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NOMENCLATURE

Ac cross sectional area of the gas core in annular flow, ft*

Ar cross sectional area of the annular film in annular flow, ft*

Ag cross sectional area available for gas in slug flow, ft*

A, cross sectional area of pipe, ft’

C,C constants used to fit an equation for the Fernandes’ void fraction
data, dimensionless.

D pipe internal diameter, ft.

dur hydraulic diameter of the annular film in annular flow, ft.

friction factor, dimensionless.

Y

F dimensioniess group characterizing two-phase flow

Fe liquid entrainment fraction in gas core, dimensionless.

fr friction factor at the film, dimensionless.

2 friction factor at the gas-liquid interface, dimensionless.
fis friction factor for superficial liquid velocity, dimensionless.
fsc friction factor for superficial core velocity, dimensionless.
frs friction factor for the Taylor bubble, dimensionless.

fo two-phase friction factor, dimensionless.

g acceleration due to gravity, ft/s”.

g gravitational constant, ft.Ib,/lbs.s°.



He
Hars
Hors
He

HLF

HLLS
His

HL'Z'BA

LLS
LSL_
Lt

L1

M.

NRc

Nrer, Rep

NR.:SL

mass flux, lbmz’(ﬁz.s)_

gas holdup fraction, dimensionless.

gas holdup fraction in the liquid slug, dimensionless.
gas holdup fraction in the Taylor bubble, dimensioniess.
liquid holdup fraction, dimensionless.

liquid film holdup fraction, assuming no entrainment in the gas core,
dimensioniess.

holdup fraction of iiquid in the liquid siug, dimensioniess.
holdup fraction of liquid in Taylor bubble, dimensioniess

average liquid fraction in the Tayior bubble diameter,
dimensionless.

constant used to correlate length of liquid slug with pipe internai,
dimensionless.

cap length of Taylor bubbie, ft.

length of liquid slug, ft.

iength of slug unit, ft.

length of Taylor bubble, ft.

modified length of Taylor bubble for developing 'ﬂow, ft.
mass flow rate of gas, Ib/s.

mass flow rate of liquid, lby/s.

number of case studies, dimensionless.

Reynolds number, dimensionless.

Reynolds number for the annular film, dimensionless.

Reynolds number based on superficial liquid velocity,
dimensionless.



(AP)s pressure drop due to acceleration, psia.

(AP)¢ pressure drop due to friction, psia.

(AP)y hydrostatic pressure drop, psia.

(AP)r total pressure drop, psia.

AP pressure drop, Ibg/ft*

P pressure, Ibyft*

Py linear profile value of pressure at the bottom of section(i), psia.
P estimated value of pressure at the bottom of section(i}, psia.

Prottomhole measured Measured bottomhoie pressure of a well string, psia

Phpottomhote.modet  predicted bottomhole pressure of a well string, psia.

P pressure at the top of section(i), psia.
r 4
(—} pressure gradient due to acceleration, by ft*.
dz/ ,
dp 5
[ dz} ) pressure gradient due to elevation, lbgft”.
dp
[EJ pressure gradient due to friction, Ibg/ft*.
£
dP
(E)‘ pressure gradient in the annular film, Ib¢/ft*.
F
dP
[—) pressure gradient in the gas core, lby/ft>
dz/ .
dp
(EJ superficial friction pressure gradient, Ibg/ft*
sc




(dP)

vdz/ g

I.’ d P"\

Q:
Qs
Qu
Qr

RCG

Verit
Vi
Vig

VF

VGLS
VGTB
VLLS
VLTB
Vm

Vp

superficial liquid friction pressure gradient, Ib¢/ft*

total pressure gradient, Iby/ft*

volumetric flow rate of the falling film, ft*/s

volumetric flow rate of gas, ft'/s

volumetric flow rate of liquid, ft*/s.

volumetric flow rate of gas in the plug, ft'/s.

gas Reynolds number, dimensioniess.

wetted perimeter for the annuiar film, ft.

wetted perimeter at the interface, ft

velocity of gas core, fi/s.

critical velocity used in the expression for liquid entrainment, fi/s.
specific volume of liquid, ft*/Ib.,.

difference in specific volumes of saturated liquid and vapor, ft*/Iby,
film velocity, ft/s.

specific volume of gas, ft*/lby,

velocity of gas in liquid slug, fi/s.

velocity of gas in Taylor bubble, fi/s.

liquid velocity in liquid slug, ft/s.

liquid velocity in Taylor bubble, ft/s.

mixture velocity, ft/s.

velocity of plug, ft/s.



Vs slip velocity, fi/s.

Vs superficial core velocity, ft/s.

Vs superficiai gas velocity, fi/s.

VsL superficiai liquid velocity, ft/s

VB Taylor bubble veiocity, ft/s.

w mass flow rate of mixture, ibu/s.

X quality, dimensionless.

X Y Lockhart and Martinelli parameters, dimensionless.

Z correiating factor to estimate interfaciai friction, dimensioniess.

z length variable used to represent well depth, ft.

Greek Symbols:

€ absolute pipe roughness, ft.

0 angle of inclination of pipe from horizontal, degrees.

S dimensionless film thickness, ft.

) film thickness, ft.

B ratio of Taylor bubble length to length of slug unit, developed flow,
dimensionless.

B’ ratio of Taylor bubble length to length of slug unit, developing
flow, dimensionless.

Pe core density, Iby/ft’.

e core viscosity, Iby/(ft.s).

F shear stress in the film, 1b./(ft.s%).



Pa

PL

Uur
}\,L

ALc

Hrs
PLs

Pm

Pn

Ox

PTBA

gas density, Ib/ft°

gas viscosity, Ib./(ft s)

interfacial shear stress, Ib/(ft.s%)
liquid density, Ib./ft’

liquid surface tension, Ib/s”

liquid viscosity, Ibn/(ft.s).

liquid hoidup fraction, dimensioniess

liquid holdup fraction in the gas core, dimensioniess.

area average void fraction in liquid slug. dimensionless

average viscosity of liquid slug, lb,/(ft.s).
liquid slug density, Iba/ft’.

mixture density, Iby/ft’.

mixture viscosity, Iby/(ft.s).

minimum dimensionless film thickness required to form a slug,
dimensionless.

no slip density, Iby/ft°.
Nusselt film thickness, ft.
slip density, Iby/ft>.

area average void fraction in the slug unit, dimensionless.

area average void fraction in Taylor bubble, dimensionless.

average density of the Taylor bubble, Ib,/ft’.



Chapter 1
INTRODUCTION
1.1 Background

Corrosion is a serious problem in gas and oil wells, and the financial loss due to
corrosion has always been significant to the oil and gas producing industry (Tuttle, 1987)
The increased production costs due to corrosion arise from:

1. replacement of corroded well tubulars,
2. the cost of the application of corrosion inhibitors (substances that prevent
corrosion),
3. loss of production during shutdown when the corroded tubulars are
replaced, and
4. loss of product (oil or gas) due to leakage from the wells until the
corroded tubulars are detected and replaced.
The economic loss has provided the initiative to develop a model to predict the rate of
corrosion. The corrosion prediction results could be used to reduce the financial losses
by:
1. restricting the application of inhibitor to portions of the well that are
more likely to corrode, and
2. preventing the loss of oil or gas through timely detection of corrosion,
Downhole corrosion is a highly complex phenomena that is influenced by the fluid

flow and phase behavior. Depending upon the temperature and pressure, it is possible to



have two (water and hydrocarbon gas) phases or three (water, hydrocarbon liquid and
hydrocarbon gas) phases. Solids might also be present in the downhole system resulting in
erosion action on the pipe wall. However, corrosion occurs only when the pipe wall 1s in
contact with the water phase. If only an aqueous phase and a vapor phase exist, the
assumption that the pipe wall is always in contact with a water film can be made (Taitel,
1980). In the case of three phases, the pipe wall can be in contact with either or both of
the two liquid phases - oil or water.

A number of factors affect the rate of corrosion: temperature, pressure, flow
pattern, flow velocity, liquid and gas composition, concentration of CO, and H,S in the
system, amount of water, nature of corrosion product formed and the presence of
inhibitors on the pipe wall. The dependence of the corrosion rate on so many factors
makes the mathematical modeling of corrosion and the prediction of corrosion rates
extremely complicated. A mechanistic model which takes into account all the factors to
predict the rate of corrosion would make use of fundamental concepts of chemistry and
chemical engineering.

Corrosion is primarily caused by the acidic nature of the oil or gas being extracted
from the reservoir. The presence of CO:>, HS’, or other inorganic ions along with water
is an ideal environment for corrosion to occur. The CO, and H,S form weak inorganic
acids in the presence of water. The inorganic acids thus formed are found to be highly
corrosive, making the conditions in the well string conducive for downhole corrosion.
The greater the concentration of these ions the more corrosive the well.

Corrosion is not necessarily homogeneous along the well string. Corrosion can be

“localized” (pitting) or “uniform.” Localized corrosion is characterized by the formation



of pits or grooves at specific sections of the pipe wall. Localized corrosion is caused by
the removal of the corrosion product layer from certain sections of the pipe resulting in the
exposure of the pipe wall to the corrosive species. The removal of corrosion product may
be due to the interaction between the pipe wall and the corrosion product through
chemical action or mechanical forces exerted on the wall by the fluid
(Joosten et al., 1994). Uniform corrosion, as the name suggests, is corrosion along large
sections of pipe resulting in uniform thinning of pipe wall. Corrosion prediction models
generally predict uniform corrosion only, due to the extreme difficulty in analytically
modeling localized corrosion.

One of the important components of a mechanistic model for downhole corrosion
is a method to predict the pressure drop in two-phase or multiphase flow. As the
production fluid flows up the well tubular, pressure is reduced due to gravitational head
loss, friction losses to the tube wall, and friction losses due to the turbulence in the flow
stream. The pressure influences the vapor-liquid equilibrium of the system including the
equilibria of the soluble, corrosive species hydrogen sulphide and carbon dioxide.
Therefore, predicting the pressure drop in multiphase flow is an extremely complicated,
but necessary, calculation in order to predict corrosion rates and sites.

Given the complexity of the downhole corrosion process and the importance of
predicting the rate of corrosion as well as the lack of corrosion, a thorough understanding
of the basic mechanisms of the various phenomena (electrolyte equilibrium,
thermodynamic phase equilibrium, flow pattern, pressure drop, and mass transfer)

involved in the prediction of corrosion in natural gas wells becomes important.



1.2 Purpose of this work
Pressure drop estimation for two-phase flow in gas wells depends upon the flow

regime which can be bubble, slug, or annular. The primary purpose of this work was to
study the various pressure drop correlations available for the slug and annular flow
regimes (slug and annular are the most commonly encountered flow regimes in gas wells)
and to incorporate the best available correlation into a mechanistic model for corrosion
rate prediction. The second goal of this work was to evaluate the overall downhole
corrosion prediction model to study the effect of pressure drop on the corrosion rate
predictions. A third goal of this work was to make a thorough study of the following
modules of computer code in DREAM, a software tool based on a deterministic model to
predict corrosion in downhole gas wells, and eliminate any coding errors in the major
components of the mechanistic model:

1. mass transfer,

2. corrosion kinetics,

3. annular flow pressure drop (Yao and Sylvester model), and

4. slug flow pressure drop (Sylvester model).
A description of the type of coding errors and the corrections are summarized in Appendix
A. The computer code for the pressure drop and flow regime estimation in DREAM 3.1

is listed in Appendix B.



Chapter 11

LITERATURE REVIEW

2.1 Overview

This chapter discusses flow regime classification, pressure drop modeling, and
corrosion prediction modeling. The different flow regimes encountered in upward vertical
two-phase flow are described. The pressure drop models used by previous researchers in
the downhole corrosion project at Oklahoma State University and the pressure drop model
evaluated in this study are discussed along with the governing equations. The various
corrosion prediction models developed by previous researchers (Robertson, 1988; Liu and
Erbar, 1990; Liu, 1991, Liu and High, 1993) at Oklahoma State University are also briefly

described.

2.2 Description of Flow Regimes

Prediction of the flow pattern in a two-phase flow depends on the relative flow
rates of the two phases. When a gas and a liquid flow together in a pipe, they may
distribute in a number of different patterns each of which can be classified as a different
regime. Since the flow in some regions is chaotic and a generalization of the flow patterns
for various two-phase systems is difficult, there are different interpretations of flow
pattern classifications in the literature. The flow regimes encountered in upward vertical
two-phase flow are described in the subsequent sections. A schematic of the flow patterns

occurring in upward, vertical, two-phase flow is given in Figure 1.



DIRECTION OF FLOW
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Figure 1. Flow Patterns Encountered in Vertical Upward Two-Phase Flow

(From Orkiszewski, 1967)



2.2.1 Bubble Flow

Two-phase flow is classified as bubble flow (Figure 1) when liquid is the dominant
phase with gas distributed as small bubbles in the liquid phase. As the liquid flow rate is
increased, the gas bubbles distribute in the liquid as fine bubbles resulting in a dispersed
bubble flow. The pipe wall is always contacted by the liquid phase and the pressure
gradient is not significantly affected by the gas phase. Bubble flow and dispersed bubble
flow are not commonly encountered in gas wells, so no further discussion of these two

flow conditions will be presented here.

2.2.2 Slug Flow

The transition from bubble to slug flow will take place if the gas flow rate is higher
than that in bubble flow. As the gas flow rate increases, the random motion of the bubbles
leads to collisions between bubbles. This bubble-bubble collision results in the coalescence
of the bubbles and leads to growth in the size of the bubbles until they become large
enough to occupy the entire pipe cross-section, resulting in slug flow.

Slug flow refers to a specific arrangement of the fluid-fluid interface in a two-
phase flow. A schematic of slug flow is shown in Figure 1. Slug flow is characterized by
the periodic occurrence of large bullet-shaped gas bubbles which are nearly the diameter
of the pipe and move uniformly upward. These gas bubbles are referred to as Taylor
bubbles. The Taylor bubbles are separated from the pipe wall by a thin liquid film which
flows downward. Between two Taylor bubbles, the liquid slugs are present with dispersed

gas bubbles. The Taylor bubble along with the liquid slug is generally known as a slug



unit. Since both the liquid and gas phase are present in significant proportions in the two-

phase flow, the pressure drop is affected by both phases.

2.2.3 Churn Flow

At gas velocities much higher than that in slug flow, the two-phase flow would be
in the annular regime which is described below. Between the slug and the annular flow
regimes, the two-phase flow goes through a transition zone classified as churn flow
(Figure 1) by Collier (1981). The slugs in slug flow break up and become unstable. The
transition between slug and annular flow is smoother (smaller churn flow zone) in narrow
tubes than in wider tubes (Taitel et al., 1980). Churn flow is complex and has been

included with the slug flow regime for the purposes of this study.

2.2.4 Annular Flow

Annular flow (Figure 1) occurs when the two-phase fluid flows upward with a high
gas flow rate and a low liquid flow rate. Under annular flow conditions, the slugs breakup
and form a fine mist of dispersed droplets in a continuous gas phase. The pipe wall is
wetted by a thin liquid film which may or may not contain gas bubbles. The gas phase

controls the pressure gradient in the annular flow regime.

2.3 Determination of Flow Regimes
Two-phase flow can be classified into various flow regimes based on the relative
amounts of liquid and gas present, the distribution pattern of the two phases, and the

relative velocity of the two phases. Several investigators have classified two-phase flow



into various flow regimes and have discussed the transition from one regime to another
(Wallis, 1969, Hewitt and Roberts, 1969; Govier and Aziz, 1972, Duns and Ros, 1963,
Taitel et al., 1980). In all of the approaches presented in the literature, two basic types of
coordinates have been used to map the different flow patterns: dimensional coordinates

and dimensionless coordinates.

2.3.1 Dimensional Coordinates

Dimensional coordinates such as superficial velocities, vsg and vs;, or superficial
momentum flux, pgvsc- and prvs. >, have been used by some investigators (Wallis, 1969;
Hewitt and Roberts, 1969) to map the flow patterns. The use of superficial velocities or
the superficial momentum fluxes as coordinates would mean that the fluid properties and
pipe size have to be held constant to obtain the flow pattern map. A change in either the
fluid properties or the pipe size might result in a different flow pattern map. To include
fluids other than air-water system, Govier and Aziz (1972) considered the ratio of fluid
properties between the fluids of interest and the air-water system. The model developed

by Govier and Aziz (1972) is only an empirical model.

2.3.2 Dimensionless Coordinates

The dimensionless coordinates, gas velocity number (vmj 4 }pL/gcsL) and liquid

velocity number (VSL4 pL/gOL ) were used by another group of investigators (Duns and

Ros, 1963). The dimensionless numbers used by the authors (Duns and Ros, 1963) to

obtain the flow map are just empirical and a dimensional analysis is not available in the



original reference (Duns and Ros, 1963). The idea of using the gas velocity number and
the liquid velocity number as coordinates was to account for the effect of pipe size and
fluid properties, so that a generalized flow pattern could be obtained. Since there was no
theoretical basis for the selection of these dimensionless coordinates, a generalized flow
pattern prediction covering all the flow patterns for different two-phase systems and pipe
sizes could not be obtained.

A generalized flow pattern map can be obtained only if the basic flow mechanisms
are understood and if equations are developed using theoretical fundamentals. Equations
developed from fundamentals would include the effect of pipe size and fluid properties.
Taitel et al. (1980) used the four basic flow patterns as classified by Hewitt and Hall-
Taylor (1970) and developed equations to show the transition from one regime to another.
Barnea (1987) modified the slug-annular transition boundary given by Taitel et al. (1980)
and developed a modified flow map (1987) for two-phase vertical upward flow. The
Barnea flow map and the Taitel flow map for upward vertical two-phase flow use the

superficial velocities, usg and us, as the coordinate system.

2.4 Review of Pressure Drop Models

The estimation of pressure drop in vertical multiphase flow is important for design
in the petroleum industry. The estimation of pressure drop in vertical multiphase flow in
gas wells involves the prediction of the amounts of liquid and gas flowing in the well. The
amount of condensed water in the tubing has a direct bearing on the corrosion rate of the
tubing material. The pressure drop in vertical multiphase flow is modeled as a function of

the liquid holdup, flow velocity, flow direction, and flow regime.

10



2.4.1 Different Approaches to Pressure Drop Modeling
Extensive research work has been going on in the field of two-phase pressure drop

modeling. Previous researchers have devised a variety of methods to classify two-phase
flow regimes and have also developed models to predict the pressure drop in each of these
flow regimes. The pressure drop correlations available in literature can be categorized
into three modeling approaches (Brill and Beggs, 1977):

a. Approach I: No slip at the gas-liquid interface and no flow regime analysis

b. Approach II: Slip at gas-liquid interface taken into account, but no flow

regime analysis
c. Approach III: Slip at gas-liquid interface and flow regime analysis

performed

2.4.1.1 Approach I

Pressure drop correlations that belong to Approach I do not perform a flow regime
classification and also make an assumption that the gas and liquid at the gas-liquid
interface travel at the same velocity in the pipe (no slip condition). The correlations by
Poettmann and Carpenter (1952) and Baxendall and Thomas (1961) are examples of
correlations belonging to Approach I. The Approach I pressure drop correlations are
functions of the two-phase mixture density, friction factor, flow velocity or mass flow rate,
and tubing internal diameter. The two-phase mixture density is calculated based on the
gas-liquid ratio while the friction factor was empirically correlated as a function of the
numerator of the Reynolds number (Vdp). A typical pressure drop equation belonging to

Approach I is given by Brill and Beggs (1977)

11



2
[ﬁ) _ 8, foaVm )

dz/; g, 2g.D’
where
Pn =PLAL +PG(1—KL), (2)
Q,
Ay mr————— (3)
t Q. +Qg
and

f'is the two-phase friction factor obtained from the Moody diagram

Equation (1) is a typical equation belonging to Approach I. The first term on the
right hand side in equation (1) represents the elevation component of pressure drop and
the second term represents the friction component of pressure drop. The correlations that
belong to Approach I correlate the friction factor empirically to arrive at different pressure

drop equations.

2.4.1.2 Approach II

Correlations belonging to Approach II account for the effect of the relative
velocity between gas and liquid while the effect of flow regime has not been considered.
A single pressure drop correlation predicts the pressure drop regardless of the flow regime
in Approach II correlations. The Hagedorn and Brown (1965) model is an example of a

model belonging to Approach II and is given by

HEHECEEE @



dp
The pressure drop due to elevation change, [EJ , is given by
E

dp
(E}s :i[pLHL +pG(]FHL)]‘ )

The acceleration component of pressure drop is given by

[@) _ PsA(an) (6)
dz/, 2gdz ’
where

P, =P Hp +pcHg, )
and

Vi = Vs t Vs - (8)

The friction component is given by

2 -
dz/,  (29652¢+11)p,D° "

The difference between Approach I and Approach II lies in the estimation of the mixture
density. The two-phase mixture density is calculated based on the liquid holdup
(Equation 7) in Approach II and not the gas-liquid ratio (Equation 2) as in Approach I.
The acceleration component is accounted for in Approach II while the acceleration

component is neglected in Approach I.

2.4.1.3 Approach III
Approach III correlations account for the relative velocity between gas and liquid
and have flow regime dependent pressure drop correlations. Most of the correlations

developed in recent times belong to Approach III. The correlations by Duns and Ros
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(1963) and Orkiszewski (1967) are examples of correlations belonging to Approach III.
Flow regime classification maps have been used to determine the flow regime before
proceeding to estimate the pressure drop using correlations specific to that flow regime
The Duns and Ros pressure drop equations for the different flow regimes are given by
equations (10) and (11).

dP g fPLVSLVm
Bubble and Slug: (—j ===p, =1 (10)
& dz/; 8. P 2Dg.

where, p; is estimated with different correlations for the bubble and slug flow.

f 2
\ [gm pavm)
Aingibar: (9 S D (11)
S dz/ a 1-E; ’
where
VmVsGPn
g _ Y 12
k g P (12)

The details of derivation of equations (10), (11), and (12) can be obtained from the
original reference (Duns and Ros, 1963). Approach III uses a two-phase mixture density
based on liquid holdup as in Approach II but has different equations to predict pressure

drop for each flow regime.

2.4.2 Homogeneous Flow Method

The Homogeneous Flow method proposed by Collier (1981) was used to predict
pressure drop by previous researchers at Oklahoma State University. The Homogeneous
Flow method belongs to Approach I and gives a crude estimate of pressure drop. The

Homogeneous Flow method assumes that the two-phase flow acts like a single

14



homogeneous phase. The homogeneous flow method estimates the pressure drop based
on average fluid properties. The major assumptions in this approach are:

1. no slip between the two phases

2. thermodynamic equilibrium of the two phases

3. existence of a single phase friction factor for two-phase flow
Robertson (1988) found the homogeneous flow model to be applicable for bubble or
annular flow regimes where the two phases consist of high liquid and low gas flow rates or

vice versa. The pressure drop as derived by Collier (1981) is given by:

2f, G*v v v Sin®
Lf[mﬁ]mzvfﬁd_nL
D Ve vp dz ( vfgj
Vi 14-X——

dv,

dp

-

3 1+xG?

2.4.3 Orkiszewski Model

The model of Orkiszewski (1967) is a flow regime dependent method that belongs
to Approach III and employs the Duns and Ros (1963) flow regime map. The
Orkiszewski (1967) method classifies vertical upward two-phase flow into the following
four flow regimes: bubble, slug, slug-annular transition, and annular-mist. Once the flow
regime is determined, the corresponding pressure drop correlation is used to estimate the
pressure drop. Since the slug-annular transition zone is highly chaotic and hence complex,
separate pressure drop models were not developed for the slug-annular transition zone.
Instead, the pressure loss was taken to be a weighted average with respect to slug and

annular flow. The details of the model can be obtained from Orkiszewski (1967).
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2.4.4 Yao and Sylvester Model for Annular Flow
The Yao and Sylvester (1987) model, developed specifically for the annular-mist
flow regime, is an Approach III model. Yao and Sylvester developed a mechanistic model
to predict the pressure drop for two-phase annular flow in vertical pipes. The flow pattern
map that models the transition between slug and annular regimes was taken from the work
of Taitel et al. (1980) as shown in Figure 2. The Yao and Sylvester model uses the
equation of Wallis (1969) for the liquid entrainment fraction, the modified Zigrang and
Sylvester (1982) equation for friction factor, and the Henstock and Hanratty (1976)
equation for roughness factor. The assumptions made in the model are:
1. The flow is fully developed and stable.
2. The fraction of entrained liquid is uniformly dispersed as mist in the
continuous gas core at any point in the pipe.
3. The portion of the liquid that is not in the form of dispersed mist forms
an annular film of uniform thickness on the pipe wall.
4. The core is considered to be a homogeneous mixture of gas and liquid

droplets flowing at the same velocity.

dp
Yao and Sylvester proposed a model for the pressure drop, [_d ] , in the annular flow
Z
T

regime:

HESEHRS
Vaz), "\az), "\az), "\, (1)

The pressure gradient due to the elevation change is given by

16



7 _ | ' :
10  FINELY DISFERSED - -
BUBBLE (II) c
E

A
E
-
> Vol
| || I
00l F ' || 100 I sdo d
£g/D =50 200 | |
: Ly Lt b !
0.l 1.0 100 100
Uas (m/sec)”

Figure 2. Taitel Flow Map for Air-Water S ' '
Alr- ystem Flowing Upwards ina 5 '
o R g Up ina 5 cm. Vertical Tube

17



(QJ =P (15)

dz/
where
pe = Acpy +(1-Aic)pe. (16)
and
Me =Bl a7
(FEqL +qG)

The liquid entrainment fraction in the gas core is defined by Wallis (1969) as

Fy = 1-exp[- 0125(v o — 15)] (18)
where
" 12
Vg = 10000L“°[EJ . (19)
G PL

The pressure gradient due to friction losses is given by

dP] p.fv?
[dz ¢ 2D (20)
The mixture velocity is defined as
M +Mg =

Vm - pcAC (_1)

where
n(D - 25)*
AC — (_4__) . (22)

The friction factor is computed from the modified Zigrang-Sylvester (1982) equation.
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where

Dp_ v
NRe: pC l'.l'l,and (24)

Hm =KLU~L+(1-;‘L)“L- (25)

The effective roughness for annular liquid film was given by Henstock and Hanratty

(1976) as
£ E 3 6.59F 26)
D D (1+1400F)"
where
25 2.5) 04
{[O.?O?(ReL )" ] ¥ [003 79(Reg)” ] }
F= 0.5 ’ (27)
09 g || PL
e
( G) HiL/\Pg
4(1-F )M,
Re, = 28
& D (28)
D
Rey = PcVss (29)
Hg
The pressure gradient due to acceleration is given by
dP) PVndv,,
—_— == m m 3
(dz A dz (30)
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2.4.5 Sylvester Model for Slug Flow

The Sylvester (1987) model, belonging to Approach III, is a modification of the
hydrodynamic model of Fernandes et al. (1983).
pressure drop equations have been modified in the Sylvester approach. In the Sylvester

approach, the Taitel flow map was used to determine the existence of slug flow. The

assumptions made by Sylvester are:

1.

2.

the flow is fully developed,

the flow is stable which means that the Taylor bubbles and the liquid
slug move vertically upwards at the same velocity,

the Taylor bubble is surrounded by a layer of thin liquid film which
flows downward,

the liquid film surrounding the Taylor bubble does not contain any gas
bubbles,

the ideal Taylor bubble has a spherical nose and a flat tail as shown in
Figure 3,

the gas bubbles are uniformly distributed throughout the liquid slug,
and

volume balances can be done instead of mass balances while doing gas

phase mass balance, since the gas phase is assumed to be incompressible.

The total pressure drop equation of Sylvester is

(AP), = (AP), +(AP) +(AP), . (1)

The hydrostatic component of the pressure drop is given by

20
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(From Ansari et al., 1994)
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where

and

(AP); = py (1-0ys)elys

Vsa

T 139+26(veg +Vs1)’

Qs

L;s =40D.

The friction component of pressure drop is given by

where

Lis QGBfTBV?rB

(AP)f_‘:

1
o 21 1-yom a
Bk I
Vs = ],2Vm + 0.35 gD,
_ VTB(QTB _aw)‘(l‘am)"lm
Vi =

Virs = 9916 [gD(1-ars))|

12
E

g/D 13

2|1 -1-agg)] e

e/D [ 502
fLS = —210g 3.7 - N
i RelS

Ngest = pL(l_ (:I:)VLLSD ,

of

+
37 " Ngaps
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tes =t (1-0ps) + Roays, (42)

Ve —OlygV
B= SG _IS os (43)
OpVgre ~ %rsVaLs
and
( )‘Il_.-'4
o - 0.5
Vais = Vs + 1.53[%—391 (1-aq)”. (44)
L

The pressure drop due to acceleration is given by:

(AP)A :pL(VLTB +VTBX1_‘1TBXVLTB + Vg +VLLS)‘ (45)

The only unknown, arg, in the above equations is the root of the following equation:

9.9164/gD (1 - otz )**(1 - ot ) — VrpOlrs + Vpltys + A =0 (46)
where
( ) 0.25
. o _
A=(-0) vnl~aw{153{——£g—&‘z——?ﬁﬂ} (1—uw)0‘5} (47)
PL

2.4.6 Ansari et al. Model

Ansari and co-workers (1994) have developed a comprehensive model based on

Approach III that predicts the flow regime and the pressure drop in each of the flow

regimes. Correlations developed by different investigators have been compiled into one

model in the Ansari et al. model. Ansari et al. tested the comprehensive model and

compared the model with seven other models in their ability to predict pressure drop. A

large data bank consisting of 1712 well cases, covering a wide range of field data, had

been used to test the Ansari et al. model.
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2.4.6.1 Flow Map

Ansari et al. (1994) used the flow regime map of Barnea (1987), which is a
modified Taitel et al. (1980) flow regime map, to include inclined flow. Barnea (1987)
compiled the individual models and developed a unified model that would predict the flow
patterns for entire range of inclination angles. A typical flow pattern map for well bores
(vertical tubes) as predicted by Barnea (1987) is shown in Figure 4.

Figure 4 shows four transition boundaries between the dispersed bubble, bubble,
slug or churn, and annular flow regimes. Since most of the gas wells are found to be in
the annular or slug flow regimes, the criteria for the existence of annular and slug flow
will be discussed here. No distinction is made between dispersed bubble or bubble flow in
this thesis.

The line denoting the transition between dispersed bubble and slug flow is:

Vg = 025v, +0333v, (48)

where, vs, the slip velocity is given by Harmathy (1960)

g0, (pL ™= pe)]m

49
P )

Vg = 1.53l
The transition from bubble to slug flow is given by:

040, | (p )T £ T 2 v .

; 1. G

” L [_L] {_} (v +vsg) ~ =0725+41 5[ > ] (50)
(pL —DG)S Po 2D Vsg * VsL

The transition from dispersed bubble to slug flow is given by:
Ve =317vy, . (51)

The transition from slug to annular flow is given by:
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g0, (o, —po) |
Veg 31{%} : (52)
G

The slug-to-annular transition criteria (equation 52), proposed by Taitel et al.
(1980) was taken to be valid for the entire range of liquid flow rates. Barmea (1987)
modified the criteria (equation 52) for high liquid flow rates. At high liquid flow rates, a
thick liquid film bridges the gas core forming a liquid slug. At lower liquid flow rates, the
liquid film instability makes the liquid film flow downward. The liquid film instability is
expressed by the following equation using the modified Lockhart and Martinelli (1949)

parameters

Xk (53)

where

(54)
gSinb(p, ~p.)
Yy = ( EJ : (55)
dz/
o £
B=(1-F,) [f—} , and (56)
Hy, =48,,(1-3,.) (57)
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Equation (53) can be solved implicitly using bisection method for the dimensionless

minimum film thickness, 8mi. The transition boundary for high liquid flow rates is given

by
A
[Hu_. +Apc —3] =012 (58)
AP
where
n(D-28)°
c= —(—4— (59)
nD’
A= , and (60)
4
F.v
g (61)

Vs + Fevg

the liquid entrainment fraction Fg is given by Wallis as

F, = 1-exp[- 0125(v,, — 15)] (62)
where
12
V., = 10000M[p—cj | (63)
O, \pPL

2.4.6.2 Bubble Flow

For the bubble flow regime, Ansari et al used the model proposed by Caetano
(1985). Since bubble flow does not occur in gas wells, the Caetano (1985) model has not
been incorporated into the final corrosion prediction package.  However, the
comprehensive corrosion prediction model developed by Liu does have a pressure drop
correlation developed by Orkiszewski (1967) for the bubble flow regime. The
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Orkiszewski (1967) model was added by Robertson (1988) as part of a comprehensive

pressure drop model.

2.4.6.3 Slug Flow

For the slug flow regime, Ansari et al. used the Sylvester model (1987), a modified
version of the Fernandes et al. model (1983), without the assumption of fully developed
flow. Since a fully developed flow geometry differs from that of a developing flow, the
two different flow geometries are treated separately. For fully developed flow, the
Sylvester model has been used with some modifications:

1. The pressure gradient due to acceleration has been neglected in the Ansari et al.
model.

2. Pressure gradients due to friction are not split into two components (frictional
pressure gradient due to Taylor bubble and due to liquid slug) as in the Sylvester
model (1987) for a fully developed flow.

For the developing flow, the expressions introduced by McQuillan and Whalley (1985)
have been used to estimate the modified Taylor bubble length and the local holdup
fraction. A detailed schematic is given in Figure 3 showing a developed slug unit and a
developing slug unit. The following derivation is based on the parameters defined in the

Figure 3.

Developed Flow

The overall mass balances for gas and liquid are
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vse = Bvers (1-Hrms) + (1-B) vars (1-Huws), (64)
and

vst = (1-B) virsHues + BvisHim (65)
where

B =L/ Lsu. (66)

The following two mass balance equations are for the two phases between the liquid slug

and the Taylor bubble:

(vrs - virs) Hies = [vrs - (-vis)] Hims, (67)
and

(vis - Vous) (1 - Hies) = [vis - Vers] (1 - Huts). (68)

The Taylor bubble rise velocity vig is given by

12
Vg = 12v, + 0.35[@} ‘ (69)
L

The gas bubble velocity in the liquid slug is given by

14
c,8(p; —Pg) §
L Lz G :] HD._

Yaz = 12v  + ].53[ = 4= (70)
L

m

The velocity of the liquid film around the Taylor bubble has been correlated with the

expression of Brotz (1954):

Vi = 196.7g5, . (71)

Substituting for &, we have

Vi = 9916 [D(1- yH )| (72)
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The void fraction of liquid slug is obtained by fitting the following expression to the data

of Fernandes (1986):

v
H.. = G 73
S oL of "W (3

where C; = 1.394 and C, = 2.65. Equations (64) or (65), (66) through (70), (72), and
equation (73) constitute a set of 8 equations which have to be solved for the 8 unknowns
(B, vers, Hits, vors, Hirs, virs, vire, vrs) that characterize slug flow. Vo and
Shoham (1989) showed that these 8 equations can be reduced to a single algebraic
equation with one unknown. This single algebraic equation can be solved using a
Newton-Raphson iterative procedure. The system of 8 equations were reduced to give

the following equation:

9.9164/gD(1- 1= Hy 1) H; 15 - Vrp(1- Hypp) +A =0 (74)

where

A:I—Imvm+(1—Hm){vm—Hm{l,53[ELg(z—Lz_M} (I—Hm)‘“H, (75)

Let
F(H;75)= 9916,/eD(1-1-H,5)*"H, 15 - vig(1-H5)+A.  (76)
Equation (76) can be solved for Hy g and all the eight unknowns can be obtained from the

eight equations (64) or (65), (66) - (70), (72), and (73). The expression for the cap length

is given by McQuillan and Whalley (1985)

2
L ={AVP -(Qq *QL)-""(zg)m} (77)

A_AG
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where

Ag =7 (D -28x)°/ 4, (78)
1/3
3Qc1, |
Sy = [——’-4*] . (79)
N ngDp,.

Qr=Qs+ Q1 - Qp, (80)
48 —pe) ]

Qp ={1—H1‘2(QG +QL)+O.3SA{M} } (81)
D PL

and
A=nD?/4. (82)

The liquid slug length is given by
Lis= kD (83)
where k can take values from 16 to 45. For the purposes of this study k has been taken as

30. The length of Taylor bubble is then found from the following expression:

Loy = 5=, (84)

The flow is developed if L.< L1, and the total pressure drop is given by
dP) [dP) [dP) (dP)
—| ={=—] +|— — . 85
[dzT dz), "\dz/, "\dz/, (53)
The liquid in the slug decelerates when it goes from the slug to the Taylor bubble and
accelerates when it moves from the Taylor bubble to slug. Since both the acceleration and
deceleration take place within the same slug unit, the pressure drop due to acceleration is

zero in a slug unit.

The pressure drop due to elevation is given by
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[z—ZJE =[(1-BJp.s +Bp Js Sin 6 (86)

where
Prs =P Hys +ps(1-Hys). (87)

The pressure drop due to friction is given by

dp f1sP1sVm
—| ==—="1(1-p). 88
(dz]r 2D (1-F) (38)

The friction factor is given by the modified Zigrang-Sylvester (1982) correlation.

-2
/D
£, =|-2logi = D—[S'Oz 103{8 e D (89)
37 (Ng \37  Ng,

where
Ng. :M, (90)
His
and
Mis =M Hyg +gHgs (91)

Developing Flow

If L. > L1s, the two-phase flow is not fully developed. When the flow is not fully
developed, the Taylor bubble length has to be modified. By equating the Taylor bubble
volume in terms of the flow geometry to the actual Taylor bubble volume, the following
quadratic equation can be obtained:

ol +[——2ab . de ]L‘m +[EJ -0 (92)
a

32



where

and

and

a:l-Vﬁ (93)

b= | (94)

¥~ Vus

Hyy o
@ LLS

c (95)

The details of the derivation of the quadratic equation can be obtained from

Ansari et al. (1994).

The total pressure drop is given by

&),-2),@&, 2

The elevation component is

where

and

dp . ) |
(a)E = [(1-B")ors + B prsa e Sin 6 o
. Ltm

" U s " 08
B L-TB +LLS ( )
pran =B + {1~ Hian ) -

Nve. —v H
S (v sz”:S) — (100)
™

("]
el



Since only vertical well cases are considered for this work, Sin 6 takes a value of one and
can be dropped from equation (97).

The friction component is given by

dP) ficbig¥ .
[dz P 2D ( B ) (oh
2.4.6.4 Annular Flow

For the annular flow regime, Ansari and co-workers developed a model that made
use of the correlations presented by Wallis (1969) for the liquid entrainment and interfacial
friction. The Ansari et al. (1994) approach is based on the annular flow mechanism
discussed by Hewitt and Hall-Taylor (1970). All the assumptions made for the Yao and
Sylvester model (1987) are assumed to be valid for the Ansari model with the additional
assumption of negligible pressure drop due to acceleration. A detailed schematic of a fully
developed annular flow is shown in Figure 5. The pipe wall is wetted by a liquid film. A
central gas core flows upward with entrained liquid droplets.

Momentum conservation applied to the gas core and the liquid film yields the

following two equations:

dp
AC(——) ~1;8; ~pPcAcg Sind =0, (102)
dz/ .
and
dp X
A . +T,S, = 1:S; —pL A8 8in0=0. (103)

F

The gas core is considered to be a homogeneous mixture of gas and entrained liquid

droplets flowing at the same velocity (no slip). The core density pc is given by
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Pc =PrAc +Pc(1-Arc). (104)

The superficial friction pressure gradient in the liquid is

[EJ :fSLpLVSLz (105)
dz/ g 2D

where, fs can be obtained from the Moody diagram for a Reynolds number defined by

Py Vg d
N =—LMSL - (106)
3

The superficial friction pressure gradient in the core is defined as

(dP focPeVic
= — SCre 8C (107)
d]) - 2D

where, fscis obtained from the Moody diagram for the following Reynolds number

B PcVscd

N gesc TR (108)
where

Vse = Fpvg +Vgq, (109)
and

e =HiAre +Ho(l-Arc). (110)

The shear stress in the liquid film is given by

(111)

where fr is obtained from Moody diagram for a Reynolds number defined by

v.d
Rey =Pl (112)
iy

N
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ST A, aa(1-8) (113)
= % (114)
and
dyp = 48(1-8)d . (115)
Substituting equation (113) in equation (111) gives
2
T, :%(I—Fﬁ)zpl[@a‘td . (116)
Equation (116) can be modified to give
D (1-F) f, (dp
i sz—(ﬂ (s
The interfacial shear stress is defined as
T = M, (118)
: 8
where
Vg = (lf‘;‘@)z , (119)
and
f.=f.Z. (120)

The correlating factor, Z, for interfacial friction and film thickness is given by Whalley and
Hewitt (1978).

Z =1+3009, F. >09 (121)
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13
Z =14 24[%] 3, F, <09 (122)
B

Substituting for pc and ve in equation (118) using equations (107) and (119), respectively,

D Z (dp) )
L =— — . 12
ki 4 27 o (123)

The wetted perimeter of the core, S;, is given by
S, =n(D-29), (124)
and the wetted perimeter of the liquid film, Sg, is given by

_ (D -28) + D

2

8. =n(D-39). (125)

The cross-sectional area of the gas core is

(D -28)°
. = ; (126)
and the cross-sectional area of the film is
A, =n(D-28)5. (127)

Substituting equations (116), (122), and (123) - (127) in equations (102) and (103),

@)z (dp) |
(dz)c = (1_2§)5 de)sr +p.g Sind (128)

(&) ,_(:Fu_)z(g(gr;) () e o

dz F-M@s(]—ﬁ)3 fg/\dz/ g 4§(1._§}(1_2§)’ dz/ .

Since the pressure gradient in the core is the same as that in the film, equating equation

(128) and (129) gives
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2
- (ﬁj ~(p, —pc)gSi e-—(l'FE) £ (42)
4§(1_§)(1 - 2§)5 dz/ (pL Pc )g n 64§3(1 _§)3 . (dzf N

=0 (130)
Using the modified Lockhart and Martinelli (1949) parameters Xy and Yy, equation (130)

simplifies to

Z Xl.z\t
43(1-8)[1-48(1 —§)]2'5 ’ [48(1-3)]

Yy — =0 (131)

The left side of equation (131) can be considered as a function of 6 and solved for & using
the bisection method. The total pressure gradient is given by either of the expressions for

the pressure gradient in the core or the film.

&,-&
dz/,. \dz/. (132)
or
-1
dz/, \dz/, (133)

Since the expression for the pressure gradient in the core is simpler than the expression for
the pressure gradient in the film, the total pressure gradient is computed using the

following expression:

(d—P) e [93) +p.g Sinb (134)
dZ 4 (l—2§)‘ dz - Cg .

Since only vertical well cases were considered for this thesis work, Sin 0 takes a value of

one and can be dropped from equation (134).
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2.5 Corrosion Prediction Models

A number of different mechanisms and models have been proposed to predict the
presence or absence of downhole corrosion as well as the rate of corrosion. Different
parameters were considered to be indices of corrosion. Some investigators (Smith, 1982,
Tuttle, 1987, Tuttle, 1990) believed that the concentration of H,S and CO, were a good
index to corrosion prediction, while Bradburn (1977) proposed that the amount of water
produced would be a good index. With extensive research in the field of downhole
corrosion, corrosion engineers have realized that downhole corrosion is not a simple
phenomena that depends upon just one or two factors. Downhole corrosion is highly
complex and the need to understand the basic mechanisms led to the development of the

following models that predict corrosion in downhole gas wells.

2.5.1 Model of Robertson

The purpose of Robertson’s (1988) research was to develop a user friendly
computer program that would predict the location of water condensation zone in gas
wells, given all the necessary well conditions as input data to the computer program.
Robertson’s work was based on the idea that corrosion is most likely to occur in that
section of the gas well where water condenses. The outcome of Robertson’s work was
the software tool DOWN*HOLE.

DOWN*HOLE used GPA*SIM (Erbar, 1980) for the thermodynamic phase
equilibrium calculations. GPA*SIM uses the Soave-Redlich-Kwong equation of state,
modified by Erbar (1972). Modifications were made to GPA*SIM to suit the needs of

DOWN*HOLE. Additional subroutines were added to:
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1. generate hydrocarbon-rich and water-rich dewpoint curves,

2. perform flash calculations at separator, wellhead, and bottomhole conditions to
check for the presence of water,

3. check for existence of two-phase flow conditions,

4. predict pressure drop, and

5. generate a fluid velocity profile for the well string.

2.5.1.1 Prediction of Fluid Properties

Robertson had used different correlations for predicting the fluid properties. The
GPA*SIM (Erbar, 1980) program was used to do the thermodynamic phase equilibrium
calculation. The vapor phase densities were predicted by GPA*SIM while the liquid
phase densities were predicted by the Hankinson-Thomson-COSTALD (1982) procedure.
The correlation used to estimate the vapor phase viscosity (for hydrocarbon systems) was
developed by Lee et al. (1986). The liquid viscosity and surface tension were taken to be

the same as that of water at the desired temperature.

2.5.1.2 Determination of Flow Regime

The work of Taitel et al. (1980) has been used to model the flow pattern
transitions. Four main flow regimes were considered by Taitel: bubble, slug, churn and
annular. Since the pressure drop models considered include churn flow with slug flow,
only bubble-slug and slug-annular transition criteria were considered. A typical flow
pattern map for air-water system flowing upward in a vertical 5 cm tube is shown in

Figure 2.
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The transition from bubble to slug flow occurs when there is an increase in the gas
bubble density which would lead to coalescence of bubbles. An increase in the gas bubble
density would take place when the gas flow rate is high or if the pipe diameter is small.
Taitel et al. have defined the criteria for a pipe with small diameter as one that satisfies the

following relation:

2 2 0.25
_PigD” | 436 (135)
(P —Pg)lo

The transition from slug to annular flow occurs when the gas flow rate is large

enough to be able to lift the liquid droplets and is given by:

1/2
A —> 3.1. (136)
[Gg(p;, ~Pg )]

When both the conditions (135) and (136) are not satisfied, the flow was assumed to be in
the bubble flow regime. A detailed derivation of the above mentioned criteria (135 and

136) is given in Robertson (1988).

2.5.1.3 Pressure Drop Correlations Used by Robertson

Robertson’s model had seven options to predict the pressure profile along the
production string: linear pressure profile, two-phase homogeneous flow method,
Orkiszewski’s flow regime based method, and Yao-Sylvester’s annular-mist flow method.
The last three methods could have either a linear temperature or linear enthalpy specified
as input. If the linear enthalpy option is used, the temperature profile along the well string

1s estimated before proceeding to the pressure drop calculation. Once the fluid properties
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were estimated, pressure drop was predicted by one of the above mentioned methods,
depending upon the preference of the user.

The linear pressure profile assumed the pressure to be linear between the wellhead
and the bottomhole. Since the bottomhole pressure drop data obtained from the field are
not usually accurate, the linear profile between the measured wellhead and bottomhole
conditions can only be approximate. The linear pressure profile assumption was used as a
first guess for the other pressure drop estimation methods.

DOWN*HOLE succeeded in predicting the water condensation zone and thereby
the presence or absence of corrosion, but could not predict the rate of corrosion. Despite
the inability to predict corrosion, Robertson’s work is important as it laid the foundation
for the subsequently developed models that predict the rate of corrosion in downhole gas

wells.

2.5.2 Model of Liu and Erbar

Liu and Erbar (1990) proposed a model to predict downhole corrosion. The Liu
and Erbar (1990) model made use of Robertson’s work and his computer program
DOWN*HOLE. Additional segments were added to DOWN*HOLE to include pH
calculations, mass transfer, reaction kinetics, and finally corrosion rate prediction. In this
model by Liu and Erbar, the hydrogen ion was considered to be the key corrosive species.
The Liu and Erbar (1990) model also made the assumption of no protective film. The
assumption of no protective film predicts corrosion rate much higher than the actual
corrosion rate in the production strings depending on the location in the string. Even

though the approach of Liu and Erbar was oversimplified and does not predict accurate
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corrosion rates, it was the first time a comprehensive model taking into account fluid

dynamics, phase equilibrium, mass transfer, and reaction kinetics was developed.

2.5.3 Model of Liu

Liu (1991) developed another model which did not make some of the assumptions
made in the earlier model (Liu and Erbar, 1990) such as no protective film and diffusion or
reaction rate controlled mechanisms. Both the worst case (no protective film) corrosion
as well as corrosion rate in the presence of a protective film are predicted by Liu (1991)
In the new model (Liu, 1991), the corrosion process was visualized as a three layer model
as shown in Figure 6. The three layers were: the turbulent film layer, the diffusion layer,
and the corrosion product layer. Corrosive species are first transported through the
turbulent film layer. The wall roughness and interfacial shear stress were found to have an
effect on the mass transfer in the turbulent layer. The next layer was the diffusion layer
where mass transfer is primarily by molecular diffusion and ion migration. When there is
no corrosion product, the corrosive species must be transported through only two layers.
the turbulent film layer and the diffusion layer. When the corrosion product is present, the
corrosive species must diffuse through a third layer, the corrosion product layer while the

ferrous ions from the pipe wall (the corrosion product) diffuse in the opposite direction

2.5.4 Model of Liu and High
Liu made modifications to his earlier model and developed a new software tool to
predict downhole corrosion in gas wells, DREAM. The changes have been documented in

detail in a report by Liu and High (1993). The following changes were made:
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The form of the objective function for the three phase thermodynamic flash
calculation was changed based on a paper by Bunz et al. (1991). The new
objective function gave smoother transitions from three phase to two-phase
or single phase.

Modifications were made in the pressure drop subroutines to include a new
model by Sylvester (1987) for the slug flow regime. The pressure drop in
the bubble flow regime was estimated by the Orkiszewski (1967) method.
The Yao and Sylvester (1987) model was used for predicting pressure drop
in the annular flow regime.

The assumption that the net current flow is zero, for a corrosion system,
was made in this approach of Liu and High (1993). The zero current
assumption replaced the electro-neutrality assumption made in the earlier
model by Liu (1991). The above change was made because the electro-
neutrality assumption was not valid near the pipe wall.

The diffusivity correlation for the species in the FeCOs film was modified.
The assumption made in the earlier model that the corrosion layer behaves

like the diffusion layer was not made in this model (Liu and High, 1993).

2.6 Summary

1.

The pressure drop predictions were found to deviate from measured
pressure drops significantly both in the annular and slug flow regimes.
The pressure drop subroutines for the Sylvester (1987) and the Yao and

Sylvester (1987) models in DREAM did not match with literature.
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3. The computer code crashed in some cases due to some coding errors.
4. The corrosion rate predicted by DREAM did not always match with the

caliper survey data.

47



Chapter 111

RESULTS AND DISCUSSION

3.1 Introduction

This study has yielded information regarding the utility of the different pressure
drop models under widely varying conditions for water-cut gas wells. The models have
been tested against 140 data sets taken from Camacho (1970) and Reinicke et al. (1987)
The pressure drop predicted by the models has been compared with water-gas field data
only even though the models are applicable to oil wells also. An evaluation of the models
is presented in this chapter.

The pressure drop models have also been incorporated into DREAM, a software
tool to predict the corrosion rate in downhole gas wells. An evaluation of DREAM has
been made and the effect of pressure drop on corrosion rate has been studied.

The computational procedure involved in the flow regime analysis and the pressure
drop estimation for upward vertical two-phase flow systems in the annular and slug flow
regimes has been explained in Appendix C. In order to verify the accuracy of the
computer code, two cases (one each in the slug and the annular flow regimes) were taken
and the pressure drop was calculated manually. The results of the manual computation
have been attached in Appendix D and Appendix E. The predictions obtained using the
FORTRAN code and the manual computations are given below.

Slug Flow:

(AP )manua]. Sylvester — 74.04 psia (A.P )compml:-r. Sylvester — 73.4 psia

48



(AP)manual, Ansari = 49.15 psia (AP)computer, Ansari = 48.1 psia

Annular Flow:
(AP)manuaL Yao & Sylvester — 37.8 PSia (Ap)cmnpmcr. Yao & Sylvester — 386 pSia
(AP)manua.LAnsan': 132.05 psia (AP}MH‘M:‘ 132.0 psia

The pressure drops predicted manually were found to deviate from the pressure
drops computed by the FORTRAN code marginally. The difference can be attributed to

rounding off errors in the manual computations.

3.2 Analysis of Pressure Drop Predictions for the Air-Water System

The pressure drop subroutines developed in this work were primarily intended for
upward vertical two-phase flow in gas wells. Since the applicability of these models could
be extended to include other systems such as the air-water two-phase flow system
(frequently encountered in the chemical processing industry), the pressure drop
predictions were compared against experimental data of the air-water system obtained
from Golan (1970). The experimental data taken from Golan (1970) are reported in
Table 1.

The following formulae have been used in making the statistical analysis:

P ole.mode —B ole.measur
(percentage error), = —TRemets__EMMIGIENE 100 (137)

Pbottmmme.measured

E’(percentage error) ‘

rd i

average absolute error = -

N (138)

A comparison of the predicted pressure drop and the experimentally measured

pressure drop has been made and the results are presented in Tables II and III. The Yao

49



TABLE I

Air-Water Experimental Data for Upward Vertical Two-Phase Flow

Run No. | Regime | Gas Flow Water Flow | Pressure |Pressure | Pressure
Rate Rate Bottom Top |Gradient

(scfm) (gpm) (psia) (psia) | psia/ft

40 slug 2 10 4.0 1.3 0.27
50 slug 43 10 3.1 1.0 0.21
51 slug 48 10 3.2 1.0 0.22
52 slug 58 10 3 1.1 0.20
53 slug 6.9 10 3.1 1.1 0.20
120 annular 90 10 5.5 42 0.13
121 annular 80 10 4.7 3.1 0.16
160 slug 44 8 2.8 0.9 0.19
161 slug 5.4 8 2.8 0.9 0.19
162 slug 6.1 8 28 0.8 0.20
203 annular 78 8 3.9 22 0.17
210 annular 95 8 4.5 3.1 0.14
250 slug 5.8 6 235 0.9 0.16
251 slug 6.5 6 24 09 0.15
294 annular 73 6 2.8 1.6 0.12
300 annular 95 6 3.6 22 0.14
310 annular 115 6 4.5 3.0 0.15
350 slug 5 12 34 1.0 0.24
351 slug 5.1 12 3.2 1.1 021
352 slug 6 12 3.3 I 0.22
410 annular 85 12 5.8 40 0.18
420 annular 100 12 75 54 0.21
460 slug 5.5 14 34 I.1 0.23
520 annular 100 14 8.5 6.1 0.24
550 slug 1.9 16 2.8 0 0.28
560 slug 38 16 4.0 1.1 0.29
610 annular 100 16 9.0 6.0 0.30
612 annular 95 16 9.5 6.4 031
620 annular 120 16 10.8 71 0.31
650 slug 3.1 18 39 1.0 0.29
660 slug 6.2 18 38 1.3 0.25
721 annular 93 18 10.0 7.0 0.30
730 annular 115 18 12.0 8.8 0.32
740 annular 125 18 13.2 92 0.40
770 slug 2.1 20 33 0.1 0.32
830 annular 90 20 115 8.4 031
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TABLE I (cont’d)

Run No. | Regime | Gas Flow Water Flow | Pressure |Pressure | Pressure
Rate Rate Bottom Top |Gradient
(scfm) (gpm) (psia) (psia) | psia/ft.
840 annular 110 20 14.6 10.5 0.40
921 annular 94 22 13.0 9.8 0.32
930 annular 110 22 13.0 95 0.35
940 annular 120 22 16.0 11.5 0.44
1410 annular 58 4 1.8 0.9 0.09
1420 annular 65 4 1.9 1.0 0.09
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TABLE I

Comparison of Predicted and Experimental Pressure Drop for Upward
Vertical Two-Phase Annular Flow (Air-Water System)

Run No. | Experimental | Predicted Percentage | Predicted | Percentage
Pressure Pressure Error Pressure Error
Bottom Bottom Bottom
Ansarietal. | Ansarietal. | Yaoand | Yao and
Sylvester | Sylvester
(psia) (psia) (psia) (psia)
120 3.5 8.66 57.36 4.61 -16.27
121 4.7 6.7 42.65 3.35 -28.66
203 3.9 4.83 2391 2.37 -39.18
210 4.5 7.28 61.81 3.51 -22.11
294 238 3.25 16.19 1.72 -38.52
300 3.6 5.38 49 .42 2.5 -30.45
310 4.5 6.3 40.02 3.58 -20.51
410 5.8 6.19 6.67 443 -23.70
420 7.5 13.38 78.38 6.25 -16.66
520 8.5 15.58 83.26 7.15 -15.85
610 9 13.19 46.54 7.28 -19.16
612 9.5 12.25 28.97 7.46 -21.44
620 10.8 17.69 63 83 9.96 -7 80
721 10 13.16 31.56 8.16 -18.36
730 12 18.88 57.37 11.19 -6.75
740 13.2 21.87 65.65 12.11 -8.29
830 1.5 15 3045 9.71 -15.6
840 14.6 21.23 4543 13.13 -10.05
921 13 191 46.96 11.65 -10.36
930 13 2163 66.38 12.56 -3.40
940 16 27.5 71.86 15.38 -3.89
1410 1.8 28 55.75 0.97 -46.06
1420 1.9 2.52 32.57 1.09 -42.57
Average Absolute % Error 47 96 2025
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TABLE III

Comparison of Predicted and Experimental Pressure Drop for Upward Vertical
Two-Phase Slug Flow (Air-Water System)

Run No. | Experimental | Predicted | Percentage | Predicted | Percentage
Pressure Pressure Error Pressure Error
Bottom Bottom Bottom
Ansari et al. | Ansari et al. | Sylvester | Sylvester
(psia) (psia) (psia) (psia)
40 4 4.04 0.94 4.43 10.72
50 3.1 2.94 -523 341 9.99
51 3.2 238 -12.43 3.3 3.07
52 3.1 27 -12.91 3.23 4.07
53 3.1 2.53 -18.46 3.1 -0.01
160 28 2.56 -8.55 2.95 5.19
161 238 2.36 -15.79 2.7 -0.96
162 28 2.14 -23.7 2.57 -8.15
250 2.5 213 -15.00 2.47 -1.23
251 24 2.03 -15.25 2.39 -0.48
350 3.4 2.93 -13.71 3.49 2.67
351 3.2 3 -6.14 3.56 11.26
352 3.3 2.83 -14.20 343 39
460 34 3.1 -5.30 3.77 10.97
550 2.8 3.22 30.77 3.77 34.52
560 4 3.66 -8.46 4.31 7.82
650 3.9 3.97 171 4.65 19.1
660 3.8 3.43 -9.84 4.34 14.14
770 33 3.57 8.27 4.25 28.83
Average Absolute % Error 11.93 932
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and Sylvester (1987) predictions were better on average than the Ansan et al. (1994)
predictions in the annular flow regime as seen in Table II. The maximum error in the
predictions by Yao and Sylvester (1987) is obtained for two experimental runs (run no.
1410 and 1420) that were found to be in the slug flow regime according to the Barnea
flow map even though they were visually observed to be in the annular flow regime. Since
the two data points were found to be in the slug-annular transition boundary as predicted
by Barnea (1987), they could actually lie in the transition zone or churn flow and not in
annular or slug flow regimes. The error might have been lower if churn flow pressure
drop equations were available and could have been used to estimate the pressure drop for
run numbers 1410 and 1420. The Ansari et al. (1994) model was found to be consistently
over predicting the pressure drop and the Yao and Sylvester (1987) was consistently
under predicting the pressure drop for the air-water system.

The Ansari et al. (1994) predictions are comparable to the Sylvester (1987)
predictions for the slug flow regime, however the Sylvester model is slightly better than
the Ansari model on average. The Ansari et al. (1994) model was found to under predict
the pressure drop for all but four of the slug flow cases. The four cases for which Ansari
et al. (1994) over predicted were found to have the lowest gas-liquid ratio amongst all the
cases considered. The pressure drop as given by Ansari et al. (1994) as well as the
Sylvester (1987) models is a function of the liquid slug length which was empirically taken
to be 30 times the pipe diameter. The constant 30 can be varied from 16 to 45 (Sylvester,
1987) to obtain better pressure drop estimates.

The experimental data of Golan (1970) contained information on the flow regime

unlike gas well data where it is not possible to visually observe the flow regime. A
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comparison of the experimental data of Golan (1970) with the flow map of Barnea (1987)
validated the accuracy of the Barnea transition criteria. Figure 7 shows the Barnea
transition boundaries for the air-water upward vertical two-phase flow system and also the
experimental data. The experimental data in Figure 7 belong to either slug or annular flow
regime and they fall into the respective flow regime zones (with two exceptions) as
defined by Barnea in the flow map, thereby validating the accuracy of Barnea transition
criteria. The Barnea transition boundaries are theoretical and any minor deviations of the
experimental data points from these boundaries can be neglected. The two data points
that were found to be close to the slug-annular transition boundary on the slug flow side,
but were visually observed to be fully developed annular flow, could have actually been

developing annular flow i.e transition or churn flow.

3.3 Analysis of Pressure Drop Predictions for Natural Gas Wells

The data from Camacho (1970) and Reinicke et al. (1987) cover a wide range of
field conditions as shown in Table IV. The first 104 cases reported in Table IV were from
Camacho (1970) and the remaining cases were taken from Reinicke et al. (1987). The
input data contains information on the bottomhole temperature, bottomhole pressure, well
head temperature, well head pressure, tubing diameter, well depth, gas and liquid flow
rates at the well head, and gas gravity. The gas composition (Table V) was not given for
any of the gas wells and hence was assumed arbitrarily based on a typical gas composition
such that the calculated gas gravity matched the gas gravity data available in Table IV.

The data taken from Reinicke et al. (1987) contain additional information on the angle of
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TABLE IV

Downhole Pressure Drop Data for Water-Cut Gas Wells

Well No.| PipeID | Well [GasFlow| Water G/L | Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) () |[MSCFD | bbl/day | scf/bbl °F °F Gravity | (psia) | (psia)

1 1.995 2480 845 192 4400 102 130 0.65 125 340

2 1.995 2500 1416 312 4450 108 138 0.65 325 565
3 1.995 2500 653 144 4533 97 127 0.65 100 260
4 1.995 2500 368 75 4900 93 123 0.65 100 235

5 1.995 2500 613 144 5000 95 125 0.65 95 255
6 1.995 2500 1164 192 6060 100 128 0.65 150 385
7 1.995 2500 766 144 6370 95 125 0.65 100 270
8 1.995 8055 4907 736 6667 126 210 0.64 1699 3197
9 1.995 8055 4324 649 6667 125 210 0.64 1766 3215
10 1.995 8055 3506 526 6667 128 210 0.64 1848 3223
11 1.995 8055 2676 401 6667 121 210 0.64 1907 3229
12 1.995 2500 1049 144 7283 97 127 0.65 115 350
13 1.995 2500 888 144 7400 95 125 0.65 100 350
14 1.995 2500 1358 144 9433 97 127 0.65 115 385
15 1.995 8051 4818 385 12500 111 210 0.64 2097 3198
16 1.995 8051 4062 325 12500 115 210 0.64 2170 3203
17 1.995 8051 3173 254 12500 116 210 0.64 2213 3209
18 1.995 8051 2704 216 12500 119 210 0.64 2235 3213
19 1.995 8055 3688 240 15384 118 210 0.64 2592 3252
20 1.995 8055 4380 285 15384 120 210 0.64 2502 3245
21 1.995 8055 5026 327 15384 129 210 0.64 2313 3241
22 1.995 8055 6308 410 15384 131 210 0.64 2069 3231
23 1.995 8051 5085 183 27777 111 209 0.64 1687 3180
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TABLE IV (cont’d)

Well No.| PipeID | Well |Gas Flow| Water G/L Surface | Bottom | Specific | Surface | Bottom
Depth Rate | Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) (ft.) | MSCFD | bbl/day [ scf/bbl °F F Gravity | (psia) (psia)
24 1.995 8051 4294 155 27777 110 209 0.64 1913 3190
25 1.995 8051 3811 137 27777 112 209 0.64 2012 3195
26 1.995 8051 2179 78 27777 110 209 0.64 2450 3211
27 1.995 8758 1971 47 41666 102 212 0.64 2221 2924
28 1.995 8758 2473 59 41666 105 212 0.64 2195 2901
29 1.995 8758 2900 70 41666 107 212 0.64 2167 2883
30 1.995 8758 3956 95 41666 98 212 0.64 2080 2830
31 1.995 8051 4710 113 41666 114 205 0.64 2474 3234
32 1.995 8051 5774 139 41666 116 205 0.64 2300 3226
33 1.995 8051 7045 169 41666 114 205 0.64 1892 3215
34 1.995 8051 7288 175 41666 113 205 0.64 1839 3212
35 1.995 8758 1976 36 55555 94 218 0.64 2368 3005
36 1.995 8758 2935 53 55555 99 218 0.64 2314 2969
37 1.995 8758 3482 63 55555 100 218 0.64 2272 2943
38 1.995 8758 3982 72 55555 107 218 0.64 2220 2922
39 1.995 8758 1964 26 76920 104 218 0.64 2451 3120
40 1.995 8758 3003 39 76920 108 218 0.64 2408 3095
41 1.995 8758 3598 47 76920 112 218 0.64 2408 3074
42 1.995 8758 4057 53 76920 113 218 0.64 2379 3060
43 1.995 8051 1826 22 83333 107 208 0.64 2680 3254
44 1.995 8051 3405 41 83333 110 208 0.64 2627 3246
45 1.995 8051 5402 65 83333 114 208 0.64 2498 3232
46 1.995 8051 7400 89 83333 116 208 0.64 2311 3220




65

TABLE IV (cont’d)

Well No. | Pipe ID | Well |[Gas Flow| Water G/L Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) (ft.) | MSCFD | bbl/day | scf/bbl °F °F Gravity | (psia) | (psia)
47 1.985 7962 4096 934 4386 120 200 0.64 1610 3094
48 1.985 7962 4434 678 6536 120 200 0.64 1965 3105
49 1.985 8713 715 92 7813 100 214 0.64 975 1816
50 1.985 7962 4790 479 10000 120 200 0.64 2065 3112
51 1.985 8050 1782 134 13333 109 206 0.64 2230 3199
52 1.985 8050 2857 214 13333 115 206 0.64 2181 3174
53 1.985 8050 3458 259 13333 120 206 0.64 2165 3156
54 1.985 8050 4212 316 13333 122 206 0.64 2114 3133
55 1.985 7920 4429 266 16666 110 202 0.65 2498 3389
56 1.985 8033 1642 90 18181 104 200 0.64 2285 3218
57 1.985 8033 3094 170 18181 106 200 0.64 2197 3213
58 1.985 8033 3953 217 18181 108 200 0.64 2182 3211
59 1.985 8038 2949 147 20000 115 208 0.64 2262 3264
60 1.985 8038 4779 239 20000 119 208 0.64 2282 3259
61 1.985 8038 5970 298 20000 121 208 0.64 2214 3252
62 1.985 8038 7113 356 20000 120 208 0.64 2100 3244
63 1.985 7890 2924 117 25000 114 200 0.64 2403 3322
64 1.985 7890 5891 236 25000 116 200 0.64 2366 3307
65 1.985 7890 7594 304 25000 116 200 0.64 2245 3287
66 1.985 7890 8993 360 25000 119 200 0.64 2041 3274
67 1.985 8749 3922 106 37030 103 210 0.64 1976 2618
68 1.985 8749 4696 127 37030 106 210 0.64 1667 2495
69 1.985 8749 2408 65 37030 99 210 0.64 2152 2807
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TABLE 1V (cont’d)

Well No. | PipeID | Well |GasFlow| Water G/L Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) (ft.) | MSCFD | bbl/day | scf/bbl °F °F Gravity | (psia) (psia)
70 1.985 8749 1809 49 37030 95 210 0.64 2241 2866
71 1.985 7962 4681 103 45454 116 200 0.64 2155 3118
72 1.985 8665 2500 55 45454 101 214 0.64 1035 1750
73 1.985 8616 2132 47 45454 100 214 0.64 1140 1786
74 1.985 8665 1477 32 45454 98 214 0.64 1323 1863
75 1.985 7920 1051 23 45454 95 214 0.64 1403 1911
76 1.985 8697 4498 90 50000 124 198 0.64 2711 3401
77 1.985 8697 2337 42 55555 96 214 0.64 1621 2239
78 1.985 8697 2042 37 55555 100 214 0.64 1686 2271
79 1.985 8697 710 31 55555 104 214 0.64 1745 2305
80 1.985 7962 1293 23 55555 104 214 0.64 1811 2339
81 1.985 8052 5111 77 66666 110 200 0.64 2155 3114
81 1.985 8052 5111 77 66666 110 200 0.64 2155 3114
82 2.44] 8052 3222 116 27777 106 204 0.64 2429 3218
83 2.441 8052 4573 165 27777 115 204 0.64 2418 3211
84 2.441 8052 5587 201 27777 116 204 0.64 2403 3205
85 2.441 8042 6890 248 27777 120 204 0.64 2386 3197
86 2.441 8052 2792 87 32258 116 200 0.64 2520 3262
87 2.441 8052 3830 84 45454 100 208 0.64 2540 3188
88 2.441 8052 5692 125 45454 104 208 0.64 2508 3192
89 2441 8052 7837 172 45454 115 208 0.64 2451 3179
90 2.441 8052 9754 215 45454 119 208 0.64 2383 3169
91 2.44] 8052 4700 66 71428 74 200 0.64 2599 3237
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TABLE IV (cont’d)

Well No. | Pipe ID | Well |GasFlow| Water G/L Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) (ft) |[MSCFD | bbl/day | scf/bbl *F °F Gravity | (psia) | (psia)

92 2.441 8052 6268 88 71428 79 200 0.64 2578 3230
93 2.441 8052 8389 117 71428 87 200 0.64 2512 3221
94 2.441 8052 10536 148 71428 97 200 0.64 2425 3207
95 2.992 8026 5270 985 5347 120 202 0.64 2140 3148
96 2.992 8026 4570 562 8130 120 202 0.64 2240 3146
97 2992 8745 4731 435 10869 114 214 0.64 1095 1785
98 2.992 8745 3837 353 10869 120 214 0.64 1135 1805
99 2.992 8745 2948 271 10869 120 214 0.64 1180 1829
100 2.992 8745 2018 186 10869 120 214 0.64 1212 1856
101 2.992 8026 4602 221 20833 120 202 0.64 2505 3123
102 2.992 8745 7798 88 90909 94 214 0.64 1505 1945
103 2.992 8745 5088 56 90909 92 214 0.64 1615 1997
104 2992 8745 3540 39 90909 89 214 0.64 1658 2021
105 398 5413 4860 8 597050 104 302 0.64 5205 6691
106 3.98 5413 9000 18 500000 122 293 0.64 3769 4930
107 3.98 14347 1710 12 142027 79 284 0.64 1779 2602
108 3.98 15079 | 13590 39 351000 135 288 0.64 5807 7442
109 299 15079 | 17730 45 394000 145 288 0.64 5321 6935
110 2.99 15079 | 22950 54 425000 163 288 0.64 4733 6315
111 398 15735 | 27000 54 497238 138 286 064 6115 8139
112 2.99 15735 | 17820 66 270000 131 286 0.64 6997 9030
113 2.99 15735 | 27360 64 427500 147 286 064 6784 8930
114 2.99 15735 | 36270 85 426706 178 286 0.64 6490 8805




29

TABLE IV (cont’d)

Well No. | PipeID | Well |GasFlow| Water G/L Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure

(in.) (ft) | MSCFD | bbl/day | scf/bbl °F °F Gravity | (psia) | (psia)
115 3.98 15988 | 21600 43 497238 131 297 0.64 7085 9000
116 2.99 15988 | 31860 59 540000 156 297 0.64 6953 8952
117 5.98 15988 | 37890 83 456506 172 297 0.64 6836 8917
118 5.98 15988 | 45180 76 594474 181 297 0.64 6630 8861
119 3.98 13891 8730 120 72750 190 315 0.64 3388 4564
120 2.99 13891 8550 105 81429 187 315 0.64 3425 4586
121 299 13891 14850 147 101020 212 315 0.64 3058 4145
122 299 13891 | 21150 230 91957 223 315 0.64 2234 3418
123 3.98 14006 | 13500 154 87662 147 284 0.64 5307 7159
124 299 14006 | 21600 246 87805 169 284 0.64 4601 6424
125 3.98 14347 1710 15 110465 77 284 0.64 1793 2631
126 2.44 14347 1710 20 87692 79 284 0.64 1617 2367
127 2.99 13766 2520 56 44840 72 288 0.64 1411 2427
128 236 13766 2700 60 45000 72 288 0.64 1448 2427
129 2.36 13766 2430 58 41897 72 288 0.64 1374 2381
130 2.36 13766 630 59 10678 59 288 0.64 1205 2928
131 2.36 13766 450 59 7627 34 288 0.64 1205 2928
132 2.36 13766 540 45 12000 59 288 0.64 1191 2822
133 398 14006 9000 377 23866 163 291 0.64 2426 3675
134 2.99 14006 9000 354 25424 162 291 0.64 2352 3455
135 299 14006 5400 271 19926 151 291 0.64 4116 5836
136 2.99 14006 5850 294 19898 151 291 0.64 4057 5954
137 2.99 14006 6300 289 21799 151 291 0.64 3822 5380
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TABLE IV (cont’d)

Well No. | PipeID | Well |GasFlow| Water G/L | Surface | Bottom | Specific | Surface | Bottom
Depth Rate Prodn. Temp. | Temp. Gas | Pressure | Pressure
(in.) (ft) | MSCFD | bbl/day | scf/bbl i 5 °F Gravity | (psia) | (psia)
138 299 14006 5400 247 21868 147 291 0.64 4043 5601
139 3.98 5413 2880 71 40563 93 284 0.64 1330 2536
140 3.98 9406 2520 76 33158 93 284 0.64 1617 2955




TABLE V

Assumed Gas Composition
(based on Specific Gas Gravity)

Components Mole Percent
Methane 88.0
Ethane 5.0
Propane 3.0
I-Butane 2.0
N-Butane 0.5
Nitrogen 1.0
Carbondioxide 0.5
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inclination and the liquid density which have not been listed in Table IV. The range of
parameters is presented in Table VI

As the gas flows from the bottomhole to the well head, the flow regime can change
depending upon the flow conditions. Out of the 140 data sets considered, 114 cases were
found to be in the slug or annular flow regime for more than half the well. A Statistical
analysis have been made with these 114 cases (68 slug flow cases and 46 annular flow
cases). Within each flow regime, the wells have been sub-divided into three different
classes based on the gas-liquid ratios. The wells in each class have been further sub-
divided based on the well diameter. The division of the wells into certain categories based
on the gas-liquid ratio and the diameter is made to understand how each model performs

under varying conditions.

3.4 Error Analysis for the Slug Flow Models

The predictions from the two slug flow models, Sylvester (1987) and Ansari et al.
(1994), have been compared against the data reported in Table IV. The Sylvester (1987)
model has been used by previous researchers (Robertson, 1988, Liu, 1991, Liu and
High, 1993) involved in the Downhole Corrosion project at Oklahoma State University.
The Ansari et al. (1994) model is a recent model that has been tested by Ansari and co-
workers against some of the well known pressure drop correlations: modified Hagedorn
and Brown (1964), Aziz et al. (1972), Duns and Ros (1963), Hasan and Kabir (1988,
1990), Beggs and Brill (1973) with Palmer correction (1975), Orkiszewski (1967) with
the Trigia correction (1989), and Mukherjee and Brill (1985). Ansari and co-workers

tested the Ansari et al. (1994) model against the Tulsa University Fluid Flow Projects Well
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TABLE VI

Range of Parameters for the Gas Wells in this Study

MIN. | MAX.
Well Depth, ft. 2480 | 15988
Diameter, in. 1.985 5.98
Gas, MSCFD 368 | 45180
Water, bbl/day 8 985
Gas/Liquid, scf/bbl 4386 | 597050
Surface Temperature, °F 34 223
Botttom Temperature, °F 123 315
Surface Pressure, psia 95 7085
Bottom Pressure, psia 235 9030
Specific Gas Gravity 0.64 0.65




data bank for wells producing oil, water and gas and found that the model of Ansari et al.
(1994) gives better pressure drop predictions.

In this thesis, pressure drop prediction results from the models of Ansari et al.
(1994) and Sylvester (1987) have been compared with field data from wells that produce
only gas and water. The results of this comparison have been presented in Table VII. A
graph of the percentage error as a function of the gas-liquid ratio is presented in Figure 8
and Figure 9. Figure 8 shows a wider scatter of the error for the Sylvester predictions
than the Ansari predictions. For the Sylvester (1987) model, the average absolute error in
the estimated bottomhole pressure was 15.7%, the percentage error in the predicted
bottomhole pressure was found to vary between -31.9 % and 794 %, 62% of the
predictions were within an error band of 15%, and a percentage error of 50% or more
were encountered in 4 out of the 66 cases studied. For the Ansari et al. (1994) model, the
average absolute error in the estimated bottomhole pressure was 11.3%, the percentage
error in the predicted bottomhole pressure was found to vary between -31.1 % and
73.1 %, where out of the 66 cases studied 51 were predicted within 15% error, and only 2
cases were predicted with a percentage error of more than 50%.

Table VIII classifies all the slug flow cases on the basis of gas flow rates. The
average absolute percentage error in the estimated bottomhole pressure for each range of
gas flow rates is listed in Table VIII. The average absolute percentage error for the Ansari
et al. (1994) model was 11.3 % while the average absolute percentage error for the
Sylvester (1987) model was 15.7 %. The Ansari et al. (1994) model was found to

perform better than the Sylvester (1987) model on average for all gas-liquid ratios.
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TABLE VII

Predicted Pressure Drop for Upward Vertical Two-Phase Slug Flow
Using Sylvester and Ansari et al. Models

89

Well Bottom Sylvester Ansari et al.
Number| Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Press. Press.
(psia) (psia) (psia) (psia) (psia)

1 340.0 487.0 147.0 432 312.0 -28.0 -8.2
2 565.0 697.0 132.0 234 471.0 -94 .0 -16.6
6 385.0 4950 110.0 28.6 350.0 -35.0 -9.1
8 3197.0 3986.0 789.0 24.7 2503.0 -694.0 -21.7
9 3215.0 3723.0 508.0 15.8 2590.0 -625.0 -19.4
10 3223.0 3386.0 163.0 5.1 2698.0 -525.0 -16.3
11 3229.0 31120 -117.0 -3.6 2805.0 -424.0 -13.1
15 3198.0 3729.0 531.0 16.6 2845.0 -353.0 -11.0
16 3203.0 3502.0 299.0 93 2945.0 -258.0 -8.1
17 3209.0 3251.0 42.0 1.3 3023.0 -186.0 -5.8
18 3213.0 31480 -65.0 20 3067.0 -146.0 -4.5
19 3252.0 3674.0 4220 13.0 3442.0 190.0 58
20 3245.0 3809.0 564.0 17.4 3310.0 65.0 20
21 3241.0 3894.0 653.0 20.1 3053.0 -188.0 -58
22 3231.0 4265.0 1034.0 320 2733.0 -498.0 -15.4
23 31800 32380 58.0 1.8 2190.0 -990.0 -31.1
24 3190.0 3109.0 -81.0 -2.5 2494 0 -696.0 -21.8
25 3195.0 3034.0 -161.0 -5.0 2629.0 -566.0 -17.7
48 3105.0 3949.0 844.0 27.2 2875.0 -230.0 -74
49 1816.0 1698.0 -118.0 -6.5 1764.0 -52.0 -29
50 3112.0 3841.0 729.0 234 2852.0 -260.0 -84
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TABLE VII (cont’d)

Well Bottom Sylvester Ansari et al.
Number| Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Press. Press.
(psia) (psia) (psia) (psia) (psia)

52 3174.0 3120.0 -54.0 -1.7 2984.0 -190.0 -6.0
53 3156.0 3281.0 125.0 4.0 29350 -221.0 -7.0
54 3133.0 3503.0 370.0 11.8 2850.0 -283.0 -9.0
55 3389.0 3776.0 387.0 11.4 32940 -95.0 -2.8
57 3213.0 3099.0 -114.0 35 29570 -256.0 -8.0
58 3211.0 3333.0 122.0 38 2906.0 -305.0 -9.5
59 3264.0 3104.0 -160.0 -4.9 3013.0 -251.0 -7.7
60 32590 3680.0 421.0 129 2982.0 -277.0 -8.5
61 32520 4094.0 842.0 259 2881.0 -371.0 -11.4
62 32440 4520.0 1276.0 393 2733.0 -511.0 -15.8
63 33220 3172.0 -150.0 -4.5 3159.0 -163.0 -4.9
64 3307.0 4042.0 735.0 222 3038.0 -269.0 -8.1
65 3287.0 4659.0 1372.0 41.7 2877.0 -410.0 -12.5
66 3274.0 5196.0 1922.0 58.7 2920.0 -354.0 -10.8
79 2305.0 2536.0 231.0 10.0 2821.0 516.0 224
84 3205.0 3241.0 36.0 1.1 3170.0 -35.0 -1.1
85 3197.0 34440 247.0 7.7 3086.0 -111.0 =35
95 3148.0 32430 95.0 3.0 3246.0 98.0 3.1
96 3146.0 3107.0 -39.0 -1.2 3263.0 117.0 37
97 1785.0 1805.0 20.0 1.1 1835.0 500 28
100 1856.0 1904.0 48.0 2.6 20470 191.0 103
105 6691.0 57450 -946.0 -14.1 6036.0 -655.0 -98
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TABLE VII (cont’d)

Well Bottom Sylvester Ansari et al.
Number| Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Press. Press.
(psia) (psia) (psia) (psia) (psia)

106 4930.0 4116.0 -814.0 -16.5 4313.0 -617.0 -12.5
107 2602.0 3924.0 1322.0 50.8 4503.0 1901.0 73.1
109 6935.0 7367.0 432.0 6.2 7084.0 149.0 2.1
110 6315.0 7822.0 1507.0 239 6389.0 74.0 1.2
111 81390 7534.0 -605.0 -1.4 8180.0 41.0 0.5
119 4564.0 4258.0 -306.0 -6.7 4909.0 345.0 7.6
120 4586.0 4513.0 -73.0 -1.6 4722.0 136.0 3.0
121 41450 5171.0 1026.0 24 8 4095.0 -50.0 -1.2
122 3418.0 6131.0 2713.0 794 3484.0 66.0 1.9
123 71590 6268.0 -891.0 -124 7221.0 62.0 0.9
124 64240 7557.0 1133.0 17.6 6059.0 -365.0 -5.7
125 2631.0 3961.0 1330.0 50.6 4543.0 1912.0 72.7
127 24270 2290.0 -137.0 -5.6 2662.0 235.0 9.7
130 2928.0 2891.0 -37.0 -1.3 3310.0 3820 13.0
131 2928.0 3552.0 624.0 213 3971.0 10430 356
132 2822.0 3027.0 205.0 73 3448.0 626.0 222
136 5954.0 5345.0 -609.0 -10.2 6626.0 672.0 11.3
139 2536.0 1726.0 -810.0 319 1836.0 -700.0 -27.6
140 2955.0 2552.0 -403.0 -13.6 28540 -101.0 -34
112 9030.0 9004.0 -26.0 -03 9228.0 198.0 22
113 8930.0 10564.0 16340 183 88350 -95.0 -1.1
115 9000.0 8314.0 -686.0 -7.6 9428.0 428 0 48
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TABLE VII (cont’d)

Well Bottom Sylvester Ansari et al.
Number| Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Press. Press.
(psia) (psia) (psia) (psia) (psia)
118 8861.0 7927.0 -934 0 -10.5 8682.0 -179.0 -2.0
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% Error in Measured Bottomhole Pressure as a Function of Gas-Liquid Ratio for the
Models of Sylvester and Ansari et al. in the Slug Flow Regime (G/L < 100,000 scf/bbl)
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% Error in Measured Bottomhole Pressure as a Function of Gas-Liquid Ratio for the
Models of Sylvester and Ansari et al. in the Slug Flow Regime (G/L > 100,000 scf/bbl)
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TABLE VIl

Average Absolute % Error in Estimated Bottomhole Pressure: Slug Flow

No. of Sylvester Ansari et al.
Testcases (Avg. Abs. % Error)|(Avg. Abs. % Error)
All Cases 66 157 11.3
G/L<=10000 scf/bbl 13 17.5 12.7
10000<G/L<=100000 41 141 97
scf/bbl
G/L>100000 scf/bbl 12 19.3 15.3




Tables IX, X and XI classify wells belonging to each range of gas flow rate on the
basis of the pipe internal diameter and give the average absolute error in each category.
Table IX classifies low (G/L <= 10,000 scf/bbl) gas-liquid ratio wells on the basis of the
well diameter. Ansari et al. (1994) was found to perform better than the Sylvester (1987)
model on average for smaller diameters at a low gas-liquid ratio. The Sylvester (1987)
model was found to perform better than the Ansari et al. (1994) model on average for
larger diameters but the sample of wells belonging to high diameters is very low that the
result might not have any significance.

Table X classifies medium (10,000 scf/bbl < G/L <= 100,000 scf/bbl) gas-liquid
ratio wells on the basis of well diameter. The Ansari et al. (1994) model was found to
perform better than or comparable to the Sylvester (1987) model on average for all
diameters except one (2.36 in ID). Since the sample space for wells with a 2.36 in.
diameter and medium gas-liquid ratio consists of just two wells, the average absolute error
might not have any significance.

Table XI classifies high (G/L > 100,000 scf/bbl) gas-liquid ratio wells on the basis
of well diameter. The Ansari et al. (1994) model was found to give better or comparable

pressure drop predictions on average for the different diameters.

3.5 Error Analysis for the Annular Flow Models
The models evaluated for their ability to accurately predict pressure drops in
annular flow are the Yao and Sylvester (1987) model and the Ansari et al. (1994) model.

The Yao and Sylvester model was used by the previous downhole corrosion researchers at
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TABLE IX

Average Absolute % Error in Estimated Bottomhole Pressure
For Each Category of Pipe Diameter: Slug Flow
(G/L <= 10000 scf/bbl)

Diameter No. of Sylvester Ansari et al.
(in.) Testcases | (Avg. Abs. % Error) |(Avg. Abs. % Error)
1.985 3 19.0 6.2
1.995 7 206 14.9
2.360 1 213 356
2.992 2 2.1 34
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TABLE X

Average Absolute % Error in Estimated Bottomhole Pressure
For Each Category of Pipe Diameter: Slug Flow
(10000 < G/L <= 100000 scf/bbl)

Diameter No. of Sylvester Ansari et al.
(in.) Testcases |[(Avg. Abs. % Error)|(Avg. Abs. % Error)
1.985 15 17 1 9.6
1.995 11 11.0 11.7
2.360 2 43 17.6
2.441 2 4.4 2.3
2.992 7 16.9 6.4
3.980 4 16.2 99
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TABLE X1

Average Absolute % Error in Estimated Bottomhole Pressure
For Each Category of Pipe Diameter: Slug Flow
(G/L > 100000 scf/bbl)

Diameter No. of Sylvester Ansari et al.
(in.) Testcases | (Avg. Abs. % Error) | (Avg. Abs. % Error)
2992 5 14.7 1.6
3.980 6 245 289
5 980 1 10.5 2.0




Oklahoma State University (Robertson, 1988; Liu and Erbar, 1990; Liu, 1991, Liu and
High, 1993). As mentioned in the previous section, the Ansari et al. (1994) model is a
comprehensive model that was found to give good pressure drop predictions by Ansari
and co-workers in all the flow regimes and hence has been used in this study.

The results of the comparison between the performance of the Yao and Sylvester
model and the Ansari et al. model to accurately predict pressure drop are presented in
Table XII. Figure 10 shows the distribution of percentage error with the gas-liquid ratio
The predictions by Ansari show a wider scatter than the Sylvester predictions. For the
Yao and Sylvester (1987) model, the average absolute error in the estimated bottomhole
pressure was found to be 8.7%, the percentage error of the predicted bottomhole pressure
was found to vary from -39.1 % to 15.4 %, and 85 % of the cases studied were found to
have error less than 15%. For the Ansari et al. (1994) model, the average absolute error
in the estimated bottomhole pressure was found to be 34.7%, the predicted bottomhole
pressure was found to deviate from estimated values by -13.9 % to 124.6 %, and nearly
42% of the predictions were within 15% of the measured values.

Table XIII gives information on the average absolute percentage error for the
annular cases averaged over all the cases within a certain range of gas flow rate. The
average absolute percentage error for the Yao and Sylvester (1987) predictions was found
to be 8.7 % while the average absolute percentage error for the Ansari et al. (1994) model
was found to be 34.7 %. The Yao and Sylvester (1987) predictions were found to be
comparable to the predictions of Ansari et al. (1994) on average for gas-liquid ratio less

than 10,000 scf/bbl. At higher gas-liquid ratios (G/L > 10,000 scf/bbl), the Yao and

79



08

TABLE XII

Predicted Pressure Drop for Upward Vertical Two-Phase Annular Flow
Using Yao and Sylvester, and Ansari et al. Models

Well Bottom Yao and Sylvester Ansari et al.

No. Pressure Calc. Deviation % Error Calc. Deviation % Error

Observed Pressure Pressure
(psia) (psia) (psia) (psia) (psia)

3 260.0 174.0 -86.0 -33.1 465.0 205.0 78 8

5 255.0 164.0 -91.0 -35.7 471.0 216.0 84.7
12 350.0 248.0 -102.0 -29.1 349.0 -1.0 -03
13 350.0 213.0 -137.0 -39.1 339.0 -11.0 31
14 385.0 300.0 -85.0 -22.1 392.0 7.0 1.8
26 3211.0 3057.0 -154.0 -48 4552.0 1341.0 418
27 2924.0 2814.0 -110.0 -38 4578.0 1654.0 56.6
28 2901.0 2839.0 -62.0 -2.1 41420 1241.0 428
29 2883.0 2865.0 -18.0 -0.6 3785.0 902.0 313
30 2830.0 2946.0 116.0 41 3016.0 186.0 6.6
31 3234.0 3435.0 201.0 6.2 3475.0 241.0 75
32 3226.0 3586.0 360.0 11.2 3111.0 -115.0 3.6
33 3215.0 3666.0 451.0 14.0 2789.0 -426.0 -13.3
34 32120 3706.0 4940 15.4 2765.0 -447.0 -139
35 3005.0 2983.0 -22.0 -0.7 4735.0 1730.0 57.6
36 29690 3023.0 54.0 1.8 3977.0 1008.0 340
37 2943 .0 3050.0 107.0 36 3200.0 257.0 87
40 30950 3117.0 22.0 0.7 4065.0 970.0 313
42 3060.0 32220 162.0 53 3098.0 38.0 12
44 3246.0 3347.0 101.0 3.1 3847.0 601.0 185
45 3232.0 3472.0 240.0 74 3304.0 72.0 2.2
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TABLE XII (cont’d)

Well Bottom Yao and Sylvester Ansari et al.
No. Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Pressure Pressure
(psia) (psia) (psia) (psia) (psia)
46 3220.0 3633.0 413.0 12.8 3365.0 145.0 45
56 32180 2828.0 -390.0 -12.1 42350 1017.0 316
67 2618.0 2913.0 295.0 11.3 2856.0 238.0 91
69 2807.0 2795.0 -12.0 -0.4 4170.0 1363.0 48 6
72 1750.0 1548.0 -202.0 -11.5 1656.0 -94.0 -54
73 1786.0 1584.0 -202.0 -11.3 2636.0 850.0 476
74 1863.0 1696.0 -167.0 90 3750.0 1887.0 1013
75 1911.0 1948.0 37.0 1.9 4255.0 23440 122.7
76 3401.0 3610.0 209.0 6.1 3681.0 280.0 82
77 2239.0 2151.0 -88.0 -39 3405.0 1166.0 521
78 2271.0 2186.0 -85.0 -3.7 3769.0 1498.0 66.0
81 3114.0 3099.0 -15.0 -0.5 2911.0 -203.0 -6.5
82 3218.0 3016.0 -202.0 -6.3 4714.0 1496.0 46.5
83 3211.0 3111.0 -100.0 -3.1 3779.0 568.0 177
86 3262.0 3087.0 -175.0 -5.4 4971.0 1709.0 524
87 3188.0 3166.0 -22.0 -0.7 45450 1357.0 426
88 3192.0 3257.0 65.0 20 3740.0 548.0 172
90 3169.0 35240 355.0 11.2 3259.0 90.0 28
91 32370 32740 37.0 1.1 4456.0 1219.0 3717
93 3221.0 3461.0 240.0 75 32940 73.0 23
94 3207.0 3576.0 369.0 11.5 33400 133.0 41
101 3123.0 3077.0 -46.0 -1.5 4920.0 1797.0 575
104 2021.0 2174.0 153.0 7.6 4521.0 2500.0 123 7
129 2381.0 2049.0 -332.0 -13.9 5348.0 29670 124 6
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TABLE XII (cont’d)

Well Bottom Yao and Sylvester Ansari et al.
No. Pressure Calc. Deviation % Error Calc. Deviation % Error
Observed Pressure Pressure
(psia) (psia) (psia) (psia) (psia)
133 3675.0 33240 -351.0 96 6646.0 2971.0 80.8
134 34550 3706.0 251.0 73 3897.0 4420 12.8
138 5601.0 5360.0 -241.0 -4.3 8343.0 2742.0 490
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% Error in Measured Bottomhole Pressure as a Function of Gas-Liquid Ratio for the
Models of Yao and Sylvester and Ansari et al. in the Annular Flow Regime
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TABLE X111

Average Absolute % Error in Estimated Bottomhole Pressure: Annular Flow

No. of Yao and Sylvester Ansari et al.
Testcases (Avg. Abs. % Error) (Avg. Abs. % Error)
All Cases 48 8.7 347
G/L<=10000 scf/bbl 5 31.8 338
10000<G/L<=100000 43 6.1 359

scf/bbl




Sylvester (1987) model performed significantly better than the Ansari et al. (1994)
predictions on average.

Table XIV shows that all the wells that have a gas-liquid ratio of less than
10,000 scf/bbl have the same well diameter. The average absolute percentage errors are
comparable for both the Yao and Sylvester (1987) as well as the Ansari et al. (1994)
model for these wells, with a low gas-liquid ratio, as already mentioned in the previous
section.

Table XV classifies the wells with a gas-liquid ratio greater than 10,000 scf/bbl on
the basis of the well diameters and gives the average absolute percent error for each class
of wells. The Yao and Sylvester (1987) model was found to perform better on average
than the Ansari et al. (1994) model irrespective of the well diameter.

The Yao and Sylvester model was found to give better annular flow pressure drop
predictions than the Ansari model for all gas-liquid ratios. Most of the bottomhole
pressures predicted by the Yao and Sylvester model were found to be within an error of
15%. Since the Yao and Sylvester model gives better pressure drop predictions
irrespective of the gas-liquid ratios, it should be used to predict pressure drops in the

annular flow regime.

3.6 Evaluation of DREAM:

Based on the results of the research performed on the Ansari et al. model and the
Yao and Sylvester model, it has been decided to implement both of these models in the
OSU downhole corrosion package, DREAM. The Yao and Sylvester model was

implemented to predict the pressure drop in the annular flow regime, and the Ansari et al.
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TABLE X1V

Average Absolute % Error in Estimated Bottomhole Pressure
For Each Category of Pipe Diameter: Annular Flow
(G/L <= 10000 scf/bbl)

Diameter No. of Yao and Sylvester Ansari et al.
(in.) Testcases (Avg. Abs. % Error) |(Avg. Abs. % Error)
1.995 5 318 338




TABLE XV

Average Absolute % Error in Estimated Bottomhole Pressure
For Each Category of Pipe Diameter: Annular Flow

(G/L > 10000 scf/bbl)

L8

Diameter No. of Yao and Sylvester Ansari et al.
(in.) Testcases (Avg. Abs. % Error) |(Avg. Abs. % Error)
1.985 11 6.5 454
1.995 17 58 220
2.360 1 13.9 124 6
2.441 9 54 248
2.990 4 52 60.7
3.980 1 9.6 80.8




model was implemented to predict the slug flow pressure drops. In addition, the modified
flow regime map of Barnea (1987) is used to identify the flow regime given the gas and
liquid flow rates.

Three sample case studies were used to evaluate the impact of the modifications
made to the pressure drop predictions on the corrosion rate. The three cases considered
have high, medium and low corrosion rates. The input data for the three cases are
presented in Tables XVI, XVII and XVIII. The corrosion profiles for the three cases
along the well depth are shown in Figures 11, 12, and 13 respectively. The pressure drop
models do not have a significant impact on the corrosion rates. A first glance at Figure 13
gives the impression that the change in corrosion rates for Case III is significant compared
to Case I and Case II (see Figure 11 and 12). However, the ordinate in Figure 13 is an
order of magnitude smaller than the ordinate in Figures 11 and 12. The corrosion profiles
obtained using the old pressure drop models (Yao and Sylvester, 1987, Sylvester, 1987)
as well as the new (Ansari et al., 1994) model do not significantly differ.

The accuracy in the corrosion rate calculations was thought to be a strong function
of the accuracy in the pressure drop calculations. The results in Figures 11, 12 and 13
indicate that the corrosion rate is not affected significantly by improving the accuracy in
pressure drop predictions.

In this work, the accuracy of the pressure drop models have been established.
Even though the new pressure drop models have not significantly affected the corrosion
rates, this work has been successful in getting closer to the primary objective of the overall
corrosion project: accuracy in every component of the corrosion prediction model.

Moreover, the pressure drop subroutines could be used independently to estimate the
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TABLE XVI

Well Geometry and Production Data

Case | Case Il | Case III
ID, in. 2.441 2.441 2441
Well Depth, ft. 9700 9450 9620
Water Production, 28 27 124
bbl/day
Gas Production, 2150 1352 2800
MSCFD
Wellhead 130 130 130
Temperature, °F
Bottomhole 290 290 290
Temperature, °F
Wellhead Pressure, 1890 1440 1270

sia

Bottomhole 4000 4000 4000

Pressure, psia
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TABLE XVII

Gas Analysis (mole %)

Case I | Case Il | Case I11
Methane 9094 | 91.60 90.10
Ethane 437 439 6.00
Propane 1.14 1.18 1.68
I-Butane 0.27 0.33 0.45
N-Butane 0.23 0.25 0.34
I-Pentane 0.13 0.14 0.20
N-Pentane 0.08 0.09 0.12
Hexane 0.11 0.13 0.18
Heptane Plus 0.27 0.33 040
Nitrogen 0.25 0.30 0.22
Carbon dioxide 221 1.26 031
Hydrogen 0.00 0.00 0.00

Sulphide
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TABLE XVIII

Water Analysis (ppm)

Casel | Casell | Case III
Sodium 6490 6280 127
Calcium 298 454 21
Magnesium 38 50 0
Barium 4 2 3
Strontium 0 0 0
Potassium 0 0 0
Iron 36 0 0
Chloride 10100 [ 10300 195
Sulphate 111 196 0
Carbonate 0 0 0
Bicarbonate 879 313 60
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pressure drop in upward vertical two-phase flow wells. The pressure drop subroutines
developed for this work could also be incorporated into other industrial applications that

require the estimation of pressure drop for upward vertical two-phase flow systems.
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Chapter IV

CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions:

The following conclusions can be made based on this study:

The Ansari et al. (1994) model performs better than the Sylvester (1987)
model in the slug flow regime for all gas-liquid ratios.

In the annular flow regime, the Yao and Sylvester (1987) model gives
better results than the Ansari et al. (1994) model for all gas-liquid ratios.
The effect of pressure drop models on corrosion rates for the three cases

studied is not significant.

4.2 Recommendations:

1.

This study can be extended in the following directions:

Well defined pressure drop equations are not available for the transition (or
churn flow) zone between the slug and annular flow. In this thesis work,
the slug flow pressure drop equations were used to predict pressure drop in
the transition zone too. If a pressure drop equation characterizing the
transition zone is available, the accuracy in pressure drop estimation might
improve. Since theoretical modeling of the transition zone might be
difficult, an empirical correlation to predict pressure drop in the transition

zone could be developed based on experiments made in the transition zone.
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The empirical equation maybe based on the dimensionless parameters used
by Duns and Ros (1963).

The pressure drop models should be tested for oil-gas systems to extend
their applicability to oil wells. Oil-water-gas data can be taken from Govier
and Fogarassi (1975). These data are also listed in Tables I through III in
Peffer et al. (1988).

A parametric study can be made to evaluate the effect of various
parameters on the corrosion rate. The results of this parametric study waill
give a clear picture of the factors that affect corrosion rate. Subsequently,
those parameters that affect the corrosion rate can be studied in detail to
improve the accuracy of the corrosion rate predictions.

The effect of the empirical constant that correlates the length of liquid slug
to the pipe diameter in the Sylvester (1987) and the Ansari et al. (1994)
model on the slug flow pressure drop can be studied. The empirical

constant ‘k’ can be varied to obtain accurate pressure drop results.
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APPENDIX A
Errors Identified in the DREAM 3.1

Pressure Drop and Mass Transfer FORTRAN Code
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Coding errors were identified in the pressure drop and mass transfer subroutines of
DREAM 3.1. The coding errors were due to the wrong definition of certain parameters
or the use of wrong fluid properties. The coding errors resulted in:

1. erroneous pressure drop predictions,
2. crashing of the computer code for some cases.
These errors were subsequently removed to obtain better pressure drop predictions and

also make the computer code robust.

Annular Flow Subroutine (Yao and Sylvester Model):
In the annular flow subroutine, the liquid entrainment fraction of Ishii and Kataoka
was used instead of the Wallis (1969) expression used by Yao and Sylvester (1987). The

Wallis entrainment fraction expression is given by

| exp[— 0-125("“.-. - 1.5)]

1/2
A"
where, Vi = 10000ﬂ51[p—‘3j |
G, \PL

The Ishii and Kataoka entrainment fraction expression is given by

Fg = tanh(7.25x107 We'?* Re*%)

2 13
Ve D —
We:PG SG [PL PGJ ,
o PG

where,

and

pLvs D
239 h
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The Reynolds number of liquid, Rej;q, flowing in pipe was used instead of the Reynolds
number of the annular film, Regm, while estimating the film thickness using Henstock and
Hanratty (1976). The Reynolds number of liquid and annular film are defined below:

4M
nDp,

Re]jq =

am, (1-F;)

Res, =
film TEDP']_,

The mean density was defined as

- PLPG
ALcPo "'(1 - Kw)PL

El

Pe

instead of
Pe = ArcPL +(1‘ l‘LC)pG'
The pressure gradient was taken to be the pressure drop. This was corrected by

defining pressure drop as the product of pressure gradient and the well depth.

Slug Flow Subroutine (Sylvester Model):
The acceleration term was neglected in the final pressure drop equation of the slug
flow subroutine. The pressure drop due to elevation change and frictional losses were

defined as

(AP)y = DL(I = OLsu) +Pclsy.,

and
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instead of

(AP), = PL(l _aLS) 1S >

and

Lig pGBfTBV?IB
2D (1—[5)[1 ~(1-a¥

(aP), = )]+Vmp,_(l—aw)fw(1—[3) :

Necessary changes were made in the code to match the code with the equations developed

by Sylvester.

Mass Transfer:

In the mass transfer section of the FORTRAN code in DREAM 3.1, incorrect fluid
properties and Reynolds number were used. These coding errors have been corrected.

The errors identified in the mass transfer section are described below:
1. The mean density and viscosity was used in place of the liquid density.

2. The Reynolds number for the liquid film, gas core and the bulk liquid were

interchangeably used.
3. The mass transfer coefficient for the liquid film was defined as

K —&Sh
L
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instead of
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APPENDIX B
FORTRAN Code for the Pressure Drop and Flow Regime Analysis

Subroutines in DREAM 3.2
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The computer code given in this appendix is part of a software package that
predicts corrosion rate for downhole gas wells. The subroutines created or used for
evaluation in this thesis work along with the property prediction subroutines have been
given below. The flash calculation subroutine has not been included. The subroutines
given below can be utilized independently to estimate pressure drop by making minor
modifications to the code:

1. Write a master program that reads input information such as wellhead and
bottomhole temperature and pressure, gas and liquid flow rates, gas
gravity, gas and liquid density, well diameter and well depth.

2. Call the relevant subroutines to estimate the viscosity of gas and liquid and
also the liquid surface tension.

3. Call the flow regime estimation subroutine.

4. Depending upon the flow regime, call the relevant pressure drop
subroutine.

The parameters that need to be passed in and taken out of each subroutine are described in

the computer code as comments at the beginning of each subroutine.
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subroutine setup
$include:'common!’
¢ Variable declaration
real yk_mass(20),h_inner,h_total, fdelt(50), film(50)

entry viscal
EEEEEEE RS S S EEEEE S SR SR SRS EE RS RS RS S S R SRR RS S 2SS S SRR S A R S S 2 )

EEEEEESEEEEEESE S SR SRS RS RS EE S R E RS S SRS SRR SRS SRS RS SRS E S R R

INPUT . gas density, gas gravity and temperature of interest.
OUTPUT : gas and water viscosity

Hkkkkkkkkkkkkkkkkkokkkkkkkkkkkkkkkkkkkokkkkkkkkkkkkkkkkkkkkkkkkkkkkk

c
¢ Calculate viscosity of gas phase

¢ Lee, A L., Gonzales, M. H., and Eakin, B. E., “The Viscosity of Natural Gases,”
¢ Journal of Petroleum Technology, 18(8), p. 997, 1986.

c EEE SRS EE SR RS S S S EE A E RS2 SR SRR R RS E SE S R S R E R S S E S SRR R R LR S

¢ DESCRIPTION OF VARIABLES

¢ gden . gas density

C cvis © gas viscosity

c wvis . water viscosity

¢ rhovap . gas density

C ymw . gas molecular weight

c ta : temperature of interest

c

c

c

c

gden =rhovap * 0.016018
ckb=1224+12.9 * ymw + ta
ckt =(7.77 + 0.0063*ymw)* ta ** 1.5
c eqn (3) of Lee et al. (1986)
cka = ckt / ckb
c eqn (4) of Lee et al. (1986)
cx =2.57 + 1914.5/ta +0.0095*ymw
¢ eqn (5) of Lee et al. (1986)
cy=1.11+0.04 * cx
a = cx *abs(gden) ** cy
b = exp(a)
c eqn (2) of Lee et al. (1986)
cvis=cka *b
¢ Convert viscosity into Ib/ fi- s
cvis = 0.00024191* cvis /3600.

C FFAAAK AR AR I K K AR K o K oK 3 K Kok ok o ok o ok o Kok ok ok K ok o Kook ok ok kR ok Kk

¢ Correlation for viscosity of water
C % ok ok A ok ok ok ok ok ok 3 ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok e ok ol ok ok e ok ok ok ok ok o o ok ok ok

t =((ta - 459.67 - 32.)/1.8) + 273.15

a=-52843

b=3703.6

¢ =5.866
=-5.879e-29

e=10
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wvis_si = exp(a + (b/t) + c*2.303*alog10(t) + d*(t**e))

¢ Convert from Pa.s to lbm/ft.s

wvis = wvis_si/1.488
return

a5 sk ok ok o ok 3K o ok ok ok o ok ok ok ok o o ok ok 3K o ok ok ok ok 3k o ok ok ok ok 3k ok ok 3K ok 3k ok ok ok o ok ok ok ok ok ok o ok ok ok ok ok R ko R oK K ok ok ok Kk

¢ Calculate surface tension

O 0O 0 0 0000000

o 00000

a o

entry stension
hkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkhkk kb b hkhkkkFkhkdkkkk kR kkk ke kkkkk

DESCRIPTION OF VARIABLES

tempc : temperature in Celcius

tempk : temperature in Kelvin

tempr : reduced temperature

sten_si : surface tension of water in SI units
sten . surface tension in fps units

3 ok ok ok o o o o ok ok ok ok ok ok ok ok ok o o ok o ok ok sk ok 3k ok ok ok ok ok o ok ok sk 3k ok o ok ok ok ok ok ok ok ok ok ok ok ok ook ok ok ok ok ok ok sk ok R ok Kok

INPUT : temperature of interest
OUTPUT : surface tension of water
kkkkkkkkkkkkkhkkkkkkkkkkkkkk bk bk kkkrhhkkkkr Rk F Rk kkkF Rk kkkF A%k
tempc = (ta - 459.67-32.) /1.8
tempk = tempc +273.15
tempr = tempk/647.13

a=0.18546
b=2.717
c=-3.554
d=2.047

teml =b + c*tempr + d*tempr**2.

sten_si = a*((1.-tempr)**teml)
Convert from N/m to lbm/sec2

sten = 32 *sten_s1/14.6

return

EEEEE SRR SRS S EEE SRR RS E SRS E SR EE SRS SRS SRS RS S E SR RS T 2

Calculate flow regime using Taitel et al. model

Taitel. Y., Barnea. d., and Dukler. A. E., "Modeling Flow pattern

Trasitions for Steady Upward Gas-Liquid Flow in Vertical Tubes," AIChE J .,
26(3), 345-354 (May 1980)

ke 3 3 o ok o o 3 ook ok oK 3k K o ok oK ok 3Kk ok o ok 3k ok ok ok ok o ok ok ok ok oK ok ok ok ok ok ok o ok ok ok ok ok kK o ok ok ok ok ok ok ok ok ok ok ok K

entry regime(j)

e 3 o ok ok ok 3 3 o ok ok ok 3 3 3 oK 3 ok 3 ook ok o ok o o ok 3k o ok ok ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Rk Kok K ok kK K

DESCRIPTION OF VARIABLES
rough : roughness factor
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O 0 0000000000000 000000000000a0~0a06000a0Cnna00nanononNanSonNOnNaonOnnaNnnNaon

asect - length of the well string

tubid - well inside diameter
area . cross-sectional area of well string
gravit - acceleration due to gravity
xvapml - molar flow rate of gas
xligm1 : molar flow rate of hydrocarbon liquid
xligm2 . molar flow rate of water
ymw - average molecular weight of gas
almw - average molecular weight of hydrocarbon liquid
bmw - molecular weight of water
tovap : mass flow rate of gas
toliq - mass flow rate of liquid
rhovap . gas density
rholl . hydrocarbon liquid density
rhol2 . water density
rholav : average liquid density
ugs . superficial gas velocity
uls . superficial liquid velocity
fe : liquid entraiment fraction
alamblc : liquid holdup fraction in the gas core
rhoc . average density of the core in annular flow
usc : core velocity
visc : core viscosity
reysl . reynolds number based on superficial liquid velocity
reysc : reynolds number based on superficial core velocity
fsl . friction factor based on superficial liquid velocity
fsc  frcition factor based on superficial core velocity
dpdzsl . superficial liquid friction pressure gradient
dpdzsc . superficial friction pressure gradient
ft . friction factor at the film
delt : minimum film thickness for a stable annular film
iregim : 1 Annular flow

12 Slug flow

3 Bubble flow
ac : cross sectional area of gas core
Vs . slip velocity

ulsa,ulsc  : superficial liquid velocity defined by transition A (transition
: from dispersed bubble to bubble flow) and transition C
- (transition from dispersed bubble to slug flow) respectively,
. for the given superficial gas velocity.

ugsb : superficial gas velocity defined by transition B (transition
: from bubble to slug flow) for the given superficial liquid
. velocity.

Veros : erosional velocity

vacel : mixture velocity

112



ymass : mass fraction of gas in the mixture
x 1 mass - mass fraction of hydrocarbon liquid in mixture
x2mass : mass fraction of water in the mixture

EEE SRR EE RS SR SRS RS2 S 2SR E S SRS RS S R RS EEEE S S S S S RS 2 0

INPUT : temperature, gas and liquid density, gas and liquid viscosity, liquid

. surface tension, well diameter, and gas and liquid flow rates
OUTPUT : variable ‘iregim’
Kk kKRR RRRRKE AR R AR KRR AR Rk AR Rk R AR Rk kR R KR kR KRk Rk Rk k kR R Rk kR AR KKKk Rk

Assign variables
EE R R R R R R R R

o 0 0 0000000

rough = 1.5e-4

asect = alenth(j +1) - alenth(j)
tubid = dia(j)/12.

eond = rough/tubid
pi=3.1416

area = pi * tubid**2 /4.

small = 1.e-20

gravit = 32.174

c 3k ok % ok % ok sk ok K ok ok ok ok ok 3k ok 3 ok ok ok ok ok ok ok sk ok ok ok ok 3k ok ok ok ok sk 3 ok ok ok ok ok ok ok o ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k%

¢ Estimate gas and liquid superficial velocities, mass flow rates
C kkkkkkkkkkokkkkkkkkkkokokokokkkkokk ok ok kokokkkkkkokkkkokkkk sk kk ok ok k ok kok ok k ki ok ok &k
bl = rhol2**2 * gravit * tubid**2
b2 = (rhol2 - rhovap)*sten
bubble = (b1 / b2) **0.25
tovap = xvapml *ymw
ugs = tovap/ rhovap/area
qg =ugs * area
ratio = xligm1 / (xligm2 + xligm1)
if (ratio .gt. 0.1) then
uls = (xligm1 * almw / rholl + xligm2 *bmw / rhol2)/area
rholav = rholl*rhol2 /(ratio * rhol2 + ( 1. - ratio) * rholl)
toliq = xligm1*almw + xligm2 * bmw

else
uls = (xligm2 *bmw / rhol2 )/area
rholav = rhol2
toliq = xligm2 * bmw

end if

if(uls .le. 1.e-10 .or. xligm2 le. 1.e-20) then
iregim = 0
goto 310

end if

ql =uls * area
© KRk ok ok ook SR R OK K R R OK SOKFOR R R Rk kR R R Rk Rk Rk kR ko Kk

¢ Estimate the parameters required to check for the presence of annular flow
C Rk ook Kok ok o Kok o o Kok o ook ok Kok o sk ik ok ok ok ok koo K ok ok ok koK KKK R KKK o K R K Rk R
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sl = (gravit * b2)**0.25
uslgtr = (1./3.)*(uls + 1.15%s1)
annul = ugs * rhovap**0.5 / sl
SRk kR kR Rk kR F R kR R Rk R Rk kR Rk kR Rk kR kR kR Rk kR Rk kk Rk kR kR h kR K%

Estimate liquid entraiment fraction
B T L L Ll t  r T T T T T T T T o o T ™
eqn.(72) of Ansari et al. (1994)
ucrit = 10000*ugs*cvis*((rhovap/rholav)**0.5)/sten
eqn. (71) of Ansari et al. (1994)
fe = 1.-exp(-0.125*(ucrit-1.5))
if (fe.1t.0) fe=0
KERERARRRRRRRR KRR ARk Rk Rk Rk ko k Rk kR ko ko h R Rk Rk Rk kkkkkkkk ke k%
Estimate superficial pressure gradients required to calculate
the Lockhart and Martinelli parameters
ook ok kR sk ok ok ok ok kR ok ok ok ks ok ok kR kR ok sk kb kR kR ok ok ok ok Rk kR ok sk ok kR ok ok kK ok Rk ok Kk
eqn. (70) of Ansari et al. (1994)
alamblc = fe*uls/(ugs+fe*uls)
eqn. (69) of Ansari et al. (1994)
rhoc = rholav*alamblc + rhovap*(1.-alamblc)
eqn. (89) of Ansari et al. (1994)
usc = fe*uls + ugs
eqn. (90) of Ansari et al. (1994)
visc = wvis*alamblc + cvis*(1.-alamblc)
eond = 0.00015/tubid
eqn. (80) of Ansari et al. (1994)
reysl = rholav*uls*tubid/wvis
call friclose(eond,reysl,fsl)
eqn. (79) of Ansari et al. (1994)
dpdzsl = fsl*rholav*uls**2 /(2 *tubid)
eqn. (88) of Ansari et al. (1994)
reysc = rhoc*usc*tubid/visc
call friclose(eond,reysc.fsc)
eqn. (87) of Ansari et al. (1994)
dpdzsc = fsc*rhoc*(usc**2.)/(2 *tubid)

tol=1.e-5
ic=0
jd=0
ie=0

call annfilm(rholav,delhen,ff)
do471=1,45 lestimation of minimum film thickness
delt = float(i)/100.
eqn. (11) of Ansari et al. (1994)
ahlf = 4 *delt*(1.-delt)
ahlfd = 4 *(1.-2 *delt)
b = ((1.-fe)**2.)*(fi/fsl)
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¢ eqn. (9) of Ansari et al. (1994)
xm = (dpdzsl*b/dpdzsc)**0.5
¢ eqn. (8) of Ansari et al. (1994)
ym = gravit*(rholav-rhoc)/dpdzsc
templ = (2.0 - 1.5*ahlf)*xm**2.
temp2 = 1.0 - 1.5*ahlf
temp21 = ahlf**3.0
temp22 = temp2*temp21
¢ eqn. (13) of Ansari et al. (1994)
film(i) = ym - (temp1/temp22)
if (i.gt.1) then
temp3 = film(i)*film(1)
if (temp3 .1e.0) then

iflag = 1
goto 19
endif
endif
47 continue
19 continue

c EEEEEE RS EEEEE LRSS EE RS EEEEE S RS E S EEE SRS S RS SRS EEE S EEE RS 2

¢ Depending upon the superficial velocities of the two phases and using the

¢ Barnea flow map, identify the flow regime.
c Rk kokkkkokkokokkkokkckkkkkkkkkkkkekokck ke dkok kR kok Rk ok ke ok kR kkk ke ko kR ke k ok k ke kok ok %k

if ((film(1).le.0).and.(iflag.ne.1)) then
iregim = 2
goto 310
elseif (film(1).gt.0) then
iregim = 2
goto 310
endif
ac = 3.1415*(tubid*(1. - 2.*delt))**2./4.
ap = 3.1415*tubid**2 /4.
¢ eqn. (12) of Ansari et al. (1994)
barn = ahlf + alamblc*ac/ap
c Bk kokkokeokokokokokok ke koo k ok kkokk kol ke kokkkok kR kok Rk kkokok ok vk kk ok ek ok kR ko ke sk ok Rk k ok ok %

¢ Check for existence of annular flow
c e o ok 3 ok ke ok ok ok ok e ok ke ok ok ok ok ok ok ok ok % ok 3 ok ok ok o ok ok ok ok ok ok ok ok ok ok 3k ok ok ok ok oK 3k ok ok 3k ok ok ok ke ok ok ok o ok ok ok ok ok ok K ok ok ok
if( annul .gt. 3.1) then
if (delt.le.O) then
if (alamblc.le.0.12) then
iregim = 1
goto 310
endif
elseif (delt.ge.0.45) then
iregim = 2
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goto 310

else
if (barn .le. 0.12) then
iregim = 1
goto 310
endif
endif

endif

ok ok ok ok o 3k ok 3 ok ok sk ok ok ok ok ok ok 3 o ok ok sk ok ok o sk ok ok sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok oK ok ok ok oK ok sk K ok K ok ok ok K ok ok K

Check for existence of slug flow
dokkokkkkokkkokkkokkokkokokkokkkkkokok ok kkok ok ok skok ok ok k ok sk ok ok ok ko ks kok ok ke ke kR Rk k k k x %

Transition A: Transition from dispersed bubble to bubble flow.
s ok sk ok o ok ok ok o ok ok ok ok ok o ok ok ok ok ok o o o sk ok oK ok o ok ok ok ok ok ok ok ok o sk oK ok ok oK ok oK ok ok ok ok ok ok ok ok ok K K ke ok ok ok R ok K
eqn. (3) of Ansari et al. (1994)
vs = 1.53*(s1/rholav**0.5)
eqn. (2) of Ansari et al. (1994)
ulsa = 3.*(ugs - 0.25%vs)

I P e P L R TS T RS TP SRR TR P AT

Transition C: Transition from dispersed bubble to slug flow.
T
eqn. (5) of Ansari et al. (1994)

ulsc =ugs/3.17

e o ke ok ok e sk ke ke ok e o i ok e ok ok ok e o ok ok ok ke e ok ok ok ke ok ok ok ok e sk ke ok ke ok ok ok ok o ok ke ok ol i ok ok ok o sk ok ok e ok ok R ke koo ok ok ok

Transition B: Transition from bubble to slug flow (eqn. (4) of Ansari et al. (1994)).

dekkkkkck Rk kkckokkkokkokkkkkkkk ok kkk Rk kkkkkkkkkkck Rk kkkkkk ok kR kkkk Rk Rk kkk ¥
ie=0
templ = (0.4*sten/((rholav-rhovap)*gravit))**0.5
temp2 = ((rholav/sten)**0.6)*((ff/(2. *tubid))**0 4)
ugsb = ugs

21 temp3 = (2. *temp1 *temp2)*((uls+ugsb)**1.2)

temp4 = ((temp3 - 0.725)/4.15)**2.
ugsbn = (uls*temp4)/(1.-temp4)
check = abs(ugsbn - ugsb)
ie=ie+1
if ((check .gt. tol) .and. (ie.lt.25)) then
if (ugsbn.ge 0) then
ugsb = ugsbn
goto 21
else
ugsb =0
endif
endif
if (ugsbn.ge.0) then
ugsb = ugsbn
else
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ugsb =0
endif
ugs ac =0.279*vs
call ugsab(rholav,ugs ab)
if (ugs_ab.le.0) then
ugs_ab =ugs_ac
iflag9 = 1
endif
if (ugs.It.ugs_ab) then
if(ugs.gt.ugsb) then
iregim = 2
goto 310
endif
elseif ((iflag9.ne.1).and.(ugs.It.ugs ac)) then
if(uls.It.ulsa)then

iregim = 2
goto 310
endif
else
if (uls.1t.ulsc) then
iregim = 2
goto 310
endif
endif

c s 3k ok ok 3 ok ok ok ok %k ok ok ok ok ok ok ok ok ok ok ok %k ok ok ok ok ok 3k ok K 3k ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok

¢ If the condition of annular flow and slug flow are not satified, assume
¢ bubble flow.
c EEEE SR EEEES EE S SR SRS RS S SR EEEE SRS R SRS S E SRS EE S E S EEE S R EEE S 20
iregim = 3
310 continue
rhmxl = (tovap*rhovap + toliq*rholav)/(tovap+toliq)
ireg(j) = iregim
veros(j+1) = 100./(abs(rhmxl)**0.5)
vacel(j+1) = uls + ugs
eofov(j+1) = veros(j+1)/(vacel(j+1) + 1.e-12)
ymass(j+1) = tovap/(toliq + tovap)* 100.
x1mass(j+1) = xligm1 *almw/(toliq + tovap)*100.
x2mass(j+1) = xligm2*bmw/(toliq + tovap)*100.
return

C FRRKKRFRKKKFRKKKFRKKKFRRKKKERRKKFRFKRRKFRRRRRRKRKRKKK KRR KKK KRR KKK KR KKK

¢ Yao and Sylvester model for pressure drop estimation in the annular flow
C EEEEEEE R RS EEEEE SRS E SRS EE SR ES SR EE SRS R SRR EEEE R EE R R S 20

¢ Yao, S. C,, and Sylvester, N. D_, "A Mechanistic Model for Two-Phase
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Annular-Mist Flow in Vertical Pipes," AIChE Journal, 33(6),p.1008, 1987

EEEEEEEEESEEEEE S E S E S LSS SRS RS SR E SR EE S EEE SRR SRR S E R R E R EE R R EE LS T

entry alfilm(j)

EE R E RS R e e s 2R 2 AR R R 2 A R 2 R R R A R SRR R S R R S R L S

Estimate liquid entrainment fraction using the expression proposed by Wallis.
Wallis, G. B., One-Dimensional Two Phase Flow, McGraw-Hill Book Co. Inc.,
New York City, 1969.

o sk ok ok ok ok ok ok ok 3 ok o ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok 3k ok ok ok sk ok ok ok ok ok ok ok ok ok ok %k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Xk

DESCRIPTION OF VARIABLES

fre liquid entrainment fraction

ymif mass flow rate of liquid in the annular film
re film Reynolds number for the annular film
reliq liquid reynolds number

regas gas reynolds number

deta t film thickness

dpdza acceleration component of pressure drop
dpdze elevation component of pressure drop
dpdzf friction component of pressure drop
dpdzt total pressure drop

3 ok ok ok ok sk ok ok ok o ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok 3k ok ok 3k ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok %k sk ok ok ok ok ok ok %k ok ok ok ok ok ok ok ok ok ok

INPUT : gas and liquid density, gas and liquid viscosity, liquid , well diameter,
. surface tension, and gas and liquid superficial velocities
OUTPUT : pressure drop
ek kkkk kR kkck Rk kkckkkkkk kR kkkkkkokkkkkokkkkokkkkkokkkkckkkkkokkkkkkk ok ok ok k %k
eqn. (3) of Yao and Sylvester (1987)
beta = 10000.0*ugs*cvis*((rhovap/rholav)**0.5)/sten
eqn. (2) of Yao and Sylvester (1987)
fre =1.0 - exp((1.5 - beta)*0.125)
if (fre.1t.0) fre =0
eqn. (5) of Yao and Sylvester (1987)
volfr = fre * ql /(fre *ql + qg)
eqn. (4) of Yao and Sylvester (1987)
rhomen = volfr*rholav + (1.0 - volfr)*rhovap
eqn. (12) of Yao and Sylvester (1987)
vis_mean = volfr*wvis + (1.0 - volfr)*cvis
Ehkkkkkkkkkkkkkkkkkkkkkckkkkkok ko kokk ok ko kkok ko k ok ok ok k ok kok sk ok sk sk okmok ke sk ok ok ok
Estimate annular film thickness using the expression given by Henstock and
Hanratty.
Henstock, William H., and Hanratty, Thomas J., “The Interfacial Drag and the
Height of the Wall Layer in Annular Flows,” AIChE Journal, 22, (6), p. 990, 1976
ok ok ok ok o ok ok ok ok ok ok o ok o ok oK oK oK oK o 3 o o o o ok o ok ok ok ok o ok o ok ok ok ok ok ok ok ok ok e ok ok ok ok ok ok ok ok ok o e ok ok ke ok
ymlf = (1.0 - fre)*toliq
reliq = 4. * toliq /(pi*tubid*wvis)
eqn. (15) of Yao and Sylvester (1987)
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re_film = 4. *ymlf/(pi*tubid*wvis)
if(re_film .le. O)re_film =1.e-6
eqn. (16) of Yao and Sylvester (1987)
regas = rhovap * tubid * ugs / cvis
eqn. (14) of Yao and Sylvester (1987)
fnum1 = (0.707*re_film**0.5)**2.5
fnum2 = (0.0379 * re_film**0.9)**2.5
foum = (fnoum1 + fnum2)**0.4
fdemon = regas**0.9*(cvis/wvis)*(rholav/rhovap)**0.5
rhocor = rholav*rhovap /( volfr * rhovap + (1. -volfr)*rholav)
viscor = volfr*wvis + (1. - volfr)*cvis
ffact = fnum/fdemon
eqn. (13) of Yao and Sylvester (1987)
a = 6.59*ffact*tubid
b = sqrt( 1. + 1400. *ffact)
deta_t=a/b

***#****;*#*#****#****t**#****************#****#*********#**#*****

Estimate slug flow film thickness
dekkkokokokokkokokkokokkokkkokkokkokok ok ok kokokok ok kokk ok ok okok sk okkok ok ok kok ok k kk kk ko k Rk ok kk ke ke ok %
if(iregim .ne. 1) then
tol=1.e-5
vis_k mean = vis_mean/rhomen
reynold mean = vacel(j)*tubid/vis_k mean
deta_t = 46.1*tubid*(diffus_cef(7)/vis_k_mean)**0.3333*
i reynold mean**(-0.9)
end if
if (deta_t .le. 1.e-6) deta t = 1.0e-6
deta film = deta t*3.048 !deta film has a unit dm
e e ok e sk ok ok ok ok ok ok ok ok 3k ok sk sk ok ol ol e ok ok e ok ok sk sk ke ke e ke ok e ok ok ok sk ok ok ok sk ok ke ok e ok e e e ok ke ke ok ok ke ke ke ok ke ok ook ke ok ok

Calculate core mean velocity, renolds number, and friction factor
a8 3k ok o ok e e ke ok o ke ok ok e ok ok ok ok ok e ke e ok ok e ok ke ke ok ke ke ok ok ke e o ok ok ke ok ok e ke ok ok ke ok ok ke sk e ok e ol ok ok ke e ke ok ok ok ok ok ok k
eqn. (8) of Yao and Sylvester (1987)
cormlg = fre* toliq + xvapm1 * ymw
eqn. (9) of Yao and Sylvester (1987)
corare = pi*(tubid - 2. * deta_t)**2/4.
eqn. (7) of Yao and Sylvester (1987)
corv = cormlg / rhomen /corare
eqn. (11) of Yao and Sylvester (1987)
corre = tubid *rhomen*corv/vis mean
detaod = deta _t / tubid
call friclose(detaod,corre. fricf)
kkkkkkkkkkhkkkkkkkkhkkk bk kkkkkkkkhkkkkkhkk bk kkkkkkkkkkkhk ko kkkkk %

Calculate pressure gradient
kokkkkkkk Rk Rk kR kR Rk kR Rk kR Rk kR Rk kR kk kR ko kF kR kkkkkhkkkk Rk k Rk ¥

eqn. (6) of Yao and Sylvester (1987)
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dpdzf = rhomen* fricf* corv**2/(4633.06*tubid) /2.
eqn. (18) of Yao and Sylvester (1987)

dpdze = rhomen / 144,
eqn. (19) of Yao and Sylvester (1987)

dpdza = rhomen* corv *(vacel(j) - vacel(j+1))/asect/4633.06
eqn. (17) of Yao and Sylvester (1987)

dpdzt = (dpdzf + dpdze + dpdza)*asect

entry annular(j)
dhkkkkkkkkkkkkk kR kokkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkhkkkkhhkhRkkxkkrhkkk
Ansari, A. M., Sylvester, N. D, Sarica, C., Shoham, O, Brill, J. P.. “A
Comprehensive Mechanistic Model For Upward Two-Phase Flow in Well Bores,”
SPE Production & Facilities, May 1994, p.143

Bk kkkkkkdokd ko kk kR kR kR Rk kR kR Rk Rk kR k kR kR kR R kR kR Rk kR kR kR Rk kK

DESCRIPTION OF VARIABLES

tubid . well inside diameter

gravit . acceleration due to gravity

rhovap . gas density

rholav : average liquid density

ugs . superficial gas velocity

uls . superficial liquid velocity

fe - liquid entraiment fraction

alamblc : liquid holdup fraction in the gas core

rhoc . average density of the core in annular flow

usc . core velocity

visc . core viscosity

reysl : reynolds number based on superficial liquid velocity
reysc : reynolds number based on superficial core velocity
fsl : friction factor based on superficial liquid velocity
fsc - freition factor based on superficial core velocity
dpdzsl . superficial liquid friction pressure gradient
dpdzsc . superficial friction pressure gradient

ff - friction factor at the film

delt » annular film thickness

z - empirical factor defining interfacial friction
phicsq - dimensionless group

dpdzt : total pressure drop

LEEEEEE LSS EEEEEE RS EEEEEE RS SRS SRS AR EE SRS EE S EEE SRR L 2 ]

INPUT - gas and liquid density, gas and liquid viscosity, liquid, well diameter,
- surface tension, and gas and liquid superficial velocities
OUTPUT : total pressure drop

e T e Tttt ittt T

Estimate friction factor
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eqn. (72) of Ansari et al. (1994)

ucrit = 10000*ugs*cvis*((rhovap/rholav)**0.5)/sten
eqn. (71) of Ansari et al. (1994)

fe = 1.-exp(-0.125*(ucrit-1.5))

if (fe.1t.0) fe=0

ok 3 s ok ok ok o ok ok ok ok sk ok ok ok sk ok ok sk sk ok ok ok sk ok 3k ok ok ok ok ok ok ok ok ok ok sk ok ok ok o ok ok ok ok ok ok ok sk ok o ok ok ok ok Kok ok Rk ok R

Estimate Lockhart and Martinelli parameters
kkkkkkkkkkkkkokkkkokokkkkkokkkok ko kokokkokkk ok ok kok ok ko kok ko kok ok kskok ok k ko ok k k sk ko sk %
eqn. (70) of Ansari et al. (1994)
alamblc = fe*uls/(ugs+fe*uls)
eqn. (69) of Ansari et al. (1994)
rhoc = rholav*alamblc + rhovap*(1.-alamblic)
eqn. (89) of Ansari et al. (1994)
usc = fe*uls + ugs
eqn. (90) of Ansari et al. (1994)
visc = wvis*alamblc + cvis*(1.-alambic)
delt = 0.001
eond = 0.00015/tubid
eqn. (80) of Ansari et al. (1994)
reysl = rholav*uls*tubid/wvis
call friclose(eond,reysl,fsl)
eqn. (79) of Ansari et al. (1994)
dpdzsl = fsl*rholav*uls**2./(2 . *tubid)
eqn. (88) of Ansari et al. (1994)
reysc = rhoc*usc*tubid/visc
call friclose(eond,reysc,fsc)
eqn. (87) of Ansari et al. (1994)
dpdzsc = fsc*rhoc*(usc**2.)/(2. *tubid)
tol=1e-2
call annfilm(rholav,delhen.ff)
ic=0
b = ((1.-fe)**2 )*(ft/fsl)
eqn. (9) of Ansari et al. (1994)
xm = (dpdzsl*b/dpdzsc)**0.5
eqn. (10) of Ansari et al. (1994)
ym = gravit*(rholav-rhoc)/dpdzsc

REkkkdkkkk Rk kR kb d Rk kR Rk hk Rk kk ko kR kkhkk kR kkkkkkkkkkkkkhkkk kR bk khk ke k¥

Estimate annular film thickness
F ok ok A ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok R ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok K ok

do 221=1,49
delt = float(i)/100.
templ = 4*delt*(1.-delt)
temp2 = temp1*((1.-temp1)**2.5)
if (fe.gt.0.9) then
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¢ eqn. (84) of Ansari et al. (1994)
z=1.+300.*delt
zd = 300.
else
c eqn. (85) of Ansari et al. (1994)
z=1. + 24 *delt*(rholav/rhovap)**0.3333
zd = 24 *(rholav/rhovap)**0.3333
endif
¢ eqn. (96) of Ansari et al. (1994)
fdelt(i) = ym - (zztemp2) + (xm**2 /temp1**3.)
if (1.gt.1) then
check = fdelt(i)*fdelt(1)

if (check.lt 0) then
iflag2 = 1
goto 23
endif
endif
2 continue

2 if (iflag2.ne.1) then

delt = delhen
endif
if (fe.gt 0.9) then

z=1.+ 300 *delt
else

= 1. + 24 *delt*(rholav/rhovap)**0.3333

endif

sk s ok ok ok sk ok ok ok ok sk sk ok ok 3 ok ok ok sk ok sk ok ok ok ok o ok ok ok ok o ok o ok ok ok sk ok ok ok ok sk o ok ok o ok ok ok Ok sk ok ok ok ok ok ok sk koK ok Ok ok

Estimate pressure drop
s ok ok st 3k 3 ok ok ok ok ok ok sk ok sk ok ok 3k 3k sk ok ok ok ok ok K ok sk sk sk ok ok ok ok ok ok ok 3K ok sk s ok ok ok ok 3k ok ok ok 3 ok ok ko ok ok ok ok ok K oK ok ok ok K K
eqn. (99) of Ansari et al. (1994)
phicsq = z/((1.-2.*delt)**5.)
¢ eqn (102) of Ansari et al. (1994)
dpdzt = (phicsq*dpdzsc + gravit*rhoc)*asect/4633.06
return

O 0 o 0

entry slugpt(j)
o ok ok 3 ok ok ok ok ok ok ok ok ok ok ok ok ok sk gk ok ok 3 sk ok s ok ok ok ok ok ok ok ok sk ok ok sk sk ok o ok ok o ok ok ok ok 3k ok ok ok sk ok ok ok ke ok ok ok ok ok ok ok ok
Ansari, A. M., Sylvester, N D, Sarica, C., Shoham, O., Brill, J. P, “A
Comprehensive Mechanistic Model For Upward Two-Phase Flow in Well Bores,”
SPE Production & Facilities, May 1994, p.143

o 3k ke ok ok ok ok ok ok ok ok o ok ok ok sk ok gk sk %k K o ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok K ok o ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

o 00 o0
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DESCRIPTION OF VARIABLES

alc - Taylor bubble cap length

alls . length of liquid slug

alsu - length of slug unit

altb - length of Taylor bubble

altbstar : modified Taylor bubble length

beta - ratio of length of Taylor bubble to length of slug unit

betastar - modified ratio of length of Taylor bubble to length of slug unit for
. developing flow

dpdze . pressure gradient due to elevation change

dpdzf - pressure gradient due to friction

dpdzt : total pressure drop

fls . friction factor for the liquid slug

gravit . acceleration due to gravity

hgls - average holdup fraction of gas in the liquid slug

hlls : average holdup fraction of liquid in the liquid slug

hitb . average holdup fraction of liquid in the Taylor bubble

qf  falling film volumetric flow rate

qp . gas volumetric in the Taylor bubble

rels : reynolds number for the liquid slug

rholav . average liquid density

rhols . average density of the mixture in the liquid slug

rhovap . gas density

tdn . Nusselt film thickness

tubid . well inside diameter

ugls . velocity of the gas bubbles in the liquid slug

ugs - superficial gas velocity

ugtb - velocity of gas in Taylor bubble

ulls . velocity of liquid in the liquid slug

uls . superficial liquid velocity

ultb - velocity of the falling film

utb . Taylor bubble rise velocity

xmuls . average viscosity of the mixture in the liquid slug

EEE R R AR E R R 2 S s R S R R R R 2 R R R E S R R R SRR R S R R E S R R

INPUT . gas and liquid density, gas and liquid viscosity, liquid, well diameter,
. surface tension, and gas and liquid superficial velocities
OUTPUT : total pressure drop
Fkkdkkkkkdkokkokokk Rk ok kkkkk Rk kR Rk ok kR kR kR kR ke kR kkkkkk kR k ki kk kR kR kK
tol = 1.e-5
gravit =32.174
ustotl = ugs + uls
rhodef = rholav - rhovap
sk sk o e e e ok ok ok 3k ok e ok 3k ok ok ok ok sk 3 ok ok ok ok 3K 3k ok 3k ok ok ok ok ok ok ok 3k 3k ok sk ok ok ok ok ok sk ok ok ok 3k 3k ook ok ok ok ok ok ok ok ok ok ok o ok ok
Solve for the eight unknowns that define slug flow: beta, hitb, hgls, ugtb. ultb, ugls,
ulls, and utb. Solution procedure is given by
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Vo, D. T., Shoham, O., “A Note on the Existence of a Solution for two-Phase Slug
Flow in Vertical Pipes,” ASME Journal of Energy Resources Technology, 64,
E;Lt&*gfﬁi***************************#**t**#**********************
eqn. (38) of Ansari et al. (1994)

hgls = (0.3048*ugs)/(0.425+2.65*0.3048*ustotl)

hlls = 1. - hgls

st1 = gravit*tubid*rhodef/rholav
eqn. (34) of Ansari et al. (1994)

utb = 1.2*ustotl + 0.35*st1**0.5

st2 = sten*gravit*rhodef/rholav**2.

st3 = hgls*utb + hlls*(ustotl - hgls*1.53*st2**0.25*hlls**0.5)

hitb =0.5
st4 = 9.916*(gravit*tubid)**0.5
ic=0

51 continue

st5 = 1.-(1.-hltb)**0.5
eqn. (41) of Ansari et al. (1994)

fthitb = st4*(st5**0.5)*hltb-utb*(1.-hltb)+st3
eqn. (42) of Ansari et al. (1994)

fhitbd = utb + st4*(st5**0.5+hltb/(4*((1.-hltb)*st5)**0.5))
eqn. (43) of Ansari et al. (1994)

hitbn = hitb - fhitb/fhitbd

test = abs(hltb - hitbn)

if (test.le.tol) goto 520

hitb = hltbn

goto 51

520 continue

hltb = hitbn

LR EEEEEEEEEE S EEE AL E RS E R EEE AR E SRR RS R E A EE SRR E R EEE SR EE S SRR S 2

Estimate all the unknown parameters
dokkkkokkkokokkokkhok Rk kokkkokkkk ok kR kck ok k ko kR kkokkkok ok kb kk ok ok ko kk ok k ok k k ko ko k
eqn. (37) of Ansari et al. (1994)

ultb = st4*(st5%*0.5)
eqn. (32) of Ansari et al. (1994)

ulls = utb - (utb+ultb)*hitb/hlls
eqn. (35) of Ansari et al. (1994)

ugls = ulls + 1.53*st2**0.25*hlls**0.5
eqn. (33) of Ansari et al. (1994)

ugtb = utb - (utb-ugls)*(1.-hlls)/(1.-hltb)
eqn. (30) of Ansari et al. (1994)

beta = (ulls*hlls-uls)/(ulls*hlls+ultb*hltb)

ok ok ok ok e ok ok ok ok ok ok ok ok ok ok ok 3k ok ok ok %k ok ok ok ko 3k ok ok ok ok ok ok ok %k ok ok ok ok ok ok ok ok ok ok ok %k ok ok 3k ok ok ok ok ok ok ok ok ok ok ok

¢ Estimate the friction factor

o 3 ok ok ke ok ok ok ok ok ok ok ok ok ok ok 3 ok ok ok ok ok ok ok ok sk ok 3k ok ok sk ok ok ok sk ok ok ok ak ok ok ok ok sk ok ko sk ok ok ok ok ok ok ok ok K ok ok ok ok ok ok ok ok Xk
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¢ eqn. (61) of Ansari et al. (1994)

rhols = rholav*hlls + rhovap*(1.-hlls)

xmuls = wvis*hlls + cvis*hgls

¢ eqn. (66) of Ansari et al. (1994)

o o o O

C eqn.

o o o o 6

rels = rhols*ustotl *tubid/xmuls

eond = 0.00015/tubid
call friclose(eond.rels, fls)

Rkkk Rk kR KRR kR Rk kR kR Rk kR Rk bk Rk Rk Rk Rk kR Rk kkkkk Rk kk kR Rk Rk Rk kR Rk k%K

Estimate the pressure gradient for developed flow
dkkkdokdkokokkkkok ok ok ok kkokk ok ok ok ok kkkkk kR Rk kkkkk kR kkkkkkkkkkk kR kkkkkkkk kKK

eqn. (60) of Ansari et al. (1994)

dpdze = ((1.-beta)*rhols+beta*rhovap)/144.
(65) of Ansari et al. (1994)

dpdzf = fls*rhols*ustot!**2 *(1 -beta)/(2*tubid*4633.06)

o % ok e ok ok sk ok ok ok ok ok ok ok sk K R ok ok sk ok ok ok kol ok ko ok ok ok ok ok ok ok 3k e ok 2k ok ok ok ok e ok ok ke ok ok ok ok ok ok ok ok R ok ok ok ok ok ok R
Check if the slug flow is fully developed. If the slug flow is not fully developed,
modify the Taylor bubble length.

EEE S EEE S EE S RS SRS EEE S E SRS RS SR SRR AR RS EEE RS EEE S EEEEEEE R E L 2 0

eqn. (48) of Ansari et al. (1994)

alls = 30.*tubid

¢ eqn. (49) of Ansari et al. (1994)

altb = alls*beta/(1.-beta)

alsu = alls + altb

area = 3.1415*(tubid**2.)/4.

check = 0.1

i=0

qf =0.1

do while ((i.1e.50).and.(check.gt.0.0001))
temp4 = 3.1415*gravit*tubid*rholav
temp5 = 3 *qf*wvis

¢ eqn. (8) of McQuillan and Whalley (1984)

tdn= ((temp5/temp4)**2.)**0.167
templ = utb*area

¢ eqn. (7) of McQuillan and Whalley (1984)

qp = (1-4.*tdn/tubid)*temp

¢ eqn. (9) of McQuillan and Whalley (1984)

C eqn.

qfnew = qp - (uls + ugs)*area
check = abs(qfnew - qf)
gf = qfnew
i=i+1
end do

temp2 = (utb - ugs - uls)*area/((2.*gravit)**0.5)
temp3 = area - 3.1415*(tubid - (2.*tdn))**2./4.

(18) of McQuillan and Whalley (1984)
alc = (temp2/temp3)**2.
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[¢]

if (alc It.altb) goto 595

KkkkkkRkk kR kR Rk kR kR Rk kR Rk kR Rk kR Rk ok kkk kR kR kkh Rk k kR ok k kR Rk kR Rk R kK%

Developing Flow
kkkkkohkkokhkkkkkkokkkkkkkkkkk bk dhkhhkwk bk kkkkkkkkdhhkkkkkkkkkkkk bk k¥ ¥
eqn. (55) of Ansari et al. (1994)
a=1.- ugs/utb
eqn. (56) of Ansari et al. (1994)
b = (ugs-ugls*(2.-hlls))*alls/utb
eqn. (57) of Ansari et al. (1994)
¢ = (utb-ulls)*hlls/((2.*gravit)**0.5)
X2 = -(2.*a*b+4.*c*c)/(a**2.)
x3 = (b/a)**2.
d =x2**2.-4 *x3

EEEEE R S S R R R R E AR EE R E S E RS S EE LSS S E RS R E S SR EE SRS EE R S L

If the quadratic does not have a real solution, assume developed flow
ook koo ok ok o ok ok ok ks ok sk ok ok ko Rk ok ok sk kR k ok kok kR kR Rk ok R kol kR R R R ok Aok Rk ok ok K

if (d.1t.0) then
goto 595
endif
Itbstarl = (-x2 + d**0.5)/2.
Itbstar2 = (-x2 - d**0.5)/2.
LR EEEEEEEEEEE RS E RS S S EE S SRR SRR SRS RS RS R RS S SRS E SRS SR L 2
If the quadratic does not have a sensible solution(positive number), assume

developed flow
Rkckkkkkkkkkkkokkkkkokkkkkkkkkkkkkkokkkkokkxkkkkkkkokkkkokkokkkkk Rk kkkk ok k%

if (Itbstar1.1t.0) then
goto 595

elseif (Itbstar2.le.0) then
Itbstar = Itbstarl

elseif (Itbstarl.It Itbstar2) then
Itbstar = Itbstarl

else
Itbstar = Itbstar2

endif

% sk 3k ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok sk ok sk ok ok sk ok ok ok ok ok sk ok ok sk ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok

Estimate modified pressure gradient based on the modified parameters
% 3 ok ok ok ok sk ok ok ok ok ok ok ok k% ok ok ok sk ok ok ok ok ok ok ok ok o sk ok ok ok sk ok ok ok ok ok sk ok ok ok sk ok %k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
betastar = Itbstar/(Itbstar+alls)
alsu = alls/(1.-betastar)
eqn. (64) of Ansari et al. (1994)
hitba = 2. *(utb-ulls)*hlls/((2. *gravit*Itbstar)**0.5)
eqn. (63) of Ansari et al. (1994)
rhotba = rholav*hitba+rhovap*(1.-hitba)
eqn. (62) of Ansari et al. (1994)
dpdze = ((1.-betastar)*rhols+betastar*rhotba)/144.
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C eqn. (65) of Ansari et al. (1994)
dpdzf = fls*rhols*ustot!**2 *(1 -betastar)/(2*tubid*4633.06)

c 2k ok %k ok ok ok ok %k %k sk ok ok ok ok ok ok ok ok ok ok o ok ak ok ok ok ok ok oK ok ok ok ok ok oK ok ok ok ok 3k ok ok ok ok ok 3k ok ok ok 3k ok ok ok ok ok ok ok ok % ok ok ok Ok ok ok ok

c Estimate the total pressure drop
c sk ok ok ok 2k ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ke ok e ok ok ok e ok ok ok ok e ok ok ok ke ko ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ook ok ok ok Kk

595  dpdzt = (dpdze*alsu + dpdzf*alls)*asect/alsu

return
entry olslugpt(j)
c R R R
¢ Sylvester, N. D., “A Mechanistic Model for two-Phase Vertical Slug Flow in
¢ Pipes,” ASME Journal of Energy Resources Technology, 109, p.206, 1987
c 3k e e ok ok e ok ok e ok ke ok ke ke ke e e e ok ok ok ok ok sk ke sk ok e ok ok e ok ok ok sk ok ok ok ok sk ok e ok e ok e ke ke e ok ke ol e ke ok ok sk ok ok ok ke ok ke ke ok
¢ DESCRIPTION OF VARIABLES
¢ alphls . average holdup fraction of gas in the liquid slug
¢ altb : average void fraction in Taylor bubble
c beta : ratio of length of Taylor bubble to length of slug unit
c detal : liquid film thickness
¢ dpa . acceleration pressure drop of slug unit
¢ dpdzt : total pressure drop
c dpfls : friction pressure drop of liquid slug
¢ dpftb : friction pressure drop of Taylor bubble
¢ dph . hydrostatic pressure drop of slug unit
c fls : friction factor for the liquid slug
c gravit : acceleration due to gravity
c slugls . length of liquid slug
¢ slugsu - length of slug unit
c rels : reynolds number for the liquid slug
¢ rholav . average liquid density
¢ rhovap . gas density
¢ tubid . well inside diameter
¢ ugls : velocity of the gas bubbles in the liquid slug
c ugs . superficial gas velocity
¢ ugtb - velocity of gas in Taylor bubble
c ulls : velocity of liquid in the liquid slug
c uls . superficial liquid velocity
¢ ultb - velocity of the falling film
¢ utb : Taylor bubble rise velocity
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c
¢ INPUT . gas and liquid density. gas and liquid viscosity. liquid, well diameter,
c - surface tension, and gas and liquid superficial velocities
¢ OUTPUT . total pressure drop
c s ok ok ok ok sk ok sk ok ok ok sk sk ok sk ok sk ok ok ok ke ok ok ok ok ok e ok ok sk ke ke ok ke ke ke sk e ok ok o ok ok ke e ok ok ke e ok ok ke ok ok ke ke ok ok ok e ke o ofe e ok
¢ Solve for the eight unknowns that define slug flow: beta. altb, alphls, ugtb, ultb. ugls,
c ulls, and utb. Solution procedure is given by
¢ Vo, D. T., Shoham, O., “A Note on the Existence of a Solution for two-Phase Slug
¢ Flow in Vertical Pipes,” ASME Journal of Energy Resources Technology, 64,
c p.111, 1989.
c A ok e e ok ok ok ok ke ok ok ke ok ok ok ke ok ok sk ol ok ke ol e ke ofe ok ok ok ok ok ok 3 ol ok ok ik ok ok ok ok ok ke kR e ke ok ok ok ok ok ke ol ke ok ok o o Ok ok R K
gama = 40.
tol=1.e-5

ustotl = ugs + uls
rhodef = rhol2 - rhovap
c eqn. (15) of Sylvester (1987)
alphls = 0.3048*ugs/(0.425 +2.65*0.3048*ustotl)
allsml = 1. - alphls
st1 = gravit *tubid *(rhodef) / rhol2
¢ eqn. (7) of Sylvester (1987)
utb=1.2 * (ugs +uls) + 0.35 * st1**0.5
st2 = sten* gravit * rhodef / rhol2**2
st3 = allsm1 * (ustotl - alphls * 1.53 * st2**0.25*allsm1**0.5)

altb=10.5
st4 = 9.916 * (gravit *tubid)**0.5
ic=0

510 continue
¢ eqn. (18) of Vo and Shoham (1989)
faltb = st4 * (1. - altb**0.5)**0.5*(1 .-altb) -
# utb * (altb-alphls) + st3
¢ eqn. (19) of Vo and Shoham (1989)
faltbd = -st4 *(( 1. - altb**0.5)**0.5 + ( 1. -altb)/(4.*(altb*
# (1. -altb**0.5))**0.5)) - utb
alnew = altb - faltb/faltbd
test = abs(altb - alnew)
if(test .le. tol) go to 521
altb = alnew
goto 510
521 continue
altb = alnew

c o ok ok sk ok o ok ok ke ok ok ok ok ok ok 3k 3 ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok e ok ok ok ok e ke ok K ok ok K ok ok ok ok e ok ok o ok ok ok ok ok ok ok ok ok K ok

¢ Estimate all the unknown parameters
c e ke ke sk b ok ok ok ok ok ok ok ok ke ok ok e ok ke sk ok ok ke ok ke ok ok ok ok sk ok ok ok S ok ok ok dke ok ok 3k ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k ok

¢ eqn. (7) of Vo and Shoham (1989)
ultb = st4 * ( 1. - altb**0.5)**0.5
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eqn. (4) of Vo and Shoham (1989)

ulls = utb -(utb + ultb)*(1. - altb)/allsm1
eqn. (6) of Vo and Shoham (1989)

ugls = ulls + 1.53*st2**0.25*allsm1**0.5
eqn. (3) of Vo and Shoham (1989)

ugtb = utb - (utb - ugls)*alphls /altb
eqn. (2) of Vo and Shoham (1989)

beta = (allsm1*ulls - uls)/(allsm1*ulls + (1-altb)*ultb)
eqn. (32) of Sylvester (1987)

slugls = gama * tubid

slugsu = slugls/(1. - beta)

detal = (tubid /2.)*(1. - altb ** 0.5)
eqn. (20) of Sylvester (1987)

dhrol = tubid - 2. *detal

sk o ok ok s ok sk ok sk ok ok ok k ok ok ok s ok ok ok 3k sk ok ok ok ok ok ok %k ok K ok ok 3k ok 3k 3k ok ok ok 3k ok ok 3k ok 3K ok ok ok ok o ok ok ok ok ok ok ok ok ok ok o ok ok ok

Friction factor for Taylor bubble
dkkkokdkkokkokkokokokkokokkokkkokkokkokokokk sk ok ok ok kok ok ok ok ok ok kok ok ok ok sk ok k k k ok k ok sk ok ke ke k k k ke %
eqn. (22) of Sylvester (1987)

ftb = 1./(-2.*alog10((1.-altb**0.5)/7.4))**2

EEEEE SRS S SRS E SRS E RS EE S SR E S EEE SRS S E S EE SR EE S E L EE RS 2

Friction factor for liquid slug
kAR EFRREARRRRERRRRRRRER R R Rk kR R Rk Rk kR Rk kR Rk kR Rk kR Rk R kR k kR ok ko kk ok
eqn. (27) of Sylvester (1987)
xmuls = wvis*allsm1 + alphls*cvis
eqn. (26) of Sylvester (1987)
rels = rholav*ulls*allsm1*tubid/xmuls
eond = 0.00015/tubid
call friclose(eond,rels, fls)
sk ok ok 3K ok o ok ok ok ok ok ok ok ok 3K 3k ok ok ok ok ok ok K 3K 2k ok ok ok ok ok sk ok ok ok ok ok o 3k 3k ok 3k ok 3K ok ok oK oK ok ok ok ok ok ok K ok 3K ok ok oK ok ok ok ok ok ok

Estimate the pressure drop components
S 3k o e o o e ok ok ok ok e ok e ke gk ok o e o ok e ok ok e sk o ke e ke ok e e ok ok sk ke ok e sk ok ke o ok e ok e ke ok ke e e ke ke ok ok ok ke e ok ok ke ok ke kok
eqn. (17) of Sylvester (1987)
dpa = rholav*(ultb + utb)*(1.0 - altb)*(ultb + utb + ulls)/
# 4633.06
eqn. (18) of Sylvester (1987)
dph = rholav*(1.0 - alphls)*slugls/144
eqn. (23) of Sylvester (1987)
dpftb = rhovap*(ugtb**2.0)*ftb*beta*slugsu/(2.0*dhrol)
# /4633.06
eqn. (24) of Sylvester (1987)
dpfls = rholav*(1.0 - alphls)*(ustotl**2.0)*fls*(1.-beta)*slugsu/
# (2.0*tubid*4633.06)

38 3 3 o e ok 3 ok ok ok 3ok ok ok 3k 3k s ok 3 o ok ok K 3k ok sk ok ok ok ok ok ok ok o o ook ok ok ok ok ok ok 3K ok ok 3k o ok o ok ok ok ok ok oK oK oK ok ok o ok ok ok ok ok

Estimate the total pressure drop
e ok e ok ok ok ok ke ok ok ok ke ok e ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
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¢ eqn. (16) of Sylvester (1987)

o 0000

dpdzt = (dpa+dph+dpftb+dpfls)*asect/slugsu
return

EEEEEEE SR ESEE SRS EE LR E S EEE SRR EEE RS SRS RS SR EEE R SRR E L L S

Subroutine to estimate the friction factor based on the Zigrang-Sylvester correlation
Zigrang, D, and Sylvester, N. D., “Explicit Approximation to the Solution of
Colebrook’s friction factor equation,” AIChE Journal, 28, p.514, 1982,

EEEEEEES EEELEEEEE SRS SRS ESE S S EEE S EEE SRS E RS ES S E S RS EE R E R R R B

subroutine friclose(rough, reynod, fricfc)
terml = rough /3.7

term2 = 5.02/reynod

term3 = 13./reynod

term4 = term2 * alog10(term1 +term3)
if(term1 .le. term4) go to 10

term5 = -2 *alog10(term1 - term4)

¢ eqn. (12) of Zigrang and Sylvester (1982)

10

20

fricfc = 1. / term5%*2

go to 20

continue

fricfc = 16./reynod

continue

if(reynod .le. 2000) fricfc = 16./reynod
return

end

c & ok K ok ok ok oK ok ok K sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok 3k ok ok ok sk ok 3k ok sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

¢ Subroutine to calculate the friction factor in the annular film
c % ok o ok ok ke ok ok ok ok ok ok sk sk ok ok ok ok sk ok sk % ok sk ok ok ok ok sk ok ok ok ok ok ok ok ok ok e o gk ok ok e ok ok ok ol ke ok ok e ok ok ok ok ok ok ok R ok ok

subroutine annfilm(rholav,delhen, ff)

$include:'commonl'
¢ eqn. (72) of Ansari et al. (1994)

ucrit = 10000.0*ugs*cvis*((rhovap/rholav)**0.5)/sten

c eqn. (71) of Ansari et al. (1994)

fe = 1.0 - exp(-0.125*(ucrit-1.5))
if (fe.1t.0) fe=0
vmlf = (1.0 -fe)*toliq

¢ eqn. (15) of Yao and Sylvester (1987)

re_film = 4 *ymif/(3.1415*tubid*wvis)

¢ eqn. (16) of Yao and Sylvester (1987)

regas = rhovap*tubid*ugs/cvis

¢ eqn. (14) of Yao and Sylvester (1987)

faum1 = (0.707*re_film**0.5)**2.5
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fnum2 = (0.0379*re_film**0.9)**2.5
foum = (fnum1 + fnrum?2)**0.4
fdenom = regas**0 9*(cvis/wvis)*(rholav/rthovap)**0.5
ffact = fnum/fdenom
¢ eqn. (13) of Yao and Sylvester (1987)
ai = 6.59*ffact*tubid
bi = sqrt(1. + 1400 *ffact)
delhen = ai/bi
¢ eqn. (76) of Ansari et al. (1994)
dhf = 4 *delhen*tubid*(1.-delhen)
c eqn. (75) of Ansari et al. (1994)
uf = uls*(1.-fe)/(4. *delhen*(1.-delhen))
area_c = (3.1415*((1.-2.*delhen)*tubid)**2.)/4.
area = 3.1415*tubid**2 /4.
ql = uls*area
ul = fe *ql/area ¢
¢ eqn. (74) of Ansari et al. (1994)
reyf = rholav*uf*dhf/wvis
call friclose(delhen, reyf, ff)
return
end

c sk ok ok sk ok sk o ok ok ok ok ok ok sk ok ok ok ok sk sk ok ok ok ok sk ok ok ok dk sk sk ok ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok ok K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

¢ Identify the point of intersection of the transition curves (A and B) in the Barnea
¢ flow map
c tE R S E R R E R E RS E R E R R S R E S E R R R R RS EE R E R EE S RS R E RS S R E S E R E L T 3 ]
Subroutine ugsab(rholav, ugs ab)
$include:'common]'
ugsb=10.
b2 = (rhol2 - rhovap)*sten
sl = (gravit * b2)**0.25
¢ eqn. (3) of Ansari et al. (1994)
vs = 1.53*(s1/rholav**0 5)
¢ eqn. (2) of Ansari et al. (1994)
211  ulsa=3.*(ugsb - 0.25%vs)
ie=0
gravit =32.0
call annfilm(rholav,delhen, ff)
c eqn. (4) of Ansari et al. (1994)
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temp1 = (0.4*sten/((rholav-rhovap)*gravit))**0.5
temp2 = ((rholav/sten)**0.6)*((ff/(2. *tubid))**0.4)
temp3 = (2.*temp1*temp2)*((ulsa+ugsb)**1.2)
temp4 = ((temp3 - 0.725)/4.15)**2.
ugsbn = (ulsa*temp4)/(1.-temp4)
check = abs(ugsbn - ugsb)
ie=ie+ 1
if ((check .gt. 0.0001) .and. (ie.lt.25)) then
if (ugsbn.ge.0) then
ugsb = ugsbn
goto 211
else
ugsb =10
endif
endif
if (ugsbn.ge.0) then
ugs ab = ugsbn
else
ugs ab=10
endif
return
end
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APPENDIX C
Computational Procedure for the Estimation of Pressure Drop

for Upward Vertical Two-Phase Flow Systems
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The pressure drop and phase equilibrium calculations are coupled and hence the
overall calculational procedure is iterative. The steps to calculate the pressure drop for all
the models can be summarized as follows:

1. Determine the necessary input data for the calculations' pipe internal
diameter, well depth, bottomhole temperature, bottomhole pressure, well
head temperature, well head pressure, separator temperature and pressure,
gas composition and water analysis at the well head.

2. Assume a linear temperature profile between the top and the bottom of the
well.

3. Assume a linear pressure profile between the top and bottom of the well for
an initial guess to the subsequent calculation.

4. Divide the gas well into sections of 500 ft. so that each section can be
treated as a single entity where all fluid properties can be assumed to be
constant. (No variations were found in the pressure drop results as the
length of well string was varied from 500 to 50 ft. Hence the well strings
were divided into 500 ft sections for this work.)

5. Calculate the average temperature using the temperatures at the top, T,

and bottom, Ty, of the i"

section of the well. Similarly, estimate the
average pressure from the pressure at the top, P,, and bottom, Py, of the i
section of the well.

6. Perform the flash calculations at the average temperature and pressure, and

calculate the relative amounts of gas and liquid along with their

compositions.
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10.

£ I8

12,

13.

14.

Estimate all the properties of the fluids: density, viscosity, and surface
tension at the average temperature and pressure.

Use the Barnea flow map and identify the flow regime present in the i"
section of the well.

Estimate the pressure drop, AP, using the appropriate equations (Yao and
Sylvester (1987) or the Ansari et al. (1994) models for the annular flow
regime; Sylvester (1987) or the Ansari et al. (1994) models for the slug
flow regime).

Evaluate the new pressure Py at the bottom of the i* section by adding
AP to P,.

Compare Pynew with Py, If the values are not within a specified tolerance
limit, assign Ppnew to Py and return to step 5.

Once Ppnew converges to Py, within a tolerance, assign Ppnew t0 Py.

Go to the (i+1)" section. Assign Py of i" section to P, of (i+1)" section.
Take the linear profile value for P, of the (i+1)" section.

Repeat the entire procedure from step 5 until bottomhole is reached.
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APPENDIX D

Example Calculation of Pressure Drop: Slug Flow
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A hand calculation should be performed to validate the calculations being

performed in the FORTRAN code. As an example calculation, assume the following well

data:

Well head temperature (T.,) 121°F
Bottom hole temperature (Tgy) 210 °F

Well head pressure (Py) : 1907 psia
Bottom hole pressure (Pgy) : 3229 psia
Well Depth : 8055 ft.

Pipe Diameter :1.9951n

Gas production : 2676 MSCFD
Water production 1401 B/D

Estimate temperature and pressure:

dz WD 8055

=0011°F/ ft.

=1, +[%1—]wn

Z
=121+0.011(500) = 12652°F

T, ==

= 58376 R

dP Pgy —P, 3229-1907

dz WD 8055

=0.164 psia/ ft.

dp :
P, =P, +[5]WD = 1989 06 psia

Gas Viscosity (LL,):
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Gas density (p,) - 5.91 Ibm/ft’ = 0.094 gm/cc

Molecular weight (M) : 16.8 Ibm/lb mole
Temperature (T) :583.76 R
o L1774 00063M]T™ —
T 1224+ 129M+T T
1914. i
X =257+ +0.0095M = 6.01

Y=111+004X =135
My = Kexp(XpY): 1.03e—-51bm/ft.s

Water Viscosity (L):

Temperature (T) . 32413 K

=-52.843 b=3703.6 c=5.866 d = 5.87%-29 e=10
b .
Wy = exp| a+?+clnT+dT )= 37e—41bm/ft.s

Surface Tension (o7):

Temperature (T) 132413 K

Critical Temperature (T,) .647.13 K

a=018546 b=2717 = -3.554 d=2047
T, == 0501

r TC - Y
o, =a[1-T,]" ™ ~014811bm/s?

Flow Regime Analysis:

Check for existence of annular flow.
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g0, (pp —p )Tm
ConditionI Vs 2 3.1[% |
Pg i
Condition I1 (H A A <012
ondifion : T LV DA
X 1F Ic AP)

Check for condition I:

Liquid Density (pL) - 61.45 Ibnv/ft?
Gas Density (pa) ©5.91 Ibnvft?
Gravity (g) - 32 fi/s?
Surface Tension (o) - 0.148 Ibmys®

Convert standard volume to actual volume

Vad= Qaaa = 2676000 ft*/day

Tas =298 K T =324.13K
Pgq¢ =1 atm P.. = 132.52 atm
BV, T
Qgose = Vie = o2 = 2196397 fit* / day = 0254 ft* /s
Ts’l.d Pac
qg——ac
= =1 ETRT
Vsg A S

The computer code does flash calculations to estimate the amount of gas flow. Hence. the
superficial gas velocity estimated by the computer code will varv from the above
calculated value, though marginally. The superficial gas velocity, computed by the code as
11.304 ft./s, will be taken for subsequent calculations to avoid accumulating the effect of

this error.
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= 0357 < vgq

T

Pg
Condition I is satisfied.

Check for condition II.

Holdup fraction (A;c) estimation:

Superficial liquid velocity (vis)’ 1.22 fi/s

0.5
Ve =10000Vﬂ”—0[-p£j 2438
L \PL

Fy = 1- exp[~ 0125(v — 15)] = 0111

v
Ao =———=00118

Ver D
Niges. = ——— =336854

f——00009
D— .
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]}J_z =00253

; . eD (502 (8,*’D+ 13 j
=|- = o
S B137 Npest B\ 37  Npog,

P for D1 Vs
[E_) _IsiPrVsi 6.96
dz/ g, 2D

; (dP
Estimate ka

sC
Vgo = Fgvgp, + Vg =11439 ft /s

e =HiAe + g (1-Arc) = 1454e —51bm/ ft.s

Pe = PLhie +Pg(1—A ) = 6565 Ibm/ ft?

d
Npesc = 2E5€C _ 8587063
He

172
e/ D 502 e D 13
f =|-2log -[ log( +— )JL =0017
= 37 Nresc 37  Ngesc//|

dP] focPcVac
— =————=150451
(dL o 2D
Estimate f;:
Mass flow rate of liquid (Mr.) . 1.629 lbm/s
4(1-Fg )My,
Npepp. =—————— =299759
Re Film HLTCD
D
N, = 2856 _ 1078311
21¢
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N 0.4

o707 R +[oosro)” |
F= i

- = 0017
(N J‘“‘[EGJ(&L]
ReG U'L} Po
D (1+1400F
dye = 48(1-8)D = 00147
vg \1-F
vF=M=1:.zs4
43(1-3)
d
N p = PEYECHE _ 599903
Hy
( W
gD (502 (eD 13)
=|-2 . | = 00522
£, { log{a? \Neer 0g(37+NRcF,JH
f
B=(1-F;) —= =163
for
“dp
L6
Xy = |k = 04743

y, = gSined(l,r.:,d - pc)
5

Estimate minimum dimension-less film thickness required for stability of liquid film by

=3481

sC

solving the following equation by the “bisection method™.
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2-15H;;  ,
Hi(1-15H,;) ™

M=

where, H, = 4§m(1 - §m)
The minimum dimension-less film thickness (8min) Was found to be 0.07.

Hyp =48, (1-8,, ) = 02604

2
x{D-2D8__

=0016

A
(H,‘F $ e A—] =0269 > 012
p

Condition II is not satisfied. Therefore, the flow cannot be in the annular regime.

Pressure drop estimation by Sylvester (1987) method:

Estimation of ag:

Vm = VgL + Vs

vig = 12v,, + 035/gD =1584 ft/s

VsG
o =033
*15 = (0425/03048) + 2.65v

I ( 025
A=(-a) vy -0 1.53[M} (1-a:5)* ¢ [=817
[ PL
Solve the following equation for as, using the Newton-Raphson technique.
9916,/gD (1 = yfotrg ) **(1 = Oty ) — VO + Vs + A = 0

o was found to be 0.8899
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Vi = 9916 [gD(1-Jorry)] = 5444 fi /s

o Vm(am—als)_(]‘am)vma
LLS — (I—CLLS)

=1231ft/s

14

G ] -

Vors = Vs 1-53{_13(%“@] (l—ﬁth)U5 =1295ft/s
L

Estimate pressure drop due to acceleration:

P (VL'm + "’TB]'(l - a'm)("l,m TVt VLLS)
(4P), = 4633.06

= 1.044 psia / slug unit

Estimate the hydrostatic pressure drop:

L, = 40D = 665 fi

pl,(l_azs)gl-'ls
4633.06

(aP)y, = = 1883 psia/ siug unit

Estimate the frictional pressure drop:

|
fip = =0.056
r =17
| Jl BRALE ! ﬂ

\_—Zlogl-— 74 j_‘
Dy = D1~ (1~ oy )| = 01568 i

B = Vsg —%isVors 0792
CmVers ~AisVors

( ) — pGVEiTBfTBBLLS
T8 7 2Dy (1-B)(4633.06)

= 1255 psia / slug unit

tis = My (1= 0ps)+ ngos = 249e -4 Ibm / fi.s
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l—o;g)visD
Npers = pu(1-ausvus = 3352078
His

( - 17
rool 8D [ 502 (eD 13 ]JL 002

s - 0 + | = 2
EY LNMS 937 Npers/) |

PL(I — Qg )vrznfLS Lis

AP).. . = = 0552 psia / slug unit
(AP)p, 2D(4633.06) PRLAFOI0E
500(1 -
No. of slug units = 2000-5) = 1564
Lig

The overall pressure drop is given by
(AP), = [(AP)A +(AP)y; +(AP) g +(AP) FLSKno, of slug units) = 74 04 psia

The pressure drop estimated by the FORTRAN code was found to be 73 4 psia.

Pressure drop estimation using Ansari et. al (1994) model:
ors = 0.8899
vite = 5.44 ft's
vies = 12.31 ft/s
vars = 12.95 ft/s
vers = 14.75 fi/s
B=0.79
Hgrs=1-Hys =ops =0.33
All the above parameters have been computed in the earlier section for the

Sylvester (1987) method. Since the Ansari et. al (1994) approach follows the same

145



framework as Sylvester, the computation for the above mentioned parameters can be
avoided.
Check for developing flow.

L,s = 30D = 49875 ft

Lisic
Lmzl—isg—zls,%ﬂ

The following three equations have to be solved iteratively for the three unknowns
(Qp, v, and Qy).

Qp=|1- D VisAp

3

8 P — (_BQF“‘LJLI
M ngDp;

Qr =Qp —(Qs +Qy)
Solving the above three equations, the three parameters were estimated to be
Qr = 0.3081 ft'/s
ox = 0.0034 ft
Qr=0.0363 ft'/s
The cap length was estimated as follows:

Ag=m (D - 28x)°/ 4 =0.02 ft*

L Ay - Qe +Qu)/29)" |
¢ AP _AG

= 2698 ft

Since the cap length (L) is greater than the length of Taylor bubble (L1g), the slug flow is

not fully developed. The length of Taylor bubble has to be modified. The modified Taylor
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bubble length is obtained by solving the following quadratic equation, a function of the

modified Taylor bubble length.

- (—2ab—4cq . b?

where,
=1-—%=02864
VB
Ve —Vers(2—H
b=—0" cis( “‘S)Lw:—l,ssn
V1B
V1B ~ VLis o

NS
The quadratic equation becomes

Loy +8625 L5 +4177=0
Since the above quadratic equation does not have a real root, compute the pressure drop
with the developed flow assumption.
Pressure drop estimation:

Pis =P Hyys +pa(1-Hy 5) =433 1bm/ ft?

Uis = U His tugHg s =2524e—-4 1bm/ ft.s

v D
N, = Pisve 4591033
His

" -2
s B137 T\Npe 237 TN JJ[| T
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dPJ [(I_B)F’Ls +Bpo]g . .
[dz ] = 163306 = 0.0945 psia / ft /slug unit

(dP) , _ ; .
(AP), = \&z (length of slug unit) = 2266 psia / slug unit
E

dP] fisPisVm ) '
—| =5 s \1-B)=00183 psia/ ft/sl
[dz, ¢ 2D(4633 06) ( B) psia slug unit

dp
(AP), = [E) _(iength of liquid slug) =0.0913 psia / slug unit

f
The total pressure drop was found to be,

(AP), = [(AXP)E +(AP)fKno. of slug units) = 49.15 psia

The pressure drop computed by the FORTRN code was found to be 48.1 psia.
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APPENDIX E

Example Calculation of Pressure Drop: Annular Flow
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In Appendix E, a second well has been analyzed. The well analyzed in Appendix E

was found to be in the annular flow regime based on the Barnea transition criteria. The

well data is presented below:

Well head temperature (T.) : 110 °F
Bottomhole temperature (Tgg) . 209 °F
Well head pressure (Py,) : 2450 psia
Bottomhole pressure (Pgy) 3211 psia
Well Depth - 8051 ft.
Pipe Diameter :1.995in
Gas production : 2179 MSCFD
Water production . 78 B/D
Estimate temperature and pressure:

%:— = TB%T“' = 20:0_511 0 00123°F /£t

T, =T, +[£]WD

dz
=110+00123(500) =116.15°F
T, =® :T' = 57308 R
Lk DL L S psia/ ft.

dz WD 8051
[ dP
P, =P, + ngWD = 249726 psia

Gas Viscosity ()’




Gas density (p,) £ 9.2 Ibn/ft* = 0.147 gm/cc

Molecular weight (M) - 18.9 Ibm/Ib mole
Temperature (T) : 573.08 R
7.77+0. s
K= [ 0063M] =11524
1224 +129M+ T
19145
X=257+ +0.0095M = 6.09

Y=111+004X =135
Mg = Kexp(XpY) =122e—-51bm/ ft.s

Water Viscosity (L):

Temperature (T) - 573.08 K

a=-52.843 b=3703.6 c=5.866 d = 5.879%-29

P

b
W = expLa+¥+clnT+ dT"'] =41le—41bm/fts

Surface Tension (oy):

Temperature (T) :318.19K

Critical Temperature (T.) 1 647.13 K

a=0.18546 b=2.717 ¢ =-3.554
T, === 049
r TC .
o =all-T,]""™" = 0151 lbm/s?
Flow Regime Analysis:

Check for existence of annular flow.
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go (P —po)]
U —
Condition1 Vg > 3.1{~—"—L2——G}

Pe

A.
Condition IT [Hw + Xy A—‘] <012

P

Check for condition I:

Liquid Density (pL) - 61.7 Ibn/ft’
Gas Density (pg) - 9.2 Ibm/f’
Gravity (g) : 32 fi/s?
Surface Tension (o) - 0.151 Ibm/s?

Convert standard volume to actual volume.

Vaa= qoa = 2179000 ft*/day

Tas =298 K Ta =318.19K
Pya =1 atm P.,. = 1699 atm
BV T
Quop =V, =—244 2 _ 1369412 ft* /day = 0.158 ft* /s
g—ac ac T P
std ac
qg—ac

P

The computer code does flash calculations to estimate the amount of gas flow. Hence the
superficial gas velocity estimated by the computer code will vary from the above
calculated value, though marginally The superficial gas velocity, computed by the code as
6.65 ft./s, will be taken for subsequent calculations to avoid accumulating the effect of this

CITOor.

152



I' ( ) 0.25

0]’ T

3.1Lé~f’g_ﬂ Cios<v.
Pe

Condition I is satisfied.

Check for condition II.

Holdup fraction (Arc) estimation:
Superficial liquid velocity (vis): 0.236 ft/s

. g N 05
v, =10000—3¢Hc PEJ = 2075
OL \Pp

Fy = 1- exp[~ 0125(v —15)] = 0069
v
c=—B 000244

Estimation of Lockhart-Martinelli parameters:

-

(
,Bkg\
dz/SL
Xu = ["dP\.
V \dz sc

Estimate | —— :
dz/ g

Ve D
Npest = p"% = 5870

L

€
— =0.0009
D
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-2
D ( 502 D 13 NI
f =|-2log © —[ log(a + ]W =0037
- 37 N ReSL 3? N ReSL )

d_P) _ fSI,Pl,Vszcl

°D =038

Estimate | —
dz

sC

Vgo = Fp Vg + Vg = 6.666 ft/s
ke = Bhie +ig(l-Aic)=1317e-51bm/fi s
Pe =PrAe +Pg(1=Ayc) =9328 Ibm/ ft?

PcVscd

’ -2
eD [ 502 (eD 13 ) 1
f_=|-2log —L logL + ) - 00196
37 \Ngesc 37 Ngesc//|

[dpj _ fsepe Vic

N pesc = = 784927383

= = 2439
P~ > -

Estimate f;:

Mass flow rate of liquid (Mr.) : 0317 Ibm/s

4(1-F My,
N ReFilm = ) =5502

Dve.
PoVs6 _ 93370287

G

NReG =
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0.4
{[0.707,/1\1 . +[0.0379(N RGG)”]”}
= I = 00059
o ()

Ly /\pg/

F=

= D (1+1400F)%*

dyr = 48(1-8)D = 00084

il1—Bs
Vi = vall-F) 4347
43(1-8)
N, = PLVedir _ he5g
158

_ gSinb(p, —pc)

= 6871

R
E SC

Estimate minimum dimension-less film thickness required for stability of liquid film by

solving the following equation by the “bisection method”.
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__2-15H,
MU HL(1-15H,) Y
where, H,; = 4§_m(] —§m)

The minimum dimension-less film thickness (8min) Was found to be 0.02.

Hy =48, (1-8,,)=00784

x(D-2D8 )’

min

4

Ac = = 00208

A

p

Condition II is satisfied. Therefore, the flow is in the annular regime.

Pressure drop estimation using Yao and Sylvester (1987) model:

Pm = Pe = 9.328 Ibm/ft’

Um = Ue = 1.317e-5 Ibm/ft s
Fe = 0.069

M =0.317 Ibm/s

Mg = 1.329 Ibm/s

Ap=0.0217 ft?
F. M M
AR s el U
pmAP
Estimate friction factor:
Dp,, Vi
Re, = . = 785642
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m

=2
) _( Jloal£D (5.02l [a-'D+ 13 D ooats
cTIT8137 T(Re, \37  Re ke

—| =p,g=29851bm/ft’s
[dz i P m/ ft*s

[d_P) B pmftvrf:

=519 Ibm/ ft2s®
. D bm/ ft“s

g i
The pressure drop due to acceleration can be neglected when the calculations are done
manually since constant flow rates are assumed throughout the well string. It was found
that the acceleration component of the pressure drop, computed by the computer code,
was extremely small. Therefore neglecting the acceleration component is a good
assumption. The overall pressure drop was found to be:

dP\ /dP\) |
(a),_: (5)

f
4633.06

(AP), = 500 = 378 psia

The pressure drop computed by the FORTRAN code was found to be 38.6 psia.

Pressure drop estimation using Ansari et. al (1994) model:

dp
(—) =2439 |bm/ ft*s?
dz -

p. =9328 Ibm/ ft’

6 =90°

The total pressure drop in the annular regime is given by
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(d—P) = —Z—"(Ql +p.g Sinb

dz/ - (1 ~2§)5 \dz/
where,
Z =1+3008, F. >09
1/3
Z=1+ 24{p—L] 0, F; <09
Pe

" dp
The superficial pressure gradient in the core, La , has already been evaluated in the
sC
flow regime analysis section while calculating the Lockhart-Martinelli parameters. The

only unknown in the pressure drop equation is the dimension-less film thickness. The

dimension-less film thickness is estimated as the root of the following equation:

Yy - £ + X =0
" as(i-g)fi-4s(1-8)]"  [as(1-8)]

XM =0.1024
Y = 68.71
Z=1+ 45268

Since the above equation is a monotonic function increasing with increasing 8, for
0<6<0.5, the equation will have only one root for the values of dimension-less film

thickness considered. Bisection method gives a dimension-less thickness of 0.14.

dp Z (dp
[_] = (—(—] +peg Sind = 122361 Ibm / ft?s?
”

dz 1—2@)5 dz/ g
(AP).. = 020y (lemzth of well strin )= 132.05 psia
T~ 463306 2 £ el
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The pressure drop computed by the FORTRAN code was found to be 132 psia.
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