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An analyt ical  and exper imenta l  study has  been made of the heat  flow modes  (of the q = f(~B1) 
relation) during the boiling of wa te r  and F r e o n - l l 3  at the i so the rma l  su r face  of a cy l indr i -  
cal  stud. The heat  flux was supplied through an end sur face  of the stud and was diss ipated 
off i ts  l a t e ra l  sur face ,  at which var ious  modes  of pool boiling occu r r ed  s imul taneously .  Tes t  
data  a re  compared  he re  with analyt ical  calcula t ions .  

The p rob lem of effect ively diss ipat ing high heat  flux densi t ies  is v e r y  impor tan t  in ensuring a re l iab le  
operat ion and in reducing the s ize  of many  engineer ing devices  (high-power osc i l l a to r  tubes,  e l ec t ron  guns, 
fuel e l ements  in nuclear  r eac to r s ,  etc) .  The use of finned su r faces  at which a liquid is made to boil has  
faci l i ta ted the design of compact  s y s t e m s  capable  of diss ipat ing heat  flux densi t ies  (per unit base  area)  many 
t imes  higher than the f i r s t  c r i t i ca l  heat  flux densi ty  assoc ia ted  with the boiling of a liquid at an i so the rma l  
su r face  [1]. Such high heat  d iss ipat ing capabi l i t ies  a re  at tained by developing the heat  exchanger  sur face  
(uh / f  > 1) and by a s table  coexis tence  of var ious  boiling modes  at the fin. 

For  the design of finned hea t - exchange r  sect ions  it is n e c e s s a r y  to es tabl i sh  the re la t ion  between the 
heat  flux flowing through a fin, the m a x i m u m  t e m p e r a t u r e  (at the fin base),  the geome t ry  of a fin, i ts  t he r -  
mal  conductivity, and the coefficient  of heat  t r a n s f e r  to the boiling liquid. 

The complexi ty  of an analyt ical  solution to this p rob l em a r i s e s  because  the h e a t - t r a n s f e r  coefficient  
v a r i e s  along the fin sur face  as a function of the local t e m p e r a t u r e  d i f ference  between the fin boiling liquid. 

The following analyt ical  calculat ion of the heat flow modes  during the boiling of a liquid at a fin s u r -  
face appl ies  to a fin of a constant c r o s s  sect ion and the exper imenta l  r e su l t s  p resen ted  he re  r e f e r  to the 
heat  t r a n s f e r  during the boiling of water  and F r e o n - l l 3  at cyl indr ical  copper  studs.  

A n a l y t i c a l  C a l c u l a t i o n s  

The dependence of the local h e a t - t r a n s f e r  coefficient  on the t e m p e r a t u r e  excess  is a s sumed  here ,  as 
in [2-7], to be a power  re la t ion  a = a~ n. The fac tor  a and the exponent n r e m a i n  constant  within zones along 
the fin where  the s a m e  boiling mode p reva i l s ,  while the function ~ = f(~) approx ima tes  the boiling curve  for  
a liquid at an i so the rma l  su r face .  The values  of a and n for  va r ious  boiling modes  of water  and F r e o n - l l 3  
a r e  given in Table  1. Fo r  the f r ee  convection zone we use  the genera l ized  data of [8] (water,  F r e o n - l l 3 ,  
and methyl  alcohol), for  the nucleate boiling mode we use  the tes t  data and the genera l ized  equations of [9, 
10, 11]. Fo r  the zone of the t rans i t ional  boiling mode we use  the tes t  data of [2] for  F r e o n - l l 3  and the tes t  
data of [12] for  water .  The h e a t - t r a n s f e r  coefficient  is a s sumed  constant in the zone of f i lm boiling [13, 14]. 
The boundar ies  between zones where  different  boiling modes  occur  a re  defined by the incipient t e m p e r a t u r e  
of nucleate  boiling ~ib (between the f ree  convection and the nucleate  boiling zone), by the f i r s t  c r i t i ca l  t e m -  
pe r a tu r e  ~crl  (between the nucleate boiling and the t rans i t ional  boiling zone), and by the second c r i t i ca l  
t e m p e r a t u r e  v~cr2 (between the t rans i t ional  and the f i lm boiling zone). With the power - law approximat ion  
of the boiling curve,  these t e m p e r a t u r e s  a r e  de te rmined  by the in te r sec t ion  of the a = f($) cu rves  for  adja-  
cent modes .  The values of ~ib, ~crl ,  and ~cr2 used in the calculat ion a re  also shown in Table  1. 
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TABLE I. Local Heat Transfer Coefficient as a Function of the 

Temperature Excess 

Zone 

Free convection 0 < ~ .~ Oib 
Nucleate boiling #ib < # -~.- Ocrl 
Transitional boiling Ocn < ~ .(. 0 crz 
Film boiling t% > ~crz 

Water 

a n 

1,16.10 -1 I~3 
8,00.10 -a 
1,41.10 ~ --2,4 
2,51.I0 -2 0 

Fteon-ll3 

a n 

2,16.10-u 1/3 
1,10-10 -a 2 
4,40.105 --4 
1,59.t0 -2 0 

Temperature excess, ~ l ~}ib 
~cn 
Ocrz 

5 
25,9 
250 

6 
27, l 
72,5 

A s s u m i n g  that  the t e m p e r a t u r e  f ie ld  in  a f in  is  un i fo rm,  that  t he re  a r e  no i n t e r n a l  hea t  s o u r c e s  
p r e s e n t ,  and that the t h e r m a l  conduc t iv i ty  of the f in  m a t e r i a l  i s  cons tan t ,  we can wr i t e  the d i f f e r en t i a l  
equa t ion  of hea t  conduc t ion  through a f in  is  as  fol lows:  

d2~ 
f~ = ~ O) u~. 

dx 2 
(i) 

If the p o w e r - l a w  r e l a t i o n  c~ = a~ n is  i n s e r t e d  into (1) and this  equa t ion  is  then r educed  to the d i m e n -  

s i o n l e s s  f o r m  by i n t r o d u c i n g  the v a r i a b l e s  X = x / h ,  @ = ~ /~BI '  and ~ = A@ n (A = a ~ i / a f )  , we wil l  ob ta in  

d20 
--  K2A@ n+l, ( la)  

d X  z 

Equa t ion  ( la)  is  then so lved for  the fol lowing b o u n d a r y  cond i t ions :  

for X = 0 

0=-  l, (2) 

for  X = 1 

d(9__~, = __ aLh_h O~L + 1 (3) 
d X  ~, ' 

for  X = XEj 

OEj = OB(J+I), 

F r o m  (3) and (5) we d e r i v e  an  e x p r e s s i o n  for  the t e m p e r a t u r e  g r a d i e n t  a c r o s s  any zone j:  

When  j = L, it fol lows f r o m  (6) and the b o u n d a r y  condi t ion  (3) that 

(4) 

(5) 

(6) 

~ t L =  1 - - B i  
(n L + 2) (aff~)r 

2af 
(7) 

If the hea t  t r a n s f e r  at the tip is  neg l ig ib le ,  then PL = 1. When j < L, then pj i s  d e t e r m i n e d  f r o m  the 
bounda ry  cond i t ion  (5) by the r e c u r r e n c e  f o r m u l a  

~ t j = l  - -  (nj+2)(aO~)j+l__- [ 1 - - (  . 'T n+2~t)j+l ] . '  ' (8) 
%+1 + 2) (a~)j 

E q u a t i o n  (8) is  va l id  in  the g e n e r a l  c a se  ( funct ion c~ = f(~) m a y  have f i r s t - o r d e r  d i s c o n t i n u i t i e s  at the zone 
b o u n d a r i e s ) .  If the func t ion  is  con t inuous ,  then (c~)j__ +l/(~d-~)j = 1. I n t e g r a t i n g  (6) and in t roduc ing  T 
= ~E/~ y i e ld s ,  a f te r  a few t r a n s f o r m a t i o n s ,  

t 

T g T )  I / I_y .+2~  
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The va lues  of the i n t eg ra l s  I(T, ,u) a r e  g iven h e r e  for  n = 0 (f i lm boil ing m o d e ) ,  n = 1 / 3  (free c o n v e r s i o n  
region) ,  n = 2 (nucleate  boil ing mode) ,  n = - 1 ,  - 2 . 4 ,  a n d - 4  (var ious  p o w e r - l a w  re l a t ions  for  a = f(,~) in 
the r eg ion  of the t r ans i t i ona l  boil ing mode):  

fo r  n = 0 

1 -~- g-1 --T~bt . (10) 
I(T, ~ ) = l n  T(1 + V l ~ )  ' 

fo r  n = 1 / 3  

fo r  n = 2 

7 

~=~r ~- 

I(r, ~ ) ~ 0 . 4 6 3 r  6 ~ ,4 In 1 + g l - - }  . ; (11) 
1-r 

I (T, ~) ---- 

F (qh, a) - -  F (qh, a) when ~ > O, (12a) Tp)/4 
I/4 where q% = arccos(T~tU4); r = arccos(,u ); a == (12b) 

= arcsin J [ (~  - = 45 ~ (12c) 

V2-(I -- T) T -I when ~ = O, 

TIll,~ 4 [F((p~, a)--F(ch, a)] when ~t<O, 

where qh=a rc tg  [ ( 1 +  V2-) I - k T [ ~  Ill//: ] "  
i - - T ] ~  ' 

= arcsin 3 + 2 If2- ~ 80~ 

F (% c 0 - - a n  elliptical integral of the first kind; 

for n =-1 

for  n = -  2.4 

i(r, ~t) = ] / 2 [ g l - - ~ r  --VT(1--~)I; 
/ 

I (T, .) ~ 2.235T6/5~ -3 ~5 + -3- + ~ 

y= g~--I 

(13) 

(14) 

fo r  n = -  4 

I (T, g) = T2~-I)V ~T -2 -- I -- ] / - ~  i). (15) 

With the aid of (9) and the boundary conditions (4) one determines the equation relating the referred char- 
acteristic parameter K to the temperature ,~BI at the base and ~EL at the tip: 

SVa  K = ~-n I i (T., ~t). (16) 
(a~)~ i= I 

It  fol lows f r o m  (9) and (16) that the length of zone j can  be ca lcu la ted  by the f o r m u l a  

[ af---]  '/2 I j(r , ,  ~t) 
(x z_xO~= [ (a~' J (iv) 

K 
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After  having defined the coordinates  of the beginning (]3) and the end (E) of each zone according to Eq. (17), 
the t e m p e r a t u r e  prof i le  in zone j can be conveniently calculated by the fo rmula  

T \~f/2 ix ) ~* )i I'i(T' XE- -X  
I,(T., ~) -- ( XE---X-B); '  

F r o m  Eq. (6) for  j = 1 a n d  X = 0 one can then de te rmine  the heat  flux densi ty t r ansmi t t ed  through a fin: 

where/~1 is defined by Eqs.  (7) and (8). If the heat  flow f r o m  the tip is negligible (#L = 1), then Eq. (19) 
becomes  

q = (  Bi i=l L\ n4-2 ] i 

E x p e r i m e n t a l  S t u d y  

In o rde r  to ve r i f y  the calcula ted re la t ions ,  the heat  d iss ipat ion off cyl indr ica l  studs 1.4 cm in d i am-  
e t e r  and 6.6, 4.4, 2.65, and 1.25 cm long was studied with wa te r  and F r e o n - l l 3 ,  pool-boi l ing under a t m o s -  
pher ic  p r e s s u r e .  The tes t  appara tus  is shown schemat ica l ly  in Fig. lb .  A cyl indr ica l  copper  stud was 
made integral ly  with the la rge  core  of a 3-Kw elec t r ic  hea te r .  The stud was i m m e r s e d  in a 10- l i te r  bo i le r  
ve s se l  through a thin (0.3 ram) wall of s ta in less  s teel .  The liquid in the ve s se l  was mainta ined at the sa tu-  
ra t ion t e m p e r a t u r e  by means  of two 1-kW el 'ectr ic  bo i le r s .  Visual observa t ions  were  made and photographs 
were  taken through sight windows. The boi ler  ve s se l  with the tes t  stud and the hea t e r  were  mounted on a 
movable  f r a m e  so that the stud posi t ion could be va r ied .  Tes t s  were  p e r f o r m e d  with the stud in the ho r i -  
zontal and in the ve r t i ca l  posi t ion (in the l a t t e r  case  with the tip up and down). For  the purpose  of m e a -  
sur ing the t e m p e r a t u r e  profi le ,  l - r a m  d i a m e t e r  holes were  dr i l led  into the stud along its  su r face  and Chro-  
m e l - A l u m e l  thermocouples  made of 0 .2- ram wire  and covered  with a 50 pm thick c e r a m i c  insulat ion were  
sea led  into them.  Four  the rmocouples  were  placed along the the rma l ly  insulated stud section,  the r e m a i n -  
ing thermocouples  were  placed along the sect ion i m m e r s e d  in liquid. The t e m p e r a t u r e  at the stud base  was 
de te rmined  by the point where  the t e m p e r a t u r e  prof i le  in t e r sec ted  the base  coordinate ,  while the heat  flux 

:;'..'.:.: - ~ "::: :. ::.:.:: .'..~ .:...':" 

tt 
,t."*"t t ' :  - -  - -  - -  i 7 

1 I 
2.9 6 6  

Jl1 1ll 1 1 1 1 1 1 rl 

Fig. 1. Schemat ic  d i ag ram of the tes t  stud (a) 'and the 
expe r imen ta l  appara tus  (b): 1) hea t e r  core  with the tes t  
stud; 2) e l ec t r i c  hea te r ;  3) insulation; 4) e l ec t r i c  boi ler ;  
5) bo i le r  ve s s e l  housing; 6) seal ing;  7) sight window; 8) 
condensate  r e c u p e r a t o r ;  9) vapor  outlet; 10) t h e r m o -  
couples;  11) s ta in less  s teel  wall (0.3 m m  thick). 
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as a function of the tempera ture  
excess ~r ~ at the base during the  boiling of F r e o n - l l 3  at hor izon-  
tal copper  studs, D = 1.4 cm: 1-4) test data; 5-8) calculated curves  for 
stud lengths 1.25 cm (K = 0.14), 2.65 cm (K = 0.3), 4.4 cm (K = 0.5), 
and 6.6 cm (K = 0.75) respect ively .  

Fig.  3. Heat flux density q, W / c m  2, as a function of the tempera ture  
excess  ~B1, ~ at the base during the boiling of water at ver t ica l  copper 
studs, D = 1.4 cm: 1-4) test data for stud lengths 1.25 cm (K = 0.1785), 
2.65 cm (K = 0.379), 4.4 cm (K = 0.628), and 6.6 cm (K = 0.945), r e -  
spectively;  5, 6) calculated curves  for compound boiling at all tested 
studs, with n = -  2.4 and n = -  1 in the zone of t ransi t ional  boiling r e -  
"speetively. 

was determined by the tempera ture  gradient ac ros s  the thermal ly  insulated section. The thermocouple 
indications were read on a P-307 potentiometer .  The tempera ture  profile was also continuously recorded  
with an automatically operating ]~PP-09-3M potentiometer,  which recorded  the tempera tures  of t ransi t ion 
f rom compound boiling (coexistence of several  different boiling m o d e s ) t o  f i lmboi l ing  along the entire stud 
and also the tempera tures  of the r eve r se  transit ion.  Simultaneously with the recording of the tempera ture  
profile,  the respect ive boiling modes were  photographed with illumination f rom flash bulbs. All tests  
were per formed under s teady-s ta te  conditions. 

In order  to account for heat leakage, taring tests  were per formed at the location where the stud had 
been let into the boiler vessel .  The stud was cut off flush with the wall, with a Teflon tube 1.4 cm in 
diameter  and 0.1 cm thick clamped on the stud tip and then filled wi thasbes tos  powder. In this way, insu- 
lation was provided between the stud tip and the liquid while the wall remained under the same conditions 
as in the basic tests .  The heat loss curves  thus obtained were then used in the evaluation of test data. 

In Fig. 2 are  shown the test  data for boiling F r e o n - l l 3  at horizontal  studs, and also the q -- f(~B1) 
curves  for the same studs calculated by Eq. (19). The calculated curves  agree closely with the test  data 
(the tested values of q exceed the calculated values by not more  than 30% within the range of high ~B1 values 
for  each stud). 

The calculated tempera tures  of t ransi t ion f rom compound boiling to film boiling along the entire stud 
(corresponding in Fig. 2 to the maximum values of q for each stud) as well as the calculated tempera tures  
of the r eve r se  transit ion (corresponding here  to the minimum values of q on the lower branches of the 
curves) are  also respect ively in close agreement  with the tested tempera tures .  This corre la t ion  between 
theoret ical  o~ = f(~) data (calculated f rom the boiling curves  for a horizontal  surface) with the experimental  
data indicates that, apparently, there is a ra ther  weak interplay between the zones of different boiling modes 
for F r e o n - l l 3 .  Visual observat ions have confirmed this. 

In Fig. 3 are  shown the test  data and the calculated curves  for the compound boiling of water at the 
studs. The charac te r  of water  boiling differs substantiaily f rom that of F r e o n - l l 3  boiling. A strong in ter -  
play between the zones of nucleate and of transit ional boiling was observed.  At ~B1 > 30-40~ vapor f rom 
both zones merged into one bubble the dimensions and separat ion frequency of which increased with higher 
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F i g .  4. T e m p e r a t u r e  p r o f i l e  
a long  a h o r i z o n t a l  c o p p e r  s tud  
(D = 1.4 cm,  h = 6.6 cm) d u r -  
ing the bo i l i ng  of F r e o n - l l 3  
and w a t e r .  F r e o n - 1 1 3 :  1) t e s t  
da t a ;  3, 4) c a l c u l a t e d  a c c o r d i n g  
to (18) wi th  n = - 1  and n = - 4  
in the zone of t r a n s i t i o n a l  b o i l -  
ing;  w a t e r :  2) t e s t  da ta ;  5, 6) 
c a l c u l a t e d  a c c o r d i n g  to (18) wi th  
n = - 1  and n = -  2,4 i n t h e  z o n e o f  
t r a n s i t i o n a l  bo i l i ng .  

dB~ values. A bubble separated from the fin surface off a narrow 
strip next to the base (0.3-0.4 em wide when ~BI ~ 40~ and up to 

1-1.2 cm wide when ~BI ~ 200~ Practically no boiling took place 
along the remaining part of the stud. Curve 5 (Fig. 3), which has 

been plotted according to Eq. (20) with the aid of the boiling curve 

for an isothermal surface in all zones (Table I), lies much lower 
than the curves based on test data. Calculations made according to 
the same equation but with n =-i and a = qcrl = 125 W/era 2, i.e., 
for a constant local heat flax tensity in the transitional boiling zone 
(curve 6) agree closely wi;h the test data. This is confirmed in 
Fig. 4 showing tested and calculated temperature profiles along the 
6.6-cm stud. One can see that temperature variations correspond- 
ing to transitional and fully developed nucleate boiling of water occur 
over a distance comparable with the separation dimension of a bubble 
(N 1.2 era). Due to an interplay between the two zones at a high tem- 
perature gradient across the stud, apparently, the rate of heat trans- 
fer in the region of transitional boiling does not increase according 
to the boiling curve but much less sharply. This conclusion agrees 
with the data in [i], where the boiling of water was studied at finned 

anodes of high-power oscillator tubes (vapotrons). 

In Fig. 4 are shown also the corresponding experimental (I) 
and calculated (3, 4) temperature profiles during the boiling of Freon- 

113. 

The tests have not revealed any significant effect of the stud 

position on the q = f(~Bl) relation. When the different boiling modes 
coexist, the maximum difference between heat flux values at various 

s tud  p o s i t i o n s  h a s  not  been  found to e x c e e d  5%. D u r i n g  f i l m  boi l ing ,  on the o t h e r  hand,  the  hea t  f lux a long  
an  e n t i r e  s tud  i s  a p p r o x i m a t e l y  20% h i g h e r  in a v e r t i c a l  p o s i t i o n  than in a h o r i z o n t a l  p o s i t i o n .  

T = (~/ , )B) j  
T, = (~E/~)j 
X 

h 
X = x/h 
D 
U 

f 
q 

X 
O~ 

-a = a /af 
a 

n 

f-tA = adp31/a f } 

K = h(afu/ 'hf) 1 / 2 

Bi  = aff/ZAu 
I(T, u) 
y , F  

NOTATION 

is the temperature excess (difference between the fin temperature and the boiling 
point of a liquid), ~ 

are the dimensionless temperature excesses; 

is the 
is the 
is the 
is the 
is the 
is the 

c o o r d i n a t e ,  e ra ;  
f in length ,  c m ;  
d i m e n s i o n l e s s  c o o r d i n a t e ;  
d i a m e t e r  of c y l i n d r i c a l  s tud,  c m ;  
c i r c u m f e r e n c e  of a t r a n s v e r s e  s tud  c r o s s  s ec t i on ,  cm;  
a r e a  Of a t r a n s v e r s e  s tud  c r o s s  sec t ion ,  cm2; 

is the heat flux density transmitted through the fin (per unit transverse cross-section 
area), W/cm2; 

is the thermal conductivity of the stud material; 
is the local heat-transfer coefficient, W/cm 2 . ~ 
is the dimensionless local heat-transfer coefficient; 
is the factor W/em2(~ 

is the exponent; 

are the dimensionless coefficients; 

is the referred characteristic fin parameter; 
is the referred Blot number; 
is the integral defined in Eq. (9); 
a r e  the i n t e g r a t i o n  v a r i a b l e s .  
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S u b s c r i p t s  

1, 2 , . ! . , j ,  j + l  . . . . .  L 

Bj 
Ej 
ib 
c r l  
cr2 
f 

a re  the consecutive numbers  of heat t r ans fe r  zones f rom the base to the tip 
of a fin; 
is at the beginning of a zone (at the left-hand boundary of zone j); 
is at the end of a zone (at the right-hand side of zone j, Fig. 1); 
is the beginning of nucleate boiling; 
is the f i r s t  cr i t ical ;  
is the second cr i t ical ;  
is the fi lm boiling. 
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