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Characterisation of Two-phase Flow Patterns in Plate Columns
G. E. Ho. B.E.• M.Eng.Sc.,

Introduction

R. L. Muller, B.Sc.App., B.E.,

In the process of dispersing vapour through a liquid 011 a
perforated distillation plate different flow patterns arise
according to the flow conditions, system properties. and
plate geometry. Because these patterns are so different it is
not possible to describe plate operatioo by a single mathematical model. H is necessary to first determine which flow
pattern will occur and then describe the appropriate hydrodynamic and mass transfer characteristics.
We will describe here the various perforated plate flow
regimes and from models of these indicate tl11e mechanism of
transition between them.
Characterisation of the flow regimes is here; based on
experimental evidence obtained from the Lite:rature and from
work using the air- water system in a four-ioch diameter
Perspex column.
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Synopsis
Methods based on two-phase flow analysis are described
which are used to characterise the flow regimes commonly
observed in perforated plate columns.
A model for the cellular foam regime based on liquid flow
in a structure of regular pentagonal dodecahedra has been
described. This shows the relationship between gas superficial
velocity, gas hold-up fraction, and bubble size and is used to
explain the break-down of cellular foam to froth.
The spray regime has been described as a fluidised bed of
drops produced by liquid break-up in pulsating vapour jets.
Drop stability and terminal velocity considerations are used to
predict the limits of the spray regime. The transition to froth is
explained in terms of the fluidisation model.
Resume
Des m6thodes basees sur I'analyse d'un ecoulement a deux
phases sont d6crites, et utilisees pour definir les regimes
d'6coulement g6neralement observes sur les plateaux perfores.
Un modllle est decrit pour le regime de mousse cellulaire,
base sur un ecoulement de liquide dans une structure
dodecaedrique pentagonale regulillre. II montre la relation
entre la vitesse superficielle du gaz, la fraction de gaz retenue
et la taille des bulles. et est utilise pour expliquer le passage
du regime de mousse cellulaire au regime d'ecume.
Le regime d'ecoulement en jet est decrit comme un lit
fluidise de gouttes produites par la rupture du liquide par une
pulsation de jets de vapeur.
La stabilite de la goutte et des considerations sur la vitesse
terminale sont employees pour predire les limites du regime
de jet. Le pas.sage 1'6cume est explique selon un modllle
de fluidisation.

a

Kurzreferat
Es werden Methoden beschrieben, die auf einer Analyse der
Zweiphasenstromung basieren und dazu verwendet werden,
die Stromungsbereiche zu charakterisieren, die gewohnlich in
Siebbodenkolonnen beobachtet werden.
Ein Model! fiir den Bereich Zellularschaums, das auf der
Fli.issigkeitsstromung in einer Struktur reguliirer fiinfeckiger
Dodekaeder beruht, wird beschrieben. Dieses zeigt die
Beziehung zwischen Gasgeschwindigkeit, Anteil des
gasformigen Betriebsinhalts und Blasengro6e und wird dazu
verwendet, das Zusammenbrechen des Zellularschaums zur
Schaumfli.issigkeit zu erkliiren.
Der Spri.ihbereich wird als Flie6bett beschrieben, das durch
Mitrei6en der FH.issigkeit in pulsierenden Dampfstrahlen
erzeugt wird. Betrachtungen der Tropfenstabilit iit und der
Endgeschwindigkelt werden dazu benutzt, die Grenzen des
Spruhbereichs vorauszuberechnen. Der Obergang zur
Schaumfli.issigkeit wird mit Begriffen des FlieBbettmodells
erkliirt.

Symbols Used
a = acceleration (m/s 2 ).

c, = drag coefficient.
D = plate diameter (m).
d = drop or bubble diameter (m).
F = drag force (N).
g = acceleration due to gravity (m/s 2).
H = liquid depth (m).
K = constant in equation (28).
k = constant in equation (9).
I = length (m).
111 = mass (kg).
11 = number of Plateau borders per unit cross-section of
dry foam (m- 2 ).
p = pressure (N/m 2).
U, = velocity in plateau border (m/s).
Vi = superficial liquid velocity (downward) (m/s).
v. = superficial gas velocity (m/s).
v = velocity (m/s).
W = constant in equation (14) (m/s).
We = Weber number.
a = radius of Plateau border (m).
c = fractional hold-up.
0 = angle of inclination (rad).
µ = viscosity (kg/ms).
p = density (kg/m3 ).
a = surface tension (N/m).
Subscripts
11
,.
11

= bubble in a swarm of bubbles.
= single bubble in an infioite liquid.

= critical.
• = gas.
I = liquid.
.r. = minimum ftuidisation.
01
P = plateau border.
, = superficial.
er
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for a wide variety of flow systems. ln particular, he has
applied lhe theory to gas bubbling through a liquid 1 and gas
bubble and droplet formation from an aerated liqul[d pool.
From this the relationship between gas superficial velocity
and fractional b old-up is:

c

OB

V.= l · l8e.(l -e.)[ag(p1-PaW
I

(l)

Pi•

which is plotled a<1 the dashed line in Fig. l.
The maximum velocity for bubble flow, which is the first
transition point (A on Fig. I) is obtained by substituting
0·4 for the fractional gas hold-up in equation ll ). This
gives, for air-waler, a value of 0-0463 m/s for v.. (Wallis
used e = 0·5 as the criterion for tbe lransition, argtling that
lhis corresponds to the maximum value of
attainable for
bubble flow. The difference io V. is within expc:rimental
scatter, alLhough available data, including Wallis', point to
the lower value of ta as the more likely transition point.)
We see then, that the bubble flow regime occurs at ·velocities
lower than those used in commercial equipment alt hough it
may occur in laboratory columns such as lhe Oldershaw
column. Jt wiJI not be considered further here.
Of more interest and general importance are tine foam,
froth , and spray regimes. The froth regime is .normally
encountered after break-down of cellular foam , that is,
transition e of Fig. I , but it is possible to observe a transition
directly from bubbles to froth without cellular foam forma tion. This is usually associated with deep liquid, when
circulation becomes more intense, and witb pure Jiquids in
which case the formation of foam is inhibited. The flow then
follows curve 5 of Fig. I . Wallis 1 made similar obs.ervations
and noted that the transition was marked by the co•alescence
of gas bubbles which may occur for values of 'fractional
hold-up much lower than 0·4 when the liquid is pure. The
presence of impurities, such as those in rap water, qr of surfactants inhibits coalescence and leads to cellular foam when
c, is greater than 0·4, alt.h ough even at such values a transition
to frolh may take place if there is a tendency Jior liquid
circulation.
WaJlis3 also reported the effect of varying the number of
holes in the plate. Whereas a sintered plate is most likely to
produce bubble flow, a few large holes io a plate produced
froth at the same superficial gas velocity. This behaviour can
be attributed to the large gas hole velocity and the: resulting
turbulent liquid circulation-regardless of 1he siZt! of bole.
With larger bole velocities there is more likelihoc1d of producing froth rather than bubble flow.
In che limit, the process of coalescence or aggl.omeration
leads to behaviour similar to that of slugging in long tubes
(a11hougb such slugs cannot fully develop in the height of
liquid commonly found on perforated plates). We have
found tbe equation describing slug tlow can bo uised to pur
a bound on the froth region and fits the data of Wallis, 1 - ;J
Calderbaok and Rennie;~ and Rennie and Smith. 5 From
the theory of Nicklin, Wilkes, and Davidson"' this relationship is:

v.

01

Fig. 1.- The representa1ion of flow regimes

Description of Flow Patterns
A convenient way of jdentifying tbe flow patterns and lhe
transitions from ooe to another is to plot superficial gas
velocity against gas hold-up fraction (Fig. I ), the method
used by Wallis.• - 3 Thls allows results to be compared with
predictions by hjs drift-flux. theory for two-phase flow systems.
Four .Row regimes predominate. The common terms for
these are: bubble flow, cellular foam, frolb, and spray; in
general, these regimes are encountered in lhe foregoing order
as the gas velocity increases. The transitions between regimes
are not sharp; particular regimes may not be observed. at all
under certrun conditions and two or more regimes may coexist. Figure 2 shows the type of fiow pattern observed for
each regime.
As the gas velocity is increased from zero, 1ho fractional
gas hold-up increases regularly (as shown in Pig. I, region I)
and the dispersion consists of swarms of bubbles of narrow
size range (as in Fig. 2, region 1). This is called the bubble
flow regime.
T he limit of the bubble flow regime is 1he velocity at which
the fractional gas hold-up reaches a value of about 0·4. For
higher flow-rates and hold-up the bubbles begin to deform
into polyhedra, the characteristic of cellular foam (fig. J,
region 2 and Fig. 2.2). The top of the foam, aJthough somewhat mobile, remains well-defined and its height can be
measured.
At still higher flow-rates, break-down of the cellular foam
occurs and the hold-up reverts to lower values. This transition-to the froth regime (Fig. I, region 3 and Fig. 2. 3)is marked by smaller bubbles with a wider size distribution
and vigorous liqwd circulation. T be lop of the dispersion is
very mobile, the height being difficult to measure by eye.
Up to this point we have found the gas to be dispersed, io
various forms, fo continuous liquid. However, at higher gas
velocities, provided certain other conditions are mot as
described la1er, the predominant flow regime is one of Liquid
dispersion in continuous gas phase-the drop flow or spray
regime (Fig. 1, region 4, and Fig. 2.4).
The bubble flow regime is adequately described by the
drift-flux theory of WaUis 1 - 3 which is a one-dimensional
theory for two-component flow and may be used to pred.ict
the rela1ionship between relative velocities and void fraction

v. =

e,
0-35 (gD)i
l - 1·2 e,
which is plotted on Fig. I.
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A: LEFT- View from side of column

n: RIGHT-Looking on the bottom of the plate
Fig. 3.-Cellular foam on the distillation plate. V,

From the above, it will be deduced that plate behaviour
is regular and predictable at the lowest flow-rates, becoming
less regular as the velocity is increased, with one Tegime
(frothing) being particuJarly turbulent.
In the sections below we will describt in detail the cellular
foam and spray regimes, these being easier to analyse than
tbe froth regime.

Experimental
Experimental work was carried out with a single-plate
column without downcomers. The column was made of two
Perspex cylinders, each 3i in inside diameter. The lower
section was flanged at the top to take interchangeable brass
perforated plates with holes of various size and various free
area. Laboratory air was supplied to this section via reducing
valves and Rotameters. Facilities for collecting and draining
the liquid were also provided.
The upper cylinder was secured to the plate flange with
long screws. It had no flange at the bottom to aid in photographing the whole bubbling volume. (See Fig. 3.)
The liquid bold-up (and thus the vapour bold-up) was
determined by two methods. Pouring in a known volume
of Jiquid and measuring the total foam height gives a direct
measure of the average hold-up as the ratio of clear liquid
height to foam height. (Here. clear liquid height equals the
volume of the liquid divided by the plate cross-sectional area.)
For the celluJar foam. region, the liquid bold-up was also
determined as the ratio of pressure drop between two points

=

0•27 m/s

to the height between them, Che method used by Wallis, 1
among others. The pressure drop between lappings on the
side of the column was measured accurately with a constant
air-bleed back-pressure manometer.
Photographs were made using a synchronis1ed " Strobotac "
discharge tube giving effective exposure time of about 2µs.
Bubble size distributions were measured from enlarged
photographs with a Zeiss Model TGZ3 particle size analyser.
The temperature of the liquid during the experiments was
about 25°C.

Cellular Foam
A number of descriptions of the celluiar !foam have been
given in the literature. 4 • 5 • 7 • 8 The gas hold-up in this region
is fairly constant and high (above 0·8).
Figure 4 shows the average fractional gas hold-up obtained
in the 4in column with various amounts o•f liquid on the
plate. The average hold-up is calculated from the foam
height and the amount of Uquid. The average foam level is
quite reproducible and does not vary more than a quarter of
an inch at steady conditions.
A layer of clear liquid ex'sls next to the plate (Fig. 3).
This layer of clear liquid is highest at the lower gas superficial
velocities and decreases as this velocity is increased.
At low velocities only some of the holes pass gas (or bubble).
T he proportion of holes that bubble is fairly constant at a
given gas velocity but different holes bubble at different times
in a random manner. Since the cellular ftoam covers the
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whole cross section of the column this phenomenon suggests
that the gas superficial velociry is one primary correlating
variable for the cellular foam region.
As seen from the column wall the bubbles in the cellular
foam are fairly uniform in size. Observation of the photographs of tbe top of the cellular foam indicates that the
intersection of a bubble with tbe wall represents its average
size reasonably well. Calderbank and Rennie,4 in measuring
the gas hold-up using y-ray and photographic techniques,
also concluded that the bubble sample as viewed at the
column wall was representative of that in the bulk of the
foam but that a larger volume of liquid was present at the
wall. Table I shows the average size of the bubbles and their
size distribution.
Model for the cellular foam

The cellular foam may be regarded as made up of bubbles
in the shape of polyhedra with rounded edges. Four, five,
and six-sided faces ate observed on the wall of the column
and from the top of the cellular foam. Tho majority of the
faces are. however, five-sided.'
Table U snows tbe distribution of four, five and six-sided
faces as seen at the wall of the column. The presence of a
plane will distort the structure of the foam bubbles next LO
the plane. However, observation of the photographs of the
top of the foam and the bubbles in the bulk of the foam

I

08

1·0

adjacent to the outer bubbles indicates that the distribution
of the faces in the bulk of the foam does not differ much from
the distribution of the faces at the wall.
In developing a model for the ceJlular foam w1~ need to
idealize the actual situation and we will consider the foam as
consisting of some single type of regular polyhed.Jron. For
the ideal case of equal-sized bubbles and equal pressures
throughout the balance of surface-tension force11 requires
the stable spatial structure to consist of lines formed by the
intersection of three surfaces at an angle of 120° ailld points
of intersection of four lines at a tetrahedral angle (109°
28'). 10 A regular polyhedron which closely meets rhe above
requirements is the pentagonal dodecahedron (Fig. 5).
Pentagonal dodecahedra actually do not fill space exactly
but the residual spaces would amount to only about 3 % of
the total volume. 11
Two semi-regular polyhedral structures also meet the above
requirements. These are the truncated octahedron (a figure
having six square and eight hexagonal faces) and the rhombic
dodecahedron (having rhombic sides whose angle:s are 109°
28' and 70° 32'). These structures fill space exac~ ly but the
required four-sided faces do not in fact predomina1te in actual
cellular foam.
From the above consideration a model of cliose-packed
regular dodecahedra seems likely to make a good representation of actual cellular foam. To fill space completely, as it is
in actual foam, the dodecahedra would have to be distorted.
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curvature of the surface, coocave outward, and such curvature must correspond to a " negative" pressure, tbat is, to a
pressure Jess than the pressure in the adjacent bubbles.
Liquid flows through the cellular foam primarily through
the interconnecting Plateau border network. 111
A

c

Analysis

A: pentagonal dodecahedron

e: truncated octahedron
c : rhombic dodecahedron
Fig. 5.- Polyhedral structures satisfying the surface tension force
balance

The bubbles are packed so that their pentagonal faces fit
together symmetrically three at a time to form a line witb
an angle between the faces of approximately 120°. These
lines, in turn, fit together symmetrically four at a time with
an angle of approximately 109°.
Table 1 shows that the size range of the bubbles in the
cellular foam region is quite narrow (about 90 % of the
bubbles lie within 50% of the mean) and for our model we
may therefore take all bubbles in the foam to have the same
diameter, d. Further, there is little change in average bubble
diameter with gas rate (and therefore hold-up) at constant
clear liquid height and we will then regard this bubble size as
constant under these conditions.
A cross-sectional view of the line of intersection between
three faces, commonly called a Plateau border10 is shown
in Fig. 6. It is actually a channel, since the polyhedra have
rounded edges. The Plateau border is a region of sharp

ll.p g2
U1 = -,- 32µ1

.

.

(3)

The pressure drop per unit length of capiUary is the weight
of liquid minus the pressure drop across tlhe foam in that
sectio.n. For a capillary at an angle of inclination 8 from the
horizontal:

(4)
The average downward liquid velocity over all Plateau
borders is:

!.- Average Bubble Size and its Size Distribution

TABLE

The object of the analysis is to find the rela1tionship between
the various parameters of the dynamic cellular foam: fractional gas hold·up, bubble diameter, gas superficial velocity,
and the physical properties of the liquid. The prediction of
the gas bold-up is of particular importance simce it determines
the foam height and the velocity of the gas bubbles relative
to the liquid and hence the mass transfer characteristics.
Our analysis is based on matching the upward flow of
liquid due to the upward movement of the foam cells by the
upward flowing gas with the downward flow of liquid in the
plateau borders. We represent the liquid Jllow through the
network of Plateau borders by flow throu~~h a network of
cylindrjcaJ capillaries of an equivalent diameter, o. 12 • The
average liquid velocity in the caplllary is asst1med to be given
by the Poiseuille equation:

(System: Air- Water)
A-Size Distribution Percentages
Limits

..----..
Upper
Lower
(mm)

(mm)

MS
5·52
9·09
12·7
16·2
19·8
23-3
26·9
30·5
34·0
37-6
41-l

5·52

01= - - - -

V5 (m/s)

0·14 0·20 0·27 0·33

(%)

9·08
12·7
16·2
19·0

9·7
19·5
34·2

23-3

9-7

26·9
30·5
34·0
37-6
41'1
44·7

4·9

19·5

2·5

<Yo)

(%)

(%)

0·40

0·48

(%)

(%)

23·0 33'2
15·5 6·9 23·0 26·8 24'8
13·0 15·5 18·4 16·6 19·9 16-6
35·2 25'4 21·8 19-4 14·9 13·0
16·7 16·9 19-5 15·1
2·5 4·1
16·7 14·1 16·1
6·5 6·8
H
5·6 7·0 2-3
2'9
3-7
3·0
1·2
l ·2
3·7 2-8 3'S
0·6 0·6
l ·4
0·6
0·6
1·4
2-9
0·6 0·6
3-7
5-6

11-5

15-8

a-Average size

v.

(m/s)
0·14
0·20
0·27
0·33
0·40
0·48
0·55

0 ·55
(%)

(l:nd/)

Number of d =
Bubbles
L.n
Counted*
(cm)
41
1-84
54
1'77
71
1'87
87
l-68
139
1·50
161
1·49
1-48
169
• 5 frames.

113

I

(5)

n/2

d8
0

It has been assumed that the orientation of a Plateau
border in space, without regard to the particuJar bubble
with which it is associated, is random. This !follows from the
large ourober of bubbles present in the foam and the absence
of any obvious factor which would favour one orientation
over another. Substitution of equations (3) and (4) into (5)
gives:
(6)

The number of bubbles per unit volume of foam changes
with change in the gas hold-up fraction (as the bubble
diameter remains here constant). The number of Plateau
borders per unit cross-section is thus proportional to the

Sauter
diameter
(cm)

1·93
M7
1·95
1'68

MO

1'80
2·02
Fig. 6.-Cross-sectional view of Plateau1border
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gas fractional hold-up,
liquid ftow is:
ep

m5

The fractional cross-section for
TAlIU'

= 11(l -t1)4

(7)

no

= 0I Cp -

-

V,e,

(8)

-1-E:t

Since e, and ep are both fractions of liquid per unit volume
of foam, they are assumed to be related by a proportionalHy
constant, k:
e,

n.- FrequenC)' of Appearance of Faces
at the Col11m11 Woll

2

where 11 may be regarded as the number of plateau borders
per unit cross-section for dry foam (negligible liquid hold-up).
The cross-sectional area of the Plateau border is taken as
2
/4 to be consistent with the averaging of the downward
velocity of the liquid, equation (5).
The net flow of liquid per unit cross-section, Vi, is the
difference between the downRow in the Plateau borders,
O, &p and the upOow due to the upward flow of the cellular
foam v. eife.:

Vi

= kep.

v.

4-sided

5-sided

(m/s)

face

face

0·14
0·20
0·27
0·33
0·40

9
4
9
3
4
29

18
28
25
27

13
23

27

15

125

15

12·7%

54-6%

32·7%

TOTAL

6-sided
face

9
IS

The value of k should be greater tban unity from geometrical considerations, equation (9). Jt is difficult tel predict
a value of k and it is left in the final equation as an empirical
constant:
V,

=

(gd
p
-,,-,1

1

310k

1)

.

e,(1- t,)

0,, o, and ep:

Equation (13) is dimensionally consistent.
For the system air- water :
. (13a)

. (10)

For quasi-static or slow-moving liquid,
I
p, ll
-k1 ~
e1(l-e1)
II

4n- Jl1

Vt equals

0, and:
. (11)

Equation (11) is the form of relationship we are looking
for.

Eval11atio11 of 11 and k
The above equations are based on a number of approximations. Since a Plateau border is not cylindrical the equivalent
diameters used in the capillary flow equation and for the
cross-sectional area for flow probably should not be the
same. The walls of the capillaries are not rigid (as they had
been assumed to be in equation (3), tending to increase the
flow-rates but the flow is also retarded by surface viscosity. 12"
We will allow for all these by choosing values of 6 to give the
correct liquid ftow-ra1e, u.. by adjusting empirically the
constant, k.
An estimate of 11 may be obtained as follows. The total
number of bobbles of volume average diameter d which
occupy a unit volume of foam is 6(1- el)/ (trd 3 ) . If the
bubbles are taken as pentagonal dodecahedra, each has
30 edges and each edge is shared by three bubbles. Therefore
there are 10 edges per bubble. The volume of a Plateau
border of diameter 6 and length I is (no2 /4) I, but some
liquid is held up between bubble faces. The factor k allows
for this Liquid hold-up. Therefore the hold-up in the capillaries is:
Cp

_ 6{1-t1)
IO (n6
nd 3
x X
4

2
)

I

X

_I
k

. (12)

The side of a regular dodecahedron, I, ir. related to the
diameter, d, of a sphere of equal volume by I= 0·41d.
Substituling this into equation ( 12) and equating the result
to ep in equation (7):

7-8

(13)

(9)

Combining equations (6), (7), (8), and (9) and eliminating

v. =

2:15

where V, is measured in metres per second and dis nneasured
in centimetres.

Discussion
The average fractional gas hold-up of the cellular foam
measured in this work is compared with the da1:a of de
Goederen 9 and Porter, Davies, and Woog 8 (at their low
liquid rate) in Fig. 3. Calderbank and Rennie4 and Rennie
and Smith' measured the cellular foam density using a
gamma-ray absorption technique and obtained higher values
of gas hold-up. This difference is apparently due to lhe
measurement of the foam density by the latter workers of
the cellular foam structure only (i.e., above the clear Liquid
layec on the plate).
Equation (13} applies only to the cellular foam above the
clear liquid layer. To obtain the value of k in this c~quation,

lll.-Meas1ued Values of Gas Hold-up
Air- Water: JOO ml of Water on Plate

TABLE

Y,
(m/ s)
0·20
0·27
0·33
0·40
0·47

t (J - s)

"•

0·92
0·92
0·91
0·90
0·89

0·074
0·074
0·082
0·090
0·099
AvERAOE

k
1·2
2-7

2'7
2·0

1·8
2·1

0·01 Mole Fraction Erlianol: 100 ml of Ethanol

on Plate

v.
(m/s)
0·14
0·20
0·27
0·33
0·40
0·47

n~ kd2
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d
(cm)
1·41
1-70
1·41
1'45
1-38
1·20

e,
0·92
0·93
0·95
0·95
0·93
0·96
Av£RAOE

k
3·2
3·2
1·1
1·0
1·0
2·5
2·0
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the gas hold-up in the cellular foam was measured in 1he 4 in
column by measuring the pressure drop across a 5 cm height
of the foam [which is proportional to (1 - e,)]. The lower
pressure tapping was 1·9 cm above the plate to ensure
measurement above the clear liquid layer. Table III shows
the gas bold up fraction measured in this way at the same
operating conditions as for the determination of bubble size,
Table I . (Volume of water on the plate = 100 ml.) The
accuracy of the determination of the gas hold-up fraction is
affected by the pre~sure drop fluctuation of about 20 % of
the mean pressure drop across the 5 cm section. The values
of k are shown in Table Ill. It bas some scatter, due mainly
to the determination of e, and hence e,(1- e,), with an
average value of 2. I.
The data of Calderbank et af.1 (Fig. 2 of their paper) and
Rennie and Smith5 (Fig. 2 of their paper) show higher values
of gas hold-up fraction than tbe present work. The oumber
of -fin boles is respectively 53 aod 60 compared with 76 in
the present experiment. This difference is considered to be
of secondary importance since at low gas superficial velocities
only some holes pass gas, and surface tension prevents other
holes from dumping.
In both works quoted above there is some liquid flowing
upwards. For this case equation ( 10) may be written as:

e,

Vi-l-e, + v.

1

PiC

= -kz - 4
2
e,(J-e,).
11

n µ1

Taking the liquid flow-rates to be 0·281/min tbeo

Vi= - 5·2x10- 2 cm/s
(tbe negative sign is for the upward liquid flow). For the
value of e, of 0·95 the first term is only about l ·O emfs
which is less than 3 % of v. and could be neglected.
Rennie and Smith 5 obtained higher gas hold-up than
Calderbank el al. 7 Tbe reason for this difference is not very
clear. It may quite probably be caused by differing minute
quantities of impurities present in the water. The authors
found that the addition of ethanol (0·01 mole fraction) to the

highe~t

distilled water used in the present experiment increased the
foam height (Fig. 3) and also increased the gas hold-up as
measured by the pressure drop method. The average value
of k obtained for this system (Table Ill) is, !however, nearly
equal to that for the air-water system.
The data of Rennie and Smith lead to a 5;ma1Jer value of
k ( = 0·56) than the data of Calderbank et al. (k = 1 ·2)
they are, however, reasonably fitted by a value of k = 0·72
witb an error of about 5 % in ta (Table IV). This is because
e, is not too strongly dependent on k:

e.•

= 0·50+

v.

)*

k 2
( 0·250- 3·1d

•

fn deriving the values of k for the data of Calderbank et al.
and Rennie aod Smith the Sauter bubble diameter from their
measurements have been used. The vo1uroe average bubble
diameter !houJd be used in equation (13). [f we take the
relationship between the Sauter bubble diameter and the
volume average diameter as obtained in the present experiment (Table I), we obtain a smaller value of k for the above
data (k = 0·65). This is due to the bubble size distribution.
If the bubbles are taken as uniform dodecahedra d is l · l
times the Sauter diameter, and this will lead. to k = 0·9 for
their data.
The reason for the difference between th.is value of k and
the value we obtained is not very clear. It is most probably
due to the differing small quantities of irnpurities in the
water used, affecting the surface viscosity oJF the liquid gas
in1erface, and giving smaller size bubbles. C:alderbank et al.
and Rennie and Smith used a pin-droppin,g technique to
obtain the Sauter bubble diameter. We used a Zeiss particle
size analyser to obtain the diameter of a cirde of the same
area as the polygonal bubble. Our method seems to lead to

10~-~-~-~~--..---~

I
I
I

I
I
\

I

I

\

of Values of eg Calculated by this
Work with Data of Other Workers
Comparison with Data of Calderba11k and Moo-Young'

TABLE IV.-Comparison

v,
(rn/s)
0·31
0·37
0·43
0·49
0·56
0·61
0·68

1'02
1'32
1'52
1'63
1'68
J.59
J·27

0·85
0·89
0·91
0·92
0·92
0·89
0·87

0·93
0·95
0·95
0·95
0·95
0·94
0·89

I
I

\

I
I
I
I

I

I
I
I

I

+N
+6'8

Ctlfulor foe"'

v,-we1 (1·(1l

+ 4·4

+3-2
+ 3-2
+ 5·6

+n

+ 5·0

Comparison with the Data of Rennie and Smith 5

(m/s)
0·27
0·31
0 ·37
0·43
0·47
0·54

\

Sauter
Eg
Bubble
Eqn (13) Difference
Diameter
(cm)
Observed k = 1·8
(%)

AVERAGE

v.

I

06

0·2

\,
I
\

Sauter
Bubble
Eqn (13) Difference
Diameter
(cm)
Observed k = 1'8
(%)
0·68
0·85
J·OO
1·08
1-08
0·98

0·87
0·91
0·93
0·95
0·95
0·94

0·84
0·89
0·91
0·91
0·90
0·85

-9·6

AVl!RAGB

- 4·3

-3·5
- 2·2
- 2·2
-3·2
- 5·3

I
I
I

I

I
I
I

0
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d = 1·8cm
k = 2
Fig. 7. - The relationship between V, aad e, for cellular foam

with bubbles of constant diamet.eir
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larger diameters and leads to a greater value of k (k is proportional to d 2) .
Considering tho limitations of the theoreticaJ analysis in
taking the surface viscosity effect empirically, neglecting
coalescence, and assuming uniform size bubbles, the evidence
obtained above is considered reasonable in supporling 1he
analysis. Equation (J3) satisfactorily predicts a slight vadation of the gas hold-up with the change in the gas superficial
velocity (see also Fig. 7). To use this equation in design it is
still necessary to be able to predict the size of the bubbles.
This is beyond the scope of the present paper. As a rough
guide 1he bubble diameter may be taken as l ·8 cm and k = 2
for air- water

where t•..., is the velocity of rise of a single bubble io an
infinite liquid medium. The factor (l - i;) 2 takes into account
the presence of neighbouring bubbles on the velocity of rise.
For a 2 cm diam bubble, vb,. = 0.3 m/s, and hence:
rb

v. = Wt i{l -e,)

v = v. + 11b + llup

. (14)

where W is a constant; for air bubbles (J ·8 cm in size) in
water the value of W is about 5 m/s. Figure 7 shows this
relationship. As the gas superficial velocity increases, the gas
bold-up fraction decreases. At some value of the gas superficial velocity the cellular foam breaks down.
Considering now the relative velocity between the gas
bubbles and the liquid, t•,:

v.

l's = -

t,

where t'b is the velocity component due to buoyancy. Equation (16) may be derived as follows. ff we impose a downward liquid superficial velocity, vb, such that all the bubbles
are stationary, then the system will be equivalent to a stationary cellular foam draining at an average liquid interstitial
velocity v1 • and since the liquid bold-up in the foam is (1-e,):
vb
-

. (17)

1-e,
Combining equations ( 17) and (15) gives equation (16).
The buoyancy velocity component for the cellular foam is
obtained from equation (14):

= W(l -

where Vup is this upward liquid velocity component. Smaller
bubbles will be entrained in the compensating downward
liquid now: the net effect is a positive gas How component,
Vup•

The onset of recirculation then marks the transitio.n from
cellular foam to froth. The transition in general occurs when
the liquid films of the ceUular foam break down.
To predict the transition from cellular foam to froth we
then have to predict the gas superficial velocity ar which the
liquid film of the cellular foam is no longer stable.
The mechanism of the breakdown of liquid film ils complex. Squire 1'*" and Huang 15 suggested that a free liq1Jid film
breaks down as a result of instability through the formation
of transverse waves which grow unlil a break in the film
occurs. It is quite difficult to ascertain lhe wave pattern in the
liquid film in cellular foam although ripples are observed in
photographs at the top of the foam where the bubbk:s brea k
continually.
The application of these investigations to the breakdown
of cellular foam is hindered by the difficulty of estima1ting 1he
thickness of the liquid fi lm in cellular foam. Also tbe Marangoni effect (the increase in surface tension when a surface is
stretched, e.g., by the formation of waves) tends to prevent
breakdown and complicates analysis.

Spray Regime
• (16)

vb

. (20)

. (15)

.

which may be written as:

v1 = -

= 0·3 x (0·2)2 = 0·012 m/s.

The buoyancy velocity component then drops to an almost
negligible figure. 1f the same amount of gas is now ti) flow
through as in cellular foam. the velociLy of rise of the bubbles
must increase such as by an upward liquid velocity component (liquid re-circulation) increasing the upward velocity
over some part of the plate and thus carrying larger bubbles
upwards:

Transition from Cellular Foam to Froth
The froth region is characterised by bubbles of a wide
range of sizes. The transition from cellular foam to froth is
accompanied by liquid re-circulation on small plates. 8
Rennie and Evans 13 suggested that the transition from cellular foam to froth occurs at a hole Reynolds number of 2100.
The experimental observations were made on single orifices
so that this condition is likely to hold for multi-hole plates
only when the holes are wide apart.
ln this section we suggest a mechanism of transition from
cellular foam to froth in the more common case where the
gas sunerficial velocity determines the state of the region.
To follow the transition let us consider an idealized case
where the size of the bubbles remains constant as the gas
rate is increased. For this case equation (11) reduces to:

2: 17

e 1)

2

As t 1 decreases 11., increases. Ate,

. (18)

= 0·8:

vb = 5 x (0·2) 2 = 0·2 m/s.

If at this gas bold-up the cellular foam breaks down the
largest bubbles of the froth will be of the size of the cellular
foam bubbles. The buoyancy component of the velocity of
rise of these larger bubbles may be estimated from the
empirical relationship proposed by Wallis: 1
.

( 19)

The simplest description of the spray region is as a fluidised
bed of drops and the simplest mathematical model is based
on this. But on closer inspection we find 1ha1 the dlrops are
of a wide range of sizes and velocities, some jumping just
clear of the turbulent liquid mass close to the plate, others
being carried completely away by the gas stream. We will
attempt to show how these drops are produced, .and ho\\
their subsequent behaviour can be predicted.
WaJJis' drift flux theory 3 can be applied to suspensions of
liquids in gas. A critical velocity may be defined at which
the drops are just suspcnded. 1 This is the minimum fluidisation velocity, and is given by:
V

_ 0·19[a1 {p. - p1 W°
p,t

m.t -

. (2 !)

which for air- water is 0.9 mfs. Wallis' verified the1equation
by blowing air through pools of various liquids in (;ontainers
at different pressures. This equation, which sets the lower
limit for the spray regime. uses the criterion of gas hold-up
fraction for close-packing of spheres but does no\ take any
account of drop size.
To determine drop sizes in the spray we consider the
dependence on size of terminal velocity and stabiility. If a
drop is small enough. for the superficial gas velocity co exceed
its terminal velocity it will be carried out of the system or
entrained.
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With the appropriate values for C4 and V., this equat ion
may be integrated for any given drop size and initial velocity
to determine the maximum height a drop• will reach and
thus the proportion of drops of a given s.ize reaching any
particular height.
A criterion for determining the maximum drop size is
stability. When liquid drops are exposed to a gas stream
those above a certain size will break up under aerodynamic
forces. The sio:ijJlest expression for this is in terms of a
critical Weber number:17

m

Wee,

= d{D.v)2 Pa
2a

.

(24)

.

(25)

Hinze 17 gives Weer = 9- 15, and WaJlis gives: 3
µ1

Wecr = 121
[ + ( Pid<T

)0•36] ,

the bracketed group indicat1ng the stabilising influence of
liquid viscosity. For air- water:
d (D.v)2 p, = 12
2a
·

tlf'o,___ _,___ _I0.,___

_ 1.,_
s --~20.,___

___,.
2s
--~
30~

V,-CAS VEl.OCllY (Ill/<)

Fig. 8.-Drop stability and terminal velocity relationships

lo this context we wilJ be considering only a single plate
with an infinite gas space above it so that all drops which are
not entrained in the above sense will eventually fall back to
the plate.
Data on terminal velocities for the air- water system given
by Lane and Green 16 are plotted as diameter against velocity
in Fig. 8. The fluidisation velocity of equation (21) is given
for comparison. The terminal velocity, as the velocity
difference between gas stream and drop, is obtained from a
balance of drag and gravitational forces as:
D.v = [2g(p1 - p1 )
3CdPa

dJ +

. (22)

where Cd is the drag coefficient, a function of Reynolds
number. For solid spheres at high Reynolds number, C4 is
0·44, while Hinze1 7 gives a value between O· 7 and 0·8 as
suitable for liquid drops. Values calculated using C4 = 0·7
are plotted on Fig. 8.
These curves can be used to determine whether a drop of
given size will be entrained for a known superficial gas
velocity. For example, at point A drops will be entrained,
while at point B they will not. The behaviour of nonentrained drops can be calculated from force balance equations:
The equations for vertical motion are:
ma

=-

F - mg

and: ma = F- mg

when the drop is moving upwards
when moving downwards.

For upwards motion, the equation may be written more
fully as:
1Cd 3

dv

- - P1Cfi
6

=

1Cd 2

- C4 - - p.(v- V.) 2 4

- P1C
6

which reduces to:
dv
dt

-=

Pa (v- V.)2

- iC4- -d •p
1

- g

This is plotted on Fig. 8. For comparis,o n, the stability
data of Lane and Green 16 for steady and tr;aosient exposure
are also shown. We see from these curves that drops of the
sizes expected in a spray, i.e., less than io- 2 m diam, will be
stable at all normal superficial velocities. 1rhus we can say
that drop break-up will be unimportant irn the bulk flow.
1t is also unlikely that significant coalescence of drops will
occur. 1 8
Maoning 19 deduced the maximum allowable superficial.
velocity by substituting equation (22) in eiquation (24) to
obtain:
I!,.

_ [ 8ga Weer(Pi - Pa)

Vmax -

3 p,2 Cd

J+

. (27)

which he compared with experimental values for various
systems. In all cases the experimental maximum gas velocity
was about 40 % of the calculated value. We: can see why by
examining the assumptions implicit in Man.oing's argument
in comparison with the curves of Fig. 8. Point P represents
Manning's maximum velocity criterion. He assumes that for
aJJ velocities less than this, e.g., that represented by line
MNQ, drops will be formed at close lo maximum size, i.e.,
point M, which wiU be above rhe size for whi<~h the superficial
velocjty exceeds the terminal velocity, point N. Thus the
assumption is that none of the drops will be entrained.
However, drops of a wide size range are act ually produced,
especially at tbe higher velocities, e.g., in this case down to,
say, size Q, when all the drops represented by line NQ will
be entrained, a significant proportion of 1he total. It is also
unlikely that drops up to the maximum size given by the
stability curve will be observed; ihe simple s1tability theory is
faadequate at the lowe.r velocities. lo fact, Manning's experimental limit of about 3.3 m/s is very close to the value we
have set for the sbaded regio.n which rep.n:isents allowable
column operation where a significant proportion of drops
will be boLh stable aod non-entrained.
Drop formation

1Cd3
-

. (26)

.

(23)

From the above it becomes obvious that the mode of
droplet formation is the key to the description of the spray
regime. Knowing the size and velocity of drops as they leave
the plate region we can predict their subseque~nt behaviour.
In the bubble, foam and froth regimes them is also entrainment in the form of droplets but in much smaller quantities.
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Fig. 9.-Two-dimensiorial jetting.

Gas velocity = 15 m/s.
frame = 0·001 85 s

Several authors 20 • 21 • H have proposed similar models for
the droplet production mechanism. A bubble at the surface
has an internal pressure greater than its surroundings, due to
its curvature. Gleim et ol. 21 and Newitt et ol. 22 showed that
sufficient energy is available to project droplets away from
the bubble when it collapses after inhial thjnning of its
surface. These droplets may have high initial velocities, and
are quite small-Garner er at. 20 and Newitt et al. 22 indicating sizes of the order of 10- • m, which is below the
terminal velocity curves of Fig. 8 so that such droplets will
be entrained.
A second stage to the drop mechanism follows when
there is a pool of liquid. The crater formed by the bubble
burst closes in. shooting up a jet of liquid which breaks up
into drops larger than those from the bubble. This mechanism
cannot arise for froth and foam conditions as the liquid is in
violent motion jn the former and not sufficiently continuous
in the latter. Thus, although it may occur in bubble flow, it
will not concern us in plate column operation.
Discrete bubbles are not produced in the spray regime and
a new mechanism for droplet formation must be postulated.
We believe that the drops are generated at the plate level by
impact on the liquid of gas jets. At the low liquid levels and
high gas rates associated wilh the spray regime gas emerges
from the plate orifices as pulsating jets rather than bubbles.
Nielsen, Tek, and York 23 developed an entTainment model
based on the assumptions of a steady-state jet with the drops
produced from sheared liquid filaments. It was necessary to
use friction factors of orders of magnitude higher than
normal to approximate to the experimentally determined
entrainment figures. Thus shearing alone is insufficient to
produce the necessary forces and from experimental observations we deduce that drops are flung from the liquid surface
by the action of normal forces. Nielsen et al. showed drawings
of a pulsating jet and we have observed this behaviour for all
cases of jetting from a circular orifice and of two-dimensional
jets (which allow simpler analysis). Theories of hydrodynamic instability24 • 25 show that steady-state gas-in-liquid
jets cannot exist.
Figure 9 is a tracing of a typical sequence of frames from
high-speed cine photography of two-dimensional air- water

One

jetting, showing the pulsating jet action and projc:ction of
ligaments at the surface. (Drops are not shown, for clarity.)
The grid lines are I cm apart. It is this type of hole action
which is characteristic of the spray regime.
Limits on drop size and projection velocity can be obtained
on the basis of drop production in the gas jets. The maximum
velocity will be the gas hole velocity, and the minimum is
found as follows. In Fig. 9 from about frame 7 onwards we
can see a tongue of liquid on each side of the orifice being
gradually pushed up and flung out. Photographic evidence
is that such tongues contribute the greatest mass of droplets.
Calculations from a number of sequences show that the
velocity of the liquid is always an order of magnitude less
than the gas hole velocity for single-hole jetting,, a result
similar to that for bubbling, where the velocity of the top of
a growing bubble is an order of magnitude lower than the
hole gas velocity. Comparison of this result with the projecLion velocity data of Cheng and Teller16 and Teller and
Rood 11 • and Akselrod and Yusova 111 confirms that the
initial velocity of large drops will be much lower than the
hole velocity, but usually somewhat higher than the superficial velocity, e.g. for a superficial velocity of 2· 5 m/s aod
hole velocity of 25 mis. Lhe drop velocity would b<~ expected
to be in the range 6-10 m/s.
The range of drop sizes to be expected at such veh:>cities can
be estimated from the stability curves of Pig. 8. The smallest
drops come from disruptions by vapour at the rughte st velocities; e.g., at a hole velocity of 25 m/s drops of 4x lO _,. m
diam and smaller are obtained. These sizes agreoe with the
minimum significant values in the data of the above
authors. 18• 26 • 2'I The largest drops are produced alt the lower
velocities. Taking a value of 6 m/s as a low limit on rbe
relative velocity, we find drops of the order of io·- 2 mdiam,
which is roughly the maximum observed.
The effect of liquid depth may be interpreted q1)alitatively
as follows: pulsation frequencies decrease with increasing
liquid depth but the size of the liquid " tongues " tends to
increase- thus there is a tendency toward fewer but larger
drops with deeper liquid for a given gas velocity. Because of
the reduced frequency of pulsation, the projection velocity of
such drops is also lower. These trends were o'bserved by
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Nielsen 28 who found a spread in the drop size distribution
for deeper liquids, with more large drops, and that for deeper
liquids the average maximum drop height was considerably
reduced, rhe difference being greatest for high velocities.
The shaded region of Fig. 8 represents the range of expected
sizes and superficial velocities under normal conditions in the
spray regime based on the above reasoning and experimental
results in the references quoted.

Transition from Spray to Froth

K.JJ [a/(p1 - PaW
dt

.

(28)

where K is an empjrical constant and dis the hole diameter.
Using Spells' value of K., which wjlJ obviously give only an
approximate figure, we obtain for a I cm orifice in 2 cm of
water, a critical air rate of 3·04 rnfs.
KutateJadz;e and Styrikovich 31 give a relationship for the
critical gas flow at wbich the regime changes from bubbling to
jetting, which reduces to:

2·5a*
Ve> dp/[g(p1-Pa)J*

FRO!ll

AHD
SPRAY

0•018

0

0016
0-DI~

5 0-0IZ
~
:::: 0-010

We shal l consider the transition from spray to froth as
being the combination of operating conditions at which the
air-liquid dispersion changes in character from a predominantly liquid-in-air dispersion or spray lu a predominantly air-in-liquid dispersion or froth. Although a spray
may exist above a froth under certain conditions, for the sake
of definition we consider that combination to be froth.
Th,e simple model for describing tbe spray regime was
based on fluidisation of liquid drops produced by the action
of pulsating gas jets, tbe requirement for the gas fl.ow-rate
being that 1he superficial velocity was h.igher than the minimum fluidisation velocity given by equation (21) and that
the hole velocity was higb enough for pulsating jets rather
than discrete bubbles to be formed. In considering the
spray- froth transition in the bulk we are then concerned
with a second transition, that of bubbling-jetting on the
plate. This latter transition depends on liquid depth as well
as gas velocity.
Spells and Bakowski29 • 290 investigated bubble formation at
vertical slots in water, and found two regimes of operation
which they called the "shallow " and " deep., mechanisms,
corresponding to jetting and bubbling as discussed here.
They correlated vapour flow-rate and slot submergence for
the transition from one Tegime to tbe other, there being an
approximately linear relationship up to a depth of about 5 cm.
Spells.lo adopted the argument that the critical depth is
given by the limiting jet size for Rayleigh instability at the
particular flow-rate, and that at about 5 cm the theory broke
down as longer jets could not be obtained.
Spells' relationship for critical gas velocity as a function of
subme.rgence reduces to:
Va >

0-020

. (29)

and for a I cm orifice this gives an air velocity of 3· 1 m/s.
As yet no analytical description of the transition from
bubbling to jetting has been reported but the above results,
although crude, show 1bat tbe bubbling-jetting transition is
of tl1e same order of magnitude as rile simple fluidisation
criterion for the spray transition.
The following reported experimental work on the transition
from spray to froth on perforated plates indicates that this
transhion is simiJar to the bubble-je1 transition in its interdependence of liquid depth and gas velocity.
De Gocderen9 reported bubbling conditions at low gas
velpcity and high liquid hold-up but a Jiquid dispersion of
droplets at high gas velocity and low liquid hold-up. Wong

s
3

::0008
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Fig. 10.-Tbe !ransition from spray to froth

and Porter32 obtained similar results. They noted the
difficulty in fixing the transition accurately by visual observation and used a more precise Light transmtissioo technique.
Spray and froth were found together under oertain conditions.
Akselrod and Yusova 18 found an abrupt j1Ump in maximum
drop size as air velocities reached 0·6 m/s, a transition to
what they caJled "fountain " conditions.
Bain and Van Winkle 33 found that entrainment from a
perforated plate increased with vapour flow,, and for the bjgb
vapour flows it increased with decrease in weir height and
liquid flow-rate but increased with increasing hole size.
Mukhlenov 34 observed the breakdown of foam to a suspended mobile layer at velocities of about 1 m/s but absolute
transition to droplet flow required a flow velocity of 3-4m/s.
This indicates the presence of the spray amd froth regimes
together at the intermediate velocities.
We carried out a series of visual determiinations of the
froth-spray transition for different liquid depths as a function
of gas flow-rate using different observers for each series.
The averages of these results are plotted toi~ether witlt those
from the literatw·e in Fig. 10. The minimum fluidisation
velocity is also shown for comparison.
When we consider the experimental dififorences and the
clifficulty in actualJy determi.ning the transition points, the
agreement between workers is quite good. The form of the
results is similar to that of the bubbling- jetting curves of
Spells and Bakowski,:2 9 as demonstrated by the plot of
equation (28) on the same graph.
From these results we suggest that a s1pray regime can
exist for superficial velocities higher thru:i the minimum
ftuidisatioo velocity. For commonJy used values of hole free
area and liquid hold-up it is observed that: such superficial
velocities give rise to hole velocities suffici1!mt to cause gas
jetting rather than bubbUng. The curves olf Fig. 10 may be
used to determine whether spray or froth alone will be found,
or whether they may exist together, when the liquid is deep.
Comparison of the froth- spray transition curves with the
limited results for the bubbJe-jet transition indicates the close
relationship between the requirements of s,p ray production
and jet formation. Continuing work on the bubble- jet
transition may lead to an analytical solution of the spray
transition in the future.
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Conclusions

6

We have shown that techniques of two-phase flow theory
and experimental work may be used to describe the flow
regimes commonly found in perforated plate columns.
Satisfactory descriptions of the individuaJ flow regimes are
necessary before transition from one to another can be
predicted. We have described in detail the cellular foam and
spray regimes as a prelude to predicting their transitions to
the froth regime.
The cellular foam has been shown 10 consist of polyhedral
bubbles of narrow size distribution and may be idealised as a
structure of uniform pentagonal dodecahedra. A model has
been described which is based on equating the flow o f Liquid
carried up by the gas bubbles and that flowing down through
cylindrical capillaries. Tbis giv~ a relationship between ga.s
superficial velocity, gas bold-up fraction, and bubble size
which has been shown to agree reasonably well with experimental data. The model explains the phenomenon o f increasing liquid circulation leading to breakdown of the
liquid films of foam to produce froth.
The spray regime has been defined as consisting of liquid
droplets, some suspended in a fluidised srate, others being
projected upwards and falling back to the plate. Consideration of drop stability and terminal velocity has allowed us
10 prescribe limits of drop size and gas superficial velocity
within which a spray may exist. P roduction of the drops in a
spray has been shown to be largely due to the action of
pulsating gas jets from the holes in the plate; and tbe conditions necessary for jet formation to be similar to those for
spray production. A simple criterion for lhe transition from
spray to frotl1, based on the ftuidisaiion model has been
shown to agree with experimental results, these also demonstrating the effect of liquid depth.

7

Acknowledgments
The authors wish to acknowledge the assistance of the
Australian Research Grants Committee and tbe assis1ance of
Mr. Z. J. Derlacki in carrying out photographic work and
analysis.
G. E. Ho is supported by an Ampol Reftneries Ltd. postgraduate scholarship.
R. L. Muller is supported by a Department of Supply
post-graduate studentship.

References
1

2

1

'
5

Wallis, G. B. in ·• Proceedi11gs of Hear Tro11sfer Co11/ere11ce,
Boulder, 1961 ", Paper 38, p. 319. (New York: American
Society of Mechanical Eng.ineers).
Wallis, G. B. in "Proceedings of Symposium <111 Twt1-phose
Fluid Flow, 1962", Paper 3, p. 11. (London: The
Cnsti1ution of Mechanical Engineers).
Wallis, Q , B. " 011e-dimensi1J11al Two-phase Flo'rl' ", 1969.
(New York: McGraw-Hm Book Co.).
Calderbank, P. H. and Rennie, J. Trans. Jnst11 chem. Eligrs,
1960, 40, 3.
Rennie, J. and Smith, W. in Rottcnburg, P. A. (Ed.). "Proceedings of the Symposium on Transport Phenomena ",
1965. p. 67. (London: The lnstitu1ion of Chemical
Engineers).

2:21

13

Nicklin, D . J., Wilkes, J. 0., and Davidson, J. F. Trans.
l11st11 chem. Eligrs, 1961, 40, 61.
Calderbank, P. H. and Moo-Young, M. B. in Rott.enburg,
P. A. (Ed.) "Proceedings of the l111ematio11ol Symposium
011 Distf//atio11 ", 1960, p. 59. (London: The l nstituiion
of Chemical Engineers).
Porter, K. E., Davies, B. T., and Wong, P. F. Y. Trans.
/11Stn diem. Engrs, 1967, 45, 265.
de Goederen, C. W. J. Chem. Engng Sci., 196S, 20, I I 15.
Blkerman, J. J. "Foams: Theory and 111d11strial Applicat/011l ",
J9S3. (New York: Rheinbold Publications Inc.).
Manegold, E. "Scl1ou111 ", 1953. (Heidelberg Strassenbau,
Chemie und Tcchnik).
Mysels, K. J., Shinoda, K ., and Frankel, S. "So~rp Films,
Studies of their Thinning ond a Bibliography ", 1959.
(New York: Pergamon Press).
Haas, P. A. and J ohnson, H. F. llld. Engng Chem. (Fundame11lals), 1967, 6, 22S.
Leonard, R . A. aod Lemlich, R. A.l.C/1.E. JI, 196S, 11, 8.
Rennie, J. and Evans, F. Br. diem. ,E11g11g, 1962, 7, 498.

t•

Squire, H. B. Br. J. opp/. Pl1y~., 1953, 4, 167.

8

Q

10

11

11

12 •
11b

"

Huang, J. C.-P. "Dy11umics of Free Axisymmetr.fc Liquid
Sheets", 1967. (Washington, D .C.: Wasbing~on State
University).
16
Lane, W. R. and Green, H . L. in Batchelor, G. K . and
Davies, R . M. (Eds.). "S11r11eys i11 Med1011ic11 ", 1956,
p. 162. (New York: Cambridge lJnjversity Press).
11
Hinze. J. O. Appl. sdent. Res., 1949, A l , 273.
1•
Akselrod, L. S. and Yusova, G. M. J. oppl. Cltem. USSR,
1951, 30, 739.
19
Manning, E. ltrd. E11g11g Clrem. illd {int.) Ed11, 1964, 56, 14.
10
Gamer, F. H .• Ellis, S. R. M., and Lacey, J. A.. Trans.
/11s111 clrem. Er1grs, 1954, 32, 222.
l I
Gleim, U. G., Shelomov, r. K .. and Shidlovskii, B. R . J. appl.
Chem. USSR, 1959, 32. 222.
21 Newitt, D . M., D ombrowski, N., and Knelman, F. H . Trans.
lnst11 clrem. E11grs, 1954, 32, 244.
.JJ
Nielsen, R. D., Tele, M. R., and York, J. L. Pape1· pre.rented
at the Symposium on Two-phase Flow, Unt'versity of
Exetel', 1965.
2•
Birkholf, G. in Birkhoff. G., Bellman, R., and Lin. C. C.
(Eds). " Hydrodynamic lt1stabllity '', 1962. (New York:
American Mathematical Socieiy).
2'
Rayleigh, Lord. Plril. Mag., 1892, 34, 177.
26
Cheng, S. I. and Teller, A. J. A .l .Ch.E.JI. 1961, 7, 282.
n Teller, A. J. and Rood, R. E. A.f.Cll.E. JI, 1962, :8, 369.
ia Nielsen, R. D. Ph.D. Tl1esir, 1965. University of Michigan.
29
Spells, K. E. and Bakowski, S. Trans. /11st11 chem. Engrs,
1950, 28. 38.
2 9 • Spells, K. E. and Bakowski, S.
Trart,r. 111slfl chem. Engrs,
1952, 30, 189.
ao Spells, K . E. Tro11s. lnst11 chem. Engrs, 1954, 32, 167.
31
Kutatcladze, S. S. and S1yrikovich, M. A. "H.''draulics of
Gas-liq11id Systems", J958 (Moscow). (Tr~1nvfatio11 of
Wriglit-Pouerson Air Force Bose, Ohio. F=-TS-9814/V).
Ji
Wong, P. F. Y. and Porter, K. E. Bgham U11iv. diem. E11gr,
1967, 18, 18.
' 3
Bain, J. L. and van Winkle, M. A.I. Ch.£. JI, 19611, 7, 363.
1•
Mukhlenov, l. P. J. appf. Chem. USSR, 1958, 3 1, 40.
171e ma1111script of this papl!r was receit'td on 1 Mord1, 1969.

l.Cbem.E. SYMPOSIUM SERIES No. 32 (1969: lnstn chem. Engrs, London)

