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This paper is an attempt to establish the general principles underlying 
the effect of roughness of the heating surface on boiling heat transfer 
in relation to the conditions in which the process occurs. The concept 
of a region of undeveloped boiling is established. The special features 
of the process in this region and the boundaries of the latter are in- 
dicated. 

The question of the ro le  of roughness  of the working 
surface  in boil ing is not a new one. The f i r s t  stage of 
invest igat ion of this problem is associated with the 
names  of Cryder  and Gil l i land [1], Jakob and Linke 
[2], F r i t z  and Ende [3], Rachko [4], Cichelli  and Bon- 
i l la  [5], and others .  The most  s ignif icant  inves t iga-  
t ions in the las t  decade are  those of Bankoff [6], Clark, 
Strenge, and Westwater  [7], and Griffi ths and Wallis 
[8]. Thei r  r esu l t s ,  however, must  be regarded as 
special  re la t ionships .  None of these invest igat ions  
led to general ,  physical ly substant ia ted  pr inc ip les  
governing the ro le  of roughness  in the mechanism of 
boiling. 

Some engineers  hold the view that the na ture  and 
degree of roughness  of the working surface  have no 
radica l  effect on boiling heat t r ans fe r .  This view is 
due to extension of the conclusions f rom a number  of 
exper imenta l  invest igat ions to cases  lying outside the 
region invest igated in these works. In cer ta in  condi- 
t ions,  however, roughness  mus t  affect boil ing con- 
s iderably  and may be the decis ive factor affecting heat 
t r ans fe r .  

Attempts  to a t t r ibute  the appearance of vapor nu ~ 
clei  de novo in boil ing to s ta t i s t i ca l  f luctuat ions of 
molecules  have been a fai lure.  According to cu r r en t  
ideas the existence of stable vapor - fo rming  cen te rs  
depends on the mechanica l  and physicochemical  prop-  
e r t ies  of the working surface,  as well as on the nature  
of the boil ing liquid and its thermodynamic  pa r a me t e r s .  
It  was bel ieved for a long t ime that vapor nuclei  could 
or ig inate  only on project ions .  This in i t ia l  assumpt ion 
led to a fa i r ly  cons is tent  and soundly based physical  
theory of the growth of a bubble f rom nucleat ion to 
breakaway, but did not explain nucleat ion i tself .  Ad- 
vocates of this l ine were Jakob and Linke [2], Saruk-  
hanian  [9], and others .  This  idea also became f i rmly  
es tabl ished in Soviet technical  l i t e ra tu re .  Bankoff [6] 
absolutely re jec ted  the poss ibi l i ty  of nucleat ion on pro-  
ject ions and convincingly demonst ra ted  the advantages 
of surface  depress ions  as potential  Vapor-forming 
cen te rs .  Harvey et al. [10] c la im that minute  gas cav-  
i t ies  in depress ions  in the hydrophobic surface act as 
nuclei  in boil ing.  

No mat te r  which of these theories  we favor, there 
a re  two indisputable associated facts :  

1. Each vapor - fo rming  center  has a l inear  d imen-  
sion Rn, which de te rmines  the conditions for conver -  
sion of this center  f rom a potential  to an active one. 
(According to one view this is the radius  of the pro-  
jection; according to the other it is the radius  of the 
cavity opening). 

2. In pa r t i cu la r  conditions this radius has a c r i t -  
ical  value Rmi n, which is given by the Gibbs and 
Clapeyron-Claus ius  equations.  This is the radius  of 
the sma l l e s t  vapor - fo rming  center  which can become 
act ive at given values of p and ta. 

Taking these facts as a bas is  we used in our t r ea t -  
ment  our previous ly  derived re la t ionship  [12] for the 
bubble breakaway frequency in a boil ing liquid: 

u = 2 . 5  e 1 ..(1) 
Rmln p (Ro - -  Rn) + (PRmi. + 2~) In R. --- Rmln 

R . - -  Rm~,, 

In the deduction of express ion  (1) the breakaway r ad i -  
us was de termined f rom Teletov 's  formula  [11] 

= ~ (0) V / 
{J 

R0 
7'--7"" 

The cr i t i ca l  radius  I lmin was de termined f rom the 
Gibbs formula  

2~ 
Rinill ~ p'ta 

and the der ivat ive p '  f rom the Clapeyron-Claus ius  
equation. 

The complex 

in Ro--Rmin (2) 
R n  - -  Rmin  

contained in the denominator  of express ion  (1) can be 
regarded  as the c r i t e r ion  which de te rmines  the l imit  
of boil ing on an individual center  of rad ius  Rn, When 
the denominator  of the express ion  in (2) is g rea te r  
than zero (1R n - l~min > 0) the complex (2) takes a f i -  
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nite positive value. In this case  the breakaway fre- 

quency u differs from zero, as directly follows from 

formula (I). When the difference is less than zero 

(R n - Rmi n < 0), expression (2) ceases to have mean- 

ing. Relationship (i) in this form states that boiling 

cannot occur on centers with a radius less than the 

critical radius. If Rn = Rmin = 0, the complex (2) van- 
ishes. This case must be interpreted as phase equi- 

librium of the vapor and its surrounding liquid without 
stimulation of growth of the bubble or its condensation, 
i. e., as the limit of boiling for a center of given radi- 

us Rn. 
Let us put the conditions which de t e rmine  this l imi t  

in a m o r e  genera l  fo rm.  The d i f fe rence  Rn - Rmin 
vanishes  for  ce r ta in  combinat ions of p a r a m e t e r s  p, 
tcr, and Rn, which a re  the p r i m a r y  arguments  in func-  
tion (2). Each two of these  quanti t ies uniquely de te r -  
mine the value of the th i rd  for  which Rn - Rmin = 0. 
At s m a l l e r  values  of the third p a r a m e t e r  boiling is 
imposs ib le .  These  min imum values  of the th ree  p a r a -  
m e t e r s  can be called,  r e spec t ive ly :  Pmin, the p r e s -  
su re  boiling limit; (tcr)mi n, the temperature boiling 

limit; (Rn)min, the limiting roughness. 
Curves of u = u(p), plotted from formula (I) for 

different values of the parameters R n and ta (see Fig. 
1), were illustrated in [12]. An analysis of these 

curves showed that each individual vapor-forming cen- 

ter has two regions : a region of undeveloped boiling 
and a region of developed boiling. We found that the 
complex 

(PRmin -]- 2o) In R0 -- Rmm 
R~ - -  R ~  

in the denominator  of fo rmula  (1) s ignif icant ly affects  
the breakaway f requency only c lose  to the p r e s s u r e  
boil ing l imit .  At the l imi t  it is equal to infinity and 
the breakaway f requency becomes  zero.  This complex 
then d e c r e a s e s  rapid ly  and in developed boiling be-  
comes  negligibly smal l .  For  developed boil ing the 
breakaway f requency  can be r ep re sen t ed  without ap- 
p r ec i ab l e  e r r o r  by the approximate  fo rmula  

1 
u = 2.5 (3) 

P Rm~. p (Ro-- R,)" 

Proceeding to the next stage of the approximation 

we can neglect at moderately high pressures the ra- 
dius R n of the vapor-forming center in comparison 
with the breakaway radius R0 of the bubble in formula 
(3). Then the breakaway frequency becomes 

u =  2.5 ~ 1 (4) 
Rmtn pro " 

Formulas (i) and (3) contain the variable R n. This 
can be used to determine the effect of the radius of 
the active center on boiling at this center. 

We turn now from boiling on an individual center to 
boiling on a heating surface with a roughness pre- 
scribed by a particular range of values of Rn. The 
role of roughness in heat transfer becomes clear when 
we examine particular cases of the curves of bubble 
breakaway frequency (Fig. i), as mentioned earlier. 
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Curves  of bubble breakaway f requency as function 
of p r e s s u r e  for  a given roughness  of working s u r -  
face  and different  values of the p a r a m e t e r  t~ (for 
water) (u, 1 / sec ;  p, bar) :  1) for  p a r a m e t e r  Rn = 
= 0 . 6 8 . 1 0 - 5 m ;  2) R n = 5 - 1 0 - b m ;  a) t a = l ~ 1 7 6  

c) 10 ~ 

On each of the th ree  graphs two curves  of u = u(p) a re  
drawn for  two values of Rn and the same  superheat  tcr. 
Graphs a, b, and c differ  only in the value of the p a r a -  

m e t e r  tcr, which was 1 ~ 5 ~ and i0~  re spec t ive ly .  
We assume that the roughness  of the heating s u r -  

face  is given by the range Rn = (0.68-5) �9 10 -5 m. The 
hatched a rea  of each of the graphs is the locus of the 
curves  u = u (p ) fo r  all values of Rn in this range.  
Since al l  these cu rves  begin on the x -ax i s  then a p a r -  
t i cu la r  value of Rn is assoc ia ted  with each point of 
segment  cd of this axis.  The p r e s s u r e  p, de te rmined  
by each point of segment  cd, is the p r e s s u r e  boiling 
l imi t  for  the cen ter  of radius Rn assoc ia ted  with this 
point on the axis.  Thus, segment  cd is the locus of 
the p r e s s u r e  boiling l imi ts  for  a roughness  given by 
this range of R n at a given t~. 

Comparing Fig. la, b, c we note that, with increase 
in superheat t(r, interval ed, inwhieh the pressure boil- 
ing limits lie, is reduced in approximate proportion to 
the increase of tff and is shifted considerably into the 
region of lower values. 

We can conclude from what has been said that the 
concept of roughness as a factor affecting boiling is 
very relative and depends on the conditions in which 
the p roce s s  occurs .  For  instance,  ff the p roce s s  takes 
p lace  at a p r e s s u r e  p on the r ight  of point d (see f ig-  
ure),  then the sur face  can be r ega rded  as ideal ly rough, 
s ince  all  the cen te r s  in the range  Rn = (0 .68-5) .  10 -5 m 
can be act ive  v a p o r - f o r m i n g  cen te r s .  On all  the ac t ive  
cen te r s  the p roce s s  will  be developed and the b reak-  
away f requenc ies  will  be a lmos t  the same.  Its v a r i a -  
tion in re la t ion  to the radi i  of the individual cen te r s  
depends on the segment  ef (graphs a, b, c). The very  
smal l  r e l a t ive  s ize  of these segments  provide  a jus-  
t i f icat ion for  fo rmula  (4), which neglects  the effect of 
roughness  on bubble breakaway f requency in developed 
boiling. 

If the p roces s  Occurs at a p r e s s u r e  p on the left  of 
point c, then the same sur face  is ideal ly  smooth, s ince 
none of the cen te r s  in the range Rn = (0.68-5) �9 10 -5 m 
can become  act ive.  

If the p roces s  occurs  at a p r e s s u r e  somewhere  
within the in te rva l  cd we can speak of d i f ferent  degrees  
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of roughness  of the same heating sur face  depending on 
the posi t ion of the point a, which de te rmines  this p r e s -  
sure .  The value Of Rn corresponding  to the point a is 
the l imit ing roughness ,  s ince only centers  with radi i  
lying in the in te rva l  ae can become active. Thus, the 
number  z of active, vapor - fo rming  cen te rs  depends 
on the posi t ion of point a. Equal shifts of point a cause 
a g rea te r  a l te ra t ion  of z, the higher the superheat  tcr, 
s ince in terva l  cd decreases  in proport ion to the in -  
c rease  of tcr (graphs a, b, c). 

Thus, in i ts  effect on the mechan i sm of boil ing the 
heating sur face  passes  through all degrees  of rough-  
ness ,  f rom ideal ly smooth to ideal ly rough in the range 
of pressures cd, whose size and position on the axis 
depend on the superheat t(~. 

The bubble breakaway frequency u can vary from 
zero (point a) to a maximum (point b). The range of 
variation of u (segment ab) is proportional to the su- 

perheat tcr. 

NOTATION 

Rn is the radius  of vapor - fo rming  center ;  Rmin  is 
the c r i t i ca l  value of Rn; R0 is the bubble breakaway 
radius ;  p is the absolute hydrostat ic  p r e s s u r e  near  
the vapor - fo rming  center ;  t~ is the superheat  of liquid 
close to heating sur face  re la t ive  to sa tura t ion  t em-  
pe ra tu re  at p r e s s u r e  p; u is the bubble breakaway 
frequency; 7 '  and T" a re  the specific gravi t ies  of l iq-  
uid on sa tura t ion  l ine and dry sa tura ted  vapor at p r e s -  
su re  p; a is the surface  tension at bubble phase 
interface;  0 is the bubble contact angle; p' = dp/dt  is 
the der iva t ive  of sa tura ted  vapor p r e s s u r e  with r e -  

s p e c t t o  t empera ture ;  z is the number  of active vapor-  
forming centers .  
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