ~ u ( uj+l, (5) 

w h e r e  

k = __R. 103m 2 " deg/W.  

V a r i a t i o n  of k m a k e s  it  p o s s i b l e  to u se  the r e s u l t s  
of c a l c u l a t i o n s  fo r  s p e c i m e n s  of d i f f e r e n t  m a t e r i a l s  
with d i f f e r e n t  d i m e n s i o n s  and a l so  fo r  any t e m p e r a -  
t u r e  d e p e n d e n c e  of the  hea t  t r a n s f e r  c o e f f i c i e n t  s i m i -  
l a r  to that  p r e s e n t e d  in F ig .  1. 

The mean and maximum values of Bi character is-  

tic of e a c h  s e g m e n t  of the a p p r o x i m a t e  c u r v e  w e r e  d e -  
t e r m i n e d  as  fo l lows .  On s e g m e n t  1 (800 -550  ~ C ) B i m a  x 

was  taken equal  to Bi (550 ~ C), and B i m e a n  = (Biin + 
+ B i m a x ) / 2  , w h e r e  B i in  = Bi(T 0) is  the in i t i a l  va lue  of 
Bi.  On s e g m e n t  2 (550 -250  ~ C) B i m a x  is  equa l  to i t s  

in i t i a l  v a l u e ,  i. e . ,  B i m a  x = Bi(T~), and B i m e a n  = 
= ( B i m a  x + Bi3)/2, w h e r e  Bi3 i s  the  va lue  of Bi  c o r r e -  
sponding  to s e g m e n t  3. 

We wi l l  e x a m i n e  in tu rn  the v a r i a t i o n  of the e r r o r s  
in d e t e r m i n i n g  A T m a  x in c a l c u l a t i o n s  based  on the 
m e a n  and m a x i m u m  v a l u e s  of Bi  wi th  the in i t i a l  t e m -  
p e r a t u r e  l e v e l  ( see  table) .  

As  the in i t i a l  t e m p e r a t u r e  l e v e l  on s e g m e n t  I ap -  
p r o a c h e s  550 ~ C, the e r r o r s  of c a l c u l a t i o n s  based  on 

B i m a  x and B i m e a n  at m o d e r a t e  v a l u e s  of k ~ 0 . 1 - 0 . 3  
p r o g r e s s i v e l y  fa l l .  F o r  an in i t i a l  l eve l  r e m o t e  f r o m  
550 ~ C, the e r r o r s  in c a l c u l a t i n g  A T m a  x f r o m  B i m a  x 
fa l l  as  k i n c r e a s e s  f r o m  0.1 to 0.6 f r o m  about  30 to 
about  5%, and in c a l c u l a t i o n s  b a s e d  on B i m e a n  l i e  
wi th in  the r a n g e  :~5-10% for  a l l  v a l u e s  of k. 

When the in i t i a l  t e m p e r a t u r e  l e v e l  v a r i e s  c l o s e  to 
the boundary  of s e g m e n t  1 o r  on s e g m e n t  2, whi le  T m 
l i e s  wi th in  the s econd  s e g m e n t ,  the c o n c l u s i o n s  ob -  
ta ined  fo r  f u sed  s a l t s  in the r a n g e  of Bi0 and dBi/du in 
q u e s t i o n  wi l t  be p e r f e c t l y  va l id .  T h e  c a s e  when T m 
f a l l s  wi th in  s e g m e n t  3 is  of no s p e c i a l  i n t e r e s t ,  s i nce  
as  the in i t i a l  t e m p e r a t u r e  l e v e l  a p p r o a c h e s  the bound-  
a r y  of the th i rd  s e g m e n t ,  t h e r e  is  a g r a d u a l  r e d u c t i o n  
in the e r r o r s  i nvo lved  in c a l c u l a t i n g  A T m a  x f r o m  both 

B i m e a n  and B i m a  x. 
An analysis of the results obtained yields the follow- 

ing conclusions : 
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1. T h e  e r r o r s  in  c a l c u l a t i n g  A T m a  x f r o m  the  s e -  

l e c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t  ( m a x i m u m  o r  m e a n )  
m a y  r e a c h  2 0 - 3 0 %  f o r  l i q u i d s  s u c h  as  w a t e r ,  o i l ,  o r  
f u s e d  s a l t s .  

2. By  c h o o s i n g  a s u i t a b l e  v a l u e  of B i  u n d e r  g i v e n  
c o o l i n g  c o n d i t i o n s  w h e n  the  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  
a nonlinear function of temperature it is possible to 
obtain a minimum error in calculating ATma x of 5-- 
10%. Recommendations concerning the choice of this 
value of Bi are determined by the results presented 
above. 

3. In the case of a linear temperature dependence 

of the  h e a t  t r a n s f e r  c o e f f i c i e n t  i t  i s  c o n v e n i e n t  to u s e  
the  n o m o g r a m s  in  Fig~ 2 f o r  c a l c u l a t i n g  A T m a  x. 

NOTATION 

u = (T - T e ) / ( T  0 - T c) i s  the  d i m e n s i o n l e s s  t e m -  
p e r a t u r e ;  e = r / R  i s  the  d i m e n s i o n l e s s  c o o r d i n a t e ;  
Fo  = a ~ : / R  2 i s  d i m e n s i o n l e s s  t i m e  ( F o u r i e r  n u m b e r ) ;  
Bi (T)  = a ( T ) R / X  i s  the  B lo t  n u m b e r  Bi0 = a ( T c ) R / k ;  
To i s  the  i n i t i a l  t e m p e r a t u r e  of c y l i n d e r ;  T o i s  the  
c o o l a n t  t e m p e r a t u r e ;  T m i s  the  t e m p e r a t u r e  of c y l i n -  
d e r  s u r f a c e  a t  m a x i m u m  of AT = T - T s.  
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