
We
= mean volumetric gas flow rate into chamber[m3/s]
= Weber number= plU2gdJo [-]

Ap = Pi-Pg [kg/m3]

//j = viscosity of liquid [Paà"s]
p^ pl = density of gas and liquid [kg/m3]
o = surface tension [N/m]
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BUBBLE VOLUME IN SINGLE BUBBLING REGIME WITH
WEEPING AT A SUBMERGED ORIFICE

Toshiro MIYAHARAand Teruo TAKAHASHI
Department of Industrial Chemistry, OkayamaUniversity, Okayama 700

Key Words: Fluid Mechanics, Bubble Volume, Weeping, Single Orifice, Two-Stage Model

Bubble volumes in the single bubbling regime, which is one of bubble formation regimes with weeping, are larger
than those for bubble formation without weeping. A theoretical treatment for bubble formation with weeping is
performed to predict bubble volume in the single bubbling regime where weeping through an orifice occurs after the
detachment of a bubble, and a comparison with measurements is made.

Introduction

A number of gas-liquid contacting devices in the
chemical industry contain perforated plates because
of their simplicity. Recently, industrial operation
requires plates having relatively large free areas,
which correspond to large hole diameters, where

weeping occurs. Therefore, knowledge of bubble for-
mation with weeping is important for the design or
operation of gas-liquid contacting devices with per-
forated plates.To clarify the gas-liquid contacting mechanism,
many investigators3"5'8'11'14'17'18* have studied bub-

ble formation at single holes. Less attention, however,
has been given to bubble formation phenomena with
weeping.

McCannet al?) have proposed a model to describe
bubble volume and weeping rate theoretically using
potential flow analysis, but they did not consider the
effect of viscosity.

In a previous paper,9) the authors observed four

regimes of bubble formation with weeping based on
operating conditions and orifice geometries: single
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bubbling, doubling, pairing and jetting.
In the present paper, a theoretical treatment for

bubble formation with weeping is given by. using the
previous two-stage model and is shown to be in fairly
good agreement with measurements in the single
bubble formation regime, which is one of the bubble
formation regimes with weeping observed previously
by the authors.9)

1. Experimental

The experimental apparatus and procedure used
are the same as those described in the previous
paper.

9)

All of the orifices used with diameters of 3-13.2 mm
were made of brass plate of 1 mmthickness (pt/d0=
0.075-0.33). Eight different liquids were studied:
water, aqueous ethanol solutions, aqueous millet
jelly solutions and aqueous glycerine solution.
Experiments were carried out over a range of densities
of953-1263kg/m3, a range ofviscosities of 1 x 10~3-
13.5x lO~3Pa-s and a range of surface tensions of
35.1 x 10"3-72.0x 10~3N/m. The details are shown

in Table 1, which is the same as that in the previous
paper.9) Chamber volumes changed from 75 to

14,000cm3.
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Table 1. Physical properties of liquids employed

Liquid px [kg/m3] \ix [Paà"s] o [N/m]

Water 1000 0.001 72.0 x 10~3
Aqueousethanolsoln. 1 969 0.00255 37.2xlO"3
Aqueousethanolsoln. 2 953 0.00261 35.6x10~3
Aqueousethanolsoln. 3 964 0.00271 35.1x10~3
Aqueousmilletjellysoln. 1 1263 0.0410 70.7x10~3
Aqueousmilletjellysoln. 2 1257 0.0353 71.4x10"3

Aqueous milletjelly soln. 3 1308 0.135 66.5x 10~3
Aqueousglycerinesoln. 1196 0.0356 60.8x10~3

By assuming that bubbles were all of the same size,
the volumes were obtained as the amount of volu-

metric gas flow rate divided by the frequency.

2. Results and Discussion

2.1 Bubble volume in single bubbling regime
Figures 1, 2 and 3 show bubble volumes in the

single bubbling regime described previously,50 for
various liquids, orifice diameters and chamber num-
bers. Bubble volumes increase with increasing cham-
ber volumes at any gas flow rate. However, the effect
of chamber volume is especially apparent at low gas

flow rates when bubble volume is approximately
constant. These trends are similar to those in single

bubble formation without weeping at an orifice with
small hole diameter. This was previously shown by

the authors,16) who have derived a correlating equa-
tion for the volume of a bubble formed at a single

orifice by assuming that bubble volumes in each of the
regions of low and high gas flow rates are additive. In
each figure, the calculated curves from the correlating
equation by the authors16) are shown by dashed lines.

The measurements are not so well correlated with the
previous results by the authors.16) Moreover, the

calculated values are smaller than the measurements
in all of the regions of gas flow rate and chamber
volume.

According to Tadaki et al.,1^ approximately con-
stant bubble volumes without weeping at low gas flow
rates are expressed as

Plg Vb = Ccndocj (1)
where Cc is a function of the chamber number Nc.
Figure 4 shows the coefficient Cc in Eq. (1). The

solid line is the result by Tadaki et ai,14~} who studied
the bubble formation without weeping. As can be seen
from this figure, Cc is a few times larger than that of
Tadaki et al.1^ in all regions ofNc: that is, the volume
ofa bubble with weeping formed at an orifice is rather
larger than that without weeping.

These differences are perhaps due to pressure fluc-
tuation in the gas chamber or liquid weeping.

Therefore, we need to propose an improved model of
bubble formation which explains the measurements
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Fig. 1. Bubble volume in single bubbling regime.

Fig. 2. Bubble volume in single bubbling regime.

Fig. 3. Bubble volume in single bubbling regime.
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Fig. 4. Comparison between bubble volumes with and

without weeping in the range of constant bubble volume.

well.
2.2 Theoretical consideration

As has been already described,9) in the single
bubbling regime the bubbles are almost all of the

same size and weeping does not occur during bubble
formation, whereas it does occur after the detachment

of a bubble. Further, initially an almost spherical

bubble is formed at an orifice, proceeds to grow a
neck and then detaches. That is, the growth of the
bubble is a two-stage process as in Fig. 5, which shows
that the previous two-stage model5>15'16) is valid.

Assuming that gas flow rate from the chamber into
a bubble is dependent on time, the termination of the
first stage whenthe bubble is assumed to stay at the

orifice is

P*+16ft) / dV

lVb-^+ V2g hKdoa-(Pl-pg)gVb12n{3Vb/(4n)}^\ b dt

An V2 nV2

(2)

The fourth term on the left-hand side of this equation
is the force due to the momentumof the gases. The
momentumterm is involved due to the assumption
that the instantaneous gas flow rate through a hole is
fairly large because of the pressure fluctuation in the
gas chamber. The equation of motion for the second
stage is written as follows:

/ 11\dvn( 11\ (p'+l6P7

^+l6 P')F^+^+l6 P'j^+ 12,{3Fh/(4,)}2/3

/ dV \ AnV2
x ( 3Vb^+ V2gj=(Pl-pg)gVb-Nndocr+-^-

- CjJin/S)d 2bP,(v + vn)2 (3)
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Fig. 5. A model for bubble formation with weeping,

where

The coefficient N involved in Eq. (3) is a correction
factor based on the contact condition already defined

by the authors,15) who have reported JV=1/2. The

growing velocity of the neck is
dx ,~

Tt =v" (5)
The pressure fluctuation is given by the following
equation6):

dPc yPJ 2da\

-=_(^-W-j(6)
y is the polytropic coefficient, being equal to the

specific heat ratio for adiabatic behavior; in a normal
diatomic gas (air being classed such a gas), y= 1.41.

McCann et al.7) have derived the theoretical pre-
ssure inside a bubble for s^a using potential flow

analysis for a rising, expanding bubble as follows:
3\fda\2 d2a } pJdsV 2a n

=PS+PX+^- (7)

where

However, Eq. (7) is valid only for an ideal fluid. It is
difficult to derive theoretically the concrete form of Pb
for a real liquid. Therefore, we will try to involve the
force due to viscosity.

Poritsky12) was the first to illustrate the effect of
viscosity from the stress conditions on the surface ofa
spherical bubble for an incompressible fluid under the
assumption that the bubble is a spherical symmetry of
the motion, which is not true in practice. Hence we
obtain for the rising, expanding bubble using a similar
analysis to that of Poritsky12) (See Appendix):

Pb-P^Pio +^+^ (8)
a a at

Substitution of Eq. (7) into Eq. (8) yields
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pb=pl

3\/da\2 d2a }
iKit) +aw-9a\

ptv2 2a 4/i, da

for the first stage
and

p,v'2 , 2<r
d2a

4ft da

a a at

(9)

(10)

for the second stage.
Similar analyses reflecting the viscous contribution
have been carried out by Guy et al.1] and
Pinczewski. n )
The flow rate of gas V into a bubfrje is expressed as

dVh

da
V =-^=4na^=k(AP)

0.5
dtdt

(ll)

where

AP= Pc- Pbi k = (n/4)d2oy/2l(j>gCg)

and Cg=l.5+4ptf/d0.

The substitution ofEq. (ll) into Eqs. (9) and (10)
gives, after some manipulation,

d2a 1 / 2a

1 3 \6n2a3\(daV 4^da
4a 2a ptk2 )\dt) ~~p^~dt

for the first stage
and
d2a
dt2 " Up-p -^Pc-poo --+Piga+ptgx

i 1(dx da"

>+4a\dt +~di;
4/i, da /16ttV 3\(da

Pla2 dt \ Plk2 +2a)[dt) (13)

for the second stage.
The equations for the first stage, Eqs. (4), (6) and

(12) can be solved simultaneously under the initial
conditions Pc=Po-\-p1gh-\-Aaldo, da/dt=0 and
a=dJ2. The termination of the first stage is de-
termined by Eq. (2). The equations for the second
stage, Eqs. (3), (4), (5), (6) and (13) can be solved

simultaneously under the initial conditions

F<-W" Tt'Ut
7

a=af, vn=0 and x=0

and the boundary condition
da n

x=Uf or Tt
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The former has been assumed by Kumaret al5) and
the latter means the halting of the growth rate of a
bubble.

We will use the expression derived by Hadamard2)
and Rybczynski13) as the drag coefficient CD, namely,

C-£ (H,

The solid lines shown in Figs. 1, 2 and 3 are the
results of calculation using the model mentioned
above. The calculated curves fit roughly with the
measurements over a wide range of experimental
conditions. But the calculated values are larger than
the experimental ones at small gas flow rates in large
chamber volumes. On the other hand, when gas flow
rates become large, the calculated values fit well with
the measurements. The most likely reason for the
discrepancy is presumably that at large chamber
volumes bubbles become large and non-spherical in
shape, and inertial force is dominant as compared
with forces based on bubble shape at large gas flow
rates.
2.3 Comparison with other investigators' findings

The pressure fluctuation in the gas chamber as a
function of time during bubble formation which is
supposed to be accompanied by weeping has been
measured only by Kupferberg et al.,6) We show a
comparison of the present theory with their experi-
mental results in Fig. 6. As can be seen from this fig-
ure, the agreement between theory and experiment is
generally good. Wehave found no reports concerned
with bubble volumes for single bubble formation with
weeping.

Wehave now shown how it is roughly possible to
predict bubble volume with weeping for orifices with
relatively large hole diameters.

C onclusion
Bubble volume with weeping at a single orifice was

studied experimentally in the single bubbling regime.
A theoretical development is proposed to predict the
bubble volume. The following results were obtained:

1) The volume of a bubble with weeping formed
at an orifice is rather larger than that without
weeping.

2) A theoretical development for bubble for-

mation which takes into account the effect of viscosity
is proposed by using the previous two-stage model.
Agreement with the experiments is roughly good
under conditions for which the model is described,
i.e., for the single bubbling regime.

A ppendi x
Derivation of Eq. (8)
At any point* the radial component of radial stress is related by

meansof the equation
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Fig. 6. Comparison with other investigators' findings.

2 dvr
V =-^(V-tO-2^- (A-l)

3 dr

Since the fluid is incompressible the equation
V-»=0 (A-2)

holds. Therefore Eq. (A-l) can be expressed as follows:
dvr

Trr= -2ft- (A-3)
dr

Nowif for a viscous liquid vr is assumed to be expressed as the
sum of the velocity due to the expanding motion and the velocity

associated with the rising motion in infinite extent using the
geometric configuration shown in Fig. A-l, then

3 fa 1a3\ a2da ,A x

vr=- U\ cos 0+ (A-4)2 Vr 3r3/ r2dt

Substitution ofEq. (A-4) into Eq. (A-3) gives the radial component
of radial stress at the bubble surface within the liquid:

4/z,da
* =-- (A-5)

a dt

Therefore, we will try to include the radial component of radial
stress, Trr, in Eq. (7). It follows that

2<T 4jUj da

a a dt
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Nomenclature

a = bubble radius [m]
Cc = constant defined by Eq. (1) [-]

VOL 17 NO. 6 1984

Fig. A-l. Geometric configuration of an expanding and
rising bubble in still liquid.

CD = drag coefficient [-]
Cg = orifice coefficient [-]

db = bubble diameter [m]
d0 = orifice diameter [m]

/ = Fanning's friction factor [-]
g = gravitational acceleration [m/s2]

h = liquid depth above an orifice [m]
k = constant [m3/s -Pa0-5]

N = correction factor based on contact condition [-]
JVc = chamber number=4VcApg/{nd20(P0+plgh)} [-]

P = pressure [Pa]

Pb = pressure in a bubble [Pa]
Pc = pressure in gas chamber [Pa]
Po = barometric pressure [Pa]
Ps = liquid-side pressure on bubble surface [Pa]

pt = plate thickness [m]
P^ = pressure at an orifice in liquid in the

absence of motion [Pa]
Re = Reynolds number=dhvpx\\ix or

d^v + vMu [-]
s = distance from plate to bubble center [m]

t = time [s]
U = rising velocity of bubble [m/s]

Vb = bubble volume [m3]
Vc = chamber volume [m3]

Vg = volumetric gas flow rate [m3/s]
Vg = meanvolumetric gas flow rate into chamber[m3/s],
v = vector liquid velocity [m/s]
v = growth velocity of bubble [m/s]
vn = growth velocity of neck [m/s]
vr = radial component of liquid velocity [m/s]

v' = v+vn [m/s]

x = neck length [m]

y = polytropic coefficient [-]
AP = pressure drop across an orifice for bubbling [Pa]

^P = Pi-Pg [kg/m3]
6 = angle [rad]

\xx = viscosity of liquid [Paà" s]
pg, pt = density of gas and liquid [kg/m3]
pw = density of water [kg/m3]

<j = surface tension [N/m]

Trr = radial component of radial stress [Pa]

<Subscript)
/ = final value at first stage
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KINETICS OF METHANATION OF CARBON MONOXIDE
AND CARBON DIOXIDE

HAKUAI INOUE AND MASAKI FUNAKOSHI

Department of Chemical Engineering, University of Tokyo, Tokyo 113

Key Words: Chemical Reaction, Chemical Reactor, Methanation, Carbon Monoxide, Carbon Dioxide,
Reaction Kinetics, Reaction Mechanism

The kinetics of reaction of carbon monoxideand carbon dioxide with hydrogen in a nickel catalyst tube wall
reactor were investigated experimentally and the reaction mechanismswere clarified.
The observed rate laws were

k p P1'2

-rCo=

~ rCo2

1 + ^co^co
for carbon monoxide, and

h>p pl/3

1 + ^CO2^CO2 + ^H2^H2+ ^H2O^H2O

for carbon dioxide at low partial pressure.
These reaction rate laws were derived theoretically from the proposed reaction mechanism.For a mixture of

carbon monoxideand carbon dioxide the kinetics of the reaction proved to be well accounted for by the same
reaction mechanism.

Introduction

The methanations of carbon monoxide and carbon
dioxide are well-known as industrial catalytic proc-
esses for fuel production.8) They have been studied
extensively for their industrial applications. More-
over, as standard catalytic reactions their reaction
mechanisms have been investigated intensively and
the intermediates and reaction steps of methana-
tion were gradually elucidated.7'9'10'1^

Several kinetic equations for the overall rates of

Received April 6, 1984. Correspondence concerning this article should be addressed to
M. Funakoshi.
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methanation have been proposed,2'4'5* but some of
them are too simple to be extended to a wide range of
conditions and some are difficult to apply to mixtures
of carbon monoxide and carbon dioxide because they
ignore the mutual interaction effect on the reaction
rates.

In this work the authors studied kinetically the
methanation of carbon monoxide and carbon dioxide
with a nickel metal catalyst, and tried to derive
reasonable and reliable rate equations for the system
using a specially devised catalytic reactor, a tube wall
catalytic reactor.3)

The methanation is exothermic and an increase in
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