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Abstract-New data concerning the frequency and diameter with which bubbles leave a given bubble 
site in nucleate pool boiling is presented. The new data was obtained from a boiling study of liquid 
nitrogen. It is shown that the existing correlation relating the frequency and diameter does not predict 
the new data. From a dimensional analysis coupled with available experimental data a new relation- 
ship is developed, viz. f. D1j2 = const. A simple force balance on the departing bubble is shown to 

indicate the same result, 

INTRODUCTION where 
ONE of the least understood and most important 
aspects of heat transfer at present is the boiling 
process. Today, because of the increasing 
desire to transfer more energy per unit area of 
heat exchange surface, one naturally turns to 
boiling as a means of accomplishment. As evi- 
denced by the number of attempts, it has been 
exceedingly difficult to find a heat transfer 
correlation that will satisfactorily predict boiling 
heat transfer under a variety of conditions, 
mainly because there are so many variables 
which enter the boiling process. 

One of the variables important in many pool 
boiling heat transfer correlations is the product 
j’. D, where 

f = the frequency with which the bubbles 
leave a given site, and 

D = the diameter of these bubbles at the 
instant they leave the surface. 

An example of how the product enters a heat 
transfer correlation is given by the correlation 
proposed by Rohsenow [l], viz. 

h,, = enthalpy of evaporation, 
P - vapor density, 2)- 
n = number of bubble sites per unit 

area, 

and c = is a proportionality constant. 

It was observed by Jakob [2] that the bubbles 
leave a given bubble site at roughly equal time 
intervals, and further that the bubbles from this 
site are nominally of equal diameter. Jakob 
presented some data and noted that over a 
range of diameters the data could be approxi- 
mated by the expression 

f. D = const. (2) 

Zuber [3] has proposed an equation describing 
the product of frequency and diameter in terms 
of fluid properties. He noted that the velocity 
of rise of bubbles in a liquid can be expressed 
ast 

q” = c hf, D3 f pv n (1) 

* Present address: School of Mechanical Engineering, 
Purdue University, West Lafayette, Indiana. 

9 ” = the heat transfer per unit area of 
surface, 

li4 

t It should be noted that this expression is only valid 
over a certain range of Reynolds numbers. See for 
example Grassmann [4]. 

169 



170 P. W. MCFADDEN and P. GRASSMANN 

1000 f I I I I 1 _. ..-I. _ - ._..- I i I 

+ -_i___ 
I --C--t-- 

-6 - ----_-i-._ 

t- 

! 
/ j 

j --: __ 
.- 

; 1 ! 
I I I A,-&, 

i.!!, / i 

I 
I 1 , 

/ 

I Jll / 
! , ! iilll / t--tr_i 

IO 
0~0001 O.OOl 0.01 

D/O+59 [qA,or/$f”~ 115 

EG 1. Frequency of vapor bubble formation as a function of fluid properties and bubble diameter for: 

0, 0 Water, Fritz and Ende 161; 
0 Water, Yamagata and Nishikawa [7]; 
G Carbon Tetrachloride, Jakob and Linke [SJ; 

Methylalcohol, Westwater and Perkins [9]; and 
Nitrogen. 

where RESULTS 
urn = bubble rise velocity, 
ET = surface tension between liquid and 

vapor, 
‘.lp = the difference in density between the 

liquid and vapor phases, 
PI. = liquid density, 
g = acceleration of gravity, 

as shown by Peebles and Garber [5]. He then 
assumed that 

.f. D ccuno (41 

and found 

It was felt, however, that data over a wider 
range of frequencies and diameters was needed, 
and therefore the present work was undertaken. 
Data was taken for nucleate boiling in liquid 
nitrogen. High-speed motion pictures were 
taken of the bubbles during boiling, and the 
results are shown in Table 1. These results 
represent the arithmetic average values of the 

Table 1 

f (I/s) D (cm) 

f. D = 0.59 E$! 114* 
[ I (5) 

This expression fits the data as shown in Fig. 1 
satisfactorily over a limited range of bubble 
diameters. 

165 0.021 

72 O-030 

54 0.038 
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frequency and diameter (at breakoff) at each of 
three locations. If the results are reduced and 
plotted as shown in Fig. 1, it is seen that the 
nitrogen data falls well below the frequency 
prediction of equation (5). Stephan [lo], 
working with boiling in liquid freon, has ob- 
served the same qualitative results. 

ANALYSIS 

A dimensional analysis, assuming that f . D 
is a function of D, tr, pi, and Ap, shows that 

f. D2py gApD2 a ~- K -~ 
( > (,D)“2 (J 

is a possible relationship describing frequency 
and diameter in terms of liquid and vapor 
properties. It is easily shown that the left side 
of the above propo~iona~ty represents the 
square root of the ratio of inertia to surface 
forces, and the right side represents the uth 
power of the ratio of buoyant to surface forces. 
If a = 4, the result of Zuber is obtained. 

The plot of Fig. 2 shows, however, that 
a M + fits the experimental data satisfactorily. 
This means that 

for a given fluid. Also, since (at least far from the 
critical point) 

AP - PL 

f. D1j2 M 0*56(g)1/2 = 17.5 cm1/2/s (7) 

with no dependence on fluid or vapor properties. 
This is the case for the available data as shown 
in Fig. 3. 

This relation is not too surprising if one 
considers the following. A bubble at the instant 
of breakoff is acted upon by various forces. 
There is a force between the bubble and the 
solid surface. Liquid flows over the bubble in 
various erratic and unpredic~ble ways, pushing 
it and pulling it. But the predominant force (at 
least for low heat flux where bubble columns do 
not interfere with one another) is due to gravity. 

For a bubble at the instant of breakoff then 

FIG. 2. Nondimensional formulation of the frequency-bubble diameter relationship. 
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FIG. 3. Frequency of vapor bubble formation. 

where 

F = the predominant force acting on the 
bubble, 

V = bubble volume, 
I = time, 
112 = accelerating mass, 
2’ -= velocity. 

Since the bubble is not growing much at this 
time (see e.g., Jakob [2]), 

da 
F-m at. 

it is seen that 

.f* 01’2 (x p2 

as was obtained experimentally. 

(12) 

CONCtUSIONS 

It seems that equation (5) is not a general 
relationship. While more measurements, especi- 
ally at diameters outside the presented range, 
are needed, equation (7) offers an interesting 
possibility for predicting a frequency spectrum 
given a bubble diameter spectrum. 
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R&urn&-On presente ici de nouveaux resultats relatifs a la frequence et au diametre avec lesquels 
les bulles quittent leur site de formation dans la masse en ebullition nucl&e. Ces nouvelles don&es 
ont t%C obtenues pour l’btude de l’~bullition nucl&e de l’azote hquide. On montre que la correlation 
qui existe entre Ie diam&re et la f&quence des bulles n’est pas en accord avec les nouveaux r&&ats. 
Une analyse dimensionnelle associee aux donnees experimentales valables a permis d’etabiir une 
nouvelle relation f. D1ja = const.Un simpleCquilibredesforces surlabulle quis'echappeconduit au 

m&me r&dtat. 

Znsammenfassung-Aus einer Untersuchung des Blasensiedens von fltissigem Stickstoff bei freier 
Konvektion werden neue Werte von Frequenz und Durchmesser beim Abreissen von Dampfblasen an 
Siedekeimen mitgeteilt. Wahrend die vorhandenen Beziehungen die neuen Messwerte nicht bestltigen, 
l&t sich aus einer Dimensionsanalyse die Beziehung f. D112 = const. ableiten. Eine einfache Kraft- 

bilanz an der abreissenden Blase ftihrt zum gleichen Ergebnis. 

AIisOTaQHJI--B CTaTbe IIpHBO~HTCR HOBbIe J(aHHbI0 0 4aCTOTe OTplsrBa IIy3bfpbHOB napa, 
J&MaMeTpe ZiX IIpEi OTpbI30 OT iiIeCTa 06pa3osam~R IIpH XIy3bIpbHOBOM K~IIIeHWX. Howe 
AaHH~euO~y90H~HaOCHOB083yYeHE1RKllIleHB~ H(II~KOfOa30Ta.~OKa3aHO,9TOCy~0CTByfO- 
IIWI KOppe~~~K~, CB~3~a~4aff YaCTOTy H 3;HaMeTp, He COOTBeTCTByeT HOBbIM gaHHbI2l. 
c ~O~O~b~ aHaJIE13a pa3MepHOCTe~ ix ~~Me~~~XC~ 3KC~ep~Rfe~Ta~bH~X J&IHHbIX BbIBe~eHO 
HOHoe C~OTH~~~H~~: f.D1j2 = COW. IloKaaaHo, YT~ ypaBHeK~~e paaHoBec~~ c~~.~,~e~cTBy~- 

II@fX Z3a OTphIBa~~~I~C~ rIy3bIp&K, IIp&iBO@IT K TOMY liE0 pe3JVIbTaTy. 


