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In this paper the effect of a transverse cylindrical rod immersed in water on the flow patterns and
interfacial characteristics of an oil–water pipe flow is investigated experimentally. The cylinder is used
to passively actuate the transition from stratified to non-stratified flows and to localise the formation
of waves and the detachment of drops. The studies are carried out in an acrylic test section with
37 mm ID using as test fluids tap water and Exxsol D140 (density 830 kg m�3 and viscosity 5.5 cP).
The rod has 5 mm diameter and is located at 460 mm from the test section inlet. Flow patterns and
interface characteristics were studied with high speed imaging. It was found that the presence of the
rod generates waves shortly downstream, from which drops detach, and reduces the mixture velocity
for the transition from stratified to non-stratified flows. The average interface height and wave amplitude
increase with distance from the rod, while the average wave length and frequency remain almost
constant. The Strouhal number is found to be equal to 0.24, while the wave velocities are slightly higher
than the mixture velocities.
� 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The simultaneous flow of two immiscible liquids inside a pipe is
commonly encountered in many applications including trans-
portation in the petroleum industry, emulsifications and two-
phase reactions and separations in the process industries. The
transport phenomena in such flows depend on the flow configura-
tions, while models have been developed to predict the transitions
between different flow patterns [1–7]. The transition from strati-
fied flows, in particular, has received a lot of interest. In liquid–
liquid flows this transition leads to dispersed patterns and is con-
sidered to happen when, with increasing flowrates, waves develop
at the oil–water interface in stratified flows from which drops
detach [8]. However, there is still a lack of experimental data on
the development of waves and their characteristics in liquid–liquid
pipe flows, especially near the transition boundaries from stratified
to non-stratified regimes. This is partly because experimentally it
is very difficult to localise the droplet detachment events and to
investigate the characteristics of the breaking waves. The physical
mechanism behind the transition from stratified to non-stratified
flows is, therefore, yet to be fully understood.

A small number of studies have been carried out on the stability
of waves in stratified flows in terms of different flow parameters
[9,1,2,8,10] while a number of studies have focused on interfacial
waves in annular flows [11–16]. Only recently Al-Wahaibi and
Angeli [17] investigated the interfacial wave characteristics during
the transition from stratified to non-stratified flows using a
double-wire conductance probe. They reported that interfacial
waves must be present for drops to appear and the characteristics
of the waves are a function of the mixture velocity and the ratio of
the velocities of the two phases. The results were later confirmed
by Barral et al. [18] who also used a conductance probe and high
speed imaging to obtain interfacial wave characteristics. In both
studies, the exact axial location in the pipe where drops detach
and the transition from stratified to non-stratified flows was not
identified.

In this work, a novel approach is followed to facilitate the study
of interfacial waves and of drop detachment, which is based on the
use of a bluff body located close to the oil–water interface. The
bluff body passively actuates the formation of waves and the tran-
sition from stratified to non-stratified flows. The idea was inspired
from previous studies where hydrofoils have been used to increase
air entrainment in water and reduce frictional drag around ships
[19,20]. A cylindrical rod is adopted as a bluff body in the current
investigations and this approach is applied for the first time to
cause and localise drop formation in liquid–liquid pipe flows.

The flow around cylinders in single phase flows has been
studied extensively (reviews are given by Berger and Wille [21];
Lin and Pao [22]; Bearman [23]; Oertel [24]; Griffin and Hall [25];
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Coutanceau and Defaye [26]; Williamson [27,28]; Zdravkovich
[29]) and these flows are mainly characterised by two dimension-
less numbers, the cylinder based Reynolds number and the Strouhal
number which can be written as follows:

Re ¼ qUwDrod

l
ð1Þ

St ¼ fDrod

Uw
¼ qD2

rod

l
f
Re

ð2Þ

where q, l, uw and Drod are the density, viscosity, velocity of the
fluid and diameter of the rod respectively and f is the frequency
of the dominant vortex shed behind the bluff body. At very low Rey-
nolds numbers (Re < 5) the flow is highly viscous hence there are no
vortices generated. As the fluid velocity increases (Re > 46) von Kar-
man vortices are generated. All flow conditions investigated near
the wake of the bluff body in the present study are above Rec, which
is the critical Reynolds number where the first vortex shedding is
observed. The Strouhal number gives a measure of the predominant
shedding frequency of the vortices and for an unbounded single
phase flow around a smooth cylinder it is about 0.2.

A few studies have investigated the interactions between a free
surface and vortices shed by bluff bodies of different shapes.
Hydrofoils are commonly used in these studies because of their rel-
evance to marine applications. Duncan [19] used a hydrofoil towed
inside a deep water channel to generate breaking waves. Surface
depression was observed just behind the bluff body while the
wavelength and the crest-to-trough amplitude were proportional
to the hydrofoil speed squared. Lin and Rockwell [30] studied the
free surface shape and breaking waves downstream a hydrofoil
and obtained velocity profiles using Particle Image Velocimetry
(PIV). They observed a sharp elevation of the interface just behind
the bluff body which increased with increasing Froude number
(Fr ¼ u=

ffiffiffiffiffiffi
gd

p
, where g, d and u are the gravitational force, foil chord

length and free stream velocity respectively). Square shaped bluff
bodies have also been studied as they are relevant to architectural
and engineering applications in the design of buildings and
bridges. Malavaski and Guadagnini [31–33] observed free surface
distortion when a square cylinder was submerged in a water chan-
nel at various distances above the channel wall. They also sug-
gested proximity of the bluff body to the free surface was
responsible for the change in drag and lift coefficients that
depended on the Reynolds number.

A number of studies have been carried out using cylinders as
bluff bodies because of their simplicity. Miyata et al. [34] con-
ducted both experimental and numerical investigations using a
cylinder near a free water surface. Only one flow condition was
investigated at various depths of submergence (h/Drod; where h
is the distance between the free surface and the top of the bluff
body), and no surface distortion was observed. However, different
wake states were apparent from visual observations made using
tracer particles illuminated and then captured with long exposure
time (0.5 s). The wake states were interpreted in terms of corre-
sponding drag and lift forces measured with a load cell attached
to a cylinder. Similar wake states were later observed by Sheridan
et al. [35] who used PIV to study the vortices generated down-
stream the cylinder in a deep water channel at various distances
from the free water surface. The wake states were related to Fr
and h/Drod while large surface distortion was observed only at cer-
tain Fr and h/Drod. Experimental investigations by Carberry et al.
[36,37] and numerical studies by Reichl et al. [38] produced similar
results. In all cases where a free surface was disturbed, a jet-like
flow was generated from the top of the bluff body which moved
towards the free surface and caused the formation of waves. In
these studies the Froude number varied between 0.166 and 0.97.
The effect of a wall on the flow characteristics at the wake of a
cylinder has been studied mainly in two dimensional configura-
tions and single phase flows with a single flat boundary. The pres-
ence of a wall close to the cylinder was found to suppress vortex
formation for gap ratios, H/Drod (where H is the distance between
the rod and the wall) less than 0.3–0.4 [39–46]. The frequency of
the dominant vortex shed has been found to increase with increas-
ing Re once vortex shedding has been established but the Strouhal
number remained constant at 0.2. Grass et al. [42] on the other
hand reported that the Strouhal number tends to increase as H/Drod

decreases with a maximum increase of 10%. Price et al. [45] also
found that St can be as high as 0.4 when H/Drod is 0.25.

There are currently no experimental or theoretical studies
which look at the effect of bluff bodies on flow inside pipes, in
either single or two phase flows. The current work investigates
the effect of a cylinder immersed in the water phase of a two-
phase oil–water pipe flow on the interface characteristics, using
high speed imaging and conductance probes. The main objective
is to passively actuate waves at the oil–water interface and to loca-
lise the formation of droplets. In this study, for the first time the
combined interactions of a bluff body with a wall and an interface
are considered.
2. Experimental set up and methods

The studies were carried out in the oil–water flow facility
located in the Multiphase Flow Lab, Department of Chemical Engi-
neering, UCL (see Fig. 1). The two test fluids used are Exxsol D140
oil and tap water with properties given in Table 1. The two fluids
are stored separately in tanks and are led via separate pumps into
the test section. Their flowrates are regulated via gate valves and
measured separately with variable area flow meters (ABB Instru-
mentation Ltd) with a range from 20 L/min to 240 L/min and accu-
racy of 1% full scale. The inlet of the test section is a symmetrical Y-
shaped junction with 20� angle (Fig. 1), which allows the fluids to
enter according to their density with minimal mixing. The test sec-
tion is an 8 m long acrylic pipe with 37 mm ID. After the test sec-
tion the two-phase mixture returns to a separator vessel equipped
with a KnitMeshTM coalescer that facilitates the separation; the sep-
arated fluids then flow by gravity back to their respective tanks.
2.1. Bluff body design

A pipe section housing the fixed bluff body was designed and
manufactured in-house (Fig. 2). The pipe section was made from
acrylic with 2 flanges attached at each end that connect it to the
rest of the test section. A cylindrical acrylic rod has been chosen
as the first bluff body design to be studied. The rod has 5 mm OD
and is positioned perpendicularly to the fluid flow at 9.25 mm
below the pipe centre line, equivalent to a quarter of the pipe
diameter (Fig. 2). The rod diameter and vertical position were cho-
sen based on available studies similar to the current work consid-
ering 3 main parameters, H/Drod, h/Drod and the blockage ratio
(ratio between the cylinder diameter and the pipe diameter). In
the present study, the gap between the rod and the bottom wall,
H/Drod, is 1.35 and does not obstruct the formation of von Karman
vortices; this value is largely above the critical H/Drod of 0.3–0.4 as
discussed previously. In addition, the current rod position leaves
sufficient distance between the rod and the top wall and therefore
allows a range of interface heights (and phase flowrates) to be
investigated without a direct impact of the interface on the cylin-
der. The blockage ratio for the current study is 0.13 and was chosen
based on the study by Chen et al. [47] who found no significant
impact on the flow for blockage ratios below 0.5. As the bluff body
has a fixed position, the distance between the cylinder and the



Fig. 1. Schematic diagram of the two phase flow facility and the symmetrical Y-shaped inlet.

Table 1
Properties of the test fluids.

Exxsol D140 Water

Density, kg/m3 @ 25 �C 830 1000
Viscosity, cP, @ 25 �C 5.5 1
Interfacial tension mN/m @ 25 �C 39.6
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interface can only be varied by changing the input phase flow rates.
During the experiments, the pipe section with the rod is installed
next to the symmetrical Y-inlet giving a distance between the inlet
and the rod of approximately 460 mm. This distance was chosen
taking into account two main considerations. Placing the rod close
to the inlet allows maximum downstream test section length for
the studies of wave and drop formation and flow pattern changes.
Previous single phase PIV results showed that the flow was already
fully developed at this distance. In addition, it was found that Kel-
vin–Helmholtz waves forming after the inlet are mainly smooth
and two dimensional for a short distance but then develop 3D fluc-
tuations. Positioning the rod close to the inlet ensured that only
smooth waves would interact with the rod; such waves are more
easy to implement as initial conditions in numerical simulations
Fig. 2. 3D and schematic drawing o
of these flows that will be used to compare in the future against
the experimental data.

The flow patterns downstream the bluff body were recorded
with a high speed camera (Photron SA-1; resolution 1024 � 1024
pixels). A movable visualisation box filled with glycerol, which
has refractive index similar to the pipe material, was installed
around the test section at the position of the recording to minimise
optical distortions. Recording speeds between 1 and 2 kHz were
used depending on the flowrates. Experiments were conducted
for mixture velocities ranging between 0.62 and 2.17 m/s and oil-
to-water flow rate ratios, r, between 0.29 and 3.5.

Interfacial wave characteristics were obtained from the high
speed images and a double-wire conductivity probe. The probe
was made in-house and consists of two stainless steel wires,
0.5 mm in diameter, 5 mm apart, installed perpendicularly to the
direction of the flow. The two wires form part of an electrical resis-
tance circuit whose signal depends on the height of the water layer
between the two wires in separated oil–water flows. The signal
gives the variation of the interface height with time at this partic-
ular axial location in the pipe. This type of probe has been used
widely in gas–liquid and liquid–liquid flows to investigate interfa-
cial waves [48–53,18]. Data was collected at 256 Hz over a period
of 4 min for two-phase flows. Single phase water measurements
f the pipe section with the rod.
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were also carried out to account for any variations in the conduc-
tivity of the water phase. The data collection and the processing
methodology have been described in Barral et al. [18]. The probe
was located just after the bluff body (19D) to study interfacial
waves generated by the rod. The probe signal represents the inter-
face height reliably only when there are no or very few drops of
one phase into the other which limits the range of flow rates it
can be used.

Wave characteristics were also acquired from the high speed
images. In each image several measuring locations were chosen
at fixed distance from the rod and equally spaced apart, as shown
in Fig. 3. The fixed locations were 40, 55.9, 71.8, 87.7 and 103.6 mm
away from the rod. To calculate the local average interface height at
each measuring location the height of the interface is recorded in
pixels every 10 ms for 1.5 s. For each measuring location the data
acquired are averaged to obtain the local interface height. Simi-
larly, given the local average interface height, the local average
wave amplitudes are calculated by subtracting the local average
interface height from individual wave crest positions, which are
then averaged. To calculate the local average wave velocity individ-
ual wave crests were tracked in the direction of flow and the time
taken for each crest to travel past each measuring location was
recorded. The wave velocities were then averaged to obtain local
average wave velocity per measuring location. The time difference
between two successive crests or troughs passing through a mea-
suring location was also recorded. Knowing the average wave
velocity, the local average wavelength could be computed from
the time a pair of crests or troughs needed to travel past each
measuring point. Wave frequencies were also computed from the
number of wave crests and troughs travelled past the measuring
locations. During the above calculations, the main source of
uncertainty arises during the data extraction process from the high
speed images. The uncertainty is estimated to a maximum of 5 pix-
els (0.16 mm/pixel) or 0.8 mm, which is equivalent to the apparent
thickness of the interface on the images.
Fig. 5. Flow pattern map at 7 m downstream the inlet with the bluff body installed.
3. Experimental results

3.1. Flow patterns at 7 m downstream the inlet

Flow patterns were observed in both cases without and with
the bluff body with the high speed camera at 7 m downstream
the inlet (189D). Experiments were carried out for mixture veloci-
ties between 0.62 and 2.17 m/s and input oil-to-water flow rate
ratios between 0.29 and 3.5. The flow patterns identified in both
cases are plotted in Figs. 4 and 5 in terms of mixture velocity,
Umix, against oil to water input flowrate ratio, r. Three different
flow patterns were observed in both systems with and without
the bluff body installed. The patterns when no bluff body (Fig. 4)
Mea
1 

Fig. 3. Image of waves generated behind the bluff body (Umix = 0.62
was present showed good agreement with patterns identified in
previous studies in the same system [54]. The intermediate, INT,
pattern was only observed in the system without the rod, (r range
between 0.5 and 2.5 and Umix range between 0.62 and 1.55) while
stratified, ST, and dual continuous, DC, flows appeared in both
systems. In the systemwith the bluff body, a new pattern was seen,
dual continuous flow with oil drops in water only, DC & Oil drops
in water.

The transition from stratified to non-stratified flows occurs with
increasing mixture velocity in both cases. The transition was con-
sidered to have taken place when a droplet of either oil or water
first appears. This transition is delayed to higher mixture velocities
suring location
2 3 4 

m/s, r = 1). The locations used in the wave analysis are shown.
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at flow rate ratios around 1, where the relative velocities between
the two phases are low, in agreement with previous work [54]. The
presence of the bluff body reduces the region of stratified flow sig-
nificantly (see Fig. 5). The transition boundary with the bluff body
is found at a much narrower range of r between 0.4 and 1.5 and
Umix between 0.62 and 1.09 m/s compared to the transition bound-
ary without the rod (dotted line shown in Fig. 5). This suggests that
the rod actuates the transition between the patterns.
3.1.1. Stratified flows (ST)
Stratified flow with smooth interface was only observed when

there was no cylinder at the lowest mixture velocity studied,
Umix = 0.62 m/s, and equal phase flowrates (see Fig. 6a). For the
same flow condition small fluctuations of the interface were
observed at 7 m from the inlet with the addition of the bluff body.
In general, at low velocities waves formed after the inlet decayed
downstream. Barral et al. [18] in flows without a bluff body, also
found that waves gradually fade with distance. With increasing
mixture velocity in both cases with and without bluff body, the
waves persist in the downstream location. Fig. 6b shows stratified
(a) Umix = 0.6

(b) Umix = 0.78 

(c) Umix = 1.86

(d) Umix = 0.78 

(e) Umix = 1.71 

Stratified

Stratified

Dual continuous

Stratified 

Intermediate

Fig. 6. Flow patterns at 7 m downstream the inle
(ST) flows for the two systems at higher mixture velocities
(Umix = 0.78 m/s, r = 0.67). As can be seen, the interfacial waves
are more prominent when the bluff body is present.
3.1.2. Dual continuous flow (DC)
In this pattern both oil and water retain their continuity at the

top and the bottom of the pipe respectively while drops of one
phase appear into the other. The degree of dispersion depends on
the mixture velocity and the phase flowrate ratio. This regime
appeared in both systems at high mixture velocities. As the veloc-
ities increased the drop size decreased. When the rod was present,
for the same flow conditions, more drops appeared in the phases as
can be seen in Fig. 6c. For similar mixture velocities, drops are lar-
ger and of similar size in the case of small input ratios (r 6 1), while
they are generally smaller with variable sizes at large input ratios
(rP 2). Barral et al. [55] also observed qualitative difference in the
average droplet size in the dual continuous regime between low
and high input flowrate ratios.

A particular case of the dual continuous pattern is the Dual con-
tinuous flow with oil drops in water (DC & Oil drops in water), where
2 m/s, r = 1

m/s, r = 0.67

 m/s, r = 1

m/s, r = 1.50

m/s, r = 0.83

Dual continuous

Stratified

Stratified

Dual continuous and oil drops in water

Dual continuous

t without (left) and with (right) rod present.
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only oil drops appeared in the water phase. This flow regime was
only observed in the system with the bluff body in place for a nar-
row range of Umix (1.09–0.78 m/s) and input ratios (1.5–0.4)
(Fig. 6d). The oil drops are large compared to the other DC cases.
The overall shape of the interface appeared wavy but the wave sur-
faces were rather smooth which suggests that the drops found at
these flow conditions must have been formed upstream (i.e.
behind the bluff body). For the same flow conditions in the system
without the bluff body the flows were stratified wavy.

3.1.3. Intermediate flow
This regime was only observed in the system without the bluff

body, between stratified and dual continuous flows. It is charac-
terised by continuous phases of oil and water with fluctuating
interface and the appearance of small sporadic drops in the two
phases. The size of the droplets is smaller than in the DC regime.
Mixture velocity and input flowrate ratio did not affect signifi-
cantly the appearance of the interface. With the addition of the
rod, under the same conditions, the flow was dual continuous
(Fig. 6e).

3.2. Flow immediately downstream the bluff body

The visual observation of the flow patterns revealed that the rod
had a significant effect on the flow which persisted 7 m down-
stream the inlet. This effect on the flow and the waves generated
were studied immediately after the rod for mixture velocities rang-
ing between 0.62 and 1.24 m/s and input flowrate ratio, r, varying
between 0.67 and 1.5 (a total of 7 conditions). The flow conditions
were chosen for two main reasons. Within this range, the interface
did not directly impinge on the rod. In addition, for flow conditions
outside this range, due to Kelvin–Helmholtz instability, waves with
large amplitudes and 3D fluctuations form. For the limited condi-
tions investigated, Kelvin–Helmholtz waves form after the inlet
but they are mainly smooth over the short distance between the
inlet and the rod. This allows only smooth waves to interact with
the rod which would make modelling easier [56]. In addition,
waves observed outside these flow conditions after the cylinder
were strongly non-linear and difficult to analyse from the images.
A total of 80 waves were extracted from the high speed images for
each flow condition.

3.2.1. Average interface height
The average position of the interface, calculated from the

images as discussed before, is plotted in Fig. 7 for all flow condi-
tions studied. As can be seen, the mean interface position gradually
increased with distance away from the bluff body. This increase is
almost linear and, on average, the change is approximately 3 mm
at the furthest distance of 104 mm from the rod.
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The effect of mixture velocity on the average position of the
interface is shown in Fig. 8 for the same flowrate ratio. Interest-
ingly, higher mixture velocities resulted in larger interface heights.
In addition, the height increased with distance from the rod at a
rate which increases with mixture velocity. At 40 mm away from
the rod, all three conditions have similar average interface height,
(20.7, 21.1 and 22.1 mm) while at 104 mm away from the rod the
average interface position has increased to 21.8, 23.8 and 25.5 mm
respectively. The experimentally found interface heights at 40 mm
downstream the rod were by an average of 1.3 mm higher than the
interface heights found at a similar position when the rod was not
present. For constant mixture velocity, the oil-to-water flowrate
ratio affected the average interface height but did not affect signif-
icantly its rate of increase with distance from the rod
(Fig. 9a and b).

The increase in interface height agrees with previous studies by
Duncan [19] and Lin and Rockwell [30] where a sharp elevation of
the interface was observed behind a hydrofoil submerged in water.
The elevation was found to increase with increasing Froude num-
ber in agreement with the effect of mixture velocity on interface
height in the current study.
3.2.2. Average wave amplitude and wave length
Wave amplitudes downstream the bluff body increased initially

until they reached a plateau at approximately 72 mm while they
slightly decreased in some cases at 104 mm (Fig. 10). Barral et al.
[18] observed the opposite trend where the wave amplitudes
decreased with distance, but the waves in that work were gener-
ated by KH instabilities only. The oil to water flowrate ratio was
found to affect the wave amplitudes and their development, as
can be seen in Fig. 11a and b. Larger wave amplitudes were
obtained with the higher ratios. This is because at high r the inter-
face height is low and close to the rod and can be more easily
affected by the von Karman vortices shed by the bluff body within
the water phase. Free surface distortions were also seen in previ-
ous studies [35,38] at specific Froude number-depth of submer-
gence ratios (Fr = 0.35–0.60 and h/Drod = 0.40, Fr = 0.72 and h/
Drod = 2.0, 1.18). The current studies have depth of submergence
ratios h/Drod = 1.04–2.21 and high Froude numbers Fr = 2.57–5.12
which will further affect the interface [57].

An increase in mixture velocity increased the wave amplitude
at constant flowrate ratio (Fig. 12). On average, for an increase in
mixture velocity from 0.62 to 0.93 m/s, the wave amplitude
increased by about 50% (between 1 mm and 1.5 mm) at all dis-
tances away from the rod. For an increase in mixture velocity from
0.93 to 1.24 m/s, the difference between the average wave ampli-
tudes increased with distance from the rod, with almost no differ-
ence between 40 mm and 56 mm and a difference of 0.6 mm at
104 mm away from the rod. At high mixture velocities the inter-
90 110
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Umix=0.78, r=1.5
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Fig. 11. Effect of input flow rate ratio on average wave amplitudes at different
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face height is slightly increased (Fig. 8) and the interactions
between the rod and the interface should be decreased. However,
the increase in mixture velocity is accompanied by increased water
phase velocity past the rod. This would increase the magnitude of
the von Karman vortices generated by the rod which affect the
amplitude of the interfacial waves [35]. Dimas [57] also observed
the change in the wave amplitude as Froude number increased
and found that the shape of the free surface changed from sinu-
soidal to non-sinusoidal.

The average wavelengths did not vary significantly over dis-
tance until 72 mm away from the rod and then increased slightly
further downstream by 0.5 mm on average (Fig. 13). The change
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in wavelength over distance was less than 1 mm and the standard
deviation was less than 3% for all flow conditions, apart from
Umix = 0.78 m/s, r = 0.67, where the standard deviation was 6.5%
on average. In previous studies without a bluff body an increase
in wavelength was accompanied by a decrease in wave amplitude
[8,58,17,59,18]. In the current study, however, the wavelengths
remained almost constant while the wave amplitudes increased
with distance.

The results indicate a complex system. In case of unbounded
flows, this system involves twomain different types of instabilities.
At the inlet, a single shear layer between the fluids leads to a con-
vective instability (KH instability) while a double shear layer leads
to an absolute instability (vortex shedding behind the wake of the
cylinder; Huerre and Monkewitz [60]). It is believed that the wave
amplitude is increased as a result of the synergy between the two
types of instabilities. However, the coupling of these instabilities is
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not well understood, particularly for wall bounded flows [61,62]
and would require further work.

3.2.3. Average wave frequency
The average frequency of the waves generated behind the bluff

body at different distances away from the rod is given in Fig. 14.
For all 7 conditions investigated, the wave frequencies did not vary
significantly with distance. The small fluctuations in the values at
the higher mixture velocities were less than 4%. The wave frequen-
cies increased with increasing mixture velocity. The input ratio,
however, did not have any significant effect as can be seen from
the two cases of Umix = 0.78 and 1.09 m/s, where different input
ratios were studied. The wave frequencies were also studied with
the double-wired conductance probe for the few conditions where
there were no drops present. There is good agreement with the
results from the high speed imaging with frequency peaks at
26 Hz and 33 Hz for mixture velocities of 0.62 m/s and 0.78 m/s
respectively.

From the measured wave frequencies the Strouhal number was
calculated using the actual water velocity computed based on the
average interface height. The mean value for the 7 flow conditions
investigated was 0.24 with 9% standard deviation. This number is
in good agreement with the literature value of 0.2 for vortex shed-
ding behind a cylinder in single phase unbounded flows. The agree-
ment suggests that the interfacial waves are caused by the von
Karman vortices generated by the rod. The agreement was good
even for the cases where small KH waves formed at the inlet for
r different than 1. It seems that, at least for the flow conditions
studied, vortices generated by the rod dominated over the KH
waves. In addition, the pipe wall does not affect the vortex fre-
quencies. The distance between the rod and the pipe wall varies
from 0 to 6.75 mm measured along the cylinder from the bottom
of the pipe. It has been shown that vortices can be suppressed
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when the ratio of the distance between the wall and the cylinder
over the size of the cylinder is smaller than 0.3 [46]. For the current
system only 9.8% of the length of the rod falls below this critical
ratio. However, further investigations of the velocity fields would
be required to fully understand the flow behind the bluff body in
this configuration and its interactions with the interface.

3.2.4. Average wave velocity
Average wave velocities for the different conditions investi-

gated are shown in Fig. 15. The wave velocities increase with mix-
ture velocity and do not vary significantly with distance from the
rod especially at the lower mixture velocities. At the higher mix-
ture velocities, there are more fluctuations with maximum devia-
tion of about 4% from the mean value. In the current work, for all
conditions investigated the wave velocities were 9.6% faster than
the mixture velocity on average regardless of the input flowrates.
Other studies [18,59,63] also reported that the wave velocity was
different from the mixture velocity. It is possible that these differ-
ences are due to the different mechanism of the generation of the
waves; waves observed in previous studies resulted from a KH
instability that depends on the velocity difference between the
two phases at the inlet, whereas in the current study the waves
seem to result predominantly from the vorticies shed by the bluff
body. In addition, the blockage caused by the bluff body leads to a
local acceleration of the fluid below and above the cylinder and it is
possible that this affects the wave velocity.

4. Conclusions

In this paper the effect of a cylindrical bluff body placed inside a
pipe to the flow patterns and interface characteristics of a two-
phase liquid–liquid system were studied experimentally, using
high speed imaging and a conductance probe. The aim was to pas-
sively actuate waves in the interface and the transition from strat-
ified to non-stratified flows. It was found that the rod reduced the
transition to lower mixture velocities while the change in flow pat-
terns persisted at 7 m downstream the rod. In stratified flows the
bluff body generated interfacial waves attributed to the interac-
tions of the von Karman vortices in the wake of the rod with the
oil–water interface.

An increase in interface height was seen after the rod that was
affected by both the mixture velocity and the input ratio of the
phase flowrates. The average wave amplitude increased with dis-
tance from the rod, while the average wavelength and frequency
remained almost constant. The Strouhal number agreed with the
literature value of 0.2 for vortex shedding behind a cylinder in sin-
gle phase flows with no wall present. The wave velocities were
found to be about 10% higher than the mixture velocity. Further
investigations of the velocity fields in the water phase are needed
to reveal the interactions between the vortices shed by the rod and
the liquid–liquid interface.

Although the current investigations are at their initial stage, the
use of bluff bodies in multiphase flows in pipes promises to have
many important industrial applications. The presence of a bluff
body in a pipe can enhance two-phase mixing and improve mass
and heat transfer rates; the current approach can therefore be used
in heat exchangers and in mixing processes. In addition, the use of
a bluff body can improve the overall control of the flow patterns
inside pipes, for example during transportation of oil–water mix-
tures, important for flow assurance applications.
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