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Abstract

The interfacial area concentration (IAC) is one of the most important parameters in the two-
fluid model for two-phase flow analysis. The IAC can be measured by a local conductivity probe
method that uses the difference of conductivity between water and air/steam. The number of
sensors in the conductivity probe may be differently chosen by considering the flow regime of
two-phase flow. The four sensor conductivity probe method predicts the IAC without any
assumptions of the bubble shape. The local IAC can be obtained by measuring the three
dimensional velocity vector elements at the measuring point, and the directional cosines of the
sensors. The five sensor conductivity probe method proposed in this study is based on the four
sensor probe method. With the five sensor probe, the local IAC for a given referred measuring
area of the probe can be predicted more exactly than the four sensor probe. In this paper, the
mathematical approach of the five sensor probe method for measuring the IAC is described,
and a numerical simulation is carried out for ideal cap bubbles of which the sizes and locations
are determined by a random number generator.

Key Words : five sensor conductivity probe, two-phase flow, cap bubble, interfacial area
concentration (IAC)

1. Introduction defined as the interface area per unit control
volume, is one of the most important parameters

The interfacial area concentration (IAC), which is in the two-fluid model for a two-phase flow
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analysis. The conductivity probe method is a useful
measurement technique for flow parameters, such
as the void fraction and bubble velocity in two-
phase flow. It uses the difference of conductivity
between water and air/steam. The measuring
principle of the multi-sensor conductivity probe in
obtaining a local time-averaged IAC is based on
the mathematical formulation given by Ishii[1] as
follows:

—t 1 1
ai(x0=y0az0)='—z_~— 1
Q54| vij | cosg; 1

The IAC can be obtained by measuring the
interface velocity and number frequency of the
inteffaces at a local measuring point.

The number of sensors included in a
conductivity probe is usually two or four, and their
applicability depends on the flow regimes or
particle shape. The double probe method uses the
assumptions that there is no correlation between
the interface velocity vector and surface normal
vector and that the particle shape is spherical.
Therefore the double probe method is applicable
only to the bubbly flow.[2-7] The four sensor
probe consists of one central common sensor and
three rear sensors. The four sensor probe method
does not require any statistical assumptions.[8-10]
The concept of the five sensor probe method
proposed in this study is similar to that of the four
sensor probe method. It can measure the IAC
more systematically by obtaining an additional
axial velocity vector from the central rear sensor
than four sensor probe.

In this study, the theoretical approach for the
local IAC measuring method using a five sensor
conductivity probe is presented, and its validity is
shown by a numerical simulation for ideal cap
bubbles of which the sizes and locations are
determined by a random number generator.

2. Theory
2.1. Four Sensor Probe Method [8-10]

If a function representing a moving gas-liquid
interface, j, is defined as Eq. (2), the local
instantaneous IAC is given in terms of the
distribution as shown in Eq. (3):

f_] (X, Y, Z) =0 (2)

aikyz)= Y |V |66,z (3
b

This formulation is valid for any flow regime of the
two-phase flow. Since the distribution, &(x,y,z,t),
is not experimentally observable, the time-
averaged value of the IAC is usually used. In time
duration @ at a local position (xo,Y0,20,t0), the local
IAC is given by

- 1 L of;
a:("°’y°’z°)=62{l v “‘7;—” @
j

at(Xq, Yo Zo)
Referring to Fig. 1, the following relation can be
obtained.
— of;
Iijl/I J|= = L 5
|6t] " vy cosg, ©

From Egs. (4) and (5), the time-averaged IAC can
be derived as follows:

az(XO,yo,Zo)=$Z—r]— (6)
7 | Vi | cosg;

where ¢, is the angle between the velocity of the
j-th interface, 7; and the direction of the surface
normal vector at , as shown in Fig. 1.

For a sufficiently large time duration, £, one
obtains the following relation,

Q. )=0on (7)
j]
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Fig. 1. Angle Between v;and i}

where r can be expressed by r=1/(2N) if one
defines N, as the particle number passing the
measuring point per unit time. Substituting Eq. (7)
into Eq. (6), one can get the following formula of
the IAC:

—t 1 1
ai (xo’YO’Zo)=?T‘-—' (8)
| vij | cosg;

Fig. 2 shows a schematic of the four sensor probe.
The unit vector, nu, for a rear sensor, k, is
represented by (cosz., cospx, cosy), with
k=1,2,3. The location of the front sensor is given
by (Xo, Vo, Zo) and that of the rear sensor, k, by (x,
Yk, 2 - The velocity of jth interface passing the
rear sensor, k, through the front sensor with a
time interval, Aty, can be defined by

k=1,2,3 9)

If the j-th interface is expressed by f(x,y,z,1}, then
the following relations are satisfied.

fj(xo’YOaZo,tj)-’—O (10)

fj(Xk,yk,Zk,tj"f'Atkj):O (11)

Front Sensor

Fig. 2. Schematic of Four Sensor Probe

Assuming the distance, As,, and the time
difference, Aty, are sufficiently small compared to
the length and time scales, respectively, the
following relation can be obtained from Egs. (10)
and (11)
P cosm o + Zhcosn , +2cos
x xk dy My oz N 2

o 1 (12)

If the unit vectors, My, N., N, are linearly
independent, then the determinant 1Ayl is as

follows:

COST|j €OSMy;  COST 5
[Agl=|cosn,, cosn, cosn,| #0 (13)

COST ,; COSTl 3  COST) 3

Then, the solution of Eq, (12) is expressed by

AP AP AP
|Aol?

(14)

(vii | cosg;)™

where the determinants |A;!, 1Azl, 1Azl are
given by
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Finally, the time-averaged IAC is given by
-t_ 1 ‘JlAl ’2+IA2 |2+|A3I2 (18)
=1y

; V1A P

Thus, the local time-averaged IAC can be obtained
by measuring the three-dimensional interfacial
velocity components at a measuring point, and the
geometric parameters of the four sensor probe.

This equation can be applied only to the case that
an interface passes all of the tips of the four
sensors. However, because of the finite size of the
probe, some interfaces passing the front sensor
may not hit one of the rear sensors. When the
probe is positioned near the wall, the trend is
significant. The contribution of the interfacial area
from such missing interfaces would be substantial
and must be considered. For such missing
interfaces, the IAC is obtained by following
mathematical formula under the assumption that

4 Sensors Rear Sensor

Plane
P

)
e

Interface —

- s

Interface

Fig. 3. Configuation of the Missing Interface

the shape of the interface is steep, and nearly
parallel to the probe:

aj =£'L—Ig' (19)
Qs,

In this formula, 1y is the distance between two of

the rear sensors, s, is the projected area of the

probe in the flow direction as shown in Fig. 3, and

1, is the bubble residence time.

2.2, Five Sensor Probe Method

A design of a typical five sensor probe is shown
in Fig. 4. The probe includes a central front
sensor, a central rear sensor, and three peripheral
rear sensors. The measuring point is the location
of the central front sensor. From the central rear
sensor, one can additionally obtain the axial
velocity component of the interface. Thus the four
velocity components of the interface at a
measuring point can be obtained, and the IAC can
then be determined from the three sub-cells in the
measuring area independently as shown in Fig. 5.
The direction vector components of the rear
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Fig. 4. Prototype of the Five Sensor Conductivity Probe

sensors from the central front sensor are derived
from the consideration of the geometry of the
probe. The derivation of the directional vector
components is described in appendix A.

Generally, the interface is not symmetrical on
the central sensor, and the IAC at the central
measuring point would then be different according

Front

Fb. “ \// ) //
Sensor___ /> e
~_ / ~

I

Fig. 5. Configuration of Category I

to the referred sub-cell. The IAC is obtained by
weighted averaging for the angle of each sub-cell
on the measuring point. This process has some
advantages such that the curvature effect of
interface can be reduced for a given size of the
probe, and that a more systematic approach for
missing bubbles can be made when compared with
the four sensor probe method. Most of the missing
interfaces usually have steep shapes and the IAC
for those interfaces at the measuring point would
be estimated as large. Thus the contribution of the
interfacial area from the missing interfaces cannot
be neglected.

In this study, several types of interfaces passing
through the sensors are classified into four
categories, and different mathematical
formulations are applied to each category. The

configuration formed by the sensor tips and the
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projected bubble interface is shown in Figs. 5~9
for each category.

2.2.1. Category I (Case 1) : For Interfaces
Passing all of the Rear Sensors

In this case, three triangle shaped sub-cells can
be considered on the central position, as shown in
Fig. 5. The three-dimensional interfacial velocity
vector can be obtained from each cell
independently at a local measuring point. Thus,
three values of the IAC at the central measuring
point can be made. The IAC representing the
quantity at the measuring point is obtained by
weighted averaging for the angle defined in Fig. 5
as follows:

_ (aij )Cemu 1 +(aij )Cell %2 +(aij )CellSa 3 (20)

aj o

The IAC for each sub-cell k, (aya «, is obtained
from the four sensor probe method. This method
has the advantage that the curvature effect of the
interface can be reduced for a given size of the

probe.

2.2.2. Category Il (Case 2~4) : For
Interfaces Passing Two Sensors

15=1,/3

sp=9,/3
1571,/3 378, X 5/18
8,38, X5/18

Fig. 6. Configuration of Category Il

among the Three Symmetrical Rear
Sensors

This category is also divided into three cases
according to the kind of the missing sensor among
the three symmetrical rear sensors, and the same
methodology can be applied to the three cases.
Similar to category I, the IAC is obtained from the
weighted averaging process as in Eq. (20) by
considering the three sub-cells. Fig. 6 shows the
configuration and projected triangle of one of the
three cases. The IAC of sub-cell 1 is obtained by
the four sensor probe method, but since all of the
three components of the velocity vector cannot be
measured in the other sub-cells, some
mathematical considerations, which are somewhat
different from the four sensor method, are made
in this category. A sensor detects two interfaces
per bubble, and one can expect that the upper
side of the missing interface is steep, but the
bottom is flat, unless the bubble is small. The
steepness of an interface can be judged by
comparing the value referring to cell 1 with the
value of a flat interface (Inequality in Eq. (21)). For
the steep interface, the interface is assumed to be
nearly parallel to the probe. For a flat type of
interface, the value referring to cell 1 can be
considered as the representing value on the

Fig. 7. Configuration of Category Il
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measuring point. For any other shape of the
interface, some mathematical considerations are
applied in cell 2, 3, as shown in Eq. (21).

In this study, the criteria of a 5% difference is
used. This relation, Eq. (21), can be applied to
any interface having various steepnesses. 4 and
sy are the length and area that is occupied by a
bubble in the cell k, and they are determined by
using some statistical assumptions that the bubble
occupies the projected area as in Fig. 6. When the
projected area is divided equally into the three sub-
cells, the length and area in the sub-cells are also
given in Fig. 6.

for (aﬁ )Cem- fllvliz <€

(aij )=(aij Cell |

for (aij )Ccm' Sllvl >&

(a‘i )Cel]2_ Qs,,
p

(a-- ) _tb Iy
§leas™ s
)

2.2.3. Category Il (Case 5~7) : For
Interfaces Passing One Sensor
among the Three Symmetrical Rear
Sensors

This category is also divided into three cases
according to the missing sensor among the three
symmetrical rear sensors, and a methodology can
be applied for each case. For these cases, some
mathematical considerations are made because
only two components of the velocity vector for
each cell can be obtained. Fig. 7 shows one of the
three cases belonging to this category. For this
case, an exact relation (see Eq. (27)) is considered
to have the IAC. The x or y directional slope

cannot be measured directly at the local measuring
point, 1, so some engineering considerations
based on the measurable quantities are made.

Let us consider a case that an interface contacts
the sensors, 1, 2, and 3. Because one can
statistically expect that the slopes of the interface
in the direction of x and y at the measuring point,
1, would be larger than the linear slopes in each
direction between the sensors, 1 and 3, the
elevation difference of the interface in each
direction is assumed to be that at the position of
the sensors, 1 and 3. The IAC is then derived by

2 2
(aij ):L ! 1+ ﬂ + Az_l_:’_ (22)
Qv, Axyy Ayys

The lengths in the denominators of the terms in

root, Ax;z and Avis, are the distance between
sensors 1 and 3 in the x and y direction,
respectively, and are determined by the geometry
of the probe. The elevation difference of the
surface at sensors 1 and 3, Az3, is obtained from
the axial velocity component and the delay time of
the rear sensor signal. Subscripts 1 and 3 are the
identification numbers of the sensors. If Ax;3 or
Avis is 0, the slope of the interface in the
direction of either axis is hard to be obtained. For
the case, the measuring point is assumed to be at
the location shown in Fig. 8.

2.2.4. Category IV (Case 8) : For Interfaces
Passing Only the Two Central
Sensors

Under the assumption that the bubbles have a
spherical shape, the double sensor probe method
presented by Revankar et al.[3], and Hibiki et al.[7]
can be applied as follows:

2. 1
1 Vi

aij =
@ taziln(cosa; )-tanazg ln(sin%o—)

(23)
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Fig. 8. Case 5, Modifed

If the variables related to the velocity fluctuation,

a{see nomenclature) is assumed to be nearly 0,
then Eq. (23} is simplified to Eq. (24).

a =21
TRV, | @

This equation is applied to the numerical
simulation presented in the following section.
Since the contribution of the IAC from the
interfaces of the case 8 is small, as will be
presented later, this simplification is valid.

2.2.5. Total Time-Averaged IAC

The total time-averaged IAC is obtained by the
summation of the instantaneous values for the
interfaces of various cases as follows:

ai= gy (25)
i

3. Numerical Simulation for Artificial Cap
Bubbles

To verify the applicability of the five sensor
probe method, a numerical simulation is
performed. The flow channel is assumed to be

*

Fig. 9: Configuration of Category IV

cylindrical and to have a 0.08m ID. The geometry
of the five sensor probe applied in this test is
shown in Fig. 4. The generated bubbles were
assumed to have cap shape. The size of a bubble
is determined by using a random number
generated from the random number generator,
and the generated location in the channel is by
two additional random numbers. The generated
bubbles are assumed to have the exponential size
distribution of Nukiyama et al.[11] By considering
20 radial nodes, one particle per second is
generated at each node and the data for 10000
bubbles are used in the calculation of time-
averaged IAC. The bubbles that do not pass the
sensors, and of which part is out of the channel
are excluded from calculation. The generated
bubbles are assumed to have the velocity given by
Peebles et al.[12] and Davis et al.[13]

The theoretical time averaged interfacial area
concentration for the surface represented by the
Eq. (26} is given by Eq. (27).

z=f{x,y) (26)

— 1w 1 azY (8zY
imﬁ{a] = @)
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An ideal cap bubble has a spherical upper

interface and a flat bottom interface. The surface
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of the sphere that has a radius, r, and of which the

center is on the coordinates of (xo,yo,2z0) is
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represented by Eq. (28) and the flat surface is
given by Eq. (29).

(X-%0)? +(y-¥o) +(z~2,)% =12 (28)

Z = const (29)

The theoretical value of the local time-averaged
IAC can be obtained analytically from Egs.
(27)~(29).

4, Results and Discussion

Fig. 10 shows the time averaged IAC being
compared with that of the four sensor conductivity
probe and the theoretical values. On the whole,
the five sensor probe method gives satisfactory
results, but the four sensor probe method
underestimates the IAC. As the probe approaches
the wall, some interfaces miss the one or more of
the rear sensors, and both of the methods more or
less underestimate the interfacial area
concentration. This trend indicates that both of the
methods underestimate the IAC for the missing
bubbles. An independent analysis for the cases
that were pre-defined according to the passing
type through the sensor were also performed. The
contribution of each case to the interfacial area
concentration is shown in Fig. 11. As the sensor
moves to the wall, the contribution of the missing
bubbles increases.

For the case that interface passes all of the
sensors (category I), both of the two methods
show satisfactory results.(Fig. 12) For the cases
that the interface misses one of the symmetric
rear sensors (Category II), the estimated values by
the five sensor probe agree with the analytical
results fairly well.(Fig. 13) The four sensor probe
method can estimate the interface area of the
upper side of the sphere effectively, but the

Al r-0WSm

Fig. 16. The Size Distribution of the Sampled
Bubble

assumption used to a steep interface is hard to be
applied for the flat bottom interface. The four
sensor probe method underestimates the IAC by
an improper consideration for the bottom
interface, whereas the five sensor probe method
can treat upper and bottom interfaces effectively
by using the information from the central rear
sensor. For category llI, this trend is more
remarkable. (Fig. 14) Category 1V can be
neglected because the contribution is quite low as
shown in Figs. 10 and 15. In Fig. 16, the size
distribution used in the simulation is presented at
the three radial points.

5. Conclusions

A five sensor probe method to measure the
interfacial area concentration (IAC) is developed in
this study. The IAC can be obtained by measuring
the three components of the velocity vector at a
local measuring point and the time delay of the
signals from the rear sensors. By using the five
sensor probe, one can additionally obtain an axial
velocity component from the signal of the central
rear sensor. Thus, the four velocity components of
the interface at the measuring point can be
obtained and one can consider the three sub-cells
in the triangular measuring area to get the IAC.
The IAC at the measuring point is obtained by
averaging that of each sub-cell. This process can
reduce the measuring area given by the finite size
of the probe, and this aspect also reduces the
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curvature effect of the interface for the given size
of the probe.

Since the five sensor probe method can treat the
upper and bottom sides of an interface pertinently
for the missing bubbles, a more systematic
approach for the interfaces can be made than the
four sensor probe method.

To verify the proposed method, a numerical
simulation for cap bubbles generated by a random
number generator was carried out. As a result of
the numerical simulation, the five sensor probe
method is satisfactory for any pre-defined case
compared with the four sensor probe method and
the analytical results. This study focuses on the
validation of the new method using a five sensor
probe. Although the shape and size of the bubbles
in actual flow can be different from those used in
the simulation, and other uncertainties may
happen in actual conditions, the five sensor probe
method would predict the IAC more exactly than
the four sensor probe method for a given

measuring area.

Nomenclature
a interfacial area concentration
a time-averaged interfacial area concentration
A determinant
i function representing the j-th interface
I distance between two of the rear sensors

Lo length scale that is occupied by a bubble in

cell k
Nw unit vector in the direction of the k sensor
Sp projected area of the probe in the flow
direction

Spk projected area that is occupied by a bubble
in the cell k

As  distance between tips the of two sensors

t time

Aty transit time for the j-th interface to pass
between the front and rear sensor k

v velocity

X,y,2 coordinates

Azy elevation difference of the surface at the
position of the k and k' sensors

a, angle of sub-cell k on central sensor

) maximum angle between vy and the mean
flow direction vector

é; angle between v, and 1,
angle between n, and 1,
reciprocal of number of interfaces passing
a point per unit time

7 bubble residence time

Q total measuring time
Subscripts

b bubble

i interface

j interface number

k rear sensor number

z z-direction

0 reference
Superscript

t time-average
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Appendix A. Directional Cosines for the » Directional Cosines
Sensor Tips (cos®ya, cOSTy2, COST,2) = (0, 0, 1)
(cosna3, cos?y3, COSN.3) = (x3/d13, O, z3/d13)
- Sensor 1 (cOS %4, COSTyq, COST2a)=(Xa/d14,Va/d14,24/d14)
X =y1=2=0 (cOS s, CO87y5,€087:5) = (X5/d15,y5/d1s, 25/d1s)

« Sensor 2 7®
X, =y,=0, 2, =d;,

- Sensor 3 (from Fig. A-1, A-2)

_ { 2 _ 2
X3 =qdj; - 23

y;=0

d123 +d?, —d%;,
Zy=—>—= 2

2d,,
@ Q-
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» Sensor 5 (from Fig. A-1, A-4) @
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