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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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