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ABSTRACT 

Measurements of bubble and liquid velocities in two-phase flow 
have been made using a new forward/backward scattering Laser 
Doppler Velocimetry (LDV) technique. This work was performed 
in a 6.4 by 11.1 mm vertical duct using known air/water mix­
tures. A standard LDV fiber optic probe was used to measure 
the bubble velocity, using direct backscattered light. A 
novel retro-reflector and lens assembly permitted the same 
probe to measure the liquid velocity with direct forward-
scattered light. The bubble velocity was confirmed by inde­
pendent measurements with a high-speed video system. The 
liquid velocity was confirmed by demonstrating the dominance 
of the liquid seed data rate in the forward-scatter measure­
ment. Experimental data are presented to demonstrate the 
accuracy of the technique for a wide range of flow conditions, 
from bubbles as small as 0.75-mm-d1am to slugs as large as 10-
mm wide by 30-mm long. In the slug regime, the LDV technique 
performed velocity measurements for both phases, for void frac­
tions up to 50%, which was the upper limit of our experimental 
investigation. 
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Measurement of Velocities in Gas-Liquid Two-Phase Flow 
Using Laser Doppler Velocimetry 

P.F. Vassallo, T.A. Trabold, 
W.E. Moore, and G.J. Kirouac 

1. INTRODUCTION 

A currently active area of development in gas-liquid two-phase-flow 
predictive methods is the two-fluid model, in which separate conser­
vation equations are written for each phase. While it is generally 
recognized that this model is sufficiently rigorous for the calculation 
of detailed flow characteristics, its application is dependent on 
empirically derived constitutive relations that describe phase inter­
actions. The local liquid and vapor phase velocities are two of the 
most important parameters that need to be measured. 

Laser Doppler velocimetry (LDV) has been utilized extensively for 
the measurement of velocities in single phase flows, and complete 
details of its theoretical and experimental development are available in 
several standard references (e.g.. Durst et al., 1976). Briefly, when 
two laser beams cross at a point in space, an interference fringe pat­
tern, characterized by alternating bright and dark regions, is formed 
within an ellipsoidal measurement volume (Figure 1). The size of this 
ellipsoid is dependent on the laser beam diameter and beam crossing 
angle. As a particle passes through the measurement volume, light is 
scattered in various directions. The Doppler shift frequency of scat­
tered light (fp) is related to the particle velocity (Vp) by the 
equation 

2 V„ sink 

fo - ̂ ^ (1) 

where K is half the included angle between the incident laser beams and 
X is the associated laser light wavelength. The component of the 
velocity vector measured lies in the plane of the beams and is perpen­
dicular to the bisector of the beam crossing angle. Natural contami­
nants existing within the fluid, or "seed" particles added to enhance 
the LDV measurement, are small enough so that their velocity is con­
sidered equivalent to the local fluid velocity. 

In principle. Equation (1) should be equally applicable for cases 
in which more than one phase is present, even if the scattering parti­
cles or bubbles are larger than the measurement volume (Durst and Zare, 
1975). The difficulty associated with applying the LDV technique to 
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experiments involving gas-liquid two-phase flows can be attributed to 
differences in light scattering characteristics between relatively small 
seed particles in the continuous liquid phase and larger transparent 
bubbles which comprise the dispersed gas phase. A number of theoretical 
studies have been performed to determine how light is scattered from 
various types of particles. Extrapolation of these theories to actual 
experimental two-phase-flow situations is, however, complicated by fac­
tors such as particle/bubble nonsphericity and multiple scattering from 
bubble interfaces. It was understood from the outset that optimization 
of the LDV optical configuration for the present experiments could not 
be obtained by purely theoretical means. Rather, the initial step in 
our LDV development program was to review the literature, focussing on 
two-phase flow applications. In so doing, valuable insight was gained 
in determining how the LDV technique can best be applied to experiments 
involving mixed gas-liquid duct flows. 

Since laser Doppler velocimetry techniques were introduced nearly 
thirty years ago, well over 1000 papers have been published on the sub­
ject (Adrian, 1983). However, only a few of these studies have directly 
addressed experimental applications of LDV in gas-liquid two-phase flows 
in which the gas is the dispersed phase. A summary of publications 
dealing with LDV measurements in dispersed gas-liquid flows is provided 
in Table 1.* Although several authors have attempted to measure both 
liquid and gas velocities (V̂  and Vg, respectively) in two-phase sys­
tems, this has been done in only a few cases for pipe or duct flows and 
no results were found for thin channels. Also, almost all studies have 
been limited to low void fractions (a < 30%). 

The use of LDV in gas-liquid flows is difficult compared with ex­
periments in single phase flows. This is due to the complicated light 
scattering behavior of such systems, which leads to two primary experi­
mental problems: 

• As the concentration of gas-liquid Interfaces increases, 
the incident laser light is increasingly scattered, so an 
LDV measurement volume can only be formed for very short 
time periods. This problem becomes more pronounced with 
Increasing void fraction and/or test section fluid thick­
ness. 

*A number of papers dealing with single bubble streams rising in quiescent 
liquid, notbly those by Martin and co-workers (Martin et al., 1981; Lisk et 
al., 1982; Martin and Chandler, 1982; Brankovic et al., 1984a; 1984b) and 
Durst and co-workers (Durst et al., 1986) are not included in Table 1. 
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• When a Doppler-shifted event occurs in the measurement 
volume, the scattered light transmission path and the 
optical and data acquisition configuration must be such 
that LDV signals due to bubbles and seed particles can be 
detected and separately analyzed. 

Several authors have investigated the range of void fractions for 
which LDV measurements can be made. For their extensive tests in a rel-
atively large 450-mm square duct, Marie and co-workers (Marie et al., 
1982; Marie, 1983; Marie and Lance, 1983) concluded that LDV measure­
ments could be made up to a void fraction of 10%. Boerner et al. (1984) 
performed a study in which the two-phase-flow field thickness could be 
varied. Their results Indicated a void fraction limit of about 23% for 
liquid phase LDV measurements in a 9.5-mm test section. This finding is 
roughly consistent with the work of Ohba et al. (1976; 1977a; 1977b) 
who were able to perform LDV experiments in an U-mm square duct up to a~30%. 
For the case of an air jet discharged into water flowing vertically through a 
lOO-iran square duct, Grainer et al. (1984) acquired liquid velocity data 
using LDV up to a mean void fractions of 20%. However, data were also 
obtained near the exit of the 1.5-mm air nozzle in regions where the 
local void fraction was as high as 70%. Davies (1973) and Davies and 
Unger (1973) ran both air/water and steam/water pipe flow tests, but 
provided little data to support their conclusions. Sheng and Irons 
(1991) carried out experiments up to a = 50% for air bubbles rising in 
water, but both phase velocities could be obtained using LDV only up to 
void fractions of 40%. Wilson and co-workers (Wilson, 1982; Wolf et 
al., 1983) performed tests at void fractions up to about 80% in 
air/water flows. Their method of extracting the slip ratio (i.e., 
Vq/V^) from the velocity probability density distribution may not be 
valid for < 30%. However, their extensive results clearly indicate the 
feasibility of the LDV technique for moderate to high void fractions. 
As a whole, these publications provided ample evidence that LDV measure­
ments can be made over a wide void fraction range, provided the optical 
path length through the bubbly flow is not too long. 

The problem of how to discriminate the liquid and vapor phase vel­
ocities was reported in only three studies for gas-liquid pipe or duct 
flows (Neti and Colella, 1983; Brankovic et al., 1986; Ohba et al., 
1986). Brankovic et al. employed a single detector in the forward-
scattering (0-deg) direction. Signals due to liquid seed particles and 
bubbles were separated, using amplitude discrimination of the Doppler 
bursts. The threshold voltage, which unambiguously admitted Doppler 
bursts from bubbles at a high rate, was three times that for the liquid 
measurement. An alternative technique, reported in the other two publi­
cations, is to use multiple detectors. The liquid seed particles were 
measured in the forward-scattering direction, while bubbles were mea-
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sured at off-axis forward scattering angles, at 90 deg, or the back-
scattering (180-deg) direction. Bubbles will still be measured by the 
forward scattering detector if amplitude discrimination is not used. In 
many applications, however, the frequency with which bubbles pass 
through the measurement volume is low enough so that their contribution 
can be considered to have an insignificant effect on the liquid velocity 
probability distribution measurement. 

It is concluded from this review that it is possible to obtain 
measurements of both phase velocities in gas/liquid flows using laser 
Doppler velocimetry. However, for a given test section geometry, a 
practical void fraction limit exists above which it is not possible to 
obtain reliable measurements. The purpose of the present paper is to 
report on the development of an LDV direct forward/backward scattering 
technique capable of measuring V-j and Vg in two-phase flows through a 
narrow rectangular duct over-a wide range of void fraction. In Section 
2, a novel optical method is described that permits both bubble and 
liquid velocity measurements to be made using only one fiber optic LDV 
probe. The results of experiments performed with various gas and liquid 
flow rates and two-phase flow regimes are discussed later, in Section 3. 

2. EXPERIMENTAL APPARATUS AND TEST PROCEDURE 

In a standard backscatter LDV probe, a lens at the end of the probe 
focuses the laser beams to form the measurement volume within the test 
section. As a particle or bubble passes through this volume, it scat­
ters light in all directions. The intensity of the scattered light in­
creases with particle size and relative index of refraction, and may be 
two to three orders of magnitude greater in the forward direction than 
in the backward direction for small particles (Fingerson et al., 1990). 
A detection lens inside the probe picks up the backscattered light. For 
micron-sized seed particles, this light is generally too weak to be 
detected. However, the larger sized bubbles can be detected using back-
scattered light. This permits the bubble velocity to be measured with 
the standard backscatter probe. 

To measure the liquid velocity, it is necessary to utilize the rel­
atively intense forward-scattered light. One way to detect this light 
would be to place another detector across from the transmitting probe on 
the opposite side of the test section. However, this would require an 
additional probe, increasing expense and optical alignment complexity. 
The method adopted here uses a retro-reflector and lens combination to 
reflect the forward-scattered light back toward the probe, focusing it 
at the measurement volume. This light is then detected by a standard 
backscatter probe, as shown in Figure 2. The focal length of the tran­
smitting lens defines the position of the measurement volume. A seed 
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particle passing through this volume scatters light in the direction of 
lens R. This lens is positioned exactly one focal length away from the 
measurement volume, causing light rays within the cone to leave the lens 
as parallel rays of light. The retro-reflector is a prism that reflects 
light parallel to the incoming path. Lens R then focuses the light back 
at the measurement volume, where it is collected by the detection lens 
located in the probe. This procedure uses the standard backscatter 
probe as a forward-scatter light detector, without any modification of 
the probe. 

The two phases are now easily discriminated by interupting the 
forward-scattering light path. Blocking the light path to the retro-
reflector permits only backscatter light to be detected; this defines 
the vapor phase velocity. Uncovering the retro-reflector allows both 
back and forward-scatter light to be detected, but the forward-scatter 
light is much more intense, making the backscattered light negligible. 
Because micron-sized particles are present in numbers greatly exceeding 
the bubble density, the forward-scattered light defines the liquid 
velocity. 

The objective of the current experiments was to develop a practical 
LDV system for use in a high-pressure steam/water test section in which 
the optical access is restricted to straight forward/backward light scat­
tering. To demonstrate the technique, the test section and associated 
apparatus were both kept relatively simple (see Figure 3). The test 
section was 44.5 mm high and 6.4 by 11.1 mm in cross section, made by 
epoxying glass microscope slides to an aluminum frame. The working 
fluid was water, and experiments were performed both with and without 
the addition of 5-ym polystyrene seed particles. Flexible rubber tubing 
connected the test section to a liquid peristaltic pump. This pump, 
calibrated with a graduated cylinder and stopwatch, provided a liquid 
volumetric flow rate (Q-j) between 0 and 1000 ml/min. A second peristaltic 
pump, calibrated with a Gilmont flowmeter, was used to provide the gas 
flow. The range of flow rates (Q-) for the gas pump was 0 to 970 ml/min 
at standard temperature and pressure. Two hypodermic needles, 1.6 mm in 
diameter, were inserted in the rubber tubing just below the test sec­
tion, to Inject the air directly into the liquid flow. The two-phase 
flow exiting the test section was channeled upward into a simple void 
fraction measurement device. This consisted of a 12.7-mm-diam graduated 
cylinder, 356 mm long, with a quick-action valve at either end, con­
nected with a common handle. Rapid valve closure trapped the two-phase 
mixture, and, after the air rose to the top, an average void fraction 
could be determined. 

The LDV fiber optic probe used in these experiments (TSI Model 
9279-1) has a focal length of 102 mm and a beam spacing of 15 mm, pro-
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ducing a measurement volume 2.1 mm long and 0.12 mm wide. A mask was 
placed over the end of the probe to prevent reflections off the test 
section walls from entering the probe. The mask had holes just large 
enough for the primary beams, and a 7.9-mm hole in the center to accept 
the scattered light. Standard optical components were used to form two 
green and two blue beams from a 4 W argon-ion laser (Coherent Innova 
300) and guide them into the probe. For each color, a Bragg shift 
module was used to Impart a frequency shift to one of the beams, allow­
ing zero and negative velocities to be measured as well as positive 
velocities. The blue or green signals detected by the probe were analy­
zed with two TSI 1990C signal processors, operated in the continuous and 
random mode. 

All the optical components, including the probe and retro-reflector 
were mounted on an optical table. This table could be moved in three 
orthogonal directions with an accuracy of 0.01 mm. The test section was 
held fixed on a separate table, allowing free movement of the measure­
ment volume with respect to the test section. The lens and retro-
reflector assembly were positioned on a rail aligned with the axis of 
the probe. The assembly could be moved along this rail to accurately 
match the position of the lens to the focal length. The lens was plano­
convex, with a focal length of 75 mm; the retro-reflector was a 12.7-mm 
prism. The optimum position of the lens and retro-reflector was deter­
mined by maximizing the data rate observed on the signal processor. 

The center of the test section was located by moving the optical 
table until flare was observed at both walls, and then moving halfway 
between. Except for the measurements of velocity profiles, all other 
measurements were taken at this central plane, approximately halfway up 
the test section. Since the flow under investigation was vertical, only 
this component of velocity was measured. The vapor and liquid flow 
rates were set to establish the flow conditions for any given measure­
ment. To measure the vapor velocity, the retro-reflector was blocked, 
and the gain was lowered until the data rate corresponded to between 
4 and 10 cps; 2500 total samples were taken for each measurement. Using 
low gain assured detection of bubble signals only, and avoided the detec­
tion of the smaller seed signals. The liquid velocity was determined by 
uncovering the retro-reflector, and taking a measurement in forward 
scatter. Since the data rate is much higher in this configuration, more 
data samples were taken. Four measurements of 2500 samples each were 
acquired, and averaged to obtain the liquid velocity. While the velocity 
measurements were under way, a NAC-400 high-speed video system (HSV) was 
used to record the flow field. These recordings were used to identify 
the flow regimes and to independently measure the velocity of the bubbles 
rising in the channel. The HSV was operated at 200 frames/sec, with an 
image magnification of 5. 
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3. RESULTS AND DISCUSSION 

3.1 Validation of LDV Technique 

To confirm the vapor velocity measurements, the gas volume flow was 
varied from 50 to 970 ml/min with no external liquid flow, and HSV and 
LDV backscatter measurements were taken at each flow condition. Figure 
4 shows the results; the error bars in the figure correspond to the esti­
mated accuracy of the HSV bubble velocity measurments. These measure­
ments were difficult for several reasons: (1) the velocity was measured 
over a finite distance on the HSV monitor (25 mm centered about the mea­
surement volume), while the LDV measured the velocity at a point, (2) 
interpretation of bubble position became harder to define as the bubbles 
became larger, deformed, and obscured each other, (3) only 10 to 20 bub­
bles were visually tracked to provide a mean velocity on the HSV, com­
pared with 2500 for the LDV, and (4) the bubble velocity from the HSV 
was averaged over just a few seconds, while the LDV averaged the bubble 
velocity between 5 and 10 minutes. All these factors lead to an estimated 
accuracy of ±10% on the HSV bubble velocity measurements, as indicated by 
the error bars in Figure 4. The results compare well, indicating that the 
LDV backscatter measurement has been correctly identified as the gas phase 
velocity. 

The liquid velocity measurements were harder to confirm because no 
independent technique was available to measure the liquid velocity in 
two-phase flow. However, the accuracy was confirmed for single-phase 
liquid flow, within this test section. It was also shown, via data rate 
comparisons, that for two-phase flow the LDV forward scattering tech­
nique must be sensing primarily the seed, and therefore measuring the 
liquid velocity. The following discussion explains these points in 
detail. 

The liquid velocity in single-phase flow was confirmed by pumping a 
known volume flow rate through the test section, measuring the velocity 
profile across the test section, integrating the profile over the test 
section cross sectional area, and comparing the integrated result with 
the known volume flow rate. Because the measurement volume is 2.1 mm 
long, the velocity profile in the narrow (6.35 mm) test section direction 
could not be measured easily. However, the measurement volume is only 
0.12 mm wide, permitting detailed measurements of the profile in the 
transverse (11.1 mm) direction. The profile near the glass walls in the 
thickness direction was then assumed to be the same as the transverse 
profile. Figure 5 shows the measured velocity profile across the test 
section for two different flow rates. Both profiles are relatively flat, 
and both have a slight peak located near the right wall. The profiles 
are relatively flat because the flow is still developing; they have a 
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peak near the right wall because the flow is turning slightly as it 
enters the test section. Neither of these points affects the analysis 
presented below. 

In the thickness direction, the velocity profile was assumed to 
have the form: 

V = V f-l" (2) 
max '•r-' ^ ' 

Here n is the profile exponent, and V̂ ,̂̂  is the maximum velocity in 
the center of the duct (i.e., at x = r). From the data points near the 
wall in Figure 6, a proper exponent for both flow rates was determined. 
These were n=4 and n=7 for the low and high flow, respectively. The 
integral 

1 r 
Q = J2 [JV (x,y) dx)dy (3) 

0 0 

represents the volume flow rate of the fluid passing through the test 
section, where 1 is the extent in the transverse (y) direction and 2r is 
the extent in the thickness (x) direction. Using trapezoidal integration 
in the y direction, we obtain: 

1 1 1 

r — r — r m-' — 

where m is the number of data points taken across the transverse direc­
tion. This procedure yielded Q = 204 and 798 ml/min for the high and low 
flow rate cases. These values are within ±10% of the known volumetric 
flows provided by the calibrated pump. Therefore, the LDV probe, using 
forward-scatter data, correctly identifies the liquid velocity for single 
phase liquid flow within this test section. 

Data rate comparisons are used to show that the forward-scatter 
arrangement is measuring primarily the liquid velocity, even in two-
phase flow. Figure 6 shows a log plot of the data rate as a function 
of vapor volume flow rate, for both backscatter and forward-scatter 
configurations. The gain was held constant throughout. Notice that the 
forward-scatter data rate decreases with increasing gas flow. This is 
because the bubbles displace the liquid, and, therefore, reduce the 
amount of seed detected. Also notice the difference in magnitude 
between the data rate in forward scatter and backscatter. Because the 
backscatter data rate is Indicative of the actual rate of bubbles 
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scattering light from the measurement volume (on the order of 10 Hz as 
observed on the HSV), the ratio of the backscatter rate to the forward-
scatter rate gives the percentage of bubbles measured among the liquid 
seed. Based on the data in Figure 6, even without seed addition, this 
is a relatively low percentage. At the highest gas flow, the ratio is 
under 4%; at the lowest flow, it is only 0.1%. Whenever this percentage 
needs to be reduced, additional seed may be added. Adding seed to the 
loop produced an obvious increase in the forward-scatter data rate, 
without affecting the backscatter rate. Now the percentage of bubbles 
measured along with the seed is always under 2%, implying that the 
forward-scatter arrangement provides a reliable measure of the liquid 
velocity. 

3.2 Phase Velocity Measurements for Various Flow Regimes 

Having validated the direct forward/backward scattering technique 
for two-phase measurements, velocity results are now presented for a 
range of flow regimes. Figure 7 shows the results for the case of zero 
net liquid flow, and varying gas flows. The regimes in the figure were 
based on observations using the HSV and still pictures. At gas flow 
rates below 150 ml/min, the bubbly region was observed. Plate la shows 
a picture of the bubbles in this regime, for Q- = 50 ml/min. The 
bubbles pictured are elliptical in shape, with an equivalent spherical 
diameter of ~3 mm. As the vapor flow rate increases, the bubbles become 
larger, but they are relatively uniform until the gas flow rate increases 
to 150 ml/min. At this flow rate, some much larger gas bubbles can be 
seen that nearly fill the channel width. This is the bubbly-slug regime, 
an example of which is shown in Plate lb for Q- = 350 ml/min. At higher 
gas flows, between 400 and 850 ml/min, the larger bubbles become more 
prominent, forming definite vapor slugs which fill the entire width of 
the test section. These slugs are followed by smaller bubbles within 
the liquid. As the gas flow increases, the length of the slugs becomes 
longer, until at flows over Q- = 850 ml/min, the slugs are long enough, 
at times, to fill the entire test section. This is the transition 
regime, sometimes approximating annular flow, but still containing 
smaller bubbles within intermediate liquid sections. Plates Ic and Id 
show examples of the slug and transition regimes. 

Two-phase velocity measurements were taken throughout these regimes, 
as demonstrated in Figure 7. The dip in the bubble velocity is explained 
by considering how the bubbles interact within the confines of the test 
section. At the lowest gas flow rate, the 3-mm-diam bubbles are rela­
tively far apart, and rise with little impedance. As the gas flow rate 
increases, the bubbles begin to collide with the test section walls and 
also with each other, causing their velocity to decrease. Eventually the 
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gas flow rate becomes high enough to overcome this drag effect, and the 
bubble velocity starts to rise. This is seen to occur near Qg = 300 
ml/min, after which the bubble velocity increases steadily with further 
increase in the gas flow rate. 

The liquid velocity increases monotonically with increasing air flow 
rate. Because there is no external liquid flow, the liquid velocity is 
induced only by the rising bubbles. Therefore, the pumping action of the 
bubbles Increases as the gas flow increases, and the liquid velocity rises 
continually. Notice how the relative velocity (Vg - \^^^) changes as a 
function of gas flow rate. The relative velocity is highest at the lowest 
gas flow rates, and decreases until Qg = 550 ml/min, beyond which it 
becomes approximately constant. At Qg = 550 ml/min and higher, the slugs 
in the test section drive the flow at a constant relative rate. The 
faster the slug, the faster the liquid moves behind it, maintaining, how­
ever, the same relative speed. 

Figures 8 through 10 present the velocity results in the center of 
the test section for three separate liquid flow rates. Comparing these 
figures with Figure 7 reveals some important differences. As the liquid 
flow rate increases, the bubble and liquid velocities increase, the 
boundaries of the flow regimes shift to higher gas flows, and the dip in 
bubble velocity becomes less pronounced until it disappears entirely in 
Figure 10. The increase in bubble and liquid velocity is a direct 
result of the higher liquid flow. The flow regimes shift because at 
higher liquid flows, it becomes more difficult for slugs to form, and 
the bubble regimes become more prominent. Indeed, at the highest liquid 
flow (Q-| = 900 ml/min), slugs are not observed at all, and the only 
regimes present are bubbly and bubbly-slug. The dip in bubble velocity 
is less apparent at higher liquid flows, because the bubbles are smaller 
and less likely to collide with the walls. For example, the average 
bubble size in Figure 7 at Qg = 50 ml/min is 3 mm, while in Figure 10 it 
is only 1.5 mm. Therefore, when the bubble size increases in Figure 10, 
they do not suffer as much wall drag as they do in Figure 7, and instead 
of slowing down they speed up due to buoyancy. 

The average void fraction was measured with two quick-action valves 
and a graduated cylinder, as discussed in Section 2. Because the cross 
sectional area and geometry of the cylinder are different than the test 
section, the void fraction in the cylinder is not exactly the same as in 
the test section. However, it is possible to relate the void fraction 
in the test section to the measurement in the cylinder. The Zuber-
Findlay drift flux model (Zuber and Findlay, 1965) was used for this 
analysis. The void fraction in the test section was found to be 4 to 
10% higher than its corresponding value in the measuring cylinder. 
Figure 11 presents the average void fraction in the test section as a 
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function of gas flow rate. The void fraction increases with increasing 
gas flow, and decreasing liquid flow. The maximum void fraction 
attainable occurs at Qg = 970 ml/min with Q-] = 300 ml/min, and is 
-50%. Note, this is an average void fraction. The local void fraction 
where the velocity measurements are taken, i.e., in the center of the 
test section, would be somewhat higher than this. We were unable to 
measure the void fraction for zero liquid flow because the valve-and-
cylinder method requires some liquid flow to be accurate. 

4. CONCLUSIONS 

Previous work reported in the open literature indicated the poten­
tial for measuring velocities in gas/liquid two-phase flow experiments 
using Laser Doppler Velocimetry. In the present work, a single back-
scatter LDV probe and retro-reflector device were used to measure both 
the liquid and gas phase velocities in a 6.4 by 11.1 mm cross-section 
duct. The two phases are measured in two successive runs made with and 
without a retro-reflector. In the direct backscatter configuration 
(i.e., without the retro-reflector) gas velocity measurements were made 
over a wide range of flow regimes, with bubbles as small as 0.75 mm in 
diameter, to slugs as large as 10 mm wide by 30 mm long. With the 
retro-reflector, the probe measured the liquid velocity by utilizing 
direct forward-scattered light to detect the seed particles following 
the liquid flow. The accuracy of the liquid measurements was shown to 
be a function of the data rate. The data rate in forward scatter due to 
seed particles should be at least 100 times greater than the data rate 
of the bubbles scattering light in the measurement volume. If this cri­
terion is met, the liquid velocity can be 99% accurate. If this cannot 
be attained, then signal level discrimination can be used to eliminate 
large bubble signals for the forward-scattering measurements. 
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Table 1. Summary of Selected S tud ies : LDV Measurements in Gas-Liquid Two-Phase Flows'" 

Pt4>llcatton(a) 

Davlea (1973); 
Davlea and Unger 

(1973) 

Ohba et al. 
(1976; 1977a; 

1977b) 

SUl 1 Wan and 
Theofanous 
(1979); 

Sullivan (1982) 

Vllaon (1981; 
1982); 

Wolf et al. (1983) 

Harle et al. (1982); 
Marie (1983); 

Marie and Lance 
(1983); 

Lance et al, 
(1985); 

Lance and 
Bataille (1991) 

Natl and Colella 
(1983) 

Boerner et al. 
(1984) 

Grainer et al. 
(1984) 

UJV 
CantltfrmtlmP) 

detectora at 180 
deg. and either 3.4 
or 7.S deg. 

single detector at 0 
deg. 

single detector at 
180 deg. 

single detector at 0 
deg. 

single detector at 
10 deg. 

detectors at 0 and 
180 deg. 

single detector at 0 
deg. 

single detector at 0 
deg. 

IVpe of Plou 

vertical steam/water and 
air/water pipe flows 

vertical air/water pipe 
flou 

vertical nitrogen/water 
pipe flow 

vertical alr/uater and 
steao/water pipe flowa 

vertical air/water pipe 
Clow 

vertical air/water pipe 
flow 

air bubbles rising In water 
(4 to 16 atreams ) 

air Jet dlacharged Into 
vertical water pipe Clow 

Test Section 

10.7 m 
diameter pipe 

aqjare duct 

S7.0 n 
diameter pipe 

38.0 Ra square 
duct (air); 
38.1, 63.S and 
76.2 m dlaneter 
plpea (steam) 

450 an aquare 
fkict 

28.0 m 
diameter pipe 

120 na by 
variable 
width of 9.5 to 
120 ma 

1.5 Ha nozzle In 

duct 

Max. 
Void 
Practicn 

50« 

30« 

87.2* 

7% 

•ax. 
quality 

8 X 10' 

• 

23* 

20* 

Data 
Aoifilredt̂ ' 

a 

V, v; 
a 

V, V,' 

velocity 
probability 
density 

V. V, 
varloua 
wcnwnta of 
I lc|Uid valo-
city 
fluctua­
tions, 
Reynolds 
atress 

V,' 

V, V,' 
Of 

V, V,' 

Client. 

Liquid velocity from off*axla forward 
acatterlng detector; bubble velocity 
from 180 deg. detector. Void fraction 
by capacitance method. 

Line average void fraction by laaer 
light atteraiatlon. 

Aifilltude dlacrlmlnatton used to 
eliminate bubble slpiala. 

churn turbulent reglmea. Slip ratio 
interred from bi-modal Gauasian fit to 
velocity POP curve confsared to that 
calculated using ZulMr-Pindlay 
correlation. 

Data samples dUe to bubbles eliminated 
from velocity histogram to obtain liquid 
velocity. Bubble velocity only for 
alngle rlaing liulsble atream. 

Measurements made using both 
conventional and fiber optic coaponents. 
Liquid velocity from 0 deg. detector; 
sl^iala due to bubbles eliminated by 
aaplltude dlacrlmlnatlon. Bubble 
velocity from 180 deg. detector; algnala 
due to aeed eliminated by lowerlnR gain. 

Aaolltude discrimination used to 
eliminate bubble algnala. Variable 
effective channel width using Inserted 
field restrlctor . Void fraction by 

wall piezometer. 

Amplitude discrimination used to 
eliminate bubble alffiala. 



Table 1 (Continued) 

Kvernvold et al. 
(1984) 

Saffman et al. 
(1984) 

SU1 et al. (1985); 
Slsi and Faeth 

(1986a); 
Sun and Faeth 

(1986b) 

11 Branliovlc et al. 
(1986) 

Ohba et al. (1986) 

Lee et al. (1988) 
Yang and Lee (1991) 

Jonea et al. (1990) 

Sheng and Irons 
(1991) 

single detector at 0 
deg. 

three off-axla 
forward scattering 
detectora 

single detector at 0 
or 45 deg. 

Two LDV systean, 
both with single 
detector at 0 deg. 

detectora at 0 and 
90 deg. 

alngle detector and 
two photodlodes at 
different off-axla 
forward acatterlng 
antilea 

alngle detector at 
180 deg. 

single detector at 0 
or 180 deg. 

horizontal alug flou of 
nltrogen-iieroaene/ mineral 
oil mixture 

air/water Jet and butibly 
flow around a ship 
propeller 

carbon dioxide/water and 
air/water bubbly Jets 
discharged vertically into 
quiescent water 

vertical nitrogen/aifjeous 
potaaaium thlocyanate soln. 
pipe flow 

vertical air/water pipe 
flou 

air bubblea rising In water 
(alngle atream); vertical 
air/water and air/sol Id 
particle/water pipe flows 

air injected t^MMrdly Into 
water through a 38 hole 
sparge plate 

air bubblea rlaing In water 
(single stream and bubble 
pluae) 

24.0 na 
diameter pipe 

5.08 na diameter 
nozzle in a 410 
X 543 aa tanli 

abrupt expan-
alon from 20.5 
to 41.0 ami pipe 
diameter 

11.5 ami 

0.2 - 0.7 an 
diameter nozzle 
In a 20 X 15 mm 
(kict 

150 ami diameter 
tuba with a 
vertical baffle 

100 m square 
and 500 mm 
diaaMter 

10* 

1* 

30.8* 

16* 

50* 

V, 

V, d, 

V, V,' 
Reynolds 
atreaa 

V, V,' 

v« V, 

V, d. 

V, 

V. V, 
db a 

LDV triggered uaing optical probe to 
sense presence of slugs. 

Three detectors for check of bubble non-
sphericity. Detector positions altered 
depending en biAble dlaaieter. 

Liquid velocity from 0 deg. detector; 
signals due to biMiles elTmlnsted by 
sniltude discrimination. BiJbble 
velocity from 45 deg. detector; slffuls 
dbe to seed eliminated by lowering gain. 

Aanlltude discrimination used to 
selectively snalyze see4 and bubble 
algnala. Bubble diameter from upstream 
LDV by analysis of output Doppler 
signal. 

Liquid velocity from 0 deg. detector; 
bubble velocity from 90 deg. detector 

Photodlodes uaed to 
distinguish between faiibbles snd solid 
particlea, and to obtain bubble 
diameter. 

Mo dlacrlmination between aeed and 
bubble aipiala; nuaber of burata from 
bubblea aaauaed to be Inalgnlf Icantly 

For small bubbles, analysis of velocity 
POP curve used to obtain phaae 
velocities. For large bubbles, combined 
LDV and electrical probe used. Void 
fraction by electrical probe and 
photographic methoda; blM>le diameter by 
latter technique. II 

no tes : (1) A blank c e l l i nd ica t e s information was not provided by a u t h o r ( s ) . 
(2) 0 deg. corresponds to d i r e c t forward s c a t t e r i n g , 180 deg. to ( i i rect back s c a t t e r i n g . 
(3) Vg = mean bubble v e l o c i t y ; Vg' = f luc tua t ing bubble ve loc i ty ; V, = mean l iqu id ve loc i t y ; 

V,' = f l u c t u a t i n g l i q u i d v e l o c i t y ; a = void f r ac t ion ; d^ = bubble diameter 



approxiiiBto values for 
I current experiments 

d.-J = 4A»/TrD.J (0.12 nm) 

dm - di-i/COS K (U.12 nm) 

Ln. Bd, .2 /Sln K (2.1 mn) 

V,„ = •jrd,̂ 7/6 COS « sin K (FRINGE VOL.) (0.013 

d, ^ D,^ 

This configuration is for neasure-
of velocity conponent in tlie 
horizontal plane. To iteasure 
vertical velocity, beam pair is 
rotated 90 . 

forward scattering 
direction (0 deg.) 

N FR (NO. OF FRINGES) (39) 

Figure 1 - Laser beam crossing and ellipsoidal LDV measurement volume (from Adrian, 1983) 



Figure 2 

Retro-Reflector and Lens with Standard LDV Probe 
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Figure 3 
Experimental Set-Up 
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Figure 4 
Bubble Velocity Comparison, No Liquid Flow 
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Figure 5 
Liquid Velocity Profiles, No Gas Flow 
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Figure 6 
Data Rate Response at Constant Gain 
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Figure 7 
Two-Phase Velocity Measurements,No Liquid Flow 
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Two-Phase Flow Regimes for Q, = 0 ml/min 
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