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Air bubbles were formed in water and in mineral oil by use of single, circular, horizontal, square-edged orifices facing upward. 
Twenty orifices were tested, ranging from 0.017 to 0.79 cm. (0.0067 to 0.31 in.) in radius. Increasing the volume of the gas chamber below 
the orifice (over the range of 4 to 4,000 cc.) was found to increase the bubble size. The gas-chamber volume was minimized in most of the 
work in order to con6ne attention to the effects of orifice size and gas-flow rate. The liquid containers were large enough to eliminate 
significant wall effects, and operations were conducted at  atmospheric pressure. 

The gas-flow rate was varisd from about 0.01 to about 250 cc./sec. over the course of the work. At relatively low flow rates, the 
orifices generally form2d single “static” bubbles, the volumes of which were proportional to the surface tension and orifice radius and 
independent of the gas-flow rate. At high flow rates the bubble frequency became high and the bubble volume became proportional to the 
gas-flow rate and independent of the surface tension. The bubble frequency reached a maximum value for each orifice, this value being a 
function of the orifice radius. For air bubbles in water, the correlation of the maximum bubble frequency, R, bubbles/sec, with the orifice 
radius, I cm., and the air-flow rate, q cc./sec., was found to be R, = 9.1Qo.13/r0.u. The maximum frequencies ranged from about 25 
bubbles/sec. for the largest orifices to about 75 bubbles/sec. for the smallest orifices used. 

It was found that consecutive bubbles paired or coalesced in de5nite ways in certain ranges of the gas-flow rate. A description is given 
of this bubble behavior, based on stroboscopic and photographic obsemation. 

The  int,erest of chemical engineers in 
studies of the formation of gas bubbles at 
orifices immersed in a liquid has grown 
tremendously since the  1946 paper of 
Geddes (4). Many recent papers include 
analytic tretttment of the subject (7, 9) 
or correlate the phenomena involved (11). 
The  present paper describes work done in 
1949 at Columbia University in  a series of 
bubble-formation experiments which cov- 
ered a wide range of orifice diameters and 
gas-flow rates. 

This study has been based on certain 
generally accepted simplifying assump- 
tions and cltlculational procedures and 
has been limited to  a reasonably small set 
of variables. The guiding principle has 
been that  determinations of bubble vol- 
unie and bubble frequency, as well as 
descriptions of bubble behavior, should 
be  based on observations of a large num- 
ber of consecutive bubbles formed under 
steady operaking conditions. For  con- 
venience, the volumetric gas-How rate 
(steady timeavercye value) was chosen 
as a n  independent variable, and the  bub- 
ble volume and bubble frequency have 
been treated as dependent variables. 
Orifice radius has been a major variable 
in this study, covering a fortyfold range 
of values. As a linear measure of the  
“size” of a gas bubble, the radius of a 
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sphere having an equal volume has been 
used. 

The usual simplifying conditions, which 
were satisfied in the present work, are 
that there is no chemical reaction between 
the gas and the liquid and t h a t  the liquid 
container is wide enough to preclude wall 
effects. Procedures were simplified by  
operating at essentially atmospheric pres- 
sure and using air as the  gas phase, since 
the  physical properties of the gas are 
assumed to  enter the theory in  simple and 
readily calculable ways. 

Single, circular, horizontal, square- 
edged orifices were used, generally 
mounted essentially flush with the bottom 
of the  liquid container, facing upward. 
The  volume of the gas chamber below the 
orifice is considered to  include the entire 
gas volume in  the  piping extending back 
to the nearest effective restriction govern- 
ing the  air flow through the  orifice. 

In  the present work it was found tha t  
container widths from 3 t o  10 in. square 
had no effect and that orifice submer- 
gences from about 1 to about 10 in. usu- 
ally had negligible effect. When the orifice 
projected above the container bottom (as 
for a capillary-type orifice), t h e  bubble 
frequency was found t o  increase owing 
to the  enhanced liquid circulation, in 
agreement with the results of Maier (8) 
and Sprague (10). No results for such a 
case will be discussed in this paper, but  
the  effect of the  orificechamber volume 
will be discussed. 

The  andysis of the bubble-formation 
problem by van Krevelen and Hoftijzer 
(If), otherwise similar to that  followed in  
the  present work, omitted the  orifice 
radius as a factor in the  high-bubble- 
frequency region. This probably resulted 
from the fact that  those authors did not 
have available to  them any high-fre- 
quency da ta  for orifices larger than 
0.025 cm. in radius. 

APPARATUS AND TECHNIQUES 

A constant-pressure air-supply system 
was of vital importance in enabling ex- 
tremely reproducible data and photographs 
to be obtained. It consisted of n diaphragm- 
typc pressure regulator (reducing the labo- 
ratory air supply from about 55 to  about 
25 Ib./sq. in. gauge) followed by a sensitive 
needle valve for flow regulation (dropping 
the pressure froin about 25 to about 2 
Ib./sq. in. gauge). A separate shuhff  valve 
following the needle valve permitted the flow 
aetting to remain undisturbed between parts 
of a run, if required. Despite fluctuating line 
pressure, this system gave extremely steady 
performance owing to the constant up- 
stream pressure maintained on the critical- 
pressure-drop needle valve. (See the section 
Reproducibility of the Data below.) 

A capillary flow meter was used, with two 
interchangeable capillaries providing a us- 
able range from 3 to 250 cc./sec. I t  was 
operated a t  tt constant upstream pressure 
of 880 mm. Hg absolute. A t  very low flow 
rates the bubble frequency, bubble volume, 
and air-flow rate were determined by collee- 

Vol. 2, No. 3 A.1.Ch.E. Journal Page 337 



TABLE 1. 1SSII)E RADII OF THE ORIFICES USED I N  THE PREREST W O R K  

Orifice r ,  cm. Orifice r,  cm. Orifice r ,  cm. Orifice r, cm. Length, 
cm.’ 

-4-1 0.35 R-1 0.48  f.‘-2 0.70 D-1 0.20 0.32 
.4-2a 0 .  16 B-2 0.40 C-3 0.64 0-2 0.21 1.27 
A-:SU 0.08 B-3 0 .32  C-4 0.56 11-3 0.21 2.54 
‘4-4 0.048 B-4 0.16 C-61 0.05 19-4 0.05 0.32 
A-5 0.017 B-5 0.05 (1-71 0.017 D-5 0.40 7 . 6  

*All orifices except tlic D seriea were holes drilled in brass plates 0.08 cm. thick. The D serica were sections 
of tubing of tlie lengths listed. 

tion of counted number of bubbles in a 
gratduiikd cylinder for :I timed interval. 

The liquid containt?rs, made of celliilose 
acetate, had Hat sidrs 1 ft.. high and 3 to 
10 in. wide, cemented t.o a brass base plate. 
Undcr the ctmter of the platc: a fitting was 
providd for mounting the orificc:s. 

The orifices used are described in  Table 1. 
The orifices of wries .A, 11, and C were made 
by drilling single holes in  thin brass sheets 
and soldering those over tho eride of brass or 
copper t,ubes of somewhat larger diameter 
than the holes. Serics L) consisted simply of 
sections of brass or copper txbing having 
one cnd fa(-ed off equaroly t.o act as the ori- 
fice. The orifice tiihcs were supplied with air 
through a tee which during cert:iin runs 
allowed any liquid which dripped down 
through the orifice t.o be automatically 
siphoned off and measured, without affect- 
ing the air-flow rate or the chamber volume. 

A t  higher frcquencics than could be di- 
rectly coiinted, a General Radio Company 
Strobotac was used, with the room dark- 
ened, to “stop” the motion of the bubbles. 
The Strobotac was also used to allow slow- 
motion studies of bubble behavior. A scale 
on this instrument gave the \)ubble fre- 
quency directly whcn the bubbles appeared 
to be “stopped” at  the orifice. The steadi- 
ness of the air-supply system made this 
technique quite feasible and allowed read- 
ings to be made rapidly. Suitable means 
were utilized to assure that the correct fre- 
quency was determined. For example, since 
the true buthle frequency and the vertical 
spacing between single bubbles were essen- 
tially constant during a run, the apparent 
spacing between the bubbles would be 
halved when the Strobotac frequency was  
increased to twice the corrrct bubble fre- 
quency. The apparent spacing, however, 
would remain equnl to the true spacing 
when the Strobotac frequency was de- 
creased to one-half the true bubble fre- 
quency, but in the latter case the visual 
image was noticeably dimmer, as there were 
only half as many illumination periods per 
second. 

In some runs electronic flash photographs 
were taken to record typical bubble behav- 
ior, but thew were not used as a .source of 
quantitative data. h t . a  derived from the 
various instruments or techniques checked 
and overlapped quite well, and 80 there is a 
negligiblr possibility t.hat breaks in the 
curves can be a t t r ih ted  to instrument 
errors. 

TYPES OF BUBBLE FORMATION 

As has been pointed out  by van Kreve- 
len and Hoftijzer (II), two distinct regi- 
mens of bubble formation are found to  
occur a.s the  gas-flow rate through a n  
orifice is increased. At very low flow 

rates (and with a reasonably small gas- 
chamber volume helow the  orifice) the 
bubble volume is predicted within a factor 
of two by the hydrostatic equation 

The  bubble volume remsins constant a t  
about the w l u e  given by Equation ( l ) ,  
independent of moderate changes in the 
g a s - f l ~ ~  rate, and so the bubble frc- 
quency is proportional t o  the gas-flow 
rate in this range. This may be referred to  
as the region of constant-uolwne or slatic 
bubblcs. 

As the gas-flow rate increases suffi- 
ciently, i t  is found that  the bubble fre- 
quency levels off at a constant value and 
that  the bubble volume thereafter in- 
creases in proportion to the gas-flow rate. 
This may be called the  region of constant- 
jrequency bubbles. It is this region which 
will prove t o  be of most interest in this 
Paper. 

CONSTANT-VOLUME BUBBLE REGION 

Possible refinements of Equation (1) 
might be considered to improve its im- 
perfect fit to the experimental data. A 
factor might be included to allow for the 
increase in bubble volume with large 
chamber volumes below the  orifice, as 
discussed by Hughes et al. (7). A factor 
might also be included to account for the 
deviation of the bubble profile from the 
true vertical, where it is attached to the 
orifice, since Equation (1) assumes a ver- 
tical profile. Wark ( I d )  discuwxl the re- 
lationship for stationary bubbles between 
the angle of contact of the gas-water- 
solid interfaces and the bubble volume. 
His theoretically calculated profiles agree 
well with observations. 

The  relation between the radius of the 
detached “static” bubble and the orifice 
radius. which may be derived from Equa- 
tion ( I ) ,  is 

1 /3 

a = ( 1.5u -) (2) 
7 r2(P - 

where a = radius of equivalent spherical 
bubble, cm. Thus, as the  orifice size in- 
creases, the static-bubble radius will even- 
tually become smaller than the  orifice 
radius. The  gas-liquid interface will then 
tend to be horizontal at the orifice perim- 
eter, leading t o  instability. I n  this work 
stable stationary bubbles could not be 

formed at an orifice having a radius of 
0.79 cni. (0.31 in.), but  stable bubbles 
were formed at  a n  orifice of 0.64-cm. 
radius (0.25 in.). It may be concluded tha t  
orifices larger than about 0.7-cm. radius 
(0.27 in.) cannot produce stable static 
bubbles in watcr. 

It might be worth noting that  for very 
viscous liquids (for example, the castor 
oil and olive oil of Guyer and I’eterhans 
(s)] even such a low frequency as one 
bubble per second may be far above the 
static-hubble flow-rate range :ind may be 
well in the region where bubble volume is 
increasing with gas-flow rate. 

EFFECT OF THE VOLUME OF 

THE ORIFICE CHAMBER 

.I series of rum was made to determine 
the effect of the volunie of the gas space 
helow the orifice (the “chamber volunie”), 
using single orifices of 0.l6-cm. (0.063 in.) 
r:idius over a wide range of flow rates. 
The  data arc shown in Figurc 1. The 
rharnber volume ranged from :il)out 4 to  
: h u t  4.000 cc., corresponding to values 
of the “capnritanc-e number” N. ranging 
from 0.033 to 33.0. is a pimmeter 
developcd l)y Hughes et  al. ( 7 )  relating 
the acoustical properties of the gns-orifice 
system to the chamber volurne, :is fol- 
lows: 

where 
TVb = volume of chamber helow orifice, 

c = velocity of sound in the gas, cm./ 

I n  agreement with the results of 
Hughes, the bubble behavior W;IS found 
to be independent of A’? for Xe < 0.8, at 
low flow rates. At higher flow rates the 
critical ~ a l u e  of decreased to  about 
0.2. In  the bulk of the  present n.ork the 
chamber volume was niinimizcrl to  elimi- 
nate its vffect. 

In  the region of large chamber volumes, 
to the right of the dashed line on Figure 1, 
indicated by the word pair, the  ordinate 
value plot.ted is thc combined volume of 
the pair of hubhles released at one time. 
It is very important to  note that  this type 
of bubble piking, which is characteristic 
of large chamber volumes, is definitely 
not the  mine type of hubble pairing 
as will hc dcscribed bdow undcr Transi- 
tion Region. The  pairing now under dis- 
cussion may occur oven a t  w r y  low 
flow rates for a given orifice, as  E’igure 1 
shows, bcfore the transition region is 
reached. This type of ‘‘pair creation” is 
caused by the  surplus gas accunirilated in 
the chamber volume between I~ubble- 
release times. It is more fully discwsed, 
from the theoretical and experimental 
aspccts, in Sections 2.6 and 7.; of the 
original tliesis (2) .  Hughes et  al. (?a) also 
discuss this. 

inrlutling gas lines, cc. 

ser. 
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BUBBLE-8EHAVlOR DATA FOR 
A TYPICAL ORIFICE 

Typical plots of bubble frequency and 
bubble volume vs. gas-flow rate for a 
flnt-plate orifice are shown in Figures 2 
and 3. The points represent results from 
four different arrangements using orifice 
B-4 over a period of several months. The 
orifice radius was 0.16 cm.,’and X, $as 
kept below 0.2. Data were obtained for 
both water and mineral oil. The letters 
on the plots indicate the regions in which 
certain phenomena occurred, to be de- 
scribed in the following paragraphs. This 
orifice was chosen for discussion because 
it demonstrated most of the interesting 
phenomena observed during the work. 
With other-size orifices some regions did 
not uppear. 

Sfatic-bubbling Region 

The value of v. computed by Equation 
(1) is indicated on the bubble volume 
plot, Figure 3. While there is fair agree- 
ment, the bubble volume increases slightly 
with the flow rate, and the frequency is 
therefore slightly less than proportional 
to the flow rate. 

Since the velocity of rise of bubbles is a 
function of their size (1 I ) ,  it is essentially 
constant in this region. Therefore for a 
given orifice the center-to-center spacing 
of the rising bubbles is inversely propor- 
tional to their frequency. .it low fre- 
quencies the liquid a t  the orifice may be 
assumed to come to rest before each bub- 
ble escapes. The bubbles are identical a t  
any given point early in their rising path. 
Although each bubble passes through vio- 
lent symmetrical oscillations in shape as 
it  rises, these are exactly copied by each 
succeeding bubble. Higher up, away from 
the stabilizing influence of the base plate, 
the bubbles move erratically sidewise and 
become irregular in shape. 

lmnrition Region 

At  higher flow rates the bubble volume 
increases sharply as the frequency levels 
off. The spacing between bubbles has de- 
creased, and each forming bubble is 
sffecteti by tlie presence of the precding 
bubble, perhaps through the mechanism 
of D liquid vortex ring a t  the orifice. The 
bubbles now start to form into pairs, 
although still forming individually a t  
regular time intervals at the orifice. h 
bubble will appear to hover above the 
orifice until the next bubble emerges, and 
the two bubbles will then remain to- 
gether as they rise. This pattern is re- 
peated by the next two bubbles, and so on 
indefinitely. 

In some cases pair formation as just 
described continues for only a fraction of 
a minute (during which time hundrcds of 
bubbles form). The flow then suddenly re- 
verts to single-bubble formation, nt a 
bubble frequency about 5 to 30% higher 
than existed during the period of pair 
formation. These single bubbles are usu- 
ally elongated ant1 twisted, like candle 

Vol. 2, No. 3 

2 

9-L 
bub 

I 

V 

0 
K5, cc 

Fig. 1. Bubble volumes u vs. volume of chamber below orifice V, at various air flow rates q 
for orifices having radii of 0.16 cm. (air-water data). In the region marked “pair” to the 
right of the dashed line, u is the combined volume of the pair of bubbles emitted at one time. 

Fig. 2. Bubble frequency n vs. air flow rate q 
for orifice B-4;  orifice radius 0.16 cm., con- 
tainer width 12 cm., liquid depth 5 to 10 cm., 
chamber volume 10 to 17 cc. (data for air- 
water and air-oil systems). The letters refer 
to regions of static bubbling ( A ) ,  transition 
(B), incipient ,coalescence (C), coalescence 
(D), coalescence at the orifice ( E ) ,  and 

double coalescence (F). 

I 
01 I I I0 100 f CC/SPC 

Fig. 3. Bubble volume u vs. air flow rate q 
for orifice B-4; orifice radius 0.16 cm., con- 
tainer width 12 cm., liquid depth 5 to 10 
cm., chamber volume 10 to 17 cc. (data for 
air-water and air-oil systems). The letters 

refer to regions given under Figure 2. 

flames, and show turbulence and erratic 
behavior even near the orifice. .ifter a 
fraction of a minute pair formxtion begins 
again. The flow oscillates periodically be- 
tween the two regimens. However, the 
bubble frequency in a given regimen re- 
turns to the same value each time that 
that regimen is restored. Gas-flow rate 
remains constant. (One might speculate 
that the two regimens correspond to  two 
different states of liquid motion in the 
vicinity of the orifice, e.g., axially sym- 
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Fig. 4. Bubble frequency R vs. air flow rate q 
for orifice C-61; orifice radius 0.05 cm., 
container width 12 cm.,.liquid depth 10 cm., 
chamber volume 2.9 to 4.4 cc. (air-water 

data). 

Fig. 5 .  Bubble frequency n vs. air flow rate q 
for orifice B-1; orifice radius 0.48 cm., 
container width 12 cm., liquid depth 10 cm., 
chamber volume 22 cc. (air-water data). 

metrical pulsating flow in the case of pair 
formation and continuous rotation about 
the orifice axis in the case of the twisted 
single bubbles.) 

Bubble frequencies reported in this 
transition region are averagcs for the two 
regimens. Scatter of the data in this re- 
gion is due partly to persistence of one 
or the other regimen throughout certain 
runs, which introduces the frequency dif- 
ference between the regimens into the 
results. 

Incipient Coalescence 

As the flow rate further increases, the 
members of a bubble pair touch each 
other. This condition may be called 
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TABLE 2. EXAMPLES OF REPRODUCIBILITY OF DATA FOR AIR BUBBLES IN WATER 
(With minimized volume of chamber below the orifice) 

Odice nun cc./scc., Bec., during run, single bubbles/min. 
Air flow, Bubbles/ Actual Strobotac frequency readings 

4 n 
A-2a 43-19 1.249 15.0 905, 898, 895, 900, 900 
A-2a 43-20 1.246 14.9 895,898, 88.5, 885, 892, 892 
A-2a 43-21 1.238 14.9 898,892, 895, 895, 894 
A-2a 43-22 1.235 15.0 895,899,905, 895, 898 
A-2a 43-23 I .  260 15.0 897, 899,910, 895, 897, 895 

B-4 33-7 11.5 31.0 1,830*, 1,945, 1,765, 1,930*, 1,840* 
B-4 33-13 11.5 30.4 1,800*, 1,780, 1,888, 1,900*, 1,750* 

*These valuea are reported 88 exactly twice the actual value recorded experimentally, which corresponded 
to the frequency of doublet formation rn these particular canes. 

Fig. 6. Correlation of bubble volume u vs. (gas flow rate times square root of orifice radius) 
qrOJ for literature data in the constant-frequency region. The line drawn in has the equation 

V = 0.19(qr0.s)0.’. 

“doublet formation.” The first member 
of the doublet usually assumes a hemi- 
spherical shape, and the second bubble is 
elongated vertically; the assembly re- 
sembles a mushroom. (The similarity 
between this behavior and the behavior 
of rising balls of fire, including atomic- 
bomb explosions, suggests that some 
common underlying principle is involved, 
since the fireball is merely a bubble of 
lowdensity gas in an atmosphere of 
higher density.) 

With higher flow rates, the lower bubble 
often momentarily protrudes into the top 
bubble. This protrusion is facilitated by a 
column of liquid which rises inside the 
top bubble. 

Coalescence 

Further flow-rate increase causes the 
second bubble to penetrate the first one 
appreciably. Under some conditions the 
second bubble always shoots completely 
through the first bubble, rising through 
the inner column of liquid in the bubble 
and emerging on top. Under other condi- 
tions the first bubble absorbs part of the 
second and leaves the residue as a small 
satellite. In  still other cases the second 
bubble is completely swallowed by the 
first, although their interface remains 
unruptured. 

In most cases, however, the two bubblea 

completely coalesce at these flow rates, at 
some distance above the orifice, yielding a 
single large irregular bubble. At this point 
the frequency has usually reached a maxi- 
mum value which remains essentially 
constant as the flow rate increases fur- 
ther. Liquid viscosity and orifice radius 
seem to have some effect on the value of 
the constant frequency. 

Coalescence at the Orifice 

Coalescence takes place closer and 
closer to the orifice as the flow rate in- 
creases. A flow rate is finally reached at 
which the bubbles coalesce right at the 
of ice ,  the first bubble having no time 
to rise before the second one emerges. 
Under these conditions it will appear that 
the frequency of bubbles rising from the 
orifice has suddenly been halved. 

Double Coolescenca 

As the flow rate further increases, the 
large coalesced bubbles themselves un- 
dergo coalescence as they rise. This may 
be called “double coalescence.” At this 
stage the fluid is usually quite turbulent 
and the gas seems to issue from the ori- 
fice as a continuous jet. The bubbles are 
erratic, and good data are hard to obtain. 
The liquid becomes filled with small cir- 
culating bubbles. At this point conditions 
of industrial interest are undoubtedly 

approached, but unfortunately this is the 
point at which laboratory experiments 
usually have to be terminated. 

CURVES FOR OTHER ORIFICES 

I n  the original thesis describing this 
work (2) are complete plots of the data 
for about twenty orifices, as listed in 
Table 1. A few of these plots are repro- 
duced here. In Figure 4 the point plotted 
at q = 5 cc./sec. indicates the actual ex- 
treme values assumed by the frequency 
at that flow rate (in the transition region) 
as the flow regimen fluctuated between 
pair and single-bubble formation. Figure 
5 shows data for a large orifice of 0.48-cm. 
radius. It is apparent that the maximum 
bubble frequency varies somehow in- 
versely with orifice radius. 

REPRODUCIBILITY OF THE DATA 

Table 2 illustrates the reproducibility 
of the data for five consecutive runs with 
orifice A-2a u t  a constant flow setting, 
each run lasting several minutes. The in- 
dividual Strobotsc frequency readings 
were taken in the order given, a t  approxi- 
mately quarter-minute intervals, and no 
single reading deviates by more than 
about lyO of the mean value for its par- 
ticular run. Thc average frequencies for 
each of the five runs lie within 1% of each 
other also. Table 2 also il1ustr:ites the re- 
producibility of nonconsecutive runs for 
orifice B-4 at a given flow rate, which 
happens to lie in the transition region of 
Figure 2. The preceding discussion of the 
transition region will explain the increased 
scatter (up to 5%) in these individual 
Strobotac readings for orificc Ti’-4, al- 
though even here the average bubble fre- 
quency does not differ by more than 27, 
between the two runs listed. 

CORRELATION OF BUBBLE VOLUMES 
FROM LITERATURE DATA 

Most of the data of Eversolc et nl. (3) 
are in the constant-frequency range, as 
are some data of Maier (8), Sprague (lo), 
Hagerty (6), and Davidson ( 1 ) .  These 
data form lines of almost 45” inclination 
on logarithmic plots of bubble volume 
vs. flow rate for each orifice, but the vari- 
ous orifices do not line up well together 
on such plots. It was found empirically 
that by multiplying the flow rates by the 
square root of the orifice radius, a correla- 
tion could be obtained as shown in Figure 
6, in which the data for a wide range of 
orifices line up well. No theoretical deriva- 
tion of this correlating factor has been 
developed, but some ideas on the subject 
will be given later. 

The relationship between bubble vol- 
ume, flow rate, and orifice radius in the 
constant-frequency region appears from 
Figure 6 to be of the form 

(4) 
where 
w = slope of straight line on a logarith- 

mic plot 
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Fig. 7. Correlation of bubble volume v vs. 
(air flow rate times square root of orifice 
radius) qrO.6 for present data in the con- 
stant-frequency region. The points plotted 
are the end points of the respective straight- 
line portions of the plots for the individual 

orifices. 

I 

I0 
/ 3 /O 30 
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Fig. 8. Constant (maximum) bubble f r e  
quency n, vs. reciprocal of square root of 
orifice radius r-O.6 for the data of Table 3. 
The line drawn in has the equation n, = 

19(r-0.s)0.~ = 19r-0.a3. 

K = value of ordinate of line a t  unity 

For the literature data plotted in Figure 
6 the equation of the correlation line 
shown is 

abscissa value 

u = 0.189(qr0.5)0.053 (3 

CORRELATION OF THE BUBBLE-VOLUME 
DATA FROM THE PRESENT WORK 

Data were available from the present 
work for thirteen orifices with radii from 
0.0175 to 0.48 cm., with low values of N , .  
Distilled water was the liquid chiefly 
used, but some data were obtained for 
light mineral oil (p = 0.843, cr = 30.4, 
viscosity = 0.224 poise) and for heavy 
mineral oil (p = 0.861, cr = 31.2, viscosity 
= 0.475 poise). The coordinates of the 
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TABLE 3. COSSTAST (M,~XIYUY)-BVBBLE-FRQUENCY DATA FOIOII WATER 

Reference 
or 

orifice 
Maier 
hlaier 
Eversole* 
hlaier 
Sprague 
C-7 1 
0-4 
C-61 
A-3a 
A-2iZ 
D- 1 
0-3  

0-5  
B-1 

Hsgerty 

Orifice 
radius 
7, cm. 
0.00591 
0.0075 
0.0085 
0.01 125 
0.016 
0.0175 
0.050 
0.050 
0.082 
0.16 
0.20 
0.21 . 
0.395 
0.40 
0.48 

Bubble 
radius a 
a,  cm. r 
0.052 8 .8  
0.092 12.2 
0.077 9 . 1  
0.105 9 . 3  
0.111 7 . 0  
0.159 9 .1  
0.166 3 . 3  
0.153 3 .1  
0.464 5.7 
0.640 4 . 0  
0.701 3 . 5  
0.695 3 . 2  
0.683 1.7 
1.016 2 . 6  
1.020 2.1  

- 

Capaci- 
tance 

number 
NO 
- 
- 

54 - 
- 
2 . 1  
0.39 
0.38 
0.14 
0.036 
0.057 
0.047 
0.15 
0.015 
0.02 

Maximum frequency, 
bubbles/eec. 

DOU- Calc. by 
Obs. bled Eq. (13) q,,, 

107 
54 108 - = 0 . 2  
90 

0 . 2  30 60 
0 . 4  31 62 

60 1 .o 74 
36 9 .  55 
36 8. 55 
28 18. 43 

42 - 20 60. 
18 60. 35 

33 - 17 =50. 
60. 13 26 

25 - 13 120. 
12 160 24 

0.06 

- 0.17 

- - 
- 

- 
- 

- 
- 
- 
- 

- 

- 
- 

*This waa Evemole's point for 70% ethanol in water. 

end points of the straight-line 45' por- 
tions of the individual orifice plots of 
bubble volume (similar to Figure 3) were 
read off and replotted on Figure 7 as 
bubble volume vs. qr0 5. The correlation 
seems to be as good as that in Figure 6 
for the literature data. The equation of 
the line marked single bubbles is 

= 0.1i0(Qr0~5)0~807 (6) 
For those orifices for which the halved 

bubble frequency was recorded, owing to 
coalescence at the orifice, the individual 
orifice plots show two parallel 45" lines at 
high flow rates, as in Figure 3 (where line 
EF is parallel to line C D  but shows twice 
the bubble volume). In  Figure 7 the end 
points of these upper lines from the indi- 
vidual orifice plots have been plotted as 
triangles. They form another correlation 
line roughly parallel to the main line but 
lying above it at about twice the bubble 
volume for a given abscissa value. The 
equation of this line, which is marked 
coalesced al orijce,  is 

u = 0.163(qr0.5)0~Q14 (7) 
The literature-correlation line of Figure 

6, copied onto Figure 7 as indicated, lies 
quite close to t4e line for the present data 
on bubbles which are coalesced at orifice. 
This suggests that the values given in the 
literature are chiefly for such coalesced 
bubbles. It is indeed found that the data 
of Maier (8) and Eversole (3) contain 
examples of bubble frequencies which are 
twice the usual values reported by those 
investigators. Probably these high fre- 
quencies correspond to the maximum 
single-bubble frequency, as in region D of 
Figure 2, and the remainder of the litera- 
ture-data frequencies correspond to the 
halved frequency, as in the region of 
coalescence a t  the orifice. 

CORRELATION OF THE 
MAXIMUM BUBBLE FREQUENCY 

By dividing each side of Equation 4 
into q, the flow rate, one obtains an  ex- 
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pression for the constant (maximum) 
bubble frequency 

For the data of this research for single 
bubbles, the corresponding expression, 
derived from the correlation of experi- 
mental data represented by Equation (6), 
is 

(9) 
9 .09q0.'" 

72, = -- 

It is evident that the maximum fre- 
quency, n,, is not entirely a function of 
the orifice radius alone, but tends to in- 
crease slightly a t  the higher flow rates. 

To shed further light on this, approxi- 
mate values of qm, the flow rate at which 
the maximum frequency first occurs for 
each orifice, were read off from plots of 
n vs. q (similar to Figures 2, 4, and 5). 
These q,,, values are listed in Table 3, for 
orifices both from the literature and from 
the present work. It is seen that (I,,, in- 
creases substantially as r increases. Ex- 
amination of Equation (9) indicates that 
if n, were to be studied as a function of r 
only, the exponent of r would be effec- 
tively decreased in absolute value because 
of the offsetting nature of this variation 
in qm. 

This is illustrated in Figure 8, in which 
the constant-frequency data of Table 3 
are plotted as a function of r only, the 
function chosen for the abscissa being the 
reciprocal q u a r e  root of r .  (Four cases in 
Table 3 were adjusted as indicated in the 
table to convert "coalesced-bubble" fre- 
quencies to single-bubble frequencies, .as 
discussed previously.) The equation of 
the line drawn through the points on 
Figure 8 is 

I n  agreement .with the conclusion of the 
preceding paragraph, the exponent o f t  in 
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Equation (10) is smaller in absolute 
value than it is in Equation (9). 

It must be considered therefore that 
although the maximum bubble frequency 
is a function of the orifice radius, it  is not 
a function of that alone. However, for 
practical purposes it may be considered 
to be only a function of r (for liquids with 
comparable kinematic viscosities) be- 
cause of the small exponent of q in 
Equation (9), and because q, is a function 
of r .  It is therefore believed that Equa- 
tion (10) may be used to estimate the 
maximum individual bubble frequency 
for orifices in the range of 0.01- to 0.50- 
cm. radius for liquids with kinematic vis- 
cosities about the same as the viscosity of 
water. [See Section 8.7 of the original 
thesis (2) for a discussion of the effect of 
liquid viscosity.] The frequency given by 
Equation (10) should be halved to allow 
for the coalescence of bubbles a t  the ori- 
fice when that is expected to occur. 

DISCUSSION OF THE 
MAXIMUM-FREQUENCY CORRELATION 

By use of van Krevelen’s working hy- 
pothesis ( 1 1 )  that at the maximum fre- 
quency bubbles are spheres which just 
touch each other in a vertical line above 
the orifice and of his correlation for the 
rising velocity of bubbles in series, which 
reduces to 

v = (ag)0.5 (1 1) 

where V = velocity of rise of bubbles in 
series, cm./sec., an equation relating ori- 
fice size and maximum frequency may be 
derived. From the data of Table 3 it is 
seen that a t  the maximum frequency the 
bubble radius is very roughly four times 
the orifice radius, over a wide range of 
drifice radii. Then, since by van Kreve- 
len’s hypothesis 

V = 2an, 
it follows that 

8 
ro n, E - 

Values of n, computed by Equation 
(13) are given in Table 3. The agreement 
with experiment is not good, because the 
real bubbles are far from being perfect 
spheres which just touch each other in a 
vertical line. Hence Equation (13) should 
not be used for predictions; it, merely 
serves to illustrate a possible semitheo- 
retical derivation of a correlation based on 
the square root of the orifice radius. 

The relation of the maximum bubble 
frequency to the orifice radius should be 
tested by other investigators. The orifice 
radius was bmitted as a factor in the 
analysis of van Krevelen (11). Equation 
(11) in his paper, for the critical gas flow 
rate, reduces to 

36.5 n, = __ 
qo.2 

This equation, which indicates that the 
constant frequency is independent of the 
orifice size, does not agree with the data 
for large orifices and should not be used. 

DIMENSIONAL CONSIDERATIONS 

The correlation function, qro.6, which 
appears in Equation (4), was found em- 
pirically, but it appears to hold some 
promise of having theoretical significance. 
Dimensionally, Equation (4) is badly un- 
balanced, but it may be greatly improved 
by the reasonable assumption that an 
appropriate factor, having a practically 
constant numerical-value, is concealed in 
the numerical constant K .  The expression 
p.6 is just such a factor, where g is the 
local acceleration of gravity. Support for 
the choice of this factor, and an indication 
of the possible role it may play in the 
theoretical development, is found in the 
simple equation for the velocity of a 
freely falling body, which contains the 
same factor go.6: 

where 

u = velocity of falling body, cm./sec. 
h = distance through which body has 

fallen from rest, cm. 

Writing the factor go.6 explicitly into 
Equation (4) (actually the more con- 
venient and almost equal factor gO.6m is 
used) leads to the following equation: 

where K’ = changed numerical value of 
the constant K of Equation (4). The 
dimensions of the left member of Equa- 
tion (16) are [lengthla, while on the right 
the dimensions are now [lengthltw. Lince $’ 
w is not quite equal to unity, although 
almost so, there remains a slight dis- 
crepancy in the dimensional balance of 
Equation (16). Probably, since Equation 
(4) was derived from an  empirical study 
of the data, one or more other factors re- 
main hidden in K’ and contribute to the 
discrepancy. This remains to be deter- 
mined from further work along these 
lines. (It is of course unnecessary to take 
specific account of this factor gO.5 in the 
numerical calculations and plots, as it has 
a constant value for all practical pur- 
poses and is covered by the numerical 
constants in the equations.) 

OUTLOOK 

This paper has presented some interesting 
aspects of bubble-formation phenomena and 
has, it  is hoped, pointed out some areas in 
which theoretical analysis might be fruitful. 
It would seem that  the study of the liquid 
behavior at the orifice, including the crea- 
tion of vortex rings and currents of liquid by 
the emerging bubbles, might hold the key to 
greater understanding of the curious phe- 

nomena associated with the formation of 
gas bubbles at orifices. 
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NOTATION 

a = bubble radius (radius of spherical 

c = speed of sound, cm./sec. 
g = local acceleration of gravity, cm./ 

h = distance through which a body has 

K = constant coefficient in Equation (4) 
K’ = numerical constant 
n = bubble frequency, bubbles/sec. 
n, = maximum bubble frequency, bub- 

bles/sec. 
N ,  = “capacitance number’’ of orifice 

chamber, defined by Equation (3) 
q = average gas-flow rate through ori- 

fice, cc./sec. 
qm = value of p at which maximum bub- 

ble frequency is reached, cc./sec. 
r = orifice radius, cm. 
u = velocity of a falling body, cm./sec. 
v = bubble volume, cc. 
v. = theoretical hydrostatic bubble vol- 

ume, based on Equation (l), CC. 
V = rising velocity of bubbles in liquid, 

cm./sec. 
Vb = volume of gas chamber below ori- 

fice, including piping, cc. 
w = exponent as used in Equation (4) 
p = density of liquid, g./cc. 
p g  = density of gas, g./cc. 
(r = surface tension of gas-liquid inter- 

bubble of equal volume), cm. 

see.* 

fallen from rest, cm. 

face, dynesjcm. 
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