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Abstract i

Abstract

In this thesis, the co-current flow of gas, oil and water in pipes has been studied at low
input liquid loading. Despite the frequent occurrence of low liquid loaded gas flow in
pipes involved in the production of gas fields, the basic flow mechanisms are not accu-
rately accounted for by current multiphase flow models. This is partly due to a lack of ex-
perimental data, especially in three-phase gas-liquid-liquid flow.

In this thesis, new laboratory pipe flow measurements at low liquid loading have been per-
formed in an atmospheric multiphase flow loop with air, water and oil. The initial moti-

vation for the experiments was to test the influence of pipe material on wall wetting. Two
types of experiments have been carried out: steady-state flow tests in near horizontal pipes
of different material (acrylic, steel and epoxy coated steel) and transient flow tests in ho-
rizontal and vertical gas pipes of gradually changing liquid wetting. In both cases, accu-

rate measurements of the pressure drop and phase fractions have been performed.

The wall material was found to influence the steady-state pressure drop and phase frac-
tions in three-phase flow. Hydrophillic walls delayed the formation of dispersions in the
liquid phase but also affected the distribution of droplets on the upper-pipe wall in atomi-
zation flow. It has been possible to alter the water affinity of the acrylic pipe wall by either
contaminating or cleaning the wall surface, resulting in fairly different flow measure-
ments. In vertical pipes, the presence of a thin liquid film at the wall did not result in drag
reduction as was expected theoretically. Despite the low liquid holdup at the wall, the fric-
tional pressure drop was significantly higher than for single phase gas flow. For very thin
films, the friction factor approached that of a rough pipe with an hydraulic roughness sca-
ling with the average equivalent film thickness.

Predictions from one-dimensional multiphase pipe flow models have been compared with
the experimental measurements at low liquid loading and severe discrepancies were ob-
served. For steady gas-liquid flow in slightly inclined pipes, the Modified Apparent
Rough Surface model by Grolman (1994) compared best with the experimental data. For
both gas-liquid and gas-oil-water flow, the commercial simulator PETRA was relatively
close to the measured data. However, when local separation of oil and water occurred in
the pipe, the holdup was under predicted. For atomization flow and upper pipe wall wet-
ting, the pressure drop was also under predicted by PETRA.

A steady-state three-phase stratified flow model has been derived in this thesis to incor-
porate the prediction of interfacial curvature depending on the preferred wetting of the
pipe wall by either one of the liquid phases. The model gave predictions in closer agree-
ment with measurements than three-layer models assuming flat interfaces.
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Nomenclature xi

Nomenclature

Roman symbols:

Symbol Unit Denotes

A m? pipe cross sectional area

A - universal constant, A = 8.5 (in Chapter 5)

Ap m? liquid cross sectional area

Ap m? oil cross sectional area
Ay m? water cross sectional area

B - universal constant, B =5 (in Chapter 5)

B, - Bond number

co - gas-oil interface curvature index

Cw - oil-water interface curvature index

C, - capillary number (defined in Biberg 1999)

Cp kg/m3 droplet concentration in the gas stream, Equation [3.72]
D m pipe internal diameter

Dg m gas phase hydraulic diameter

D; m diameter of the oil-water interfacial arc

D; m diameter of the gas-oil interfacial arc

Dy m liquid phase hydraulic diameter

Do m oil phase hydraulic diameter
Dw m water phase hydraulic diameter

EF - droplet entrained fraction, EF = Ug; /Uy,

fic - Fanning friction factor, f, = A,/4

F N force (in Chapter 4)

F¢ - drag factor

F N/m gas momentum or scaled gas momentum, F; = 1,5, (in

G Chapter 6, Chapter 7, Appendix D and Appendix E)
' gas-liquid frictional pressure drop, F; = 1.5,/4
5 Pa/m (in Chapter 5)
gas-liquid interfacial momentum or scaled interfacial
F; N/m momentum, F; = 1,5, (in Chapter 6, Chapter 7, Appendix
D and Appendix E)
Fy Pa/m liquid-wall frictional pressure drop, F;, = 1,S,/4

(in Chapter 5)
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xii Nomenclature
Symbol Unit Denotes
Fy N/m li‘quid momentum or scaled liquiq momentum, F; =T 1S
(in Chapter 6, Chapter 7, Appendix D and Appendix E)
F, - friction number (defined in Grolman et al. 1997)
Frg - gas phase Froude number, Equation [3.38]
Fr, i liquid.phase Froude number, Equation [3.35] or
Equation [3.45]
Fro - oil phase Froude number, Equation [3.120]
g m/s? acceleration of gravity g = 9.81 m/s’
hy m average liquid film height at the pipe center line
H, H;, H; - liquid holdup
Hp - oil holdup
Hw - water holdup
k m™! wave number (k = 2m/A), Equation [3.76]
ke m effective roughness
kg m equivalent sand grain roughness
K - empirical constant, K = 750 (defined in Biberg 1999)
L m length scale
m m average radial film thickness
mG+ - dimensionless film thickness (defined in Asali et al. 1985)
M kg mass
n - number of measurements
P Pa pressure
dP/dx Pa/m pressure drop
QCV - in-situ water fraction, QCV = Hy,/H,,,
Qg m?3/s gas volumetric flow rate
Qr m>/s liquid volumetric flow rate
Qo m?/s oil volumetric flow rate
Qw m?/s water volumetric flow rate
r m radial coordinate
G m radial coordinate at the gas-liquid interface
Iy m gas viscous sub-layer thickness
R m pipe radius
R, m arithmetical mean roughness, Equation [4.2]
Rp kg/m2 droplet deposition rate, Equation [3.71]
Reg - gas phase Reynolds number, Re; = p,U;Ds/ 1
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xiii

Symbol Unit Denotes
Re i gas phase Reynolds number based on the superficial gas
SG velocity, Reg; = poUscD/ U
Rep - liquid phase Reynolds number, Re; = p,U;D; /1,
Re i liquid phase Reynolds number based on the superficial
SL liquid velocity, Reg; = p,Ug; D/,
Req - oil phase Reynolds number, Re,, = p,U,D,/ 1L,
Rew - water phase Reynolds number, Rey, = pyUpDy/ Wy
Reynold number based on the friction velocity,
Req ) Re, = Ru,/
e,c - MT VG
R, m root-mean-square roughness, Equation [4.3]
R, m mean peak-to-valley height, Equation [4.4]
R, m maximum profile height, Equation [4.5]
S m pipe perimeter
Sec m? section
Sg m gas wetted perimeter
S; m oil-water interfacial perimeter
S; m gas-oil interfacial perimeter
SL m liquid wetted perimeter
So m oil wetted perimeter
Sw m water wetted perimeter
t s time
T °C,°K  temperature
UG m/s gas local velocity
u; m/s gas-liquid interfacial local velocity
* gas frictional velocity at the gas-liquid interface,
UG m/s .
L Uig = 4« Tj/ Pc
* liquid frictional velocity at the gas-liquid interface,
Uy, = J%/ P
up m/s liquid local velocity
up m/s liquid frictional velocity at the wall, u; = ,/t,/p;
u; m/s friction velocity, u, = ./T,/p;
Ug m/s gas average velocity
U; m/s boundary velocity (oil-water flow)
U; m/s boundary velocity (gas-liquid flow)
Uky m/s gas velocity at inception of KH waves, Equation [3.77]
UL m/s liquid average velocity
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xiv Nomenclature
Symbol Unit Denotes
UL>k m/s interfacial velocity, Equation [3.66]
Up m/s oil average velocity
U, m/s relative or slip velocity, U, = U, - U,
Uw m/s water average velocity
Ugg m/s gas superficial velocity
Ugp m/s liquid superficial velocity
Ugrg m/s entrained liquid droplet superficial velocity
Ugo m/s oil superficial velocity
Ugw m/s water superficial velocity
A" m? volume
Vi m? volume of phase k
Viot m? volume of the quick closed section
- rad view a.lngle at interfacial arc intersection, Equation [C.31] or
! Equation [C.32]
W rad view a'lngle at interfacial arc intersection, Equation [C.31] or
J Equation [C.32]
We - Weber number, Equation [3.79]
We i Weber' number based on the actual liquid velocity,
Equation [5.58]
Weg, i Webelj number based on the liquid superficial velocity,
Equation [3.37]
WF - input water fraction, WF = Uy, /Uy,
X, Z m longitudinal (axial) coordinate
X - Martinelli parameter, Equation [D.21]
y m vertical coordinate
Y - inclination parameter, Equation [D.22]
\a na measured value
;/; , 3/7 na interpolation value
z m surface profile elevation
Greek symbols:
Symbol Unit Denotes
o - gas phase fraction, o0 = 4/ 4
0 m gas viscous sub-layer thickness, Equation [5.49]
) rad wetted half-angle
) rad view angle of the oil-water interfacial arc

—_
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Nomenclature

XV

Symbol Unit Denotes
9 rad view angle of the gas-oil interfacial arc
Sj* rad view angle of the gas-oil interfacial arc in the critical case
o rad liquid wetted half-angle
do rad oil wetted half-angle
o° rad wetted half-angle for a plane interface
80P rad oil wetted half-angle for a plane gas-liquid interface
SWP rad water wetted half-angle for a plane gas-oil interface
Ow rad water wetted half-angle
d - dimensionless wetted half-angle, 6 = &/m
S i dimensionless wetted half-angle for a plane gas-liquid
0 interface, 0, = 8°/m
A rad contact angle hysteresis, A = &, — &,
A rad circular triangle area (Appendix C)
AE J total energy difference, Equation [8.3]
Ah m mean wave height
€ m hydraulic roughness
& m oil-water interfacial roughness
g m gas-oil interfacial roughness
&y - E6tvos number, Equation [8.1]
€yi m oil-water E6tvos number
&yj m gas-oil E6tvos number
[0) - volume fraction of the dispersed phase
(O} rad oil-water interfacial curvature
@, rad optimal oil-water interfacial curvature
D, rad gas-oil interfacial curvature
CDj* rad optimal gas-oil interfacial curvature
Y - viscosity ratio Y = Wy/ Uy
K - Von-Karman constant, Kk = 0.41
A m wave length
A - Moody friction factor
Ag - gas-wall friction factor
AL - liquid-wall friction factor
A - oil-water interfacial friction factor
7"j - gas-oil interfacial friction factor
Ao - oil-wall friction factor
Arp - gas friction factor, Equation [3.82]
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xXvi Nomenclature
Symbol Unit Denotes
Aw - water-wall friction factor
UG Pa.s gas dynamic viscosity
'8 Pa.s liquid dynamic viscosity
[T Pa.s mixture dynamic viscosity
Lo Pa.s oil dynamic viscosity
Uy Pa.s water dynamic viscosity
VG m?/s gas kinematic viscosity
\%3 m?/s liquid kinematic viscosity
PG kg/m3 gas density
P; kg/m? oil-water interfacial density
p; kg/m3 gas-oil interfacial density
PL kg/m®  liquid density
Pm kg/m> mixture density
Po kg/m3 oil density
Pw kg/m3 water density
o N/m gas-liquid surface tension
TG Pa gas-wall shear stress
T; Pa oil-water interfacial shear stress
T Pa gas-oil interfacial shear stress
(o Pa wall shear stress
T Pa liquid-wall shear stress
To Pa oil-wall shear stress
Ty Pa total shear stress
Tw Pa water-wall shear stress
0 rad pipe inclination
O] - Taylor dimensionless group, Equation [3.75]
Ow - Taylor dimensionless group for water
£ rad equilibrium contact angle
Ea rad advancing contact angle
& rad equilibrium contact angle
& rad oil/water/solid equilibrium contact angle
ij rad gas/oil/solid equilibrium contact angle
Er rad receding contact angle
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Nomenclature

xvii

Subscripts:
Subscript Denotes
1 index 1 (upper, lighter phase)
12 relative to 1 and 2
2 index 2 (lower, denser phase)
crit critical
C circle
eq. equivalent
fric frictional
init initial
k phase or interface k
K in °K
LF Laminar Film
meas measured
SLF Static Liquid Film
Abbreviations:
Abbreviation Denotes
AGA American Gas Association
atm atmospheric
ARS Apparent Rough Surface
calc. calculation
cont continuous
dble double
deg. degree
DRA drag reducing agent
elmag electro-magnetic flow meter
eq. equation
exp. experiment
dp, DP differential pressure
err error
gamma gamma-densitometer
GPIB General Purpose Interface Bus
1.d. internal diameter (m)
1.€. "id est", that is
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xviii

Nomenclature

Abbreviation Denotes

incl
Int.
J.
KH
lig.
LES
LGR
MARS
na
No.
p-, PPp-
PC
pdf
plexi
PLR
PVC
QCV
r.m.s
RANS
Ref.

std
Vol.
wat.

wt.

Q
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inclination

international

journal

Kelvin-Helmoltz

liquid

Large Eddy Simulation
liquid-to-gas ratio (m3/Sm3 or %)
Modified Apparent Rough Surface
not available, or, not adequate
number

page, pages

personal computer

probability density function
plexiglass (acrylic) pipe
Pressure Loss Reduction

poly vinyl chloride
quick-closing valve
root-mean-square

Reynold Average Navier Stockes
Reference

Standard

standard deviation

volume

water

weight

mean

standard deviation

number
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Chapter 1 Introduction

1.1 Background

The research performed in this thesis has been motivated by the need to improve transport
capacity of existing and future gas pipelines. Gas production is planned to increase in the
next decade due to fast growing demand in the OECD countries, especially for power ge-
neration purposes. New technologies are needed in order to transport larger volumes of
gas in existing pipelines. In addition, the response time of distribution networks must be
shortened to tackle rapid variations of the demand in future deregulated gas markets.

In this context, a Joint Industry Project (JIP) was initiated in 1999 by research institutions,
gas producing companies and gas network operators to screen and develop methods for
reducing the pressure drop in gas pipelines. Existing and new technologies were conside-
red, including frictional coatings, advanced surface structures and drag reducing chemi-
cals. This part of the project was assigned the task to study the pressure loss in presence
of small amounts of liquid flowing together with the gas.

A critical complication, with respect to the design of gas pipelines, is due to the fact that
production or condensation of liquids almost invariably takes place. Retrograde conden-
sation of heavy hydrocarbon fractions and water leads to liquid dropout as pressure and
temperature decrease along the line. In smaller quantities, liquid-based chemicals can also
be added to the gas in the form of hydrate inhibitors or corrosion inhibitors. The presence
of liquid in the pipeline leads to enhanced pressure drop and causes liquid management
problems. A small liquid flowrate can accumulate to large liquid volumes with the asso-
ciated risk of unstable flow (slugging, operational transients).

New gas production pipelines being planned for transport of gas from North Sea fields to
shore will require pressure boosting during the lifetime of the field. Pressure Loss Reduc-
tion methods (PLR) are therefore important, not only for dry gas lines but also for gas/con-
densate pipelines. One objective of this work was to study two- and three-phase flow at
low liquid loading as background for evaluation whether PLR technology for dry gas sys-
tems can be beneficial for multiphase gas-condensate systems.

Despite the frequent occurrence of low liquid loaded gas flow, the basic flow mechanisms
have been little studied in the past, especially in the case of three-phase gas-oil-water flow,
which results in pressure drop and holdup not being accurately predicted by standard mul-
tiphase flow models. The important issues are the prediction of the pressure drop, itself
related to the degree of wetting of the pipe wall, and of the phase fractions at low gas ve-
locity when local separation of oil and water may occur in the pipeline.
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2 1. Introduction

1.2 Scope of the thesis

In this thesis, gas pipe flow at low liquid loading has been studied experimentally. This
work’s contributions include:

* The acquisition of new experimental data on gas flow at low liquid loading in
two-phase gas-liquid and three-phase gas-oil-water flow in near horizontal pipes.

* The experimental investigation of possible drag reduction in gas pipes with a liquid
film between the turbulent gas core and the wall.

* The review and testing of one-dimensional prediction models for gas-liquid two- and
three-phase flow at low liquid loading.

A main challenge is due to surface (interfacial) effects being particularly important to con-
sider at low liquid loading due to the high surface-to-volume ratio at low liquid holdups.
Figure 1-1 shows how this ratio increases with decreasing values of the liquid wetted an-
gle. Surface tension effects influence the liquid wetting of the pipe wall and therefore has
an impact on the pressure drop and the in-situ phase fractions. In this thesis, the effect of
changing pipe wall material in two- and three-phase flow has been investigated as well as
ways to relate this sensitivity to measurements of contact angles.

1.3 Definitions

In this dissertation, the notions of condensate, wet gas pipeline, low liquid loading and li-
quid-to-gas ratio have been used. These terms are defined below.

* The word "condensate" is used in this thesis to refer to a liquid, hydrocarbon or water,
in thermodynamic equilibrium with a gas.

* The expression "liquid-to-gas ratio" (LGR) is used for the ratio of the gas volumetric
flow rate to the liquid volumetric flow rate at standard conditions of pressure and tempe-
rature (in m?/Sm? or vol. %).

» It is called "wet gas pipeline", pipelines characterized by a LGR smaller or equal to
0.1%. Wet gas pipelines include gas transport trunk lines, gas gathering pipelines, gas
field producing flowlines and distribution network pipelines. Wet-gas pipelines encom-
pass a great diversity of pipeline systems as shown in Table 1-1: pipeline diameters can
range from 0.1 to 1.0 m, pipeline lengths from 2 to 330 km, operational pressures from
20 to 140 barg and internal temperatures from 2 to 40 °C. In general, pipeline routes are
chosen to achieve pipe inclinations smaller than +/- 1 deg. but in some regions, the sea-
bed is uneven and larger slopes, up to +/- 15 deg. are current.

» The expression "low liquid loading" is used for volumetric flow rate conditions cha-
racterized by an input LGR smaller or equal to 1%. It can be seen from Table 1-1 that
in-field gas pipelines have LGR well below this value. In reservoir engineering, gas field
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1. Introduction 3

production include retrograde gas, wet gas and dry gas reservoirs. From such reservoirs,
the produced liquid-to-gas ratio is typically smaller than 0.2% according to McCain
(1989). After processing and liquid removal, the gas LGR usually drops even further.

1.4 Organization of the dissertation

This dissertation is divided into nine chapters and five appendices. The content of each
chapter is summarized below.

Chapter 1 Introduction. The background and scope of the thesis are defined.

Chapter 2 Literature review. This part reviews laboratory studies of stratified gas-liquid
flow and stratified gas-oil-water flow with focus on gas dominated flows.

Chapter 3 Modelling. Steady, one-dimensional models for stratified gas-liquid and
gas-oil-water flow are reviewed. Specific models for gas-liquid flow at low liquid loading
and three-layer gas-oil-water flow models are derived, including hydraulic models and
friction laws.

Chapter 4 Flow facility. The multiphase flow loop used in this thesis is relatively new
and has not been previously described. This chapter contains a detailed description of the
infrastructure, instrumentation and data acquisition together with characterizations of the
test sections and an evaluation of the measuring accuracy.

Chapter 5 Gas flow with wet walls. This is a chapter devoted to transient film thinning
experiments conducted to investigate the frictional pressure drop in presence of liquid
films or droplets at the wall.

Chapter 6 Two-phase gas-liquid flow at low liquid loading. Steady-state two-phase
gas-liquid flow experiments at low liquid loading are described. The data is presented in
form of plots of pressure drop and holdup versus operational conditions. The two-phase
measurements are compared with predictions from one-dimensional models.

Chapter 7 Three-phase gas-oil-water flow at low liquid loading. Three-phase
gas-oil-water flow experiments are described, as a continuation of the two-phase gas-li-
quid experiments described in Chapter 6. Phenomena related to the presence of water and
the influence of wall material are discussed. The data is compared to predictions from
one-dimensional three-layer models and the multiphase pipe flow simulator PETRA.

Chapter 8 A three-layer model with curved interfaces. A three-layer model is derived

to include the prediction of gas-liquid and oil-water interfacial curvature. The model is
tested against some of the three-phase experimental data acquired in Chapter 7.
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4 1. Introduction

Chapter 9 Conclusions. This final chapter summarizes the thesis and presents the final
conclusions.

Appendix A Tabulated experimental data. The experimental measurements correspon-
ding to Chapter 5, Chapter 6 and Chapter 7 are tabulated.

Appendix B Details of the flow facility. Additional information is given on the mul-
tiphase flow rig.

Appendix C Details of the Three-Circle model. Specific derivations related to the
three-layer model described in Chapter 8 are given.

Appendix D Terms of the pressure drop and holdup equations. This appendix contains
a stand-alone study of the relative importance of the contributions to the pressure drop and
holdup for two-phase stratified flow data at low liquid loading.

Appendix E Test of two-phase gas-liquid flow models at low liquid loading on an ex-
perimental data bank. This is also a stand-alone study devoted to the comparison of
two-phase flow model predictions with data from an experimental data bank composed of
low and high pressure measurements at low liquid loading.
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1. Introduction 5

Table 1-1: Operational data for gas-condensate pipelines from the specialized literature

i.d. | length p T LGR
Source Pipeline (m) (km) | Liquids | (bara)® | (°C)*| (m*/Sm%)P
Furukawaet | o line | 0337 | 52 |condensate| 53 | 40 | 1010
al. (1987) | <P '
0(1169?3?5 export lines | 0.5-0.9 | 33-117 | condensate | 50-110 | - | 3-390-107
export line | 0.794 330 |condensate | 50-140 - 6107
Baker et al condensate
" | export line | 0.692 138 /water/ 70-120 - 30107
(1988)
methanol
export line | 0.438 | 48 |condensate| 75-100 | - 85107
Adewuni et . condensate
al. (1989) flowline 0.146 16 Iwater 21 38 -
condensate 38:10°
Fairhurst et export line | 0.743 50 /water/ - - (conf:lerl_s6ate)
al. (1997) 310
methanol
(water)
Chen et al. . diesel/ 128 28107
(2000) flowline | 0.139) 8 water | (max) | (water)
0.254, condensate 28107
Cochran et . 0.508, /water/gly 89 (condensate)
al. 2003) | Howhine o 6o | 299 | Coltmetha | (arrival) | 2 | 112:10°
0.914 nol (water)
condensate 110°
Cochran et flowline 0.305 92 /water/ 139 2 (cond@n§§ )
al. (2003) (arrival) 13-10
methanol
(water)

a. Inlet conditions if not specified
b. At standard conditions of pressure and temperature (1 atm., 15 °C)
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6 1. Introduction
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Figure 1-1: Surface-to-area ratio for the liquid phase versus the wetted half-angle. The
gas-liquid interface is considered flat. The "surface" is the sum of the interfacial plus
wall perimeters. The "area" is the portion of the pipe cross section occupied by the
liquid. The computations are for a pipe of i.d. 0.06 m
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2. Literature review 7

Chapter 2  Literature review

2.1 Introduction

The literature reviewed in this chapter deals with gas-liquid and gas-oil-water flow, in ho-
rizontal and slightly inclined pipes. The review is restricted to gas dominated flows, at low
liquid loading, for which the dominant flow regime is stratified flow but the transitions to
slug flow and annular flow are also briefly explored. Such flow regimes are characteristic
of gas-condensate pipe flow.

The literature review addresses only the hydrodynamical aspects of the flow and leaves
aside the thermodynamical issues such as mass transfer or fluid properties. The details of
the hydrodynamic models are dealt with in Chapter 3. The material of the review is taken
from laboratory studies in the open literature. It particularly lays emphasis on the follo-
wing aspects:

* The liquid holdup.
* The pressure drop.

* The liquid distribution: flow regimes, wall wetting, shape of the interface and drop-
lets.

* The gas-liquid interactions: interfacial friction and waves.

The relevant literature has been searched within several media such as library, CD-ROM
and on-line databases. Indicated below are the databases that contained the largest amount
of information:

» The BIBSYS database (the university library system in Norway).
* CD-ROM databases: ISI, WebSPIRS, EI Compendex WEB, Petroleum Abstracts.

» The DIALOG on-line database which covers various sources such as US and Euro-
pean patents, Mc Graw Hill Publications, Fluidex, INSPEC, Chemical Abstracts and
Mechanical Abstracts.

This chapter is organized in two main parts: two-phase gas-liquid flow is dealt with in
Section 2.2 and three-phase gas-oil-water flow in Section 2.3. The most significant labo-
ratory studies discussed in this chapter are summarized in Table 2—1 and Table 22, for
two- and three-phase flow respectively.
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8 2. Literature review

2.2 Two-phase gas-liquid flow

2.2.1 Flow regimes

It is acknowledged that, despite the low liquid loadings, several gas-liquid flow regimes
can be encountered in gas-condensate pipelines. According to Oliemans (1987), the most
current flow regimes are:

 Stratified (smooth and wavy) flow.
* Annular dispersed flow.

* Slug flow.

The occurrence of flow regimes depends essentially on flow rates and local pipe inclina-
tion. Holdup can increase up to 40% or more for a few degrees upward inclination as men-
tioned in Meng et al. (1999) and Grolman (1994). This increases the chance for slug flow
to occur. The gas flow rate at which liquid is continuously carried out of the pipeline is an
important operating limit which defines the minimum gas flow rate for gas pipe steady
production. Gas velocities may however occasionally fall under this limit causing liquid
accumulation and possibly terrain induced slugging.

Usually, stratified flow (with or without droplets) and annular flow (for sufficiently high
gas velocities and higher liquid flow rates) are the most frequent (and desired) flow re-
gimes in gas-condensate pipelines. Badie et al. (2001) have illustrated with an axial view-
ing technique, two important features of the gas-liquid stratified flow regime at low liquid
loading:

* The bulk of the liquid flows as a film at the pipe bottom. The film can be smooth or
traversed by interfacial waves and exhibit a flat or concave curvature.

» There is significant droplet entrainment at high gas velocity. There can be partial or
total wetting of the pipe circumference due to the entrained droplets re-depositing on the
pipe wall.

Chen et al. (1997) distinguish between four gas-liquid interfacial structures as gas super-
ficial velocity increases at constant liquid superficial velocity:

* Smooth interface.
* Two-dimensional (2D sinusoidal) interfacial waves.
* Three-dimensional (3D) interfacial waves.

» Large amplitude disturbance waves, also called roll waves.
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At high enough gas velocity, annular flow occurs. Annular flow is characterized by a con-
tinuous wetting of the entire pipe periphery. Meng et al. (1999) and Badie et al. (2000)
distinguish between:

* Annular flow with a slow moving liquid film on the upper pipe wall and a fast moving
lower film with large amplitude waves. This annular flow is very asymmetric and can
also be considered as a stratified/atomization flow.

* Annular flow with a liquid film that spreads around the whole pipe circumference and
is traversed by large amplitude ring-shaped waves. This flow regime occurs at higher
liquid flow rate and generates high pressure gradients.

2.2.2 Liquid holdup

From the literature, the following general trends can be drawn concerning the liquid hold-
up in stratified gas-liquid flow at low liquid loading:

* The liquid holdup increases with increasing liquid flow rate at constant gas flow rate
in a less than linear way (Badie et al. 2000, Figure 2—1). A special case is reported by
Meng et al. (1999) for air-oil horizontal flow at superficial gas velocity 25 m/s for which
the liquid holdup decreased with increasing superficial liquid velocity. According to the
authors, this is due to a more intense droplet generation.

* Liquid holdup strongly increases with decreasing gas flow rate at constant liquid flow
rate as shown from measurements by Meng et al. (1999), Badie et al. (2000) and Olive et
al. (2001). Liquid holdup reaches an almost constant asymptotic value at high gas flow
rate as more liquid is entrained as droplets (Nuland et al. 1993, Badie et al. 2000). For
one degree downward air-water flow, Olive et al. (2001) report an initial holdup increase
when superficial gas velocity increases from 10 to 15 m/s. The reason invoked is that
liquid-wall friction first increases in greater proportion than interfacial friction due to a
large liquid spread around the wall circumference.

* Liquid holdup is sensitive to fluid properties, due in particular to the fluid ability to
wet the pipe material. Badie et al. (2000) report higher holdup with oil than water as
shown in Figure 2—1. This is not only due to the higher oil viscosity but also to the higher
tendency of oil to wet the lateral and upper pipe walls.

* Liquid holdup is very sensitive to small upward inclinations. Grolman et al. (1997)
report an eightfold increase of the total holdup with one degree upward inclination.
Lunde et al. (1993) argue that, at low liquid loading, the necessary increase in gas
velocity required to increase the drag at the gas-liquid interface requires a proportional
higher increase of the liquid holdup than for systems with a higher liquid content. The
holdup "heel" is thus more pronounced at small, rather than high, upward inclinations
(Langsholt et al. 2001) and at low, rather than high, liquid loading.
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2.2.3 Pressure drop

Chen et al. (1997), Meng et al. (1999), Badie et al. (2000) and Olive et al. (2001) all report
that pressure drop continuously increases with liquid flow rate, starting from the "first
drop" of liquid introduced in the pipe. This is illustrated by Badie et al. (2000) in Figure
2-2. The increase is all the sharper as the gas superficial velocity is high. As small
amounts of liquid are introduced in the high velocity gas stream, an increasing portion of
the pipe wall is replaced by a rough liquid interface. The degree of wall wetting, defined
as the proportion of the pipe circumference covered by liquids, is considered to be of pri-
mary importance. With increasing gas flow rate, the pressure drop increases according to
a law reminding of dry gas flow (proportional to the square rate of the gas flow rate) plus
a magnification factor related to the liquid content in the pipe.

The pressure drop, as the liquid holdup, is sensitive to fluid properties. Badie et al. (2000)
report a significantly higher pressure drop using oil instead of water (Figure 2-2) at other-
wise identical conditions. The gas-oil interface is of a larger extent than the gas-water in-
terface due to better wetting of the pipe wall by oil.

Olive et al. (2001) measured a pressure drop increase also at one degree downward pipe
inclination. At low liquid loading, the static head contribution is generally too small to
produce a significant pressure recovery in downward inclined pipes at high superficial gas
velocity.

Smith et al. (1956) have conducted experiments in a three-inch “superfinished pipe” (the
internal surface was honeyed and polished) and a standard rough four-inch seamless pipe
at high gas Reynolds numbers. They report that, in presence of small amounts of conden-
sate, the transmission factor, compared to dry gas flow, increases in the four-inch rough
pipe at high Reynolds number but decreases at low Reynolds number. In the three-inch
"superfinished" pipe, the transmission factor decreases in all cases. Measurements for the
two cases are shown in Figure 2-3. Smith et al. (1956) argue that, in the rough pipe, the
liquid film fills the valleys between the roughness peaks which reduces the apparent wall
roughness. At lower gas Reynolds number, on the contrary, liquid drops and ripples coa-
lesce and create an artificial roughness that increases the pressure drop. The same occurs
at all Reynolds numbers in the three-inch "superfinished" pipe for which the surface is ini-
tially smooth.

2.2.4 High gas density

Gas density is high at normal gas pipeline operational pressure. Nuland et al. (1993) used
Freon gas (density ten times that of methane) to approach this situation. They report new
phenomena due to the high gas density.

Compared to low pressure gas, slug flow occurs at higher input liquid flow rates for a gi-
ven gas flow rate. This is also observed by Wu et al. (1987). At the stratified-slug transi-
tion, high amplitude waves are formed with very aerated crests (Langsholt et al. 2001).
Droplets are generated preventing the wave to evolve into long slugs. Wu et al. (1987) also
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report that annular flow occurs at higher gas superficial velocity. As a result, the area of
stable stratified flow is extended at high pressures.

At high gas flow rates, large amplitude interfacial waves are scarcer with dense gas and
are more easily atomized. Waves may even disappear from the gas-liquid interface leav-
ing only small scale film roughness with the bulk of the liquid flowing as a film at the pipe
bottom and the rest as droplets. Langsholt et al. (2001) observed, at steep upward inclina-
tions, droplet clouds shed at specific frequencies.

2.2.5 Wall wetting and shape of the gas-liquid interface

Hamersma et al. (1987), Hart et al. (1989), Grolman (1994), Chen et al. (1997) and Vla-
chos et al. (1999) have studied the shape of the gas-liquid interface in stratified flow but
their observations differ, in part due to the different properties of the fluid and pipe mate-
rials used in their respective experiments. The interface is often described as either flat,
concave or spread around the pipe circumference as a film of constant thickness. Repre-
senting the interface correctly is important for stratified flow modelling since the magni-
tude of the wall and interfacial shear forces depends on the interfacial perimeters.

At low liquid loading, the degree of liquid wall wetting reported is often incompatible
with the representation of a liquid bulk flowing at the pipe bottom with a flat interface.
For instance, Olive et al. (2001) report wetted wall fractions as high as 50% for a LGR as
low as 0.03%.

There are, however, different interpretations on to which mechanism causes wall wetting.
The most often invoked are:

* Droplet entrainment and deposition (Meng et al. 1999).

» Secondary flow in the gas phase (Flores et al. 1995).

* Conversion of the film kinetic energy into potential energy (Hart et al. 1989).

* Pumping actions due to disturbance waves (Chen et al. 1997).

» Surface tension (Brauner et al. 1998).

2.2.6 Droplet and bubble entrainment

Droplet generation is often reported in gas pipe flow at low liquid loading. Oliemans
(1987) mentions significant droplet entrainment as the cause of model overestimation of
field data holdup. For near horizontal flow, the droplet field presents a certain distribution,
with a higher droplet concentration at the vicinity of the gas liquid interface (Nuland et al.
1993, Badie et al 2000).

Badie et al. (2001) have illustrated, with an axial viewing technique, the main mecha-
nisms for droplet generation at low liquid loading:

URN:NBN:no-7245



12 2. Literature review

* Intermittent bursting (Figure 2—4) and ballooning (Figure 2-5) of large amplitude
waves producing a liquid filament that ruptures into droplets (primary mechanism).

+ Ballooning and bursting of larger droplets (secondary mechanism).

Meng et al. (1999) report droplets only at conditions for which large amplitude waves are
present at the interface. At gas superficial velocity near the point of droplet onset, few
droplets reach the pipe wall. At higher gas velocity, more droplets hit the upper wall and
form rivulets drained forward down in the flow direction. At even higher gas velocity,
there is sufficient liquid at the wall to form a thin continuous film.

The consideration of droplet entrainment affects holdup predictions (Oliemans 1987) as
droplet transport is a very effective way of moving liquids forward. Meng et al. (1999)
and Badie et al. (2000) also consider droplet entrainment/deposition to be the primary
mechanism for upper wall wetting which, in turn, increases holdup and pressure drop.

In addition to liquid exchange in the form of droplets, Meng et al. (1999) report significant
aeration of the liquid layer. Gas bubbles are seen to penetrate two millimetres under the
gas-liquid interface. Liquid layer aeration is also mentioned at high pressure (Nuland et
al. 1993) and for experiments with formation fluids. Layer aeration can increase the inter-
facial friction, create viscous foams or induce drag reduction at the wall (Lunde et al.
1998).

2.2.7 Effect of added chemicals
2.2.7.1 Surface active agents

There are several effects of surfactants on gas-condensate flow reported in the literature
with opposing effects on the pressure drop and liquid holdup, depending on the nature of
the surfactant used.

Minami et al. (1983) observe that high concentrations of surfactant in water create a
foamy mixture (high concentration of entrained air bubbles) at high gas superficial velo-
city. In that case, the liquid holdup is reduced due to the higher interfacial drag compared
to the case without surfactant.

Hart et al. (1989) observe that pressure drop increases by 15% if the surface tension of the
gas-liquid interface decreases by 50%. This is attributed to the promotion of interfacial
waves and the resulting increase in apparent film roughness. No effect on holdup and wall
wetting is reported.

Hand et al. (1992) have studied air-water and air-(water/surfactant) two-phase flow using
a polymer surfactant. They report:

* An extension of the smooth stratified flow area. This is attributed to the damping of
capillary ripples (interface stiffening) by the surfactant’s molecular chain oriented
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perpendicular to the interface. The holdup increases and the pressure drop decreases
compared to no surfactant in this flow regime.

* The onset of atomization occurs at lower superficial gas velocity due to the
weakening of surface tension. This is expected to result in premature wall wetting and
increased pressure drop compared to the case with no surfactant.

» The surfactant has no effect in the well mixed regimes, in particular on roll wave initi-
ation and frequency. This is due to the breaking of the polymer’s molecular chain and
loss of orientation.

2.2.7.2 Drag reducing agents

There are two types of drag reducing agents (DRAs) used in the oil and gas industry.
DRAs for single phase liquid drag reduction are long chain molecules (usually polymers)
that can absorb normal turbulent fluctuations near the wall and reduce the turbulent shear
stress. DRAs for single phase gas flow are usually "film forming" molecules composed of
a polar group at one end to bound to the inner pipe wall and a non-polar long chain at the
other end. The product fills in roughness valleys and thus reduces the apparent wall rough-
ness. Gas phase drag reduction is still a technique in its infancy. Some field trials are re-
ported by Chen et al. (2000).

Al-Sarkhi et al. (2001) and Fernandes et al. (2003) measured the effect of liquid soluble
DRA for liquid dominated gas-liquid flow. They show:

* An important effect of DRA on flow regimes. The stratified flow area is extended at
the expense of slug and annular flow. In particular annular flow is changed into stratified
flow with a smooth interface. In itself, this impact on flow regimes is the main cause of
the pressure loss reduction observed in the presence of DRA.

* A significant pressure drop reduction in the stratified flow regime in presence of inter-
facial waves. DRA destroys the turbulence within disturbance waves that tend to disap-
pear, with a resulting reduction in the interfacial drag and the amount of droplets
generated. DRA is all the more effective as the turbulence level in the liquid is high as is
the case at high liquid holdup and high liquid velocity.

2.2.8 Modelling

Gas pipe flow at low liquid loading can be seen as a regime halfway between dry gas flow
and conventional gas-liquid flow. The traditional way of dealing with gas-liquid flow at
low liquid loading has been to extrapolate from either one of these situations.

As evidenced in the previous paragraphs, gas-liquid pipe flows have complex hydrody-
namics. Currently, there does not exist a "best" model that has sufficient generality to cor-

rectly predict integral flow properties for the broad range of situations encountered.

The modelling approaches in the literature can be grouped into:
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* Modified one-phase models.
* Empirical two-phase models.
* Hydrodynamic (also called mechanistic) models.

The models considered hereafter are one-dimensional models for steady-state gas-liquid
pipe flow with no consideration of mass exchange. This section is an introduction to
Chapter 3 where some of the model equations are presented.

2.2.8.1 Modified single-phase models

The acknowledgement that small amounts of liquid in gas pipes considerably affect the
transmission factor (Smith et al. 1956) has lead early investigators to modify single phase
gas flow correlations by introducing an additional drag factor or an effective roughness.
This approach is described in Gould et al. (1975) and Hope et al. (1977).

A major difficulty is to find an expression for the drag factor and effective roughness that
encompasses the variety of fluid properties and flow regimes encountered in gas-conden-
sate pipes. Asante et al. (1999) published charts of back-calculated drag factor and effec-
tive roughness from experimental data and field data acquired at LGR smaller than
0.004%. These are shown in Figure 2—6. Unfortunately, there does not seem to be a sys-
tematic relationship between drag factor, effective roughness and system variables.

Uhl (1975) questions the ability of such a modified single phase model to generate sound
predictions of gas-liquid flow. If applicable, this approach is restricted to extremely small
liquid loadings as suggested in Asante et al. (1999). In addition, it does not allow to trace
the liquid holdup. Therefore a two-phase flow approach accounting specifically for the li-
quid phase is usually preferred.

2.2.8.2 Two-phase empirical models

Gregory et al. (1975), Minami et al. (1983), Baker et al. (1988) and Shea et al. (1997) have
tested the accuracy of gas-liquid empirical models against field and laboratory data at low
and high pressure. They show that empirical models are not to be recommended for wet
gas pipe design due to, in particular, severe discrepancies between predictions and mea-
surements in particular at high pressure. Shea et al. (1997) show that purely empiricial
correlations over predict liquid holdup at high gas flow rates and under predict at low gas
flow rates.

2.2.8.3 Two-phase mechanistic models

It can be distinguished between three classes of mechanistic models:

Homogeneous models

A homogeneous (no-slip) model is considered by Baker et al. (1988) in their comparative
study with field data. Although it performs well in cases of high gas velocities and very
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low liquid loading for which gas and liquid are well mixed, it results in severe discrepan-
cies at lower gas velocities.

Drift-flux models

Drift-flux modelling consists in considering conservation equations for the gas-liquid
mixture and introducing closure relationships to characterize the phase slip. From the
analysis of high pressure data, Danielson (2003) reports that gas-liquid flow data at low
liquid loading can not be represented by drift-flux relationships of the type used for liquid
dominated flows. This modelling approach is therefore not considered appropriate for the
modelling of gas-liquid pipe flow at low liquid loading.

Two-fluid models

Two-fluid models account for separate mass and momentum conservation equations for
each phase.

Specific two-fluid models have been derived for the case of gas-liquid pipe flow at low
liquid loading. The models are those of Oliemans (1987), Hamersma et al. (1987), Hart et
al. (1989) (ARS model), Grolman et al. (1997) (MARS model), Chen et al. (1997) and
Meng et al. (1999) (Double Circle model). Except for the ARS model, they are all based
on the formulation of separate mass and momentum balance equations for each phase.
The ARS model uses a correlation for the liquid holdup prediction and a composite gas
friction factor equal to the sum of a wall term and a gas-liquid interfacial term.

The models differ in the treatment of the interfacial curvature and the friction closure
laws. Hamersma et al. (1987), Hart et al (1989) and Grolman (1994) developed a correla-
tion for liquid wall wetting. The correlation by Hart et al. has been compared successfully
to experimental measurements by Chen et al. (1997), Meng et al. (1999) and Spedding et
al. (1997). The models by Oliemans (1987), Grolman et al. (1997) and Meng et al. (1999)
also include the influence of pipe inclination. Only Meng et al. (1999) consider liquid en-
trainment in the gas core.

Other stratified two-fluid flow models exist in the literature that can also be used for
gas-condensate flow predictions. For stratified flow without droplet entrainment the most
notable are those by Taitel et al. (1976), Espedal (1998) and Biberg (1998, 1999).

Minami et al. (1983) and Baker et al. (1988) have tested Taitel et al.’s model (1976) on
their data, revealing severe holdup over predictions at low liquid loading and low gas flow
rate. Badie et al. (2000) have tested the ARS and Double Circle models against their ho-
rizontal data. They show that neither model can scale the effect of high oil viscosity and
oil spreading. In particular, pressure drop with oil is under predicted.
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2.3 Three-phase gas-oil-water flow

In this section, gas-oil-water pipe flow literature is reviewed with gas and liquid flowing
in the stratified and stratified/atomization flow regimes. The hydrodynamics borrow fea-
tures from both two-phase gas-liquid and two-phase oil-water pipe flow.

2.3.1 Flow regimes
2.3.1.1 Classification and map

Acikgoz et al. (1992) and Pan (1996) suggest a classification of three-phase flow regimes
based on visual observations in transparent pipes. The flow regime is identified in three
sequences: 1) stratified or dispersed liquid, 2) oil or water continuous liquid, 3) gas-liquid
flow pattern. In practice, the flow regime maps must be three-dimensional: gas, water and
oil superficial velocities or combinations of these three variables must be plotted on inde-
pendent axes. An example of a three-phase flow map given by Lahey et al. (1992) is re-
produced in Figure 2—7.

2.3.1.2 Effect of superficial gas velocity on flow regimes

Sobocinski et al. (1958) describes the effect of increasing gas superficial velocity in a
three-phase horizontal flow. At low gas velocity, the gas-liquid and oil-water interfaces
are smooth. At higher gas velocity, capillary ripples form at the gas-oil interface. The
oil-water slip velocity (oil velocity minus water velocity) increases but the oil-water in-
terface remains undisturbed. At a certain gas velocity, large amplitude waves start to ap-
pear at the gas-oil interface causing disturbances at the oil-water interface and incipient
emulsification of the liquid layer. Lunde et al. (1993) also observe water droplets being
generated by shear instability of the oil-water interface as intermittent structures at the
gas-liquid interface pass by.

At high gas velocity, water and condensate can form dispersions as mentioned in Sobo-
cinski et al. (1958), Nuland et al. (1991) and Lunde et al. (1993). At low velocities, oil and
water generally flow in two separate layers. The conditions at which dispersions form is
very fluid dependent and not understood. The dispersion is usually unstable and separates
rapidly. Its equivalent viscosity is generally higher than that of pure condensate or water.
The water-in-oil type is the most current according to Sobocinski et al. (1958) and can ex-
hibit a non-newtonian behaviour. When a dispersion is formed, the gas-liquid interface is
unstable and some peculiar steep waves are triggered that make the gas-liquid interface
very rough (Nuland et al. 1991).

2.3.1.3 Effect of superficial liquid velocity on flow regimes

Sobocinski et al. (1958) report that when increasing the superficial liquid velocity, the in-
terfacial disturbances are triggered at lower superficial gas velocity due to the higher local
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gas velocity. On the contrary, at high pressure, Elseth et al. (2003) observe a reduction of
the slug flow pattern area at increasing superficial liquid velocity.

2.3.1.4 Effect of water fraction on flow regimes

Lee et al. (1993) have studied the effect of oil viscosity and water fraction on flow regime
transitions. They observe that, compared to pure oil-gas flow, increasing the water frac-
tion delays the transition to slug flow: slug flow appears at higher liquid superficial velo-
city at constant gas superficial velocity. Lunde at al. (1993) also observe that the presence
of a free water layer can stabilize the gas-liquid interface by damping the turbulence in the
disturbance waves. In three-phase flow, the transition to annular flow occurs at lower gas
superficial velocity compared to two-phase flow. At intermediate water fractions, the area
of the roll wave flow pattern tends to be larger at the expense of the regular wavy flow
pattern. This is observed by Cai et al (1999) and Langsholt et al. (2001) in large diameter,
high-pressure pipes.

2.3.2 Phase fractions

Compared to two-phase gas-liquid flow, the three-phase gas-oil-water phase fractions
exhibit an additional sensitivity to input water fraction.

2.3.2.1 Total liquid holdup

In horizontal or slightly inclined pipes, Pan (1996) observed a clear liquid holdup peak
close to the oil-water phase inversion point. This is shown in Figure 2-9 at 0 barg pressure
and Figure 2—10 at 5 barg pressure. According to Pan, the holdup increase is due to a high-
er equivalent liquid viscosity close to phase inversion. In two-phase oil-water flow, phase
inversion is defined as the passage from oil continuous to water continuous flow. Pan re-
ports that the holdup peak slightly moves towards higher water fractions with increasing
gas velocities. The experiments of Pan are performed at relatively high liquid content,
thus at higher liquid content than gas-condensate pipelines.

Utvik et al. (1998) have carried out experiments in horizontal pipes at smaller liquid flow
rates with formation fluids. Compared to Pan (1996), the holdup measured appears almost
independent of water fraction as shown in Figure 2—11.

2.3.2.2 Oil and water holdup, phase slip

From Pan’s Figure 2-9, it can be observed that the oil holdup often decreases at the pas-
sage from oil to water continuous flow. This is because oil, substracted from its contact
with the pipe bottom, is better transported in dispersed form in the continuous water layer.
It can also be seen that the water holdup first decreases then increases. At first, water
transport is enhanced because water is in direct contact with the gas dragging force. At
higher water fraction, this is balanced by the increasing wall drag which causes a water
holdup increase.
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In near horizontal pipes, the oil phase is in direct contact with the dragging gas. In addi-
tion, it runs on a moving water phase which reduces the oil-wall contact perimeter. As a
result, the in-situ water-to-oil holdup ratio is usually higher that the input ratio, denoting
a positive oil-water slip velocity and water accumulation, as shown in Sobocinski et al.
(1958). At high superficial gas velocities, the water and condensate are better mixed and
the slip velocity approaches zero. Valle (1998) reports cases in the literature for which the
average water velocity is larger than the oil velocity.

2.3.2.3 Upward inclinations

A characteristic of gas-oil-water flow at upward inclinations is illustrated by Lunde et al.
(1993) in Figure 2—12. It illustrates gravitational separation of water from oil in an in-
clined pipe due to the density difference between the two liquids. It usually results in a
significant holdup increase in three-phase flow at equal liquid flowrate compared to
two-phase gas-oil or gas-water flow.

The mechanism of phase separation is described in Lunde at al. (1993). Due to gravity,
water separates from oil at low points, causing the hydrostatic pressure to increase. As a
result, the gas needs to increase its velocity through a reduction of its cross section to in-
crease the drag. The total liquid holdup therefore increases.

However, in case of little density difference between oil and water, gravity stratification
does not result in a significant holdup increase since water is only replacing oil and the
weight of the liquid column is less affected.

Elseth et al. (2003) observes that the holdup change is greatest in the range of inclinations
between -1 and +1 degrees, after which, the holdup is less affected by a change of incli-
nation.

2.3.3 Pressure drop

In near horizontal pipes, the three-phase pressure drop is sensitive to a change of the input
water fraction. The pressure drop variations with water fraction are correlated to whether
a liquid dispersion forms, or water and condensate flow in two continuous separate layers.
It is acknowledged that dispersions, when formed, significantly increase the pressure drop
in three-phase gas-oil-water pipes compared to two-phase gas-liquid flow.

Pan (1996) has conducted experiments at relatively high liquid loading so that liquid ve-
locity is high and oil-water dispersions form. He observes a pressure drop peak at water
fractions close to phase inversion, concomitant to the holdup peak. This can be seen in
Figure 2-9. The peak magnitude increases with increasing gas velocity. Flow conditions
are seen to oscillate between oil and water continuous close to the point of phase inversion
resulting in oscillations of the pressure drop trace.
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Sobocinski et al. (1958) also obtained a pressure drop maximum for water fractions
around 60-70%, but identical pressure drop with pure water and pure oil. As in Pan’s ex-
periments, the pressure drop peak increases with increasing gas velocity. Sobocinski et al.
(1958) observe that liquid dispersions offer an irregular gas-liquid interface that contrib-
utes to the pressure drop increase.

Lunde et al. (1993), Utvik et al. (1998) and Pettersen et al. (2001) have conducted
three-phase gas-oil-water experiments at lower liquid loading than Pan (1996) and Sobo-
cinski et al. (1958). They make consistent observations:

* When the flow regime in the liquid is water dispersed in a continuous oil phase, the
pressure drop increases regularly with increasing water fraction up to a point where a
free water phase forms. This appears from Utvik et al.’s experiments as shown in Figure
2—11. This behaviour is related to an increase of the apparent liquid viscosity with
increasing volume fractions of the dispersed phase. The pressure drop peak usually shifts
towards higher water fractions as superficial gas velocity increases. According to Langs-
holt et al. (2001), liquid turbulence is able to maintain a water-in-oil dispersion up to a
higher input water fraction.

* When instead, a free water film forms at the pipe bottom (this occurs at lower gas
velocities or at high water fractions), the pressure drop is less sensitive to water fraction
and keeps values close to the two-phase gas-oil and gas-water pressure drop. Pettersen et
al. (2001) and Utvik et al. (1998) observe that the pressure drop can reach a minimum at
intermediate water fractions. This appears in Figure 2—11 and Figure 2—13.

2.3.4 High gas density

As in two-phase flow, it is reported a significant increase in the droplet generation (Lunde
et al. 1993). The higher interfacial shear exerted by the dense gas also extends the area of
stable stratified flow to higher liquid flow rates. Pan (1996) reports a decrease of the total
liquid holdup at high pressure compared to atmospheric conditions. Elseth et al. (2003)
show that the gas-liquid interface does not form a sharp density discontinuity. Instead, the
local phase fractions vary gradually from liquid continuous to gas continuous. This de-
notes high levels of mutual phase transfer involving liquid phase aeration and droplet en-
trainment in the gas core.

2.3.5 Wall wetting and interfacial curvature

By numerical experimentation on a three-phase flow model, Hall (1992) shows that cur-
ving the oil-water interface from flat to concave results in better agreement with his ex-
perimental data.

Roberts (1996) performed measurements of chordal gamma densities from which the
shape of the gas-oil and oil-water interface could be re-constituted. Obviously, the inter-
face in his experiments is not flat with a tendency for the oil-water interface to be convex
as shown in Figure 2—8. These results are not commented by Roberts.
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2.3.6 Effect of added chemicals

Kang et al. (1998, 1999) and Tullius (2000) have studied the effect of DRAs in liquid do-
minated three-phase flow for which slug and dispersed bubble flow are the most probable
flow regimes. They show that oil and water soluble DRAs are effective in reducing the
pressure drop in stratified and slug flow as long as the liquid-liquid flow regime stays sep-
arated. At certain concentration, the DRA reduces the oil-water surface tension and a li-
quid dispersion forms. In the latter case, DRA efficiency can be negative (drag increase).
DRA can also increase the area of stratified flow stability and reduce slug frequency. An
associated but unexplored result is that DRA increases liquid wall wetting (Tullius 2000).

2.3.7 Material effect

At high LGR, Tullius (2000) compared measurements of pressure drop and phase frac-
tions in acrylic and stainless steel pipes and did not observe any significant difference. On
the contrary, Pettersen et al. (2001) measured pressure drop in slightly inclined pipes with
SF¢ (high density gas), Exxsol D80 and water at moderate gas velocities and observed dif-
ferences between steel and PVC pipes. An example measurement is shown in Figure
2-13. Steel gives higher pressure drop than PVC in three-phase flow but similar values in
two-phase flow. The difference is less when the liquid loading is increased from 1% to
5%. Using a wetting probe, it can be shown that water flows dispersed in oil in the steel
pipe and is not in contact with any part of the wall at superficial gas velocity equal to 4
m/s. In PVC, a free continuous water film forms at the pipe bottom at identical conditions
of flow rates.

Angeli et al. (1998) have also studied the effect of pipe material in two-phase oil-water
flow. In that case, the pressure gradient measured is higher in steel than acrylic (transpa-
lite) for identical mixture velocities and volume fractions. The differences are highest at
low mixture velocity where the two fluids are separated. The oil-water interface is shown
to be more disturbed in steel. Angeli et al. (2000) also show with a local impedance probe
that the stainless steel tube increases the tendency for oil and water to form dispersions.

Armney et al. (1996) have studied water lubrication of heavy viscous oil pipelines. They
show that adhesion of oil to the pipe surface (fouling) can be reduced by increasing the
water affinity of the pipe surface. One method is to add SiO32' ions that increase the ne-
gative charge density of the electrical double layer at the steel pipe wall. Another option
is a material that can be processed to form hydrophillic and oleophobic gels at the surface.
Two such materials are sulphonated APS plastic that becomes durably water wet after im-
mersion in water and mortar of Portland cement that naturally forms hydrophillic calcium
silicate hydrate gels (C-S-H) while curing.

2.3.8 Modelling

The main difference between two and three-phase stratified gas-liquid flow lies in the fact
that the simultaneous presence of two liquids gives rise to mutual interactions and results
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in a wider variety of flow patterns. Models for three-phase gas-oil-water flow must ac-
count for the degree of mixing of the two-liquids (separated, mixing layer or fully dis-
persed), identify which phase is dispersed and which is continuous in case of dispersed
liquid flow, and compute interfacial friction at the oil-water interface for separated flow
or the equivalent liquid viscosity for dispersed flow.

There are currently two options for dealing with stratified gas-oil-water flow:
» Treat the oil and water as one liquid layer and use two-phase correlations or models.

* Use a mechanistic three-fluid model.

The first approach is adopted by Pan (1996). The liquid phase is represented as one equi-
valent liquid whose viscosity is calculated from an empirical mixing coefficient related to
a three-phase Reynolds number. The method permits a straightforward use of two-phase
flow equations for flow regime identification, pressure drop and holdup predictions. How-
ever it requires some empiricism and its generality can be questioned.

The second approach presents more complexity in forms of additional closure relation-
ships but is also more rigorous. The mechanistic models applicable to stratified
gas-oil-water flow found in the literature are based on:

* Drift-flux formulations as in Lahey et al. (1992).

* Three-fluid formulations (three-layer models) as in Hall (1992), Neogi et al. (1994),
Taitel et al. (1995) and Khor et al. (1997).

* Combined two-fluid and drift-flux formulations (hereafter called "hybrid" models) as
in Bonizzi et al. (2003).

2.3.8.1 Drift-flux model

Lahey et al. (1992) used phase fraction measurements to develop a drift-flux model for
phase fractions. The standard drift-flux model is used for the gas phase but modified ex-
pressions are derived for the oil and water phases, with a distinction between oil continu-
ous and water continuous flow. Drift-flux parameters (phase distribution parameter and
drift velocity) are back-calculated from the experimental data. For water based separated
flows (stratified and stratifying annular), the water drift velocity is always negative which
hints at water accumulation. For oil based flows, it is interesting to note that the oil drift
velocity approaches zero, meaning that water is not as well transported as oil in dispersed
form.

2.3.8.2 Three-layer model

Three-layer models of steady stratified gas-oil-water flow are proposed by Hall (1992),
Neogi et al. (1994) and Taitel et al. (1995). Khor et al. (1997) have performed numerical
experiments where several combinations of closure laws (friction laws and hydraulic dia-
meters) are tested against an experimental data bank.
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Three-layer models are based on separate mass and momentum equations for the three
phases (gas, oil and water) that are assumed to flow separated. They are direct generali-
zations to three fluids of the two-fluid separated flow one-dimensional steady-state pipe
flow models. The various three-layer models in the literature assume separated phases and
flat interfaces. They differ in the expression of the friction closures and the methods used
for calculating the hydraulic diameters (especially for the oil phase). Details for the dif-
ferent models are given in Chapter 3.

2.3.8.3 "Hybrid" model

Bonizzi et al. (2003) have recently proposed a model initially developed for three-phase
gas-oil-water slug flow but that also accounts for the stratified flow pattern within the
bubble region. The approach combines separate momentum conservation equations for
the gas and liquid phases (two-fluid approach) and an expression for the oil-water slip ve-
locity (drift-flux approach). The determination of the latter is flow regime dependent and
requires a closure for choosing between separated flow or dispersed flow. This closure is
taken from Brauner et al. (2001). The model also includes a phase inversion model taken
from Decarre et al. (1997) for the determination of the continuous phase in case of dis-
persed flow. Despite such simplification as a slip velocity assumed to be zero in the case
of dispersed flow, the model yields good predictions in three-phase flow at LGR up to
12.5%. This approach also avoids the double looping on the liquid and water holdup equa-
tions inherent to three-fluid models and is therefore faster in terms of computations.

2.4 Summary

Literature of gas-liquid and gas-oil-water stratified pipe flow has been reviewed in this
chapter. It has been emphasized on gas dominated flow at low liquid loading. In addition,
the review has been restricted to a phenomenological description of the flow mechanisms
based on laboratory studies and left aside the thermodynamical aspects of hydrocarbon
mixture transport.

Two-phase gas-liquid flows at low liquid loading are characterized by:

* A significant fraction of the liquid transported as droplets and depositing at the wall.

* A high degree of liquid wall wetting and an often curved gas-liquid interface.

* Wayvy, erratic gas-liquid interfacial structures and high interfacial friction at the
gas-liquid film interface due to the high gas-liquid slip.

* A large surface-to-bulk ratio favouring the action of surface forces.

There is a lack of information concerning high pressure, two-phase flow in large diameter
pipes at low liquid loading.
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In three-phase gas-oil-water flow, additional complexity appears, related to liquid-liquid
interactions within the liquid film. Three-phase gas-oil-water stratified flows are charac-
terized by:

» Several, fluid dependent, liquid-liquid flow regimes.

» Water fraction dependent liquid holdup and pressure drop.

» Gravity separation of water and oil at positive inclinations.

» Potential formation of oil-water dispersions and phase inversion phenomenon.

* The curved shape of the fluid-fluid interfaces and the competitive wetting of the pipe
wall by either one of the liquid phases depending on wall material.

Both pressure drop and holdup are influenced by these complex interactions within the
liquid phase.

It is noticed a general lack of three-phase flow data at low liquid loading, both at low and
high pressure.

As far as modelling is concerned, there appears to be few gas-oil-water flow models that
encompass all phenomena occurring in the liquid phase: transition dispersed/separated,
equivalent viscosity and phase inversion for dispersed flow, oil-water interfacial friction
and surface effects (wall wetting and curvature of the interfaces) for separated flows. A
complete flow model including more of these aspects as in Bonizzi et al. (2003) seems to
be the key to improved prediction accuracy.
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Figure 2—1: Liquid holdup versus liquid superficial velocity at constant gas superficial
velocity in a horizontal pipe. Top: air-water; Bottom: air-oil (from Badie et al. 2000)
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Figure 2-2: Pressure gradient versus liquid superficial velocity at constant gas superfi-
cial velocity in a horizontal pipe. Top: air-water; Bottom: air-oil (from Badie et al. 2000)
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el

Figure 2—4: Successive frames for air-oil flow showing the bursting of a large ampli-
tude wave into droplets (superficial gas velocity = 20 m/s, superficial liquid velocity =
0.02 m/s). (a) t=0s; (b) t=10.005s; (c) t=0.010 s (from Badie et al. 2001)

Figure 2-5: Successive frames for air-oil flow showing the ballooning of the liquid
layer (superficial gas velocity = 15 m/s, superficial liquid velocity = 0.01 m/s). (a) t =
0.186 s; (b) t =10.436 s; (¢) t = 0.629 s (from Badie et al. 2001)
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Figure 2—6: Modelling of gas-liquid flow at low liquid loading with a modified
one-phase correlation. The liquid loading is expressed in barrels of liquid per million
standard cubic feet of gas. Top: drag factor versus liquid loading; Bottom: effective
roughness versus liquid loading (from Asante et al. 1999)
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Figure 2-7: Three-phase flow regime map for horizontal air-oil-water flow. The map is
for fixed oil superficial velocity. The flow map is plotted against superficial air velocity
(Ju» in cm/s) and superficial water velocity (j, in cm/s) (from Lahey et al. 1992)
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Figure 2—8: Interfacial profiles reconstructed from chordal density measurements with
a dual energy gamma densitometer. Superficial gas velocity = 6.18 m/s, superficial oil
velocity = 0.039 m/s and superficial water velocity = 0.041 m/s (from Roberts 1996)
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Figure 2-9: Total liquid holdup and pressure drop versus input water fraction for
air-oil-water pipe flow at pressure = 0 barg. Air superficial velocity = 11.4 m/s, oil super-
ficial velocity = 0.1 m/s and inclination = +1 deg. Oil viscosity = 40 cp (from Pan 1996)
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Figure 2-10: Total liquid holdup and pressure drop versus input water fraction for
air-oil-water pipe flow at pressure = 5 barg. Air superficial velocity = 3.1 m/s, oil super-
ficial velocity = 0.1 m/s and inclination = 0 deg. Oil viscosity =40 cp (from Pan 1996)
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Figure 2—11: Pressure drop, flow pattern, gas-liquid slip and total liquid holdup in a
three-phase gas-oil-water flow with formation fluids. Pressure = 105 barg, temperature =
70°C. The pressure drop is represented as a ratio of the measured pressure drop (DP) to
the pressure drop measured in two-phase air-oil flow at the same flow rate conditions
(DP0%yater)- Top: superficial gas velocity = 0.58 m/s and superficial liquid velocity =
1.17 m/s; Bottom: superficial gas velocity = 5.23 m/s and superficial liquid velocity =
1.17 m/s (from Utvik et al. 1998)
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Chapter 3 Modelling

3.1 Introduction

In Chapter 2, literature dealing with gas-liquid pipe flow at low liquid loading has been
reviewed with focus on a description of the flow mechanisms. In this chapter, current
methods for predicting average integral steady flow properties are investigated. The mo-
dels considered are based on the rigorous derivation of averaged, one-dimensional mass
and momentum conservation equations for the phases involved, the so-called "two-fluid"
and "three-layer" formulations. It is focused on the engineering type of predictions rele-
vant for steady-state calculations in gas dominated pipelines.

After a brief review of single phase pipe flow in Section 3.2, stratified gas-liquid flow mo-
dels are dealt with in Section 3.3. and stratified gas-oil-water flow models in Section 3.4.

3.2 Single phase flow

3.2.1 Gas momentum equation

Predictions of the pressure drop for steady flow of single phase gas are normally based on
the one-dimensional averaged gas momentum equation given in Equation [3.1]:

dP

. A S . d 2
0= I + pgsind + ?pGUéZ +%(pGUG) [3.1]
where
U; = Ugs = 0574 [3.2]

Equation [3.2] expresses mass conservation. The pressure drop appears to be the sum of
a gravity term, a gas-wall friction term and an acceleration term. The latter is small com-
pared to the two others for fully developed flow and is usually neglected.

In the following, index k is used to designate a gas, a liquid or an interface.

Current practice is to express the wall shear stress in terms of a friction factor:
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1

Friction factors are discussed in Section 3.2.2. In this dissertation, the Moody (Darcy)
friction factor, Ay, is normally preferred as opposed to the Fanning friction factor, fi, de-
fined by the relationship:

A
=7 [3.4]

3.2.2 Friction factor

The friction factor for laminar, single phase flow is derived from an exact analytical solu-
tion of the velocity profile. It yields:

A = 2 3.5]

- R_ek
Hereafter, Equation [3.5] is referred to as "Poiseuille’s law".

For turbulent flow in smooth pipes, Blasius suggests:

0.3164

- ey o

This relation is known to be inaccurate at Reynolds number larger than 10°. The empirical
coefficients have been re-tuned to better agree with experimental pipe flow data. The
modified Blasius equation is given in Equation [3.7]:

_0.184
f = Ran [3.7]

Nikuradse (1933) shows good agreement between his smooth pipe flow measurements up
to Reynolds number 3.410° and the following friction factor expression:

3 oy 8 251 5572
A= a—210ga 00
' “Refhi ™

¢
For turbulent fully rough pipe flow, Nikuradse (1933) suggests, based on experiments per-
formed in artificially sanded pipes:

[3.8]
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-2

a € {0
A = g2lo g<;3 705D+ [3:9]

Colebrook (1939) later derived a friction factor correlation for commercial steel pipes,
known as the Colebrook’s equation, that reduces to Equation [3.8] for hydraulically
smooth pipes and Equation [3.9] for fully rough pipes:

a251 L& € 00_2

8cR Re i, 31D

Colebrook claims that Equation [3.10] also agrees with experiments in the transition zone
between the hydraulically smooth and fully rough regimes. The implicit Equation [3.10]
was solved by Moody (1944) and the friction factor plotted against Reynolds number for
various values of the hydraulic roughness.

hy = 5 “2log [3.10]

For more computational convenience, Haland (1983) derived an explicit formulation of
Colebrook’s equation given by:

kk 6.9 a € 0111:|(_)2

b 8log[Rek ¢3.7D+

a
: [3.11]

Héland claims agreement with Colebrook’s equation within +/- 1.5% in the range
4.103<Re, <108 and 0 <e/D<5.1072.

Another explicit version of the Colebrook’s equation was derived by Eck (1973) and
claimed applicable in the range 2.1.103 < Re, < 108:

xk:

15 e 2
21 T , 3.12
Og[Rek 3.715DJ* 13.12]

a
¢
Based on experiments in operating gas pipelines (Smith et al. 1956), Uhl et al. (1965) sug-

gest to modify the smooth and fully rough friction factor equations, Equation [3.8] and
Equation [3.9], to:

Mg = 3-2F/log 00 [3.13]
% “Regfhg
and
8 1 4 ke g5
= d 9] ¢ _0C 14
Ao ¢ Og93.7DTT [3.14]
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The drag factor, F, and the effective roughness, k,, are introduced to take into account the
reduction in the pipe transmission capacity due to bends, valves, fittings and welds. Equa-
tion [3.13] and Equation [3.14] are known as the AGA correlations.

Based on recent flow measurements in smooth and rough gas pipes, it is argued that the
transition between hydraulic smooth and fully rough flow is sharper than suggested by the
Colebrook’s equation. Uhl et al. (1965) obtained better agreement with the AGA experi-
mental database by taking the maximum of the smooth and fully rough pipe laws, respec-
tively Equation [3.13] and Equation [3.14], instead of Colebrook’s equation, Equation
[3.10], to cover the transition zone. They suggest:

7\’G = max(}"G,smooth’ }\’G, rough) [315]

The issue of an adequate expression for the friction factor for single phase gas flow in
commercial pipes is still open, especially at high Reynolds number. Other more recent ex-
pressions include those of Zaragola as cited in Slettfjerding (1999) for smooth pipes in the
range 3.1.10* < Re;<3.5.107 and Slettfjerding (1999) for fully rough pipes up to
Re; = 3.107. The latter is based on a direct characterization of the pipe inner wall rough-
ness and texture.

3.3 Stratified gas-liquid flow

In this section, models are reviewed for stratified gas-liquid two-phase flow with a focus
on gas flow at low liquid loading. The models considered are steady-state, one-dimensio-
nal, valid in horizontal or slightly inclined pipes. Such models are described in Taitel et
al. (1976), Espedal (1998), Biberg (1998 and 1999), Oliemans (1987), Hart et al. (1989),
Grolman (1994) and Grolman et al. (1997), Chen et al. (1997), Meng (1999) and Meng et
al. (1999).

3.3.1 Conservation equations

Variables involved in the model derivation are shown in Figure 3—1.

The mass and momentum balance equations for the gas and liquid phases can be simpli-
fied upon assumption of:

» Steady-state flow.

* Fully developed flow.

* One-dimensional flow.

» Constant pipe cross sectional area.

» Separated phases.
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* Negligible hydrostatic gradient.

¢ No mass transfer.

Upon the above assumptions, mass balance equations reduce to:

Uge = ol [3.16]

U, = HU, [3.17]

Momentum conservation equations yield for the gas and liquid phases:

0 = —ocAé‘%? ~ 168618, — adpggsin® [3.18]
0= —HAPS 1 o 115 HAp gsin® 3.19]
Caxr oL YR PLg .

where j indexes the gas-liquid interface. Volumetric phase fractions verify:
o+H =1 [3.20]

By analogy with single phase flow, the shear stresses are usually expressed in terms of
friction factors:

1
T, = gkkpk|Uk| U, [3.21]

1
T = 20| U= UV~ U)) [3.22]

where Uy is the upper phase velocity and U; is a boundary velocity. Adding Equation
[3.18] and Equation [3.19] to cancel out the interfacial friction term, an equation for the
pressure gradient is obtained:

3dPg S )
a' 0 = — - —_—
St i p,,gsind [3.23]
where
T, = %,(tGSG+TLSL) [3.24]
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Pm = OpstHp, [3.25]

are, respectively, the total shear stress and the mixture density.

Multiplying Equation [3.19] by o and Equation [3.18] by H and substracting, the pressure
gradient term cancels out. The equation obtained is function of the liquid holdup, H:

0 = —HtgSg+ (1 - H)t,S, — 1,8, + 0HA(p, — pg)gsin® [3.26]

At this point, models differ on how geometries (interfacial areas) and closures (friction
factors) are calculated. In the rest of this section, it is distinguished between:

* General purpose stratified flow models based on a two-fluid formulation, hereafter
called "standard" models. These are the models derived in Taitel et al. (1976), Espedal
(1998) and Biberg (1998 and 1999).

* Models specifically derived for gas flow at low liquid loading hereafter called "spe-
cific" models. These are the models derived in Oliemans (1987), Hart et al. (1989), Grol-
man (1994) and Grolman et al. (1997), Chen et al. (1997), Meng (1999) and Meng et al.
(1999).

3.3.2 Wetted perimeters

Wetted perimeters depend on whether the gas-liquid interface is considered to be flat or
curved.

3.3.2.1 Standard models

Standard models generally consider a flat gas-liquid interface (Figure 3—1). The wetted
perimeters are expressed in terms of the wetted half-angle  by:

S, = 8D [3.27]
S; = D(n—9) [3.28]
S; = Dsin [3.29]

The liquid holdup is related to the wetted half-angle by the exact geometrical relationship:

H = }téﬁ—%sin26§ [3.30]
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Biberg (1999) proposes an approximate solution for 0 in terms of H, exact within +/-
0.002 rad:

s 3yx 173

& = nH+372 (1-2H+H'Y3—(1-H)!3) [3.31]

The average liquid height h; can also be expressed in function of the wetted half-angle d:
h, = %)(1 ~ cosd) [3.32]

3.3.2.2 Low liquid loading

Specific models at low liquid loading generally consider a non-planar gas-liquid interface.
The problem is now to predict the liquid wetted angle and wetted perimeters in terms of
system parameters.

In the ARS model (Hart et al. 1989), the liquid is considered to creep up the pipe wall due
to a fraction of the liquid phase kinetic energy being transformed into potential energy.
Surface tension forces are not considered to be a driving mechanism. Hart et al. derived
the following semi-empirical expression for the dimensionless wetted wall fraction, & :

8 = 8,+0.26(Fr,)038 [3.33]
with
8, = 0.52H0374 [3.34]
and
p, Uz
Fr, = L 3.35
g pL—pcgD [ ]

Equation [3.33] is valid for horizontal pipes in the holdup range 0 < H < 0.06 .

Grolman (1994) argues that Hart et al.’s correlation gives serious discrepancies with ex-
perimental data in inclined pipes. Based on new data acquired at inclinations between -3
and +6 degrees, the following empiricial relationship is suggested:

S =8 éGwatﬁo'ls_F(We )o.zs(F,, )O.SL [3.36]
¢ o * SL “7 (p,—pg)cosH '
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with
Weg, = lefLD (3.37]
Uz
Fre = s [3.38]
and
8, = 0.624 H0374 [3.39]

Equation [3.36] is obtained after re-arrangement of Equation [3.33] and least square fit-
ting of 3500 measurements conducted in 15, 26 and 51 mm pipes with air-water and
air-tetradecane. The agreement with measurement is within +/- 20% in the range
-3<0<6deg.and 0<H<0.42.

The MARS model calculates the interfacial perimeter from a linear interpolation between
the smooth/stratified and annular interfacial perimeters:

s, = an(S_—Sf’)(l s 4 (129)8in700 [3.40]
¢ 1-9, 1-5, T =

In the Double Circle model by Chen et al. (1997) and Meng (1999), the gas-liquid inter-
face 1s modelled as a concave circle arc as shown in Figure 3—1. The gas-liquid interfacial
perimeter is expressed in terms of the interfacial arc diameter D; and the angle Sj:

S; = 8. [3.41]

D; and d; are obtained from the consideration that the area between the pipe and the inter-

facial circle arc must equal the liquid cross sectional area. The following implicit equation
in Sj is then obtained (Chen et al. 1997):

2 SInd 52 sin?d sin2d ~
_ a5MO9573s —HD

J " Gsindt ¢ tanBj_ 2 [3.42]
with
. sind
D; = sind, [3.43]
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To solve Equation [3.42], one must first determine the wetted half-angle 6. Chen et al.
(1997) choose to compute & from Hart et al.’s Equation [3.33] and limit themselves to ho-
rizontal flow. Meng et al. (1999) and Meng (1999) use two different correlations. In Meng
et al. (1999), it is mentioned that the MARS correlation Equation [3.36] is used to com-
pute 8. In Meng (1999), a new empirical correlation is suggested, based on measurements

of the wetted angle:
& = 0.624H%37 + 0.21(Fr;)*2! for (6 >0
(Frp)®! for ( ) [3.44]
& = 0.624H%374 +0.10 for (6 <0)
with
U2
Fr, = PL L [3.45]

PL—PcgDcosH

3.3.3 Gas-wall friction

For calculating gas-wall shear stress, Equation [3.21] is generally used together with a
gas-wall friction factor.

There are basically two approaches:

» Gas-wall friction models based on friction factors derived from single phase gas flow.
Gas and liquid are assumed to flow as if in two separate ducts with diameters equal to the
hydraulic diameters of the respective phases.

» Friction models specifically derived for gas driven gas-liquid stratified duct flow.
3.3.3.1 Hydraulic diameters

Hydraulic diameters are defined by:

44,

D, = 5 [3.46]

The calculation of wall friction using hydraulic diameters gives good predictions for tur-
bulent single phase flow in ducts with a non-circular cross section. For laminar flow, the
accuracy is generally poor. The concept of single phase friction with hydraulic diameters
is adapted in two-phase flow. A rigorous definition of hydraulic diameters for a general
stratified two-phase system in ducts is given by Brauner et al. (1998), with 1 indexing the
lighter phase and 2 the denser phase:
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1—m, ——gfor( 1> Uy)
44,
D, = S_I’Dz (S2+S)f0r(U2> U)) [3.47]
44, 44,
Dl = S—,Dz = S—fO}"(UIEUz)
1 2

For gas-liquid stratified flow, gas generally flows at higher speed than the liquid and the
approximation is that of closed duct flow for the gas and open channel flow for the liquid
yielding:

oL Mg 44, ”
G_SG—_i_SjaL_S_L [3.48]

Hydraulic diameters are practical approximations in multiphase pipe flow but can result
in significant errors for cross sectional flow areas with large aspect ratios, as occurs in the
case of a small liquid holdup.

3.3.3.2 Standard models

Taitel et al. (1976) use Blasius smooth pipe Equation [3.7] for the turbulent gas-wall fric-
tion factor. The gas Reynolds number is defined based on the gas hydraulic diameter:

U.D
Re, = Pe~Gc [3.49]
e

In his "simple" two-fluid model, Espedal (1998) uses Héaland’s equation, Equation [3.11],
together with Equation [3.49] for the gas Reynolds number.

Biberg (1998) suggests a novel friction factor expression specially derived for gas driven
two-phase gas-liquid stratified flow. He argues that the assumption that gas flows in a
closed duct of equivalent diameter equal to the hydraulic diameter leads to an underesti-
mation of the gas-wall friction in the presence of a rough gas-liquid interface. In the latter
case, the gas velocity profile is indeed skewed towards the top of the pipe with a maxi-
mum local gas velocity occurring closer to the pipe wall than suggested if the gas flowed
alone in an equivalent duct. Starting with an analysis of the gas phase velocity profiles in
two-phase channel flow, Biberg (1998) suggests the following gas wall friction factor:

[3.50]
66 2

e = ~ 166

6.9 + € GI'HJ ia

1.8
8(g[ReG ¢3.7D

vOﬂBQJ"
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It appears from Equation [3.50] that A is the sum of two terms, a closed duct flow term,
given here by Haland’s equation, and a correction term accounting for the presence of the
wavy gas-liquid interface. The latter term requires modelling of the interfacial friction.
Biberg (1999) proposes to calculate the ratio Tyt through Equation [3.59].

Another more practical form of Equation [3.50] is suggested by Biberg (1998) using the
gas-liquid interfacial friction factor instead of the interfacial shear stress:

2
a 69 5 e ! 2, . S50
—1.8log| — + ; +21 1+ =LY%
; Og[ReG ¢3.7D } 8¢ 75,0

Ao = E — 0 [3.51]
& 1+2log81+ L9 /A, 0
¢ ¢ S;Ug -

3.3.3.3 Low liquid loading

Chen et al. (1997) and Meng (1999) recommend in the Double Circle model to use the
Blasius smooth pipe equation, Equation [3.7], for the turbulent gas-wall friction factor to-
gether with Equation [3.49] for the gas Reynolds number.

Hart et al. (1989) and Grolman (1994) in, respectively, the ARS and MARS models, re-
commend a version of Eck’s friction factor correlation for smooth pipes given by:

_ 0.309
¢ {log[Re;/T]}?

[3.52]

However, Hart et al. use the pipe diameter D and the superficial gas velocity in the Rey-
nolds number definition whereas Grolman employs the actual gas velocity and the hy-
draulic diameter D

3.3.3.4 Transition laminar/turbulent

The conditions at which the flow of each phase goes from laminar to turbulent is an im-
portant issue for choosing which of the laminar or turbulent friction factor must be used.

Grolman et al. (1997) in the MARS model suggest to define a critical Reynolds number,
Re;, = 2100, as a criterion for the laminar/turbulent transition. In other models, however,
nothing is specified. Following a recommendation by Espedal (1998), it is chosen, for
computational purposes, to use the maximum of the laminar and turbulent friction factors.
This procedure is in practice important for transient computations, where discontinuities
can cause numerical instabilities.

URN:NBN:no-7245



50 3. Modelling

3.3.4 Liquid-wall friction

As for the gas-wall shear stress, Equation [3.21] is normally used together with a li-
quid-wall friction factor to compute the liquid-wall shear stress.

Two categories of liquid-wall friction factor correlations are used in stratified flow mo-
dels:
» Correlations based on single phase flow.

* Empirical correlations derived for two-phase gas-liquid flow.
3.3.4.1 Standard models

Taitel et al. (1976) apply the Blasius smooth pipe Equation [3.7] to compute the li-
quid-wall friction factor for turbulent flow. The liquid Reynolds number is defined based
on the liquid hydraulic diameter:

_ Pz U,
193

Re, [3.53]

Espedal (1998) in his "simple" stratified flow model also uses Equation [3.53] for the li-
quid Reynolds number together with Haland’s Equation [3.11].

It is argued by Espedal (1998) that liquid-wall friction factors derived from single phase
flow expressions are under predicting liquid-wall friction. Therefore, it is often referred
to empirical friction factor correlations for the liquid phase.

Biberg (1999) proposes an expression for the liquid-wall friction accounting empirically
for the effect of interfacial waves on the liquid-wall shear stress:

-2

: s Re, ; L s T Siss T8
A, = 21.4710g8—L0 + 147910081 — tanh@2.2 202700 || Yl 3.54

It appears that the liquid-wall friction is the sum of a free surface flow term and a wave
term. This expression agrees well with Espedal’s air-water direct wall shear stress measu-
rements (Biberg 1999).

As for gas-wall friction, the second term in Equation [3.54] requires the modelling of in-
terfacial friction through the ratio T/t . This is provided in Equation [3.60].

URN:NBN:no-7245



3. Modelling 51

3.3.4.2 Low liquid loading

Chen et al. (1997) and Meng (1999) recommend in the Double Circle model to use Blasius
equation, Equation [3.7], to compute the liquid-wall friction factor together with Equation
[3.53] for the liquid phase Reynolds number.

An empiricial liquid-wall friction factor is suggested by Grolman (1994) and Grolman et
al. (1997) based on their experimental data. As in Biberg (1999), the friction factor is ex-
pressed as a function of the gas-liquid interfacial friction factor:

€. 200888” s B 1(Re Y025 when (Re, < 2100)
TV ¢ g [3.55]

A 108(Reg; ) 0726 when (Re; 22100)

>
=
I

— =) =/ =) (D

3.3.5 Interfacial friction

The interfacial gas-liquid shear stress is generally calculated from Equation [3.22] toge-
ther with a definition for the interfacial friction factor (7‘~j) the boundary velocity (U;) and
the "interfacial" density (p;).

3.3.5.1 Standard models
Taitel et al. (1976) make the following assumptions:
U;=0,p;=pg and A, = A assuming Ug» U, [3.56]

Oliemans (1987) expresses the interfacial friction factor from Equation [3.10] (Cole-
brook) but uses an empirical apparent interfacial roughness ¢; taken from Cohen et al.
(1968):

g = 342 for (Ah<hy)

[3.57]
g = 3.2 hy for (Ah=hy)

Oliemans (1987) does not specify how Ah, the mean wave height, can be evaluated in
practical applications. Oliemans further calculates the interfacial shear stress from Equa-
tion [3.22] with U; = U, and p; = pg.

Andritsos et al. (1987) derived a semi-empirical interfacial friction factor correlation that

is generally acknowledged to be in good agreement with air-water measurements (Sped-
ding et al. 1997). It is given by:
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A

——1= Ofor(USGSUSG crit)
A ,
A [3.58]
i h,s U o
_/_1:15J7La SG_ _ 40 N
Ag DSUgqg. it 2 Jor (Use> Usg, crid)

The liquid height, hy , is calculated from Equation [3.32] assuming a flat gas-liquid inter-
face. Ugg crit 1s the gas velocity at the initiation of irregular large amplitude waves. For
near atmospheric conditions in air-water systems, Andritsos et al. (1987) suggest
USG,crit =5m/s .

In Andritsos et al. (1987), Equation [3.58] is associated with the modified Blasius equa-
tion, Equation [3.7], for the gas-wall friction factor. It is assumed that p, = p; and
U =0.

J

Biberg (1999) suggests a novel expression for the interfacial shear stress based on ele-
ments from the exact solution for laminar-laminar stratified flow in circular pipes. Ex-
pressed in terms of the gas-wall shear stress, it yields:

SG
KC,f(8)
b St ! [3.59]
Yo & ke s |
¢ SetS; i

where K = 750 is an empirical factor tuned against Espedal’s (1998) air-water data, C, is
a capillary number and () is a holdup dependant amplification of the interfacial shear.

Expressed in terms of the liquid-wall shear stress, the interfacial shear stress yields
(Biberg 1999):

T atS,

T, HtgSe+1S;—oH(p, —pg)Agsind

[3.60]

More details on Equation [3.59] and Equation [3.60] are given in Biberg (1999).
3.3.5.2 Low liquid loading

Hart et al. (1989), in the ARS model, propose to use Eck’s friction factor Equation [3.12]
together with an empirical estimate of the interfacial hydraulic roughness. Based on ex-
perimental results, they suggest for the interfacial roughness:

e = 2.3k, [3.61]

with, assuming low liquid loading,
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H,D
h ~—— [3.62]
49

In the MARS model, Grolman (1994) and Grolman et al. (1997) compute the interfacial
friction factor iteratively:

1. The interfacial friction factor is assumed to be equal to the gas-wall friction factor:
A= Ag [3.63]
2. An empirical friction number F,, is calculated according to:

Fo= A 5 Usap  4__ 0 §°%aprgD%"™
" 005 1) (I-H)¢ [gb*  Su, JeD" ¢ O

[3.64]

3. The apparent interfacial sand roughness is calculated according to:

€. s §. .15
= 0.5145HLgn—lf)2 x { tanh ([0.05762(F, —33.74)] + 0.9450)}  [3.65]

Tl

4. The interfacial friction factor Xj is calculated from Eck’s Equation [3.12].

5. The iteration is repeated with the new estimate of kj until convergence is achieved.

The interfacial shear stress is calculated taking p; = pg and U; = U, where Up *, the
liquid velocity at the interface, is given by:

., 8l8U, for Re; <2100

U, =1 [3.66]
i U, for Re; 22100

Chen et al. (1997) in the Double Circle model, modified Andritsos et al.’s Equation [3.58]
to account for interfacial curvature and to better fit their experimental data. They suggest:

A

k_JG_l = 0 for (Ugg < Usg, crir)
A s #0205 U ~ 0.08 [3.67]
1 =375820 A5G 40 4r (Uge > U orir)
Ag 8" Usgeri ~ 0T TG e

UgGerit 18 now the surperficial gas velocity at transition to stratified-wavy flow calculated
according to Jeffrey’s theory:

URN:NBN:no-7245



54 3. Modelling

|:4VL(pL - PG)gT‘S

3.68
0.06p,U, [3.68]

USG, crit

Meng (1999), in his version of the Double Circle model for slightly inclined pipes, recom-
mends using constant interfacial friction factors:

A, = 0.12 for (6> 0)

[3.69]
A, = 0.0568 for (6<0)

In Meng et al. (1999), Equation [3.69] is modified to take into account the increase of the
interfacial shear stress due to the presence of entrained droplets:

012+8—RD (60>0)
' (Ug—-Up)
PclUg— Uy 3.70]

0.0568 + 8 Rp (6<0)
' pc(Ug—-U;) B

>
I
=) =) ) =) D

with
R, = 0.05Cp, [3.71]
and

U, EF
C, = PrYse

= or 3.72
Usg+ Ug EF [ ]

A correlation for the entrained fraction, EF, is required and is taken from Equation [3.78]
as suggested by Ishii et al. (1989).

3.3.6 Atomization and entrainment
3.3.6.1 Onset of atomization

Considering a mechanism where droplets are generated by the shearing of roll wave
crests, Hanratty (1991) suggests that the critical gas velocity at the onset of atomization
is given by:

Usg,eris = 1.8Usg [3.73]
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where Ugg™ is the critical superficial velocity at the initiation of large amplitude waves
and is given by Hanratty (1991):

§ 5o
Upps Oy “0252 1 b
U:. = —=~2d_20 _— 3.74
0 Taver g hkhLog o7
¢lMcT0+
with
_ Pr o2
[3.75]
PGM%UZ
and
k= [PL8 [3.76]
(¢)

Oy stands for the Taylor dimensionless group O calculated for water as the liquid. Ugy
is the critical gas velocity at the inception of irregular large amplitude waves calculated
from inviscid Kelvin-Helmoltz theory:

(Upy—U,)? = [’;_‘MZL‘J’} anh (k(1 — h,)) [3.77]

G *Pg
3.3.6.2 Entrained liquid fraction

Ishii et al. (1989) suggest the following empirical correlation to calculate the equilibrium
entrained liquid fraction in the gas core, far from the pipe entrance:

EF = tanh(7.2510"7We!25(Reg;)2?%) [3.78]
with

pGUg‘GDépL_pGﬁln
6 ¢ pg ~

We = [3.79]

This correlation was developed from dimensional analysis and was fitted to an experi-
mental data bank primarily composed of measurements in vertical pipes. Therefore its ge-
neral applicability to pipes of all inclinations can be questioned.
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3.3.7 Method of solution

For flat interface models, three closure laws are required together with conservation equa-
tions, Equation [3.16] to Equation [3.19], in order to compute all system independent va-
riables: phase fractions, pressure loss, shear stresses, velocities.

For models with a curved gas-liquid interface, a fourth closure equation is necessary. Tra-
ditionally, it is chosen to compute gas-wall, liquid-wall and gas-liquid friction using one
of the friction factor correlations given in Section 3.3.3 to Section 3.3.5. The wetted angle
is usually taken as the fourth closure. Table 3—1 summarizes the closures for the different
models.

For the majority of models, the method for calculating pressure drop and phase fraction
begins with an iteration on the holdup equation, Equation [3.26]. Once the holdup is de-
termined, the pressure drop is obtained from the pressure drop equation, Equation [3.23].
Given system parameters, Equation [3.26] can yield several mathematical solutions but
the only stable (physical) solution is the one corresponding to the thinnest liquid layer.

Hart et al. (1989) in the ARS model use instead an empirical correlation to compute the
liquid holdup:

H =&[

o pL.. 1/2
- ]+ 10.4(ReSL)*0-363gp—9 J [3.80]

SG G’

Using Equation [3.33] for the wetted perimeter, they calculate the frictional pressure drop

from:

2dPg 1

SESf_ = spMrePcUg [3.81]
with

Arp = (1-8)hg+ 8, [3.82]

The predictions of the pressure drop and liquid holdup provided by the stratified flow mo-
dels discussed in this section are compared with the data from an experimental data bank
composed of gas-liquid steady flow measurements in pipes at low and high pressure. The
database is composed of data at low liquid loading in near horizontal pipes. Results of the
comparisons are presented in Appendix E.
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3.4 Stratified gas-oil-water flow

As opposed to two-phase flow, there is no specific model for dealing with three-phase
gas-liquid-liquid flow at low liquid loading. The available framework in this case is that
of standard stratified flow models called "three-layer models". The principal assumption
is that each phase, the gas and the two liquids, flows in separate layers with no mass ex-
change.

In this section, the general formulations proposed in the literature for standard three-layer

models are reviewed. Such flow models are discussed in Hall (1992), Taitel et al. (1995),
Neogi et al. (1994) and Khor et al. (1997).

3.4.1 Conservation equations

The variables involved in the model derivation are defined in Figure 3-2.

Three-layer models extend to the case of three immiscible phases the standard stratified
two-fluid models presented in Section 3.3. In addition to the assumptions listed in Section
3.3.1, it is assumed that the phases distribute in three separate layers with the heaviest flu-
id flowing at the pipe bottom.

Upon model assumptions, mass conservation equations for each phase reduce to:

Uge = aUg [3.83]
Uso = HyU, [3.84]
Ugy = HyUy [3.85]
with
o+Hy+Hy =1 [3.86]

Momentum conservation equations can be written for each phase as:

dP .
0= —OLA% — 1686 1,5,— 04p;gsinb [3.87]
0=-H A% 1 s 15 +18—H, Ap,gsin 3.88
= -y %_To o0~ T T, —HpApPpgsm [3.88]
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0 = —HWAZi:—rWSWﬂ,.S,.—HWAprsine [3.89]

Mean shear stresses are expressed in terms of friction factors:

1
T, = gkkpk]Uk| U, [3.90]
1

Y = g4 Ui (Ui U) 351
1

T, = glipi‘Uk— Ul(U—U) [3.92]

for, respectively, the gas- and liquid-wall shear stresses, the gas-liquid interfacial shear
stress and the oil-water interfacial shear stress.

Adding Equation [3.87], Equation [3.88] and Equation [3.89], one obtains an expression
for the pressure gradient similar to Equation [3.23] in two-phase flow:

égﬁ = ~27,-p,gsind [3.93]
where
T = %,(TGSG £ 1S+ TySy) [3.94]
and
P = 0Pt Hopo+ Hypy [3.95]

are, respectively, the total shear stress and the mixture density.

Adding Equation [3.88] and Equation [3.89], a momentum equation for the liquid phase
can be obtained:

0=— HLA%) ~1,8,+1;S;~ H Ap,gsin® [3.96]

where
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TS = ToSo T TSy [3.97]
H,+p,H
b, = Po OHPW 4 [3.98]
L

Multiplying Equation [3.87] by H; and Equation [3.96] by o and substracting, the pres-
sure gradient term cancels out and an equation for the total liquid holdup is obtained:

0=-H1:Se+(1-H)vS, -8+ (1 -H )H A(p,—pg)gsin®  [3.99]

In a similar manner, multiplying Equation [3.88] by Hyy and Equation [3.89] by Hp and
substracting, an equation for the water holdup is obtained, with the total liquid holdup as
a parameter:

0 = -HytoSo+ (H—Hy)tySy + Hyt,S, — H 1S, + [3.100]
Hy(H, — Hy)A(py—pp)gsinbd

As in two-phase flow, the various models in the literature differ how the wetted perimeters
and the friction closures are calculated.

3.4.2 Wetted perimeters

Assuming flat gas-liquid and liquid-liquid interfaces, the wetted perimeters can be ob-
tained from exact geometrical relationships. Introducing oy, and 0; , respectively the wa-
ter and liquid wetted half-angles, yields:

S,y = 8,D [3.101]
Sy = D(8,—8y) [3.102]
S, = D(n—-3§,) [3.103]
S, = Dsin3, [3.104]
S, = Dsind,, [3.105]

For flat interfaces, the water and the total liquid holdup are geometrically related to the
wetted half-angles by:
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Hy, = iéSW,L—%SmZSW,L? [3.106]

Reciprocally, inversing Equation [3.106], 8y and §; can be expressed in terms of the wa-
ter and total liquid holdups using Biberg’s approximation for flat interfaces (Biberg 1999):

o ~1/3
4 431

Oy = THy ; o

(1-2Hy ,+HY3—(1-Hy )3 [3.107]

The liquid heights, defined in Figure 3—2, are also unique functions of the wetted half-an-
gles:

hy | = ?(1 —c0s0y ;) [3.108]

3.4.3 Hydraulic diameters

Hall (1992) and Taitel et al. (1995) suggest, for the hydraulic diameters of each phase:

44
D, = < [3.109]
Sc+S;
44
D, = =2 [3.110]
SO
44
D, = -S—W [3.111]
w

Khor et al. (1997) discuss the case of very thin oil layers (S small) leading to unrealistic
high values of the oil hydraulic diameter. They find that the calculation of integral flow
properties is significantly affected by the definition of the oil hydraulic diameter but in-
sensitive to the definition of the water and gas diameters. Khor et al. (1997) recommend
for the oil hydraulic diameter:

D — 44,
¢ So+S,

[3.112]

Equation [3.112] is also used by Neogi et al. (1994).
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3.4.4 Wall friction

For the gas-wall, oil-wall and water-wall friction factors, Hall (1992), Neogi et al. (1994)
and Taitel et al. (1995) use the Blasius equation (Equation [3.7]) for turbulent flow and
Poiseuille’s law (Equation [3.5]) for laminar flow. Khor et al. (1997) recommend to use
the following empiricial correlation for oil-wall and water-wall shear stresses:

= J. e e .
ho.w = 3.06(Hy yReq ) 0562 3.113

3.4.5 Interfacial friction

For the gas-oil interface, Hall (1992) assumes smoothness and U » U, , and so sets equal
the interfacial gas-oil shear stress and the gas-wall shear stress:

A= Ag
U = U, [3.114]
P, = Pc

For the oil-water interface, no such assumption can be made and Hall suggests that the
oil-water interfacial shear is proportional to the oil-wall shear stress such that:

T, = Y7o [3.115]

The proportionality factor 7y is estimated from an analytical analysis of three-phase flow
between flat plates. For computational purposes, Hall suggests the following approxima-
tion:

y=2 [3.116]

Neogi et al. (1994) recommend using Equation [3.58] proposed by Andritsos et al. (1987)
for computing the interfacial gas-oil friction factor. The interfacial shear stress is calcu-
lated assuming p;, = pg and U; = U,,. For the oil-water shear stress, they suggest a
smooth interface assumption that yields:

=2
U = Uy [3.117]
Pi = Po

Taitel et al. (1995) use for the gas-liquid interfacial friction:
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A; = max(Ag, 0.056)
U, = U, [3.118]

P, = Pc
For the oil-water interfacial friction factor, they suggest the similar expression:

A, = max(hy, 0.056)
U = U, [3.119]
P: = Po

For the gas-liquid interfacial friction, Khor et al. (1997) adapted the definition proposed
by Hart et al. (1989) in their ARS model. They suggest using Colebrook Equation [3.10]
for kj with an expression of the interfacial roughness given by Equation [3.61] and Equa-
tion [3.62]. The wetted wall fraction is calculated from Equation [3.33] with a Froude
number defined by:

Po U_é
Po—PcgD

Fr, = [3.120]

For the oil-water shear, Khor et al. (1997) recommend Equation [3.119] as in Taitel et al.
(1995).

3.4.6 Method of solution

Solving the three-layer model involves solving simultaneously two holdup equations,
Equation [3.99] and Equation [3.100] for, respectively, the total and water holdup. A cal-
culation procedure is suggested by Taitel et al. (1995):

1. Start with a guess of the total liquid holdup (or, equivalently, h; or dy).

2. Solve Equation [3.100] for the water holdup. There is only one solution for each value
of the total liquid holdup.

3. Tterate on Hy (hy or d;) until Equation [3.99] is satisfied. The search for successive
values of the total liquid holdup is best achieved with a dichotomy method.

4. Search for additional solution pairs (Hy,H; ). The only physically stable solution is
the one corresponding to the "thinnest" liquid layer (Taitel et al. 1995).

A summary of the closures associated with the three-layer models discussed in this section
is given in Table 3—2. The method of solution for the three-layer model is summarized in
the general algorithm displayed in Table 3-3.
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3.5 Summary

In this chapter, one-dimensional models relevant to the calculation of average,
steady-state, integral flow properties have been reviewed. It has been emphasized on stra-
tified gas-liquid flow and stratified gas-oil-water flow. If the issue of gas-liquid flow at
low liquid loading has motivated specific closures to be used in relation with standard
two-fluid models, none can be said of stratified gas-oil-water flow. It is questionable on
how accurate three-layer models can reproduce three-phase flow at low liquid loading
since no experimental data was previously available in the literature. In the following
chapters of this thesis, the models presented above will be systematically compared to the
experimental measurements.
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Table 3-3: Solution algorithm for the three-layer model

start
initialize variables
read case and update input variables

perform steps

iterate on Hy.

A |guess Hp in O<H<I

iterate on Hyy,

1 |guess Hyy in O<Hy<1
2 |compute interfacial geometries
B |3 |compute hydraulic diameters
4 |compute shear stresses
5 |repeat from step 1 until Equation [3.99] is satisfied
6 |return Hyy

C |repeat from step A until Equation [3.98] is satisfied

D |return Hy

I

search for additional solution pair (Hy,Hy )

I

return (Hy,H; ) corresponding to minimum Hp

v

terminate steps

compute pressure drop from Equation [3.93]
save data
terminate
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Cross sectional view

Uniform film thickness Concave circle arc (Double

Standard (flat interface) (ARS/MARS) Circle)

Longitudinal view

Figure 3—1: Geometries for two-phase stratified pipe flow models
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Cross sectional view

Longitudinal view

Figure 3-2: Geometries for the three-layer models with flat interfaces
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Chapter 4 Flow facility

4.1 Introduction

The purpose of this chapter is to describe the multiphase flow loop used in this thesis and
the measurements performed. In Section 4.2, the flow loop’s infrastructure, working flu-
ids and test sections are introduced. Test section physical characteristics such as physical
roughness and contact angles with liquids are provided. In Section 4.3, the flow loop ins-
trumentation is reviewed and the measurement accuracy is estimated. The experimental
procedure for steady-state and transient measurements is presented in Section 4.4 as well
as the flow loop control and data acquisition interface. Flow tests are performed to con-
firm the operability of the flow loop and results are presented in Section 4.5.

4.2 The flow loop infrastructure

4.2.1 General

An overall three-dimensional view of the multiphase flow rig is provided in Figure 4-1.
The flow loop consists of a fluid supply system, test sections on their supports and a liquid
return system dispatched on two floor levels. Three phases, air, water and oil, can be cir-
culated simultaneously in the test sections. The flow loop is currently operated at atmos-
pheric pressure and ambient temperature (approximately 20°C).

Figure B—1 (Appendix B) gives a schematic representation of the fluid supply and fluid
return systems. Air, water and oil are first transported in a separate piping and the flow
rate of each phase is measured. The supply assembly is slightly tilted upwards to prevent
the blockage of air bubbles in the liquid supply or liquid pockets in the air supply. Before
entering the test section, the fluids are first introduced in an inlet section where they are
put together in a stratified flow pattern according to their density. At the test section outlet,
the fluids are collected in a slug catcher that aims at preventing eventual transients to im-
pact on the flow upstream. Air is vented to the atmosphere while water and oil pass into
a secondary tank and finally fall back into the separator tank at the ground floor. This tank
has a volume of 3000 litres and contains mesh coalescers to improve separation of oil and
water.

4.2.2 Fluids and fluid supply
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The gas and liquid phases used in the flow loop are air, water and Exxsol D80. Air and
water are abundant, inexpensive and innocuous fluids appropriate for laboratory experi-
ments in a university environment. Exxsol D80 is a light hydrocarbon condensate
(C11-C15) selected for its innocuity and fast separation capabilities. By its property, Ex-
xsol D80 is similar to light condensate oils encountered in the field. In addition, Exxsol
D80 has been used by other experimenters, which allows for comparisons.

Prior to introduction into the separator tank, water is filtered and mixed with 0.15 wt.%
of Grotan WS plus. Grotan is a bactericide and fungicide chemical, fully soluble in water.
To visually discriminate oil and water, 0.005 wt.% of a fluorochrome stain (fluores-
ceine-natrium) is added to the water phase. The molecule absorbs wave lengths in the vi-
sible blue range (around 490 nm) and re-radiate green light in the range 516-518 nm.

4.2.2.1 Fluid properties

Liquid properties are measured from samples taken in the flow loop separator. Fluid pro-
perties are summarized in Table 4—1.

Table 4—-1: Flow loop fluid properties

Physical property Air? Water? Exxsol D80
density, kg/m’ 1.20 1000 +/- 0.2% 800 +/- 0.2%
viscosity, Pa.s 1.8107 111103 +/-1.2% | 1.791073 +/- 1.2%

surface tension, N/m 0.0608 +/- 0.0005 0.0246 +/- 0.0005

Exxsol D80/Water interfacial tension, N/m 0.0301 +/- 0.0005

a. Properties calculated at 1 atm. and 20°C
b. Properties measured at 1 atm. and 20°C

Oil and water densities were measured with a picnometer with an accuracy of +/- 0.2%.
The water density appears to be non affected by the addition of Grotan and fluoresceine.
From one experiment to the other, temperature and pressure variations are maintained
within +/- 5°C and +/- 0.1 atm. Thus, variations of oil and water density with temperature
and pressure are considered negligible. Air is considered an ideal gas and its density is de-
rived from the ideal gas law.

Oil and water viscosities were measured with a capillary viscosimeter of accuracy +/-
1.2%. Viscosities calculated by this method are based on Poiseuille’s law. From Table
4-1, it can be seen that the separator water viscosity is slightly higher than that of pure
water due to emulsification with Exxsol D80.

Pressure is not considered to have an effect on the viscosity of liquids for the pressure va-

riations at stake in the experiments. Effect of temperature on liquid viscosity is estimated
from the Lewis-Squire correlation, Equation [4.1], from Reid et al. (1988):
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T Tk [4.1]

-0.2661 —= [;-0.2661 4
ML HK 233

where by is the measured liquid viscosity at Ty =293.15 °K, T and T are in °K and by g
in cp. Considering a +/- 5°K variation in temperature, the variations in water viscosity and
oil viscosity do not exceed +/- 3 10~ Pa.s and +/- 5107 Pa.s respectively.

The surface tension of the water-air, Exxsol D80-air and water-Exxsol D80 interfaces has
been measured with a ring tensiometer (De Noiiy tensiometer). The principle consists in
measuring the force necessary to withdraw a platinum ring from a bulk of liquid. A total
of three repeated measurements were performed for each case with an accuracy of +/- 0.5
mN/m.

The surface tension of water appears to be lower than that of pure water (typically 72.8
mN/m) which probably results from a contamination by surface active agents coming
from either the oil phase or small amounts of organisms living in water.

4.2.2.2 Fluid supply system

The air 1s supplied at 7 barg by the pressurized air network of the university. This pressure
is reduced by a pressure reduction valve (PZV1.03) down to operational pressure (usually
around 3 barg, measured in the buffer tank U1.26). After filtration of particles larger than
10 bm, the air is directed through either a large diameter (40 mm) or small diameter (15
mm) tubing where the flow rate is measured. The air flow rate is fine tuned by means of
either one of the gate valves (HV1.16, HV1.17 or HV1.29).

Filtered tap water is introduced into the separator tank (U5.05) prior to operations. It is
pumped through the flow loop with either a centrifugal pump (P2.22 or P2.23), for
moderate to high flow rates, or a dosage pump (P2.26) for small flow rates. In the latter
case, the metering infrastructure is bypassed. Pumping specifications are given in Table
4-2 below.

Table 4-2: Water supply: pump specifications

Small water pump | Large water pump Dosage pump
Gustavsberg Prominent SIGMA
Name Grundfoss C100-35 12090 PVT
. . displacement
Type centrifugal centrifugal (diaphragm)
Range (I/min) unknown unknown 0.048 - 1.661
Ugw (m/s)? unknown unknown 0.3102-9.81073

a. Intest section with i.d. = 60 mm at standard conditions

Water is further directed to either a large diameter (60.3 mm) or a small diameter (21.3
mm) tubing where the flow rate is metered.
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Oil is introduced in the same separator tank as water from which it separates by density.
The oil is pumped by either a centrifugal pump (P3.22 or P3.23) for high to moderate flow
rates or a dosage pump (P3.26) for small flow rates. Pump specifications are given in Ta-
ble 4-3.

Table 4-3: Oil supply: pump specifications

Small oil pump Large oil pump Dosage pump
Prominent SIGMA
Name Grundfoss CR 8-30 | Grundfoss CR64-1 12090 PVT
. . displacement
Type centrifugal centrifugal (diaphragm)
Range (I/min) 99.7 - 199.5 498.7 - 1413.0 0.064 - 1.620
Ugp (m/s)? 0.59-1.18 2.94 - 8.34 0.4107-9.5107

a. Intest section with i.d. = 60 mm at standard conditions

As for water, the oil is further directed to either a large diameter (60.3 mm) or small
diameter (21.3 mm) tubing where the flow rate is metered before introduction into the test
section.

Further details concerning the gas, water and oil supply infrastructures are provided in
Appendix B.

4.2.3 Test sections
4.2.3.1 General

A total of four test sections of different geometry and inner wall material are used in this
thesis. A schematic of the test section arrangement is given in Figure 4-2 and dimensions
are summarized in Table 4—4, Table 4-5 and Table 4—6. The acrylic test section arrange-
ment was modified four times during the thesis period so as to accommodate laboratory
upgrades and other experimental studies.

The straight sections are mounted on an inclinable, rigid supporting beam that can accom-
modate two of them in parallel. The supporting beam can be tilted around its central axis
up to 15 deg. upward or downward using pre-defined anchors. The inclination is checked
with a digital inclinometer with a precision of +/- 0.1 deg. The horizontal levelling of the
pipe is performed with a binocular of the type used in construction engineering. The ma-
ximum deviation from the horizontal is estimated to be +/- 0.015 deg. which is equivalent
to a maximum vertical deviation of 4 mm over a distance of 16 m.

The acrylic test section is assembled out from 2 m long pipe sections. The steel test sec-
tions (bare steel and epoxy coated) are made of 6 m long pipes made of stainless steel, cut
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Table 4—4: Acrylic straight section dimensions
Configura- | Configura- | Configura- | Configura-
tion 12 tion 2° tion 3¢ tion 49
Dimen Dimen Dimen Dimen
sionf, sionf, sionf, sionf,
Description Tag® m Tag m Tag m Tag m
Total length AK | 16.640 | AK | 16.640 | AK | 16.555| AK | 16.590
Flow development length | AB | 4.660 | AB | 4.660 | AB | 4.705 | AB | 4.705
DP1 CE | 1.745 | EF | 1.215 | HJ | 2.745 | HJ | 2.245
DP2 H) | 2740 | GH | 1.195 | CE | 1.740 | CE | 1.740
DP3 EH | 3.735 | EH | 3.705 | CJ | 8195 | CJ | 7.695
Distance between quick | 1y | 5510 | pp | 4850 | DI | 4.845 | DI | 4.845
closing valves
Distance to slug catcher® | JK | 1.360 | IK | 3.540 | JK | 1.240 | JK | 1.767
a. Configuration 1: January 2001 to February 2002
b. Configuration 2: March 2002 to September 2002
c. Configuration 3: October 2002 to February 2003
d. Configuration 4: February 2003 to April 2003
e. Tags refer to drawing Figure 4-2
f. Dinension accuracy is +/- 0.005 m
g. Distance from last measuring device
Table 4-5: Steel test section dimensions
Bare steel Coated steel
Description Tag | Dimension®, m | Tag | Dimension?, m
Total length Al 16.620 Al 16.620
Flow development length AB 6.055 AB 6.055
DP1 EF 1.685 EF 1.655
DPp2 FG 1.675 FG 1.650
DP3 BI 8.025 BI 7.535
Distance between quick closing DH 4.470 DH 4115
valves
Distance to slug catcher? J 2.545 1J 3.035

a.

b. Distance from last measuring device

Dimension accuracy is +/- 0.005 m

into 2.5 m long sections for the coated pipe. Pipe sections are assembled with a male-fe-
male flange junction in order to ensure smooth transitions. The pipes are supported by
brackets that can be adjusted horizontally and vertically.
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Table 4—6: L-shaped riser dimensions

Description Tag Dimension?, m
Horizontal section length AB 13.460
Total height BH 6.435
Flow development lengthb BD 3.740
Distance bet:/vaelir; guick closing DG 1.690
DP EF 1.000
Distance to slug catcher® GH 1.000

a. Dimension accuracy is +/- 0.005 m
b. Vertical length to first measuring device
c. Vertical length from last measuring device

The L-shaped riser has been constructed in order to study vertical annular flow. A 13.5 m
long, 2 deg. upward inclined section precedes a 92 deg. bend and a 6.5 m high vertical
section on which the instrumentation is mounted. The test section is assembled from 2 m
long, 50 mm i.d. transparent acrylic pipe sections and is mounted on fixed supports.

Average internal diameters and the volume of the "quick closed section" (part of the test
section between quick closing valves) are indicated in Table 4-7.

Table 4-7: Summary of test section specifications

L-shape
Specification Acrylic Steel Coated steel riser
plexiglass stainless steel epoxy resin
Inner wall (polymethyl (min. 10% (epoxy .
material methacrylate chromium- polymer + plexiglass
polymer) nickel) diamine)
Pipe section
length, m 2 6 2.5 2
Average internal 0.0604 +/- 0.0601 0.0500
diameter, m 0.0600 +/-0.0007 0.0001 +/- 0.0001 +/- 0.0005
1.3726'107%24/-9'10°°
(config. 1)
V‘ﬁiﬂfiﬁig‘f 1.3453102+/-510° | 1.263410% | 1.2003102 | 3388107
d I (config. 2) +/-5107° +/-510° +/- 4107
SeCHon, 1.3493102+/- 5107
(config. 3 & 4)

To obtain a realistic value of the test section internal diameter, two methods have been
used: an indirect measurement where diameter is obtained from the determination of the
volume of a given length of pipe and a direct measurement with a calliper (Mitoyu cylin-
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der gauge of precision +/- 0.01 mm). Several direct and indirect measurements have been
treated statistically using t-test of hypothesis at 5% significance. The results indicated in
Table 47 are average values given at 95% confidence.

Likewise, quick closed section volumes are determined from at least three repeated
measurements. The fast closed section is first filled with water, taking care that no air bub-
ble is trapped, then the water is drained and the fast closed section is pigged. After
weighing on a Mettler-Toledo balance of accuracy +/- 0.1 g (range 32 kg), the entrapped
water volume is obtained using the measured water density from Table 4-1.

4.2.3.2 Coating construction and coating control

To study the possibility of an impact of internal coatings on the flow of gas at low liquid
loading, experiments have been performed in an internally coated pipe. The coating cho-
sen is Copon EP 2306. It is a two-component epoxy paint used in several North-Sea gas
transportation pipelines to mitigate pipe roughness and provide corrosion protection.

The pipe coated is the same stainless steel pipe as used in other experiments. Due to the
small pipe i.d., it is not possible to spread the coating according to the normal industrial
method that involves a rotating nozzle. The painting is instead applied manually.

The coating construction is performed in three steps:

1. Pipe preparation. The steel pipe is cut in maximum 2.5 m long sections, 2 mm pres-
sure tappings are drilled and plugged with foam and the inner surface is scraped with fine
sand paper.

2. Paint preparation. The paint quantity is computed for each section. The two compo-
nents are mixed and stirred. The objective is to apply a 125 bm thick layer of paint. To
achieve this film thickness, it is required 28 g of paint per meter of pipe, quantity that
was doubled to account for contingency.

3. Pipe coating. The paint is introduced at the pipe upstream end and spread by manual
rotation of the pipe until complete wetting of the pipe circumference. Excess paint is
drained and the pipe is centrifuged at 125 rpm for 5 minutes. The drainage and centrifu-
gation is repeated twice until an average of 20 g/m of excess paint is collected to achieve
a film thickness as close as possible to specifications. The pipe section is finally dried for
24 hours in slow rotation on an electric motor and for further 7 days on a bench.

The criteria for accepting the coating are:

» Presence of dry patches: checked by visual control.
» Presence of castings: checked by visual control.

» Coating thickness: checked with a comparator.

» Surface roughness: checked with a roughness measurement.
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The purpose of the shape control is to check that the paint is homogeneously spread
around the pipe perimeter. Despite the centrifugations, it is indeed expected zones of paint
accumulation along the path of the initial paint cast. A coarse control has been performed
for all sections inlet and outlet using a comparator. Maximum deflections are summarized
in Table 4-8.

Table 4-8: Maximum coating thickness variations for each coated section. Average
deflection is 56 bm, about 45% of the targeted coating thickness

Section? 1-1 (1-O0| 21 |{2-O| 3-1 |[3-O| 41 | 4-O| S5-I |5-O] 6-1 | 6-O

Measured
deflection, 71 36 | 41 23 | 43 | 29 | 33 25 | 104 | 63 | 44 | 30
bm

a. I stands for “inlet”; O stands for “outlet”

The comparator was also rotated by steps of 45 degrees and the measured deflections plot-
ted. An example plot is given in Figure 4-3 for pipe section 1 at the outlet. A 40 bm thick
paint accumulation can be seen along the line of paint introduction. This feature is en-
countered for nearly all pipe sections. During the assembly of the coated sections, the ac-
cumulations have been disposed in the upper, gas wetted half of the pipe to avoid a
distortion of the liquid film.

The coating physical roughness is measured to ensure that the coating surface is not
rougher that the initial substrate. In the normal situation, the coating is applied on a rough
surface and the pipe roughness is significantly reduced. In the present case, the initial steel
pipe is already hydraulically smooth and there is a risk that the method of applying the
paint may alter the surface homogeneity. It is shown in Section 4.2.3.3 that the coating
only slightly increases the surface roughness with a maximum 20% increase of mean
peak-to-valley height.

4.2.3.3 Surface characterizations

In order to better interpret the differences in the flow measurements related to a change in
the pipe material, it is important to define physical characterizations of the inner wall sur-
face. The characterizations performed in this work include measurements of surface phy-
sical roughness and fluid/surface contact angles.

Surface roughness

Surface profiles of the inner pipe wall are acquired with a needle Pertometer S3P. For each
pipe material, twelve profiles in the axial (main flow) direction are recorded. The instru-
ment consists of a mechanical pick-up MFW-250 and a drive unit PGK. Log files are ex-
ported to a PC via a serial cable for further numerical processing. A schematic
representation of the measurement setup is given in Figure 4—4. Instrument characteristics
are summarized in Table 4-9.
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Table 4-9: Pertometer S3P specifications

Item Characteristic Value
) radius of curvature 5 bm
Stylus tip .
opening angle 90°
cut-off wavelength 0.08,0.25, 0.8 or 2.5 mm
Horizontal measuring range L 8064 intervals (1152 per
digitized into
cut-off)
' ' range 25 bm or 250 bm
Vertical measuring range — _
digitized into 16384 intervals

A total of twelve profiles has been acquired for each material at random places on the pipe
inner wall. For the coated pipe, 12 measurements were performed for each coated section.
The pipe to be measured was carefully laid and blocked on a weighted table to avoid vi-

brations and noise.

The following statistical parameters can be obtained from the vertical profile, z(x):

* R,, the arithmetical mean roughness defined by:

R, = fields
L

* Ry, the root-mean-square roughness defined by:

_ 1.
R, = anzdx
L

* R, the mean peak-to-valley height defined by.

R

* R, the maximum profile height

z

1 —

defined by:

R

ﬁ(zmax - Zmin)dx
L

y = (Zmax - Zmin)

[4.2]

[4.3]

[4.4]

[4.5]

Roughness profile characterizations are summarized in Table 4-10.

From Table 4-10, it can be seen that acrylic is significantly smoother than steel and coated
steel. The coated pipe is slightly rougher than the bare steel pipe by a factor of20% on R,,.
All three pipes are significantly smoother than commercial bare steel pipes and coated
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Table 4-10: Summary of roughness measurements

Cut
Ry std, Ry, std, Ry std, off,
Surface bm bm bm bm bm bm mm | # Meas.

Coated 1 0.40 0.14 0.49 0.16 2.71 0.71 0.8 8
Coated 2 0.38 0.17 0.51 0.21 2.59 1.13 0.8 8
Coated 3 0.41 0.32 0.60 0.45 2.92 1.72 0.8 8
Coated 4 0.33 0.14 0.44 0.17 2.26 0.77 0.8 16
Coated 5 0.36 0.15 0.47 0.19 2.27 0.71 0.8 16
Coated 6 0.35 0.09 0.47 0.12 2.71 0.61 0.8 8
Stainless steel | 0.34 0.10 0.44 0.14 2.53 0.64 0.8 16
Acrylic 0.05 0.06 0.06 0.07 0.41 0.52 0.8 16

steel pipes that exhibit typical R, in the order of 2 bm and 1 bm and R in the order of 4
bm and 2 bm respectively (Slettfjerding 1999).

Contact angles

Static (equilibrium) contact angles are defined in Figure 4-5. Contact angles vary with
solid surfaces, liquid properties and surrounding media (solvent). Contact angles different
from zero correspond to partial wetting systems whereas wetting systems are often
characterized by a contact angle equal to zero (even though there is, formally speaking,
no contact angle in this case). Advancing and receding angles are the contact angles ob-
served at the contact line when a droplet is moved forward (advanced) or backward (re-
ceded) over a solid surface.

Table 4-11 summarizes the contact angle measurements performed. Several combinations
of solid material (acrylic, steel and epoxy coated steel), liquids (water and Exxsol D80)
and surrounding media (air, water or Exxsol D80) were considered. In addition, Table
4—11 indicates, for comparison, results obtained by Valle as cited by Angeli et al. (1998)
for the same fluids and solid surfaces.

To perform the contact angle measurements, short lengths of test section pipe were opened
in two-halves and droplets of fluids were deposited with a syringe on the pipe inner sur-
face. No particular pre-treatment of the surface was performed other than cleaning with
acetone. The fluids were taken directly from the laboratory separator tank. Contact angles
displayed in Table 4-11 are averaged values obtained from at least 10 separate angle
measurements for each solid/liquid/media system at ambient conditions of pressure and
temperature. Measurement accuracy is estimated to +/- 1 deg.

Two methods have been considered for the measurements: a photographic method and a

direct angle measurement with a goniometer. In the first case, the contact angle is obtained
geometrically from measurements of droplet height and droplet diameter and assuming
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Table 4-11: Summary of contact angle measurements (in deg.) for several
solid/liquid/medium system. Accuracy is +/- 1 deg. Pressure = 1 atm; Temperature =

20°C
Liquid/Solvent

Solid Type Water/Air | Oil/Air | Water/Oil* | Oil/Water?®
Acrylic no pre-wetting 53 0 113 71

Steel no pre-wetting 61 0 127 105
Epoxy no pre-wetting 60 0 117 97
Acrylic water pre-wetting 51 0 72 (106) 71 (88)

Steel water pre-wetting 26 0 51 (0) 105 (143)
Epoxy water pre-wetting 23 0 55 97
Acrylic oil pre-wetting 52 0 115 (122) 0(84)

Steel oil pre-wetting 60 0 127 (129) 0(0)
Epoxy oil pre-wetting 66 0 117 0
Acrylic advancing 72 0 117 -

Steel advancing 86 0 115 -
Epoxy advancing 63 0 96 -
Acrylic receding 33 0 68 -

Steel receding 19 0 37 -
Epoxy receding 34 0 26 -

a. Figures in parenthesis are values by Valle as cited in Angeli et al. (1998)

spherical droplets. This method is not considered accurate and not pursued further. With
the goniometer method, droplets are optically magnified and contact angles are measured
directly by means of a graduation scale and a cross hair in the optical window. It is also
possible to use a digital camera and a picture recognition software that can identify the
liquid/media and liquid/solid interfaces based on pixel gray contrasts. Due to the curva-
ture of the pipe surface, the measured angles have to be corrected by substracting the angle
formed by the tangent to the liquid-solid contact line with the horizontal. A schematic
representation of the measurement setup is given in Figure 4—6.

The results in Table 4-11 call for the following comments:

* Oil is wetting all solid materials but with water as the solvent, the surfaces have to be
oil pre-wetted for oil droplets to wet.

* In all cases water is only partially wetting but the degree of wetting depends on both
solid material and pre-wetting history. Without pre-wetting, average static angles are
similar for all solid materials and the trend is for better wetting with air as the solvent
than with oil as the solvent. With water pre-wetting however, steel and epoxy are better
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water wetted than acrylic. A possible explanation is that the higher physical roughness of
the steel and epoxy surfaces helps to trap water in roughness grooves during the pre-wet-
ting. This creates a composite surface and the water droplet contact angle is lowered.

» The difference between the advancing and receding angles, called in the rest of this
dissertation "contact angle hysteresis" or simply "hysteresis", is more pronounced with
steel than with acrylic and epoxy. As will be seen, hysteresis can be related to droplet
adhesion.

* The averaged values in Table 4-11 sometimes mask a large scatter in the measure-
ments. This is reflected in the standard deviations given in Table 4—12. Contact angle
measurements are difficult to perform and usually require, to be repeatable, clinical envi-
ronments and the total absence of impurities in either the liquid bulk or at the solid sur-
face. Often, the solid surfaces are polished to avoid contact angle hysteresis due to
surface roughness. However, in the present case, it was not considered representative of
the real flow situation to either work with pure fluids or to polish the pipe surface. On the
contrary, the scatter in the results reveals the degree of contact angle hysteresis for each
surface.

Table 4-12 shows results of water-surface contact angle measurements in air for several
commercial coatings from three different manufacturers. The paint considered are all sol-
vent based epoxy paint with different film thickness and applied on substrates of different
initial roughness. As a result, the roughness of the coating varies from sample to sample.
It is interesting to note the larger scatter in the contact angle measurement on un-painted
substrates (sample quoted "no paint" and "Lab. steel"). This reflects the larger surface he-
terogeneity of the bare substrates compared to the coated substrates.

Table 4—12: Summary of water/surface contact angle measurements for several com-
mercial coatings and comparisons with laboratory pipes

En En | HL | HL | HL Co No Lab. | Lab.
2237 | 123% | 248" | 225" | 48P | EP2306° | paint | acrylic | steel

Roughness on 20 50 20 20 | 35 35 35
substrate (Ry, bm) | +/-5| +/-5 | +/-5 | +/-5|+/-5| +/-5 | +/-5

Dry film thickness, 50 | 45 53 | 221 | 57 93 B} - -
bm
Roughness on paint
(R, bm) 6 21 3 1 5 5 - - -
d
Mean contact angle 62 | 70 | 57 | 66 | 65 66 69 53 61
(deg.)
std (deg.) 6 12 5 8 6 4 13 4 11

Solvent based epoxy paint from Endocote

Solvent based epoxy paint from Hempel (Hempel 87630)
Solvent based epoxy paint from Copon (EP 2306)
“trimmed mean”: +5% and -5% extreme values excluded

aooe
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As mentioned earlier, it is possible to relate contact angle hysteresis to the adhesion force
of a liquid droplet to a solid surface. Let us consider the schematic in Figure 4-7. It repre-
sents a liquid droplet on a plane surface submitted to a drag force in the x-direction. The
force F resisting the drag results from interfacial tension acting at the contact line. Assu-
ming a circular contact line, the x-component of F is:

[4.6]
n EL
2 2
F, = cos(&g) fj 6cosRdD — cos(§ ) fi OR(—cosd)dd = 26R(cos&y — cosE )
: :

The resistance to the drag is therefore proportional to the factor A = cos&y, — cos& , . This
factor is enhanced by large differences between &y and & 4 (contact angle hysteresis).

F, (Equation [4.6]) is calculated based on advancing and receding angle measurements in
Table 411 for a water droplet on steel, acrylic and epoxy, in air and oil solvents. To sim-
plify, the droplet radius is taken equal to one. Results are plotted in Figure 4-9. It shows
that droplet adhesion in higher on steel than on either epoxy or acrylic in both air and Ex-
xsol D80 as the solvent.

It is shown in Table 4—12 that contact angle hysteresis, reflected in the standard deviation
around the mean, is in general less for coated pipes than for bare steel pipes. The diffe-
rence is similar to the difference observed between the laboratory steel and acrylic pipes.
Hysteresis is the result of surface heterogeneities such as adsorbed impurities or surface
roughness. Figure 4-8 from De Gennes (1985) shows how hysteresis decreases with de-
creasing substrate roughness.

4.3 Instrumentation and flow loop control

4.3.1 Flow rate metering
4.3.1.1 Liquid

The flow loop is equipped with four flow meters for measuring liquid flow rates. Two are
built on the water supply and two are built on the oil supply as shown in Figure B—1. Flow
meter specifications are given in Table 4—13.

For liquid superficial velocity below 0.02 m/s in the 60 mm test section, the conventional

centrifugal pumps are not able to deliver stable flow rates and liquid flow meters become
out-of-range. In this case, the dosage pumps described in Section 4.2.2.2 must be used and
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Table 4-13: Liquid flow meter specifications

UsL Accuracy | Repeata- | Temp.
Fluid Name Type Range? (m/s)b (+/-) bility effects
Endress &
Water Hauser elmag 0.053- 0.02- 0.5% 0.5% unknown
0.987 1/s 0.35
Promag 33
Fisher-Porter 0.29-
Water | COPA XM | elmag |0.83-101/s ! 0.5% 0.5% unknown
; 3.53
Series 3000
.. | Micromotion . .. | 100-1000 | 0.01- o 0 0.0002%
Oil FO25 coriolis ke/h 0.09 0.20% 0.35% 0. £15°C
. Micromotion . 1000- 0.09- 0 o 0.0002%
Ol | riso [ COmOS | 500 1gm | 491 | 0157 | 0% 1 b e

a. Factory calibrations
b. Reported in a 60 mm i.d. pipe
c. o.fr.: of full range

the entire liquid metering section is bypassed to improve stability. Dosage pumps are con-
nected directly to the inlet section through 19 mm flexible hoses. In the absence of low
range liquid flow meters, flow rates are deducted directly from the pump stroke length and
stroke frequency. This requires a careful calibration.

Calibration points for several piston courses and stroke frequencies are taken with a
balance (Mettler Toledo, accuracy +/- 0.1 g) and a stop watch (accuracy +/- 0.5 s). The
fixed root-mean-square error in the flow rate obtained by this method is estimated accord-
ing to Equation [4.7] (Doebelin 1990):

AQ _ IJéA_MQZ 4417 [4.7]
0 2NE M~ Gt

Results of the calibration are shown in Figure 4-10 for the water pumps and Figure 411

for the oil pump. The calibration curve is linear for all piston lengths comprised between

100% and 10% of full piston course. The calibration is repeated before each experimental

campaign. If changes are observed (due to setup modification or ageing of the supply ho-

ses), a new calibration run for the entire pump range is carried out.

A linear interpolation curve passing through the origin is determined and used to back cal-

culate the flow rates corresponding to a given frequency. A 97.7% prediction interval for
the flow rates read from the interpolation line is given by (Doebelin 1990):

[y, —35,,+3s] [4.8]
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.e ~ 2
avi-y) _
— 1s an unbiased es-

timator of the random error, y; are the calibration points, );,. are the interpolations and »

where yAO is the interpolated value of the flow rate, s =

is the number of calibration points.

An upper limit of the total error on the flow rate obtained after calibration is given in Table
4—-14 for the water pump and Table 4—15 for the oil pump.

Liquid metering accuracy is summarized in Table 4-16.

Table 4-14: Error on the flow rate for the water dosage pump

Average
Stroke error (linear
Length, Fixed error fit, 97.7% Maximum
% of full Range, (calibration), | confidence), | error (linear
course I/min % I/min fit), % Total, %
100 1.28 - 1.66 0.3 0.009 0.70 1.00
75 0.84 - 1.28 0.3 0.009 1.07 1.37
50 0.40 - 0.84 0.3 0.012 3.30 3.60
25 0.13-0.40 0.3 0.002 1.54 1.84
10 0.03-0.13 0.3 0.002 6.67 6.97
Table 4-15: Error on the flow rate for the oil dosage pump
Average
Stroke error (linear
Length, Fixed error fit, 97.7% Maximum
% of full Range, (calibration), | confidence), | error (linear
course I/min % I/min fit), % Total, %
100 1.36 - 1.72 0.3 0.017 1.25 1.55
75 0.93-1.36 0.3 0.008 0.86 1.16
50 0.45-0.93 0.3 0.001 0.22 0.52
25 0.17-0.45 0.3 0.009 5.29 5.59
10 0.06 - 0.17 0.3 0.004 6.67 6.97
4.3.1.2 Air

A low range coriolis meter and a high range vortex meter are used to measure air flow
rate. The coriolis meter provides a direct measurement of the air mass flow rate whereas
the vortex meter provides a volumetric flow rate measurement that needs to be extrapo-
lated to test section conditions. In that purpose, a measurement of the absolute pressure is
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Table 4-16: Summary: liquid metering accuracy reported in a 60 mm i.d. pipe

Fluid Instrument Range (+/- m/s) Accuracy (+/-)
elmag (COPA XM) 0.29-3.53 0.5%
elmag (Promag 33) 0.02-0.35 0.5%
0.0075-0.0098 1.0%
water 0.0049-0.0075 1.4%
d"saff; ég(l)?MA 0.0024-0.0049 3.6%
0.0008-0.0024 1.8%
0.0002-0.0008 7.0%
coriolis (T150) 0.09-4.91 0.2%
coriolis (F025) 0.01-0.09 0.2%
0.0100-0.0127 1.6%
oil 0.0068-0.0100 1.2%
dosa%‘éo(g(l)?MA 0.0033-0.0068 0.5%
0.0013-0.0033 5.6%
0.0004-0.0013 7.0%

performed just before the vortex meter and at the pipe inlet as shown in Figure B—1. The
volumetric air flow rate at the test section inlet is calculated from Equation [4.9]:

P

vortex

Qinlet = QvortexP__

inlet

Flow meter specifications are summarized in Table 4—17.

Table 4-17: Air flow meter specifications

[4.9]

Specification Low range High range
Name Micromotion CMF025 Elite | Endress & Hauser Flowirl 77A
Type coriolis vortex
Range? 0.12-80 kg/h 9-110 I/s
Ugg (m/s)° 0.01-6.5 3.2-39.3
Accuracy (+/- m/s)® 0.5% 1%
Repeatability® 0.25% 0.25%

a. Factory calibrations

b. At 1 atm, 20°C in the 0.06 m i.d. pipe

c. Factory specifications
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The manufacturer gives an instrument accuracy that can be checked as follows:

* Dry air is run in the 60 mm i.d. acrylic test section and metered. Several values of the
steady state flow rate are tested to cover the whole metering range.

» The pressure drop is recorded over 3.735 m of test section. Three Fuji differential
pressure cells are used of range 1000 Pa, 1000 Pa and 5000 Pa respectively.

+ Using Héland’s correlation, Equation [3.11], and plotting the gas friction factor A
versus the gas Reynolds number Re, a value of the hydraulic roughness € can be
obtained.

» Using the value of €, the gas velocity is back-calculated using either Héaland’s,
Prandtl’s or Blasius’ friction factor correlations for turbulent flow (Equation [4.10],
Equation [4.11] and Equation [4.12] respectively). Equation [4.10] and Equation [4.11]
are implicit and must be solved iteratively.

odp..
2870 p
- ; 6.9 5 o 111, 2
G _ a—1.810g[ Mo ,a_€ 0 JO [4.10]
P UZ ¢ pcUD 637D F
odp~
28%0p
= 5 c0 U -Dxx-2
9dx2 — 8 gjogdPcZ6 00 [4.11]
pUE € ¢ 69U,
4/7
6.32112_1905/4
_ X
U, = T [4.12]

* Calculated and measured gas velocities are then compared and a value for the
metering accuracy is estimated graphically. This is shown in Figure 4-12 for the Prowirl
77 vortex meter and Figure 4—13 for the F025 coriolis meter.

For the Prowirl vortex meter, velocities calculated from the measured pressure loss are
within +/- 2% of the values given by the gas meter. This is poorer than the specified ac-
curacy of +/- 1% and +/- 2% is retained as a more realistic value.

For the Coriolis meter, the match is within +/- 1% in the high range but poor in the low
range. This is due to inaccuracies in the pressure drop measurements and can be corrected
if the pressure drop is measured over a longer distance. Based on the current data, the me-
ter accuracy is estimated to be +/- 1%.

A summary of air metering accuracy is given in Table 4—-18.
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Table 4-18: Summary: air metering accuracy

Flow meter Estimated accuracy (+/-)
Vortex (high range) 2%
Coriolis (low range) 1%

4.3.2 Pressure drop

As shown in Figure 4-2, differential pressure taps are mounted at different locations along
the pipe which allows for multiple differential pressure measurements. Three Fuji
differential pressure transmitters can be used allowing for three separate measurements of
the pressure drop. Instrument specifications are given in Table 4—19.

Table 4-19: Differential pressure transmitter specifications

Specification Low range transmitter High range transmitter
Name Fuji FHCW11 Fuji FKCW33
Type membrane membrane
Nominal range (kPa) 0-1 0-32
Calibrated range (kPa) 0-1 0-5
Specified accuracy (+/- Pa)? 1 5

a. +/- 0.1% of full range

In-house designed pressure taps were glued on the pipe outside wall at locations specified
in Table 44, Table 4-5 and Table 4-6. Two millimetre wide holes were drilled through
the pipe wall and carefully cleaned for burrs. The pressure transducers are connected to
the upper wall pressure taps using 6 mm lines made of nylon, this material being chosen
for its strength and hydrophobicity. The lines are air-filled and the differential pressure
measurements are performed in the gas phase.

The factory specified accuracy of the transmitters has been checked by comparing their
output for several flow rates while measuring the pressure loss with dry air over 3.735 m
of the acrylic test section. The results of the comparisons are shown in Figure 4-14 and
Figure 4-15. From the graphs, it appears that the accuracy specified in Table 4-19 is ac-
ceptable.

Error on the static pressure measurement due to finite hole size can be estimated according
to the following equation mentioned in Slettfjerding (1999):

err(P)

= 0.269(d*+)0353 [4.13]

w
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with

dt = 4 % [4.14]
VA Pg

Considering the two cases where the transmitters are used up to saturation, the maximum
pressure drop experienced by the FHC transmitters is estimated to 850 Pa/m for the
straight 60 mm test sections and 1000 Pa/m for the 50 mm vertical test section. For the
FKC transmitter, the maximum experienced pressure drop is 1350 Pa/m. Those figures are
based on the pressure tap locations given in Table 4-4, Table 4-5 and Table 4-6. For 2
mm holes, this results in an error of 5.5% of full range for the FHC transmitters and 1%
of full range for the FKC transmitter. These figures are high and regarded as little realistic
based on the good value overlap obtained for the transmitter pair-wise comparison tests,
Figure 4-14 and Figure 4-15.

The error on the static pressure measurement due to burrs is estimated according to an
equation in Slettfjerding (1999):

err(P) = 81, [4.15]

Equation [4.15] is given for a burr height-to-tap diameter ratio of 2/63 = 0.03 (this corres-
ponds to a burr height of 63 bm for a hole diameter of 2 mm). Such a burr would result in
a20% of full range inaccuracy in the pressure drop measurement for the FHC transmitters
and 4% for the FKC transmitter. Particular care is therefore taken to eliminate burrs from
pressure tap holes.

Pressure lines must be carefully cleaned for stagnant liquids prior to pressure drop mea-
surements. For instance, a water plug of 5 mm blocked in the line can create an error in
the order of 10 Pa/m equivalent to an inaccuracy of 1% of full FHC range.

Pressure transmitter accuracy is summarized in Table 4-20.

Based on the single transmitter accuracy given in Table 4-20, an estimate of the pressure
drop measurement accuracy can be made. The steady-state pressure drop is obtained from
an average of three pressure drop measurements (two for the vertical riser) performed at
three different locations along the pipe. Indexing by 1, 2 and 3 the three measurements,
the average pressure drop is calculated from Equation [4.16]:

P _ 133dPs | §dPs . 8dPs ¢

dx  3CCdxt,  Cdxtr  Cdxtst [4.16]

Noting %3 by P, the root mean square error on g%}?k is given by:
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Table 4-20: Differential pressure transmitter accuracy

FHC transmitter FKC transmitter
Type of uncertainty (low range) (high range)
Specified accuracy (+/- Pa) 1 5
Zero stability (+/- Pa)? 0.5 2.5
Temperature effects neglected neglected
Pressure tap size not considered not considered
Burrs not considered not considered
Logger (+/-)° 0.001 Pa 0.005 Pa
Liquid plug not considered not considered
Total (+/-) 1.5 Pa 7.5 Pa
a. +-1mV
b. +/-3 bV
ally Jééé@f?z L8800 %s [4.17]
¢ P " ¢ AP + CL, 7~

where <P is a given pressure difference between tappings, L is the distance between tap-
pings and k indices a given pressure drop measurement (k = 1,2 or 3).

It is now possible to calculate the rms error on the pressure drop given by Equation [4.16]
for given pressure differences <P. The results are shown in Figure 4-16.

It can be seen that there is little difference between the straight 60 mm sections. This
shows that the averaging method is robust with respect to variations in pressure tap place-
ment and setup changes. In the straight sections, for pressure differences higher than 100
Pa, which is the case for most of the experiments, the relative error on the pressure drop
measured with the present tapping arrangement is less than 3.5%. For pressure differences
in the order of 50 Pa, the error increases to 7%. For the vertical riser, the rms error is less
than 3% for pressure differences larger than 50 Pa.

Based on the above considerations, the pressure drop measurement accuracy can be sum-
marized in Table 4-21.

Table 4-21: Summary: pressure drop measurement accuracy

Section Estimated accuracy (+/-)
Straight (60 mm i.d.) 3.5%
L-riser (50 mm i.d.) 3%
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4.3.3 Phase fractions

At low liquid loading, the phase fractions are best determined by isolating a given length
of the test section with quick closing valves, thereafter draining and measuring the volume
of liquid collected. A picture of a quick closing valve with its drainage valve is given in
Figure 4-28.

The liquid holdup is calculated from:

Vi
%

tot

H, = [4.18]

where k is the phase index (oil or water), V| is the volume collected and V is the total
volume of the test section.

The quick closing valves are actuated manually. The closing time is evaluated to be ma-
ximum 0.5 s. The valves are connected together with a rigid steel wire and can be actuated
simultaneously.

The volume V, needs to be carefully estimated to obtain a reasonable value of the liquid
holdup. Quick closed section volumes are given in Table 4—7.

To determine Vy, the drained phase volume is collected in a graduated glass and measured
with an accuracy of +/-1 ml. Special care is taken to also collect with a pig (Figure 4-28)
the liquid fraction that remains on the wall after drainage. After pigging, the liquid volume
still in the test section is considered to be less than 1 ml.

The estimated accuracy of the holdup measurement is summarized in Table 4-22.

Table 4-22: Summary: holdup measurement accuracy

Type of uncertainty Value (+/-) Comments

due to undrained liquid remaining in the

Fixed errors 1 ml .
test section

Accuracy I ml accuracy of the graduated glass

4.3.4 Other measurements
4.3.4.1 Absolute pressure

Absolute pressure is monitored at vortex meter location (PE1.31) and at the test section
inlet (PE1.24) as shown in Figure B—1. Absolute pressure cell specifications are given in
Table 4-23.
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Table 4-23: Absolute pressure transducer specifications

Calibrated | Accuracy
Name Span range (+/-) Time response

Siemens Sitrans P - 7TMF4013 0-16 bara 0-7 bara 0.25% <0.2s

4.3.4.2 Temperature

Flow loop temperature is not regulated and varies with the room temperature. As the mul-
tiphase flow loop is situated in a closed laboratory, room temperature remains fairly cons-
tant at around 20°C +/- 5°C. Test section internal temperature is monitored during
experiments (in the gas phase) with a chromel/alumel thermoelement and an Anritherm
transducer of range -200 - 1200 °C and accuracy of +/- 0.1 °C. Temperature variations for
the range at stake here are not considered to influence fluid properties significantly.

4.3.5 Flow loop control

Loop instruments, at the exception of temperature sensors and dosage pumps, can deliver
a4-20 mA signal. All instruments are wired to a central cabinet where their output is con-
verted into a (0.8-4.0 V) voltage signal with a 200 kN resistor. This voltage is further di-
rected to either an external logging instrument (HP34970 switch unit) from which it is
digitized and sent to a PC for storage. The HP34790 switch unit has built-in electronics
for various signal processing such as filtering or averaging. The switch unit is employed
for logging slow varying signals such as flow rates, absolute pressures and differential
pressures, typically at 1-2 Hz. Instrument specifications are given in Table 4-24.

Table 4-24: Specifications for logger HP34970

Specification Value
Minimum sampling period 0.4s
Number of channels 20
Buffer memory 50 000 readings
Accuracy? +/-3 bV

a. voltage reading for short circuited input

The user interface of the flow loop has been designed using the software Labview. Instru-
ment setup, on-line visualization of signals and a rough post processing are among the in-
terface capabilities. Log files are exported from the Labview interface as text files and
stored on the hard-disk for later post-processing.
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4.4 Operation of the flow loop and experimental pro-
cedure

The majority of the experiments performed in this thesis are steady-state measurements
of pressure drop and phase fractions at low liquid content. Some experiments are also per-
formed in a transient mode for which pressure drop and phase fractions are logged in the
period following a fluid supply shut-down.

It has been observed that measurements repeatability and accuracy can be improved by
following the same procedure for all experiments of the same kind. In the following, the
experimental procedure is presented and the achieved level of repeatability shown. It is
also explained how some difficulties related to the measurements have been identified and
solved.

4.4.1 Experimental procedure for steady-state measurements

The experimental procedure for the steady-state measurements of phase fractions and
pressure drop is described below. The experiments themselves are discussed in Chapter 6
and Chapter 7.

The experimental procedure is as follows:

1. A test section is selected and set in the horizontal position.

2. The instrument zeros are checked and adjusted if necessary.

3. The liquid flow rates are selected and the liquid pumps run for 5 minutes during
which liquid flow rates are progressively lowered to the desired value. As a result, the
liquid wetted perimeter is initially water wet.

4. The air flow rate is selected and air is progressively introduced up to the desired flow
rate so as to avoid the formation of transient slugs and/or wetting of the upper pipe wall.

5. The test section is set to desired inclination.

6. The fluids are circulated in the test section for at least 30 minutes, or more if neces-
sary, until steady-state conditions are reached.

7. The pressure taps are purged for stagnant liquid plugs and instruments are sampled
for 10 minutes.

8. The quick closing valves are closed and the flow is shut down.

9. The quick closed section is drained and pigged and the collected volumes of liquid
are measured in a graduated glass.

10. The rest of the test section is pigged and washed with water.

11. The next measurement is prepared and re-started from step 1.
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Repeated experiments have been conducted to test the repeatability of the measurements
performed in accordance with this experimental procedure. Results are summarized in Ta-
ble 4-29 and plotted graphically in Figure 4-24 and Figure 4-25.

As shown in Figure 4-24, holdup measurement repeatability (precision) is kept within +/-
5% for holdup larger than 0.008 (100 ml) but scatter increases to over 10% for holdups
smaller than 0.002 (25 ml). For the pressure drop, precision is in average kept under 2%
for the measured range.

The lack of precision in holdup measurements develops as:
* Simultaneous quick closing of the valves is not achieved.

* The weight of fixed errors (liquid still trapped in the test section after drainage) in the
total measurement increases. Fixed errors are greatly reduced by pigging the quick
closed section in order to remove hanging droplets and thin liquid films at the pipe wall.

* The number of intermittent interfacial structures (waves or slugs) increases. The
holdup becomes more dependent on the timing of the quick closing operation and on
how many of the intermittencies are being trapped. In case of large amplitude waves
bridging the entire pipe cross section or well developed slugs, the holdup measurement is
repeated three times and the results averaged.

Other factors influencing measurement repeatability are:

* The time necessary for reaching the steady-state regime.
* The fluid contamination in the separator.

* The instability of the air supply.

* The contamination of the inner wall surface.

» The existence of liquid plugs in pressure tap hoses.
4.4.1.1 Steady-state conditions

Sufficient time is allowed for measurements to be representative of steady-state condi-
tions. A test was carried out to estimate the necessary establishment time. Results are
shown in Figure 4—-17. There is a slight sensitivity of holdup and pressure drop with time
up to 60 minutes but measured values are established within measuring accuracy after 30
minutes.

An optimal check for steady state conditions for each experiment is to measure the mass
flow rate at the pipe outlet as performed by Hart et al. (1989) and Grolman (1994). In this
thesis, it has been decided instead to start logging the pressure drop after a minimum wai-
ting time of 30 min. and actuate the quick closing valves after a minimum elapsed time of
40 min. Based on the previous test, this is considered to be sufficient waiting time. Natu-
rally, on-line plots of pressure drop time series and visual observations are always used as
additional helps for deciding on whether steady-state conditions have been reached.
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4.4.1.2 Fluid contamination in the separator

The fluids in the separator can be observed through an observation window. It has been
detected, during the experimental campaigns, a biological contamination at the interface.
The exact origin of this contamination however could not be determined. Preliminary
analysis showed that it was neither bacterial nor fungal but probably resulted from an al-
gae thriving in water and finding its nutrient in oil.

As long as there is little agitation in the separator tank, the algae colony does not spread
and stays at the oil-water interface region. In the experiments of this thesis, small liquid
flow rates are involved which do not induce important mixing of the fluids in the separa-
tor. In addition, fluid intake is kept at good distance from the interface. To restrict fluid
contamination to a minimum, the content of the separator is replaced and the separator
cleaned at regular intervals.

4.4.1.3 Instability of the air supply

Despite pressure regulating valve PZV1.03 and buffer tank U1.26, pressure oscillations
in phase with compressor C1.02 cycles are not totally attenuated. This results in oscilla-
tions of the gas flow rate around its mean value as illustrated in Figure 4-26. The oscilla-
tions have a period of around two minutes. This situation is taken into account by allowing
sufficient logging time to encompass several oscillation periods. Logging data is later
processed so as to filter out all data that is not around the mean gas velocity plus/minus a
tenth of the measuring accuracy.

4.4.1.4 Contamination of the pipe wall

It has been observed that the state of the pipe inner wall surface (clean or contaminated)
can significantly influence the steady state measurements at low liquid loading, especially
in the acrylic pipe. This is discussed further in Chapter 7. Special care has been taken to
keep the pipe surface clean for adsorbed substances, at least at a macroscopic level. After
each experiment, the entire pipe length is pigged and washed with clear water.

4.4.1.5 Liquid influx in pressure taps

As mentioned earlier, the presence of a liquid plug in the pressure tappings or the pressure
tubes results in a measurement inaccuracy exceeding the expected accuracy. In general,
the upper pipe wall where pressure intake holes are drilled is dry, except in the atomization
regime where droplets are present and tend to flow into the pressure taps.

To ensure repeatable measurements, a purge system has been constructed where pressu-
rized air is blown counter-current into the pressure tubing to clear them for stagnant li-

quids. This purge is systematically performed prior to pressure drop measurements.

In addition, the fact that three simultaneous differential pressure measurements are per-
formed allows to detect pressure signals abnormally deviating from the others. A measu-
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rement is considered acceptable when the three dp signals are deviating from each other
by less than the expected measurement accuracy.

4.4.2 Experimental procedure for transient measurements

Transient two-phase flow measurements have been performed in this thesis where the li-
quid flow rate is shut down at constant gas flow rate and the pipe wall is allowed to dry
up for liquids. These experiments are described in Chapter 5.
Experiments are conducted according to the following experimental procedure:
1. A test section is selected.

. Instrument zeros are checked and adjusted if necessary.

. The gas flow rate and the initial liquid flow rate are selected.

2

3

4. The fluids are circulated for at least 10 minutes.

5. The pressure taps are purged for stagnant liquids and instrument logging is started.
6

. The liquid supply inlet valve is shut down and the clock watch is started simulta-
neously.

7. At desired time, quick-closing valves are actuated and the air flow rate is shut down.

8. The quick closed section is drained and pigged and the collected volumes of liquid
are obtained from weighing on a Mettler-Toledo balance of precision +/- 0.1 g.

9. The rest of the test section is pigged and washed with water.

10. The next measurement is prepared and restarted from step 1.

Experiments are repeated, changing the elapsed time before quick closing until the pipe
wall is entirely dry. This occurs when the measured pressure drop is equal to the pressure
drop calculated for dry gas flow from the Blasius equation, Equation [3.7]. All experi-
ments are carried out at ambient pressure and temperature.

Repeated experiments are performed to test the performance of this experimental proce-
dure. The main concerns are to:
* Check that the pressure drop trace is repeatable from one experiment to another.

* Check that the holdup measured in the test section for identical elapsed time before
quick closing is within expected accuracy.

A test with air and oil is performed where three identical experiments are conducted in
accordance with the experimental procedure explained above. Elapsed timed before quick
closing is set to 60 seconds. Test results can be seen in Figure 4-27 and are summarized
in Table 4-25.
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Table 4-25: Repeated experiments, transient measurements

Std Std
Use | Number | Pressure drop | (pressure Holdup (holdup),
Fluids m/s | ofruns | att=60s, Pa/m | drop), % |att=60s, - %
Air-
Exxsol DRO 30 3 -379 2.1 0.014 4

Comparing standard deviations (std) for the pressure drop traces and the holdup with ex-
pected accuracy, these results are found to be acceptable.

Factors influencing measurement repeatability are:

* The instability of the air supply.

* The contamination of the wall surface.

» The existence of liquid plugs in pressure tap hoses.

Concerning the air supply instability, precautions are taken to start the transient experi-
ment at identical periods in the oscillation cycle.

As for steady-state measurements, contamination of the pipe wall surface is kept to a mi-
nimum by regularly pigging the pipe and washing the inner wall with fresh water.

Formation of liquid plugs in pressure intake lines is a greater problem in the vertical pipe
due to the presence of an annular liquid film at the wall. This problem is tackled by peri-
odically isolating the differential pressure cells and purging the trapped liquid. Two simul-
taneous readings of the pressure drop are also taken and averaged. This allows to reject
measurements when the difference between the two measured pressure drops is larger
than the expected measuring accuracy.

4.5 System tests

System tests have been performed to evaluate overall flow loop performance. Tests in-
clude:

+ Single phase air flow tests.

» Two-phase air/water flow tests.
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4.5.1 Single phase flow tests

Single phase air flow tests are systematically performed prior to experiments in a new test
section or after changes in the experimental setup. From test results, it is possible to check
the accuracy of the pressure drop measurement and obtain the hydraulic roughness of the
test section.

Figure 4-18 to Figure 4-21 show results of such tests. The gas friction factor is calculated
from pressure drop measurements and is compared to Haland’s explicit equation, Equa-
tion [3.11]. In each case, it is possible to compute an hydraulic roughness that gives a sa-
tisfactory fit with the measured values.

In the case of the L-riser test section, the fit can not be sustained down to small air Rey-
nolds number. The reasons for this mismatch are:

* The test section being of i.d. 50 mm, smaller volumetric flow rates of air are needed to
sustain the same superficial air velocities as in the 60 mm sections. This results in the
vortex flow meter operating in its low range with reduced accuracy. As a consequence,
superficial gas velocity in the L-riser below 25 m/s are not considered in the experi-
ments.

* The pressure drop is measured over a 1.0 m long section of pipe. This results in
smaller pressure differences and pressure transducers operating in their low range with
reduced accuracy.

It is also possible to obtain a value of the hydraulic roughness for either the entire test sec-
tion or a single pipe section. Test sections are made of assembled pipe sections, quick clo-
sing valves, pressure taps, drainage taps and, in the case of the acrylic test sections,
impedance ring probes. These equipment generate an additional hydraulic roughness
compared to that of single pipe sections. It is possible to quantify these effects by varying
the locations of the pressure tapping points. Table 4-26 summarizes hydraulic roughness
for the entire test sections and for single pipe sections.

Table 4-26: Summary of back calculated hydraulic roughness

Test section Single pipe section
Test section hydraulic roughness, bm | hydraulic roughness, bm
Acrylic 60 mm i.d. 31 4
Steel 60 mm 1.d. 9 5
Epoxy 60 mm i.d. 4 1
Acrylic 50 mm i.d. 4 4
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4.5.2 Two-phase flow tests

Espedal (1998) performed air-water two-phase flow measurements of steady-state pres-
sure drop and holdup in an identical 60 mm acrylic pipe to that of the present flow loop.
He obtained pressure drop from an average of three differential pressure measurements
and phase factions with the quick closing valve method.

Selected air-water experiments from Espedal (1998) were repeated in the flow loop and
comparisons with his data are summarized in Table 4-27. Plots are provided in Figure
4-22 for the pressure drop and Figure 4-23 for the holdup. Repeated and source data are
found to agree within +/- 5%.

Table 4-27: Results of comparisons with Espedal (1998)

dP/dx

Use | Usws | 6, |Hsource, | Hmeas. dP/dXsoyrces | meass | err,
Exp # | m/s m/s | deg. % % err, % Pa/m Pa/m %
0396 | 142 | 0.012 | 0.5 2.1 2.0 -6.0 70 69 -0.5
0412 | 8.0 | 0.030 | 0.5 10.9 10.5 4.3 37 37 0.7
0167 | 14.2 | 0.023 | -0.5 3.1 2.9 -4.8 83 82 -1.0
0118 | 9.0 | 0.020 | -0.5 4.7 4.6 -0.7 29 27 -6.8
0125 | 13.1 | 0.020 | -0.5 3.1 2.9 -6.8 68 68 -0.4
0154 | 8.1 0.024 | -0.5 5.7 5.5 -4.8 22 23 1.3
n0402 | 12.0 | 0.036 | 0.5 6.1 5.4 -11.5 71 73 3.6
n0397 | 14.1 | 0.024 | 0.5 3.3 34 1.4 83 92 9.6
n0398 | 12.0 | 0.012 | 0.5 2.7 24 -9.4 51 53 4.0
fm0162 | 12.2 | 0.012 | -0.5 22 2.3 2.5 51 52 24

a. Refer to experiment numbers in Espedal (1998)

4.6 Summary

In this chapter, the multiphase flow loop used in this thesis and the type of measurements
performed have been described. The multiphase flow loop can operate with air, water and
oil at ambient temperature and pressure. Fluids have been chosen for their availability and
innocuity. The oil is Exxsol D80 which is a light condensate, immiscible with water, with
fast separation capabilities. Four test sections are used in this thesis, of varying inclination
with the horizontal and made of different materials. An epoxy coated steel section has
been constructed to test the effect of coating properties on the flow. Test sections exhibit
different physical roughness and water contact angles which gives the possibility to test
the sensitivity of the flow to these properties.
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Very low liquid flow rates are provided by dosage displacement pumps which have been
calibrated so as to obtain the average flow rate from set piston length and frequency. The
measuring accuracy of the instrumentation used in this work has ben evaluated. System
tests including repeatability tests, single and two-phase flow tests, have been conducted
to validate the experimental procedure for steady-state and transient measurements and

confirm the instrument accuracy.

A final summary of measurement accuracy is provided in Table 4-28.

Table 4-28: Summary of measurement accuracy

Accuracy
Measurement Instrument (+/-) Comment®
elmag 0.5% for 0.29 < Ugw < 3.53 m/s
elmag 0.5% for 0.02 < Ugw < 0.35 m/s
1.0% for 0.0075 < Ugy < 0.0098 m/s
Watevresi‘élc’ftryﬁ“al 1.4% for 0.0049 < Ugy < 0.0075 m/s
dosage pump 3.6% for 0.0024 < Ugw < 0.0049 m/s
1.8% for 0.0008 < Ugy < 0.0024 m/s
7.0% for 0.0002 < Ugy < 0.0008 m/s
coriolis 0.2% for 0.09 <Ugp <4.91 m/s
coriolis 0.2% for 0.01 <Ugn < 0.09 m/s
1.6% for 0.0100 < Ugn < 0.0127 m/s
Oﬂvseulf(’)‘zrig“al 1.2% for 0.0068 < Ugp < 0.0100 m/s
dosage pump 0.5% for 0.0033 < Ugp < 0.0068 m/s
5.6% for 0.0013 < Ugn < 0.0033 m/s
7.0% for 0.0004 < Ugy < 0.0013 m/s
velocity vortex 2% for 3.2 < Ugg < 39.3 m/s
Pressure drop (60 0 Effect of temperature, tap hole size and
mm test section) 3 dp cells 3.5% burrs are not considered
Pressure drop (50 0 Effect of temperature, tap hole size and
mm test section) 2 dp cells 3% burrs are not considered
This corresponds to the following
relative accuracy in the 60 mm i.d. test
. quick closing b sections:
Phase fractions valves 2ml +/- 10% for Hy < 0.008
+/- 5% for 0.008 < H; <0.015
+/- 1% for Hi > 0.015
Absolute pressure | pressure cell 0.2% -
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Table 4-28: Summary of measurement accuracy

Accuracy
Measurement Instrument (+/-) Comment?
Pipe inclination inclinometer | 0.1 deg. -
Temperature thermoelement | 0.1 °C -

a. Superficial velocities are given in a 60 mm i.d. pipe
b. Including the fixed error due to liquid remaining in the test section after pigging
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4. Flow facility 103

Figure 4-1: Three-dimensional view of the NTNU multiphase flow loop. The straight
test sections on their supporting beam are located on the first floor. The main separator
tank and pumping equipment are placed in the basement
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—e— Pipe 1 section A
—m— perfect circle

Figure 4-3: Shape plot for pipe 1 (outlet). 1 scale division = 20 bm
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cKup PCGK f‘Perthometer

Rough sample
J P Computer

Figure 4—4: Schematic representation of the surface roughness measurement setup
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Figure 4-5: Definition of equilibrium (static) contact angles. a) and b) partial wetting
with b) better wetting than a). c) corresponds to complete wetting. d) shows advancing

and receding angles
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Figure 4-6: Schematic representation of the contact angle measurement setup. Top:
image recognition software; Bottom: visual measurement with a goniometer
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Figure 4-7: Surface tension forces acting on a static water droplet submitted to a drag
force in the x-direction. £, and &y are the advancing and receding contact angles
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Figure 4-8: Advancing and receding angles for water on fluorocarbon wax. A rough
surface is obtained by spraying the wax. It is then made smoother by heating in an oven.
The number n on the horizontal scale (0, 1.0, 10) refers to the number of successive heat
treatments (from De Gennes 1985)
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Solvent: air

Solvent: Exxsol D80
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Figure 4-9: Adhesion force on three different solid surfaces for laboratory water drop-
lets of radius unity
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Figure 4-10: Calibration curves for the water dosage pump. The straight lines are linear
interpolations of the calibrated data for various piston courses
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Figure 4-11: Calibration curves for the oil dosage pump. The straight lines are linear
interpolations of the calibrated data for various piston courses
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Figure 4-12: Calculated versus theoretical gas velocities in the 60 mm acrylic test sec-
tion for the Prowirl 77 vortex meter. The dashed lines represent a variation of +/- 2%
around the measured values
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Figure 4-13: Calculated versus theoretical gas velocities in the 60 mm acrylic test sec-
tion for the coriolis meter CMF025. The dashed lines represent a variation of +/- 1%
around the measured values
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Figure 4-14: Comparison of the two FHC transmitters. The dashed lines represent
upper and lower acceptable variations based on factory specifications
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Figure 4-15: Comparison of one FHC transmitter with the FKC transmitter. The dashed
lines represent upper and lower acceptable variations based on factory specifications
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Figure 4-16: Error on the pressure drop measurement
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Figure 4-17: Sensitivity of measurements with experience time. The error bars repre-
sent the measuring accuracy
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Figure 4-18: Measured friction factor compared with known correlations for single
phase air in the 60 mm horizontal acrylic pipe
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Figure 4-19: Measured friction factor compared with known correlations for single
phase air in the 60 mm horizontal steel pipe
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Figure 4-20: Measured friction factor compared with known correlations for single
phase air in the 60 mm horizontal epoxy coated steel pipe
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Figure 4-21: Measured friction factor compared with known correlations for single
phase air in the 50 mm vertical acrylic riser
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Figure 4-22: Pressure drop compared with Espedal (1998) for 10 repeated measure-
ments
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Figure 4-23: Phase fraction compared with Espedal (1998) for 10 repeated measure-
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Figure 4-24: Repeatability of the holdup measurement expressed as the standard devia-
tion around the mean value. The solid line is a logarithmic fit of the data.
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Figure 4-25: Repeatability of the pressure drop measurement expressed as the standard
deviation around the mean value. The solid line is a logarithmic fit of the data.
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Figure 4-26: Time traces of gas flow rate for three different flow rates illustrating oscil-
lations of the system air flow rate in phase with air compressor cycles. Average deviation
around the mean value is indicated above each graph.
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Figure 4-27: Air-oil transient experiments: repeatability tests (Ugg = 30 m/s, Ug =
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Figure 4-28: Flow loop details: a) quick closing valve with drainage valve, b) pressure
tap, c) drainage pig (3D view), d) dosage glass
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Chapter 5  Gas flow with wet
walls

5.1 Introduction

Using the multiphase flow loop described in Chapter 4 and, in particular, the possibility
to obtain accurate pressure differential and holdup measurements, a set of experiments has
been carried out to investigate means of achieving drag reduction in gas pipes. The parti-
cular technique considered here consists in introducing a thin annular liquid film between
the pipe wall and the turbulent gas core to reduce the frictional pressure loss.

As commented in Chapter 2, measurements of gas pipe transmission factors by Smith et
al. (1956) show drag reduction in rough pipes in presence of small amounts of liquid. Ac-
cording to the authors, the most probable reason of the drag reduction observed is that li-
quid fills the roughness elements and smears the pipeline surface. The technique
investigated here is of a different nature. By having a liquid film flowing at the wall, it is
expected that the gas-liquid interface will act as a streamwise moving wall. Due to the ap-
parent wall movement, the drag is reduced, resulting in an increase of the volumetric gas
throughput.

Solbakken et al. (2000, 2002a) performed numerical experiments to investigate the tech-
nique’s potential and gain understanding on how the thin liquid film can affect the turbu-
lent gas core. Using simple turbulence modelling (RANS) for a turbulent gas flowing over
a laminar film in a pipe, Solbakken et al. (2000) show the possibility of significant pres-
sure loss reduction. In Section 5.2.1, their model is adapted to the vertical pipe geometry
and hereafter called the Laminar Film model. The results from RANS models are con-
firmed by means of Direct Numerical Simulations (Solbakken et al. 2002a). An imperme-
ability condition is imposed at the gas-liquid interface to prevent wall normal transport of
momentum. It can be seen that near-wall streamwise vortices are thereby pushed further
into the flow and results in an increase of the viscous sub-layer thickness. The liquid film
furthermore prevents local regions of high skin friction to develop.

Solbakken et al. (2002a) have also carried out DNS and LES to study the effect of gas
Reynolds number, liquid film thickness and liquid viscosity on the level of drag reduction
achieved. A result plot is shown in Figure 5—1. It reveals that the region where possible
drag reduction can be attained is increasing with gas Reynolds number, provided that the
gas-liquid interface is stable. Drag reduction can be maintained for higher viscosity ratio
between the liquid film and the gas if the gas Reynolds number is increased.

In the present study, the conditions necessary for drag reduction in presence of an annular
liquid film have been approached experimentally and the frictional pressure drop has been

URN:NBN:no-7245



120 5. Gas flow with wet walls

measured in presence of films and droplets at the wall. The experiments also provide data
for the flow of gas in pipes of gradually changing wall wetting.

This chapter is dealt into four sections. After deriving annular flow models for laminar
and turbulent liquid films in Section 5.2, the experiments are described in Section 5.3 and
the results are analysed and compared with model predictions in Section 5.3 and Section
5.4.

5.2 Annular flow models

Simplified analytical annular flow models are derived in this section. The models are
based on several underlying assumptions which are most probably fulfilled at low liquid
loading (for instance, the no-droplet-entrainment assumption). Two classes of models are
derived: models assuming laminar flow in the liquid film (in Section 5.2.1) and models
assuming turbulent flow (in Section 5.2.2).

5.2.1 Laminar Film model

As mentioned in introduction, the Laminar Film model has been first derived by Sol-
bakken et al. (2000) for horizontal gas-liquid pipe flow. The model has been re-written to
include the effect of gravity.

5.2.1.1 Model derivation

The model is a two-phase gas-liquid annular flow model assuming laminar flow in the li-
quid film and turbulent flow in the gas core. The gas-liquid interface is also assumed to
behave as a smooth wall moving in the streamwise direction. It is assumed continuity of
the velocity at the gas-liquid interface and continuity of the shear stress. Analytical ex-
pressions for the liquid and gas velocity can be derived considering Navier-Stockes equa-
tions for the laminar liquid film and the Law of the Wall for the turbulent gas core. Other
assumptions are:

» Constant pipe geometry and fluid properties.
* Constant and uniform film thickness.

* Fully developed, one-dimensional flow.

» Upward vertical flow.

* No slip at the wall.

* No droplet entrainment.

Model variables are defined in Figure 5-2.
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Liquid film properties

The streamwise component of the Navier-Stokes equations describing the motion of the
laminar film reduces, upon model assumptions, to the following equation:

0 + 8,915 5.1
__rcd_ pugl + Megrer gy + [5-1]

After integration between the wall (r = R) and the interface (r = r;), an expression for the
interfacial velocity can be obtained:

1 3dP g R
-1 R2—r2)+S2(p, —p.)In> 5.2
u; 4HLQd TP _( rG) 2ML(PL Ps) an [5.2]

Under the assumption of laminar flow, the velocity profile is almost linear for thin films
and the mean liquid velocity is given by:

U =4 [5.3]
L= 5 :
The liquid film Reynolds number is given by:
U,D
Re, = PVl [5.4]
293

where Dy is the hydraulic diameter of the liquid film defined by (open channel assump-
tion):

D, = —X = 2HR [5.5]

The liquid film thickness can be calculated from the liquid fraction @ and the assumption
of a uniform, constant thickness film:

m = R(1-4J1-H) [5.6]
The position of the gas-liquid interface is obtained from:
rg = R—m [5.7]

Gas core properties
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The gas core velocity is assumed to be given by the Law of the Wall where the velocity
profile is split into the viscous sub-layer in the direct vicinity of the gas-liquid interface
(considered as a rigid wall) and the logarithmic region. Under model assumptions, the gas
core velocity can be written as:

ug = u;+ Jor (rig<r<rg)
Ve
i ( ) [5.8]
u'G 2 rG r u G *
ug = uﬁr%lng v ! 0+BuJG Jor (0<r<ry)
where the viscous sub-layer thickness is given by:
Vg
T
and the friction velocity at the interface by:
* Tj
UG = |—= [5.10]
Pc

By integration of the velocity over the cross sectional area of the turbulent core, the
volumetric gas flow rate per unit area can be calculated according to:

Use = A% i 1A [5.11]
Ag

For vertical annular flow, the gas and liquid combined momentum and mass conservation
equations, Equation [3.18] and Equation [3.19], reduce to:

dP

0= focA%ferjfocApGg [5.12]
0= -—HAL 415 1.5 —HA 5.13
- o HA Vo, =0, —HAP g [5.13]

The interfacial gas-liquid and liquid-wall frictional pressure drop can be expressed using
Moody friction factors. From Equation [5.12] and Equation [5.13] it is obtained:
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.S, A 2 dP
Fo= 229 = Zin 22 = _gadl | '
=5 T gPeUi T tcg tPag [5.14]
TS, N S dP
Fp=—= = gpPUi7 = —[E"'(OCPG"‘HPL)gJ [5.15]
In case of single-phase gas flow, the gas-wall frictional pressure drop reduces to:
= _éd_P + 6
Fg Cdx PGe. [5.16]
The Fanning friction factors are also used in this chapter and are defined by:
Mg
fv = T [5.17]

From Equation [5.14], the interfacial shear stress, or alternatively the interfacial friction
factor, can be expressed in terms of the measured pressure drop and phase fraction:

_ T'gadP )
o= __Ta®
G3dP )
TN r 7. pGg;
2 Cdx -
fj = T [5.19]
EPGUrZ

Likewise, the liquid-wall shear stress is obtained from Equation [5.15]:

R7dP
TL 2|:

P | (apo Hpy)g 520

In case of single-phase gas flow, the interfacial shear stress reduces to:

RidP .
= Y% __ +
TG 2gdx pGg+ [521]

Velocity profiles in the liquid film and the gas core are calculated on an example case with
air and water for a given pressure drop of -500 Pa/m and a liquid fraction of 10%. Profiles
are shown in Figure 5-3.
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5.2.1.2 Horizontal flow

In case of horizontal annular flow, the gravity terms disappear. In particular, interfacial ve-
locity and interfacial shear stress reduce to Equation [5.22] and Equation [5.23] respecti-

vely:
__dr,
u; 4HL%(R rg) [5.22]
_ TgdP
T = 5 [5.23]

5.2.1.3 Vertical flow

Upon Laminar Film model assumptions, the pressure drop expected in the 50 mm vertical
acrylic riser available at the NTNU multiphase flow laboratory can be calculated at given
gas superficial velocity and for different film thicknesses. Sensitivities with film thickness
and superficial gas velocities are carried out and results are shown in Figure 5-5. The plots
represent the ratio of the pressure drop in presence of a film at the wall to that without the
film for various film thicknesses and gas superficial velocities.

Figure 5-5 indicates that for vertical experiments, pressure drop can not be expected to
fall much under the dry gas pressure drop. With water as the liquid, there is a slight drop
of the pressure drop under the dry gas pressure drop but the difference is small compared
to measuring accuracy. In vertical flow, the gravity component of the pressure drop tends
to compensate for the film drag reducing effect and the overall pressure loss reduction is
small. In order to conclude on the eventual drag reduction due to the film, one needs to
extract the frictional pressure drop from the total pressure drop. This requires a phase frac-
tion measurement. Figure 5—6 shows the ratio of gas friction in the presence of a film to
that at the wall without a film for vertical experiments in the 50 mm NTNU riser. Gas fric-
tional pressure drop with the film, F; is calculated from Equation [5.14] and the frictional
pressure drop without the film, F, from Equation [5.16].

5.2.2 Turbulent Film Model

A Turbulent Film model similar to the laminar Film model has been derived for gas-liquid
steady-state annular flow model at low liquid loading. The liquid film is now assumed to
be turbulent. Two cases are distinguished on whether the gas-liquid interface is assumed
smooth or wavy.

5.2.2.1 Smooth interface model

Biberg (1998) suggests to use a double logarithmic velocity profile (excluding the viscous
sub-layer) to represent the gas flow field in gas-liquid stratified flow. This approach is ex-
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tended to the liquid phase in Helleren (1999). In the present work, the equations taken
from Helleren (1999) are adapted to the vertical annular flow geometry.

The assumptions of the Laminar Film model are retained except for the liquid film for
which a turbulent profile is now assumed.

Liquid film properties

Upon model assumptions, the velocity profile in the liquid film can be written as follows:

+p, I8 RT0

—-rg
= a;l
T n@R—r CR—rg"

+c; for (rg<r<R) [5.24]

Constants ay , by and ¢ can be determined by matching boundary conditions at the wall
and gas-liquid interfaces.

Close to the pipe wall:
u -r
. “Lp_, 0 BJ b Ind L0 4 5.25
and at the gas-liquid interface:
AR rrog
uLz]?[lngv—i(r—rG)g +1<BJ+u aLanR—_rGO te, [5.26]
It is obtained:
wl
a, = % [5.27]
u*
b, = % [5.28]
g, g
¢, = —K—[ln\—}z(R )+ KBJ [5.29]
oy whr -
u, = ?L[ln—(R—rG)JrKB} L[an—JL(R—rG)JrKBJ [5.30]
L

Friction velocities are given by:
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uy = Ju/p, [5.31]

and

u, = Jt,./p; [5.32]

The gas-liquid and liquid-wall shear stresses are calculated from Equation [5.20] and
Equation [5.18] knowing the pressure drop and the liquid holdup.

Gas core properties

The annular gas core velocity profile can be written as follows:

ug = aghil - FLGO +cg [5.33]
At the gas-liquid interface:
u z@[ln@(r —r)+KB}+u.za mép— L0 4 ¢ [5.34]
(e v e j=deMet m e TG
from which it is obtained:
ur
a; = L& [5.35]
Uar. u,
o= u+ f?G[me—er + KBJ [5.36]

The friction velocity ujG* is calculated from Equation [5.10] and Equation [5.18] knowing
the pressure drop and the liquid holdup.

Note that the final expression for ug is the same as formulated in Equation [5.8] for the
turbulent gas core for 0 <r <ry.

An example velocity plot calculated by this method for air and water and a given pressure
drop of -500 Pa/m and liquid fraction of 10% is given in Figure 5—4.

5.2.2.2 Rough interface model

In Equation [5.26] and Equation [5.34], the gas liquid interface is assumed to behave as a
smooth solid wall. It is possible to replace the hydraulically smooth velocity profile at the
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vicinity of the interface with the corresponding rough velocity profile if the interface
should now behave as a solid rough wall.

The boundary conditions at the interface are now, for the liquid and the gas respectively:

*

uLzZ%L[lnér;;Gg +KAJ+ujzaLlné;—__};—G69 +c; [5.37]
uGz%[lnéer; rg +KAJ+ujzaGlnél —ég +cg [5.38]
giving:
u, = %[mi’}_f(RrG) +KBJ%[1H%R;—:G9 +KAJ [5.39]
co = u+ ”’—K—G[l Z—z+ KA} [5.40]

The rough interface model is used in Section 5.4.2 to calculate a value for the equivalent
sand roughness kg that matches the vertical annular flow measurements.

5.3 Experiments

Laboratory experiments have been carried out to investigate the potential drag reducing
effect of having a liquid film at the wall. To meet the conditions of validity of the Laminar
Film model, very thin films of constant thickness are required. It has been investigated on
whether such films can be created by progressively thinning an annular film by a gas flow
at constant flow rate. Hereafter, such experiments are called "film thinning" experiments.
Results are presented hereby for experiments carried out in horizontal and vertical pipes.

5.3.1 Horizontal flow
5.3.1.1 Description of the experiments

The film thinning experiments are first carried out in the 60 mm i.d. acrylic and steel test
pipes in the horizontal position. Test sections are described in Chapter 4. For these parti-
cular experiments, ring probe sections and quick closing valves are taken out and replaced
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by spool pieces. Therefore, the test section hydraulic roughness is expected to be close to
the single pipe section hydraulic roughness given in Table 4-26.

The experimental procedure is described in Section 4.4.2. In the case of horizontal experi-
ments, no holdup measurement is required since the frictional pressure drop is directly
measured. The measuring accuracy is indicated in Table 4-28.

If a drag reducing film forms at the pipe wall during the film thinning process, it is expec-
ted that the pressure drop will fall momentarily under the computed value for dry gas flow.
Four combinations of pipe material and fluids are tried out in order to investigate the in-
fluence of material and fluid properties. Runs are summarized in Table 5-1.

Table 5-1: Test matrix for the horizontal experiments

Run # Uge m/s Ug?, m/s Test section Liquid film
1 43.1 0.21 acrylic 60 mm water
2 38.1 0.22 steel 60 mm water
3 43.0 0.08 acrylic 60 mm Exxsol D80
4 37.9 0.14 steel 60 mm Exxsol D80

a. Initial liquid superficial velocity prior to liquid shut-down
5.3.1.2 Results

The pressure drop measured during the film thinning experiments is plotted in Figure 57
for the four combinations of pipe materials and fluids. The dry pipe pressure drop calcu-
lated from the Blasius’ equation is plotted on the same graph. Pressure drop oscillations
of period approximately two minutes are due to slow variations of the rig air supply.

Pictures of flow regimes are shown in Figure 5-8 for the particular case of water film thin-
ning in the acrylic pipe. The process goes through the following successive stages:

» Immediately after valve shut-down, the annular film at the wall breaks down, starting
from the top of the pipe and begins to fall down the wall. With oil, the film integrity is
maintained longer after shut-down.

* A few minutes after liquid shut-down, the flow regime is stratified gas-liquid flow
with a thin liquid film at the bottom of the pipe. Droplets are observed running on the
upper wall in the mainstream direction, especially with water. Some droplets are already
too small to offer sufficient drag to the air and hang without motion on the pipe wall.

* As the liquid holdup decreases, the film gets thinner with capillary ripples forming at
the free surface and eventually turns into a meandering rivulet.

» At the end of the process, the rivulet breaks down. Liquid drops remain at the wall
until total evaporation.
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5.3.1.3 Discussion

Neither plot gives reason to believe that drag reduction has been achieved at any time du-
ring the horizontal experiments. The pressure drop falls strongly in the first minutes, just
after the liquid supply valve is shut, until it starts to converge slowly to the dry pipe pres-
sure drop but never falls under the dry gas values.

Failure to achieve drag reduction is caused by the following:
* The film is not symmetrically distributed around the pipe circumference.

* The film is not continuous and breaks down starting from the top of the pipe. In other
words, the de-wetting process is too fast.

* The film has no constant thickness. It is thicker at the bottom and thinner at the wall
flanks.

» The gas-liquid interface is not smooth but traversed by capillary ripples.

* The liquid film flow is not laminar.

In all the experiments, it is observed that the de-wetting process is too quick compared to
the film thinning process. In that respect, it is easier to get closer to the assumptions of the
Laminar Film model using oil which is both wetting (slower de-wetting) and more viscous
(higher tendency to laminar flow) than water. However the problem of asymmetric film
distribution is inherent to the horizontal annular flow. Capillary ripples are observed at the
gas-liquid interface even for very thin films and are prone to increase interfacial friction.

5.3.2 Vertical flow

In a second stage, experiments have been conducted in a vertical pipe in order to improve
film symmetry and slow down the de-wetting of the pipe wall.

5.3.2.1 Description of the experiments

This serie of film thinning experiments is performed in the 50 mm i.d. L-shaped riser des-
cribed in Chapter 4, at ambient pressure and temperature. Measurements are carried out
in the 6.4 m high vertical section of the riser.

The experimental procedure is the same as for the horizontal experiments and is described
in Section 4.4.2. After the establishment of a steady-state annular two-phase flow, the li-
quid supply is shut-down whilst leaving the air thin the liquid film until the pipe wall is
completely dry. Two series of experiments are conducted with water and Exxsol D80 so

as to vary liquid viscosity and wall wetting. The actual test matrix is summarized in Table
5-2.

For each case, several runs are repeated at the same average air superficial velocity and
initial liquid superficial velocity and the pressure drop is recorded. The aim of these initial
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Table 5-2: Test matrix for the vertical experiments

Run # Use m/s Ug?, m/s Test section Liquid film
1 30.0 0.02 acrylic 50 mm water
2 30.0 0.02 acrylic 50 mm Exxsol D80

a. Initial liquid superficial velocity prior to liquid shut-down

runs is to construct the pressure trace of the film thinning experiment. This curve is ob-
tained by averaging the runs and computing an interpolation 8™ order polynomial. The
process is illustrated in Figure 5-9.

At selected times during the experiment, the average liquid holdup is measured using
quick closing valves. Good repeatability is obtained by following an identical experimen-
tal procedure from one run to the other as explained in Section 4.4.2.

In order to determine an initial liquid flow rate achieving an annular two-phase flow with-
out flow reversal, preliminary annular flow experiments are conducted at varying super-
ficial gas velocity and constant liquid superficial velocity. Figure 5-10 shows plots of
such experiments for superficial gas velocity between 15 and 40 m/s. It reveals that, at air
and liquid superficial velocities of respectively 30 m/s and 0.02 m/s, there is effectively
no liquid backflow.

5.3.2.2 Results

During the film thinning experiments, five flow regimes can be identified of which pho-
tographs are shown in Figure 5-12 for the air-water flow case. These flow regimes are:

+ Initial annular flow. In general, large amplitude waves are seen running across the
liquid film.

* Film thinning. In this flow regime, the liquid flows as a film at the wall. There is no
noticeable droplet generation.

* Film break down. At a certain time in the film thinning process (dependent on fluid
properties), the continuous liquid film breaks down into liquid rivulets.

* Rivulets. The liquid is now flowing as one or several rivulets.

* Hanging droplets. The remaining liquid forms droplets that cannot be moved by the
gas and hang on the pipe wall until total evaporation.

With Exxsol D80, which is both more viscous and wets better acrylic than water, the film
breakdown occurs later after the supply is cut. Also, the hanging droplets are smaller and
tend to be smeared by the gas over the wall surface.

From average phase fraction measurements, it is possible to calculate average film thick-

ness from Equation [5.7], assuming a uniform film of constant thickness and no droplets
in the gas stream. Film thicknesses achieved in the experiments prior to film break down
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are in the range 59-330 bm with oil and 136-314 bm with water. Average thicknesses are
compared with those achieved by other authors in Figure 5—-11.

Air-water experiment

Results of the pressure drop and holdup measurements for the water film thinning run are
shown in Figure 5-13.

The following data is indicated on the pressure drop plot:

* The "measured” interfacial frictional pressure drop, F;, obtained from Equation [5.14]
using the measured total pressure drop and the measured phase fraction.

» The theoretical interfacial frictional pressure drop experienced by the gas in a smooth
pipe, whose wall position corresponds to the location of the gas-liquid interface. This
term, tagged F; g1 p, is calculated from:

A S.
Fisip = ]’glecUéZj [5.41]
with
_0.184
hisir = oy [5.42]
Us(D—2
Re,, = PeYclD—2m) [5.43]
Ug
_ Ugg
U; = — 7 [5.44]
and
S, = n(D-2m) [5.45]

* The theoretical interfacial frictional pressure drop computed from the Laminar Film
model, Fj .

* The theoretical frictional pressure drop for the gas flowing alone in the pipe at the
same superficial velocity as the experiments. This term, tagged F, is calculated from:

T, [5.46]

with

URN:NBN:no-7245



132 5. Gas flow with wet walls

A
Tg = ?GpGU_%G [5.47]
and
0.184
Ay = ———— 5.48
G (ReSG)O.z [ ]

The holdup plot in Figure 5-13 shows values of the holdup in the pipe versus time. The
line marked “Film breakdown shows the time at which the liquid film is no longer con-
tinuous and breaks down.

Additional calculations were performed based on the measurements and are shown in Fi-
gure 5—15. These are:

* The film thickness based on the Laminar Film model assumptions. The line marked
“Dry gas: viscous sub-layer thickness” is a computation of the viscous sub-layer thick-
ness for single phase air flowing at superficial gas velocity of 30 m/s in the 50 mm riser.
It is computed according to:

J = 5-8 [5.49]

with, T, given by Equation [5.47].

* The liquid film Reynolds number upon Laminar Film model assumptions. The line
marked “Onset droplet entrainment” is the critical liquid Reynolds number below which
there is no expected entrainment at the gas velocity considered. A critical liquid Rey-
nolds number of 330 is suggested by Asali et al. (1985) in their upward annular flow
experiments and is consistent with the observations in Hewitt et al. (1970, p. 142) that no
entrainment is possible below a critical liquid Reynolds number.

Air-Exxsol D80 experiment

Similar plots for the oil film thinning experiments are presented in Figure 5-14 and Figure
5-15. Due to its higher viscosity, it takes longer for the oil film to break down. More hold-
up points could therefore be taken in the film thinning region.

5.3.2.3 Discussion

Drag reduction

Figure 5-13 and Figure 5-14 show that the frictional pressure drop at the interface does
not fall below the smooth static interface value. This indicates that the moving liquid film,
while thinning and before break down, generates drag increase instead of drag reduction.
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Film thickness

Film thicknesses achieved range from 300 to 50 bm, based on the assumptions of a uni-
form constant thickness film and no entrainment. It has not been possible to verify, in the
experiments, that the film was effectively symmetric. It is also worthwhile to notice that
film breaks down below a thickness of about 50 bm for both water and oil. 50 bm also
approximately corresponds to the single-phase gas viscous sub-layer thickness at the stu-
died superficial velocity of 30 m/s.

Liquid Reynolds number

The liquid Reynolds number calculated from the measured holdup is higher with water
than oil. In most cases, it stays below 2100. However, this condition is not sufficient to
stipulate the film is flowing laminar. Turbulent films are reported in the literature at Rey-
nolds number as low as 500.

The liquid Reynolds number is kept below the critical Reynolds number suggested by
Asali et al. (1985) for the onset of droplet entrainment, except for the initial annular flow

conditions in the air-water case. This tends to confirm the no-entrainment assumption.

Interfacial shear stress

The "experimental" interfacial friction factor obtained from Equation [5.19] is compared
to the following correlations:

» Wallis’ correlation (1969), Equation [5.50]. The interfacial (Fanning) friction factor is
defined by Equation [5.51].

f, = 0.079Res/*[1 +90(1 —0)] [5.50]
with
fi= — [5.51]
/ 1/2pGU52“G '

» Asali et al’s correlation (1985), Equation [5.52]:

]-{—1 = 0.045(m¢ —4) [5.52]

~

where f, the Fanning friction factor for the gas flowing alone in the pipe assumed hydrau-
lically smooth, is given by the Blasius’ equation, Equation [5.53], and mg" is a dimen-
sionless film thickness given by Equation [5.54]. In this case, the interfacial friction

factor, f;, is defined by Equation [5.55] based on the actual velocity.
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f. = 0.046Re5220 [5.53]
s T.x1/2
mg = mg_lg 1 [5.54]
P Vg
T.

- i 5.55
/ 1/2p,U2 [5:53]

The empirical correlation by Wallis (1969), Equation [5.50], is a widely used correlation
for one-dimensional modelling of annular flow. Asali et al.’s correlation (1985) has been
developed from an extensive database of annular flow experiments down to very thin film
thicknesses.

The root-mean-square (rms) error on the interfacial friction factor calculated from Equa-
tion [5.19] is, according to Doebelin (1990):

) 2 5 AdPog’ 2
. 9 ~ ® +0 2 ~
Ay _ ja_dm 67§ fdv'8 , adUs [5.56]
Ji CR—m™ 4 dP 6 CU-
¢ dx ~

where U is either the actual or superficial gas velocity depending on the definition of the
interfacial friction factor. Based on the measurement accuracy estimations given in Table
4-28, the r.m.s error on the interfacial friction factor is estimated to be +/- 7.3%.

A plot of the ratio of the measured interfacial friction factor to the interfacial friction fac-
tor calculated with Wallis’ correlation is shown in Figure 5-16. It can be seen that Wallis’
correlation over predicts interfacial friction by up to 20%. This is higher than the
estimated 7.3% error on the friction factor. The correlation performs better for air-water
flow than for air-oil flow. Figure 5—17 shows that measurements agree better with Asali
et al.’s correlation but there are discrepancies for large film thicknesses.

The equivalent sand roughness, calculated from the interfacial friction factor assuming
Héland’s equation (Equation [3.11]) is also compared to Hart et al’s (1989) ARS model
expression, Equation [5.57]:

g = 2.3m [5.57]

Hart et al’s Equation [5.57] has been proposed for thin liquid films at low liquid loading.
It suggests a simple relation between film roughness and film thickness. Comparisons be-
tween measured and calculated hydraulic roughness are shown in Figure 5—18. It shows
that Hart et al’s correlation overestimates hydraulic roughness for thin films. Interestingly,
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the sand grain roughness of the interface calculated with this method seems to scale with
the film thickness, as shown in Figure 5-18.

5.4 Comparison of experiments with annular flow
models

The experimental results have been compared with predictions from the annular flow mo-
dels derived in Section 5.2. Only vertical experiments were considered.

5.4.1 Laminar Film model

Equation [5.11] is an implicit function of pressure drop. Starting from a gas superficial ve-
locity and a film thickness, it is possible to compute the corresponding pressure gradient
upon Laminar Film model assumptions. This is given in Figure 5-19 for the average film
thicknesses measured with water and oil in the 50 mm vertical riser at 30 m/s superficial
gas velocity. Had the assumptions of the Laminar Film model been achieved, experimen-
tal and theoretical pressure gradients would have matched within measuring accuracy.

The fact that this is not the case indicates that at least one assumption of the model is not
fulfilled.

The frictional pressure drop from the Laminar Film model, F;, is calculated for the
conditions corresponding to the experiments and compared with the experimental fric-
tional pressure drop. This is shown in Figure 5-13 and Figure 5-14. It can be seen that
gas experiences a higher interfacial friction than expected upon Laminar Film model as-
sumptions.

In the following section, it is investigated the effect of considering instead a turbulent li-
quid film with a rough interface.

5.4.2 Turbulent Film model

The Turbulent Film model with rough gas-liquid interface (Section 5.2.2.2) assumes that
the interface behaves as a rough rigid wall that moves co-current with the gas at velocity
equal to the interfacial velocity. It is possible to compute an interfacial equivalent sand
roughness for which, given the experimental pressure gradient and film thickness, the ex-
perimental air flow rate is matched. This is shown in Figure 5-20. It is also indicated on
the graph the value of the hydraulic roughness computed by matching Haland’s equation
to the experimental value of the interfacial friction factor. Both quantities converge for
thin films, as expected.
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5.4.3 Discussion

Comparisons with the rough Turbulent Film model together with estimates of film hy-
draulic roughness (Figure 5-18 and Figure 5-20) suggest that the gas-liquid interface is
not smooth contrary to the Laminar Film model pre-requisites for achieving drag reduc-
tion. This agrees with visual observations that the gas-liquid interface in the experiments
is always wavy, independent of film thickness.

Solbakken et al. (2002b) have performed a literature review on the topic of sheared vis-
cous liquid film stability. They identify three forms of instability:

+ Instability of a free surface film submitted to a constant shear. This has been studied
by Miles (1960). Miles concludes that a sufficient condition for stability with respect to
small wave disturbances is either Re; <203 or We < 3, independent of liquid Reynolds
number. The film Weber number is defined as:

_ p Utm

We
L c

[5.58]

» Instability of a free surface submitted to a turbulent gas. This instability has been stu-
died by Cohen et al. (1965). From experiments with air and glycerine-water solutions in
horizontal channels, they demonstrate the existence of a critical gas Reynolds number
above which waves are triggered by pressure and shear stress fluctuations at the inter-
face. A theoretical analysis is also developed that confirms the experimental observa-
tions. Viscosity has a stabilizing effect with respect to this type of instability and critical
gas Reynolds increases with decreasing liquid Reynolds number. Experiments reveal
typical c;itical gas Reynolds in order of 410 for liquid Reynolds number between 1- 10
and 2:10“.

» Slow wave instability (Craik 1966). It occurs for very thin sheared film for which sur-
face tension is too small to overcome the destabilizing effect of surface stresses. The
instability is seen as a slow wave, moving with a a velocity less than the interface velo-
city. Miesen et al. (1995) and Craik (1966) show, with two different approaches, that
films thinner than approximately 40 micrometers are liable to develop slow waves, inde-
pendent of the gas Reynolds number.

Another form for film instability is surface de-wetting. Hewitt et al. (1970) show that sta-
bility to de wetting is increased by low contact angles and high fluid inertia (high density
and high local velocity).

The film Weber numbers for the vertical experiments are calculated and given in Appen-
dix A, Table A—17 and Table A—18. They show that films achieved in the experiments are
stable with respect to Miles’ instability. Also, film thicknesses attained are too large for
slow waves to develop at the interface.

The most probable cause of instability is therefore high shear and pressure oscillations at
the gas-liquid interface in presence of the turbulent gas core. Gas Reynolds numbers
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achieved in this study are in order of 10° and are therefore well above critical gas Rey-
nolds number identified by Cohen et al. (1965).

Ways of achieving drag reducing films are suggested below:

* Increase the liquid viscosity but not too much since high liquid viscosities have a
negative effect with respect to drag reduction potential.

» Use a polymer additive in the liquid phase that stiffens the interface and makes it less
sensitive to normal fluctuations of interfacial stresses due to the gas turbulence.

» Increase surface wettability in order to reduce the occurrence of dry patches and attain
thinner liquid films.

5.5 Summary

An experimental study has been conducted to investigate the potential drag reducing ef-
fect in gas pipelines of having a liquid film at the pipe wall. Simple flow models such as
the Laminar Flow model but also numerical experimentation (Solbakken et al. 2002a)
demonstrate the possibility of pressure loss reduction in gas pipes with this technique.
Pre-requisites are of a stable smooth gas-liquid interface, symmetric thin film and low li-
quid-to-gas viscosity ratio.

An experimental procedure has been developed to meet the requirements on the liquid
film in terms of film thicknesses and film symmetry. Thin films have been achieved by
thinning the liquid film at the wall through a transient experiment. Symmetric film condi-
tions have been attained in vertical pipes only. A combination of pressure drop and holdup
measurements during the film thinning process in a 50 mm 1i.d. vertical riser allows to
compare gas friction with and without the film.

Results show that friction at the gas-liquid interface is always higher than either the
smooth static film friction and the interfacial friction assuming a smooth laminar film.
The liquid film develops an equivalent sand roughness that scales with the film thickness
and is well above the gas viscous sub-layer thickness. Other requirements such as the con-
dition of no droplet generation and stability with respect to Miles instability criterion
(Miles 1960) are otherwise met.

The most probable cause of film instability are waves induced by gas turbulent fluctua-

tions of surface stresses. Ways of reducing interface compliance are suggested for impro-
ving future experiments.
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0.03} e

LES, e =360

Figure 5-1: Change of gas volumetric flow rate in presence of a liquid film compared
to dry channel flow. Results are from LES simulations with Re; = 360. The changes in
flow rates are indicated on the solid lines in percent of dry gas flow rate. Sensitivities are
performed with liquid-to-gas viscosity ratio, by/bg, and film-thickness-to-channel-height

ratio, Y/h (from Solbakken et al. 2002a)
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Figure 5-2: Variable definitions for annular flow models

URN:NBN:no-7245



139

5. Gas flow with wet walls
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Figure 5-3: Water and air velocity profiles upon Laminar Film model assumptions.

Liquid holdup = 10%, pressure drop = -500 Pa/m

Velocity profiles - Turbulent liquid film

0.8+

0.1 /
0.4 0.6 0.8 1
u/U -

G,mean’

Figure 5—4: Water and air velocity profiles upon smooth Turbulent Film model assump-

tions. Liquid holdup = 10%, pressure drop = -500 Pa/m
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Figure 5-5: Ratio of the pressure drop with an annular liquid film (dP/dx) to the pres-
sure drop without the film (dP/dx) calculated upon Laminar Film model assumptions,
for various film thicknesses and gas superficial velocities. The laboratory 50 mm i.d. ver-
tical riser geometry and laboratory fluid properties are used in the calculations. Top:
air-water; Bottom: air-oil
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Figure 5-6: Ratio of the gas frictional pressure drop with an annular liquid film (F;) cal-
culated upon Laminar Film model assumptions to the gas frictional pressure drop with-
out the film (Fg), for various film thicknesses and gas superficial velocities. The
laboratory 50 mm vertical riser geometry and laboratory fluid properties are used in the
calculations. Top: air-water; Bottom: air-oil
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Figure 5-7: Horizontal film thinning runs. The frictional pressure drop is recorded ver-
sus time during the film thinning process and compared with the corresponding dry pipe
pressure drop calculated with the Blasius equation
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—» Flow Direction

Initial conditions: annular flow

A few seconds after the liquid supply valve
has been closed. The liquid film at the wall is
torn from the top and begins to fall down

At t=10 s: the liquid film covers only half the
pipe perimeter. Droplets are running on the
upper half

At t=100s: stratified flow with hanging liquid
droplets at the wall

At t=500 s: thin streak at the pipe bottom. Dry
pipe upper wall

Figure 5-8: Pictures of flow regimes during water film thinning in the horizontal

acrylic 60 mm pipe
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Figure 5-9: Averaging of pressure drop traces for obtaining the pressure drop for verti-
cal film thinning runs. The pressure drop measurements for at least three repeated runs
are first superimposed to match the valve shutdown time (lower plot). The time traces are
averaged and an 8" order polynomial interpolation is calculated (upper plot). Top:

air-water experiments; Bottom: air-Exxsol experiments
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Figure 5-10: Pressure drop versus air flow rate at various water flow rates in the 50 mm
1.d. vertical acrylic pipe. The curve’s minimum corresponds to the onset of flow reversal
(liquid backflow)

5 this thesis (waﬁer)
4 Asali et al. (1985)

6- ‘ this thesis (oil)

o}

c

=]

© 3 Gill et al. (1965)
2- ‘ Hewitt et al. (1963) ‘
14 Collier et al. (19#31)
O T T T T T T T

0 100 200 300 400 500 600 700
film thickness, um

Figure 5-11: Average film thickness achieved in the vertical film thinning experiments
compared to other authors. Data from Asali et al. (1985), Gill et al. (1965), Hewitt et al.
(1963) and Collier et al. (1961)
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Initial conditions: annular flow.

Film thinning
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—  Flow Direction
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Figure 5-12: Pictures of flow regimes during water film thinning in the vertical acrylic
50 mm i.d. pipe
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Figure 5-13: Measurement of the frictional pressure drop and liquid holdup for the
water film thinning experiment in the vertical 50 mm 1i.d. acrylic pipe. F; is the measured
frictional pressure drop in the gas phase, F; gsF is the computed frictional pressure drop
assuming a smooth static film, F; ; y is the computed frictional pressure drop assuming a
laminar flowing film and Fg; is the computed frictional pressure drop for the gas alone in
the pipe. The holdup is obtained from average phase fraction measurements with quick-
closing valves
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Figure 5-14: Measurement of the frictional pressure drop and liquid holdup for the
Exxsol D80 film thinning experiment in the vertical 50 mm i.d. acrylic pipe. F; is the
measured frictional pressure drop in the gas phase, F; sqF is the computed frictional pres-
sure drop assuming a smooth static film, F; 1 is the computed frictional pressure drop
assuming a laminar flowing film and Fg; is the computed frictional pressure drop for the
gas alone in the pipe. The holdup is obtained from average phase fraction measurements
with quick-closing valves
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Figure 5-15: Calculated film thickness and liquid Reynolds number for the film thin-
ning experiments. The time at liquid film break-down is indicated as well as the viscous
sub-layer thickness computed for the gas flowing alone in the pipe. Top: air-water; Bot-
tom: air-oil
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Figure 5-16: Comparison of the measured interfacial friction factor with Wallis’ corre-

lation (Wallis 1969)

25
2.0
0
1.5 1
1.0
= O + measurements - water
0.5 - 0 measurements - oll
— Asali et al. (1985)
ot oo
00 Dﬂ/ I I T T
00 10.0 20.0 30.0 40.0 50.0
rT,]G+

correlation (Asali et al. 1985)

URN:NBN:no-7245

Figure 5-17: Comparison of the measured interfacial friction factor with Asali et al.’s
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Figure 5-18: Comparison of the interfacial roughness calculated from the measured
interfacial friction factor assuming Haland’s equation with the correlation proposed by
Hart et al. (1989)
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Figure 5-19: Comparison of the experimental pressure drop with the pressure drop cal-
culated from the Laminar Film model. Top: air-water experiments; Bottom: air-oil

experiments
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Figure 5-20: Back-calculated interfacial roughness. Circles: using Von Karman’s law
Equation [5.37] and Equation [5.38], for a moving interface; Squares: by matching
Haland’s Equation [3.11] with the measured interfacial friction factor assuming the inter-
face is a fixed rough wall. Top: air-water experiments; Bottom: air-oil experiments
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Chapter 6 Two-phase
gas-liquid flow at low liquid loa-
ding

6.1 Introduction

In this chapter are described steady-state two-phase gas-liquid flow experiments carried
out at low liquid loading in near horizontal pipes. The goals of the two-phase flow experi-
ments are to:

* Obtain new pressure drop and holdup measurements at low liquid loading that can be
compared to data from the literature.

* Provide a two-phase gas-liquid reference to the three-phase gas-oil-water flow experi-
ments at low liquid loading described in Chapter 7.

» Test the possible effect of test section material.

* Provide new data to be compared with one-dimensional model predictions.

This chapter is divided in two main parts. In Section 6.2, the test matrix is presented, the
flow regimes and the measurements are described. In Section 6.3 the pressure drop and
holdup measurements are compared with predictions from one-dimensional models.
Standard stratified flow models, specific models for low liquid loading and the multiphase
flow general purpose simulator PETRA are tested and discussed. Liquid-wall friction and
interfacial friction calculated from measurements are compared with wall-friction and in-
terfacial friction correlations from the literature.

6.2 Experiments

6.2.1 Test matrix

The experiments performed are steady-state air-water and air-Exxsol D80 flow experi-
ments in horizontal or slightly upward pipes at atmospheric conditions. Three different 60
mm i.d. test sections were used, made of acrylic, bare steel and epoxy coated steel. They
are described in Chapter 4.
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156 6. Two-phase gas-liquid flow at low liquid loading

For each test section, one serie of experiments was run at fixed gas velocity and varying
liquid velocity (serie #1) and one serie was run at fixed liquid velocity and varying gas
velocity (serie #3). Serie #3.3 is a particular case of serie #3 run in the acrylic pipe at a
higher liquid flow rate. Table 6—1 summarizes the two-phase flow test matrix.

Table 6—-1: Test matrix for two-phase flow experiments

Serie Use m/s Ugp, m/s 0, deg. Material
Acrylic
#1 14.8 0.0002-0.04 0 Steel
Epoxy
Acrylic
#3.1 4.93-29.6 0.0059 0,+1 Steel
Epoxy (0 deg. only)
#3.3 5.7-25 0.04 +0.5 Acrylic

Except for serie #3.3, experiments were performed at very low liquid loading, with a LGR
down to 0.00135%. Figure 6-1 compares the range of superficial liquid velocities with
that of other authors.

6.2.2 Experimental procedure

Experiments were performed in a steady-state mode according to the methodology
presented in Section 4.4.1. After a settling period of minimum 30 minutes, differential
pressure cells were logged for 10 minutes after which a phase fraction measurement was
taken with quick-closing valves. The measuring accuracy attained is indicated in Table
4-28.

6.2.3 Flow regimes

The flow regimes observed are slug flow, stratified smooth and wavy flow,
stratified/atomization flow with large amplitude waves and annular flow. Table 6-2 gives
labels associated with the observed flow regimes. Detailed flow regime observations are
tabulated in Appendix A. In this work, slug flow is defined when bridging of the pipe
cross section occurs and encompasses such regimes as pseudo-slug flow, frothy slug flow
or churn flow. Annular flow is defined when a continuous liquid film forms around the
entire pipe circumference.

Figure 6-2 shows how air-water experiments distribute on the flow regime maps genera-
ted from the general flow regime identification algorithm of Barnea (1986). Results are

similar for the air-oil experiments.

Longitudinal views and cross sectional views of flow regimes are provided at superficial
liquid velocity equal to 0.0059 m/s in Figure 63 and Figure 6—4. Water appears green due
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Table 6-2: Simplified two-phase flow pattern code

Flow regime Detail Label
Bubbly flow BU
Stratified flow smooth ST1
wavy, 2D regular waves ST2
wavy, 3D regular waves ST3
wavy, large amplitude irregular waves ST4

droplets 0

Slug flow SL
Annular flow AN

to the fluoresceine dye dissolved in it. Longitudinal views are taken facing the liquid
phase from under the pipe. Cross sectional views are obtained by removing the slug cat-
cher tank (U4.03) and placing a camera at the pipe outlet. Air needs to be continuously
blown in front of the camera lens in order to prevent droplet impidgment. This is provided
by a nozzle blowing compressed air, located at about 10 cm from the pipe end in front of
the camera lens.

From the observation of flow regimes, it appears that:
* The flow regimes are identical in both acrylic and steel pipes.

* With oil (Exxsol D80), small amplitude three dimensional gravity and capillary waves
form at the interface at 9 m/s air superficial velocity. The waves are crescent shaped
when seen from above. With increasing air velocity, wave amplitude and wavelength
decrease. Liquid tends to creep slightly up the pipe wall at high air velocities but in ave-
rage, the gas-liquid interface appears flat.

» With water, the gas-liquid interface is smooth at 9 m/s air superficial velocity. As air
superficial velocity increases to 11.5 m/s, irregular large amplitude gravity waves of ran-
dom frequency start to develop at the interface. Wave amplitude and frequency increase
as gas velocity is further increased. Between waves, the interface is rippled with capil-
lary waves. The gas-liquid interface appears slightly convex at 9 m/s. In general, water
creeps less up the pipe wall than oil.

» At conditions of droplet entrainment, water droplets deposited on the pipe wall pro-
trude more into the gas core than oil droplets that tend to spread and merge into a thin
liquid film.

6.2.4 Results

Measurements of steady-state pressure drop and holdup were performed for the flow
ranges described in the test matrix, Table 6—1. Tabulated results are available in Appendix
A.
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Plots of the measurements versus input data were generated and summarized in Table 6-3.

Table 6-3: Summary of plots for two-phase, steady-state flow experiments

Label Page Topic

Serie #1, pressure drop and holdup sensitivity with liquid

Figure 6-5 | p. 172 superficial velocity at fixed gas superficial velocity

Serie #3, pressure drop sensitivity with gas superficial velocity at

Figure 6-6 | p. 173 fixed liquid superficial velocity

Serie #3, holdup sensitivity with gas superficial velocity at fixed

Figure 67 | p. 174 liquid superficial velocity

6.2.5 Analysis

A method of analysis of two-phase flow data is presented in Appendix D: assuming
gas-wall friction can be calculated from a standard friction factor correlation, it is possible
to extract and compare the terms contributing to the holdup and pressure drop. The in-
volved contributions are frictional (wall and interfacial) and gravitational. More details
concerning the extraction and scaling of the terms are given in Appendix D.

The term extraction was performed for selected series of measurements. The plots gene-
rated are summarized in Table 6—4.

Table 6—4: Summary of plots giving the relative magnitude of the terms of the holdup
and pressure drop equations for a selection of two-phase flow data

Label Page Topic

Holdup and pressure drop contributions: air-Exxsol D80 flow,

Figure 6-8 | p. 175 acrylic pipe, inclination = +1 deg.

Holdup and pressure drop contributions: air-Exxsol D80 flow,

Figure 6-9 | p. 176 acrylic pipe, inclination = 0 deg.

Pressure drop contributions: air-water, acrylic pipe, inclination =

Figure 6-10 | p. 177 0 deg. - Comparison with data by Espedal (1998)

Pressure drop contributions: air-oil, steel pipe, inclination = 0

Figure 610 p. 177 deg. - Comparison with data by Meng (1999)

With respect to which physical effects dominate pressure drop and holdup, the present
two-phase data undergoes two distinct flow regimes:

1. Holdup and pressure drop dominated by gravity contributions. This can be seen in
Figure 6-8 as superficial gas velocity decreases below 10 m/s. For gravity dominated
flow, holdup is more sensitive to changes in operational conditions than pressure drop.

2. Holdup and pressure drop dominated by frictional contributions. This can be seen in
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6. Two-phase gas-liquid flow at low liquid loading 159

Figure 6-8 as superficial gas velocity increases above 10 m/s. At very low liquid superfi-
cial velocities, gas-wall friction dominates. This can be seen in Figure 69 for superficial
liquid velocities below 0.02 m/s. At moderate to high superficial liquid velocities (above
0.02 m/s), liquid-wall friction dominates. For friction dominated flows, pressure drop is
more sensitive to changes in operational conditions than the liquid holdup.

The present data compares well with two-phase flow data at low liquid loading from other
authors. Figure 6-10 shows how the current data extends the trends observed by Espedal
(1998) to lower superficial liquid velocities. Figure 610 shows that the data of Meng
(1999) is also dominated by liquid-wall friction when the liquid superficial velocity in-
creases but in a larger extent, due to the higher oil viscosity.

6.2.5.1 Holdup

Holdup tends to a constant asymptotic value at high gas velocity that seems independent
of pipe material and fluid properties, and little sensitive to inclination. The fact that the
liquid holdup tends to a constant value at high gas superficial velocity is due to the im-
proved liquid transport due to droplet generation.

Holdup increases exponentially at low gas flow rates (gravity dominated flow). The
relative increase compared to the asymptotic value at high gas superficial velocity is three
times in horizontal flow and 6 times at +1 deg. inclination just prior to slug flow.

The sharpness of the holdup increase is function of the liquid superficial velocity. The in-
crease is sharper at superficial liquid velocity equal to 0.0059 m/s than at 0.04 m/s, as
shown in Figure 6-7. This agrees qualitatively with results by Lunde et al. (1993). At low
liquid loading, a reduction of the gas velocity requires a larger relative increase in the li-
quid holdup in order to maintain the force balance necessary for liquid transport. In the
present experiments, this increase appears to be little dependent on fluid viscosity and test
section material.

6.2.5.2 Pressure drop

In all cases, the two-phase pressure drop is higher than the single phase pressure drop.
Starting from no liquid and increasing liquid superficial velocity (Figure 6-5), pressure
drop starts to increase with water for liquid-to-gas ratio larger than 0.003%, but with oil,
the increase is significant from the first drop.

Pressure drop is fluid sensitive. At low liquid superficial velocity, pressure drop tends to
be higher with oil than water. This is due to the liquid viscosity which results in slightly
larger liquid holdup with oil. At higher liquid superficial velocity, pressure drop is higher
with water than oil. This is a combined effect of the rougher air-water interface (large am-
plitude waves) and increased gas-wall friction (water droplets are non wetting and pro-
trude more into the viscous sub-layer than oil droplets that are wetting and tend to spread
on the wall surface).
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160 6. Two-phase gas-liquid flow at low liquid loading

Pressure drop is only slightly sensitive to a change in test section material at high gas ve-
locities and is always larger in the acrylic pipe, all other conditions being the same. Even
though the internal test section diameters are somewhat different, this does not signifi-
cantly affect the single phase gas pressure drop as shown in Figure 6—6. A possible expla-
nation is that the larger heterogeneity of the acrylic test section, reflected by its higher
hydraulic roughness as shown in Table 4-26, causes more droplets to be generated and
deposited on the wall in acrylic and this contributes to an increase in the gas-wall friction.

6.3 Comparison with prediction models

6.3.1 Liquid-wall friction

Using the procedure described in Appendix D, it is possible to calculate liquid-wall fric-
tion from measurements of two-phase pressure drop and holdup. Experimental data is se-
lected in the stratified and stratified/atomization flow regimes and the liquid-wall friction
is computed. Only data from the steel pipe experiments is considered for this comparison
since the pressure drop and holdup results are, in general, not significantly different be-
tween test sections, as discussed in Section 6.2.5. The correlation by Biberg (1998), Equa-
tion [3.50], is used for the gas-wall friction.

It is chosen to compare the measured liquid-wall friction, t; *S; , with the following cal-
culations:

1. The liquid-wall friction is obtained from a liquid-wall friction factor given by Poi-
seuille’s law for laminar flow, Equation [3.5].

2. The liquid-wall friction is obtained from a liquid-wall friction factor given by Bla-
sius’ law for turbulent flow in smooth pipes Equation [3.7].

3. The liquid-wall friction is obtained from a liquid-wall friction factor given by
Haland’s equation, Equation [3.11].

4. The liquid-wall friction is obtained from a liquid-wall friction factor given by Kowal-
ski’s correlation (as cited in Espedal 1998):

A, = 1.052éH2ReLlT;
.

: [6.1]

5. The liquid-wall friction is obtained from a liquid-wall friction factor given by Hand’s
correlation (as cited in Espedal 1998):
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<] o D #0139

TA, = 0.10488F2Re;, =2 for Re, > 2100

1 ¢ Dy

1 24 [6.2]
1 A, = =— for Re, <2100

i Re;

These friction factor correlations are chosen because they are among the most used cor-
relations for calculating liquid-wall friction in two-phase pipe flow.

Results of comparisons are given in Figure 6-11. It reveals that correlations derived from
single phase flow friction factors (Blasius or Haland) underestimate liquid-wall friction
whereas the correlation by Kowalski severely overestimates the liquid-wall friction in ad-
dition to giving a larger spread. Best match is obtained with Hand’s correlation. Similar
conclusions were drawn by Espedal (1998) after comparisons with his own air-water data
acquired in a 60 mm acrylic pipe.

Note that the liquid Reynolds number involved in the present study are close to the tran-
sition laminar-turbulent (Re; = 2100). A reason for the good behaviour of Hand’s corre-
lation is, perhaps, the good performance of his friction factor expression for laminar flow.

6.3.2 Interfacial friction

Similar to liquid-wall friction, gas-liquid interfacial friction is extracted from pressure
drop and holdup measurements in the stratified and stratified/atomization regimes. The
extraction methodology and assumptions are described in Appendix D.

Interfacial friction, Tj*Sj, is compared with interfacial friction calculated from:

1. An interfacial friction factor assumed equal to the gas-wall friction factor given by
Biberg (1998), Equation [3.50].

2. An interfacial friction factor given by Cheremisinoff et al. for small amplitude waves
(as cited in Espedal 1998):

A — 0.014287c0° (6.3]
= 0.01428-20 .

r

3. An interfacial friction given by Cheremisinoff et al. for roll waves (as cited in Espedal
1998):

83 p, 0

— - 0
A = 0.032+810532Re,? [6.4]

4. An interfacial friction correlation from the ARS model by Hart et al. (1989), conside-
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ring interfacial curvature in the calculation of S;.

5. An interfacial friction factor from Andritsos et al. (1987), Equation [3.58].

These expressions for calculating interfacial friction are widely used in one-dimensional
modelling of stratified two-phase flow.

Results of comparisons are shown in Figure 6—12. Severe under predictions of interfacial
friction are obtained when assuming a smooth interface and kj = A even at low liquid
loading. Cheremisinoff et al.’s roll wave correlation performs well with water, in agree-
ment with observations that large amplitude waves form at the air-water interface at low
liquid loading. Surprisingly, this same correlation underestimates interfacial friction with
oil even though roll waves do not form at the air-oil interface. The Hart et al.’s ARS model
and Andritsos et al.’s correlation generally over predict interfacial friction. These obser-
vations are in agreement with similar conclusions by Espedal (1998) with air-water stra-
tified flow.

6.3.3 Pressure drop and holdup

The two-phase measurements are compared with pressure drop and holdup predictions gi-
ven by one-dimensional models. Two classes of models, adequate for comparisons with
the present data, are defined in Chapter 3. These are the "standard" stratified flow models
and the "specific" models specifically derived for dealing with low liquid loading. The
models considered are summarized in Table 6-8.

Models M3 to M7 are described in Chapter 3. Under model label M10 are presented re-
sults obtained with the general purpose three-phase flow pipe simulator PETRA. PETRA
builds on OLGA concepts (Bendiksen et al. 1991) but is specially designed to track flow
discontinuities such as gas-liquid fronts and pigs. PETRA can simulate three-phase
gas-oil-water, steady-state and transient non isothermal pipe flows. The constitutive equa-
tions are three separate mass balance equations, combined as in OLGA to give a volume
conservation equation or pressure equation, three momentum conservation equations for
each phase and an energy balance equation for the mixture. Details of the closure laws, in
particular wall and interfacial friction laws, are protected by confidentiality. Closure laws
have been tuned against an extensive data bank of high pressure data.

The comparison between models and experimental data are conducted as follows:

1. For a given set of experimental conditions, the models are run for a standard pipe of
i.d. 60 mm and hydraulic roughness 5 bm. Models M3 to M7 are programmed with
MATLAB 6.5 and the method of solution is described in Section 3.3.7. Some assump-
tions are made that are listed in Appendix E. The PETRA model is run with PETRA 2.4.
The more recent version 2.5 has also been tested a posteriori on some selected cases and
gave exactly identical results.

2. Computed and measured data are treated statistically: a relative algebraic error for
each data point is calculated according to Equation [E.4]. A gaussian probability density
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function (pdf) is assumed for the error distribution as given by Equation [E.5], with mean
and standard deviation given by Equation [E.6] and Equation [E.7] respectively. Tables
of mean and standard deviation of errors are given in Table 65 and Table 6—6 for hori-
zontal and inclined data.

3. Plots are generated of "point-by-point" comparisons, pdf functions and detail compa-
risons. The plots are summarized in Table 6—7. For the purpose of the detail compari-
sons, only the steel pipe data has been considered, except at superficial liquid velocity
equal to 0.04 m/s where experiments have only been performed in the acrylic pipe.

Table 6—5: Statistic summary for the comparison of horizontal two-phase flow data with
prediction models

Holdup Pressure drop
Model Derr Nerr Dy Pery
M3 -0.05 0.29 -0.22 0.12
M4 -0.41 0.13 0.02 0.07
M5 0.04 0.24 0.11 0.10
M6 0.09 0.16 -0.07 0.07
M7 -0.34 0.21 -0.02 0.13
MI10 0.01 0.18 0.05 0.15

Table 6-6: Statistic summary for the comparison of inclined two-phase flow data with
prediction models

Holdup Pressure drop
Model Derr Nerr Derr Nepr
M3 4.62 6.58 0.78 1.42
M4 -0.51 0.09 -0.06 0.15
M5 0.15 0.55 0.19 0.15
M6 0.12 0.32 -0.06 0.10
M7 -0.57 0.14 0.53 0.33
M10 -0.08 0.26 0.06 0.24

6.3.4 Analysis
6.3.4.1 Overall statistics and point-by-point comparisons

Figure 613 and Figure 614 provide the following information:
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Table 6-7: Summary of plots for comparisons between two-phase steady-state flow
measurements and one-dimensional prediction models

Label Page Topic
Figure 6-13 | p. 180 Holdup: point-by-point and PDF error comparisons
Figure 6-14 | p. 180 Pressure drop: point-by-point and PDF error comparisons

Serie #1: sensitivity with liquid superficial velocity at fixed gas

Figure 6-15 | p. 181 superficial velocity. Comparison with models

Serie #3: pressure drop sensitivity with superficial gas velocity at

Figure 6-16 | p. 182 fixed liquid superficial velocity. Comparison with models

Serie #3: holdup sensitivity with superficial gas velocity at fixed

Figure 6171 p. 183 liquid superficial velocity. Comparison with models

+ Best holdup predictions are obtained with Grolman’s MARS model and PETRA, but
PETRA gives more scatter.

» Best pressure drop predictions are obtained with Espedal’s "simple" stratified flow
model, Grolman’s MARS model and PETRA.

* Specific models for dealing with low liquid loading perform slightly better than
general purpose stratified flow models. A possible explanation is that specific models
take into account interfacial curvature.

* Among specific models, Grolman’s MARS model gives better overall predictions
than Meng’s Double Circle model.

* Few models can correctly predict pressure drop and especially holdup at slight
upward inclination. Grolman’s MARS model and PETRA are performing best in that
respect.

6.3.4.2 Detail plots

The performance of each model in reproducing the experimental data is analysed in light
of the following criteria:

For gravity dominated flows:

» Correct holdup inflexion with decreasing gas superficial velocity.

» Sharpness of the holdup increase with decreasing gas superficial velocity.

* Accuracy of the holdup prediction at +1 deg. upward inclination.

For friction dominated flows:

* Correct pressure drop and holdup sensitivity with increasing superficial liquid
velocity.

* Accuracy of the pressure drop prediction at high gas velocity.

URN:NBN:no-7245



6. Two-phase gas-liquid flow at low liquid loading 165

* Accuracy of the holdup prediction at high gas velocity.
Gravity dominated flows

As seen in Figure 617, no model can accurately predict, at low liquid loading, both the
gas velocity at holdup inflexion and the magnitude of the holdup increase in the +1 deg.
inclined pipe. Among the two best holdup models, Grolman’s MARS model gives an in-
flexion that is too sharp compared to the measured data whereas PETRA gives an infle-
xion that is too slack. However, PETRA performs significantly better at higher liquid
loading and superficial liquid velocity of 0.04 m/s.

Holdup accuracy prediction in inclined pipes is poor with Taitel et al’s model (Taitel et al.
1976) and Meng’s Double Circle model (Meng 1999). The unrealistic increase of holdup
with decreasing gas superficial velocity given by the Taitel et al.’s model is also reported
by other investigators (e.g. Baker et al. 1988). It results from the too low interfacial fric-
tion predicted by the assumption of interfacial friction equalling gas-wall friction. A
similar explanation can be invoked for Meng’s model which uses a constant value for the
interfacial friction factor, a consideration that proves to be too simplistic.

In horizontal pipes, Biberg’s model (Biberg 1998 and 1999) and Grolman’s MARS model
(Grolman 1994) give best holdup overall match with measurements. Standard stratified
flow models are expected to perform worse close to the slug flow transition.

Friction dominated flows

Figure 6-15 shows that no model is able to reproduce with good overall accuracy both
holdup and pressure drop variations with superficial liquid velocity at constant gas
velocity. Among standard models, Espedal’s "simple" model performs best for the pres-
sure drop and Biberg’s model performs best for the holdup. Grolman’s MARS model per-
forms best among specific models but generally under predicts the pressure drop.
Espedal’s "simple" model severely under predicts holdup as a consequence of the too high
interfacial friction prediction by Andritsos et al. (1987) (see Section 6.3.2). PETRA does
not predict the sharp pressure drop increase due to the introduction in the flow of small
amount of liquids. This results in a significant under prediction of the pressure drop at
very low liquid loading. At higher liquid loading, PETRA tends to overestimate the pres-
sure drop but underestimates the liquid holdup.

Model prediction spread is large at high gas velocities as shown in Figure 6—-16. Among
standard stratified flow models, Espedal’s (1998) "simple" model performs very well to
predict pressure drop increase with increasing gas superficial velocity. This is surprising
since the holdup predicted is too low and closures for gas-wall friction and liquid-wall
friction are considered to predict too low values of the wall shear, as shown in Section
6.3.1 for the liquid-wall friction.

Among specific models at low liquid loading, Grolman’s MARS model performs best in
predicting pressure drop and holdup at high gas velocities. PETRA severely under pre-
dicts pressure drop at high gas superficial velocity, close to the transition with annular
flow.
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6.4 Summary

In this chapter, two-phase flow experiments have been carried out in straight 60 mm 1i.d.
test sections at near horizontal inclinations. Experiments have been performed at lower
liquid loading than previous studies in the literature. Sensitivities with flow rate, pipe in-
clination, pipe material and fluid properties have been investigated. The dominant flow
regime was stratified flow, but the transitions to slug flow and annular flow were ap-
proached. Steady-state pressure drop and holdup have been measured and compared to
one-dimensional prediction models and to the multiphase flow simulator PETRA.

The main topics discussed in this chapter are summarized below:

* Low liquid loaded flow can be friction or gravity dominated depending on experimen-
tal conditions. For gravity dominated flows, holdup shows the greatest sensitivity with
changes of experimental conditions whereas pressure drop is the sensitive design
parameter for friction dominated flows.

» At constant liquid superficial velocity and decreasing gas superficial velocity, holdup
increases sharply at low liquid loading.

» At high superficial gas velocity, holdup tends to a constant asymptotic value whereas
pressure drop is fluid and test section dependent.

» Few significant differences are observed between test section materials in two-phase
flow. In general, steel and epoxy coated pipes exhibit a slightly higher holdup and
slightly smaller pressure drop than the acrylic pipe. It is not obvious on whether this is an
effect of the higher acrylic pipe hydraulic roughness or an effect of different surface wet-
ting.

* Liquid-wall friction and interfacial friction are extracted from pressure drop and
holdup measurements, assuming Biberg’s closure law for gas-wall friction (Biberg
1998). Hand’s correlation, as cited in Espedal (1998), is in best agreement with measured
liquid-wall friction. No correlation agrees overall with measured interfacial friction.
Cheremisinoff’s roll wave correlation (Cheremisinoff et al. 1979) performs well with
water data and Hart et al.’s ARS rough surface interfacial friction model (Hart et al.
1989) performs best with oil data.

* No one-dimensional stratified flow model gives good overall predictions for both gra-
vity and friction dominated flows.

* Specific low liquid loading models perform only slightly better than standard strati-
fied flow models for predicting steady-state holdup and pressure drop at low liquid loa-
ding. Among them, Grolman’s MARS model (Grolman 1994) reproduces the present
data with better accuracy than Meng’s Double Circle model (Meng 1999).

* PETRA’s overall performance is acceptable knowing that this software is not specifi-
cally calibrated against atmospheric data at low liquid loading. Nevertheless, some dis-
crepancies appear at very low liquid loading: PETRA under predicts pressure drop in
friction dominated flows and under predicts holdup for gravity dominated flows. Accu-
racy is improved when liquid loading increases.
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Figure 6-1: Liquid loading compared to other authors. Data from Grolman (1994),
Meng (1999), Badie et al. (2000) and Espedal (1998)
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Figure 6-2: Air-water experiments located on the flow regime map according to Barnea
(1986). Transition lines between flow regimes are obtained by numerically testing the

transition criteria algorithm provided by Barnea (1986) for each pair of gas and liquid
superficial velocities
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Figure 6-3: Flow regimes in the steel and acrylic pipes at liquid superficial velocity =
0.0059 m/s: longitudinal views, viewpoint from under the pipe
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Figure 6—4: Flow regimes in the steel and acrylic pipes at liquid superficial velocity =
0.0059 m/s: cross sectional views
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Figure 6-5: Serie #1, sensitivity with liquid superficial velocity at fixed gas superficial
velocity; Top: pressure drop, Bottom: liquid holdup
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Figure 6—11: Liquid-wall friction from measurements compared with prediction models
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Figure 6-13: Two-phase holdup measurements: point-by-point and pdf error compari-
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Figure 6-15: Serie #1, sensitivity with liquid superficial velocity at fixed gas superficial
velocity. Comparison of measurements with model predictions
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Figure 6-16: Serie #3, pressure drop sensitivity with superficial gas velocity at fixed
liquid superficial velocity and inclination. Comparison of measurements with models
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Figure 6-17: Serie #3, holdup sensitivity with superficial gas velocity at fixed liquid
superficial velocity and inclination. Comparison of measurements with models
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Chapter 7 Three-phase
gas-oil-water tflow at low liquid
loading

7.1 Introduction

The two-phase flow experiments described in Chapter 6 are, in this chapter, extended to
three-phase flow using, for the liquid phase, a mixture of oil and water. It is still focused
on low input liquid loading (superficial liquid velocities smaller than 0.01 m/s) and fric-
tion dominated flows at high gas superficial velocities but some data points have been ta-
ken at moderate liquid loading (superficial liquid velocity of 0.04 m/s) in a slightly
inclined upward pipe to investigate gravity dominated three-phase flows. The purpose of
the three-phase flow experiments are to:

* Supplement literature with new three-phase gas-oil-water flow data.

» Explore the region of low liquid loadings for which there is no data in the open
literature.

* Test the influence of test section material.

» Test how accurate three-layer models and three-phase pipe flow simulators extrapo-
late at these particular conditions and identify the main shortcomings.

Due to the high surface-to-volume ratio for the liquid phase, interfacial effects are expec-
ted to be important at low liquid loading. One goal of the experiments has been to test the
effect of different wall material properties on the flow.

This chapter is divided in two main sections. In Section 7.2, the test matrix is presented
and the measurements are described, analysed and discussed. In Section 7.3, pressure

drop and phase fraction measurements are compared with one-dimensional three-layer
models and the multiphase pipe flow simulator PETRA.

7.2 Experiments
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186 7. Three-phase gas-oil-water flow at low liquid loading

7.2.1 Test matrix

The three-phase flow experiments were performed at atmospheric conditions using air,
water and Exxsol D80. Fluid properties are summarized in Table 4—1. The fluids were run
in one of three 60 mm 1i.d. test sections made of acrylic, steel or epoxy coated steel, at ho-
rizontal or slightly upward inclinations. Test sections are described in Chapter 4.

Experiments cover sensitivities with gas and liquid flow rates, inclination and test section
material for a total of 209 three-phase flow tests. Because different test sections were
used, experiments were carried out within different campaigns spanning from July 2001
to March 2003.

For each test section, one serie was run at fixed superficial gas velocity and water fraction
and varying superficial liquid velocity (serie #1). One serie was run at fixed gas and liquid
superficial velocities and varying water fraction (serie #2). Finally, one serie was run at
fixed liquid superficial velocity and water fraction and varying gas superficial velocity
(serie #3). For serie #2 and serie #3, runs were conducted at two different liquid superfi-
cial velocities: 0.0059 m/s (series #2.1 and #3.1) and 0.04 m/s (serie #2.2 and #3.2). This
is to compare low to moderate liquid loadings. The test matrix for the three-phase flow
experiments is given in Table 7—1.

Table 7-1: Test matrix for the three-phase flow experiments

Serie Ugg, m/s UsL, m/s | WF, % | 6, deg. Material
acrylic
#1 14.8 0.0006-0.04 | 20,50 0 steel
epoxy (20% only)
acrylic
#2.1 4.93,7.5,9.87, 0.0059 5-95 0,+1 steel

14.8, 19.74, 29.6 epoxy (0 deg. only)

#2.2 37, 1750(’)?205’(1)00’ 0.04 5-90 +0.5 acrylic
acrylic
#3.1 4.93-29.6 0.0059 20,50,90 | 0,+1 steel
epoxy (0 deg. only)
#3.2 5.7-25 0.04 20,5090 | +0.5 acrylic

Except for serie #2.2 and #3.2, experiments were performed at low liquid loading, with
LGR down to 0.002%. Figure 7-19 compares the range of superficial liquid velocities for
the present three-phase experiments with that of other authors.

7.2.2 Experimental procedure

Experiments were performed at steady-state conditions according to the experimental
procedure presented in Section 4.4.1. After a settling period of about 30 minutes, diffe-
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7. Three-phase gas-oil-water flow at low liquid loading 187

rential pressure cells were logged for 10 minutes after which phase fractions were measu-
red with quick-closing valves. Measuring accuracy is indicated in Table 4-28.

7.2.3 Flow regimes

Three-phase flow regimes are more diverse than two-phase flow regimes because specific
oil-water flow regimes superpose to the traditional gas-liquid flow patterns. This work at
low liquid loading makes no exception.

The flow regimes observed were found to be well described by the classification initially
suggested by Acikgoz et al. (1992) and later simplified by Pan (1996). Both authors sug-
gest to identify gas-oil-water flow regimes in three steps:

1. State of the oil-water mixture: dispersed or separated. In this work, a three-layer
liquid-liquid flow pattern with two continuous zones separated by a mixing zone of
mutual oil-in water and water-in-oil dispersions is also considered as separated flow.

2. State of the liquid mixture, in case of a dispersed liquid phase: oil continuous, water
continuous or undefined.

3. State of the gas-liquid interface: bubbly, stratified, annular or slug.

Flow regime labels associated with this classification are indicated in Table 7-2 while de-
tailed flow regime observations are tabulated in Appendix A.

Table 7-2: Simplified three-phase flow pattern code

I water-oil I liquid-liquid
interface distribution I11 gas-liquid interface
Flow Flow
regime | Label| Flow regime |Label| regime Detail Label
oil continuous 0] bubbly BU
dispersed | D | water continuous | W smooth ST1
undefined ? wavy, 2D regular waves | ST2

stratified | " ovY 3D regular waves | ST3

wavy, large amplitude

, ST4
irregular waves
separated | S - droplets Y
slug SL
annular AN
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Using visual observations, flow regime maps were generated for the cases summarized in
Table 7-3. In the steel and epoxy coated pipes, flow regimes were observed through an
observation spool piece made of acrylic and located at the pipe outlet (Figure 4-2). The
accuracy of the transition line location is indicated with error bars and is based on how
close observations are performed from each other. As can be seen, the accuracy is coarse,
+/- 5 m/s in average on the superficial gas velocity, except for the stratified/slug transition
that is identified with an accuracy of +/- 0.25 m/s. Accurate determination of flow regime
transitions is not specifically studied in this work and the indicated transition lines are
treated as qualitative information only.

Table 7-3: Summary of experimentally determined flow regime maps

Label Page Serie 0, deg. Topic
Figure 7-1 | p.210 | #1 and #3.1 0 stratified/atomization transition
Figure 7-2 | p. 211 #3#13 e;nd +1, +0.5 stratified/slug transition
Figure 7-3 | p.212 #3.1 0, +1 separated/dispersed transition

The following comments can be made on the flow regime maps:

* The onset of atomisation occurs at different gas superficial velocities in the acrylic
and steel pipes at intermediate water fractions.

* The stratified/slug transition is not very much affected by water fraction. This lack of
sensitivity may be due to the physical properties of oil and water (density and viscosity)
being very close.

* The separated/dispersed transition in the liquid phase at superficial liquid velocity
equal to 0.0059 m/s is also affected by the test section material. The water phase stays
longer continuous in the steel pipe at intermediate water fractions. The better stability of
water in steel is probably an effect of interfacial forces at small liquid loading as dis-
cussed in Section 7.2.6.2.

Longitudinal and cross sectional views of flow regimes are provided at superficial liquid
velocity equal to 0.0059 m/s in Figure 7-38, Figure 7-39, Figure 7-40 and Figure 741.
Longitudinal views at superficial liquid velocity equal to 0.04 m/s are provided in Figure
7—42. Water is coloured green due to the fluoresceine dye dissolved in it. The setup for
the flow regime photography is described in Section 6.2.3.

It is observed that:

* At low liquid loading (superficial liquid velocity equal to 0.0059 m/s), there is a
difference in flow regimes between the acrylic and the steel pipes. In steel, water flows
as a continuous rivulet up to a superficial gas velocity of 14.5 m/s (Figure 7-39). In
acrylic, water flows continuous only at 9 m/s but at 11.5 m/s and 14.5 m/s, the water
rivulet gets unstable and disperses in oil, in particular at water fractions equal to 20% and
50% (Figure 7-38).
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* At 11.5 m/s and 14.5 m/s gas superficial velocity, peculiar large amplitude waves
develop at the gas-liquid interface in the acrylic pipe. At their front, water droplets are
seen to accumulate. A picture of such waves is given in Figure 7-43. These waves are
prone to atomize into large amounts of droplets at high gas velocity. Incidentally, oil
droplets tend to spread at the top of the pipe forming a rippled film whereas water drop-
lets are non-wetting and tend to run along the wall, forming narrow meandering rivulets.
An example of an oil rippled film can be seen in Figure 7-42 at superficial gas velocity
25 m/s and water fraction 20%. An example of water rivulet flow can be seen in the same
figure at water fraction 90%.

» The gas-liquid interface appears smoother in steel, as seen in Figure 7-41. The water
film is continuous, also at superficial gas velocity equal to 14.5 m/s and the water-oil
interface develops a convex shape.

* Increasing liquid superficial velocity from 0.0059 m/s to 0.04 m/s, the water film is no
longer unstable at intermediate gas superficial velocities in acrylic. For example at 10
m/s, there is a continuous water film at the pipe bottom as seen in Figure 7-42.

7.2.4 Results

The steady-state pressure drop and phase fractions were measured for the sensitivities in
flowrates, test section material and inclination described in Table 7—1. Quantitative results
are tabulated in Appendix A.

Plots were generated from the measured data and are summarized in Table 7-7.

7.2.5 Analysis

As in two-phase flow, it is possible to distinguish between flows dominated by (bulk) gra-
vity forces and flows dominated by (surface) friction forces. The former case occurs at
small upward inclinations and small gas superficial velocities close to the stratified/slug
transition. The latter occurs at high gas velocities in horizontal or slightly inclined pipes
close to the transition with annular flow.

It is convenient, for the purpose of the data analysis to distinguish between these two sit-
uations. For gravity dominated flows, it is looked especially at the holdup variations with
gas and liquid superficial velocity, water fraction, test section material and inclination. For
friction dominated flows, it is focused on pressure drop variations with gas and liquid su-
perficial velocity, water fraction and test section material.

In addition, it is possible to compare low liquid loadings, at superficial liquid velocity up

to 0.0059 m/s, with moderate liquid loadings, at superficial liquid velocity equal to 0.04
m/s.
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7.2.5.1 Gravity dominated flows

This concerns measurements at superficial gas velocity between 5 and 10 m/s, superficial
liquid velocity 0.0059 m/s at +1 deg. inclination (serie #2.1 and #3.1) and 0.04 m/s at +0.5
deg. inclination (serie #2.2 and #3.2).

At superficial liquid velocity equal to 0.04 m/s, the following observations can be made:

* Close to the slug flow transition, pressure drop goes through a minimum with
decreasing gas superficial velocity (Figure 7—14) and varies little with neither gas super-
ficial velocity nor water fraction (Figure 7-9 at superficial gas velocity equal to 5.7, 7
and 8 m/s).

* Close to the slug flow transition, the liquid holdup increases sharply with decreasing
superficial gas velocity, as in two-phase flow (Figure 7—14).

* In three-phase flow, the total liquid holdup is also dependent on input water fraction
and is governed by water gravity stratification at slight upward inclination. For example
in Figure 7-9 at superficial gas velocities 5.7 m/s, 7 m/s and 8 m/s, the total liquid
holdup goes through a maximum at intermediate water fractions when in the same time
the proportion of water in the holdup is higher than the input water fraction.

At superficial liquid velocity 0.0059 m/s:

* As in two-phase flow, the magnitude of the holdup increase with decreasing gas
superficial velocity is higher at lower liquid loading (Figure 7-13).

» There is a holdup material sensitivity with differences between acrylic and steel as
shown in Figure 7-11 at superficial gas velocity equal to 4.93, 7.5 and 9.87 m/s. The
water holdup is generally higher in steel and the oil holdup is generally higher in acrylic.
The two effects compensating, the total holdup is comparable in both pipes.

* In the horizontal pipe, there is no clear maximum of the total liquid holdup at interme-
diate water fraction as is the case for the upward inclined case (Figure 7—11). The domi-
nant mechanism, as water fraction increases, is the replacement of oil by the less viscous
water which results in a more monotonic decrease of the total liquid holdup with increa-
sing input water fraction.

7.2.5.2 Friction dominated flows

This concerns measurements at high gas superficial velocity (between 10 and 30 m/s) and
superficial liquid velocity 0.0059 m/s (serie #1, #2.1 and #3.1) or 0.04 m/s (serie #2.2 and
#3.2).

Both at low and moderate liquid loading, there are the following trends:

* As in two-phase flow, the total liquid holdup tends to an asymptotic value at high
superficial gas velocities. This is due to an increasing liquid fraction being transported as
droplets in the gas core. The total liquid holdup also appears to be less sensitive to input
water fraction.
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» The pressure drop increases exponentially with increasing gas superficial velocity.

» The pressure drop exhibits variations with input water fraction at given superficial gas
and liquid velocities.

At superficial liquid velocity 0.04 m/s, the following is observed:

» The total liquid holdup has not yet reached its asymptote at superficial gas velocity
equal to 25 m/s (Figure 7-14).

» The total liquid holdup is less sensitive to input water fraction at given superficial
liquid velocity than for gravity dominated flows but exhibits a peak at water fraction
around 50% (Figure 7-12 at superficial gas velocity equal to 25 m/s).

» Increasing the superficial liquid velocity towards the transition to annular flow, the
in-situ liquid composition tends to the input (no-slip) liquid composition (Figure 7-9 at
superficial gas velocity equal to 25 m/s).

» The pressure drop is water fraction sensitive and reaches a maximum at water fraction
80% for superficial gas velocity equal to 25 m/s (Figure 7-9).

* The pressure drop is sensitive to pipe wall contamination (discussed in Section
7.2.6.4). Pressure drop is less in a contaminated acrylic pipe compared to a clean
(pigged) surface.

At superficial liquid velocity 0.0059 m/s:

* There is little effect of a slight upward inclination on the total liquid holdup (Figure
7-10).

» There is a significant effect of wall material on holdup composition at intermediate
gas superficial velocities (corresponding to a stratified flow regime with little atomiza-
tion). The water holdup is higher in steel, the oil holdup is higher in acrylic resulting in a
total liquid holdup higher in steel than in acrylic (Figure 7-10). Compared to input com-
position, water accumulates in steel (in-situ water fraction above input water fraction)
but oil accumulates in acrylic as shown in Figure 7-10. These differences are smeared
off as superficial gas velocity approaches the critical velocity at the transition to annular
flow.

* As in two-phase flow, pressure drop increases with superficial liquid velocity at given
gas superficial velocity (Figure 7-5).

* Pressure drop sensitivity with water fraction is emphasized compared to superficial
liquid velocity equal to 0.04 m/s (Figure 7-10). Pressure drop tends to a maximum at
intermediate water fractions in acrylic but tends to a minimum at intermediate water
fractions in steel and epoxy coated steel.

* At low gas velocity, the pressure drop in all materials is similar. Increasing gas super-
ficial velocity, there is a critical velocity over which the pressure drop in acrylic starts to
diverge away from the pressure drop in steel (Figure 7-15). This gas velocity
corresponds approximately to the velocity at the onset of liquid film atomization
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observed visually. The differences between materials is therefore particularly pro-
nounced in the stratified/atomization regime.

* There is a sensitivity with wall contamination at high water fractions in acrylic, as
seen in Figure 7-10 (discussed in Section 7.2.6.4).

The effect of the internal epoxy coating on the flow has been tested only for friction do-
minated flow at low liquid loading for which surface effects are expected to be greatest.
The following comments can be made:

* In the epoxy coated pipe, the pressure drop and the holdup variations are close to that
of bare steel for the sensitivities studied.

* There is a slight difference in holdup composition with varying water fraction. Com-
pared to bare steel, the oil holdup is significantly higher in epoxy and the water holdup is
equal or slightly lower in epoxy, resulting in a slightly higher liquid holdup (Figure
7-10).

» Compared to bare steel, the pressure drop is slightly smaller in two-phase flow but
slightly higher at intermediate water fractions (Figure 7—10). At high gas velocities (stra-
tified-atomization flow), the pressure drop in epoxy is the least of the three materials
tested (Figure 7—-15).

7.2.6 Discussion

In this section, selected issues are discussed in more details. They are specifically related
to the experiments carried out at low liquid loading for a superficial liquid velocity equal
to 0.0059 m/s.

The topics discussed are:

* The effect of varying water fraction on the pressure drop and phase fractions
(three-phase effect).

* The effect of varying pipe wall material (material effect).
* The internal epoxy coating.
» The sensitivity to pipe wall surface contamination.

» Transient experiments.
7.2.6.1 Three-phase effect

The present three-phase flow experiments illustrate a sensitivity of holdup and pressure
drop to input water fraction at constant gas and liquid superficial velocity. There is a hold-
up variation with water fraction for gravity dominated flows at moderate to high liquid
loading and a pressure drop variation with water fraction for friction dominated flows at
low liquid loading.
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In gravity dominated flows, the water holdup sensitivity is primarily due to local separa-
tion of water and oil at slight upward inclinations and water replacing oil as water fraction
increases in horizontal pipes. This is a combined effect of:

* The density difference between water and oil.
* The higher drag exerted by the gas on the oil.

* The reduced oil-wetted perimeter.

For friction dominated flows, the reason for the water fraction sensitivity is less obvious.
It appears to depend, for instance, on the liquid phase flow regime. Within the liquid
phase, two flow regimes can occur: either water and oil flow separated (with perhaps, a
mixing layer at the oil-water interface) or, a dispersion of water in oil or oil in water forms.

To investigate further the water fraction sensitivity of the measurements, it has been un-
dertaken:

1. Comparisons with oil-water measurements.

2. Visual observations of flow regimes.

Oil-water measurements

Figure 7—18 shows a typical pressure gradient plot for two-phase water and Exxsol D80
obtained in the 60 mm acrylic and steel pipes (Ioannou et al. 2003). The mixture superfi-
cial velocity is 4.5 m/s corresponding to conditions where the liquid phase is a dispersion
of one phase into the other.

The following can be said of Figure 7-18:
* Phase inversion occurs for input water fractions between 35% and 50%.

» Inversion is pipe material dependent. Inversion peak is sharper with acrylic than with
stainless steel.

» The water fraction at inversion is dependent on whether the pipe is initially water or
oil wetted.

In the present experiments in three-phase flow, the pressure drop peak occurs first at water
fraction around 70-80% and is displaced towards smaller water fractions (around 40-50%)
at increasing gas velocity. This appears for instance in Figure 7-8. In addition, the peak is
not as sharp as in oil-water flow but instead, there is a gradual increase of the pressure
drop with increasing water fraction. Although phase inversion may play a role at condi-
tions where a dispersion forms in the liquid layer (typically at high gas superficial veloci-
ty), this is not obvious from the present experiments and the cause for the pressure drop
peak is to be searched elsewhere.

Visual observations
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As mentioned in Section 7.2.3, the liquid phase is often seen as dispersed in the acrylic
pipe at conditions where there are two separated continuous phases in steel. In such a case,
it can be expected that the apparent liquid viscosity increases in acrylic compared to steel.
More important is the fact that there are differences in the wetting of the upper pipe wall
depending on test section material. This is discussed in the following section.

7.2.6.2 Material effect

Differences between pipe materials are small at low liquid loading in two-phase gas-liquid
flow but are marked in three-phase, friction dominated, gas-oil-water flow.

The differences between acrylic and steel are best described by looking at a case into de-
tails. The case chosen is from Figure 7-10 in horizontal pipes at superficial gas velocity
equal to 14.8 m/s, superficial liquid velocity equal to 0.0059 m/s and water fraction equal
to 50%.

In acrylic, the pressure drop at 50% input water fraction is 43% higher than for either pure
oil or pure water. The total liquid holdup is 1.1% at input water fraction 50% against 1.4%
for pure oil and 1.2% for pure water. The peak in pressure drop corresponds to a minimum
in the holdup. The in-situ water fraction is below the first bisector, meaning that water is
better transported than oil or equivalently, that oil is accumulating.

In steel, the pressure drop at 50% input water fraction is 10.8% lower than for either pure
oil or water. The total liquid holdup is 1.3%, 1.4% for pure oil and 1.25% for pure water.
The in-situ water fraction is above the first bisector, meaning that water accumulates in
steel, or, in other words, that oil is better transported than water.

The flow regimes for the same conditions are water dispersed in oil in the acrylic pipe with
irregular large amplitude interfacial waves together with droplet generation. In the steel
pipe, the flow regime is water continuous-oil continuous separated flow in the liquid layer,
no large amplitude interfacial waves at the gas-liquid interface and less droplet genera-
tion.

The pressure drop and holdup measurements in acrylic and steel can be interpreted as fol-
lows:

* In acrylic, the fact that water is dispersed in oil enhances overall water transport. Even
though liquid viscosity may increase due to the dispersion, the liquid holdup does not
increase. Instead, the picture is dominated by a destabilization of the gas-liquid interface.
Large amplitude waves form and enhance overall liquid transport reducing the total
holdup. On the other hand, pressure drop increases due to the rougher interface and the
higher droplet field. Oil droplets depositing on the upper pipe wall form a thin annular
oil film, enhancing oil accumulation on the one hand and gas-wall friction on the other
hand. Protruding non-wetting water droplets also contribute to a pressure drop increase
at intermediate water fractions.

» In steel, water is present as a continuous phase under the oil phase and is not as well
transported as in acrylic. The water holdup is higher. In the same time, the oil phase
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flows over a moving water phase, offering less resistance to motion, and is better
dragged by the gas than water, in contact with the wall. The total holdup is higher than in
acrylic and is characterized by a higher water content. In presence of a continuous
oil-water interface, the gas-liquid interface is more stable and large amplitude waves are
not triggered. This phenomenon of gas-liquid interface stabilization in presence of a con-
tinuous oil-water interface has been observed by others, for instance Lee et al. (1993)
and Lunde et al. (1993). Due to the smoother interface and reduced droplet field, the
pressure drop is smaller in steel than in acrylic and smaller in three-phase flow than in
two-phase flow.

In summary, it has been seen that three-phase effects are dependent on the nature of the
flow regime in the liquid layer (separated and dispersed) and the latter seems to be influ-
enced by an interaction with the wall material that becomes significant at low liquid hold-
up. One can wonder whether this interaction can be related to a characterization of the
pipe material surface. In Section 4.2.3.3, it has been demonstrated, from a simplified force
balance and data on contact angles, that steel is expected to develop a higher affinity for
water than acrylic in presence of an oily media. In other words, a drop of water, being dis-
placed by oil adheres more to the steel surface (a larger force is required for displacing it)
than to the acrylic surface. This can explain why water rather disperses in the oil phase in
acrylic but that this process requires more energy (it occurs at larger gas superficial velo-
cities) in steel.

7.2.6.3 Epoxy coating

The effects foreseen of having an internal coating in a bare steel pipe are:
* Reduced wall friction due to the smaller physical roughness.

* Reduced water affinity in presence of an oily media due to the surface being chemi-
cally and physically more homogeneous (thus reduced contact angle hysteresis).

Surface characterizations carried out in Section 4.2.3.3 suggest that:

* The local physical roughness measured is slightly higher in the coated pipe compared
to the steel pipe.

* The "global" test section hydraulic roughness is smaller in epoxy compared to steel
and acrylic.

» The water-in-oil static contact angles are between those of acrylic and steel.

* The contact angle hysteresis is between that of acrylic and steel.

The epoxy coating has been studied at conditions of friction domination in horizontal
pipes. Figure 7—10 shows that water transportation is enhanced in the coated pipe. Since
the surface is chemically more homogeneous, heterogeneities disappear that would other-
wise enhance contact angle hysteresis and water affinity. However the most significant
difference is the higher oil holdup in epoxy compared to steel. A possible explanation is
that the water film retracts more in presence of oil on the epoxy coated surface, therefore
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leaving a larger oil-wetted perimeter and smaller water wetted perimeter. Visual observa-
tions show that, as in bare steel, the water film flows rather continuous in epoxy at condi-
tions where water is dispersed in oil in the acrylic pipe.

At superficial gas velocity equal to 20 and 30 m/s (Figure 7-8) corresponding to strati-
fied-atomization flow, the pressure drop in epoxy is smaller than in steel. In the present
experiments, gas-wall friction is the dominant term in the pressure drop and its contribu-
tion increases at higher gas superficial velocities as shown in Section 6.2.5. Reasons for
the lower pressure drop in epoxy in the atomization flow regime may therefore be
searched in a smaller upper-wall apparent roughness and/or in the fact that less droplets
are generated. More experiments with other coatings are needed to confirm this hypothe-
sis.

7.2.6.4 Effect of pipe wall contamination

It has been discovered that measurements in the stratified/atomization flow regime in the
acrylic pipe are affected by whether the pipe wall is "cleaned" prior to experiment or not.

Indeed, at high superficial gas velocities, the inner wall of the acrylic pipe gets progres-
sively covered with small unfiltered rust particles (dimensions in the order of the microm-
eter) coming from the air supply. The phenomenon is particularly clear with the acrylic
surface that accumulates static electricity and at high superficial air velocities for which
there are more particles and less filter efficiency.

Surface contamination results in:
* An additional artificial roughness.

* An inner pipe surface being more impure therefore less homogeneous. Thus, water
hysteresis (and surface water affinity) is expected to increase.

Neither the physical roughness nor the contact angles were measured for the contaminated
surface. The discussion that follows is therefore only a possible interpretation of what is
observed experimentally.

The difference in the state of the wall has an impact on the three-phase flow measurements
in two ways. The first effect occurs in the liquid phase. In the contaminated (unpigged)
pipe, water forms a continuous film, similar to what is observed in steel. In the "clean"
(pigged) pipe, the film breaks into droplets and clusters of droplets. The picture in Figure
7—44 illustrates how the water film contracts while flowing from the contaminated surface
(left) to the cleaned surface (right). Eventually, the water film may break if sufficient tur-
bulence is induced in the liquid phase by the gas. Figure 7-45 illustrates how the water
rivulet destabilises (meanders) and eventually breaks down into droplets.

The second effect occurs at the upper wall. In the contaminated pipe, there are fewer water

droplets and the upper pipe wall is mostly oil wetted with water droplets running on top.
In the clean pipe, water droplets protrude more into the gas-phase forming a "creamy"
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granular film at the pipe wall. A picture of the upper pipe at the transition between a con-
taminated pipe section and a clean pipe section is shown in Figure 7—46.

In terms of holdup and pressure drop, it can be seen that the water holdup increases in the
contaminated, unpigged pipe. The reason for this is probably due to a higher water affinity
of the wall surface. The effect is particularly marked at high water fractions (Figure 7-10).
The pressure drop is higher in the pigged, clean pipe. This can be explained by the more
unstable gas-liquid interface giving enhanced droplet generation. In addition the wetted
upper pipe wall results in a higher gas-wall friction.

7.2.6.5 Transient experiments

Transient tests were carried out to illustrate effects related to water phase wetting and
de-wetting of the pipe wall.

The following test was considered: starting from a steady state three-phase flow at super-
ficial gas velocity 14.8 m/s, superficial liquid velocity 0.0059 m/s and water fraction 20%,
the water supply is shut down. After the pressure drop has reached a new steady-state, the
water phase is re-introduced in the pipe.

Three transient experiments were performed:

1. In the contaminated acrylic pipe. Results are given in Figure 7-20.
2. In the clean, pigged acrylic pipe. Results are given in Figure 7-21.
3. In the clean, pigged steel pipe. Results are given in Figure 7-22.

In the contaminated acrylic pipe, the initial pressure drop is abnormally low at 65 Pa/m
instead of 80 Pa/m for the clean pipe. The flow regime in the liquid phase is separated
oil-water flow. After water is shut down, the pressure drop first decreases due to the de-
creasing holdup then, surprisingly, increases again as water disappears from the system
and oil is left as the only liquid phase. Immediately after water is re-introduced, a peak of
pressure drop is obtained at 82-83 Pa/m which is roughly the value of the steady-state
pressure drop in the cleaned pipe for which the flow regime in the liquid phase is water
dispersed in oil. In the first minutes following water re-introduction, there is indeed no
continuous water film. After some time, water re-wets the pipe surface and pressure drop
falls back to its initial value.

In the second experiment, the acrylic pipe is carefully cleaned (pigged) prior to experi-
ment and washed with water, according to the normal experimental procedure detailed in
Section 4.4.1. Initially, the pressure drop is 81 Pa/m and water flows dispersed in oil. After
water is shut down, the pressure drop falls down to 66 Pa/m (as in the first experiment).
This illustrates that two-phase flow is less sensitive to wall contamination. After water is
re-introduced, the pressure drop increases immediately back to its initial value, without a
peak.
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In the third experiment, the steel pipe is now used instead of the acrylic pipe. The transient
experiment illustrates a behaviour very similar to that of the contaminated acrylic pipe.
The flow regime in the liquid phase is initially separated oil-water flow. After water shut
down, the pressure drop first decreases but then increases to a two-phase value that is
higher than the three-phase value despite the lower liquid flow rate. After water is re-in-
troduced into the flow, the pressure drop peaks and remains to a high value as long as wa-
ter is dispersed in oil. After some time, the water film is reconstituted and the pressure
drop falls back to its initial value.

These transient experiments, though not pursued further, demonstrate some interesting ef-
fects related to the degree of surface water wetting. This suggests that a considerable ef-
fect on wet gas flow can be foreseen if the water affinity of the pipe surface can be
changed in three-phase gas-oil-water flow.

7.3 Comparison with prediction models

7.3.1 Introduction

The experimental three-phase flow data at low liquid loading presented in Section 7.2.4
has been compared with predictions from one-dimensional models in the literature. As
mentioned in Chapter 2, there is currently no model developed specifically for three-phase
gas-oil-water flow at low liquid loading but there are models for stratified gas-liquid-li-
quid flow, called three-layer models. It is chosen here to consider the following three-la-
yer models:

* The model by Taitel et al. (1995).

* The model constructed from the closure recommendations by Khor et al. (1997).

In addition, data is also compared to the general purpose multiphase pipe flow simulator
PETRA. Model characteristics are summarized in Table 7-8.
With this choice of models, it is possible to investigate:

» The ability of three-layer models to reproduce three-phase stratified flow data at low
liquid loading.

* The effect of changing the friction laws by comparing M1 (Taitel et al. 1995) with M2
(Khor et al. 1997).

* Three-layer models contra general purpose simulators.

The comparisons are organized as follows:

1. Flow regime observations are compared with PETRA predictions. Only the strati-
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fied/slug transition is considered for upward inclined flow at superficial liquid velocity
0.0059 m/s and 0.04 m/s.

2. Statistical analysis: predicted pressure drop, total liquid holdup, water and oil frac-
tions are plotted against the measured values. The pdf distribution function of the mean
algebraic errors is plotted assuming a gaussian distribution.

3. Detailed plots: predicted sensitivities of pressure drop and phase fractions with super-
ficial liquid velocity, superficial gas velocity, water fraction and inclination are compared
with the experimental.

None of the models are expected to reproduce the sensitivity with test section material ob-
served in this study. The simulations are therefore carried out on a generic pipeline of in-
ternal diameter equal to 60 mm and hydraulic roughness 5 pm.

7.3.2 Flow regimes

The stratified/slug transitions plotted in Figure 7-2 are compared with flow regime pre-
dictions obtained with PETRA. The critical gas velocity at transition is obtained by tri-
al-and-error, guessing a superficial gas velocity and comparing the flow regime predicted
by PETRA with the experimental. In the experiments, slug flow is defined by the bridging
of the pipe cross section, not regarding whether the subsequent slug is stable or rapidly
decays.

The following two cases are considered:

1. Stratified/slug transition at superficial liquid velocity equal to 0.0059 m/s, inclination
+1 deg. with the horizontal and varying water fraction.

2. Stratified/slug transition at superficial liquid velocity equal to 0.04 m/s, inclination
+0.5 deg. with the horizontal and varying water fraction.

Results are shown in Figure 7-23. At superficial liquid velocity equal to 0.0059 m/s, there
is good agreement between the predicted and the experimental except at high water frac-
tions. PETRA also predicts a slight sensitivity of the transition line with varying water
fraction as observed experimentally. In particular, it correctly predicts that the region of
stable stratified flow is reduced when going from water fraction 0% (two-phase air-oil) to
water fraction 20% (three-phase air-oil-water). Introduction of water has therefore a slight
destabilizing effect on the flow.

At superficial liquid velocity equal to 0.04 m/s, there are discrepancies, and the predicted
critical superficial gas velocity at transition is too low by up to 1 m/s. This can be due to
the definition of slug flow adopted experimentally. The variations with water fraction,
however, seem to match qualitatively with the experimental, in particular the fact that the
area of stable stratified flow is larger at intermediate water fractions than for pure water.
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7.3.3 Pressure drop and holdup

Comparison of models with experimental three-phase flow data are conducted as follows:

1. For a given set of experimental conditions, the models listed in Table 7—8 are run for
the generic pipe of internal diameter 60 mm and hydraulic roughness 5 micrometer.
Models M1 and M2 are programmed with MATLAB 6.5 and the method of solution is
described in Table 3—3. The PETRA model was run with PETRA 2.4.

2. Computed and measured pressure drop and phase fractions are treated statistically: a
relative algebraic error for each data point is first calculated according to Equation [E.4].
A gaussian probability density function (pdf) is assumed for the error distribution as
given by Equation [E.5] with mean and standard deviation given by Equation [E.6] and
Equation [E.7] respectively. Tables of mean and standard deviation of errors are given in
Table 7-4, Table 7-5 and Table 7—6 for horizontal and inclined data.

3. Plots are generated of point-by-point comparisons, pdf functions and comparisons
with experimental sensitivities. For the detail comparisons, only the steel pipe data is
compared with model predictions, wherever measurements are available. The plots are
summarized in Table 7-9.

Table 7—4: Statistic summary for the comparison of three-phase flow data with predic-
tion models (Superficial liquid velocity = 0.0059 m/s, horizontal pipe)

Total liquid
Pressure drop holdup Water holdup Qil holdup

Model berr herr berr herr berr herr berr herr

M1 -0.35 0.12 0.07 0.45 -0.55 0.15 -0.21 0.16

M2 1.04 0.37 2.39 1.64 0.53 0.37 0.10 0.28

M3 -0.11 0.11 0.26 0.52 -0.25 0.17 -0.06 0.28

Table 7-5: Statistic summary for the comparison of three-phase flow data with predic-
tion models (Superficial liquid velocity = 0.0059 m/s, inclination = +1 deg.)

Total liquid
Pressure drop holdup Water holdup QOil holdup

Model berr herr berr herr berr herr berr herr

M1 -0.16 0.83 0.14 1.07 -0.59 0.14 -0.10 0.51

M2 0.92 0.53 1.70 1.18 0.50 0.43 0.03 0.22

M3 -0.18 0.21 0.00 0.40 -0.25 0.20 -0.12 0.22
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Table 7-6: Statistic summary for the comparison of three-phase flow data with predic-
tion models (Superficial liquid velocity = 0.04 m/s, inclination = +0.5 deg.)

Total liquid
Pressure drop holdup Water holdup Qil holdup

Model berr herr berr herr berr herr berr herr

M1 0.25 0.43 0.50 0.48 -0.31 0.13 -0.21 0.24

M2 0.07 0.37 0.22 0.64 -0.05 0.17 0.00 0.17

M3 -0.26 0.14 -0.27 0.17 -0.25 0.17 0.05 0.12

7.3.4 Analysis
7.3.4.1 Overall statistics

Figure 7-24 to Figure 7-27 together with Table 7—4 and Table 7-5 deal with data at low
liquid loading (maximum superficial liquid velocity equal to 0.0059 m/s) and provide the
following information:

» PETRA gives better overall predictions than three-layer models. It gives better accu-
racy (mean error closer to zero), less spread (smaller standard deviation). In particular,
PETRA gives better predictions of the phase fractions at upward inclinations.

* PETRA yet under predicts the water holdup at upward inclinations. In other terms, the
mechanism by which water and oil stratify by gravity at upward inclinations is not repro-
duced with sufficient accuracy.

* PETRA under predicts the pressure drop in the stratified/atomization regime.

» Taitel et al.’s (1995) three-layer model tends to over predict phase fractions, espe-
cially at upward inclinations, and under predict the pressure drop. The same behaviour is
observed with Taitel et al’s (1976) two-phase flow model. The main cause of this dis-
crepancy is a weakness in the interfacial friction models.

» Khor et al’s (1997) model overestimates phase fractions at low liquid loading but falls
correctly back on the pressure drop. This highlights the impact of friction laws on the
predictions: Taitel et al. (1995) and Khor et al. (1997) use the same geometrical model
but different closure laws.

Figure 7-28 together with Table 7-6 deal with data at moderate liquid loading (superficial
liquid velocity equal to 0.04 m/s) and provide the following information:

» Khor et al.’s (1997) model gives best prediction accuracy despite a larger spread. The
closures selected by Khor et al. apparently perform better at moderate liquid loading than
low liquid loading.
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» Taitel et al’s (1995) model still over predicts phase fractions and under predicts the
pressure drop.

* PETRA under predicts the holdup at high liquid holdup both for water and oil.
7.3.4.2 Detail plots

The relative performance of three-layer models and PETRA is analysed in light of the fol-
lowing criteria:

For gravity dominated flows:

» Correct pressure drop sensitivity with water fraction.

* Correct gas superficial velocity at holdup inflexion and magnitude of the holdup
increase with decreasing gas velocity.

» Correct holdup sensitivity with water fraction.

* Accuracy of the water and oil holdup predictions.

For friction dominated flows:

» Correct asymptotic holdup value at high gas velocities.

* Correct holdup composition with varying water fraction.

» Magnitude of the pressure drop increase with increasing gas superficial velocity.

» Correct pressure drop sensitivity with water fraction in the stratified and stratified/ato-
mization regimes.

* Correct pressure drop sensitivity with liquid superficial velocity at low liquid loading.

» Correct holdup sensitivity with liquid superficial velocity at low liquid loading.

Gravity dominated flows

All three models correctly predict the pressure drop in stratified flow at low gas velocity
and the fact that pressure drop is little sensitive to water fraction. This can be seen in Fi-
gure 7-31 at superficial gas velocity 7 m/s.

PETRA correctly predicts the gas superficial velocity at holdup inflexion but, as in
two-phase flow, the holdup increase with decreasing superficial gas velocity is too slack.
This appears in Figure 7-33 and Figure 7-36. This is especially true at low liquid loading
(superficial liquid velocity 0.0059 m/s) and at low water fractions. The three-layer models
do not correctly predict the superficial gas velocity at inflexion nor the magnitude of the
holdup increase.

PETRA’s prediction accuracy of the individual holdup is poor, and PETRA under predicts
the water holdup at low gas velocity, upward inclination and low liquid loading as shown
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in Figure 7-34. Holdup predictions are improved at moderate liquid loading but PETRA
still slightly under predicts.

All models predict water accumulation at low gas velocities, in accordance with experi-
ments (Figure 7-31). On the other hand, the holdup sensitivity with water fraction is not
well predicted and the holdup peak at 50% water fraction is overlooked by, for instance,
PETRA (Figure 7-31 at superficial gas velocity 7 m/s). The reason for this is the under
prediction of the water holdup at small inclinations.

Friction dominated flows

The asymptotic holdup at large gas velocity in the stratified/atomization regime is well
predicted by PETRA and less accurately by three-layer models. This is true at both low
and moderate liquid loading. The measured holdup sensitivity with water fraction at 25
m/s is not reproduced by PETRA (Figure 7-31) that predicts a flat holdup with changing
water fraction The phase fraction variations with water fraction at low liquid loading (Fi-
gure 7-30) are, however, well reproduced by PETRA. Khor et al’s model severely over
predicts the phase fractions in this case.

Water accumulation is predicted by all models both at low and high liquid loading (Figure
7-30 and Figure 7-31), with PETRA being the closest to the measured data.

The magnitude of the pressure drop increase with superficial gas velocity is not well pre-
dicted by any of the models at low liquid loading but reasonably well predicted by PETRA
at moderate liquid loading (Figure 7-32 and Figure 7-36). At low liquid loading PETRA
severely under predicts the pressure drop and this represents a major problem for predic-
ting gas condensate pipe flow. It is probably related to the handling of droplets. Three-la-
yer models also under predict in a slightly lesser extent. One possible remedy would be to
re-model gas-wall friction to account for the droplets depositing at the upper pipe wall.

No model can correctly predict the sensitivity of pressure drop with water fraction. At mo-
derate superficial gas velocity and low liquid loading (Figure 7-30), the model of Taitel
et al. actually gives good agreement with the steel data. PETRA exhibits a peculiar loss
of pressure drop at intermediate water fractions which reminds of the drag reduction effect
observed in steel but it can not be reproduced with good accuracy. A possible explanation
is that PETRA assumes dispersed flow in the liquid phase at small and high water frac-
tions and separated flow at intermediate water fractions. At moderate liquid loading (Fi-
gure 7-31), PETRA can reproduce with good accuracy the almost constant value of the
pressure drop in the case of the unpigged acrylic pipe.

Finally, neither the three-layer models nor PETRA can match the pressure drop sensitivity
with increasing superficial liquid velocity at low liquid loading. (Figure 7-29). At very
low loading, PETRA yields a pressure drop close to the dry gas pressure drop and this un-
derestimates the data. At a certain liquid superficial velocity, the pressure drop predicted
by PETRA increases to over the measured pressure drop. The reason for this behaviour is
perhaps the triggering of the droplet entrainment criterion at high liquid superficial velo-
city.
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7.4 Summary

This chapter has dealt with three-phase steady-state flow experiments performed at con-
ditions involving small and moderate liquid loading. Stratified flows of air, water and Ex-
xsol D80 spanning from the transition with slug flow to the stratified/atomization regime
have been studied in near horizontal 60 mm pipes of different wall properties in terms of
surface roughness and contact angles. Measurements of steady-state pressure drop and
phase fractions have been performed and compared with predictions from three-layer
one-dimensional models and the multiphase pipe flow simulator PETRA.

The main topics discussed in this chapter are summarized below:

» For gravity dominated flows, the holdup is water fraction dependent and goes through
a maximum at low water fractions due to local separation of water and oil. The magni-
tude of the phenomenon is emphasized at low liquid loading. For friction dominated
flows, the pressure drop is water dependent especially in the atomization regime at the
highest gas velocities. The traditional explanation is that the equivalent fluid viscosity
increases close to water-oil phase inversion leading to a peak in the total liquid holdup
and the pressure drop. This is only partly verified in the acrylic pipe at moderate liquid
loading where a peak in the total holdup is effectively obtained at moderate gas flow rate.
At low liquid loading, a peak is obtained only at high gas flowrates.

* Other mechanisms, however, come into play at low liquid loading. One of them is the
significant effect of wall material property on the flow. This concerns essentially friction
dominated flows, at conditions where oil and water are flowing together in the liquid
phase and compete for the wetting of the pipe wall. The material effects observed are
twofold:

— On the flow regime in the liquid layer. At conditions where a separated oil-water
flow exists in the steel pipe, the flow is dispersed in the pigged, water-washed acrylic
pipe. In the acrylic pipe, large amplitude irregular waves form at the interface between
the gas and the liquid dispersion, carrying batches of water droplets at their front and
resulting in increased droplet generation.

— On the wetting of the upper pipe wall in the atomization regime. The wall in the
clean acrylic pipe exhibits a granular creamy structure where large amounts of water
droplets are seen protruding into the gas phase, either hanging or running streamwise. In
the steel pipe, the upper film is smoother and fewer protruding water droplets can be
seen.

* In terms of pressure drop and holdup, the pressure drop is generally higher in acrylic
with more sensitivity with water fraction and a peak at middle to high water fractions.
The pressure drop in steel also exhibits a peak but at higher gas superficial velocities and
less marked. The holdup composition is different in steel and acrylic with water accumu-
lating in steel and oil accumulating in acrylic relative to input water fraction.

* The epoxy coating of the bare steel pipe does not result in a fundamentally different
flow behaviour compared to the bare steel pipe. The coating has been studied for friction
dominated flows. It has little effect on the pressure drop as the initial steel pipe is already
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hydraulically smooth. It has an effect on liquid composition with enhanced oil accumula-
tion. Pressure drop is also less in the atomization regime.

* The reason for the material differential affinity has been investigated. Water affinity
can be related to contact angle hysteresis. Hysteresis is, in turn, very affected by surface
physical roughness and chemical homogeneity. An illustration is given by the differences
observed between the clean and contaminated acrylic pipe. The contaminated acrylic
pipe develops more contact angle hysteresis as the surface heterogeneity increases and
water droplet adhesion is higher on this surface. This results in a larger holdup and a
smaller pressure drop. Transient experiments also illustrates the effect of water wetting
and de-wetting in three-phase flow.

* Comparisons of data with predictions from three-layer models and the general pur-
pose multiphase flow simulator PETRA show that PETRA gives overall best accuracy
and less spread and is able to reproduce stratified three-phase flow data both at moderate
and low liquid loading. Two major shortcomings however are noticed:

— PETRA under predicts holdup for gravity dominated flows and this is due to the
fact that the water stratification mechanism is not correctly reproduced. A possible rea-
son is that PETRA assumes an oil-water dispersion instead of a separated regime in the
liquid layer.

— PETRA under predicts the pressure drop at conditions of atomization flow. That
may be due to non-conservative friction closures in presence of droplets. A more con-
servative gas-wall friction is needed to represent the droplet wetting of the upper pipe
wall.

In addition, PETRA somewhat under predicts the pressure drop at very low liquid loading
for which the pressure drop calculated is very close to that of the dry pipe. In other words,
small liquid quantities are ignored when in fact they have an important impact on the pres-
sure drop.

Khor et al’s closure proposals (Khor et al. 1997) perform well at moderate liquid loading
but result in severe over prediction of the phase fractions at low liquid loading.
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Table 7-9: Summary of plots for comparisons between three-phase steady-state flow
measurements and one-dimensional prediction models

Label

Page

Topic

Figure 7-24

p. 232

Total liquid holdup at low liquid loading:
point-by-point and pdf error comparaisons

Figure 7-25

p. 232

Water holdup at at low liquid loading: point-by-point and pdf
error comparaisons

Figure 7-26

p. 233

Oil holdup at at low liquid loading: point-by-point and pdf error
comparaisons

Figure 7-27

p. 233

Pressure drop at at low liquid loading: point-by-point and pdf
error comparaisons

Figure 7-28

p. 234

Moderate liquid loading (Superficial liquid velocity 0.04 m/s):
point-by-point and pdf error comparaisons

Figure 7-29

p. 235

Serie #1 at 20% water fraction: sensitivity with liquid superficial
velocity at fixed gas superficial velocity. Comparaison with
models

Figure 7-30

p. 236

Serie #2.1: sensitivity with water fraction at fixed gas superficial
velocity 14.8m/s and fixed liquid superficial velocity 0.0059 m/s.
Comparaison with models

Figure 7-31

p. 237

Serie #2.2: sensitivity with water fraction at fixed gas superficial
velocity 14.8m/s and fixed liquid superficial velocity 0.04 m/s.
Comparaison with models

Figure 7-32

p. 238

Serie #3.1: pressure drop sensitivity with gas superficial velocity
and fixed liquid superficial velocity 0.0059 m/s. Comparaison
with models

Figure 7-33

p. 239

Serie #3.1: total liquid holdup sensitivity with gas superficial
velocity and fixed liquid superficial velocity 0.0059 m/s.
Comparaison with models

Figure 7-34

p- 240

Serie #3.1: water holdup sensitivity with gas superficial velocity
and fixed liquid superficial velocity 0.0059 m/s. Comparaison
with models

Figure 7-35

p. 241

Serie #3.1: oil holdup sensitivity with gas superficial velocity and
fixed liquid superficial velocity 0.0059 m/s. Comparaison with
models

Figure 7-36

p. 242

Serie #3.2: pressure drop and total liquid holdup sensitivity with
gas superficial velocity and fixed liquid superficial velocity 0.04
m/s. Comparaison with models

Figure 7-37

p. 243

Serie #3.2: water and oil holdup sensitivity with gas superficial
velocity and fixed liquid superficial velocity 0.04 m/s.
Comparaison with models
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Figure 7-1: Stratified/atomization transition in the acrylic and steel horizontal pipes.
The location accuracy of the transition line is indicated as an error bar on the plot. Mar-
kers indicate the locations of the steady-state pressure drop and phase fractions measure-

ments. Top: superficial gas velocity = 14.8 m/s (serie #1); Bottom: superficial liquid
velocity = 0.0059 m/s (serie #3.1)
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Figure 7-2: Slug/stratified and stratified/atomization transitions in the acrylic and steel
inclined pipes. The location accuracy of the transition lines is indicated as an error bar on
the plot. Markers indicate the locations of the steady-state pressure drop and phase frac-
tions measurements. Top: superficial liquid velocity = 0.0059 m/s and inclination = +1
deg. (serie #3.1); Bottom: superficial liquid velocity = 0.04 m/s and inclination = +0.5
deg. (serie #3.2)
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Figure 7-3: Separated/dispersed transition in the acrylic and steel pipes. The location
accuracy of the transition lines is indicated as an error bar on the plot. Top: superficial
liquid velocity = 0.0059 m/s and inclination = 0 deg. (serie #3.1); Bottom: superficial
liquid velocity = 0.0059 m/s and inclination = +1 deg. (serie #3.1)
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Figure 7—4: Serie #l1, sensitivity with water fraction for various superficial liquid
velocities at fixed air superficial velocity and inclination
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7. Three-phase gas-oil-water flow at low liquid loading
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Figure 7-5: Serie #1, sensitivity with superficial liquid velocity for various water frac-
tions at constant superficial air velocity = 14.8 m/s and inclination = 0 deg.
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Figure 7-6: Serie #1, sensitivity of pressure drop and total liquid holdup with liquid
superficial velocity at constant superficial air velocity = 14.8 m/s and inclination = 0 deg.
- Details
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7. Three-phase gas-oil-water flow at low liquid loading
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Figure 7-7: Serie #1, sensitivity of water and oil phase fractions with liquid superficial
velocity at constant superficial air velocity = 14.8 m/s and inclination = 0 deg. - Details
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Figure 7-9: Serie #2.2, sensitivity with input water fraction for various air superficial
velocities and superficial liquid velocity = 0.04 m/s. Inclination = +0.5 degree with the

horizontal

URN:NBN:no-7245



7. Three-phase gas-oil-water flow at low liquid loading

219

Pressure drop

In-situ water fraction

d holdup

iqui

Total 1

Water holdup

QOil holdup

0 =0 deg. 0 =+1 deg.
120 _ _ 120
UsG = 14.8 m/s - UsL = 0.0053 m/s UsG = 14.8 m/s - UsL = 0.0059 m/s
100 1 100 - —
£ 80 E 80 -
) I L
2 g ! 60
> x
2 & PLEXI +1 de
S 40{[ . PLEX 0deg 5 40 1 - 9
o STEEL 0 deg 2 1 o STEEL +1 deg
20 1 > EPOXY 0 deg + PLEXI 1 deg (not pigged)
0 PLEXI 0 deg (not pigged) 0 : : : :
T T T T
0 20 40 WF, % 60 80 100 0 20 40w, o 60 80 100
120 120
UsG =14.8 m/s - UsL = 0.0059 m/s UsG = 14.8 m/s - UsL = 0.0059 m/s
100 4| & PLEXI 0 deg o 100 +
o STEEL 0 deg s » PLEXI + 1 deg
<807 © EPOXY0deg g <20 0
> PLEXI 0 deg (not pigged) |5~ > © STEEL +1 deg o
=60 A P 5601 -
8 o g 8 o
40 A o 40 - o
P > O
20 1 ol 204 o
o x
0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
WF, % WF, %
2.0 2.0
18 | UsG = 14.8m/s - UsL = 0.0059 m/s 18 1 UsG = 14.8m/s - UsL = 0.0059 m/s
1.6 4 N o
1.0 1.0 1
e » PLEXI 0 deg 8
B 8'2 © STEEL 0 deg B 8.2 ] PLEXI +1d
6 - .6 1 A +1 deg
0.4 - EPOXY 0 deg ) 0.4 - o STEEL +1 deg
0.2 1 PLEXI 0 deg (not pigged) 0.2 -
0.0 T T T T 0.0 T T T T
0 20 40, e o, 60 80 100 0 20 40y o, 60 80 100
s /0 , /0
14 14
UsG = 14.8m/s - UsL = 0.0059 m/QS/' UsG=14.8m/s-UsL = 0.0059m/s © . .-
129 4 g_ll__lé)éll_ooddeg o x@"/’"d’ 1.2 A o 16
o - e
10{ - EPOXYOdey o, 1.0 4 PLEXI+1deg o A
205 ] PLEXI 0 deg- (not pigged) <08 | oSTEEL+1deg| . © Ve
g =3 < . 1o -
£0.6 o £06 o o
0.4 1 o 0.4 1 e e
02 | PR 021 (B///A
/,,A
OO T T T T 00 T T T T
0 20 40 g o, 60 80 100 0 20 40 \yF o, 60 80 100
16 — — 16
14 UsG = 14.8m/s - UsL = 0.0059 m/s 4 UsG = 14.8m/s - UsL = 0.0059 m/s
4 4 ~ PLEXI 0 deg 148
1.2 - © E;I(E)%Oo%%gg 124 O 2 PLEXI +1 deg
J 1.0 PLEXI 0 deg (not pigged) 1.0 1 R Tm o STEEL +1 deg
& = R N T~
s 0.8 1 ; 0.8 1 O TR
T 0.6 4 QL2 S ]OZ o S
. 0. ~ 0.6 1 e 8
041 R 0.4 N
0217 NS 0.2 A RN
> 0 2‘0 4‘0 E;O 8‘0 O.1>00 00 ‘ ‘ ‘ —
WE, % 0 20 40 W, 9 60 80 100

Figure 7-10: Serie #2.1, sensitivity with water fraction, details for superficial liquid
velocity = 0.0059 m/s and superficial gas velocity = 14.8 m/s
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Figure 7-11: Serie #2.1, sensitivity of phase fractions with input water fraction. Details
for superficial liquid velocity = 0.0059 m/s
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Figure 7-12: Serie #2.2, sensitivity of phase fractions on water fraction. Details for
superficial velocity = 0.04 m/s, inclination = +0.5 deg.
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7. Three-phase gas-oil-water flow at low liquid loading
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Figure 7-13: Serie #3.1, sensitivity with superficial gas velocity at given water fraction
and superficial liquid velocity = 0.0059 m/s
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Figure 7-14: Serie #3.2, sensitivity with superficial gas velocity at given water fraction
and superficial liquid velocity = 0.04 m/s. Pipe inclination = +0.5 deg.
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Figure 7-15: Serie #3.1, sensitivity of pressure drop with superficial gas velocity.
Details for superficial liquid velocity = 0.0059 m/s
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Figure 7-16: Serie #3.1, sensitivity of phase fractions with superficial gas velocity.
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Details for superficial liquid velocity = 0.0059 m/s
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226 7. Three-phase gas-oil-water flow at low liquid loading
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Figure 7-17: Serie #3.2 sensitivity of phase fractions with superficial gas velocity.
Details for superficial liquid velocity = 0.04 m/s, inclination = +0.5 deg.

URN:NBN:no-7245



7. Three-phase gas-oil-water flow at low liquid loading 227

3
Odeg. - UsL=4.5m/s
25
©
T 5
)
5
[%)]
8
& 1.5
S
5
gl
=) —a— Acnylic, starting from water continuous
05 - —a— Acrylic, starting from oil continuous
--[3- Steel, starting fromwater continuous
-- A - Steel, strating fromail continuous
O T T T T T
20 30 40 50 60 70 80

WF, %

Figure 7-18: Differential pressure versus input water fraction for two-phase
water-Exxsol D80 flow. The total superficial liquid velocity is equal to 4.5 m/s. Differen-
tial pressure measurements are carried out in the 60 mm i.d. steel and acrylic pipes.
Experimental series are taken either starting from a water fraction 100% (single phase
water) and progressively replacing water by oil or inversely from a water fraction of 0%
(single phase oil), gradually replacing oil by water (from loannou et al. 2003)
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Figure 7-19: Liquid loading compared to other authors. Data from Lahey et al. (1992),
Lunde et al. (1993), Roberts (1996)
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228 7. Three-phase gas-oil-water flow at low liquid loading
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Figure 7-20: Transient experiment in the acrylic 60 mm test section for a contaminated
(unpigged) pipe wall. Initial conditions are for liquid superficial velocity = 0.0059 m/s,
superficial gas velocity = 14.8 m/s, water fraction = 20%. The flow regime in the liquid
phase is separated oil-water stratified flow. After 600 seconds, the water supply is shut
down. The pressure drop first decreases as water is washed away but then slightly
increases despite the lower liquid loading. After 1200 seconds, the water phase is
re-introduced giving a pressure drop peak as water is first dispersed in oil. After about
200 seconds, water starts to re-wet the pipe surface and the pressure drop falls back to its
initial value
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Figure 7-21: Transient experiment in the acrylic 60 mm test section for a clean (pigged)
pipe wall. Initial conditions are for liquid superficial velocity = 0.0059 m/s, superficial
gas velocity = 14.8 m/s and water fraction = 20%. The flow regime in the liquid phase is
dispersed water in oil. After 800 seconds, the water supply is shut down. The pressure
drop decreases strongly to that of two-phase air-oil at superficial liquid velocity 0.0047
m/s. After 1400 seconds, the water phase is re-introduced. Pressure drop increases to its
initial value. The value of the pressure drop is equal to that of the peak of pressure drop
in the case of the contaminated pipe
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Figure 7-22: Transient experiment in the steel 60 mm test section for a clean (pigged)
pipe wall. Initial conditions are for liquid superficial velocity = 0.0059 m/s, superficial
gas velocity = 14.8 m/s and water fraction = 20%. The flow regime in the liquid phase is
separated oil-water stratified flow. After 300 seconds, the water supply 1s shut down. The
pressure drop first decreases as water is washed away but then slightly increases despite
the lower liquid loading. After 600 seconds, the water phase is re-introduced giving a
pressure drop peak as water is first dispersed in oil. After about 500 seconds water starts
to re-wet the pipe surface and the pressure drop falls gradually back to its initial value.
No such peak in pressure drop is observed if now oil is shut down and then re-introduced
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Figure 7-23: Stratified/slug transition compared to PETRA predictions. The error bars
indicate the accuracy of the transition line location. Top: superficial liquid velocity =
0.0059 m/s, inclination = +1deg; Bottom: superficial liquid velocity = 0.04 m/s, inclina-
tion = +0.5 deg.
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Figure 7-24: Three-phase total holdup measurements at low liquid loading: point-by-
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Figure 7-25: Three-phase water holdup measurements at low liquid loading: point-by-
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Figure 7-26: Three-phase oil holdup measurements at low liquid loading: point-by-
point and pdf error comparison with models; Top: horizontal data; Bottom: +1 deg.
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Figure 7-27: Three-phase pressure drop measurements at low liquid loading: point-by-
point and pdf error comparison with models; Top: horizontal data; Bottom: +1 deg.
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Figure 7-28: Measurements at moderate liquid loading (superficial liquid velocity
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Figure 7-29: Serie #1, sensitivity with liquid superficial velocity at fixed gas superficial
velocity. Comparison of measurements with model predictions
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Figure 7-30: Serie #2.1, sensitivity with input water fraction at fixed liquid superficial
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Figure 7-31: Serie #2.2, sensitivity with input water fraction at fixed liquid superficial
velocity = 0.04 m/s. Comparison of measurements with model predictions
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Figure 7-32: Serie #3.1, pressure drop sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with model pre-
dictions
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Figure 7-33: Serie #3.1, total liquid holdup sensitivity with superficial gas velocity at
fixed liquid superficial velocity = 0.0059 m/s. Comparison of measurements with model
predictions
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Figure 7-34: Serie #3.1, water holdup sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with model pre-
dictions
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Figure 7-35: Serie #3.1, oil holdup sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with model pre-

dictions
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Figure 7-36: Serie #3.2, pressure drop and total liquid holdup sensitivity with superfi-
cial gas velocity at fixed liquid superficial velocity = 0.04 m/s. Comparison of measure-
ments with model predictions
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Figure 7-37:
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Serie #3.2, water and oil holdup sensitivity with superficial gas velocity at
fixed liquid superficial velocity = 0.04 m/s. Comparison of measurements with model
predictions
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Figure 7-38: Flow regimes in the horizontal acrylic pipe at superficial liquid velocity =
0.0059 m/s: longitudinal views, viewpoint from under the pipe
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Figure 7-39: Flow regimes in the horizontal steel pipe at superficial liquid velocity =
0.0059 m/s: longitudinal views, viewpoint from under the pipe

URN:NBN:no-7245



246 7. Three-phase gas-oil-water flow at low liquid loading

USG =9 m/s USG =11.5 m/s USG =14.5 m/s

=20%

WF

=50%

WF

=90%

WF

Figure 7-40: Flow regimes in the horizontal acrylic pipe at superficial liquid velocity =
0.0059 m/s: cross sectional views
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Figure 7-41: Flow regimes in the horizontal steel pipe at superficial liquid velocity =
0.0059 m/s: cross sectional views
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Figure 7-42: Flow regimes in the acrylic pipe at superficial liquid velocity = 0.04 m/s
and inclination = +0.5 deg. with the horizontal: longitudinal views
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——p» Flow Direction

Figure 7-43: Picture of irregular large amplitude waves developing in the acrylic pipe
in three-phase air-Exxsol D80-water flow. The water is dyed in green. This particular
case is at water fraction = 20%, superficial liquid velocity = 0.0059 m/s and superficial
gas velocity = 14.8 m/s. Note the droplets (water) depositing on the pipe wall

Figure 7—44: Picture taken from under the pipe of the water film contracting at the pas-
sage between a contaminated pipe wall (at the left) to a clean (pigged) pipe wall (at the
right). This case is for input water fraction = 50%, superficial gas velocity = 10.5 m/s and
superficial liquid velocity = 0.0059 m/s in the acrylic pipe
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——p»Flow Direction

Figure 7—45: Picture of the water rivulet instability in three-phase flow in the acrylic
pipe. The rivulet (in green) starts to meander and eventually breaks down into water
droplets dispersed in oil. The case is for water fraction = 20%, air superficial velocity =
14.8 m/s and superficial liquid velocity = 0.0059 m/s in the acrylic pipe

——9p» Flow Direction

Figure 7-46: Picture of the upper pipe wall at the transition between a contaminated
wall (left) and a clean wall (right). the picture is taken in the stratified/atomization flow
regime with 60% water fraction, superficial gas velocity = 25 m/s and superficial liquid
velocity = 0.04 m/s
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Chapter 8 A three-layer model
with curved interfaces

8.1 Introduction

In Chapter 6, it has been shown that two-fluid one-dimensional models that consider a
concave gas-liquid interface are slightly more accurate in predicting pressure drop and
holdup at low liquid loading than standard models assuming flat interfaces. In Chapter 7,
it has been observed experimentally that the oil-water interface was convex under condi-
tions of stratified separated three-phase flow at low liquid loading. In addition, three-layer
models assuming flat interfaces proved inaccurate in their predictions of phase fractions
at conditions of low liquid loading.

To investigate whether, at low liquid loading, the consideration that the fluid-fluid inter-
faces are not flat but curved could influence one-dimensional model predictions, a strati-
fied gas-oil-water steady-state flow model has been derived that incorporates interfacial
curvature in the calculation of integral flow properties.

This chapter is divided into three sub-sections. In Section 8.2, methods are reviewed for
predicting the interfacial shape for a two-fluid system in a circular duct. Section 8.3 is
devoted to the model derivation: the hydraulic model, the interfacial shape predictions and
the method of solution. Finally in Section 8.4, the model is tested against experimental
three-phase flow data acquired in the steel pipe (Chapter 7).

8.2 Interfacial shape prediction in two-phase flow

In stratified two-fluid computations in circular conduits, it is usually assumed that the flu-
id-fluid interface is flat. This is generally a good approximation when the density diffe-
rence between the two fluids is large and surface forces are small compared to bulk
gravitational forces.

In Chapter 6, it has been shown that at low liquid loading, or more generally, in the case
of a small phase fraction of the lower phase, better agreement with experiments is
achieved by considering interfacial curvature. In the case of gas-liquid systems, Hart et al.
(1989), Grolman et al. (1994), Chen et al. (1997) and Meng (1999) consider a concave
gas-liquid interface and propose ways of predicting the interfacial shape. However, these
are often based on mechanistic semi-empiricial considerations and make no mention of
surface forces.
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252 8. A three-layer model with curved interfaces

Brauner et al. (1998) have published a general two-fluid model assimilating the fluid-fluid
interface to a circular arc. The interfacial curvature is solved by taking surface forces into
consideration. It is recognized that, at low (and high) phase fractions of the lower phase,
the interface generally deviates from the flat configuration. The magnitude of this devia-
tion is shown by Brauner et al. to be a function of contact angle, phase fraction and a di-
mension less parameter, the E6tvos number, defined as:

20,
g, = [8.1]
(p,—pP)gcosOR?

where 2 indexes the denser (lower) fluid, 1 indexes the lighter (upper) fluid and G, is the
interfacial tension between fluid 1 and 2. Alternatively, the Bond number can be used de-
fined as:

o

2
B, = = 8.2
: [82]

The E6tvos number is a measure of the ratio of surface forces to gravity forces. It tends to
zero for low surface tension and high density difference between the two fluids as is the
case for gas-liquid flow. However, for fluids of close densities such as oil and water, the
Eo6tvos number can be large. Also, according to Figure 8—1, even at low E6tvés number,
for partial wetting of the denser fluid (contact angles departing from zero), the interface
is not flat at holdup approaching zero. This is in particular the case for gas-liquid pipe flow
at low liquid loading.

In Brauner et al. (1996), the interfacial curvature is solved by minimizing the change of
the system total energy (potential plus surface energy) associated with a change of the in-
terfacial curvature. Quoting Brauner et al. (1996): "Taking the configuration of plane in-
terface as a reference, the curving of the interface to either concave or convex shape is
associated with an elevation of the system centre of gravity, thereby increasing the poten-
tial energy. It also results in a change of the phases contact area with the tube wall and the
phases interfacial area, resulting in a change of the system surface energy". For a given
holdup, contact angle and E6tvos number, the change in the total system energy associated
with the process of curving the interface from the plane configuration is given by (Brauner
et al. 1996):

[8.3]

AE _ [sin38
R3L(p,—p;)gcosB]  Lsin?¢;

sv[siHS(Z; ) sind” + cos& (8 - 8)}

3 l . o, 2.
(cotd,; — cotﬁ)gn— o; + §s1n(2(1)j)+ + §sm3 SP} +

J

where variables are defined in Figure 8-3. 8" is the wetted angle in the case of a plane
interface and & the contact angle at the contact line between fluid 1, fluid 2 and the wall
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solid surface. Note that the interfacial curvature @;, the view angle Sj and the lower phase
fraction H are related geometrically by the following relationships:

R F YO _ 4sindg’[, 1 §
0 = H- -85~ 3sin(29) g, [q)j n 2sm(2q>j)J+ 8.4]
5 = 0,—n 8.5]

Equation [8.4] is derived in Appendix C. In the case of a flat interface: ¢; = ©, 6 = &7
and Equation [8.4] reduces to Equation [3.30].

By searching for the minimum of the total system energy change, one can determine the
optimal interfacial curvature that the system, for a given holdup, would spontaneously
adopt to minimize its total energy. Plots of the computed optimal interfacial curvature for
a two-fluid system of given E6tvos number and contact angle are given in the form of an
interface monogram. The monogram computed by Brauner et al. (1998) is reproduced in
Figure 8—1.

Once the interfacial curvature @; is known (or equivalently Sj), the interfacial perimeter
can be readily calculated as well as the gas and liquid wetted perimeters.

Ngetal. (1999, 2001) argue that the circular shape is only an approximation of the exact
interfacial shape, which results in a loss of information. They also highlight a discrepancy
between the physical contact angle (§) and the contact angle effectively obtained by sol-
ving the circular arc analysis (8). At low holdup, the predicted contact angle is too small
compared to the real (physical) contact angle when the latter is large (Ng et al. 1999).

Considering, as in Brauner et al. (1996), a static two-fluid system, Ng et al. (1999) com-
pute the exact interfacial shape by solving numerically the Young-Laplace equation and
imposing physical contact angles as boundary conditions at the triple line (wall-interface
contact line). As in Brauner et al., shapes are a function of three parameters: the contact
angle (€), the Bond number (or E6tvos number) and the lower phase fraction (H). Com-
puted interfacial shapes are shown in Figure 8-2 for various combinations of those three
parameters.

It can be seen from Figure 82 that, at low Bond number (high E6tvos number), the exact
interfacial shape closely approaches the circular shape. However, at high Bond number,
the interface adopts a more elliptical shape with a significant change of curvature from the
centre of the interface to the wall, the interface being nearly flat at the centre but highly
curved near the wall (meniscus). In this case, the circular arc models predict an almost flat
interface and neglect the existence of a meniscus at the wall. Apart from this aspect, the
circular arc approximation is considered to be in close agreement with the exact interfacial
shape (Ng et al., 1999).

By considering the interfacial shape, one can improve precision in the prediction of shear
stresses, pressure drop and phase fractions. Even though the flat interface models are good
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approximations for gas-liquid flows, large diameter pipes and moderate holdups, im-
provements can be foreseen by considering interfacial curvature in cases such as oil-water
flows, small diameters or limit conditions such as very small or very high holdup.

Both Brauner et al. and Ng et al.’s analysis consider a static two-fluid system for the de-
termination of the interfacial shape and do not consider the mechanical contributions of
fluid inertia, waves and turbulence to the interfacial shape. The approach, therefore, is ap-
propriate for laminar flow modelling but can nevertheless yield interesting approxima-
tions in the case of turbulent gas-laminar liquid flow and fully turbulent flow.

8.3 The Three-Circle model

8.3.1 Motivation

Building on the two-fluid model of Brauner et al. (1998), a three-layer model with curved
gas-liquid and liquid-liquid interfaces has been developed. For convenience, the model is
named hereafter the Three-Circle model by extension of the Two-Circle model by Chen
et al. (1997).

The motivation for considering curved interfaces is the following:

* There are experimental observations that the oil-water interface is convex in
three-phase gas-oil-water flow at low liquid loading (Section 7.2.3).

* In two-phase stratified flow, it is theoretically demonstrated by Brauner et al. (1998)
and Ng et al. (1999) that, at small holdup and partial wetting of the lower phase, the
interfacial shape deviates from the flat configuration even at low Edtvos number.

» There are discrepancies between conventional three-layer model predictions and the
experimental measurements performed in this thesis even in the case of separated
three-phase flow. For instance, this is the case for steel at moderate gas superficial velo-
city. The predicted oil and water fractions are in general too low (Figure 7-30).

The consideration of curved interfaces seems therefore relevant for simulating the present
experiments performed at low liquid loading, in a relatively small diameter pipe and for
oil and water of relatively small density difference. The model presented below however
has the generality that it yields nearly flat interfaces for the conventional three-phase
flows in large diameter pipes with large density differences between fluids.

As indicated in introduction, the Three-Circle model is merely an extension of Brauner et
al’s (1998) model. It now takes into account two fluid interfaces instead of one: a gas-li-
quid interface and a liquid-liquid interface. Other assumptions are those of classical
three-layer models and in particular, the phases are considered to flow in three separate
layers without mass exchange. The determination of the interfacial shape is based on sys-
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tem total energy minimization assuming static fluids. Some limitations are therefore ex-
pected in the case of fully turbulent flow. However, the Reynolds number in the liquid
phase is usually small at low liquid loading, close to laminar conditions.

In the following sections, the geometry of the Three-Circle model is discussed (Section
8.3.2), then the prediction of interfacial curvature (Section 8.3.3) and, finally, the calcula-
tion of integral flow properties (Section 8.3.4 to Section 8.3.6).

8.3.2 Model geometry

As in Brauner et al. (1998), the gas-liquid and liquid-liquid interfacial shapes are appro-
ximated by circular arcs. Liquid holdups are thus function of two parameters: a wetted
half-angle (8y or 8) and a view angle (3; or ;). These variables are defined in Figure
85 for the four possible combinations of interfacial curvature:

* Concave gas-liquid / concave liquid-liquid.

» Concave gas-liquid / convex liquid-liquid.

» Convex gas-liquid / concave liquid-liquid.

* Convex gas-liquid / convex liquid-liquid.

In the rest of this chapter, variables relative to the gas-liquid interface are indexed by j and

variables relative to the liquid-liquid interface are indexed by i. Subscript k is used to in-
dex the water or the oil phases (k = W,0).

It was found convenient, as far as computations are concerned, to introduce the following
variable as an alternative to the wetted half-angle:

O, — 8f
oF

Jor (0< 8, <8f)
8.6]

Cr =

Ok

_8]1; »
8;?for (8f <9, <m)

) ) e/ ) ) D

ci 1s called hereafter the "curvature index" and is a measure of how the interface deviates
from the plane configuration (¢, = 0 for 8, = 8 ). For -1 < ¢, <0, the interface is con-
vex and for 0 < ¢, < 1, the interface is concave.

Reciprocally, given holdups (Hy, H; ) and interfacial curvature index (cyy, ¢g):

» The wetted half angles for flat interfaces (Skp) are calculated using Biberg’s Equation
[3.31] with Hyy for 8y," and H; for 8

URN:NBN:no-7245



256 8. A three-layer model with curved interfaces

S0 = RHy, + 80 (1=2Hy  + HG—(1-Hy )V [87]

» The actual wetted half-angle is obtained by reversing Equation [8.6]:

OFP(1—c¢,) for (¢, <0)

i9F(1 +¢,) +me, for (¢, >0)

-/ (D:

[8.8]

In the following, it is assumed:
1. 0 <9, <m, meaning the model is valid for three-phase flow only.

2. 0<9, ;<m, meaning the interface is neither flat nor concentric to the pipe.

Two situations must be distinguished:
1. The interfacial arcs do not intersect.

2. The interfacial arcs intersect. The latter case is called in subsequent paragraphs the
"critical case".

In the first case, the view angles 8 can simply be expressed in terms of phase holdups
using Hyy for §; and Hy for &;:

[8.9]

3 17 sin28y, o5 &4SINdy o523 sin29,
0= Hi E[@BW’O T+ Gsmd,t (W 2 J’f(CWVO)

B 173 sin208y, o . 85100y, 0524 sin29, ;
O_HW’L_T_C[GSW’O_T++Qsm6 ‘98” 2 }lf(CWO<O)

ind
D,, = D20 [8.10]
b sind, ;

Equation [8.9] and Equation [8.10] are derived in Appendix C.

The view angles 9; ; ;,j are solved iteratively using Equation [8.9], given phase fractions Hyy
and H; . Once 9; j and D; ; are known, wetted and interfacial perimeters are readily calcu-
lated using the followmg geometrical relationships:

S, = D&, [8.11]

o = D(8o—3y) [8.12]
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S = D(n—3,) [8.13]
S, = D3, [8.14]
S, = D3, [8.15]

In the critical case, interfacial arcs intersect as shown in Figure 8—6. The view angle 8J- can
no longer be defined using Equation [8.9] on the basis of H; . Indeed, this would overes-
timate Hp. The equations defining 8j for the critical cases defined in Figure 8—6 are de-
tailed in Appendix C.

Angles w; ; are defined in Figure 8-6 and characterize the intersection of the two interfa-
cial circle arcs. They are required for the calculation of the interfacial perimeters in the

critical case. Equations defining w; ; are given in Appendix C.

Once ; ; jand w; ; are determined, wetted and interfacial perimeters can be calculated using
the followmg geometrical relationships:

S, = D3, [8.16]
S = D(m—max(dy, dy)) [8.17]

So = D(SO_SW) if(SOZSW)

. [8.18]
0if (85 <dp)
S =D& —w,)if(8,>98
i 1( i WI) lf‘( 0] W) [819]
S; = Dw, if (8, < dy)
SjO = Dj(8j_wj) if (82 dy)
SjO = Djo if (8, < 0p) [8.20]

Sy = Dow, if (85> 8y)
Siw = Di(8;—w;) if (8, < 8y)

In the critical case, the geometrical model predicts an hybrid gas-liquid interface with part
being a gas-oil interface of perimeter S;q and part being a gas-water interface of perimeter
Siw- It is questionable whether this situation can actually occur in practice but must be

J
taken into account to insure the consistency of the model.
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8.3.3 Prediction of interfacial curvature

The system energy considerations of Brauner et al. (1998) for a two-fluid pipe system are
extended to deal with the three-phase situation. Brauner et al. state that for given phase
fractions, the interfacial curvature is such that the system total energy, sum of the potential
energy and surface energy, is minimized. Brauner et al. (1996) derive an expression for
the system total energy variation caused by curving the interface from the flat configura-
tion, given in Equation [8.3].

With three immiscible phases, the problem is more complicated because one has to deal
with two interfacial curvatures simultaneously. In theory, the system energy should be ex-
pressed for a simultaneous change of both the gas-liquid and liquid-liquid curvatures and
a two variable minimization algorithm should be run on the system energy to obtain the
curvatures at equilibrium. In first approximation, it is possible to decompose the search
for the optimal interfacial curvatures into two steps.

1. First, the water-oil interfacial curvature is considered. The oil and water holdup being
given, the upper phase is considered to be an equivalent fluid of density equal to the
volume average of the oil and gas phase as shown in Figure 8—4. The optimal interfacial
curvature for this two-phase system at given water holdup is searched using Brauner et
al.’s (1996) analysis. The optimum interfacial curvature ®; is such that Equation [8.21] is

minimized:
[8.21]
AE, sin3d,, 2 1 )
: = td, — cotd)dn — 0, + = si 2.9+—'3&i+
ROL(P y— Poy)2c056] [smwi(co Pi 0O IGT = 0 3 SIn(20); 3 SIOw

(T —0,)

evi[sinSW o, sindf, + cos&; (84, — SW)J

i

The E6tvos and contact angle, in this case, are:

_ ZGwater—oil [8 22]
(pW_ peqi)gcoseR2 ‘

vi

E-’i = iwater—oil [823]

with the equivalent upper phase density given by:

.= +
p8q1 HO + (1 _HL)pO HO + (1 _HL)pG [824]

Once ®@; is known, &y and cyy are calculated using Equation [8.25], knowing the holdup
Hyy.
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13 1. 3 SInJ 52 1. 5
0 = Hy— 85, ~7sin(28,) - & sinq:.VE [q),.—n—ism(zq),.)}‘j [8.25]

2. After the water-oil interfacial curvature is determined, the gas-oil interface is conside-
red. The phase fractions being given, the lower liquid is assumed to be an equivalent
liquid of density equal to the volume average of the oil and water density, the upper
phase being pure gas. Brauner et al’s (1996) analysis is applied to this two-phase system
in order to determine the optimal interfacial curvature using Equation [8.26]:

[8.26]

J _
R3L(p,,;—Pg)gcosb]

. (n—9) . P P
svj[smSO S0, —sindf + cos&;(85 — 60)}

o sin'% : 1. 5,2
[ sin’¢; (cot; - (:‘)'[80)87c -0+ ism(2¢j)8 + §sm3 55} n

The E6tvos and contact angle are now:

20

_ oil—gas 827
(peqj_pG)gcoseR2 [ ]

8Vj

&j = éoilfgas [828]

with the equivalent lower phase density given by:

HO HW
peqj = FLPO + FLPW [829]

®; is used as an alternative variable for &;. Knowing the liquid holdup Hy, 8¢ and cq are
calculated from Equation [8.30]:

2 5ind 2
§5in0 5
¢ sing;*

0= HL%ESO%sinQS()) [q)jn%sin(zq)j)}g [8.30]
Some examples of interfacial shapes predicted by this method are given in Figure 8—7 and
Figure 8-8. Figure 8—7 shows the computed and measured interfacial shapes for a test
case at relatively high liquid content. The measured profiles were obtained by Roberts
(1996) using a dual gamma densitometer and recording chordal attenuations. Figure 8—8
shows the predicted interfacial shapes and liquid heights for serie #3.1 of the present ex-
periments at 20% water fraction in the steel pipe (Chapter 7). One can notice the increase
of the interfacial curvatures (especially for the water-oil interface) as the holdup decreas-
es.
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8.3.4 Closure laws

Once interfacial geometries are determined, integral flow properties are calculated as for
classical three-layer models. One needs to make a selection of friction laws to be able to
compute pressure drop and phase fractions.

The choice of the most adequate friction laws for three-phase steady stratified flow is still
an open issue and, as mentioned in Chapter 3, Khor et al. (1997) have formulated some
recommendations based on comparisons with an extensive three-phase flow database. A
three-layer model with flat interfaces is considered in their analysis.

It is not the object of the present chapter to recommend certain closure laws before others
but merely to illustrate the effect of considering a curved interface model instead of flat
approximations. It is chosen to take the same friction laws as in Taitel et al’s model (1995).
Taitel et al. (1995) have proposed simple friction laws that are fast and easy to compute.

For the wall friction factors, Blasius’ equation, Equation [3.7], is used for turbulent pipe
flow (Poiseuille’s Equation [3.5] for laminar flow) and the maximum of the two at transi-
tion. The hydraulic diameter definitions are those according to Khor et al. (Equation
[3.109], Equation [3.111] and Equation [3.112]). In those definitions, S; is taken as:

S, = S+ S0 [8.31]

with S5, # 0 in the critical case.

Gas-liquid interfacial friction is defined by Equation [3.118]. For the critical case, both a
gas-oil interfacial shear T;; and a gas-water interfacial friction Tjy are defined according
to:

1
T = ghPalUnl U [8.32]

Ujk = Ug—- Uy

Oil-water friction is computed from Equation [3.119] by Taitel et al. (1995).

8.3.5 Holdup equations

As in standard three-layer models, a double iteration on the total and water holdup equa-
tions must be performed to obtain the phase fractions. The total liquid holdup equation for
the Three-Circle model is slightly modified to account for the critical case for which

S;w# 0. Itis given by solving Equation [8.33]:
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[8.33]
0 =-H 15+ (1 -H)t S — (YoSio+ TwSiw) + (1 —H )H A(p, — pg)gsin®

The water holdup equation is also modified and is given by solving Equation [8.34]:

0 = —HytoSo+ (Hy — Hy)TySy T HyT0S,0 = (H, = Hy) Gy [8.34]
—H 7S+ Hy(H, — Hyp)A(py— po)gsin®

8.3.6 Solution algorithm

The search for the steady-state solution requires several parallel iterations and thus is
rather heavy in terms of computation.

The solution algorithm is schematically represented in Table 8-3. First, it is searched for
interfacial curvatures. The hydraulic model converges towards a unique (minimal) holdup
solution pair (Hy, H;) for any given pair of interfacial curvature (cy, c). An iteration
must be performed in order to determine the pair (cy, ) that minimizes the energy equa-
tions, Equation [8.21] and Equation [8.26]. This iteration is conducted as follows:

1. A value of ¢ is guessed.
2. A value of ¢y is guessed.

3. Holdups Hy, and Hj are calculated by double iteration on the total liquid and water
holdup equations, Equation [8.33] and Equation [8.34] respectively. Several solutions
are searched and only the solution pair giving the thinnest liquid layer is retained.

4. Equation [8.21] is minimized by iteration on cyy and the optimum cyy is returned.

5. With ¢y from step 4, Equation [8.26] is minimized by iteration on cp and the opti-
mum c, is returned.

6. The returned cg and the guessed cy are compared. If they differ, a new c is guessed
and step 1-6 are repeated until convergence.

At convergence, c(y and cyy define the optimum interfacial curvatures for which the sys-
tem total energy is minimum. The water and liquid holdup are calculated and finally the
pressure drop.

The Three-Circle model algorithm requires solving several implicit equations. The solu-
tion search procedure can be any mathematical algorithm for continuous or non continu-
ous functions changing sign in the solution interval. In the computations performed in this
thesis, the MATLAB'’s function FZERO has been used. It uses a combination of bisection,
secant, and inverse quadratic interpolation methods (MATLAB’s User Guide 2002).

For the minimization of the energy equations, the minimization search algorithm used is
that of MATLAB’s FMINDBD routine which searches for the minimum of continuous
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function of one variable on an interval. The algorithm is based on golden section search
and parabolic interpolation (MATLAB’s User Guide 2002).

8.4 Comparison with experimental data

The Three-Circle model predictions are compared with the experimental three-phase flow
data acquired in the steel pipe at low liquid loading. The reason for this choice is that, as
shown in Chapter 7, the acrylic pipe exhibits an atypical behaviour due to a more hydro-
phobic surface and a tendency to dispersed flow in the liquid layer. The Three-Circle
model, by assumption, is relevant for modelling separated three-phase flow only and this
flow regime is effectively observed at moderate gas superficial velocities (up to 15 m/s)
in the steel pipe. Significant surface effects are expected to occur at low liquid loading and
the Three-Circle model should bring improvements upon Taitel et al.’s three-layer model
(Taitel et al. 1995) developed for flat interfaces.

Two types of comparisons are performed:

1. A statistical analysis of the relative error between prediction and measurement. A
relative algebraic error for each data point is calculated according to Equation [E.4]. A
gaussian probability density function (pdf) is assumed for the error distribution as given
by Equation [E.5] with mean and standard deviation given by Equation [E.6] and Equa-
tion [E.7] respectively. A table of mean and standard deviation of errors for the compari-
son with the steel pipe data is given in Table 8—1.

Table 8-1: Statistics summary for the comparison between this thesis’ three-phase flow
data in the steel pipe and three-layer models with flat and curved interfaces

Taitel et al. (1995) Three Circle model

Berr Py Berr Py

Total liquid holdup -0.38 0.11 0.10 1.23
Water holdup -0.26 0.13 0.32 2.71
Oil holdup -0.50 0.13 0.09 0.45
Pressure drop -0.10 0.09 0.01 0.31

2. Detail plots of comparisons with experimental series. This is to compare predicted
variations of integral flow properties with flow parameters with the measured variations.
The plots are summarized in Table 8-2.
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Table 8-2: Comparisons between three-phase flow data in the 60 mm i.d. steel pipe and
the Three-Circle model (Detail plots)

Label Page Topic

Serie #1 at 20% water fraction: sensitivity with liquid superficial

Figure 89 | P272 velocity at fixed gas superficial velocity

Serie #2.1: sensitivity with water fraction at fixed gas superficial

Figure 8-10'| P 273 velocity 14.8 m/s and fixed liquid superficial velocity 0.0059 m/s

Serie #3.1: total liquid holdup sensitivity with gas superficial

Figure 8-11 | P 274 velocity and fixed liquid superficial velocity 0.0059 m/s

Serie #3.1: water holdup sensitivity with gas superficial velocity

Figure 8-121 P 275 and fixed liquid superficial velocity 0.0059 m/s

Serie #3.1: oil holdup sensitivity with gas superficial velocity and

Figure 8-13 | P 276 fixed liquid superficial velocity 0.0059 m/s

Serie #3.1: pressure drop sensitivity with gas superficial velocity

Figure 8-14 1 P 277 and fixed liquid superficial velocity 0.0059 m/s

8.4.1 Overall statistics

From results in Table 8—1, it can be said that the Three-Circle model displaces Taitel et
al.’s model results towards higher oil and water holdups, in better agreement with the ex-
perimental data. The pressure drop also gains from the better holdup predictions.
However, the standard deviation of the mean error is generally higher and this is due, as
seen in the detail plots, to the performance of the model in the upward inclined case.

8.4.2 Detail plots

The following can be said of the detail plots in Table 8-2:

* The consideration of the interfacial curvature for the experiments in the 60 mm 1i.d.
steel pipe yields a three-layer geometry where the gas-oil interface is nearly flat (slightly
concave) and where the oil-water interface has a tendency to be convex at low liquid loa-
ding, as shown in Figure 8-8. Due to the increased oil-wall contact, the predicted oil
fraction is higher than if the interfaces are considered flat and this is in better agreement
with the experimental data. The predicted water holdup is also higher, compared to Taitel
et al.’s predictions. This is due to the reduced drag at the oil-water interface due to the
smaller oil-water relative velocity (oil experiences a higher wall drag and its mean velo-
city is reduced). The increased water holdup is also in better agreement with the experi-
mental data. This is apparent both at low gas velocity and high gas velocity in Figure
812 and Figure 8—13. The total holdup benefits from these trends (Figure 8—11).

» There is yet a severe over prediction of the phase fractions close to the transition to
slug flow in the inclined case. The situation is actually worsened compared to Taitel et
al.’s model due to the increase of the total holdup. As mentioned in Chapter 7, the reason
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for this discrepancy is a weakness in the interfacial friction models. Due to the overesti-
mated holdup, the pressure drop also mismatches with the experimental data close to the
slug transition.

* The agreement with measured holdup and pressure drop is improved in the stratified
flow regime at moderate gas velocities (gas superficial velocity comprised between 10
m/s and 20 m/s) compared to Taitel et al.’s model. There is good agreement with the
holdup and liquid composition data for the Serie #2.1 in Figure 8-10. However, the
agreement is poor at high gas velocities. There are two reasons for this discrepancy. First,
at high gas velocities, the flow regime in the liquid phase is no longer separated but dis-
persed flow and the real situation departs from the model assumptions. Second, there is
intense droplet generation and deposition in this regime whereas no droplet field is con-
sidered in the Three-Circle model.

* There is good agreement with the holdup data at the limit of the very low liquid loa-
dings (Serie #1, Figure 8-9). However, there are discrepancies at higher liquid superfi-
cial velocities.

8.5 Summary

In this chapter, a new three-layer model has been derived for one-dimensional computa-
tions of steady-state pressure drop and phase fractions in three-phase gas-liquid-liquid
flow. Unlike standard three-layer models, this model considers the effect of curved gas-li-
quid and liquid-liquid interfaces on flow properties. The physical principle for determi-
ning the interfacial shape is that of minimum system total energy (potential and surface)
for the static three-layer system. The analysis builds on Brauner et al.’s theory (1998) de-
veloped for a general two-fluid system in a circular duct with interfacial shapes assimi-
lated to circle arcs. An approximate two-step search of the optimal interface curvature has
been used. In the future, the more rigorous calculation of the exact interfacial shape using
Young-Laplace equation is recommended.

The effect of considering curved interfaces has been compared to the companion three-la-
yer model of Taitel et al. (1995) with flat interfaces but identical friction laws. At identical
closures, the Three-Circle model yields higher oil and water fractions, in better agreement
with the experimental data. The prediction of the Three-Circle model are not satisfactory
at small upward inclinations due to non adequate interfacial friction closures.
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Table 8-3: Solution algorithm for the Three-Circle model

start

perform steps

initialize variables
read case and update input variables

iterate on cq

A|guess ¢ in -1<cp<1

iterate on cyy,

1 |guess cyy in -1<cy<I

iterate on Hy

I |guess Hj in O<H <1

iterate on Hy,

a

guess Hyy in 0<Hy<I

b

compute wetted half-angles, Equation [8.8]

C

iterate on water circle equation

i |guess O; in 0<O;<T

1 |return to step 1 until Equation [8.9] is satisfied

iii |return O;

iterate on oil circle equation

i |guess ; in 0<d;<m

il |return to step i until Equation [8.9] is satisfied

iii |return Sj

if not critical

i |c0mpute interfacial geometries, Equation [8.11] to Equation [8.15]

if critical

i |iterate on Sj

a |guess Sj on appropriate interval (see Appendix C)

ii |b |return to step a until Equation [C.16] is satisfied

¢ |return Sj

iii {compute interfacial geometries Equation [8.16] to Equation [8.20]

compute hydraulic diameters

1

compute shear stresses

J

repeat from step a until Equation [8.34] is satisfied

k

return Hyy

III |repeat from step I until Equation [8.33] is satisfied

IV |return Hy

3 |return to step 1 until energy equation Equation [8.21] is minimized

4 |return cyy

C|return to step A until energy equation Equation [8.26] is minimized

D|return ¢

Il [terminate steps
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Table 8-3: Solution algorithm for the Three-Circle model
compute (Hy, Hy) for (cy, co)

compute pressure drop from Equation [3.93]

save data

terminate

AED [ | T L]
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Phase distribution angle, Y

Figure 8-1: Optimal interfacial curvature versus phase distribution angle for given
E6tvos number and contact angle. In the figure, o indicates the contact angle (§ in this
dissertation) (from Brauner et al. 1998)
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Figure 8-2: Variation of the interfacial shape with holdup for constant Bond number
and contact angle. In this figure, 6 indicates the contact angle (& in this dissertation). H =
0.1, 0.2,...0.9 (from Ng et al. 2001)

URN:NBN:no-7245




268 8. A three-layer model with curved interfaces

Figure 8-3: Variable definitions for curved circular arc interface models

s (GAS+OIL) GAS

WAT hW W hL IL + WA

for ¢y, for ¢,

Figure 8—4: Search for optimal system interfacial curvatures
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Figure 8-5: Geometries for the Three Circle model
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Figure 8-6: Critical geometries for the Three Circle model

=

URN:NBN:no-7245



270 8. A three-layer model with curved interfaces

Run mfi011]

0.02 -

-0.01 -

-0.02-

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Figure 8-7: Measured and computed interfacial shapes and liquid heights for a
three-phase stratified flow example. Superficial gas velocity = 6.18 m/s, superficial oil
velocity = 0.039 m/s, superficial water velocity = 0.041 m/s, gas density = 2.204 kg/m?,
oil density = 862.6 kg/m3 , oil viscosity = 0.046 Pa.s, oil/water/pipe contact angle = 80
deg., air/oil/pipe contact angle = 0 deg., internal pipe diameter = 0.0779 m, inclination =
0 deg. Top: interfacial profiles as measured by Roberts (1996); Bottom: profiles and
liquid heights calculated with the Three-Circle model
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Figure 8-8: Interfacial shapes and liquid heights calculated with the Three-Circle
model. Test cases are those of serie #3.1 at superficial liquid velocity = 0.0059 m/s, water
fraction = 20% in the horizontal steel pipe
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Figure 8-9: Serie #1, sensitivity with liquid superficial velocity at fixed gas superficial
velocity. Comparison of measurements with the Three-Circle model
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Figure 8-10: Serie #2.1, sensitivity with input water fraction at fixed liquid superficial
velocity = 0.0059 m/s and fixed gas superficial velocity = 14.8 m/s in horizontal pipes.
Comparison of measurements with the Three-Circle model
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Figure 8—11: Serie #3.1, total liquid holdup sensitivity with superficial gas velocity at
fixed liquid superficial velocity = 0.0059 m/s. Comparison of measurements with the
Three-Circle model
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Figure 8-12: Serie #3.1, water holdup sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with the

Three-Circle model
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Figure 8-13: Serie #3.1, oil holdup sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with the

Three-Circle model
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Figure 8-14: Serie #3.1, pressure drop sensitivity with superficial gas velocity at fixed
liquid superficial velocity = 0.0059 m/s. Comparison of measurements with the
Three-Circle model
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Chapter 9  Conclusions

9.1 Summary of the thesis

The work performed in this thesis can be roughly divided into four main parts:

1. A review of the literature on stratified gas-liquid and gas-oil-water pipe flow with
focus on the flow hydrodynamics (Chapter 2) and one-dimensional models (Chapter 3).

2. The qualification of measurement techniques for steady gas-liquid flow at low liquid
loading (Chapter 4).

3. Three experimental studies: a study of gas flow on wet walls (Chapter 5), measure-
ments of pressure drop and holdup for steady-state two-phase gas-liquid flow at low
liquid loading (Chapter 6) and measurements of pressure drop and holdup for steady-
state three-phase gas-oil-water flow at low and moderate liquid loading (Chapter 7).

4. Modeling of gas-liquid flow at low liquid loading including comparisons of measure-
ments with annular flow models (Chapter 5), comparisons with one-dimensional strati-
fied flow models and the multiphase flow simulator PETRA (Chapter 6, Chapter 7) and
the derivation of a three-layer model with curved interfaces (Chapter 8).

9.2 Conclusions

The following conclusions can be drawn from the results obtained in this thesis:

Two-phase flow

» Despite the low input liquid loading, the in-situ liquid holdup can be high in upward
inclined pipes at low gas flow rates, such that the flow becomes gravity dominated. At
conditions of high gas flowrates where the flow is friction dominated, gas-wall friction
dominates at low liquid loading but liquid-wall friction can be at least as important as
gas-wall friction, especially for high viscosity oils. There is a large increase of the pres-
sure drop at conditions of atomization flow for which wetting of the upper pipe wall
occurs.

* For the experiments performed in stratified flow, liquid-wall friction is best repre-
sented by Hand’s friction factor correlation (Espedal 1998). Gas-liquid interfacial fric-
tion is best represented by Hart et al’s correlation (Hart et al. 1989) though the latter
generally over predicts.
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* Best holdup and pressure drop predictions at low liquid loading are obtained from
Grolman’s MARS model (Grolman 1994), but the general purpose multiphase flow
simulator PETRA also gives acceptable results. However, there is currently no model
that can accurately predict the holdup increase close to the transition to slug flow nor the
pressure drop increase due to droplets in stratified/atomization flow.

Three-phase flow

* Three-phase flow at low liquid loading is dominated by a dependency with input
water fraction. In gravity dominated flows, the holdup is the most sensitive parameter
and exhibits a peak at intermediate water fractions, due to local separation of water and
oil. This is enhanced at upward inclinations and high density differences between the two
liquids. In friction dominated flows, the pressure drop can exhibit a dip or a peak, depen-
ding on the gas-liquid flow regime (stratified / atomization) and the state (separated / dis-
persed) of the liquid layer. At increasing gas flowrate, the peak is enhanced and
displaced towards lower water fractions.

* At low liquid loading, there is an effect of pipe wall material in three-phase gas-oil-
water flow. This is because water and oil are competing for the wetting of the wall sur-
face. In two-phase gas-liquid flow, the effect of pipe material is not significant. In three-
phase gas-oil-water flow, the wall material interacts with the flow regime in the liquid
layer (separated or dispersed) and the degree and nature of the wetting of the upper pipe
wall. In the acrylic pipe, the liquid forms a dispersion at smaller gas velocity compared
to steel when the gas velocity increases. When a dispersion forms, large amplitude waves
appear at the gas liquid interface and increase the amount of droplets in the gas core and
depositing at the wall. As a result, oil is accumulating in acrylic whereas water is accu-
mulating in steel. The pressure drop is also higher in acrylic compared to steel. The sig-
nificance of the material effect decreases as the liquid holdup in the pipe increases.

* A characterization of the wall surface has been suggested to predict the effect of wall
material in three-phase flow at low liquid loading. It consists in measuring the difference
between advancing and receding contact angles on the pipe wall material for a water
droplet in oil. It can be shown that the higher the hysteresis, the higher the adhesion of
the water droplet on the material when displaced by oil.

» Compared to bare steel, the epoxy coating has little influence on the flow which con-
serves the characteristics observed in steel.

* One-dimensional gas-oil-water three-layer models can not reproduce with acceptable
accuracy the measured three-phase stratified flow data at low liquid loading. The agree-
ment is improved using Khor et al.’s model closures (Khor et al. 1997) in case of mode-
rate liquid loading. The multiphase pipe flow simulator PETRA provides better overall
prediction of three-phase gas-oil-water flow at low liquid loading than three-layer
models. However, two discrepancies are identified. First, for gravity dominated flows,
the holdup is under predicted compared to experiments. The holdup dependency to water
fraction is not well accounted for. Second, for friction dominated flows in the atomiza-
tion regime, the pressure drop is underestimated.
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* The Three-Circle model, a three-layer model with curved interfaces, can reproduce
measurements in horizontal pipes with better accuracy than if the interfaces are assumed
to be flat, provided the flow regime is separated gas-oil-water flow. In inclined pipes,
more accurate interfacial friction closures are required to achieve better agreement with
the experimental measurements.

Wet walls

* No drag reduction has been obtained with a thin moving liquid film at the wall due to
the premature film de-wetting and the occurrence of instabilities at the gas-liquid inter-
face. The pressure drop is enhanced with partial wall wetting compared to a dry wall.
The measured gas-liquid interfacial friction is not correctly reproduced by Wallis’ fric-
tion factor correlation (Wallis 1969). For very thin films, the pressure drop is best pre-
dicted with Hart et al.’s interfacial friction correlation (Hart et al. 1989) and an apparent
interfacial roughness that scales with the film thickness.

9.3 Recommendations for future work

The following recommendations can be made for further work on the topic of low liquid
loaded gas flow in pipes:

* Some effects have been identified in this thesis that require confirmation from
detailed measurements. Measurements needed are the intensity of the droplet field, the
regime (dispersed / separated) of the liquid layer depending on wall material, the magni-
tude of the wall and interfacial friction and the degree of wall wetting in three-phase
flow.

* It would be relevant to further investigate the effect of material water affinity on
three-phase gas-oil-water flow. New wall materials, proven hydrophobic or hydrophillic,
could be tested. Arney et al. (1995) give suggestions of hydrophillic walls (Chapter 2).
Another test would consist in temporarily altering the water affinity of the material by
injecting a chemical. As shown by Mannes et al. (1997), glycol based corrosion inhibi-
tors are expected to modify the water-wall contact angle in presence of oil in steel pipes.
Other classes of chemicals called "superspreaders" could also be tested such as silicon
based surfactants. Such products are used in agriculture to render surfaces hydrophillic
and improve the spreading of water based pesticides (Adamson et al. 1997, p. 467).

* The suggested method for characterizing the water affinity of a material, based on
contact angle measurements, needs to be tested on a wider range of surfaces. A method
for measuring contact angle hysteresis, based on the measurement of the "drop-off"
angle, is described in Kvernvold et al. (1981). It consists in measuring the angle at which
a drop of water starts to slide down an inclined plane of a selected material. Based on a
static force balance, this angle can be shown to be proportional to the contact angle hys-
teresis.
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» [t would be interesting to test the influence of varying wall sand grain roughness on
the flow at low liquid loading. In particular, it is expected that surface roughness has an
impact on contact angle hysteresis and therefore can have an effect on wall wetting in
three-phase gas-oil-water flow.

» Experiments on walls artificially wetted with liquid droplets would permit to improve
gas-wall friction laws in atomization flow.

» Three-phase gas-oil-water transient flow experiments have been tried out in this thesis
and more transient experiments are required for testing against transient multiphase flow
codes. Transient experiments are relevant to engineering issues such as pipeline shut-
down, start-up and pigging operations.

» New experiments may be performed to further investigate the theoretical possibility
of pressure loss reduction in gas pipes using a liquid film at the wall. Chemicals could be
used to improve film behaviour. Two classes of chemicals may be investigated: wetting
agents, to delay film de-wetting and therefore achieve thinner films, and surfactant poly-
mers, that can stiffen the gas-liquid interface and hence reduce the effect of gas induced
turbulence.

* A more comprehensive three-phase one-dimensional stratified flow model is required
that can extrapolate correctly to the case of small phase fractions. Such a model may
include:

- a model for predicting the transition from stratified to dispersed flow in the
liquid phase, if possible including surface effects.

- in case of dispersed liquid flow, a viscosity model and a model for phase inver-
sion.

- in case of separated oil-water flow, a three-layer model including interfacial
curvature. It is recommended that the prediction of exact interfacial curvature should be
pursued through the resolution of the Young-Laplace equation.

- A model for droplets: onset, entrainment and deposition.

- Friction laws based on velocity profiles derived from first principles.
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Appendix A Tabulated experi-
mental data

A.1 Introduction

This appendix contains the following tabulated data:
» Steady-state pressure drop and phase fraction measurements (Section A.2).
* Measurements for the transient film thinning experiments (Section A.3).

* Measured and computed shear forces for the case of the acrylic pipe in two-phase
flow as discussed in Chapter 6 (Section A.4).

The flow regime code for the steady-state experiments is described in Chapter 7.

URN:NBN:no-7245



Appendix A

292

op1S0d| - 78 |€0+H0°1|20+dT8|#0+H6'S| LTT | SLT | TI'L | ¥SI | S1°0 | 1T [L¥00°0|T100°0| 0T |6S00°0] 08'¥1 | 8I
oy1S0d| - €8 |€O+ATT|TO+IE6[H0+H6'S| 8¥' T | €02 | 8T1 | 9L1 | 0T0 | LT [LS00°0|#100°0] 0T |1L00°0] 08°¥1 | LI
oy1S0d| - L8 |€OHACT|CO+a T T|F0+H6'S| €1 | L€T | 61 | ¥0T | $T0 | €€ [1£00°0/8100°0| 0T |8800°0] 08'¥1 | 91
op1S0d| - 68 |€0+AST|€0+TT T |#0+d6'S| 9L°1 | ThT | ISTT | LOT | STO | SE€ [0800°0/0200°0| 0T |0010°0] 08'%1 | SI
op1S0d| - 16 |€0+d9°1[€0+HE T[40+d09| €0°T | 84T | TLT | 9€T | 1€0 | T¥ |0600°0{2T00°0| 0T [TI10°0| 081 | ¥I
op1S0d| - 76 |€0+a9°1|€0+aF 1|#0+H0°9| 60T | £8T | 8L1 | ¥bT | 1€0 | € [#600°0|+200°0| 0T [8110°0| 0871 | €I
opISS | - 901 |€0+d9°€|€0+aY €[#0+H09| v€'S | 0TL | TTH | OLS | T1'1 | 0ST |0T£0°0/0800°0] 0T [00+0°0| 08 %1 | TI
%07 = dA Ayapisuas 180 |

ILS | 60T | ¢S - [20+H0T{40+d6°S| 610 | 9T | 61°0 | 9T | 000 | 0 |€000°0[00000| 0 [£0000| 08+1 | II

AR - IS - |co+aC 1|p0+a6'S| STO | S€ | sTO | S€ | 000 | 0 |#000°0/0000°0| 0 [#0000| 08¥1 | OI

AR - €S - |20+dL1|p0+d6°S| 1€0 | TP | 1€0 | T¥ | 000 | 0 |9000°0[0000°0] 0 [9000°0| 08¥1 | 6

¢LS - S - [20+d8°7[#0+d6°S| 050 | 89 | 0S0 | 89 | 000 | 0 |T100°0[0000°0| 0 [ZI000| 08%1 | 8

LS - S - |20+d6°€[40+a6°S| ¥9°0 | 88 | ¥9°0 | 88 | 000 | 0 |8100°0/0000°0| 0 [8100°0| 08 %1 | L

LS - 8¢ - [20+d6P|$0+d6°S| 9L°0 | 01 | 940 | #01 | 000 | 0 |¥200°0[0000°0] 0 [+200°0| 08¥1 | 9

LS - 59 - |20+d€8|0+d6°S| 1TT | 991 | 1TT | 991 | 000 | 0 |Lv00°0[0000°0| 0 [L+000| 08%1 | S

LS - 89 - |€0+F0T|p0+d6'S| 9€T | 981 | 9€'T | 981 | 000 | 0 16500000000 0 [6500°0| 08+ | ¥

LS - 1L - |€0+dT1{#0+d6°S| 1T | £0T | ST | L0Z | 000 | 0 |1£00°0[0000°0] 0 [IL000| 08¥%1 | €

LS - €L - |0+a¥ 1[p0+d6°S| 1LT | S€T | 1L | SET | 000 | 0 |8800°0/0000°0| 0 |8800°0| 08+%I | €

ovLS | 91T | III - |€0+HEP[$0+H09] €67 | S99 | €67 | 99 | 000 | 0 |00¥0°0[00000] 0 [00¥0°0| 08F1 | I

%0 = AA K1ap1suds 150 |
Do |Wred| - - - % | Mmoo | % | Qu | 9 | qu | sau | s | o | s/ | sau |
[ensipA L | Xp/dp| Moy Oay Doy 101y oy My 0Sq | MSy (M| TSn | 98y |dxA

GvC/-OUINAN:NHN

sjudumnd.Inseawl Qw&wmn%ﬁ&@ww a&a&ﬁ pajenqe], 'V

odid o1]A10Yy ‘[# 9LS -V d[qEL



293

Appendix A

GvC/-OUINAN:NHN

AR - LS - - - - - - - - - 10000°0/8100°0]| 001 [8100°0| 08'+1 | 8¢
¢LS - 86 |€0+dS 1| - |[pO+H6'S| 180 | IIT | 000 | 0 | 180 | ILI [0000°0/6200°0]001|6200°0] 081 | LE
pLS - $9 |€0+HET] - |[P0+H6'S| S6°0 | 0€T | 000 | 0 | S6'0 | OSI [0000°0|L¥000| 001 [L¥000| 08 F1 | 9€
vLS - L9 |€o+dLT| - |p0+H6'S| 60T | 0ST | 000 | 0 | 6071 | 0SI |0000°0[6S00°0| 001 [6500°0] 081 | S€
vLS - 0L [€o+d0°€l - |p0+d6'S| 1€T | 081 [ 000 | 0 | IE€T | 08I [0000°0|1200°0] 001 |1L00°0] 081 | +€
vLS - LL |€0+H9°€| - |pO+H6'S| LSTT | 91T [ 000 | 0 | LST | 91T [0000°0[8800°0| 001 [8800°0] 081 | €€
opLS | 01T | 0TI [p0+d1°1| - |[$0+H0°9] L9F% | 0£€9 | 000 | 0 | L9% | 0£9 [0000°0/00+00] 001 |00+0°0| 08+ | CT€
%001 = AA\ AMAnisuos 1S |
y1S0Od | 012 | 65 |TO+HEE[10+dS 8|v0+H6'S| 620 | 6€ | 10 | 62 | L00 | OI [£000°0[£000°0| 0S [9000°0] 081 | 1€
v1SOd | 012 | S9 |TO+HSS|TO+AS 1|p0+H6'S| €770 | 85 | 2€0 | € | 11°0 | SI [9000°0/9000°0| 0S [2100°0] 08¥1 | 0€
¥1S0d | 1'1Z | 8L |T0+dS6|T0+d8°T|¥0+d6'S| TOT | 8€1 | €90 | S8 | 6€0 | €5 [S100°0[S100°0| 0S |6200°0] 08+1 | 6T
opLSOd| ¥'0Z | L8 |€0+H91|T0+AEY|v0+d6'S| 801 | 9¥L | €20 | 86 | 9€0 | 8v |$200°0{#T00°0] 0S |L¥00°0| 08'¥1 | 8T
opLSOd| L1Z | 16 |€0+H61|20+dy S|v0+d6'S| 11T | €ST | #°0 | TO1 | L£0 | IS |6200°0{6200°0] 0S |6S00°0| 08'¥1 | LT
op1SS | 80T | 6 |€0+H0°T|20+d0°9|¥0+d6's| S€1 | 981 | T80 | IIT | 950 | SL |S€00°0|S£00°0| 0S [1200°0] 08'+1 | 9T
OpISS | 20T | L6 |S0+HAPT|T0+HIL{Y0+H6'S| TOT | 81T | 960 | 6Z1 | 990 | 68 |¥¥00°0[#+00°0| 0S |8800°0] 08+1 | ST
opLSS | 6°0Z | 001 - - - - - - - - - 19500°0/9500°0| 0S |2110°0| 08+ | ¥
OpLSS | 071 | 001 |€0+H0°€|c0+AT6/¥0+90°9] €0T | #LT | 9U'T | LST | £8°0 | LIT |1900°0|1900°0| 0S |2Z10°0]| 08 %1 | €T
op1SS | 071 | €11 |€0+H6'9/€0+dTT|¥0+30°9] TTs | s0L | vL'T | oLE | 8% T | s€€ |00200]00T0°0] 0S [00¥0°0]| 08¥1 | 2T
%0S = A Anapisuas TSp

v1SOd | €12 | 79 |T0+dTH|T0+d1E[v0+d6'S| 290 | ¥8 | 9S0 | 9L | 900 | 6 [¥#100°0{#000°0| 0Z |8100°0| 08'¥1 | 1T
vlsod | - 69 |T0+dE9|T0+dL Y|p0+d6'S| €80 | #II | #L°0 | TOT | 60°0 | TI [$200°0{9000°0| 0T |6200°0| 08'¥1 | 0T
pLSOd | - 8L |20+d9°8|20+88'9|v0+d6°| TI'T | +ST | 860 | S€T | #1°0 | 61 [8£00°0/6000°0] 0T [LF000] 08'¥1 | 61
Do | Wwred - - - % W | % | u | % | [u | sum | su | o | s | s | #

[ensip L | Xp/dp| Moy Oy REN 101l oy Mg oSy | MSy [dAM | 1S | 9Sq | dxF

odid o110y ‘[# 9LBS -V d[qEL



Appendix A

294

GvC/-OUINAN:NHN

LS 9°0¢ 14 - C0+HO T|¥0+d6°S| 0C0 9¢ 1 0C0 | 9¢ - - 1€000°0]10000°0{ O |[€000°0| 08I | €S
elS v 0T 14 - COHHE T [Y0+H6°S| 9T0 ¢€ [ 900 et - - |¥000°0|0000°0{ O [+¥000°0| 08I | CS
eLS ['1¢C (314 ; 20+d9° 1[{¥0+d6°S| TE0 Iy | €0 5% - - 19000°0|0000°0{ O [9000°0| 08¢l | IS
LS 9°0¢ 0§ - COHHLC|YO+H6'S| ¥S0 69 | ¥vS0 | 69 - - |C100°0)0000°0{ O |[C100°0|08YI | 0S
eLS ¢0¢ [4S : C0+H6°¢[Y0+H6°S| S9°0 4] $9°0 4] - - |8100°0/0000°0{ O |81000|08VI | 6V
eLS 9°0¢ 9¢ - COHHLS[YO+H6°S| €60 | 8IT | €60 | 8II - - 16¢00°0/00000{ O |6C000|08YI | 8
eLs 8°0¢ 09 ; O+He8[YO+H6'S| €CT | SST | €CT | SOI - - |L¥00°0]00000] O |L¥000|O8VI | LY
v.LS 66l | O¥9 : c0+d6°6[v0+H6°S| 6€°1 | 9LT | 6€°1 | 9LI - - 16500°0/0000°0{ 0 |6S000| 08Vl | 9
AR 1'1¢ 99 - C0+dCT|1v0+d6°S| 6v'1 | 881 | 6¥'1 | 881 - - |I£00°0|0000°0{ O |TLO00O|O8YVI | Sv
AR 9°0¢ 69 : cO+HdY 1|¥0+d6°S| vL°'T | 0CC | ¥L'T | 0CC - - 18800°0/0000°0{ O |88000| 08Vl | vv
OyLS - €0l - c0+dEP|¥0+H09] T1°S | S¥9 | TT°S | SP9 - - 100¥0°0]0000°0] O |00O¥O0| O8 VI | ¢t
%0 = M Apapisuas 150 |

Do | W/ed - - - Y% w % ju Y% ju A LS R L s/ #

[ensIA L Xp/dp ?rmvm Ovm Uvm HOHH.M O: ?rm OmD ?/mD AM ‘.—mD UmD ‘dxq

odid [ea)g ‘[# LIRS 17—V AqeL
[LS 86l 6y |[T0+d1'C - vO+d6°S| <10 91 00°0 0 ¢l'0 | 91 10000°0{<000°0|00I|20000| 08Vl | Cv
[LS - 6y |20+d9°¢ - v0+d6°S| 0C0 LT | 000 0 0C0 | LT ]0000°0{¥000°0| 00T |+000°0| O8' VI | It
(AR - 0S¢ [co+dvy - vO+d6°S| SCTO 43 00°0 0 SCO | v¢ 10000°0{9000°0[{00T [9000°0| 08+ | OF
LS . ¢S 1C0+dS L . y0+d6 S| 0¥ 0 c¢ 00°0 0 0’0 | €S 10000°0/2100°0{001 {1000 08I | 6¢
o |wred| - - - % | Mo | oo | o | o | pu | sw | s | op | s | s | o

[ensiA L Xp/dP| Moy Oay O3y LOLg o Mg 0Sn | MShy (AM | TSy O9Sn ‘dxq

odid o110y ‘[# 9LBS -V d[qEL



GvC/-OUINAN:NHN

m %001 = AM K1anisuds 1S
1ISS | 1'2C | 9v |T0+ALT|10+F€8|¥0+H6'S| 9€0 | Sv | 610 | vT | L1'0 | 1T [€000°0[€000°0] 0S |9000°0| 08'+1 | TL
TLSS | 61T | 9 |T0+ATH|T0+AY 1[#0+H6'S| 9v'0 | 6S | €20 | 6T | $T0 | 0€ [9000°0|9000°0| 0S | 1100°0| 08+ | 1L
€LSS | 61T | 0S |T0+HE 6|0+ E|v0+H6'S| SL0 | S$6 | ¥€0 | €v | 1#'0 | TS |ST100°0[S100°0] 0S [6200°0| 08+1 | OL
€LSS | 61T | TS |€O+HET|T0+HE Y|v0+d6'S| LT'T | 8¥I | 6¥°0 | 29 | 89°0 | 98 |$200°0|+T00°0| 0S | L¥00°0| 08+1 | 69
€LSS | 90T | LS |€0+AST|[C0+ATS|#0+H6'S| TET | L9T | 650 | SL | €L°0 | T6 |6T00°0[6200°0] 0S | 6500°0| 08'+1 | 89
€LSS | 61T | 9S |€0+ALT[T0+d6°S|#0+6°S| 9v'T | ¥81 | 650 | SL | 98°0 | 601 [SE00°0{SE00°0| 0S | 1L00°0| 081 | L9
€LSS | 81T | 85 |€0+HIT|T0+HOL|YO+H6'S| TLT | 917 | 0L°0 | 68 | 10T | LTI |¥¥00°0|++00°0| 0S | 88000 | 08+1 | 99
€LSS | 0T | 79 |€0+d9°CT|T0+AT6|v0+H09| 60T | 9T | 08°0 | TOT | 8T | T9T |1900°0|1900°0| 0S [ ZTI00| 08 +1 | S9
oyLSS - 98 |£0+aY'9|€0+dTT|¥0+A0°9] SO'S | 8€9 | 96'T | 8% | 60°€ | 06€ |0020°0[0020°0| 0S | 00+0°0| 08'¥1 | +9
%0S = AA\ Ay1apisuas 1S |
€LSS | S0T | 0S |T0+dTT|T0+HIT|v0+H6'S| 050 | +9 | 6€0 | 0S | 110 | #I |60000{2000°0| 0T | I100°0| 08+1 | €9
€LSS | 00T | IS |T0+d¥+|T0+HO'S|v0+H6'S| 120 | 06 | 9¥'0 | 85 | STO | TE |$T00°0[9000°0| 0T | 62000 | 08'+1 | T9
€LSS | +0T | 9S |20+d$9|70+H9°9|v0+H6'S| €T1 | SST | 160 | SIT | TE0 | O [8€00°0[6000°0| 0T | L¥00°0| 08F1 | 19
vISS | 661 | LS |TO+HYL|TO+AE8|H0+H6'S| 9TT | 6ST | £L80 | OIT | 6€0 | 6v [L¥00°0|2100°0] 0T | 6500°0| 08+ | 09
pISS | $'0T | 65 |TO+AL'8|TOHAT6[H0+H6'S| 19T | v0T | LI'T | 8¥1 | #¥°0 | 9S [LS00°0|#100°0| 0T | 1L00°0| 08+ | 6S
pLSS | 0T | 19 [€0+HOT|€O+AT T{#0+H6'S| €8T | T€C | T€T | £91 | 160 | +9 [1£00°0|8100°0| 0T | 8800°0| 08°+1 | 8S
pLSS | 861 | €9 |€O+ATI|€0HATI|H0+H6'S| S6'T | 9% | Tv'1 | 081 | 260 | 99 [0800°0]0200°0| 0T | 0010°0| 08+ | LS
OpISS | S°0T | ¥9 |€O+AET|E0+IE T|[#0+H0°9] 80°C | €9T | 0S'T | 061 | 850 | €L [0600°0|T200°0| 0T | ZI10°0 | 08'¥1 | 9S
OpISS | 90T | §9 |€O+ACT|E0+AY 1|#0+H0°9| €€T | ¥6T | 89T | €1T | $90 | T8 [8600°0[+T00°0| 0T | TTI0°0| 08'¥1 | SS
Oy LSS - ¥6 |0+ €[€0+aY €[40+H09] TH'S | $89 | vOv | OIS | 6€1 | SLT |0T€0°0[0800°0] 0T | 00%0°0| 08'¥1 | +S
%0T = AA Ayanisuas 150 1
m Do |Wred| - - - % | | o | qu | o | qu | saum | s/ | o | s | s | #
.W [ensIA L [Xp/dp| Moy Oay D9y 101y oy My 0Sy | MSy [AM| TSp | 98y |dxT
< odid 991§ “[# OLIdS 17—V IqEL




Appendix A

296

GvC/-OUINAN:NHN

- v'1¢ 5 - CO+HL E[Y0+d6°S| TL0 | L8 | TLO | L8 - - |8100°0{0000°0] O |8IO00O|O8¥I | 88
- 6°0¢ gs - 0+dES|P0+H6'S| 1T | vel | TI'T | el - - 16200°0/0000°0] O |6C000|08¥I | L8
- 0'1¢ 29 - 0+dL6[V0+H6'S| LY'T | 9LT | LY'T | 9L - - 16500°0/0000°0f 0 [65000|08%1 | 98
- - 99 - COHHTT|¥0+H6°S| SS'T | 981 | SS'T | 98I - - |TL00°0/0000°0] O |TL000|O8¥I | €8
- - 89 - €o+ay 11¥0+d6°S| ¥L°1T | 60T | vL'T | 60C - - 18800°0/0000°0f O [88000|08¥I [ ¥8
%0 = AA\ A1AnIsuds 157 |

Do | W/ed - - - % Ju % [ Y% Ju s/aros/u | 9% | s/ | s/w #

[ensiA L | xp/dp| Moy | Oay Doy 10Lgy oy My 0sy | MSy |dM| T1Sp | 98 | dxT

odid [091s Pa1R0d AX0dH ‘1# QLIXS :€—V dqBL
¢Ls 0'81 Sy |20+d0°C - Y0+d6°S| ¥1°0 | 8I - - Y10 | 8T 10000°0{C000°0{00T|[T0000]| 08¥I | €8
eLs L9l St [C0+dS’E - Y0+d6°S| 1T0 | 9T - - ICT0 | 9C 10000°0|¥#000°0/001|¥000°0| 08I | T8
eLS L91 9% [20+H0Y - YO+d6°S] €€0 | TP - - €€0 | <y [0000°0{9000°0{001|90000| 08°¥1 | I8
¢LS 891 Ly |20+d69 - Y0+d6°S| ¢S50 | 99 - - ¢80 | 99 10000°0|2100°0/001|C100°0| 08FI | 08
eLS 891 IS 120+d8°6 - Y0+d6°S| €90 | 6L - - €9°0 | 6L [0000°0{8100°0{001|8T00°0| 08¥I | 6L
vLS 691 vS [€0+HS'T - y0+d6°S| 08°0 | 101 - - 080 | TOT ]0000°0{6200°0{00T|62000| 08I | 8L
vLS L91 09 [€0+HTT - Y0+d6°S| 90T | el - - 90'T | ¥€1 |0000°0{L¥00°0[{00T|L¥00°0| O8I | LL
v.LS L91 €9 1€0+H9C - YO+d6°S| LTT | 091 - - LTT | 091 ]0000°0/6S00°0/001|6S00°0| 08YI | 9L
v.LS L91 99 [€0+H6'C - vO+d6°S| <v'1 | 081 - - ¢v'l | 081 |0000°0|TL00°0/00T|TL00°0| O8I | SL
v.LS L91 0L |€0+HS°¢ - YO+d6°S] 191 | €0T - - 19°T | €0 ]0000°0/8800°0/001|8800°0| 08I | VL

AR - 011 |¥0+d1°1 - y0+H09| Sy | SLS - - SS¥ | SLS 10000°0100¥70°0[001100+00] 08%1 | €L |
Do | W/ed - - - % [ % [ % [ s/ s/ |04 | s/ | S/w #

[ensiA L |xp/dp| Moy | Oay e 10Ly oy My oS | MSy [AM| TSp | 98y |dxa

odid [0a1S ‘T# LIRS 17—V AqEL



297

Appendix A

GvC/-OUINAN:NHN

- LIT | vy [20+A6'T] - [¥0+HE'S| LTO | 0T - - [ LT'0 | 0T [0000°0{2000°0[001|Z000°0| 08'+1 | 801
- 91C | ¥v |To+d6T| - |¥0+H6'S| S€0 | T - - | S€0 | T¥ [0000°0[+000°0[001| #0000 | 08°+1 | LOT
- L1T | ¥v |20+dTy| - |[¥0+d6'S| 6T0 | S€ - - | 620 | $€ 10000°0]9000°0{001]|9000°0 | 08'+1 | 901
- 12 | 8 |z0+dS6] - |v0+d6'S| L90 | 08 - - [ L90 | 08 [0000°0[8100°0[001|8100°0| 08'+1 | SOT
- - TS |eo+arT| - [v0+d6'S| T6'0 | OII - - [ T6'0 | 01T [0000°0[{6T00°0[001|6200°0 | 08+ | ¥01
- 0CC | 19 |€0+dST| - |¥0+H6'S| 0€T | 9SI - - | 0€T | 9ST [0000°0|6500°0{001]|6S00°0 | 08'+1 | €01
- €0 | +v9 |€0+dAIE] - |vO+H6'S| €TT | 8¥I - - | €T1 | 8T [0000°0|1£00°0[00T|1L00°0| 08'¥1 | 201
- 661 | L9 |€0+dASE]l - |v0+H6'S| 09T | 261 - - 1 097 | T61 [0000°0[8800°0[001|8800°0| 08+ | 101
%001 = AM K1ansuds 180 |
- 6'€C | 8y |T0+A0°T|T0+A8 1|40+H6'S| €L0 | 88 | 850 | 0L | ST0 | 8T [6000°0/2000°0| 0T | 1100°0 | 08'¥1 | 001
- €Y | 1S [T0+H0'S|T0+A9 ¥ |F0+H6'S| L8°0 | SOL | 0L°0 | #8 | LI'0 | 1T [+200°0{9000°0| 0T | 6200°0 | 08+ | 66
- V€T | ¥S |T0+AS9|T0+d99|¥0+H6°S| STT | 0ST | €60 | TIT | TEO | 8¢ [8€00°0/6000°0| 0T | L¥00°0| 0841 | 86
- 1'€C | 95 [20+H0'8[T0+AL L{¥0+H6'S| ¢S'T | 28T | 81T | ¢hl | €€0 | OF |L¥00°0{T100°0| 0T [ 6S000| 08'F1 | L6
- p'€C | 8S  |TO+AL8|T0+H06|¥0+H6°S| S9T | 861 | 0TT | +¥I | SH°0 | +S [LS00°0|#100°0] 0T | 1L00°0| 0841 | 96
- €€C | 09 [€O+ATT|EOHATT|F0+H09| S6'T | #€T | €6°T | #81 | T#'0 | 0S [1L00°0{8100°0| 0T | 8800°0 | 08+ | $6
- €2 | 79 |€0+ATT[€0+AT 1[40+09] LOT | 6¥C | ¥9'T | L61 | €40 | TS 0800°0[0T00°0| 0T [0010°0| 08'%1 | +6
- 0€C | €9 [€OHICT[E0+aY 1|#0+H09] TH'T | 062 | OLT | 0T | TL0 | 98 [8600°0|+200°0| 0T | ZTI00| 0841 | €6
%0T = AA Kyanisuas 150 1

- 9TC | Ly - |10+d8'8|v0+H6°S| 620 | SE€ | 6T0 | S€ - - [£000°0]00000| 0 |€0000| 081 | T6
- 61T | 8 - |20+AT1|b0+E6'S| €€0 | OF | €€0 | OF - - [#000°0/00000| 0 |+000°0| 08'¥1 | 16
- €T | 8 - |20+AS T|v0+a6'S| €40 | TS | €40 | TS - - 19000°0/00000| 0 [90000| 08'¥1 | 06
- - 0S - |zo+aLg|vo+d6's| L60 | 89 | LS0 | 89 - - 12100°0/000000] 0 |21000| 08 ¥1 | 68
Do | Wred | - - - % | T | % | [ | o | [u | s | suno| o, | suno | osun |
[ensiA L | Xp/dP | Moy Oay D9y 1Ol oy Mg oSy | MSy [AM| 1Sp | 9Sp | dxg

adid 10915 P10 AXOdY ‘[# ALIDS €-V Qe



Appendix A

298

GvC/-OUINAN:NHN

OpLSS | L'IT L9 - - - - - - - - - [9000°01€£500°0f 06 [6S00°0| O8'¥I | 9CI
Op1SS | 81T CL  |€0+d9°T{T0+dTT{P0+d6°S| 660 | PEL | 6£0 [4 19°0 Z¢8 [T100°0{L¥00°0] 08 | 6500°0| 08t1 | STI
OpLSS | L'IT 08 [€0+dET|CO+dTE[YO+d6'S| 91T | 9ST | €50 L 290 ¥8 [8100°0]1+00°0] 0L | 6500°0| 081 | ¥CI
oy1LS0d| $1¢ v6 - - - - - - - - - [¥C00°0|5€00°0f 09 [6S00°0| O8'FI | €CI
°41S0d | L1T 16 - - - - - - - - - [6200°0]16200°0( 05 [6S00°0| 08I | TCI
°41S0d | 8'1¢ 88 - - - - - - - - - [S€00°0|¥C00°0( OF [6S00°0| 08'¥I | ICI
oy1LS0d| 61¢ S8 - - - - - - - - - [I¥00°0|8100°0f O¢ [6S00°0| O8'¥I | OCI
oy1S0d | L1T 08 [€0+HO1|C0+HT8[y0+d6'S| LCT | TLT | OF'T | 6¥I | 910 ¢C |LY00°0[CI00°0] 0T | 65000 08V | 611
o41S0d | 1'T¢ SL - - - - - - - - - [€500°019000°0( O [ 650070 08'v1 | 8II
(uawr1adx?d 03 dorad pagd3id jou adid) LHIANISUIS JAA T°C
oL SMdA| 091 96 |£0+dS'T{C0+d0 1[{#0+d6°S| STT | TLT | 6T0 (014 960 | €I [9000°0|€S00°0] 06 [6S00°0| 08I | LI
opLSMA] - 10T |€0+dST{CO+ATT(YO+H6'S| €0°1 | Tvl | 9€°0 6v 89°0 €6 |C100°0[L¥00°0] 08 [ 65000] 08+ | 91T
oy LSOd| OLI €6 [CO0+HIT[T0+HEY|VO+Hd6° S| TT°T | €ST | #9°0 88 LY0 S9 1¥200°0[S€00°0] 09 [65000] 08¢ | STT
oy 1S0d| 091 88 [CO+H8 T[CO+HL S[YO+H6'S| TCT | 891 | 98°0 | 8IT | 9¢€°0 0S [T€00°0|L200°0| S¥ [6S00°0| 08VI | VI
oy LSOd| 08I 88 [€O+HIT[CO+HEI [YO+H6'S| 81T | <91 | $8°0 | LIT | €€°0 Sy 15€00°0({+C00°0| O | 65000] 08¢ | €11
oy LSOd| 08I 98 1¢0+dv 1[20+d99({v0+d6'S| T€T | 081 | 860 | vel | ¥€0 9v [8¢00°0|1T00°0| S€ | 65000 | 08vI | CII
oy 1LS0d| 081 68 [COH+HET|[TO+HTL|IVO+H6'S] 9CT | €L1 | 10T | 8¢l | STO S¢ |1¥00°0[8100°0] 0€ [65000] 08+ | II1
oy LSOd| 081 9L 120+d0°9|C0+d1°6[¥0+d6'S| €€ 1 | 81 | CC1 | 891 | 00 v1 1€500°0]19000°0( OT [6S00°0| 081 | OI1
opyLSOd| 06l CL|20+d9°¢€|20+dy 6[v0+d6'S| 8¢ T | 681 | C¢1 | 181 | 900 8 [9500°01€0000] S 165000 08%I | 601
(quowrrradxa 03 aorad pagsid adid) AyranIsuas JA\ 1°C
Do | W/ed - - - % Ju % Ju % jur s/ s/ 9% | s/ s/u #
[enSIA L | Xp/dP| Moy | Ooy 29y 10Ly oy My oSy | MSy [AM| TSy | 98 |dxa

reyuozuoy ‘adid o1 108 ‘[ '7# Q110S p—V dqeL



299

Appendix A

GvC/-OUINAN:NHN

PLSS | €0C 99 : : : : : : : ; - 19000°0{£€S00°0| 06 | 65000 | 08V | €¥1
PLSS | 86l 6L ; ; ; : : : : : - |C100°0{L¥00°0| 08 | 65000 | 08V | T¥I
PLSS | 661 68 - - - - - - - - - |8100°0[1¥00°0| OL | 65000 | 08 %I | 1¥1
Op1SS | 861 6 : . : : : : : , - |PT00°0{S€00°0| 09 | 65000 | 08 %I | OV
O41SS | 861 88 - - - . . - - - - 16200°0{6200°0| 0S |6500°0| 08YI | 6¢1
O41S8S | €0¢ 8L - - - - - - - - - 1L¥00°0{CT00°0| 0T | 65000 | 08¢ | €1
(Quowrradx? 03 Jorad pagsid jou adid) KyARISUIS JM T°T
v.LS 0Ll 89 1£0+d9°C : YO+d6°S| CCTT | LI : : ¢C'1 | L91 [0000°0{6500°0{001|65S00°0| 08%I | LET
yLSMdA | 091 66 1€0+d9°C|CO+d I T{y0+d6°'S| vI'T | 9ST | €C0 |§3 160 | STI [9000°0]£S00°0| 06 [6S00°0| 08%I | 9¢1
PLSMA | 091 66 |[€0+HY T|C0+H T C{P0+H6'S| LTT | VLI | SO | 9 ¢80 | CTIT [TI000[L¥00°0] 08 | 6500°0] 0811 | S€EI
op1SOd| 0°'LI €6 [£0+H0T{T0+HTY|¥0+d6°S| TTT | 891 | 99°0 16 9¢0 LL |¥T00°0[SE00°0[ 09 |6S00°0| 08 V1 | PEL
°y1S0d| 08I 06 [€0+d8T|CO+HI'S[¥0+H6'S| 0€' T | 6L1 | S80 | 91T | 9% 0 €9 [6700°0/6200°0| 0S [6S00°0| 08°FI | €€
op1S0d| O°'LI 88 |€0+dST1{20+dy 9[¥0+d6°S| LT'T | 091 | 6L°0 | 601 | LEO IS [S€00°0{¥C00°0( OF | 65000 | 08°¥I | CTEI
op1SOd| 0°'LI 18 [€O+HTT|TO+HOL{YO+H6'S] 9€'T | 981 | 10T | 6€1 | ¥€0 Ly |1¥00°0{8100°0| 0€ |6S00°0| 08 %I | T¢I
°y1S0d| 081 78 |20+d9°8[T0+d8L{¥0+H6'S| 9v'T | 00C | 611 | €91 | LTO | LE |L¥OO'0[CI00°0| OC |65S000| 08 %I | OET
oy1S0d| O°'LT SL |20+d9'¥|20+d9°8|¥0+d6°S| 96T | ¥IC | €€°1 | €81 | €T0 1€ [€500°0{9000°0( OF [6S00°0| 08 ¥I | 6C1
oy1S0d| 081 0L [CO+AT€[20+d¥ 6[¥0+H6°S| OF'1 | 6l | 1€1 | 08T | 60°0 ¢l 19500°0[€000°0] S 16500°0] 08t1 | 8CI
eLS 0LI 69 : c0+d6°6[Y0+d6°S| 8¢l | 061 | 8€'1 | 061 : - 165S00°0{0000°0] 0 |6S000| 08%I | LTI
(quowrrradxa 03 aorad pagsid adid) AyranIsuas JA\ 1°C
Do | W/ed - - - % Ju % [ % [ s/ | s/ue | 9% | s/ s/w #
[ensIA L | xp/dp| Moy | Oay RENY 101y oy My oSy | MSy |dM| TSp | 98y |dxa

premdn 3op [+ ‘odid o1jA108 ‘1'7# LIS G-V dIqEL



Appendix A

300

GvC/-OUINAN:NHN

yLSS | 06l 8S |€0+dT1{T0+H09([v0+H6'S| LET | €LT |1 990 | ¥8 | 0L0 | 68 |S€00°0{¥C00°0| OF | 6S00°0 | 0841 | LST
PLSS | 98I 65  [€0+HO'T[TO+HOL{YO+H6'S| 8E€'T | PLT | 280 | ¥OI | SSO | OL |1+00°0|8100°0| OF | 6S00°0 | 08+1 | 991
LSS I'el 09 [CO+HV'L{TO+H8 L{YO+H6°S] 6F'1 | 881 | 90°1 | v€l | €¥0 | ¥S |L¥00°0|C100°0| OT | 6S00°0 | 0841 | SST
Op1SS | 6l 19 [CO+HV Y |C0+d8'8|y0+H6°S| 9P’ 1 | S8 | ITT | €ST | STO | T¢ [€S00°0/9000°0] OT [ 65000 | 08¢ | ¥S1
OvLS | V6l $9 - c0+d8°6[v0+d6°S| V'l | 081 | Tv'1 | O8I - - [6500°0/00000] 0 [6S000) 08I | €SI

AJIADISUAS A 1T

Do | W/ed - - - % Ju % [ % Ju s/ur |os/ur | % [ s/u s/u #

[ensipA L Xp/dp ?/QN— Ooﬂm Uvﬂm ..HOH: o: \5: OmD gm: HAM ‘.—mD Uw: .Q%Mﬂ

premdn “3op [+ ‘odid [991s ‘| 'Z# QLIOS :L—V dIqeL

LSS 6l 79 |[€0+AST{10+dY S{Y0+d6°S| LT'T | 8¥I | #0°0 S €Ll | €vl [£000°0{9S00°0( S6 |6S00°0| 0841 | TSI
¢LSS | 061 19  [€0+HV T{T0+d T T{¥0+d6°S| ¥T1 | LST | TI'0 Sl CI'T | ZP1 19000°0)1€5S00°0] 06 [ 6500°0( 08%1 | 1ST
¢LSS 10¢ 8S 1€0+d1°C({T0+d0°C{v0+d6'S| 9¢€°T | CTLL | LTO | vE | 601 | 8ET |C100°0|L+¥00°0| 08 | 65000 | 08I | OST
¢LSS | 00¢ 8S 1€0+d6°1{20+H0°€[¥0+d0°9| 6€°T | SLT | LEO | LY 10T | 8Z1 [8100°0|1+00°0| OL [6S00°0| 00°ST | 6¥1
eLSS | §0¢ LS [€0+H8T|C0+HdT¥|¥0+H6°S| STT | 8SI | O¥'0 | 0OS 680 | 80T [¥T00°0{SE€00°0[ 09 |6S000| 081 | 81
€LSS | 961 9S [€0+HET|[TO+HT9[P0+d6°S| T€T | 991 | 690 | L8 €90 | 6L [S€00°0{¥C00°0[ OY |6S00°0| 08 V1 | LY
eLSS | ¥'I¢T LS [€0+HO'T[TO+HOL{YO+H6'S] 8E'T | PLT | S80 | 80L | €S0 | 99 [I¥00°0|8100°0| OF [6500°0| 081 | 91
PLSS | L6l 6S  [CO+HSY|[C0+HT 6[Y0+H6°S| €€°1 | 891 | OI'T | 6€1 | €20 | 6C [€500°0/9000°0| OT [6S00°0| 08'%I | S¥I
yLSS | €'1C 19 [CO+HLT|T0+ES 6[V0+H6°S| SE€'T1 | TL1 | TCT | #ST | €10 | LT [9S00°0{€0000] S [6S000| 08¥I | vVl

APADISUIS A\ 1T

Do | W/ed - - - % Jur % Ju % [ s/ s/ 9% | s/ s/u #

[ensiA L Xp/dp B@M— OQMM U@Nm r—LOr—.m O: B: OmD gw: AM JwD UwD .ﬁ—Nmm

reruozuioy ‘adid [093s ‘[ '7# Q110G 19—V JqeL



GvC/-OUINAN:NHN

e
S
N
- 8'9¢ 19 |€0+aV C{I0+HTS|P0+H6°S| SE€'T | 291 | 01°0 | <1 STT | 0ST [€000°0{9S00°0] S6 | 65000 |08 VT | TLI
- L'TC 8S 1€0+d¥'T{T0+H0°T[¥0+d6°S| STT | OST | 910 | 61 60T | T€T 19000°0{€S00°0] 06 | 6S00°0 | 081 | OLI
- - 8¢ |€0+dTT|C0+H0 T ¥0+H6°S| LET | S9T | €0 | 8¢ | 90°1 | LTI [CTI00°0|L¥00°0| 08 | 6S00°0 [08° VI | 691
- e 19 |€0+H0°C{C0+H0°E|y0+d6°S| TP T | 691 | L¥O | 9 | ¥60 | €11 |8100°0|I¥00°0| OL | 65000 |08¥1 | 891
- 9'1¢ 09 |€0+AS T|TO+HOS|YO+H6'S| TH'T | TLT | L9°0 8 SLO | 06 [6C00°0{62000[ 0S| 65000 |08vI| LI
- eve 65 |€0+ATT{T0+A99[¥0+d6°S| 9T | v61 | SI'T | 8€T | L¥'O | 95 [1¥00°0{8T00°0| OF | 6S00°0 [08°¥I | 991
- eve 86 |C0+HI'S|C0+H0°6(+0+H6°S| SE€T | €91 | 81T | ¢pl | L1T'0 | OC [€500°0{9000°0| O | 6500°0 [08'¥I | S91
- eve 65 |TOHHT €T+ 6[Y0+d6°S| 9€°T | €91 | LTT | TSI | 60°0 [T 1900°0{€000°0] & | 65000 [08¥I| +91
AJIADISUAS JA\ 1T
Do | W/ed - - - Y% [ % [ % [ s/ur|os/ur | 9% | s/w s/u #
[ensip L Xp/dp BQNM OQNM UQNM ,HO,HE Om \(/m Ow: ?wwp AM JWD Uw: .QNMM
rewuozrioy ‘adrd 19915 pa1e0d Ax0dd ‘['7# QLIOS :8—V dIqeL
vLS 191 S9 [€0+HST - v0+d6°¢| 0¢'T | 91 - - 0¢T | ¥91 10000°0{6S00°0{001| 650070 | 08¢ | €91
vLSMA | LI €9 [€0+HET|C0+HO T|¥O+H6'S| 0€' T | ¥91 | 600 | CI 0CT | TST [9000°0/€S00°0| 06 [ 65000 | 08¢ | 91
yLSS | v'8I 09 |€0+H0T{TO+H6'T|¥0+H6°S| LST | 861 | LTO | vE | 0T | ¥91 [T100°0|L¥00°0] 08 | 65000 | 08°¥1 | 191
vLSS | v'8I 6S [€0+H6°1[20+H0€[Y0+d6°S| SY'I | €81 | CTE0 Iy | CI'T | Tvl |8100°0|I¥00°0| OL [ 6S00°0 | 08 ¥1 | 091
vLSS | C6l 85 |€0+HLT{T0+H6°¢[v0+d6'S| OS'T | 681 | IS0 | S9 860 | ¥CI |¥C00°0|S€00°0| 09 [ 65000 | 0841 | 6S1
AR 161 8S 1€0+HS 1120+H0°S[+0+d6°S| €v' 1 | 181 | 8S°0 €L $80 | 801 16200°0/62000] 0S5 ]65000]08%] | 8SI
m Do | W/ed - - - Y% Ju % [ % Ju s/ur|os/ur | % | s/u s/u #
=
m [ensiA L Xp/dp \swm O@Mm Uvﬂm ,HO,Hm Om ?/m Om: ?/@D AM JmD Um: ‘dxq
2
< premdn ‘3op 1+ ‘odid [991s | 7# QLIS -V dIqEL



Appendix A

302

GvC/-OUINAN:NHN

(uawradxa 03 dorad pagd3id you adid) LIANISUIS A\ T°T

op.LS V6l 91¢ [VO+HE'T - SO+d0°1| T1°¢ | 0Ty - - I1°¢ | 0ZF [0000°0{00¥0°0[00T| 00¥0°0 | 00°ST| 68T
OpLS¢d | TOT | OFE [VO+HTT[CO+HES|SO+H0T] 80°¢ | SIv | 10 g¢ L9T | 09¢ [0¥00°0{09€0°0[ 06 | 00¥0°0 | 00°ST| 88C
opLS¢d | S0T | Ty - - - - - - - - - 10008°0{000C°¢| 08 | 00+0°0 | 00°ST | L8C
opLSed - Sty - - - - - - - - - 1000T°1{0008°C| OL | 00+0°0 | 00°ST | 98¢
opLSid | 01T | €6¢ : : : : - : : : - 10910°0[0¥C0°0| 09 | 00+0°0 [ 00°ST | S8T
OpLS¢d | 80C | 9LE [SO+H89[SO+HTC|SO+HO L] 61°S | 00L | 19°C | TSE | 85C | 8y¢ [0000°C|0000°C| OS | 00#0°0 [ 00°ST | ¥8C
opLS¢d | 90T | ¥0¢ - - - - - - - - - 102¢0°0{0800°0| OC | 00+0°0 | 00°ST | €8¢
ovLS 90T | 9LT - - - - - - - - - 100¥0°0/0000°0] O | 00+0°0 [00°ST| T8T
(uowrradxd 03 Jorad pagdid adid) AyANISUIS JAA T°T
Do | W/ed - - - % [ % Ju % [ s/ |os/ur | % | s/w s/ #
[ensip L Xp/dp BQNM OQNM UQNM ,HO,HE Om \(/m Ow: ?wwp AM JWD Uw: .QNMH
premdn “3op ¢+ ‘odid o1jA108 ‘7°7 110G :(]—-V dIqBL
- - [4:]! - - - - - - - - - 10000°0[/6500°0{001| 65000 [00°ST | 18T
- - col - - - - - - - - - 19000°0[{€500°0| 06 | 650070 | 00°ST | 08¢
- - 44 - - - - - - - - - 16200°0[6200°0| 0S | 65000 [00°ST| 6LC
: : LOT : : : : - : : : - [L¥00°0[C100°0| 0T | 6500°0 [00°ST | 8LT
: : 181 : : : : - : : : - 16500°0/0000°0] 0 | 65000 [00°ST| LLT
(uowrrradxa 03 Jorad pagsid adid) AyranIsuas JA\ 1°C
Do | W/ed - - - % Ju % Ju % Ju s/ur |os/ur | % | s/w s/u #
[ensiA L Xp/dp B@M— OQMM U@Nm r—LOr—Lm O: \K/m OwD gw: AM w_mD UmD .ﬁ—Nm

premdn 3op ¢ 0+ ‘odid 0114108 ‘[ '7# 911G :6—V dqRL



GvC/-OUINAN:NHN

[s2)
S
N
%07 = dM A1apisuas 950 ¢
OpLS | 061 | TET - CO+HTT[SO+HT | 9L°0 | SOT | 9.0 | SOT - - 16500°0/0000°0] 0 | 6S00°0|09°6C| SLI
OpLS | 061 | VI - CO+d I T|P0+H6'L) 1T | €ST | T1°T | €61 - - 16500°0/0000°0f O | 6S00°0 | VL6 | VLI
eLS 0'1¢ [43 - ¢0+dS°8|¥0+d0¥| 0CTC | <0€ | 0TT | CO¢ - - 16500°0/0000°0] O | 6S000 | L86 | €LI
ILS 0°0¢ 8 - 0+dy 9|¥0+d0°C) S6'F | 6L9 | S6'v | 6L9 - - 16500°0/0000°0f 0 | 6S000 | €6'F | TLI
%0 = AM A)1AnIsuds 950 ¢
Do | W/ed - - - % [ % [ % [ s/ os/ur | 9% | s/ s/ #
[ensipA L Xp/dp ?/@N— Ooﬂm Uvﬂm ..HO,H: o: \5: OmD gm: HAM Jm: Um: .Q%Mﬂ
reruoziioy ‘adid o1jA10® ‘¢4 QLIRS II-V dIqeL
OpLS [ T6I | SIE [vO0+HE'T - SO+HO'I| 11°¢ | 0CF - - I1°¢ | 0ZF 10000°0/00¥0°0{00T| 00t0°0 | 00°ST | 667
OpLS¢d | €0C | S¢€¢ [YO+HCT|C0+dy ¢|S0+d0° 1) 00°€ | SOv | 9¢€°0 | 6F | ¥9°C | 9S¢ [0¥00°0|/09€0°0f 06 | 00+0°0 | 00°ST | 86C
OpLS¢d | 10T | 6¢¢ - - - - - - - - - 10800°0/0T€00| 08 | 00+0°0 | 00°ST | L6T
opLS¢d | 10T | TI¢€ - - - - - - - - - |0T10°0/0820°0| OL | 00t0°0 | 00°ST | 96C
OpLS¢d | 10T | 90¢ - - - - - - - - - 10910°0/0¥20°0| 09 | 000°0 | 00°ST | S6C
OpLS¢d | L0C | 00€ [€0+HOL|EO+HET|SO+HOT| CTLY | L€9 | €€C | SIE€ | 6€C | TCE |00T0°0/00C0°0f 0S | 00+0°0 | 00°ST | ¥6T
OpLS¢d | S°0C | 06C [€0+HCY|€0+H6°E|S0+d0T| L9°€ | S6v | €6C | S6€ | ¥L°0 | 00l |0CT€0°0|/0800°0f 0T | 00+0°0 | 00°ST | €6C
OpLS¢d | 10T | 98T - - - - - - - - - 109€0°0|0+00°0f OT | 00t0°0 | 00°ST | CT6C
OpLS¢d | 10T | +8C - - - - - - - - - 108€0°0/0T000f S | 00t0°0 |00°ST| T6C
OpLS | 01C | 8LCT - €0+dy S1S0+H0T| 6S°C | 0S¢ | 6SC | 0S¢ - - 100+0°0/0000°0] 0 [ 0000 ]00°SC| 06C
m Do | W/ed - - - % Jw % [ % Jw s/ os/u | 9% | s/ s/ #
=
m [ensiA L Xp/dP | Moy Oay BEN| Lol o Mg 0Sn | MSy |AM| TS 98 ‘dxq
Annr premdn ‘39p ¢+ ‘adid o11A108 ‘77 QLIS :([-V dqeL



Appendix A

304

GvC/-OUINAN:NHN

OyLS - 0ST |€0+dI°¢ - SO+HTI| ¥L°0 | <0l - - L0 | COI ]0000°0{6500°0/001| 65000 | 09°6C| C61
vLS - L11 |€0+H8T - YO+d6°L| €60 | LTI - - €60 | LTI [0000°0|6500°0{001| 650070 |¥L'61| 161
¢LS - 6C |€0+HI1'T - Y0+d0'v| €1°C | €6T - - €' | £€6C [0000°0|/6500°0{001| 650070 | L86 | 06l
(AR - 8 1€0+H9T - Y0+H0°C] 9LV | ¥S9 - - 9Ly | ¥S9 10000°0{6500°0[{001] 65000 | €6'% | 681
%001 = AM Aanpisuas 950 1-¢
Op1S¢d | 001 | 6LT |€0+HSYT|CO+HTT|SO+HTT| T80 | €Il | 600 | €I €L0 | 00T [9000°0|£500°0| 06 | 6S00°0 | 09°6C | 881
OpLSMd| 0°€l | Tvl [€O+HLC|COHHATT|PO+H6'L] €60 | LTI | ST'0 | 0T | 8L°0 | LOI |[9000°0/€S00°0] 06 | 6S00°0 | vL°61 | L8I
¢ISS | 06l vC |[€0+HO0T|T0+HL8|¥0+H0Y| 9C°C | 01€ | 9¢0 | 0S | 681 | 09C |9000°0{€S00°0| 06 | 6S000 | L86 | 98I
ILSS | O°LI 8 [CO+HOT|TO+HTL{YO+HOC| STV | ¥8S | €9°0 | L8 | T9C | L6Y [9000°0|£€00°0| 06 | 65000 | €6V | S8I
%06 = AM Ananisuds 950 ¢
opLSed | - 0C¢ |€0+dT1C|CO+HLS|SO+HTT| €60 | 8CI | ¥9°0 | 88 | 60 | Oy [6C00°0{6C00°0] 0S| 65000 [09°6C | ¥81
opLSOd| O0LT | ¥ST |€0+H6'T[CO+HES|PO+H6'L] 81T | T9T | ¢80 | CIT | 9¢°0 | 0S [6C00°0|6200°0| OS | 650070 | ¥L'61| €8I
¢ISS | 06l LT |€OHAVT|CO+HCY|[Y0+H0Y| LE€C | €TE | T€T | 081 | 90°'T | S¥I |6C00°0{6200°0| 05 | 65000 | L86 | T8I
[LSS | 06l 8 |€0+HOT[{TO+HE E|Y0+HO0C] I8F | 099 | ¥¥'C | S€€ | LET | STE [6C00°0]6C00°0] 0S | 65000 | €6V | 18I
%08 = AM Aanisuas 950 ¢
OpLSid | O°LT | 96T |T0+HL6|C0+H9'8|SO+HTT] 601 | OST | 060 | ¥C1 | 610 | 9C |L¥00°0{TT00°0| 0T | 65000 | 09°6C| 081
OpLSOd| 0°LT | 0TC |C0+H0'6[C0+dS"8|¥0+H6'6[ 91T | 6ST | €60 | LZI | €C0 | CT¢ [L¥00°0|CI00°0| 0T | 650070 | L9VT| 6L
OpLSOd| 081 | Ovl |C0+HY 6[CO+dI'8|¥O+d6'L| €€1 | C8L | TI'T | €SI | IT0 | 6C [L¥00°0|CI00°0| 0T | 650070 | ¥L°61 | 8LI
¢ISS | 0781 0¢ [C0+dV'L|C0+H89|¥0+H0Y| ¢C°C | SO€ | 181 | 8¥C | ¢V0 | LS |L¥00°0|TT00°0| OC | 6S00°0 | L86 | LLI
LLSS | 08I 8 1C0+HCCIc0+dTe1y0+H0 ¢l 28 | 199 | €9°¢ | 86y | 611 | €91 [/400°0/C100°0] 0T | 65000 | €67 | 9L |
Do | Wred - - - % w % [ % w s oS/ | O | s/ | s/m o #
[ensip L | Xp/dp| May | Oay D9y 1Ol oy Mg oSy | MSp (AM| TS | DS | dxa
[eyuoziroy ‘adid o1jA10® ‘¢4 QLIRS [[-V dIqeL



305

Appendix A

GvC/-OUINAN:NHN

opLS{d | 06 | 88T |€0+H6°T|TO+ATISO+ATT] 9.0 | SOT | #1°0 | 61 | €90 | 98 [9000°0/£500°0] 06 | 6S00°0 | 09'6T | 60T

opLSMA| 06 | SyI |€0+d8T|c0+AT1|v0+d6'L| T60 | 9T | 61°0 | 9T | €0 | 00L |9000°0/£S00°0| 06 | 65000 | #L°61 | 80T

pISS | O¥L | ¥€ |€0+d0T|10+dr'8|y0+H0 Y| v¥T | SE€€ | 00 | SS | ¥0°T | 08T [9000°0/€500°0] 06 | 6S00°0 | L8'6 | LOT

1SS | 'l | I |€O+F0T|[I0+aIS|¥0+a1 €| LOET | P81 | 1#°0 | SS | LTEI| 06L1 [90000|€S00°0] 06 | 65000 | 0S'L | 90T
%06 = AA\ AanIsuas IS0 1-¢

opLSid| - 9€€ |€0+HTT|T0+AS S|SO+HT | L8°0 | 0TI | 290 | S8 | STO | SE€ [6T00°0[6200°0| 0S | 6500°0 | 09°6T| SOT

opLSOd| Ol | TLI |€0+H6'L|C0+ATS|v0+d6'L| STT | TLL | S80 | LII | 00 | SS |6200°0/6200°0| 0S | 6500°0 | #L°61 | 0T

1SS - vE  |€0+aY 1|20+ b|p0+d0F| 95T | TSE | TST | 60T | ¥0'T | €¥1 |6200°0[6200°0] 0S | 6S00°0 | L8°6 | £0T

vISS | I'Iz | 9€ |20+dL9|T0+dLT#0+AT €] STOL | OLEL | 00T | 04T | SI'S | 0011 |6200°0/6200°0] 0S | 65000 | 0S°L | 20T
%0S = A Apapisuds 980 1-¢

opLSid | - ST€ |£0+H0°1|20+dL8{S0+ATI| 80T | 81 | T60 | 921 | 910 | TT |L¥00°0[T100°0] 0T | 6S00°0 | 09°6T| 10T

opLSOd| 0°LI | TPl |T0+d8'6[c0+AT8|v0+d6'L] LTT | SLT | 60°T | 0ST | 810 | ST [L¥00°0[T100°0| 0T | 6S00°0 | #L°61 | 00T

pISS | OLL | ¥€ |20+dSS|T0+A19|#0+d0| TI'E | 8Tv | 01°C | 88T | TO'L | OFI [L¥00°0|T100°0] 0T | 6S00°0 | L8°6 | 661

v1SS | ¥z | S€  |z0+dALT|T0+d0 P|[p0+ATE] L6'T1 | ST9T | 1I'v | sSS | 98°L | 0901 [L+00°0/2100°0] 0T | 6S00°0 | 0S°L | 861
%07 = AA AnAnIsuds 98 ¢

opLS | 01T | The - |e0+dT1{s0+dT 1| SL0 | 101 | SL°0 | 101 - - 16500°0/00000] 0 | 650070 | 09°6T | L61

opLS | €17 | LI - |€o+d1I[p0+a6L] O1'L | 6¥1 | OI'T | 6¥1 - - 16500°0/00000] 0 | 650070 | ¥L61| 961

€IS | L0z | sg - |zo+dT8|r0+a0y| Sk | 0€€ | svT | ogg - - 16500°0/00000] 0 | 650070 | L86 | S61

€IS | vTe | 9T - |20+d19[¥0+d0°€| TS'S | SvL | TSS | ShL - - 16500°0/00000] 0 | 650070 | 0S°L | ¥61

€IS | 0T | 8¢ - |zo+d1S|p0+d8°C| v0'6 | 02Tl | ¥0'6 | 0TTI | - - 16500°0/00000] 0 | 650070 | €89 | €61
%0 = AM ANADIsuds 5 ¢

Do | Wy/ed - - - % | M | % | | o | qu | smu | s | o | smuo | s | #

[ensIA L | Xp/dP | Moy Oay Doy 10Lyy oy Mg 0Sq | MSy [AM| TSy | 98 | dxd

premdn “39p [+ ‘odid o1[A10® ‘1'¢# QLIS :TI-V dqeL



Appendix A

306

GvC/-OUINAN:NHN

oplSed | - 16T |20+H8'8|C0+Hd8'8[SO+HT | #0°'T | CTET | 6L°0 | 001 | ST0 | TE€ |L¥00°0|TI00°0| 0T | 6S00°0 [09°6C | TTT
OyLSS - IC1 |20+HS'8|C0+HEB[¥0+H6'L] TTT | #ST | 60 | 611 | 820 | SE€ |L¥00°0{T100°0| 0T | 6S00°0 [¥L61 | 1TC
¢LSS N 6C |[C0+H1'9|20+d9°9|¥0+H0Y| S¥'C | O1€ | 691 | ¥IT | 940 | 96 |L¥00°0{T100°0| 0T | 6S00°0 | L8'6 | 0CTC
[.LSS : 8 CO+HEY|T0+HO'S|V0+HOC| 6V S | ¥69 | vP'€ | eV | 90T | 09C |L¥00°0{C1000| 0T | 6S000 | €6 ¥ | 61C
%0T =AM ANApIsuds 90 ¢
OpLS | 0'61 | €TC - CO+HTT|SO+HTT| 8L0 | 86 | 8L0 | 86 ; - 16500°0[0000°0] 0 | 6500°0 |09°6C| 81T
OpLS | 08T | 80l - CO+dT T|P0+H6'L] YI'T | PPI | 1T | ¥bI - - 16500°0/0000°0| 0 | 6S00°0|¥L'61| LIT
€LS 06l 0¢ - C0+H6'8|P0+H0Y| L8'T | 9€T | L8'T | 9¢€C - - 16500°0[0000°0| 0 | 65000 | L86 | 91T
1LS 091 8 - CO+AT9|1¥0+H0°C] 6S°S | 90L | 6S°S | 90L - - [6500°0/00000] 0 | 65000 | €6'F | SIT
%0 = AA\ £31ADISudS 950 ¢
Do | Wred - - - % [u % [u % [u s/ |os/w | 9% | s/ | s/ | #
[ensiA L Xp/dp awm OQNM UQNM r—LOrFm Om am Ow: gw: AM QWD UmD .H—Nm
[eyuozuoy ‘adid (9918 ‘1°¢# QLIS €1V dIqeL
op.LS 901 68T |€0+H6'C - SO+HT 1| ¥8°0 | VIl - - ¥80 | ¥IT 10000°0]16500°0)/001| 65000 | 09°6C | V1T
AR ISl 1] |€0+Hd8'C - Y0+d6'L] 660 | VeI : : 660 | ¥€I 10000°0]6500°0)00T| 65000 | L 61| €1CT
€LS 0¢ €€ |€0+d6'1 - Y0+d0'v| T8'C | I8¢ - - Z8'C | 18¢ 10000°0|65S00°0{001| 65000 | L86 | TIT
€LS c0¢ 8¢ |E0+HE’T - ¥0+d7°¢| 806 | STTI - - 806 | STTI [0000°0{6500°0|001| 6S00°0 | TL'L | 11T
1S I'1C LE |€0+dT1 - YO+d1°€] 8L°6 | OTEI - : 8L6 | 0TET [0000°0{6S00°0]001| 65000 | OS'L | 01T
%001 = AM A)1AnIsuds 950 ¢
Do | Wred - - - % Ju % u % Ju s/ur s/ | 0 | s/w | os/u | 4
[ensiA L Xp/dp \swm O@Mm Uvﬂm ,HO,Hm Om ?/m Om: ?/@D AM Jm: Um: ‘dxq

premdn ‘3op [+ ‘odid o1jAx0® ‘["¢# QLIS TV dqRL



GvC/-OUINAN:NHN

~
[—)
e
(AR - ver |eo+deT] - |so+dz1| 680 | Tl - - 680 | ZIT |00000[6500°0/001] 6S00°0 | 09°67| ¥€T
AR - 901 |go+dLz] - |p0+d6’L] €01 | 0f1 - - €01 | 0ST {0000°0|6S00°0[001| 6S00°0 | ¥L°61| €£T
€1S - LT |€o+d0T7] - |p0+HOW| IST | LIE - - 157 | L1€ [0000°0/6500°0/001| 650070 | L8°6 | T€T
ZILS - 6 |€0+d9°1] - |p0+d0C| 80°S | TH9 - - 80°S | Z#9 10000°0/6500°0[001| 65000 | €6% | 1€C
%001 = AA\ ANADIsuas IS 1°¢
opISid| - 867 |€0+dLT|20+AT 1|SO+AT T 160 | SIT | #1°0 | 8T | LLO | L6 [9000°0/£500°0| 06 | 6S00°0 | 09°6T| 0€T
opLSMAl - SIT |€o+AST|zo+AT T[v0+d6'L] 211 | zvl | L10 | 1T | 9670 | 121 [9000°0[/£500°0| 06 | 6S00°0 | L 61| 62T
€1SS - ST |€0+d6'1|10+99°8|v0+d0%| 62T | 68T | Tzo | 8T | LoT | 19T [9000°0/£500°0| 06 | 65000 | L8'6 | 87T
1LSS - L |€0+A9 T|10+9€ Lp0+d07] 88°€ | 06v | L0 | ¥€ | 19€ | 9S¥ [9000°0|£500°0| 06 | 6S00°0 | €67 | LTT
%06 = AA\ ANADISUds 95 ¢
opISid| - €97 |€0+d8 1|20+ALS|S0+ATT| L60 | T2l | 1s0 | +9 | 9v0 | 8S [6200°0/6200°0| 0S | 650070 | 09'6T7| 97T
oy 1SS - T€l |€0+dL 1|T0+aES|v0+a6°L] 0TT | IST | €90 | 6L | LSO | TL [6200°0|6200°0| 0S | 650070 | ¥L°61 | STT
€1SS - 97 |€0+AE T|20+AE P|v0+d0 Y| STz | TLz | 680 | TIT | LT1 | 091 |6200°0[6200°0] 0S| 650070 | L8°6 | #TT
LSS - 8 |zo+ds6|to+Ac €|y0+a0T] 88 % | 919 | 881 | L£Z | 00°€ | 6LE [6200°0|6200°0] 0S | 650070 | €6 | €TT
%08 = AA ANADISUds I8 ¢
m Do | wyed - - - % [ % [ % [u | s | s | o | smu | s | og
=}
m [ensiA L Xp/dp \swm O@Mm Uvﬂm ,HO,Hm Om ?/m Om: ?/@D AM Jm: Um: ‘dxq
Annr [eruozuioy ‘adid [993S ‘1 ¢# QLIS €1V dqBL



Appendix A

308

GvC/-OUINAN:NHN

pPLSMA | 991 | 011 |€0+AST|TO+AT T 0+a6°L] L1T | 8p1 | €1°0 | LI | $0°T | I€L |9000°0[£S00°0| 06 | 650070 | ¥L61 | 15T

vLSS - LE |€0+H0T|10+d6'8|0+dL Y| TI'T | 89T | ¥1°0 | 81 | 861 | 0ST |9000°0{£S00°0] 06 | 6500°0 | 2911 | 05T

1SS | ovT | s€  |20+d6°6]|10+30°S|FO+ATE| 601 | 08L1 | #¥°0 | SS | S9°€1 | STLI |9000°0/€500°0] 06 | 6S00°0 | 0S'L | 6+C
%06 = AA ANanisuds 980 °¢

opISS | - 957 |€0+H8 1[0+d8'S|S0+aT 1| 680 | TIL | 70 | 95 | ¥7'0 | 9S [62000/6200°0| 0S | 6S00°0 | 09°6T | 8¥CT

opLSS | 861 | TOI |€O+HL I|c0+AY S|vo+d6’L] v1'T | vp1 | LS0 | TL | LSO | TL |6200°0/6T00°0] 0S | 65000 | ¥L°61 | L¥T

vLSS - 0€  |T0+9€'6|T0+S €[p0+aI Y| 1TF | TES | $O'T | STIEL | LI'E | S°00¥ [6200°0[6200°0| 0S | 650070 | 01°01 | 9%

vISS | 0vT | S¢€ |20+d89|T0+A8 T 0+ATE]l 906 | SHIT | €21 | SST | 8L | 066 |62000[6200°0] 05 | 65000 | 0S°L | S¥T
%05 = A Apapisuas 980 1-¢

OpLSS | 961 | 8IT |20+dL°6[C0+d¥ 6]SO+HT 1| $8°0 | LOL | 990 | €8 | 61°0 | ¥Z [LP00'0|T100°0] 0T | 6S00°0 | 09°6T | ¥+T

vISS | TIT | 66 |20+AE8|c0+AL 8|¥0+a6°L] 80T | 9€1 | 820 | 86 | 0£0 | S8€ |L¥00°0{T100°0| 0T | 6S00°0 | ¥L61 | €¥T

€LSS | 112 | 0€ |20+d+'S[20+d9°9([v0+H0v| 76T | 61€ | 8¥'1 | L81 | v0'1 | TEI [Lb00'0|TI000| OT | 6S00°0 | L8'6 | THT

vISS | 1'cz | 8T [20+dL €|c0+ay S|v0+d8'E|l 08F | 909 | 891 | 21T | TI'S | ¥6€ |L¥00°0{2100°0] 0T | 650070 | LE6 | 1T

vISS | 0vT | 1€ |20+d6T|T0+aS v vo+aTE| €48 [STOll| 8TT | SL8T| S¥9 | SI8 |L¥00°0[T100°0] 0T | 65000 | 0S°L | 0¥T
%07 = AA ApapIsuds 980 1°¢

opLS | 881 | 1TC - |€0+dT1[S0+dTT] 9.0 | 96 | 9L0 | 96 - - 16500°0/0000°0{ 0 | 65000 |09°6Z| 6£T

opLS | T6l | 601 - |€0+AUIp0+a6 L] YITL | vPL | PIL | bhI - - 165000]0000°0{ 0 | 65000 | ¥L61 | 8€T

€IS | LTz | zg - |zo+A18|p0+d0y| TST | 61€ | TST | 61€ - - 16500°0/0000°0| 0 | 65000 | L86 | LET

€IS | 0vT | st - |zo+dgs|yo+are| Ls9 | 0€8 | LS9 | 0€8 - - 16500°0/0000°0] 0 | 65000 | 0S°L | 9¢T

vlS | vTT | LT - |20+30°S|v0+d8°C| TS'6 | €0TI | TS6 | €0T1 | - - 16500°0/0000°0] 0 | 6S00°0 | L89 | s€T
%0 = AM ANADIsuds 5 ¢

Do | W/ed - - - % | Mmo| % | o | % | [u | s | s | o | smu | s | #

[ensIA L | Xp/dP | Moy Oay Doy 10Lyy oy My 0Sy | MSy [AM| TSn | 98y | dxT

premdn ‘3op [+ ‘odid [991S ‘1" ¢# QLIS :pI—V dqeL



GvC/-OUINAN:NHN

N
@ - €C 8EC [C0+d8'8|C0+H8'8|SO+HT | €01 | ¥CI | 8L0 | ¥6 | STO | 0f |[L¥00°0{CI00°0] OCT | 6S00°0 | 09°6C | ¥9C
- 44 vIT [CO+dS 8|CO+HT8|VO+H6'L] 6T 1 | SST | 10T | ICI | 8C0 | ¥vE€ |[L¥00°0{CTI00°0| 0T | 6S00°0 | ¥L'61 | €9C
- N LT |T0+H99|TO+HL9[¥0+HO Y| €€°C | 08T | €L°1 | 80C | 090 | TL [L¥00°0|CI00°0| OC | 650070 | L8'6 | 9T
- 144 L |20+H9v|C0+dI°S|1P0+d0°C| TTS | LT9 | 9S°¢€ | LTV | L9°'T | 00T |L¥00°0{TI00°0f 0T | 65000 | €6'F | 19C
%0T =AM ANApIsuds 90 ¢
- - 0¢€¢ - CO+dTT|SO+dTT| €L°0 | 88 €L0 | 88 - - [6500°0)/00000] 0 | 65000 [09°6C| 09T
- 14 140! - €0+H0 1 {#0+H6°L] 9TT | 1ST | 9T1 | ISI - - 16500°0/00000] 0 | 65000 [vL6]| 65C
- s¢ 6¢ - 20+d0°8|¥0+H0V| LST | 80€ | LST | 80¢ - - [6500°0|/00000] 0 | 65000 | L86 | 8ST
- 14 L - 20+dS9|¥0+H0°C) SLV | OLS | SLV | OLS - - [6500°0]0000°0] 0 | 65000 | €6% | LST
%0 = AA\ &31ADISudS 950 ¢
Do | W/ed - - - % [w % [w % u s/uros/u 9 | s/u s/ #
[ensiA L Xp/dp ?VQNM Oom UQNM r—LOrFm Om Bm OmD gw: AM QWD Um: .QNM#
[eruozuioy ‘adid [991s pare0d Ax0dd ‘1 ¢# 91108 :ST—V dIqBL
AR 96 6CC [£€0+H6'C - SO+dCT°1| L8'0 | Ol - - L8°0 | OIT |0000°0/6S00°0{00T| 6S00°0 |09°6C | 95T
AN vl | LOT |€0+HLT - Y0+H6°L] LO'T | S€I : - LO'T | SET 10000°0|16S00°0{00T| 6S00°0 | ¥L'61 | SST
AR 8°0¢ vy |€0+dTT - r0+d6'v| S8'1 | ¥€T - - S8'1 | ¥€T 10000°0|6500°0|001| 65000 [0TTI | ¥ST
AR - € |E0+dTl - YO+d1°¢| 1S°CT | 0851 - - IS°CI | 08ST [0000°0]6S00°0{001| 6S00°0 | 0S°L | €T
%001 = AM A1anisuds 950 1°¢
OpLSid | - peC |€0+HL 120+ 1S0+dT ] €60 | 81T | 110 | VI ¢80 | ¥01 19000°0/£500°0] 06 | 65000 109°6¢C | TST
m Do | W/ed - - - % [ % [ % [ s/ |os/w | O | s/ s/ | #
=
m [ensiA L Xp/dP | Moy Oay BEN| Lol o Mg 0Sn | MSy |AM| TS 98 ‘dxq
5
< premdn 39p [+ ‘odid [991S ‘1"¢# QLIS :pI-V dqeL




Appendix A

310

GvC/-OUINAN:NHN

- €l o€z |co+dArel - [so+dci| zLo | 98 - - 2.0 | 98 10000°0/6500°0/001] 650070 | 0962 | 9LT
- 61 111 |eo+dALz] - |vo+d6L| O11 | T€1 - - 0I'T | Z€1 10000°0/6500°0/001] 650070 | vL 61| SLT
- €7 9z leo+drzl - |vo+dOY| €£7 | 08¢ - - ce'z | 08T 10000°0[65000/001] 6S00°0 | L8°6 | ¥LT
- €T 8 |eo+da91| - |[v0+d0°T| 80°S | 019 - - 80°S | 019 |0000°0|{6500°0[001| 65000 | €6 | €LT
%001 = AA\ ANADIsuas IS 1°¢
- il 1€2T - - - - - - - - - 19000°0]€500°0| 06 | 65000 | 09'67| TLT
- 1z | L0l - - - - - - - - - 19000°0]€500°0| 06 | 65000 | ¥L°61| 1LT
- v €T - - - - - - - - - 19000°0|€500°0| 06 | 65000 | L86 | 0LT
- vT 8 - - - - - ) ) - - 19000°0]€500°0| 06 | 65000 | €6 | 69T
%06 = AA ANADISUdS IS0 1°¢
- €z | LeT - - - - - - - - - 16200°0|6200°0| 0S | 65000 | 09'67| 89T
- (44 66 - - - - - - - - - 16200°0|{6200°0| 05 | 65000 | ¥L°61| L9T
- v T - - - - - - - - - 16200°0{62000| 05 | 65000 | £L86 | 99T
- T 8 - - - - - - - - - 16200°0|{6200°0| 05 | 65000 | €6% | $9T
%08 = AA ANADISudsIS) [°¢
D, | w/ed - - - % [ % [ % [ | s | s o | s | s | g
[ensiA L Xp/dP | Moy Oay BEN| Lol o Mg 0Sn | MSp |AM| TSy 98 ‘dxq

[eyuoziroy ‘adid 19938 pajeos Axodd ‘1 ¢# LIRS STV dqeL



311

Appendix A

GvC/-OUINAN:NHN

vISS | 861 | 1¥ [€0+d89|c0+AY €|¥0+d6°C| T | TT61 | 60°T | LbI | SI'€L | SLLT |0¥00°0{09€0°0] 06 | 00¥0°0 | 00°'L | 91€

1S 61 | vr  |€0+d09|T0+d1E[r0+ar T €€°02 | vpLT | €61 | L0T | 08'81 | LEST [0¥00°0/09€0°0] 06 | 0000 | OL'S | STE
%06 = A Ayanisuds 980 z-¢

v1SS | T0T | Tl - - - - - - - - - 10020°0[0020°0| 0S | 00¥0°0 | 00°ST | ¥1€

€LSS | 80T | 95 [€o+dES|c0+a8 1|v0+d1 Y| 9T6 | 0STI | 00% | 0¥S | 9TS | OIL |[0020°0{00Z0°0| 0S | 00¥0°0 | 00701 | €I€

€LSS | I'1T | vb  [€0+HTP|€0+I9 1|pO+HE €| ¥EST | 0L0T | SE€'S | €TL | 666 | 8PE1 [0020°0{0020°0| 0S | 00¥0°0 | 008 | TIE

€LSS | v0Z | v |€0+H9€|€0+dY 1[P0+HOE| 11°1T | 6¥8C | ¥¥'9 | 698 | L9¥1 | 0861 [0020°0/0020°0] 0S | 00700 | 00°L | TI€

1S 90z | v |€0+ap €l€0+aY 1[P0+AST| #S°ST | LyvE | 8TL | T86 | LTI | S9¥T [0020°0]0020°0] 0S | 00700 | OL'S | 0IE
%05 = A Anapisuas 980 z-¢

vISS | €L1 | 1TI - - - - - - - - - 102€0°0[0800°0| 0T | 00¥0°0 | 00°ST | 60€

vISS | 90T | 09 [€0+A8T|€0+A6T|0+AT Y| TI'6 | 0£TI | T89 | 0T6 | 0T | 0I€ |0T€0°0{0800°0] 0T | 00¥0°0 | 00°01 | 80€

vISS | 90T | Ly [€0+ATT|EO+AST|HO+ALE| 80°ET | S9L1 | 09°8 | 0911 | 8¥'v | S09 |02€0°0{0800°0] 0T | 00¥0°0 | 008 | LOE

¢ISS | 80T | v [€0+H6'1|€0+AY T|P0+H6'T] SL91 | 092 | 1L°6 | OIEL | ¥0'L | 0S6 |0TE0°0{0800°0| 0T | 00¥0°0 | 00°L | 90€

vISS | 90T | OF [€0+AST|€0+ATT|¥0+aST| 01'9T | TTSE | 0v'Tl | €491 | 0L°€1 | 8¥81 |02€0°0{0800°0] 0T | 00¥0°0 | OL'S | SO
%07 = AA Ananisuds 980 ¢

v1S | 00 | 8II - - - - - - - - - 100¥0°0[0000°0] 0 | 00v0°0 | 00°ST | ¥0€

€IS | Loz | 19 - |€O+ALE|PO+a Y| L6'L | SLOT | L6'L | SLOT | - - 100¥0°0[0000°0] 0 | 00v0°0 | 00701 | €0€

€IS | Loz | sv - |€0+aTElPO+IEE] LTI | 0TST | LTHL | 0TST | - - 100¥0°0[0000°0] 0 | 00v0°0 | 00'8 | Z0€E

v1S | 80 | O - |€0+36'T|P0+d6°T| SLYL | 0661 | SLPI | 0661 | - - 100¥0°0[0000°0] 0 | 00v0°0 | 00°L | T0€E

1S 907 | 8¢ - |€0+dST|P0+ayT| 8€TT | 0T0€ | 8€°TT | 0T0E | - - 100¥0°0[0000°0] 0 | 00v0°0 | OL'S | 00€
%0 = AM ANApIsuds IS0 7°¢

Do | Wyed - - - % | M | % | | o | qu | smu | s | o | smuo | s | #

[ensIA L | Xp/dP | Moy Oay Doy 10Lyy oy Mg 0Sq | MSy [AM| TSy | 98 | dxd

premdn ‘39p '+ ‘odid o1]AI0® ‘7 ¢# QLIS :9]—V dIqBL



Appendix A

312

GvC/-OUINAN:NHN

AR o1 | LTl - - - - - - - - - 10000°0/00%0°0{00T | 0000 | 00°ST | ¥TE
v.LS 1°0¢ 8S 1£0+H6'8 - YO+d1Vv| S¥'8 | OVII - - St'8 | 01T {0000°0{00%0°0|00T| 00¥0°0 [00°0T | £TE
eLS 16l Sy 1€0+H9°L - YO+HE €[ STET | SLLT - - SI'€T | SLLT [0000°0{00+0°0|001| 00¥0°0 | 008 | CCE
18 L'LT ey [€0+dTL - vY0+d6°C| L6'F1 | 0T0C - - L6'¥1 | 0C0T [0000°0|000°0{00T| 00400 | 00°L | ITE
PLS/IS| L'81 e |€0+dE9 - YO+dy | TS1T | €067 - - CSIT | €06T [0000°01000°0[00T| 00400 | OLS | 0TE
%001 = dA Apansuas 95 ¢
OpISS | SLT | 0¢l - - - - - - - - - |0¥00°0/09€0°0| 06 | 0000 [ 00°ST | 61€
vLSS | ¥°0C 9¢ €0+ 8|C0+H6'E[YO+HI Y| P8 | SEIT | €60 | STI | 6¥'L | OI0T [0¥00°0{09€0°0| 06 | 00¥0°0 [00°0T | 8I¢
yLSS | 661 v [€0+HY L120+HS €1v0+He €]l L6711 | SI9T | ST'T | ST | 2801 | 09%1 10¥00°:0109€0°0{ 06 | 00¥00 | 008 | LIE
Do | W/ed - - - % Jw % [ % Jw s/ os/ur | 9% | s/u S/w #
[ensiA L Xp/dp \swm O@Mm Uvﬂm ,HO,Hm Om ?/m Om: ?/@D AM Jm: Um: ‘dxq
premdn “39p '+ ‘odid o1]AI0R ‘7 ¢# ALIOS 9]V dIqBL



313

Appendix A

GvC/-OUINAN:NHN

£1100[04 €S [eroRIadNS ) UO Paseq [[eA ) e 10J08) UONOLY Sulue] P
[15°6] uonenby ‘Aidofoa sed [eroi1adns oY) U0 Paseq 10)oef UONOLY [EIdEIOJUI Sutuue,] O
SOOT 03 [enba awn je umop jnys pmbry -q
UMOPYE1Q WL I9}e J0J dIe Ol[eyl Ul Saul| e
- £0-H6LY Ul 4 £0-HOC'? 000 0S0 2100000 60000 sol- 0001
- O-HY8Y Nl 4 O0-H9L'F 000 Lo £10000°0 11000 61~ 0§,
- £0-HZES Nl 4 £0-HC6'F 000 43 8200000 £200°0 9cc- 00§
- £0-H009 Ul 4 £0-H06'F 100 rL'6 0500000 0000 Yaa 1374
- £0-H490°L Nl 4 £0-H9%°S r0°0 S$L°8C £80000°0 99000 0sc- Sl
€0-d8Y €0-dSL'8 €0-dv'v €0-d¢6°S 61°0 eCLL 9¢1000°0 60100 ILT- 091
€0-d8Y €0-49L°8 €0-dv'v €0-4099 vTo 9888 LET000°0 60100 10¢- 0ST
€0-d6't €0-409°6 €0-dv'v €0-4¢89 I¥°0 0€9¢C1 €91000°0 0€10°0 erie- SEl
€0-d6'Y ¢0-450°1 €0-dv'v €0-HeE'L €L0 CI'181 1610000 ¢s10°0 eee- 114!
€0-40°S 041yl €0-dv'v ¢0-d¢T’1 LS8 IT¥8L L0O€000°0 v¥20°0 8¥¢- SOI
€0-40°S C0-dey'1 €0-dv'v C0-dI1¢1 011 09668 y1€000°0 6¥20°0 165~ 001
- - Juore ses ‘seaw - - w - w/ed s
umiw stremcly cwmm u.w ToAn Toy w H Xp/dp peliiid]
suopendwo) SJUIWAINSBIIA]

sJudWLIdA XY SuruuIy) Wiyl Judisue.a) ‘ejep paje[nqe], €'V

LSIOWILIdAXS FuruuIy) Wiy 10JeM-IIR [BOIOA :L]—V d[qEL



Appendix A

314

GvC/-OUINAN:NHN

€0-d8'¥ €0-H6C'9 c0-dv'v €0-H0T'S 10°0 vy 65000070 LY00°0 6¢C 009
€0-d8'Y €0-H¢€9'9 c0-dv'v €0-dvv'S 00 0v'9 69000070 96000 6vC- ovs
€0-d6'v €0-H08'9 c0-dv'v €0-HeS'S €00 1202 SL0000°0 09000 €S 0cs
€0-H6'V €0-d16'9 c0-dHv'v €0-HT9'S €00 [4}] 8L0000°0 £€900°0 LSC 00s
€0-d6'v €0-d+0°L c0-dv'v €0-dCZL'S Y00 SN ¢80000°0 99000 9 08y
€0-d6'v €0-d80'L c0-dv'v €0-HC8'S 700 v8°6 ¥80000°0 L9000 99¢- 09y
€0-H6'¥ €0-H0¢'L €0-dv'v €0-HZI'9 90°0 0r1°cI 16000070 €L00°0 6LC 00y
€0-d6'v €0-HE]'L €0-dv'v €0-H6€£9 170 evLI LOT1000°0 9800°0 16¢C- ove
€0-H6'V £0-H00'8 €0-dr'v €0"HEL9 Y10 L1°0C €11000°0 06000 90¢- 087
€0-d6'v €0-HIL'8 €0-dv'v €0-H6C L LT0 el'le Se10000 8010°0 [ee- 0T
€0-H6'v €0-HZ8'6 €0-grv €0HvL'L 860 2808 0L1000°0 9¢10°0 I6¢- 06l
€0-d6'¥ ¢0-d¢C0°1 c0-dv'v €0-HLE8 80 I1°¢9 ¢81000°0 Y100 6L¢- 091
€0-H6'V COHITT €0-drv £0-H86'8 el 88 01200070 L9100 901~ 154
€0-H0°¢ ¢0-d8T'1 €0-dr'v £€0-H69°6 vI'g 66911 $92000°0 11200 8P~ 0€1
€0-d0°¢ C0-d8¢’1 €0-dv'v ¢0-40T'1 LT'L 66°6¢€C 8620000 LETO0 (114% So1
£0-HO'S C0-d6v'1 €0-dv'v C0-dCT'1 6L°6 §668¢C 0€€000°0 £920°0 166- 001
- - uoje ses ‘Seoua - - w - w/ed S
omq.w srescly uwmm u.w Toan Toy w H Xp/dp dwmn
suonendwo) SJUIWIAINSBIA]

CSuowinadxd Juruury) wyy 08 [OSXXH-IIB [BONISA 81—V d[qEL



315

Appendix A

K110019A se3 [ero1y1adns ay) U0 paseq [[em ) I8 10308] UOIOLY Suruue,] P
[15°g] uonenbg ‘Ay1o01oa ses [eroryradns ay) uo paseq 10joe} UONOLY [eIoRjIoIUI JUIUUR, O
SQOT 03 [enbo awm Je umop jnys pmbi| ‘q
umopyealq Wl I2)Je J0J dIe OI[e)l Ul SAUI| ‘B

- £0-H9rv E0-HY ¥ £0-HCIY 000 000 1000000 10000 [61- 0081

- E0-HIIS 1 INCi E0-HICY 000 s cco0000 L1000 S61- 0001

- £0-H96°¢ E0-Av Y £0-4C0°S [00 96°C 6700000 6£00°0 [EC- 099

- - Juoje ses ‘seow - - w - w/ed S
ATl stiem‘ly 251 N Top Toy w H Xp/dp L
suoneinduwo)) SJUIUIDINSBITA]

CSuowinadxd Juruury) wyy 08 [OSXXH-1IB [BONISA 81—V d[qEL

GvC/-OUINAN:NHN



Appendix A

316

GvC/-OUINAN:NHN

6100 8CI0 S10°0 0100 910°0 €00 r€0°0 9500 0 65000 L8°6 €LT
¥00°0 00 ¥00°0 €00°0 S00°0 S00°0 900°0 9100 0 65000 €6t Ll
%0 = AA A)1AnIsuds 98 ¢
800°0 01€0 8000 000 1200 L20°0 8200 611°0 0 €000°0 081 IT
800°0 LLTO 800°0 €000 0200 9200 9200 811°0 0 ¥000°0 08'¥1 01
6000 88C°0 600°0 ¥00°0 120°0 6200 0€0°0 8I1°0 0 9000°0 081 6
¥10°0 L8T0 ¢loo 9000 00 8¢0°0 8¢0°0 LIT°0 0 ¢100°0 081 8
810°0 0¢€°0 ¥10°0 8000 ¥20°0 8¢0°0 6£0°0 911°0 0 81000 08°¥1 L
€200 144%0) L100 0100 §20°0 r¥0°0 S¥0°0 911°0 0 ¥200°0 081 9
9¢0°0 yee o ¢c00 L10°0 L20°0 €900 $90°0 91T°0 0 L¥00°0 08'¥1 S
700 §9¢°0 0€0°0 120°0 6200 1L0°0 ¥L00 911°0 0 65000 08'¥1 14
1500 18€°0 ¢€0'0 §20'0 1€0°0 6L0°0 2800 911°0 0 1,00°0 081 €
2900 Sov°0 170°0 0€0°0 €00 6800 680°0 911°0 0 88000 081 [4
SS1°0 00%°0 6600 980°0 L€O0 LLTO w610 0C1'0 0 00%0°0 081 I
%0 = AM A1anisuds 157 |

w/N w/N w/N % s/u s/w #
pueq | Dpisfemod] | puegH | smiserg |dmosiod | Iq.h 1g,Ta 9g.01 AM 1S o8 dxq
sppow woay 1g,. Ty SJIUWIAINSBIA]

(odid d114a9%) Suipeoy pinbip mof e mop) dseyd-om) ur $32.10J JeIYS ‘B)ep pajenqe], 'V

adid o11A108 91} UI JBOYS [[em-PInbI] paje[nofes pue painseaw :eyep oseyd-om], 61—V dqEL



GvC/-OUINAN:NHN

= L60°0 LS9°0 6100 0v0°0 ¥20°0 611°0 o 961°0 001 65000 | PL61 161
2200 801°0 100 110°0 800°0 ¥20°0 920°0 500 001 65000 L8°6 061
$00°0 6100 £00°0 €00°0 €00°0 $00°0 900°0 910°0 001 65000 €6y 681

[BJU0ZLIOY - %001 = AM ANApIsuds 95 ¢
600°0 $0¥"0 900°0 €00°0 ¥10°0 6100 6100 0T1°0 001 20000 | 08¥1 It
€100 ¥8€°0 800°0 $00°0 ¥10°0 61070 6100 811°0 001 $0000 | 08I oy
¥10°0 65€°0 600°0 50070 ¥10°0 2200 2200 811°0 001 90000 | 08¥1 6¢
2200 65€°0 €10°0 800°0 $10°0 620°0 620°0 LI1°0 001 21000 | 08¥1 8¢
€00 11€0 6100 $10°0 $10°0 9v0°0 LY0°0 911°0 001 62000 | 08¥1 LE
190°0 Lvy0 £€0°0 920°0 6100 £90°0 990°0 LIT°0 001 Ly000 | 08¥I 9¢
2L00 65770 8€0°0 1£0°0 020°0 690°0 1L0°0 L1170 001 65000 | 08¥1 S¢
€L0°0 LOY"0 6£0°0 €00 810°0 LLO0 080°0 L1170 001 1L000 | 08I be
6L0°0 ¥8€°0 €070 9€0°0 810°0 960°0 660°0 L1170 001 88000 | 08Pl €€
881°0 $SE°0 ¥01°0 L60°0 020°0 1020 LIT0 1210 001 00700 | 08¥1 {3
%001 = AAA Aansuas 10
bTIo 0ST'1 €L0°0 €50°0 £€90°0 LETO wTo 6070 0 65000 | 0967 9LI
£€90°0 955°0 1%0°0 620°0 8€0°0 1210 STI°0 961°0 0 65000 | L6 SLI
700 $9€°0 0£0°0 120°0 620°0 $90°0 £90°0 911°0 0 65000 | 08¥1 2!
w/N w/N w/N % s/u s/w #

M pueH | DIS[BMOY] | pueBlEH snise[g | 9[[Inasioq _,m«_p g, Ty 9g.91 AM 1S 98 dx

.W spppowr woay 1, Ty SJUIWIAINSBIA]

Annr adid o11A108 913 UT JBAYS [[eM-PINbI] paje[NO[Rd puE painsedw :ejep dseyd-om[, 61—V dqeL




Appendix A

318

GvC/-OUINAN:NHN

P10 008°0 LS00 LY0°0 LT0°0 80€°0 11€0 TIr0 001 65000 09°67 %4
$80°0 #95°0 700 9€0°0 2200 8€1°0 9¢1°0 L61°0 001 65000 pL 61 €17
€100 650°0 600°0 £00°0 900°0 $€0°0 ¥20°0 950°0 001 65000 L8°6 4 4
2000 500°0 100°0 1000 100°0 LS00 £€20°0 6£0°0 001 65000 wL 14
100°0 000 100°0 100°0 100°0 LS00 020°0 LEO0 001 65000 0S°L 012
“BIP[+ - %001 = AM Apanisuds 980 ¢
621°0 SIEl 9L0°0 #S0°0 900 ¥92°0 997°0 1170 0 65000 09°62 L61
900 895°0 w00 620°0 8€0°0 6T1°0 8TI°0 961°0 0 65000 pL 61 961
S10°0 201°0 2100 800°0 ¥10°0 8€0°0 1£0°0 950°0 0 65000 L8°6 <61
000 810°0 £00°0 2000 $00°0 ¥€0°0 L10°0 S$€0°0 0 65000 0S°L b6 1
100°0 900°0 2000 100°0 2000 1700 €10°0 1£0°0 0 65000 €89 €61
“39P1+ - %0 = AA A3apisuas I8 ¢
Pr10 090°1 0L0°0 LS00 £€0°0 987°0 1620 2170 001 65000 09°67 61
w/N w/N w/N % s/u s/w #
pueH | DIS[BMOY] | pueBlEH snise[g | 9[[Inasioq _,m«_p g, Ty 9g.91 AM 1S 98 dxq
spppowr woay 1, Ty SJUIWIAINSBIA]

adid o11A108 1) UT JROYS [[EM-PINbI] paje[nofed pue painsesw :ejep oseyd-om], :6I—V dqEL



319

Appendix A

GvC/-OUINAN:NHN

1¥0°0 L¥0°0 €200 9000 600°0 €00 r€0°0 9500 0 6500°0 L8'6 €L
€000 6100 L00°0 000 ¥00°0 S00°0 9000 9100 0 6500°0 oY Ll
%0 = AM ANADIsSuds O ¢
€£0°0 ¥20°0 ¥10°0 9000 800°0 LT00 8200 611°0 0 €000°0 08 %1 1
0¥0°0 8200 9100 9000 600°0 9200 9200 8I1°0 0 ¥000°0 08°¥1 01
¥¥0°0 €00 L100 L000 010°0 6200 0€0°0 8I1°0 0 9000°0 081 6
6500 €r0°0 00 8000 110°0 8¢0°0 8¢0°0 LIT°0 0 ¢100°0 081 8
8900 500 9200 6000 oo 8€0°0 6£0°0 911°0 0 81000 081 L
9L0°0 6S0°0 6200 6000 €100 r¥0°0 S¥0°0 911°0 0 ¥200°0 081 9
101°0 €80°0 w00 110°0 S10°0 €900 $90°0 911°0 0 L¥00°0 081 S
601°0 160°0 L¥0°0 1100 9100 1L0°0 ¥L0°0 911°0 0 6500°0 081 14
911°0 001°0 2S00 oo 910°0 6L0°0 800 911°0 0 1L00°0 081 €
9C1°0 I11°0 090°0 oo LT10°0 6800 680°0 911°0 0 88000 08 %1 [4
LSTO 8¥C0 881°0 8100 §20°0 LLTO 61°0 0CI'0 0 00%0°0 081 I
%0 = AM A)1anisuds 150 |

w/N w/N w/N % s/w s/w #

sosupuy |  SYV (soAem (sdaem Oy = _& LY g, Ta 9g,D1 AM 1S 28 dxgq

1o4) jjou | g) ou
ISTWIIY) | ISTWAIY D)
spopour wroay ‘g, My SIUAWAANSBIJA]

odid orjA10€ oy ur JeayS [erorjIdIUI pInbij-sed paje[noed pue painsedw ejep aseyd-oMm], 07—V dIqBL



Appendix A

320

GvC/-OUINAN:NHN

€000 6100 11070 <000 #00°0 S00°0 900°0 9100 00T 65000 €6’y 681
[BIUOZLIOY - %001 = JAA ANARISUds IS ¢
§70°0 120°0 €100 S00°0 L00°0 6100 6100 0C1°0 001 0000 08'v1 84
¥€0°0 8200 L10°0 900°0 800°0 6100 6100 8IT°0 001 #0000 08'v1 or
8¢0°0 1€0°0 0200 900°0 600°0 00 00 8I1°0 001 90000 08'¥1 6€
1S0°0 €r0°0 8200 8000 010°0 6200 6200 LIT°O 001 1000 08'v1 8¢
8L0°0 $90°0 6¥0°0 0100 €10°0 9%0°0 LY0°0 9110 001 62000 08'¥1 LE
9800 180°0 9900 0100 ¥10°0 ¥90°0 990°0 LIT°0 001 L¥00°0 08 %1 9¢
760°0 060°0 8L0°0 1100 7100 690°0 1L0°0 LIT°0 00T 65000 0811 S¢
SN0 8600 060°0 I10°0 S10°0 LLOO 080°0 LIT°0 00T 1,00°0 08 ¥1 143
611°0 011°0 801°0 [41{0X0] L1070 960°0 660°0 LIT°0 001 8800°0 08'v1 €€
8¥C°0 14740 010 8100 §20'0 10C°0 L1T0 121°0 001 00t0°0 08'v1 (43
%001 = AA\ Ananisuas 180

865°0 ¥9¢°0 0LT°0 L£00 Sv0°0 LETO w0 60t°0 0 65000 09°6¢ 9L1
1€2°0 6S1°0 18070 6100 §200 I21°0 AN 9610 0 6500°0 vL61 SLI
801°0 160°0 LY0°0 1100 9100 $90°0 L90°0 91T1°0 0 65000 08Vl VL1

w/N w/N w/N % s/wt s/w #
sosjupuy | SUV (soaem (soAem Dy = _& IS g, Ty 9g, D1 AM S Sy dxq

1101 yjou | g) yyou
ISIWRJIIY D) | ISTUWRIY )
spopour wroay ‘g, M SIUAMIAANSBIJA]

odid orjA10® 913 UT JROYS [RIOBJISIUI PInbI[-seS paje[nojes pue painseaw :ejep oseyd-om], 07—V dqEL



GvC/-OUINAN:NHN

o

(o]

en
L¥9°0 65€°0 01€0 6€0°0 L¥0°0 80€°0 I1¢0 cIyo 001 65000 09°6C 14 %4
Y120 651°0 8¢I'0 8100 ¥20°0 8¢€10 9¢1'0 L6170 001 65000 YL61 €1C
810°0 €500 0t0°0 L000 0100 ge00 $20°0 9500 001 65000 L8'6 (4%4
L¥0°0 080°0 ce0'0 L00°0 110°0 LS00 €200 6€£0°0 001 65000 CL'L 11¢
S¥0°0 180°0 1€0°0 9000 I10°0 LS00 0200 LEO0 001 65000 0S'L 01?7

“39P 1+ - %001 = AA Ayapisuds 980 ¢
16570 S9¢0 691°0 L£00 S¥0°0 920 9920 I[Iv°0 0 65000 09°6C L61
0€T0 6ST°0 080°0 6100 §20°0 6210 8CI'0 961°0 0 65000 YL 61 961
¥v0°0 610°0 ¥20°0 9000 010°0 8¢0°0 1€0°0 9600 0 65000 L8'6 Sol
6200 8+0°0 L10°0 S00°0 800°0 ¥€0°0 L10°0 geo0 0 65000 0S'L vol
82700 2900 L10°0 ¢00°0 600°0 1+0°0 €100 1€0°0 0 65000 £€8'9 €61
“BOP1+ - %0 = AA ANApIsuds 98 ¢
63S°0 99¢°0 S0¢0 LEO0 S¥0°0 98C°0 16270 [4540] 001 65000 09'6C 61
c0T0 651°0 LETO 8100 €200 611°0 [44N0] 961°0 001 65000 YL61 Tel
6€0°0 9%0°0 8¢0°0 9000 600°0 200 9700 Ggs00 001 65000 L8'6 061
w/N Ww/N wy/N % A s/w #
sosjupuy | SUV (soAem (sorem Dy = _& IS g, Ty 9g, D1 AM S Sy dxgq

< [ox) jjou | g) jjou

~ ISIWRJIIY D) | ISTUWRIY )

=

m S[opowr wo.y _.wu_»_.P SJURUWIDINSBIJA

2

< odid orjA10€ 913 UT JBAYS [RIORJIdIUI pInbI-seS paje[No[ed puk painsedw (ejep aseyd-oM], 07—V dqeL



322 Appendix A

URN:NBN:no-7245



Appendix B 323

Appendix B Details of the tlow
facility

B.1 Introduction

Additional details concerning the multiphase flow loop are provided below. The flow loop
is otherwise described in Chapter 4.

The additional information includes:

* The flowchart of the multiphase flow loop (Figure B—1).

» Tables of components for the fluid supply and the fluid return infrastructures: air sup-
ply (Table B—1), water supply (Table B-2), oil supply (Table B-3) and fluid return (Table
B-4).
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Table B—1: Air supply components

ID Description Supplier Type
HV 1.01 Main shut-off valve K. Lund BSP 2>
C1.02 Compressor
PZV 1.03 Pressure reduction valve K. Lund BSP 2>
F 1.04 Air filter Betex Conical - 10 m
filter
PE 1.05 Pressure gauge BSP 1~
PSV 1.06 | Pressure safety valve (2-7 bar) K. Lund BSP 3/4”’
HV 1.07 Ball valve (brass, full bore) K. Lund BSP 1/2”°
HV 1.09 Ball valve (brass, full bore) K. Lund BSP 1.1/2”
FE 1.10 Vortex flow meter sensor JF Industrisensorer DN40 wafer
FI11.10 Vortex flow meter transmitter | JF Industrisensorer
HV 1.11 Ball valve (brass, full bore) K. Lund BSP 1/2”°
FE 1.12 Coriolis flow meter sensor Fisher-Rosemount DNI15 flange
FI1.12 Coriolis flow meter transmitter | Fisher-Rosemount IFT9701
HV 1.13 Ball valve (brass, full bore) K. Lund BSP 1/2”
HV 1.14 Ball valve (brass, full bore) K. Lund BSP 1.172»
HV 1.16 Regulation valve, gate valve K. Lund BSP 1/2”
HV 1.17 Regulation valve, gate valve K. Lund BSP 1>
PE 1.24 Pressure sensor Siemens BSP 1/2”
PI11.24 Pressure transmitter Siemens
HV 1.25 Ball valve (brass, full bore) K. Lund BSP 2>
U 1.26 Buffer tank, 200 liters Laguna DNS50 flange
HV 1.29 Regulation valve, gate valve K. Lund BSpP 2
PE 1.31 Pressure sensor Siemens BSP 1/2”
PI1.31 Pressure transmitter Siemens
HV 1.33 Ball valve (brass, full bore) K. Lund BSP 2>
HV 1.34 Ball valve (brass, full bore) K. Lund BSP 2”
PSV 1.35 | Pressure safety valve (0-9 bar) K. Lund BSP 1/2”
HV 1.36 Ball valve (gas lift) K. Lund BSP 1/2”
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Table B-2: Water supply components
ID Description Supplier Type
HV 2.01 Butterfly valve K. Lund DNB80 wafer
HV 2.03 Ball valve (brass, full bore) K. Lund BSP 2
HV 2.04 Ball valve (brass, full bore) K. Lund BSP 3>
HV 2.05 Ball valve (brass, full bore) K. Lund BSP 2”
HV 2.06 Butterfly valve, bypass K. Lund DNS8O0 wafer
HV 2.07 Ball valve (brass, full bore) K. Lund BSP 3’
HV 2.08 Ball valve (brass, full bore) K. Lund BSP 1/2”
HV 2.10 Ball valve (brass, full bore) K. Lund BSP 2>
FE 2.11 Electro-magnetic flow meter Fisher & Porter DNS50 flange
sensor

FI12.11 El-mag flow meter transmitter Fisher & Porter
HV 2.12 Ball valve (brass, full bore) K. Lund BSP 1/2”
FE 2.13 Electro-magnetic flow sensor | JF Industrisensorer 1/2°” union

F12.13 Electro-magnetic flow sensor | JF Industrisensorer
HV 2.14 Regulation valve, gate valve K. Lund BSP 2’
HV 2.15 Regulation valve, gate valve K. Lund BSP 1/2”
HV 2.16 | Butterfly valve, oil connection K. Lund DNS50 wafer
HV 2.17 Ball valve (brass, full bore) K. Lund BSP 2
HV 2.18 Ball valve (brass, full bore) K. Lund BSP 2>’
HV 2.19 Ball valve (brass, full bore) K. Lund BSP 1/2”
HV 2.20 Ball valve (brass, full bore) K. Lund BSP 3>

P 222 Large water pump Wilo Norge AS Dljelrﬂ?igagrﬁ ©-

P2.23 Small water pump Grundfos D(I:\elfl?rit}legff i
HV 2.24 Ball valve (brass, full bore) K. Lund BSpP 2
HV 2.25 Ball valve (brass, full bore) K. Lund BSP 2’

P 226 Dosage pump Prominent 3{;;9%n}%?;§}fggdﬁ
HV 2.27 Ball valve K. Lund BSP 3/4°
HV 2.28 Ball valve K. Lund BSP 3/4°
HV 2.29 Ball valve K. Lund BSP 2’
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Table B-3: Oil supply components

ID Description Supplier Type
HV 3.01 Butterfly valve K. Lund DNB80 wafer
HV 3.02 Butterfly valve K. Lund DNB80 wafer
HV 3.03 Ball valve (brass, full bore) K. Lund BSP 3>
HV 3.05 Ball valve (brass, full bore) K. Lund BSP 2”
HV 3.06 Ball valve (brass, full bore) K. Lund BSP 3>
HV 3.07 Butterfly valve, bypass K. Lund DNS8O0 wafer
HV 3.08 Ball valve (brass, full bore) K. Lund BSpP 2
HV 3.09 Ball valve (brass, full bore) K. Lund BSP 3>
HV 3.10 Ball valve (brass, full bore) K. Lund BSP 1/2”
HV 3.12 Ball valve (brass, full bore) K. Lund BSP 1.1/2”
FE 3.13 Coriolis flow meter sensor Fisher- Rosemont DN40 flange
FI13.13 Coriolis flow meter transmitter Fisher- Rosemont
HV 3.14 Ball valve (brass, full bore) K. Lund BSP 1/2”
FE 3.15 Coriolis flow meter sensor Fisher- Rosemont DNI15 flange

FI3.15 Coriolis flow meter transmitter Fisher- Rosemont

HV 3.16 Regulation valve, gate valve K. Lund BSP 1/2”
HV 3.17 Regulation valve, gate valve K. Lund BSP 2’
HV 3.18 Ball valve (brass, full bore) K. Lund BSp 2”’
HV 3.19 Ball valve (brass, full bore) K. Lund BSP 1.1/2”
HV 3.21 Ball valve (brass, full bore) K. Lund BSP 3
P 3.22 Small oil pump Grundfos Norge Dii?riftl“zgff i
P3.23 Large water pump Grundfos Norge Dfér?t?iga;{i”e i
HV 3.24 Ball valve (brass, full bore) K. Lund BSP 2>’
HV 3.25 Ball valve (brass, full bore) K. Lund BSp 2”’
3/4’’ union -
P 3.26 Dosage pump Prominent SIGMA 12090 -
diaphragm
HV 3.27 Ball valve K. Lund BSP 3/4°
HV 3.28 Ball valve K. Lund BSP 3/4°
HV 3.29 Ball valve K. Lund BSP 2’
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Table B—4: Liquid return components
ID Description Supplier Type
LG 5.01 Transparent monhole lid Lexan
HV 5.02 Ball valve (brass, full bore) K. Lund BSP 2’
HA 5.03 Cooling, brass coil
TE 5.04 Thermostatic valve K. Lund BSP 3/4”
U 5.05 Separator tank, 3000 litres Ole Aarre Mek.
HV 5.06 Ball valve (brass, full bore) K. Lund BSP 2"
U 5.07 Secondary tank
CA 5.08 Mesh Coalescer
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Appendix C Details of the
Three-Circle model

C.1 Introduction

In this appendix, computational details relative to the Three-Circle model are provided.
The Three-Circle model is otherwise presented and tested in Chapter 8.
The issues dealt with in this appendix are:

» The geometric relationship between holdup, view angle and wetted half-angle for a
curved (convex or concave) interface.

* The definition of "criticality".
* The calculation of the view angle for the gas-oil interface in the "critical" case.

* The calculations of the view angle in case of interfacial circle arc intersection (w;, w;).

C.2 Geometric relationship between holdup, view
angle and wetted half-angle for a curved interface

Geometric variables are defined in Figure C—1 for curved convex and concave circular in-
terfaces.

The interface curvature index measures the degree of curvature of the interface compared
to the planar configuration. It is defined by Equation [C.1]:

(oY)
|

oFP

,(I% 57 for (0<d<dP)

c =1 [C.1]
19-% 0’ <d<m)
"n—SPfor( T

The interfacial curvature is a scalar comprised between -1 and 1. For —1 < ¢ <0, the in-
terface is convex and for 0 < ¢ < 1, the interface is concave.

Reversing Equation [C.1], the following relation between d and c is obtained:
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o =

W ospe1
\? OP(1 —c¢) for (¢<0) [C.2]
|

ISP(1+C)+7T,C for (¢>0)

Expressions for R;, the double circle radius, and OO;, the distance between circle centres
are obtained geometrically:

__sind
ki = RsinSi €3]
_ ,4sind 5
00, = R(; s o8, — cosd. for (¢>0)
SO [C.4]
00, = Ré:lll?g cosd; + cosﬁ? Jor (¢<0)

1

The ordinate of O; in the cartesian axes centred in O (Oxy in Figure C-1) is defined by
Equation [C.5]:

Yo; = 00, for (c>0)

[C.5]
Yo; =—00,; for (c<0)

It is now possible to obtain a relationship between the phase fraction of the lower phase
H and the view angle §; for the concave and convex interface cases.

C.2.1 Concave interface

The area below the interface in Figure C—1 verifies the following equation:

Vst st
A =2 SR> =y*dy— || JR}-(-yo)?dy| = HR? [C.6]
—-R Woi—RY)

Using:

2 2 0 1yn
/Ry = L[R2+ R?asin‘é%g [C.7]

& Xgy = Rsind
i [C.8]
ivsy = —Rcosd
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One obtains:

2 p2 2
2 o[TR2_R2G o5 RoAm g5 TRD Rigm 56 R ]
HnR 2[ R sin20 Xy 3, 1 5¢5 S 1 sin29; | [C.9]

and after re-arrangement,

0=H

_ 1{&6_ sin28;  4sind5%4s sinZSiﬂ

| ¢ 2 % CsindF G 2 ¢ [C.10]

Equation [C.10] defines the circle arc characteristics (; and R;) at given holdup and wet-
ted angle d (or alternatively curvature index c).

C.2.2 Convex interface
From Figure C—1, the following expression is obtained for the area below the interface.

oitR)

Ysr
A4 =2 AR =2 dy+ | JRF—(y-yo)idy| = HRR? [C.11]
-R Vst

giving after integration and re-arrangement:

0=H—l[

8~ sin2d gsindz23sin2d;,
p 56— - -8

¢°" T2 * Gsind ¢ 2 [C-12]

C.2.3 Use of the interfacial curvature ®;

An alternative variable to the view angle §; is the interface curvature ®; defined in Figure
C-1.

There is the following geometrical relationship between ; and ®;:

8d;, = ¢, —m for (¢>0)

i [C.13]
i, =mn—0, for (c<0)

Replacing in Equation [C.10] and Equation [C.12], on obtains a relation between H, & and
®; valid for both concave and convex interfaces:
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0=H—l[

58_sin285_5sin6625 B _Sin2¢i6:|
T

¢°" T2 ¢ Gsimgs ¢ T2 % [C14]

C.3 Definition of the critical case

When interfacial curvatures of the gas-liquid and liquid-liquid interfaces are such that in-
terfacial circle arcs geometrically intersect, the geometry of the Three-Circle model is said
to be "critical". Critical cases are defined in Figure C-2.

The geometry is critical if one of the inequalities given in Equation [C.15] is fulfilled:

&R~ R)> oy~ yoy) for (¢;>0) and (¢;>0)
TR+ R)> (o, ~v0r) for (¢, <0) and (c;>0)
i(R,. +R)> (or—Yoy) for (¢;>0) and (¢;<0)
TR, =R) > (vo;—vo) Jor (¢;<0) and (¢;<0)

[C.15]

In the following, C; will designate the liquid-liquid interfacial arc, C; the gas-liquid inter-
facial arc and C the pipe circular section.

C.3.1 Calculation of the view angle for the gas-oil interface in the critical case

In the critical case, the view angle for the gas-liquid interface Sj (or alternatively @;) can
no longer be calculated using Equation [C.14] taking for H the total liquid holdup. This
would overestimate the oil holdup. Instead, a new geometrical relationship needs to be de-
fined based on holdup conservation.

The critical value for Sj, noted 8j*, is calculated based on the following exact relationship:
0=L,+I-4, [C.16]

This simply states that the total area occupied by the liquid, A}, must be the sum of the
area under the gas-oil circle arc (L) plus the protruding portion of the area under the oil-
water circle arc (I).

The new value Sj* is calculating by iterating on Sj until Equation [C.16] is satisfied. The

interval in which Sj* must be searched is given by Equation [C.17] for the critical cases
identified in Figure C-2.
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0, 51a<0; <8 for cases I o
5]', old < 5]-* < 5]-, oris Jor cases 11 :

where §; ;1q stands for the view angle calculated with Equation [C.14] and ; . is the
view angle such that Equation [C.15] is verified (interfacial circle arcs exactly tangent).
o is the oil wetted half-angle.

In the rest of this section, expressions are derived for L, [ and Aj .

* Ay is the liquid phase area and is calculated from the liquid holdup definition:
A, = H,mR? [C.18]

* Lo is the area of the lens between the gas-liquid interfacial arc C; and the pipe C. It is
given by

XsT1
Lo=2f |C;— Cldx [C.19]

0

where C; and C stand for their equations in the cartesian axes (Oxy) and ST is the inter-
section of C; with C.

Circle arcs C; and C; are defined by the following equations in the cartesian axis (Oxy):

y = =R} x>+ 00, for (¢; ;> 0)

[C.20]
y = /R,%j—xz—OOi,j for (ci,j<0)

The lower half pipe circular shape equation in (Oxy) is:
y = —AJR?—x2 [C.21]
The coordinates of C; inter C (respectively C; inter C) are equal to:

Xgr1,0 = RsinSi,j (221
Ysri,2 T _Rcosai,j

The coordinates of the liquid-liquid and the gas-liquid interfacial arc intersection (C; inter
C;) are given by Equation [C.23]:
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Xp = «/Riz—(J/P—)’Oi)z
_ Riz_Rjz_)%i +)’%j [€.23]
2()’0;“)’01')

Yp

Replacing Equation [C.20] and Equation [C.22] into Equation [C.19], L can be integra-
ted using the primitive given in Equation [C.7].

» [ is the area below the water circle arc and above the oil circle arc. Two cases must be
distinguished:

- 0p > Oy the oil phase forms two streamwise strips at the wall (cases 1, I and
I in Figure 8-6)

Then:

I = 2§|C;—C}dx [C.24]

0

The integral is calculated by replacing C; and C; by their equations (Equation [C.20])

- 0 < dy: the oil phase forms a lens in the cross sectional view of the phase dis-
tribution (cases Il 5, Iz and Il in Figure 8-6).

Then:
I =2A [C.25]

where A is the area of the circular triangle PST;ST,. A and the circular triangle are defined
in Figure C-3 for case Il 5.

The expression for A is obtained by additions or subtractions of sector areas to the area of

the regular triangle PSTST,. The process is represented schematically in Figure C-3 for
case II5. For the other cases, A is defined by the relation in Equation [C.26]:

A =Apgr g7,— Secy + Secy+ Sec for case 114
A =Apgr s7,— Secy —Secy + Sece for case IIB [C.26]

A =Apgy s7,+ Secy—Secy+ Sece for case IIC

with
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S, —w

Secy = R0 — Ao psr, [C.27)
25181_Wj6

Seco = RcT5—22 ~Agppsr, [C.28]
08— &

Secc = R =5~ Aogr,sr, [C.29]

and

A pc = Ja'bc'(a+b+c)

4 = b+c—a
2
a+tc—b [C.30]
b=
o = atb-c
2

C.4 Calculations of w; and w;

W; and w;, are defined as the view angles of P seen for the centre of the liquid-liquid in-
terfacial arc and gas-liquid interfacial arc respectively (Figure C-2). They are required for
the exact calculation of the interfacial areas in the critical case.

Two cases must be distinguished. If the interfacial circle arc is concave, w; (alternatively
w;) is given by the following equation:

i w; = atanéijC—POO;) Jor (yp<00;)

0 . x,

iwi =T— atané)-/P—_%—O—lg Jor (yp>00,) [C.31]
1

T

|

w; = gforyp = 00,

1

If the interfacial circle arc is convex, w; (alternatively w;) is given by the following equa-
tion:
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w,=T— atanéij_C—POOE Jor (yp<—-00,)

atané 9 [C.32]

¢y T 00|/ Ur>—00)
P i

w; =

w; = gforyp = -00;

i o e e e e

Equation [C.31] and Equation [C.32] are obtained from geometrical considerations of an-

gles in Figure C-2.
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Convex interface

Figure C-1: Variable definitions for curved circular interface models

do>0yy (oil strips)
L )ST, lo
PJ ST,
I, llg Il
S

Figure C-2: Critical geometries for the Three Circle model
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A = Apgt15T2 — S€Cy, + Secy + Secg

ST,

—Sec;

| ST,
Sec, ’

Figure C-3: Computation of the circular triangle area A for the case I, defined in
Figure C-2
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Appendix D Terms of the pres-
sure drop and holdup equations

D.1 Introduction

In this appendix, a method used for calculating interfacial shear stress and liquid-wall
shear stress from the stratified two-phase flow momentum balance equations is presented.
The methodology is applied to study an extensive data bank of low and high pressure
two-phase flow data. It is also used to extract wall and interfacial friction values from
holdup and pressure drop measurements in Chapter 6 and Chapter 7.

D.2 Extraction methodology

The method of analysis of two-phase stratified flow data exposed below is not new. It is,
for example, used in Espedal (1998) and discussed in Newton et al. (1998). Experimental
results are usually presented in form of tabulated measurements of pressure gradient, li-
quid holdup and fluid properties at given inlet conditions. The present analysis suggests
to use this data to extract frictional and gravitational terms involved in the stratified mo-
mentum balance equations.

D.2.1 Balance equations

In Chapter 3, mass and momentum conservation equations are derived for each phase in
the case of stratified steady-state gas liquid pipe flow. The combined mass and momentum
balance equations can be re-written as follows:

odP~

—oadin -l = Fot Fy+ Gg [D.1]
odP~

—BAS%E = F,-F,+G, [D.2]

where frictional terms are defined by:
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A
Fy =4S, = ngUk|Uk|Sk [D.3]

A
£ =18 = g UlUls, [D4)
and hydrostatic terms are defined by:
Gg; = odgp;sin(0) [D.5]
G, = HAgp,sin(0) [D.6]

With these notations, the pressure drop and holdup equations (Equation [3.23] and Equa-
tion [3.26]) reduce to:

odP~
ng%‘j = F,+F, +G.+G, [D.7]
0 =-HF;+toF,—F;+(0G,-HGg) [D.8]

D.2.2 Expressions for the gas-wall friction

From the knowledge of pressure drop, phase fractions and fluid properties, hydrostatic
terms can be easily calculated. Three remaining unknowns (friction terms) must be deter-
mined from two momentum conservation equations and one additional closure.

Measurements of gas-wall shear stresses for gas-liquid stratified flow show that gas-wall
friction is traditionally accurately modelled using a friction factor correlation derived
from single phase flow (Fabre et al. 1987). In this thesis, the maximum of Poiseuille equa-
tion (Equation [3.5]) for laminar flow and one of the following three gas-wall friction fac-
tor law for turbulent flow is assumed for the gas-wall friction factor:

» Blasius’ equation, Equation [D.9]:

0.184

¢ Weg™ >
» Haland’s equation, Equation [D.10]:
0 6.9 s ¢ N 1115, 2
— & 18] [_ +4_€9 ]9 D.10
ho = -1 8log| =t oa=ne | [D-10]
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* Biberg’s equation, Equation [D.11]:

[D.11]
A 2 1.81o [69 +a_¢% 61'11}—210 é1 +§16§s né-ié Yl lgg ;
¢k 8| Re, 637D 5 Sore D 8Tet|Ty e

Another form of Equation [D.11] is given by Biberg (1998) expressed in terms of the
gas-liquid interfacial friction factor:

4 69 4 e g™ S50
1.81 0 ] 21ogd + 20
& Og[R oo 5 TDg* Ogc S0
Ao = & g0 [D.12]
X [+ 2loglt + 0 Urﬁ 0
c Og(} S Ug 2

Usually, the interfacial friction factor is unknown. It must be calculated by iterating on the
gas momentum equation written as an implicit equation of the interfacial friction factor:

dP xGO“J)
0= Ad—— 2

A
pcUES;— 8’pGUr2Sj—ocApLgsin9 [D.13]

Hydraulic diameters, wetted and interfacial perimeters are otherwise calculated according
to the expressions developed in Section 3.3 for a flat gas-liquid interface.

D.2.3 Term computation and scaling

Once gas-wall friction is known, the remaining frictional terms are readily calculated.

Liquid-wall friction is calculated from the pressure drop equation, Equation [D.7]:

AadPo

i Gdx~

A :
?GpGUG\UG\SG—(och+HpL)Agsm6 [D.14]
Interfacial friction is calculated from the holdup equation, Equation [D.8]:

A :
Fy = _H?GPGUG|UG’SG+OCFLJFO‘HA(PL_pG)gsme [D-13]

If the relative magnitude of the frictional and hydrostatic terms are to be compared, it is
convenient to scale the terms such that their algebraic sum is equal to one. For the pressure
drop equation, terms are scaled with the total pressure drop as shown in Equation [D.16]:
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F F G
1= —S + L 4 & [D.16]

with,
Gyp = Gs+G, [D.17]

For the holdup equation, terms are scaled with either the liquid-wall friction (Equation
[D.18]) or the hydrostatic term (Equation [D.19]) for respectively, upward or downward

flow:
HF; F, G
1= 2+ -L -2 [D.18]
oF; oF; oF;
HF; oF, F,
1= 2L+ [D.19]
Gho[ Ghol Ghol
with,

G,, = oG, - HG, [D.20]

For comparisons, it is generally taken the absolute value of the terms composing Equation
[D.16], Equation [D.18] and Equation [D.19].

D.3 Applications

D.3.1 Using Biberg’s gas-wall friction factor

Biberg’s gas wall friction factor has been used in this thesis in conjunction with analysis
of two-phase stratified flow measurements at low liquid loading. From measured pressure
drop and holdup, liquid-wall friction and interfacial friction are calculated and compared
with predictions from correlations. Results are shown in Chapter 6 and Chapter 7.

D.3.2 Using Haland’s gas-wall friction factor

Several sets of experimental data covering both low and high pressures have been ana-
lysed by means of the methodology presented in Section D.2. The absolute value of the
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scaled contributions to the pressure drop and holdup equations are compared and their re-
lative importance studied in function of changes of diameter, inclination, pipeline pres-
sure and fluid properties. This work is summarized in Chupin et al. (2003b).

D.3.3 Using Blasius’ gas-wall friction factor

If Blasius’ equation is used for the gas-wall friction and assuming and interfacial friction
factor equal to the gas-wall friction factor, Taitel et al. (1976) have shown that holdup and
pressure drop are unique functions of two-dimensionless parameters given by Equation
[D.21] and Equation [D.22]:

[D.21]

[D.22]

dx

SG

X and Y are known, respectively, as the Martinelli parameter and the angle parameter.

Using Blasius’ equation to calculate gas-wall friction, the term extraction routines are run
on a two-phase experimental data bank described in Table E—1. Scaled terms of the holdup
and pressure drop equation are plotted against the Martinelli parameter, X. For small va-
lues of the angle parameter (Y « 1), the hydrostatic term is small compared to friction
terms and the pressure drop data collapses into an X shaped pattern for which gas-wall
friction dominates at low values of the Martinelli parameter (X « 1) and liquid-wall fric-
tion dominates at high values of the Martinelli parameter (X » 1). The holdup is then do-
minated by a balance between liquid-wall friction and interfacial friction. For high values
of the angle parameter (Y » 1), gas-wall friction terms are small and hydrostatic terms
dominate at small value of the Martinelli parameter and liquid-wall friction dominates at
high value of the Martinelli parameter. The holdup equation is, in this case, dominated by
a balance between hydrostatic terms and interfacial friction. Such plots are shown in Fi-
gure D—1 for the particular case of horizontal and positively inclined data.

For given fluid properties and pipe diameter, it is possible to draw the line corresponding
to Y = 1 in an inclination/superficial gas velocity plane. From the definition of the angle
parameter:

(P, —Pg)gsin®
c 4DUscs™pcUsc
% ve ¥ 2D

Y:

[D.23]
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with C; = 0.184 and m = 0.2 (turbulent gas), the following expression is obtained for
the critical superficial gas velocity in function of inclination at ¥ = 1:

1

B a-m |
Ugg o = | —PLPOE |7 = [D.24]
’ Pé -~ aDs™

2D eyt

The critical gas velocity given by Equation [D.24] i plotted against inclination as shown
in Figure D-2 for the following data:

« pg =90 kg/m’
« pL =800 kg/m’
« ug=18107Pas

The plot in Figure D-2 gives an indication on whether a given pipe is operated in a friction
or gravity dominated regime. It shows that large diameter pipes are rather gravity domi-
nated at positive inclinations while small diameter pipes are rather friction dominated. For
instance at +2 deg. inclination (vertical line indicated on Figure D-2), a 1.0 m i.d. pipe is
gravity dominated for superficial gas velocity below 38 m/s whereas a 0.05 m i.d. pipe is
gravity dominated for superficial gas velocity below 5 m/s. In other terms, the fraction of
the pressure-loss due to hydrostatic losses can be expected to be more important with a
large diameter pipe than for a pipe of smaller diameter, if the pipeline route involves im-
portant variations of the pipe inclination. Pressure loss reduction technologies that solely
focus on drag reduction will have less impact in large diameter pipes.

Similarly, for given fluid properties, the condition X = 1 leads to the definition of a cri-
tical liquid-to-gas ratio (or liquid loading) over which the flow is dominated by li-
quid-wall friction. From the definition of the Martinelli parameter:

D 1 DUg57"

EPLUE*LCLSV_E

X2 = ODZL] - [D.25]
l_)p U2.C,.a__560
2 PeYsetogT

with C; = C; = 0.184 and m = n = 0.2 for turbulent gas - turbulent liquid flow, the
following expression is obtained for the critical LGR at X = 1:

my 1
Yst _ aPga¥as"6iz=m) [D.26]
Usg  &pLov,™ ~
oV ~x M
The critical LGR is plotted against the dimensionless group Pe g—GS in Figure D-3.
LIvVe’
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Figure D-3 indicates whether a friction dominated pipe i dominated by gas-wall or li-
quid-wall friction. For instance, at gas density equal to 90 kg/m3 (in-field gas pipe condi-
tions), liquid density equal to 800 kg/m3 , gas viscosity equal to 1.8107 Pa.s, the critical
liquid loading above which the pipe is dominated by liquid-wall friction is 20.0% whereas
at gas density equal to 1.2 kg/rn3 (laboratory conditions), it is only 3.2%. This shows that
high pressure pipes, when operated at conditions where friction forces are dominating, are
rather dominated by gas-wall friction at low liquid loading whereas low pressure pipes at
low liquid loading tend to be equally dominated by liquid-wall friction and gas-wall fric-
tion. In the friction dominated regimes, gas-wall drag reduction technologies such as in-
ternal coatings can be expected to have a larger positive impact in high pressure pipes,
typically long distance trunk lines, than in lines operated at lower pressure such as pro-
duction flowlines. For the latter, pressure loss reduction technologies in the friction domi-
nated regime should also involve tackling the difficult issue of reducing liquid-wall
friction.
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Figure D-2: Critical gas superficial velocity corresponding to Y = 1 versus pipe incli-
nation and pipe internal diameter. Other parameters are: gas density = 90 kg/m3, liquid
density = 800 kg/m3, gas viscosity = 1.8107 Pa.s. Below the solid line at given internal
diameter, the pipe is gravity dominated. Along the vertical line, the critical superficial
velocity can be read for inclination = +2 deg.
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Line X =1

0.9 -

0.7 1
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Figure D-3: Critical liquid-to-gas ratio corresponding to X = 1 versus a dimensionless
group depending on fluid properties. Above the solid line for given value of the dimen-
sionless parameter, the pipe is dominated by liquid-wall friction. The vertical line corres-
ponds to high gas densities (gas density = 90 kg/m3)
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Appendix E Test of two-phase
gas-liquid flow models at low
liquid loading on an experimen-
tal data bank

E.1 Introduction

In this appendix, the performance of stratified gas-liquid flow models in predicting data
at low liquid loading has been evaluated. For the purpose of designing gas-condensate
pipelines, it is important to be able to predict as accurately as possible the pressure drop
and the liquid content in the pipe at low liquid loading. The purpose of this testing is to
identify the most appropriate models to perform this task.

E.2 Experimental data bank

In order to test the performance of model predictions at low liquid loading, a data bank
has been constructed using available data from the literature. The criteria for data to qua-
lify in the data bank were:

* Pipe flow data.

* Gas-liquid flow data.

 Stratified flow data (with or without atomization).
» Data for horizontal or slightly inclined pipes.

» Date at low liquid loading, LGR typically lower than 1%.

Generally, the available literature data is that of atmospheric two-phase flow but the
present data bank has been appended with high pressure data at 20 bars and 90 bars from
the Tiller Multiphase Flow Laboratory (Norway) and high density gas data (Nuland et al.
1993). For the Tiller data, the liquid loadings are higher than 1% but the data sets
considered are for LGR smaller than 2% at ambient conditions. The data at low liquid loa-
ding acquired within this thesis is also included.
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The content of the data bank is summarized in Table E-1. It is composed of 34 data sets.
For the sake of clarity (Section E.4), data sets acquired at similar conditions (Di) are re-
grouped into larger data sets (Di*). There are 13 starred data sets defined in Table E—1.

E.3 Two-phase flow models

The gas-liquid flow models tested are those described in Chapter 3. They include:

» Standard stratified flow models: Taitel et al. (1976), Espedal (1998). Biberg et al.
(1998, 1999).

* Specific models at low liquid loading: Hart et al. (1989) (ARS), Grolman (1994)
(MARS), Chen et al. (1997) and Meng (1999) (Double Circle model).

In addition, two simple models have been tested for their potential relevance to gas pipe
flow calculations at low liquid loading. These are:

» The "single phase gas" flow model.

* The "homogeneous" flow model.

Models and characteristics and summarized in Table E-2.

The "single phase gas" flow model does not consider the presence of liquids and can only
be used for calculating the pressure drop. Pressure drop is calculated from the gas momen-
tum equation in single phase flow (Equation [3.1]) using Haland’s equation (Equation
[3.11]) for the gas-wall friction factor in turbulent flow.

The "homogeneous" model considers that gas-liquid flow can be seen as a single phase
mist with the following properties:

P, = (1-H)ps+tHp, [E.1]
W, = (I-H)us+Hu, [E.2]
with
Usy
H=—25t [E.3]
Usgt Usy

This model thus assumes no slip between the gas and liquid phases. The pressure drop is
calculated from the gas momentum equation for single phase flow (Equation [3.1]) toge-
ther with Haland’s equation (Equation [3.11]) by simply replacing gas density and visco-
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sity with mixture density and Duckler equivalent viscosity (Equation [E.1] and Equation
[E.2]). The liquid holdup is calculated using Equation [E.3].

The model named as "Espedal’s model" is actually a construction based on Espedal’s
"simple" stratified flow model (Espedal 1998), using the correlation by Andritsos et al.
(1987) for the interfacial friction. Espedal’s "simple" model is described in Espedal
(1998). It is based on the two-fluid formulation and hydraulic diameters as described in
Section 3.3. It uses Haland’s equation (Equation [3.11]) for the gas-wall and liquid-wall
friction factors in turbulent flow.

The model by Biberg (1998, 1999) also builds on the two-fluid formulation but specific
friction laws are developed for stratified flow as presented in Chapter 3. The gas-wall fric-
tion is calculated according to Equation [3.50], the liquid wall friction according to Equa-
tion [3.54] and the gas-liquid interfacial friction according to Equation [3.59]. Eventual
empirical parameters are taken as recommended in Biberg (1999).

The model by Meng (1999) produces discontinuities due to the stratified/annular flow
transition criterion suggested. In addition, the correlation by Ishii et al. (1989), Equation
[3.78], gives sometimes unrealistic results for the entrained liquid fraction. Therefore, the
model by Meng has been simplified assuming:

 Stratified flow.
* No entrained fraction (EF = 0).

The model by Chen et al. (1997) is in principle similar to that of Meng (1999) but it
nevertheless differs from it due to:

» The correlation for the wetted half-angle (Equation [3.33] instead of Equation [3.44]).

* The correlation for the gas-liquid interfacial friction factor (Equation [3.67] instead of
Equation [3.69]).

* The consideration of entrained droplets. Chen assumes EF = 0.

The models by Taitel et al. (1976), Hart et al. (1989) and Grolman (1994) have otherwise
been implemented as proposed in the respective references without further modification.
The models by Hart et al. (1989) and Chen et al. (1997) are for horizontal flow only.

E.4 Results

The models described in Section E.3 are implemented using Matlab 6.5 (Matlab 2002)
and run for the data sets given in the experimental data bank. For each test case, the mo-
dels M1 to M9 are run to compute the pressure drop and the liquid holdup.
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Computations are further treated statistically. Calculated data and experimental
measurements are compared point by point. For each data point, an algebraic error is cal-
culated according to:

X=X
erry = e _Tew [E.4]

exp

where X stands for a physical variable, pressure drop or phase fraction, X, is the calcu-
lated (predicted) value and X, is the experimental (measured) value.

The error distribution is assumed to be represented by a standard unimodal gaussian
probability density function (pdf) characterized by a mean value b, and a standard de-
viation G, The general form of the pdf is given by Equation [E.5]:

_ 1 1éx—uerr51
- _exp|-= . E.
f(X) Gerrmexp[ 2¢ Ocrr ™ [ 5]
with
n 1/2
1 ..
Ocrr = |:m a(errl-— Merr)2:| [E6]
1
l..
Herr = =~ Q177 [E.7]

1

and n is the number of data points in the data set considered.

Results of the comparisons are presented as follows:

» Tables of mean error and standard deviation for models Mj on data set Di*. These are
given in Table E-3 and Table E—4, for the liquid holdup and the pressure drop respecti-
vely.

* Graphs of predicted against measured holdup and pressure drop (Figure E-1 and
Figure E-2).

* Graphs of pdf of error distributions for each model for the holdup and the pressure
drop (Figure E-3 and Figure E—4).
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E.5 Analysis

The following comments can be made of results presented in Section E.4:

* There is no model that can predict pressure drop and holdup within +/- 20% for all
data sets in the data bank. Part of this spread is due to the fact that, despite the low initial
liquid loadings (LGR < 2%), flow regimes can vary from slug flow to annular flow
whereas models tested here are for stratified flow. In that extent, general purpose mul-
tiphase flow simulators that include a model for flow regime transitions are expected to
perform statistically better than flow regime specific models.

* As expected, the actual pressure drop in gas pipe flow at low liquid loading is higher
than the single phase gas pressure drop by a factor ranging from 14% to 62% in average
(column M1 in Table E—4). Astonishingly, the predictions are much better for the dense
gas data (Table E—4, data set D13* for model M1).

* Calculating the holdup assuming no-slip as in the "homogeneous" model (M2)
severely under predicts the actual holdup by up to 97% even though predictions are bet-
ter at high pressure. This is probably a consequence of the higher liquid fraction
entrained as droplets.

* Standard two-fluid stratified flow models (M3, M4 and M5) do not perform very well
in predicting both holdup and pressure drop but especially holdup despite the variety of
closure laws involved. Those models perform better at conditions near atmospheric in
small diameter pipes than for dense fluids, high pressure or large diameter pipes.

* The Taitel et al.’s model (Taitel et al. 1976), often used to compute steady state strati-
fied flow, severely over predicts the liquid content as soon as flow conditions approach
the transition to slug flow. This is a consequence of the assumption of a smooth gas-
liquid interface. The pressure drop is also generally under predicted with this model.

* The "simple" two fluid model by Espedal (1998), M4, presents improvements over
the Taitel et al.’s model. This illustrates the positive effect of more realistic friction clo-
sures, in particular interfacial friction. Still, deviations appear at high pressure. Biberg’s
model (M5) predicts pressure drop and holdup with a large spread and improves on
Espedal’s model only for atmospheric air-water data. This is probably a consequence of
the empirical factors that are used to fit Espedal’s (1998) air-water data.

* Specific models developed for dealing with stratified gas-liquid flow at low liquid
loading, M6, M7, M8 and M9, perform slightly better than standard models especially
for data sets at very low liquid loading (D3* to D8%*) but also for high pressure, high den-
sity systems. It stresses the importance of considering pipe wall wetting and interfacial
curvature for dealing with this type of flow. There are some variations, though, between
the ARS/MARS approach and the Double Circle models. MARS gives better holdup pre-
dictions but poorer pressure loss predictions than the Double Circle Model, especially for
the high pressure /dense gas data sets.
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E.6 Summary

Liquid holdup and pressure drop predictions from gas-liquid stratified flow models have
been compared with measured values from an experimental data bank made of pipe flow
data at low liquid loading (LGR smaller than 1%, LGR smaller than 2% for the high pres-
sure data). It can be concluded that:

* There is a large spread between predicted and measured values, independent of the
model considered, and no model can reproduce the entire data range within +/- 20%.

* Assuming dry or homogeneous flow to simulate gas pipes at low liquid loading is not
recommended and can be the source of very large errors.

» Standard stratified flow models perform almost as well as models specifically derived
for dealing with low liquid loadings. Among these, the "simple" model by Espedal
(1998) using a two fluid formulation, Haland’s equation for wall friction laws and
Andritsos et al.’s (1987) correlation for interfacial friction is to be recommended.
However, there are large errors at high pressure with a spread in the holdup prediction
(both over- and under estimations) and a general overestimation of the pressure drop.

* Among specific models, Grolman’s MARS model (Grolman 1994) is to be preferred
to Chen and Meng’s Double Circle model (Chen et al. 1997, Meng 1999) for the holdup
while the opposite is true for the pressure drop. Yet, there are large deviations between
predictions and measurements at high pressures.

* In general, a complete two-phase flow model incorporating models for flow regime
transitions is to be preferred to flow regime specific computations as it can occur a wide
variety of flow regimes in wet gas pipes despite the low initial liquid content. It is expec-
ted that general purpose multiphase flow simulators will provide an overall better agree-
ment with the experimental data.
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Figure E-1: Two-phase models: calculated versus measured liquid holdup
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Figure E-2: Two-phase models: calculated versus measured pressure drop
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Figure E-3: pdf error on the liquid holdup
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Figure E—4: pdf error on the pressure drop
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