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1. Introduction

The existence and change of an interface are one of the
most important processes in two-phase flows and contrib-
ute significantly to the transport of momentum, heat and
mass. The variation of an interface also plays a role in
the generation of fluid friction losses and fluid induced
noise. In order to understand the behavior of two-phase
flow and to make a better application of the two-phase flow
in various industrial fields it is therefore essential to study
the interfaces, especially the interfacial velocity. Such inter-
facial studies have been performed by means of various
methods like multi-sensor electrical or optical probe (Kat-
aoka et al., 1986; Hibiki et al., 1998; Shen et al., 2005),
ultrasonic Doppler (Murakawa et al., 2005), laser Doppler
velocimetry (LDV) and particle image velocimetry (PIV)
and their related photographic methods (Bachalo, 1994;
Shen et al., 2002).

The ultrasonic Doppler, LDV or PIV and photographic
methods can be used in the measurement of an interface
when the bubble number or void fraction is very low. How-
ever, when the bubble number or the void fraction
increases the sound or the light beam has to cross a vast
number of interfaces to reach the measurement volume,
which makes it difficult to distinguish the interfaces.

The multi-sensor electrical or optical probe is the first, in
many instances, the only experimental technique to study the
detailed spatial distribution of local variables in two-phase
flows. It works on the basis of the time differences in which
an interface moves from one sensor tip to another one, the
time difference being primarily related to the interfacial
velocity. By using very fine sensors placed in the two-phase
flow and laser or electronics with servo-loop technique, it
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is possible to measure the instantaneous interfacial direc-
tions and velocities of fine scales and high frequencies,
time-averaged void fraction, time-averaged interfacial areca
concentration, etc. Many researchers extensively studied
the time-averaged void fraction and time-averaged interfa-
cial area concentration in the bubbly flow by using multi-
sensor probes in the past several decades (Kataoka et al.,
1986; Hibiki et al., 1998). By imposing the assumption that
the interfacial velocity can be estimated by using the ratio
of the distance between two neighboring sensor tips
and the time difference for the interface passing through
the two sensor tips, Kataoka et al. (1986) and Hibiki et al.
(1998) measured the local interfacial velocity and obtained
the time-averaged interfacial area concentration in the
one-dimensional two-phase flow by using the double-sensor
and four-sensor probes. However, when the interfacial lat-
eral motion prevails and the two-phase flow shows its
multi-dimensional characteristics, the existence of the lateral
motions makes the above interfacial velocity and interfacial
area concentration measurements questionable. Recently
Shen et al. (2005) derived the interfacial measurement theo-
rem for multi-sensor probe by using vector analysis and
pointed out that a four-sensor probe could measure the
interfacial velocity component in the interfacial direction
but could not measure the 3-D interfacial velocity vector in
multi-dimensional two-phase flow without adding the spe-
cial interfacial shape assumption such as spherical shape or
ellipsoidal shape. Their theory enabled the interfacial area
concentration measurement and the instantaneous interfa-
cial direction measurement in multi-dimensional two-phase
flow. And they did measure the interfacial area concentra-
tion and the interfacial direction in air-water two-phase
flow in a vertical large-diameter pipe (Shen et al., 2005,
20006).

With the further application of the interfacial measure-
ment theorem (Shen et al.,, 2005) to the multi-sensor
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probes, the present study established a method for measur-
ing the local instantaneous interfacial velocity vector in
multi-dimensional two-phase flow by using three indepen-
dent four-sensor probes. Since a five- or six-sensor probe
includes a lot of four-sensor combinations by sharing
its sensors and at least three independent four-sensor sets
exists among each probe, it was concluded that the five-
or six-sensor probe was able to measure the local instanta-
neous interfacial velocity vector in multi-dimensional
two-phase flow. A practical application and verification
of this method was performed in an air—water two-phase
flow in a pool.

2. Interfacial measurement method

Prior to the derivation of the interfacial measurement
theory, it should be mentioned here that the following four
assumptions were adopted in the derivation of the interfa-
cial velocity measurement method on the interfacial shape
and velocity during the interface-sensor touching process
and probe size: (1) the effect of interfacial curvature is
neglected by assuming that the interface is a continuous
and non-deforming curved surface, (2) the orientation of
the normal vector at a fixed point on the continuous and
non-deforming curved surface is constant, (3) the velocity
of the interface is constant, and (4) the four-sensor probe
is small in size relative to bubbles.

When the Ath bubble, which has two interfaces, the /th
and (/+ I)th, or the 2ith and (24 + 1)th, passes through
two neighboring sensors, 0 and 1, among a multi-sensor
probe, it produces two signal serials as shown in Fig. 1.
These signal serials contain basically two types of informa-
tion, namely (1) time difference between the phase identifi-
cation points in the two sensors (Atfyy;) and (2) residence
time of each phase of gas and liquid (Aty;,). The former is
utilized in the interfacial velocity measurement and the lat-
ter is in the void fraction measurement.
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Fig. 1. Signal output when bubbles passes through two sensors.

2.1. Interfacial measurement theorem

In double-sensor probe and four-sensor probe measure-
ments, we know the distance vector between two neighbor-
ing sensor tips and the time difference for the interface
passing through the two sensor tips and can refer to the
ratio of the distance vector and the time difference as the
measurable interfacial velocity vector. In the process of
four-sensor probe measurement improvement, Shen et al.
(2005) analyzed the interfacial movement relative to a
multi-sensor probe (see Fig. 2) and derived the interfacial
measurement theorem for a multi-sensor probe measure-
ment, which gives the general relation between the local
instantaneous interfacial velocity vector and the local mea-
surable interfacial velocity vectors. The derived interfacial
measurement theorem tells us that all of the measurable
interfacial velocity vectors in a fixed position on a surface
have the same component in the surface normal direction
and it also equals to the component of the local instanta-
neous interfacial velocity vector in the surface normal
direction. The theorem can be expressed by

;- Vy=ny-Vyou =V, k=1,2,3 (1)

where V;; denotes the velocity vector of the /th interface
passing through the point, (Xo,%) on the interface, at
which the front sensor tip penetrates through the interface,
and is defined by

Vi =Vui+Vyui+ V.ak

= |Vl (cos n,i + cosn,,j + cosn. k), (2)
V,.or; stands for the measurable interfacial velocity vectors
of the /th interface and is defined in terms of the distance
vectors sy_, from sensor tip 0 to k (kK =1,2,3) and the time

difference when the /th interface moves from sensor tip 0 to
k (k=1,2,3) in the four-sensor probe, i.e.,

So—k

Vm()kl = ) k= la27 37 (3)

t — tor
where the distance vectors so_y is given by
k=1,2,3,
(4)

S0k = [So—«|(COS 1,041 + COS 17,04] + COS 17,0, K),

Vm()] !

[-th interface at t, ty by 13

Fig. 2. Four-sensor probe and the /th interface.
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n; is the interfacial directional unit vector or the surface
normal unit vector at (xg,%y) and is defined in terms of
its 3 angles (shown in Fig. 3a),

n; = Cos i + cos ’7yii + cos .k, (5)

and V,,; is the component of interfacial velocity vector in
the surface normal direction at (X, 7g)).

When the lateral motions of the interfaces exist in the
two-phase flow, some interfaces crash into the probe on
an oncoming way and some interfaces crash into the probe
on a receding way. The oncoming interfaces will touch the
front sensor tip, 0, ahead of the rear sensor tips, k,
(k=1,2,3) and the receding interfaces will touch the rear
sensor tips, k, (k=1,2,3) ahead of the front sensor tip,
0, in the measurement. Eq. (3) shows that direction of the
measurable interfacial velocity vector is determined by
the time difference when the /th interface moves from sen-
sor tip 0 to k (k=1,2,3) in the four-sensor probe. The
direction is positive, namely the same with the positive
direction of the corresponding distance vector sg_; from
sensor tip 0 to k (k=1,2,3), for an oncoming interface
and is negative, namely the same with the negative direc-
tion of the corresponding distance vector so_; from sensor
tip k (k=1,2,3) to 0, for a receding interface.

2.2. Interfacial normal direction and interfacial velocity
component in this direction

By applying the interfacial measurement theorem to a
four-sensor probe, we can obtain the local instantaneous
interfacial normal unit vector, n;, and the local instanta-
neous interfacial velocity component in the surface normal
direction, V,,;, at (X, ;) on the /th interface, at which the
front sensor tip penetrates through the interface. The
results are shown as follows:

_ +|4o1]
cosn,; = ,
2 2 2
AO]I + AOZ/ + A031
+[4
cosn,; = Aoz and
- 2 2 2
AOll + AOZ/ + A03l
+|4
cos i, = il (6)-(3)

2 2 2
AOI[ + AOZI + A03l

|

A
V=V -ny= 0

-y, (9)
Ay + Ay + Agy,

where Agy;, Aoy and Ags; are referred to as the directional
determinants since they are decided by the distance vectors
between the sensor tips among the four-sensor probe and
the directions of the measurable interfacial velocity vector
and are finally used to determine the interfacial direction.
They are expressed by

ﬁ COS1y01  COSH
Aoy = % COS1ypp  COSH |,
ﬁ COSMy03  COST3
COS Mxo1 ﬁ COS 11
Ao = | COS N2 % COS 102 | and
COS 11303 % COS 103
COSMyxo1  COS My ﬁ
Aoy = | COS T,y COSNyy T (10)-(12)
COS M3  COSTy03 tfsloitff

Aqg 1s the basic determinant of a four-sensor probe which is
determined by the geometrical configuration of the four-
sensor probe. It is given by

COS 101 COSHyy  COSHL
Ao = |COSH,  COSTgy  COSHqp |- (13)
COS 103 COSHyp3  COSH 3

Since it is required in the four-sensor probe that the four-
sensor tips should not be arranged in a same plane and
the four sensors should be independent of each other, the
basic determinant of the four-sensor probe should not
equal to zero.

Due to the fact that there exist two surface normal direc-
tions, the outward and the inward, at any point on an inter-
face, each of cosy,, cosn,; and cosy.; in Eqs. (6)—(8) has 2
roots (positive and negative), which correspond to two
complementary angles for each of #,;, ,; and ., in [0,x].
The positive cosine value stands for the acute angle and
the negative cosine value for the obtuse angle. The two
complementary angles for the oncoming and receding
interfaces are shown in Fig. 3b and c, respectively, if #.;
is taken as an example. Note that the outward interfacial

(]
|

an oncoming

. a receding
interface

interface

xy plane x y plane

Fig. 3. Angles between n; and the coordinate axes. (a) 7, #,; and 7,;, (b) for an oncoming interface, (c) for a receding interface.
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normal direction is usually chosen to be the positive inter-
facial direction and only one angle is a right solution for
each interface. The positive or negative cosine value selec-
tion for each cosy,;, cosn,; and cos#;; in Egs. (6)—(8) can be
determined by the sign of Ay, Agy; and Ay, respectively.
The direction of V,; is identical to that of m; on any
interface.

Generally, if any sensor, k (k=0 or 1 or 2 or 3) is cho-
sen as the front sensor and the others the rear sensors, there
exist four four-sensor probes in one four-sensor probe.
Hence we can obtain four local instantancous interfacial
directional unit vectors, nyy, (k=0,1,2,3), and four local
instantaneous four interfacial velocity components in the
normal direction, V,;; (X, 1), (kK =0,1,2,3), by extending
Egs. (6)(9) to any of the four four-sensor probes. How-
ever, it can be theoretically proven that the four local
instantaneous interfacial directional unit vectors, ny;,
(k=0,1,2,3) at different sensor tips are not independent
and identical to each other, i.e.,

N, = My = Ny = N3y (14)

And the four local instantaneous interfacial velocity com-
ponents in the surface normal direction, V,AX, )
(k=0,1,2,3), are also not independent and keep the same
valve when the /th interface passing through the four-sen-
sor probe, namely,

Vior(Xos tor) = Vi (X1, tir) = Vi (X2, t21) = Vs (X3, 137).

(15)

Eqgs. (14) and (15) are the internal characteristics of a four-
sensor probe when it is used in the interfacial measurement.
Hence, any sensor, k (k=0 or 1 or 2 or 3) of the four-sen-
sor probe can be chosen as the front sensor and the others
the rear sensors in the practical measurement of the local
instantaneous interfacial directional unit vector and the lo-
cal instantaneous interfacial velocity component in the sur-
face normal direction.

2.3. Interfacial velocity vector measurement

The interfacial velocity vector includes three indepen-
dent velocity components in x, y and z directions. Accord-
ingly we need at least three equations to solve for the
interfacial velocity vector in the interfacial measurement.
If we can apply three independent four-sensor probes to
measure the same interface at three different positions
(shown in Fig. 4), each probe gets an independent local
instantaneous interfacial normal unit vector and an inde-
pendent local instantaneous interfacial velocity component
in surface normal direction. Since the velocity of an inter-
face is assumed to be constant in the interface-sensor
touching process, we can theoretically obtain the local
instantaneous interfacial velocity vector for the /th inter-
face by solving three independent equations from the appli-
cation of the interfacial measurement theorem to the
interface-sensor touching process in the three four-sensor

auxiliary probe .
auxiliary probe

an interface

Main probe

Fig. 4. Three four-sensor probes and an interface.

probe measurement. In the measurement one of the four-
sensor probes is chosen as the main probe and the other
two are auxiliary.

Now we will talk about the detailed derivation of the
above consideration here. Similar to the previous develop-
ment in Section 2.2, we can obtain the local instantaneous
interfacial normal unit vectors m;,(X,,1,), (» = a,b,c) and
the local instantanecous interfacial velocity components in
the surface normal direction V,,(X,,%,), (p = a,b,c), by
applying the interfacial measurement theorem to the inter-
face-sensor touching process in the three four-sensor probe
measurements at three independent points, a, b and c,
respectively, on the interface (shown in Fig. 4). The
n,,(X,,1,) and V,,(x,,1,) are expressed, respectively, by

nipl = COS npxii + cos '/Ipyij + cos npzikv (p =a, bﬂ C)‘ (16)

A
Z . (p=abo), (17)
\/Apmz + 45 +Ap031

where cos,,y;, cos1,,; and cosy,.;, (p = a,b,c), are similar
to those in Eqgs (6)—(8), respectively, A,01;, Apoz, and
Ayo3i (p=a,b,c), are the directional determinants similar
to those in Egs. (10)«(12), respectively, and A,
(p=a,b,c), are the basic determinants similar to Eq.
(13), when the pth four-sensor probe, (p = a, b, ¢), is chosen.

In order to know the local instantaneous interfacial
velocity vector for the /th interface, the interfacial measure-
ment theorem is utilized again at the 3 points, (X, %),
(p=a,b,c), respectively, and the following 3 equations
can be accordingly obtained. They form a linear equation
set as follows:

Vnp/ Xpa pl

ni(ll(X07 tal) : Vial(xaa tal) nal(xm al)y (18)
0o (Xp, 251) = Vit (Xo, t51) = Vst (X, t1), (19)
nicl(xca tc’l) : Vicl (Xc7 tc/) = Vncl (Xw tcl)a (20)

where V;,(X,,t,1), (p = a,b,c), are the local instantaneous
interfacial velocity vectors at (x,, #,;), (» = a,b,c) for the
/th interface.

The probe at x, is chosen as the main probe and the two
other probes at x;, and x,. are the auxiliary probes. Since we
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assumed that the interfacial velocity vector is constant
in the interface-sensor touching process, the above three
local instantaneous interfacial velocity vectors, V;,(X,, 1),
(p = a,b,c), are the same with each other, i.e.,

Vipl(xpvtpl):Vilv(p:aabﬂc)ﬂ (21)

where V;; represents the local instantaneous interfacial
velocity vector of the /th interface and is expressed in Eq.
(2).

If the set of linear Egs. (18)—(20) does not degenerate
and 4 #0, we can obtain their unique solution of Vj
according to Cramer’s rule,

Vil = %, Vi = % and V. :% (22)-(24)
where
Aaorr Aaozr Aao3i
A=A Apou  Apo3i (25)
Acorr Acoar Acost
Ao Aaozi Aaosi
A= |Ap A2 Avo3i |,
Ao Acor Acos
Aarr Aao Aavzi
A, = Ay A Apz| and
Aor Ao Acosi
Aot Aaw Aaw
A = Ao Awou Aro (26)-(28)
Aot Awozi Aeo
The magnitude of V;; is
i S
vl =Y 29)
And the direction of V;; is
A,
cosn, = —————
A7+ 43+ A2
cos 1, = 4 and
A+ 4+ A2
a;
cosn, = (30)-(32)

A3+ 45 + 42

2.4. Feasible multi-sensor probes

The above-mentioned interfacial velocity measurement
method with three independent four-sensor probes needs
12 sensors totally. The basic requirement for the three
four-sensor probes is that the measured local instantaneous
n,(Xp, 1) and V,,(Xp, 1), (p=a,b,c), from each probe
should be independent of those from the other probes when
an interface passes through the three probes. In view of this

Table 1
Multi-sensor probes and their three four-sensor probe sets
Multi-sensor Total number Recommended
probe of including three four-sensor
four-sensor probe probe sets
Four-sensor probe ci=1 No
BVAICIEN
’/ | 1 \\
/' a ‘\ _ I‘ C \\\
. ’ - -~
Five-sensor probe ci=5s P RO~
SO0 X Oy

Six-sensor probe Ci=15 S

point, we can share the sensors among a multi-sensor probe
to obtain three independent four-sensor probes. Although
we can not get three independent four-sensor probes in
one four-sensor probe, there exist 5 and 15 independent
four-sensor probes in five- and six-sensor probes, respec-
tively, as shown in Table 1. Therefore the corresponding
numbers of three four-sensor probe set in five- and six-sen-
sor probes are 10 (= C1) and 455 (= C;), respectively.
When we select a set of the three four-sensor probes in a
multi-sensor probe, we have to consider the relative posi-
tion among the three probes to ensure that the measured
local instantaneous n,(X,, t,;) and V,,AX,, 1), (p = a,b,c),
from each probe are different from those of the other two.
To facilitate the readers to utilize the multi-sensor probe,
we recommended one set of three four-sensor probes, a, b
and ¢, for each of the five- and six-sensor probes in Table
1. Of course, there exists the requirement that the basic
determinant of each four-sensor probe among the five- or
six-sensor probe should not equal to zero.

3. Experiment

In order to investigate the practicability of this method,
we measured the local instantaneous interfacial velocity
vector in a two-phase flow by utilizing a six-sensor optical
probe. The two-phase flow experiment is performed in pool
and its experimental apparatus is shown in Fig. 5. The pool
pipe is 1.2 m in height (L) and 50 mm in inner diameter (D).
The air flows into the pipe through an injector with 0.5 mm
in inner diameter. The inlet air flow rate and pressure were
measured with a rotameter and a manometer, respectively.
The measurement errors of the rotameter and the manom-
eter are within £0.5 % and £0.3 %, respectively. The probe
is arranged at point A at the heights of L/D =16.7. Its
radial measuring points are located at /R=0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9. The photo and the
configuration of the used six-sensor probe including the
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Fig. 5. Schematic of the pooling experiment.

coordinates of its six sensor tips (0, 1, 2, 3, 4 and 5) are
illustrated in Fig. 6. The sampling frequency of the probe
measuring system is 10 kHz.

The local instantaneous interfacial velocities obtained
from the six-sensor probe measurement were summarized
into the local average interfacial velocities and the standard
deviations according to statistic analysis. The average values
of the three interfacial velocity components are defined by

1 Nzl o 1 Nzl o 1 Nzl
V= ﬁ, ; Vi, Vyi = ﬁz ; Vyil and V= ]\7[ lz:; Vit
(33)—(35)

Sensor tip 0(0, 0, 0)
Sensor tip 2(0.209, 0.365, 0.399)
Sensor tip 4(-0.284, -0.248, 0.325) Sensor tip 5(0.108, -0.429, 0.348)

and their corresponding standard deviations are

Ni—1
1

ﬁj Z(inl - in)za

1=0

Vii_sdev =

1 Nl

T \2
Vyi_sdev = ~ Z(Vyil - Vyl) )

Lo=0

=

Ni=1
1

Viisdev = (Vzil - V_zz)z (36)_(38)

I =0

where N, is the measured interfacial number detected by the
six-sensor probe.

The measured local average interfacial velocities, (V.
V,; and V), and their standard deviations, (V; sdevs Vyi sdev
and V.; sgev), are shown in the right and left figures of
Fig. 7, respectively, when (j) =0.0m/s and (j,) =
0.0256 m/s. The measured area-averaged void fraction,
(o), reaches 0.113 at this flow condition. The average num-
ber of the detected bubble is about 3 x 1159 at each radial
measuring point during the sampling time of 3 x 100 sec-
onds. The measured results show that the secondary flows
are prevailing and the bubbles move violently in the lateral
direction in the pool. The interfacial velocity results also
reveal that the ¥, and its variance are larger than the V;
and its variance. It tells us that the circumferential move-
ment of the bubbly secondary flow is much more violent
than its radial movement in the pool.

The cross-sectional area-averaged superficial gas veloc-
ity is defined by

1

R Ry g T
Og)_z/a[/zidA_F/o ol 2rdr. (39)

Sensor tip 1(0.304, 0, 0.299)
Sensor tip 3(-0.165, 0.422, 0.302)

(Unit: mm)
z A\ Sensor 5
Sensor 3 Sensor 0 Sensor 4 Sensor 1
Sensor 2 - :," _______ :::,'—:" N
N /y

ol |

Fig. 6. Photo and configuration of the used six-sensor probe.
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Fig. 7. Local average interfacial velocities and their standard deviation when (j;) = 0.0 m/s and (j,) = 0.0256 m/s.

Since the local void fraction, «, and the local interfacial
velocity component in z direction, V;, can be obtained
from the six-sensor probe measurement we can obtain the
(jq)- The (j,) can also be measured from the rotameter mea-
surement. Thus we can check the six-sensor probe measure-
ment against the rotameter measurement. The comparing
experiments were performed in the range of (j;) =0.0
m/s, (j;) =0.00568-0.0327 m/s and (a) = 0.0256-0.177.
The comparisons are illustrated in Fig. 8. The agreement
between the two measurements is fairly good. The mea-
surement error decreases with the increase of the (j,) and
the (o) in the pool. The maximum error is 17.9% and hap-
pens in the low (j,) and low (x) flow. The error can be
attributed to the increase of the bubble escape effect due
to the probe intrusiveness in the low (j,) and low («) flow
in the pool. Since the existence of the net liquid flow can
greatly reduce this effect, we can predict that the present

005 ———F———F———

0.04 | +20%,

0.03 0% ]

001 AT .

g

<j > (Six-sensor probe data) (m/s)

ookl L L
000 00l 002 003 004

<jg> (Rotameter data) (m/s)

0.05

Fig. 8. Comparison between the six-sensor probe measurement and the
rotameter measurement.

interfacial velocity vector measurement method can be suc-
cessfully applied in the two-phase flow with net liquid flow.

4. Summary and conclusion

By applying the interfacial measurement theorem to
three independent four-sensor probes, this paper presented
a theoretical formulation for the local measurement of the
instantaneous interfacial velocity in multi-dimensional
two-phase flow. By sharing the sensors of three four-sensor
probes, we simplified the three probes into a five-sensor
probe or a six-sensor probe. A six-sensor probe was manu-
factured and applied to the practical measurement of the
local instantancous interfacial velocity vector in multi-
dimensional two-phase flow in a pool. Based on the
measured local interfacial velocities and void fractions
from the six-sensor probe measurement, we integrated them
into the area-averaged superficial gas velocity over the
cross-section, (j,). The (j,) obtained from the six-sensor
probe measurement compared very well with that from
the rotameter measurement. The concordance established
the operational reliability of the five-sensor probe or six-
sensor probe to measure the local instantaneous interfacial
velocity vector in multi-dimensional two-phase flow.
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