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Interfacial area concentration
Local instantaneous interfacial area concentration
Time averaging of q,(x,y,z,t)

Area of the test section

Area of the orifice

Friction coefficient of the orifice
Coefficient of the profile effect
Sauter mean diameter

Function representing an interface
Function representing jth interface
Acceleration due to gravity
Probability density function of o
Height of the two-phase fluid column
Heat Transfer coefficient at interface
Enthalpy of k phase

Average volumetric flux

Superficial velocity for gas and liquid
Mean mass transfer per unit area for k phase
Interfacial force for k phase
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Unit normal vector of jth interface

Unit vector in the direction of a probe
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Number of bubbles or droplets passing a point per unit time
Number of bubbles or droplets used for velocity calculation
Pressure of k phase

Pressure at the calibration of the flow meter

Pressure of injection of the gas flow meter

Probability density function of o, B, 1,V

Mean conduction heat flux

Turbulent heat flux of k phase
Interfacial heat flux

Volumetric flow rate of gas

Volumetric flow rate reading from the flow meter
Biasing resistance of the probe

Resistance of the conducting medium

Time when average is taken

Timie when jth bubbje hits the downstream sensor
Time when jth bubble clears the downstream sensor
Time when jth bubble hits the upstream sensor
Time when jth bubble clears the upstream sensor
Time

Temperature of k phase

Bulk temperature of k phase

Velocity of jth interface

Value of jth interface velocity

Arithmetic mean of v,;
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AT,

Velocity of jth interface in z-direction
Velocity of k phase
Velocity measured by double sensor probe

Velocity measured by double sensor probe in z-direction
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Drift velocity of the gas phase
Qutput voltage of the probe

Characteristic impedance of the sensor

Yoid fraction

Volume fraction of k phase
Angle between v; and n,

Angle defined by Eq. (35)

>

Angle between n, and v; projection on x-y plane

Area Ratio in orifice flow rate measurement

Mass generation of k phase

Delta function
Separation of two sensors of a double-sensor probe
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Subscripts

Angle between n, and n,

Angle between n, and n, projection on x-y plane
Angle between n, and n,
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Fluctuating component of | v,,; |

Average interface shear for k phase

Average viscous stress for k phase
Turbulent shear stress for k phase
Angle between 1 and v,

Energy dissipation for k phase

Time duration

Liquid phase
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Value at interface

k phase (gas or liquid)



Interfacial Area and Two-Phase Flow Structure Development Measured
by a Double Sensor Probe

by

Waihung Leung, Shripad T. Revankar, Yoshihika Ishii, and Mamory Ishii

Abstract

The interfacial area concentration is paramount important for modeling the interfacial
transfer terms in the two-fluid model. However, local interfacial 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 both in space and time. Due to the complicated phase structures, the
diszribution 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 turbulent
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 of uhc 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, we 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-sensor resistivity probe has been widely used
in local void fraction and interface velocity measurements because the sensors are small in
cumparison 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 not change as the flow moves along the axial direction. Four liquid flow rates
were chosen in combination with four different gas injection rates. The superficial liquid
velocities were j; = 1.0, 0.6, 0.4, and 0.1 m/s and superficial gas velocities were j, = 0.0963,
0.0696, 0.0384, and 0.0192 m/s. These combinations put the two-phase flow well in the
bubbly flow regime. In this sequence of phenomenological studies, the local void fracron,
interface area concentration, sauter mean 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
comparison 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 sduter 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

° f.!\' L L e U (R TR T il gl g

Rt
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accurately predict mechanical and thermal inequilibrium cases in a two-phase system.
Particularly, in transient or entrance flow, when phases are accelerating with respect to each
others, the inerta terms of each phase have to be considered separately. Henceforth, in
these cases, the interfacial transfer terms must be modeled accurately and the local averaged
phasic character rnust also be known in detail in order to build a sensible model to predict
the flow. The local instant descriprion of the two-{luid model is difficult to model, because
it contains information of fast fluctuating fields and phasic discontinuities. Therefore, the
average macroscopic propeities of the phasic flow fields are the more desirable and practical
way to express a two-piase system. The choice of applying the average method is always
associated to the measuremeni technique which one uses. In our experiment, a local probe
is used. Since the probe records the flow field tluctuation in the time domain, the measured
local phasic information is useful for the time average form of the local formulation of the
two-fluid model.

A three-dimensional two-fluid model has been ok cained by using temporal or statistical
averaging [2]. The average form of the conservation equations removes the phasic dis-
continuities and gives the average interfacial transport descriptdon. The practical form of
temporal or statistical average two-fluid equations were developed by Ishii (1975)

0 -
é?(ukﬂk) +V e (apv) = T - ¢9)

d .
’é’;‘(C’vxpqu) +V e (epviv) ==, Vp, +V o T + 11 )+ 008

+v, [ +M, =Y, * 7, (2)
Enthalpy Equation
a , . D,
5 (P H) V- (upHivy) = =V 0y (et )+ 0 TP

+H, I, +qia +, 3)



Here T, My, T, g4, and ®, are the mass generation, generalized interfacial drag,

interfacial shear stress, interfacial heat flux, and dissipation respectively. The subscript &
denotes kth phase, i.e. k=g for gas or k={ for liquid, and i stands for the value at the interface.
a, is the interfacial area per unit volume. Since the thickness of the interface is assumed to
be infinitesimally staall and it has no sources or sinks, the inflow and outflow of flux must
be balanced. Then it will be easy to obtain the average local jump conditions as:

%I’} = () (4a)
{;Mu = 0 (4b)
g (CHg + Qﬂa.-) = 0 (4c)

Therefore, constitutive equations for My, q,a;, and qja; are necessary for the interfacial

transfer terms. The enthalpy interfacial transfer condition indicates that specifying the heat
flux at the interface for both phases is equivalent to the constitutive relation fer I',, if the
mechanical energy transfer terms can be neglected. This aspect greatly simplifies the
development of the constitutive relations for interfacial transfer terms.

By inwoducing the mean mass transfer per unit area, m, , th= interfacial mass transfer
term can be defined as:

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

"

IHy+qua, = a(mH,+ q,ﬁi ) (6)

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

qﬁ = hy (T;-T,) (7

where T, and T, are the interfacial and bulk temperatures based on the mean enthalpy. A
similar treatment of the interfacial momenturn transfer term i3 also possible. In the view of
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Eq.(5), Eq.(6), and Eq.(7), the importance of the role of interfacial area concentration in the
interfacial transfer terms becomes apparent. Thus, in general, the interfacial transfer terms
are given in terms of the interfacial area concentration g@; and driving force as:

(Interfacial Transfer Term) = g, 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. It characterizes the
interfacial geometry effects of the transfer mechanism. The driving force term characterizes
the transfer mechanism betveen 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 individua! 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 are scattered and
they are fluctuating both in space and time. The average quantities are more practical way
to present the macroscopic interfacial geometry of a two-phase mixture.

In dispersad twn-phase flow, the characteristic length scale for modeling the interfacial
momentum transfer ter.n is the diameter of the individual bubble, droplet, or particle. One
of the important length scales sauter mean diameter D, which is defined by [4]:

D = 6B, . ©)

em T A,' .

where B, and A, are the volume and the surface area of a typical fluid particle respectively.
The number density N, of the fluid particle is given by:

Gy

N, = g

(10)

v here o, is the dispersed phase volum= fraction. We can also define the interfacial area

concentration g; by:

g = NA (11)
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In terms of the dispersed phase volume fraction and the interfacial area concentration, the
sauter mean diameter can be defined as:
601,

a;

D =

m

(12)

The sauter mean diameter relates to other length scales in dispersed flow and are discussed
in reference [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 first be 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 fluid mixture is drawn, the interfacial area
concentration is defined as the average surface area per unitvolume. 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 parricles, in which it is difficult to
measure. The local instant interfacial area concentration in terms of measurable quantity
must be obtained first. 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) = l Vf(xa’ yo’za’ t) | S(f(xo’ yo'za't)) (13)

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

1 for n=0
= 4
8(n) {O for n:l} (14)
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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 funcdon gives a pulse when 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 a chain of pulses with values fluctuating discontinuously with time.
It gives no useful information of the macroscopic interfacial character. Therefore, we must
first find the measurable representation and then a temporal average local interfacial area
concentration can be used. The time average interfacial area concentration is given by [2]):
Gi(X50 Yor2,) = é?{ i"la_}%tl']} at(x,, ¥, 2,) (15)

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]:

VAL 1

[ofi/dt| ~ |vjcosd;| (16)

where v; is the velocity of jth interface and ¢, is the angle between the velocity of jth interface

and the surface unit normal as shown in Fig. 1. Eq.(16) shows the relation hetween 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:

’

) .
..l_.y 1 - Q ;lvyl“"%
Q7| v;lcosd; Q EJ

J

;%0 Y01 Z,) (17

Let t; be the time location where the sensor intercepted with the jth interface, T be an
arbitrary time when the sampling started, and Q be the duration of the sampling, then
sequential interface-interception events are marked by T<...tp,<t<t;,;....<T+£. Lettbe
the average interval of the between events and it can be defined as:

1 n
im =t o= 1
et AL o



jth interface

Fig. 1  Angle Between V;j and Mj



and for large 2, one can obtain the following relation:

¥ = 2 | |
( J ) T (1 9)
Substituting Eq.(19) into Eq.(17) yields the time average interfacial area concentration as:
1 1

—
a,(X,) Y51 2,) = v ]coso
1

(20)

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

1
1 ?‘(‘Vl‘il"“’i)

vileose ~ (2] a1

Assuming v; and cos §; have no statistical correlaticn between them, the mean of the velocity

and the mean of the angle can be evaluated separately:

1 _ (Y1
|vilcoso [|v,.|J(c_o'§q3) (22)

where )
— A "

~ T (23)
and

T ?(:‘z) o4

[ @]

C

(7]

©
\Ml ]

Let v, be the velocity of and n, be the unit normal of jth interface (see Fig.2 and 3).
In a given co-ordinate system, the velocity vector makes an angle o; with the z-axis and its
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Fig. 2 The co-ordinate and angles of velocity vector
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Fig. 3 The co-ordinate and angles of jth 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 |, with the z-axis and its projection on x-y plane makes an angle v;
with the y-axis. Then angle between v, and n, can be expressed as:

[vilecosg;, = v,-m,

= |v;|(cosa;cosy; + sinaysinp,cos(B; —py) (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 velocicy is:

T - J”J P(c, B, u, v)dadBdudv

| v;|cos¢ (cos 0.cos L +sin asin 1 cos(B — V)) 26)

where P(ct, B, 11, V) is the probability density function of @, [, M, and v. However, this
formulation requires a complete information of all three components 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 the data acquisition system. Nevertheless,
it may not be necessary to have all 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 aﬁgl y component of v; is random. Under these
assumptions, B and v take on any value between 0 and 21 with equal probability, and it is
also reasonable to assume that B and 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; is large in comparison with the x- and y-direction velocity components,
therefore, it means that o shall be small. Then the probability density function can be reduced
to:

P, B, v) = -:;g(a) sin pLcos pdadud (B ~v) @7
where
l/e, for O<ascq,
@ = { 0 for a, Sasw2 } @8)
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Fig. 4 Double Sensor Probe and jth interface
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where o, is maximum angle that v, makes with the z-axis. The above statement means that

o is randomly distributed between 0 and «,. Before we discuss how to determine o, let’s
first talk about the actual velocity measurement by a single double sensor probe.

The orientation of v, is described by P(c, B, 1, V). The probability density function is
determined by the velocity fluctuation in the main flow direction. Let n, be the unit vector
where the upstream and downstream sensor are aligned (see Fig. 4), and it makes an angle
&, with the unit normal of n and the jth interface. The two sensors are separated by As and

it is small. Then v,; is the measured velocity associated with the jtb interface, which is
defined as:

_ As

Vs A (29)

where Ay is the time lag of jth interface intercepting the up and down stream sensors. If n,
is aligned with the z-axis (Eg. n, = n,), the measured interfacial velocity is v,,;. The relation
between the measured velocity and the normal interface velocity of jth interface is:
|vgilcosE, = [v;|cosd, 30)
Since the probe is in the z-direction, one can easily see that from Fig.4 this relation becomes:

cos§;, = coso; (31)

"y

Assuming no statistical correlation betweeh v; and W;, then the measured v,;; and the

interfacial velocity v; are related by:

qew) _ (=) [[[[Rebmcospdodbdiay
‘ (co

(E} N (};) socos L+ sin asin L cos(B — W)
J

In the view of Eq.(32), Eq.(25) and Eq.(15), the time average interfacial area concentration
is given in terms of measured interfacial velocites. Then the probability density function
can be expressed as:
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2( o ( Ple.BwviodBduay
1] 44 tvgl (cos ot ju + sinasin pcos(B ~v))

a = =J
at(xa! yo! Za) ,t Z P(a,ﬂ,p.,v)cosududﬂdpdv (33)
[i j (cosacosy +sinasinjcos(f~v))

where0 <o, psmw2,and0<P, vs2m

Substituting the probability density function into Eq.(33), then carrying out the inte-
gration, one can obtain the following result:

)

a, uo Cl.o R a,
1- cot—z- 1n(cos-5- ) —tan Y ln(sm—z- )

.&-:(xo’ yO’ZO) | =

G4

The resulting equation states that the time average lccal interfacial area concentration can
be computzd if values of v;;, N, and o, are given. The harmonic mean of v, and N,, number
of bubbles per second, are obtained directly from the experiment. c, 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 th.e bubble randomly,
and this random process of the liquid phase turbulent leads to the result that the fluctuation
of the vy, v,,, and v, are homogeneous, and «, is given by [3]:

~y

sin 2, 1-(c2 /v, I K
IR CCAIEA D a5
2ao 1+3(Gf/|vul)
where o, is the standard deviation of v, wh.ch is defined as:
1 — .2
o = 72V~ Vi) (36)
J

Thus knowing the average velocity in the z-direction and the average fluctuation, o, 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-sensor probe measures
the z-direction interface velocity v, and o, 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 answered by the ergodic
theorem, which shows that if a system is stationary, the time average is equivalent *o the
spatial average. Therefore the measurement in the time domain can 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. It was first introduced by Neal and Bankoff [10] in measuring bubble size and
velocity. The double-sensor resistivity probe was also used by Park et al.[11], Rigby et
al.[12] for determination of the bubble parameters in three-phase fluidized beds; by Hoffer
and Resnick [13] for finding the steady and unsteady state measurement in a single bubble
system; by Serizawa et al.[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 [S] and Buchholz et 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, »:cn'fying 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 et al.[S] 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 rnarks t,, as the instant when the voltage jumps from low to high and t,q as the instant
when the voltage jumps from high to low. Then Af; is defined to be the time of the sensor
spending inside the jth bubble:

AT = =ty G7

If Q is the total sampling fime and N, is the total number of bubbles detected by the upstream
sensor, the void fraction can be defined as:

N
olx,, ¥,,2,) = ey f‘ AT, (38)
Qjs0 '

where (X,,V0,Zo) 13 the upstream sensor location. Eq.(38) gives the value of the time 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 accurate at all,

The previous section shows that the time 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 ( Xo Yo Zo+AS). If Az is the time difference of the jth interface hitting the upstream and
downstrearn sensors, then the velocity of the interface can be measured as:

b4
A o
o ———

Let N, be the total number of bubbles hitting both the upstream and downstream sensor,
then the harmonic mean of the axial velocity is given as:

1yl (40)
vl Ny =0V,

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

- 1 .
Vo = FJ:];OVR‘, (41)
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The standard deviation is computed by Eq. (35). Then o, can be obtained by iterating on

Eq.(36) until the left hand side is equal to the right hand side. The time average local
interfacial area concentration is given by:

o 1
N w35 (%)
ai(xo’yo'zo) = a, a a, o
1 -COt';lh(cos-i‘l)—tan-g-ln(sin-;')

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 are
separated in a finite distance and a bubble is free to 4o in any directon. The nonassociated
signals cause error in velocity measurement. A criterion must be set to ensure the signals
from the downstream sensor represents the same interface that hit the upstream sensor in
earlier time,

) Mini e
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 Maxi T
When the slowest bubble hits the upstream sgnsor, it takes the longest waiting time

34

for the downstream sensor to detects the same interface.

3) c ib] ident i
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 rectangular pulse from both sensors must satisfy the condition:

| (tugs =t} = (g = tari) |
(tujj ntwj)

2 30% (42)

The sauter mean diameter, defined in section 3, takes on the spatial average form.
Now we use the definition provided by Eq. (12) but the local time average value is used
instead:

~alw R T I TR YO TR LN LTI T A T T N T O R T T T R A
o

IO TRt

\nunumm i
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LC
—) ~
Electric leads 12.5mm o.d.

(0.12 mm brass wires) Brass Tube

Fig. 6 Double Sensor Probe Design Schematic

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

Telfon Slecve

Vamish Coating (0.05 mm thick)

0.12 mm Platinum/13% Rhodium wire

Fig. 7 The Sensors Design Schematic
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60U(x,, Yo, Z5)
D (X, Ygr2,) = o 43)
ol YorZo) (X1 Yor Z) (
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,,¥¢: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 flaid. If the surrounding fluid is a conducting medium, it connects the
sensor to the ground. 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 the ground. In this way the different phases 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 simpler than 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 contzct between 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 sdff 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 needle. 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 corrosion proof in a water environment. Most of the probes
that we used in the experiments could last more 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.
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Probe ,‘\
Vout Z
5Voc =
= 8

Bubble % RL
L

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 first pulse is roughly
3.3ms, and at the bottom is the signal from downstream sensor) )



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 razor blade and the exposed length
is roughly 2 to 3 times the diameter. The bare tip makes the electrical contact to the water.

The design of the double sensor probe is shown in Fig.6. 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
are hold together and keep in positon by a small stainless tube. Then the whole unit is
inserted into other tubes with larger diameters until it can fit into a brass tube with 3.175
cm OD (1/8"). The larger brass tube gives a stronger structural 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.6.

The biasing circuit that is used in this experiment is the simplest one (see Fig.8). A5
Vpe source supplies the biasing voltage. An adjustable resistor Ry 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 optimum output signal voltage. Between the sensor and the ground
is the fluid media which is modeled by a simple resistor R;. The V., is the voltage reading
between the sensor and the ground. The switch S represent the state of surrounding medium.
If the sensor is resident in the liquid phase, the circuit is closed and the voltage output is
low. This is the same as having switch S closed in t}';e equivalent circuit. When a gas bubbie
hits the sensor, the circuit continuity is broken. Then the output registers a high voitage
which is the same as having S open in the equivalent circuit. The voltage output difference
discriminates 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 t; 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 does not respond instantaneously. A time delay is characterized by a fixed time
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constant which is related to the probe impedance. We can lump both effect together and
assign a characteristic impedance (Z in Fig.8.) If the time constant is large, the rise time or

the falling time will be a significant part of the signal itself. The traces of the probe signals

are shownin Fig.9. We can see that the rise time of the signalis much longer than the falling
time. The transition from liquid phase to the gas phase shows the voltage 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 1’s and 0’s and
they are stored and processed by a computer program. "1" represents the gas phase and "0"

represents the 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

A schematic diagram of the air-water loop is shown in Fig.10. The test section is made
of a Lucite extruding tube. The tube is 5.08 cm id and 3.75 m height. The advantage of
using the transparent material is that the flow visualization is possible and photographic
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 cm id

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

tank. The chamber acts as a buffer to avoid any sudden pressure fluctuation. Bubbles are
grown on the porous wall and sheared off by the water flow near the generator. After mixing
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Convergent Channel
(to 2 inch pipe)

<= Water

Porous Sintered Metal Tube
-porous size : 40 micorns
-diameter (0d): 2.45 cm
-height :15cm

Lower Plenum

Fig. 11 The Bubble Generator Design Schematic
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together in the mixing house, the air-water two-phase mixture flows upward through a short
convergent section into the test section. This type of bubble generator does not give a single
bubble size but a size distribution. From the experimental results, it shows that the average
bubble diameter does not depend on the liquid flow rate except at the very low superficial
liquid flow (j, = 10 cm/s). The average bubble diameter measured is roughly 3.8 mm. and
the average diameter increases slightly as void fraction increases. In the j, = 10 cm/s case,
the average bubble diameter changes quite drastically to 5 to 6 mm. The reason for the
change is not yet known since the exact bubble generation mechanism is not completely
understood. It may well be due to the bubbles coalescing at the entrance region. However
in this report, the knowledge of exact bubble character is not needed.

5.2 Flow Rate Measurements
5.2.1 Superficial Gas Velocity

The average air flow rate is measured by a flow meter (see Fig.10). The volumetric
flow rate can be read directly from the flow meter and the superficial gas velocity is calculated
by:

o= (44)

where Q, is the volumetric flow rate read from the flow meter and A is the cross-section
area of the pipe. Since the gas flow meter is calibrated at a certain pressure, which may be
different from the experimental pressure condition, the actual flow rate must be corrected
from the meter’s value. The gas is injected into the system from the pressurized the tank,
the injection pressure is roughly 7.8 psig in all our experiments. The correction relation is
given by:

Py +Pouy
Q, = Q,M\/ —”—";,;—f 45)

where Qg is the gas flow rate read from the meter, P, is the pressure where the flow meter
is calibrated, and Py, is the injection pressure where the flow meter is used. Since gasisa
compressible fluid, the pressure change will cause the gas volume change roughly according
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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
local volumetric flow rate is then calculated by:

P.u+Py

Qh) = Q‘mPc,,+p,.gh

(46)

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:

. _ CoA, /ZPAPM.
Jl - PA 1._.74 | (47)

where A,, Cp, ¥, 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 A, = 4.256x10*
m?. C,, is calibrated by experiment. yis the area ratio between the orifice and the pipe size.

"y

e ]

6. Experiment Resuits 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/D = 8 and L/D = 60. The
firstlocation 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 <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 ji=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 m/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 icross 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 12.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 presented 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 (IL/D = 8) while the filled
symbols are assigned to the data points taken from the developed region (/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 (j, = 0.0965 and 0.0192
m/s) and all four superficial liquid flow rates are given as the independent parameters. The
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same five local parameters are plotted and the same symbol assignments as in the first set
of plots are made. In this set of plots, the liquid flow effect on the radial phasic profile is
shown while the same amount of the gas are injected into the liquid.

The last set of the local parameter plots is the comparison of the radial profile between
the L/D = 8 and the L/D = 60 (See Fig.25 t0.44). 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 j, = 1.0, 0.6 and 0.4 mys both at the
entrance and the developed regions. At the entrance (L/D = 8), all 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 1/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 thg void is peaking. This means there is
no significant coalescing at the near wall region. This argument is also supported by the
plots of bubble frequency. The number of bubbles detected near the wall goes up with the
void fraction. Itimplies that the increase of void 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 gradient should
be steeper at the near wall region. Lastly, the bubble velocity measurement is very 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 t/R = 0.775. In the j, = 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. 13.a. The radial profile of void fraction for air-water bubbly flow at j, = 1.0 m/s and
/D =28.
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Fig. 14.a The radial profile of void fraction for air-water bubbly flow at j, = 1.0 m/s and

L/D = 60.
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Fig. 15.a. The radial profile of void fraction for air-water bubbly flow at j, = 0.6 m/s and
L/D=38.
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Fig. 16.a. The radial profile of void fraction for air-water bubbly flow at Jy = 0.6 m/s and
L/D = 60.
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Fig. 17.a. The radial profile of void fraction for air-water bubbly flow at j, = 0.4 m/s and
L/D =38,
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Fig. 18.a. The radial profile of void fraction for air-water bubbly flow at j, = 0.4 m/s and
L/D = 60.
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Fig. 20.a. The radial profile of void fraction for air-water bubbly flow at j, = 0.1 m/s and
L/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 ottiers. AtL/D = 8, the radial
void distribution also shows a typical bubbly flow profile, near wall peaking. In the j, =
0.118 my/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 j, decreases at the entrance region. When the
two-phase fluid reaches the axial distance L/D =60, the near wall peak reduces to anegligible
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 j, = 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 and 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 frequency plots
confirm 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 same way as the void fraction both at L/D = 8 and L/D = 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/D
= 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 relaton is
generally true. However, if we examine the plot a little more carefully, we find that in the
j, = 1.0 m/s cases the void peaks higher than in the j, = 0.6 m/s cases in both gas velocities
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Fig. 21.a The radial profile of void fraction for air-water bubbly flow at j, = 0.0965 m/s
and 1./D = 8.
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Eig. 22.a. The radial profile of veid fraction for air-water bubbly flow at j; = 0.0965 m/s
and L/D = 60.
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Fig. 23.a. The radial profile of void fraction for air-water bubbly flow at J3=0.0384 my/s
" and L/D = 8.
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Fig. 24.a. The radial profile of void fraction for air-water bubbly flow at j, = 0.0384 m/s
and L/D = 60.
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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 sauter mean diameters are
consistently larger than the others, both at the entrance and fully developed region. One
more remark, in the j, = 0.1 m/s and the j, = 0.118 m/s case, the sauter 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 = 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 measurement 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 measurementrelies 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 wall. More evidence is needed, 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 in the fully developed region than
at the entrance region in most of the cases. However, in the j, = 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.



69

‘09 pue § = @/1 18 S 9690°C
= ' pue spu o' = ' ;05 uonoRy proA
10 opyoud [eipes 9y Jo uesuedwod Ay, "q'ST g K]

(") uotyisod

00t GL0 0G0 20 000
1 | 1 00°C
v v \ 4 v y
v v vy v « v v « M\
v a
v v
444 040
v -
Vy
v
-1 0¢0
09 \ 4
s 9690°0 = °f 80 v
s o= [ an
0t'0

uolioel4 PIOA

‘09 pue g = (/711 SAU €960°0
= [ pue spu g = ' 105 uonowly PIoA
30 sjyyoxd jeipes 9y jo uosurdwod ayy, ‘w7 "3ig

(4/4) uoinsod

00 52°0 050 6z'0 ood
| I T 000
0 Do a) o
& ] ] n O ) }
[
- -t 0l'0
- 020
09
s/ 696070 = °f g 4
s QL= ari
0€0

UOIOBI4 PIOA

TR

vy ey PR T AT I

aE

LR

TR

[

IR

VL g g v
{ i

RO ITR R 1

o

no

Lo s g



70

00t

‘09 pue 8 = /118 SAW Z610°C
= * pue spu g1 = '[ Joj uonoeyy proa
30 apyoud jerpes ayi Jo wostredwod ayp, Pcz g

(4/1) uontsod
GlL'0 6S0

se'e

000

s

L,

#°¢ & 3¢

69 ¢
s/w 26100 = °f 80 O
swot= 'l an
-

000
R

21°0

0c'0

0€0

UOHOBIS PIOA

‘09 pue g = /7€ s p8EQ0
= ™ pue spu [ = 'f s05 vonoey proa
Jo aprjoxd eipes ow 3o uostredwiod yf, *9'cZ ‘g

(/1) uolyisod

001 5.0 056 520 000
T : , 00°0
O e o
) s @ B q oooooe%
o)
o
D o i
oD
®
- 010
-~ 020
09 @
s/ $8€0°0 = °I e O 7
s/ Q= _— an
0E0

UOIIORI PIOA



n

09 69

pue g = @/ 18 S/w 9690°0 = 'f pue SAu pue g = 1/ 1 3¢ S/ 69600 = °f pue spu
¢'1 = 'l 10} UOKENUIOUOD BITE [LILLIANUL 0’1 = 'l 10§ UONENUIOU0D TIIL [BIDBLIIIUI
j0 opyoad ferpes oy jo uosiredwod AL 49T B 30 apoxd eipe: oy Jo uosiredwod 3y, "¢'9 31
(4/1) uotlisod (Y/1) uoinsod
00t S2°0 050 G20 00'0 oot SL'6 050 62’0 coo
T T T 000 T T I 000
; 3
o k —
v e A =3
v 100 o ~{ o0or §
Vy y v Y v 1 o o )
v v A 4 v v . > 0 a . Q.
v v VYV ¥y S q )
v : 4008 ™ 0 ) N
(@) - - - u = = .IA 0008 o
v R o = = 0 p 1\
p a
0 . O
g 9
v v ~02t 2 Og . ) O
v, o o ] 0oz §
v v ] = s 69500 = °f s
. o
p. 09 vy = o O smor= "1 =
o -1 091 = 9
Y s 96900= ! 80 ¢ 3 03 ® o009t~
s gL= | an . g a” 8 a W/
. = ar . =2
‘002

0°00¢



72

09
pue g = (/7 18 SAU 76100 = 'f pue s/wu
0'1 = 'f 10§ uoNENUIOUOD LI [BISELIIUL

3o apyoxd jerper 9y Jo wospedwod Yy, P9y Sii

{H/3) uonisod

00’1 510 050 52'0 00
¥ ] 1
¢ O ° % M
& O o ¢ ©
o -
o
o -
* -
09 & |
s/w 261070 = °| 80 O
s/ Q) = _m an , :

0
000

oo

008

0ei

‘081

‘00¢

(W/1) uclesluBou0)) BaLY [BIOBLSIU|

09
pue g = /718 S/ pREQ0 = ’f pue spu
0’1 = '[ 10§ uUONENUIIUOI BIMB [RIDBLISIUI

30 apyyoxd feipes Ay Jo uostredwod AgY, 'Y B1g

(h/1) uoisod
00’4 G0 S0 geo 00'0

T ! T 000
" 006 ] _
e @ 3
e ® OO o ® & 9@ .H m.'nw.,

o'cy
© o 0 o © g
. )
* >
O -4 008 ©
Quo Muu
% g
oz &
0zt &
=
i 2
=
0 @ ‘091 ~
siw 48g70 = °1 e O =
s o=l an 7 (W\

‘002




amdi

73

‘09 pue g = 4/ 38 S/ 9690°0
=¥ pue spu g1 = f 105 K050 a19qnq

3o spyerd pipar sy jo wosuedwiod ayy, "q Lz S

{4/) uonisod

00t 5.0 050 520 00'0

y ; . oo'c

—0z0
WYy m.

o o 4
w Vv v VvV g v v VY 24
v )
v v 4 M
“dovo 5
Q
4
| <
3
Jos0 =
09 v
s/ 96900 = ° 80 v
spe o= | an
08'0

‘09 pue g = (/78 5w $960°0
= pue spu g1 = ' 10j Aio0jaA yqqng
jo aqjoid peper a1 jo vosy~dwod ayy, ws7 Sy

(d/1) uonitsod

00'1L S0 060 ceo 0G0
T I 1 00
4 oro
-1 U871)
o
" y a ]
8 E B 8 o B =]
-1 02'1
09 ]
e —£ 05|
s/w 59600 = | 8
swoyp=" 9N 1
[1] LA

[t

(sau) Auoolep ejqang

U N B



74

‘09 PuB § = (/118 S 26100 . 09 pu® g = (/7% SAU pBECD
= pue spu 1 = 'l s0y £1100J9A 91qqnq = pue sfut g’} = [ 10 A1130}9A 31qqng
30 3jtjoad ferpes o jo uostredwiod 34y, PLT 314 jo ajyoid feiper oy jo uosredwiod ag, ‘LT 81

(H/1) uotlisod (1/1) uoijisod

0s'0 T Y 00°9
I T 00}

n
N
Q

0G't S0 05’0 520 0060 0G4
1 1 I 000

-

- 0v0 100

ow&vw -1 08°0

O ¢ .
4 oommoowwﬁ

gy - 083

&
(s/u) Anooje sjqang
«©
!
(s/w) Ajooisp 81qang

09
s 261070 = °f 80

1
o
®
-

Q
0
L

-1 091

O

siw y8g00 = °I 8 O
s Q)= ari spu gy = an

002 002

TR gy




75

09 pue § = /7 18 SAU 9690°0 = °f
pue sfu 1 = 'f 103 1515WweIp UROW o)nES
10 opjoid jeiper oyt jo uosueduiod ayy ‘G'8Z Sid

(H/1j uoiiisod

00°} G20 050 TA 0G0
: . T 000°0
-1 2000
v v v v Y ¥ ¥ Y
44«q v -} vooo
v
v v
Vv R
v
09 v -1 9000
s/ 96900 = °f 80 v |
s g ="l an
800°0

(W) Jsjawel(q uesN Jeneg

n

'09 pue § = (/1 12 SAU §960'0 =
pue spu o1 = '{ 10§ 13)5wmip urow sojnes
Jo sjjoud eiper oy jo uosureduiod Yy, ‘287 ‘Fid

(y/1) uoisod

00't G0 050 520 000
v , I 000°0
.
-1 200°C m
°
o 1 <
. g ¥ 37 g ° ¥ ®
w 0d 5
= - ¥00°0
= 9
B0 )
I | 8
(1]
—
@
09 - -4 900°0 \M/
s/ut 696070 = °f 8 0O et
s o=l an

8000

B T



76

09 pum § = /1 1® AU Z610°0 ="
pue sau | = [ 10§ 1012urRIp UBIW JIINES

3o opyosd eipes o Jo uosuredwiod dyj, P8 211

! {"/1) uoiisod
00’1 YA ] 060 G20 00’0
H T ¥ 0G0'0
-1 ¢00°C
o L8 8% 08 08
% * -{ voo0
% o
oo k
Qw ‘ h QO0.0
s/ 2610°0 = °f 80 O
sy = Y an
g00'0

—~

(w

islsllel(d UBRW J8ines

'09 Pue g = /T 18 S/ pEQD="1
pue s/ ' = [ 10§ J9owreip e 1nes
Jo sqyoxd jerper oy jo vosuedurod oYy '>'g7 Fid

(4/4) uoisod

00’1 520 050 520 060
¥ I I 000G
n
- zoc'o m
2}
C ; <
ooooo%oo e 09 Coa @ ¢ @
3
nw ® -1 $00°0 o
o) o
omo | 0
3
®
09 @ %003
S/ $880°0 = °f 8 O
S/W Q'L = w_ an

800°C

[ RN T



77

‘09 pue g = @/118 S 56900 =
' pue spu gy = '[ Joy Kouonbasy 2jqqng
30 apyoid fespes oy jo uosiredwod Yy, ‘q'6Z i

(/1) uotyisod

00’ SL°0 050 520 000
T T I 000
u*

wm

v « « v 7 v v Y m-
-y ‘ q

Vv v 002 =2

v

v v vy X

2
¥ v m ‘
v %V -{oor 3
<<

i Z

| o

3

4008 &

03]

snw g690°0 = °f 80 v | @
swo =l an -

008

TR x‘.m“"\

‘69 pue g = (/738 SAU €960°0 =
’f pue spu 'y = 'f 105 Kou.aboyy ojaqnq
jo aqyoid [erpes oys Jo uosiredwos ayy, ‘v'g7 g

(W/1) uonisod

00t SL°0 0S50 BT A 000
1 ] ] 000

Q
o
o
Lo
=]

09 = -4 009 D

]
o
[
~~
<9

§/W G960°0

]
Q
-~
-l

f
\

S/ gL

ges

__ ;;___:__2 n

TR R A

[T T VIR

[Ty ]‘|||\1IU [T RO U Y T

IR !



78

09 puR =/ s Z610C = ‘09 pue § = /718 SAU $RE0°0 =
* pue spm 'y = 'f 10§ Kouanbayy 2qqnq * pue spu ' = '[ 10§ Kouanbay sjqqng
jo ajyoxd [erper o jo wosuedwod ouj, Pz i jo apyoxd jeipes oy 35 uosuedwicd ayj, 96z Fid

(H/1) uotiisod \H/1) uotiisod
004 GL°6 050 LT 000 00} GL0 0G0 Ge'o0 000

T o600 T T T 000
* o

]
*
o® ¢
o OQ < - QO @ e ® @ ¢ 4 ® 9
o ¢ o © ¢ 0 o
ooow g ° 5 o 9 &
0 o Jooz &

Coe O &

¥
4
1

-1 002

|
<]
3
(oss/tequunp) Acuanbaid sjqang

- 00¢ =5

09 -1 009

s/w 26100 = | 80 s/W $8EG0 = a_ 8
spioL= an swop =l an

O 4
ON

c08 008

v . Tt

moo



79

09 pue § = /112 S 9690°0
= f pue spu g'g = 'f 10y uonEy pIOA
j0 aposd [eipri oy jo uosuredwod oYy, qOE il

(4/1) uoiisod

00t L0 050 520 000
1 T y 006°0
v v V v
vy v % Y% V¥
v V v Y ‘
v v
Vv oy -{o10
v v
\v.v4
- 620
09 vy
s/ 6690°0 = °| 80 v 1
s go= | an
0€°0

UOJJOBI4 PIOA

001

‘09 pue g = (4/7 12 SAU $960°0
= ¥ pue sau g'g = '[ 10§ vonoRly PioA
jo ajyjosd jeiper ay) Jo vostredwiod Yy, 0L By

(H/1) uopisod

SL0 050 G20 000
¥ ] | 00°G
B - -{o+o
a) )
=
o & ]
o
a
-~ 02°0
09
s/ 69600 = °f 80 .
sjw g9= "l an
0g'o

UOIOBIY PIOA



80

09 pue 8 = (/118 SAU T610°0
=’ pue spu 9'g = ' 305 vonoRIj proa

jo 2pyoud jeipes oy jo wosuedwos sy, pog dui

{(d/1) uoljisod
00} G61'0 050 g2'0

co'0

*
oooow

0S
s ggloo= " 80
smgo=" O

owwwwwoo.oow

\ 4
<

000

-3 020

0ec

UOIIOB. PIOA

‘09 pue 8 = @/ 118 S 8E00
=3 pue spu 9'g = 'f 10§ uonavsy proa
Jo opjosd geiper ap o wosizedwod ay, 2°9g Suy

(4/1) uotiisogd

00°L S2°0 060 s2'0 0¢0
i 1 1 00'0
e c O o
00 ° ® (8] Qg OO M
® P ®
Ry ©
C‘

& ,
-{10L0 <
o3
Qo
iy
i v
a3
O
3

- 020

09 ®
s/ $8€0°0 = °f 80 O -
s/ 9Q= .‘ an
0€°9

'

RN [T

i

13

womin

w



81

09
puE g = (11 Y& SAU 9690°0 = °f pue s/
90 = 'l J0j uonENUIOUOT BaTE [RIDBLISIUT

Jo ajyyoxad jeiper oy jo uostredwod ayy, ‘g ig ‘g
("/1) uoiisod
00t S0 05°0 62’0 00’0
1 1 1 000
.A
-1 0°0F
J
Ve v Y v :«9.8
v
v v y YNV
v y v - 021
<,
v, v v .
v v -1 ‘091
w
-] 002
09 ¥
s/ 969070 = °f 80 v .oz
spugg='f an ;

‘08¢

(wy/1) uonelussuoy) Baly [BloBUaIU|

09
pue g = (/7 12 S/ $960°0 = 'f pue spu
90 = 'l 10§ EOLENLIDUOD BIIR [RIOBLIDNUT

Jo opjod jeiper oy jo uospredwiods ouy ‘v[g B4

(4/1) uoiysod

001 S0 050 G20 200
| T 1 600
.
- oor
-1 0°08
- O 0o o o -1 ‘oet
= B =
- - & ~1°06¢
[l -
= ]
th )
0g -1 0062
O 09 A
en . B
S/ G860°0 = "I 80 -+ ovz
sqwgo= 'l an .
‘082

(W/ L) uolBLUBOUOY BBlY [BIOBLBIU]

ot z, Wl



TR

(')

AR NI T

82

‘09
pue § = /71 1 sfu 76100 = u.q pue s
90 = '{ 30j uonenuasuod vore jeroejaam

Jo 3jyyoxd jeper o jo wosuredwiod ayy, prig ‘Tng
{d/1) uonisod
006’1 S0 0G0 G2'a 600
1 1 1 060
o< o o J
o e ¢ % 8 o 8 o )
o o —oov
g
S ]
-1008
-1 021
-} ‘09!
-1 '00¢
09 & |
By
§/W ¢6{0°C= | 80 O | vz
s gg= an N

(W/ 1) uoileiBUOUOY BBIY [BIVBRLII|

082

09

puE g = (/7 18 AU pgER0 = °f pue spu
9°0 = 'l 10§ uONENUOUOD BIIE [LIdR}IAIN
Jo opjoxd jeipes oy jo wosiredinios ayy, -o'1g ‘T

(4/1) uoipsoy

e

001 SL°0 050 520 000
q T I 000
0o O o o -{ oof
0
® e e O. &
[ OO Y
am O - 008
W o ,
Op
o) - ‘ozt

s/ $8eo0 = °f
s go= 'l

09
80

ars

-1 091

-1 '60¢

C®
i
=]
<
~N

(w/1) uolrelusoUOY E3LY [BIOBLAIU|

‘08¢

SN



83

‘09 pue g = Q/1 78 S/ 9690°C
= *f pue spw 9°g = 'f 10 £1100j9A 9jqqnq
30 opjoid [erper 2y Jo uostrediod duy, ‘qZE 811

(4/4) uoiyisod

0ot SL°C 050 g2'0 20°0
1 1 T 00°0
-{ 0F'0

AN I

44 v v v
A4

VYV v e v W 44%23
. 09 ¢ %%

s 96900="f 80 v |

s 90 = 'f an

091

(s/w) AuooleA 91qgng

‘09 pue g = (/118 S/ §960°0
= * pue spw 9°g = 'f Jo3 Anoojer S1qqnq
30 apyoxd jerpes oYy Jo uostredwiod 3y, vZE S

(H/1) uolisod

0o’ cl0 050 G20 000
H T 1 2990
N
s R A W
[ o
o
- 1 &
s ®
. co BB B oo B 4 =
080 )
0.
o
R <<
- QN. h\u”
09 ] w
s/w 69600 = °f 80 O
squ gg= [ arn
09°¢




‘09 pue g = Qf118 S T6100
= pue spu 99 = 'f 10y Anoopoa 2jqqnq
Jo apyoid perpes o jo wospredwod oy pze g

(4/1) uoiyisod

00t S0 050 G20 00°0

T T 7 00"

-1 0v'0
o o
o
0000 1 o
% o ® )
¢ ¢ ¢ ©° % O .% <
080 ©
o)
Q.
—4
. <
3
doz1 0
49 0 1 A B

s/ 264070 = °f 80 O
s/ 9'Q = ._ an

09'%

‘09 pue g = (Q/7 1€ S/W YREGQ
=3 pue spu g°g = '[ 105 K150p2A 3jqqnq

35 opijosd jeipes 9y} Jo wosuedwod ayj, o'z g

(4/1) uopisod

(VURE S0 050 T

P 1 1

ogouo

09
s/ $8€0°0 = °f 80
s/u 90 = _— an

QUOGQOQOQP

ON

80’0

00’0

0c'0

6y'0

090

080

00’}

62t

o'l

0ot

08t

(s/w) Ayoole A 8jqang



85

00't

00 e § = G/ 18 S/ 969070 =
pue s 9°( = 'l 10§ Jo12WRIp ULOW I3jNES

(4/1) uonisod

. 3o apyoxd [erpe 3y Jo uostredwod 341, ‘q'EE ‘31

S0 050 520 000
T I T 0000
o
- 2000 m
—
v v 4 - 8
v v v Vy A\ 4 41 44 v v A\ M
WwVy : Y
M ~ vooo
v o
v m
- 3
©
—
®
. -
08 v - ococw
s 96900 = °f 80 v |
s/ 9°Q = _m a’s

800°0

09 pue § = /178 S §960°0 = 1
pue sfw1 g°Q = '[ 10 Jo)2UIRIP UBIW JAYNES
jo aqjoxd eipes 2y jo vosuedwod 3y, egg S

00’}

("/1) uotiisod

GL'0 0G0 G¢'0 000
I T 7 000°0
%
- zoo0 g
®
7 <
" B N o mw
- i
f =0~ O 0 g ° o :ﬂgqau
0 O
) o
Ry 8] | 3
mw.
! T
s/w 69600 = °f 80 o |
s/ 9°Q = _.— an
8000




86

09 pue § = (/1 18 SAu Z610°0 ="
pue spui 9°Q = 'f 10§ rojouiRIp UBSW IOJNES
Jo agoxd ferper o jo uosiredwod oYy, ‘pgg Sig

(H/1) uonisoy

00'1 520 050 SZ'0 000
T ] Y 600°0
0]
-] Zo00 @
@
¢ ® <
. 00 8 4 o ¥ o ¥ 2
oowoo o -{ roo0 nUu
=
. 3
o
o
09 0 L S00°0 \W/
s/ 26100 = 80 O =
sjwgo= an

8000

‘09 pue g = g/ 18 SAU p8eg0 =T
pue s/ui 9°0 = 'f 105 J9)0weIp URSW 13)nES
30 sjjoxd feipes oy jo wosiredwed Yy, ogg Sy

(4/1) uonisod

00°} G0 0G0 G20 00°0
I i i 0000
73]
-1 2000 m
©
(6]
G0 O o o M <
° e ® o ® & o o
® © v00'0 =
3
@
®
S/ y8E0°0 = °f 80 O | -
s/W 9'Q = _m an
8000




86

09 pue g = /11 SAU Z610°0 =T
puz spu 99 = 'f 10§ 3312WRIp VeI 134NES
jo opjoxd feiper 23 Jo uvostredwod oy, ‘pEg Sy

{("/1) uonisod

00'1 GLD 050 LAY 000
H 1 ] 060
— 2000
° ® ?

o 2 & . o ¥ o
OQch o - voo0
09 ’ £ 9GG 0

! ]
spu g6i00 = | 80 O
s g0= 'l an

8000

)

(W) lsiewelq uespy Jeneg

09 pue g = /118 SAU p8E0 0 ="T
pue sfu g = T J0j 19)oweIp veIw I9jnes
Jo ajijoxd jeipe: o) Jo uvostredwos ayy ogg Sy

{4/1) uoijisod

00t G20 050 s20 000

| i 1 00G'0
) "
-1 2000 m
—
(0]
-

O G

O 0O o o) <
e [ CO ﬁa‘ e [ h o
e O o

Qs ~{ voo0
O o8 m.u
b ®
4 3
©
-
@
69 @ ] woc.a\m.w/

S/ $8€0°0 = °f 80 O |
siur g9 = an
8000




‘09 pue § = G/ 18 S 9690°0 = ‘09 pue § = /118 S/ 69600 =

. pur spu 9°g = 'l 105 Kouanbay djqqnq ¥ pue spu g'g = 'f 10§ Asuanboayy ajqqng
jo apyosd feIper 9y Jo uosuedwiod YL ‘qpg g jo sqyyoid feiper oy jo uosuredwos Y, epg Ty
] hhﬂ 1
(4/1) uonised (H/i) uonlisod
oot SL°0 050 T A 000 0o’ G40 6S°0 8¢0 oc.wcd
¥ ¥ T 600 T i !
- - m
S g
v o Vg v v 44. oy v v ¢ H | w
ve ¥ YV v v ¥ o : o
7 M Ne) ] 0 c
(o @ y o % g o ® g Lm 2
> 43« -oor 3 ) E a = 0 0% ks!
Z m_ ™ | Z
1 C
3 n 3
00 @ ) {009 &
09 ¢ 10°° = 09 m =
s/t 9690°0 = ° 80 ¢ e SAu G960°0 = ° 80 o | §
s gg= 'l G/1 - snugg= "l an
008 008




88

oot

09 P § = /11 SAU T6100 =
I pue sau g = 'f 105 Kouanbayj 2jgqnq
jo aujod feipes oy jo uosireduwiod oy,

(H/1) uoyisod

Ppg By

G40 050 S¢0 o0
1 1 H 000
°°e % ¢
ommwo 2 o 8 o

-1 602
- 00y
09 ® -1009

s ggloo="f 80 O

swoo= "l an

0’08

(osssaquinN) Aousnbeuid 8jqang

‘06 pue g = (/118 S/ y8EL00 =
 pue spu 9°g = [ 10§ Aouanbayy 31qqnq

Jo apjoid [eipel ay; jo uostiedwiod ayf Ipg g
{H/1) uonisod
601 G0 050 T 00'0
T Y 00'0
, 00 C o o -
e ° ® C ® ce & o
af e o 5
P e -{00z O
O )
o
] ®
0
&
-1 00y O
O
<<
1 Z
=
3
09 n...odm %,
s/w $8£0°0 = | 80 O m
sl 9°Q = _.— an ~
2'08

R R

oo

R "‘W\ IR L (U1 ]

hile e

0N i

T

LLNEAN

o

f __g i

e

o g

AT A

TR

T

e

Wi e e

W

mon



‘09 pue g = (/7 1 S/l 69606
= *f pue spu p'g = 'f 10§ vondesy proa
3o spyord fuiper oy Jo wosiredwod oy ‘e'ge Sy

‘09 pue 8 = /7 18 SAU 969070
= * pue squr g = 'f 305 uondRIy PIoa
30 2jitoad jmipe: oy jo vosuredwios Yy, ‘q'gE "Ing

(H/1) uonisod (y/1) uonisod

89

GO’} G20 050 Sc'o G600 g0’} el'o 050 G20 006
1 1 I 000 1 1 1 00’0
\ Ad a®
4 L 0
v YV voro n o O o0
v v v 4 <+ < 0 o -] <
vy V v ¥ Q. oo o o = = ® o
v Y Y v O ‘s O E = o
v'v vy . T 0 0 = . L
< B B ] Du
v/ 44 mnw.. (8] - m..w..
O O
ANAN 3 D—U 3 -
-1 0c0 -$ 020
s 09 \ 4 s 0s F ]
s/ 9690°0 = | 80 o S/W G960 = | 80 g
. PO |
st po= ' an s pg= ' ari
0E0 Geo




il 1

TR ™

e

el

90

09 Pue 3 = af11B SAU Z610°0
= pue spu pg = ' 50§ uonodery proa
Jo ajyoxd eipes sy Jo uvostredwsod ayg prcg Sy

{4#) uonisod

00’} g0 05 ¢ G20 000
1 o Amv o 1 06’0
* o o 9D %
% a8t ¢ R IR R
O © -
1o
o
- 010
-4 020
] s 09 %
s 26400= [ 8 o ]
snu g = ' an
€0

LOI3oELS PIOA

‘09 pue g = 4718 St PREQQ
= pue spu g = ¥ J0J vonseyy proa
Jo 9pyyoud eipes oy Jo uosuedwod ayy, o°¢g ng

(H/1) uoiliscd

g0’} V] 0G50 YA 000
1 1 1 600
So o 0 0 0o o m
; o) O
) @ ® [ ] [ -] @ 3
O ©
e Ce @
Oomo
-1 010
-4 G620
. 08 @
S/ ¥8E00 = | 80 O
sjut pg= 'l an
8E°0

UOIIOBI4 PIOA




91

09
puB g = G/ I® S/ 9690°0 = f pue sau
0 = [ 10J UOKHExNUIU0I VIR (LIRS

Jo aqyoid feipes oy jo wosuedwod oy, ‘qog ‘Jif

(/) vonisoq

00’1 SL°6 050 520 000
: I I 00'0
-1 0009
v
4 -
v v v L
v o Y Yo
¥ v v A 7 v v \v4 v v A\c g2t
v ’ Vv \v] N
v
AVl
v X
v o009t
-4 sove
e~ u— 09 v .
sju 9690°0 = '} go y "joo00e
s pg= | an A

0'09¢

(W/1) uoleluBsUO) BalY [RIOBLSIU|

09
pue g = (i 18 S/ €960°0 = f pue spu
p'f) = ' 310) vONENU3IUOD BILR [RISELIjUI

Jo ajyyoid jeiper oy jo uosireduiod ayj, ‘e9g I

(H/1) uoriisod

00’0

oot cl'6 090 520
1 i §
s G960°0 = °f
= s/w o= i
[
g 0O O o
O o O
[B] a & -] - =
=
a ™
g 09
80
=
ar

600

20°09

0'0cé

'o'081

o'ove

(Ww/1) uoneIUEOUOY BalY [BIOBLAIU|

0°09¢€

/

T



92

‘09
pue § = /7 18 S/ Z619°0 = *f pue spu
&0 = 'f 10j vONENUIOUOD BIIE [RIDBJINNW

jo 2roxd eiper a1 jo wosureduwiod ayy, prog B
(H/1) uonisod
oot Sto 050 G20 000

| T i — 000

< -

* 0 © ¢ % o o 4
2 .
o * ¢ & o 90°09
L g L g
oowwo s e %
oY
o d.
o 0’024
—~{ o008l
~{ oore
6 09 ¢
s/ 26100 = | g0 ¢ oo0ee
. !

s yo= arn ]

0'09¢

(W/1) uoiBlUBsUDY) BBIY |BIOBHAI|

‘09
puz g = (/1 18 SAU $8E0°0 = T pue spu
0 = 'l 10§ UONENUIDUOD BITE [RIDEHISIUL

Jo ayyoxd jeiper oyp 3o uosureduwios 2y}, "3'9g 31y

(Y1) uonisoqg

001 G.'D 050 s¢0 00’0

T T I 000
® - T
® o o o O fe) O 0009 mm.
00 ° ° -
e ® o ® o . o
9 ﬁm ® b LEHA m.
>
oy 1 &
[1)]
— 0081 O
O
3
o (9]
o
=
~oovz 3
2
7 S
S/W $8E0°0 = °f > 8 0008 =
20 O -1 0°'00 =
smupo='f an 1 32

0°09¢

_:;_; Wl

KL -



93

i

‘09 pue 8 = /7 18 /U1 9690°0 "09 pue g = /71 18 SAU CB60°C

= ¥ pue spu g = 'f 105 £130594 9jqqnq = ¥ pue spu g = 'f 10§ A1120]2A 9)qqnq
Jo oyosd ferper oy jo uostredwios ayy, “q g ‘Sug 30 ojijoid reiper o jo vosuredwod ayy, ‘e/g Sy
(H/1) uonsod | (H/1) uottisod
00} S.°0 050 520 00°0 00’} SL°0 050 §2°0 000
1 T T 000 T T T 000
~j 620 -1o0.0
y . 5
~{ oro 23 - ~ or0 m
- g B ®
Y . o® AR A .
v, v < o Ba B 2 . &« 8 a & =
v MM V v v v v ~09°0 m -3 090 o
v M v 4 v 4 L 4 ..m.HVT. - »ﬂllw..
< =
-4 o080 \W/ -1 08¢ M
~ (2]
4 Qo X ~
8 09 s 4 8 09 - ]
S/l 9690°0 = ' g0 o oo S/W 9600 = | go o %!
s o= | an . s o= | an ]
6zt T

- P



94

‘09 pue § = /1 3e SAU 76100 ‘09 pue 8 = @/ 18 S/ pBEQO

= *f pue spu g = 'f 10§ £1190]9A 3jqqng = *[ pue spu g = 'f 10§ L0024 31qqnq
3o apyoxd jeiper oy Jo uosiredwiod sy, pLg B 30 9pyoxd ferper sy jo uosuedwios ayy, ‘9L g
(4/1) uonisod (4/1) uomisod
00t SL0 050 520 000 004 S0 050 520 000
T T 1 o000 I I — 000
- y
—{ozo : ~{ 020
W &
—foro m. ~ove O
X0 o o
o = @ ®
<O, . o Q§ -
47005 0 & o O © Jos0 @ c C O 05
s ¢t ¢ 3 ¢ S 0 O Ao g e 9 2 8 8 yUg
o — A —
< =
-1 080 \WJ -1 080 M-
& 0
) 8 9 & . . B s @ .
S/ 2616°0= 'f @0 o jot . s/ ¥8E0°0 = | g0 (o oo
sn o= 'f an | st o= an i
oc'i 0zt




‘09 Pue § = @/1 18 S/ 9650°0 = ‘09 Pue § = 0/ 18 S/l 6960°0 = T

pue spu po = '{ 10§ J910WRIp UBSW EINES pue sfu p'g = 1 10§ 19)3weIp ULt 1I)NES
30 apyoxd gerpes o jo uosuedwod ayy, ‘qgg “dig Jo apjoxd jeiper 3y jo uosprediwiod oyy, ‘v'gg "N
- (4n) vonisoy | (4/1) uoiysog
00} 50 050 520 000 oo 50 05°0 sz'0 000
1 I 1 000°0 T I 1 0000
= -
g Tjeooo mu -] zovo @
v VvV v V v Y C -
v v Vv 3
QM «441 vy v ¥ v ¥ = a Inulm n = _M M_ g B B m w_ M
& ¥y v % n DDU 0 W
{voo0 S O - rooo
9 )
Q 3
o w - mwu..
ol @
(] -
{9000 -jov00g
8 09 v Iw\ ) 8 05 B ~
s/ 96900 = | 80 v s/ 69600 = | 80 O
sw pg='[ ari | s o= 'l an
8000 8600




96

‘05 puR 8 = /11 SAU Z6100 =T

pue s/ g = ' 10§ 12)oWRIP UL JjNES
30 apjoid jerper oyt jo uosiredwiod oy, p'gg Bug

co'i

{(4/1) uolyisod

€10 050 G20 60°0
| 1 T 0600
Q@
—1 2000
e o ¢ ¢ 3 ¢
#0488 0 ¢ 1
S Lo}
- vccpo
—1 90G'0
_' , 09 ¢
sAu 2610°0= [ 80 o
s o= ' an

§00°0

(W) Jelswelq UBs Jeines

‘09 pue g = /11 Shu p8E0'0 ="1
pue sjut 0 = ' 10J JajowieIp UL JIIRES
10 apjoxd yeiper ay) jo uospredutod ayj, "o'g¢ ki

(4ys) uonisod

004 Gi'0 050 G2'0 0c'0
I 1 ) 000'0
-1 2000
o o ¢
0@ @0 O © o © lw
e 0% ® ¢ 5 o o © o ¢
-1 ¥60'0
- 500°0
, . B B e
S/W $8E00 = | 80 O
snu po= [ an
s00'0

(W) Jajawe)q uesy JBINRSG

b

" |m|\ ARUTUR R

Wy

"

TAm

TR TR

1o

e

SRRt e

U I "t

LTI R LTI T

[T

il

e

IR BTN TR



97

09 pue § = (1118 S 9690°0 =
* pue spu g = ' 105 Aouanbosy ajqqnq

50 apyoid jeiper oy jo vosuedwod ayg, ‘qgf Sl
(4/1) uoyisod
00’} 5.0 950 S2°0 000
T T [ 00°'0
v -

w
v s

0002
W . my
o®
0
c
~ooor 8
O
<
1 Z
C
3
o
-j0009 @
8 05 v =
.m\swmmoo: { 80y &
sm po= "I -.an ~

00'08

‘09 pue 8 = (/718 5L §960°0 =
* pue spu pg = 'l 10§ Kouanbay ojqqng

Jjo apjosd jerpes oy jo vosuredwos oy, e “Sug
(H/1) vonisod
00'1 SL°0 650 5Z'0 000
Y T i 000
-{ co02
-]
F o]
o .
1 20°0F
Hﬁ_ = n ] ﬂ w ™ -] IM
0_ g E § =
"= :
o
o -{ o009
s 09 o
S/W §860°0 = | 80 @O
s o= an
0008

(oes/ipquinN) Aousnbai4 8jqgng

I

,__ﬂ i



98

09 pus § = /118 AU 76100 =
*f pue spu g = f 19) Lousnban djqqnq

J0 apyoid jeiper oy jo vosued®ied g, P g
("/1) uopysod
6ot 51°0 os'o 520 000
T 1 i 600
<
¢ 00 © % 0 0o o I
O *
L
W‘ MO oo ¢ ¢ ¢ ¢ W Muu
OHQ% o
— 0002 o
5]
L
] ®
0
C
dooor 3
cooy 3
>3
i =
C
3
o
~ooes §
a9 ® w0
. c;y = B o
st 261070 = | 8 O S
spu 0= f an

goes

‘69 Pus § = (118 SA 8ED0 =
’f pue spu g = ' Joj Kouanbay di9qnq

jo opjord jepes oy1 Jo uostredwod 2yl 6E “3uy
(474} uojitsod
ool s.'0 aso S¢¢C 090 B
T T T —1 960
o :
o o 0 9 0o ¢ w
® cO ® ¢ © © h .
® ® 9 -t 8G0¢ o
o o @
O.nﬁw&o e - MM
A
-4 0G'OF w
{ Z
c
e |
3.
—j 0009 @
5 09 e m
sl pge0’0 = i B0 O &
sp o= an
0008




il o

"09 pue 8 = {3/ 18 S 9690°¢ 09 pue g = /7€ s/ C96G°0
= u_. pue sar §°g = ' 105 uonoesy proa = um. pue sau 1°g = ' 10] uoioryy proa
Jo 9jyoud jeipey oy Jo rosuredwod ayf qow I 10 opyoud jeper oy jo wosiedwod I, vQp "I
H (4#) uotiisod (1/1) uonIscd
oot S2°0 0S50 T Y 000 00} 520 650 g0 00°C
v . " i
v "a
v ~oto - o190
v E
v X »
\v] X | "
LIRS y v v v Y < =
v v -Hozo - u
mi o <
& ] m_w o0 ] 8 ] o,
m m 8] o n 7 Q.
-{oco © " T
m - 0 o8 = jocof
=
: 09 v . Bo i 3
) o 80 - ore
E S =2 ’ v
s 0= 'l an - S/ 69600 = 8 0O
m * 2= - -4
050 s o= an

ﬂ <4 95°0

- ]
g




100

09 PUB § = /118 SAU Z610°0 ‘09 pue 8 = g/ 718 SAU $8€0°0

= nm. pue spu 19 = 'f 103 uonoeyy pica = ' pue sau 179 = ' 105 vonoery proa
Jo opiyord fespes 3y jo woswedwod oy Pop Sy jo opjoud feiper o jo wosiredwiod ayj, o'Qp 1y
(4/4) uoisoy (H/1) uonisod
00§ -7A 050 520 000 00’1 S.'0 850 §2'0 000
T T T 000 ) I I 00°6
e -
¢ o» |
pos ¢ € ¢ ¢ ¢ ¢ B P
. Oe (7] Dgr-
o010 Yol € 8 @ O @ oo
Qxp ¢ ¢
S S
—oz0 = - ozo 5
T Ly
- P i i
Q Q
Hoco o -oco o
3 3
. 5 % e Gro s ¥ e _ ov0
S/W 261070 = °f 86 O s/w $8e0°0 = °f 8 O
s 1= an § sjwi1g= 'l an ]
GS'C 050




101

09
puE 8 = (/7 18 S/ 9690°0 = °f pue s/
1°0 = 'f 10] vonENUAdLGI vIre [RIDRLIOUY

30 9301d feiper oy Jo wostredwios oy ‘q'fp ‘I
(4/1) uonisod
00’1 520 050 TR 000
T T T 000
v
< -4
v Y
v v
v
o v v v -{ ‘ooz
v
%W Ve vV ¢ V g v ¥
w
-1 "00¥
69 v
s/ 969070 = °! 80 v -
= | an
y Smto= |
‘009

(W/1) uolBUBdUO.) BBLY [RIOBLIBIU|

09
pue g = (/7 18 S/w 5960°0 = 'f pue sau
1°0 = 'l 30} vonEnUIdUOD BIFE [RIORJIAUY

Jo opjoid [eiper oy 3o uosizedwos oy, ey Sig

(H/1) uoisod

00} G0 050 Ggeco 00'0
i T T 0G'0
J
-1 0'00%
- ]
a =-§ 0°002
]
'l -8
" = = i -1
- |
a8 1
D_u o G - - 0°00¢
g -
a
-5 0°00%
. s
s/ 59600 = 1 g ~{ 0008
s pg= ' an i
0°009

(W/1) uoijesigudUL) BBIY [BIOBUSIU|

Iy

novihi




102

09
pue § = (/T 18 SAW Z610°0 = f pue spu
1'0 = 'l 230J uorENUIdUOD B [RISRLIIUL

1o 2myoid Eiper oyt jo uosuedwod oyl priy Sig

(4/1) uonisod

Q0% S.°0 0S50 G20

000
06’0

e

08
s/w 261070 = °f 80
spu g = ari

omooomwmmamm&

O 2

-1 '00¢

— "00F

‘009

(W/|) uoneliusouo) Baly [BIOBLSIU|

‘09
pue § = (/1 18 AU pgE(°Q = °f pue spu
1°Q = 'l 10J uoneRUIdUED B3I [RIDL}IOUI

30 oqjoxd [eipe: oy jo uosuedwios ayy o'y Fig

(d/1) uoijisod

a0t S0 066 g§2°0 000
1 T T 000
AU. -
OQ ..
O ® ® ®
o © °
Qo - ‘00z
-t ‘09%
09 @
s/ 8E00 = °f 8 O -
siw o= an
L ‘009

(Ww/1) uonelBUOUCY BB.Y [BIoBUSIU|

RN



"09 Pue § = /718 SAU 96900 "00 pue g = 4/ 18 SAU €960°0

= pue spu 1°g = ' 1oy And0[aA 3jqqng = *f pue spu |9 = 'f 303 A1120j9A 2jqqng
3o 9youd jerper oy jo uwosuredwiod Ay, ‘qzy iy jo sjyoid eiper oy jo uosuredwiod Ay, BZH 3N
(4/2) ueiisod (1/1) uonIsoy
00°1 SL'0 050 520 00°0 00's 510 050 520 000

T T 1 000 T I T 000
M -jozo W -{0z0 .
AV VIR 4 w00 c
w vV v m v vV v Vv ¥y W mn-n..ac O o 0 o o 4 o
v L o)

4 ¥ < A n

e -1ov'c Nr = %
o = ‘n —=a
= 0. . g -oro 3
{ = et &
-~ <
3 - —
o090 < =
09 v L

-1 090

s/ 96900 = °f 80 v | . 09 m
spu o=\ an s/ 6960°0 = | 8 O
i . = ! 7
08°0 s o=l an
080

[T %_,_ [




w il

104

09 PUe 8 = O/ 18 S/ 6100
= f pue spu 19 = 'f 10y £i130134 91qqnq

3o spjoxd perper o) jo uosiredwod syy, pzy ‘Sig

{(4/1) uoniisod

G0t SL°0 0G50 G20 6o’

H ! !

A * o

S0 g 8 28 8 e % 3
_
09 & |
s/ 26100 = ° 80 O |

s/ pg= "I an

0
00°0

0c'o

ov'o

G9'0

080

(s/w) AlooleA 8jqang

09 PUE § = (1T 18 S/ b8EQ0
=l pue spu 1°9 = 'f Joj A1120}9A 3jqqnq
30 opyoxd jeiper ay) jo wosuredwiod Iyj, "oz Sig

(d/1) uonisod

00t 520 050 520 00'0

] T T 000

- 0c'0
Neo W
OODmHHU o8 ¢ g o o O o
s ° ®
° o
-19v'0 o
Q.
—
] <
3
wn

09 @ 090

s/w $8€0°0 = °f 8 O |
spu o=l an
080

[N TR



105

"09 pue § = (1/7 18 SAU G690°0 =
pue shu 1°g = 'f J0j J919wrRIp URSW Jo)nES
36 dpyoxd feiper oy Jo wosiredwod oy “q'gp Fug

(dn1) uoiiisod

6ot cl0 050 G20 00°¢
T T T 0060
09 -
s/ 969070 = °f v

_ 80 \V/ »n
s o= 'l an -j 2000 &
—
@
i <
©
A =

v voc o
v o v v v v/ Y m

v

v - 3
S ~ v ©
v < < v m
v Vv -{ 9000 ~
v 3

8000

0ot

09 pue g = /7 18 S/ 69600 =T
pue sfu -0 = 'f 103 J9)19weIp UBSW JojNES
Jo ajyoxd jeiper oYy jo uostredwiod 9y, By g

(W/1) uonisod

510 050 520 000
I T T 0000
" - z000 &
=3
- mm
<
o "eg %
~ vo00 >
] o O
o -
o 2w TR0y B
o 2 o
o Q
0 .
- 9000 =
. 09 3
S/ G560°0 = | g
J

80G'0




106

09 pue 8 = @/ 1 SAW Z610°0 =T
pue spu [0 = 'l 105 1990umreIp vedw IojNes
Jo ojijoxd jeiper oy jo uosuedwod ayy, pep iy

(4/1) uorysod

001 5.0 050 520 006
I I I 000°0
- 2000
¢ o o © O
o © o o
O
3 * o ¢ o
o ¢ 0 ¢ ¢ tiooo
)
09 ¢ 79000
s/w 26100 = °f 80 O
s/ g = .m a’ri
800°0

Jejpwe|q Ues|y Jeineg

—_~

(W

‘09 PUE § = (4/7 18 SAU BEQ°0 =T
pue sfw 1°0 = '[ 103 J9)oWivIp UBOW F3INES
3o opyoxd feiper sy jo uvostredwsod ayj, ‘3'gp T4

(4/1) uotisod

00t S0 060 g2'0 00°0

I I I 000°0
»
- z000 m
®
. <
©
8 e o o . o e %000 g
s® ® ® o
# 3
@
@

sqe $8e0°0 = °f § O |
s pp= ' an
8000




‘09 pue g = /738 spu wm@o.m = "09 pue § = (/718 SAW $960°0 =

* pue spu 1°g = ' 10§ Aouanbay 21qqnq ® pue sau g = ' 10§ Louanbayy 3jqqnq
30 9qyoxd peiper oYy jo uosiredwiod Ayy, gy ‘g jo 9qyoid jeiper o jo uosuredwiod ML ey Big
(4/1) uonisod (4/1) uoijIsod
oot SL°0 050 520 000 00’} T 050 S20 000
T T T 00’0 T T T 00°0
v s
1]

v . ] 7
e " o
v v o0 g . 000z £

‘0¢
Yo vy v v Vv YV Y g . o
v v m oo iy o
\Y - DD a

Nad y 1 o g2 " 5 o o o O Ly
v = % . ~o0or §
5 v - oo¥ 3 . " ®
= v < - 3
— = O
Z s g 2
- C g S
3 — 0008 =
O c
doos & ' m.
o s o | 8 2
s/ 9690 = °f A e B 09 @ —ovos &
s/ o= an S/ G600 = 8 O Ks)

s o=l an y

008
c'0ot




108

‘09 pue g = (/7118 S/W 76100 =

% pue spu 1-Q = 'f 10y £ouanbay 2jqqnq
Jo aqijoxd [eipes 2y) jo vostredwod ay], Pyb 3id

(H/1) uonsod

o't G0 050 G20 000
1 1 T gcoo
o
* oo o o (O R ¢ o
* OO .
0 @ o ¢ ¢ * ¢
Lo} l%Q.QN
-1 0°GV
J
09 0 -1 0°09
sqw 2100 = °f 80 O
IA
swyg="  C/
002

(o@s/iaqunN) Aouenbaslid 8|qang

‘09 pue g = /T 18 SAU $REQ() =
3 pue spu 19 = 'f 105 Aouanbayy ajqqng
3o spijoxd feipes a1 jJo uostredwos ayy, opp g

(4/4) uonysod

001 s2'0 050 520 00’0
T T ! 00°0
y 5
%00 © 0 0 0 0 O Q4026
o
e @ g ®
® ¢ T
o]
-oor @
0
<
1 Z
c
o &
00 @ %8
d
s/ $80°0 = ° 8 O @
s 0= 'l an =
008




vwep uasaxd pue [g] dew sundar moyy ay g, Gb 31

sfw ‘ALIDOTAA SVD TVIOIIIHdIS

EE B B—]

ey pIng - - -
1yS] 29 BWIYSIA
eR(jIUSSAId =

001 o1 I 10 100
100

13100
8y°0€ - d m
Algadang m
f— Y /Em om m— [0 W
) -
O
AV INNNY BEE B @ m
Es =B | M
-
O
Q
3

01

S S S S I T e R




AL

110

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] an/ Ishii [1]. The drift flux relation:
<Jj;>
<U>

= C,<j>+<V,;> (48)

where the j,, j, C,, and V,; are the superficial gas velocity, 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 numnerical 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:

. our);j(r)ds
<oy > _ L (49)

<an<j> La(r)dsLj(r)ds E

where C, accounts for the void fraction profile effect on the total volumetric flux. The drift
flux plotis shownin Fig. 46. The average gas velocity is plotted against the total volumetric
flux. The slope gives the value of C, and y-interception gives the gas phase drift velocity.
The recommended value of C, is 1.2 for bubbly flow. The best fit of the experimental data
gives the slope C, =0.7 and the gas drift velocity is equal to 20 cm/s. Itis 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
all the void profiles show the wall peak. However, in the fully developed region, the lower

C,

volumetric flux cases, the data points converge toward C, = 1.2 which is the value for the
center core void peaking correlation.
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6.4.2 Comparison of Average Values

The following two plots (Fig. 47.a and b) show the comparison of average void fraction
and interfacial area concentration between the entrance and the fully developed zone. The
average void fraction remains the same as they go downstream. For the two cases of highest
void fracton, the average void fractions gets smaller than at the entrance region. For j, =
0.1 m/s with j, = 0.0956 and 0.0696 rn/s the highest average void fraction exist and bubbly
slugs are found in the fully develcped 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 fully
developed region. Comparing the Interfacial area concentrations between the two regions,
they are very much the same. But at the high value of interfacial area concentration, the data
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) are the average interfacial area concentration
versus the average void fraction. The near wall region is for 1 27/R 20,775 and the core
region is for 0.775 2 /R 20. Most of the data points scatter around a straight line. Inthe
cases of high void fraction, the interfacial area concentration takes on a smaller value which
indicates a larger average bubble »ize with less interfacial area 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 calculated from the slopes and they
are: !

i)  L/D =8, near wall region D, = 4.00 mm
i), L/ =8, core region Dip = 3.25 mm
iii),. L/ =8, area average D,, = 3.50 mm
iv),  L/D =60, near wall average D, = 4.00 mm
v). L/D =60, core region D,n = 3.50 mm
vi), L/D =60, area average D, = 3.65mm

The average sauter mean diameter at the near wall region is larger than the core region.
From the entrance to the developed region, the overall average diameter is also getting larger
which indicates that there is the same coalescence as the two-phase mixture flows
downsweam.
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6.4.2 Comparison of Ai/erage Values

The following two plots (Fig. 47.a and 0) show the comparison of average void fraction
and interfacial area concentration between the entrance and the fully developed zone. The
average void fraction remains the same as they go downstream. For the two cases of highest
void fraction, the average void fractions gets smaller than at the entrance region. Tor j, =
0.1 m/s with j, = 0.0956 and 0.0696 m/s the highest average 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 fully
developed region. Comparing the Interfacial area concentrations between the two regions,
they are very much the same. But at the high value of interfacial area concentration, the data
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) are the average interfacial area concentration
versus the average void fraction. The near wall region is for 12r/R 20.775 and the core
region is for 0.775 2 r/R 20. Most of the data points scatter around a straight line. In the
cases of high void fraction, the interfacial area concentration takes on a smaller value which
indicates a larger average bubble size with less interfacial area 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 calculated from the slopes and they
are:

'

i).  L/D =8, near wall region D, = 4.00 mm
i),  L/D =8, core region D,,=325mm
iii), ~ L/D =8, area average D,, = 3.50 mm
iv).  L/D =60, near wall average D,, = 4.00 mm
v). L/D =60, core region D,,=3.50 mm
vi). L/D =60, area average D, = 3.65 mm

The average sauter mean diameter at the near wall region is larger than the core region.
From the entrance to the developed region, the overall average diameter is 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
occur at j; = 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 j; = 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 j,. 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 j, = 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 j, = 0.4 and 0.6 m/s and it becomes less dependent on
void fraction. Only the j, = 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 = 3 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
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 miniaturization of the double sensor probe. The
trace of the probe signal shows there is a rather long rise time due to the dry out process and

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

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
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

instantaneously.
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
onthealgorithmdeveloped by Kataokaetal. Ithasnot 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. Forinstance,
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, all 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

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 all 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 t0

be getting larger at the pipe wall region. This may be due to the bubble orientation rather

Vol .
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than the actual increase of the bubble size. For j,=0.1 m/s, the bubble mean diameter does
increase quite drastically for higher gas injection 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
is well established at the entrance region and it diminishes in the fully developed region if
the liquid flows at a moderate rate. The void 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 an even 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 j, =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 m/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 j, = 0.1 m/s, the local void fraction profile changes
froin 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 local bubble velocity increases because, in closely packed
slug, bubbles are entrained to the wake of the previous bubbles. The same phenomenon is
observed in the chumn 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 all three components of interfacial
velocity. In more general local measurements, a three-double-sensor probe is needed for
studying the more complicated phasic behavior.
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