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B:00 a.m. Breakfast
Allen Chapman Activity Center - Gallery
8:30 Introductory Remarks Cerm Sarica
8:40 CAPE OPEN Michel Pons, Co-Lan
9:04 TUFFP Progress Reports
Characterization of Oil-Water Flows in Inclined Serdar Atmaca
Pipes
Lagrangian-Fulerian Transient Two-phase Flow Kwon 11 Choi
Mode}
1030 Coflee Break
10:30 TUFFP Progress Reports
Low Liquid Loading Gas-Oil-Water Flow in Hongkun (Tom) Dong
Herizontal Pipes
Low Liguid Loading Gas-Oil-Water F, fow in Feng Xiao
inclined Pipes
New Dimensionless Parameters and & Power Law Abdel Al-Sarkhi

Correlation for Pressure Drop of Gas-Liquid Flows
in Horizontal Pipelines

12:15 p.m. Lunch — President’s Formai Lounge

1:30 p.m. TUFFP Progress Reports
An Experimental and Theoretical Investigation of Bahadir Gokcal
Slug Flow for High Oil Viscosity in Horizontal and
Near-Horizontal Pipes

Multiphase Flow in Hilly Terrain Pipelines Gizem Ersoy
2:45 Coffee Break
3:00 TUFFP Project Reports

Review of Drop-Homophase Interaction Study Abdel Al-Sarkhi

(Effect of Pipe Inclination)

Up-scaling Stadies in Multiphase Flow Abdel Al-Sarkhi

Three-Phase Flow Unified Model Update Holden Zhang
3:30 Questionnaire Abdel Al-Sarkhj
A:00 TUFFP Business Report Cem Sarica
“4:15 Open Discussion Cem Sarica
=30 Adjourn
€40 TCFFP/TUPDP Reception

Allen Chapman Activity Center ~ President’s Formal Lounge
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Executive Summary

Progress on each research project is given later in this
Advisory Board Brochure. A brief summary of the
adivities is given below.

*  Investigation of Gus-Oil-Water Flow”, Three-
phase  gas-oil-water flow is  » COMInon
occurrence in the petrolewm mmdustry.  The
ultimate objective of TUFFP for gas-oil-water
studies is to develop a unified model based on
theoretical and experimental analysis. A three-
phase model has already been developed. A
PhD. student and an MS student have been
assigned to work om this project o investigate
the melined and vertical pipe thres-phase flows.

®  “Characterization of Oil-water T wa-phase Flow
in Horizontal and Stightly Inclined Pipes”. Our
three-phase  mede] requires  knowledge on
oil/water interaction. Moreover, oil-water flow
is of interest for many applications ranging from
horizental well flow to separator design. The
objectives of this study are to assess performance
of current models by checking against
experimental data  and tmprove the models
through better closure relationships, High speed
video and other instruments are utihized to gather
detailed  information  such  as drop  size
distribution as finction of flow patterns.

After Ms. Maria Vielma’s study on horizental
cil-water flow, Mr. Serdar Atmaca has recently
completed a study on oil-water flow for inclined
pipes. Inclination angles of +1%, 2% and -5 are
investigated.  Flow patiern, pressure gradient,
holdup, droplet size mezsurements were made
for various operational conditions. Droplet size
distribution is found to be log-normal. Measured
maximum, minimum and average droplet sizes
are compared with the predictions from the
existing correlations. The resuits mdicate poor
performance of the existing correlations

*  High Viscosity O T wa-phase Flow Behavior”,
Oils with viscosities as high as 10,000 cp are
produced from many fields around ihe world.
Current multiphase flow models are largely
based on experimental data with low viscosity
fluids.  The gap between lab and field data may
be three orders of magnitude or more.
Therefore, the current mechanistic models need
o be verified with higher liquid  viscosity
experimental resulis,  Modifications or new
developments are necessary,

Almost all flow models have viscosily as an
intrinsic variable. Multiphase flows are expecied
to exhibit significantly different behavior for

higher viscosity oils. Many flow behaviors will be
affected by the liguid viscosity, including droplet

formation, surface waves, bubble entrainment, slug
mixing zone, and even three-phase stratified flow.

Earlier study conducted by Gokeal at TUFFP showed
that the performances of exxsting models are not
sufficient for high viscosity otfs. It was found that
increasing ol viscosity had a significant effect on
flow behaviors, Mostly, intermittent flow (stug and
clongated bubble) was observed in his study, Based
on his results, this study will mmitially focus on slug
flow region,

Air and highly viscous oil two-phase experiments
will be performed with the 2-in. ID high viscosity
indoor facility, Pressure drop and slug characteristics
inchuding translational velocity, slug liquid holdup,
slug length and frequency will be measured in this
study. During  this  period, drift velocity
measurements for horizontal pipe configuration have
been made, The drift velocity is found to decrease
with increasing liquid viscosity.

“Droplet  Homo-phase Interaction  Study”, In
multiphase flows, there are many cases where
droplets are entrained from or coalesced info a
continuous homophase. For example in annular mist
flow, the liguid droplets are in dynamic equilibrium
with the film on the walls, experiencing both
entrainment and coalescence, Very few mechanistic
models exist for entrainment rate apd coalescence
rate.  Understanding the hasic physics of these
phenomena is essential to model situations of
practical interest to the industry.  Droplet homo-
phase covers z broad range of possibilities,

Currently, our efforts in droplet  homo-phase
interaction are distributed in various projects such as
oil-water flow, high viscosity oil two-phase flow and
low-liguid loading projects,

In the past a sensitivity study of multiphase flow
predictive models showed that, in stratified and
annular flows, the variation of dropiet entrainment
fraction can significanily affect the predicted pressure
gradient.  Although better entrainment  fraciion
correlations were proposed, it is identified that there
s a need o experimeptally  investigate  the
entrainment fraction for inclined pipes. A new
experimental study will be initiated using the severe
slugging facility,

“Lagrangien-FEulerion Transient Two-Phagse
Model”. This project was formerly titled as “Three-
phase Redistribution in Sub-sea Flow Line -~ Riser
Systems after Shut-in. The main motivation for this




study comes from the need to mitigate hydrate
formation following the cool-down of the fluids
and high pressure surge during the shut-in. The
study of the transient temperature variation along
with the phase redistribution is critical for the
design of the flow line-riser system as well as for
the flow assurance during production cycle.

First, a two-phase transient model is formulated
and solved. The model is capable of stmulating
not only the phase redistribution but also any
other transients. The model is recently tested by
comparing it with severe slugging experimentai
data.  Moreover, the applicability of the model
for the well shut-in is recently demonstrated,
The next step in the research will be modefing of
three-phase transients by following a simlar
approach.

“Low Liquid Loading Gas-Oil-Water Flow in
Horizontal and Near Horizontal Pipes”. Low
liquid loading exists widely in wet gas pipelines.
These pipelines often contain  water and
hydrocarbon condensates.  Small amounts of
liquids can lead to a significant pressure loss
along a pipeline. Moreover, existence of water
can significantly contribute to the problem of
corrosion and hydrate formation, Therefore,
understanding of the flow characteristics of low
liquid loading gas-oil-water flow is of great
mmportance in transportation of wet gas,

During this period the testing was completed for
horizontal flow configuration. A large amount of
data 1s coilected on various flow parameters such
as flow patterns, phase distribution, onset of
droplet entrainment, entrainment fraction, and
film velocity. The results reveal a new flow
phenomenon,

“Multiphase Flow in Hilly Terrain Pipelines .
The three-phase flow in hilly terrain pipelines is 4
Common occurrence in operations. The existence
of water phase in the system poses many
potential  flow  sssurance and processing
problems. Most of the problems will be directly
related to the flow characteristics, Although the
characteristics of two-phage gas-hquid flow have
been investigated exclusively, there are very few
studies addressing multiphase gas-oil-water flow
i hilly terrain pipelines. The general objectives
of this project are to thoroughly investigate,
compare existing models and develop closure
relationships and predictive models for three-
phase flow of gas-oitwater in killy-terrain
pipelines.

The facility modifications are planned and currently
being implemented. New water and oil pummps have
been purchased from Seepex with a significant
discount. A new three-phase separator has been
ordered from Natco. A spill prevention plan is
prepared and being implemented. The remammng
tasks inciude purchasing of the metering equipment,
changing of feed lines with large diameter pipes to
reduce the pressure losses prior to the test section, and
instrumentation of the facility.

®¢  “Up-scaling Studies”. One of the most important
issues that we face in multiphase flow technelogy
development 1s scaling up of small diameter and low
pressure results to large diameter and high pressure
conditions.  Studies with a large diameter facility
would significantly improve owr understanding of
flow characteristics in  actual field conditions.
Therefore, cur main objective in this study is to
investigate the effect of pipe diameter and pressures
on flow behavior using 2 larger diameter flow loop.

Puring this period, a detailed drawing of the facility
is prepared and the location of the faciiity is
wentified. The major equipment such as cireulation
compressor, heat exchanger, three-phase separator,
liquid tanks and a generator have been sized and
identified. Among those, the generator has been
ordered,

®  “Uniffed Mechanistic Model”. TUFFP mamntaing, and
contiruously improves upon the TUFFP unified
model.  Our current efforts are concentrated on
improving the robustness of the unified model
computer programs. After the completion of
modifications, the unified model will be an easy plug
-in to commercial simulators. We are collaborating
with  Schlumberger on Unified Model Program
HIprovements.

Since the last Advisory Board meeting, JOGMEC and
ExxonMobil have joined TUFEP, Therefore, current
TUFFP membership stands at 18 (17 industrial companies
and MMS). DOE supports TUFEP in the development of
new generation multiphase flow predictive tools for three-
phase flow research. DOE's support translates into the
equivalent of four additional members for five years,
effective July 2003, Efforls continue to further increase
the TUFFP membership level.

A detailed financial report is provided in this reporl. We
thank our members for their continued support.  DOE
funding that has supporied our research activities in oil-
water-gas project is ending in 2008, This means a loss of
about $145,000/year income. To be able to continue at
the same capacity and pace, the membership fee will be
increased fo $48,000/vear effective 2008,

P




Several related projects are mnderway.  The related
projects invelve sharing of facilities and personnel
with TUFFP. The Paraffin Depesition consortium,
TUPDP, is into its third phase ‘with expected 12
members.  The Center of Research Excellence
{TUCGREY mnitiated by Chevron af The University of
Tulsa funds several research projects. TUCoORE

activities in the area of Heavy Gil Multiphase Flow have
resulted in a new Joint Industry  Project (JIP) 1o
investigate Heavy Oil Multiphase Flow in more detajl.
The JIP currently has three members. Chevron has
already made $38%0,000 commitment te upgrade an
existing facility to be used in the project.
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Welcome

Advisory Board Meeting, November 6, 2007

Safety Moment
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¢ Emergency Exits
6 Assembly Point — Grassy Area to Northwest
¢ Tornado Shelter
» Room 115, Southeast Emergency Stairwell
» Lower Level Restrooms
¢ Campus Emergency
» Call 9-911
» Campus Security, ext. 5555 or 918-631-5555
4 Rest Rooms

% Fluld Flow Prejects Advisory Board Meeting, November &, 2007
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introductory Remarks

é 69" Semi-Annual Advisory Board
Meeting
¢ Handout
» Combined Brochure and Slide Copy
¢ Sign-Up List
> Please Leave Business Card at
Registration Table

@ Fluid Flow Projects Advisory Board Meeting, November §, 2007
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¢ Research Associates
> Cem Sarica (Director)
> Holden Zhang (Associate Director)
»>Jim Brill (Director Emeritus)
> Abdel Salam Al-Sarkhi
» Mingxiu (Michelle) Li
»Shejiao Du

% Fiuid Flow Projects Advisory Board Mecting, November B, 2007




Team ...

B P O e N L S I SO0 P 3k S S R e S

6 Project Coordinator
» Linda Jones

¢ Project Engineer
» Scott Graham

é Research Technicians/Flow Loop
Operators

» Craig Waldron
»Brandon Kelsey

'§'§ 3 Flufd Flow Projects Advisory Board Meeting, November 6, 2007

Master
»James Miller

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

e




¢ TUFFP Research Assistants
» Serdar Atmaca (MS) - Turkey
» Kwonil Choi (Ph.D.) - Brazil
» Dongkun (Tom) Dong (MS)~ PRC
» Gizem Ersoy (Ph.D.) - Turkey
» Bahadir Gokcal (Ph.D.) - Turkey
> Kyle Magrini (MS) - USA
» Anoop Sharma (MS) — India
> Feng Xiao (MS) — PRC
> Tingting Yu (MS) - PRC

%I Fluid Fiow Projects Adviscry Board Meeting, November 6, 2007

Guests
¢ Jeb Bracey, BHP Billiton Petroleum
¢ Kamran Mirza, Seepex
¢ Michel Pons, CoLAN

% Fluld Flow Projects Advisory Board Meeting, November g, 2007
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Agenda

é 8:30 Introductory Remarks
¢ 8:40 CAPE OPEN
6 8:45 Progress Reports

»An Experimental Study of Oil-Water Flows
in Slightly Inclined Pipes

»Lagrangian-Eulerian Transient Two-phase
Flow Model

$ 10:30 Coffee Break

g’g Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Agenda ...

é 10:40 Progress Reports

> Low Liquid Loading Gas-Oil-Water Flow in
Horizontal Pipes

> Low Liquid Loading Gas-Oil-Water Fiow in
Inclined Pipes

» New Power Law Correlation for Pressure
Drop of Gas-Liquid Flows
é 12:15 Lunch
Allen Chapman Activity Center

(ACAC) - Presidents Formal
Lounge

11 Fleid Flow Projects Advisory Board Meeting, November G, 2007




Agenda ...

¢ 1:30 Progress Reports

> Effect of High Oil Viscosity on Two-
phase Qil-gas Flow Behavior

> Multiphase Flow in Hilly Terrain
Pipelines

& 2:45 Coffee Break

g fiuid Flow Projects Advisory Board Meeting, November 6, 2007
Agenda
T g g 5 ST g S g e

é 3:00 Progress Reports ...
» Droplet-Homophase Interaction Study
» Up-scaling Studies
> Three-phase Flow Unified Flow Update
é 3:50 Questionnaire
¢ 4:00 TUFFP Business Report
é 4:15 Open Discussion
é 4:30 Adjourn
6 6:00 TUFFP/TUPDP/TUHFP Reception

(ACAC — President’s Formal
Lounge)

% Fluid Flow Projects Advisory Board Meeling, November 8, 2007







Characterization of Oil-Water
Flows in Inclined Pipes

Serdar Atmaca

Advisory Board Meeting, November 6, 2007

: ]
Outline
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é Objectives

¢ Introduction

¢ Literature Review Summary

¢ Experimental Facility Modification
é Experimental Study

¢ Experimental Results

é Conclusions

[/

%@g Fluid Flow Projects Advisery Board Meeting, November §, 2087
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Objectives

6 Acquire Detailed Experimental Data
Including Droplet Size Distributions
and Velocity Fields in Inclined Pipes
for Different Operating Conditions

¢ Develop New Closure Relationship for
Phase Distribution

é Improve Existing Oil-Water Flow
Models or Develop New Ones if
Necessary

% Fluaid Flow Projects Advisory Board Meeting, November 6, 20067

Introduction

A ‘;v-‘ T A ?ﬂg\«g&;@\,‘ Wt o D e, it o O g

é Knowledge of Qil-Water Flow
Mixtures Helps

>Develop Better Two-Phase Liquid-
Liquid Models

»Understand More Complex Gas-Oil-
Water Flow

»Design Pipelines and Facilities

i%? Fluid Flow Projects Advisory Board Meeting, November 6, 2007




Literature Review Summary

é Experimental Data mostly on Holdup
and Pressure Drop

¢ Studies Mostly for Horizontal
Configuration

é No Consensus on Flow
Characterization for Partially
Dispersed Flow Pattern

¢ Very Limited Experimental Data on
Droplet Size and Distribution

% Fluid Flow Projects Adviscry Board Meeting, November 6, 2047

Experimental Study

— T —— — e
R G e e G g g g g

é Velocity Ranges

> Superficial Oil Velocity
40.03 -1.75m/s

> Superficial Water Velocity
40.03-1.75m/s

é Inclination

»Horizontal Flow and Slightly Inclined
400, £1°, £20 and -5°

% Fluld Flow Prajects Advisory Board Meeting, November §, 2007
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Uncertainty Analysis

Veasurement Randem | Systematic | Degrees of Overall
mieasuremen Uneertainty | Uncertainty| Freedom | Uncertainty (Uy;)
Pressure Brop (Pa/m) 0.00503 0.04677 Infinity 0.04784
v, (m/s) 0.00003 9.06065 Infimity 0.00008
v, {mis) (.00003 5.60001 Infinity (.00007
¥y {11/} (190005 {.60005 Infinity 0.00011
H, 9.00459 0.02294 Infimty 0.024706
CJ/H, 0.00644 (.02359 Infinity 0.02688
g’; Fluid Flow Projects Advisory Board Meeting, November 6, 2087

Experimental Results
é 324 Data Points
é 0°, +1°, £2° and -5° Inclination Angles
Covered
é 0° Used for Comparisons

¢ Upward and Downward Representative
Inclinations will be Presented

% Fluid Flow Projects Advisory Board Mesting, November 6, 2067
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Experimental Results...

¢ Flow Patterns

é Pressure Gradients

é Water Holdup

é Phase Distributions

¢ Droplet Size and Distributions

@ Fiuid Flow Projects Advisory Board Meeting, November 6, 2007

Flow Patterns

Vgo= 0.025 m/s Vgo= 0.250 m/s
Vew™ 0.025 m/s Vg™ 0.500 m/s
(ST) (ST&MI)

% Fiuid Fiow Projects Advisory Board Meeting, November §, 2007
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Flow Patterns...

Vgo= 0.050 m/s Vo™ 1.000 m/s
Veu= 1.000 m/s Vo= 0.400 m/s
(DO/WEW) ~ (DO/W &DWI/0)

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Flow Patterns...

Vso= 0.050 m/s Vso= 1.750 m/s
Vsw= 1.750 m/s Vg™ 0.100 m/s
(DO/W) {(DW/0)

i

Fiuid Flow Projects Advisory Board Meeting, November &, 2007




Flow Patterns...

Vso= 0.100 m/s  vgo=0.500 m/s
V= 0.250 m/s Veuw™ 0.025 m/s
(TRNS ST to ST&MI) (DW/O&O)

% Fluid Flow Projecis Advisory Board Meeting, November 6, 2007

Experimental Flow Pattern Map
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Comparison of Flow Pattern
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§ Fluid Fiow Projects

Comparison of Flow Pattern Boundaries
Zhang et_w\al Model (9=-2°)
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Comparison of Flow Pattern Boundaries
Zhang et al. Model (6=+2°)
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Pressure Gradients
(VSO"’O 025 m/s Horlzontal)
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Experimental Pressure Gradients
(8=+2°)
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Experimental Pressure Gradients
(6=-2°)
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Experimental Pressure Gradient
 Comparison (8=-2°)

dp/dL (Pa/m)

—*-vsos= 0.025 m/s_ Model

= vsom 0,025 m/s_Experimental Data

-400 R som 0100 mis Model _
600 - Tw’“»’ e 50+ 0,100 m/s E)ia.penmcnta] Dat_g_’
0.00 0.50 1.00 1.50 2.00
vsw {m/s)

‘E‘g g Fluid Flow Projects Advisory Board Meeting, November §, 2007
Experimental Pressure Gradient
Comparison (8=-2°)
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Comparison of Pressure Gradients
Zhang et al. Model (Horzzontalﬂ_)ﬁ &_
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% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Comparison of Pressure Gradients
| Zhang et al Model (9“+1 °)
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Pressure Gradient_Mode!l

Comparison (Unified Model)

e g g e A S . . S SRS, 5. o

&1 (%

E3{%)

&4 (Paim}

Eg {Palm)

&g {Pa/m}

Pressure
Gradient

73.93

863.08

155.26

194.91
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@ Fluid Flow Projects

Advisory Board Meeting, November B, 2007

Experimental Water Holdup (0=-2°)
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Experimental Water Holdup (6=+2°)
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Experimental Water Holdup Ratio (6=-2°)
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Experimental Water Holdup Ratio
(8=+2°)
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Normalized Drift Velocity (6=-2°)
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Mormalized Drift Velocity (6=+2°)
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Comparison of Water Holdup
Zhang et al. Model (9“+1 °)
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Comparison of Water Holdup
Zhang et al. Model (8=-1°)
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Water Holdup Model Comparison
(Unified Model)
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Phase Distribution. ..
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Droplet Size

robabil_istic Distribgﬁyq
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Droplet Size
Probabilistic Distributions

é O/W

6 W/O

6 ST&MI

¢ DO/WE&W

6 DO/W&DW/O
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Droplet Size Distributions — Repeatability
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Droplet Size Distributions O/W
(vso“a 025 m/s, v, =1.750 m/s, 8=+2°)
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Variation of SMD with v__ and
Inclmatlon Angles for Oo/wW Drspers;ons
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Droplet Size Distributions W/O
(v =1.750 m/s, VSW"'G 100 m/s, 6=+2°)
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Variation of SMD with v, and
Inclination Angles for W/O Dispersions
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Droplet Size Distributions ST&MI
(V5,=0.500 m/s, v, =0.100 m/s, 8=+2°)
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Variation of SMD with v_, and Inclination
Angles for ST&MI (v,,=0.500 m/s)
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Variation of SMD with Pipe Section
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Droplet Size Distributions — DO/W&DW/O
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Variation of SMD with v, and
Inclination Angles for Water Droplets
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Droplet Size Comparisons with Models
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6 Kouba (Maximum and Minimum)

é Brauner (Maximum for Both Dilute
and Dense Dispersions)

6 Angeli & Hewitt (Maximum and SMD)
é Kubie & Gardner (Maximum)

é Hinze (Maximum)
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Maximum Droplet Size Comparisons
Q/W Dispersions
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Minimum Droplet Size Comparisons
O/W Dispersions
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SMD Comparisons
O/W Dispersions

v,,=1.750 m/s, 6=-1°
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Maximum Droplet Size Comparisons
WIO '}Dlspers:ons
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Minimum Droplet Size Comparisons
W/O Dispersions
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SMD Comparisons
W/O Dispersions
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Droplet Size Model Comparisons

é Absolute Average Percentage Errors

> dax (O/W) Hinze 19.00%
5 d . (WIO) Brauner 41.46%
> d, (O/W) Kouba 43.49%
>d_.. (W/O) Kouba 57.55%

> SMD (O/W) Angeli&Hewitt 199.32%
> SMD (W/O) Angeli&Hewitt  61.74%

g Fluid Flow Projects Advisory Board Meeting, November 6, 2007
Conclusions

é Flow Patterns

» 8T, ST&MI, DO/W&W, DO/W, DW/O,
DO/W & DW/O, TRNS ST to ST&MI and
DW/O&O0O Observed

» Trallero Model Under-predicted ST
Region

»Zhang et al. Model Under-predicted
DO/W Boundary

% Fluid Fiow Projects Advisory Board Meeting, November 6, 2007




Conclusions ...

¢ Pressure Gradient
» Increases with Increasing v, and v,

» Existence of Minimum Pressure
Gradient for in Downward Flow

»Zhang et al.
4 Predicts Well in ST and ST&MiI
4 Over-predicts DO/W

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Conclusions ...
B R o e e e

é Water Holdup

» Increases with Increasing v, and
Decreases with Increasing v,

» vy > 0 For Low/Medium Flow Rates for
Downward Flow

»Vy < 0 For Low/Medium Flow Rates for
Upward Flow

»Zhang et al. Predicts Water Holdup
within 15% Error Band

% Fluid Flow Projects Advisory Board Mesting, November 8, 2007




Conclusions ...

6 Droplet Size Distribution
» Log-normal for All Flow Patterns

» Increasing Trend in SMD for O/W and W/O
with Increasing v, and v,

» Decreasing Trend in SMD for ST&Ml

» SMD has Increasing Trend from Bottom to
Top for DO/W&EW

»No Clear Trend Observed for Inclination
Angles

%’g Fiuid Flow Projects Advisory Board Meeting, November 6, 2607

Questions & Comments
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Characterization of Qil Water Flow in
Inclined Pipes

Serdar Atmaca

PROJECTED COMPLETION DATES:

TLHETAINIE REVIEW ooceeveieecve oo Completed
Facility Modification. ..o oo s Completed
TOSTRE e Completed
Model Comparison and Developmient. ... oo Cempleted
FIal REPOTLoc.iciiii e e Completed

Objectives

The main objective of this study is to investigate the
oilwater flow behavier in inclined pipes and collect
experimental data on oil-water flow including droplet
sizes, pressure drop, liquid holdup, phase distribution
and velocity fields to understand the physics and
phenomena of oil-water flow. The existing models
will be tested against the data, and attempts will be
made to improve the existing models or develop new
ones if necessary,

I ntroduction

Two-phase liquid pipe flow is defined as the
simultaneous flow of two immiscible liquids in pipes.
Omne of the common occwrrences in the petroleum
mdustry during fransportation and production is oil-
water flow In pipes. Moreover, two-phase liquid-
liquid flow is comumon in process and petrochemical
industry. Perhaps the most relevant and important
application is transportation of oil-water through
pipelines. Although the accurate prediction of cil-
water flow is essential, oil-water flow in pipes have
not been explored as much as gas-liquid flow as seen
from a detailed Hterature review that can be found in
April 2007 ABM report.

In tus study, 324 data points were collected and used
in the analysis of pressure gradient, water holdup,
phase distribution and droplet size distribution. In
the literature, there is Hmited data for inclined flow
especially for the droplet size and its distribution and
phase distribution.  All the results are compared
agamst the available models fo  check  the
performances of the models,

45

Experimental Study

The gas-oil-water facility is used for the experimental
part of this study. The TUFFP gas-oil-water flow
facility has been used for different studies by Vielma
(2007), Keskin (2007), Alkaya (2000}, Flores (1997)
and Trallero (1995). In these studies horizontal,
inclined, deviated and vertical oil-water and gas-cil-
waler experiments were conducted.

Experimentai Facility and Flow Loop
The facility (as shown in Fig. 1) consists of a closed
flow loop with the following components: pumps,
heat exchangers, metering sections, filters, fest
section, separator and storage tanks. The test section
Is attached to and inclinable boom. Aluminum nets
cover around the entire pipes to protect against a
possible burst.

There are oil and water storage tanks equipped with
valves at the outlet of each tank to control the flow
rates. After the storage tanks, progressive cavity
pumps are located to maintain the lquid flow rates.
After the progressive cavity pumps, there are manual
bypass valves to obtain low flow rates, and pressure
relief valves for excessive pressure control
Following the valves, there are 2 copper-tube type
heat exchangers to control the temperature of the
fluid during the tests. After the heat exchangers,
manual bypass valves allow the fluids to be pumped
back to the respective tanks. Two separate metering
sections are equipped with Micro Metion Corriolis
flow meters to measure mass flow rates and densities
of the fluids and with temperature transducers for
monitoring the temperatures of the fluids. Qi and
water flow through filters after the metering section,
At the mlet of the test section oil and water flow




through the mixing tee fo form the oil-water two-
phase flow. The current test section is composed of
two 21 1-m (69.3-f1) long straight transparent pipes,
connected by a 1.2-m (4.0-ft) long PVC bead to
reduce the disturbance to the flow pattern due to a
sharp turn.  The pipeline has a ¢.0508-m (2.0-in)
internal diameter. The upward branch of the lest
section consists of a 13.8-m (453-fi) long flow
developing section (L/D = 272.0), two short pressure
drop sections 5.2-m (17.0-f1) and 3.3-m {(11.0-f1)
long, one long pressure drop section combining the
two shorl sectiops, one 5.5-m {I&1-f1) long fluid
trapping section (/D = 108), and a 1.8-m (6.0-ft)
long measurement section. The downward branch of
the test section is designed and built gimilar to the
upward branch. The transparent pipes are
instrumented 1o permit continucus monitoring of
temperature, pressure, differential pressure, hoidup
and inclination.

All the modifications related with the three phase
gas-oil-water facility for this study can be found n
April 2007 Advisory Board meeting report.

Test Fluids

The fluids that are used in the experiments consist of
refined mineral oil {Tulco Tech 80) and tap water.
The same oil used by Keskin and Vielma is used in
this study for maintaining the same fluid properties.
All the oil has been replaced with the same fresh oil
for this study. The physical properties of the oil are
given below:

o 322 °API gravity.

s Density: 858.75 Kg/ma@ 15.6 °C.

o Viscosity: 13.5 ep (@ 40°C.

«  Surface Tension: 29.14 dynes/cm @ 25.1°C.

o Interfacial Tension with water: 16.38 dynesicm
@ 25.1°C.

s  Pour Point Temperature: -12.2 °C.

»  Flash Point Temperature: 185 °C.

The characterization measurements of Tulco Tech 80
mineral oil have been performed in ChevronTexaco
labs. The changes in density and viscosity with
temperature at three different flow ratles are given in
Figs. 2 and 3, respectively,

Testing Range
In this study, a large number of data points are
collected at various conditions in terms of both fluid
velocities and inclination angles. Superficial oil and
water velocities range from 0.025 to 175 m/sec.
These il and water flow rates were determined in
order to obtain the flow pattern boundaries cleatly,
Moreover, the limits of the {acility were taken into

LUI‘]SidLI’dUOil Pipe inciination angles of 0% 41%, 42°

and 5" were covered in this study,

Droplet Size Data

Droplet size and its distribution is ene of the main
interests for this study. Image analysis technique by
using high speed camera was used to determine the
droplet size and its distribution as used in Vielma,
This technique was chosen because of Hs non-
intrusive nature which does not disturb the droplets
during the flow.

One of the ways (o compare drop size distributions is
to use a characteristic mean diameter called Sauler
Mean Dimmeter (D or SMD)Y.  SMD can be
described as the diameter of a drop having the same
volume to surface area ratio as the whole population.
The SMI} can be thought of as the ratio of the
particle volume to surface area in a distribution.

J/ Néﬂ,. (1)

Where N is defined as the number of droplets in a
bin i and & s the middie droplet diameter of its size
range.

SMD =

In this study, three probabilistic distributions, which
are pormal, lfognormal and Rosin Rammler, were
used to characterize the experimental droplet size
data. Detailed descriptions for the used probabilistic
distribution are given as follows;

Narmal Distribution

The Normal distribution (sometimes referred as the
Gaussian distribution) is a continuous, symunetric
distribution with various uses in all aspects of
statistics. It is completely specified by two
parameters: the mean (1) and the variance o’ The
mean of a Normal distribution is located at the center
of the density and can be any real number. The
variance of & Normal distribution measures the
variability of the density distribution and can be any
positive real number. The standard deviation o is the
square root of the variance and is used more often for
its interpretabiiity,

For a Normal randem vanable,
depsity function (PDF) is

1 [ E(d—;z\';zg

the probability

The curnulative distribution function (CDF} of a
Noermal random variable is

Fldy=o{d - ulfo). (3)




Where, (0 is the Laplace integral.

dld )= L re"’”"%fz. ()
2z ¥

Log-normal Distritution

The Log-normal distribution is Fequently used o
represent the size of solid particles. The Log-normal
distribution derives from the Normal or Gaussian
distnbution by replacing the independent variable
with the logarithm of the particie diameter.

Fer a Log-normal random variable the probability
density function (PDF) is

fldy=——
do2x
The cumulative distribution function (CDF) of a Log-
normal random variable is

F(d)=o(lnd - u/o). (6)

Rosin-Rawmmler Distribution
The Rosin-Rammler distribution is described by the
following relation (Mugele and Evans, 1951)

F(d)zl—cxp(w(d/a)a). (7

Where, £7(d) is the cumulative volume fraction of

the drops that have diameters less than d and X, &
are the parameters of the distribution; ¢ is the size
corresponding to (1-F(d)) =0.3679 and & is the slope
of the line. Therefore, this distribution can be
described only by the two parameters & andd. Ifs
simple form makes it appealing for engineering
calculations (Angeli and Hewitt),

In order to determine which probability distribution
represents the droplet size data best, goodness of fit
(GOF) test was performed. To determine the best
distribution type for the droplet sizes a software
EasyFit 3.0 was used. In this software there are three
types of GOF fests which are; Chi-Squared,
Kolmogorov-Smimov  and the Anderson-Darling
Tests. Chi-Squared GOF was selected as a first test
to determine the distribution type.

Uncertainty Analysis
There 1s an inherent associated error in every
measurement.  The definiion of error is the
difference between the frue value of a parameter and
the measurement obtained, Since the true value or
the error is unknown in any experimental study,

uncertainiies and uncertainly analysis should he used
to determine the limits of errors, and show the
reliability of experimental data. In this study, an
uncertainty analysis was performed for pressure
gradients, temperature  values, holdup, flow
measuremnent, droplet size measurement and phase
velociies,

Errors can be divided into two parts, random and
systematic errors. Random errors affect the test daia
randomly. On the other hand, systematic errors stay
the same during the test. Random uncertainty
estimates the Hmifs of random errors and systematic
uncertainty estimates the limits of systematic errors.
The following is the detailed explanation for random,
systematic and combination of both random and
systematic errors.

Random Uncertainty

Experimental data can be used to obtain the random
uncertainty. Assuming a Gaussian distribution for N
number of data peints of a parameter, the standard
deviation 1s,

S, = b:(}(i - Xy /(J\ru_l)}”2 : (8)

The standard deviation of the average can be
obtained using,

S.=8,/N. )

Systematic Uncertainty

Systematic errors affect every measurement of a
parameter in same manner. Therefore, experimental
data can not be used to estimate the systematic
uncertainty. There can be several sowrces for the
systematic uncertainty during experiments. In this
study, the main error source for the systematic error
is the calibration of the instruments.

The systematic uncerfainty was calculated from the
calibration errors for pressure, differential pressure,
and femperature measurements. For liguid holdup
measurement the systematic uncertainly was
estimated based on the experience.

Combination of Random and Systematic
Uncertainties

Random and systematic uncertainties should be
combined to evaluate their combined effzct to the
experimental data. The total random uncertainty can
be calculated as follows:

S,.?,fe - [Z(SE,;)ETQ ’

(10)




The total systematic uncertamty can be defined as
follows, where b, is the systematic error for each

source of systematic uncertainty,

p=[Ter]” an
Therefore, the combined uneerfainiy is,

Use =+t (B/2 + (5, F]" (12)
Where; £, is the student’s t distribution with a 95%

confidence interval. The test data can be expressed
as X — U e SXsX+U o5 + Lhen, the X value wilk

be between (XAU%) and (Xw—i-Ugs) 95% of the

{ime.

Uncertainty Propagation

For any experimental study, it is essential to combine
the effect of different parameters in order to calculate
propagation of the desired parameter. There are three
commonly used methods for the uncerfainty
propagation: Taylor’s Series uncertainty propagation,
Dithering, and Monte Carlo simulation. For this
study, Taylor's Series method was used to caleulate
the uncertainty propagation for the pressure drop,
superficial velocities, mixture velocity, holdup,
holdup ratio, and actual oil and water velocities.

if ¥ is a function of independent variables a, &, c....,
the uncertainty of y will be described as a function of

independent uncertainties of a, b, c...., and are
expressed as follows:
T
U, = fiff;ﬂ ©,)} (5}’\ U,y J@}(U P (13)
Y )

Table 1 shows all the uncertainty analysis results for
the measurement in this experimental study. Al} the
uncertainty propagation is shown in Table 2.

Error Analysis

For each mode! i droplet size comparison, an error
estimate was performed by using six parameters;
these parameters are presented in Table 3.

Experimental Results

The experimental data of flow pattern, pressure drop,
holdup, phase distribution, drop size and distribution,
actual velocities and droplet size comparison against
existing models are discussed for different inclination
angles (07, =1°, £2° and -5% in this section, Trallero
and Zhang et al. (2003) flow pattern prediction
models were compared against the experimental data

o

e

obtained in this study. Zhang et al. model was also
used lor pressure gradient and holdup comparison.
Hinze (19535), Kubte and Gardner (1977), Angeli and
Hewit (20003, Brauner 2001) and Kouba {2003

models  were  used  for  dag, desy and  SMD
COMPArisons,
For the experimental results  section, only

representative inclination angles will be discussed for
upward and downward flow. A complete set of the
data and graphs can be found in Atmaca (2007

Flow Pattern

Experimental flow pattern maps were gencrated by
examining the images and videos obtained from high
speed camera. The superficial velocities for each
phase vary between 0.025-1.75 m/s. Figure 4 shows
the experimental flow patterns for -1° of inclination
angles respectively. By changmg superficial
velocities of each phase following flow patterns were
observed:

e  Stratified Flow (ST) (Fig. 5)

e Stratified with Mixing Interface (ST&MY) (Fig.
6}

e Dispersion of Oil in Water over Water Layer
(DO/W&W)Y (Fig. 7)

+  Dwual Dispersion (Dispersion of oil in water and
Dispersion of water in oil) (DO/W &DW/O)
(Fig. 8)

»  Dispersion of oil in water (DO/W) (Fig. 9)

s Dispersion of water in ot (DW/Q) (Fig. 1)

+  Transttion stratified to stratified mixing interface
(TRNS ST to ST&MI) (Fig. 11)

*» Dispersion of water in oil under oil layer
{DWO&OD) (Fig. 12)

Experimental flow pattern maps were compared
against Trallero’s model and Zhang et al unified
model.  Trallero’s model predicted the most of the
flow pattern boundaries well except stratified flow
pattern (ST) (Fig. 13).

Although Zhang et al. mode! was developed for three
phase gas-oil-water, for this study, only oil-water part
is used. In oil-water unified model, there are only
two boundaries which stand for the boundaries of oil
in water (O/W} and water 1 oil {W/0). Zhang et al.
model predicted the water m oil (W/0) boundary
well in all imchination angles, while oil in water
(O/W) flow pattern boundary was under-predicted.
Figures 14 and 13 show the comparison of
experimental flow patiern agamst Zhang et al. unified
model prediction for -2% and +2° inclination angles,
respectively.




Pressure Gradients
Figure 16 shows the pressure gradient data for

Alkaya and Vielma data for the sunilar conditions.
As expected, the pressure gradient increases with
imcreasing superficial water velocity. The differences
are mainly due to the different oif viscosties. The
best match was observed with Vielma since the same
o1l is used in this study,

Total pressure gradient for two-phase flow has three
components; frictional, acceleration and gravitational
pressure gradients. For horizontal oil-water flow,
acceleration and gravitationzl components can be
neglected. For inchned flows, while the acceleration
component can still be neglected, the gravitational
component becomes very significant. For Inclined
flow, the measured pressure drop was corrected for
the hquid 1n the pipe. Since the pipe is filled with
oil-water mixture, the total pressure gradient can be
obtained from the measured pressure drop using;

2P x%+p?ngsi11ﬁ.
AL AL

Figure 17 shows the pressure drop for different
superficial oi! velecities as a function of superficial
water velocities for +2° (upward flow). The general
behavior, which is the increase in total pressure
gradient with increasing superficial water velocity, is
similar to that of horizontal configuration. For low
superficial water and oil velocities, the dominant
pressure gradient component is the gravitational
component. As the velocity of each phases increase,
the frictional component starts becoming dominant

(14}

Figure 18 is the pressure gradient graph for the -2°
downward flow. Since negalive pressure gradient
values can exist, pressure drops were plotted in
Cartesian scale. In downward flow, the existence of
a minimum pressure gradient for a certain superficial
water and o1l velocities was observed.

The experimental pressure gradient data oblained in
this study for different inclination angles were
compared against the Zhang et al. model. Figure 19
shows the pressure gradient comparison against
Zhang et al. model for horzontal case. The model
predicts the pressure gradient within 220 % error
band.  Figure 20 is the comparison of pressure
gradient obtained for +1° of inclination angle with
Zhang et al. model. The model predicts the pressure
gradient within =15 % ermror band. For most of the
cases the pressure gradients were over predicted by
the model. The model predictions were observed io
be reasonably well for low superficial velocities
while they were worsened as the superficial velocities
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meressed.  Table 4 shows the error analvsis of the
Zhang et al, model against experimental data,

Figure 21 is the comparison of Zhang et al. model
against experimental data for minimum pressure
gradient behavicr. The model shows minimum
pressure gradient behavior but not as pronounced as
the experimental data. Figure 22 shows only the
minimum pressure gradient area for v,,~0.025 m/s

Water Holdup
Quick closing valves are used for hoidup
measurements with raising the boom. A measured
lape was atfached parallel to the boom to measure the
oil and water level in frapping section.

Figures 23-24 and Figs. 25-26 show the water holdup
and water holdup ratio, which is the ratio of no-slip
holdup to experimental heldup, for -2° and +2° of
mclination angles, respectively. Due to separation
problems, holdup data was not collected for
Veo=1.750 my/s and v,.=1.750 m/s for 2% inclination
angles. In C,/H, graph, for +27 inclination angle, all
the values start from less than one which means oil
flows faster than water. Moreover, the other values
are very close to one which means there is no or
negligible slippage. Water mostly flows slower than
oil for +2° inclination angle. For -2° inclination angle
this ratio starts more than one which means water
flows faster,

For the better understanding of slippage of the phases
in different operating conditions, the normalized drift
velocity was plotted against the mixture velocity.
The normalized drift velocity, vy, and mixture

velocity, vy, are defined in Egs. !5 and 16
respectively.

vy = (v, v, v, . (15)
Vm = Vs'w + Vm * (16)

Three different (fow, medium and high) superficial
oil velocities (vy,) were used in normalized drift
velocity graphs.  Figure 27 shows the normalized
drift velocity -2° inclination angle. As expected, the
largest vy values can be seen for the lowest mixture
velocity values for each mdividual superficial oil
velocities. Generally, for cach representative
superficial oif flow rate, as the mixture velocity
mcreases, normalized slp velocity approaches to zero
which means there is no or negligible slippage
between the phases. For v,=0.050 wvs, the
normalized slip velocity starts from high positive
values, which means water flows much fasier than
oil. This is mainly due to the gravity effect.




Figure 28 is the normalized drift veloeity graph with
respect to mixture velecity for +2° inclination angle.
Az observed i -2 downward flow, the normalized
drift veloaty  approaches zero with  increasing
mixture velocity. Normalized diift velocity for v=
0,050 m/s starts from large negative values, which
means oil flows much faster than water. This
difference between +2° and -2° inclination angle
explaing the physics of the flow. For upward {low
{+2%, since the density of the water is greater than
the density of o1l, the gravitational force behaves like
drag force for the water phase. The drag force slows
the flow of the water with respect to the oil. The
similar argument can be made for the downward flow
{-27).

The experimental water holdup for different
inchination angles were compared against Zhang et al.
model. Figures 29 and 30 show the compansons for
+17 and -1° inclination angles, respectively.  Solid
hines stand for the model predictions for the
boundaries. The model predicts the holdups within
£15 % error band for both configurations. Table 5
shows the performance of the Zhang et al model
agamst experimental data.

Phase Distribution

Conductivity probes were used to determine the
phase distribution across the cross section of the pipe.
Conductivity probes can determine the continuous
phase in the pipe during different operating
conditions. Same conductivity probe configuration
was previously used in Vielma. For stratified {(ST)
and stratified with mixing interface (ST&MI) flow
patierns, conductivily probes performed weli, Due fo
the turbulence and the formation of drops,
conductivity probes did not give reliable results for
dispersion type flow patterns. The probes can not
detect the small droplets,

Collecting conductivity probe data for cach data point
is a very slow process. Therefore, the phase
distribution data were collected for three different
cilfwater ratios (v=0.0530 m/s and v,.=0.050 mfs,

V5= 0,050 m/s) for cach inclination angles using the
new mmproved grid system (Fig. 31) with 120 data
points in order io increase the accuracy of the data
pomis.

Figure 32 shows the phase distribution of the phases
for -2° inchnation angle. The estimated laver was
tried to be plotted with continuous line on each
figure. In the middie of the fHigure, concave or
convex structure was observed but thig i because of
the interpolation between the data points. Figure 33

shows the phase distribution of each phases for +2°
mclination angle for upward flow.

Hot Film Anemometer
An attempl was made to measure in-situ velocities of

the phase by using hot film snemometer. This
technique  was  abandoned due to  several

disadvanfages of this technique for oil-water flow
such as; fragile nature of probe, nconsisteni
calibration curves, contamination of the probe which
results change in its resistance,

Droplet Size Distribution

Droplet size and iis distribution is one of the main
inferests for this study. Image analysis technique by
using high speed camera was used to determine the
droplet size and its distribution as used in Vielma.
This technique was chosen because of is non-
intrusive nature which does not disturb the droplets
during the flow. It is not applicable io all
combination of flow rates (especially high flow rates
with low water cut). Location of the high speed
camera was dependent on flow pattern. For stratified
(ST), stratified mixing (ST&MI) and dispersion of oil
in water over water layer (DO/W&W) flow patterns,
entire pipe was shot in different shutter speed. For
dispersien of oil in water (O/W) and water in oil
{W/0), the camera was located close to the pipe and
only small section of the pipe was shot. In oil in
water (O/W) and water in oil (W/Q) type of flow
pattern, it was assumed that the distributions of the
droplets are homogenous all arcund the pipe. In daal
continuous (O/W&W/O) flow pattern, the pictures
were taken from the bottom and the top of the pipe.
The pumber of the droplets obtained from the
pictures is flow pattern dependent but in al} cases
minimum 400 droplets were tried to be counted.

Droplets were counted by using Image ProPlus 5.1
software. In each picture every droplet was counted
one by one. Since droplets are not counted
autommatically, the repeatability of the counting
droplets should be checked. Figure 34 shows the
repeatability of this technique.  Droplets were
counted from the same picture by two different
people. Dispersion of oil in water over water layer
(DO/W&W) flow pattern was selected as a sample
because 1t was divided into ten sections which make
it more sensitive. The top section refers to the top of
the pipe and the bottom section refers to the bottom
of the pipe. The agreement between two counts was
cood.

Figures 35 and 37 show the droplet size distribution
and probability distributions for oil in water flow
(VW) and water in oil (W/O) patterns, for +2°




inclination angle, respectively. The figures show all
the probability distributions tested f{o represent
droplet size data, In both cases log-normal is the best
probability distribuiion to represent the droplets size
data,  Rosm Rammler distribution type failed to
represent any of the cases for water droplets.

Figure 3% shows the droplet size data and the three
different probabilistic distributions for stratified with
mixing interface (ST&MI) flow pattern for +2°
inclination angle. As stated in the previous flow
patterns, log-normal represents the droplet size data
best among the selected distribution types.

For dispersion of water in oil over water layer
(DO/WEW) flow pattern, different procedure was
applied since the droplet size distribution is not
homogenous across the pipe cross section. Figure 41
shows the behavior of SMD as function of the height
from bottom fo top of the pipe for +2° inclination
angle. The pipe was divided into 5 sections in each
picture to see the SMD behavior clearly. The top and
bottom of the y-axis in the graphs refer to the top and
bottom of the cross section of the pipe, respectively.

Figures 42 and 43 show the droplet size distribution
and probabilistic distributions for oil droplets and
water droplets, respectively, for -1° inclination angle
for dual contimzous (O/W&W/Q) flow pattern. The
water droplets are in smaller size compared to oil
droplets. For both of oil and water droplets, log-
normal distribution worked well.

SMD was analyzed for each flow pattern. Increasing
trend in SMD was observed with increasing dispersed
phase superficial velocities for different inclination
angles in oil in water (Fig. 36) and water in cil (Fig.
38). When the internal phase veloeity increases, v,
and, v, respectively, the SMD tends to increase for
same continuous phase superficial velocity. As the
percentage of internal phase increases, the droplets
get closer, mcreasing the coalescence tendency, and
resulting in larger droplets. No trend was observed
for the effect of inclination angle. Figure 40 shows
the SMD behavior with respect to vy, for different
inclination angles. Decreasing trend in SMD was
observed with increasing superficial water velocities
for different inclination angles. As the superficial
water velocity increases, turbulence level increases
and smaller oit droplels are formed. The size of
SMD also depends on the oil layer thickness during
the flow. No clesr trend was observed for the effect
of mclination angle. Figures 44 and 45 show the
variation of SMD for oil and water droplets
respectively for a constant superficial oil velocity
(vo=1.000 m/s} with changing superficial water
velocity, Increasing trend in SMD was observed n
waler droplefs with increasing superficial water

velocities for different inclination angles. For water
droplets, this can be explained by coalescence
tendency as discussed in W/O type of flow pattern.
Trend is not so clear for the oil droplets since there
are enly two dafa points in each inclination angles.
No clear trend was observed with the change of
inclination angle.

Droplet Size Comparison

The droplet size data were compared against the
predictions by the existing models for duy, duy and
SMD.  Insthe literature, Hinze, Kubie and Garner,
Angeli and Hewitt, Brauner and Kouba models exist
to estimate the dws,. Kouba is the onlv model to
predict the d., For SMD prediction, Angeli and
Hewitt model, which is the only available mode] for
SMD prediction, was used. The models work for
fully dispersed cases. Therefore, comparisons are
presented in following sections;

¢ Maximum diameter in O/W type dispersion
*  Minimum diameter in O/W type dispersion
»  SMDin O/W type dispersion
*  Mayumum diameter in W/O type dispersion
¢ Minimum diameter in W/O type dispersion
»  SMDin W/O type dispersion

Maxinum Diameter Comparisons-O/iF

Figure 46 shows the comparison of experimental dpay
with the model predictions for -1° of inclination
angle, for different superficial oil velocities.
Diamond points on the graph represent the
experunental data pomts. Angeli and Hewitt, Kubie
and Gardner models over-predicted the experimental
dmae.  On the other hand, Kouba under-predicted the
experimental data. Hinze and Brauner showed the
best performance. Hinze predicted d,., the best
among ail models. Table 6 shows the error analysis
for each model,

Minimum Diamerer Comparisons-O/W
Figure 47 shows the comparison of d,;, data against
Kouba medel for -1° of inchnation angle, for
different oil superficial velocitics. The model under-
predicted for most of the cases. Table 7 shows the
statistical parameters for Kouba model.

SMD Comparisons-C/W

Figure 48 shows the comparison of experimental
SMIY against Angeli and Hewitt model for -1 of
inclination angle. Angeli and Hewitt model over-
predicted the experimental SMD daia for all cases.
Table 8 shows the error analysis for the comparison.

Maximum Diameter Comparisons-Wi0




Figure 49 shows the companson of d,,, against
existing models for different superficial  water
velocities for -1°. Kubie and Gardner mode] over
predicted the experimenial d.,, for all mclination
angles, where all the other models under predicted
experimental d.., data. Brauner model predicted the
iax the best among all moedels. An error analysis can
be found in Table 9.

Minimum Diameter Comparisons-W/0

Figure 50 shows the comparison of d.. against
Kouba model for varying superficial water velocities
for -1° The mode! under-predicted dy,,. Table 10
shows the error analvas for Kouba model.

SMD Comparisons-W/0

Figure 31 shows the performance of Angeli and
Hewitt model against experimental SMD obtained in
this study for -1°. Angeli and Hewitt model under-
predicted experimental SMD data that obtained in

this study. Error analvsis can be found in Table 11.
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Table 1: Uncertainty Analysis Results for Oil-Water Facility

Instrument Random | Systematic Degre.es of Overall _
Uncertainty|Uncertainty}] Freedom Uncertainty (Uss)
PT1 (psy) 0.70% 5.26% Infinity 5.44%
PT1 1 (psi) 0.57% 9.80% Infinity 9.87%
PT2 (psi) 1.95% 10.34% Infinity 11.05%
PT3 (psi) 2.57% 4.22% Infinity 6.65%
PT4 (psi) 1.76% 2.86% Infinity 4.44%
PT6 (psi) 2.56% 4.19% Infinity 6.61%
PT7 (ps1) 2.76% 3.74% Infinity 6.66%
PT8 (psi) 0.00% 0.46% Infinity 0.46%
DP1 (in H,O) 0.08% 0.14% Infinity 0.21%
DP2 (in H,0) 0.03% 0.06% Infinity 0.08%
DP3 (in H,O) 0.03% 0.08% Infinity 0.10%
DP4 (in H,0) 0.02% 0.16% Infinity 0.17%
DP5 (in H,0) 0.03% 0.09% Infmity 0.10%
DP6 (in H,0) 0.02% 0.07% Infinity 0.08%
TT1 (°F) 0.001 0.389 Infinity 0.39
TT2 (°F) 0.003 0.372 Infinity 0.37
TT3 (°F) 0.005 0.383 Infinity (.38
TT4 (°F) 0.002 0.376 Infinity 0.38
TTS (°F) 0.007 0.381 Infinity 0.38
TT7 (°F) 0.007 0.382 Infinity 0.38
TT8 (°F) 0.005 0.375 Infinity 0.38
WEM (gpm) 0.11% 0.16% Infinity 0.27%
OFM (gpm) 0.11% 0.04% Infinity 0.22%
WFM (gr/cm’) 0.00% 0.05% Infinity 0.05%
OFM (griem’) 0.00% 0.04% Infinity 0.04%
Tape (inch) 1.00 0.10 Infimity 2.00
Droplet Size 0.012 0.010 Infinity 0.03
{mm)

53




Table 2: Uncertainty Propagation Results

) Overall
, Random Systematic Degrees of . :
Measurement } . .. Uncertainty
Uncertainty Uncertainty Freedom v
(Uss)

I Pressure Drop (Pa/m) 0.00503 0.04677 Infinity 0.04784
V., {m/s) 0.00003 0.06005 Infinity 0.00008
v, (m/s} 0.00003 0.00001 Infinity 0.00007
vy (m/s) 0.00005 0.000065 Infinity 0.00011

H, 0.00459 0.02294 Infinity 0.02470
C,/H, 0.00644 0.02359 Infinity 0.02688
Table 3: Statistical Parameters
Definitions Unit

%

%%

%
rom/{Pa/m)
mm/(Pa/m)
min/(Pa/mm)

Table 4: Pressure Gradient Evaluation against Zhang et al. Model
£ (%) 89 (%) E3(%) | E4(Paim) | E5(Paim) | Eg(Paim)
Pressure
Gradient! 7393 125.76 863.08 185.28 194,91 319.84




Table 5: Water Holdup Evaluation against Zhang et al, Model

£ (%)

£o (%)

£4

o
[#4]

g

Water
Holdup

1.43

8.65

0.0

0.04

0.04

Table 6: Maximum Diameter Model Evaluation for O/W Dispersions

Model Flow Pattern] £1(%) | €3(%) | &5(%) | e4(mm) | &5(mm) | g£5{mm)
Hinze O/w -9.84 15.00 24.36 -0.22 0.28 0.40
Kubie & Gardner oW 449 36 449.36 153.14 5.14 5.14 0.76
Angeli & Hewitt o/w 231.94 231.94 84.74 2.58 2.58 0.42
Kouba oW -84.14 84.14 6.40 -1.07 1.07 0.43
Brauner O -16.26 22.13 23.93 -0.29 0.33 0.42
Table 7: Minimum Diameter Model Evaluation for O/W Dispersions
Model FlowPattern| £4(%) | &(%) | &3(%) | g4(mm) | &5(mm) | & (mm)
Kouba O/w -38.75 43.49 20.67 -0.05 0.05 0.05
Table 8: SMD Model Evaluation for O/W Dispersions
Model FlowPattern| £1(%) | e:(%) | &3(%) | es(mm) | &5(mm) | &g (mm)
Angeli &Hewitt O/W 198.32 199.32 65.83 1.47 1.17 0.16
Table 9: Maximum Diameter Model Evaluation for W/O Dispersions
Model Flow Pattern| £1(%) | e,(%) | 23(%) | es(mm) | e5(mm) | &g (mm)
Hinze WIO -44.52 44 .52 15.80 -0.82 0.82 (.68
Kubie & Gardner WIO 205.04 205.04 84.70 3.31 3.31 1.84
Angeli & Hewitt W/iO -57.88 57.88 13.04 -1.04 1.04 0.58
Kouba WO -90.44 90 44 2.74 -1.54 1.54 0.65
Brauner W/O -40.60 41.46 17.86 -0.77 .78 0.54
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Table 10: Minimum Dlameter Model Evaluation for W/ Dispersions

prosee-Y

Model Flow Pattern| £,(%) | 2:{%) | e3(%) | galmm) | s5(mm) | £5(mm)
Kouba W/i0 13.11 57.85 76.48 -0.G1 0.03 0.04
Table 11: SMD Model Evaluation for W/O Dispersions
Model Flow Pattern| £,(%) | e2(%) | £3(%) | es{mm) | g5(mm) | 2¢{mm)
Angeli &Hewitt W/O -81.74 61.74 11.72 -0.54 0.54 0.21
,,.L:E: L
P Test I 1 separator
ﬁ_@ ‘ section - mixiu e il | E—
e T ) 903 ] ;1 o ik | . % F s fr{}m
i e e 3 test —— —
SN - " ,e} seclion

FR

g

[ et
& e
o3
o

m,

ke

Mass flow  Heat exchanger Progressing Cavily Fump

SEnRH

Figure 1: Schematic of the Facility




Fluid Density, ¢/ml

Fluid Viscesity, cP

0.85 -

085 -

0.83 ~

TULCO TECH 80 MINERAL OIL

& Density at 60F

m— FKA219.W03
(FR = 0.07 L2min)

s FRE219,% 4
(FR = 035 Limin)

e TIC4T19.WH2
(FR = 0,15 L/min}

9.82 "
50

&80 g

50 e

60 70 80 20 100 110 120 130 140 158

Average Oil Temperature, °F
Figure 2: Change of Density with Temperature

MUTTED .

TULCO TECH 80 MINERAL OIL

Www __Fl:_OW RATE = .38 Limiin (AK4215.Wd1)
— FLOW R,ﬁlTE = {15 L.fmx'_:y.f {2K42]9\P\92}

= FLOW RATE = 0.07 L/min (2K4219.W03)

&0 as 30 GG 108 116 120 130 140 150 165

Average Oil Temperature, °F

Figure 3: Change of Viscosity with Temperature

57




+* ST
STEMI
A DOMWEW
. L : O DW/ORDOMNY
&% & & @ & x DW/O
I ) . i:éu.-t-—-.(-'-é'a:—.-.f—fﬁééwmmm;-nn-:uﬂu.ﬂltﬂ.ﬂ @ﬂ)f\&l :
o R RSN ST DOWAY |
ff}:\ ‘_"-"’-.“_A..‘ﬂ I : ¢ ;
=T Ta A A b & : D
= & & 4 %
e L e p——— s »
= 3 g g= PO X e
,
g I 7
1 R
Py o} -
0.1 . . b,
l/'
L ] & * ﬁ}( ¥
...... . ’ :
¢ M P x X
t
I
0.01 '

0.01 0.1

Figure 5: v,=0.025 m/s_v,~0.025 m/s (§T)




)

) ;
= =
m 2
2 2
a <
= 2
g -
= g
= .

W o g
b WW u =
it ; vt
3 S '
> . % t
= . «
= : =
) £
2 =
S EY
A -
5 __m
v -
w ™~
- 2
g =
= &

°i




400 m/s (DO/W &DW/O)

sw=9

000 m/s v

1

b e

e R

Figur

W)

750 m/s (DO/

S“':l

050 m/s v

=

I Ve

9

igure

¥

60



W/0)

100 m/s (D

8 V=0,

F}
i3

T v= 1750 m

tgure 10

F

MI)

to ST&

TRNS ST

s (

250 m/

=0

e | W

160 m/s v

.

vse‘:o

ure 11:

(1}
Eod

¥



Vo =0.500 m/s_v=0.025 m/s (DW/0&0)

Figure 12

5
m.
= m
z :
= :
£ H
= :
a1 :
2 ;
8
) m% o &Z@
EOA I PRI
s 3 Zhejaloee
WMWWSE L e
HARS MT\
® e B i
e — P T
8
1
i
By
I
5
Sl g
ol oF
=
2
55
W@Lm ”
- OB @ .v
IR B s R o
WoAxm
{
< st Jo—
- <

(s/ux) msa

0.01

10

o (m/s)

Vg

I

0

0.01

zontal

i

el) Hor

Mod

(

s

Flow Pattern Boundari

Comparison of

Figure 13

62



s & 5 = =
| > S < X
W - -
= L 4 L J % < &
=] < &
= & 0 & O <
;} ; s Water in (31 Transition,
0.1 1 & & & & > i = | @ TRENDOWW
......... . - I d o ST&MI
A Sl K DOWAW
e & OWWOo
i & o e - ol = ow
...................... - WO
T TRNS 8T 10 STa&MI
{0 PWOR ,
i H " H

0.01
0.01

0.1 Vso (m/s)

Figure 14: Comparison of Flow Pattern Boundaries (-2° Downward)

10

; =—==0il in Water Transition |

=
E .
z & & & 3 & e -
> ] e T O3 Transition
- : / 4 ST
0.1 & & & 2 & fi- o §TaMI
- : LT L o g
b % e owwo
_ _ i = ow
2 . 4 & o | - " - wo
: F1OTRNS ST to STEM
i L O DWOO ;
' . 4
1 10

0.01
0.01

0.1 Vso (m/s)

Figure 15: Comparisen of Flow Pattern Boundaries (+2° Upward)

63




1000 |

=
=

dp/dL (Pa/m)

=

* VIELMA (154 op)
< & MTRALLERG (295 cp)
me. . :
o AALKAYA(I2ZD o)
bR
n
n® .
- e BB e e e
Mk T
» &
n *
n a i
] n *»
»
L
R
0.01 G.10 1.00 19.00

100060

dp/dL (Pa/m)

1000

LOO

vw {8}

Figure 16: Pressure Drop Comparison (v,,=0.023 m/s)

# vs0=0.050 m/s
£ vso=0,100 m/s
< vs0=0.250 m/s
X vs0=0.500 m/s
& vs0=1.000 m/s
_ - vso=1.750 m/s
- e SR

e 2
@ L & %

0.01

0.10 Vo (I1/8) 1.00 16.60

Figure 17: Experimental Pressure Gradients (+2° Upward)

64




1200
1000 ~
&
800 “——A—
600
é 400
Eé‘ 200
= . ieve— T - 0— 500,025 m/s |
0 ~&Ey50=0.050 ni/s
B —&-vs0=0.100 m/s
-200 ¥ vs0=0.250 m/s
—fr-vs0=0.500 m/s
-400 - ~&— vs0=1.000 m/s
600 e — v§e='-=1 50 my's ‘
0.00 6.50 1.G0 1.50 2.060
Vo (11/8)
Figure 18: Experimental Pressure Gradients (-2° Downward)
800 -

200

Predicted Pressure Gradient (Pa/m)

700 -

800 -

500 -

400 -

300 -

100 -

O 100 200 300 400 500 600

Measured Pressure Gradient {Pa/m)

700 800
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Figure 21: Minimum Pressure Gradient Comparison against Zhang et. al Unified Model (-2° Downward)

66




o
&
&

dp/dL (Pa/m)

; ~¥=vso 0025 m/s. Model
J ~@—vs0= .025 m/s Experimental Data
| A= vzo= (.100 m/s_Medel
g —#-vso= (1.100 m/s Experimental Data

-400 - l

0.00 010 020 030 040 050  0.60
VSW(m/S)

1
!

Figure 22: Minimum Pressure Gradient Comparison against Zhang et. al Unified Model (Small Area -2°
Downaward)

1.00 -

o

* & L

(.80 - g rl X
*

M 8

Aw
<
Y
o

>
s
@ x

| @ vso=(.025 m/s

040 - i A - i vs0-0.050 nvs
X @ A vso=0. 100 my's
5 Lhvso=().250 mv's
0.20 - = K vs0=0.500 mvs
- @ vso= 1L.O00 m's

= vso=1.750 m's

0.00 0.50 1.00 1.50 2.00
Ve (NVS)

Figure 23: Experimental Water Holdup (-2° Downward)

67




—— vs50=0.025 m's
-~ ye0=(L050 nvs
—k— v50=8. 100 mv's
—v— vso=0.250 m/s
= v5070.500 my's
~a- y50=1,000 m's
- y50=1.750 m's

0.00

0.20 040 0.60 0.80 }.00 1.20 140 1.60 1.80
Vew {M/S)

Figure 24: Experimental Water Holdup Ratio (-2° Downward)

1.00 -

®
0.80 |

g 0.60
= A

0.40 -

2
o 3 4 -
A e X @
o X @ ¢ vso=0.025 mvs
2 vs0=0.050 nv's
X o - A vs0=0.100 mvs
T vso=0.250 nv's
¢ - K vs0=0.500 nys
- # vso=1.000 nvs
= vso=1.750 ny's

0.50 1.00 1.50 2.00
VSW (m/S)
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Figure 27: Normalized Drift Velocity (2° Downward)
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Fluid Flow Projects

Lagrangian-Eulerian Transient
Two-Phase Flow Model

Kwon I Choi

Advisory Board Meeting, November 06, 2007
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& Computational Modeling of Transient
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6 Model Validation through Experiments
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Example of Discontinuous Table
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Lagrangian-Eulerian Transient Two-Phase
Flow Model

Kwon Il Choi

PROJECTED COMPLETION DATES:

Model Valldation. ... January 2008
FImal Report..oooo e May 2008

Objectives

The objectives of this study are:

* Computational medeling of transient two-
phase flow coupled with TUFFP unified
mechanistic model;

*  Model validation through experiments.

Introduction

Description of the transient multiphuse flow in the
wellbore-flowline-riser system is one of the most
comnplex problems in the petroleum production. A new
approach for transient computational model for two-
phase flow is introduced. In this model, £as mass
tracking technique will be applied in order to get
around the aumeric diffusion which is a persisting
problem for the transient multiphase flow programs
based on Eulerian grid. TUFFP mechanistic Unified
model can be coupled as a closure model for holdup
calculation.  Finally,  quantitative  experimental
observations will be done to validate the theoretical
model. Transient thermal calculations will be included
in the model, but it can not be validated experimentally
using the test facitity.

Literature Review

Literature review will be an ongoing effort, Buring this
period a search has been dome for applications of
Lagrangian-Euletian fluid dynamics in multiphase pipe
flow in petroleum engineering, without success.
Computaticnal approaches using Lagrangian-Eulerian
method can be found i different areas iike reserveir
engineering, chemical engineering and astrophysics.
One example of Lagrangian remapping scheme being
applied for solving the nonlinear fluid equations in
astrophysics is given by Lufkin er o/ (2001). The
comumon goal is “using Lagrangian numerics! methods

to avoid problems associated with numerical smearing
in Bulerian caleulations” (Lufkin and Fawley (1 993)).

Computational
Methodology

The Lagrangian transient multi-phase flow model,
based on moving numerical grids, presenis  the
important capability of betier tracking the gas and
Hquid’s kinematics. This technique is not subjected to
any numerical diffusion, which is the main drawback
for the Eulerian models. At every time step, two
moving grids, one for liquid and one for gas, are forced
to move at different velocities, and then, they are
frozen and superimposed to make material and
momentum  balances possible. The resulting finite
difference cells become irregular and elastic for their
sizes to change at each new time step.

Mode! Development
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Modeling of Gas Mass Balance

A method to handle gas mass balance in a gas tracking
numerical scheme is proposed. This is the key
component of the model because it enables explicit
calculation of gas void fraction in the moving node,
and supports the liquid mass balance on the
Instantaneous remapped Eulerian grid.

In Fig. 1, the distance increases from bottom to top and
the time increases from lefl to right. The schematic
describes the movement of two different crogs-
sectional  surfaces with conserved mass of 2as
contained between them.

If & known amount of gas {m, ) is contained within a
smalt volume bounded by two cross-sectional surfaces
at x, and x, with small length dr | then the local gas

voud fraction 15 given by
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where g7, is the average gas density and 4 is the pipe

cross-sectional areq.

The amount of gas that passed the position x, during
the small time interval &7 is the same smount of gas

contained in &y .

tovdl
g = _f W (1) dt. (2)
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The gas mass Hlow rate at x, is ¥, and its change with

time is represested by the truncated Taylor series
around the fimeyr, .
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The integration in Eq. (2) results in the following
equation
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The same procedure can be applied to the average gas
density and its change with distance can be represented
by the truncated Taylor series around the point x, .
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Now, dx is the last variable that remains 1o be
addressed in Eq. (I). Assuming that in-situ gas
velocities change with time at consiant rates between
¢, andr,, we have
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In the above equations v,, and v., represent the
velocities of the top cross-sectional surface at time ¢,
andz , respectively. The corresponding velocities of
the bottom cross-sectional surface are 1“’2;1 and Vi, as

defined below,
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Finally, the small length Sx is given by
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If Eqgs. (4), (7) and (12} are substituted into Eq. (1),
then, g, at the imit as &7 —»> O1s given as,
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Thus @, refers to a differential volume element with

area A and

cross-sectional 3

represents  the
mstantaneous gas void fraction at a given space point
in the pipe.

Eq. (13} is not affected by the truncation errors of the
Tayvlor series in Egs. {3}, (6) and (10) because of the
limit operation. This condition has been verified by
using the software Mathematica up to 3% order

truncated  Taylor series. However, the similar
verification could net be made for Eq. (1I).
Furthermore, its accuracy will depend on how
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accurately the partial derivatives s and
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are iranslated in the fintte difference scheme.

As a part of verification of the Eq. (13}, the steady state
flow condition can be checked as a particular case,
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Under the steady state flow condition Eq. (13) will sive
the same result as the Eq. (14), which is conservative,
only if the following relation is true,
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The relation (15) can be verified as true by
o]
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manipulation of the partial derivative as
follows. The definition of material derivative {meaning
that the time rate of change is reported as one moves
with the “material”), applied to the in-situ velocity of
gas phase, s given by,
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For steady state, m:g;and ZL become zero, and
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then, the relation (13) s satisfied by substitution of
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The derivation for instantaneous differential o was
based on the conserved mass of gas, and its final form
(13) degenerates to {14} under steady state condition.
But the strict conservation of mass of gas can not be
guaranteed under the transient flow condition in the
finite difference model. This is the main drawback of
the explicit caleulation of e |

Nevertheless, there is one praciteal mechanism to
confrol the problem of non-conservative formulation
forer . Under the gas iracking numerical scheme the
conserved gas mass content in each numerical cell is
known throughout the simulation. This information can
be used o keep the values of differential @ within a
reasonable conservative range.

Holdup Calculation

The instantaneous gas void fraction @, caleulated in
Eq. (13} depends on the estimate of the current in-situ
gas velocity v, , bul in-situ gas velocity Vi itself
depends on the gas void fraction a. . So we need some
closure relationship between gag velocity v, and void

fraction ez, , or holdup.

Given in-situ gas velocity V-, and gas void fraction
@, the superficial gas velocity Vg, can be caleulated.
And also superficial liquid velocity Vg can be

obtained from liquid mass balance upon Eulerian
remapped numerical grid as in Bq, (18),
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Liquid and gas superficial velocities caleulated based
on the estimated in-situ gas velocity will allow us to
employ a steady state mechanistic two-phase flow
model to calculate a new gas void fraction value. The
closure 15 achieved if the two void fraction values
match after an iterative process.

The mechanistic two-phase model best suited for the
purpase is TUFFP Unified model because of the
relatively smooth transition between different flow
regimes and inclinations of flow path.

Tests performed using Unified mode! as liquid holdup
closure model showed that it’s not practical to make
calls to that code in it's native form. The impeding
factors are dramatic loss of simulation speed and
stability. The alternative solution has been to generate &
multidimensional interpolation table of holdup based
on Unified mode],

The number of interpolation parameters should be at
least 10:

I. Inclination angle




2. Diameter

3. Superficial gas velocity
4. Superficial liquid velocity
5. Gas density

6. Liguid density

Gas viscosily

& Liquid viscosity

9. Roughness

10. Surface tenston.

However the number of the parameters had to be
reduced to &, dropping the last 4 items from the list
above, because of the computational limitations.

The final version of the 6 dimensional table of holdup
contains over 4.5 million numbers of double precision.
Also one more table of the same size has been made for
{rictional pressure drop. The two tables require more
than 12 hours to be generated using one fast computer
available.

Fig. 3 and Fig. 4 are graphical representation of two
dimensional sub-tables for liquid holdup. The transient
simulation results using the interpolation tables are as
fast as simple drift-flux model, and smoothening effect
of the table makes the simulation siable,

Momentum Balance

The momentum balance can be done on the remapped
Eulenian numerical grid resulting from the Lagrangian
step. The TUFFP Unified model can provide pressure
drop components which can be combined with the rate
of mixture momentum in/out and change of momentum
with time inside the control vohune,

The frictienal pressure drop is read from the
interpolation table based on the Unified model. The
gravitational pressure drop is caleulated using the
holdup values read from the other inferpolation,

Numerical Solution Strategy

The basic numerical solution strategy for one cell can
be as shown m the Fig. 2. Lagrangian calculation of
gas void fraction enables the calculation of superficial
liquid velocity by means of mass balance equation on
the Eulerian grid. Then, a new estimate of in-situ gas
velocity can be obtained through a mechanistic two-
phase model. This process is  repeated  unti
convergence on the value of vg. Then ihe momentum
balance is done to caleulate the new estimate of
pressure. The whole procedure is repeated until
convergence is reached on the value of pressure p.

Simulation of severe
slugging

As the fust step for validating the transient model,
some simulations have been performed for severe
slugging phenomena. Data for one of the sample cases
are as follow:

1. Flowline of 3" inside diameter, 10000 £ long
with an inclination angle of -3.0 degrees

2. Riser of 57 inside diameter, 5987.5 fi long
with an inclination angle of 90 degrees

3. Liguid input of constant 2000 sth/d

4. Gas input of constant 1000 mscf/d

5. Fluids are water and natural gas

Fig. 5 shows the liquid and gas flowrates at the surface
under unstable situation. The same system becomes
stabilized with gas injection of 1000 mscf/d at the riser
base starting at 11 hour time point. Later the injection
rate is reduecd to 300 mscf/d which stll keeps the
system stable with a small oscilation.

Future Works

1. Comparison with experimental test,

2. Finalreport,
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Nomenclature

Variable Desceription

A area

i 11ass

? time

x distance

2 pressure

v veloelty

W mass flow rate

Greek letters

& gas void fraction

A difference operator

o small difference operator

Subscripts

1,2 time or position 1, 2

G 2as phase

I3 pipe

85 steady state

SG superticial gas

SE superticial liguid
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Figure 1 — Schematic of gas mass balance
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Figure 2 - Numerical sohution diagram
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Figure 3 — Plot of liquid holdup table for horizontal flow based on Unified model.
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Severe Slugging: 5" Pipeline -5/90
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Figure 5 — Severe slugging simulation for 5 inch pipeline with -5 degree flowline and 90 degree riser.

Yg




An Experimental Study of Low
Liquid Loading Gas-Oil-Water
Flow in Horizontal Pipes

Hongkun (Tom) Dong
I3 I\
PN o D tk\&ﬁ’r\

Advisory Board Meeting, November 6, 2007

Qutline

O oy P . i s s A MgV e . P
é Objectives
¢ Introduction
4 Experimental Study
» Facilities
» Instrumentations
» Tests
*» Results
é Model Evaluation
4 Conclusions
§: Fluid Flow Profects Advisory Board Mesfing, November 8, 2607
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Objectives

é Acquire Experimental Data of Low
Liquid Loading Gas-oil-water Flow in
Horizontal Pipes

& Compare with Gas-liquid Flow
Experimental Data
& Compare with Model Predictions and

Suggest Modifications or Develop
New Model if Necessary

§ Fluid Flow Projects Advisory Board Meeting, November &, 2067

Introduction

0 S T e o e

& Definition

_ Wet Gas: Gas, Céﬁéiens'até'()il,:\ﬁ’atér '

%' Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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introduction ...

é Significance
> Increase Gas Production

»Problems Due to Water Presence
‘ﬁ__‘__.__._“"
+Pressure Drop Increase
+ Hydrates Formation

A Corrosion
/L LR

% Fluid Flow Projects Advisory Board Meeting, November §, 2007

Schematic of Flow Loop
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Schematic of Test Section

4.6m 8.2m 9.1m

. v <
{//.,_ ................
acvil
=“-,\ Qov i
\;; - L ;\}m&l :\ i (! ot -
) P AW L >
. —5 TR
R e
7Am ' 8.1m 94m | 82m |
6.4
g Fiuid Flow Projects Advisory Board Meeting, November §, 2007

Instrumentation

A g o o ol Ao

Pressure: PTs & DPs
Temperature: TTs

Holdup: QCVs and Pigging System
Wet Perimeter: Grades Inside Pipe

Film Thickness: Conductivity Probes

e o ¢ o & o

Liquid Velocity: Cold Liquid Injection
¢ Liquid Entrainment: Iso-kinetic Sampling System

& Cross-sectional Viewing System

% Fiuid Flow Projacts Advisory Board Mesting, November 8, 2007




Holdups: QCVs & Pigging System

g Fluid Flow Projects Advisory Board Meeting, November 8, 2007

Film Thickness & Phase Continuity:
Condu_ctivit_y Prol;_ies‘

v g b " g i M 5 s

é Principle: Conductivity Difference

é Traverse across pipe

% Fluid Flow Projects Advisory Board Meeting, Noversher 6, 2007




Film Velocity: Cold Liguid Injection

¢ Detect Temperature Variation

) Distance
¢ Velocity = ——™m

P—

['1me

g Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Wet Perimeter: Grades
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» Inside Pipe

> Minimize Reading Error
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Liquid Entrainment:
Iso-kinetic Probe

. o

%% Fiuid Flow Projects Advisory Board Westing, November §, 2507

Borescope

Cross-sectional Viewing System

% Fluld Flow Projects Advisory Board Meeting, November §, 2607
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Test Fluids

I R L L e e A gt

¢ Tap Water/Mineral Qil/Air

¢ Oil Properties

> APl gravity: 33.2°

> Density: 858.78 kg/m3 @ 15.6 °C (60 °F)

» Viscosity: 13.5 cp @ 40 °C (104 °F)

> Surface Tension (with Air): 29.14 dynes/cm
@ 25.1 °C (77.2 °F)

> Interfacial Tension (with Water): 16.38
dynes/cm @ 25.1 °C (77.2 °F)

Advisory Board Meeting, November 8, 2007
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Test Ranges

A A

é Superficial Gas Velocity:
5 10,15 and 17.5 m/s

¢ Liquid Loading Level:
50, 300, 600, 900 and 1200 m3/MMsm3

& Water Cut:
0, 0.05, 0.1, 0.15, 0.2, 0.5 and 1

¢ Superficial Liquid Velocity:
0.00033 to 0.038 m/s

Acdvisory Beard Meeting, November 6, 2007
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Experimental Results

R g g

6 Flow Pattern

¢ Pressure Gradient

¢ Holdup

é Wetted Wall Fraction
¢ Film Thickness

é Liquid Entrainment

g‘g‘ Fluid Flow Projects Advisory Board Meeling, November 6, 20067

Gas-liquid Flow Pattern

Axial View

5 msg, L1 = 600 md MMsm?, WC = 0.5

Y56

%. Fludd Flow Profests Advisory Board Meeting, November 6, 2087
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Gas-liquid Flow Pattern ...

Side View Axial View

L= 10 m/s, L = 600 m¥/MMsm*, WC = 0.3

g Fiuld Flow Projects Advisory Board Meeting, November 8, 2007

Gas-liquid Flow Pattern ...

Side View
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Oil-water Flow Pattern

¢ Stratified (ST)

Side View

Ve = 3 m/s, LL = 600 m¥MMsm?®, W = 0.5

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Oil-water Flow Pattern ...
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¢ Oil and Discontinuous Water Strip (ODWS)
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Side View oftom View
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-water Flow Pattern ...
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Oil-water Flow Pattern ...
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Bottom View

(ST¢y & DD)

i-water Flow Pattern ...
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Three-phase Flow Pattern ...

"’Tv”‘; N, S . S .o

{a) S8 - ODWS (b S8 ST {c) SW - ST

e

[ TAir ol Water

>
Advisory Board Meeting, November 6, 2007

g Fluid Flow Projects

Three-phase Flow Pattern ...
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Three-phase Flow Pattern ...
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Gas-liquid Flow Pattern Map —
Taitel & Dukler (1976)
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Gas-liquid Flow Pattern Map —
Zhang et al. (2003)
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Oil-water Flow Pattern Map
(Vsg = 15 mis)

g g 2 G g AU T g L R 0 PO PN L QTR N S S e g
0.1
&
X By
% B X
0.01 ®
B By oy X
Q)
E X
o
P
>
Vi %
8061 -
I
G.0601 4 +
3.05531 £.0001 G001

@ Fiuid Flow Projects

Advisory Board Meeting, November €, 2007

114




Pressure Gradient (WC =0.1)

E
g
&
B a0 L
oy [ I —f
£ — e
g
@ T P s T e T e
e T
T T I N i
o . ‘ ’ . ’
g 200 400 800 00 16066 1200
LE (mYMMsm)
% Fiuid Flow Projects Advisory Board Meeting, November 6, 2007

Pressure Gradient (vgg = 17.5 m/s,
LL = 1200 m*/MMsm")

A g o A

/ B
HiE ; 3
-
/ - o
-f*;" €0 4 / s f/f/f = P e g
o
o / /@’ o
5 SRS o
L
56 4 2 /
3{! WO
; L VO S R
[ S A S
480 v : e i §
0 200 400 G40 BGO 1000 1200
LE (mYMBsm
% Fluid Flow Projects Advisory Board Meeting, November 8, 2007




Total Liquid Holdup (WC = 0.2)
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Total Liquid Holdup (vgg = 15 m/s)
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Liquid Holdups (vgg = 15 m/s, LL = 1200)
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Oil-water Slippage (vgg = 10 m/s)
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Wetted Wall Fraction

g} Fluid Flow Projects
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Total Liquid Wetted Wall Fraction
(WC =0)
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Liquid Film Thickness

Measurement Location

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Total Liquid Film Thickness
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Liquid Entrainment
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o Liguid Entrainment (WC=1)
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Onset Observation of Entrainment
(Oil and Oil-Water)
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Cnset Observation of Entrainment
(Water)
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Total Liquid Entrainment Flux
Profile (WC = 0.15)
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Total Liquid Entrainment Flux Profile
(vgg = 17.5 m/s, LL = 1200 m3/MMsm?3)
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Water Fraction in Liquid
Entramment Profile (WC = 0.15)
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Model Evaluation

& Selected Models

Low Liguid Loading Two-phase Fan (20065)
TUFFE Unified Two-phase ‘Zhang et al. (2003)
Model :

“TUFFP Unified Three-phase  Zhang and Sarica
Model (2006)

OLGA e et e s SPTGmup S
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Model Evaluation
— Pressure Gradient

R 1 g A A A e

Statistical Parameters

£:(%a) £x{%)} £x(%} g{Paim) | e(Paim} | &{Pa/m)

Model

Fan {2005) 1.070 8879 | 11.235 1.088 3451 5752

Zhang et al.
(2003) -8.301 10.967 | 10.427 -3'63% 3.776 4.875

Zhang and 4 “ 4 4
Sarica (2006) ~15.848 | 18.857 | 27.356 -5,351 5411 8.651

GLGA -13.088 | 13.862

356 -3.744 3.984 6.602
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Model Evaluation
- Tﬁial L&qusd Hcldup

Statistical Parameters

Model
£:{%) e(%) | &%) &(/) es(l) gll)
Fan (2005) -7 437 16,854 | 23.186 | -0.004 0.005 0.007
Zhang et al. B N
(2003) 51.203 | 54.766 | 35385 0.015 0.015 0.0 )

Zhang and
Sarica (2006) 59707 | 61.929 | 32728 ¢ -0.017 0.017 0.011

CLGA -11.706 | 21.284 | 26.701 . -0.005 0.0C6 0.007
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Model Evaluation — Total Liquid
Holdup, Fan (2005)
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Model Evaluation — Total Liquid
Holdup, Zhang et al. (2003)
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Model Evaluation - Total Liquid
Holdup, Zhang and Sarica (2006)
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Model Evaluation — Total Liquid
~ Holdup, OLGA
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Model Evaluation
— Water Holdup __ N
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Statistical Parameters
Model —
g (%) &%) . & (%) e {/) &) &
Zhang and
Sarica (2006) -42.353 | 56.238 | 48.821 -0.005 0.006 G.007
OLGA -10.081 1 33777 | 45879 -0.003 0.G04 0.006
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Model Evaluation — Water Holdup,
Zhang and Sarica (2006)
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Conclusions

é Low Liquid Loading Gas-oil-water Flow
in Large Diameter Pipes is Investigated
the First Time

» 156 Tests Measuring Pressure Gradient,
Liquid Holdups, Wetted Wall Fractions,
Liquid Film Thickness

» Qil and Water Entrainment Profiles First
Studied

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Conclusions ...

R M ot A0 A

¢ New Phenomena Observed Including

» Water Channel Flow

Liquid Holdup Rebounds as Gas Velocity
Approaches Annular Flow

Pressure Gradient first Increases and then Decreases
with Increasing Water Cut

v

Liquid Holdup first Increases and then Decreases
with Water Cut Increase

2%

¥

Wetted Wall Fraction first Decreases and then
Increases with Increasing vy,

% Fiuid Flow Projects Advisory Board Meeting, November 6, 2067




Conclusions ...

é Model Evaluations
> Fan (2005) Model Gives Best Predictions of
Pressure Gradient and Holdup

» Zhang and Sarica (2006) Reflects Flow
Pattern Changes

» OLGA Gives Reasonable Predications of
Pressure Gradient and Holdup

% Fluid Flow Projects Advisory Board Mesting, November 6, 2007

Questions and Comments
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Low Liquid Loading Gas-Oil-Water Flow in
Horizontal Pipes

Hongkun (Tom) Dong

PROJECTED COMPLETION DATES:

BAErature RevIEW. ... Completed
Facihity Modifloation ..o Compieted
Preliminary Testing. ..o oo Completed
TESLING oo e Completed
Model Evaluation.............coooiiooivimi oo Completed
FInal REPOTt .. i e Completed

Objectives

The main objectives of this study are:

» Investigafe experimentally and theoretically low
liquid loading gas-oil-water flow in horizontal

pipes

» Acquite experimental data of low liquid loading
gas-oil-water flow in horizontal pipes and identify
the differences between low fiquid loading two-
phase and three-phase flow

e Evaluate existing models with experimental data

and suggest modifications or new development for
modeling if neccesary

Introduction

Low liquid loading gas-oil-water flow exists widely
in wet gas pipelines. These pipelines often contain
water and hydrocarbon condensates, while small
amounts of condensates can lead to a significant
pressure loss along a pipeline (Meng, 2001). Many
other issues like hydrate formation, pigging
frequency and downstream facilities design are
related to the pressure and holdup prediction of
pipeline. Moreover, the efficiency of the corrosion
inhibitors is strongly related to the distribution of the
Liguids in the pipeline. Therefore, understanding of
the flow characteristics of low liquid loading pas-oil-
water flow is of great importance in transporiation of
wet gas.

Due fo the difference in fluid properties, mixture of
ol and water may exhibit significant different
behaviors from single liquid phase. However, very

few studies have been conducted on low liquid
loading three-phase flow. No research has been
carried out in this specific area with a large diameter
pipe up to the author knowledge. Although several
studies (Agikgoz et al., 1992; Taitel et al., 1995; Pan,
1996; Khor, 1998; Bonizzi et al,, 2003; Oddie et al.,
2003, Keskin, 2005; Zhang and Sarica, 2005) have
been conducted on three-phase flow pattern and the
modeling of three-phase flow, the flow range of low
Liquid foading flow was not covered in those studies
probably due to the complexity and uncertainty,

Low liquid loading gas-oil-water flow experiments
were conducted in a 6-in 1D flow loop. The pressure
drop, holdups, wetted wall fractions, liquid
entrainments and liquid film thicknesses with respect
to different superficial gas velocities, liquid loadings
and water cuts were measured in horizontal pipes.

The experimental data were compared with selected
model  predictions.  Suggestions on  model
modification were made based on the experimental
findings.

Experimental Study

Experimental Facility

The TUFFP 6-in flow loop, which has been used for
low liquid loading two-phase flow (Fan, 2005), was
modified for three-phase experiments. The schematic
of the facility after modifications is shown in Fig. 1.

A vertical three-phase separator was added to the
system for separating gas, oil and water phases in the
experiments. Inlet momentum is controlied with a bi-
directional inlet diverter that also provides bulk




sas/liquid  separation. A 6-in thick wire mesh
extractor is used to de-mist the air. This facilitates the
removal of Y9% of 5 micron and larger droplets. il
and waler separate in hiquid retention section at the
bottem of the separator. A muffler was installed at
the air outlet of the separator to reduce the noise
resulting from high air flow rate.

Two 500 gallon plastic tanks were used as oil and
water tanks to supply and circulate liquid for the
system. Two cavity puinps were used as it and water
pumps. Two-stage air compressors were used 1o
supply air to the system,

The test section was made of 6-in ID pipes and
consists of two runs connected with a U-shape benid.
Each run is 56.4-m long. Significant modifications of
the test section were made. PVC pipes in the U-shape
flow loop have been replaced with steel ones with an
acrylic visual section at the end of each run. The
schematic of the test section is shown m Fig. 2. A
new mixing section shown i Fig. 3 was designed for
properly mixing gas, oil and waler phase at the
entrance of the test section. The inclination angle of
the test section can be changed from ¢° w0 2°
enabling us to have downward flow with inclination
angle down to -2° and upward flow with inclination
angle up to +2° with the two runs, respectively. Both
the upward and downward runs of the test section
were Instrumented.

Instrumentation and Data
Acquisition

The instrummentation apparatus was designed to
measure the desired parameters: pressure gradient,
holdups of the three phases, liquid film thicknesses,
liquid wetted wall fractions and liquid entrainments
in gas phase.

Gas flow rate was measured with a Micro Motion
flow meter CMF 300. Two Micro Motion flow
meters CMF050 were used to measure oil and water
flow rates. They were calibrated by the manufacturer,
The uncertainty of mass flow rate was £0.1% and the
uncertainty of density measurement was £0.5%.

Quick-closing valves were used o trap the liquid to
measure the total liquid holdup, water heldup and oil
holdup. The hquid entrapped in the guick closing
valves was pigged out with a designed pigging
system and drained mto graduated eylinders to
measure the volumes of water and o1l phases.

Celd liguid injection method, similar o the salt water
mjection method (Fan, 2003) which has been used in
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the low hquid loading of gas~-water flow experiments,
was applied to measure the interface velocity. A cold
liguid injector was placed at a point in the test section
to inject cold oil or water info the test section. Two
thermal couples were installed 0.5 fi after the injector
with a 1 ft interval between them. The tme
difference between the temperature peaks detected by
those two thermal couples is recorded. Then, the
liquid velocity was calculated.

Conductivity probe was employed to measure the
water film thickness at the bottom of the pipe. During
the expermments, the conductivity probe traversed
vertically to detect the interface position between ol
and water based on the conductivity change due to
phase change. Meanwhile, conductivity probe was
also used for the determination of which phase in the
fully mixed liquid film is continuous based on the
conductivity difference between oil and water during
the three-phase experiments.

An iso-kinetic sampling system was used for the
determination of liquid entrainment in the gas phase.
During the experiments, the iso-kinetic sampling
probe traversed in the pipe to obtain the sample at
different locations. The liguid in the sample was
separated with a small gas-liquid separator and
collected in a graduated cylinder, The gas was vented
into the atmosphere. The collected liquid volume and
the sampling time were used to determine the liquid
catrainment. Liquid entrainment at each location was
obtained when the probe traversed from bottom to
top to get the liquid entrainment profile across the
pipe. The principle 18 shown in Fig. 4,

A cross-sectional viewing system was mounted in the
test section to get the image of the cross section. An
Olympus rigid borescope, an Olympus SP350 digitai
camera and a camera-borescope adapler were used
for the system. Sheet hight illumination was used to
illuminate the pipe cross-section. The method was to
cover the pipe by dark covers leaving a narrow gap to
restrict the light to a narrow area. The principle of
axial view system is shown in Fig. 5.

Measuring the wetted wall perimeter from outside the
pipe with tape has a significant uncertainty due 1o the
refraction of the pipe wall. The uncertainty changes
with the film beight and the thickness of the pipe
wall. in the present study, the transparent acrylic pipe
was marked inside to give a direct reading of the wet
perimeter, which significantly reduced the reading
uncertamty.

DettaV'™ digital automation system was used as the
data acquisition system for low liquid loading three-
phase flow. The DeltaV system is a fully digital




system, by which it can save time to integrate all the
measured parameters and minimize the error.

Test Fluids

The fluids used in the expertments consist of air,
mincral oil and tap water, Due to its good separability
and stability, Tulco Tech 80 oil is selected as the oil
phase. The physical propertiss of the oil are given
below.

o API gravity: 33.2°

¢ Density: 858.75 kg/mr’ @ 15.6 °C

»  Viscosity: 13.5 ep @ 40 °C

*  Surface tension: 29.14 dynes/em @ 25.1 °C

* Interfacial tension with water: 16.38
dynes/cm g 25.1 °C

*  Pour point temperature: -12.2 °C

»  Flash point temperature: 183 °C

The characterization measurements of Tulco Tech 80
tmuneral oil have been performed in Chevron labs.
The changes I  density and viscosity  with
temperature are given in Figs. 6 and 7, respectively.

Testing Range

In this study, superficial gas velocity ranged from 3
to 17.5 mys, The liquid loading level ranged from 50
to 1200 m’/MMm®. Water cut changed from 0 to
100%.

Uncertainty Analysis

The uncertainty analysis was performed for all of the
instruments based on the systematic and random
uncertainty analysis.

Random errors affect test data in random fashion
from one reading to the next (Dieck, 2002). Random
uncertainty sources are those that cause scatter in the
test results. Generally, when an experiment is
conducted, a sample of N population would be used
to caleulate the standard deviation to get the random
£1T0T,

I Xbe-xFT (1)

where, ¥ is the value of 7th X in the sample, X ig
the average of sample, N -1 is the degrees of
freedom for the sample, and S, 18 the standard

deviation of the sample. Most of time, the standard

deviation of the average, S., is the preferred format

to express the random uncerfainty,
s,
A @
ks "\1

where §_ refers to 689 confidence, which means
X

that the interval (}2“ S} containg 68% of the data

sample.

Generally, 95% confidence is required for most
experiments. At this point, Studeat’s t is used as IS

to get approximately 93% in confidence. Therefore,
the interval (,—figgx contains 93% of the data

sample.

Systematic errors are constant for the duration of
experiments.  Systematic  errors affect every
measurement of variables the same amount (Breck,
2002). It is not observable in the test data. It is the
instdious nature of systematic error that, when there
is low random error, one assumes the measurement is
accurate, with low uncertainty. This is not a sufficient
condition for an accurate measurement. The random
and systematic errors must both be low to have low
uncertainty.

The method in this project for combining systematie
uncertainties is to root-sum-square the elemental
systemalic uncertainties.

B12=[S b 12 ] 3)

Since all these elemental systematic uncertainties are
95% in confidence, the result is also 93% in
confidence. The uncertainty analysis for all the
parameters measured 1s fisfed in the Table 1.

Experimental Procedure
The testing procedure chart is given in Fig. 8 The
following six steps of setting up the flow conditions
were followed for each test:

Step 11 Set and maintain a gas {low rate.

Step 2: Set and maintain a liguid loading level
{total liquid flow rate).

Step 3: Set and maintain 4 water cut and
conduct the experiment to acquire data.

Step 4: Change the water cuf and repeat Sleps 3
and 4.




Step 50 Change the liquid loading level and
repeat Steps 3 to 5.

Step 6: Change the gas flow rate and repeat
Steps 2 1o 6.

Experimental Results

156 tests were carried out for low Hquid loading gas-
oil-water flow in horizontal pipes, in which 28 tests
are air-water tests under atmospheric pressure and
128 tests were are ar-cil-water tests under a system
pressure. In the three-phase tests, four superficial gas
velocities (5, 10, 15 and 17.5 m/s), five Hquid loading
levels (30, 300, 660, 900 and 1200 m*/MMsm® ) and
seven water cuts (0, 0.05, 0.1, 0.13, 02, 05 and 1)
were used to investigated the three-phase low liquid
loading behaviors. The oil flow rate and the water
flow rate were determined based on the air mass flow
rate, liquid loading level and water cut. The system
pressure was maintained between 163 to 185 kPa for
the tests.

Flow Pattern

The observed flow patterns of low liguid loading gas-
oil-water flow include: stratified-smooth  and
stratified (85 - 8T), stratifted-smooth and o1l with
discontinoous water stripe {88 - ODWS), stratified-
wavy and stratified (SW - ST}, stratified-wavy and
water in il dispersion (SW - Dy, stratified-wavy
and stratified with channel water and water in oil
dispersion {(SW - STy & Dyyo), stratified-wavy and
stratified with channel water and dual dispersion (SW
- STew & DD, stratified-wavy with  droplet
entrainment and water 1 oil dispersion (SW & E -
Dwo), and stratified-wavy with droplet entrainment
and strazified with chaanel water and dual dispersion
{SW & E - STew & DD). The classification is shown
in Fig. 9, and the schematic of each flow pattern is
shown in Figs. 10 (a) to (h).

Pressure Gradient

Selected pressure gradient data are presented in Figs.
1l and 12, As expected, at the same water cut, the
pressure gradient increases with mereasing the Hguid
loading at the same superficial gas veloeity; it also
increases with increasing the superficial gas velocity
at same liquid loading level. The water cul does not
seemt to play an important role on the pressure
gradient change for low superficial gas velocity fests
except that pressure gradient al water cut of 1 is
always lower then that of other cases. At very high
gas velocity of 17.5 wv/s, the pressure gradient

mereases to a maximum and then decreases with
mereasing water cut.

Liquid Holdup

As shown 1n Figs. 13 and 14, at the same water cuts
and the same superficial gas velocities, the tfotal
hquid holdup increases with the increasing liquid
loading. 1t 15 also seen that the total liguid holdups
decreases when the superficial gas  velocities
increases from 3 fo 15 m/'s at the same liquid loading
level and water cut. However, the liquid holdup
decreases rapidly when superficial gas velocity
increases from 3 to 10 m/s while further increase in
superficial gas velocities only causes a very small
decrease of total Haguid holdup. When the superficial
gas velocity increases from 15 to 17.5 m/s, the liquid
holdup increases at the same liquid loading and water
cut,

The selected water holdup data are presented in Figs.
15 and 16. The water holdup mostly increases with
increasing liquid loading at the same superficial gas
velocity and water cut. The water holdup also
increased as the water cut increased at the same
superficial gas velocity and liquid loading. Irregular
pomnts were possibly due to the flow pattern
fransition.

Oil-water slippage is the difference between in-situ
oil and water velocities. It is related 1o water cut ratio
(WCan/WC). The selected data for oil-water
shippage reflected by water cut ratio are shown in Fig.
17. In low liquid loading gas-water-oil flows, water
can flow slower or faster than oil. When the oil and
water flow stratified, the gas phase has only contact
with o1l phase and water kayer has to obtain the
energy through o1l. The upper oil layer flows faster
than water layer. At higher gas velocities and higher
water cuts, where the strafified with channel water
(S8Tew) exists, the water layer have a direct contact
with gas phase. Since both oil and water could
directly acquire energy from gas phase, the viscosity
effect came into play, making the oil flow slower
than water due to the higher viscosity of oil phase.
On the other hand, at very high gas velocity, high
turbulent energy made the oil and water flow as fully
dispersion or emulsion, the water cut ratio
approached 1.

Wetted Wall Fraction

As shown in Fig. 18, the total Hquid wetted wall
fraction increases as the liquid loading increases at
the same gas velocity and water cut. The total liguid
wetted wall fraction reaches a minimum vahe a




about vee of 10 mis for the same water cut and hquid
loading under the investigated flow conditions.

The water wetted wall fraction is shown in Figs. 19
and 20. It is zero many times because the water phase
was not continuous. Once the water phase is
continuous, the increase of liquid loading results in
an increase of water weited wall fraction at the same
water cut and superficial gas velocify.

Film Thickness

The selected total liquid film thickness data are
presented in Figs. 21 and 22, At the same water cut
and the same superficial gas velocities, the film
thickness increases with the increase of liguid
loadings because of the increase of input Hguid flow
rate. The film thickness decreases with mcreasing
superficial gas velocities at the same water cut and
liquid loading.

Liquid Entrainment

The onset of liquid enfrainment was observed
visually. The results are shown in Figs 23 and 24. For
oil or oil-water mixture as the liquid phase, the liquid
entrainments were first observed at the superficial gas
velocity of 15 m/s and liquid loadimg of 300
m’/MMsm’. The entrained droplets first reached the
top of the pipe at the superficial gas velocity of 15
m/s and liquid loading of 900 m’/MMsm’. For the
water as the liquid phase, the liquid entrainment was
firstly observed at the superficial gas velocity of 15

/s and liquid loading of 900 m*/MMsm®, and first
reached at the top of the pipe at the superficial gas
velocity of 17.5 mfs and liquid loading of 900
m/MMsm®.

In the present study, local liquid entrainment flux is
defined as the following equation.

By = i X
A;;,':;;;s""f

Where, Fy is the liguid entrainment flux; ¥, is the
collected liquid entrainment volume, 4 ore 15 the area

of probe opening, and ¢_ is the sampling duration

The selected total liquid entramment fiux profies are
shown in Figs, 25 and 26. At superficial gas
velocities of 17.5 m/s, the same liquid loading and
water cut, the entrainment flux on the gas-fiquid
interface  was  considerably higher than  other
locations. The liquid entrainment flux decreases first
sharply and then slowly to a plateau from the figuid
surface to higher locations. At the same location and
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same waler culs, the liquid entrainment increased ag
the liquid loading increased. The rtotal fiquid
entrainment flux decreased as the water cut increased
at each location within the investigated  flow
conditions.

As shown in Fig. 27, the water fraction in the tofal
entrained fiquid 1s close to the input water cuf near
the gas-liquid interface. 1t also decreases to a plateau
from the interface 1o the higher locations.

Model Evaluation

The experimental data were compared with the
predictions of the Fan (2003) low Hquid loading two-
phase flow model, Zhang et al. (2003) unified two-
phase flow model, Zhang and Sarica {2006) unified
three-phase flow mode! and the OLGA steady state
simulator.

Statistical Parameters

Statistical parameters are used to examine the
performance of existing models and software. These
statistical parameters are calculated from two types of

errors, relative error €, and actual error &, , which are
expressed as in Egs. 5 and 6, respectively.

] - N

(e}, “}[M gxIOO} ) (5)
L\ (Aose + Ay )12 ) i

and

(6’2 ); = (.APRE - AEXP),’ . (6)

In Egs. (5) and (6), A 18 the experimental
measurement and 4, is the predicted value by a
model. In Eq. (5), instead of using the experimental
measurement, the average of the experimental and
predicted values is used as the denominator, which is
believed to give a more fair representation of the
prediction quality (Fan, 2005). Based on the above
two types of errors, the following six statistical
parameters can be defined.

Average relative error is

& =
&= —TZ({"R}; : 7
NT
Absolute average relative error is

(&)




Standard deviation about average relative error is

(9)
P
£o= e, (10)
e
Absolute average actual error is
(11)
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Standard deviation about average actual error is
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Y = (12)

£y = e

N1

In the above equations, N is the total number of data
points.

Pressure Gradient

The evaluation results of pressure gradient were
shown in Table 2. The Fan (2003) low liquid loading
two-phase flow model has the smallest values for five
of the six statistical parameters, giving the best
prediction of pressure gradient. The positive ¢, and
£, values indicate slight overestimation of the

pressure gradient. The Zhang et al. (2003) unified
two-phase model, the Zhang and Sarica (2006) model
and the OLGA simulator all have negative £ and &,

values, indicating underestimation of pressure
gradient to different degrees.

Figures 28 to 31 show the comparisons of measured
pressure gradients and the predicted values with the
models. The Fan (2003} model gives very good
predictions for low pressure gradient, which
corresponds to low superficial gas velocities of 5 and
10 mv/s. The predictions become more scaitered at
high superficial gas velocities of 135 and 17.5 ms,
where the inierface curvature and entrainment were
encountered. Probably this is because liguid mixture
properties and the liguid entrainment effect were not
properly taken into aceount,

The Zhang et al. (2003) model gives sfight under
predictions compared to most of the data. Since the
model 15 also two-phase flow moedel the liquid
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mixture preperties may not be reflected by the
interpolation. The Zhang and Sarica (2006} three-
phase model also under predicts the pressure
gradients compared with the experimental data while
significant offsels are found on some points, which
are marked with the dashed etlipses.

The GLGA model gives good predictions when the
superficial gas velocity is less than 10 m/s. It
underestimates the pressure gradient at superficial
gas velocities of 135 and 17.5 m/s.

Liquid Holdup

Table 3 shows the results of the evaluation of fotal
fiquid holdups using the present study data. All the
models give negative values of g ande,, indicating

that they all underestimate the total liquid holdup
compared with the experimental data under the
investigated flow conditions. The Fan {2005) low
liquid loading two-phase flow model has the smallest
values of all the statistical parameters, performing the
best in predicting the total liquid heldup. Second to
the Fan (20035) model, the OLGA simulator also
gives good predictions for the total liquid holdup.
The Zhang et al. (2003) model and Zhang and Sarica
{2006) model both significantly under predict the
total liquid holdup.

Figures 32 to 35 show the comparisons of the
individual model predictions with the measured total
liquid holdup values. It can be seen that the oil-water
flow pattern transition effect is not reflected by the
two-phase models. The Zhang and Sarica (2006)
three-phase model clearly shows the right trend of the
total liguid holdup change with the water cui, but the
predictions are all significantly lower than the
experimental measurements. The OLGA software
appears to be sensitive to the cil-water flow pattern
changes, but with a wrong trend.

Water Holdup

The two-phase flow models can not give predictions
of oil or water koldup individually. Only the Zhang
and Sarica {2006} unified three-phase model and
OLGA predictions are compared with experimental
data. Table 4 shows the medel evaluation resuits for
walter holdup with the experimental data of the
present study. Both of them underestimate the water
holdup (negative g, and g, values) OLGA
predictions are better than that of the Zhang and
Sarica (2006) model predictions. Figures 3-11 and 5-
12 show the individual comparison results of model
predictions with experimental measurements.




Conclusion

in this study, 156 tests were carried out for low higuid
leading  gas-ofi-water flow in a 132.4-mm ID
horizontal pipe. This is the first experimental study
on low liquid loading there-phase flow in large
diameter pipes. Pressure gradient, liguid holdups,
welled wall fractions and liquid filr thickness were
reasured in the experiments. Oil and  water
entrainment profile was also investigated,

Several new flow phenomena were observed in the
experiments. A new oil-water flow pattern of water
channel flow was observed. This flow pattern
perbaps exists only in large diameter pipe. The liquid
holdup first decreases and then increases with
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Table 1: Uncertainty Analysis

Parametor Instrament Randoem Systematic Combined
me e uncertainty (95%) | uncertainty (95%) | uncertainty (95%)
Pressure Rosemount pressure 0.14% 1.20% 1.21%
transducer
Pressure drop Rosemount differential 014, 1 20% 121%
pressure transducer
Temperature Rosemount temperature 0.13°C 0.5°%C 0.52°C
fransducer
Gas flow rate Micro Motion flow meter | 0.46% 0.35% 0.58%
Water flow rate | Micro Motion flow meter | 0.13% 0.05% 0.14%
Oil flow rate Micro Motion flow meter | 0.13% 0.05% 0.14%
Wetted wall 2 mm S8 2.2 un SS
- tor Ruler 1 mm
permmeter 3-5 mm SW 3.2-5.1 mm SW
Trapped oil Quzck—closm_g. valve and N/A 1.5% 1.5%,
volume graduated eylinder
Trapped water chk-g{]esmg vaive and NJA 1-5% 1-50
volume graduated cylinder
: L5 mm S8 1.8 mm 88
%\}F\Iratg; ﬁ‘im Conductivity probe 1.0 mm
feRness 2.5-5 mm SW 2.9-5.2 mm SW
o 1.5 mm 88 1.8 mm 8§
f}):f li('im Conductivity probe 1.0 mm
CRRESS 2.5-5 mm SW 2.9-5.2 mm SW
interfacial s s o
- Thermo or dye tracer 8-15% 1% 8.1-15.1%
velocity
L;qm‘ci L;qulq entraimment N/A g, 8%
entrainment sampling system
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Table 2: Model Evaluation with Pressure Gradient Measurements

Statistical Parameters

Model L .

gy (%) g (%0} (%) | a(Pam) | adPaim) | g (%)
Fan (2005) 1.070 8.879 11.233 1.088 3.451 5732
Zhang et al. 8301 | 10967 | 10427 | 3638 | 377 1875 |
{2003
Zhang and -15.848 16.837 27.356 -5.351 5.41] 8.691
Sarica (2006)
OLGA ~13.099 13.862 25356 -3.744 3984 6.602

Table 3: Model Evaluation with Total Liguid Holdup Measurements
Statistical Parameters
Moedel -

g (%) | 22(%) | &(%) £4{/) &5 (/) g6 ()
Fan (2005) ~7.137 16.854 23,186 -0.004 0.005 0.607
Zhang etal. -51.293 | 54766 | 35383 | -0.015 | 0.015 0.011
{2003)
Zhang and Sarica | .59.707 | 61.929 132728 | -0.017 | 0.017 0.011
(20063
OLGA -11.706 | 21.284 26.701 -0.003 .006 0.007

Table 4: Model Evaluation Using with Water Holdup Measurements
Statistical Parameters
Maodel

e (%) | &% | &%) (/) &5 (/) es{/)
Zhang and Sarica | 42353 | 56.238 48.921 -(0.005 0.066 0.007
(2006}
OLGA -10.061 | 33.777 45.879 -0.003 6.004 0.006
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Low Liquid Loading Gas-Oil-
Water Flow in Inclined Pipes

Feng Xiao

Advisory Board Meeting, November 6, 2007

Outline

D 0 0 e S A T GO, P SRS Oty S, S 0 s il

é Objectives

é Introduction
é Preliminary Literature Review

é Facility and Modifications
é Experimental Study
é Project Schedule

% Fluid Flow Projects Advisory Board Meeting, November §, 2007
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Objectives

# Investigate Low Liquid Loading Three-
phase Flow in Inclined Pipeline

é Acquire Data to Compare with Existing
Model Predictions

é Suggest Modification for Existing
Correlations or Develop New Model If
Necessary

% Fluid Flow Projects Advisory Board Meeting, Novembker 6, 2007

Introduction

R N R g g om0 A :.g_\w?g’ A e

é Low Liquid Loading Corresponds to
Ratio of Liquid to Gas < 1100 m3/MMsm?3

é It Exists Widely in Wet Gas Pipeline

4 Small Amount Liquid can Cause
Significant Increase of Pressure Drop
and Other Problems

% Fluld Flow Projects Advisory Board Meeting, November 6, 2007




Preliminary Literature Review

é Stratified Flow Model

é Annular Flow Model

é TUFFP Low Liquid Loading Studies
& TUFFP Unified Model

g‘; Fiuid Flow Projects Advisory Board Meeting, November 8, 2007

Stratified Flow Model

é Taitel and Dukler (1976)
> Analysis of Equilibrium Stratified Flow

é Cohen and Hanratty (1986)
» Constant Interfacial Friction Factor

é Xiao et al. (1990)
> Interfacial Friction Factor — Combination
of Andritsos and Hanratty (1987) for
Small Diameter Pipes and Baker et al.
(1988) for Larger Diameter Pipes

% Fluid Flow Projects Advisory Board Meeting, November 6, 2087
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é Butterworth (1972)

» Air-Water Annular Flow in a Horizontal
Tube

6 Jayanti et al. (1990)

> Liquid Film Formation based the Shape
of Disturbance Waves

6 Williams et al. (1996)

» Entrainment is Strongly Affected by Gas
Velocity

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP Low Liquid Loading Studies

""" "‘p'ﬂi'ﬂ‘ﬁr“i&'w-ﬁ-v..,wxv-.,:’.-vwvw“;-ﬁ’@%v

é Chen (1997)
» Air-oil, 0°, 77.9-mm ID pipe
4 Meng (1999)
> Air-oil, 0°, 21°, £2°, 2-in ID pipe
é Olive (2001)
> Air-water, -1°, 2-in ID pipe
é Fan (2005)
> Air-water, 0°, +1°, £2° 2-in and 6-in ID pipes
é Dong (2007)
> Air-oil-water, 0°, 6-in 1D pipe

% Fiuid Flow Projects Advisory Board Meeting, Novernber 6, 2087
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TUFFP Unified Model

B ..

¢ Zhang et al. (2003) Unified Model for
Gas-Liquid Pipe Flow

¢ Zhang and Sarica (2006) Unified Model
for Gas/Liquid/Gas Pipe Flow

% Fluid Flow Projects Advisory Board Meeting, November §, 2087
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Facility ...

TesiSector 67 Flaw Losp

r

ey s e -
e

% Fiuid Flow Projects Advisory Board Meeting, November 6, 2007

Modifications

(’%‘-"GV A e by P e T g g

é Pipe Inclination Angles -2°, +2°

6 Make Finer Grades on Pipe Inside
Circumference

é Enhance Air Compressor Capacity

é Develop Information Storage Database
to Store Test Data, Images, Videos and
Comments

% Fiuid Flow Projects Advisory Board Meeting, November 6, 2007
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lodifications

é Add Laser Sheet System for Gas-liquid
Interface Shape Observation

Side View

Cross Sectional View

§ Fluid Flow Projecis Advisory Board Meeting, November 6, 2007

Modifications
:Use éeal T:me Caméré Sets to Momtor
Flow Development

Cross Sectional View Side View

g Fluid Flow Projects Agdvisory Board Meeting, November §, 2087
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Experimental Study

6 Planned Measurements
6 Preliminary Test and Main Test
6 Test Matrix on Flow Patiern Maps

g} Fluid Flow Projects Advisory Board Meeting, Novernber 6, 2007

Planned Measurements

é Pressure, Temperature, Pressure
Gradient - PT and TT and DP

é Liquid Holdup - Quick Closing
Valves and Pigging

& Wetted Wall Perimeter - Grades
inside Pipe Circumference

é Liquid Entrainment Fraction - Iso-
kinetic Sampling System

§ Fluid Flow Projects Advisory Board Meeting, November 6, 2087
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Planned Measurements ...

é quuid Film Thickness - Conductivity
Probes

é Phase Continuity - Conductivity Probes

¢ Liquid Film Velocity - Warm or Cold
Liquid Injection, Thermal Probes

é Cross Sectional Image - Cross-sectional
Viewing System

¢ Flow Pattern Image - High Speed
Camera

@ Fluid Flow Profects Advisory Board Meeting, November B, 2007

Preliminary Test and Test

» Water Cuts: 0.0, 1.0; Inclination Angle: 0°

> Validity and Repeatability, Establish Operation
Procedures and Standards

é Test

o V\?ter Cuts: 0.0, 0.05, 0.4, 0.2, 0.5, 1.0; Inclination Angles:
+
¢ Test Matrix
Vsg (mis) Vsi (m/s)
5 0.00025 0.0015 0.003 0.0045 0.008
10 0.0005 0.003 0.006 0.009 0.012
15 0.00075 0.0045 0.008 0.0135 0.018
20 0.001 0.008 0.012 9.018 0.024
25 0.00125 ¢.0075 0.015 0.0225 0.03
% Fluid Flow Projects Advisory Board Meeting, November 8, 2007




Test Matrix on Flow Pattern Maps

Fiow Padeern Mg (4293 Flow Paktern Map (.15
1
2 3
& £ 0t
D i
o L= L
i P . ; A r 1 a 160
Vg, mis Ve, BVUS
i}% Fluid Flow Projects Advisory Board Meeting, November §, 2007

Project Schedule

“53’”::“.“‘:’"?‘.‘"\%““?'15“:i’ii:ni’ﬁ‘“::“’W”""!i'i‘”“"”ﬁ?“fﬁfw”_”ﬁ;mr B0 T S et PR IO NI, ORI, S et SR,

é Literature Review — April 2008

é Facility Modifications — March 2008
é Preliminary Tests — April 2008

6 Tests — September 2008

é Data Analysis and Final Report —
December 2008

f{?j Fiuid Flow Projects Adwisory Board Mesting, November 6, 2007
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Low Liquid Loading Gas-Oil-Water Flow in
Inclined Pipes

Feng Xiao

PROJECTE COMPLETION DATES:

Literature REVIEW....cooo i,
Facility Modification ...
Preliminary Testing..........oviioe e
TOSHRE 1o
Medel Development........ooe
Final Report oo,

Objectives

The main objectives of this study are to
experimentally investigate low liquid loading gas-oil-
water flow in inclined pipes, to evajuate the existing
models with experimental data and to suggest
modifications or new developments for the models if
necessary.

Introduction

.............................................. Apnil 2008

..................................... September 2008
..................................... November 2008
...................................... December 2008

and measured at different flow rates, liquid loading
levels and water cuts. The pipe inclination angles
will be £2°.

Literature Review

Low hiquid loading gas-oil-water flow exists widely
in wet gas pipelines. These pipelines often contain
water and hydrocarbon condensates, and small
amounts of condensates can lead fo a significant
pressure loss along a pipeline. Many issues like
hydrate  formeation, pigging frequency and
downstream facility design are dependent on the
pressure and holdup predictions in the pipeline.
Therefore, understanding of the flow characteristics
of low liquid loading gas-oil-water flow is of great
importance in fransportation of wet gas. Due to the
differences in fluid properties, ofl and water may
exhibit significant different behaviors than single
phase liquid. However, very few studies have been
conducted on low lquid loading three-phase flow,
probably due to the complexity and uncertainty.
Although several authors have published papers on
three-phase flow pattern and modeling of three-phase
flow, most of them do not cover the range of low
Hauid loading flow.

in this study, Jow liquid loading gas-oil-water flow
experiments will be conducted in an inclined 6-in ID
flow loop. The flow paltemn, pressure drop, fractions
of the three phases, liquid film thickness, wetted wall
fractions and entrainment fractions will be observed

Although many theoretical wnd experimental
investigations on gas-liquid pipe flow have been
carried oui, just a few studies were focused on low
liquid leading, and even fewer on three-phase flow
with low liguid loading. However, it is in this
domain that npatural gas with condensa