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Abstract: In the offshore oil and gas environment, there is usually the challenge with regards to available space offshore
platforms for equipment installation; hence, compact separators are more attractive due to their small footprint. Also, in subsea
oil and gas production, compact separators are attractive because of their light weight and ease of installation. A good
understanding of the flow regimes in the upper part of the separator is essential for a robust design and operation. The
performance of gas-liquid compact separator in terms of liquid carryover (LCO) and pressure drop depends on the type of flow
regime in the upper part of the separator. However, there is a lack of experimental data on flow regimes in the upper part gas-
liquid cyclone separators. In this research, data on flow regimes in the upper part of a 1.5-inch horizontal-inlet gas-liquid
cylindrical cyclone separator was acquired using electrical resistance Tomography (ERT), wire mesh sensor (WMS), pressure
transducer and visual observation. Based on flow imagining, observations and statistical analysis, the flow regimes were
classified as swirling-annular, light-mist, heavy-mist and churn flow. A flow regime map for the separator was proposed based
on a modified liquid and gas-Froude number. The work would be a useful guide to process engineers during the preliminary
design and sizing of separators with similar geometry configuration.

Keywords: Compact Separator, Flow Regime, Sub-sea Production, Offshore Platforms, Flow Regime Maps

Liquid carryover (LCO) and gas carry under (GCU) are the
two complex hydrodynamics phenomena in the gas-liquid
cyclonic separator. Liquid carryover (LCO) in the separator
is a physical phenomenon that defines the separation
efficiency and the operational limits of the separator. LCO
occurs when the gas stream transports drops of liquid out of
the gas outlet of the separator.

Research on liquid carryover phenomenon in the gas-
liquid cylindrical cyclone (GLCC) which is published widely
has associated LCO with some flow regimes in the upper part
of the GLCC [5-7]. The knowledge of flow regimes in the
upper part of the GLCC separator is essential for the
prediction of both pressure drop and separation efficiency.
However, only a few experimental data on flow regimes in
the upper part of the GLCC separator are available. Chirinos
et al., identified annular, transitional and churned flow as the
flow regimes in the upper part of the of a 3-inch diameter
GLCC [5]. They concluded that the annular and churn flow
regime were the two mechanisms responsible for LCO in the
gas leg of a GLCC separator. Kolla et al., identified churn

1. Introduction

In the petroleum industry, a separator is used in the oil
field and process plant to separate a multiphase mixture into
oil, gas and water. Traditionally, the petroleum industry relies
on gravity-based separators for phase separation. Gravity-
based separators are considered mature technology [1].
However, gravity-based separators are usually bulky, heavy
and require more plot space. Where space and weight are a
constraint, a compact and efficient phase separation
technologies is more attractive. Cyclonic separators are light-
weight and have a small footprint, making them attractive to
applications such as subsea separation, un-manned platform,
flare gas scrubber, portable-well-testing skid, multiphase
measurement and debottlenecking of gravity separators [2,
3]. In subsea development, project economics is the critical
driver for application of cyclonic separators [4]. Considering
that the performance of the separator is sensitivity to inlet
flow rates and inlet multiphase flow phenomena, its
application is not as versatile as gravity-based separators.
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and annular-mist as the primary flow regimes that exist in the
upper part of the GLCC separator [6, 7]. They reported that
liquid carryover (LCO) in GLCC was observed during churn
and annular-mist flow regimes. The churn flow regime was
observed at relatively high liquid flow rates and low gas flow
rate while the annular mist was observed at low liquid flow
rates and relatively high gas flow rates. Zhou in a PhD thesis
submitted to Cranfield University, UK, reported three flow
regimes in the upper part of a GLCC separator as swirl flow,
agitated flow and gas blow-by [8]. Hreiz et al., categorised
flow regimes in the upper part of the GLCC into the churn
and parietal (annular and ribbon) flow [9]. All the mentioned
literature identified these flow regimes based on visual
observation. None of those mentioned above work acquired
data on the liquid-holdup in the separated for any of
identified flow regimes.

The objective of the present work is to study the flow
regimes in the upper part of the separator by using Electrical
Resistance Tomography (ERT), Wire Mesh Sensor (WMS),
pressure transducer and visual observation. The present work
reported a new data-set on flow regimes in GLCC and
proposed a flow regime map for the separator based on a
modified Froude number. This work would be useful for both
the design and operation of GLCC separator since separator
operating parameters such as pressure drop, and liquid
carryover depend on the flow regime in the separator.

The gas-liquid cyclone separator investigated in this study
is named gas-liquid pipe cyclonic (GLPC) separator. The
GLPC separator is similar to the gas-liquid cylindrical
cyclone (GLCC) except that it uses a horizontal-tangential-
inlet. The separator operates based on centrifugal force
created due to the tangential entry of the multiphase flow into
the separator. The centrifugal force causes upward and
downward swirling of liquid film on the separator wall with
the gas in the middle of the separator. The existence of
swirling liquid film in the upper part of the separator presents
a particular case of an upward vertical two-phase flow.

Depending on the inlet flow rate of the fluids, different flow
regimes could exist in the upper part of the separator. The
flow regimes could either enhanced phase separation or
impaired phase separation. A good understanding of these
flow regimes is essential for robust design and operation of
the gas-liquid cyclonic separator has several applications in
the petroleum industry.

2. Experiment Program
2.1. Test Facility

The gas-liquid pipe cyclone (GLPC) separator test facility
was fabricated and installed in the Process Systems
Engineering Laboratory at Cranfield University, UK. As
shown in Figure 1, the test facility consists of the fluids
supply and metering section, the GLPC separator, and fluids
return section. Air and water were used as test fluids and
referred to in this work as gas and liquid, respectively. The
gas was metered using EndresstHauser thermal mass flow
meter (Proline t-mass 65). The liquid was supplied to the
flow loop by Certikin Aquaspeed self-priming pump, which
has a maximum duty of 4.0 I/s at 3.0 barg. It was metered
using ABB electromagnetic flow meter. The liquid is a closed
loop system as the liquid that entered the test section returns
to the tank from where it is delivered into the test section
again.

The test section consists mainly of a horizontal inlet GLPC
separator where gas-liquid separation takes place. The liquid
is a closed loop system as it is returned to the test facility.
The separator is 76.1 mm in diameter, the total height of 2.9
m (height of 1.3 m and 1.6 m above and below the separator
inlet respectively) and the separator inlet diameter is 38.1
mm. A gate valve was installed on the gas and liquid outlet
for manual control of separator pressure and liquid level,
respectively.
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Figure 1. Experimental setup.
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2.2. Instrumentation and Data Acquisition

The instruments used for this research include a pressure
transducer, temperature probe, electrical resistance
tomography (ERT) and wire mesh sensor (WMS). The ERT
and WMS were used for online flow imaging, offline image
reconstruction and measurement of cross-sectional liquid-
holdup in the separator. The ERT, pressure transducer and
WMS were installed above the separator inlet at 250 mm,
1000 mm and 1200 mm respectively. The instruments
measurement uncertainty is presented in Table 1.

Table 1. Summary of instruments and measurements uncertainties.

Instrument/Apparatus
Thermal mass flowmeter
(Proline t-mass 65)
Electromagnetic flowmeter 0.1-2.0 m*hr’!
Pressure transducer 0-6 bara

ERT N/A

Measurement range Uncertainty

0.5-60 kghr!

+1.5% Full scale

+0.5% Full scale
+0.15% Full scale
+1% (0 < 0.2) Based
on bench calibration
+2.14% Based on in-

WMS . .
situ calibration

0.01-1000 (uScm™)

(a) ERT Sensor

(b) WMS

Figure 2. Photo of ERT sensor and WMS.

The ERT (Figure 2a) is a non-intrusive measurement
technique by which information about the electrical
properties of fluids in a process volume is inferred from the
periphery electrodes measurement. The ERT used in this
study consist of a dual-plane sensor each having 16 stainless
steel electrodes mounted on the periphery of the GLPC
separator. A data acquisition system (DAS) developed by ITS
Plc was used to acquire data from the sensor. The data
acquisition and transfer speed of the system was
approximately 1000 frames per second. The sensitive
coefficient back projection algorithm was used for image
reconstruction.

The WMS (see Figure 2b) is an intrusive flow imaging
device with high spatial and temporal resolution. The system
is developed by Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) of Germany. The measurement principle is based on
the relative permittivity of the process fluids. It consists of
two planes of wire electrodes stretched across the pipe cross-
section. One plane is the receiver, and the other is the
transmitter. Each plane has 24 wires of 0.12 mm diameter
running parallel to each other but perpendicular to the wires

of the other plane forming grids of wire electrode with equal
spacing. Raw data were acquired for 120 seconds at a
sampling frequency of 1000 Hz and after that processed into
liquid-holdup using the wire mesh framework. The wall
pressure fluctuation in the separator was measured using a
fast response pressure transducer. The pressure transducer
used has a rangeability of 0-6 barg. The pressure transducer
was used to confirm the WMS measurements.

2.3. Experimental Procedure

Single phase liquid flow was first injected into the
separator to establish a stable upward swirling liquid film.
The liquid flow rate was adjusted using 2-inch gate valve
until the predetermined flow rate was achieved and kept
stable. The liquid and gas discharge outlet gate valve were
respectively held fully opened during the experiment. The
separator liquid level was kept constant at 0.7 m below the
inlet. Similar to the liquid flow, the gate valve on the gas line
was used in adjusting the gas flow rate into the separator. The
gas was introduced, and the flow condition in the separator
was allowed to stabilise before the data acquisition using
ERT, WMS and Labview were carried out. The liquid and gas
flow rate, pressure and temperature were recorded using
Labview software. The gas flow rate was increased till the
gas delivery capacity was exhausted or until churn flow (or
liquid carryover) was observed in the upper part of the
separator. A higher liquid flow rate was then introduced into
the separator, and the same procedure as explained above
followed.

3. Results and Discussions
3.1. Flow Regime Identification and Classification

The flow regimes in the upper part of the GLPC separator
are influenced by two forces: centrifugal force and gravity
force. We named the upper part of the GLPC separator,
where the influence of centrifugal force is strongest as a
cyclonic zone and, where the influence of gravity is strongest
as gravity zone. While the cyclonic zone is the upper part of
the separator just above the inlet, the gravity zone is the
upper part of the separator near the gas outlet. In the cyclonic
zone, a steady gas-core is formed as a centrifugal force
causes the liquid to rotate as a film on the wall of the
separator. In the gravity zone, there is no rotational flow as
liquid droplets formed from the swirling liquid film are
transported into the gas stream and flow axially towards the
gas outlet. The flow regimes observed in the cyclonic zone
was identified as a swirling-annular flow. Three flow regimes
were observed in the gravity zone as light-mist, heavy-mist
and churn flow. The flow regimes in the upper part of the
GLPC separator varied along the length towards the gas
outlet from the cyclonic zone to the gravity zone. The
structure of the flow regimes in the upper part of the
separator is represented in Figure 3a through Figure 7a.
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3.1.1. Swirling-annular Flow

The swirling-annular flow is characterised by a well-
defined gas core and a steady swirling liquid film on the
inner wall of the separator. The swirling-annular flow
occupies the cyclonic zone of the separator. The swirling-
annular flow regimes exist in the separator at all inlet
conditions. At low gas and liquid flow rates, only the
swirling-annular flow exist in the separator in which case; a
perfect gas-liquid separation is achieved. At higher gas-liquid
inlet flow rate, the swirling-annular flow coexists with other
flow regimes. At an inlet superficial liquid velocity (Ugp) of
0.37 m/s, swirling-annular flow existed for a maximum inlet
superficial gas velocity (Ugg) of 13.3 m/s. At higher inlet
liquid flow rate (Ug=2.52 m/s), the swirling-annular flow
was only possible at a low gas flow rate (Usg=2.44 m/s).
Increasing the inlet liquid flow rate increases film thickness
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in the cyclonic zone, thereby reducing the cross-sectional
area for gas flow. The increasing gas flow above this
threshold initiates film instability and droplets atomization
from the wall of the separator. The swirling-annular flow was
identified by visual observations and confirmed by online
imaging of the flow behaviour using ERT. The gas-core can
be seen from the conductivity tomogram obtained from ERT
system, as shown in Figure 3b. The blue colour represents the
cross-sectional area occupied by the low conductivity fluid
(air), and the red represents high conductivity fluid (water). It
was observed during the experiment that, as long as the
swirling-annular flow did not transit into either heavy-mist or
churn flow near the gas outlet as illustrated in Figure 6 and
Figure 7 a perfect separation of gas from the liquid was
achieved.
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Figure 3. Swirling-annular flow only (a) schematic representation (b) images from ERT time-series image for Us;= 2.52 m/s; Usg=2.44 m/s. A sampling time
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An extreme case of swirling-annular flow also exists
whereby a fast-moving thin liquid film swirls all the way to
the gas outlet of the separator. A stable gas-core was
observed as the upward swirling film goes all the way to the
roof of the separator and sometimes resulting in liquid
carryover. Images from both ERT and WMS, as shown in
Figure 4b and c, depicts this phenomenon. This case of
swirling-annular flow regime was observed when the inlet
flow regime was slug flow. The behaviour of the flow regime
is similar to what Hreiz et al., called parietal/ribbon flow [9].
The inlet superficial gas and liquid velocity for this condition
was 6.81 m/s and 2.51 m/s respectively. The reason for this
behaviour is attributed to high nozzle exit velocity resulting
from the high velocity of the slug body. This high nozzle exit
velocity generates high centrifugal force and hence swirl
intensity. The high swirl intensity of the gas results in high
interfacial shear stress that is probably responsible for the
upward swirling liquid film reaching the gas outlet.

3.1.2. Light-mist Flow

Increasing the liquid and gas flow rates above a certain
threshold, tiny liquid drops are initiated from the swirling
annular flow regime due to the shear effect of gas velocity.

For example, by increasing superficial gas velocity from 2.44
m/s to 5.69 m/s at a constant superficial liquid velocity of
2.52 my/s, tiny liquid drops were observed travelling toward
the gas outlet. While the swirling annular flow still prevails
in the cyclonic zone, light-mist emerged in the gravity zone.
The light-mist flow regime is characterised by liquid droplets
ejection from the swirling liquid film of the cyclonic zone.
The injection of drops from the swirling annular flow to
light-mist flow regime could be attributed to the onset of
droplets formation due to the stripping and shearing of the
wavy liquid film by high rising gas. The stripped liquid film
eventually enters the gas stream due to the influence of the
drag force of the rising gas. As schematically shown in
Figure 5, swirling annular flow exists in the cyclonic zone
while the light-mist flow prevailed in the gravity zone
depending on the inlet flow rates. Complete separation of gas
and liquid is achieved under the light-mist flow. The swirling
annular flow is shown by the tomograms from ERT in Figure
5c, and the light-mist flow regime is depicted by images
obtained from WMS measurement (see Figure 5b). The
uniform distribution of the blue dots is an indication that the
WMS got wetted due to the presence of dispersed drops.
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Figure 5. Swirling-annular and light-mist flow regime (a) schematic representation (b) ERT time-series images (c) time series of 2D WMS image for inlet

Usi= 2.52 m/s, Usg=5.69 m/s. A sampling time interval of 10 ms.

3.1.3. Heavy-mist Flow Regime

Large liquid droplets characterized the heavy-mist flow.
Just like the light-mist flow, heavy-mist coexisted with the
swirling annular flow, as shown in Figure 6. At constant
liquid flow, increasing the flow of gas beyond the threshold
of the light-mist flow resulted in more liquid film stripping
and consequently more droplets in the middle of the
separator. The presence of more droplets in the middle of the
separator increases the coalescing of the small droplets to

form large droplets. As the large droplets try to fall under the
influence of gravity, the rising gas collides with the larger
droplets. The collision impact of rising gas causes the larger
drops to disintegrate into smaller droplets. Some of the
droplets are deposited on the wall of the separator but other
small droplets concentrated in the middle of the separator and
consequently resulting in liquid carryover. The ERT
tomograms in Figure 6¢ shows the gas core in the middle of
the separator surrounded by the liquid film. Qualitatively, it
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is clear that there are larger blue dots in Figure 6b compare to

those of light-mist flow regime shown in Figure 5b.

Gas-liquid
flow

Gravity
dominated ———»|

zone

Cyclonic
dominated
zone
Upward liquid
film

Gas-liquid
mixture

9. . . . ., (c) Swirling-annular

0% 100%
Gas-fraction colour scale for WMS
(b) Heavy-mist

50 ms

(a)

— Liquid Out

Lowest
Conductivity (air)

Highest
Conductivity (water)

Colour scale for ERT

Figure 6. Swirling-annular and heavy-mist flow regime (a) schematic representation (b) ERT time-series images (c) time series of 2D WMS image for inlet
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3.1.4. Churn Flow Regime

The flow regime was generally chaotic as falling liquid
film, upward swirling film, rising liquid droplets and falling
chunks all take place simultaneously. Under the same inlet
condition, swirling annular flow existed in the cyclonic zone
(see Figure 7c) while churn flow in the gravity zone (see
Figure 7b). Churn flow regime was observed at a much-
elevated inlet gas flow rate for a constant liquid flow rate.
For example, increasing the separator inlet superficial gas
velocity from 6.72 m/s to 7.52 m/s caused more film
stripping in the cyclonic zone that resulted in chunks of
liquid being lifted to the gas outlet. Under churn flow, the
flow in the upper part of the separator is pretty much like

normal churn flow in vertical two-phase flow. The tomogram
from ERT (see Figure 7c), as well as visual observation,
indicates the presence of very thick film in the cyclonic zone
during churn flow. This thick film is a direct consequence of
the gas and liquid superficial velocity exceeding the
operating envelope of the separator. It was observed that the
churn flow regime initiates closer to the separator inlet
compared to light-mist and heavy-mist flow because film-
stripping starts much earlier due to the existence of a thicker
liquid film that tends to reduce the area for gas flow.
Separator performance under churn flow is poor as only
partial separation of gas from the liquid was achieved.
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3.2. Statistical Analysis of the Flow Regimes

Statistical analysis of liquid-holdup and pressure
fluctuations is a well-established method for identification of
flow regime in process equipment such as fluidized bed [10,
11]. Variation of process parameters such as pressure and
liquid-holdup with respect to time can provide useful insight
into the flow regime in the upper part of GLPC separator. In
this work, wall pressure fluctuation was obtained using a
pressure transducer installed near the gas outlet but below the
position of WMS. The liquid-holdup was obtained using ERT
and WMS. The WMS and the pressure transducer gave
information about the flow regimes in the gravity-dominated
zone of the separator while the ERT provided information
about the flow regime in the cyclonic zone of the separator.
The sampling frequency for the ERT was 1000 fps; that of

pressure transducer was 100 Hz, and WMS was 1000 Hz.
The sampling period for the pressure transducer and WMS
was 120 seconds respectively, and that of ERT was 3
seconds. In order to identify the flow regime more
objectively, the amplitude of the liquid-holdup and pressure
signal is expressed in terms of standard deviation (Q) as:

_ 1 @n _
o= Ezi=1(xi —x)?

(D
where X is the time-mean value of the liquid-holdup and
pressure signals x over the sampling period, respectively. N
is the total number of sampling points for liquid-holdup and
pressure signals. The standard deviation, mean, minimum

and maximum values of the holdup and pressure values for
each of the flow regime are presented in Table 2.

Table 2. Basic statistical analysis of the flow regimes using liquid-holdup and pressure values.

STDEV Min

Mean

Max

Use (m/s) Us. (m/s) Liquid-holdup [-] measured using ERT Flow regime Zone
5.69 2.52 0.180 0.000 0.269 0.818 Swirling flow Cyclonic
6.72 2.52 0.161 0.071 0.367 0.870 Swirling flow Cyclonic
7.52 2.52 0.188 0.019 0.320 0.824 Swirling flow Cyclonic
Liquid-holdup [-] measured using WMS
5.69 2.52 0.003 0.095 0.103 0.114 Light-mist Gravity
6.72 2.52 0.012 0.084 0.104 0.152 Heavy-mist Gravity
7.52 2.52 0.100 0.067 0.151 0.706 Churn flow Gravity
Separator operating pressure [bar] using a pressure transducer
5.69 2.52 0.001 0.000 0.005 0.009 Light-mist Gravity
6.72 2.52 0.003 0.000 0.007 0.027 Heavy-mist Gravity
7.52 2.52 0.019 0.002 0.034 0.122 Churn flow Gravity

Swirling annular flow: The standard deviation and other
statistical parameters of the time-varying liquid-holdup are
presented for the three test points. From the data, it can be
seen that there is no appreciable difference in the respective
standard deviation of the liquid-holdup. The maximum
holdup for all the points is also within a close range. This
means that the flow regime does not change in this location
of the separator irrespective of changes in the separator inlet
flow rates.

Light-mist flow: When only gas exits the gas outlet of the
separator due to complete separation, the magnitude of turbulent
fluctuation in the upper part of the separator near the gas outlets
is expected to be lower compared to when the gas is carrying
liquid droplets. The standard deviation for the flow regime was
obtained from the pressure signals and liquid-holdup. The
standard deviation of the pressure signals and liquid-holdup is
0.001 bar and 0.003, respectively. The standard deviation is low
because there are no liquid drops in the flowing gas to cause
significant signal or holdup fluctuation.

Heavy-mist flow: The standard deviation of the pressure
signal and liquid-holdup is 0.003 bar and 0.012, respectively.
As the flow rate of gas increased from 5.69 to 6.72 m/s, the
standard deviation also increased. The increase in standard
deviation is as a result of an increase in turbulence
fluctuations in this location of the separator due to the
presence of dispersed liquid droplets in the gas stream.

Churn flow: The standard deviation of the pressure signal

and the liquid-holdup is 0.019 bar and 0.100, respectively. As
expected, the standard deviation is far higher compared to
light-mist and heavy-mist flow. The standard deviation is
high because of the chaotic nature of the churn flow regime.

3.3. Flow Regime Map

In this section, a flow regime map is proposed using
modified gas and liquid Froude number as an input
parameter. Froude number, which is the ratio of flow inertia
to the external force field, is a critical dimensionless
parameter for flow regime identification and for separator
performance analysis. Froude number and volumetric ratio
were recognised by Spedding and Nguyen as the most
satisfactory parameter for constructing a flow regime map for
a vertical upward gas-liquid two-phase flow [12]. Van’t
Westende used Froude number to define flow regime
transition criteria for annular/churn transition [13]. Rosa et
al., suggested that for good phase separation, the Froude
number should stay between 1 and 10 [14]. Similarly, Kolle
et al.,, reported that phase separation in their cyclonic
separator was initiated when the Froude number was
approximately 1.4 [15]. The use of Froude number could also
be a useful means of comparing different separator
performance. The magnitude of gas and liquid Froude
number at the entrance of the separator could determine the
occurrence of a given flow regime. The flow regime map
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proposed in this study is presented in terms of modified
Froude number derived below.

For gas and liquid to separate in GLPC, the centrifugal
force acting on the multiphase mixture should be greater than
gravity force as shown in Equation 2. When that happened, a
perfect separation is achieved whereby the liquid forms a
stable annular film and swirls against the separator wall
while the gas remained in the middle as it rises to the top.
The modified Froude number considers the separator inlet
cross-sectional area and separator inside diameter.

Centrifugal force (F,
Gravity force (g)

Substituting for F. and F, gives Equation 3

mv? 2
Fe _ 77 _ Vi

€)

Fg  mg  0.5gDsep

The right hand of Equation 3 takes the form of Froude

number. The tangential velocity v, is expressed in Equation 4

in terms of inlet liquid and gas velocity, v;, inlet inclination

angle, 8, inlet pipe cross-sectional area, A;, and inlet nozzle
cross-sectional area, A,,,.

v, = Ynflin cog0 (4)

ATLOZ
Substituting Equation 4 into 3 gives the modified Froude
number is as in Equation 5.
YindAin 2
(Anoz cose)

0.59Dsep

Fr = )

For the horizontal inlet GLPC separator, 8 = 0°, hence,
cosf =1

Equation 5 considers all the critical geometric parameters,
namely: nozzle diameter, inlet diameter, inlet angle of
inclination and separator diameter. Equation 5 was used for
calculating both liquid and gas Froude number. The mentioned
geometric parameters all affect the flow regimes in the separator.
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Figure 8. Flow regime map for the upper part of the 3-inch horizontal inlet
GLPC separator for air-water flow.

Figure 8 is the proposed flow regime map of the observed
flow regimes. It is plotted using the liquid and gas Froude
number calculated by applying Equation 5. From the map, it
could be deduced that heavy-mist flow regime is a transition
between the light-mist and churn flow regime. In order to
investigate the applicability of the proposed flow regime
map, a line was drawn between the points bordering the
light-mist and the heavy-mist flow regime and named as
critical separation curve. This critical separation line is the
same as the liquid carryover operating envelope of the
separator. The critical separation curve was drawn manually
and hence could be regarded as a qualitative line rather than a
quantitative line. We hope to develop a model that could
predict the critical line in our future work. From the present
data, the Froude number below the curve corresponds to
complete phase separation while those above it corresponds
to partial phase separation.

3.4. GLPC Separator Flow Regimes — implication for
Separator Design

In this section, the implication of flow regime on the
design and operation of the GLPC separator is presented. The
transition from swirling annular flow regime to light-mist,
heavy-mist and churn flow has an implication on the design
and operation of pipe cyclonic separator. A proper design of
the separator must consider the likely flow regimes that
might exist in the upper part of the separator. The
understanding of flow regime in the separator is critical in
sizing second stage separation devices such as gas polisher or
in-situ separation enhancement device such as annular liquid
film removal. The in-situ separation enhancement device
such as annular liquid film removal was investigated
previously by Molina et al, [16]. Moreover, the
understanding of the likely flow regimes in the separator
could guide the designer in making the right engineering
judgements on the type of inlet geometry to select. The
separator should be designed to operate only in the swirling-
annular and light-mist flow regimes to avoid liquid carryover.
Heavy-mist and churn flow must be avoided by increasing
the separator diameter, reducing the inlet nozzle diameter or
using annular film removal. If the expected velocities of gas
and liquid into the separator are high, multistage separation
should be used, or a gas polisher should be used. During the
preliminary design of a cyclonic gas-liquid separator, a flow
regime map such as the one presented in this work could be
consulted to predict the likely flow regime that could exist in
the upper part of the separator.

4. Conclusions

This work presented data on experimental study for flow
regimes in the upper part of GLPC separator. The flow
regimes in the upper part of the GLPC separator were
identified using ERT, WMS, pressure transducer and visual
observations. The flow regimes were grouped based on the
body force prevailing on the liquid film and droplets into
cyclonic and gravity zone. Swirling annular flow, which is
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the only flow regime in the cyclonic zone occurred for all
inlet flow rates due to the centrifugal force created as the
fluids enter tangentially into the separator. In the gravity
zone, light-mist, heavy-mist and churn flow regime was
observed. A flow regime map was developed based on a
modified Froude number for gas and liquid. It is suggested
that this flow regime map could be used as a simple guide
in comparing compact separators of similar configuration.
The flow regime that gives better separation was the
swirling annular and light-mist flow. A critical separation
line was used in delineating between complete phase
separation and partial phase separation based on the present
data.

Nomenclature
A;,  Inlet pipe cross-sectional area [m’]
A,o, Inlet nozzle cross-sectional area [m?]
Dgep  Separator inside diameter [m]
F, Centrifugal force [N]
E, Force if gravity [m/s?]
Eg Froude number for gas flow [-]
F Froude number for liquid flow [-]
v tangential velocity [m/s]
m Mass [ke]
N Total number of sampling points for )
liquid-holdup
r Separator radius [m]
Separator operating pressure [bar]
Usy  Inlet superficial liquid velocity [m/s]
Usg  Inlet superficial gas velocity [m/s]

- is the time-mean value of the liquid- -]
x holdup
GLCC Inlet section Inclination Angle

© from the Horizontal [degrees]
g Standard deviation
Liquid-holdup [-]
Abbreviations
ERT Electrical resistance tomography
DAS Data acquisition system
GLCC Gas-liquid cylindrical cyclone
GLPC Gas-liquid pipe cyclone
HZDR Helmholtz-Zentrum Dresden-Rossendorf
1D Inside diameter
LCO Liquid carryover
PIPE-SEP Pipe-separator
WMS Wire mesh sensor
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