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Interfacial Area and Two-Phase Flow Structure Development Measured

. by a Double Sensor Probe

by

Waihung Leung, Shripad T. Revankar, YostuTu'ka Ishii, and MamoruIshii

Abstract

The interfacial area concentration is paramount important for modeling the interfacial

transfer terms in the two-fluid model. However, local inted'acial data is not widely available

due to experimental difficulties. Lacking local phasic knowledge, the two-fluid model

cannot be used to its full potential. Especially in the dispersed two-phase flow, the phasic

structure changes bofl_ in space and time. Duc to the complicated phase structures, the

distribution mechanism of the dispersed phase is not yet well understood. In the many

studies of dispersed two-phase flow, authors paid much attention to two-phase flow turbulcnt

model development in hopes that the phasic distribution mechanism might be resolved.

However, the existence of the dispersed interfaces modify the local the turbulent eddies in

the continuum phase. The knowledge ofthe interfacial geometry becomes indispensable

for modeling any hydrodynamic effects on the dispersed phase distribution. Hence, the

basic length scale for the interfacial geometries must be first studied in order to construct

an accurate constitutive relations of the interface transport in mass, momentum and energy.

In this report, wc studied the local phasic characters of dispersed flow regime both at

the entrance and at the fully developed regions. Since the dispersed phase is distributed

randomly in the medium and enclosed in relatively small interfaces, the phasic measurement

becomes difficult to obtain. Local probe must be made with a miniaturized sensor in order

to reduce the interface distortion. The double-sensorresistivity probe has been widely used

in local void fraction and interface velocity measurements because the sensors are small in

comparison with the interfaces. It has been tested and proved to be an accurate local phasic

measurement tool. In these experiments, a double-sensor probe was employed to measure

the local void fraction and interface velocity in an air-water system. The test section was a

5.08 cm id by 3.75 m height Lucite pipe. The advantage of the transparent section is that
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flow regime can be determined by visualization. Furthermore, local phasic measurements

can be verified by photographic studies. We concentrated our study on the bubbly flow

regime only. The local measurements were conducted at two axial locations, L/D = 8 and

60, in which the first measurement represents the entrance region where the flow develops,

and the second measurement represents the fully developed flow region where the radial

profile does net change as the flow moves along the axial direction. Four liquid flow rates

were chosen in combination with four different gas injex:tion rates. The superficial liquid

velocities were j, = 1.0,0.6, 0.4, and 0.1 m/s and superficial gas velocities were j, = 0.0965,

0.0696, 0.0384, and 0.0192 m/s. These combinations put the two-phase flow weU in die

bubbly flow regime. In this sequence of phenomenological studies, die local void fraction,

interface area concentration, sauter mema diameter, bubble velocity and bubble frequency

were measured.

One of the prominent phasic characters of the bubbly flow is the near wall void peaking.

The change dispersed phase distribution from entrance to fully developed region can give

some clue of what causes the dispersed phase accumulating near the wall. The detail

compari_n of the radial profiles between the entrance and the fully developed region are

presented. The comparison plots include radial profile of void fraction, interfacial area

concentration, sauter mean diameter, bubble velocity and bubble frequency. Since there is

not enough information for analyzing the local dispersed-phase distribution, the mean value

of the profile are taken by averaging over the cross section of the pipe. The average phasic

character plots are shown by the drift flux plots and the comparison plots of the average

void fraction, interfacial area concentration, and siiuter mean diameter between the two

locations (L/D = 8 and 60). Finally, the peak to average void ratio is plotted against the

average void fraction to show the percentage of the dispersed phase accumulating near the

wall region.

1. Introduction

The two-fluid model is regarded as the most accurate treatment of a two-phase flow

system, because it describes the phases separately in terms of the phasic conservation

equations in mass, momentum, and energy balance. Furthermore, the interaction between

the two phases are modeled by the interfacial transfer terms. These terms couple the two

sets of balance equations mathematically. It is expected that the two-fluid model can

,- _' _,,, i_l_l[,qfll,I.... rl'ir"ql_"'"l'_,_'_ "lllIl'""llUl'w'_,I....rl s!Ir',,l"_llll'_ll'='It.,, _,,,,,_!iI,,,rlqdmml,llr,lrI[iIl''lhlq,Fl)ll_rl¢i,, allr,_llU',,IIIFI"l,,",IIl_rlU'rlilr,¢,al,l',,,lll))i[[tN,,,,in,')i',,I,,,,,......
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accurately predict mechanical and thermal mequilibrium oases in a two-phase system.

Particularly, in transient or entrance flow, when phases are ageeleradng with respect to e.a_h

others, the inertia terms of eacI_ phase have to be considerma sepi_ffately. Henceforth, in

these case,s, the interf_ial _,ansfer t_rms must _ modeled _curalely md the local averaged

phasic character must Mso Ix: known in detail in order to build a sensible model to predict

the flow. The loom instam, description of d_c two-fluid model is difficult to model, beeause

it contains information of fast fluctuating fietis and phasic discontinuities. Th¢,rcfore, the

average macroscopic pmpeil:ies of the phasic flow fields are the more desirable and practical

way to exp1_ss a two.phase system. The choice of applying the average mcdlod is 'always

associated to the measur,_'men,_technique which one u_s. In our experiment, a local probe

is used. Si,nec the probe records the flow fickt fluctuation in the time domain, the measured

local phasic i.ntbrmatSon is useful for _e rime average form of the loca/tbrmulafion of the
two.fluid model.

A tk:ee-dimen sional two-fluid model has been o.V,r_nedby using temporal or statistical

averaging [2I. The average form of the ,:onservation equa.dons removes the phasic dis-

continuities and gives the average i.nteffacial transport description. The practical form of

temporal or statistical average two-fluid equationswere developed by Ishii (I975)

t

_t(am,)+ v. (a,p_v_) -. r'_ .., (I)
,j

Momenmn_

_'7(cqpkv_)+V. (c_Pkv_vk) =---ct,_'Pk+ _7. %(x_+ z'k)+%P_g

+ v_.F_,+ M_ - V% • '_,, (2)

d ' _ '

-_ (a,p,H,)+ V. (ct_o_H,v,) = - V. m (%+ _) + c__p_0t

I/

+ H_.F_+ q_ai + _ (3)



He,rc Fk, M,, % _, and Ok are the mass generation, generalized fluterfacialdrag,

ialterfacial shear stress, interfacial heat flux, and dissipation respectively. The subscript k

denotes kth phase, i.e. Rg for gas or k--Ifor liquid, and i stands for thevalue at the interface.

a_istheinterfacialareapcrunitvolume.Sincethethicknessoftheinterfaceisassumedto

be,infinitesimallysmallandithasno,sourcesorsinks,theinflowandoutflowoffluxmust

bebalanced.Thenitwillbeeasytoobtaintheaveragelocaljumpconditionsas:

EL = o (4a)

ZM_, = 0 (4b)

X "+ q_a_) = 0 (4c)
k

Therefore,constitutiveequationsforM_, "q_r,ai,andqaa_arenecessaryfortheinterfacial

transferterms.Theenthalpyinterfacialtransferconditionindicatesnatspecifyingtheheat

fluxattheinterfaceforbothphasesisequivalenttotheconstitutiverelationfcrr_,,ifthe

mechanicalenergytrmasfertermscanbc neglected.Thisaspectgreatlysimplifiesthe

developmentoftheconstitutiverelationsforinterfacialtransferterms.

By introducingthemeanmasstransferperunitarea,r_,rh':interfacialmasstransfer

termcanbedefinedas:
".it

rk = aimk ., (5)

the interfacial energy transfer term in Eq.(3) can be rewritten as:

11 II

FkI't_ + q_.iai = ai ( m_H_ + qki ) (6)
L'

The heat flux at the interface should be modeled as dae,driving potential for the energy
transfer. Thus,

q_ = h_ (T,-Tj,) (7)

where T_and Tk are the interfacial and bulk temperatures ba_cdon the mean enthalpy. A

similar tzeatmentof the interfacial momentum transfer term i _also possible. In the view of



Eq.(5),Eq.(6),andEq.(?),theimportanceoftheroleofinterfacialareaconcentrationinthe

interfacial transfer terms becomes apparent. Thus, in general, the interfacial transfer terms

are given in terms of the interfacial area concentration a_and driving force as:

(Interfacial Transfer Term) = a_x ( Driving Force) (8)

It is essential to make a conceptual distinction between the effects of these a_and the

driving force term. The interfacial area concentration is defined as the total surface area

per unit volume, in which it has the dimension as per unit length, lt characterizes the

interfacial geometry effects of the transfer mechanism. The driving force term characterizes

the transfer mechanism berveen the phases. In terms of modeling this interfacial driving

force, one must keep in mind that it must be expressed in an average form. In the other

words, the individual interface geometry and interfacial forces are not important, but the

mean values of these quantities are used for modeling the system's interfacial geometry and

forces balance. Especially in the dispersed two-phase flow, the interfaces am scattered and

they are fluctuating both in space and time. The average quantifies are more practical way

to present the macroscopic interfacial geometry of a two=phase mixture.

In dispersed two-phase flow, the chm_acteristic length scale for modeling the interfacial

momentum transfer term is the diameter of the individual bubble, droplet, or particle. One

of the important length scales sauter mean diameter Dm which is defined by [4]:

6Ba
D,_, = --- ' (9)A, .,

where Bd and Ai are the volume and the surface area of a typical fluid panicle respectively.

The number density Nd of the fluid panicle is given by:

N,, = (Z..dd (10)
Bd

v here o_dis the dispe_ed phase volum-, fraction. We can also define the interfacial area

concentration a_by:

a_ = NdA_ (11)



In terms of the dispersed phase volume fraction and the interfacial mea concentration, the

_uter mean diameter can be defined as:

6ad
D,., = -- (]2)

a_

The sautermean diameterrelatestootherlengthscalesindispersedflowandaredi_ussed

inreference[9].

The temporal or statistical average of the two-fluid model conservation equations are

presented in this section. For engineering applications, the detailed local character" of the
void fraction and interfacial area concentration must Fu-stbe obtained. Before we can

measure these local parameters, the local interfacial area concentration mast formulated in

terms of measurable variables. Furthermore, the associated measurement techniques must

be defined in order to make a meaningful local interpretation. In the following section, we

will discuss the theoretical argument of the time average measurement of the local interfacial

area concentration. Here, only the outline of the derivation is presented, for more details

see references [2] and [5].

2. Local Interfacial Area Concentration Measurement

If a small control volume of a two-phase flui_ mixture is drawn, the interfacial area

concentration is defined as the average surface area per unit volume. However, in adispersed

flow this simple definition is not useful for practical applications because the interfaces are

sauted into many closed boundaries of individual fluid par_._cles, in which it is difficult to

measure. The local instant interfacial area concentration in terms of measurable quantity

must be obtained t-n'st. Now, considering only the bubbly flow, the interface of a bubble is

represented by a surface function f(x,y,z,t)=0. The local instant interfacial area can be

defined as [2]:

ai(Xo, Yo, Zo,t) = [ Vf(xo, Yo,Zo, t) l S(f(Xo, Y,,Zo, t)) (13)

where (x,y,z) is an arbitrary position, and 8 is the delta function defined as:

8(ri) = (14)
0 for _=



Eq.(13) shows that the instant local interfacial area concentration can be obtained if the

instant local surface gradient is known. However, this gradient is impossible to measure

by any practical mean. Furthermore, in a dispersed two.phase flow, the interfaces are not

. stationary. Mathematically, the delta function gives a pulsewhen an interface function goes

to zero which means an interface exists at this location and time. In bubbly flow, at a fixed

location, one observed achain of pulses with values fluctuating discontinuously with time.

lt gives no useful informationof the macroscopic interfacial character. Therefore, we must

fix'stfind the measurable representation and then a temporalaverage local interfacial area

concemratio_ can be used.The time average interfacial area concentration is given by [2]:

I_{ ,Vj_l } at(Xo, Yo,Zo) (15),(Xo,Yo,Zo) = -._ i _fi/3t I

The advantage of using this time average interfacial area concentration formulation is that

the local measurement technique can be implemented. One can obtain the relation [5]:

IVf_l 1
= (16)

13f/3t I i v0cos_j i

where v_jis thevelocityofjth interface and _ is the anglebetween the velocity ofjth interface

and the surface unit nomaal as shown in Fig. 1. Eq.(16) shows the relation between the

interface gradient and the interfacial velocity which is now a measurable quantity. Sub-

stituting Eq.(16) into Eq.(15), the time average of interfacial area concentration becomes:
"'11

11 (_) { j_. lvq Iteo,, }"a:(x.,,,yo,Zo) = gq_lVi/IcosCJj = "-_ ......(_3 _ (17)

Let tj be the time location where the sensor intercepted with the jth interface, T be an

arbitrary time when the sampling started, and f_ be the duration of the sampling, then

sequential interface-interception events are marked by T<...._t<x.j<_l.....<T + D.. Let'e be
the average interval of the between events and it can be defined as:

1
lim------ ]_ it/+- (18),-.-2n+li=-.,, t t/I = x



nj _j

jth interface

Fig. 1 Angle Between vii and nj



and for large _, one can obtain the following relation:

Substituting Eq.(19) into Eq.(17) yields the time average interfacial area concentration as:

I- t 'h.,
i(Xo,Yo,Zo) = .... (20)

xl v,Icos_)

. The over bar denotes the arithrnedc mean of the reciprocal of the interfacial velocity which
is defined as:

1 ivqleos*j

Iv_lcos_ (21)

Assuming vUand cos_ have no statistical correlaticn between them, themean of thevelocity

and the mean of the angle can be evaluated separately:

1 (22)
Iv,lcosO = _ c-_s¢

where

and

-T-
= (24)

Let v_ be the velocity of and njbe the unit normal of jth interface (see Fig. 2 and 3).
In a given co-ordinate system, the velocity vector makes an angle or#with the z-axis and its
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,,,j
X

Fig. 2 The co-ordinate and angles of velocity vector

._N
X

Fig. 3 The co-ordinate and angles ofjth interface unit normal
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projection on the x-y plane makes an angle _ with the y-axis. In the same system, the unit
normal makes an angle l.t_with the z-axis and its projectionon x-y plane makes an angle v_

with the y-axis. Then angle between v_jand njcan be.expressed as:

I = v.nj

= Iv_jI(cos ot_cos _i + sin ot_sin g_eos(r3j- gj)) (25)

Substituting Eq.(24) and Eq.(25) into Eq.(22) and if the number of the sample is large, the

summation can be approximated by an integral. Then, the harmonic mean of the normal

interfacial veloc_ojis:

Iv, [cos-"----_= (coso_cos_+sinotsinl.tc0s(13 v)) (26)

where P(ot,13,It,v) is the probability density function of _ [3, It, and v. However, this

formulation requires a complete information of _ threecomponents of the velocity vector.

A three double-sensor probe is needed to measure the velocities of each independent

direction. Practically, this is difficult to implement due to the relatively large probe size

compared to the bubble size and the limitations of thedata acquisition system. Nevertheless,

it may not be necessary to have ali three components if the statistical behavior of the bubble

velocity is known. In order to obtain a simple form of the density function, the bubbles are

assumed to be perfect spheres, and the x _ y component of v_jis random. Under these

assumptions, 13and v take on any v',duebetween 0 _nd 2n with equal probability, and it is

also reasonable to assume that 13and v are statistically independent of each other. Fur-

thermore, the two-phase mixture is flow mainly in the z-direction. In other words, the

z-component of v_jis large in comparison with the x- and y-direction velocity components,
therefore, itmeans that c_shall be small. Thentheprobabilitydensity function can be reduced

to:

1

P(_.,13,I.t,v) = _g(ct)sinl.tcosl.tdadl.td(13-v) (27)

where

{l/ao for 0<_o__<_,, }g (o_) = 0 for ao _ ct <_.td2 (28)
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Double Sensor Probe
•. S_ s°_

x3_e_6 xSe_°t

, nj
ns_

interface

Fig. 4 Double Sensor Probe and jth interface
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where ¢Zois maximum angle that vq makes with the z-axis. The above statement means that

a is randomly distributed between 0 and cto. Before we discuss how to determine ao, let's

first talk about the actual velocity measurement by a single double sensor probe.

The orientation of vu is described by P(cz,[3,It, v). The probability density function is

determinedbythevelocityfluctuationinthemainflowdirection.Letn,betheunitvector

wheretheupstreamanddownstreamsensorarcaligned(seeFig.4),anditmakes anangle

_#withtheunitnormalofnjandthejthinterface.The _o sensorsareseparatedby Asand

itissmall.Then v,jisthemeasuredvelocityassociatedwiththejibinterface,whichis
definedas:

As

v,_ = _ (29)

whc1"eAt_isthetimelagofjthinterfaceinterceptingtheupanddown streamsensors.Ifn,

isalignedwiththez-axis('Eg.n,= n,.),themeasm'edinterfacialvdocityisvm. The relation

betweenthemeasuredvelocityandthenormalinterfacevelocityofjthinterfaceis:

l v= lcos = Iv jlcos j (30)

Since the probe is in the z-direction, one can easily see that from Fig.4 this relation becomes:

cos_/ = cosOj (31)
,._

Assuming no statistical correlation betweefi vii and I.tj, then the measured v,j and the

interfacial velocity vii are related by:

T = ffff(cosctcos_t+sinasin_tcos(_J-l.t),

In the view of Eq.(32), Eq.(25) and Eq.(15), the time average interfacial area concentration

is given in terms of measured interfacial velocities. Then the probability density function

can be expressed as:
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"-' -. , .... (33)a _(Xo,yo, Zo) = 1 _.) p.)

where0_ct, g<rd2, and0<[_, v<2_,

Substituting the probability density function into Eq.(33), then carrying out the hate-

gration, one earl obtain the following result:

a_(Xo,yo, Zo) = (34)

- - '*°ln(sin_)

The resulting equation states that the time average locai interfacial area concentration can

be comput_ ifvalues ofv,_j,Nt and ctoare given. The harmonic mean of v_ and Nt,number

of bubbles per second, areobtained directly _om the experiment. _o can be estimated from

the statistical parameters of the interfacial velocity. The basic assumptions are that the

bubble is spherical and the probe intercepts the upper hemisphere of tke bubble randomly,

and this random process of the liquid phase turbulent leads to the result that the fluctuation

of the va, vi_,and v_,are homogeneous, and ct° is given by [5]:

sin 2O_o 1-(_ /I'_, r)
= (35)

2O_o 1 + 3(_ /I"_, I_)

where o', is the standard deviation of v_,,wh:ch is defined as:

__ 1 X(v," - v_ )z (36)

Thus knowing the average velocity in the z-direction and the average fluctuation, ct°can be

determined. Henceforth the time averaged local interfacial area concentration can be cal-

culated by the relations given by Eq.(34) and Eq.(35). The double-_nsor probe measures

the z-direction interface velocity v_,and c, is obtained by Eq.(36).
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The derivation of the time average local interfacial area concentration in terms of

measurable quantities is presented. The question is whether the time average value is truly

the local phasic character of the two-phase system. This can be _nswcred by the ergodic

theorem, which shows that if a system is stationary, the time average is equivalent *.othe

spatial average. Therefore the measurement in the time domain cmt give the correct

description of the spatial phasic character. The detailed argument of the ergodic hypothesis

can be found in references [2] and [5].

3. The Local Measurement Method

The resistivity probe is widely used for local void fraction and bubble velocity mea-

surement, lt was f'n-st introduced by Neal and Bankoff [i0] in measuring bubble size and

velocity. The double-sensor resistivity probe was also used by Park ct al.[l I], Rigby ct

+ al.[12] for determination of the bubble parameters in three-phase fluidized beds; by Hoffer
a

= and Resnick [13] for finding the steady and unsteady state measurement in a single bubble

system; by Serizawa et a1.[23], Herringe and Davis [19] for studying the local phasic profiles

development of air-water two-phase flow. Veteau [16], Burgess and Calderbank [14],

Sekoguchi et al.[17], Kataoka and Serizawa [5] and Buchholz ct al.[18] measured bubbly

flow characteristics and the local specific interfacial area in gas-liquid systems. Ishii and

: Revankar [8] used the double-sensor and multi-sensor probe to measure the local void

fraction and interfacial area concentration, v_rifying the average values by the pressure drop

+ measurement and the photographic technique. In most of the cases, the double sensor probe

is aligned with the mean flow direction, therefore, only the axial component of the velocity

is measured. The theoretical principle of the local interfacial area concentration measure-.

- ment was given by Kataoka ct a1.[5] and was outlined in the previous section.

: The basic principle of the resistivity probe measurement is quite simple. More detail

of how it works will be given in next section. Basically, when the sensor is resident in a

: different medium, it gives a different voltage output (see Fig. 5), The high output voltage

indicates the sensor is inside a gas medium while low output voltage indicates the sensor is

inside a liquid medium. The time trace of the sensor signal is also shown in Fig. 5. First,

we look at the upstream sensor signal alone. If the jth bubble hits the upstream sensor, the
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time marks .t_ as the instant when the voltage jumps from low to high+and _ as the instant

when the voltage jumps from high to low. Then A_ is defined to be the time of the sensor

spending inside thej_h bubble:

A'rj = [t_,j-t_l (37)

If _l is the total sampling time and N, is the total numb_ of bubble, s detected by the upstream

sensor, the void fr_rion can be,defined as'

I N,

where (x,,yo,Z,) i._the upstream sensor location. Eq.(38) gives the value of the tixne average

local void fraction. Only the upstream sensor signal is used for evaluating the local void

fraction. The downstream sensor usually gives a lower value of void fraction because the

upstream sensor hinders the bubble reaching the downstream sensor. Thus, the void fraction

measurement from the downstream sensor is not acorn-ate at all.

The previous section shows that the ftme average local interfacial area concentration

can be.computed from the measurement of the axial interfacial velocity. The double sensor

probe is equipped to handle the velocity measurement. The downstream sensor is located

at(x,,,yo,_+As). If Atj is the dme d_fference of the jth interface hitting the upstream and

downstream ser,,sors, then the velocity of the interface can be measured as:

As -,

v,,j = At'_ (39)

Let N_, be the total number of bubbles himng both the upstream and downstream sensor,

then the harmonic mean of the axial velocity is given as:

"--(-- i N,, I
: ----- = --- E--- (40)

[v_, I Nt_/,,o vi,j

We also need the mean axial vclocity which is given by:

v,, =
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The standard deviation is computed by Eq. (35). Then o_ can Ix: obtained by iterating on

Eq°(36) until the left hand side is equal to the right hand side. The time average local

into-facial area concentration is given by:

4N, _ 1

a'q(Xo,yo,Zo) = .... "° - tan -sin T: 1 -cot_ cos T

In real measurement, there is no guarantee that the bubble intercepting the upstream sensor

must hit the downstream sensor or vice verse. The reason for this is that the sensors arc

separated in a finite distance and a bubble is free to _o in any direction. The nonassoeiated

signals cause error in velocity measurement. A criterion must be set to ensure the sign',als

from the downstream sensor represents the same interface that hit the upstream sensor in

earlier time.

1) Minimum w_,.l_l_

Since the interface cannot be intercepting both sensors at the same time, a time interval

must be waited by the downstream sensor. The maximum velocity that a bubble can

travel is the shortest waiting time that the downstream sensor detects the same

interface.-

+ 2) Maximum _waiting time

' When the slowest bubble hits the upsa_tm sensor, it ta_kesthe longest waiting time

tor the downstream sensor to detects the same interface.

3) Compatible resident time

+ The resident time of a bubble in the upstream sensor and downstream sensor should

be comparable (30%) to ensure that the sensors detect the very same bubble. Hence

the widths of the recm.ngular pulse from both sensors must satisfy the condition:

I (t_-.. t_) - (tee - t_) I >_ 30% (42)
(t_ - t,,j)

-_.

The sauter mean diameter, defined in section 3, takes on the spatial average form.+

- Now we use the definition provided by Eq. (I2) but the local three ave_xtge value is used

instead:
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)_. .....
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Fig.6 DoubleSensorProbeDesignSchematic

./ (0.48mm LD./0.68mm O.D,)
/

5 MinumEpoxy_'/ n Sle_we

7"3T __,// 0.12 mm Plalimm_13% Rhodium wire

Fig.7 The SensorsDesignSchematic
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2O

6a(Xo,yo,Zo) (43)
yo.o) -- X.iXo.yo.Zo)

where the void fraction and interfacial area are obtained from the local temporal average

measurement. In this case, it is the local mean diameter of the bubble at location (x,,yo,Z0.

4 Local Instrumentation

4.1 Double Sensor Probe

The principle of resistivity probe is very simple. The sensor makes an electrical contact

to the surrounding fluid. If the surrounding fluid is a conducting medium, it connects the

sensor to the grouted. Thus, the probe output voltage is proportional to the ratio of the

medium resistivity and the biasing resistor (see Fig,8). Since different fluids have different

characteristic resistivity, the output voltage changes according to the resident fluid between

the sensor and th¢ ground. In this way the differentphases can be detected according to the

output voltage if the fluid resistivities are known. In an air-water system, water is a good

conductor compared to air. This system is much simplerthan the multiphase system because

there are only two distinct voltage levels. The Equivalent electric circuit is shown in Fig.8.

Resistivity probes can be used for the bubbly flow local phasic measurement.

4.2 Probe Design and Biasing

The sensor basically provides the electrical con_tactbetween the external conducting

medium and the biasing circuit. Thus, it must be made by good conducting materials such

as brass, gold or platinum. On the other hand, the sensor wire must be thin but stiff in order

to pinch through the bubble interface without creating much distortion. Furthermore, the

water environment is very corrosive. The sensor tip must be a metal alloy which is elec-

trochemically stable. In the past, the sensor was made by a stainless steel neextle. Due to

the electrochemical effect, the sensor tip could be completely dissolved in the water within

two hours. We find that a platinum wire with 13% rhodium is a good choice. A thin wire;

provides enough strength and is con'osion proofin a water environment. Most of the probes

that we used in the experiments could last retire than a month and the failure was usually

caused by the break down of the insulating varnish. The sensor design is shown in Fig.7.

!

a
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_ Probe _ L-Z,.==-=.."_Vout

5 M:)c-==.

- S

Bubble iRt. .

Fig.8 The Equivalent Circuit of the Resistivity Probe.
(S is opened if sensor states in gas phase, and
S is closed if sensor states inside Liquid phase)

Fig 9. The Trace of the double-probe signals ( On top is the signal
from the up-stream sensors and the fast pulse is roughly
3.3ms, and at the bottom is the signal from downstream sensor) )
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It is made by the platinum alloy wire with diameter 0.12mm and insulated by the varnish

to the very tip. Then the insulation is stripped away by a racer blade and the exposed length

is roughly 2 to 3 times the diameter. The barc tip makes the electrical contact to the water.

The design of the double sensor probe is shown in Fig.& The sensor is inserted into

a Teflon sleeve to ensure that it is well insulated from the surrounding metal parts and the

sensors must be totally insulated from each other to avoid cross interference. The two sensors

arc hold together and keep in position by a small stainless tube. Then the whole unit is

inserted into other tubes with larger diameters und/it can fit into a brass tube with 3.175

cm OD (1/8"). The larger brass tube gives a stronger su'ucun'al support to the sensors in a

flow. The metal tubes and the sensors are glued together by epoxy which is also the water

seal of the probe. The miniaturized sensors reduce the obstruction of the flow and they can

detect the bubble interfaces with minimum distortion. The electric connection is made by

soldering the other end of the sensor wire to a copper wire lead. The detailed dimensions

of the probe is given in Fig.5.

The biasing circuit that is used in this experiment is the simplest one (see Fig.8), A 5

VDcsource supplies the biasing voltage. An adjustable resistor Rs is connected in series

with the sensor Z; where Z is the characteristic impedance of the sensor. The bias resistor

is adjusted to give an optflnum output signal voltage. Between the sensor and the ground

is the fluid media which is modeled by a simple resistor Rt,. The Vo_ is the voltage reading

between the sensor and the ground. The switch S represent thestate of surrounding medium.

If the sensor is resident in the liquid phase, the circuit is closed and the voltage output is
" 9

low. This is thesame as having switch S closed in theequivalent circuit. When a gas bubble

hits the sensor, the circuit continuity is broken. Then the output registers a high voltage

which is the same as having S open in the equivalent circuit. The voltage output difference

discmninates the phases passage of the local point in time domain. Thus the history of the

local phasic character is recorded. Let As be the separation of the two sensors and tj be

the time lag of the jth interface hitting the downstream sensors after it passed the upstream

sensor, the interfacial velocity is then obtained by Eq.(26).

4.3 Signal Processing

The wetting and dry-out of the sensor due to the surface tension effect case the signal

delay of the interface detection. Furthermore, if the electrical voltage changes stepwise, the

circuit dees not respond instantaneously. A time delay is characterized by a fixed time
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constantwhich is related to the probe impedance.We can lumpboth effect togetherand

assignacharacteristicimpedance(Z hl Fig.8.) If the time constantislarge, the rise time or

thefalling time will be a significant partof the signal itself. The tracesof the probe signals

arcshownin Fig.9. We can seethat therise time of the signal ismuchlongerthan the falling

• time. The transition from liquid phaseto the gasphaseshowsthevoltage signal delay much

longer, in which it means the dry-out time is much longer. Any signal processing scheme

must account for the portion of the rise time to ensure the void fraction measurement is

correct. In our experiments, the signals are digitized and stored in the computer by a

MetraByte DAS-20 data acquisition system. A threshold level is set to be the mid-level of

the voltage difference in order to signify an interface hit. However, the location where the

interface hit has traced back to a point where the voltage rises to 10% above the noise level.

Then the signals are rectified to a train of rectangular pulses containing only l's and 0's and

they are stored and processed by a computer program. "1" represents the gas phase and "0"

represents rbe liquid phase. The processing subroutines are implemented by using Eq.(9),

Eq.(32), Eq.(33), Eq.(34), and Eq.(35) and the theoretical arguments are given in section 3.

The output of the program gives the results of time average local void fraction, interfacial

area concentration, sauter mean diameter, interface velocity, and bubble frequency.

5. The Test Section and Instrumentations

5.1 The Test Section
,.lh

• ,

A schematic diagram of the air-water loop is shown in Fig.10. The test section is made

of a Lucite extruding tube. The mbe is 5.08 cm id and 3.75 m height. The advantage of

using the u'ansparent material is that the flow visualization is possible and photo_p'aphic

technique can be used to verify the local measurements [8]. The loop is capable of

experiments for both upward flow and also downward flow. In this report, we only consider

the upward co-current flow cases. Water is injected into the mixing house where the bubble

generator is located. A pump is used to provide the necessary forced convection flow.

The bubble generator is made of a sintered stainless steel tube with a porous wall and

the porous size is 40 microns (see Fig.11). The size of the bubble generator is 2.54 em id

and 15 cm in height. Air is injected through the lower chamber from a prcssmSzed storage

tank The chamber acts as a buffer to avoid any sudden pressure fluctuation. Bubbles are

grown on the porous wall and sheared offby the water flow near the generator. After mixing
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Convergent Channel
(to 2 inch pipe)

Mixing Chamber _ "'

Water t:_ ___.'--- f.._ _ Water

l'__ Porous Sintered Metal Tube
_ ......_ -porous size • 40 micoms

-diameter (od): 2.45 cm
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o
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' t
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Fig. 11 The Bubble Generator Design Schematic
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togetherinthemh:inghouse,theair-watca"two-phasemixtureflowsupwardthroughashort

convergentsectionintothetestsection.Thistypeofbubblegeneratordotsnotgiveasinglc

bubblesizebutasizedistribution.From theexperimentalresults,itshowsthattheaverage

bubblediameterdeesnotdependontheliquidflowrateexceptattheverylow supc_cial

liquidflow(Jt= I0cre/s).The averagebubblediametermeasuredisroughly3.8mm. and

theaveragediameterincreasesslightlyasvoidfractionincreases.Inthej_= I0cm/scase,

theaveragebubbl,_diameterchangesquitedrasticallyto5 to6 mm. The reasonforthe

changeisnotyetknown sincetheexactbubblegenerationmechanismisnotcompletely

understood,ltma,ywellbeduetothebubblescoalescingattheentranceregion.However

inthisreport,theknowledgeofexactbubblecharacterisnotneeded.
t

5.2Flow RateMeasurements

5.2.1SuperficialGas Velocity

The averageairflowrateismeasuredbya flowmeter(seeFig.10).The volumetric

flowratecanbereaddirectlyfromtheflowmeterandthesuperficialgasvelocityiscalculated

by:

Q,
s,=-X

whereO.aisthevolumetricflowratereadfromtheflowmeterandA isthecross-section

areaofthepipe.Sincethegasflowmeteriscalibratedatacertainpressure,whichmay be

differentfromthecxpcrimcntalpressurecondition,theactualflowratemustbecorrected

fromthemeter'svalue.The gasisinjectedintothesystemfromthepressurizedthetank,

theinjectionpressureisroughly7.8psiginallourexperiments.The correctionrelationis

givenby:

whereQ_ isthegasflowratereadfromthemeter,P=iisthepressurewheretheflowmeter

iscalibrate,d,andP_jistheinjectionpressurewheretheflowmeterisused.Since,gasisa

compressiblefluid,thepressm'cchangewillcausethegasvolumechangeroughlyaccording
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to the prefect gas law in a low pressure system. And the pressure head of the 3.75 m height

two-phase mixture column is significant from the bottom to the top of the test section. The

localvolumetricflowrateisthencalculatedby:

P_"+ P_ (46)
' Qs(h) = Qs Pc,_+p,,gh

where h is the distance from the top plenum to the probe local, and p,, is the average two-phase

mixture density. In most of the plots the superficial gas flow rate is given in local value

that is calculated from Eq.(46).

5.2.2 Superficial liquid flow rate

The liquid volumetric flow rate is measured by the pressure drop across an orifice (see

Fig.10). The pressure drop AP_,, is measured by a manometer using a fluid with specific

gravity equal to 2.95. The equation of conversion is:

C_Ao .x _ (47)
Jr = p-"_ _/ 1._7+

where Ao, CD, 7, and p are the orifice area, frictional coefficient, area ratio and density of

the fluid (in our case is water) respectively. The orifice size that we used is Ao = 4.256x10 "4

m2. Ct) is calibrated by experiment. 7 is the area ratio between the or,rice and the pipe size.
"9

,.11

6. Experiment Results and Remarks

6.1 The Experiments

The local measurement is done by a double sensor probe that is described in section

5.3.2 and 5.3.3. The probe is inserted into two axial location at L_ = 8 and IJD = 60. The

first location represents the developing zone and the second location represents the developed

zone. Local parameters such as void fraction, interfacial area concentration, sauter mean

diameter, bubble frequency, and bubble velocity are recorded by the local probe mea-

surement. The double probe is mounted on a micrometer traveller which gives the reading

of the radial location. Roughly, 12 to 16 radial locations are scanned on each set of

measurements. The radial distance is 1/10 of an inch at r/R < 0.7. When the probe is moved
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closer to the wall the radial distance between scans is roughly 1/40 to 1/20 of an inch. This

is because we know that the local void profile changes more rapidly at the near wall range.

The probe signal is digitized and processed by a computer program. The signal processing

subroutines are implemented by the algorithm given by section 4. Four different liquid flow

rates are measured in combination with four different gas injection rates and they are listed

as follows:

1) The superficial liquid flow rates jt = 1.0, 0.6, 0.4, and 0.1 m/s

2) The superficial gas flow rates jg = 0.0965, 0.0696, 0.0384, and 0.0192 rn/s.

One must notice that the superficial gas injection is the flow rate read at the injection point

while in most of the plots the superficial gas flow rates are given at the specific axial location.

At the same time, the pressure drop across an axial distance is measured before each

experiment. Using the homogeneous model, the average void fraction can be computed

from the pressure drop data. The agreement is very good. Then area average void fraction

is computed from the local void fraction that is measured by the probe. Thus the local void

fraction measurement is checked with the global measurements in order to ensure that the

probe measurement is correct (See Fig I2.a and 12.b).

6.2 Local Data Presentation

There are a total of 16 sets of data from each axial location. First the local data is

grouped by their superficial liquid velocity and prt_sented in Fig 13 to Fig 20 and four

different gas flow rates are given as the independent parameters. The radial profile of void

fraction, interfacial area concentration, sauter mean diameter, bubble frequency and the

bubble velocity are plotted in different graphs (from a to e respectively). The open symbols

are assigned to the data points taken from the entrance region (IJD = 8) while the filled

symbols are assigned to the data points taken from the developed region (L/D - 60). We

keep the same symbol for the same liquid flow rate all along. This set of plots shows the

effect of the gas flow on the radial phasic profile with a constant liquid flow rate.

Secondly, the same sets of data are grouped by their superficial gas velocity as pres-

ented in Fig 21 to 24. Only two superficial gas flow rates are picked (is-- 0.0965 and 0.0192

m/s) and ali four superficial liquid flow rates are given as the independent parameters. The
r
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samefivelocalparametersarcplottedandthesame symbolassignmentsasinthef'trstset

ofplotsaremade.Inthissetofplots,theliquidflow effectontheradialphasicprofileis

shown whilethesameamountofthegasareinjectedintotheliquid.

The lastsetofthelocalparameterplotsisthecomparisonoftheradialprofilebetween

the LA) = 8 and the L/D - 60 (See Fig.25 to.4zt). The radial profile of the same five local

parameters are plotted. This comparison shows how the bubbles redistribute themselves

and how their sizes change in the developed region.

6.3 Observations

6.3.1 Constant Liquid Velocity

The local profiles behave very much alike for the jt -- 1.0, 0.6 and 0.4 m/s both at the

entrance and the developed regions. At the entrance (L/D = 8), ali the radial void fraction

plots show the typical bubbly flow profile--the void fraction peaks at the near wall region.

The void peaks at roughly r/R = 0.85 to 0.90. Furthermore, a small hump of void peak is

also found at the center core. It behaves as if there are two layers of liquid flow and has the

boundary at roughly r/R = 0.775. However, the center hump disappears at the developed

region and gives a very flat center core void distribution which agrees with other authors'

observations [21 & 26]. The local interfacial area concentration behaves much the same as

the void fraction profile and it also peaks where thq void is peaking. This means there is

no significant coalescing at the near wall region. "I_aisargument is also supported by the

plots of bubble frequency. The number of bubbles detected near the wall goes up with the

void fraction. It implies that the increase ofvoid fraction is due to the increase of the presence

of bubbles. However, the sauter mean diameter profile also goes up from roughly 3.2 mm

at the center core to 4.8 mm at the near wall region.. The diameter ratio is less than two.

Then the increase of the sauter mean diameter may be due to the orientation of the ellipsoidal

bubble changing from oblate to prolate. Actually, the bubble major axis aligning with the

gradient of the velocity field was observed by other authors. The velocity gr-adiem should

be steeper at the near wall region. Lastly, the bubble velocity measurement is vex3,close to

the theoretical value [3] at the center core. However, it is lower than the prediction at the
|

near wall region and it has a jump at roughly r/R = 0.775. In the Jr = 1.0 cm/s case, the

velocity drops almost 15 cm/s from the center line value. There is no obvious explanation
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Fig. 14.a. The rad.ialpro£fl¢ of void 'fraction for _iz-wat_ bubbly flow at Jl = t.0 m/s and
L/D = 60.
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Fig. 17.a. The radial profiIc of void fraction for air-warm"bubbly flow at Jl = 0.4 rn/s and
L/D=&
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Fig. 18_a. The radial profile of void _actio1_for air-water bubbly flow at Jt= 0.4 m/s and
I./D --60.
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of the discontinuity. The jump gets smaller and smaller as the superficial liquid velocity is

reduced. The phasic character at L/D = 60 is almost the same as the entrance region except

it shows a flatter profile at the center core.

The j_= 0.10 m/s case behaves quite differently from the others. At IJD = 8, the radial

void distribution also shows a typical bubbly flow profile, near wall peaking. In the jg =

0.118 m/s case, the peak of void fraction is exceeding the limit of 30% [9] for the slug flow

transition. The near wall peak diminishes as jg decreases at the entrance region. When the

two-phase fluid reaches the axial distance L/D = 60, the near wall peak reduces to a negligible

value compared to the center core void. The void fraction distributes quite evenly at the

center core and decreases as it approaching the pipe wall for the Js = 0.054 and 0.027 m/s

cases. On the other hand, for the j, = 0.118 and 0.084 m/s cases, the void peaks at the center

core which is the character observed at the slug flow mad at the transient. As a matter of

fact, the bubbles agglomerate together to form a bubbly slug at the developed region but

there is not a single slug bubble observed in these experiments. The bubble fl'equency plots

conf'nTn that the void peaks at core region due to higher bubble concentration at the

center-line. If the flow goes further downstream, it probably will change to slug flow.

However, the test section is too short for the slug flow to be developed. The Interfacial area

concentration goes much the s:uue way as the void fmcdon both at L/D = 8 and I.jD = 60.

The sauter mean diameter measurements are quite scattered but in average they are larger

than the case of higher liquid velocity cases and range from roughly 3 mm to 6mm. At L_

= 60, the average sauter mean does grow bigger in all regions. This may indicate that the

bubbles coalesce as the flow is developing.

6.3.2. Constant Gas Velocity

In the second sequence of plots (see Fig.21 to 24), data is grouped by their superficial

gas velocity. In each group of the plots, the gas injected into the system is the same but the

carrying liquid has different flow rates. The higher the liquid velocity, the lower the average

void will be, which is shown in the void fraction plots. At the entrance, the relation is correct

in both the core region and the near wall region. In the developed region, the relation is

generally true. However, if we examine the plot a little more carefldly, we fund that in the

jr = 1.0 m/s cases the void peaks higher than in the Jt = 0.6 m/s cases in both gas velocities
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Fig. 22.a. The radial profilc of void I_'action for air-wat_ bubbly flow at Jr = 0.0965 rn/s
andL¢13=601
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while their average void fractions are lower than in the 0.6 m/s cases. This shows that the

liquid velocity can push the higher void peaking at the fully developed region. A more

detailed analysis will be given in the average analysis section.

The sauter mean diameter plots show no observable trend of dependence on the liquid

flow rate. However, in the j, = 0.1 m/s cases, the measured tauter mean diameters are

consistently larger than the others, both at the entrance and fully developed region. One

more remark, in the jt = 0.1 m/s and the Js = 0.118 m/s case, the tauter mean diameter

decreases monotonically as it approaches the pipe wall which is different from the rest of
the cases.

The radial velocity profile more clearly shows that there is a velocity discontinuity at

roughly r/R -- 0.775 in all cases. It becomes steeper and more obvious in higher liquid

velocity flow. Furthermore, one can see that the measured bubble velocity goes up a little

as the probe moves closer to the wall in all cases and in both the entrance and fully developed

region. Once we thought that the increment was due to measttrement error, however, this

may not be the case. Because the near wall velocity distribution does not show much

difference from the center core distribution and it is very repeatable measurement. Fur-

thermore, the interfacial area concentration measurement relies on the velocity measurement

which shows a consistent behavior at the near wall region. Therefore the measurement error

argument doesn't stand. It is suspected that the bubble actually moves faster when it get

closer to the wall. Because a thin liquid film acts like a lubricant so that bubbles can slide

faster along the pipe wail. More evidence is neede_ to prove this case.

6.3.3 The Comparison Plots

The comparison plots are grouped by the liquid velocity. The detailed radial profile

comparisons are self-explanatory. However, a general discussion is given in a few cases.

First the radial void profile, void peak is getting smaller _n the fuUy developed region than

at the entrance region in most of the cases. However, in the jr = 1.0 m/s case, the void peak

is getting bigger in the fully developed region. It seems in higher liquid velocity cases the

bubble is pushed to the wall region as the flow is developing.
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6.4 The average characters

6.4.1 The Drift Flux Model

Since the local liquid flow character is not measured and there is a lack of interfacial

transport modelling, we do not have enough information to analyze the local phasic dis-

tribution phenomenon. The quasi one-dimensional model requires no interfacial infor-

mation and smears out the detailed local phasic parameters by the average volumetric flux

representation of the two-phase flow. The basic average one dimensional analysis is given

by Zuber [28] ant' Ishii [1]. The drift flux relation:

<j_>
= Co <j >+<V_> (48)<or>

where the j_, j, Co, and Vn _trethe superficial .gasvelocity, total volumetric flux, correlation

coefficient, and drift velocity respectively. The angular blanket represents area average

value on the transverse direction. The area average values can be calculated from the local

radial profile by a numerical integration method. A simple rectangle rule was used to obtain

the average value and the data points were the height of the rectangle stripes. The correlation
coefficient is defined as:

< aj > f,_ a(r)j(r)ds
Co = = (49)

<ct><j> fAa(r)ds fAJ(r)ds ,

where Coaccounts for the void fraction profile effect on the total volumetric flux. The drift

flux plot is shown in Fig. 46. The average gas velocity is plotted against the total volumetric

flux. The slope gives the value of Co and y-interception gives the gas phase drift velocity.

The recommended value of Cois 1.2 for bubbly flow. The best fit of the experimental data ,i

gives the slope Co = 0.7 and the gas drift velocity is equal to 20 cm/s. It is expected because

the correlation of the void distribution and the velocity profile in bubbly flow case should

be smaller than one. At the entrance, the data points fit quite well with those values since

ali the void profiles show the wall peak. However_ in the fully developed region, the lower

volumetric flux cases, the data points converge toward Co= 1.2 which is the value for the

center core void peaking correlation.

I( "' "' "ipr rl._pl ....II,r,ft1'I11!i? , ',ii_....... "'_IIIv,ril_IUITl'r_....="= "_P" "I'' llll,,l,=r,lr,l_,=_i ,'q,rl,r=,,'' 'II, 'Ir_rpllr_......,,," _.' ,_,' IrIl,TI _I,,i_=,,,,......ll_,l,I,rll_El'IIIIali,ii_=_nlrllr....,,,r_'=lll,Ira,II
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6.4.2 Comparison of Average Values

The fbllowing two plots (Fig. 47.a and b) show the comparison of average void fraction

and interfacial area concentration between the entrance and the fully develop,ed zone. The

average void fraction remains the same as they go downstrem_.. For the two cases of highest

void fraction, the average void fractiens gets smaller than at tile entrance region. For jt =

0.I m/s with Jt = 0.0956 and 0.0696 m/s the highest average void fraction exist and bubbly

slugs axe f0tmd in the fully developed region. From the local velocity plots (see Fig. 42.a

and42.b),thelocalbubblevelocitiesincreaseinthefullydevelopedregion,and these

constitutea higherlocalslipratio.Thusthevoidfractionisgettingsmallerinthefully

developedrcgion.Compa.d.'.ngtheInterfacialareaconcentrationsbetweenthetworegions,

theyareverymuch thesame.Butatthehighvalueofinterfacialareaconcentration,thedata

pointsscatter_ound the45°line.Forthosecases,theerrorarisesfromboththevelocity

andvoidfractionmeasurementsinhighbubbleconcentration.

The nextsixfigures(seeFig.48 to50)_'cthea.vcrageinterfacialareaconcentration

versustheaveragevoidfraction.The nearwallregionisforI_ r/R_ 0.775andthecore

region is for 0.775 _.r/R '_ O. Most of tl_edata points scatter around a straight line. In the

cases of high void fraction, the interfa.cial area concentration takes on a smaller value which

indicates a larger average bubble :dze with less interfacial, area per unit volume. The reci.-

procal of the slope is proportionai to the sauter m.e_mdiaa'neter. Using the slope of the best

fitted line, the average sauter merm diameter which is calculated f-tom the slopes and they
-

i). L4"D-=8, near wall region D._,_= 4..00 mm

ii). I../D = 8, core region D,m= 3.25 mm

iii). L/D---8, area average D,:_= 3,5.0 mm

iv), I.A3 =:60,near wall average D,_,= 4.00 mm

v). L/'D =60, core region D,_ = 3.5.0mm

vi), I._ =60, ,area average D,,_= 3.65 mm

The average sauter mem'_diameter at the near wall region is larger than the coze region.

From the entrance to the developed region, the overall average diameter is Nso getting larger

which indicate,s Q_at there is the same coalescence as the two-phase mixture flows

downstream.
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6.4.2 Comparison of Average Values

The followingtwo plots (Fig.47.a and o) showthecomparisonof average void fraction
and interfacial area concentration between the enuance and thefully developed zone. The

average void fraction remains the same as they go downstream. For the two cases of highes_

void fraction, the average void fractions getg smaller than at the entrance region, tor Jt=
0.1 m/s with j_ = 0.0956 and 0.0696 m/s the highestaverage void fraction exist and bubbly
slugs are found in the fully developed region. From the local velocity plots (see Fig. 42.a

and 42.b), the local bubble velocities increase in the fully developed region, and these

constitute a higher local slip ratio. Thus the void fraction is getting smaller in the fuUy

developed region. Comparing the Interfacial area concentrations between the two regions,

they are very much the same. But at the high valueof interfacialarea concentration, thedata

points scatter around the 45° line. For those cases, the error arises from both the velocity
and void fraction measurements in high bubble concentration.

The next six figures (see Fig. 48 to 50) ,arethe average interfacial area concentration

versus the average void fraction. The near wall region is for 1_ r/R >_0.775 and the core

region is for 0.775 >_r/R _ 0. Most of the data points scatteraround a straight line. In the

cases of high void fraction, the interfacial area concentration takeson a smaller value which

indicates a larger average bubble size with less interfacialarea per unit volume. The reci-

procal of the slope is proportional to the sauter mean diameter. Using the slope of the best

fitted line, the average sauter mean diameter which is calculatedfrom the slopes and they
a.re: , p

i). L/D = 8, near wall region D,_ =4.00mm

ii). L/D = 8, core region D,, = 3.25 mm

iii). L/D = 8, area average Dsm= 3.50 mm

iv). L/D =60, near wall average D,m= 4.00 mm

v). I._ =60, core region D,,_= 3.50 mm

vi). L/D =60, area average D_m= 3.65 mm

The average sauter mea_ diameter at the near wall region is larger thai the core region.

From the entrance to the developed region, theoverall averagediameteris also getting larger

which indicates that there is the same coalescence as the two-phase mixture flows

downstream.
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Fig. 51 contains the plots of the area averaged local sauter mean diameter versus the

average void fraction. The average diameter is roughly 3.8 mm and increases a little with

void fraction, but it does not depend on the liquid velocity. The lowest mean diameters m

occur at Jt = 0.4 m/s, there may be measurement error of the velocity measurements since

there is no apparent reason for the smaller bubble size. In the case of jt = 0.1 m/s, the sauter

mean diameter increases quite drastically to 6 mm, and the reason for this was mentioned

in the previous discussion.

The last two figures, Fig 52a and 52b, the void peak ratio versus the average void

fraction are plotted and data points are grouped under the same Jt. At the entrance region,

the peak strongly depends on the average void fraction regardless of the volumetric flow

rate. The peak decreases as the void fraction increases. The ratio runs from 2.5 to 1.5 in all

cases. The higher of the average void fraction, the lesser the percentage of the bubbles

concentrate at the wall region. For the superficial liquid velocity jt = 0.1 m/s, the average

to peak ratio is roughly 1.5 regardless the void fraction. In the fully developed region, the

void peak diminishes in the cases of jt = 0.4 and 0.6 m/s and it becomes less dependent on

void fraction. Only the jt = 1.0 m/s case shows that the void peak at the developed region

is pushed to a higher value then at the entrance region. The phasic distribution mechanisms

are probably different at L/D - 8 and L/D = 60. At the entrance region, bubbles may be

accumulated near the wall due to the flow is converging from a larger area section. For the

developed region, the liquid flow character may be responsible for either keeping or dis-

persing the bubbles at the wall. The higher superficial liquid velocity implies the higher
' j

turbulent intensity, but the local turbulent structure is hard to predict because it is modified

by the dispersed phase. Further study on the two-phase flow turbulent structure is needed

in order to understand the phase distribution mechanism in dispersed flow regime.
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7. Conclusion

We have improved the design and minianwization of the double sensor probe. The

° signal processing program is also ret_ned with a new algorithm of interface detection. A

trace of the probe signal shows there is a rather long rise time due to the dry out process and

the long time constant. This kind of delay poses a limitation on the fast detection for a direct

current biasing probe. More studies are required to improve the probe biasing circuit for

measurements in high volumetric flow rate. On the other hand, in the low liquid velocity

cases, we find the an accurate measurement is harder to get and the probe signal is quite

fuzzy. If the interface is slow and distorted, the sensor cannot pinch cleanly through interface

instantaneously. Since we haven't studied the interface sensor piercing mechanism, it

remains a speculation only. Further study on the velocity effect on the interface piercing

can help to improve the accuracy of the probe measurements. The overall performance of

the double-sensor probe is satisfactory and it gives a fairly accurate local measurement.

The double-sensor probe interfacial area concentration measurement method is based

on the algorithm developed by Kataoka etal. Ithas not been verified by any other independent

method at this point. Nevertheless, from the measurements of the bubble frequency, chord

length and the photographic studies done by previous and present experiments, it is shown

that the interfacial area concentration assumption is consistent with the results. For instance,

as a higher number of the bubbles concentrating near the wall give a higher local void

fraction. The available surface area in the local region also increases due to the higher

bubble concentration. A good interfacial area measurement should reflect such phenome-

non. As a matter of fact, ali of the radial interfacial area concentration profiles show

agreement with the local void fraction measurement. The sauter mean diameter is computed

by Eq.(43) and it is reciprocally proportional to the interfacial area concentration. The value

of the sauter mean diameter reflects the accuracy of the interfacial area concentration. The

measured sauter mean diameter is roughly 3.8 mm, which also agrees with previous
,B.

experiments. It shows that the algorithm gives a satisfactory result on the interface geometry

• measurement. However, a direct proof is always desirable but it requires a miniaturized

three double-sensor probe to measure ali three components of the interface velocity vector.

The average sauter mean diameter increases with the void fraction, and the liquid

velocity has no or little effect on bubble sizes. Locally, the sauter mean diameter seems to

be getting larger at the pipe wall region. This may be due to the bubble orientation rather
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than the actual increase of the bubble size. For Jt = 0.1 m/s, the bubble mean diameter does

increase quite drastically for higher gas hajecfion rates. The high void diameter increases

the probability of bubble coalescence and agglomeration to form a bubbly slug.

At the entrance, the near wall void peak is found in all cases of flows. The void peak
i1

is well established at the entrance region and it diminishes in the fully developed region if

the liquid flows at a moderate rate. "l_.evoid profile may be formed by bubbles accumulating

at the wall while they are passing through the convergent section. Since our bubble gen-

eration is not intended to get mneven bubble distribution at the entrance, we cannot give a

good estimation on what exactly happened. However, as the flow develops in the test

section, the liquid flow is more responsible for keeping the bubble close to the wall. In the

case of jt =1 m/s, the void peaks become higher in fully developed region. Since higher

liquid velocity means higher turbulent intensity, the liquid phase eddies may be responsible

for the high bubble concentration near the pipe wall. We should study more in the high

velocity regimes and measuring the Liquid flow characters in order to clarify this point.

However, the maximum liquid velocity that the pump can handle is 1 rn/s in a 2" id section.

The higher flow rate can be obtained if an 1" id section is used. Then we can see more

clearly whether the liquid eddy is part of the cause of the bubbles concentrating near the

wall in bubbly flow.

On the other hand, in the case of jl = 0.1 m/s, the local void fraction profile changes

fro_'_a typical bubbly flow to slug flow character as the flow is developing. The bigger

sauter mean diameter implies that the bubbles do coalesce in the developing region, but they

don't merge into a single slug bubble. As a matter of fact, the bubbles agglomerate together

to form a bubbly slug and the Iocal bubble velocity increases because, in a closely packed

slug, bubbles are entrained to the wake of the previous bubbles. The same phenomenon is
observed in the chum turbulent flow.

Further studies on the average character from the local measurement have confirmed

the local probe results are accurate. The success of the double probe measurement is relied

on the statistically well behaved interface motions such as in bubbly flow. If the statistical

character of the interface is arbitrary, we need to measure ali three components of interfacial

velocity. In more general local measurements, a three-double-sensor probe is needed for

studying the more complicated phasic behavior.

' IVll,re_,_iR _lqpqll" i_rlr,I,l,,,ql[;l_
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