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WAtrL H. AHMED, CHAN Y. CHING- and MAMDOUH SHOUKRI

Local void fraction and liquid turbulence
measurements of two-phase flow downstream

of a sudden expansion

Dept. of Mechanica] Englneering, McMaster IJniversity, 7280 Main Str. West, Hamilton, On-
tario, LSS 4L8, Canada

Abstract
The flow structure of horizontal air-oil two-phase flow downstream of a sudden area expansion
has been experimentally investigated using hot-fllm anemometry. The time averaged local pro-
files of the void fraction, mean liquid velocity and the liquid turbulence intensity for elongated
bubble flow downstream of the expansion are presented in this paper. The development of the
flow pattern downstream of the expansion was investigated using direct observations of the flow
using a high speed video camera. The sudden expansion was found to have a strong effect on
the phase redistribution immediately downstream of the expansion. However, the "fully devel-
oped" flow regime and void fraction a.re found to be dependent only on the downstream flow
parameters.

I{eywords: Two-phase flow; Sudden expa.rrsion; Void fraction; Turbulence

Introduction

Two-phase flow commonly occurs in many engineeling applications, such as heat
exchangers, steam generatoTs, chemical reactors, oil transportation and many
processing equipment. In all these systems, the two-phase flow can occur in com-
plex geometries such as sudden area changes, olifices, bends and valves under a
variety of different flow conditions. In order to design such systems, it is impor-
tant to understand the effect of these piping components on the two-phase flow
parameters such as plessuTe, void fraction and flow pattern. While there have
been a large number of studies on gas-liquid flows in constant area pipes, there
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are limilę{ studies on twGphase flow acToss sudden area expansions [1-8]. Most
preriou_s eryerimental investigations have focused on vertical bubbly flow [1-3].
There are ferrer experimental investigations for two-phase flow across horizontal
sudden erpansions [Ł7]. Aloui and Souhar [4, 5] reported experimental data for
bubblv flort- over a horizontal flat channel with a sudden expansion as an appli-
cation to plate heat exchangers. The experiments were performed at relatively
lon- mass qualities and no information on the change in the flow pattern were
reported. An attempt was made to incorporate interfacial transfer terms, such as
the interfacial drag, according to the flow regime, but the flow pattern transition
acros-s the sudden expansion section was not considered. More recently, yang et
.1. _6_ and Ahmed et al. [7] reported the flow pattern changes downstream of a
sudden alea expansion. In these studies, the flow pattern transitions immediately
dom*stream of the sudden expansion was found to depend on the upstream flow
pattern and the expansion area ratio. The flow in this developing region strongly
infiuences the pressure recovery across the sudden expansion [8]

The objective of this study is to investigate the development of the two-phase
flort- parameters downstream of a sudden expansion. In particular, the flow pat-
tern. loca] r,oid fraction distribution and liquid velocity and turbulence intensity
don-n_.tream of the expansion are investigated. In this paper, experimental results
for the local void fraction, liquid velocity and turbulence intensity downstream
of a horizontal sudden alea expansion are presented and discussed.

2 Experimental facilities

The erperiments were performed in an air-oil two-phase flow loop shown schemat-
icall1- in Fig. 1. The density and the dynamic viscosity of the oil are 973.5 kg/m3
and 0.036 Pa,s, respectively. The air and oil are mixed through an annular mixer,
xith oil florring on the outside of an inner perforated pipe. Air flows in the inner
pipe ald entels the oil stream through 380 holes of 0,8 mm diameter. The air-oil
mlrture passes through the horizontal test section, which has a total length of
3.5 m. _ł sudden expansion test section with an area ratio of 0.25 is used in this
studr-. The section upstream of the sudden expansion has a diameter of 72.7 mm
and len5h of 1.1 m, while the downstream section has a diameter of 25.4 mm
and length of 2.4 m. These lengths were found to be sufficient to obtain fully
der-eloped flow on both sides of the sudden expansion. The entire test section
is made of Lexan polycarbonate tubing to allow for complete flow visualization.
FIon, patterns ,wele identified by visual observation with the aid of a high-speed
video cłmera (up to 1,000 frames/s). Two turbine flow meters in parallel and
four rotameters in a bank are used to measure the oil and air volume flow rates,
respectivel1,. The pressure and temperature of the air were measured at the inlet
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Figure 1. Schematic of oil-air two-phase loop,

of the test section in order to determine the mass flow rate of air. The upstream
flow regimes for the results presented here were plug and slug flows whi]e the
downstream flow regime was elongated bubble flow. The axia1 variation of the
aveTage void fraction was measured using ring capacitance sensols located along
the test section) the details of which are described in Ahmed [8].

Time averaged local profiles of the void fraction, mean liquid velocity and the
liquid turbu]ence intensity were measured downstleam of the expansion using
hot-film anemometry. Measurements at different axial positions wele obtained
by changing the axial position (z) of the upstream pipe relative to the expansion
section) as shown schematically in Fig. 2. A c1-Iindrical TSI 1210-60W hot-film
probe was used with a DISA 55N,{10 Constant Temperature Anemometer (CTA)
bridge. The hot-film is mounted on a trar,erse n hich ailows measurements at
different radial positions with an accuracy of t 0.01mm. The overheat ratio was
set to 1.09, and is consistent with other reported HFA measurements in two-phase
flow [3]. The hot-film signals were sampled at 5 kHz into a dedicated personal
computer through a PCI-6034E AlD converter. The spectra showed that the
highest frequency in all cases was beiow 1.5 kHz. A 30O-second sampling time
was taken to obtain statistically steady results.

The hot-fi]m calibration was performed by placing the probe at the pipe
center-line, at a distance of 60 diameters downstream of the sudden expansion.
The center-line velocity was estimated from the measured oil flow rate using the
laminar velocity profile. Typical calibration curves obtained over a 2 hour period
are shown in Fig. 3, where the liquid Reynolds number was in the range 50 to
1200. Due to the relatively low value of the overheat ratio, the hot-film calibration



W. H. Ahmed, C. Y. Ching and M. Shoukri

25.4 mm ID

Figure 2. Schematic diagram of the hot-fiIm set-up.

is very sensitive to variations in the fluid temperature. The tempeTature Tise ovel
the two hour period, however, is less than 0,4 'C and the corresponding drift
in the calibration is less than * 5%o ovet the time period taken to complete a
velocity profile as shown in Fig. 3.
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Figure 3. Hot-film calibration curves obtained over a 2 hour period.
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3 phase discrimination and data reduction
A t_łpical hot-film signal for elongated bubbly flow is shovrn in Fig. 4.

Figure 4. Typical hot-film signal in elongated bubb]e two-phase flow.

In order to discriminate between the phases, it is necessary to estimate a
threshold voltage that distinguishes the signal between the two phases. As dis-
cussed by Bel-Fdhila [3], the threshold is applied to the time derivative of the
l,oltage signal, (dE/dt) instead of the voltage signal, E. This method was found
to more clearly identify the liquid-gas interfaces with respect to the high turbu-
lence intensity. In the present case of elongated bubbly flow, the corresponding
time derivative of the hot-film signal is shown in Fig. 5. The threshold levels were
adjusted at dE/dt : t0.25 volt/s as shown in Fig. 5 to identify the gas-Iiquid
interfaces. For a gas bubble (n) the time when the bubble hits the sensor (tf)
and the time when the bubble leaves the sensor (tf) were identified using the
thresholds as shown in Fig. 5. After removing the signal that corresponds to the
bubbles, the discretized hot-film signal for the liquid phase is presented in Fig. 6.

The total time that the probe is in the gas phase is used to determine the
local time averaged void fraction as

1^/
a(r) :: 

' 

(,* - Ę)r Ł,,
n-here l/ indicates the number of gas bubbles passing the sensor probe in the
total sampling time, T. A continuous signal corresponding to the liquid phase
n-as obtained by replacing the signal between t{ and tL. with an average value
tletween Eg; and Ę;r. This did not affect the value of the mean tiquid velocity or

F
U
#.
fF3ą
§
E
H

]1m r (rt



W. H. Ahmed, C. Y. Ching and M. Shoukri

3

z5

1.5

1

0.5

0

Tinc {ł}

Figure 5. Time derivative of the hot-film signal used for phase discrimination.
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Figure 6. Discrete hot-film signal for liquid phase discrimination.

the turbu]ence intensity. The local mean axial liquid velocity and the root mean
square łalues of the turbulent fluctuations were calculated as

]l/(J,n.on(r): ; 
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where ulr(r,t) is the instantaneous axial velocity for the k11,data point in the liquid
phase, and N is the total number of data points in the liquid phase of the digital
sample, k: 1 to N-
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4 Results and discussion

The flow patterns can change across the sudden expansion, and the transitions
immediately downstream of the expansion depend on the upstream flow regime.
At low quality (r < 0.04), the observed upstream flow patterns were elongated
bubble and slug which transitions to bubbly flow immediately downstream of the
sudden expansion as shown in Fig. 7.

Figure 7. Bubble break-up across sudden expansion.

Data for liquid and gas superficial velocity Jt :0.675 m/s and Jc :0.2 mls
are presented here. The detailed observations of the two-phase flow in the vicinity
of the sudden expansion using the high speed video camera show two interesting
phenomena: bubble break-up and coalescence. In this case, as the air slugs enter
the downstream expansion section, there is break-up of the slug into smaller bub-
bles which are distributed more uniformly due to the strong recirculatory motions
immediately downstream of the expansion. The break-up and redistribution of
the bubbles occur up to a downstream distance of approximately zf D:7 from
the sudden expansion where D is the diameter of the downstream pipe. As the
two-phase flow develops along the axial direction, the bubbles migrate to the
upper part of the pipe due to the buoyancy effect, y/here coalescence takes place,
The images at different axial locations along the test section using the high-speed
video camera are shown in Fig, 8.

The variation of the cross-sectional averaged void fraction across the sudden
expansion section for this representative case is shown in Fig. 9. The void fraction
increase from a value of about 0.04 far upstream to about 0.07 at the closest
measurement location to the sudden expansion section. This is an indication of
an increase in the slip due to the reduction in the pressure gradient as the flow
approaches the sudden expansion. There is a sharp increase in the void fraction
just downstream of the sudden expansion, followed by a gradual decrease to a
constant value of about 0.11 far downstream from the expansion. The fow pattern

§ud#lE:Fndłr
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Figure 8. Variation of the flo\M pattern downstream of the sudden expansion
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Figure 9. Void fraction distribution along the sudden expansion.

and r-oid fraction in the "fully developed'' region downstream of the expansion
n-as found to be well predicted b} traditional models such as [9, 10], indicating
that the two-phase flow in this region is independent of its initial formation. The
flon- in the immediate vicinity of the sudden expansion and in the developing
region. however, is strongly depends on both the upstream flow and the sudden
expansion.

The local radial void fraction profiles in the vertica] orientation along the pipe
axis ale presented in Fig. 10. The void fraction profiles remain approximately
unifornr up to an axial locatiot of zf D: 7 where bubble break-up and mixing
takes place. As the two-phase flow develops downstream of the expansion, the
void fraction profile changes from the nearly-uniform shape to a profile that is
higher in the uppel half and nearly zero in the lower half. This reflects the migra-
tion of the bubbles to the upper half of the pipe, There is no significant change
in the void fraction profiles beyond zf D:13, which indicates that relaxation of
the twephase flow is complete at this axia] location.

The liquid velocity profiles (Fig. 11) can be divided into two regions. The
first region corresponds to where the void fraction is approximately zero (in the
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Figure 10. Variation of the void fraction proflles downstream of the sudden expansion.

}ower part of the pipe), and the flow is mainly liquid with very small bubbles.
The second region corresponds to the upper part of the tube with a much higher
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Figure 11. Variation of the liquid velocity profiles downstream of the sudden expansion.

,, oid fraction. The liquid velocity profile shows that initiaily the velocity is higher
_n the ]ower half of the pipe (zlD: 7), and as the flow develops the velocity
,ends to higher values in the uppel half of the pipe. In the fully developed region
:1D > 13), the average velocity in the uppel part of the pipe is approximately

},) % higher than the lower part.
The turbulence intensity profiles along the pipe are shown in Fig. 12. The

",rrbulence intensity is higher in the region of higher void fraction, which can
- e attributed to the enhancement of the turbulence due to the gas bubbles.
,ł_. the flow develops downstream, the profiles are relatively unchanged beyond
: D : 13, with the turbulence intensity slightly higher in the top part of the
. _ce than the bottom. The variation of the liquid turbulence intensity at the
.:nterline and in the upper (rlR:0.86) and Iower (rf R: -0.86) parts of the
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Figure 12. Variation of the turbulence intensity downstream of the sudden expansion.

tube downstream of the sudden expansion aTe shown in Fig. 13. The turbulence
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Figure 13. Variation of the turbulence intensity downstream of the sudden expansion.

intensiĘ along the centerline decreases rapidly from about 35To at zfD :7 to
approximately a constant value of about 5To at zf D :75. There is a similar
decrease in the turbulence intensity in the upper and lower parts of the pipe,
although it does not appear to reach a steady value up to zf D:75. This indicates
that the relaxation of the turbulence takes longer than either the void fraction
or the mean liquid velocity.

5 conclusions

The flow pattern observations along with the void fraction, liquid velocity and
turbulence intensĘ measurements were used to characterize the development of
air-oil two-phase floqr dovrnstream of a sudden area expansion. The measurements
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§€re performed for an area ratio of 0.25, with air and oil superficial velocities 0.2
and 0.675 m/s respectively. The upstream flow pattern in this instance łvas elon-
gated bubble and slug, which transitions to bubbly flow immediately downstream
of the expansion due to break-up of the slugs in the recirculatory zorle. The bub-
bles migrate to the upper part of the pipe as the flow develops downstream of the
expansion and is "fully" developed at approximately 13 diameters downstream
of the expansion. The turbulence intensity, however, takes longer to re]ax down-
stream of the sudden expansion compared to the void fraction and mean liquid
l-elocity. The liquid velocity is typically about 30% higher in the upper part of
the tube compared to the lower part in the "fully" developed region. There is
a corresponding increase in the turbulence intensity, which can be attributed to
the enhancement due to the presence of the gas bubbles,

Received 30 October 2005
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