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Abstract

This paper aimed to improve the four-sensor probe methodology for the multi-dimensional two-phase
flow measurement. We theoretically derived the interfacial measurement theorem relating the local instan-
taneous interfacial velocity to local measurable velocities of the multi-sensor probe in the improvement.
Based on this theorem, theoretical measurement methods for the local instantaneous interfacial normal
direction and the local time-averaged interfacial area concentration (IAC) using the four-sensor probe were
presented. An interface-pairing signal-processing scheme was proposed to identify the same interfaces from
the sequential signals detected by different sensors. The practical application of the improved IAC method-
ology to the two-phase flow in a vertical large diameter pipe showed that the four-sensor probes (together
with the interface-pairing signal-processing scheme) could effectively measure the local time-averaged IACs
with high effective interface percentages not only in the one-dimensional two-phase flow but also in the
multi-dimensional two-phase flow. The measurement error analysis indicated that the errors from the bub-
ble deformation and velocity variation due to the sensor piecing were negligible if we only applied the multi-
sensor probe to the two-phase flow with the bubbles having much larger size than the sensor diameter. The
total error from both the escaped and missing bubbles in the void fraction and IAC measurements was
estimated at about 15.75% in the two-phase flow in a pool.
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1. Introduction

One of the most characteristic features of two-phase flow is the existence of a multi-dimension-
ally moving interface between two phases that make theoretical predictions of flow parameters
immensely more difficult than in single-phase flow. Thus, experimental measurements play a
key role in providing information for design, and supporting analyses of system behavior. Since
there is no effective ways for the multi-dimensional two-phase flow measurement up to now, it is
very important to develop a method to measure the characteristics of the multi-dimensional two-
phase flow.

Delhaye and Bricard (1994) pointed out that the geometric structure of a bubbly two-phase
flow can be characterized by two of the three following parameters: the interfacial area concen-
tration (IAC), the void fraction and the Sauter mean diameter. The IAC (a) is defined by the total
interfacial area per unit mixture volume. According to Ishii (Ishii, 1975), the local time-averaged
IAC at a fixed position in space x0 is given by
�at ¼ 1

X

X
l

1

jVil � nilj
; ð1Þ
where X, l, Vil and nil denote the time interval for averaging, the lth interface, the velocity vector of
the lth interface, the surface normal unit vector of the lth interface at x0 when it passes through x0,
respectively. The void fraction (a) is defined by the total gas phase volume per unit mixture vol-
ume. The Sauter mean diameter (dSM) is given by the ratio of the volume and surface area of a
typical bubble. There exists a classical expression for the three parameters, given by
dSM ¼ 6a
a
: ð2Þ
The intrusive multi-sensor resistance or optical probe methods for both the IAC and the void frac-
tion measurements have been studied extensively in the past few decades. But the IAC measure-
ment was developed from the void fraction measurement by taking advantage of the phase change
signals and was much more complicated in methodology than the void fraction measurement. The
basic principle for the IAC measurement with a multi-sensor probe was originally proposed by
Kataoka et al. (1986). Numerous researchers showed their efforts to improve this original method
in various ways. All of these IAC measurement studies using multi-sensor probes can be classified
into two types, the double-sensor probe method (Kataoka et al., 1986; Hibiki et al., 1998; Wu and
Ishii, 1999) and the four-sensor probe method (Kataoka et al., 1986; Revankar and Ishii, 1993;
Kim et al., 2001; Euh et al., 2001). The former double-sensor probe method adopted several
assumptions for bubble shape and bubble motion to enable the measurements and analyses of
IAC. However, at the same time, these assumptions impose certain limitations on the application
of the method. The most important and problematic assumptions are the following two ones. The
first is that the bubble is spherical and the second is that the interfacial velocity can be approxi-
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mated by using the ratio of two sensor tip separation and time difference when the interface pass-
ing the two sensor tips. In one-dimensional two-phase flow these assumptions may be reasonable.
But in a multi-dimensional two-phase flow, due to the prevalence of the bubbly secondary flow
and the heavy deformation of the bubbles, these assumptions are rather questionable. So the dou-
ble-sensor probe method can only be employed in one-dimensional two-phase flow. In the later
four-sensor probe method, the accurate measurements and analyses for the IAC can be achieved
with no requirements for the assumption for interfacial shape and interfacial motion. But it is also
only suitable for a one-dimensional two-phase flow with no or small lateral motions of the inter-
faces up to now because large lateral motions of the interfaces will decrease the number of effective
bubbles in the signal processing and accordingly cause the IAC measurements not reliable (Kat-
aoka and Serizawa, 1990). Therefore, it is an important and challenging job to improve the con-
ventional IAC measurement method with a multi-sensor probe and to enable it to be applicable in
the multi-dimensional two-phase flow.
2. Interfacial measurement theorem

Since the local time-averaged IAC can be expressed by the local time-averaged value of the re-
ciprocal interfacial velocity component in the surface normal direction in Eq. (1), we will begin the
present study with the interfacial velocity investigation and further derive the relationship between
the interfacial velocity and the measurable velocity of a multi-sensor probe.

When the interfaces touch a four-sensor probe, the four-sensor probe will produce two types of
signals, (1) the normal interfacial signals and (2) the interfacial signals with rear sensor signal(s)
ahead of the front sensor signal. The former corresponds to the oncoming interfaces touching the
front sensor tip ahead of all of the rear sensor tips and the later to the receding interfaces touching
at least one rear sensor tip ahead of the front sensor tip.

2.1. Derivation for an oncoming interface

Let fl (x, t) = 0 represent the lth interface. When the lth interface passes through a fixed point in
space, x0, at time, t0l, (shown by 0 in Fig. 1(a)) it satisfies
flðx0; t0lÞ ¼ 0: ð3Þ

Suppose that the lth interface passes through the next three adjacent fixed points in space x1, x2
and x3, at times, t1l, t2l, and t3l, respectively, as shown by 1, 2 and 3 correspondingly in Fig. 1(a);
that is,
flðxk; tklÞ ¼ 0; k ¼ 1; 2; 3: ð4Þ

When the point M at x0 in the lth interface at time t0l moves to xMk

at time, tkl, k = 1, 2, 3, it is
respectively named Mk, k = 1, 2, 3, at its corresponding time, as shown in Fig. 1(a). Thus, one has
flðxMk ; tklÞ ¼ 0; k ¼ 1; 2; 3: ð5Þ

In the following proceeding we will encounter the distance vectors between x0 and xk, s0�k, k = 1,
2 and 3, given by
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Fig. 1. Four-sensor probe and the lth interface.
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s0�k ¼ xk � x0; k ¼ 1; 2; 3; ð6Þ

the distance vectors between xk and xMk

, sk�Mk
, k = 1, 2 and 3, given by
sk�Mk ¼ xMk � xk; k ¼ 1; 2; 3; ð7Þ
and the distance vectors between x0 and xMk
, s0�Mk

, k = 1, 2 and 3, given by
s0�Mk ¼ xMk � x0; k ¼ 1; 2; 3: ð8Þ

The three distance vectors for any k form a vector triangle and show the following relationship by
combining Eqs. (6)–(8),
sk�Mk ¼ s0�Mk � s0�k; k ¼ 1; 2; 3: ð9Þ
If the distances, jsk�Mk
j, k = 1, 2, 3, is small in comparison with the length scale of the bubbly

interface under consideration, the surface equations, fl(xk, tkl), k = 1,2,3, can be expressed by a
Taylor series expansion about x = xMk

and t = tkl, k = 1,2,3:
flðxk; tklÞ ¼ flðxMk ; tklÞ þ rflðxMk ; tklÞ � sk�Mk þ 0 � oflðxMk ; tklÞ þ 0ðsk�MkÞ; k ¼ 1; 2; 3; ð10Þ

ot
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where $fl(xMk
, tkl) Æ sk�Mk

denotes the directional derivative of fl(x, t) in the direction of the dis-
tance vector, sk�Mk

. Neglecting the higher-order terms in Eq. (10) and using Eqs. (4) and (5),
one obtains the following relation:
rflðxMk ; tklÞ � sk�Mk ¼ 0; k ¼ 1; 2; 3; ð11Þ
which implies that the surface gradient vector has a zero component in the sk�Mk
direction, i.e., the

surface tangent direction.
If both the distance, js0�Mk

j, k = 1,2,3, and the time differences, Dt0kl ¼ tkl � t0l, k = 1,2,3, are
small enough, the surface gradient vector at (xMk

, tkl), $fl(xMk
, tkl), k = 1,2,3, can be approximated

by the surface gradient vector at (x0, t0l), $fl(x0, t0l), i.e.,
rflðxMk ; tklÞ � rflðx0; t0lÞ; k ¼ 1; 2; 3: ð12Þ
By inserting Eq. (9) into Eq. (11) and using Eq. (12), one gets
nil � s0�k ¼ nil � s0�Mk ; k ¼ 1; 2; 3; ð13Þ
where nil is the interfacial normal unit vector of the lth interface at (x0, t0l) and is defined by
nil ¼
rflðx0; t0lÞ
jrflðx0; t0lÞj

: ð14Þ
If Eq. (13) is further divided by Dt0kl (k = 1,2,3), one gets
nil � Vil ¼ nil � Vm0kl ¼ V nl; k ¼ 1; 2; 3; ð15Þ

where Vil is the velocity of the lth interface at (x0, t0l), supposed to be kept constant in the inter-
face-sensor touching process and given by
Vil ¼
s0�Mk

Dt0kl
¼ s0�Mk

tkl � t0l
; k ¼ 1; 2; 3: ð16Þ
Vm0kl is the measurable velocities of the lth interface from sensor tip 0 to k (k = 1,2,3) in the four-
sensor probe and defined by
Vm0kl ¼
s0�k

Dt0kl
¼ s0�k

tkl � t0l
; k ¼ 1; 2; 3; ð17Þ
and Vnl is the scalar product of the interfacial normal unit vector and interfacial velocity vector at
(x0, t0l) and Vnl = Vnl Æ nil is the velocity component in the surface normal direction of the lth inter-
face at (x0, t0l).

Eq. (15) shows that all of the measurable interfacial velocities at a fixed position have the same
velocity component in the surface normal direction and it also equals to the component of the
local instantaneous interfacial velocity in the surface normal direction. It is henceforth referred
to as the Interfacial Measurement Theorem. This theorem gives the general and important relation
between the local interfacial velocity and the measurable interfacial velocities. It works not only in
four-sensor probe case but also in double-sensor probe case and five-sensor probe case and so
forth. The interfacial measurement theorem is the fundament for interfacial measurement with
a multi-sensor probe.
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2.2. Derivation for an receding interface

Because of the existence of lateral motions of an interface, it happens that some interfaces touch
the rear sensor tip(s) in advance of the front sensor tip and cause the rise or fall of the output sig-
nal of the rear sensor tip(s) ahead of the front sensor tip in the four-sensor probe measurement. A
conventional way to handle these receding interfaces in IAC measurement is to treat them as miss-
ing or ineffective interfaces. However, we can also derive the interfacial measurement theorem for
these receding interfaces and accordingly use them effectively in the IAC evaluation for a multi-
dimensional two-phase flow.

It is possible in this case that an interface will hit one, two or three rear sensor tip(s) at an earlier
time than the front sensor tip. However, to clearly and simply explain the derivation, we will dis-
cuss the interface that hits one rear sensor tip ahead of the front sensor tip (0) only and take the
first rear sensor tip (1) as an example. The other interface that hits any two or three rear sensor
tips ahead of the front sensor tip (0) can be dealt with one by one in a similar way.

In analogy with the previous procedure in Section 2.1, one can also obtain the following equa-
tion in the lth interface at t1l by the Taylor series expansion at xM1

(see Fig. 1(b)) and know that
the surface gradient vector has a zero component in the s1�M1

direction when the interface hits the
first rear sensor ahead of the front sensor only.
rflðxM1
; t1lÞ � s1�M1

¼ 0: ð18Þ
If the distances, js0�M1
j = jxM1

� x0j, and the time differences, jDt01lj = jt1l � t0lj, are also small
enough, respectively, the interfacial measurement theorem in this case can be derived similarly
nil � Vil ¼ nil � Vm01l ¼ V nl; ð19Þ
with
Vil ¼
s0�M1

Dt01l
¼ s0�M1

t1l � t0l
; ð20Þ

Vm01l ¼
s0�1

Dt01l
¼ s0�1

t1l � t0l
: ð21Þ
Eq. (19) indicates that when an interface touches the first rear sensor tip, 1, ahead of the front
sensor tip, 0, the interfacial measurement theorem has the same form as in the case that the inter-
face touches the front sensor tip, 0, ahead of the first rear sensor tip, 1. But it should be mentioned
here that since t1l < t0l, the time difference in calculating the measurable velocity in this case in Eq.
(21) has a negative value.

The above-mentioned discussion shows that no matter how an interface touches the four-sensor
probe (in an oncoming or receding way), the interfacial velocity and the measurable interfacial
velocity of the multi-sensor probe can be related by the same interfacial measurement theorem
(Eq. (15)). In what follows, we shall apply the interfacial measurement theorem to the four-sensor
probe measurement analysis without distinguishing between the oncoming and receding interfaces
and solve it for the interfacial normal unit vector, nil, and the interfacial velocity component in the
surface normal direction, Vnl, which will be utilized in the derivation for the local time-averaged
IAC.
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3. Interfacial normal direction and interfacial velocity component in its direction

Since one can express a unit vector using the three angles between the unit vector and the three
axes in a Cartesian coordinates, the local interfacial normal unit vector, nil, of the lth interface at
(x0, t0l) can be expressed by
Fig. 2
recedi
nil ¼ cos gxiiþ cos gyijþ cos gzik; ð22Þ
where gxi, gyi and gzi (0 6 gxi,gyi,gzi 6 p) are shown in Fig. 2(a) and the 3 angles satisfy
cos2gxi þ cos2gyi þ cos2gzi ¼ 1: ð23Þ
In a four-sensor probe the three distance vectors from the front sensor tip (0) to the rear sensor tip
(k), s0�k, k = 1, 2 and 3, are defined in Eq. (6), but are determined in fact by the geometrical con-
figuration of the four-sensor probe. They can be expressed in a Cartesian coordinates by
s0�k ¼ js0�kjðcos gx0kiþ cos gy0kjþ cos gz0kkÞ; k ¼ 1; 2; 3; ð24Þ
where gx0k, gy0k and gz0k (0 6 gx0k,gy0k,gz0k 6 p), k = 1,2,3, are the three angles between the kth
distance vectors between x0 and xk, s0�k, (k = 1,2,3), and x, y and z axes, respectively, and js0�kj
is the magnitude of s0�k. The three measurable velocities from sensor tip 0 to k, (k = 1,2,3), for
the lth interface, shown in Eq. (17) are accordingly expressed by
Vm0kl ¼
js0�kj
Dt0kl

ðcos gx0kiþ cos gy0kjþ cos gz0kkÞ; k ¼ 1; 2; 3: ð25Þ
The local instantaneous interfacial normal unit vector, nil, of the lth interface at (x0, t0l), at which
the front sensor tip penetrates the interface, can be solved from Eq. (15) by taking into account of
Eq. (23) and the solution is shown as follows:
cos gxi ¼
�jA01ljffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
01l þ A2

02l þ A2
03l

q ; ð26Þ
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cos gyi ¼
�jA02ljffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
01l þ A2

02l þ A2
03l

q ; ð27Þ

cos gzi ¼
�jA03ljffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
01l þ A2

02l þ A2
03l

q ; ð28Þ
where A01l, A02l and A03l are the directional determinants that are used here for the interfacial nor-
mal direction determination and are determined by the three distance vectors from the front sen-
sor tip (0) to the rear sensor tip (k), i.e. s0�k, k = 1, 2 and 3, and the three time differences when the
lth interface moves from the front sensor tip (0) to the rear sensor tip (k), i.e. Dt0kl = tkl � t0l,
k = 1,2,3. The positive Dt0kl corresponds to the oncoming interface and the negative Dt0kl to
the receding one. These three directional determinants are given by
A01l ¼

t1l�t0l
js0�1j cos gy01 cos gz01
t2l�t0l
js0�2j cos gy02 cos gz02
t3l�t0l
js0�3j cos gy03 cos gz03

��������

��������
; ð29Þ

A02l ¼

cos gx01
t1l�t0l
js0�1j cos gz01

cos gx02
t2l�t0l
js0�2j cos gz02

cos gx03
t3l�t0l
js0�3j cos gz03

��������

��������
; ð30Þ

A03l ¼

cos gx01 cos gy01
t1l�t0l
js0�1j

cos gx02 cos gy02
t2l�t0l
js0�2j

cos gx03 cos gy03
t3l�t0l
js0�3j

��������

��������
: ð31Þ
Since there are two surface normal directions, the outward and the inward, at any point on an
interface, each of cos gxi, cos gyi and cos gzi in Eqs. (26)–(28) has 2 roots (positive and negative),
which correspond to two complementary angles for each of gxi, gyi and gzi in [0,p]. 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. 2(b) and (c),
respectively if gzi is taken as an example. Note that the outward interfacial normal direction is
usually chosen to be the positive interfacial direction and only one angle is a right solution for
each interface. The positive or negative cosine value selection for each cos gxi, cos gyi and cos gzi
in Eqs. (26)–(28) can be determined by the sign of A01l, A02l and A03l, respectively.

The local instantaneous interface velocity component in the surface normal direction, Vnl, at
(x0, t0l) can also be obtained readily by substituting Vm0kl (k = 1,2,3) in Eq. (25) and nil in Eq.
(22) into Eq. (15) and given by
Vnl ¼ V nl � nil ¼
A0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
01l þ A2

02l þ A2
03l

q � nil; ð32Þ
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where A0 is the basic determinant of the four-sensor probe which is determined completely by the
three directions of the distance vectors from the front sensor tip (0) to the rear sensor tip (k), s0�k,
k = 1, 2 and 3, and given by
A0 ¼

cos gx01 cos gy01 cos gz01

cos gx02 cos gy02 cos gz02

cos gx03 cos gy03 cos gz03

��������

��������
: ð33Þ
4. Local time-averaged IAC

According to Kataoka et al. (1986), the local instantaneous IAC at (x0, t0l) for the lth interface
is defined as
ailðx0; t0lÞ ¼ jrflðx0; t0lÞjdðflðx0; t0lÞÞ: ð34Þ
Upon taking the material derivative of fl(x, t) at (x0, t0l), one finds that
jrflðx0; t0lÞj
oflðx0;t0lÞ

ot

¼ � 1

Vilðx0; t0lÞ � niðx0; t0lÞ
: ð35Þ
By applying the interfacial measurement theorem and substituting Eq. (35) into Eq. (34), one
gets
ailðx0; t0lÞ ¼
1

jVnlðx0; t0lÞj
oflðx0; t0lÞ

ot

����
����dðflðx0; t0lÞÞ: ð36Þ
Eq. (36) indicates the relationship between the local instantaneous IAC, ail, and the local instan-
taneous velocity component in the surface normal direction, Vnl, at (x0, t0l) for the lth interface.

If there are many interfaces existing in the area of under consideration, the local IAC is given by
aiðx0; t0lÞ ¼
X
l

1

jVnlðx0; t0lÞj
oflðx0; t0lÞ

ot

����
����dðflðx0; t0lÞÞ: ð37Þ
Taking the time average of Eq. (37) over the time interval, X, the local time averaged IAC is
aitðx0Þ ¼
1

X

Z tþX

t
aiðx0; t0lÞdt ¼

1

X

XNti

l¼1

Z tþX

t

1

jVnlðx0; t0lÞj
oflðx0; t0lÞ

ot

����
����dðflðx0; t0lÞÞdt; ð38Þ
where Nti denotes the number of interfaces which pass the point, x0, within the time interval, X.
In view of Eq. (3), Eq. (38) can be rewritten as
aitðx0Þ ¼
1

X

XNti

l¼1

1

jVnlðx0; t0lÞj
¼ 1

X

XNti

l¼1

1

jV nlðx0; t0lÞj
; ð39Þ
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which is in accordance with the form obtained by substituting Eq. (15), i.e., interfacial measure-
ment theorem, into Eq. (1).

Under the condition that s0k, (k = 1,2,3), are independent of each other, which implies that the
basic determinant A0 satisfies
A0 6¼ 0; ð40Þ

the local time-averaged IAC can be derived finally by substituting Eq. (32) into Eq. (39) and is
given by
aitðx0Þ ¼
1

X

XNti

l¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
01l þ A2

02l þ A2
03l

q
jA0j

: ð41Þ
With this equation, the local time-averaged IAC can be calculated within a time interval by using
the geometrical parameters of the four-sensor probe and the measurable time differences when the
interfaces pass through sensor tips. It is worthwhile to mention that Kataoka et al. (1986) firstly
derived Eq. (41) for the oncoming interfaces in 1986 and Tan and Ishii (1990) also did the similar
work for the oncoming interfaces in 1990.
5. Interface-pairing signal-processing scheme

When a probe sensor pierces or leaves a bubble, one knows that it produces a rising or falling
signal. Therefore, the signal from each sensor contains basically two types of information, namely:
(1) identification of phase (gas and liquid) and (2) residence time of each phase (gas and liquid). In
the signal processing of a four-sensor probe measurement, there are two important selections,
(1) the threshold selection in distinguishing the gas and liquid phases and (2) the right selection
of four closely corresponding signals from each sensor, which is due to the fact that four
sequential signals detected by the four sensors do not always correspond to the same interface,
and the residence time intervals of the gas or liquid phase at the sensors are not exactly the same.
We have estimated the void fraction reduction at 1.05% and the IAC reduction at 0.156%
when the signal thresholds were increased 20% in the practical optical four-sensor probe
measurements.

Revankar and Ishii (1992, 1993) proposed a bubble-pairing signal-processing scheme for the
multi-sensor probe that was proved to be effective in one-dimensional two-phase flow measure-
ment. Due to their assumption that the bubble moves forward and the front sensor signal rises
or falls before the rear sensor signal does, the bubble-pairing signal-processing scheme has the lim-
itation to be applied a multi-dimensional two-phase flow measurement. To meet the needs for the
multi-dimensional two-phase flow measurement with the multi-sensor probe, we developed the
following interface-pairing signal-processing scheme.

In this scheme, the front sensor is selected as the main sensor and other sensors are auxiliary.
The measured interface is counted according to the signal of the main sensor. The auxiliary sensor
signals are identified by comparison with the main sensor�s signal. The signal sieving of the aux-
iliary sensors is made in the following way by judging if the corresponding conditions are
satisfied:
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Fig. 3. Interface-pairing signal-processing scheme.
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(1) The auxiliary sensor is either in the liquid phase or in the gas phase when the main sensor
penetrates a head-on interface. For the case of signal rising in the main sensor, the filtration
for the corresponding signal rising in the auxiliary sensors is facing forward when the aux-
iliary sensor is still in liquid phase and the filtration is facing backward when the auxiliary
sensor is in gas phase. For the case of signal falling in the main sensor, the filtration for
the corresponding signal falling in the auxiliary sensors is facing forward when the auxiliary
sensor is still in gas phase and the filtration is facing backward when the auxiliary sensor is in
liquid phase (see Fig. 3). All of the sensor tips penetrate into an interface within a fixed time
range, namely, the three auxiliary sensor signals rise or fall closely before or after the main
sensor signal does. Therefore, denoting the times of the main and the three auxiliary sensor
signals by t0l and tkl, k = 1, 2 and 3, respectively, one can specify the condition by
jt0l � tklj < max tk; k ¼ 1; 2; 3 ð42Þ

where maxtk (k = 1,2,3) is a time constant and determined by the distance between the front
sensor tip (0) and the kth rear sensor tips, js0�kj (k = 1,2,3), and minimum gas velocity,
vgmin, estimated with a local drift flux model, viz.
max ti ¼
js0�kj
vgmin

¼ js0�kj
c � vg

¼ js0�kj
c � ðvf þ vrÞ

; k ¼ 1; 2; 3; ð43Þ
where vg is the estimated gas velocity, vf is the predicted velocity distribution of liquid tur-
bulence (Hibiki et al., 1998), vr is the velocity difference between the two phases and, gener-
ally, takes the value of 0.1–0.3 m/s and c is a low limit constant (about 0.1).

(2) The two interfaces of a bubble either hit or miss a sensor when they pass through a
sensor. There does not exist a bubble with one interface hitting a sensor and the other miss-
ing it. Thus the bubble signal outputs, Vk(t), k = 1,2,3, in the auxiliary sensors should
meet
V kðtÞ > V E; when tkð2bÞ 6 t < tkð2bþ1Þ; k ¼ 1; 2; 3 ðfor hitting a sensorÞ ð44Þ

or
V kðtÞ < V E; when tkð2bÞ 6 t < tkð2bþ1Þ; k ¼ 1; 2; 3 ðfor missing a sensorÞ ð45Þ

where VE is the voltage threshold used to distinguish the gas phase from the liquid phase,
and the subscripts, 2b and 2b + 1, stand for the front and rear half surfaces of the bth bubble
with regard to the main sensor (0).
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(3) When the two interfaces of a bubble move toward a sensor, the front interface touches the
sensor ahead of the rear interface and the signal rise happens before the signal fall for the
bubble. Hence the two interfacial signals of each bubble from the same sensor should also
satisfy the following condition:
t < t ; k ¼ 1; 2; 3: ð46Þ
kð2bÞ kð2bþ1Þ

In the normal situation all sensors of the four-sensor probe usually penetrate into an oncoming
or receding interface and output effective signals. However, because of the finite size of the probe
and the lateral motions of the interfaces, it is inevitable to come across the missing interfaces
which touch the main sensor and miss at least one of the auxiliary sensors and result in a flat sig-
nal output in the record of the corresponding auxiliary sensor. Moreover, due to the incomplete-
ness of the signal-processing scheme, some interfaces touching all of the sensor tips may not meet
the requirements of the signal-processing scheme in extreme cases and cannot be counted to be the
effective interfaces in the signal processing. Only the signals from the effective interfaces are used
in the local time-averaged IAC calculation with Eq. (41). The missing or miscounted interface is
treated as if it possesses the average measured IAC of the effective interfaces.

In order to know the signal processing error due to the right selection of the same interface sig-
nal from the outputs of different sensors in the present interface-pairing signal processing scheme
we compared the processed signals to the raw signals and showed that the present scheme could
count almost all of the effective interfaces touching both front sensor and all rear sensors. Hence
the signal processing error linked with the right selection of the same interface signal can be min-
imized to 0 in the present scheme.
6. Application of the improved IAC methodology

In order to validate the previous methodological improvement, an application experiment in
upward air-water two-phase flow along a vertical large diameter pipe (inner diameter D: 0.2 m,
the ratio of the pipe length to diameter L/D: 61.5) has been carried out using optical four-sensor
probes. The schematic diagram for the experimental assembly and the probe measurements was
illustrated in Fig. 4. The deviation of the electro-magnetic flow meter is within ±0.1% in liquid
flow rate measurement and that of orifice flow meter is within ±0.92% in gas flow rate measure-
ment. There were two optical four-sensor probes used at L/D = 11.4 and 56.7, respectively in this
experiment. The shape and geometrical configuration of the optical four-sensor probes are shown
in Fig. 5. The diameter of the optical fibers is 0.125 mm. The sampling frequency for each optical
fiber sensor during the present data acquisition is 10 kHz. The superficial gas velocity, jG, is esti-
mated using the pressure at top of test section. The flow patterns are undisturbed bubbly, agitated
bubbly and churn slug flows and the bubble size is greater than 3 mm within the present experi-
mental range.

The previous analysis showed that within a time interval the local time-averaged IAC could be
calculated from the three distance vectors of a four-sensor probe and the time differences when the
interfaces move from the front sensor tip to the rear sensor tips by using Eq. (41) and each inter-
face recorded in the sequential signals of the four sensors could be distinguished by using the
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newly proposed interface-pairing signal-processing scheme. Therefore, based on these methods,
we measured the local time-averaged IAC with the four-sensor probes (4s) at L/D = 11.4 and
56.7 in the vertical large diameter pipe under various flow conditions and showed the results at
L/D = 11.4 and 56.7 in Figs. 6 and 7, respectively by using open symbols of circle, square and
triangle.

Since the local time-averaged IAC ties to the local interfacial velocity and the local bubble dis-
tribution, the experimental results in Figs. 6 and 7 have showed that it usually decreases with the
increase of r/R and displays a core-peak distribution, similar to the profiles of the velocity and the
gas phase. But at low jG and undisturbed bubbly flow condition the local time-averaged IAC dem-
onstrated a slight wall peak in its radial profile (see the symbols of circle in Fig. 6). The distribu-
tion of the local time-averaged IAC is closely linked with not only the changes of jL and jG but
also the flow patterns in the vertical large diameter pipe. The jG increase and the jL decrease aug-
ment the local time-averaged IAC. The agitated bubbly and churn slug flows with the prevalence
of multi-dimensional interfacial motion keep the higher local time-averaged IAC than the undis-
turbed bubbly flow does. The local time-averaged IAC at L/D = 56.7 is higher than that at
L/D = 11.4, which can be accounted for by the flow development and the gas expansion in the
vertical direction.

If the flow in the above experiments could be assumed to be one-dimensional and the double-
sensor probes (2s), together with the bubble-pairing signal-processing scheme of Revankar and
Ishii (1992), were applicable, we could also get the local time-averaged IAC under the same flow
conditions by using two double-sensor probes and illustrated them with the solid symbols of
circle, square and triangle in Figs. 6 and 7. The measured local time-averaged IAC comparison
between the four-sensor probe and the double-sensor probe showed that the results from the
four-sensor probe were in agreement with those from the double-sensor probe at the high jL
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condition, where the bubbles usually move in an one-dimensional way, and that the double-sensor
probe got a higher local time-averaged IAC value at the low jL condition, where the multi-dimen-
sional bubbly flow was prevailing. The difference between the four-sensor probe and the double-
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sensor probe increases with the decrease of jL and the decrease of r/R due to the change of the
local secondary bubbly flow prevalence. The reasons for this phenomena are that the bubble
shape and behavior in the multi-dimensional two-phase flow are not consistent with the required
assumptions of the double-sensor probe method and the recovering way for the miscounted inter-
faces produced largely by the bubble-pairing scheme of Revankar and Ishii (1992) is questionable.

In the four-sensor probe measurement in a multi-dimension two-phase flow, the local time-
averaged IAC contribution from each of the missing and miscounted interfaces cannot be ob-
tained accurately and directly from the measured time information of the interface and is usually
recovered indirectly by using the average measured IAC value of all effective interfaces. Wu and
Ishii (1999) reported that the average IAC of the missed and miscounted interfaces at the measur-
ing point is generally different from that of the effective interfaces. Therefore the deviation of the
estimation for the missed and miscounted interfaces may not be negligible and the measured local
time-averaged IAC including this estimation becomes questionable if the number of the missing
and miscounted interfaces increases. In order to evaluate the reliability of the multi-sensor probe
measurement, an effective interface percentage (EIP) defined by the ratio of the effective interface
number and total interface number is introduced in the following analysis. The value of 1-EIP is
the missing and the miscounted interface percentage.

The EIPs of the four-sensor probes (together with the present interface-pairing signal-process-
ing scheme) in the validating experiment in a vertical large diameter pipe were obtained and illus-
trated with the open symbols of circle and square in Fig. 8. Since the two-phase flow at same flow
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conditions was assumed to be one-dimensional in the local time-averaged IAC measurement with
the double-sensor probes, we could get the EIPs of the double-sensor probes (together with the
bubble-pairing signal-processing scheme of Revankar and Ishii (1992)) and showed them with
the solid symbols of circle and square in Fig. 8 too. The upper and lower parts in Fig. 8 are
for the EIPs at L/D = 56.7 and 11.4 in the pipe, respectively. The double-sensor probe almost
had the same distance separation between the front sensor tip and rear sensor tip as the four-sen-
sor probe at the same L/D. The EIP comparison between the four-sensor probe and the double-
sensor probe indicated that both of the probes had nearly equal EIP (60–70%) in one-dimensional
two-phase flow (see the symbols of open and solid cycles in the lower part of Fig. 8) and that the
four-sensor probe kept a high EIP (60–80%) and the double-sensor probe showed a decreasing
EIP (0–50%) when the bubbly secondary flow gradually grew up. Since the multi-dimensional ef-
fect of the two-phase flow in the vertical large diameter pipe increases with the jL decrease and the
jG increase and with the L/D increase and the r/R decrease, the EIP of the double-sensor probe
decreases with the jL decrease and the jG increase and with the L/D increase and the r/R decrease.
It was noted that the EIPs with four-sensor probes at L/D = 56.7 are slightly higher than those of
L/D = 11.4 in Fig. 8. It could be accounted for by the closer distance separations between the
front and rear sensor tips of the four-sensor probe at L/D = 56.7 than those at L/D = 11.4, which
resulted in a lower missing interface percentage at L/D = 56.7 than that at L/D = 11.4.

Due to the sensor number increases in a four-sensor probe, its missing interface percentage is
expected to be greater than that of a double-sensor probe. However, the present EIP in the four-
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sensor probe with the interface-pairing signal-processing scheme was higher than that of the dou-
ble-sensor probe with the bubble-pairing signal-processing scheme when the bubbly secondary
flow happened. These facts revealed that the conventional double-sensor probe method produced
a large amount of miscounted interfaces and made itself unreliable in the multi-dimensional two-
phase flow measurement and that the miscounted interface percentage from the present improved
four-sensor probe method was negligible and the missing interface percentage increase in the four-
sensor probe was not noteworthily observed by comparing with the double-sensor probe.
7. Measurement error evaluation

The intrusive probes inevitably disturb the local flow due to the finite size of the probe. The
probe intrusiveness causes some bubbles to escape from the probe and some bubbles to be de-
formed and changed in their velocity magnitudes and directions in the probe-bubble touching pro-
cesses. It is impossible for a sensor in the probe to detect the bubbles with a size same as or smaller
than the sensor tip diameter in two-phase flow. The finite distance differences between the sensor
tips provoke some bubbles touching one sensor tip and missing the other sensor tip(s). These ef-
fects somewhat decrease the reliability of the intrusive probe measurement and should be analyzed
and evaluated carefully.

When an intrusive probe sensor penetrates a bubble, the local interface of the bubble will be
deformed and a meniscus effect will happen around the sensor due to the surface tension. It will
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result that the start and end time of a bubble contacting a sensor are later than the corresponding
times when the bubble passes through the point at the sensor tip without the sensor in the flow.
Fortunately, there exists the similarity in the interfacial meniscus effect for different sensors in the
multi-sensor probe. The meniscus effects accordingly will not affect too much the measured time
difference between the two different sensors for each interface. When a sensor pierces into a bub-
ble, the bubble may slow down and deviate in the velocity direction. It is very difficult to evaluate
the velocity change and the measurement error from this effect. The situation is expected to be
worse for the receding bubbles than the oncoming bubbles. However, it should be noted that
the counteracting force of the surface tension is very weak if the bubble has a much larger size,
comparing with the sensor diameter. The bubble velocity change and the measurement error from
the sensor piercing will accordingly be tiny if we only apply the probe to the two-phase flow with
the bubbles having much larger size than the probe sensor diameter.

In order to investigate the escaped and missing bubbles of an intrusive probe, local quantities
and the area- and volume-averaged quantities in the water pool were measured with intrusive
probes and compared with each other or the results from the other measuremental method.
The pool experimental apparatus is shown in Fig. 9. 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 the rotameter and manometer,
respectively. The measurement errors of the rotameter and manometer are within ±0.5% and
±0.3%, respectively. The probe measuring points, A, B and C, are located at the heights of
L/D = 3.33, 10.0 and 16.7, respectively.

If we use A ðA ¼
R R
0 2prdrÞ to stand for the pipe cross-sectional area and H0 and H1 for the

water heights in the pool without and with air passing through respectively, the volume-averaged
void fraction in the pool can be expressed by
�aV ¼ ðH 1 � H 0Þ � A
H 1 � A

¼ H 1 � H 0

H 1

: ð47Þ
Fig. 9. Pool experimental apparatus.
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We shall henceforth refer to this volume-averaged void fraction measurement as the water level
measurement.

Since we usually ignore the parameter change in the circumferential direction in a vertical cylin-
drical pipe, the three-dimensional local time-averaged void fraction a(r,h,z) can be simplified by
two-dimensional one, a(r,z), namely
aðr; zÞ ¼
R 2p
0 aðr; h; zÞdh

2p
� aðr; h; zÞ: ð48Þ
The two-dimensional local time-averaged void fraction a(r,z) is the measured quantity of the
intrusive probe in this pool experiment. Thus we can express the area-averaged a(r,z) at any
height, z, in the flow path and the volume-averaged time-averaged a (r,z), respectively by
�aAðzÞ ¼
R R
0
2praðr; zÞdr

A
ð49Þ
and
�aV ¼
R H1

0

R R
0 2praðr; zÞdrdz

H 1A
: ð50Þ
Comparing with Eq. (47), we knew from Eq. (50) that the �aV could also be obtained from the
probe measurement. To distinguish them in the follow analysis, we referred to the two �aV from
the water level and probe measurements as �aVL and �aVP , respectively. The measured �aVL and �aVP in
the upward-moving bubbly flow in a pool were shown in the upper part of Fig. 10. The compari-
son indicated that the �aVL is always higher than the �aVP and the difference slightly decreases with the
increasing jG. Since the water level measurement is a very reliable method for the volume-averaged
void fraction measurement, the volume-averaged void fraction difference between the water level
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and probe measurement stands for the undetectable void fraction contributed by the escaped bub-
bles due to the existence of the intrusive probe. The change of �aVP =�a

V
L with the jG was shown in the

low part of Fig. 10. It showed that about 79–92% (averaging 85%) of the upward-moving gas
phase in the pool could be sensed by a probe and the rest part (averaging 15%) escaped from
the probe touching due to the probe intrusiveness. The �aVP =�a

V
L significantly increased with the

increasing jG, which revealed that the escaped bubbles decrease considerably with the increase
of jG in the upward-moving two-phase flow in a pool.

In the measurement of local time-averaged IAC only the signals from the bubbles touching
both the front and rear sensors can be handled effectively. In order to investigate the probabilities
of the effective and missing bubbles quantitatively, the void fractions in the upward-moving two-
phase flow in a pool were measured with a double-sensor probe (0.8 mm in sensor tip separation)
arranged in downward and upward facing ways. The �aAdown 0 and �aAdown 1 signify the cross-sectional
area-averaged void fractions measured with the front (0) and rear (1) sensors of the downward
(down) facing double-sensor probe, respectively and the �aAup 0 and �aAup 1 stand for those from
the front (0) and rear (1) sensors of the upward (up) facing double-sensor probe. Their measured
values were shown in the upper part of Fig. 11. We also compared these values by using their rel-

ative values,
�aA
down 0

�aA
down 0

,
�aA
down 1

�aA
down 0

,
�aAup 0

�aA
down 0

and
�aAup 1

�aA
down 0

, and illustrated these relative values with the symbols of

open square, solid square, open circle and solid circle, respectively in the lower part of Fig. 11.
These relative cross-sectional area-averaged void fractions were the actual detectable bubbly per-
centages relative to the front sensor of the downward double-sensor probe. The comparisons indi-
cated that the upward facing probe (represented by the front sensor) detects about 70% of bubbles
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in the pool. One can know directly that about 30% (=1–70%) of the upward-moving bubbles es-
cape from the touching of the upward facing probe in the pool due to the existence of the rear part
of the probe sensors. Thus, it can be approximately inferred that about 30% of the downward-
moving bubbles will escape from the touching of the downward facing probe in the pool due

to the existence of the rear part of the probe sensors. The
�aA
up 0

�aA
down 0

in the lower part of Fig. 11 in-

creased significantly with the increasing jG. So one could predict presumably that the ratio of
the escaped bubbles among the downward-moving bubbles might decrease significantly with
the increasing jG in the downward facing probe measurement.

The relative cross-sectional area-averaged void fractions in the lower part of Fig. 11 also
showed that the rear sensor tips of the downward and upward facing probes detected about
85% and 50% of upward-moving bubbles, respectively. Thus one could know that about 15%
(=1–85%) of the upward-moving bubbles touched the front sensor tip and missed the rear one
in the downward facing probe measurement in the pool due to the probe sensor tip separation.

The
�aA
down 1

�aA
down 0

in the lower part of Fig. 11 increased gradually with the increasing jG. So one could also

know that the missing bubble ratio decreased gradually with the increasing jG in the multi-sensor
probe measurement.

In order to knew the ingredients of the bubbles in a multi-dimensional two-phase flow, we de-
fined Nt as the number of bubbles detected by the front sensor of the downward facing double-
sensor probe, Ndownward as the number of bubbles moving downwardly and touching the rear
sensor tip ahead of the front sensor tip, Nupward as the number of bubbles moving upwardly
and touching the front sensor tip ahead of the rear sensor tip, and Nmissing as the number of
bubbles touching the front sensor tip but missing the rear sensor tip. The ratios of Ndownward/
Nt, Nupward/Nt and Nmissing=Nt then stood for the downward bubbly rate, upward bubbly rate
and missing bubbly rate, respectively. Under various jG flow conditions in the / 50 mm pipe pool,
the radial profiles of the above ratios were shown in Fig. 12. The figure revealed that less than 10%
(averaging 5%) of the bubbles moved downwardly and the downward-moving bubble rate in-
creased with the increasing jG and decreased in the radial direction. Nearly 80% of the bubbles
moved upwardly in the pool and the Nupward/Nt also decreased in the radial direction. Over
10% (averaging 15%) were the missing bubbles and the missing bubbly rate decreased with the
increasing jG and the decreasing radius.

Based on the previous discussions, we performed a comprehensive measurement error evalua-
tion for the downward facing double-sensor probe used in the upward-moving two-phase flow in a
pool and illustrated the analysis in details in Fig. 13. The evaluation showed that about 72.14% of
the bubbles touch both sensor tips and that the total escaped bubble and missing bubble rates are
nearly 15.75% and 12.11%, respectively. If the present interface-pairing signal-processing scheme
is used, the miscounted bubbles will be negligible and all of the bubbles touching both sensor tips
will be effective. Thus the effective bubble rate will reach 72.14%. In the total IAC measurement
with double- and four-sensor probes, we usually compensate for the missing bubbles by using the
average effective bubbles. Since the missing bubble rate (12.11%) is not high, the compensation
error for the missing bubbles may be neglected. Therefore, taking into account of the nearly even
bubble size distribution (3–5 mm in bubble size) in the present two-phase flow, we can estimate the
total error in void fraction and IAC measurement with the intrusive probe at about 15.75% in the
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pool due to the escaped bubbles. The previous analyses also indicated that the escaped and miss-
ing bubbles decrease significantly with the bubble velocity increase. Therefore, it can be predicted
that the measurement error decreases considerably in the two-phase flow in a pipe with net liquid
flow and higher gas velocity.
8. Summary and conclusion

This paper presented a way for the multi-dimensional two-phase flow measurement by improv-
ing the conventional intrusive four-sensor probe methodology. In the methodological improve-
ment and the succedent practical application and measurement error evaluation, the following
conclusions can be presented.

(1) There exists an interfacial measurement theorem in the multi-sensor probe measurement.
The theorem gives the general relation between the local instantaneous interfacial velocity
and the measurable velocity of the multi-sensor probe. It is valid not only for the oncoming
interfaces but also for the receding interfaces.

(2) With the application of the interfacial measurement theorem, the local instantaneous formu-
lations for the interfacial normal direction and interfacial velocity component in the direc-
tion have been derived and the local time-averaged formulation of the IAC has been
obtained theoretically.



Fig. 13. Measurement error evaluation in the two-phase flow in a pool.

X. Shen et al. / International Journal of Multiphase Flow 31 (2005) 593–617 615
(3) A new interface-pairing signal-processing scheme has been proposed to identify the effective
interfaces from all oncoming and receding interfaces. Its practical application proved it to be
highly effective. With the help of the interfacial measurement theorem and the new scheme,
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almost all of the interfaces touching all sensors can be effectively utilized and the miscounted
interface percentage is negligible in the four-sensor probe measurements.

(4) The application of the improved IAC methodology to the two-phase flow in a vertical large
diameter pipe has showed that the four-sensor probes (together with the interface-pairing
signal-processing scheme) can effectively measure the local time-averaged IACs with high
effective interface percentages not only in the one-dimensional two-phase flow but also in
the multi-dimensional two-phase flow.

(5) The measurement errors from the sensor piercing into a bubble were analyzed and it showed
that the measurement error from the bubble deformation was negligible in measuring the
interfacial passing time from one sensor to the others and that the measurement error from
the bubble velocity variation was tiny if we only applied the probe to the two-phase flow with
the bubbles having much larger size than the probe sensor diameter. The measurement errors
from the escaped and missing bubbles were evaluated by performing an experiment in a
pooling two-phase flow. The evaluation showed that the measurement errors from the
escaped and missing bubbles were about 15.75% and nearly 0%, respectively in the two-phase
flow in a pool. As a result of that, the total measurement error from these effects was esti-
mated at about 15.75% in the two-phase flow in a pool due to the intrusiveness of the
multi-sensor probe. Since the escaped and missing bubbles will decrease significantly in
the two-phase flow in a pipe with net liquid flow and higher gas velocities, the total measure-
ment errors are expected to further decrease in the circumstances.
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