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ABSTRACT 

Multiphase flow in the wellbore poses a challenge for production engineers since 

characterization of prevailing flow regime determines the appropriate pressure drop 

calculation method.  The problem is further complicated when the flowing fluid 

undergoes phase changes.  The key objective was to develop a wellbore flow model 

based on sound physical principles, incorporating state of the art hydrodynamic and 

thermodynamic tools. 

 

The model developed comprises a flow pattern detection routine, hydrodynamic 

model, and an equation-of-state-based phase behavior package.  The model was 

extensively tested with 30 field cases, proving to accurately predict pressure drop for 

single and two-phase (gas/condensate) flow giving an average absolute error of 6.3%. 

 

The inherent challenges were handling phase changes as pressure, temperature 

and/or composition vary.  Accurate prediction of fluid properties was also crucial. The 

model provides a convenient tool for the production engineer for well design and can be 

readily incorporated in NODAL analysis. 
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Chapter 1 
 

INTRODUCTION AND STATEMENT OF PROBLEM 

1.1 Introduction 

As the demand for energy rises, petroleum and natural gas production companies 

are exploring and exploiting more complex reservoir systems.  It is a business necessity 

to optimize the production and to conserve the natural drive mechanisms within the 

reservoirs.  One of the major challenges facing production engineers is optimization of 

the production system.  The production system comprises the reservoir, the near wellbore 

region, the wellbore, and the surface production facility. 

Optimization of this system requires accurate prediction of pressure drop in the 

wellbore.  This is a challenging task because single-phase flow seldom occurs in the 

wellbore.  More commonly, multiphase flow prevails in the wellbore and also in gas and 

oil transmission and distribution pipelines.  The engineering calculations required to 

design and operate oil and gas production, processing, and transmission systems are 

complicated by a number of physical phenomena.  These phenomena include flow regime 

transitions, turbulence, and thermodynamic phase changes with pressure and temperature.  

Hence, use of empirical correlations based on limited laboratory or field data often lead 

to erroneous predictions. 

Most of the tools currently in use by production engineers are based on empirical 

correlations.  The approach taken in developing these models was to generate an 

extensive database by varying parameters thought to impact pressure drop.  The 

parameters include gas flow rate, liquid flow rate, pipe diameter, fluid viscosities, and 

liquid surface tension.  The pressure drop data are then correlated to dimensionless 

groups based on the relevant variables.  One of the major limitations of this approach is 

that it cannot be safely extrapolated to prediction in situations where the actual well 

parameters are outside the range of data initially used to develop the correlation.  In 
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additionally, it was observed that different pressure gradients arose for varied distribution 

of the flowing phases in the pipe.  The regime transitions were also a function of the 

physical parameters of the flow system under consideration.  Therefore it is necessary to 

predict the prevailing flow regime and then use a pressure drop prediction method 

suitable for that particular flow regime. 

Another disadvantage of using current pressure drop prediction methods is that 

the fluid properties are usually based on empirical correlations.  This becomes especially 

critical if the wellbore model is coupled with a compositional reservoir simulator.  

Internal inconsistencies can arise since the compositional simulator is based on an 

equation of state.  The correlations used with the wellbore model may predict different 

fluid properties for the same pressure, temperature, and fluid composition than the 

properties given by the reservoir simulator. 

Flow of gas condensate, in addition to the complexities inherent in all two-phase 

flow modeling is further complicated by the fact that retrograde condensation can occur.  

The in-situ liquid fraction may change due to change in pressure, temperature or fluid 

composition. This particular problem requires the incorporation of compositional 

modeling in the prediction of fluid splits and gas and liquid properties. 

Considering the disadvantages of using current pressure drop prediction methods 

for gas condensate wellbore modeling, it is necessary to integrate hydrodynamic 

modeling, with hydrocarbon phase behavior modeling, and flow regime transition 

determination in order to obtain reasonable predictions.  The premise of the research was 

to address the formidable challenges of accurately predicting pressure drop, liquid holdup 

and fluid compositions for gas condensate wells. 

 

1.2 Statement of Problem 

The objective of this research is to develop an integrated wellbore model for 

gas/condensate wells.  The model should be capable of predicting pressure drop, liquid 
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holdup, and composition at the wellhead of the gas and/or liquid stream.  The model 

incorporates state-of-the art methods in hydrodynamic modeling, hydrocarbon phase 

behavior modeling, and flow regime transition prediction.   



 

 

Chapter 2 
 

LITERATURE REVIEW 

2.1 Early Research 

Research in two-phase flow was probably first documented by Davis and Weidner 

[1914].  They investigated vertical flow of a mixture of air and water in a glass tube and 

concluded that the pressure drop depended on the water to air ratio.  They suspected the 

increase in pressure drop was due to air “slowing-down” (slippage) in response to 

interfacial friction with water.  Pressure drop was formulated as a function of the 

interface velocity by Versluys [1930].  In his theoretical investigation, analyses were 

conducted for limiting flow regimes, namely liquid mist entrapped in a gas stream and 

dispersed gas bubbles carried by a liquid stream.  Uren et al [1930] performed 

experiments on oil-air mixtures and used their results to relate the pressure drop to a 

friction factor for the mixture. 

The contribution of inertia to two-phase pressure drop was investigated by Moore 

and Wilde [1931]. They devised a procedure to determine the combined pressure drop by 

giving a correlation for liquid holdup and mixture friction factor.  Bergelin et al. [1946] 

observed annular flow when they conducted experiments in which a mixture of air and 

water flowed downward in a vertical pipe.  This was the first time geometric distribution 

of the flowing phases was observed in laboratory experiments. 
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2.2 Empirical Models 

The first correlation to find wide acceptance in the petroleum industry was 

introduced by Poettman and Carpenter [1952].  They developed an empirical correlation 

based on flow of oil-water-gas mixtures in producing wells.  The fluids were treated as a 

mixture, and a combined friction factor was determined empirically.  In this study the 

effect of acceleration of the fluid was neglected.   

Baxendell and Thomas [1961] collected high flow rate field data from La Paz oil 

field in Venezuela.  They followed a similar approach to Poettman and Carpenter and 

fitted the observed pressure drops using the combined mass and momentum balance 

equations.  A range of friction factor values were substituted into the pressure drop 

formula until agreement with experimental data was obtained.  A graph was then 

constructed on semi-log paper relating the numerator of the Reynolds number to the 

friction factor.  It is noted that Baxendell and Thomas’ data extended to much higher flow 

rates and that at these conditions the friction factor is approximately a linear function of 

the numerator of the Reynolds number. This is expected due to dominance of turbulence 

at such high flow rates. 

Fancher and Brown [1963] expanded the Poettman and Carpenter correlation by 

using the gas-liquid-ratio as a second correlating parameter.  They first classified field 

data based on gas-liquid-ratio and then correlated each subset of pressure drop data to the 

numerator of the Reynolds number.  Using this approach, plots for friction factor versus 

numerator of Reynolds number where obtained.  They claimed their correlation agreed 

with field data to within 10%. 
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2.3 Semi-Empirical Models 

Hagedorn and Brown [1964] conducted an extensive study of air-oil and air-water 

mixtures in an experimental well.  They developed a correlation requiring both friction 

factor and liquid holdup inputs.  The pressure drop was attributed to acceleration effects, 

potential energy effects, and friction effects.  The mixture approach was not found to fit 

the data properly and as such Hagedorn proposed a two-phase Reynolds number based on 

the use of liquid holdup as a mixing parameter for the densities and viscosities of the 

fluids.  The liquid holdup was correlated to the four dimensional groups proposed by 

Duns and Ros [1963] (the liquid velocity number, the gas velocity number, the pipe 

diameter number, and the liquid viscosity number).   

The liquid holdup “factor” was found to correlate to the combination of the gas 

velocity number, liquid velocity number and dimensionless pressure.  This combination 

is given mathematically by 

 

A secondary correction was applied to account for scatter caused by viscosity and 

pipe diameter effects.  The corrected liquid holdup is given by 
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2.4 Semi-Mechanistic Models 

Duns and Ros [1963] noted the inadequacy of Poettman and Carpenter’s 

correlation for application when low pressure, low flow rate, high gas-oil-ratio (low 

liquid holdup) or high viscosity oils are encountered.  They postulated that the 

shortcomings of previous method was due to lumping the acceleration pressure drop (due 

to gas slip past liquid) into a generalized pressure drop.  To alleviate this issue, they 

conducted extensive testing with various fluids, pipe diameters, inlet pressure, and flow 

rates (they claim to have compiled 20,000 data points). 

Duns and Ros noted that if dimensionless pressure drop is plotted against 

superficial gas velocity, a decreasing pressure drop is observed as superficial gas velocity 

increases.  The rate of decrease, however, is dependent on the liquid superficial velocity.  

They also noted a sharp increase in pressure drop at very high gas velocity (>1.5 m/s).  

They attributed this to the transition to mist flow regime and subsequent increase in 

frictional pressure loss.  It should be noted that these observations were all made for a 

single fluid and single pipe diameter. 

Duns and Ros proposed that in order to obtain better pressure drop correlations, a 

different correlation may be necessary for each geometric distribution of in-situ gas and 

liquid (flow regime).  To do this, they proposed four dimensionless numbers to represent 

the effect of liquid velocity, gas velocity, liquid viscosity, and pipe diameter.  The four 

numbers are given by: 

25.0

⎟⎟
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⎞
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A “map” was generated by plotting the liquid velocity number versus the gas 

velocity numbers.  Major flow regime transitions were then plotted on this map. 

In order to determine the holdup, Duns and Ros defined slip velocity as: 

The slip velocity was expressed in dimensionless form by: 

 

Correlations for the slip velocity were then proposed for the case where the gas is 

the dispersed phase (named region I), the segregated region (II), and liquid mist region 

(III).  Duns and Ros proposed slip velocity and frictional pressure drop correlations for 

each of the three zones. 
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Orkiszewski [1967] proposed a pressure drop correlation based on the extension 

of the slug flow model of Griffith and Wallis [1961] taking into consideration a flow 

regime spectrum spanning from bubbly flow to mist flow, and including slug flow.  The 

criterion of Griffith and Wallis for transition from bubbly to slug flow was used along 

with the transition from separated flow to mist flow proposed by Duns and Ros.  The 

friction factor was calculated using a flow regime-specific correlation.   

Aziz et al. [1972] proposed a model to predict pressure drops for wells production 

from under-saturated oil reservoirs.  The mixture density and velocity wer determined 

using liquid holdup based on the existing flow pattern.  Aziz et al. used the regime map 

of Govier et al. [1957]. 

The flow regime transition limits were based on the modified superficial gas and 

liquid velocities defined, respectively, as: 

 

 

The pressure drop was composed of the contribution of the hydrostatic pressure 

head, the friction pressure loss, and the acceleration loss.  Symbolically this is written as 
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In order to determine the liquid holdup for bubbly flow regime, the bubble drift 

velocity was determined from the expression proposed by Zuber et al. [1967] , that is 

 

This velocity was then used to determine the liquid holdup from 

The Aziz et al. method did not cover the annular mist flow regime. 

The methods discussed so far can predict pressure drop only in vertical pipes and 

as a result, available correlation did not perform as required for design of pipe in hilly 

terrain or for deviated wells.  Beggs [1972] conducted an extensive research program to 

investigate pressure drops for inclinations spanning 0 to 90 º.  Beggs and Brill [1973] 

reported results of the data analysis.  They concluded that pressure drop due to friction 

was significantly affected by liquid holdup.  Also, for their particular data set they found 

that the liquid holdup can be correlated to the input gas/liquid ratio and the Froude 

number.  Beggs and Brill fitted the data and produced a correlation for liquid holdup and 

pressure drop for the investigated range of inclinations.  They provided separate liquid 

holdup correlations for segregated (stratified, wavy, and annular), intermittent (slug and 

plug), and distributed flow (mist and bubbly) regimes.  Beggs and Brill were probably the 

first to quantify the significance of pressure recovery in downhill flow and to emphasize 

the importance of its inclusion in design considerations. 
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Mukherjee [1980] performed an extensive experimental investigation of two-

phase flow for inclinations spanning 0 to 90 º to provide a flow pattern map, liquid 

holdup correlation, and two-phase friction factor correlation.  A mixture of kerosene and 

water or light lube oil and water was used to investigate the effect of viscosity on two-

phase flow.  Analysis of the data and testing of the proposed pressure drop correlations 

with field data from Prudhoe Bay flow lines and North Sea wells was presented by 

Mukherjee and Brill [1985].  Liquid holdup was generally correlated to a gas velocity 

number and to a liquid viscosity number using regression analysis.  Three separate 

holdup correlations were proposed for horizontal and uphill flow, for downhill stratified 

flow, and for all other downhill flow patterns.  Frictional pressure loss was correlated to a 

Moody [1944] friction factor based on mixture velocity, inlet liquid-fraction averaged 

viscosity, and density.  The expression for the frictional pressure drop was scaled with a 

liquid holdup factor obtained by averaging using input specific weight fractions. 

2.5 Mechanistic Models 

Hasan and Kabir [1988] presented a study on the mechanics of multiphase flow 

phenomena.  Their approach was to develop hydrodynamic expressions for pressure drop 

based on the prevailing mechanism of two-phase configuration at a given well depth.  

Integral to this study was the definition of a transition criterion between two successive 

flow patterns.   

For transition from bubbly to slug flow they concluded from previous studies 

([Radovich and Moissis, 1962],[Griffith and Snyder, 1964], [Hasan et al., 1988]) that a 
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gas fraction of 0.25 was sufficient for gas bubbles to coalesce and from gas slugs in the 

liquid phase.  They proposed the following superficial gas velocity (gas flow rate divided 

by entire pipe area) as an appropriate transition criterion.  The expression is 

 

They stated that this equation was limited to low to moderate flow rates.  At high 

flow rates turbulence tends to break up the large bubbles allowing the so called dispersed 

bubbly flow to exist for gas fractions higher than 0.25.  Thus, the authors adopted the 

Taitel et al. [1980] criterion for predicting the mixture velocity above which bubbly flow 

will exist despite a gas fraction greater that 0.25.  This expression is 

 

At higher gas flow rates, friction between the elongated bubbles and the liquid 

slugs breaks the gas bubbles resulting in a chaotic flow regime referred to as churn flow.  

Hasan and Kabir proposed the use of the following boundaries to predict transition to 

churn flow: 
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if 

 

 

then flow is either bubbly or annular depending on the gas fraction.  At high gas flow 

rates, transition from churn flow to annular flow occurs.  The authors used the expression 

proposed by Taitel et al. [1980] to predict transition to annular flow.  This transition 

occurred at a superficial gas velocity given by 

 

Hasan and Kabir proposed a correlation for friction factor dependent on the 

prevailing flow regime.  For the annular case, the liquid film friction factor was estimated 

using  

The friction factor for all other flow regimes was estimated from the Moody chart 

using the mixture Reynolds number 
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Ansari et al. [1994] proposed a mechanistic model for determining pressure drop 

and liquid holdup based on prevailing flow regime.  The Taitel et al. [1980] flow regime 

transition map was used.  The friction force due to slug flow was modeled using the 

expression 

where β  was defined as the ratio of the slug unit comprising the liquid slug with 

entrained gas bubbles and the Taylor bubble.  In equation [2.22], LS referred to liquid 

slug.   Pressure drop for bubbly flow regime was handled in a similar manner to that used 

by Hasan and Kabir [1988].  For annular flow, the gas core was expected to have 

entrained liquid droplets.  Therefore the proposed friction force expression for the 

interaction of the liquid film used in Ansari model was given by 

The film friction factor was determined from a Moody type correlation using the 

following Reynolds number  

In [2.23] and [2.24], δ was the film thickness, and FE was the entrained liquid 

fraction in the gas core.  This fraction was given by 
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The critical velocity was found empirically to be 

The surface tension of the liquid was denoted by Lσ an the interface friction force was 

given by 

 

where Lgf  is the interface drag friction factor which they correlated to the film thickness 

using the correlating factor Z given by 

 

and 

The core drag friction factor was determined using the following Reynolds number 

and the core density was given by 

and the core viscosity by 
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It should be noted that churn flow was not considered. 

Ansari et al performed a statistical analysis on the relative performance of their 

model using a data bank of 1712 cases.  They compared the model to Hagedorn and 

Brown, Aziz et al., Duns and Ros, Hasan and Kabir, Beggs and Brill, Orkiszewski, and 

Mukherjee and Brill.  It was found that overall the Hagedorn and Brown model 

performed the best.  The same model also outperformed for the 1086 vertical well cases.  

Hasan and Kabir model provided the best predictions for the 29 test cases where bubble 

flow persisted for over 75% of the time.  Hagedorn and Brown performed the best for the 

1052 cases where flow regime was 100% slug.  It should be noted, however, that 

Hagedorn and Brown data comprised the majority of test cases.  When these data were 

removed, Ansari’s model outperformed all other models indicating that the mechanistic 

approach may be more appropriate for a wide range of cases, and not only for specific 

data set as is the case for empirical correlations.   

Kaya et al. [2001] reported the results of a project to develop a mechanistic model 

for deviated wells.  They used the flow regime transition criteria of Barnea [1987].  The 

flow prediction model for bubbly flow was performed using the drift-flux concept. The 

liquid holdup was determined iteratively from 
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After the liquid holdup was computed, the mixture density and viscosity were also 

computed. The Reynolds number was determined and used to estimate the friction factor 

from the Moody chart. 

The procedure for dispersed bubble flow is similar to the approach used by Hasan 

and Kabir [1988].  For the slug flow case, the Kaya et al. model was mainly an extension 

for the Ansari et al. model to account for varying inclination angles. 

For the churn flow model, a procedure similar to that for slug model was used 

with the exception of a new expression for the gas in the liquid slug is used.  This 

expression was given by: 

The annular-mist flow model is identical to that of Ansari [1994].  Kaya et al. claim their 

model was compared to the Hagedorn and Brown, Aziz et al., Hasan and Kabir, and 

Ansari models using an extensive data set comprising 2,052 data points and was found to 

give the best approximation for pressure drop. 

2.6 Two-Fluid Model 

Bendikson et al. [1991] discussed the development of a commercial code: OLGA.  

Their approach was to use a two fluid model incorporating three mass balance equations 

for segregated liquid, dispersed liquid, and gas respectively.  The formulation also 

included combined momentum for the gas and dispersed liquid, a momentum equation 
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for the segregated liquid and combined energy equations.  The effect of transients was 

taken into account by including accumulation terms in the governing equations.  This 

formulation was apparently influenced by advances in modeling of sudden loss of 

pressurization of nuclear reactor core chamber (RELAP5/MOD1 Code Manual, 

[NUREGCR 3567, 1984]).   

Thermodynamic and thermo-physical properties needed for model closure were 

supplied as table data which were interpolation as necessary during runtime.  For 

segregated flow, friction forces were calculated in a manner very similar to that discussed 

by Hasan and Kabir [1988].  For dispersed flow, empirical correlations were used in the 

majority of the cases. 



 

 

Chapter 3 
 

FLOW REGIME TRANSITIONS 

3.1 Overview 

In the current project, the Taitel, Dukler and Barnea [1980] approach is used to 

predict the transition boundary from bubbly to slug flow and from bubbly to dispersed 

bubbly flow if bubbly flow exists.  The transition from slug flow to annular mist flow is 

treated with a combination of the approach suggested by Taitel et al. and that proposed by 

Barnea [1987]. 

Even though many flow regime maps exist in the literature e.g. [Duns and Ros, 

1963; Aziz et al., 1972; Beggs and Brill, 1973 and Mukherjee and Brill, 1985] the 

aforementioned approach was selected because it is based on physical understanding of 

the problem and on generalizing the transitions as not to be limited to one set of flowing 

fluids and pipe diameters.  Also, empirical data is only used when a first principles 

approach can not tractably be used.  It should be noted that the area of flow regime 

transitions is an active research area [Mukherjee and Brill 1999] and thus the 

understanding of the physical mechanisms involved is still undergoing.  The flow regime 

transition criteria are discussed in the next sections. 
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3.2 Existence of Bubbly Flow Regime 

When gas is introduced into a flowing stream of liquid in a pipe, gas first appears 

as small dispersed bubbles.  Bubbles introduced at the pipe inlet may travel at a higher 

velocity than the bubbles already in the pipe and thus trailing bubbles can overtake 

leading bubbles and coalesce to form Taylor bubbles.  Taylor bubbles are large bullet 

shaped bubble with a diameter slightly smaller than the pipe diameter.  The front of the 

bubble is shaped like an ellipsoid while the trailing edge is relatively flat.   

If the gas rise velocity is higher than the average velocity of the gas, then 

dispersed gas bubbles travel at the trailing end of the Taylor bubble and coalesce with it.  

Since the rise of the Taylor bubble has been shown by Nicklin et al. [1962] to only be a 

function of the pipe diameter then there exists a minimum pipe diameter under which 

bubbly flow can not exist.  Taitel et al. [1980] found that this critical diameter is a 

function of the relative density of the gas and liquid and also of the surface, and gravity 

forces that exist in the pipe.  They proposed the following relation to describe the 

diameter: 

 

3.3 Transition from Bubbly Flow to Slug Flow 

For pipes of a diameter larger than the minimum diameter presented in equation 

[3.1], it is possible for bubbles to exist and rise relative to the liquid stream.  The 
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likelihood of bubble collisions increases with increased in-situ gas fraction.  The critical 

gas fraction has been found experimentally [Davis and Taylor, 1949] to be about 0.25.   

To quantify the transition criterion to slug flow the gas slip velocity is expressed as a 

difference between the actual gas velocity and the actual liquid velocity using 

 

 

The superficial liquid velocity is then expressed explicitly as a function of the slip 

velocity and the superficial gas velocity. That is: 

 

Harmathy [1960] has shown that for Taylor type bubbles, the slip velocity is a 

function of the gas and liquid densities and the surface tension of the liquid.  He proposed 

 

At a gas fraction of 0.25, the transition boundary can thus be expressed as: 
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3.4 Transition to Dispersed Bubbly Flow 

Turbulence due to high liquid flow rate can cause breakup of large bubbles and 

dispersion of colliding bubbles.  Turbulent mixing can cause bubbly flow to exist at gas 

fractions higher than 0.25.  The maximum stable diameter for a gas bubble in turbulent 

conditions has been given by Taitel et al. as: 

For highly turbulent flow, it can be assumed that slip between the gas and liquid is 

negligible.  Using this assumption, the mixture velocity can be estimated with 

where the friction factor in equation [3.6] can be estimated using 

By substituting [3.7] and [3.8] in [3.6] it is found that 

Brodkey [1967] reported that if the bubbles in such turbulent flow deform rather 

than break, slug flow may prevail. He showed that breakup can only occur for bubbles 

smaller than a critical size determined by the surface tension of the liquid and the density 

difference between liquid and gas phases.  He proposed that the critical size is given by 
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The transition boundary can thus be found by equation [3.9] and [3.10].  The transition 

occurs when: 

 

3.5 Transition from Dispersed Bubbly Flow to Slug Flow 

At high gas flow rates, the available volume of bubbles can exceed the physical 

space available in a given pipe segment which forces the bubbles to coalesce to conserve 

volume.  Scott and Kouba [1990] found that this occurs at a gas fraction of 0.76.  Noting 

that the slip velocity can be assumed negligible at these conditions, it is determined from 

equation [3.3] that: 

 

 

3.6 Transition to Annular Mist Flow 

Transition to annular flow occurs at high gas flow rates.  It is necessary for the 

gas to flow at a high enough velocity to prevent down-flow of liquid film.  Taitel et al. 

found that for a particular gas and liquid phase, a superficial gas velocity given by: 
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is sufficient to prevent liquid back flow.  Barnea [1987] reported that formation of liquid 

slugs must also be considered.  She also reported that the liquid holdup needs to be 

smaller than that necessary to form the liquid slugs and this minimum holdup is attained 

at 

The term C
L

P

A
A

λ  takes into account the liquid entrained in the gas core.  This liquid film 

holdup LFH is given by: 

The dimensionless film thickness was determined by solving the combined 

dimensionless momentum equation 

where the modified Lockhart and Martinelli [1949] parameters are defined as: 
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Wallis [1969] provided an empirical correlation for the liquid entrainment based on 

experimental data.  He reported that 

 

The critical velocity is given by: 

The term Z is a correction factor depending on liquid entrainment.  It was reported 

[Ansari et. al., 1994] that this term is best approximated by 

The superficial core pressure drop present in the Lockhart-Martinelli formulation 

is given by 

The superficial friction factor is determined using the Colebrook correlation from the 

superficial Reynolds number 

 

The core density is given by 

( )1 exp 0.125 1.5E critF v⎡ ⎤= − − −⎣ ⎦ 3.18

1/ 2

10,000 SG G G
crit

L L

vv μ ρ
σ ρ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
3.19

1/3

1 300     for 0.9
and

1 24     for 0.9

E

L
E

G

Z F

Z F

δ

ρ δ
ρ

= + >

⎛ ⎞
= + <⎜ ⎟

⎝ ⎠

3.20

2

2
SC C SC

SC P

f vdP
dZ D

ρ⎛ ⎞ =⎜ ⎟
⎝ ⎠

3.21

Re
SC C P

SC
SC

v DN ρ
μ

= 3.22



26 

 

 

and the liquid entrainment coefficient LCλ  is evaluated from the drift flux concept using 

The superficial pressure drop of the liquid film is given by 

The superficial friction factor is determined using the Colebrook correlation and the 

following superficial liquid film Reynolds number  

where the liquid film velocity is given by 

Having determined that slug flow may not exist from the liquid holdup criterion, 

Barnea’s second criterion must also be met.  The second criterion is that the liquid film 

must be thick enough to withstand shear instabilities (waves).  The minimum liquid 

thickness is obtained by solving the following implicit equation: 
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Annular flow will prevail when the gas velocity is sufficient to prevent liquid 

backflow, liquid holdup is insufficient to support liquid slugs, and the surface of the 

liquid annulus is thick enough to withstand wave instabilities. 



 

 

Chapter 4 
 

HYDRODYNAMIC MODEL 

4.1 Model Overview 

The hydrodynamic model is composed of four sub-models corresponding to each 

of the four expected flow regimes.  A model has been implemented for slug flow, bubbly 

flow, dispersed bubbly flow, and annular mist flow.  The oil flow rate, gas-oil-ratio, 

pressure, temperature, gas and oil compositions, as well as flow string length and 

diameter are provided as the inputs.  Each of the four models is discussed in detail in this 

chapter. 

4.2 Slug Flow Model 

4.2.1 Formulation 

In order to fully capture the physics of gas-liquid slug flow, transient multi-fluid 

modeling is recommended Error! Not a valid link..  Due to the complexities of the 

closure relationships required for a fully defined system of equations it is desired to use a 

simpler approximation.  Application of mechanistic models has provided remarkably 

good agreement with experimental data [Error! Not a valid link.; Hasan and Kabir, 1988; 

and Ansari et al., 1994].  The mechanistic approach is therefore adopted in the current 

research. 
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In the present model, the fully developed slug flow pattern is represented by large 

gas bubbles of the same average length traveling at the same translational velocity.  

These bubbles are separated by liquid slugs of equal lengths with small spherical gas 

bubbles entrained within each liquid slug.  The liquid continuity is preserved by a falling 

film of liquid surrounding the large bullet shaped gas bubbles (Taylor bubbles).  The 

model is shown schematically in Figure 4.1.  It was reported that such geometric 

representation of slug flow agrees satisfactorily with experimental observations [Nicklin 

et al. 1962, Error! Not a valid link.; Error! Not a valid link.]. 

Considering Figure 4.1, we can establish a continuity equation for each of the four 

phases namely:  The gas in the Taylor bubble, the gas entrained as bubbles in liquid slug, 

 

LTB

LLS

VGTB

HGTB

HGLS

LSU

VGLS

VLTB

VLLS

 
 Figure 4-1:  Idealized representation of slug flow 
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the liquid in the liquid slug and the liquid in the falling film.  Since we assume steady 

state we can write 

 

These four equations can be combined to give a mixture continuity equation.  The liquid 

was assumed to be incompressible in this case.  The continuity equation is given then by 

 

Similarly, the four momentum equations are given as 

 

where: 

FfSU  is the friction force per unit volume for the entire slug unit. 
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GSU  is the gravity force per unit volume for the entire slug unit. 

By substituting for the bracketed term in equation [4.3] using the right hand side 

of equation [4.2] and rearranging we get 

 

Equation [4.4] gives the approximate pressure drop per unit length when the right hand 

side is evaluated.  Note that equation [4.4] is only valid for reasonably small pressure 

drops and therefore the entire well length must be divided into appropriate pressure 

intervals.  Orkiszewski [1967] suggested that these pressure intervals should be about 

10% of the reference pressure (usually the wellhead pressure) and not exceed 100 Psi.  

The necessary closure relationships for equation [4.4] are the liquid holdup, the 

gravity force and the friction force.  The necessary relations for determining these 

parameters are discussed in the next section. 

4.2.2 Closure to the Slug Flow Model 

Let’s consider Figure 4.1.  In order to provide adequate closure for equation [4.4], 

it is necessary to determine the exact geometrical configuration of the slug unit.  The 

development here follows a simplified version of that presented by Error! Not a valid link..  

The total gas fraction in the slug unit may be written as 
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Considering Figure 4.1, equation [4.5] can be rewritten as 

 

The average time required for an entire slug unit to pass through any arbitrary 

plane is given by 

 

Since we are evaluating steady state flow, it suffices for mass conservation to consider 

volume conservation of the gas entering the pipe.  The volume of the gas phase entering 

the pipe is given by 

 

and the volume conservation may be written as 

( )1
G SU P TB GTB LS GLS

GSU GTB GLS

TB

SU

V L A L A L A

L
L

α βα β α

β

⎧
⎪ = = +⎪⎪ = + −⎨
⎪
⎪ =
⎪⎩

4.6

TB
TB

SU

LS
LS

SU

Lt
v

Lt
v

Δ =

Δ =

 4.7

SU
G SG P

SU

LV v A
v

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
4.8

( )SG P TB LS GTB GLS

GTB GLS
GTB P GTB GLS P LS

TB TB

v A t t V V
v vA L A L
v v

α α

Δ + Δ = +

= +
4.9



33 

 

 

By equating [4.8] and [4.9] it is found that  

 

Equation [4.10] reduces to a relationship between the superficial gas velocity and the 

velocities of the gas in the liquid slug and the rise velocity of the Taylor bubble.  This 

relationship is given by 

 

Considering liquid volume conservation, and using a similar approach, it is found that 

 

Finally, to solve equations [4.11] and [4.12] which contain eight unknowns, namely 

, , , , , , ,LTB LLS GTB LTB GLS LLS TBv v v v vα α β , six additional equations are required to obtain a 

fully define system.  These are presented next. 

4.2.2.1 Mass Exchange around the Taylor Bubble 

The liquid from a leading slug unit is transferred to the flowing film surrounding 

the rising Taylor bubble to keep the liquid slugs at the same length.  Therefore, mass 

exchange occurs between the falling liquid film and the slug unit traveling at the 

translational velocity of the leading edge of Taylor bubble.  So to conserve the liquid 
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volume, the liquid lost by the liquid slug has to be balanced by the liquid gained by the 

film surrounding the Taylor bubble.  That is 

 

Expressing equation [4.13] in terms of unit velocities it is found that  

 

Also the mass transfer of liquid occurring at the pipe entrance is given by 

 

A similar balance for the gas yields: 

 

4.2.2.2 Taylor Bubble Rise Velocity 

In general, the Taylor bubble rise is due to the combination of the effect of the 

mixture velocity and the bubble rise relative to the mean velocity of the mixture.  This is 

given by 
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The second term in equation [4.17] refers to bubble rise in stagnant liquid. 

Experimental investigation by Fernandes, [1983], showed that C0 = 1.29 and C1 = 0.35.  

These values are incorporated in the present model to give: 

4.2.2.3 Velocity of Gas in Liquid Slug 

Error! Not a valid link. modified Harmathy [1960], expression for single bubble rise 

in liquid to account for turbulence effects on bubble flow.  They proposed that the 

average bubble velocity in the liquid slug is given by 

 

4.2.2.4 Velocity of Falling Liquid Film Surrounding Taylor Bubble 

Error! Not a valid link. proposed a relationship for flowing film thickness surrounding 

the Taylor bubble.  This relationship was adapted by Sylvester [1987] using geometric 

considerations in terms of the liquid fraction in the Taylor bubble wherein he proposed: 
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4.2.2.5 Gas Fraction in Liquid Slug 

Sylvester [1987] used experimental data from the literature [Error! Not a valid link.; 

Fernandes 1983] to correlate this fraction to the mixture velocity and gas superficial 

velocity. He proposed: 

 

Vo and Shoham [1989] combined equations [4.11, 4.12, 4.15, and 4.16] and 

[4.18-21] to obtain an implicit expression for the liquid fraction in the Taylor bubble 

segment.  They found that: 

 

where 

 

In the present work, equation [4.22] is solved using a fail-safe combination of 

Newton-Raphson and Bisection methods.  The Newton-Raphson expression is given by: 
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The objective function F is given by: 

 

And its derivative F’ is given by: 

 

4.2.2.6 Gravity Force 

Having determined the geometric configuration of the slug unit and noting that 

the downward traveling film does not contribute to the hydrostatic pressure loss, the 

gravity force can be expressed as: 

 

where 
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4.2.2.7 Friction Force 

The friction force due to the Taylor bubble segment is considered negligible 

compared to the liquid slug segment.  Thus the friction force is given by: 

 

where the slug friction factor is determined from the Colebrook [1939] equation using  

 

The viscosity of the liquid slug mixture is given as 

and the Colebrook implicit expression for friction factor is given by 

 

4.2.3 Slug Flow Model Testing 

The slug model was tested using 19 data point from experiments conducted by 

Error! Not a valid link. using a 30.5ft long test section of 1-1/2 inches steel tubing.  This data 

set was selected because flow regime observations were made during the experimental 

runs.  Consequently, the performance of the flow regime transition model developed in 
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chapter 3 was also evaluated.  The pipe was assumed to have an absolute roughness of 

0.00005 ft.  The testing results are summarized in Table 4.1 and shown graphically in 

Figure 4.2. 



40 

 

 

Test No. Dp [pred.] DP Regime [Pred.] Regime [Obs.] APE [MDL] 
8786 3.20 4.86 SL SL 34.20

8784 2.99 3.82 SL SL 21.86

9249 1.29 0.68 SL SL 89.41

8787 3.59 4.99 SL SL 27.98

8773 10.21 9.71 SL SL 5.15

8804 1.66 2.56 SL SL 35.35

8783 2.95 3.62 SL SL 18.48

9253 1.70 1.92 SL SL 11.72

9256 1.54 1.69 SL SL 9.11

9254 1.66 1.86 SL SL 10.54

9255 1.59 1.74 SL SL 8.39

8803 1.45 1.92 SL SL 24.53

8806 2.01 2.73 SL SL 26.41

8782 3.29 3.71 SL SL 11.24

8772 3.29 12.00 DB SL 72.56

8778 3.86 4.41 SL SL 12.45

8777 3.86 5.21 DB SL 25.89

8816 8.26 7.59 SL SL 8.76

9257 8.26 8.32 BB SL 0.78

    AAPE 23.94

    AAPE (SL) 22.23

Table 4-1: Pressure drop and flow regime predictions for an air and kerosene mixture.
Slug Flow regime was observed in the lab. (APE = Absolute Percent Error, MDL =
Model, SL = Slug, DB = Dispersed Bubbly, BB = Bubbly, AAPE = Average APE) 
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Figure 4-2: Comparison of model performance for slug flow with experimental data of 
Mukherjee [1980] 
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4.3 Bubbly/Dispersed Bubbly Flow Model 

4.3.1 Formulation 

For the bubbly and dispersed bubbly flow, the gas phase exists as dispersed 

bubbles in a continuous liquid phase. These two flow regimes are depicted schematically 

in Figure 4.3.   

The bubbly flow model is based on mass and momentum balance equations for 

the liquid and the dispersed gas phase.  The mass balance equations are given by 

 

 
Figure 4-3: Schematic representation of bubbly flow in a vertical wellbore 
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These equations can be rearranged as follows 

 

The momentum balance equations, meanwhile are given by 

 

Equation [4.34] and [4.35] are combined to obtain 

 

Equation [4.36] is given in terms of liquid holdup by 
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where 

 

The two-phase friction factor is determined from the Colebrook correlation using the 

following two-phase Reynolds number: 

 

The mixture viscosity is determined by using liquid holdup as the weighing parameter.  

That is 

 

For small pressure intervals, it can be assumed that the in-situ liquid holdup remains 

relatively constant.  With this assumption, equation [4.37] can be written as 
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For the case of bubbly flow it is necessary to determine the liquid holdup in order 

to evaluate equation [4.41].  Liquid holdup is obtained by expressing the drift velocity of 

the gas relative to the mixture.  The drift velocity is given by Zuber and Hench [1962] as 

 

Ansari et. al. [1994] found that the liquid holdup exponent n in equation [4.42] is best 

approximated by 0.5.  Error! Not a valid link. proposed that the gas velocity can be expressed 

as 

 

That is 

 

Equation [4.44] is solved in this model using a fail-safe Newton-Raphson, 

bisection method combination.  The objective function is given by: 

 

and the derivative is given by 
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When dispersed bubbly flow exists it is assumed that the slip velocity is negligible.  

Therefore the liquid fraction predicted from the phase behavior package is used to 

determine the mixture density, and viscosity.  The bubbly flow pressure drop model was 

tested using Mukherjee [1980] data.  The results are presented in Table  
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4.3.2 Bubbly Flow Model Testing 

Test 

No. 

Dp 

[pred.] 
DP 

Regime 

[Pred.] 

Regime 

[Obs.] 

APE 

[MDL] 

8785 7.61 7.94 SL BB 4.14 

8812 9.56 11.16 BB BB 14.36

8813 8.78 9.77 BB BB 10.12

8817 9.39 10.59 BB BB 11.34

8818 9.14 9.18 BB BB 0.48 

8819 8.34 9.00 SL BB 7.38 

8820 8.79 9.26 BB BB 5.10 

8821 9.23 10.32 BB BB 10.55

8822 8.91 9.26 BB BB 3.79 

8824 8.90 10.06 BB BB 11.49

8825 9.15 10.24 BB BB 10.65

    AAPE 8.13 

    AAPE (BB) 8.65 

Table 4-2: Pressure drop and flow regime prediction for bubbly flow regime 
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It is expected that the errors found in pressure drop prediction when slug flow 

prevails may be due to entrance effects. 
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Figure 4-4: Comparison of experimental pressure drop [Mukherjee, 1980] and model 
predictions for bubbly flow regime 
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4.4 Annular Mist Flow Model 

4.4.1 Formulation 

The annular mist flow regime takes place at high gas flow rates. Under such 

conditions, the liquid forms an annulus and the gas slips as a core with entrained liquid.   

This model can be formulated using a momentum equation for the core and a momentum 

equation for the liquid film surrounding it.  The system is considered as two phases, a 

homogeneous core and a liquid annulus as shown in Figure 4.5.  

 

 

 

 
Figure 4-5: Schematic representation of annular mist flow in a vertical wellbore 
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The core and liquid film pressure drops are given respectively by 

 

The core mixture density is obtained by weighting the liquid and gas velocity 

using the parameter LCλ  

 

 

Wallis [1969] provided an empirical correlation for the liquid entrainment based on 

experimental data.  He reported 

 

The critical gas velocity sufficient for entraining liquid is related to the gas velocity, 

density, and surface tension, as well as the liquid density and surface tension.  The 

relationship is given by 
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The core velocity is given from geometric considerations by 

 

and the dimensionless film thickness is given by 

 

Closure relationships for the momentum equations are discussed next. 

4.4.2 Closure relationships for the momentum equations 

The drag force can be expressed using the development proposed by Wallis 

[1969] as follows 

 

where the interfacial surface stress is given by 

 

The interface friction factor is given by Wallis such that 
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where the parameter Z is a correction factor dependent on liquid entrainment.  It was 

reported [Ansari et. al., 1994] that this parameter is better correlated by considering the 

high entrainment case and low and moderate entrainment cases separately.  They 

proposed 

 

Combining equations [4.56] and [4.61] we obtain 

 

The perimeter of the core is given by 

 

and the cross sectional area of the core is given by 
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Substituting [4.58] and [4.61] into [4.54] we obtain 

 

where the superficial pressure drop of the core is given by 

 

The superficial friction factor is determined using Colebrook correlation and the 

superficial core Reynolds number 

 

The pressure drop associated with the core can be written as 

 

Next the liquid film pressure drop is evaluated.  First we evaluate the wall friction 

force.  This force is given by: 
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where 

 

 

The hydraulic diameter of the liquid film is given by: 

 

and the liquid velocity is given by 

 

Combining equations [4.67] and [4.70] we obtain 

 

The perimeter of the liquid film is given by 
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and the cross sectional area of the liquid film is given by 

 

Thus 

 

Substituting [4.71] and [4.74] into [4.66] we obtain 

 

This can be written as 

 

where the superficial pressure drop of the liquid film is given by 

 

The superficial friction factor is determined using the Colebrook correlation and 

the superficial core Reynolds number  
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The pressure drop of the liquid film can therefore be given by: 

 

By equating the pressure drop experienced by the liquid fluid to the pressure drop 

expressed by the gas core, it is found that 

 

Equation [4.80] is an implicit equation with film thickness being the unknown.  

This equation was solved using a fail-safe Newton-Raphson / Bisection method 

combination.  Results of testing the annular mist flow predictive model are presented in 

Table 4.3 and shown in Figure 4.6 
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4.4.3 Annular mist flow model testing 

Test No. Dp [pred.] DP [Obs.] Regime [Pred.] Regime [Obs.] APE [MDL] 

8792 2.05 1.80 ANM ANM 14.11

9235 1.31 1.44 ANM ANM 9.31

9236 1.65 1.74 ANM ANM 5.34

9704 1.27 1.13 SL ANM 12.57

9705 1.25 1.04 SL ANM 20.00

    AAPE 12.27

    AAPE (BB) 9.59

Table 4-3: Pressure drop and flow regime prediction for annular mist flow of air and
kerosene 
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4.5 Extension to Deviated Wells 

In this section, a brief discussion is provided on how to extend the model 

presented in this dissertation to predicting flow behavior of deviated wells.  It should be 

noted that the intention here is to provide a starting point for more comprehensive future 

work. 
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Figure 4-6: Comparison of experimental pressure drop reported by Mukherjee [1980] 
with model predictions for annular mist flow 
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Based on our investigation we recommend using the flow transition methodology 

presented by Kaya et al [2001].  The flow regime transitions are similar to those 

discussed in Chapter 3 with the difference of taking the inclination effect into account.  

Table 4-4 presents the equations necessary to construct a flow transition map.  The 

pressure drops equations proposed by Kaya et al [2001] are modified to account for gas 

expansion due to pressure, temperature, and composition changes.  These expressions are 

presented in Table 4-5.  It should be noted that Kaya et al model was not verified in this 

study and therefore it is recommended that independent investigation of performance and 

limitations of this model be conducted. 

             

Table 4-4: Flow transitions in inclined upward two phase flow. 
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Table 4-5: Pressure drop expressions for inclined upward two phase flow 
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Flow Regime Pressure Drop 
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Annular Mist Same as model presented in section 4.4 except for the 
gravity term being multiplied by θsin   
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Chapter 5 
 

PHASE BEHAVIOR MODEL 

5.1 Model Overview 

The phase behavior calculations necessary for the wellbore model are divided into 

two parts.  Flash calculations are requisite to determine the fraction of gas and liquid 

condensate as well as the composition of each stream.  Fluid properties are imperative for 

closure of the hydrodynamic model. These properties are densities of the liquid and gas 

phases, gas and liquid viscosities, liquid interfacial tension, and density variations with 

pressure.  In the following sections, these three categories will be discussed in detail. 

5.2 Flash Calculations 

The flash calculator used in this model is based on the Peng-Robinson [1976] 

equation of state (PR EOS). This is a cubic equation of state developed for natural gas 

property predictions.  This equation can be expressed by: 

 

where the molar volume v  is defined as 
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The pure component properties ( )i
aα and ib are given by 

 

Note that the flowing temperature and the critical temperatures are in Rankine and 

the flowing and critical pressures are in psia.  The gas constant for practical field units is 

10.7315 psia-ft3/lbmol-°R. 

The mixing rules applied to the equation of state are 

 

For thermodynamic equilibrium to occur, the fugacity of each of the chemical 

components must be equal in both phases. That is: 

 

Fugacity coefficients can be defined for the gas and liquid phases and used to define an 

equilibrium composition ratio.  The equilibrium ratio may then be used to converge upon 

the equilibrium split of the two phases.  This equilibrium ratio is defined as: 
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Note that at equilibrium 

 

The Successive Substitution Method (SSM) is used in the flash calculator when 

its convergence is reasonable.  If the convergence is not computationally acceptable, then 

accelerated SSM is used.  

The SSM method is an iterative method whereby starting form an initial 

“reasonable” guess for the gas mole fractions yi and the liquid mole fractions xi, the actual 

equilibrium composition is converged upon. The flash calculation procedure is as follows 

1. Estimate equilibrium ratios using Wilson’s [1966] correlation: 

2. Compute the gas fraction using the Newton-Raphson procedure, expressly: 

 

where the Rachford-Rice objective function Γ  and its derivative are defined by 
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3. Determine the mole fractions of components in the gas and liquid using: 

 

4. Determine the compressibility factors by solving the cubic equation: 

 

5. Determine the fugacity coefficient of the gas and liquid phases using: 
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6. Use the SSM formula to update the equilibrium ratios.  Specifically: 

 

7. Check for convergence using: 

 

8. Repeat steps 2-7 until convergence is attained. 
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5.3 Fluid Properties Calculators 

5.3.1 Density Calculator 

Having determined the compressibility factors for the gas and liquid phases in 

addition to the chemical composition of both phases, the densities are determined using: 

 

5.3.2 Volume Translation 

5.3.2.1 Introduction 

Cubic equations of states are known to poorly predict liquid hydrocarbon density 

[Gmehling and Wang, 1999].  To improve the predictions of hydrocarbon liquid density, 

a volume translation is incorporated in this phase behavior package. 
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5.3.2.2 Theoretical Development 

An equation of state is a functional relationship between the pressure, 

temperature, volume, and composition of a system.  This relationship can be stated in 

general as 

 

The fugacity coefficients used to establish equilibrium conditions (see section 4) 

are given by: 

 

where vi is the partial molar volume with respect to composition and is symbolically 

given by: 

 

It has been reported by several authors that the Soave-Redlich-Kowng equation of state 

(SRKEOS) inaccurately predicts the volume of heavy hydrocarbons ([Peneloux et al., 

1982], [Gmehling and Wang, 1999]).  It is therefore imperative to correct this volume 

discrepancy.  The same can be stated regarding the PREOS. 
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Peneloux et al. proposed the concept of volume translation.  They argued that the 

volume obtained using the SRKEOS is a “pseudo-volume” which is given symbolically 

by: 

 

They further claimed that a translation along the volume axis will improve volume 

prediction without changing the equilibrium conditions, and they provided the following 

proof: 

They defined the “pseudo volume” as: 

 

A translated functional relationship was then used to describe pressure in the following 

form: 
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A short manipulation of equation [5.24] shows that: 

 

“Pseudo” phase equilibrium is reached when the concentration and activity of a 

given compound in the liquid phase is balanced by its composition and activity in the gas 

phase.  This can be stated symbolically by: 

 

Equation [5.26] can be rewritten using equation [5.25] as follows: 

 

Equation [5.27] is the same as: 

 

which is the equilibrium criterion for the Peng-Robinson equation of state. 
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where RAz  is the Rackett compressibility factor [Spencer and Danner, 1973].  Peneloux et 

al. used values published by Spencer and Adler [1978]. 

For this study we used the volume translation techniques proposed by Gmehling 

and Wang [1999].   

The Gmehling and Wang method accounts for temperature variation and is based on a 

large data bank incorporating inorganic compounds normally present in natural 

gas/condensate fluids. 

5.3.2.3 Volume Correction Procedure 

Gmehling and Wang provide the following relations for determining the 

translated volume using the SRKEOS for mixtures normally found in natural gas.  Here 

their method is extended to PREOS.  The following steps are taken to correct volume: 

The experimental molar volumes at the critical pressure and temperature are 

compared to the volumes obtained using PREOS and the volume difference is estimated.  

The mixture critical volume and volume deviation terms are determined with: 
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The parameter B2m is calculated according to: 

 

The coefficients B2i are correlation parameters reported by Gmehling and Wang, 

[1999].  The parameter B1m is computed using 

 

The temperature-dependent volume correction can be determined using: 

 

where ω is the accentric factor and Trm  is the reduced temperature of the mixture. 

5.3.3 Gas Viscosity 

Gas viscosity is determined using the Lee-Gonzalez-Eakin [1966] correlation.  
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where the temperature is in ºR, and density is in lbm/ft3. 

5.3.4 Liquid Viscosity 

Viscosity of the liquid is determined using the Jossi et al. [1962] correlation given 

by 

 

Lohrentz et al. [1964] recommended that liquid viscosity at atmospheric pressure 

be evaluated using 
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Jossi et al. further recommended that the viscosity of each pure component be computed 

using 

 

for the pure component viscosities, Lohrentz et al. suggested that 

 

where the pseudo-critical properties are given by: 
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5.3.5 Surface Tension of the Liquid 

Katz et al. [1959] proposed the following expression to determine surface tension 

of liquid hydrocarbons: 

 

The weighting factors PCHs are experimental factors.  The surface tension in 

equation [5.41] is in units of lbf/ft. 
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5.4 Phase Behavior Package Validation 

5.4.1 Flash Calculator Validation 

a) Prakih [1984] Data 

Component Mole % 

N2 0.00 

CH4 85.11 

C2H6 10.07 

C3H8 4.82 

 Table 5.1: Composition of sample tested by Prakih [1984] for dew and bubble point
observations 
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b) Data of Lee and Gonzalez [1968] 

Component Mole % 
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 Figure 5.1: Comparison of model performance with experimental data of Prakih [1984] 

Table 5.2:  Composition of sample tested by Lee and Gonzalez [1968] for dew and
bubble point observations 
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N2 0.00 

CH4 85.11 

C2H6 10.07 

C3H8 4.82 

 

 
 
 

Temperature (F)

-280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80

P
re

ss
ur

e 
(P

si
a)

0

200

400

600

800

1000

PR EOS
Experimental

Figure 5.2: Comparison of model performance with chilled mirror data reported by Lee 
and Gonzalez [1968] 
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5.4.2 Performance of Volume Translated PR EOS in Density Prediction 

Component Mole % 

CH4 82.05 

C3H8 8.95 

n-C5H12 5.00 

n-C10H22 1.99 

n-C16H34 2.01 

Table 5.3: Composition of gas condensate sample used by Danesh et al.[2003] for
experimental determination of liquid density 
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Figure 5.3: Density prediction using volume translated PR EOS compared with 
experimental data reported by Danesh et al. [2003]  



 

 

Chapter 6 
 

VALIDATION OF THE WELLBORE MODEL 

6.1 Introduction 

After developing the hydrodynamic model, the flow regime transition model, and 

phase behavior model and independently testing each model, the three were integrated to 

form the wellbore model.  Having done this, a literature search was conducted to find 

suitable data for validation of the model.  It was found that most data in the petroleum 

and natural gas engineering literature pertains to flow of black oil, natural gas, and water 

mixtures.  Only one data set provided data for multiphase flow of gas condensate or 

volatile oil with natural gas.  This is the data set provided by Error! Not a valid link.. 

The data set was compiled from the public files of the Energy Conservation Board 

of Alberta, Canada.  It comprised 102 gas/condensate well tests. The gas production rate 

varied from 0.144 to 27.4 MMSCFD at a gas-oil-ratio ranging from 3.9 to 1,170 

MSCF/STB.  The tubing strings’ internal diameter varied form 1.995 to 3.958 inches and 

the well depths varied from 3678 to 12,073 feet.  During testing, the flowing bottomhole 

pressure and temperature, wellhead pressure and temperature, and recombined well 

effluent stream flow rates and chemical composition were recorded. 

It should be noted one limitation for these data is that only the mole fraction of  

heptane-plus fraction was reported.  The specific gravity, however, was not provided.  
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Furthermore, the accuracy of measurement devices at the time data was compiled may be 

of moderate accuracy in some cases. 

6.2 Field Data Set 

For the data set described previously, associated formation water production was 

not reported for 45 tests and therefore these tests were selected for model validation.  

From this data set, after careful evaluation, 30 tests were selected for testing of the model. 

The range of significant parameters for the 30 test cases is given in Table 6-1. 

6.3 Testing Procedure 

To perform a simulation run, pipeline and gas quality data are entered and read.  

These data are: 

1. Flow, wellbore, and string data 

a. Test identification tag 

b. Oil flow rate (STB/D) 

c. Gas flow rate (MSCF/D) 

Table 6-1: Range of significant parameters used in model validation data set 

 

 QG (MSCF/D) GOR 
(MSCF/STB) 

Methane (%) String ID (in.) 

Range 1.18 to 22.5 5.16 to 1170 62.74 to 88.21 1.99 to 4.4 
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d. GOR (SCF/STB) 

e. Combined molar flow rate (Moles/D) 

f. Wellbore depth (ft) 

g. String diameter (ft) 

h. Surface pressure (Psia) 

i. Bottomhole pressure (Psia) 

j. Surface temperature (F) 

k. Bottom hole temperature (F) 

l. Absolute roughness of pipe (in.) 

2. Fluid composition 

a. Number of input array elements 

b. Fluid sample tag 

c. Type of EOS to be used (1 = VT-PREOS, 2 = VT-SRKEOS) 

d. Number of compounds in mixtures 

e. Identification tag for each compound 

f. Mole fractions of all compounds 

The program is then run to provide: 

1. Pressure traverse 

2. Surface liquid holdup 

3. Gas and liquid compositions at the wellhead 
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6.4 Statistical Analysis 

Testing results were analyzed by comparing the reported and predicted pressure 

drops using the Average Absolute Percent Error (AAPE) statistic.  For each test, after 

predicting the pressure drop, the absolute value of the difference between the computed 

and the reported pressure drop is determined and divided by the measured pressure drop.  

For the tests to be analyzed, the differences are then summed and divided by the total 

number of tests.  The result is reported as a percentage.  Mathematically this is given by: 

where: 

N is the number of tests 

expPΔ  is the experimental pressure drop 

mdlPΔ  is the pressure drop estimated by model 

6.5 Model Sensitivity  

Before selecting the appropriate absolute roughness and pressure drop interval to 

be used in validation testing, the sensitivity of the model to parameters that could be most 

significant in introducing errors was evaluated.   

 The first parameter evaluated was absolute roughness of pipe.  The chosen 

validation data set was used and the model was run with absolute rougnesses of 0.00005 

exp

1 exp100

N
mdl

i

P P
P

AAPE
N

=

Δ −Δ

Δ
=

∑
 

6.1
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ft, 0.00010 ft, 0.00015 ft, and 0.00020 ft.  Comparisons of these runs are presented in 

Figure 6-1. 

 

The roughness was found to have a relatively small impact on the accuracy of the model 

the AAPE ranged from a maximum 6.9% for a roughness of 0.00005 ft.  to a minimum 

value of 6.3% for a roughness of 0.00015 ft.  This value was thus used for all subsequent 

validation runs. 

 The pressure drop interval used in the iterative method for converging on the 

pressure gradient was also tested.  Interval values of 5, 50, and 100 Psi were tested and 

the results are summarized in Figure 6-2. 
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Figure 6-1: Model sensitivity to absolute roughness of well string. 
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Figure 6-2 shows that the AAPE increased from 6.3% at a pressure interval of 5 

Psi to 7.0% at an interval of 100 Psia.  It should be noted that no significant improvement 

in prediction was observed for interval values lower than 5 psi.  However the 

computation time was increased singnificantly.  It was therefore decided to use an 

interval of 5 Psi during the reminder of the study. 

It was also of interest to investigate the effect of errors in gas flow rate, well 

bottom hole pressure and reported methane content in the bottom hole gas stream. 
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Figure 6-2: Model sensitivity to initial pressure drop guess. 
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Figures 6-3 to 6-5 show the results of these comparisons successively. 

Figure 6-3 shows the results obtained when the total gas flow rate is perturbed by 

±5.0%.  It is seen that using flow rates having a value of 95% of the reported flow rate 

values actually caused a slight increase in the accuracy of the model prediction.  The 

AAPE dropped from 6.3% to 6.1% while and a flow rate having a value 105% of the 

reported value actually decreased the accuracy as can be concluded from AAPE 

increasing from 6.3% to 6.4%. 
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Figure 6-3: Model sensitivity to errors in gas flow rate. 

 



88 

 

The model was found more sensitive to changes in reported bottom hole pressure.  

In general the reported values seem to produce the most accurate predictions while 

increasing the reported bottom hole pressure by 5% produced a 0.4% increase in AAPE.  

One the other hand, decreasing the reported bottom hole pressure by 5% lead to an 

increase of 2.8%. 
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Figure 6-4: Model sensitivity to error in reported bottom hole pressure. 
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The reported composition seems to be slightly heavier (in C1+) than the actual 

composition.  Reducing the percent methane by 5%, lead to an increase of 2.8% in 

AAPE. 
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Figure 6-5: Model sensitivity to reported percent methane 
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6.6 Discussion of Results 

6.6.1 Single-Phase Tests 

The first set of tests discussed here are those tests for which single-phase gas flow 

existed throughout the entire height of the wellbore.  Figure 6-6 shows a plot of the 

measured pressure drop versus the predicted pressure drop.  It can be seen from this 

figure that the agreement between the model and the reported values was good. The 

AAPE was about 4.5 with the highest error being approximately 10.1.  This error was 

found for test GF-0011.  Since the model performed well for a very similar test (GF-

0012), it is possible there was an error in the measured quantities.  It is likely that this 

error is originated from the pressure or composition measurements. 
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6.6.2 Single-Phase Flow at Bottomhole 

The model was also tested for cases where single-phase flow existed at the 

bottomhole pressure and temperature conditions, but condensate dropped out as pressure 

and temperature decreased during fluid flow to the surface. The AAPE was 4.3 for the 

seven test cases with the highest difference being 10.5% for test GF-0006.  Figure 6-7 

graphically depicts the test data. 

Figure 6-6:  Predicted versus measured pressure drops for the test cases where single-
phase gas flow existed for entire height of wellbore 
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Figure 6-7:  Predicted versus measured pressure drops for the test cases where liquid 
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To analyze the performance of the model with respect to this particular test (GF-

0006), we will compare the parameters and results reported for this test to all other tests 

in the same category which showed the trend of flow regime change from single-phase 

gas to mist flow.  These tests are GF-0020,GF-0026, GF-0034, GF-0050, and GF-0056 

(please see tables in Appendix A).   

Table 6-2 shows the comparison of oil flow rate, gas flow rate, GOR, molar flow 

rate, diameter, depth, top and bottom flow temperatures and the top and bottom flowing 

pressures, and percent methane in reported composition.  The table compares the 

quantities reported for test GF-0006 with the average for all tests in this category. 

dropout occurred after single-phase gas traveled a distance up the wellbore 
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Parameter GF-00006 Average 
Difference 

(%) 

Oil (STB/D) 134 91 47.3 

Gas (MSCFD) 10100 6540 54.4 

GOR (SCF/STB) 75700 78917 -4.1 

Moles/D 26800 17435 53.7 

Depth (ft) 7983 7684 3.9 

Diameter (ft) 0.203 0.218 -7.0 

PT (Psia) 1785 1455 22.7 

PB (Psia) 2683 2073 29.4 

TT (F) 100 100 0.5 

CH4 [%] 75 77 -2.0 

From Table 6-2 it can be seen that the oil gas flow rate at a difference of 54.4%, 

represents the most significant differences for this test category.  It is therefore possible 

that errors exist in the reported gas flow rate value.  

It is of interest here to discuss the flow regime transitions observed.  For all cases 

except one, the transition took place in a predictable manner; that is from single-phase 

gas to two-phase mist flow.  For test GF-0033, a transition occurred from mist to slug 

flow without going through the annular mist flow regime.  This could be due to the fact 

Table 6-2: Comparison of Test GF-0006 with all tests where single-phase gas flow turned 
to mist flow as fluid traveled up the wellbore 
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that only 67% of the gas stream was methane.  It is therefore possible that liquid dropout 

is much higher for this particular gas stream. 

6.6.3 Two-phase Flow Tests 

This category comprised most of the tests.  The dew point of the reservoir fluid 

had already been reached when the fluid reached the bottom of the production string.  

Overall, the AAPE for this category was 7.7 with a maximum AAPE of 30.3 for test GF-

0029.  The results of testing are shown graphically in Figure 6-8. 
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Figure 6-8:  Predicted versus measured pressure drops for the test cases where 
two-phase flow existed for entire well depth 
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Overall the data trend was good with no profound bias towards under or over-

predicting pressure drop. 

The predominant flow regime observed was mist flow, which prevailed for 17 test 

cases.  This is expected due to the gas quality and high in-situ gas velocity.  Slug flow 

was observed for test GF-0031 which could be attributed to the high oil flow rate of 

774.0 STB/D compared to an average of about 247 STB/D.  Another interesting case was 

observed for test GF-0029 where dispersed bubbly flow existed for the first 1578 feet and 

then slug flow prevailed to the surface. As expected, this test had the highest oil flow rate 

with a value of 946 STB/D. 



 

 

Chapter 7 
 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

A wellbore model based on the integration of modern methods in hydrodynamic 

modeling, flow regime transition prediction, and phase behavior and fluid properties 

calculators, was developed and tested.  The model is capable of predicting pressure drop, 

liquid holdup and gas and/or liquid composition at the wellhead.  The hydrodynamic 

model incorporates pressure drop prediction routine for single-phase gas or liquid flow, 

mist/annular mist flow, slug flow, bubbly flow and dispersed bubbly flow.  The 

thermodynamic calculators can predict fluid split, fluid density, viscosity, and surface 

tension.  The model was tested with 33 field cases and good agreement was observed 

between the predicted and the measured pressure drops.  An overall average absolute 

percent error of 6% was observed. 

The following specific conclusions were drawn from this work: 

 Integrating a phase behavior package with an accurate hydrodynamic 

package and a flow regime transition model proved to provide good 

predictions of gas condensate well pressure drop using very reasonable 

computational resources. 

 When performing multiphase flow calculations, use of physically based 

and internally integrated flow transition predictions eliminates the risk of 



97 

 

selecting inappropriate flow regime transition map by production 

technologists. 

 Mechanistic pressure prediction models are capable of accurately 

predicting pressure drop and liquid holdup in gas condensate wellbore 

simulations. 

 Relatively simple cubic equations of state can reasonably predict phase 

splits and necessary fluid properties. 

 By integrating a phase behavior package, the mass transfer between liquid 

and gas phases was accounted for.  To the knowledge of the author, it is 

the first time this important physical phenomenon has been taken into 

account in wellbore modeling. 

 Applying the volume translation technique to the Peng-Robinson cubic 

equation of state leads to significant improvement in liquid density 

prediction.  This yields more accurate prediction of hydrostatic pressure 

head (which accounts for about 80% of the total pressure drop) and 

frictional pressure drop. 

 

7.2 Recommendations for Future Work 

Having this model available, it is possible to perform many useful engineering 

calculations for gas condensate reservoir optimization and surface facilities design and 

operations.  Specifically 
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 It is well known the best method to analyze the hydrocarbon production 

system is through a total systems analysis approach.  Since about 70% of 

the total pressure drop experienced by the fluid from the reservoir to the 

stock tanks and the gas sales point is experienced in the wellbore it is 

extremely important to have at the disposal of production engineers an 

accurate physically based wellbore model.  The model could be 

incorporated in a total systems analysis study of the production system by 

using a compositional reservoir simulator or an appropriate inflow 

performance relationship. 

 In most instances a quantity of the formation water is produced with the 

hydrocarbon stream.  It is important to integrate with the model discussed 

in this dissertation a phase behavior package capable of performing vapor-

liquid-liquid equilibrium and fluid properties calculations. 

 Building on the previous point, it is imperative to perform research in 

three-phase gas-liquid hydrocarbon-water flow regime transitions and 

pressure drop predictions methods.
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  Test No. 

Flow Conditions GF-0001 GF-0002 GF-0003 GF-0004 GF-0005 GF-0006 GF-0007

Oil (STB/D) 775.00 200.00 380.00 141.00 118.00 134.00 138.00 

Water (STB/D) 9.90 0.00 18.30 11.40 2.20 0.00 14.90 

Gas(MSCF/D) 10100.00 10000.00 27400.00 10000.00 8880.00 10100.00 15200.00

GOR(SCF/STB) 13100.00 50300.00 70300.00 70900.00 75400.00 75700.00 110000.00

Moles/D 30800.00 27000.00 73100.00 26800.00 23700.00 26800.00 40200.00

Depth (ft) 10471.00 8930.00 8914.00 9959.00 7725.00 7983.00 9330.00

Diameter (ft) 0.203 0.249 0.249 0.203 0.203 0.203 0.249 

PT(PSIA) 2685.00 2082.00 2672.00 2120.00 1717.00 1785.00 2815.00

PSF(PSIA) 4579.00 2937.00 4087.00 3100.00 2445.00 2683.00 3713.00

TT(F) 146.00 119.00 145.00 121.00 172.00 100.00 125.00 

TB(F) 242.00 196.00 194.00 212.00 182.00 192.00 198.00 

 

Table 1-1: Well characteristics and flow parameters (tests GF-0001 to GF-0007) 
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  Test No. 

Flow Conditions GF-0008 GF-0009 GF-0010 GF-0011 GF-0012 GF-0013 

Oil (STB/D) 176.00 105.00 140.00 64.00 17.00 11.00 

Water (STB/D) 0.00 0.00 54.00 0.00 0.00 0.00 

Gas(MSCF/D) 22500.00 1500.00 20300.00 17900.00 11700.00 12400.00

GOR(SCF/STB) 128000.00 143000.00 145000.00 281000.00 701000.00 1170000.00

Moles/D 59600.00 39700.00 53800.00 47200.00 30800.00 32500.00

Depth (ft) 8755.00 8777.00 9421.00 8930.00 8734.00 8850.00 

Diameter (ft) 0.330 0.330 0.249 0.249 0.249 0.330 

PT(PSIA) 1990.00 2239.00 2120.00 1990.00 1879.00 2347.00 

PSF(PSIA) 2993.00 3053.00 3202.00 2930.00 2806.00 3013.00 

TT(F) 105.00 94.00 154.00 100.00 104.00 92.00 

TB(F) 180.00 180.00 273.00 180.00 168.00 189.00 

 

 

Table 1-2: Well characteristics and flow parameters (tests GF-0008 to GF-0013) 
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  Test No. 

Flow Conditions GF-0014 GF-0015 GF-0016 GF-0017 GF-0018 GF-0019

Oil (STB/D) 1300.00 736.00 236.00 270.00 100.00 187.00

Water (STB/D) 22.30 8.10 15.10 12.20 0.10 3.10 

Gas(MSCF/D) 16300.00 13600.00 8030.00 9790.00 5480.00 10600.00

GOR(SCF/STB) 12500.00 18500.00 34100.00 36300.00 54800.00 56600.00

Moles/D 50400.00 38200.00 21600.00 26500.00 14700.00 28400.00

Depth (ft) 10948.00 8788.00 9311.00 8423.00 9313.00 8236.00

Diameter (ft) 0.249 0.203 0.203 0.203 0.203 0.166 

PT(PSIA) 2147.00 1716.00 2218.00 2040.00 1812.00 1423.00

PSF(PSIA) 4066.00 3309.00 3186.00 2968.00 2614.00 2969.00

TT(F) 149.00 126.00 97.00 106.00 96.00 99.00 

TB(F) 235.00 240.00 169.00 184.00 171.00 184.00

 

Table 1-3: Well characteristics and flow parameters (tests GF-00014 to GF-0019)  
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  Test No. 

Flow Conditions GF-0020 GF-0021 GF-0022 GF-0023 GF-0024 GF-0025

Oil (STB/D) 84.00 97.00 102.00 131.00 26.00 57.00 

Water (STB/D) 0.00 66.50 49.40 17.50 1.50 7.10 

Gas(MSCF/D) 5000.00 5890.00 7330.00 11300.00 2470.00 6190.00

GOR(SCF/STB) 59200.00 60700.00 72200.00 86500.00 94700.00 109000.00

Moles/D 13400.00 15800.00 19600.00 30600.00 6580.00 16500.00

Depth (ft) 7989.00 7875.00 8025.00 8309.00 9558.00 9915.00

Diameter (ft) 0.203 0.203 0.203 0.249 0.203 0.249 

PT(PSIA) 1769.00 1914.00 1822.00 1563.00 2151.00 1336.00

PSF(PSIA) 2354.00 2525.00 2524.00 2166.00 2788.00 1781.00

TT(F) 97.00 110.00 110.00 113.00 73.00 108.00 

TB(F) 182.00 180.00 180.00 176.00 184.00 196.00 

 

Table 1-4: Well characteristics and flow parameters (tests GF-00020 to GF-0025) 
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  Test No. 

COMPOUND GF-0026 GF-0027 GF-0028 GF-0029 GF-0030 GF-0031

Oil (STB/D) 67.00 136.00 34.00 946.00 1590.00 774.00

Water (STB/D) 0.00 20.70 8.30 0.00 16.30 0.00 

Gas(MSCF/D) 7700.00 20100.00 7870.00 4880.00 8320.00 9210.00

GOR(SCF/STB) 115000.00 147000.00 234000.00 5160.00 5250.00 11900.00

Moles/D 20400.00 53000.00 20800.00 15300.00 26700.00 26500.00

Depth (ft) 9733.00 9658.00 10014.00 8653.00 10540.00 8677.00

Diameter (ft) 0.203 0.249 0.203 0.166 0.203 0.203 

PT(PSIA) 941.00 1303.00 1433.00 1333.00 2146.00 2214.00

PSF(PSIA) 1865.00 2585.00 2182.00 3244.00 3883.00 3363.00

TT(F) 99.00 121.00 122.00 105.00 132.00 104.00

TB(F) 200.00 220.00 208.00 181.00 211.00 176.00

 

Table 1-5: Well characteristics and flow parameters (tests GF-00026 to GF-0031) 
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  Test No. 

COMPOUND GF-0032 GF-0033 GF-0034 GF-0035 GF-0036 GF-0037

Oil (STB/D) 536.00 865.00 121.00 59.00 422.00 272.00

Water (STB/D) 15.40 0.00 0.00 0.00 0.00 1.20 

Gas(MSCF/D) 6860.00 13900.00 3200.00 1590.00 14400.00 9420.00

GOR(SCF/STB) 12800.00 16000.00 26400.00 26900.00 34100.00 34600.00

Moles/D 20400.00 38500.00 8810.00 4320.00 39200.00 25500.00

Depth (ft) 10410.00 10042.00 5939.00 7662.00 7415.00 11578.00

Diameter (ft) 0.203 0.367 0.203 0.203 0.203 0.249 

PT(PSIA) 1840.00 2210.00 1896.00 1040.00 1485.00 690.00

PSF(PSIA) 3117.00 3363.00 2429.00 1343.00 2652.00 1398.00

TT(F) 120.00 100.00 105.00 61.00 106.00 93.00 

TB(F) 235.00 168.00 193.00 178.00 119.00 180.00

 

Table 1-6: Well characteristics and flow parameters (tests GF-00032 to GF-0037) 
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  Test No. 

COMPOUND GF-0038 GF-0039 GF-0040 GF-0041 GF-0042 GF-0043

Oil (STB/D) 88.00 444.00 207.00 174.00 57.00 96.00 

Water (STB/D) 0.60 10.10 0.00 1.30 0.00 5.50 

Gas(MSCF/D) 3130.00 15800.00 7880.00 6890.00 2470.00 4300.00

GOR(SCF/STB) 35500.00 35600.00 38100.00 39600.00 43200.00 44600.00

Moles/D 8460.00 43200.00 21200.00 18700.00 6690.00 11500.00

Depth (ft) 8612.00 8152.00 7907.00 8339.00 7665.00 6401.00

Diameter (ft) 0.203 0.249 0.203 0.203 0.203 0.166 

PT(PSIA) 1099.00 1661.00 1854.00 1708.00 1603.00 897.00

PSF(PSIA) 1502.00 2445.00 2619.00 2390.00 2098.00 1462.00

TT(F) 79.00 116.00 100.00 110.00 76.00 80.00 

TB(F) 185.00 181.00 182.00 186.00 180.00 169.00

 

Table 1-7: Well characteristics and flow parameters (tests GF-00038 to GF-0043) 
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  Test No. 

COMPOUND GF-0044 GF-0045 GF-0046 GF-0047 GF-0048 GF-0049

Oil (STB/D) 234.00 114.00 29.00 56.00 49.00 263.00

Water (STB/D) 1.10 3.50 0.40 4.00 0.00 3.60 

Gas(MSCF/D) 12100.00 5990.00 1570.00 3230.00 2940.00 17100.00

GOR(SCF/STB) 51800.00 52400.00 53300.00 58000.00 59700.00 65100.00

Moles/D 33000.00 16300.00 4820.00 8660.00 7870.00 45500.00

Depth (ft) 8943.00 8314.00 8573.00 7676.00 6631.00 7248.00

Diameter (ft) 0.203 0.249 0.203 0.203 0.203 0.249 

PT(PSIA) 1351.00 1889.00 1240.00 1486.00 1130.00 1288.00

PSF(PSIA) 2487.00 2490.00 1662.00 1918.00 1472.00 2070.00

TT(F) 94.00 80.00 74.00 86.00 74.00 104.00

TB(F) 164.00 179.00 190.00 182.00 162.00 154.00

 

Table 1-8: Well characteristics and flow parameters (tests GF-00044 to GF-0049) 
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  Test No. 

COMPOUND GF-0050 GF-0051 GF-0052 GF-0053 GF-0054 GF-0055

Oil (STB/D) 78.00 53.00 13.00 49.00 48.00 136.00

Water (STB/D) 0.00 0.00 1.20 1.60 0.60 13.20 

Gas(MSCF/D) 5090.00 3570.00 923.00 3610.00 3850.00 11500.00

GOR(SCF/STB) 65200.00 67100.00 72100.00 73300.00 81100.00 84200.00

Moles/D 13600.00 9620.00 2450.00 9630.00 10300.00 31500.00

Depth (ft) 7917.00 7946.00 6745.00 8230.00 8203.00 8291.00

Diameter (ft) 0.249 0.166 0.166 0.203 0.203 0.249 

PT(PSIA) 1294.00 1318.00 450.00 1925.00 1877.00 1580.00

PSF(PSIA) 1654.00 1857.00 653.00 2549.00 2499.00 2295.00

TT(F) 104.00 66.00 46.00 90.00 94.00 110.00

TB(F) 181.00 168.00 160.00 184.00 186.00 180.00

 

Table 1-9: Well characteristics and flow parameters (tests GF-00050 to GF-0055) 

 
 



114 

 

 

  Test No. 

COMPOUND GF-0056 GF-0057 GF-0058 GF-0059 GF-0060 GF-0061

Oil (STB/D) 62.00 8.00 14.00 11.00 1660.00 635.00 

Water (STB/D) 0.00 0.80 0.00 0.00 0.00 9.40 

Gas(MSCF/D) 8150.00 1100.00 2420.00 1940.00 6480.00 3870.00

GOR(SCF/STB) 132000.00 143000.00 169000.00 183000.00 3900.00 6100.00

Moles/D 21600.00 2920.00 6380.00 5120.00 20500.00 11900.00

Depth (ft) 6545.00 6931.00 5135.00 8007.00 4473.00 11912.00

Diameter (ft) 0.249 0.203 0.203 0.203 0.166 0.249 

PT(PSIA) 1045.00 654.00 787.00 597.00 839.00 1165.00

PSF(PSIA) 1455.00 786.00 981.00 877.00 2005.00 2205.00

TT(F) 92.00 60.00 73.00 70.00 122.00 101.00 

TB(F) 115.00 148.00 145.00 166.00 165.00 188.00 

 

Table 1-10: Well characteristics and flow parameters (tests GF-00056 to GF-0061) 
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  Test No. 

COMPOUND GF-0062 GF-0063 GF-0064 GF-0065 GF-0066 GF-0067

Oil (STB/D) 134.00 480.00 1060.00 233.00 814.00 1650.00

Water (STB/D) 3.60 0.00 7.00 2.50 315.40 9.80 

Gas(MSCF/D) 954.00 3930.00 9080.00 2050.00 7220.00 16200.00

GOR(SCF/STB) 7120.00 8180.00 8570.00 8820.00 8870.00 9810.00

Moles/D 2830.00 11600.00 28200.00 6340.00 22400.00 48000.00

Depth (ft) 9496.00 9496.00 10537.00 11100.00 11694.00 12073.00

Diameter (ft) 0.203 0.203 0.203 0.203 0.249 0.249 

PT(PSIA) 816.00 816.00 1270.00 1413.00 1277.00 1232.00

PSF(PSIA) 1437.00 1437.00 2351.00 2400.00 2398.00 2679.00

TT(F) 65.00 65.00 116.00 86.00 144.00 108.00

TB(F) 186.00 186.00 214.00 242.00 244.00 187.00

 

Table 1-11: Well characteristics and flow parameters (tests GF-00062 to GF-0067) 

 
 



116 

 

 

  Test No. 

COMPOUND GF-0068 GF-0069 GF-0070 GF-0071 GF-0072 GF-0073

Oil (STB/D) 68.00 720.00 832.00 252.00 810.00 232.00

Water (STB/D) 0.00 175.80 5.40 0.00 0.00 1.20 

Gas(MSCF/D) 674.00 8300.00 9830.00 3210.00 11400.00 3310.00

GOR(SCF/STB) 9940.00 11500.00 11800.00 12700.00 14100.00 14200.00

Moles/D 2060.00 24000.00 28500.00 9120.00 32300.00 9240.00

Depth (ft) 5718.00 12015.00 7682.00 8483.00 7502.00 11447.00

Diameter (ft) 0.166 0.249 0.249 0.203 0.203 0.249 

PT(PSIA) 809.00 1183.00 1199.00 1165.00 960.00 1058.00

PSF(PSIA) 1224.00 2269.00 2033.00 1727.00 2243.00 1729.00

TT(F) 52.00 106.00 110.00 73.00 123.00 84.00 

TB(F) 122.00 180.00 157.00 172.00 173.00 185.00

 

Table 1-12: Well characteristics and flow parameters (tests GF-00068 to GF-0073) 
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  Test No. 

COMPOUND GF-0074 GF-0075 GF-0076 GF-0077 GF-0078 GF-0079

Oil (STB/D) 655.00 105.00 380.00 157.00 59.00 550.00

Water (STB/D) 0.00 0.00 1.50 3.60 0.00 5.30 

Gas(MSCF/D) 9510.00 1750.00 6310.00 2650.00 1000.00 10000.00

GOR(SCF/STB) 14500.00 16600.00 16600.00 16900.00 17000.00 18200.00

Moles/D 26200.00 4800.00 17500.00 7510.00 2730.00 28100.00

Depth (ft) 6043.00 7337.00 11733.00 3678.00 6293.00 11790.00

Diameter (ft) 0.203 0.203 0.203 0.166 0.203 0.249 

PT(PSIA) 1438.00 626.00 663.00 839.00 485.00 1197.00

PSF(PSIA) 2196.00 883.00 1551.00 1125.00 1537.00 2205.00

TT(F) 98.00 54.00 92.00 62.00 52.00 120.00

TB(F) 170.00 156.00 181.00 96.00 154.00 184.00

 

Table 1-13: Well characteristics and flow parameters (tests GF-00074 to GF-0079) 
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  Test No. 

COMPOUND GF-0080 GF-0081 GF-0082 GF-0083 GF-0084 GF-0085

Oil (STB/D) 114.00 83.00 458.00 61.00 46.00 441.00 

Water (STB/D) 0.00 13.70 0.00 6.10 441.00 0.10 

Gas(MSCF/D) 2100.00 1870.00 10700.00 1450.00 1100.00 11600.00

GOR(SCF/STB) 18400.00 22700.00 23300.00 23700.00 24100.00 26300.00

Moles/D 5940.00 5160.00 28900.00 3970.00 3010.00 31500.00

Depth (ft) 5261.00 8680.00 6020.00 8655.00 8542.00 7439.00

Diameter (ft) 0.166 0.203 0.203 0.166 0.166 0.249 

PT(PSIA) 1253.00 1368.00 1157.00 1012.00 1008.00 1057.00

PSF(PSIA) 1909.00 1822.00 1939.00 1509.00 1349.00 1642.00

TT(F) 84.00 52.00 106.00 66.00 67.00 75.00 

TB(F) 160.00 180.00 168.00 180.00 187.00 170.00 

 

Table 1-14: Well characteristics and flow parameters (tests GF-00080 to GF-0085) 
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  Test No. 

COMPOUND GF-0086 GF-0087 GF-0088 GF-0089 GF-0090 GF-0091

Oil (STB/D) 172.00 94.00 40.00 101.00 57.000 95.00 

Water (STB/D) 1.60 1.00 0.00 0.00 0.00 0.00 

Gas(MSCF/D) 4670.00 2780.00 1180.00 3100.00 2210.00 4140.00

GOR(SCF/STB) 27100.00 29600.00 29800.00 30700.00 39000.00 43400.00

Moles/D 12500.00 14700.00 3230.00 8480.00 5970.00 16100.00

Depth (ft) 7005.00 7327.00 7547.00 7615.00 7951.00 7357.00

Diameter (ft) 0.166 0.166 0.166 0.203 0.203 0.203 

PT(PSIA) 1063.00 1380.00 1428.00 1452.00 973.00 438.00 

PSF(PSIA) 1716.00 1909.00 1908.00 1859.00 1322.00 800.00 

TT(F) 72.00 68.00 64.00 75.00 64.00 70.00 

TB(F) 142.00 162.00 165.00 172.00 162.00 141.00 

 

Table 1-15: Well characteristics and flow parameters (tests GF-00086 to GF-0091) 
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  Test No. 

COMPOUND GF-0092 GF-0093 GF-0094 GF-0095 GF-0096 GF-0097

Oil (STB/D) 23.00 391.00 84.00 144.00 150.00 42.00 

Water (STB/D) 0.00 7.20 0.00 0.00 7.20 1.10 

Gas(MSCF/D) 1110.00 19900.00 4790.00 8960.00 10500.00 3250.00

GOR(SCF/STB) 49000.00 50800.00 57400.00 62400.00 70100.00 78100.00

Moles/D 2960.00 33800.00 12700.00 24000.00 27900.00 8800.00

Depth (ft) 7516.00 8071.00 7196.00 5967.00 5797.00 6701.00

Diameter (ft) 0.203 0.249 0.166 0.249 0.249 0.203 

PT(PSIA) 908.00 1135.00 958.00 1349.00 1430.00 1169.00

PSF(PSIA) 1211.00 2089.00 1622.00 1781.00 1901.00 1495.00

TT(F) 58.00 108.00 60.00 108.00 105.00 61.00 

TB(F) 166.00 158.00 146.00 170.00 174.00 154.00 

 

Table 1-16: Well characteristics and flow parameters (tests GF-00082 to GF-0097) 
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  Test No. 

COMPOUND GF-0098 GF-0099 GF-0100 GF-0101 GF-0102

Oil (STB/D) 112.00 66.00 12.00 25.00 7.00 

Water (STB/D) 0.00 0.00 0.00 0.00 0.00 

Gas(MSCF/D) 9020.00 6880.00 1330.00 3230.00 1010.00

GOR(SCF/STB) 80800.00 104000.00 116000.00 127000.00 141000.00

Moles/D 24100.00 18400.00 3540.00 8570.00 2690.00

Depth (ft) 6746.00 6189.00 6600.00 6190.00 6540.00

Diameter (ft) 0.249 0.249 0.203 0.249 0.203 

PT(PSIA) 1079.00 1064.00 988.00 1109.00 954.00 

PSF(PSIA) 1490.00 1387.00 1260.00 1434.00 1443.00

TT(F) 90.00 88.00 88.00 82.00 98.00 

TB(F) 178.00 170.00 123.00 170.00 150.00 

Table 1-17: Well characteristics and flow parameters (tests GF-00098 to GF-0102) 
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CHEMICAL COMPOSITION OF FLUID STREAMS [GOVIER AND FOGARASI, 1974] 
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  Test No. 

COMPOUND GF-0001 GF-0002 GF-0003 GF-0004 GF-0005 GF-0006

H2S 17.06 0.66 0.00 1.26 12.31 10.00 

CO2 3.20 4.72 1.37 4.14 4.85 6.20 

N2 1.92 0.42 0.26 0.17 3.51 4.44 

C1 59.03 80.00 85.41 87.82 74.91 75.48 

C2 7.27 7.51 7.94 3.62 2.10 2.11 

C3 2.97 2.97 2.26 0.91 0.52 0.51 

i-C4 0.79 0.68 0.40 0.29 0.09 0.08 

n-C4 1.44 0.98 0.60 0.34 0.30 0.33 

i-C5 0.59 0.38 0.24 0.17 0.13 0.13 

n-C5 0.62 0.34 0.18 0.14 0.12 0.12 

C6 1.20 0.33 0.27 0.20 0.19 0.12 

C7+ 3.91 1.00 1.07 0.94 0.97 0.48 

MW C7+ 124.00 125.00 145.00 128.00 137.00 128.00

Sum 100.00 99.99 100.00 100.00 100.00 100.00

 

Table 2-1: Chemical Compositions for tests (GF-0001 to GF-0006) 
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  Test No. 

COMPOUND GF-0007 GF-0008 GF-0009 GF-0010 GF-0011 GF-0012

H2S 1.15 0.57 0.67 1.91 0.66 0.74 

CO2 4.03 4.85 4.83 3.58 5.43 4.47 

N2 0.16 0.44 0.43 0.13 0.43 0.38 

C1 88.18 81.96 82.74 88.11 82.41 75.86 

C2 3.64 7.76 7.83 3.68 8.02 7.62 

C3 0.94 2.17 1.76 0.95 1.64 7.31 

i-C4 0.26 0.42 0.31 0.28 0.25 1.23 

n-C4 0.31 0.60 0.45 0.30 0.36 1.72 

i-C5 0.15 0.22 0.18 0.16 0.12 0.25 

n-C5 0.13 0.17 0.16 0.12 0.11 0.19 

C6 0.22 0.20 0.14 0.15 0.11 0.11 

C7+ 0.83 0.64 0.50 0.64 0.45 0.11 

MW C7+ 127.00 120.00 123.00 138.00 119.00 121.00

Sum 100.00 100.00 100.00 100.01 99.99 99.99 

 

Table 2-2: Chemical Compositions for tests (GF-0007 to GF-0012) 
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  Test No. 

COMPOUND GF-0013 GF-0014 GF-0015 GF-0016 GF-0017 GF-0018

H2S 0.57 18.52 0.53 3.30 0.54 5.16 

CO2 4.86 3.80 4.98 1.90 4.43 1.97 

N2 0.45 1.89 0.44 1.83 0.55 2.23 

C1 84.62 55.11 78.31 79.92 79.59 77.78 

C2 7.75 8.05 7.15 5.73 7.51 5.23 

C3 1.18 3.36 2.90 2.21 3.00 2.96 

i-C4 0.11 0.87 0.70 0.50 0.66 0.59 

n-C4 0.17 1.57 1.11 1.04 0.95 1.30 

i-C5 0.05 0.61 0.42 0.44 0.34 0.40 

n-C5 0.04 0.68 0.41 0.48 0.32 0.51 

C6 0.07 0.95 3.05 0.64 0.49 0.51 

C7+ 0.12 4.59 0.00 2.01 1.62 1.36 

MW C7+ 119.00 123.00 121.00 128.00 117.00 124.00

Sum 99.99 100.00 100.00 100.00 100.00 100.00

 

Table 2-3: Chemical Compositions for tests (GF-0013 to GF-0018) 
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  Test No. 

COMPOUND GF-0019 GF-0020 GF-0021 GF-0022 GF-0023 GF-0024

H2S 0.10 11.32 9.25 12.21 0.41 0.55 

CO2 5.44 5.24 5.53 7.10 4.72 3.84 

N2 0.71 4.24 4.36 4.45 0.41 0.18 

C1 80.72 74.04 75.44 71.40 82.79 88.97 

C2 7.15 2.26 2.39 2.11 6.31 3.81 

C3 2.46 0.73 0.67 0.55 2.17 0.98 

i-C4 0.57 0.11 0.12 0.09 0.50 0.28 

n-C4 0.78 0.36 0.40 0.36 0.70 0.33 

i-C5 0.35 0.17 0.18 0.19 0.31 0.15 

n-C5 0.34 0.15 0.19 0.17 0.28 0.13 

C6 0.33 0.27 0.30 0.25 0.37 0.20 

C7+ 1.06 1.11 1.16 1.11 1.03 0.58 

MW C7+ 118.00 117.00 117.00 119.00 128.00 128.00

Sum 100.01 100.00 99.99 99.99 100.00 100.00

 

Table 2-4: Chemical Compositions for tests (GF-0019 to GF-0024) 
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  Test No. 

COMPOUND GF-0025 GF-0026 GF-0027 GF-0028 GF-0029 GF-0030

H2S 1.45 1.57 1.92 1.81 0.00 7.24 

CO2 3.98 3.66 4.31 4.12 1.57 2.33 

N2 0.22 0.31 0.15 0.15 1.25 4.45 

C1 87.34 88.21 87.05 86.87 67.58 60.77 

C2 3.63 3.59 3.67 3.48 11.27 6.52 

C3 1.14 0.87 0.91 0.90 5.67 3.64 

i-C4 0.30 0.24 0.27 0.29 0.85 0.97 

n-C4 0.40 0.30 0.30 0.34 2.21 1.89 

i-C5 0.18 0.15 0.17 0.18 0.71 0.93 

n-C5 0.16 0.13 0.13 0.17 0.85 0.91 

C6 0.27 0.20 0.24 0.27 1.19 1.79 

C7+ 0.92 0.77 0.88 1.41 6.85 8.56 

MW C7+ 131.00 121.00 118.00 131.00 128.00 143.00

Sum 99.99 100.00 100.00 99.99 100.00 100.00

 

Table 2-5: Chemical Compositions for tests (GF-0025 to GF-0030) 

 
 



129 

 

 

  Test No. 

COMPOUND GF-0031 GF-0032 GF-0033 GF-0034 GF-0035 GF-0036

H2S 0.00 17.76 16.15 1.44 0.00 14.71 

CO2 0.62 3.35 4.02 1.27 0.83 2.15 

N2 0.57 1.13 0.90 1.54 0.58 9.01 

C1 76.34 56.99 67.41 73.68 80.87 65.46 

C2 9.19 7.40 3.89 10.87 8.87 2.89 

C3 5.14 3.07 1.34 4.79 4.53 1.44 

i-C4 0.79 0.88 0.32 0.76 0.53 0.27 

n-C4 1.73 1.62 0.81 1.83 1.47 0.69 

i-C5 0.65 0.75 0.41 0.73 0.44 0.25 

n-C5 0.66 0.83 0.42 0.74 0.50 0.29 

C6 1.06 1.30 0.88 0.82 0.46 0.44 

C7+ 3.26 4.92 3.45 1.53 0.89 2.40 

MW C7+ 130.00 123.00 133.00 119.00 114.00 122.00

Sum 100.01 100.00 100.00 100.00 99.97 100.00

 

Table 2-6: Chemical Compositions for tests (GF-00315 to GF-0036) 
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  Test No. 

COMPOUND GF-0037 GF-0038 GF-0039 GF-0040 GF-0041 GF-0042

H2S 2.83 0.67 0.08 13.13 0.67 1.39 

CO2 4.38 3.82 5.29 2.06 4.37 2.60 

N2 1.07 0.47 0.44 8.37 0.59 5.08 

C1 79.06 81.39 80.91 65.69 77.48 81.83 

C2 6.66 7.06 6.80 3.52 9.64 4.19 

C3 2.19 2.64 2.37 2.11 2.92 1.43 

i-C4 0.49 0.61 0.56 0.45 0.64 0.27 

n-C4 0.92 0.91 0.81 1.18 0.94 0.77 

i-C5 0.35 0.37 0.36 0.47 0.33 0.34 

n-C5 0.34 0.34 0.33 0.57 0.32 0.33 

C6 0.48 0.47 0.49 0.64 0.47 0.50 

C7+ 1.23 1.24 1.54 1.81 1.62 1.28 

MW C7+ 128.00 124.00 128.00 128.00 124.00 128.00

Sum 100.00 99.99 99.98 100.00 99.99 100.01

 

Table 2-7: Chemical Compositions for tests (GF-0037 to GF-0042) 
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  Test No. 

COMPOUND GF-0043 GF-0044 GF-0045 GF-0046 GF-0047 GF-0048

H2S 0.00 12.11 0.63 0.63 1.73 0.00 

CO2 1.84 2.55 6.44 4.43 2.59 2.70 

N2 0.20 0.68 0.38 0.51 5.79 0.73 

C1 88.88 72.16 79.11 80.17 80.41 78.83 

C2 5.79 6.13 6.93 7.36 4.20 9.65 

C3 1.57 2.06 2.42 2.87 1.51 4.23 

i-C4 0.26 0.56 0.58 0.67 0.31 0.67 

n-C4 0.32 1.01 0.84 1.01 0.89 1.16 

i-C5 0.13 0.45 0.41 0.38 0.39 0.36 

n-C5 0.09 0.37 0.37 0.34 0.38 0.37 

C6 0.05 0.55 0.51 0.37 0.60 0.43 

C7+ 0.88 1.37 1.38 1.26 1.17 0.87 

MW C7+ 260.00 128.00 128.00 125.00 111.00 119.00

Sum 100.01 100.00 100.00 100.00 99.97 100.00

 

Table 2-8: Chemical Compositions for tests (GF-0043 to GF-0048) 
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  Test No. 

COMPOUND GF-0049 GF-0050 GF-0051 GF-0052 GF-0053 GF-0054

H2S 1.07 7.73 0.00 0.00 12.75 16.15 

CO2 5.05 4.55 4.34 1.23 5.82 7.24 

N2 0.51 4.51 0.73 1.29 4.07 3.72 

C1 81.44 77.13 79.93 80.31 71.83 68.00 

C2 6.68 2.70 8.16 9.55 2.24 1.90 

C3 2.16 0.86 3.41 4.13 0.64 0.66 

i-C4 0.50 0.15 0.50 0.53 0.09 0.11 

n-C4 0.70 0.47 1.02 1.19 0.38 0.32 

i-C5 0.28 0.21 0.33 0.35 0.20 0.13 

n-C5 0.26 0.21 0.31 0.38 0.20 0.13 

C6 0.34 0.35 0.39 0.32 0.35 0.29 

C7+ 1.02 1.13 0.88 0.71 1.41 1.33 

MW C7+ 122.00 120.00 128.00 183.00 128.00 134.00

Sum 100.01 100.00 100.00 99.99 99.98 99.98 

 

Table 2-9: Chemical Compositions for tests (GF-0049 to GF-0054) 
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  Test No. 

COMPOUND GF-0055 GF-0056 GF-0057 GF-0058 GF-0059 GF-0060

H2S 0.47 9.21 0.00 0.00 0.00 15.63 

CO2 5.89 4.89 2.46 1.18 1.62 6.64 

N2 0.39 0.50 0.28 0.90 3.78 0.58 

C1 79.56 73.65 84.70 84.13 78.25 51.75 

C2 6.91 7.01 7.50 7.88 9.46 5.55 

C3 2.49 2.29 2.88 3.11 3.89 2.07 

i-C4 0.65 0.46 0.40 0.57 0.63 0.49 

n-C4 0.90 0.87 0.67 0.93 1.03 1.39 

i-C5 0.44 0.34 0.19 0.30 0.31 0.87 

n-C5 0.39 0.27 0.20 0.29 0.31 0.94 

C6 0.49 0.18 0.25 0.28 0.25 2.06 

C7+ 1.42 0.35 0.47 0.44 0.47 12.03 

MW C7+ 128.00 108.00 108.00 235.00 117.00 164.00

Sum 100.00 100.02 100.00 100.01 100.00 100.00

 

Table 2-10: Chemical Compositions for tests (GF-0055 to GF-0060) 
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  Test No. 

COMPOUND GF-0061 GF-0062 GF-0063 GF-0064 GF-0065 GF-0066

H2S 2.70 4.49 0.00 8.87 19.97 19.61 

CO2 3.59 1.74 0.63 2.99 3.37 3.09 

N2 1.02 1.83 0.25 4.39 1.14 0.98 

C1 76.06 72.76 71.78 64.32 56.84 56.86 

C2 7.52 4.66 10.03 5.75 7.30 7.47 

C3 2.78 2.33 5.57 2.95 3.09 3.11 

i-C4 0.63 0.53 1.00 0.75 0.83 0.88 

n-C4 1.29 1.14 2.10 1.42 1.56 1.58 

i-C5 0.53 0.47 0.80 0.67 0.66 0.66 

n-C5 0.48 0.64 0.83 0.68 0.69 0.74 

C6 0.73 1.13 1.32 1.27 0.93 1.20 

C7+ 2.67 8.10 5.70 5.94 3.61 3.82 

MW C7+ 129.00 142.00 163.00 142.00 123.00 128.00

Sum 100.00 99.82 100.01 100.00 99.99 100.00

 

Table 2-11: Chemical Compositions for tests (GF-0061 to GF-0066) 
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  Test No. 

COMPOUND GF-0067 GF-0068 GF-0069 GF-0070 GF-0071 GF-0072

H2S 2.68 0.00 2.81 0.35 0.00 14.59 

CO2 3.90 0.46 4.99 5.18 0.63 2.10 

N2 0.96 0.60 0.94 0.73 0.51 8.41 

C1 74.11 78.13 74.20 79.83 76.31 62.74 

C2 7.38 8.39 7.18 7.09 8.66 2.91 

C3 2.82 5.18 2.73 2.47 4.80 1.68 

i-C4 0.75 0.80 0.78 0.53 0.74 0.35 

n-C4 1.42 1.97 1.24 0.87 1.71 1.20 

i-C5 0.72 0.69 0.45 0.31 0.73 0.46 

n-C5 0.70 0.69 0.42 0.39 0.71 0.61 

C6 1.14 1.10 0.73 0.33 1.08 0.97 

C7+ 3.44 2.00 3.53 1.91 4.12 3.99 

MW C7+ 132.00 128.00 138.00 128.00 130.00 147.00

Sum 100.02 100.01 100.00 99.99 100.00 100.01

 

Table 2-12: Chemical Compositions for tests (GF-0067 to GF-0072) 
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  Test No. 

COMPOUND GF-0073 GF-0074 GF-0075 GF-0076 GF-0077 GF-0078

H2S 2.75 1.12 0.00 3.07 0.00 0.68 

CO2 3.72 1.75 2.91 3.63 0.26 2.63 

N2 1.06 1.68 0.51 1.05 3.86 0.54 

C1 76.11 72.81 77.87 76.29 83.69 83.85 

C2 6.95 10.34 9.08 6.92 4.07 5.49 

C3 2.48 4.70 3.65 2.44 2.42 2.30 

i-C4 0.56 0.75 0.63 0.58 0.60 0.31 

n-C4 1.15 1.77 1.00 1.18 1.02 0.76 

i-C5 0.54 0.64 0.40 0.57 0.49 0.24 

n-C5 0.50 0.68 0.46 0.51 0.51 0.28 

C6 0.74 1.08 0.56 0.84 0.84 0.38 

C7+ 3.44 2.68 2.93 2.92 2.23 2.56 

MW C7+ 131.00 164.00 194.00 128.00 103.00 227.00

Sum 100.00 100.00 100.00 100.00 99.99 100.02

 

Table 2-13: Chemical Compositions for tests (GF-0073 to GF-0078) 
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  Test No. 

COMPOUND GF-0079 GF-0080 GF-0081 GF-0082 GF-0083 GF-0084

H2S 3.19 0.00 0.00 1.22 0.44 0.23 

CO2 4.41 0.38 2.82 1.60 4.01 3.93 

N2 0.97 3.79 0.32 2.00 0.60 0.52 

C1 76.61 77.52 73.80 72.91 80.85 78.86 

C2 7.00 9.18 10.61 11.38 6.69 7.95 

C3 2.21 4.15 4.99 4.92 2.50 3.24 

i-C4 0.67 0.65 0.83 0.77 0.63 0.71 

n-C4 1.05 1.37 1.64 1.61 0.88 1.22 

i-C5 0.40 0.43 0.55 0.60 0.34 0.50 

n-C5 0.39 0.46 0.58 0.64 0.32 0.52 

C6 0.62 0.54 0.85 0.75 0.39 0.64 

C7+ 2.48 1.55 3.01 1.60 2.35 1.68 

MW C7+ 120.00 214.00 132.00 144.00 160.00 128.00

Sum 100.00 100.02 100.00 100.00 100.00 100.00

 

Table 2-14: Chemical Compositions for tests (GF-0079 to GF-0084) 
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  Test No. 

COMPOUND GF-0085 GF-0086 GF-0087 GF-0088 GF-0089 GF-0090

H2S 0.00 0.00 0.00 0.00 0.00 0.00 

CO2 4.22 2.22 0.91 1.93 1.00 0.51 

N2 1.51 0.62 0.55 0.37 0.72 1.04 

C1 74.99 73.68 78.71 78.98 78.33 79.97 

C2 9.69 10.03 8.61 10.51 9.87 9.61 

C3 4.11 6.15 5.44 3.78 4.62 4.57 

i-C4 0.70 1.32 0.84 0.58 0.51 0.63 

n-C4 1.34 1.89 1.46 0.87 1.54 1.25 

i-C5 0.44 0.61 0.36 0.36 0.40 0.41 

n-C5 0.59 0.63 0.46 0.35 0.48 0.37 

C6 0.59 0.81 0.57 0.46 0.92 0.43 

C7+ 1.82 2.04 2.09 1.81 1.61 1.20 

MW C7+ 128.00 128.00 128.00 129.00 117.00 121.00

Sum 100.00 100.00 100.00 100.00 100.00 99.99 

 

Table 2-15: Chemical Compositions for tests (GF-0085 to GF-0090) 
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  Test No. 

COMPOUND GF-0091 GF-0092 GF-0093 GF-0094 GF-0095 GF-0096

H2S 0.00 2.21 0.48 0.00 8.10 8.18 

CO2 0.63 4.22 6.07 4.27 3.20 3.65 

N2 0.51 5.00 0.44 0.47 0.48 0.22 

C1 76.31 83.85 78.54 81.31 74.67 73.55 

C2 8.66 1.73 6.66 7.94 7.40 7.61 

C3 4.80 0.55 2.46 2.90 2.58 2.76 

i-C4 0.74 0.10 0.60 0.48 0.48 0.54 

n-C4 1.71 0.30 0.91 0.79 0.97 1.04 

i-C5 0.73 0.15 0.42 0.22 0.40 0.43 

n-C5 0.71 0.13 0.43 0.26 0.32 0.36 

C6 1.08 0.16 0.70 0.30 0.48 0.53 

C7+ 4.12 1.60 2.29 1.05 0.91 1.13 

MW C7+ 130.00 124.00 128.00 186.00 110.00 118.00

Sum 100.00 100.00 100.00 99.99 99.99 100.00

 

Table 2-16: Chemical Compositions for tests (GF-0091 to GF-0096) 
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  Test No. 

COMPOUND GF-0097 GF-0098 GF-0099 GF-0100 GF-0101 GF-0102

H2S 0.00 8.78 8.33 9.10 8.57 8.00 

CO2 4.70 5.05 3.08 4.33 2.98 2.98 

N2 0.46 0.46 0.48 0.47 0.47 0.53 

C1 78.90 73.18 75.29 73.78 75.60 75.51 

C2 8.51 7.00 7.39 7.15 7.23 7.42 

C3 3.61 2.31 2.49 2.35 2.51 2.57 

i-C4 0.56 0.48 0.46 0.46 0.46 0.49 

n-C4 1.07 0.92 0.93 0.90 0.90 0.94 

i-C5 0.35 0.37 0.36 0.36 0.36 0.37 

n-C5 0.38 0.30 0.29 0.28 0.28 0.30 

C6 0.41 0.46 0.33 0.31 0.29 0.33 

C7+ 1.05 0.69 0.56 0.50 0.37 0.57 

MW C7+ 122.00 110.00 128.00 110.00 108.00 112.00

Sum 100.00 100.00 99.99 99.99 100.02 100.01

Table 2-17: Chemical Compositions for tests (GF-0097 to GF-0102) 
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Figure 3-1: Test GF-0002 
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Figure 3-2: Test GF-0006 
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Figure 3-3: Test GF-0008 
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Figure 3-4: Test GF-0009 
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Figure 3-5: Test GF-0011 
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Figure 3-6: Test GF-0012 
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Figure 3-7: Test GF-0013 



150 

 

 

 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 500 1000 1500 2000 2500

Pressure [Psia]

D
ep

th
 [f

t]

Model

Field Data

 
Figure 3-8: Test GF-0020 
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Figure 3-9: Test GF-0026 
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Figure 3-10: Test GF-0029 
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Figure 3-11: Test GF-0031 
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Figure 3-12: Test GF-0033 
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Figure 3-13: Test GF-0034 
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Figure 3-14: Test GF-0035 
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Figure 3-15: Test GF-0036 
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Figure 3-16: Test GF-0040 



159 

 

 

 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 500 1000 1500 2000 2500

Pressure [Psia]

D
ep

th
 [f

t]

Model

Field Data

 
Figure 3-17: Test GF-0042 
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Figure 3-18: Test GF-0048 
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Figure 3-19: Test GF-0050 
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Figure 3-20: Test GF-0056 
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Figure 3-21: Test GF-0058 
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Figure 3-22: Test GF-0059 
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Figure 3-23: Test GF-0068 
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Figure 3-24: Test GF-0071 
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Figure 3-25: Test GF-0072 
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Figure 3-26: Test GF-0082 
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Figure 3-27: Test GF-0088 
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Figure 3-28: Test GF-0092 
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Figure 3-29: Test GF-0095 
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Figure 3-30: Test GF-0098 
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Figure 3-31: Test GF-0099 
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Figure 3-32: Test GF-0100 
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Figure 3-33: Test GF-0101 
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