PII: S0301-9322(96)00021-3 Printed in Great Britain. All rights reserved

Int. J. Multiphase Flow Vol. 22, No. 4, pp. 651-665, 1996
Pergamon Copyright © 1996 Elsevier Science Ltd
0301-9322/96 $15.00 + 0.00
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Abstract—The present work involves an experimental study of bubble flow in a flat horizontal sudden
expansion. This study consists of two parts which are interdependent and complementary. Here in the
first part, the qualitative study by visualization shows that the bubble flow changes from a dissymetric
configuration to a symmetric configuration beyond a certain volumetric quality x. The quantitative study
involves evolutions of the pressure and the void fraction downstream of the singularity for a
quasi-symmetric bubble flow. Copyright © 1996 Elsevier Science Ltd.
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1. INTRODUCTION

Nowadays two-phase gas—liquid systems in industrial processes occupy an important place and
pose many problems to the engineer during conception and dimensioning of installations concerned
by such systems. Precise knowledge of two-phase flows, either a better understanding of certain
phenomena (void migration, blocking, coalescence, etc.) or control of industrial operations
(pressure drop, heat and mass transfer), is of basic interest.

Transport circuits in two-phase industrial installations are mainly composed of various
singularities which provoke significant modifications of the flow. Among these singularities, the
case of a sudden expansion corresponds to a common situation in practice.

In single-phase flow, this type of singularity is largely treated in literature both theoretically and
experimentally. In the case of two-phase flow, most studies were carried out in an axisymmetric
sudden expansion configuration. The major works carried out on this type of singularity in bubble
flow involve singular pressure drop and global void fraction. For the singular pressure drop, several
global models were proposed (Richardson 1958; Lottes 1961; Chisholm & Sutherland 1969; Wadle
1989). These models present significant deviations from experiments (Suleman 1990; Aloui 1994).
On a local basis, one can refer to the theoretical works of Bel Fdhila (1991) and Bel Fdhila &
Simonin (1992), which led to the development of a calculation code named ‘“Melodif”” which
predicted local void fraction and the different average and turbulent quantities of the continuous
phase in axisymmetric sudden expansion.

In the case of the sudden expansion of a flat duct, encountered in plate heat exchangers for
example, bubble flow remains quite unknown both theoretically and experimentally. In order to
contribute to understanding of the reorganisation of this two-phase flow downstream of the
singularity, a qualitative study was carried out by visualizing the flow at several volumetric qualities
x as well as a study of the evolution of the pressure and the void fraction downstream of the
expansion.

We can also note the great attempt undertaken actually in multidimensional modeling and
finding closure laws, as can be seen for example in two-fluid models, Lahey (1995). There of, the
sudden expansion case constitutes a reliable test for this model. So as to minimize the number of
measurements points, we have chosen a particular configuration of sudden expansion (figure 1),
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Figure 1. The particular geometry investigated and the void fraction and phase velocities expected.

and bubble sizes close to the thickness of the flow “e” (figure 1(b)). Such choice allows almost flat
profiles of void fraction and both phases velocities (figure 1(c) and (d)). Therefore, most of our
measurements have been carried out in z = 0 plane. Besides, as far as modeling is concerned, this
particular configuration will certainly lead to equations more obvious than in the tridimensional
case.

2. EXPERIMENTAL AND MEASURING DEVICE

2.1. Experimental device

Experimental arrangement, as shown in figure 2, is used for the study of the effects of the sudden
expansion on the “two-dimensional” flows. This set up is composed basically of two circuits. A
“closed” liquid circuit regulated at 20 + 0.5°C and an ‘““‘open” gas circuit. Both circuits feed a test
section with rectangular cross sections of 44 x 55 mm?and 100 x 5 mm? upstream and downstream
of the expansion, respectively. The liquid and gas flowrates were measured by a diaphram
flowmeter and an STH-Hastings mass flowmeter (series HFC203), respectively.

The experimental test section was made using transparent plexiglass with the aim of carrying
out direct visualization of the flow and local measurements (pressure, void fraction, axial velocity
and granulometry). This test section, of 460 mm long with a rectangular cross section 100 x 5 mm?
downstream of the singularity, ensures a plane and “‘two dimensional flow”. The length of the duct
before the expansion is 125 mm. This length has been chosen particularly short to give a good initial
condition (at { = 0). The step height 4 is 28 mm and the ratio of the cross sections upstream and
downstream of the expansion is ¢ = 0.444. The upper wall of the test section (figure 3), composed
of a sliding plate made of transparent plexiglass, is equipped with two openings provided for
housing the interchangeable measuring blocks. The first block describes the flow upstream of the
expansion (at z = 30 mm) up to half way of the test section, and the second takes over from there
up to z = 402 mm downstream of the expansion (figure 3). With the aid of a probe support located
on the measuring block which allows a transversal displacement (along y) and a rack-and-pinion
system which guides the sliding plate longitudinally, it is possible to reach everywhere points in
the expansion. This sliding plate having openings for the measuring blocks (pressure and velocity),
is interchangeable with another flat transparent plate intended exclusively for the visualization of
single-phase flow and bubbly flow. Figure 4 shows a longitudinal and three dimensional section
of the test section without the upper plate, and a detail of the injection system.

The pressure measuring block has nine pressure tappings connected to a differential pressure
probe with variable range. The measuring blocks of void fraction, average and fluctuating local
liquid and gas velocity, and granulometry of bubbles are each equipped with a micrometric
displacement device in the transversal direction of the flow. Local measurements of the void
fraction, axial velocity and granulometry of bubbles were made with an RBI double optical fibre
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Figure 2. Schematic diagram of the experimental apparatus (dimensions in mm).

probe (the size of the tip is about 40 um). This consists of two single optical probes separated by
a distance of 1.10 mm. The measurement of the average and fluctuating axial velocity of the liquid
phase was made by hot film probe. The anemometric system is composed of an electronic control
(DISA 55MOI1) and a 1210-1220 W hot film (¢ ~ 40 um). The signals obtained for the different
measured quantities were processed on a UNIX HP9360 station. For each flow rate, a fine grid

consistent of many points of measurement spread uniformly downstream of the sudden expansion
was used.
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Figure 3. Three dimensional view of the horizontal test section.
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2.2. Procedure of numerical processing of signals

2.2.1. Hot film probe signals. The axial velocity of the liquid was measured by a hot film probe.
The untreated voltage signal obtained at the exit of the amplifier (figure 5(a)) is filtered at a given
threshold, then transformed into a signal of liquid only by an automatic elimination of all bubble
passages and by joining together the remaining portions of signals (figure 5(c)). The calibration
curve is used to transform the voltage signal into a velocity signal. The threshold is chosen such
that the local void fraction obtained by the phase indicator function of the hot film probe (figure
5(b)) is close to that measured previously with the optical probe. This method is not rigorous since
the signal of the liquid only may still contain some small bubbles, and the joints could introduce
steps in the signal. However, this procedure does not affect the average value of the axial velocity,
but can affect the fluctuating quantities slightly or significantly depending on the flow conditions.
Also, the latter represent only an order of magnitude of the turbulence quantities of the liquid
phase. Later, the classical method based on the histograms treatment (Delhaye 1968, 1969), has
been used and leads to the same results.

It is well known that changes in the flow direction cannot be detected by using of the hot film
anemometry. Further, we assume that the direction of the liquid phase velocities «;, in a big vortex
(1 < { < 1,5), is the same than bubble velocities u, direction. This latter being correctly determined
by double optical probes. In the small vortex (0 < { < 1) which contains few bubbles, the direction
of u. have been taken the same that the measurements by LDA in single liquid flow in axisymmetric
sudden expansion (Aloui 1994).

2.2.2. Signals obtained from the optical double probe. The different magnitudes related to the
gaseous phase are extracted from the two signals delivered by the optical double probe. The
acquisition of these signals at each point of the flow was carried out for a sufficiently long period
(about 200 s). The sampling frequency was fixed at 65 KHz in order to give a precision of about
4% on bubble velocity. The optical signal delivered by each of the two probes are in the form of
random square waves. The thresholds are defined for these square waves then transformed into
a logical signal with an amplitude equal 1 or 0 V corresponding to the gaseous and the liquid
phases, respectively. The local void fraction is determined from the average of the two void
fractions obtained from the probes. The axial velocity of the bubbles is obtained from the
two logical signals and the distance of 1.10 mm between the two optical fibres as shown in
figure 6.

Bubble flow is very chaotic and possess random bubble diameters. This leads to several cases
of the two logical signals as shown in figure 7. Only the last case (figure 7(d)) is retained; it consists
of studying only bubbles with size greater than or equal to the distance separating the sensitive parts
of the double optical probe. This procedure has the advantage of measuring the bubble velocity
correctly but it has the disadvantage of losing much of the information and excluding all small
sized bubbles. In this case (figure 7(d)), the axial velocity u; of the ith bubble as well as the “cutting
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Figure 7. The different cases of the bubbles crossing the optical double probe.

length” [ were measured (figure 6). The whole data concerning u} and [, were used to construct
signals ith bubble, having the axial velocity u; and the cutting length /. The average and fluctuating
values were calculated using the latter signals by using the probability density established for each
signal. The local average bubble diameter is obtained by using the following relation (Belakhovsky
1966; Galaup 1975; Herringe & David 1976; and Clark & Turton 1988):

D=15, where T, = f Py diy
0

P(J,) represents the probability distribution function of the lengths /,. The example of P (/) given
in figure 8 shows an important dispersion of the “cutting length” /,. This means that we have
big flat bubbles sized up to 12 mm in the flow. However, the probability of these bubbles remains
small.

In order to control the measurement of the average velocity i, by this “statistical” procedure,
a cross-correlation method of the two logical signals was used. The direction of the flow and the
velocity were obtained directly by the optimal time 7., of the temporal cross-correlation. The
calculation algorithm of the different magnitudes related to the dispersed phase was programmed
in U.P.A., a language specific to L.M.S. which, itself, makes use of the sub-programmes in language
“C” in order to accelerate computing.
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Figure 8. Probability distribution function of the “cutting lengths” at { =0, y = 0, Uwsi = 3.2 m/s and
x =20.83%.
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3. RESULTS AND DISCUSSIONS

3.1. Visualization of the flow

The bubble flow in the sudden expansion was visualized by using a Reflex camera (1/30 to
1/1000th of a second). A photograph of the flow was taken at variable shutter speeds for a
superficial liquid velocity of Uis; = 7m/s and a variable volumetric quality x. At very low gas
flowrate, the flow, which is almost similar to a single-phase flow, is entirely asymmetrical
downstream of the singularity as illustrated in the photograph of figure 9(a). It is observed that
at the exit from the singularity, the flow bends towards the left (with regards to the direction of
the arrow) to hit the side wall then deviated towards the right to hit other wall. This situation
described recently by Gagnon et al. (1993) and Aloui (1994) in turbulent single-phase flow led, in
this work, to highlighting regions of vortices at both sides of the axis of the expansion with different
sizes. At the left side of the singularity, the vortex has a dimensionless length of (..« & 6 + 0.5. This
vortex is similar to the one obtained in axisymmetrical flow (Aloui 1994). Whereas on right side,
the vortex of dimensionless length of (i = 9 + 0.5, gives a line that separates it from the rest of
the flow. The latter curves towards the center of the flow then moves from it and gets reattached

: i Hi T
20. Y9 us N7 16 U5 U4 i3 12 Wi ue I

27 25 20 15 10 5 cm 0
TR NN N T TN I A NN TN I I Y Y Y Y N Y .

(a)

!! 6 3 4 ' ! 20 Y s b7 i bs g i3z g ; h éi .
27 258 20 15 10 5 cm 0
I 1 l ILIJ IJ IJ L l IL] LIJ J ] l ILI l L ll Ll l )] I L Ll Ll Ll Ll l A I L I L l L I L I L

(b)
Figure 9. Downstream flow visualization in the sudden expansion. (a) Uisi = 7m/s and x = 1%; (b)
Uisi = Tm/s and x = 14.4%.
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Table 1. Different couples of liquid and gas
superficial velocities used in the experiment

Uisi (m;’s) Udssi (m)s) x (%)

3.20 0.842 20.83

3.20 1.166 26.70

4.80 1.526 24.12

4.80 2.259 32.00

to the wall (at (i = 9 + 0.5). The flow 1s strongly unstationary inside the vortices and presents
small vorticities which unite and disintegrate with time. A small unstationary vortex is formed after
the reattachment point of the recirculating flow region. Beyond this last vortex, the flow returns
to a quasi-symmetric one. It should be noted that this dissymmetry is not varying in time and
sometimes located at the left and at other times at the right.

For a given liquid flowrate when the gas flowrate is increased, it is possible to obtain a practically
symmetrical flow as illustrated by the photograph in figure 9(b). The examination of the different
liquid and gas flowrates shows that the bubbly flow is symmetric for volumetric quality upper to
10%. Evidently, this conclusion is only valuable for our particular sudden expansion.

Henceforth, only symmetrical bubble flow will be studied. For that, four couples of liquid and
gas flowrates shown in the table 1, were examined. An example of the visualization of these regimes
is given in figure 10. This example clearly shows the quasi-symmetry of the flow. The vortex regions
are practically stable and of equal sizes. So, the horizontal and ‘‘two dimensional” configuration
allows therefore a better view of the recirculating regions compared to an axisymmetric
configuration, and is easier to model. For these reasons, a complete experimental study of this case
was proposed in order to constitute a data bank. These data will serve to test local models in the
short-term.

3.2. Evolution of the pressure

In view of the symmetry of the flow in the sudden expansion, the static pressure was measured
by numerical acquisition of signals in one half downstream of the sudden expansion
(0 <y £ 50mm, 0 < z <400 mm). These signals were recorded for a sufficiently long period then
processed to obtain the average pressure j. The variation of the pressure for all the flowrates
already mentioned is reproducible. Results of measurement are presented in 3D and contour plots
form. For example, figure 11(a) and (b) gives this pressure distribution for the superficial velocities

FEn
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Figure 10. Downstream flow visualization in the sudden expansion (Ursi = 3.2 m/s and x = 27.71)%.
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Figure 11. Pressure distribution under sudden expansion for Uisi = 3.2 m/s and x = 20.83%. (a) 3D view;

(b) contour plots.

Upsi = 3.2m/s and Ugsi = 0.842 m/s. In these figures, the average pressure is normalized in the

following manner:

¥ _ D = Pum

p= %pl— Ulz_Sl

where p.. is the atmospheric pressure and Uys, the superficial velocity of the liquid in the upstream
section of the expansion.

In these evolutions, the pressure decreases along z progressively up to a minimum then, increases
to reach a maximum and lastly decreases linearly with the dimensionless length {. These results
are similar to those obtained by Suleman (1990), Aloui et al. (1993) and Aloui (1994) in
axisymmetric sudden expansion with vertical and horizontal configurations. It should be noted
however that in the axisymmetrical case (Suleman 1990), the maximum pressure is reached at about
¢ = 10-11, whereas in this case, this maximum is located in the neighbourhood of { = 7-8. Beyond
this last maximum, the decrease of the pressure is more pronounced due to the shear stress which
is relatively high in this case (Aloui 1994).

The results of pressure measurements along the centre line (y = 0) far away upstream and
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downstream from the singularity for Us; = 3.2 m/s and Ugs; = 0.842 m/s are shown in figure 12(a)
and (b). From these measurements, we can deduce:

P - _ (% - _
- (az)upstrcam - 28050 SI and <6Z>downs(ream - 3750 SI
Along the center line (y = 0) upstream and far awaydownstream, we can suppose that the forces
on bubbles can be reduced only to pressure forces (xbuoyancy) and drag forces. The lift forces
can be neglected because of small rotational of the flow in these zones. In such conditions, we have:

%ponR3d—;~‘3 = j — pnds + Drag force ~ 0
t Surf.Bubble

by using Gauss theorem:

JTn ds = Jdiv(?) dv, T= —pl,
S v

one obtains:

= ‘_1 3 _@ l s I 2
0= 37rR < 6:) — CDZ polvdonR
where R is the radius of bubble, v, the relative velocity (4, — #.) and Cp the drag coefficient.
Assuming that Cp remains the same than for a sphere in infinite medium Cp ~ 0.44 and R ~ 3 mm,
we obtain:

(U')“PS“"’M1 ~ 0.70 m/S and (Ur)downstream ~0.24 m/s.

We shall see in the following (Part 2) that these values are of the same magnitude than those
measured.

3.3. Evolution of the local and average void fraction

Measurements of void fraction at every point downstream of the sudden expansion was carried
out using a double optical probe. An example of void fraction profile in inlet sudden expansion
({ = —0.35), is given in figure 13, and constitute an interesting data of the initial boundary
conditions for numerical simulation.

The distribution of the local void fraction downstream of the sudden expansion is presented in
3D and contour plots form. For example, figure 14(a) and (b) show the evolution of the dispersed
phase in the expansion. Immediately at exit from the expansion (z = 2 mm after), a maximum of
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Figure 12. Pressure loss for Uisi = 3.2m/s and x = 20.83%. (a) Upstream of the singularity; (b)
downstream of the singularity of { > 8.
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Figure 14. Void fraction distribution under sudden expansion Us.i = 3.2 m/s and x = 20.83%. (a) 3D
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void fraction is observed around the axis of the test section and a very low void fraction close to
the step, implying that a few bubbles come to be housed down within the step. In the big vortex,
the void fraction measured seems to be the maximum observed in the whole test section. The
bubbles captured in the recirculating region keep rotating in closed trajectories. Along these stream
lines, bubble velocity progressively changes from a negative value near the wall to reach a maximum
positive value at the center of the expansion. The profile defining this trajectory passes inevitably
by a zero value. The point corresponding to the latter is referred to as “vortex center’”. At this
point, the bubbles are practically stationary and as such, either the optical fibre or the hot film
probe gives a maximum void fraction. It is observed that the presence of bubbles is low in the
vicinity of the reattachment point at { = 7-8. In this region, the bubbles have the tendency of either
moving in the direction of the main flow or going back to be trapped in the recirculating zone by
following closed trajectories. In figure 14(a), it is observed that there is a relative minimum for each
profile at constant {. These minima seem to be located on the jet line. Beyond the reattachment
point, the distribution of the void fraction begins to be reorganised and later becomes similar to
the one obtained upstream of the expansion.

The varniation of the local void fraction along the lateral wall downstream of the singularity (at
y = 47 mm) is given by figure 15. In this region, the void fraction is practically zero up to { = 0.5
(region of single-phase flow). Beyond { = 0.5, the void fraction increases progressively to reach high
values which are likely to produce coalescence of bubbles; then it decreases to reach a minimum
at 6.5 < { < 7.5 (reattachment point). As from { < 7.5, the flow tends towards a reorganisation
of establishment of the regime.

Figure 16 shows the evolution of the average void fraction {¢) with respect to each section and
as a function of the dimensionless distance {. As in the case of the axisymmetrical sudden expansion
(Suleman 1990; Aloui 1994), the average void fraction is low up to the inlet of the singularity. This
average increases progressively to reach a maximum located at { = 2, then it decreases to reach
a constant plateau beyond { = 10. The ratio of the average void fraction measured downstream
to that upstream at the inlet level (just at { = 0.07) is close to its limiting value .

At the inlet of the singularity ({ = 0.357), the average void fractions ¢, are satisfactory
comparable with existing correlations (table 2). As for the average downstream void fraction ¢,
it is of the same order as ¢, (£ 10%), which is different from the axisymmetrical case (table 2).

The results obtained in Part 2 can be used to determine the region of principal flow. In this flow,
the average of the ratio of the void fraction ({e({)>/{e({ = 0))) relative to each section outside
the recirculating region to the one at the inlet of the expansion varies as shown by figure 17. The
average void fraction increases progressively starting from the inlet into the singularity up to
maximum at about { = 3.8, then begins to decrease up to the reattachment point. Beyond the latter,

0.8

{u x=20.8%
Bpgnm Ups;=3-2 ™/8 | g x=26.7%
"

0.6

0.4

0.2

0.0

0 1 2 3 4 5 6 7 8 9 10 11

Figure 15. Local void fraction of 3 mm from lateral wall downstream of the sudden expansion.
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Figure 16. Average void fraction distribution downstream of the sudden expansion.

Table 2. Comparison of different experimental slopes with those obtained by other authors

Suleman (1990) Aloui (1994)
experimental experimental

Petrick & Swanson

axisymmetric (1958) axisymmetric  Present work
sa2 0.830 — 0.860 0.846
G 0.830 0.705 0.750 0.984
e
=]
14 uuu o, o .
1.2 E‘A‘ 4. a g :“:I:Iu
< g aa ‘“‘“"‘!ingli
<g{)> 10%nm

<Eg (C= O) > 0.8

0.6 Ul‘s1=3-2m/s
x=20.8%

0.4 {U 1—48m/S

0.2 x=24.1%

0.0

0 1

2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 17. Average void fraction distribution in the principal flow downstream of the sudden expansion.

the recirculating region to the one at the inlet of the expansion varies as shown by figure 17. The
average void fraction increases progressively starting from the inlet into the singularity up to
maximum at about { = 3.8, then begins to decrease up to the reattachment point. Beyond the latter,
the variation of this ratio becomes very low and tends towards the value of 1 obtained at the inlet
into the expansion.
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4. CONCLUSION

This experimental study on bubble flow in a flat sudden expansion supplies results on
visualization, pressure and void fraction. The results of visualization show that bubble flow is
asymmetrical for low volumetric qualities and becomes practically symmetrical for void fractions
above about 10%.

Pressure measurements show that the pressure remains almost constant in each section
({ = constante), unlike what was obtained in asymmetrical single-phase flow. The evolution of the
pressure along the expansion is similar to that obtained in axisymmetrical sudden expansion. In
our case, the pressure gradient upstream and downstream are much higher than the vertical duct.
Consequently, relative velocities are sure to be found.

The results of local void fraction downstream of the sudden expansion point out two regions
in which the void fraction undergoes different variations. In the recirculation region, maximum void
fraction is observed which corresponds to the center of the big vortex where bubble velocities are
practically zero. The local void fraction decreases progressively when one moves far from the
singularity along the axis of the expansion in the main flow. Beyond { = 8.5 where the flow begins
to be reestablished, the variation of the void reaction which is similar to the one upstream of the
expansion remains the same. The average void fraction is low at the entrance into the expansion
and increases progressively to reach a maximum at about { = 2, and then decreases to a plateau
value beyond { = 10.
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