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1. Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government.  Neither the United States Government nor any agency thereof, nor any
of their employees, makes any warranty, express or implied, or assumes any legd liability or
responsibility for the accuracy, completeness or usefulness of any informeation, apparaus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercia product, process, or service by trade
name, trademark, manufecturer, or otherwise does not necessxily conditute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily dtate or

reflect those of the United States Government or any agency thereof.

2. Abstract

This report presents a brief overview of the activities and tasks accomplished during
the second hdf year (April 1, 2001 — September 30, 2001) of the fourth project year budget
period (October 1, 2000 — September 30, 2001). An executive summary is presented initialy
followed by the tasks of the current budget period. Then, detalled description of the
experimentd and modding invedtigations are presented. Subsequently, the technica and
scientific results of the activities of this project period are presented with some discussons.
The findings of this invedigation are summarized in the "Conclusons' section followed by
relevant references.

The fourth project year activities are divided into three main parts, which are carried
out in padld. The firg pat is continuation of the experimentd program tha includes a
gudy of the oil/water two-phase behavior a high pressures and control system development
for the three-phase GLCC?. This invedtigation will be eventualy extended for three-phase
flow. The second pat condss of the deveopment of a smplified mechanisic modd
incorporaing the experimenta results and behavior of disperson of oil in water and water in
oil. This will provide an indght into the hydrodynamic flow behavior and serve as the design
tool for the industry. Although ussful for gzing GLCCs for proven gpplications, the



mechanigic modd will not provide detailed hydrodynamic flow behavior information needed
to screen new geometric vaidions or to sudy the effect of fluid property variations.
Therefore, in the third part, the more rigorous approach of computationd fluid dynamics
(CFD) will be utilized. Multidimensond multiphase flow Imulation a high pressures and
for red crude conditions will provide much grester depth into the underganding of the
physcad phenomena and the mathematicd andyss of threephase GLCC?® design and
performance.
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4. Executive Summary

The objective of this five-year project (October, 1997 — September, 2002) is to
expand the current research activities of Tulsa Universty Separation Technology Projects
(TUSTP) to multiphase oil/water/gas separation. This project is executed in two phases.
Phase | (1997 - 2000) focuses on the invedtigations of the complex multiphase hydrodynamic
flow behavior in a three-phase Gas-Liquid Cylindricd Cyclone (GLCC*!) Separator. The
activities of this phase include the development of a mechanisic mode, a computationd
fluid dynamics (CFD) simulator, and detailed experimentation on the three-phase GLCC?.
The experimental and CFD smuldion results are suitably integrated with the mechanigtic
model. In Phase Il (2000 - 2002), the developed GLCC? separator is tested under high
pressure and red crudes conditions. This is crucid for vaidating the GLCC? design for field
goplications and faciliteting easy and rgpid technology deployment. Dedgn criteria for

indugtrial applications will be developed based on these results and will be incorporated into
the mechanistic modd by TUSTP.

This report presents a brief overview of the activities and tasks accomplished during
the second haf year (April 1, 2001 — September 30, 2001) of the budget period (October 1,
2000 — September 30, 2001). The totd tasks of the budget period are given initidly, followed
by the technical and scientific results achieved to date from the experimentd and modding
investigations. The report concludes with asummary and alist of references.

5. Tasks of the Current Budget Period (Oct. 1, 2000 — Sept. 30, 2001)

Objective: High Pressure Fidd Pilot Plant GLCC? Des gn and Experimentation.

a Design and Fabrication of High Pressure 3-phase GLCC?.

b. Ingalaion of High Pressure 3-phase GLCC® and muodification of the high
pressure loop.

c. Instrumentation and Data Acquisition for Operational Envelope.

d. DaaAnayssand Evauation of High Pressure GLCC? performance.

1 GLCCE® - GasLiquid Cylindrical Cyclone— copyright, The University of Tulsa, 1994.



e. Mechanigic Modd Improvement for high pressure conditions for two-phase and
three-phase applications.
f.  Interim reports preparation.

6. Experimental and Modeling | nvestigations

The ultimate testing of a new development such as a three-phase GLCC? is a high
pressures and with rea crudes, smilar to the conditions in the fidd. The god of Phase Il
(Project years 4 and 5) is to conduct field-scale testing of GLCC® technology a high
pressure and with red crudes. Tasks will incdude desgn, fabrication and testing of a high
pressure GLCC? fadility. The results of this testing will be incorporated by The University of
Tulsa (TU) personnel into the TUSTP mechanistic model and be used by TUSTP to develop
design criteriato assist industry with implementation of GLCC? systemsin field operations.

As a sub-contrector to TU, Texas A&M Universty will provide fied-scde testing of
GLCC? compact separator in support of this project for year 4. Texas A&M work will be
performed in the Multiphase Fidd Laboratory a the Harold Vance Depatment of Petroleum
Enginegring. This exiding fadility has inddled equipment to conduct these tests at high rates
and pressures (10,000 bbl per day @ 200-250 psig). Benchmark two-phase tests will be
conducted using air/water and air/gelled water.

As a complimentary effort to Texas A&M Univergty activities, plans are underway
to conduct detailed testing of the GLCC? separators a field locations and other large-scale
faciliies such as the Colorado Engineering Experiment Station Inc. (CEES|). The GLCC?
prototype has been built a CEES in collaboraion with TUSTP member companies
(Chevron). Initid experimentation has been peformed aa CEES and data andyss is in
progress. Hardware modifications are currently underway to enhance the applicability of the
GLCC? for high GOR (gas-ail ratio) conditions.

The phase Il project research activities are smilar to the phase | project activity, only
difference beng that the emphass is on high-pressure, real crude conditions. The
mechanidic modding of liquid cary-over and gas cary-under are continued in the fourth
year for integration with the respective congtitutive models.



Two types of GLCC?® configurations are being consdered namely single stage
GLCC? and dua stage GLCC?. Feasiility of these two configurations have been established
in the Phase | invedtigations & The Universty of Tulsa The high-pressure flow loop a Texas
A&M University can be used for both configurations. The GLCC?® for this experimentd
investigation has been built a8 CEES usng stedl pipes 0 as to withstand high pressures, and
is equipped with severd temperature and pressure transducers to enable evauation of the
hydrodynamic flow phenomena A schemdic of the modified GLCC for high GOR
goplicaions is shown in Figure 1. The photograph of this GLCC designed for high GOR
goplications and tested a high pressures conditions in CEES is shown in Fgure 2. The
modular design of the GLCC® will dlow essy modification of the inlet, outlet and piping

configurations.
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Figure 1 — Modified GLCC for High GOR Applications

In addition to the inlet flow rates of the three-phases, the following measurements
will be acquired for each experimentd run:



1. Absolute pressure, temperature and pressure drop in the GLCC? ;
2. Equilibrium liquid level using differentid pressure transducers,

3. Zeronet liquid flow hold-up &t high pressures and comparison with low pressures.

Figure 2 — High Pressure GLCC Tedt Fecility at CEESI

4. Churn region and droplet region lengths (in the upper part of the GLCC?) aslimiting
conditions
5. Globd separation efficiency namdy ail fraction in the weater outlet, water fraction in
the ol outlet;
6. Bulk messurement of liquid carry-over in the gasleg.
The mechanisic model development initiated in the first phase of the project will be
continued during the second phase, which will lead to an integrated mode. A mechandic



mode for operationa envelope of liquid carry-over and gas carry-under will be developed
for the prediction of the hydrodynamic flow behavior and performance of the three-phase
GLCC? separator.
The input parameters to the modd would include the following:
Operationd parameters.  range of oil-water-gas flow rates, pressure and
temperature;
Physica properties: oil, gas and water dengties, viscosities and surface
tensons,
Geometrical parameters.  complete geometric description of the GLCC? such as,
GLCC? configuraions, inlet pipe 1.D, indination angle
and roughness, outlet piping 1.D, length and roughness,

The mechanigic model will enable determination of the performance characteridtics
of the GLCC?, namdly:

plot of the operationd envelopes for both liquid carry-over and gas carry-under a
high pressures;

percent liquid carry-over and gas carry-under beyond the operationa envelopes,

oil in water and water in oil fractions;

pressure drop across the GLCC?;

liquid levd in the separetor;

The gmplified integrated mechanitic modd  will endble insght into the
hydrodynamic flow behavior in the three-phase GLCC?. It will dlow the user to optimize
the GLCC?® design accounting for tradeoffs in the I.D, height and inlet dot size of the
GLCC?. The modd will aso provide the trends of the effect of fluid physica properties and
the information required for determining when active controls will be needed.

The purpose of the computationd fluid dynamics (CFD) modeling is to provide both
macroscopic  and  microcopic scde  information  on multidimensond  multiphase  flow
hydrodynamic behavior for red crude conditions. The CFD modd will be genera o that it
can be utilized for the anaysis of GLCC®* and other complicated multiphase flow systems.
Thus, the numericd smulator will provide a powerful andyticd tool, which will aso reduce



experimentad codts associated with testing of a variety of different operating conditions.
Condtitutive models for the CFD code (CFX) will be developed and will be added to the
smulator to capture the important physics of three- phase separation at high pressures.

The experimental data acquired a high pressures on the GLCC?® and other available
data from complex three-phase systems, such as flow splitting at tee junctions, will be used
to test and refine the numerical code. For the current project, the CFD modd will be used for
initid parametric studies of possble design modifications to the GLCC®. Moreover, the
modd will provide detalled performance prediction for untried gpplications for which no data

are available, such as high-pressure, sub-sea separation.

7. Results and Discussion

As a pat of the tasks identified for the current budget period, the following specific
activities have been completed:

A) Qil/Water Separation in LLCC®? Separators
Objectives The primary objective of this study is experimentd invedtigaions to determine

the performance of LLCC® for bulk separation of oil-water mixtures.

The picture of the LLCC test section is shown in Figure 3. The LLCC is a 2inch ID
pipe mounted verticdly with a totd height of 80 inches. It is fabricated utilizing trangparent
R-4000 clear PVC pipe, schedule 80. The mixture flows into the LLCC through a horizontd
inlet of 2-inch ID, located 40 inches below the top of the LLCC. The oil-waer mixture is
separated due to centrifugd and gravity forces. The mixture is split into two dreams, the
overflow dream that is rich in oil and the underflow dream that is rich in water. At
downstream of the LLCC, each of the two sreams flows through the downstream metering
section, located upstream of the three-phase separator, where flow rate, dendty and watercut
are measured for each stream, using Micromotion mass flow meter and Starcut watercut
meter. Control vaves, mounted downsream of the meters control the flow rate in each

sream.

2 LLCC? - Liquid- Liquid Cylindrical Cyclone — copyright, The University of Tulsa, 1999.



Figure3- LLCC Test Section

Experimental Investigations:

The feashility of the Liquid-Liquid Cylindricd Cyclone for free water knockout bulk
separation of oil-water mixtures has been dudied experimentdly and theoreticaly. This
sudy promotes a better understanding of liquid-liquid flow characteristics necessary for the
development of the LLCC as afree water knock out device.

LLCC inlet desgn is modfied from incdined inle to horizontd inlet. Other
gppropriate design change such as the vortex finder is added to the LLCC, and a modified
LLCC is obtained. This modified LLCC is capable of separating free water from high inlet
mixture veocities. Figure 4 demondrates the peformance improvement of the modified
LLCC.

Test Matrix: Experiments were conducted for the entire water-continuous and ail-

continuous range, i.e. from 95% Water-Cut at the inlet to 10% Water-Cut. For each inlet

water concentration, three different mixture velocities were taken into account and for each
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LLCC with Inclined Inlet LLCC with Horizontal Inlet Modified LLCC

Figure4 (a) - O.S.R =43% Figure4 (b) - O.S.R=43% Figure4 (c) - O.S.R =49%
Underflow W.C = 96.9% Underflow W.C = 100% Underflow W.C = 100%

Figure 4 — Performance Improvement of Modified LLCC



mixture velocity, split ratio (Overflow rate / Tota Inflow rate) was varied so as to obtain
100% pure water in the underflow.
Results: Based on the results, following conclusions can be drawn:
LLCC can be successfully used for free water knockout bulk separation of oil and
water mixtures for both water continuous (inlet water concentration ranging from
50% to 95%) and ail continuous flow (inlet water concentration ranging from 40% to
50%).
The free water knockout process can be optimized between increesng underflow

rates and acceptable watercut in the underflow stream.
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Figure 5 — Optimal Split Ratio Phenomenon in an LLCC Test Section

For the LLCC, a low gplit ratios, the effluent in the underflow is clean water. Above
a specific qlit retio the oil phase dats flowing into the undeflow. There dways

exigds an optimd split ratio, as shown in Figure 5 where the water flow rate is



maximum with 100% water-cut. The vadue of the optima (maximum) split raio for
100% water-cut in the underflow varies, depending upon the exisiing flow pattern; for
the Straified and Oil-inWater Dispersion - Water Layer flow patterns this maximum
glit ratio is about 60%. For the Double Oil-inrWater Digperson and Oil-in-Water
Disperson flow paterns, the maximum split ratio ranges from 50% to 20%,

decreasing with the increase of oil content at the inlet.

Underflow watercut is measured using two different watercut meters (Micromotion
mass flow meter & Starcut watercut meter) operaing by different principles, namdly,
Coriolis principle and microwave dtenuation principle, respectively. Both the
watercut meter readings showed very good agreement for most of the cases
However, for low inlet mixture velocities, the microwave meter (Starcut) showed an
accurate reading compared to the Coriolis watercut meter (Micromotion). This
performance difference could be due to: oil entragpment in the underflow meter and
overszed Coriolis meter for low mixture velocities. Sampling is an important issue to
be considered for a Starcut configuration.

B) Oil/Water LLCC® Control
A liner modd is developed for LLCC with underflow watercut as the control
parameter. This mode provides the framework for control sysem desgn and
dynamic smulaion. Controller design has been conducted for the proposed control

drategy using Root Locus Techniques. From the root locus desgn, the feedback
controller settings are obtained. It can be noted that the controller settings depend
upon the inlet watercut and the inlet mixture veocity. Different settings have to be
provided for different inlet flow conditions for perfect feedback control. However, the
controller settings designed for one particular flow condition can be useful for a range
of flow conditions achieving satisfactory performance.

A unique control drategy is developed, which can provide a much superior
performance as it involves the direct messurement of a control parameter of
immediate concern. This drategy is cgpable of mantaning cler water in the
underflow and Imultaneoudy maximizing the flow rae in the undeflow dream. It
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tries to mantan the optima lit ratio that depends upon the inlet water
concentration and inlet mixture veocity. The controller design and dynamic
smulation of the proposed control strategy are also provided.

Control systlem simulator is developed as shown in Figure 6, using Matlab/Simulink®
software. Detailed dynamic ssimulations show that: LLCC control sysem can handle
different combinations of the inlet water and oil flow disturbances. The system can be
brought back to the desired set point very fast. However, the optimal split ratio may
not be the same for dl flow conditions. The control vave dynamics are much less. As
the life of the control vave is limited, cregting a lot of control vave dynamics can
wear out the control vave early.
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Figure 6 — LLCC Control System Simulator
The developed control system is cgpable of contralling the underflow watercut over a

range of flow conditions (inlet water concentrations ranging from 40% to 95%)
namdy, dratified flow, digperson of oil in water with a water layer a the bottom,
double disperson of oil in water and disperson of water in oil. The time responses of
the underflow watercut and the control vave show that the ystem can be restored to
the set point very fast. It may aso be noted that, as the disturbance increases, the

dynamics of the sysem will dso increase.
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C) Oil/Water/Gas Separation in Three-Phase GLLCC®
The objective of this study is to investigate the feasibility of three-phase GLCC® as a
bulk separator. |s it possible to utilize the 3-phase GLCC® for bulk separation of the oil-water

liquid phase for free-water knock out? If proven successful, this will sgnificantly smplify
the separation facilities downstream.

A new experimenta flow loop has been condructed in the College of Engineering
and Naturd Sciences Research Building located in the North Campus of TU. This indoor
facility enables year around data acquidtion and smultaneous testing of different compact
Separation  equipment. The oil/water/air three-phase indoor flow fadlity is a fully
indrumented  date-of-the-art  two-inch flow loop, enabling testing of dngle separation
equipment or combined separation sysems.  The three-phase flow loop conssts of a
metering and storage section and amodular test section.

The experimentd data acquigtion for the 3-phase GLLCC, shown in Figure 7, has
been completed. Extensve data set was acquired for a fixed gas superficia velocity and fixed
ol finder postion. The water and oil superficia velocity ranges were 0.1 to 0.5 m/s and
0.025 to 0.5 nV/s, respectively. The split ratio (the ratio of totd flow rate in the overflow and
the tota flow rate at the inlet) was varied from 10 to 100% for each oil and water velocities
combination. The results indicate that for low oil concentrations and high water superficid
velocities the watercut in the waer dream increases. Typica experimenta results in a
GLLCC separator to demondrate the purity of watercut in water line for different inlet
concentrations is shown in Figure 8. The experimenta results from the single sage GLLCC
demongrate that it isavery good bulk separator but not a fine separator.

The initid modding effort of this project focuses on the LLCC. A prdiminary
modeling for the LLCC® has been developed. It includes the prediction of the existing flow
patterns a the horizonta inlet, and the andysis for moderate input oil concentration and low
input oil concentration. The LLCC mode has been completed, and will be extended to the
GLLCC in the next few months. Schematic of the observed inlet flow patterns in an LLCC
and the inlet flow pattern mgp ae shown respectively in Figures 9 and 10. Modes for
maximum and minimum oil droplet Sze didribution for different inlet flow patern are
shown in Figure 11.

15



®  Fig. 7- Sngle-Stage GLLCC® in
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D) Predictive Control of GLCC® Using Slug Detection
Fed gpplications of Gas Liquid Cylindricd Cyclone (GLCCO) separators  strongly

depends on the implementation of control systems, due to its compactness, less residence
time and possible inlet large flow variations. Current design and performance of the GLCC®
are dependent on the prediction of the upstream inlet flow conditions based on available
models. It is expected that early detection of terran dugging (dug length, dug veocity and
holdup) and contralling the liquid level in the GLCC® using feed-forward mechanisn can
improve the operationd range of GLCC®, by decressing the liquid carry over and gas carry
under, and thereby decreasing the control vave dynamics. The conventiona feedback control
loops can sldom achieve perfect control considering the impact of huge dugs tha is keeping
the output of the process continuoudy away from desred set point value. A feedback
controller reacts only after it has detected a deviation in the vdue of the leve from the set
point. Whereas, a feed forward control configuration measures the disturbance directly and
takes control action to negate the effect of the disturbance on the liquid level in the GLCCP.
Therefore, feed forward control system has the theoretica potentia for perfect control.

A modd has been developed for predictive control system integrating feedback and
feed forward control sysems. This strategy for GLCC® predictive control incorporates the
dug charecteridics in terms of holdup, length and veocity, and cdculation of the volumetric
liquid flow rate. The predictive control system (schematic shown in Fig. 12) is desgned to
operate only when huge dugs are encountered. Based upon the design, a predictive control
modd has been smulaed in MATLAB-Smulink integrating feedback and feed forward
control sysems, as shown in Fg. 13. Detaled theoreticd and experimenta dudies were
caried out to edimae control sysem dynamics under different control configurations.
Comparison of smulaion and experimentd results shows that the predictive control system
is capable of handling huge dugs by reducing the liquid level percentage overshoot and
liquid levd sHtling time condderably. Sgnificat reduction in control valve dynamics is adso
achieved. This can be conddered as a viable gpproach to handle huge dugs, which can cause
considerable damage to the operational efficiency of GLCC®.

19
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E) GLCC Separators for Wet Gas Applications
Objectives: Present studies of GLCC focus on design and applications at relatively lower

gas velodities (below the minimum velocity for onset of liquid cary-over in the form of mig
flow). With appropriate modifications GLCCs can be used for wet gas and high gas oil ratio
(GOR) agpplications, characterized by higher gas velocities, to knock out the liquid droplets
from the gas core. As part of this sudy, a novel desgn of GLCC capable of separating liquid
from a wet gas stream has been developed. Experimentd investigations are in progress to
evauate the GLCC peformance improvement in terms of operationd enveope for liquid
carry-over; and, measure the liquid extraction from the gas sream. Specific design guiddines
for wet gas GLCC are dso being formulated based on the experimentd dudies. This
investigation provides new capabilities for compact separators for wet gas and high GOR
(exceeding 90%) applications.

Figure 14 shows the GLCC test section with dud annular film extractor for high GOR
goplications a high pressures. It is a 6”7 GLCC with a 6" indined inlet pipe and a tangentid
inlet nozzle with an opening area of 25% percent of the inlet pipe cross section area. The
liquid film extractor is located just above both the inlets. A liquid control vave in the liquid
leg is usad to contral the liquid level usng the liquid level dgnd provided by the liquid leve
sensor, and a gas control vave in the gas leg is used to control the operating pressure using

the pressure signal provided by the pressure transducer.

Experimental Results: The experimenta results include the operational envelopes for liquid

carry-over and measurement of liquid extraction by the liquid film extractor.
Operational Envelope. The experimentad results of the operational envelops for different
GLCC configurations include
1. Opeationd envelope for the origind GLCC without liquid leve control.
2. Operaiond enveope for the origind GLCC with liquid level control.
3. Operationd envelope for the modified GLCC for wet gas applications with liqud
leve contral.
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The operationa envelope for the origind GLCC terminates a a supeficid ges
veocity of 20 ft/s Beyond this gas veocity, the gas will blow out through the liquid leg
because of the low liquid levd in the GLCC. The liquid leve cortrol extends the operationa
envelope both in the high liquid velocity and high gas velocity regions. But the operationd
envelope terminates a superficia gas veocity of 33 ft/s, which is the gas critical velocity for
the onset of mig flow. Beyond this gas veocity, mist flow occurs a the upper pat of the
GLCC and liquid is carried-over either by fine droplets or by liquid film dong the pipe wal.
With the modified GLCC, high veocity of the gas core through the tangentid nozzle pushes
the liquid droplets in the gas core towards the pipe wal forming an upward swirling liquid
film. The liquid film extractor removes dl the upward flowing liquid film before the liquid
gets re-entrained into the gas core. Therefore, the modified GLCC can operate a very high
gas velocities (beyond n_;, =33 ft/) and il can tolerate superficid liquid velocities up to
0.5 ft/s. The operaiond envelope for the modified GLCC (shown in Fig. 15) terminates at
superficid gas veocity of 58 ft/s because of the capacity limitation of the compressor. The
operationd envelope can extend further in the higher gas veocity region until the axid gas
veodity is high enough to re-entrain the liquid into the gas core. Specific desgn guiddines
have been formulated for high GOR GLCCs and are given in Figure 16.

F) High Pressure GLCC Tedt Results

In addition to the Texas A&M experimenta work, this project cals for high pressure,
high Gas Volume Fraction (GVF) testing a the CEES facility in Colorado. In pursuit d this
tak, a GLCC has been fabricated and preliminary investigations have been conducted to

evaduate the separation efficiency of the GLCC for pressures as high as 1000 ps. A suitable
tet matrix has been developed for testing that complement the work aready done by
Chevron a this fadlity. High-pressure GLCC test results on the separation efficiency are
plotted in Fg. 17. The results indicate that the liquid separation efficiency is around 100% if
the superficid gas veocity is aout 1.2 to 1.6 times the annular mist velocity of the gas As
the superficid gas velocity increases the separation efficiency drops down drasticdly (to as
low as 30%) at lower pressures and higher liquid velocities due to the liquid carry-over in the
form of annular mis. However, a higher pressures the separation efficiency is much higher
(always above 60%). It isinteresting to note that this difference is much less pronounced at
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UM@ Fig. 16 - Design Guidelines;
s’ High GOR GLCC Dimensions

GLCC diameter

Vsg/Vann = 2-3 for efficiency above 90%
Vs|<0.5 ft/s

Inlet dimensions
Diameter: <=Dglcc

Inclination angle: -20 to —30 degree
Length: 5-10 Dglcc

Nozzle: 20-25% of Ag| c

GLCC height

Upper section (above inlet): depends on AFE
Lower section (below inlet): depends on retention time
for GCU




@ Fig. 17 - High Pressure GLCC Test
UMY Results: Separation Efficiency

Regular GLCC Performance for LCO
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lower liquid superficid veocities The efficiency curves for 200 pd, 500 ps and 1000 ps
overlap each other at lower liquid velocities.
G) Gas Carry-under in GLCC® Separators

The objective of this sudy is twofold: to study experimentaly the hydrodynamics of
dispersed two-phase swirling flow in the lower pat of the GLCC; and, to develop a

mechanistic modd for the prediction of this complex flow behavior, to endble the prediction
of the gas carry-under in the GLCC.

The developed mechanistic modd is composed of severd sub-modds asfollows

Gas entrainment in the inlet region

Continuous-phase swirling flow field

Dispersed-phase particle (bubbles) motion.

Diffusion of dispersed-phase
Integration of the above sub-modes yidds the amount of gas being caried-under, and the
separdion efficiency of the GLCC. Two solution schemes are proposed, namey, the
EuleriantLagrangian Diffuson modd (usng finite volume method) and LagrangiatBubble
Tracking modd. Also smplified mechanistic modds for these two gpproaches have been
developed.

Lage amount of locd measurement of swirling flow have been processed and
andyzed to develop corrdations for the swirling flow fidd and the associated turbulent
quantities. These corrdations are used in the proposed modds. Also, experimentad data on
gas-carry under were acquired for air-water flow.

The reaults include the performance of the developed corrdaions for the swirling
flow fidd and its turbulent quantities. Also presented are the results for both solution
schemes and the performance of the mechanistic model. The results of this sudy demondrate
the potentid of the proposed approach for predicting the void fraction digtribution in
dispersed two-phase swirling flow and the associated gas carry-under in GLCC separators.
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8. Conclusions

LLCC inlet desgn is modfied from indined inle to horizontal inlet. Other
gppropriate design change such as the vortex finder is added to the LLCC, and a modified
LLCC is obtaned. This modified LLCC can be successfully used for free water knockout

bulk separation of oil and water mixtures for both water continuous and ail continuous flow.

The free water knockout process can be optimized between increesng underflow rates and
acceptable watercut in the underflow stream. There dways exigs an optima split ratio,
where the water flow rate is maximum with 100% water-cut.

A linear model has been developed for the first time for LLCC separators equipped
with underflow watercut control. A unique control srategy is developed and implemented,
cgpable of obtaining clear water in the underflow line and mantaining maximum underflow.
Comparison of smulation and experimenta results shows that the control sysem smulator
IS cgpable of representing the red physical system. The results of experimental studies prove
that the LLCC equipped with control system can be readily applied in the fidd, for inlet
water concentration ranging between 40% and 98%.

The experimentd data acquistion for the 3-phase GLLCC has been completed.
Extengve data set was acquired for a fixed gas supeficid veocity and fixed oil finder
pogtion. The watercut in the water output stream was plotted as a function of the split ratio.
The results indicate that for low oil concentrations and high waer superficid veocities the
watercut in the water stream increases.

A preiminary modd for the LLCC® has been developed. It includes the prediction
of the exiding flow peatterns a the horizonta inlet, and the andysis for moderate input oil
concentration and low input oil concentration.

A modd has been devdoped for GLCC predictive control system integrating
feedback and feed forward control systems. This strategy incorporates the dug characterigtics
in terms of holdup, length and veocity, and cdculation of the volumetric liquid flow rate.
Comparison of smulation and experimentad results shows that the predictive control system
is capable of handling huge dugs by reducing the liquid level percentage overshoot and
liquid level settling time congderably.

A nove design of GLCC capable of separating liquid from a wet gas stream has been
developed. Experimenta investigations are in progress to evduate the GLCC performance
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improvement in terms of operationa envelope for liquid carry-over; and, measure the liquid
extraction from the gas stream. Specific design guidelines for wet gas GLCC are dso being
formulated based on the experimentad <udies. This investigation provides new capabilities
for compact separators for wet gas and high GOR (exceeding 90%) applications.

The high-pressure (upto 1000 ps) GLCC test results indicate that the liquid
separation efficiency is around 100% if the superficia gas velocity is about 1.2 to 1.6 times
the annular mist velocity of the gas. As the superficid gas veocity increases the separation
efficiency drops down dragticdly (as low as 30%) a lower pressures and higher liquid
velocities due to the liquid cary-over in the form of annular mist. However, a higher
pressures the separation efficiency is much higher (above 60%). This difference is much less
pronounced at lower liquid superficiad velocities.

Mechanigtic modd has been developed incorporating gas entrainment in the inlet
region, continuous-phase swirling flow field, dispersed-phase particle (bubbles) motion and
diffuson of dispersed-phase. Integration of the above sub-modds yidds the amount of gas
being carried- under, and the separation efficiency of the GLCC.
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