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Abstract--A generalized equation to describe nucleate boiling is derived. The expression which corre- 
lates all fluid independently of pressure and heating surface-fluid combination is as follows: 

Y = 8"0 (f,:z's.~z,X)--"s 

Cp)/2 ~I/2 

aR 
Y ~  

and 

c, -- specific heat of fiquid; 
~,' and ~,'" == specific weight of liquid and vapour; 
,~ = thermal conductivity of liquid; 
o = surface tension of liquid; 
R ---- the representative length of heating surface; 
q = heat f lux; 
a = coe~ient  of heat transfer; 
M ~ffi 900 m-t, P .= 1.699 kcal/hr. 
f~ -- foamability, and f ,  ,= pressure factor. 

Furthermore, it is indicated that this correlating equation is applicable to forced.c~mvection saturated 
or surface boiling. The proposed correlating equation has been theoretically mujht  by analyzing the 
elementary proceues of phenomena, but it is not based on dimensional analysis. In order to reach the 
final solution of the problem, it is ~ to analyse the elenlentary processes of boiling phenomena 

and elucidate the relations underlying the problem. 

R~mm~----Une b~luation i~n6rale relm~ntant  le ph~omtme d'6bullition a ~t6 obtenue. Cette 
expression, valable pour tout fluide ind~-ndamment de la pxession et de la disposition de la surface 
chauffante est la suivante: 

3" = 8,O(f~l'%X)t's 

o u  

et 

1 e,y,z ~v* 
X -, btT*p kerr"/ Ra'Z q 

aR Y = - T  

c, =ffi chaleur sp~ifique du liquide, 
~,' et ~," =~ poids sp~ifique du liquide et de la vapeur, 

~ conductibilit~ thermique du liqnide, 
o = tension superficielle du liquide, 
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R = Iongueur caract~ristique de la surface chauffante~ 
q ---- flux de chaleur, 
a ~ coefficient de transmission de chaleur, 
M 900 m -1, P ~- 1,699 kcal/h 
f~ : pouvoir moussant, et f ,  ~ fa~eur  de pression. 

De plus, il est indiqu~ clue cette ~quation de c o l l a t i o n  est applicable ~t l'~builition satur~e ou de 
surface avec convection fo rce .  L'~quation p r o p o s ~  a ~t~ obtenue th~oriquement en analysant les 
processus ~l~mentaires du plu!nomb.ne, mais elle n'est pas f o n d ~  sur l'analyse dimensionnelle. Pour 
atteindre la solution finale du probl~me, il est nb:essaire d'analyser les processus ~l~nentaires du 

p h ~ o r r ~ n e  d'~bullition et d'expliquer les relations en approfondissant le problt~ne. 

Z u m m m m ~ m m q - - - Z u r  Beschreibtmg des Filmsiedens wird ein¢ veralllemeinerte Gleichung abgeleitet. 
Dieser Ausdruck, der fOr alle Flfissigkeiten, abet" unabhingig  vom Druck und unabh~mgig yon der 
Kombinat ion HeizflAche-Flfissigkeit, gilt, lautet: 

y = 8 . o ( f , ~ , % x ) ~ - ' *  

Darin ist 
1 C,v '~'~ ~ , . q  

X : -M-~p ,~,,/ 

aR 

und 

c,  ffi spez i f~hc  W~'rngkapazit~t der F l i~ igkei t  
y' und y"  •= Gewicht yon FIBssigkeit und Dampf  

== W f i r m e l e i ~ i t  der FIBssigi~it 
~ OberR_~c~henspannung der F1B~igkeit 

R ffi Kenn~icdmende L ~ g e  der Heizflgche 
q = W~'mestromdichte 

: W ~ m ~ t ~ b e r ~ m ~ , o c l f ~ - n t  
M ffi 900 m - L  P = 1,699 kcal/h 
f~ = S c h a ~ g k e i t ,  u n d f ,  == Druckfaktor 

Diese BeziehtmI ist auch auf  die erzwunlene Konvektion in I ~ t t i g t e r  oder u n t e r k f i h ~  FIBssigkeit 
(~rtlicb~.$1~l~) anmmO-._r. 8i~ wurde dutch eine ~ U ~ u n I  der F.~men~-vor~n~ 
~ u n ~  ~ ~ t  n ~  ~ ~ ~ ~ .  U m  die ~ L~unI des ~ s  zu 
crbalten, muss man die B I ~ I ~  aufldiiren, die den E ~ n ~ r o z e s s e n  des Siedevorpngs zu  

G r u n d e  l i e ~ n .  

A l ~ B ~ v ~ e g e H o  o6o6mexnoe ypaBsesKe,  onHcumammee nya~pqaToe xaneHHe. Bzapa- 
~eHHe, ycTasaB~nna~omee ~oppe~m~moHHy~o CB~b ~ , ~  eceil ~KH~HOCTH HeSaBHC~IMO OT 
~aB~eHHH H KOM6HHaX~HH *HarpeBamma~ ffoBepxHOCTb--~H~HOCT~>>, ~Meer CJle~ylOl.~H~ 

r~te X = ( M ~  c~'~"*~l/z Rs/J 

aR Y = - ~ -  

cp = y~e~bHaH TelIJIO~MHOCTb ~H~HOCTH, 
7' H y" ~ y~e~IbH~zI~ Bec ~I~I~OCTH H Hapa COOTBeTCTBeHHO, 
A = TeI1~IoI~pOBOp~HOCTI~ ~MIgHOCTH, 
o = llOBepXHO~rHoe HaTH~eltlie ~RH~HOCTH, 
R = onpe~e~amma~ ~ g H a  Harpe~amme~l rl0BepXH0C'rH, 
q ~ Tel]JIOBO/~ HOTOH, 

= Rov<I~m~ewr TenaonepeHoca, 
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A~ 
D, 
H, 

H~s, 

R, 

u, 

u,., 

v, 

Vo, 

w, 

Wt, 

Wb, 

do, 

d=, 

f, 
A, 
/: ,  
g, 
h, 
r/, 

P, 
P*, 
q, 
qe, 
q~, 

M ---- 900 M -I, P == t ,699  ~xa~/qac ,  
f :  = cnoCo6HOCT], 1~ o6paaovaHam nyaupel t ,  H f ,  = ROD(~@HI~HeHT ;~anaeHi~R. 

HpoMe Tore, y~aa~aercn, wro ~oppeammoaHoe ypaaaexa~,Moater 5wry- npxxesexo 
xacumeHaoMy ~nexmo npx Bumyw,~eanog HoHeeKVJXH HaX n~xoqaoxy Kxnexxm. 

IIpe~,rmraeuoe tmppeam~onnoe ypaexexHe 6 ~ o  eume~exo reopvrHqeCKH nyrt~x aaa.rmaa 
~:~eMewrapm~nt npoueccos paccHaTpHeae=1~,x m~aexumlt, a He nyrt~M aua~Haa paaxepHocTeg. 
.~aR TOre q'ro6~ no~yqtrrb o~oxqa~ea~Hoe pemeHae saga,m, aeo6xo~o  npoauaaHaxpoea~], 
aaeHenTapx~e Hpouecc~, H~ I4OTOpblX CRJISjUalBaeTOfl a~nenxe, x O6~ACHHTb ,aemamxe e 

OCHOBe 8a~laqn COOTHOmeHHR. 

NOMENCLATURE 

area of heating surface (m z); 
diameter of tube (m); 
liquid level (m); 
effective stirring l~g th  of bubbles in 
saturated boiling (m); 
effective stirring length of bubbles in 
surface boiling (m); 
representative dimension of heating sur- 
face (m); 
rising velocity of a bubble at the optional 
point (m/hr); 
average rising velocity of a bubble 
(m/hr); 
volume of a rising bubble at the optional 
point (m a); 
volume of a bubble just leaving the 
heating surface (m*); 
total convective driving force for heat 
tramfor (m); 
average convective driving force due to 
the change of density (m); 
average convective driving force due to 
the stirring of bubbles (m); 
specific heat of liquid (k~/kg°C) ;  
diameter of a bubble just leaving the 
heating surface (m); 
diameter of a bubble just leaving the 
free liquid surface (m); 
frequency of bubble formation (scc -x); 
pressure factor; 
foamability; 
acceleration due to gravity (m/see=); 
rising height of a bubble (m); 
number of vapour columns; 
any pre~ure (kg/cm*); 
atmospheric prcsswe (kg/cm=); 
heat flux of heating surface (kcal/m s hr); 
convective heat flux (keal/m s hr); 
saturated boiling heat flux (keal/rn s hr); 

r, latent heat of evaporation (kcal/kg); 
v, velocity of fluid (m/~c); 
a, coefficient of heat transfer (kcal/m z 

hr °C); 
ae, coefficient of convective heat transfer 

(kcal/m= hr °C); 
¢%, coefficient of boiling heat transfer 

(kcal/m= hr °C); 
~, coefficient of cubic expansion (°C-X); 
y', specific weight of liquid (kg/mS); 
~/', specific weight of vapour (kg/m*); 
8, thickness of temperature boundary layer 

(ram); 
~, coefficient of foaming capacity of the 

combination of the surface and liquid 
in question (keal/m hr °(2=); 

~,, coefficient of foaming capacity of pure 
liquid on the fresh and smooth surface 
(kcal/m hr °C "~); 

~7, viscosity of liquid (kg hr/m s); 
0L. temperature of liquid (°C); 
0,, t~pe ra tu re  of heating surface (°C); 
0e, saturation temperature of liquid (°C); 
/10, temperature difference between heating 

surface and liquid (°(3); 
dO., surface temperature minus saturation 

temperature (°C); 
A, thermal conductivity of liquid (kcal/m 

hr °C); 
v, kinomatic viscosity of liquid (mt/hr); 
o, surface ~ i o n  of liquid 0cg/m); 
• , period of bubble formation (see); 
X, (diameter of a bubble just leaving the 

heating surface) (frequency of bubble 
formation) (m/hr); 

Gr, Grashof number; 
Gr*, equivalent Grashofnumber;  
Nu, Nusselt number; 
Pr, Ptandtl number; 
Re, Reynolds number; 
~eb, bubble Reynolds number. 
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1. INTRODUCTION 
THE study of heat transfer in a boiling liquid is 
one of the most neglected in the field of heat 
engineering. An effort to unify heat transfer 
in nucleate boiling of various kinds of liquids 
that have different physical properties into one 
correlating equation is being made by a few 
research workers, but the equation concerned 
with the irreproducibility of phenomenon has 
yet to be perfected. The difficulties in the investi- 
gation of boiling can be attributed to the fact 
that boiling is not only a complex process 
involving fluid motion, heat transfer, surface 
phenomenon and phase change, but that it 
is also irreproducible. 

Even if a liquid is always boiled in one and 
the same vessel under the same conditions of 
heating, sometimes a few bubbles are generated 
and rise expanding rapidly and, at other times, a 
great number of small bubbles rise quietly, thus 
causing much difference in the phases of heat 
transfer in each individual case. Before studying 
the origin of this irreproducibility of boiling, it 
is necessary first to analyse the composite 
phenomena of boiling into elementary processes. 
It is only after this analysis that the problem of 
irreproducibility as well as the nature of boiling 
phenomenon will be clarified. 

It is a fact of course that the problem of heat 
transfer holds the key to the consideration of 
boiling phenomena from the standpoint of 
engineering. However, to rely on that viewpoint 
is to develop as a whole the relations between 
the coefficient of heat transfer and various other 
quantities by means of dimensional analysis 
rather than by treating the various elementary 
processes analytically. For instance, McAdams 
[15] collected the existing data in his book. This 
synthetic treatment seems to be a direct method, 
but the problem of irreproducibility cannot be 
solved extensively by it. Moreover, in the 
application of dimensional analysis, there will 
arise questions of what dimensionless quantities 
to select. It is because of this ambiguity that 
empirical equations hitherto proposed are 
different from one another in the introduction of 
dimensionless quantities. 

In order to eliminate such disadvantages, a 
law which is valid for individual elementary 
process should be confirmed and then unified. 

The reason why Jakob's studies [11 ] are held in 
high esteem even now is that his study was the 
only one that took a correct course, though it 
still leaves much to be clarified. Rising current 
interest in research into the bubble dynamics 
of boiling may be due to the fact that the 
pursuit of the elementary processes involving 
generation, growth and collapse of bubbles is 
the key to the clarification of boiling phenomena. 
As there is a limit to the complete theoretical 
explanation of every elementary process, it is 
necessary to study each one experimentally. 

In this paper we consider the derivation of the 
correlating equation of nucleate boiling heat 
transfer based on the above-mentioned view- 
point and its application to the forced-convection 
saturated or surface boiling. 

2. DERIVATION OF CORRELATING EQUATION 
Consider the case of pool boiling of a saturated 

liquid. Two kinds of  driving force for convection 
at nucleate boiling, are conceivable. The first 
driving force of convection is the buoyancy due 
to the change of density accompanying heating, 
similar to the case of purely free convection. 
The buoyancy that acts upon the unit weight is 
plainly expressed as follows: 

/~ ( 0  - -  OL) 
and average convective driving force Wt 
against the whole liquid will be expressed as 
follows in the form: 

W t  = fa o fl(O - -  OL) dy (1) 

where 

---- coefficient of cubic expansion of liquid; 
y ---- vertical distance from heating surface; 
8 ---- average thickness of the boundary layer 

of the liquid along the heating surface; 
0 ---- temperature of the liquid at the point 

y(<8); 
0t.---- temperature of the liquid at the point 

y(:>8). 

The second driving force of convection is the 
liquid stirring force of rising bubbles and can be 
considered as follows. Let: 

V-----volume of one rising bubble at the 
optional point y; 
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U-----rising velocity of the bubble at the 
optional point y; 

• ~- = period o f  bubble formation; 
A ----- heating surface area; 
n = number of vapour columns. 

The average volume of the vapour-liquid mixture 
containing one bubble at an optional height is 
(A/n)U~. Therefore, the convective force due to 
the change in bulk density acting on a unit weight 
of liquid may be expressed as follows, assuming 
that the weight of vapour be neglected com- 
pared with that of liquid: 

nV/AUT 

Accordingly the convective driving force Wb 
due to the stirring of bubbles for the entire 
liquid may be expressed as follows: 

w~ = A .  U F(v) #y (2) 

Here He is the "effective stirring length of 
bubbles". The effective stirring length of bubbles 
is the distance from the heating surface where the 
liquid stirring effect of bubbles disappears, for 
it is considered that when the bubbles rise from 
the heating surface, the nearer they are to the 
heating surface, the greater their stirring effect 
upon the boundary layer near the heating surface 
gets, and the greater the distance of bubbles 
from the heating surface is, the weaker their 
effect becomes. F(y) represents the discrepancies 
of  the liquid stirring effect due to the rising 
position of bubbles and its limiting value should 
be as follows: 

F(O) = 1, F(He) = 0 (3) 

Since these two convective driving forces operate 
at the same time, the total convective driving 
force W may be expressed as follows: 

W = Wt + Wb (4) 

A coefficient of no dimension will be defined as 
follows in order to express equations (1) and (2) 
in a simple way: 

Ii e - 0L Y (5) 

l I : ,  V(y )  Um ¥(y)  dy 

If the above coefficiems are used, equation (4) 
will be as follows: 

X H. (7) W = ct ~(e~ - 0L) ~ + c~.-~ K~ 

where 

Vo= 
average temperature of heating surface; 
volume of a bubble just leaving the 
heating surface; 

U,~ = average rising velocity of a bubble; 
do = diameter of a bubble just leaving the 

heating surface (transformed to a 
sphere); 
representative dimension of heating 
surface (radius in case of horizontal 
circular plate); 

X = do/~'. 

Since the following Grashof number 

Gr - -  RSgfl(O" --  0~) _ RSg W~ 
v s v 2 c~8 

R = 

(8) 

is used to express the driving force of a free 
convection Wt, the equivalent Orashof number 
may be introduced in this case, too: 

Gr* - -  RSg W 
v 2 c~$ 

= G r - { - ( ~ )  ( n ~  0s) ( ~ ) ( - - ~ ) ( - ~ - ) ( 9 )  

where 
Gr = Grashof number; 
g ---- acceleration due to gravity; 
v = kinematic viscosity of liquid. 

However, it was recognized by writers [8] 
that the key factor that controls the transfer 
in nucleate boiling is the stirring effect of bubbles, 
and that Wt can be neglected, compared with 
Wb while estimating their order. In view of the 
difficulty of obtaining directly the equation for 
heat transfer in nucleate boiling, it is con- 
ceivable that, with the rule of heat transfer in 
the case of free convection indicated by the 
following expression, an equation which uses 
Gr* instead of  Gr is applicable in the case of 
nucleate boiling. 

Nu = K (Gr.Pr) = (10) 
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where 
Nu -- Nusselt number; 
Pr -- Prandtl number; 
K and m = constants. 

On the other hand, according to the writers' 
experiment [26], thereexists the following relation 
between the coefficient of heat transfer a and 8 
as shown in Fig. 1: 

a s oc 8 -I 

I io 3 

' o/!  

° "  14 o 

\ 

| 
0"6 0"8 I'0 1"5 2"0 

~) mm 

Flo. 1. Relation between the heat tran~er coeffi- 
cient, a, and thickness of  the u n n l ~ t u r e  boundary- 

layer, 8. [26]. 

Accordingly, 

8 
Nu, = B (11) 

is established, in which both s and B are con- 
stants. Therefore, neglecting Gr and substituting 
equations (9) and ( l l )  into equation (10), the 
following formula will be obtained: 

Nu = K* ~nPr  gH°d~° X ~,~/(x-,m) f.7.! (12) \ v 

where 

K* = (K) l'(x-*') [ c o  ~,; ,x-, ,)  \c,B ] (13) 

Now, if the heat flux q is presumed to be 
carried away by bubbles, the number of vapour 
columns n is expressed by the following equation: 

n -- 6 R~q (14) 
r7" d~a f  

where 
y" = specific weight of vapour; 
r = latent heat of evaporation; 
d~ = diameter of a bubble just leaving the 

free liquid surface (transformed into a 
sphere); 

f = frequency of bubble formation. 

However, the writers have verified by their 
experiment on water [17] that there exists the 
following relation between d~ and do: 

= M.-1, ,R (15) 7 
d0/  

The numerical value of M in equation (15) is 
900 m -1, for boiling water under atmospheric 
pressure (see Appendix). Here, M is assumed 
to be a constant that has nothing to do with 
the physical properties of  liquid, because it has 
been ascertained experimen~lly, as will be shown 
later, that M is a function only of the pressure. 
Substituting equation (15) into equation (14) 
and eliminating d., one can obtain the following 
expression: 

(j n = ' M d ] f ]  (16) 

Then U,~ in the domain of heat transfer in 
nucleate boiling may be expressed experi- 
mentally by the following formula according to 
the study of Peebles and Garber [21]. 

/#g, ~1/, 
U,, ---- b I--~-1 (17) 

where 
= surface tension of liquid; 

y' = specific weight of liquid; 
b = constant which has nothing to do with 

the physical properties of liquid. 
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Now if distilled water is taken up as the 
standard when it boils under atmospheric 
pressure+on a fresh and smooth plane and its 
value is expressed by the suffix s, the bubbles 
of any optional kind of liquid are considered to 
require ~ times as much energy as those of 
distilled water when they leave the heating 
surface; in which case the formula will be as 
follows from Jakob's study [12]: 

= ~do,! ~Z" ~ (18) 

On the other hand, supposing that the frequency 
of  bubble formation varies in accordance with 
the following expression: 

f = f , / ~  09)  

the formula X = 400 m/hr = (constant) from the 
writers' experiment [26] will bring forth 
the following expression: 

X = dof = -~e,de de:_ =400.~o l(d*,~' ~'~Y'" rr" 
Therefore x ---- P/(d~"r) (20) 

where 

P = 400 d~, 7 / '  r, (21) 

According to the result of an experiment 
conducted by the writers [25] when air is 
injected into the liquid through one outlet, there 
is a distance from the heating surface at which 
the liquid stirring effect of  the air bubble dis- 
appears when the air injecting outlet rises from 
the heating surface, and this distance varies 
according to the property of liquid. This distance 
is called "'the effective stirring length of  bubbles", 
and there also exists a similar length for 
nucleate boiling. The writers investigated the 
effect of the liquid level H on boiling heat 
transfer for some kinds of  liquid, and found that 
the value of the coefficient of  heat transfer for a 
certain liquid level remains constant, irrespective 
of the liquid level and be~i'~q to change below this 
level. Fig. 2 shows several examples. The liquid 
level where a begins to change is independent of 
heat flux for the specified liquid. Therefore, the 
writers have called the distance from the heating 
surface, which is equal to the liquid level where a 
begins to change, the effective stirring length of 

+i t 3 0  

2"8  

K ~ - -  m 

Z.6  

L 
2.4  l 

I 
i fmw,.., M 

I , 8  

;.2 i 
[ 

0 4 8 12 16 

H ,  cm 

FIG. 2. Relation between the liquid level and the 
coet~ient of boiling heat  m m d c r .  

~7 

× 

A 

O 

R 
(m) 

3.5 

5.0 

7~) 

5~) 

q x  10' t 
(kcallm*hr) i 

2.50 

1 "75 

1.25 

I "75 

Liquid 

D~tLUed 
w a t e r  

i Distilled 
! water 
i Distilled 

water 
30% sul~ 

: w a t e r  

bubbles. The following relation holds between 
the effective stirring length of bubbles H0 and 
bubble Reynolds number ~eb, as seen in Fig. 3: 

- g  - -  r *  (ReD -~ - r *  (22) 

and do is expressed by the following equation 
from Fritz's study [6]: 

do ---- a (23) 

where T* and a are proportional constants. 
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~ O°/o = ~  ~ ,  
,.o xo ,z*.). , , , ~  ,w,gr_ 

4 6 8 I0 20  =riO 2 

Fro. 3. Relation between the effective stirring length 
of bubbles, H,, and bubble Reynolds number, Re,. 

[]6]. 

According to the above formula, H,  decreases 
with increase in diameter of  the bubble. This 
fact is hard to understand if only one bubble is 
considered. It should be kept in mind, however, 
that He is determined by the stirring effect of the 
total bubble which is the product of the average 
liquid stirring force for one vapour column and 
the number of vapour columns. 

Finally, substituting equations (16), (17), 
(20), (22) and (23) into equation (12), the 
following equation is obtained: 

Y = K*~* X =~ (24) 

where 

Y =_ (25) 

6t~ T*~ 
4" ~ (--~-~-)T, (26) 

1 c,v'= ] 1/= 
X - -  M J P  A-~"J  RS/S q;  (27) 

k = m / ( l  - -  s m ) ;  (28) 

M = 900m -1 (the value of  a clean and 
smooth surface under the atmospheric 
pressure); 

P : 400 d~0, ~8"r, ----- 1.699 kcal/hr; 
c a = specific heat of liquid at constant 

pressure; 
A = thermal conductivity of liquid. 

As for R, the radius was taken to a horizontal 
circular plate, height to a vertical plate and 
diameter to a horizontal cylinder. 

An attempt will be made to calculate the 
constant term by putting a suffix 1 in laminar 
flow and another suffix t in turbulent flow 

K~ = 0.56, K t = 0.13; 

K* = 0.211, K* = 0.201; 

m =¼,  s = l ,  m = ~ , s = ¼ ;  

Therefore k = t ,  k = : r .  

And as T* = 1100, a = 1.034 and b = 1.18, it 
will follow that 

~b* = 30-1, ~bt* = 41.1; 

Accordingly, the resulting formula will be 

Y = 6-35 X ~3 (laminar) (29) 

Y = 8.26 X s/xt (turbulent) (30) 

and the experimental points will be contained 
almost between these two lines as seen in Fig. 5. 
As to the average for experimental points, 

Y = 8-0 X =/3 (31) 

will be better. Since the numerical values deter- 
mined by experiments at atmospheric pressure 
are used in deriving these formulae, equation 
(31) is the correlating equation of  nucleate 
boring heat transfer in the fresh and smooth 
surface under atmospheric pressure. 

3. EFFECT OF PRF_.~URE 
If  the results of experiments which are either 

above or below the atmospheric pressure are 
correlated by the above-mentioned method, the 
experimental points will slip up in parallel with 
the straight lines of the formulae of equation (3 l) 
or (29) making the pressure a parameter (see, 
for example, Fig. 4). In order to unify these 
experimental points into one line, a definition 
will be made here for the pressure factor f~ as 
follows: 

f~, = PiPs  (32) 

where 
p = pressure in question; 
P8 = atmospheric pressure. 
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FiG. 4. Correlation of  heat transfer in nucleate 
boiling for X , ~  Y at various presures (data of  

Cichelli and Bonilla [31 ). 
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The formula (31) may be rewritten as follows, 
using this pressure factor: 

Y = 8"0 ( f~Xf  '/a (33) 

If the data of the writers [26], Jakob [11], 
Ciehelli and Boniila [3], Addoms [1], Insinger 
and Bliss [10], Akin and McAdams [2], Nuki- 
yama [20] and Farber and Scorah [5] are ~, 
plotted out by adopting Y as ordinate and f 2 , X  
as abscissa, Fig. 5 is obtained and the experi- 
mental points will be unified with 20 per cent on 
the whole. 

Since the variation of the physical properties 
of the liquid with pressure is taken into account 
in the terms X and Y of equation (33), it is 
considered that the pressure factor f~ is the 
correction factor of M in equation (15). Elimi- 
nating d~ from equations (14) and (15), an 
expression will be formed as follows: 

(6 .q) 
M = ~ - ~  \ ry  d-~-~f (34) 

On the other hand, the following expression 
must hold, assuming that f ,  is the correction 
factor of M only, 

M p  =  sp8 (35) 

Here, the suffix s refers to the values at atmos- 
pheric pressure. In other words, the factor con- 
cerning the rate of growth of bubble M is 
inversely proportional to pressure p. As the 
writers [18] measured not only a andq but also 
n, do and f in the experiment of nucleate boiling 
of water under reduced pressures, one can calcu- 
late M from equation (34). Plotting the relation 
between p and M determined by equation (34), 
Fig. 6 is obtained and it is ascertained that the 
relation (35) holds. The right-hand side of 
equation (34) contains the physical properties of 
liquid and the constants which must be deter- 
mined by a boiling experiment andvary according 
to the kind of liquid. Therefore, it can be said 
that the pressure factor f~ is the correction 
factor which modifies only the factor concern- 
ing the rate of growth of the bubble with 
pressure, and the assumption in the preceding 
paragraph in which M is only a function of the 
pressure, independent of properties of liquid, 
could be indirectly proved. 
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Fro. 6. Relation between rate of bubble growth, 

M, and pressure, p. [18]. 

4. EFFECT OF CONDITION OF HEATING SURFACE 
Since formula (33) is based on a fresh and 

smooth surface as mentioned before, considera- 
tion should be given to various other kinds of 
surface conditions, e.g. surfaces that are con- 
taminated, roughened or air-adsorbed, in regard 
to the foaming capacity of the surface as has 
been pointed out. The writers previously carried 
out an experiment [9] on nucleate boiling by 
using water containing salt and obtained a 
result as follows. When the heat flux q increases 
ql "-> q~-'* q3 and decreases as qf ->qa-">ql  and 
if these cycles are repeated, the degree of con- 
tamination on the surface is considered to he 
definite during one cycle. If the result of the 
experiment is expressed by the curve a ,~zl0 (z~0 
= the temperature difference between heating 
surface and liquid), it will resemble Fig. 7, i.e. it 
will produce a oc A0* which will go on changing 
its position every time the cycle is repeated, 
maintaining the preceding relation. Accordingly, 

which is defined in equation (36) expresses the 
foaming capacity of the specified liquid: 

---- aR/AO 2 = (~R)a/(qR) 2 (36) 

When the physical properties are different, it is 
necessary to have a separate term which indi- 
cates nothing but the foaming capacity, for ~ is 
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repetition of cyclic heating [9]. 

included in the effect of physical properties. 
Therefore, if f :  (see equation (37)) is defined as 
foamability, it may be looked upon as the factor 
that indicates only the foaming capacity in a 
form from which the effect of physical property 
has been eliminated: 

= ( 3 7 )  

where ~, is the coefficient of foaming capacity of 
pure liquid on the fresh and smooth surface 
while ~ represents the coefficient of foaming 
capacity of a combination of the surface and the 
liquid in question. The formula of heat transfer 
in nucleate boiling, in which the condition of the 
heating surface is considered, may be obtained 
by rewriting the formula (33) as follows using 

A: 
Y = 8"0 ( . f~ / '  f , ,X)  ' n  (38)  

That is to say, formula (38) is an expression 
that includes all the cases of heat transfer in 
nucleate boiling. The foamability is something 
that resembles to emissivity in heat radiation, 
which is decided by a combination of the 
condition of the heating surface and of the liquid. 

Generally, when the heating surface is con- 
taminated, foaming capacity either increases or 
decreases. But, it is sufficient to regard ~ = 1 
in an ordinary contaminated or roughened 
surface, but not in a very contaminated or 
artificially grooved surface. Though it is neces- 
sary to determine f ;  experimenual]y in order to 
know the accurate value of  the coefficient of 
heat transfer, in many cases it is sufficient to 
take f~ ---- 1 in design practice. 

5. APPLICATION TO FORCED CONVECTION 

BOILING HEAT TRANSFI~ 

5.1. Saturated boiling 
In a case where the saturated liquid flows 

in a tube, the value of the coefficient of heat 
transfer becomes somewhat larger than that 
of pool boiling heat transfer, for which Rohsenow 
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[24] has suggested a correlating method such as 
follows, that is, the total heat flux q at forced- 
convection boiling consists of boiling heat 
flux q~ and convective heat flux qc: 

q = qb + qc (39) 

qc will be calculated by the conventional Dittus- 
Boeltzr equation, modified by using a coefficient 
of 0.019 instead of 0.023. 

qc ----- ~¢40 (40) 

N u c  = 0.019 R e  ° 's  P r  1Is (41) 

where 
ac ---- coefficient of convective heat transfer; 
Nu~ = Nusselt number - -  acD/ A; 
D ---- diameter of  tube; 
R e  = Reynolds number ---- v D / v ;  

v = velocity of fluid; 
P r  = Prandtl number. 

As for q~, Rohsenow uses a correlating 
equation of his own, i.e. 

- - =  - ( P r )  1"7 (42) r 

where 
~7 = viscosity of liquid; 
C,1 = surface coefficient determined by the 

combination of  liquid and heating 
surface (function of contact angle). 

The experimental values of each liquid or each 
experimental condition can be expressed by a 
group of paralleles if correlated by Rohsenow's 
formula, as shown in Fig. 8, but it causes a 
serious difference to the value of surface coeffici- 
ent C , .  Accordingly, the writers followed up q b 
by applying their correlating equation (31) to 
the results of an experiment conducted by Piret 
and Isbin [22]. The latter took several liquids of 
different physical properties, and caused them 
to flow through a vertical copper tube, 25.4 mm 
in diameter and 1.46 m in length, boiling under 
atmospheric pressure. We obtained an excellently 
unified result which is indicated in Fig. 9. The 
reason why data of 30 per cent and 50 per cent 
potassium carbonate are omitted in Fig. 9 is that 
these data are considered for the contaminated 
surface. As a result, it may be said that Rohse- 
now's conception on the forced-convection 
boiling heat transfer is approximately correct 
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Fxo. 9. Correlation of boiling heat transfer inside tubes by writers' method. 
O, water; ×, isopropyl alcohol; A, n-butanol; <~, carbon tetrachloride. 
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where he believes the total flux in the forced- 
convection boiling to be the sum of convective 
heat f lux and.~boiling heat flux; however, in 
Rohsenow's coefficient of surface factors are 
included conditions other than that of interface 
between solid and liquid. 

If the line of thought shown in formula (39) 
is applied, the liquid boiling inside the tubes will 
be satisfactorily correlated by using the writers' 
correlating equation, but it can be applied only 
to cases in which vapour and liquid are quite 
evenly mixed. In those cases where vapour is 
formed into a piston by the excess of vapour, 
such a way of thinking is invalid. It will be 
necessary to make further studies on the flowing 
aspect of vapour-liquid mixtures in these 
instances. 

5.2. Surface boiling 
Rohsenow holds that the correlating equation 

he has proposed for saturated boiling is also 
applicable to surface boiling, but the writers 
are not satisfied with it for the following reasons: 

(1) In the process of deriving this empirical 
formula, it is assumed n ocqb but according to 
experiments carried out by the writers, it turned 
out that n ocqb2. 

(2) ThOUgh Rohsenow and Clark state that 
the contamination of the heating surface causes 
a change in the exponent ofPr, the writers believe 
that the effect of the condition of the heating 
surface ought to be included in the surface. 
coefficient C°t but not in the exponent of Pr. 

(3) According to the former, the value of C°/is 
different for surface boiling and for saturated 
boiling respectively, even ff the combination of 
the liquid and the heating surface is the same, but 
the writers presume that C,I ought to assume the 
same value for surface boiling as for saturated 
boiling. 

The writers tentatively co-ordinated the 
experimental results on heat transfer in surface 
boiling based on the correlating equation whicl~ 
they had proposed for pool boiling, though it 
seems to be a questionable treating of the 
mechanism of surface boiling to apply a corre- 
lating equation which uses the concept of  the 
effective stirring length of bubbles. 

First, assuming equations (39), (40) and (41) 
valid, qb was evaluated. Next, q -- 30 diagrams 

are often used in treating the data of surface 
boiling. When such a correlation is used, several 
parallel lines are fomned., having 4he subcooling 
degree of the liquid as a changing parameter. 
If q -  z~0, diagrams are used, these parallel 
lines can be represented by a single curve, 
where A0, is surface temperature 0, minus satura- 
tion temperature 0,. From these results as well as 
from the experimental results on the formation 
and collapse of bubbles in surface boiling, the 
driving force in the surface boiling heat transfer 
is considered as zJ0s. The writers used heat flux 
as a measure of the driving force of heat 'transfer 
in place of temperature difference. Thus the 
writers tentatively used qb, =--qb(AO,/AO) as the 
heat flux in X of equation (27). A satisfactory 
correlation could not be obtained by this treat- 
ment alone, though this is to be expected. Accord- 
ingly, the writers accounted for the correction of 
the effective stirring length of bubbles. 

In the writers' correlating equation cor- 
responding to the saturated boiling, the effect of 
the effective stirring length of bubbles is included 
in the form of (T*) 1/s in the ~* term of equation 
(24). T* is the constant connecting the effective 
stirring length of bubbles to the bubble Reynolds 
number, and it satisfies equation (22). The 
writers considered that the value of the effective 
stirring length of bubbles in surface boiling 
differs from that in satarated boiling, even in the 
same liquid, and modified equation (22) as 
follows: 

H0, _ T T* (•eb) -1 (43) 
R 

Therefore 

7- -  H./Ho (44) 

whore Hoo is the effective stirring length of 
bubbles in surface boiling. Though ~* in equation 
(24) should be modified by this correction factor 
:7, the writers corrected X for the sake of 
convenience. 

Now, according tothe experiments of Gunther 
[7] and Rohsenow and Clark [23], the maxi- 
mum diameter of  generated bubbles is 3 mm at 
most and about 1 mm in the mean diameter. On 
the other hand, ~i-.ce the effective stirring length 
of bubbles determined on saturated water under 
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atmospheric pressure by the writers [16] is 
30ram. A satisfactory result has been ob- 
tained for saturated boiling inside tubes, in 
which case the effective stirring length of 
bubbles determined in the horizontal heating 
surface is used. Presuming the effective stirring 
length of bubbles in surface boiling is of the 
same order of magnitude as the diameter of 
bubbles, it may be reasonable to assume that 
f = do~H, = 3/30 ---- 1/10 for water 

The experimental data of Kreith and Summer- 
field [13] and of Rohsenow and Clark [4] were 
treated in this way, and the results are shown in 
Fig. 10 As seen in the figure, the experimental 
points are not only favourably arranged in a 
straight line, but are stronsly suggestive of the 
fact that both surface boiling and saturated 
boiling can be represented by a single straight 
line. The same experimental data were treated 
by the formula of Rohsenow and the results are 
shown in Fig. 11. 

The value of T may depend upon the degree of 
subcooling, the flowing condition and the heat 
flux. The writers [19] carried out the experi- 
ment on free convection surface boiling in 
order to clarify the effect of the degree of sub- 
cooling. They found that the relation shown in 
Fig. 12 holds between the rising height of bubble 
h, i.e. the height to which bubbles could rise 
without disappearance, and the degree of sub- 
cooling (0, -- 0L). Since Fig. 12 was obtained 
from an experiment for a narrow range of heat 
flux, the data should be correlated by taking the 
heat flux as the ch in ing  parameter in the case of 
a large range of heat flux, In surface boiling, a 
bubble that has been generated on the heating 
surface condenses on its way up. The stirring 
effect of bubbles therefore gets smaller and 
smaller for two reasons, i.e. that the bubble goes 
up from the heating surface and that the size 
of bubble becomes smaller. Consequently, the 
writers assume that the effective stirring length 
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FIG. 13. Relation among the number of vapour columns, the temperature difference between the heat- 
ing surface and liquid and the heat flux. 

Q, saponin solution; ~ ,  sodium oleate solution (3 p.p.m.); x ,  sodium oleate solution (15 p.p.m.). 
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of bubbles is equal to the height of  the circular 
cylinder that has the same vohune of  cone with 
one vapour column replaced. The result based on 
the above-mentioned assumption is plotted in 
Fig. 10. 

The above-mentioned correlating method is 
only an example of  the application of  the writers' 
correlating equation. The behaviour of  bubble 
generation in surface boiling differs f rom the 
case of  saturated boiling. Therefore it is necessary 
to clarify the mechanism of  heat transfer in sur- 
face boiling in order to obtain the correct 
correlation of  surface boiling heat transfer. 

6. C O N C L U S I O N  

The writers have logically derived a correlating 
equation of  heat transfer in nucleate boiling 
for various kinds of  liquids whose physical 
properties are different and indicated that this 
correlating equation is applicable to forced- 
convection saturated boiling or surface boiling. 
The writers' correlating equation has been 
obtained theoretically by analysing the elemen- 
tary processes of  the phenomena and is not based 
on a dimensional analysis. It is, therefore, con- 
sidered that a good correlation between the pro- 
posed equation and the data of  heat transfer 
shows the adequacy of  the results of  bubble 
dynamics obtained by the writers, and it is 
necessary to analyse the elementary processes 
of boiling phenomena and elucidate the relations 
underlying them in order to reach a final solu- 
tion to the problem. 

APPI~iDIX 
The value of  M in equation (15) for boiling 

water under atmospheric pressure is deter- 
mined as shown below. Equation (14) can be 
rewritten as follows: 

,, d. 

As seen from Fig. 13, the following relation 
holds for boiling water under atmospheric 
pressure: 

,dO = c~ n -u6 (qR) */3 (A2) 

where AO = O, --  OL and c~ is the constant which 
varies according to the type of  liquid. 

l I I ' /  

3 0  / ~  [ "~ --~-~'~ 3o ~ 

.~ 2"0 c. I :~0 
E 
o 

T5 

l'O 

O'S ,~\ 
1.5 2 3 4 5 6 

I:~0, rrlrn 

FIG. 14. Relation between bubble diameter just 
leaving the heating surface and foamability. 
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roughened surface 

depth of groove, 
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0.1701 nun); 
with concentric grooves (average 
0.0846 nun); 
with concentric grooves (average 
0.0425 nun); 
with concentric grooves (average 
04~90 ram); 
with concentric grooves (average 
0~750 nun); 
with concenmc grooves (average 
0.1299 ram); 
with concenmc grooves (average 

depth of I~ove, 0-0192 nun); 
roughened surface with concenmc grooves (avenge 

depth of groove, 0-0578 ram); 
roughened surface with concentric grooves (average 

depth of groove, 0.0048 nun); 
roughened surface with crosswise grooves (average 

depth of groove, 0-0375 nun); 
Nekal X water solution (Jakob); 
sugar water (Urakawa); 
smooth surface R = 5 crn; 

, smooth surface R = 7 cm; 
, smooth surface R 3.5 cm; 

o- ,  water solution of saponin; 
o, sodium oelate solution ( 3 p.p.m); 
-O, sodium oleate solution (15 p.p.m.). 

Equation (A2) can be rewritten as follows: 

a R = (A3) 
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On  the other  hand, equat ion (12) in laminar  
flow will be rewritten as follows by  combining 
the phys ica l  constants a n d  the variables which 
are considered no t  to change for  a specified 
liquid: 

R = Cr n 1/a (d~of) 1/3 = c K X x/8 n -1/a do 2/a (A4) 

where 

1 ,~x/a 
c ,  = ~K*(  Pr  ~ H" ~ , ,  

Eliminating ¢ f r o m  equat ions (A3) and (A4), 
the following expression can be obtained:  

(&)' n = ( ~ f ) '  (qR') (A5) 

Eliminating q f rom equat ions (A1) and (A2), 
the following equat ion can be obtained finally: 

( d--~8 = M n  -1/z R (A6) 
do] 

where 

~r~ / (Cg Cq) 8 n -~Iz R 

Since c¢ = 0-149 mhr2/S°C/(kc~)s/s, r = 538"8, 
kcal/kg, 3'" = 0.598, kg /m 8, x = 400 m]hr  and  
c g ~ / s  = 1800 kcal/m6/Shr°C (from Fig. 14) for  
the boiling water under  the a tmospheric  pressure, 
the numerical  value o f  M in this case is 
M ' - -  9 0 0 m  -x. 
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