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The present work reports the influence of a venturimeter on liquid–liquid phase distribution during
upflow through a vertical pipe. The optical probe technique has been adopted for the characterization
of flow. The probability density function and the wavelet multi-resolution analysis of the random probe
signals have provided an insight into the details of the flow patterns and the intrinsic differences at the
upstream, throat and the downstream sections. The experiments have indicated the flow pattern transi-
tions to occur at lower velocities at the downstream region of the venturi. The pressure drop readings
across the venturi have been used to estimate the mass flow rate of the mixture by using suitable models
for the different patterns.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Oil–water two-phase flow commonly occurs in well-bores, sub-
sea pipelines, extraction equipment, etc. During the cocurrent flow
of oil–water mixtures through conduits, the fluids distribute them-
selves into different interfacial configurations which are termed as
flow patterns or flow regimes. The hydrodynamics of two-phase
flow strongly depends on the existing flow patterns. There have
been several studies on the hydrodynamics of oil–water two-phase
flow through horizontal (Russell et al., 1959; Charles et al., 1961;
Guzhov et al., 1973; Valle and Kvandal, 1995; Trallero, 1995;
Angeli and Hewitt, 2000; Chakrabarti et al., 2007) and vertical
(Govier et al., 1961; Brown and Govier, 1961; Farrar and Bruun,
1996; Jana et al., 2006a,b) conduits. This includes estimation of
flow patterns by adopting various measurement techniques (Jana
et al., 2007), study of holdup and pressure drop (Angeli and Hewitt,
1998; Chakrabarti et al., 2007) in the different flow patterns, etc.
Some studies (Lovick and Angeli, 2004; Ioannou et al., 2004,
2005; Chakrabarti et al., 2006; Hu and Angeli, 2006) have also been
performed to understand phase inversion in flow systems. The the-
oretical studies (Yeh et al., 1964; Brauner, 2001; Brauner and Ull-
mann, 2002; Ullmann and Brauner, 2006) on liquid–liquid flows
have attempted to predict flow pattern boundaries and phase
inversion. Most of the above studies report liquid–liquid flow
through channels of uniform cross-section. A change in cross-sec-
tion can influence the phase distribution of a two-phase mixture
both in the upstream and downstream regions. However, this
aspect has rarely been investigated in liquid–liquid two-phase
ll rights reserved.

: +91 3222 255303.
flows. Further, online metering of two-phase flow is an open tech-
nical challenge.

Oddie and Pearson (2004) have described several online, contin-
uous flow measurement techniques for gas–liquid, gas–solid, li-
quid–solid, and liquid–liquid systems. This includes venturi
pressure drop, Coriolis, electromagnetic, and cross-correlation flow
meters, c-ray absorption and gradio-manometer densitometry, as
well as local electrical and fiber-optic sensors. Pal (1993) has inves-
tigated the applicability of conventional orifice and venturi meters
to monitor the flow rate of oil–water emulsions and concluded that
the orifice and venturi calibration curves (discharge coefficient ver-
sus Reynolds number) obtained from any single-phase Newtonian
fluid are applicable to surfactant-stabilized emulsions.

Thang and Davis (1979) investigated the phase structure during
vertical bubbly flow of air–water mixture through venturies. The
authors have adopted the resistivity probe technique to measure
local void fraction, bubble velocity, bubble detection rate and prob-
ability density distribution of bubble sizes in the flow. They ob-
served bubble coalescence in the converging section and bubble
fragmentation in the diverging section. Thang and Davis (1981)
investigated pressure distribution during air-water flow. They
developed an analysis to predict the pressure rise across a shock
wave and compared the static pressure measurements obtained
in eight venturi assemblies with theoretical prediction.

Several theoretical studies (Boyer and Lemonnier, 1996; Wer-
ven et al., 2003; Rosa and Morales, 2004) and experimental re-
searches (Silva et al., 1991; Rosa and Morales, 2004; Steven,
2002; Zhang et al., 2005) have been carried out and a number of
correlations have been proposed to estimate gas–liquid flow from
pressure drop measurements across a venturimeter. The studies
include air–water flows (Soubiran and Sherwood, 2000; Gaston
and Reizes, 2001), oil–gas flows (Zhang et al., 2005; Huang et al.,
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Table 1
Physical properties of water and kerosene (at 30 �C and atmospheric pressure)

Fluid Density (kg/m3) Viscosity (N s/m2) Surface tension (N/m)

Kerosene 792 0.0015 0.027
Water 1000 0.001 0.072

Interfacial tension (rO–W): 0.0315 N/m.
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2005) and wet gas metering (Steven, 2002; Xu et al., 2003). Most of
the researchers (Zhang et al., 2005; Huang et al., 2005) have used a
flow pattern detector or void fraction meter in addition to a ventu-
rimeter for measurement of the total flow rate. There have also
been some attempts (Katheder and Susser, 1989; Huang and Sci-
ver, 1996) to predict the flow rate of two-phase helium flow.

Liquid–liquid flow through a venturi section incorporated in a
vertical pipeline is investigated in the present study. The motiva-
tion of the present study is twofold. Development of flow phenom-
ena through a convergent–divergent section has been studied.
Efforts have also been made to study the performance of a ventu-
rimeter as a two-phase mass flow meter for liquid–liquid flows.
2. Experimental setup and procedure

The schematic diagram of the setup is shown in Fig. 1. It con-
sists of a test rig and accessories namely water tank, kerosene tank,
kerosene–water separator, two centrifugal pumps and measuring
equipment. The test rig comprises of a vertical transparent acrylic
resin tube of 0.0254 m diameter and 4 m length. Acrylic resin is
selected as the material of construction to enable visual observa-
tion of the flow phenomena. The transparent tube also facilitates
the use of optical measurement technique for the identification
of flow patterns. The venturimeter is installed in the test pipe at
a distance of 2.5 m from the entry of the two fluids. The fluids se-
lected are water and dyed kerosene. Their physical properties are
given in Table 1. Blue dyed kerosene has been used in the experi-
ments for better visualization of the flow phenomenon.

The venturimeter is made by machining a solid cylindrical block
of transparent acrylic resin using standard design. The detailed
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Fig. 1. Schematic diagram of
dimensions of the venturimeter are depicted in Fig. 2. The diameter
of the throat is 0.0127 m, i.e., the diameter ratio is 0.5. The con-
verging and diverging angles are 14� and 7�, respectively.

The two liquids after being pumped through previously cali-
brated rotameters are introduced into the test rig through a T mix-
er at the entry. The water and oil enter from the vertical and
horizontal directions, respectively. After passing through the test
section, the two-phase mixture enters a separator where they are
gravity separated and directed to their respective storage tanks.
The superficial velocities of both the liquids have been varied from
0.05 to 1.2 m/s. The experiments are carried out by increasing ker-
osene velocity at a constant water flow rate. The estimation of flow
patterns and pressure drop are made simultaneously for each ker-
osene flow at a constant flow rate of water. The water velocity is
then changed and the experiments are repeated.

2.1. Measurement technique

The measurements include identification of the flow patterns
and estimation of the pressure profile over the entire range of flow
velocities. Differential pressure transducers are used for pressure
drop measurements. Six pairs of pressure tap (PT) are made at six
locations as shown in Fig. 2. The first and second pairs are in the up-
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Fig. 2. Dimensions of venturimeter.
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stream section at a distance of 0.074 and 0.019 m, respectively,
from the middle of the venturi throat. The third pair is located at
the middle of the throat and the fourth, fifth and sixth pairs are at
a distance 0.015, 0.037 and 0.101 m, respectively, from the middle
of the venturi throat in the downstream section. Two pressure taps
are made at diametrically opposite positions at each location to en-
sure an average pressure at the different cross-sections.

During the present experiments care has been taken to min-
imize the experimental error and quantify the level of uncer-
tainty involved. Experiments were repeated a number of times
to ensure the reproducibility of the results. Calibration of the
instruments were checked time to time wherever possible. Re-
peated measurements were also made to ascertain the proper-
ties of the test fluids.

The flow rate of the two liquids have been measured with dif-
ferent ranges of rotameters as mentioned earlier. The rotameters
for both the liquids range from 0 to 1.67 � 10�4 m3/s with a least
count of 1.67 � 10�6 m3/s and from 0 to 1.0 � 10�3 m3/s with a
least count of 3.33 � 10�5 m3/s. The accuracy for the flow rate
measurement using these rotameters is within ±2% as supplied
by the manufacturer and also verified by in-house calibration.

To measure the pressure drop, pressure taps have been made at
different distances in the flow line as mentioned earlier. Honeywell
24PCB differential pressure transducer has been used to measure
the pressure drop. The transducer has a least count of
1.0 � 10�2 Pa and ±2% accuracy in the range of the experiment.

The optical probe technique as described by Jana et al. (2006a) has
been used for identification of flow pattern. The signals are recorded
with a frequency of 25 Hz over a period of 100 s from optical probes
at three locations as shown in Fig. 2. Probes P1 and P3 are installed
0.04 m upstream and 0.06 m downstream of the venturi, respec-
tively, and Probe P2 is installed at the venturi throat.

Due to the higher absorption coefficient of kerosene, the voltage
obtained is higher for water as compared to kerosene. During the
simultaneous flow of the two liquids, the voltage signals are nor-
malized by Vmax, the voltage value obtained when only water
passes through the pipe in order to facilitate a comparative study
under different flow conditions.

2.2. Analysis of the optical probe signals

The normalized probe signals are analysed using probability
density function (PDF) (Jones and Zuber, 1975; Jones and Delhaye,
1976; Vince and Lahey, 1982) and wavelet analysis (Takei et al.,
2000; Elperin and Klochko, 2002; Ellis et al., 2003, 2004; Briens
and Ellis, 2005). The details of the analysis are mentioned in Jana
et al. (2006a,b) and Chakrabarti et al. (2006). The PDF curves have
been quantified by the statistical parameter namely mean (M),
standard deviation (r) and skewness (S).

The wavelet analysis is an improvement of the Fourier trans-
form (FT) which converts a time series signal into a frequency–
amplitude signal. In FT no frequency information is obtained in
the time domain signal and no time information is available in
the Fourier transformed signal. This deficiency in FT is resolved
in wavelet transform (WT).

The wavelet transform decomposes a time series signal into
different frequency level and in each frequency level a time ampli-
tude signal is obtained. Wavelet transform is of two types – contin-
uous wavelet transform (CWT) and discrete wavelet transform
(DWT). In the present study, DWT has been used to analyse the
probe signals.

In DWT the time series signal is passed through a half band
digital low pass filter with impulse response h[n]. This process cor-
responds to convolution in mathematical terms. The convolution
operation in discrete time is represented as

x½n� � h½n� ¼
X1

k¼�1
x½k� � h½n� k� ð1Þ

This filtering process removes all the frequencies that are above half
of the highest frequency in the signal. After this operation the signal
will have half the number of data points. Hence, the scale is doubled
and the procedure is mathematically represented as

y½n� ¼
X1

k¼�1
h½k� � x½2n� k� ð2Þ

In this way the DWT analyses the signal at different frequency bands
with different resolutions by decomposing the signal into detail
(d1,d2, . . .,dn) and an approximation (an). DWT employs two sets
of function – scaling function and wavelet function. These two func-
tions are associated with low pass and high pass filters, respectively.
The decomposition of the signal into different frequency bands is
done by successive high pass and low pass filtering of the signal.
The original signal x[n] is first passed through a half band high pass
filter g[n] and a low pass filter h[n]. This constitutes the first level of
decomposition and mathematically this can be represented as

yhigh½k� ¼
X

n

x½n� � g½2k� n� ð3Þ

ylow½k� ¼
X

n

x½n� � h½2k� n� ð4Þ

where yhigh[k] and ylow[k] denote the outputs of the high pass and
low pass filters, respectively, after sub-sampling by 2. In the second
and subsequent level the approximation or the low-frequency
components of the previous level is treated in the similar way as
done in the first level.
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For the wavelet analysis, the Daubechies 4 with level 5 has been
adopted to decompose the normalized probe signals into five dif-
ferent frequency levels. In the analysis d1 denotes the smallest
scale and highest frequency band; d2, d3, etc. represent progres-
sively lower frequency band and the approximation a5 reflects
the large scale resolution. In the present study standard deviations
have been calculated for the five details (d1–d5) and the lowest fre-
quency approximation (a5) to characterize the distribution of the
phases in the three sections.

The above discussions reveal that study of the hydrodynamics
of liquid–liquid flow through venturi has been carried out using
different measurement techniques. Some of these measurements
are direct (like flow rate and pressure drop) while the others are
indirect like the signal of the optical probe and different statistical
parameters extracted from them. These are indirect in the sense
that they characterize the type of flow phenomena which occur
over a range. Though the absolute values of these ‘indirect’ param-
eters are not important, the pattern of their variation and the asso-
ciated ranges are meaningful for any characterization process. In
general these parameters are obtained from digital signal process-
ing and possess a high level of accuracy. Nevertheless, it would be
prudent to examine whether the accuracy/uncertainty of these
parameters can bias the characterization of flow. To calculate
PDF a least count (bin size) has been selected in the range 0.05–
0.0005 depending on the standard deviation of the signal. Thus
the error associated with it is negligibly small.

3. Results and discussion

It may be noted that flow distribution in the present pipeline
could not be observed visually except at low phase velocities.
The passage appeared to be blue or bluish white for most of the
conditions. So we had to rely on the signals obtained from the opti-
cal probes and the quantitative measures of the PDFs for a useful
guide to estimate the different regimes. The probe signals have
been validated with visual observations of the phase distribution
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Fig. 3. Probe signals and thei
for kerosene–water flow through horizontal pipes. The information
thus obtained is reported in Chakrabarti et al. (2006, 2007) and
used in the present study to understand the flow regimes from
the probe signals upstream and downstream of the venturi. More-
over, a comparison of the PDFs with the observations made by Jana
et al. (2006a,b) have further enabled us to identify the transitions
between the different patterns at a particular section and the
differences in flow distribution between the upstream and down-
stream regions of the venturimeter.

3.1. Flow patterns from the probe signals and PDF analysis

The probe signals and the corresponding PDF curves for
three different water velocities have been presented in a tabu-
lar form in Figs. 3 and 4. Each figure depicts the situation at a
constant water and increasing kerosene velocity. The rows of
the figure are numbered as 3.1, 3.2, etc. They represent the sit-
uation at a constant flow rate of the two liquids. The depiction
is made in five parts. The first three columns (a)–(c) show the
probe signals at the upstream, throat and downstream sections,
respectively. The corresponding PDFs for all the signals are pre-
sented in a single figure in column (d) to facilitate a compara-
tive study and note the influence of the venturi on the
interfacial distribution. The PDFs have been quantified by mean,
standard deviation and skewness and these are denoted by M,
r and S, respectively, in column (e). In Figs. 3–6 the flow pat-
tern labels have been shown as B, DB, CT, CA and ID to denote
bubbly, dispersed bubbly, churn turbulent, core annular and in-
verted dispersed pattern, respectively.

Fig. 3 shows that the flow is bubbly at low phase velocities
(USW = 0.05 m/s, USK = 0.05 m/s). In this flow pattern kerosene is
dispersed as discrete droplets in the continuous water medium
and resembles the bubbly flow pattern of gas–liquid flows. It
may be noted that Jana et al. (2006a) reported similar PDF charac-
teristics in the bubbly flow pattern through a vertical tube. This is
marked by a unimodal PDF at high voltage values (V/Vmax > 0.85),
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significant spread and negative skewness at all the three sections
of the pipeline. Fig. 3.1 shows that the fluctuations of the probe
signals decrease at the throat and increase at the downstream
section. This can probably be attributed to the accelerated flow
of the bubbly mixture thus resulting in reduced scattering of light
in the converging section, while the reverse phenomenon occurs in
the diverging section.

With increase in kerosene velocity (from 0.05 to 0.11 m/s) at a
constant water flow rate (USW = 0.05 m/s), the mean value of the
three probe signals decrease as expected while the fluctuations
in all the three cases increase. This is manifested by an increased
spread in all the PDF curves of Fig. 3.2 and arises due to an increase
in the size and frequency of kerosene drops. However, the visual
observations under these conditions do not give a clear picture of
the interfacial distributions. It merely reveals the oil phase to exist
as irregular chunks in the continuous water medium and a contin-
uously changing interface between them. Moreover, the skewness
changes from negative to positive for probes P1 and P3 but remains
negative for probe P2. Jana et al. (2006a) had attributed the shift of
skewness to a change of the dominating phase from water to oil. In
this case, it indicates the onset of churn-turbulent flow at the two
positions while the situation at the throat appears to retain bubbly
characteristics. It exhibits churn-turbulent flow at higher kerosene
velocities.

Henceforth, a further increase in kerosene velocity is accompa-
nied by a shift of the unimodal PDF towards lower V/Vmax and a
reduction in its spread. The skewness remains positive for all the
cases. As the kerosene flow rate is increased further, the pattern
is indicated by an almost straight line PDF at V/Vmax < 0.2 and neg-
ligible spread. This suggests core annular flow with kerosene flow-
ing through center of the pipe and water as a thin film between
kerosene core and pipe wall. The transition occurs at lower kero-
sene velocities in the downstream section and is followed by the
transition at the upstream and subsequently at the throat of the
venturi.

The experiments have been performed for several constant
velocities of water and the results show similar trend at higher
water velocities. The flow is initially bubbly in all sections of the
pipeline and is manifested by a high V/Vmax (>0.85) and negative
skewness. The spread is significant (r > 0.05) for the probe signals
at upstream and downstream section while it is much less
(r P 0.03) at the throat. For bubbly flow, the spread is consistently
higher for probe P3 and the lowest for probe P2. This brings out the
influence of the converging and diverging sections on liquid–liquid
bubbly flow through vertical pipes. An increase in kerosene veloc-
ity exerts a twofold influence on the PDF curves. It shifts the PDFs
to lower voltages and increases their spread. The reason behind
this can be attributed to the combined effect of decreased attenu-
ation as well as increased scattering thus denoting an increase in
the frequency and size of the discontinuous phase with increase
in oil flow rate. This continues till the flow becomes a chaotic ran-
dom mixture of the two liquids and enters churn-turbulent flow.
Since it is difficult to visualize the transition, a change in the sign
of skewness with V/Vmax being less than 0.7 has been selected as
the criteria to identify the transition. It is expected that the afore-
mentioned criteria represent a tendency of the continuous phase to
shift from water to kerosene as has also been mentioned by Jana et
al. (2006a). With a further increase in kerosene velocity, both the
voltage and the spread gradually decrease and the onset of core
annular flow is represented by an almost straight line PDF at
V/Vmax < 0.2 and r < 0.01. Nevertheless, all the transitions have
been noted to occur first in the downstream section followed by
the upstream and the throat region. Moreover, under these condi-
tions, the flow as indicated by probes P1 and P2 do not attained
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core annular characteristics over the entire range of phase flow
rates while the reduced phase velocities in the diverging section
has enabled coalescence of kerosene chunks and a continuous
kerosene core at probe P3 for higher oil flow rates.

The situation changes drastically at still higher water velocities
(USW P 0.9 m/s). At low oil flows, kerosene is observed to be
finely dispersed in the continuous water medium as shown in
Fig. 4.1. This is denoted by a PDF at V/Vmax > 0.9 and a negligible
spread in agreement to the observations of Jana et al. (2006a).
The spread is higher for probe P3 and increases slightly with
increase in kerosene flow rate till the skewness shifts its sign.
Subsequently, the signal fluctuations and the PDF spread de-
creases in agreement to the observations at lower water flow
rates. On the contrary, the fluctuations in the signals of probes
P1 and P2 and the spread in the corresponding PDFs increase
with kerosene velocity throughout the entire range of phase flow
rates even after the skewness changes its sign. The flow passage
assumes a bluish white appearance under such conditions at high
kerosene flows. It may be noted that a more detailed description
of flow patterns is available in Jana et al. (2006a,b) and Chakrab-
arti et al. (2006, 2007).

3.2. Wavelet analysis

It is evident from the aforementioned discussion that the PDFs
can provide an idea regarding the gross distribution of the two
liquids under different flow conditions. However, they do not
throw much light on the intrinsic changes in the flow details which
bring out the transition between the different flow patterns. More-
over, they fail to discern the flow distributions at higher phase
velocities. With these considerations, the wavelet analysis has
been adopted for a better appraisal of the flow phenomenon.

This analysis not only confirms the inferences drawn from the
PDF curves at low to moderate velocities but also enables us to
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understand the interfacial configurations at high phase flow rates,
where the PDFs could not offer a suitable description.

As mentioned earlier, the Daubechies 4 wavelet with level 5 has
been adopted for this purpose. For a compact and complete repre-
sentation, the results have been presented as the standard devia-
tion at the different levels of detail (d1–d5) and approximation
(a5) for different constant velocities of the two liquids. It is
expected that the fluctuations at the high-frequency levels occur
due to scattering of light by the bubbles/discontinuous phase while
a large spread at the lower frequency bands and large scale resolu-
tion (a5) occurs due to interfacial waviness. The analysis of the
signals given in the column (a) of Figs. 3 and 4 has been presented
in Figs. 5 and 6.

Fig. 5(a) shows that bubbly flow is denoted by higher fluctua-
tions at d1 and progressively lower spread at the higher levels.
The onset of churn-turbulent flow is denoted by an increase in fluc-
tuations at all levels thus hinting at the increase in randomness of
the mixture. Interestingly a5 appears to be slightly higher than d5

for the majority of the churn-turbulent flow situations and this
indicates an increase in the size of the discontinuous phase as well
as the appearance of interfacial waviness. It is evident from Fig.
5(a) and (b) that the increased PDF spread of probe P3 in Figs.
3.1 and 3.2 is due to higher fluctuations at d1 level as compared
to the other levels. This confirms that an increase in the size and
frequency of the bubbles has caused the higher fluctuations in
the signal of probe P3. Similarly, the decrease in the spread for
all the probe signals with increase in kerosene velocity in the
churn-turbulent flow pattern and a smaller spread of probe P3 as
compared to the other probes under these conditions also occur
primarily due to a reduction in the d1 fluctuations as compared
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to the fluctuations in the lower frequencies and the approximation
(a5) of the decomposed signal. It may be noted that core annular
flow is denoted by negligible fluctuations at all levels thus indicat-
ing a separated flow with a more or less smooth interface. More-
over, the standard deviation of d1–d5 and a5 are of the same
order of magnitude in this pattern unlike bubbly and churn-turbu-
lent flow, which are characterized by higher standard deviations at
d1. This difference is particularly evident from Fig. 5(d) where
probes P1 and P2 exhibit churn-turbulent flow while probe P3
denotes core annular characteristics.

Fig. 6 shows that the wavelet analysis yields different results for
the bubbly and dispersed bubbly flow patterns. Bubbly flow pat-
tern was characterized by high fluctuations at d1 and gradually
decreasing standard deviation at the lower frequency levels and
approximation. The reverse situation is observed during dispersed
flow [Fig. 6(a)]. Although there is very less difference between the
fluctuations at the different levels, the standard deviation appears
to be higher for low-frequency levels and approximation as com-
pared to that at the highest frequency band. This can be attributed
to the rapid propagation of the dense array of fine droplets, which
form a homogeneous mixture in the continuous water medium.
Fig. 6(a) clearly indicates that the small PDF spread for probes P1
and P2 in Fig. 4.1(d) arises due to the negligible fluctuations at
all the levels of frequency and an increase in the standard deviation
at all levels contributes to the increased standard deviation for
probe P3. Subsequently, with increase in kerosene velocity the
spread at the different levels assume a different trend for probe
P3 in the region where the skewness gradually changes from a neg-
ative to positive sign. Henceforth, the fluctuations continue to de-
crease with increase in kerosene velocity although it exhibits
higher spread at lower frequency levels. An identical situation is
observed for probes P1 and P2 but at much higher kerosene veloc-
ities [Fig. 6(e) and (f)].

From the aforementioned discussion, it is evident that the
inception of churn-turbulent flow as indicated by higher fluctua-
tions at lower frequency bands occurs due to the coalescence of
kerosene. On further increase of kerosene velocity, the fluctuations
not only decrease at all levels but the trend of variation of r with
the level of decomposition also appears to be different. It may be
noted that core annular flow cannot occur at such high water
velocities and the flow passage has oil as the predominating phase
(M < 0.2). A comparison of the wavelets with those reported by
Chakrabarti et al. (2006) during phase inversion indicates that sim-
ilar results marked the transition from kerosene dispersed to water
dispersed pattern under similar flow conditions. It can therefore,
be deduced that the flow at high kerosene velocities marked by
V/Vmax < 0.2, positive skewness and a higher standard deviation
for lower frequency bands marks inverted dispersed flow.

Thus Figs. 4 and 6 show that the flow is dispersed bubbly
throughout the pipeline at low kerosene flows with a larger size
and frequency of the drops in the downstream section. As the ker-
osene flow is increased, the droplets coalesce to form the erratic
churn-turbulent flow pattern, which is marked by positive skew-
ness and V/Vmax less than 0.6. However, the standard deviation at
the different levels does not follow the same trend as observed
for churn-turbulent flow at lower water velocities (Fig. 5) probably
due to the small size of droplets and a more mixed character of
flow. With a further increase in kerosene velocity, the discontinu-
ous phase tends to invert to form the continuous medium and vice
versa. The nature of the curves in Fig. 4(d) and (e) indicate that
while phase inversion has occurred at probe P3, the situation at
the upstream and the throat region lies in the churn-turbulent
regime with kerosene coalescing to form the continuous phase in
the entire range of flow velocities studied. It may be noted that
the previous researchers (Arashmid and Jeffreys, 1980; Brauner
and Ullmann, 2002; Liu et al., 2005; Chakrabarti et al., 2006) have
named the transition region between dispersed and inverted
dispersed flow as the ambivalent region. In the present study this
regime is named as churn-turbulent flow to maintain a minimum
of flow patterns but the PDFs and wavelets do show certain differ-
ences in the characteristics of churn-turbulent flow at lower and
higher water velocities.

3.3. Flow pattern map at the upstream and the downstream section of
the venturi

Attempts have next been made to classify the interfacial config-
urations as observed at the upstream and downstream sections
into different flow patterns. Since visual observations have failed
to provide any useful information, the patterns have been classified
on the basis of the PDF characteristics (M, r and S) and wavelet
analysis. At low phase velocities, bubbly flow is characterized by
a high peak at high V/Vmax (M > 0.7), significant spread (r > 0.05)
and negative skewness. The droplets are cap shaped or oblate
spheroidal and resemble the bubbly flow pattern in gas–liquid
flows. The dispersed flow pattern where kerosene is finely
dispersed in water medium is observed at high water and low
kerosene velocity and is indicated by a mean at V/Vmax > 0.9, low
spread (r < 0.015) and negative skewness. During the passage of
the liquid mixture through the diverging section of the venturi,
coalescence of the tiny kerosene droplets take place. As a result lar-
ger drops of kerosene are noted in the downstream section. This re-
sults in increased scattering and is indicated by a shift of the PDF to
lower voltage values and a higher spread. The core annular flow
pattern at high kerosene and low water velocity is characterized
by a unimodal PDF at low V/Vmax (M < 0.2), low spread (r < 0.01)
and positive skewness. The transition from bubbly to core annular
flow occurs via the churn-turbulent flow pattern. This is character-
ized by M < 0.6, very high standard deviation (0.05 < r < 0.15) and
a shift of skewness from negative to positive value. The PDF spread
is noted to be the highest in the churn-turbulent flow pattern.

The situation becomes different at high water velocities
(USW P 0.9 m/s). The flow does not exhibit core annular character-
istics with increase in kerosene velocity. On the contrary, the water
gets dispersed in the continuous kerosene. This has been named as
inverted dispersed flow and is characterized by a unimodal PDF at
V/Vmax < 0.2, a small spread (r < 0.015) similar to that observed for
dispersed flows and a positive skewness. It may be noted that the
PDF characteristics of inverted flow often appear to be similar to
those observed for core annular flow. However, the wavelet analy-
sis brings out the difference between the flow distributions. In core
annular flow the standard deviations of five details (d1–d5) and a5

are much less and similar in magnitude while for the inverted dis-
persed pattern the standard deviation is higher for lower frequency
bands. The quantitative measures of the PDFs and the variation of
standard deviation at the different levels and approximation of the
wavelet resolution are listed in Table 2 for different flow patterns.
Based on this flow pattern maps have been constructed for the up-
stream and downstream sections and presented in Fig. 7(a) and (b).
A comparison between the two figures brings out the differences in
the range of existence of the different regimes at the two sides of
the venturimeter. The dispersed bubbly flow pattern is not
observed in the downstream region over the range of flow
conditions studied.

3.4. Pressure drop profile

The pressure drop has been measured at five positions with
respect to the first pressure tap (0.074 m upstream from the
throat) and represented in Fig. 8 at three constant velocities of
water. In the three graphs of Fig. 8 the zero position along the pipe
axis indicates the mid point of the venturi throat. All the three



Table 2
PDF moments and wavelet analysis in different flow patterns

Flow pattern M r S Nature of five details and a5

(i) Bubbly >0.7 >0.05 Negative r decreases from d1 to d5 and a5

(ii) Churn <0.7 0.05 < r < 0.15 Positive r is higher for d1 to d5 and a5

(iii) Core annular <0.2 <0.01 Positive r is very low and almost same for all d1 to d5 and a5

(iv) Dispersed >0.9 <0.015 Negative r is very low and almost same for all d1 to d5 and a5

(v) Inverted dispersed <0.2 <0.015 Positive r is higher for d4
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plots depict a similar nature of the curve of pressure drop versus
position along pipe axis. They show that the pressure drop is max-
imum at the throat and it decreases in the downstream section.
This is due to the fact that during the flow of the two-phase mix-
ture through the venturimeter, the mixture attains the maximum
average velocity at the throat. Subsequently, the velocity decreases
gradually in the diverging section. During this change in velocity,
the velocity head is converted to pressure head which is reflected
in Fig. 8. Further as the water velocity is increased, the pressure
drop increases an agreement to the pressure drop profile observed
for single-phase flows.

3.5. Measurement of two-phase mass flow rate

Attempts have next been made to estimate the two-phase mass
flow rate from pressure drop measurement using the following
equation based on the mixture density viz.
Q ¼ A2CDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðA2=A1Þ2

q 2Dp
qm

� �1=2

ð5Þ

In the above equation Q is the volumetric flow rate as measured
by a rotameter, A2 and A1 are the area of throat and pipe,
respectively, Dp the pressure difference between upstream and
throat, qm the mixture density and CD is the discharge coeffi-
cient. It has been noted to vary between 0.98 and 0.99 for flow
of water only through the venturimeter of the present experi-
ments. To calculate CD in different flow patterns from known
total flow rate (measured by rotameter), the mixture density
qm has been taken as the homogeneous density of the liquid
mixture, which is expressed in terms of densities of the individ-
ual fluids as

qm ¼ ð1� bÞqO þ bqW ð6Þ

where qO and qW are the densities of oil and water, respectively,
and b is the inlet volume fraction of water given by

b ¼ USW

USW þ USK
ð7Þ

To estimate the uncertainty on CD from Eq. (5), the same equation
can be written as

CD ¼ f ðQ ;Dp;qmÞ ð8Þ

Therefore, uncertainty in CD is expressed as (Holman, 1989)

dCD ¼
oCD

oQ
dQ

� �2

þ oCD

oðDpÞ dðDpÞ
� �2

þ oCD

oqm
dqm

� �2
" #1=2

ð9Þ

where the errors in the estimation of flow rate, pressure and mix-
ture density are given by dQ, d(Dp) and dqm, respectively. Based
on the above equation one gets a maximum uncertainty of 2.87%
in CD for two-phase condition.

However, it should be noted that the mixture density has been
estimated based on homogeneous flow model and in the absence
of knowledge of in situ volume fraction, the inlet volume fraction
has been used in the calculation.

The variation of CD values as calculated in the different flow pat-
terns has been presented in Fig. 9. The figure shows that the values
are closest to the value obtained for water only in the dispersed
flow pattern and it is the lowest in core annular flow. It is interest-
ing to note that homogeneous equilibrium model is most suitable
for dispersed flow while it is least appropriate for core annular
flow. Moreover, there is some variation of CD in the bubbly and
churn-turbulent flow patterns.

In order to reduce this range of variation, attempts have been
made to use the drift-flux model to predict qM in the aforemen-
tioned flow distributions. The model modifies the in situ water
holdup (HW) obtained from the homogeneous theory by incorpo-
rating the relative motion between the two phases. This yields
the expression of HW as

HW ¼
j1 þ j21

j
ð10Þ
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where j1, j21 and j are volumetric flux of phase 1 (water), drift flux
and volumetric flux of two-phase mixture, respectively. For gravity
dominated flow j21 is obtained from Wallis (1969) as

j21 ¼ U1að1� aÞn ð11Þ

The expressions for U1 and n for the bubbly flow and churn-turbu-
lent flow patterns have been adopted from the table provided by
Peebles and Garber (1953) as given in Wallis (1969) viz.

U1 ¼ 1:18
gr
qW

� �0:25

and n ¼ 2 for bubbly flow pattern ð12Þ

and

U1 ¼ 1:53
grDq
q2

W

� �0:25

and n

¼ 0 for churn-turbulent flow pattern ð13Þ
On substituting Eqs. (12) and (13) in Eq. (11), we obtain the value of
drift flux (j21) and this gives us the value of water holdup (HW) from
Eq. (10). The value of HW when substituted in the expression of qM

viz.

qM ¼ HWqW þ ð1� HWÞqO ð14Þ

gives CD from Eq. (5).
The CD values thus calculated in the bubbly and churn-turbulent

flows using mixture density from drift-flux model shows a mar-
ginal improvement due to the improved value of mixture density.
The value of CD in the former case was observed to lie between
0.924 and 1.022 whereas the range reduced to 1.009–0.927 when
the mixture density was calculated using drift-flux model.
4. Conclusion

The flow patterns in the upstream of venturi in the present
work differ significantly from those observed by Jana et al.
(2006a). In both the cases sufficient lengths have been pro-
vided for attaining fully developed flow. The only factor which
appears to influence the flow pattern in the upstream is the
proximity to the converging section. It may be noted that
the measuring point in the upstream is at a distance of
0.04 m (L/D = 1.54) only from the venturi. This fact must be
accounted for development of models to predict the hydrody-
namics of flow. For example, a model developed for churn flow
at the upstream will not be able to predict the parameters in
the downstream region where the flow exhibits core annular
characteristics. The venturimeter has also been used to mea-
sure the two-phase mass flow meter.

The following observations have been made in the present
work:

� The presence of venturimeter is observed to influence the phase
distribution primarily in the upstream section. However, the
pattern transitions are observed to occur at lower velocities in
the downstream section.

� Finely dispersed bubbles are not observed in the downstream
section due to coalescence of tiny kerosene droplets during its
passage through the converging and diverging section.

� Inverted dispersed flow appears only in the downstream and not
in the upstream section in the range of flow rates studied.

� The venturimeter can be used to measure the mass flow rate for
different oil–water pairs using the homogeneous/drift-flux
model since the majority of oils have densities close to that of
water. However, fresh calibration is necessary while using high
viscosity oils.

� A separate analysis is required for core-annular pattern at the
upstream section. This has not been tried in the present work
due to insufficient data in this regime.

� The value of CD does not differ significantly for the different flow
regimes in the present case and it is close to the value for single
phase water flow through the venturimeter.
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