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SUMMARY

Gra-liquld two-phase flows are deceribed by means of o bubble
distribution function. The steady-state cage s numerlcally solved and
the results show that the interfacisl area density Increases, have a

maximum at an intermediate value

and then decreases with vold

fraction. Thls behavier s consldered te be due to the different flow
regimes: bubbly, slug and annular that appear with increasing vold

fraction.

1. INTRODUCTION

The interfacial arem densiiy is one ol the wmost
importan® variables In two-phase flows slnce it
woverns the mass, momentum and enargy tirnansfer between
pha It Is alsc eupected that A mecharlstlc model
~uacle of predicting !nterfaclial area density glven
tne macroscoplc gmremeters. should also be capable of
.redicting Flow pattern transitions. .

Such models cennct he uverlved from a macrosconic
dageriptica of the flow alnce during the averagling
procedie . the informetion about the bubble volume
sistriontion s loet. This, in turn, yields to the
wereesity of introducing a specifically formulated
ziosvie law for the Interfaclal area denalty. The
mad=l  cemuot  ellher be based on a molecular
scople  description, {or such a calculation |is
‘mpracticable In mosy sltuations.

!n this paper & statiet!cel mechani-a! Lrentment
of gas-llquid flews 1is presented,which gives an
{nve-mediate dogree of detall in the description of
flov. This «othod can be called a "mwesoscopic’
AoNEription, anc it  has  keen  widely used In
particie-Tiuld twe-phuse flows [1-3]) and some work hac
alen been  done  in ges-llgquld  fleows (4], This
forvulatiz leads te & bubble distribution functlon
'ivassport eaguat lon which Is presented in pext section.
derern the spatlially-homogeneou: e‘sady-state preblem
is nunerically solved and its resulis are discussed.

e Thi TRAHSPORT EQUATION

A bubbly pas-llgquld flow 15 described herein hy
the distribution Function (v, x, ¥V, t), belng flv,x. V, t)
dv dl' The number of bubbles per unit volume at time ©
at postition x with volumes between V and Vadl, and
velocltles belween v end v#dv, As It contains much
more fotrormation than the macreoscople vairlables, these
iast can Le obtalred as moments of the distribullon
unetlon:

Kumber Depsity (huwbar of bubbles per unl! velume):

N"'(x.i;:” flv,x.V,t) dv dv (1

tiera  the  integrais  must be  evuluated owver all
pessible volumes mnd velacitles ”

ittt tactal Area Density (tota! interfacial weey of
"= bubbhias por unlt volume):

Alx,t) = ” alV) flv,x,V,t) 2v dv (2)

where the function all') glves the ares of a bubbhle of
volume 1. If the bubbles are spherical this functlo
Is:

alv! = (26 m'? E (1)

- Volid rFraction (volume of gns par unit volume):

C /o alxt) s [ I flv.x, ¥, L) dv a 183

- Mean Bubble Volume

IJ'b'i(v.x.r.LJdv a -

U -

” flv, ¥, t) av dr N t)

The evalution of ihe «aystem 1s glven by ltiw
inttial alate, the Imposed boundary conditliens, the
internction between  bubbles and the Interaction
between the bubbles and Lhe surroundlng liquid.

Considering only binary intsractlons betveen
bunbles, a bubble may divide 'nto two snaller ones,
and two bubbles may coalesce creating = bigger one,
Therefore It 18 possible to write the ecvclution
equat fon:

n
Dt

fly,x, V.t = Dlv,e, t) v Clv,x,V, tE » Siv, e, 1" t)

where B and € give the rate of variation of £ duoe ta
brenkage and roniescence respectively, =nt S 1s the
snurce  term The dertvative of Lhe Ietl neod otdn
includes derivations In sil the variables, and is
Wiritten ns:
o a + v . F v . dy (7
bt N m At A

where Foto Lhe sum of the externz| foreecs acting on 4
bubble and m (i« muns,

The bubble breakup probabllity is nesomad to Le
propertional  to the distribotien  functien.  The
provabliity of coalescence Is consldared prarea ol
te bhe product f The diatpthabtYan funct fane of bl h
bubhles al A elven spatint Treentton THE Toommqunat by,



the breakage function B is glven by:

Blwv.x, V., t) = JJJI [blvV.v”V"|v'V') Iiv' . x, V', t) -

(8)

- biv U w1 vV flvux, Vo t) ] dv’dv"dV* di’"

The first term in the right-hand side corresponds
to the galn of bubbles dum to breakage of bhigger
‘bubbles and the second term glves the loss due to
thelr breakege in smaller bubbles.

The kernel b(vV,v'V"|v'V') s the probabllity
that a bubble of volumes V' and velocity v' splits Into
two bubbles of volumes ¥V and V" and velocitles v end
v" respectively. Hereln, the kernel is assumed to be
independent of the position or time. Moreover, the
mass and total volume of gas 1s conserved, regarding
that the gas density is constant. It Is not required
in this model that the momentum or the kinetlic energy
are conserved, because durlng the breakage or
coalescence process momentum and energy are
interchanged with the liquid. Thus,

BIVV, v"V" [V V') = BV, vV v V') S(VeV"=1") ()

where & 1s the Dirac delta function and B 1s the
kernel without the volume conservation requlrement.
furthermore, the symmetry condition must be fulfilled:

b(vl, v"V" |v' V') = b(v"V", vl |v' V") (10)
Following simllar balance arguments, the
conlescence function
1s:
(11)

Clw,x, ¥V, t) =

etV v, vt fv,x, VL) f[v.x.l".t)]dv'dv"dl"dl’"

,

where the coalescence kernels ame slmlilar to the
breakage kernels and have to satisfy simllar
conditions.

The resulting equation 1s similar to what |s
called the generalized Boitzmann transport equatien In
vinetic theory [6,7], with the difference that here
rach bubble has an additional Internal! coordinate, V..

The interaction between the surrounding 1iquid
and the bubbles 1s a distinctive feature of two-phase
flows. In this model the llquld affects the bubble
distribution functlon by three mechanlsms: determ!nes
the bubble velocities through interfacial stresses,
modlfies the breakage and coalescence kernels due to
turbulence or llquild impurities, and changes the
bubble slze when a mass flux due to evaporation,
condensation or degasification at the gas-liquid
interface occurs

3. THE BUBLLE VOLUME DISTRIBUTION FUNCTION

The above-presented transport equation has enough
generallty to be applied In many cases. Hereln the
stendy-state spatial ly-homogeneous problemn is
numerically solved. It 1s also assumed that the
external forces are negligible and that the only
mechanisms of bubble volume change are coalescence and
hreak-up. With this assumptions the total derlvative
of Eguatlion (6) vanishes. Veloclitv distributlorns are
not elther taken Into account, thus leading to the

following conservation equation for the bubble volume
disltribution function f(V):

v/ 2

] LV, U=-¥IU) £l du - J. by, V=ujy) £iv) du +

v 4]
/2
+ J c{Viu,v-u) £0u £(V-u) dU - (12}
o
w
_ l gus¥ U, VY £OU) £11) dU = 0
[}
For the breakape kernel a critical Weber number

criteria ls adopted nnd 1t Is nssumed that the bubbles
shatter into two bubbles of half thelr volume.
Furthermore, the brenk-up probability is taken an a
constant above the critical volume v Thus,

b(V,U-V|U) = 2 bn &lv - uw2) #Hlu - vcl (13)

where i 1s the Heavyside step functlon.

Two different conlescence kernels are studled. In
the first, the coalescence probabliity Is taken to be
proportional to the sum of the conlescing bubble
volumes:

c‘[’.\ul'l'u,v’} =c (u + v (14)

A second  kernnl, often used for rnin drops
coalescence was studled, which is proportlional to Lhe
square of the sum. of the bubble radil and to the
difference hetween their inter{aclal area [R]:

143 1/3.2 2,3 aa

c?('liilfl'h"l"] = C‘D (u « VU =Y (15)

The wvarrlables of Interest are put In a
non-dimensional form taken the critlical velume as the
reference volume:

Vev/sV (16)
o c
£V = £(V) v? (17
N =Nt Y (18)
c
F=as Nt (19)

And, 1n order to compare the results nbtnined
with the two kernels, the coalescence probablilities
are also non-dimenslonal ized:

2t c - -
e = .P_[-u.v] (20)
'
4]
* l’:l:} v:/:, . ] “1-9 2 - 20
g, waedeti [u’ .9 ] |u'3-:;"l (21)
b
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4. BUMERICAL SOLUTION

The  tntegral balance equation (eq. (11)) is
numerically solved with an impllcit lteratlive scheme.

The results for the non-dimensional distribulien
functlon, computed with the first coalescence kernel
teq. (13)), is shown versus the non-dimensional volume
tn figure i. The dimenslonless parametor ce/be 1s put

[
sifa =
.Il-
‘1S
= et
[N =
'n L
" s i i 29
[ FA
Fig. 1 Bubble volume distribution functlon versus

dimensionless volume for vold fractions 0.1, 0.2 and
3.3,

L]
equal to unity. In figure 2 the same is shown In a
semilogarithmic plot, In order to see the behavior at
large volumes. In bolh cases It 1s plotted for three
values: of the vold fraction: 0.1, 0.2 and 0.3. From
the figures it can be seen that there are no bubbles
with volumes smaller than half the critical volume,
#hich is = direct consequence of the step function
that was used for the breakage kernel. It is also sren
that the major part of the bubbles have volumes

between the critical and half Its value. This ls an °

useful feature to estimate the critical volume
experimentally. Finally, it should be noted that the

number of small bubbles first Iincreases with
increasing vold fractlon, showing that breakage
prevalls. At higher vold fractions the opposite
behavior 1Is observed, showing that coalescence

prevalls (see figure 3).
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Flg. 2 Idem flg: i.ln a semllogarithmic plot.

Such a behavior is more clearly seen with the ald
of figures 4 and 5. In flgure 4, curve (a) the
dimensionless number density ls shown versus the vold
fraction. It can be seen that above a vold fraction of
about 0.2 the number of bubbles per unit wvolume
decrenses. Consequently, the mean bubble volume shows
a slight increase up to a vold fractlon of 0.2 (see
figure 5, curve (a)) and then it lncreases sharply.

The decrense in the number of bubbles and the
increase of thelr slze may be |interpreted as Lhe
bubbly to slug Flow pattern transition. That is, abave
2 certaln vold fraction the coalescence of small
bubbles creales blgger ones, some of them belng of wmn
ciquivalent dlameter larger than the tube In which Lhey
flow,

S 8C-02
iCnf-
alla *
L e -
= e
8
1ol 8}
8o
.n " i "
e 5 1o e 20

¥/ Ve

Flg. 3 ldem fig. 1 for wveld fractions 0.5, 0.7 and
0.9,
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Fig. 4 Number density vs. vold fractlon computed with
conlescence kernel 1 (curve a) and 2 (b).

Finally, the dimensionless Interfaclal area caon
be calculated with the known distribution function and
it is shown in flgure 6 versus the vold fraction. It
has a simllar shape to that of the number density and
thus the different flow reglmes can be characterized.
At low vold fractions there exists a reglon of low teo
high interfacial area density which corresponds to the
bubbly regime, at Intermedinte values of the void
fraction a transition exists in which the Interfacial
area decreases due to the appearance of larger bubbles
which corresponds to the slug flow pattern and at hlgh
vold fractions the Interfacinl area density 1s reduced
considerably which corresponds to an annular flow
pattern. However, the transitions are not clearly
defined by thls analysis nand should be determined
experimentally

k
" {-
ta)
L I
E L 4
E
& =2 )~
L] ///
—
an . : .
LX) LR L 85 L [
0ID FRACTIIN
Flg. 5 Increase I1n mean bubble volume with wvold

fraction for hoth conlescence kernel,

The same holds for Lhe second coalescrnce kernel,
The behavior 1= similar to that obtatned tn the
previous case (sre flpures 4 and 5, curve (b)) with
the difference that It 1s n more conleseing syatem,
thus yielding lower values ol the number denelty and o
peak shifted to the Ieft In the N v, @ pint,
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Fig. 6 Interfaclal area density vs. vold fractlon.

An experimental program 1s belng conducted iIn
order to assess the valldity of the different kernela
and to determine the value of the paremeters that
appear  In them. With the present results It s

suggested that the flrst coalescence kernel be used
since It is slmpler and the state-of-the-art knowledge
does not permit to choose & kernel with other
criteria.

A statistical mechanical description of
gas-liquid two-phase flows has been used. The flow was
described by means of the bubble volume and velocity
distributlon function, whose evolutlon was shown to be
governed by a Generalized Boltzmanrn  Transport
Fquatlon,

The steady-atate spatially-homogeneous case was
numerically solved for two different coalescence
kernels and a critlical Weber number criteria for the
break-up probabllity.

With & coalescence probabllity proportional to
the sum of the bubble volumes it was found that the
interfacial area density first increases with vold
fraction, reaches a maximum and then decreases
monotonically. It was Interpreted that this behavior
corresponds to the <ifferent flow regimes that are
encountered with increasing void fractlon, |.e.
bubbly, slug and ~nnular.

With & coaslescence kernel proportional to the
square of the bubble radil and Yo the difference
between their Interfacial area the results were
simllar but the maximum of the number density appeared
st lower values of tlie vold fraction and the number of
bubbles was smaller for Intermediate and high vold
fractlons.
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