
v 
M 
P 
V 
cp/Cv 
ff  

is the speed of sound, m/sec; 
is the molecular weight, g; 
is the pressure ;  
is the specific volume; 
is the ratio of the specific heats; 
is the coefficient of surface tension. 

S u b s c r i p t s  

c is cri t ical;  
t is liquid; 
v is vapor; 
ef is effective. 
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I N V E S T I G A T I O N  OF T R A N S I T I O N  B O I L I N G  UNDER 

N O N S T A T I O N A R Y  C O O L I N G  C O N D I T I O N S  

I .  I .  B e r l i n ,  I~. K. K a l i n i n ,  
a nd  V. V. K o s t y u k  

UDC 536.423.1 

The method of nonstationary cooling is extensively used at present  to investigate boiling. This method 
was applied successfully in a study of film boiling of cryogenic liquids [1-3]. Processing the test  data in this 
case consists of determining the heat flux q and the heat-exchange surface temperature T w according to the 
known dependence of the temperature at the site of thermocouple installation T o on the time r. The values of 
q and T w were determined either from the heat balance equation [3], or by the method of a regular regime [1], 
or from the solution of the inverse problem of heat conduction [2]. All the methods mentioned yield the same 
formula to compute the heat flux in an investigation of film boiling on working sections for which the condition 
Bi < 0. 1 is satisfied: 

q = ~ pc8 dTo (1) 
dv 

The method of nonstationary cooling is used in a number of papers [3, 4, 5] to investigate transition boiling. 
However, in this case a computation by means of (1) can result  in substantial methodological e r ro r s  because 
of the rapid change in the coefficient of heat t ransfer  and the nonuniformity of the temperature field. It is 
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Fig. t .  Typical  
t empera tu re  curve 
of body cooling in 
a b o i l i n g  liquid. 

impossible to d iscard  a rb i t r a r i l y  the h igher  t e rms  in the expansions in the solution of the inverse  problem of 
heat  conduction [6, 7] 

r~ Tw -- - -  Z E,, dnTo (2) 

n = !  

Z dnT~ (3) 
q = ~ F. d~ "r' 

n.~l 

in an investigation of t ransi t ion boiling since they can be commensura te  with the f i r s t  t e r m  in the se r i es .  
Meanwhile, multiple numer ica l  differentiat ion of the exper imenta l  curve T0ff) resul t s  in large e r r o r s .  Hence,  
the d i r ec t  application of (2) and (3) fo r  p rocess ing  the tes t  data in t ransi t ion boiling is impossible.  

The problem in this paper  is to obtain computational fo rmulas  to de te rmine  q and T w in an investigation 
of heat  t r a n s f e r  during t ransi t ion boiling by the method of nonstat ionary cooling. To this end, it is proposed 
to approximate the whole cooling t empera tu re  curve T0ff) by a single smooth function, to obtain a general  
express ion  for  the der ivat ive  dnT0/dT n, and to convert  (2) and (3) into infinite number s e r i e s  of the approxi -  
mation p a r a m e t e r s .  

A typical  t ime dependence of the t empera tu re  during nonstat ionary cooling of a body in a boiling liquid 
is shown in Fig. 1. The section AB cor responds  t o  film boiling, BC to t rans i t ion ,  and CD to nucleate boiling. 
A sequential  interchange of fi lm and nucleate boiling is observed at each point of the heat  exchange sur face  
during t ransi t ion boiling. Hence,  the dependence of the heat  flux on the t empera tu re  head can be represen ted  
as a superposi t ion of the appropr ia te  dependences for  nucleate and f i lm boiling taken with the weight coeff i -  
cients f and (1 - f) [8]. The value of f va r i e s  f rom 0 to 1 with the course  of t ime in the nonstat ionary cooling 
of a body in a boil ing liquid. Starting f rom this ,  a function should be se lected as the single approximate de-  
pendence for  the curve T0(T), which would sat isfy the equation [9] 

q = ~fl (T~ - -  Ts) + o4, (4) 

on the f i lm boiling sect ion AB, the equation [10] 

q = A ( r ~ - T s ) "  (5) 

on the nucleate boiling sect ion CD, and would make the t ransi t ion f ro m  (4) to (5) smoothly on the section BC. 

F o r  a thin-walled body when T O ~ Tw, we obtain the dependence Tw(T) on the f i lm boiling sect ion by inte-  
grating (1) with (4) or  (5) taken  into account 

7 ~  ( . 0 =  7~ - - ,  qz 

and on the nucleate boil ing sect ion 

) WI,~ qz . __  
+ ATi "- ~fl e pc~ 

�9 [ , 1 Tat, (.O=Ts + [ (n- -1)A ( ' ~ - - ' r , ) - t - ~ . _ T ]  n- , ,  
PC8 ~m .I 

w h e r e  ATI is the t empera tu re  heat  at some t ime T l on the nucleate boiling section.  

(6) 

(7) 
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Fig. 2. Trans i t ion  function f(r). 

However ,  it  is impossible  to use the function (7) in a single approximate dependence since it has physi-  
cal meaning only in the domain 

pc6 > ~ = ~, -- (8) 
(n - l) a a ~ - '  ' 

andbecomes  infinite for  r = %. Fo r  the rea l  dependence To(r) the values r -< r 2 a re  possible even within the 
l imits  of the section BC. Hence,  instead of the dependence (5) in the nucleate boiling domain CD, a l inear  
approximat ion  of the se ction of the boiling curve abutting the t ransi t ion domain must  be used: 

q = anu (Tw~ T s -- hTo), (9) 

which yields  a f te r  substitution into (1) and subsequent integrat ion 

Tnu (T)= T s !-AT0 ~ ( h T l -  AT0)exp [ anu (V--pc6 ~') ] (I 0) 

If a cer ta in  function f(T) which increases  smoothly f rom 0 to 1 is se lec ted ,  then the dependence 

To(v) = (I --f)Tfl (~) + frnu (~) (11) 

can have a section with a positive derivative in the general case, while the experimental dependence T0(T ) de- 
c r ea se s  monotonically everywhere .  Hence,  the construct ion of an approximating function fo r  the der ivat ive  
dT0/dr has a be t te r  foundation physical ly.  F r o m  (6) we have 

] 
- t (12) \ dr ]fl pc6 

on the f i lm boiling sect ion,  and f rom (10) 

on the nucleate boiling section.  

We se lec t  the approximating dependence for  dT0/dr in such a way that it would have a s t ruc tura l  fo rm 
analogous to (12) on the sect ion AB: 

-~ O; dTo ,. ~ Die-B,T, (14) 
& 

and a fo rm analogous to (13) on the sect ion CD: 

T--~ oo; dTo ..+ D2e_B,~. (15) 
dv 

The smooth t rans i t ion f rom (14) to (15) on the section BC is assured  by using some function f(r) whose 
fo rm  is shown in Fig. 2. Th i s ,  smooth,  inf{nitely different iable function tends asymptot ical ly  to 0 for  r < r B 
and to 1 for  r > rC" The following functions,  for  instance:  

1 1 
[, (~)~= -~- + -~- erf {B(~ --%)}; (16) 
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Fig. 3. Approximat ion  
curve for  dT0/dr :  1) f r o m  
(14); 2) f r o m  (15), and 3) 
f r o m  (20). 

I~ (x) = ~-  + -~" th (x ~ ~o) = 1 + e-B(*-T.) ' 

1 1 
f, (~) = -~- + --~ arctg {B (~ - -  *o)}, (18) 

where T06{TB, ZC), can be se lec ted  as the dependence f(r). 

The dependence (17) is taken for  the function f{T) in this paper ,  and the weight functions have the f o r m  

1 . 1 ( 1 9 )  
]: - -  1 --I- e - -B(~-~~  ' 1 - -  [ = 1 + eB(~-~.) 

A genera l  analyt ical  express ion  for  the n - t h - o r d e r d e r i v a t i v e  of the function T0(T ) is success fu l ly  obtained 
compara t ive ly  s imply  for  such a choice of f(r).  The final f o r m  of the approximate  dependence for  dT0/dv is the 
following: 

e--Bar e--B~'~ 
dTo = ~ DI ~ D2 (20) 
d'c 1 + eB(~--~.) 1 + e-B(~-~*) 

The function (20) is shown in Fig. 3. The dependence T0(T) is obtained by integrat ing (20): 

; e--Bl"~ dT i e--B2+ dT 
To (x) = T i u Di 1 -~ e B(x-z") ~ D2 1 + e --B(~-To) 

0 0 

(21) 

The computat ions  which were  ca r r i ed  out showed that for  rea l  expe r imen ta l  curves  T0(T) the e r r o r  in the 
approximat ion  (20) does not exceed the e r r o r  in de te rmin ing  the der iva t ive  dT0/dr .  

A genera l  analyt ical  express ion  for  the n-th der iva t ive  of the function T0{T) was obtained to der ive  the 
computat ional  fo rmulas  on the basis  of the dependences (2) and (3): 

n - - [  

dnTo d n-i [ dTo ~ = Z C  k { S k % ( U i ) ( _ B t ) n - l - ~ y i  + (_B)kcpk(U2)-(_B2),z-t-kVe},  (22) 
d,~ ~ -  d,e-~ k--~ ] "-~ [h=0 

where  

1 1 
U t =  ; Us= ; 

1 + eB(~-~o) 1 --}- e-B(~-~~ 

V t : ~ D~e-B,T; V 2 ~ ---Dze--B~T; %(U) = U ;  

" s 
~h(U) = ( 1 - - U )  X ak~U ~ ( k ~ l ) ;  a h s = s  (--1)'~-'C2~lmk-l, 

s ~  1 m-~A 

The coefficients  aks  can a lso  be calcula ted by means  of the r ecu r s ion  formula  

ah+t,s = s (a~8 ~ ah,s_i) (1 < s <~ k + 1); 

a k + i , t  : 1; ak+t.u+t = ( - -  1) k+i (k  ,4- I)I 
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Es t ima te s  show that  Bl << B2 << B always.  Hence,  (22) mus t  be considered as a power s e r i e s  in the 
p a r a m e t e r  B,  i .e . ,  

n - - I  
d'r0 

~ 0  

Substituting (23) into (2) and (3) and changing the o r d e r  of summat ion  of the s e r i e s ,  we obtain 

n - - I  

To-- Tw= - -  En ~ hnhB k = ~ GhB k, 
n=l  h~O h~O 

n--I 

q=--  s ~h,aB ~= ~ HhB k, 
n ~ t  h~O h~O 

(23) 

(24) 

(25) 

where  

n-~-.h~l n ~ h ~ l  

(26). 

Formu la s  (24) and (25) a re  infinite power  s e r i e s  of the approximat ion  p a r a m e t e r s  for  which the sums 
and res idua l s  can be de te rmined  by the usual  methods of the theory of numer ica l  s e r i e s .  

T h e r e f o r e ,  to p r o c e s s  t e s t  data in an invest igat ion of t rans i t ion  boiling under  nonsta t ionary  cooling con-  
di t ions,  it is r e commended  to obtain the exper imen ta l  t ime dependence of d T J d r ,  to approximate  it by (20), 
and to de te rmine  the heat  flux densi ty q and the hea t -exchange  sur face  t e m p e r a t u r e  by means  of (24) and (25). 

N O T A T I O N  

A is the coefficient  in (5); 
B is the coefficient  in (19); 
Bi is the Biot  c r i t e r ion ;  
c is the wall  spec i f ic  heat;  
D is the coefficient  in (14); 
E is the coefficient  in (2); 
F is the coeff icient  in (3); 
f is the f rac t ion  of sur face  occupied by liquid; 
q is the speci f ic  heat  flux; 
T is the t e m p e r a t u r e ;  
a is the hea t  t r a n s f e r  coefficient;  
5 is the wall  th ickness ;  
p is the densi ty;  
r is the t ime.  

S u b s c r i p t s  

l is the liquid; 
s is the sa tura t ion  line; 
i is the init ial;  
fl is the f i lm;  
nu is the nucleate;  
w is the wall.  

1. 

2. 
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M O L E C U L A R  T H E R M O D Y N A M I C  M E T H O D  

H E A T  T R A N S F E R  IN L I Q U I D  B O I L I N G  

OF CORRELATING 

I .  P .  V i s h n e v  UDC 536.423 

A correlation is obtained for heat t r ans fe r  in boiling of various liquids. A classification of ma-  
terials in similarity groups is proposed. 

The present  thermodynamic method for analyzing the vapor-generation process has been used success-  
fully to develop important aspects of theory and to calculate many thermal processes.  Boiling involves very ~ 
complex physical processes  which depend on thermodynamic, hydrodynamic, and molecular factors.  

The well-established correlations of Kruzhilin, Kutateladze, Borishanskii, Tolubinskii, Labunstov, et 
al . ,  based on the thermodynamic method of analyzing the process ,  do not allow correlation of test  data on heat 
t ransfer  in bubble boiling of liquids with sharply differing physical propert ies  and process conditions. 

The method proposed by I. I. Novikov and V. M. Borishanski i  for obtaining correlat ions,  based on using 
the thermodynamic law f o r t h e  respective states,  although it enlarges the capability to calculate the influence 
of physical propert ies  of the boiling medium, does not however provide a broad correlation of heat t ransfer  in 
boiling of liquids under different hydrodynamic process conditions. 

The reasons for the unsatisfactory correlation with methods of thermodynamic analysis of test  data on 
heat t ransfer  in bubble boiling, in our opinion, lie in the deviation of individual propert ies  of substances from 
the general thermodynamic law for the respective states [8, 10, 52, 53], in the incomplete allowance for hy-  
drodynamic process conditions and the effect of the molecular properties of the material ,  part icularly the in- 
termolecular  interactions in phase transition, and also in the fact that existing methods for allocating sub- 
stances into thermodynamically similar groups do not take into account certain properties which characterize 
the behavior of different substances in the vapor-generation process.  

It is evident that the thermodynamic method of analysis,  while remaining important,  has lost its exclu- 
sive feature and must be supplemented. The supplement may take the form of analysis of the boiling process 
allowing for the molecular character is t ics  of the system. 

The main content of the molecular thermodynamic method is the fact that the boiling process is con- 
sidered from the viewpoint of simultaneous interaction of macro-  and micropart icles of material;  the alloca- 
tion of boiling substances to similarity groups is carr ied out on the basis of the influence of the thermodynamic 
propert ies of the substance in the corresponding process states,  and also the nature of interaction of molecules 
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