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Abstract

The behavior of a vapor bubble growing and rising simultaneously in a wuniformly superh-

* Presently at the Department of Chemical Engineering, The University of Akron, Akron, Ohio
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eated water was formulated taking int> account of liquid inertia, heat conducti-n ia the

liquid and nonequilibrium effects at the vapor-liquid incerface. Neither experimental data nor

overall solutions for the bubble behavior in flash stage have heen available as yet. Some

illustrative numerical solutions for the entire bubble history were obtained for vari-us

superheats. A comparison between our thesry and other thesretical solutions was als) prezented

and discussed.

I. Introduction

To clarify the physical mechanism of flash
evaporation, various attempts have beed ma-
de.1'2¥ Many current designs of MSF(Multi-
Stage Flash) distillation plants arrange for
the brine water to leave a pool in one stage
via a specially designed rectangular orifice
which leads int> the base of riser in the
succeeding stage. The brine water then flows
up the top of the rizer as a plume which
descends in a pool. The schematic diagram of
a single flash stage is shown in Fig. 1.
Many investigations have shown that the
temperature difference between the saturation
temperature of vapor space plus the boiling
point elevation and the outlet brine tempera-
ture is considerably large. The difference is
called NETD(Nonequilibrium Temperature
Difference) and the less is its value, the more
is the profits attainable from the operation.

The effect of flashing differs in three pr-
ocesses of nucleation, growth,
bubbles.

Basically, the phenomena of nucleation are

and rising of

belisved to bs the same for generation of
bubbles in a flash stage and crystallization
from a solution. In these instances, nucleation
is a consequence of rapid local fluctuations
on a molecular scale in a homogeneous phase
that is in a state of metastable equilibrium.

atetz et H18A H 4% 1980 8¥

A study of nucleation phenomena using laser
techniques is currently under way at the
University of Glasgow, from which it is hoped
nucleation rate function may be determined.?

The first solution for the problem of bubble
growth was reported by Rayleigh. His solution
neglected the heat transfer and considered
only the dynamic effects. And it might be
expected to be valid at the initial stage of
growth. Later, Plesset and Zwick® and oth-
ers® obtained the following asymptotic ex-
pression for the bubble radius as a function
of time,
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Fig. 1. Schematic diagram of a single flash stage
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R/=2 Nra(Bat/z) ¥ o)
where, Ni. is the Jakob number

Nia= PrCrs 507:/; =L ©))

These solutions which assumed a purely heat

transfer controlled process are valid for su-
fficiently large values of R.. In their anal-
yses, it is assumed that the temperature and
chemical potential are equal in the vapor
and liquid phases at the interface. The square
root of time dependency of the bubble growth
is in agreement with experimental measure-
ments made by Dergarabedian and Kosky.®?
However, investigations have shown that
bubbles are not in a thermodynamic equilib-
rium with the surrounding liquids, i.e. the
vapor side temperature at the vapor-liquid
interface is not the same as the liquid side
temperature.®®

For studying the flashing rate, the motion
.of vapor bubbles is a very important factor.
The motion of constant size bubbles in liquids
has been studied both theoretically and exp-
erimentally for a wide range of bubble radii.
Pinto and Davis'® analyzed the motion of
simultaneously rising and growing bubbles
in a superheated liquid, using Scriven's asy-
mptotic solution of bubble radius.

The experimental difficulties of recording
-the bubble data during the initial stages of
bubble growth prevented the precise determ-
ination of time scale.!® Accordingly, almost
no definitive experimental programs have
been carried out.

The present theoretical study is directed
to the clarification how the vapor is gene-
rated and released in the superheated liquid
pool of the flash chamber. The purpose of
this paper is to provide a complete systematic
description of growing and rising processes
for the combined effects of liquid inertia,

heat transfer, and nonejuilibrium. Some
numerical solutions for the entire bubble his-
tory are illustratzd for specific examples of
bubbles in supsrheated water. Variations in
temperatures and pressures with time are als>

presented.
. Analysis

A rigorous description of the bubble growth
and the bubble's upward movement due to
the buoyant force is not possible. It is our
destiny to be contented with soms sort of
compromise so that an approximated model
can be established. We may then procsad to
write down the mathematical expressions to
describe the bzshavior of the model.

It is necessary to make the following app-
roximations or assumptions in order to frame
up our model:

1. The shape of the bubble is spherical
throughout the entire bubble life.1?

2. The at the
vapor-liquid interface is lower than the liquid

vapor side temperature

side temperature.

3. The vapor side temperature profile is a
straight line normal to the interface (uniform
vapor phase temperature).

4. There is a thermal boundary layer on
the liquid side adjacent to the interface across
which the main body temperature falls
according to a second order profile, as shown
inYFig. 2.

5. The external pressure exerting on the

liquid pool remains constant.
6. The liquid is a Newtonian fluid and in
a"uniformly superheated state.
7. The vapor in the bubble follows the
“ideal gas law.
The definition of a model is completed

‘7when all necessary equations are written

HWAHAK KONGHAK Vol. 18, No. 4, August 1980
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down as they follow.

1. Bubble Growth

In flash evaporation, bubbles are created
by the expansion of entrapped gas of vapor
at small cavities in the superheated liquid.
These bubbles grow to a certain size, depen-
ding upon the surface tension at the liquid-
vapor interface and the temperature and
pressure.

Consider a spherical bubble growing in an
infinte mass of uniformly superheated liquid.
This model of a spherical bubble is justified
by Saffman when its radius is less than 0.5
mm.'? The balance of force at the bubble
wall requires that

PL(R)+20/R)+Trit(R) =P, 3
where, 7, is the radial normal stress acting
on the bubble interface due to the liquid
viscosity and may be expressed by

TrmL(Ry) =4pLR,/R, 4)
on the assumption that the liquid is a New-
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Fig. 2. Temperature profile for a bubble
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tonian fluid. But, the viscous term, z,z'is
very small compared with other terms and
can_be neglected. Therefore, the initial cri-
tical radius of bubble is"defined ‘as_follow:

Rz’ (0) = Rcr- - “—PL‘—(g)“(i_ ‘“P (5)’

where, P_ and P,(0) are external pressure
of a stage and initial pressure of bubble vapor,
respectively. The dynamics start from the
initial radius with a perturbation causing a
departure from metastable equilibrium. As
is widely known, the evolution of the vapor
bubbles will depend upon the imposed pressure
and temperature conditions.
(1) Work of nucleus formation
In general, the flashing process is critically
dependent upon the presence of nuclei which
permit the initial growth of the vapor bubbles.
When a new phases B(vapor) is created from
the mother phase A(liquid),
Gibbs free energy per a nucleus may be
derived as follows!®!%;
AG=G—G,
= (Napa+ Nepp+47Ro*0) — (Na+ Ns) pa
=4 £ R0 — (a—pp) Na

(/lA ,UB)
— AT 2 e T
4 Ru g VB

the increase in

.4 pa .
3 zR, (6)

where, Vp is the volume of one molecule in
the vapor phase. Substituting (ua—ps)/ V=

20/R... yields,

. . 2 _RZ 7).
4G=4mo((RA~E- =) @
AG has a maximum value at< agIrG >:0,
corresponding to the desired value of R,=R....

(4G) max. = —é— (4 7Rer.20) (8)

The result is plotted in Fig. 3. as a func-
tion of R.. Since for all values of R, >R..,
G decreases monotonously, further growth of’
the nucleus is spontaneous. That is to say,

R... is the minimum-sized embryo which is-
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Fig. 3. Gibbs free energy vs. bubble radius
capable of initiating further spontaneous
growth to produce the new phase.

(2) The net mass transfer equation

The simplified relationship for the net mass
transier rate is used:

W=ke(Pu*—Py) )]
where, kg i3 mass transfer coefficient

kg:< Mee >_é_

22RT (10)
and P,* is saturation pressure corresponding
to the wall temperature, 7.
transfer coefficient, £4,,

The mass
involves resistance
factor, @, and it is the ratio of actual transfer
rate to the value obtained from Knudsen,s
kinetic theory.'® Its value is initially close
For an

, and this

to unity and decreases with time.
equilibrium to be attained, P,=F.*
would require @—roo,

(3) Mass balance equation for the vapor

A mass balance over the growing vapor
bubble yields

QE%FHS%(im&%J:Wf an
denoting the net mass flux at liquid-vapor
intertace by W. The vapor density can be
rewritten in terms of the perfect gas law

and is allowed to vary with time. Arranging
Eq. (11) gives

5 dR. , 1 dP, 1 dT,

Ke dt T P, 4t T. dt

_ 3WT.R

T RPM az

(4) Continuity equation for the liquid
The equation of continuity for an incom-

pressible liquid may be expressed in spherical
coordinates as
1

ol as
The integration of Eq. (13) gives the radial
velosity #. in terms of the bubble wall
velosity R.:

ur=R,(R,/r)?

(5) Equation of motion for the liquid

In laminar flow regime, the equation of
motion in the liquid with constant density

may be expressed in spherical coordinates
aSlG).

Bur , a’r P
(G cur B )=n L p )

The substitution of stress tensors into Eq.

(r*ur) =0

(14)

(15), followed by an integration with respect
to 7 from Rv to reference radius 7, (oo, in
this case) at a particular time gives!7s!®

R

270t

(16)

The balance of forces at the liquid-vapor
interferface is expressed by Eq.(3). Combin-
ing Egs. (38) and (16) yields

_‘T {PL(R.)—PL(ro))

. §_ R R 2 6L
B+ o R Tt LR}
(P.=P)gs _
+ PR, & 0 an

The instantaneous bubble size and its time
derivative may be obtained by solving Eq.

(17) with the initial conditions,

—P = 20
Ru (O) —Rcr.— Pv (O) "—Pm

and R.(0)=0

(18

HWAHAK KONGHAK Vol. 18, No. 4, August 1980
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which describes that initially the bubble with
radius R.. is in a force equilibrium at the
boundary layer.

(6) Energy balance for the vapor

The internal energy content of the bubble
accumulates through the heat and mass
transfer from the surrounding liquid less the
energy dissipation due to the expansion of
bubbles.

d (4 ps.
7{7( 3 T puEa,-)
=47Rmn + dE—P, - 4 R.*R, (19)
The net eaergy transfer rate per unit inter-
face area, 4E, is

4 /———M—g‘c— ¥ w ¥
E=ay - ME (P P)
—~PUEL-(TL, Py}
=W. E o P ’/! ]Wgc
= W-E.(To, PO tay/—2022
* Pw* EU (Tu" Pb‘*) Ev (T:', PA)} (20)
For an ideal gas,
Eu(Tw, Pw*)—EU(TI‘y Pl'):CL (Tw_T) (21)

=MP,/RT, (22
and Eq. (18) reduces to
AE=W-E.(T., P.)+ay/ 21‘%’%10
P*C.(T.—T.) (23)
The substitution of Egs. (22) and (23) into
Eq. (19) gives:

MC, dT. 3 dR, 7o

T ~ar =~ a3y TERTS
*

LS Bt (29

(7) Energy balancs for the liquid

The energy equation appropriate for the
liquid phase is

DTI, 0 R”ZRn
ot 72

Sk
(25)

where we made use of Eq. (14) to express

ol _arL 0 (

or

. 0T )

7> or

the convection velosity z, in terms of R..
The initial and boundary condition for the

energy equation are as follows:

apet2st M8 X 45 1980 8H

EXTE B

TR E
Tu(r, 0)=T. (a)
Ti(Rre 1)=T. (b)
TL(R:‘, t):Tw(t) (C) (26)
oT1 _
( or )r:Rn—_O (d)
oTL A
( ar >r=Rz)_ k w (e)
Eq. (26-a) shows that the liquid is initially
at a uniform temperature T.. Eq. (26-b)

indicates that the liquid temperature at a
distance beyond the thermal boundary layer
thickness from the bubble surface remains
unchanged at 7.. Eq. (26-¢)
the temperature of water in contact witk the
bubble is the same as the bubble wall tem-
perature. And Eq. (26-e) is obtained from
the conservation of energy at the bubble
wall by neglecting the gas velosity relative

indicates that

to R, and temperature gradient in gas phase.
But,
solution was not possible and that the use
of a temperature distribution of liquid would
be more profitable.

it appeared that a complete analytic

Assuming a second-order temperature dis-
tribution, which was proposed by Bornhorst
and Hatsopoulos?, we obtain

TL— w= (T - Tw)
(2 2R (. LR Y] 27)
where, J=R1z—R. (28)

This temperature distribution satisfies all
the boundary conditions except (e}, so further
arrangements are inevitable.

(25) and (27) and then
integrating from R, to Rrs, we obtain

Combining Eqs.

~ v lTu) 7(;.17; [ 3‘ 1 (RT:}‘?”R )
+“1“< RTP )} (RTB—R)
( dRrs _ 4R, >[ . < RT@*R >
. 3 i
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__1 LR_”_ ‘2 __‘L RTB'—'RU
TR Tar {? 6( R, >}
_ 2aL .
T (Rrs—R)T (29)
‘Boundary condition (26-e) may bz expressed
as
/ol AT _—Tw) ‘
'\\ 3r )r:Rn— (Rrz—R.) (300

Differantiating Eg. (30) with respect to time
forms the additional relationship.

1 dT. i Tuv— (dR,
RTS—'RU dt (RTB_ b)2

dRr- A dW _
i >+ 5k dt 0 @1

2. Risiny of a Bibble

Consider a vapoyr bubble simultaneously
growing and moving through a uniformly
superheated lijuid. Ths equation of motion
for the vapor bubble is given by the Bassst

-ejuation,

jf Ka, TR, 305 ( 0:,3 TR, zh—)}

= (‘OL—-‘D;) —3—~.—,R,3g~—CDTCRn2—p%9r—— (32)
The added mass term, ;,o:;—— R.:2v,, which

was first introluczd by Bassst, represznts
the momantum of liquid acczlerated with the
bubble.
-vapor dznsity, Eq. (32) bscomss

Applying the id=al gas law to ths

MP., 1 dv, 3v- / MP. | o1
<—*RT., *?"O i "R, \"RT, T‘z_>
dR. ., Mv, dP. _ MPw. dT.

d: " RT, dt RTA 4t

/ AML *1 . 3 ,()Lt)rz P
=(oi- R )i =Cg R @9

Wz shall assumsz that at any point in tims
tha draz coxfficiznt of ths bubble is that of
a Dbuawdblz of constant size moving at its
tarminal vzlosity. This assumption was jus-
tifiel by Davis and Pinto.! Then, the drag
cizfficients are obtainsd from tsrminal vel-
03ity correlations for constant size bubbles.

For taz smaller babbles whose radii arz less

i
i
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than 0.4 mm, the drag cozfficient is obtained

from Levich’s terminal velosity express
ion!l1®,

914 12 .
cD:?—gfr (R,<0.4mm) (38

For the largsr bubbles whose radii are
larger than 0.7 mm, the Pesbles and Garber

terminal velosity expression is used!?®:

Co=F B L (R20.7mm) (3)
Combining Eqs. (83), (314), and (35) gives
the equation of motion for the bubble. App-
ropriate initial conditions are as follows:

at =0, 0.=0

e = (36)

M. Numerical Solution

1. Nonequilibriam So'untion

In previous sactions, we have six time-

den2nient unknowns, T. T., P, R, Rrn
and »,. Six nonlinear ordinarv differential
equati,ms, (12), (A7), (24), (29, (31), and

(33) comsti

ultanenusly

system of a sim-
bhubbl= in
tarma nf six tima-1an2andent variables,

tute a comolete
growing and rising
Oncs

the
comolets history of hubble is obtained uniq-

their initial parturbed valuss are ziven,

a verv small step increass
AP /P =

uely. Actuaally,
in the imnos=ad external pressure,
1075,

A moiifiel Runge-Kutta 4th order intezrat-

was ussl to solve the

was uss1 to initiate the bubble growth.
ion scheme s7gtem
simultanaously. The imoosed initial conlitions
and tim= incramesnts must bs carefully det-
erminel, for ths round-off errors might cause
reversing the driving force in the early stage
1078
ss¢ was found to hz satisfactory for gnod

of bubbls grovth. A time step size of

accuracy and stability of the solutions.

HWAHAX KONGHAK Vo', 18, No, 4, August 1980
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2. Equilibrium Solution

In most previous works*%%7, it has always
been assumed that the pressure and temper-
ature at the interface are related by saturat-
ion conditions. In other words, vapor in the
bubble was assumed to be always saturated
at liquid interface temperature. Accordingly,
this assumption causes large deviations from
the actual growth behavior,
low pressure.

especially at

In order to compare with our nonequilib-
rium solution, numerical integrations for this
equilibrium assumption were also performed.
A time step size of 10°¢ sec was used and
the accuracy of the solution was checked by
using different step sizes.

V. Results and Discussion

Numerical solutions about the time-depen-
dent behavior of bubbles in the superheated
water are presented by a parametric study
for the system of various superheats.

A comparison betwesn our present theory
and other theoretical solutions is presented
in Fig. 4. The bubble growth characteristic
curve may be described as follows by con-
sidering the three regions indicated in the
figure.

Kegion 1(Accelerating Region)-At the in-
itial stage of growth, the inertial effect is
predominant, and the Rayleigh solution ag-
rees well with our solution.

Kegion 2(Nonequilibrium Region)-Bubbles
are growing at almost constant rate and the
nonequilibrium etffect is very important in
this region. The nonequilibrium effect is the
difference between the equilibrium curve and
the curve corresponding to the nonequilibrium
solution. The length of constant rate period

sist@st M18H M 45 1980 8¥

T,«200°F
tTs- 8°F

(1) Nonegu'lizrism Scliiteen

20 L (2) Equitbrium
{3} Rayleigr Solution

(4) Scriven Sciution

Jelocity, ft/sec

Wall

Rubble

gn
(o)
E.

Gimensionless Radius, Ry/Rer

Fig. 4. Comparison of present theory with other
theoretical solutions

is decreasing with increasing superheats.
Region 3(Falling Rate Region)-If a bubble
grows to a certain size, its growth rate begins
to decrease. The purely heat transfer con-
trolling Scriven’s solution becomes to closely
coincide with our curve at a later stage,
with some necessary translation along the
time scale.
shows plots of the bubble wall
bubble
radius. The dimensionless radius is the ratio
of the instantaneous bubble radius to the
initial critical radius.

Fig. 5.

velosity versus the dimensionless

Each curve is for a
fixed value of T _(200°F) while superheat
temperature, 47, is varied from 8°F to 60°F,
corresponding to the external pressure. As
expected, the bubble wall velosity increases
with an increase in 47T or a decrease in P_.
Time variations in pressure and temperaure
of a vapor bubble are presented in Figs. G,
7 and 8. Pressure of bubble is also plotted
against the dimensionless radius in fig. 9.
Fig. 10 presents plots of the thermal
boundary layer thickness versus time in log-
log scale. It should be noted that the thermal
boundary layer thickness is proportional to

the square-root of time and very small com-
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pared with the corresponding bubble radius.

Fig. 11 shows ths ascending velosity pre-
dictions for bubbles simultaneously growing
and rising in the superheated watsr. It can
be
almost motionless at the nucleation sites

ssen from the figure that bubbles are
until they grow to a certain size. For low
superheats, there is more rapid acceleration
initially than for high superheats. For higher
superheats, the growth rate is so large that
the maximum velosity is quickly reached.
These results are consistent with Darby’s
observations at early times and with Pinto’s
large-time solution at later times.

In order to check our present theory,
bubble-growth and rising measurements are
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Fig. 5. The bubble growth behavior for various
superheats
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Fig. 6. Time variations of the pressure of a bubble
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Fig. 11. Bublle rising velccity predictions

required at flash stages. For this purpose,
techniques of synchronization of reducing
pressure and recording time are to be deve-

loped.

V. Conclusion

In our study of the flashing phenomena of

saline water we have substituted it with

BrZE ®I18H H 4 F 1980 8

superheated ligquid water and focused our
attention on a bubble embryo which has
attained a certain minimum critical rtdius
beyond which the bubble is considered to-
grow spontaneously.

One of the two previous theories on bubble
growth took only the dynamic effect into
consideration without taking heat transfer
effect into account, while the other assumed
a pourely heat transfer controlled process in
calculating the bubble growth rate.

In this work, a more complete description
of the bubble growth was attempted by
adding mass transfer rate equation between
the vapor and the bubble wall, mass balance
and the energy balance equations for the
vapor phasz in extra to the previously raised
equations in modeling the flash stage as
summarized in Table 1. The scope of this
work was further extended to calculating
the rising velocity of a bubble growing under
the conditions just have been described.

Because the system is under unstable sup-
erheated liquid state a small perturbation
such as slightly changing the external pre-
ssure will suffice to initiate the bubble
growth.

This work consists essentially of solving
numerically the six simultaneous nonlinear
ordinary differential equations with a time
step of 107 seconds that gave a set of gocd
stable solution. The solution depicts the
complete time behavior of temperatures of
vapor bubble and vapor-liquid interface, the
radius of the bubble and the peripheral
radius of the thermal diffusion layer together
with the rising velocity of the bubble.

The computer used was FACOM 230-28 S
and one set of computation took 3 hours and
8 minutes of CPU time.

It should, however,” be mentioned that
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Table 1. Three Different Models for Bubble Growth
Behavior

Name of Equations ’Rayleigh I Scriven lOur work

1. Mass Transfer X
Eq.

2. Mass Balance Eq. X
for the Vapor

3. Continuity Eq. X X X
for the Liqud

4. Eq. of Motion X X
for the Liqiuid

5. Engrgy Balance X
for the Vapor

6. Energy Balance X X
for the Liquid

although there is definitely an effect of
bubble growth on the rising velocity, the
reverse, that is the effect of rising velocity
on the bubble growth could not be correlated.
The concept reciprocal to hindered settling
in the case of violent bubble evolutions is
bevond the scope of this work. The problem
of neucleation, that is the formation of bubble
embryos smaller than the critical radius Re:
is still to be worked out. The shape which
a large bubble will actually assume while
rising through the liquid can not be a true
sphere. It may be far different from a sphere
and thus the entire analysis based on a
spherical bubble assumption may grossly be
in error unless a certain shape factor is
introduced.

Furthermore the results were not checked
by experimental measurments because of the
difficulty in doing so.

It may however be said that the results
of the theoretical analyses performed here
gave a very important behavior of bubble
growth, particularly when one note on the
accelerating region, constant rate region and
falling rate region in the history of bubble

growth.

It must noted also that as the superheat
increases, or the external pressure decreases,
that is, as the degree of nonequilibrium
deepens, the rate of bubble growth increases
rapidly reaching a height and then declines
as the bubble size gets large.

Both temperature and pressure of the
bubble attaing their final values determined
by the degree of nonequilibrium as a matter
of an instant, namely in approximately
several hundred thousandth of a second after
the growth is initiated. The bubble pressure
reaches its final value when its size

one hundred times the critical size.

grows

The liquid side thermal boundary layer
thickness gets increasingly thinner as the
superheat increases, but it gets thicker as
the bubble size increases.

Finally the bubble rising velosity reaches
its maximum value in about one tenth of a
second, but the bubble stays almost motionless
at around one hundredth of a second and
earlier.

One could easily realize how difficult it
would be to actually prove these predictions
by experiments. But we hope to be able to
accomplish this one day.

Notation

e  mass transfer resistance factor

Cp drag coefficient, dimensioless

Cpr heat capacity of liquid at constant pre-
ssure, Btu/1b-°F

C, heat capacity of vapor at constant’vo-
lume, Btu/1b-°F

E internal energy per mass, Btu/lb

G Gibbs free energy, Btu/lb

g gravitational acceleration, ft/sec?

gc gravitational conversion factor
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£ thermal conductivity of liquid, Btu/ft-

sec-°F
ks mass transfer coefficient, 1b/1bs-sec
M molecular weight of vapor

Ns, Np number of molecules of phase A and

_ B, respectively
Nira Jakob number, dimensionless
P pressure, lbg/ft?
P, pressure in vapor
P,* saturation pressure at T'=T,
P,(0) initial pressure of vapor bubble
P_ pressure at infinity
R gas constant
Rer. initial critical radius, ft
Rrp thermal boundary layer radius, ft
R, instantanesous bubble radius, ft
R,(0) initial critical radius, ft

R, time derivative of bubble radius, ft/sec

r  radial distance
7o reference radius
T  temperature, °F
TvL temperature of liquid

Ts liquid saturation temperature at P=P_

AT;s superheat temperature

T, temperature of vapor bubble
T. Dbubble wall temperature

T, temperature of liquid at infinity
¢ time

u#, radial velosity of liquid, ft 'sac
v, bubble rising velosity, ft/sec

W net mass flux at liquid-vapor interface,

1b ‘ssc-ft?

Greek letters

ar thermal diffusivity of liquid, ft2/sec
9 thermal boundary layer thickness, ft
A heat of vaporization, Btu/1b

o liquid viscosity, 1b/ft-sec

1y, #s czzmical potential of A, B

y kinematic viscosity of liquid, ft*/ssc
o surfacs tension of liquid, lbgs/ft

BlatZst ®IsH M 43 19801 8

o density, 1b/ft?

t-1, radial normal stress acting on the bubble

interface
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