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CHAPTER I

INTRODUCTION

Liquid loading is one of the regular problems of gas well with liquid
production. There are two main sources of diguid which are a direct production of
liquid from reservoir or condensation_ef liquid phase along production tubing. In
general, when liquid cannet load out of the well, accumulation of liquid at the bottom
of the well creates an additional back-pressure to the flow from reservoir resulting in a
reduction in fluid production from reservoir. Moreover, presence of liquid phase in
tubing causes a multiphase flow resulting in a complexity in technical analysis and
potential to another production probiem. _ |

Several groups of researchers stuldied in this behavior and proposed their
study on this topics Turner et al. [1]; who“u Is considered as the pioneer of this study,
proposed liquid droplet model since 1970. After that, modification of proposed
theories and correlations were published cohti"rmously with a different in point of view
because original model did not provide an acceptable accuracy in many fields. Since
liquid loading only happens in multiphase fI_o_f:vf\(,wthe parameter that can be referred to
the status of multiphase flowfnay have an iﬁfilj(:e-h;:é on liguidsdoading. The effect of
other parameters ihai-Furnerei-alk-{ij-did-noi-mention-in-their study is one of the
favorite modifications of Turner’s correlation. Therefore,. together with critical
flowrate, this study chooses liquid holdup as an important parameter in order to
investigate the prediction of liquid loading because liquid holdup is usually mentioned
in multiphase flow consideration

In term-of‘eritical flowrate-determination, this-study ‘selects tiree correlations
which is Turner’s correlation, Gue’s correlation and. Zhou’s correlationyin order to
calculate the. critical- flowrate: for the analysis ‘of | ligquid Hloading. -l he’ selected
correlations ‘have a unique” concept ‘of themselves which"can” provide the*various
points of view to predicted critical flowrate. Together with them, production data
from 24 wells located in Gulf of Thailand is chosen as the input parameters. Besides
the complex of lithology, property of produced fluid is another signature for Gulf of

Thailand. Thus, the analysis of fluid properties is made in order to clarify the



influences of fluid properties to predicted critical flowrate of each correlation.
Moreover, screening of input data is important because actual production data is
selected for this study. In general, actual data usually contains several uncertainties
which may lead to an excessive error to the results if uncertainties are not clarified or
eliminated. Strength and weak points of each critical flowrate correlation are analyzed
and concluded to determine the recommended correlation for each production
condition.

After the analysis of selected paramelers t0 predicted critical flowrate, an
investigation of liquidleading prediction is performed interm of well status analysis.
At the end of this study, the production condition that makes loaded condition is
clarified. Results.drom this study should provide an additional tool to petroleum
engineers to undersiand the behaviors of production well better in various situations
and constraints and make aproper decision for each scenario. This study comprises of
6 chapters. Detailsiof each chapter are-

Chapter 11, reviews ondiquid Ioadirig theories and critical flowrate correlations
from several groups of (esearchers. v

Chapter 111, reviews on selecied bcj.’rreiations, production data and model
construction. ‘J'f_ _

Chapter 1V, analyzes on fluid prope;;:t:iés!j""in term of statistical analysis and
sensitivity analysis. _
Chapter V, analyzes on liquid holdup and well status.

Chapter VI, makes conclusions and provides recommendations for future

works.



CHAPTER I

LIQUID LOADING THEORIES AND LITERERATURES
REVIEW

As discussed in previous chapter‘,l‘ several.groups of researchers proposed their
studies on liquid loading. la.this chapter-, those theories will be reviewed together with
different point of views en'thistopic from them.

When gas'is produced-from gas well, there are many Cases that liquid phase is
also produced. Phases of.the liquid can bé_ condensate or water that might be produced
directly from the reservoir or condensationg'.process along the tubing. Normally, this
liquid phase is ustally lifted out of the wef_lJ by_‘energy of gaseous phase. When energy
of gaseous phase isilower (in other Words":,L_‘Iouwer gas flowrate), ability to lift liquid
phase from the well is lower. \Whenever the energy of gaseous phase is not enough to
lift the liquid phase out of the well, accumlj‘lﬁtiion of liguid in bottom of the well will
happen and it is called “liquid loading”. . ”

The accumulation of‘ liquid- will-catse ;everal problems to the well. For
instance, it will apply an additional back préég'd}é‘;fo’the formation which can occur a
variable degree of slugging or churning of the tiquid.The slugging of liquid affects
calculations used in routine well test especially the calculated-bottom-hole pressure.
Moreover, additional back pressure will add unnecessary pressure drop to the
reservoir and causé a decreasing in production rate and, in many cases, Kill the well
[2].

There are several'groups of researchers study on liquid loading as Turner et al.
[1] are the'pioneer of this topic. They proposed two mechanisms of liquid flowing in
gas: well=asAiguidy film movement alongythe wall~of the pipe and Jdiquids droplet
entrained In'the highvelocity gas‘core.*They alsa mentioned that there probably is a
continuous exchange of liquid between the gas core and the film, they will be treated

separately for proposes of their study.



2.1 Liquid film model

Turner et al. [1] claimed that liquid phase accumulation on the walls of a
conduit during two-phase gas/liquid flow is inevitable due to the impingement of
entrained liquid drops and the condensation of vapors.

In an annular liquid film (thickness h) on the walls of a vertical tube, the

transport in the upward directio f the interfacial shear (t;) of the moving
gas on the surface of the | \\ ted by the action of gravity and
wall friction. At any point y d here exists a velocity v and a

2.1)

In dimensionless for

(2.2)

Where
o = (2.3)
= (2.4)
v* (2.5)
(dimensionlessivelocity parameter) (2.6)

ﬁﬂﬂqwaﬂ§WH1ﬂi
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Figure 2.1: Liquidfilm model by Turner etal. [1]

Eq.2.2 is the shear stress distribution as a function of the distance from the
wall of the tube. By using the Gill ‘and Scher momentum transport hypothesis (eddy
viscosity equation) and E@. 2.2, the dimensionless velocity distribution in the flow

stream is obtained #2244

0.3
f_ vt 2y
V- =)o

+

dy” (28)

_¢y0+ 2 5
+
1+ [1+4(0.36)2y72[ 1—e Ym (1+y+%)

Where: @ = (yn'=60) / 22

The velocity‘digtribution in the liquid film can then be integrated to find the
liquid-phase flow rate:

wy = ndp f, vrdy* (2.9)

Egs.2.8 and 2.9.may. be used to evaluate the minimum gas flowraterequired to
move the film steadily upward, For this application, it IS necessary to,establish the
relationship between the shear stresses and the gravitational force in the film at the
minimum condition of upward flow.

Since the interfacial shear (1) provides the motivating force for moving the

film upward, and the gravitational shear stress, (hpL g)/g., and the shear stress at the



wall (1) are resisting movement will be when the interfacial shear (t;) approaches the
value of the gravitational shear and shear stress at the wall (t,) approaches zero.

hpLg/9gc

2

The ratio = X approaches 1.0 (i.e., the gravitational shear stress

approaches the interfacial shear stress) at the limiting condition. For the purpose of
analysis, X must be slightly less than 1 (i.e., the interfacial shear must be slightly
larger than the gravitational shear stress, and «, must be greater than zero.

If it is assumed that X = 0.99 at the‘minimum gas flowrate condition, it is
possible to evaluate the necessary parameters to integrate Eq.2.8 and 2.9. The

relationship utilized'is

X 1
6= i 5/3 == (2.10)
1 X3(1-X)2/3
Where
AP 0

_Fapy gfl® £ FaastPag A
- 248 4 - g

4/,LL/ PL%

Ap / AX — py(9/@c) 5 the two-phase pres's(j.re drep = (Ap / AX)7r. A modification
of Martinelli two-phase pressure-arop corrélét’ion is employed to evaluate the (Ap /
AX)1p. L
The calculation procedure to test the development against field data required
numerical integration and iteration by computer program. However, Turner et al. [1]
concluded that the results from this model are not match withractual critical flowrate
in many cases.

After Turner et al. [1] proposed their liquid film medel, llobi and Ikoku [3]
also proposed their Study.on liquid film model. They claimed that one limitation of
Turner’s'work is the treatment of entrained liquid'drops in the gas core independent of
the continuous film region, even though it is knowledge that interaction between the
two regions exist and are continuous in the entrainment. process.

llobi ‘and“lkoku [3] proposed that at any liquid rate, a decrease in gas rate
caused more of liquid to be present in the film, the liquid film velocity to decrease and
its thickness to increase. At a low enough gas rate, the liquid film velocity becomes
zero and below this rate, a negative velocity of film near wall develops. The film
thickness increase and penetrates the gas phase resulting in forth flow. For as increase

of gas rate, turbulence occurs in the liquid film, the film thickness decrease, waves



develop at the interface and droplets are torn off the film and entrained in the gas. The
upper limit is the complete destruction of film layer as all liquid is transported as
droplets. They clarified a force balance on the film and force balance on the gas core
as shown Figure 2.2.

PIPE W_ALL

r !ln

For force balanceg the film, there are four forces acting onﬂs

1. A dowanrd force acting at a radlal distance (R-y) from the tubing center

ﬂﬂﬂ’&‘l’l&l‘ﬂﬁ‘ﬂ&l’]ﬂ‘a’

2 An upward force actm*at a radial dlstance (R-9) from the Wg center

A RANL I URIINYA

3. A downward force as a result of the gravitational force as

Fg = Z[(D-Zy)z- (D-25)?d]pLg where D=2R



4. An upward force as a result of the pressure gradient as
n 2 2
-Z[(D-Zy) -(D-26)]dP

A force balance on the film in this section results in the equation:

+ pLg) (6 —-y) (2.11)

2.
3.
A force bal
(2.12)
Eq. 2.12 can be
(2.13)

At high ._;;;T;:r;;:;m:mr;r;::..-;::;;:::. s II in comparison to
the pressure 0S¢ s th ) ‘t ng the lower limit of

T L
the annular flow:.regimes, the wall shear stress is conS| ably smaller than the
interfacial shear stres

e

A mmiﬁfiﬁﬁﬁgﬂm ] EE:E?

ye' =yUs / ve (2.18)



From their study, they found out that an empirical fit of the data for
dimensionless liquid film thickness, y,*, and liquid film Reynold’s number, Re

resulted in following equation

2 <Re <100, y." = 0.66 (Re) *™ (2.19)
100 < Re. < 1000, v, " = 0.347 (Rey) 2%’ (2.20)
1000 < Rery Vi "= 043(Re) *# (2.21)

They also proposed another relationshipsetween the equivalent dimensionless

+
number for gas, Y as

Y& <36,0=0 (2.22)

36 < Y€ 420 = -0.000442 +0.000013 Y" (2.23)
42 < & <.60,40,4-0.000625 + 0.0000172 V" (2.24)
604 Yo' o =5x10°yge' > (2.25)

0 = Wepg/ ngL (2.26)

They selected! Dun and “Ros. pressure gradient correlation for shear stress
calculation since it'provided @ good match in mist and annular-mist flow pattern. The
liquid film Reynold’sinumber, Re;, can be célcﬁlated for an assumed film thickness.
The dimensionless liquid film thickness, yi_l;‘,"is calculated from Eq. 2.19 to 2.21.
Equation 2.17 gives a calculated value of 6, and bjly' an iterative procedure, a true value
of d is obtained. It is necessary- to know: the ;d_en"s‘ities and viscosities of the gas and
liquid at prevailing in-situ conditions.

The equivalent dimensionless liquid film thickness for gas, yG+, is obtained
from Eq. 2.18 and the volumetric flow ratio, a, is calculated from Egs. 2.22 to 2.25. In
Eqg. 2.26, the volumetric flow ratio is written in term of the mass rate of liquid
entrainment, We, and thésmass flow rate of 'gas, W,. The liquid entrainment possible
with a 'specific ‘gas flow rate canthus be determined.~A systematic feduction in gas
flow rate naturally results in reduced entrainment until the critical point is reached
when entrainment is zero.

From, Turper et al..[1].and Ilobi and Ikoku [3] their liquid film models are
complex with requirement of solving multiple complex equations including numerical
integration and iteration which is almost impossible to do it by hard. Moreover,
Turner et al. [1] concluded that their liquid film model predicted critical flowrate a lot
higher than actual critical flowrate in many cases and other model, which is liquid

droplet model provided a better match to actual field data.
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2.2 Liquid droplet model
When liquid droplets flowing in gas stream, the minimum velocity required
keeping liquid droplets in suspension is the result of a force balance between the drag

exerted by the surrounding gas Fp and the droplet weight F¢ as in Figure 2.3

QNW Vertical Gas Well

® oo o _____- Drag

Liquid Trans

/ /l -
f ‘ “.:a;‘i‘_‘r
Ty ¥

Fig 2.3: Liquid droplet in welypii,?l"
The drag force a lng’mm droplet, Ft gravitational force acting on

liquid droplet, Fg, are defmedﬁ: R
_..---.Ja‘ﬁf" AL, ﬁ?" -J-'v

Fo = 2 CLCop,uilN fj

S Fe= - (2.28)

(2.27)

The crltlggas velocity to remove the liquid drorﬂl from the wellbore is
defined as the velocgy &Whlch the droplet w_guld be suspended in the gas stream. A

the wel r gas vel the surface and
remove the droplet from the Weﬂbore [4]. There.ﬂe the critical gas velocity is

’Q‘W’r@\‘iﬂ‘im HN13Y] ma t

Fo=Fgor _Cd(_)pg ( )g(pL Pg) (2.29)
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Solving for vq gives

vy = \/49(PL_Pg)dd (2:30)

For the droplet diameter, d4, Turner et al. [1] claimed that dimensionless

Weber number, which is defined as the ratio between the velocity pressure, vng/gc,

and the surface tension pressure, o will'be introduced to their study. They also

claimed that critical Web r g} er i 0E/ Al ng'drops was found to be on the order

of 20 to 30. If Weber number ex iti a&iquid drop would shatter. If
| —

nsionless Weber number will

(2.31)

(2.32)

WﬁﬂﬁWEM$mwﬂna

0. 0283—

o Wﬂeﬁ’ﬁ“ﬂﬁmﬁﬁqg NYAY

= 35.34 —— scf/s or 3.06 —— MMscf/d (2.35)

(2.34)



12

They also recommend 20% upward adjustment, which is from their analysis of
data, due to three main reasons which are

1. Drag Coefficient used in this model is solid spheres rather than oscillating
liquid.

2. The mathematical development predicts stagnation velocity, which must be
exceeded by some finite quality to guarantee removal of the largest drops.

3. Critical Weber number, which is used to determine largest drop size, was
established for drop falling in air experimenially=and not for conditions that exist in
gas wells. ;

They also recommended.surface as an evaluation point because data at surface
is easily availables€omparing to another point such as bottomhole where direct
measurement of required data is not usﬁally performed and calculation of required
parameters based on surface data is usually deviated from actual data.

However, ihey concluded that fiquid production rate is independent on their
liquid droplet modelSince they perforined an’ analysis on their field data and didn’t
find any dependenton liguid production rate r

After Turner et al. [1] proposed thelr model several groups of researchers also
proposed their study on Turner’s hiquid droplet model

Coleman et al. [5] studied on Turner 5 droplet model and pointed out that
Turner’s field data has high-welthead pressure while they proposed that liquid loading
usually happened in depleted reservoir where wellhead pressure is much lower than
data that Turner’s used. Therefore, their field data were focused on low wellhead
pressure (below 500 psi).

From theirstudied, they concluded that additional 20% upward adjustment for
Turner’s correlation 1s Aiotinecessary since their results showed a consistency of actual
critical rate and calculated critical rate without it. Secondly,/their pointed out that
source of liquid in gas well is likely to be a condensation of water vapor in tubing
rather than liquid hydrocarbon and liquid production rate below 22.5"bbl/MMscf
didn’t play any significant role on critical flowrate determination.

Moreover, they also noted that gas gravity, interfacial tension and temperature
have little impact on the accuracy of the critical velocity determination. On the other
hand, wellbore diameter and wellhead pressure playing a more significant role. It was

observed that well with slug flow behavior didn’t obey the entrained droplet model

[1].
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Nosseir et al. [6] examined on Turner’s droplet model and a conflict between
Turner’s and Coleman’s conclusions about 20% upward adjustment by calculating
Reynold’s number for both Turner’s and Coleman’s field data and found out that
Reynold’s number for Turner’s field data exceeded their assumed range (10,000 to
200,000) which they used for drag coefficient assumption.

In particular, field data of Turner’s falls into 200,000 to 1,000,000 range
which is correspond to drag coefficient equal 0 0.2 and 20% upward adjustment is
required while Reynold’s number for Coleman’s*ficld data falls into original range
which was made by Turner’s (10,000 to 200,000). Therefore, no 20% upward
adjustment is required.

Nosseir et.al: [6] also proposed their modification on Turner’s droplet model
as they categorized wo flow conditions Pased on Reynold’s number as

1. Transition low regimes. 1n this flow regime, they adopted Allen [7]

concept which was'teveloped for 1 <Nge. <1000 as

g(pL—pg)T'Q_7'2 dg >

v;20.2 2.36
! [ ‘pg (Z_Q)OAS ( )
g
And substitution the assumption of dr.dp]et size to Eq.2.36
sl 30092c 1.18
GPL—Pg) o9  Pgv
vi= 025 o (2.37)
- pg ~_--:_;,(,_)0.45
Pg
( e )
9(pL=pg) ok P
vz C[———— (2.38)
pg (_)0.45
Pg
Where: C = 0.2 x 32:47%2 x 308 x 32.17'18.=,8094.5
Thus;
(pL—pg)°**
Vi =14.6 "l (2.39)
Hg Pg

2. Highly'turbulent flow regimes. In this flow tegime, they modified Turner’s
droplet model as they used drag coefficient equal to 0.2 instead of 0.44 in original

model. This model work in Nge > 1000 range as recalled Eq.2.32
1

409gc\a PL=P
Vg = ( ggc)“ (—Lo)/* (2.32)
Ca Pg
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Substituted drag coefficient = 0.2 into Eq.2.32 gives
[o(p = P )T

1/2

Py

Vi =21.3

ft/s (2.40)

Poe, Jr. [8] stated that Nosseir’s model for highly turbulent flow is only 5%
different in coefficient when compares it to original Turner’s model which make a
better explanations of droplet model to ‘liguid loading and Nosseir et al. [6] also
confirmed that wellhead conditions are an apprepriate conditions because it is the
point at which gas slippage, and hence gas veloCity,is at its maximum value. Using
the maximum gas velocity willinsure a ;naximum critical flowrate to unload the well.

Li et al. [9] studied'in Furner’s droplet model and they found out that Turner’s
correlation is over-estimated critical flowrate in many fields as they mentioned that
field engineers in €hina geduced turner’s;critical rate as high as by two-third in many
fields. They noticedsthat: droplet shape’liéing in Turner’s correlation is a solid-
spherical shape which shouldn’t be correc{éd. They proposed that, when liquid droplet
travelled in high velocity gas, shape of qut';jd 'droplet will be deformed to the convex
bean (they called it flat shape).rather thé'r_\_- spherical shape which is affected by

differences of pressure shawn as Figure 2.4 /

-

I
3 |
_’ A}—Dl ''''' ‘ '|—,i(' ________

Figure 2.4: Shape of droplet proposed by Li-et al. [9]

Far the spherical droplet shape, there is smaller effective area (held by gas)
and needs a higher, critical.velocity and critical rate-in order to lift«it out of.the well
than ‘flat shape which has highet effective area. When [the liquid drop! remains
motionless relative to the wellbore (i.e., the velocity of the liquid drop relative to the
gas is v and equal to gas velocity vy), it is clear that vy is the terminal velocity v;. With
the condition that the gravity of the liquid drop equals the buoyancy plus the drag

force as
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1
pLeV = pggV +pgv’sCo (2.41)

Where V = volume of liquid drop, m®

Drag force

Buoyancy

stream at velocity v, & pressure diffe; App | een the fore and aft positions

42 (2.42)

_,i L
| = _ﬂ;{f}"_;ﬁa};_.-%, o=
The d{ﬂis ‘deformed under the pressure difference and

interfacial _l‘lﬁ"V" he drop tio ‘As a result of the
competing effeci - these f ralmsteady shape related to
the given velocitﬂ The condition for the balance of press. and interfacial tension
forces can be writterf'intthe following form. &/

AUEIRENINEINT  ew

Where: h = drop’s dimension in diréction of motion m, (W

Q Wﬁ% @%rﬂoﬁEﬂﬂs grlli l ﬁ}rﬁrﬂfe}paeﬂ the
qe ormation Ah. The second term represents the deformation effect of the interfacial
tension forces. It is obvious that for a constant volume of the drop, the following

condition must be satisfied
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V = sh = constant (2.44)
From Eq.2.43 obtains
aps _ 48 (2.45)
10730 Ah

And from Eq.2.44 gets

(2.46)
By combining Eq.2.4 drop can be calculated as

(2.47)
Substituting

(2.48)
Substitutin

(2.49)
Therefore, the

(2.50)

Substituting EQg.2.50 E().2.4 ‘mption of velocity is equal to

terminal velocity in bal

W i ) (2.51)

s

For the drm coefficient, Li et al. [9] proposed that fﬂhe particle’s Reynold’s
number ranges froms¢l 0,000 to 100,000 w1thﬂpt shape. The Reynold’s number is 1.0.

™ ww 1) Eﬂﬂ‘i
9 RABIAID ll‘m’) NYRE

R p  m¥d (2.53)

4 (pL— pg)a

= 2.5x10

Since the unit of critical velocity of Li et al. [9] which is in m/s, is different

from Turner et al. [1] which is in ft/s. Therefore, coefficient of Turner’s correlation
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for critical velocity will be changed to 6.6 in the unit of m/s instead of 17.6 in the unit
of ft/s.
Another modification of liquid droplet model was proposed by Guo et al. [10].
They introduced bread new concept of minimum kinetic energy in order to unload
liquid out of the well. They began their own study with kinetic energy per unit volume
of gas equation.
Pgvg
= z_gc (2.54)
And they recalled Turner’s critical velocity equation (in US unit) in order to

substituting in Eq.2.54 as

¥ *(pL-pg)**
7 f o w2 (2.55)
Cp Pg

Substituting £q.2.35 into Eq.2°54 gi\/es an expression for the minimum kinetic
energy required t0 keep'liquid droplet from falling as
ag(pPL=Pg)

Eks1,=.0.026
ksl CD

(2.56)

If the value of drag coeffictent = 0.447':Which Is recommended by Turner et al.
[1] is used, and the effect of ‘gas density is negle&éd (a conservative assumption), Eq.

2.56 becomes

Exs =0.04,/0p] (2.57)

They peinted out that the minimum gas velocity required for transport the
liquid droplet upward is equal to the minimum gas velocity required for floating the
liquid droplets plus the transport velocity of the droplet. They also mention that
transport-velocity-might-be-calculated, from-liquid; production-rate;~geometry of the
conduit and liquid volume fraction which gds difficult ‘to quantifys Therefore, they
adopted an idea of 20% upward adjustment for Turner’s correlation as they proposed
that transpori~velocity-equalto.20% ofyminimunrgas-velocity required forfloating the
liquid droplets as

Vgm = Vsi + Vir = 1.2 vy (2.58)

Substituting Eq.2.57 and 2.58 to EQ.2.54 gives an equation for minimum

kinetic energy required for transporting the liquid droplets as

Exn = 0.0576,/0p; (2.59)
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Eq.2.59 gives the minimum kinetic energy for any particular condition which
is independent from gas flowrate. In order to find minimum Kinetic energy at any
given flowrate, two more equations will be introduced as

(2.60)

(2.61)

(2.62)

(2.63)

They also

which means the ling conditions are bottomhole conditions where gas has

Nevertheless, bottomhole-flowrate and pressure are the parameters that hardly

measure in normal Opel‘atl n‘ ;‘!]ﬁ IQFe,r 08 il-water-solid four-phase mist-flow
o .-""" " L el
model was dengped In Order tO SOIVe t

0.2456Q, +1.379Q,, +1379Q,

ammmm IRIINYIA B

(2.67)

_ Q,+5.615Q, +Q,)
86400A (2.68)
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f
e= ———
2gD,, cos(6) (2.69)
2
— 1
f = Moody friction factor = 5
1.74—2Iog(ng
H (2.70)
_ cde
1+d% (2.71)
c’e
n= -
(1+d<e) (2.72)

In summary, mipimum kinetic energy at any given condition is determined by
Eq.2.59 and kinetic energy at any given _flowrate is determined by Eq.2.62 and
EQ.2.64 is used to determine bottomholegfjlnjowrate using in Eq.2.63. Guo et al. [10]
also validated their own model with Turn;’s_.ﬁeld data and found a consistency with
it.

However, liquid holdup:is.not introduced to critical velocity determination as
Kumar [11] stated that there is no function of the amount of liquid flowing in Turner’s
droplet model. For larger flowrate of liquid, liquid droplets would begin to coalesce
and the droplet model for most critical veTchit)-/ expressions would no longer be
applicable until Zhou et al. [12] presentend'" 2 new model for calculating critical
velocity.

They noiiced that liquid loading still be a problem even“its gas velocity high
than calculated critical velocity which is presented by Turner et al. [1] (20% upward
adjustment is added by Turner et al. [1] recommendation). They pointed out that
liquid amount (liquid heldup)/in a;gas-stream-is-also amajor factor.for liquid loading
as an additional to.gasivelocity which lis considered_as independent parameter in
previous 'model. They pointed out.that the concentration of liquid droplets in gas
stieam’ should™be @anathersmechanisniy forfliguid-loadingias in turbulentygas: stream,
which' is a common flow regimerin gaswwell,lliquid Groplets move notionly upwards
with the gas stream but also in all direction irregularly. The nearby liquid droplets
may encounter each other and form a bigger droplet. This bigger droplet tends to fall
down to bottom of the well since it required higher terminal velocity to suspend it.

During falling, the bigger new-formed droplet may shatter into small droplets, and the
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small droplets may be picked up again by the drag forces from gas stream. However,
if the bigger droplet or its shattered droplets encounter liquid droplets during their
falling, they may form it up again and keep falling.

Concentration of liquid droplet also plays another role as the higher the
concentration of liquid droplets in a turbulent gas stream, the higher the chance the
droplets encounter. Turner’s entrained liquid droplet model is based on force balance
on a single droplet and doesn’t include the encotmtering effect. For low liquid droplet
concentration, the chance of encounterment«is.wery low and Turner’s model works
fine. However, whenthe liquid concentration reaches certain value, the encountering-
coalescing-falling ‘process_.ef hiquid droplets in a gas stream will dominate the
entrained liquid droplet .imovement and cause Turner’s droplet model losses its
function.

For liquid droplet concentration, Zhou et al. [12] adopted a concept of liquid

holdup to their study as =
vy

H|"

s T (2.73)

For their model, Zhou et al., [12] prop.os-.éd a threshold value of liquid droplet
concentration, . Below this valiie; the entra.liwrzie"d‘ liquid droplets couldn’t encounter or
they encounter and coalesce but will be brougjht u'p by gas stream. Therefore, original
Turner’s model can be used.in-this Situation.. =~ ’

Above the concentration value, higher gas velocity. is needed as higher gas
velocity provides higher drag force and can bring bigger droplets up. Also, higher gas
velocity has higher velocity pressure which prevents bigger tiquid droplet formation
and shatter bigger-droplets faster. Therefore, the critical velocity for liquid loading is
not a single value. It'varies with the liquid droplet concentration in a gas stream once
the congéntration exceeds the threshold value, B.

Zhou et al. [12] proposed their model for critical velocity determination as

[o(p, o)

Vet =Veride— L6 for Hj £ (2.74)

Verit-N = Verit-T + In i"'a for H,> B (2.75)

At first, liquid holdup needs to be calculated by Eq.2.73. If liquid holdup not
exceeded a threshold value (which is equal to 0.01), original Turner’s equation will be

used for critical velocity determination. Otherwise, additional two more terms will be
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added to original Turner’s equation for critical velocity determination in order to
calculate critical velocity for Zhou’s correlation. For critical flowrate determination,
same equation as Turner’s correlation will be used in Zhou’s correlation.

For critical flowrate determination, same equation as be used in Turner’s
correlation will be used in this correlation as

3.06py. 4, A
qcrit-N - p crit=N (276)
1z

Zhou et al. [12] also pointed out that upper limit for gas well that still in
unloaded condition iswvalue of threshold value; §;-less than 0.24. If § >0.24, flow
patterns will be neslenger a.anaular-mist flow and it will be considered as loaded
condition automatically nosmatier.of other parameters will be.

At the end of their paper; they also recommended wellhead condition as
evaluating point as data‘at wellhead: condition is easily available and it can be avoided
a complex calculation. Moreover, mere condensate and water may be condensed out
from the gas stream. near wellhead and“‘,the" ‘wellhead area has the highest liquid
content along the wellbaore.

Apart from preposing few model fof:cr-'i;[ical veloeity and flowrate, Sutton et
al. [13] had presented a quideline for "E)'rope"r application of critical velocity
calculations. They stated that‘Tutiier’s assumio;i;jﬁé on fluid properties deviated from
actual properties such as typical salinity of _ﬁ_)[nj’atiron brine to be 28,000 ppm and
stated a corresponding water specific gravity of 1.08. But examination of oil field
waters note that*water with a specific gravity of 1.08 has a salinity of 102,000 ppm.
Conversely, waterwith a salinity of 28,000 ppm has a specific gravity of 1.025. In
fact, condensed water does not contain any dissolved salts and has a specific gravity
of 1.0.

Another fluid property which is'stated by Sutton et al. [13] isisurface tension.
Turner etial. [1] assumed condensate and water surface tension to be constant which
are 20 dynes/cm and 60 dynes/cm-respectively arescarrect for particular.conditions.
For water surface, tension, 60 dynes/cm iis true for pressure between 2000-3000 psia
and 120°F while 20 dynes/cm for condensate surface tension is only representative for
condition less than 250 psia. At the end of their paper, Sutton et al. [13] concluded
that pressure and temperature play an important role in fluid properties determination.
They also recommended suitable correlations for determining these fluid properties in
their study.
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In next chapter, details of selected critical flowrate correlations of this study
are clarified. Moreover, the input parameters of this study are analyzed because actual
production data are applied to calculating model to investigate liquid loading problem.
Using actual production data without data classification may cause an excessive error
to the results because several uncertainties usually contain in actual production data.
At the end of chapter I11, details of caleul ng odel of this study are clarified

including the additional assumpi

AUEINENINYINS
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CHAPTER 111

REVIEW ON SELECTED CORRELATIONS, PRODUCTION
DATA AND MODEL CONSTRUCTION

In this chapter,selected critical flowrate correlations using in this study will be
clarified for model construcion.in spreadsheet program. Classification of production
data is discussed because this study selects actual production data as input parameters.
Details of calculating model alse classify including the additional assumptions on
required parametersd#for model constructio@e{re summarized in this chapter.

3.1 Summary of selected critical flév_vrate correlations

Determination of critical flowrate is dhe"'-c)f the most important procedures for
dealing with liquid loading probfems. One dﬂ'tche pioneers in this topic is Turner et al.
[1] who proposed two mechaisms for quuidi ldad out of the well as liquid film and
liquid droplet model. They found out that I_iqzxi_q;fjlm model did not provide a good
match to actual critical flowrafe in their study. On the other hand, liquid droplet model
provided a good-match-between actual critical flowrate and their calculated flowrate
and it became a pepular model for critical flowrate determination.

After that;-several groups of researchers proposed their own study on critical
flowrate determination.-However, three correlations which have the differences in
their point of views are selected in this study, namely Turnet’s correlation, Guo’s
correlation, and Zhou’s correlation. Turner’s correlation 1s chosen in this study as it is
widely used in this industry and it is considered as,a base for many igorrelations.
Guo’s correlation, is chasen'as it introduces brand new concepts on critical flowrate
determination and Zhou’s correlation is selected as it is the first correlation that
includes liquid holdup as a direct parameter in critical velocity calculation. Details of

these correlations will be reviewed in the following sections.
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3.1.1 Turner’s correlation

Turner’s correlation is the very first liquid droplet model which has been
reviewed and modified by several groups of researchers. Moreover, it is widely used
in oil and gas industry. Therefore, Turner’s correlation is selected for this study.

Turner et al. [1] proposed an equation for critical velocity determination as

[o(a 70"

Vi =17.6 i ft/s (3.2)
g
For critical flowrate equation, critical velocity from Eq.3.1 will be used as
pPUtA
Qe=.3.06 pr - MMscf/d (3.2)

Turner et al. [4) recommended wellhead as evaluation point because it is
easily available .eompared stos another pqint such as bhottomhole where direct
measurement of reguired:data is not usuéily performed. Moreover, calculation of
required parameters based on surface datais usually deviated from actual data.

3.1.2 Guo’s correlation

This correlation uses a_different approach in order to determine critical
flowrate by adopting the cohcepi of minimumn.l_l(inetic energy for critical flowrate
determination. They proposed. their minimum kinetic energy equation for particular

liquid properties as
Exm =0.0576/0p; (3.5)

This equaiton derived from Kinetic energy per unit-volume of gas together
with critical veloeity equation for droplet model from Turner’s correlation. For kinetic
energy for particular‘gassflowrate, they added two more equations from ideal gas law

to kinetic energy per unit volume'of gas'and it results as

SyTQ2
Ex = 6.46x10'13% (3.6)

For eveluation point; they recommended that bottomhele conditien should be
used In their equations as they founded out that gas kinetic energy decreases with
increased pressure. Therefore, bottomhole condition which gas has higher pressure
and lower Kinetic energy is chosen. It is complied with the observations from air-

drilling operations where solid particles accumulate at bottomhole rather than tophole.
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They proposed another set of equation for bottomhole flowrate determination
as they developed a gas-oil-water-solid four-phase mist-flow model as

P+m

b
m+—n—bm?
+Nn c

1-2bm | |(P+m)2

b(P-Pre) + |(th )’ +n| n [tan™(—= 7 )-tan ( \/— )]
= a(1+d%)L 1 | (3.7)
Where: a = 15.335,Q, +80.078,& ' 2400 7 O18795,Q, cos(0) (3.8)
b= 0.2456Q
(3.9)
c=
(3.10)
d=
(3.11)
i (3.12)
f = Moody friction f
a (3.13)
me V_ (3.14)
=)
@+ (3.15)

o2k ) (T e
SUEG bl

T 2
m+ 2 n_bm? 6.46x10‘13927Qg'“+m
S qtan)( ABn it My s el (3.16)
Jn Jn Jn '
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This correlation uses different approaches and required parameters in order to
determine critical flowrate. Additional assumptions on some required parameters are
made in order to complete the calculation since Guo et al. [10] did not have any
recommendations on each parameter except their assumptions on Turner’s
recommendation. The values of thermal gradient at 0.01°F/ft and tubing roughness at
0.000015 inch, which is the assumed values that Guo et al. [10] used to generate their
charts at the end of their paper, are the assumedwalues for this study.

3.1.3 Zhou’s correlation

This correlation is.alsor developed from Turner’s droplet model as they
introduced liquid-holdupsinte Turner’s liquid droplet medel for critical velocity
determination as they preposed the threshold value, . If liquid holdup is below
threshold value, original Turner’s equation for critical velocity determination will be
used and two additionaliterms will be added to original Turner’s equation in case of
liquid holdup exceeding threshold value.}THérefore, a set of equations for critical
velocity determinafion propesed by Zhou et al. [42] is

[o(p, — o)1
VeritN = Vit = 17'6._""‘|+

o 8
i

for H; <0.01 (3.17)

o——
Verit-N = Verigr, IHT‘EL‘H}’ ; for H,>0.01 (318)

And critical flowrate determination — the same equation as in Turner’s
correlation will bé used in this correlation as

3.06pv,; A
qcrit—N — p crit—N (319)
Tz

In this correlationy wellhead condition.is used as the evaluation point for the

same reasons as Turner et al. [1] commented in their paper.

3.2).Data Classification

Together with the clarification of selected correlations. Classification of data
IS necessary as raw data of this study has a wide range and it contains some
fluctuation in data collection. Moreover wrong assumptions and conclusions can be
made by applying meaningless data to calculating model. Ranges of production data

are shown in Table 3.1.
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Table 3.1 Range of production data from actual production wells

Parameters Minimum Maximum
Pressure. psia 45 3,272
Gas production rate, MMscf/d 0 15.22
Oil production rate, bbl/d 0 1,728
Water production rate, bbl/d 0 2,309
Temperature, °F 54 250
Well depth (MD), ft 6,000 13,880
Inside Diameter of tubing, inches 2.441 2.992
Well life, days 86 4,592

Production history using in this sﬂudy IS actual data which has a wide range of
data as shown intable 3:1. Moregver, datg distribution for each parameter containing
in each data set is also diffegentand.some of the data has to be eliminated such as no
gas production data ai'the end ofwell Iife".';.THérefore, statistic classification of data is
performed for fourparameters which are gas production rate, flowing tubing pressure
(FTP), liquid production rate aﬁd iiquid hdﬁﬁi)p.}:Details of data classification of each

a o
I

parameter are clarified in next section.

3.2.1 Gas production rate_ .

Il L
| =

Gas productien rate is one of the most important parameters in this study because
the comparisoh of this parameter with predicted critical floWirate lis used to determine
liquid loading status. Moreover, it is used in other calculations such as liquid holdup

calculation. A summary of this parameter is shown in Table 3:2 and Figure 3.1
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Table 3.2: Summary of gas production rate data (in MMscf/d)

Parameter Value (raw data) Value (screened data)
Number of data 1300 1297
Mean 2.15 2.12
Median 15 15
Mode : 0.01
Standard deviation » ‘\\\‘lf 'y 2.10
Minimum | == 0.01
Maximum 10.79
1% Quartile / \ 05
o Qe ﬂ//ﬂi\\“\
350 -
300 -
250 -
>
© 200 -
(Y]
=
£ 150 -
100 -
50
|.n\—||.n mn.n<r|.n|.n mI\moomcnn.nom
ﬂ HE7Y élnﬁ ShgaREE

’J WSS NeNS 2L

creenlng because it is an indicator of no flow condition. After that, remaining data is
sorted and summarized as shown in Table 3.2 and Figure 3.1. Even though range of
this data is 0.01 to 15.22 MMscf/d, most of gas production rate data is in low value as
median, first quartile, third quartile and mode of this data set are 1.5, 0.5, 2.87 and 0.1
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MMscf/d respectively while arithmetic mean of this data is 2.15 MMscf/d. However,
3 data sets which are 12.18, 13.85 and 15.22 MMscf/d are significantly out of the
group. Then, those three data are eliminated from this study and a new summary of
data is shown in Table 3.2 for screened data column. After three data sets are
eliminated, range of data, arithmetic mean and third quartile of data set change,
namely 0.01 to 10.79 MMscf/d for range of data, 2.12 MMscf/d for arithmetic mean
and 2.85 MMscf/d for third quartile.

3.2.2 Flowing Tubing Pressure (FTP)"

Flowing Tubing Pressure(FFP) is a vital parameter for petroleum industry as it is
used by productionsand reserveit.engineers in many aspects.and production period of
any petroleum wellds indicated by this [')arameter (together with production rate). A
summary of this parameter.is showi in Table 3.3 and Figure 3.2

Table 3.3: Summary of flowing tubing preéSuFé data (in psia)

Parameter Value (raw:}(fjgta)___ Value (screened data)
Number of data 14087, 1398
Mean 616 611
Median —— . 501
Mode 275 i 275
Standard deviation 438 422
Minimum & o 45 168
Maximum 324 2715
1% Quartile 315 315
3" Quartile 685 685
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Data distribution of FTP
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Data set th s value offFTP féquals to zero is eliminated in primary
screening as it is an indicator of ne flow condltlbn After that, remaining data is sorted
and summarized as shown in Tﬁﬁle £ and":'E.lgure 3.2. The bin range that has the
highest number of dataf; 20010300 psia. Ihe.{yext four bin ranges still have high
number of data (between 150 1o 19,200 dataﬂiut ‘number of data in each bin range

decreases constantly and stays below 30 data per bin range Jp'om 800-900 psia bin
range to Iast'bm—range—'FheFefere—mest—ef—the—data—ls—[ﬁ fow value and data
distribution is §f£g|lar to gas production rate case as medganfi first quartile, third
quartile and mode of this data set are 501, 315, 685 and 275 psia respectively while
arithmetic mean of this data is 616 psia.

However, there‘are two bin range that isolate from the -main.group. The first
bin range contains45 psia and 70 psia ‘data which rarely-happens in normal operation.
On the other hand, the last bin range (>3000 psia) stays out of the jnain group.
Therefore, those two bin range are eliminated out of this'study -and‘a sufimary of data
is shown in table 3.3 for screened data column. Afterthree data are eliminated, range
of data, arithmetic mean and third quartile of data set change to 168 psia to 2715 psia
for range of data, 611 psia for arithmetic mean.
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3.2.3 Liquid production rate

Since this study focuses on liquid loading in gas well, liquid production rate is
considered as a vital parameter for this study. The definition of liquid production rate
in this study is a summation of water and condensate production rate at standard
condition which is calculated by equation 3.20. A summary of this parameter is
shown in Table 3.4 and Figure 3.

Liquid prod

Where: B, = oil fo

(3.20)

B\ = wate
0o = measured o1 g

Qw = measurediwate

Table 3.4: Summary of

Parameter /alue (screened data)
Number of data 1090

Mean 295

Median 140

Mode . 7 7 1

Standard devi ," | 306 =P 396
Minimum : 1
Maximum 2514

1% Quartile 50

3" Quarti

QRININIUNNINGINY



32

Data distribution of liquid production rate
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No liquid production rate data set l§ eliminated out of this study for primary
screening as those sets of data ‘dld RO Tha é“‘a I|qU|d loading condition. After that,
remaining data is sorted and summanzed as@wn in Table 3.4 and Figure 3.3. Data
distribution for liquid pro_dtt_gtlprt rate- is afngjt_tbe same as gas production rate

because most ofithe data is in low value. In term of statistiE value, median, first

quartile, third r-é_u%t'rtlle and mode of this data set are 140, 50 an&' 3_:,75 bbl/d respectively
while arithmetic_-mean of this data is 295 bbl/d. However, it étt_ll has data distribution
in high value as-data is filled in every bin range which is different from gas
production rate case where three data isolate out of main group. Therefore, no
additional screen for liquid production rate data resulting in the similar values of each
parameter. which is shown in column 2 and 3 of Table 3.4.

3.2.4 Liquid Holdup

Liquid loading is a problem involving with liquid and gas, whereas liquid
holdup is a direct relationship between liquid and gas. Therefore, it is chosen as an
important parameter for this study in order to describe a relationship between liquid

and gas. However, in multiphase flow, liquid holdup has several definitions which are
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varied by interpretation of each researcher. For this study, one of the most popular
definitions which is chosen by this study is no-slip liquid holdup.

Beggs [14] provided the definition of no-slip liquid holdup as the ratio of the
volume of the pipe element that would exist if the gas and liquid traveled at the same
velocity (no slippage) divided by the volume of the pipe element. An equation form
for that definition is written as

M qj,
qdL+dg

(3.21)

Since the area-of tubing string for each-wellin-this study is constant for entire
tubing string in each particular.well, velocity terms can replace flowrate terms in
Eq.3.21 as

Vi

A (3.22)

J Vit g

From EQq.3.22, liguid heldup can;be determined at any locations in tubing
string. Zhou et al. [12] recommended welibea'd as an evaluation point because data is
easily available and wellhead is ‘the highest liguid content along the wellbore.
Therefore, value of liguid hoIduprfor this stij'd;;‘-will be calculated from Eg. 3.23. A
summary of this parameter is shown in Tablé'j!35 gnd Figure 3.4.

e (3.23)
e G

Table 3.5: Summary-ofliquid-holdup-data
Parameter Value (raw data) Value (screened data)
Number of data 1086 1045
Mean 0.046 0.035
Median 0.018 0:.017
Mode 0.003 0.003
Standard deviation 0.074 0.045
Minitum 6.13x107 6.13x10°
Maximum 0.513 0.238
1% Quartile 0.006 0.006
3" Quartile 0.051 0.046
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Data distribution of liquid holdup
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No gas produgtion rate and no Ilqmq productlon rate data are eliminated in
primary screening becausé no gas productlon rate data gives infinity value for liquid
holdup calculation and no Ilqurd productlon_Lale.wnl return zero back to the value of
liquid holdup after calculated by equation 3,23 After that, remaining data is sorted
and summarlzed as shown in Table 3.5 and Figure 3.4. In Ierm of statistic value,
median, first quartlle third quartile and mode of this data set ¢ are 0.018, 0.006, 0.051

and 0.003 respectiely while arithmetic mean of this data iS 0.046. Data distribution
for liquid holdupis similar to liquid production rate as first bin range has the highest
number of data and number of data in the nextbin is declining constantly and there is
no isolated data which is different from data distribution of gas production rate.
However; Zhou et al. [12] mentioned in their research that flow pattern is no longer
annular-mist flow if liquid holdup”exceeds 0.24. As*liquid droplet model relies on
annular-mist_flow, pattern, liquid holdup data that exceeds 0.24 is eliminated out of
this study. After that data is eliminated, range of data, arithmetic mean and third
quartile of data set change to 6.13x10™ to 0.238 for range of data, 0.035 for arithmetic
mean and 0.046 for third quartile which is shown in screened data column in Table
3.5.
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Since liquid holdup is considered as important parameter for this study,
additional classification for liquid holdup is made. Liquid holdup is classified into
separated groups with a certain range of value which has a significant technical or
statistical meaning. A summary of liquid holdup classification is shown in Table 3.6.

Table 3.6: Classification of liquid heldup

Group Value Remark

Low H;<0.0% H, at 0.0 1¥is.threshold value for Zhou’s correlation

Low-moderate | 0.01<H,;<0.03 Hy at 0.02 locates at two-third of entire liquid
holdup data (66™ percentile)

Moderate- @103 < Lif< 0f1 Hyat 0.1 locates at nine-tenth of entire liquid
|

high ‘ holdup data (90™ percentile)

High 0.1sH, #0.24 H; >.024 is out of liquid droplet’s assumption

P 4 (12}

]
i

3.3 Model construgtion

After three correlations are selected in’_tbis study, Microsoft Excel is chosen as
a calculating program for this study.as it has @ strong point to manage spreadsheet and
it is also commonly utilized. However, befoE Microsoft Excel model is generated,
detail on input data for calculating model neédéi.ié-jt;e’clarified.

This study.selects.actual production.datafrom. Gulf of Fhailand as raw data.
The data is reCorded during production period of each well: At each point of time,
various kinds of data are collected. In order to avoid confusion, in this study the data
recorded at a certain_point of time is called a “data set”. Details of each data set are
shown inTable 3.7

Table 3.7: Detail of each'data set

Detail of data in each datasset Unit
Flewing Tubing‘Pressure psia
Gas production rate MMscffd
Oil production rate bbl/d
Water production rate bbl/d
Flowing tubing temperature °F
Well depth ft
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One of the problems for critical flowrate determination is missing fluid
properties data. For instance, some parameters such as surface tension, fluid density
and gas z-factor are not regularly available for every well [1]. Thus, typical gas and
condensate compositions are used to determine the values of fluid properties required
for each critical flowrate correlation. Typical gas and condensate composition
originate from the actual fluid compasitions of produced fluid in Gulf of Thailand.
However, only gas and condensate compositions cannot determine the values of every
required parameter. Therefore, fluid properties.correlations are used to calculate the
values of fluid properties that cannot he determined by typical gas and condensate
compositions. Nevertheless,walier specific gravity is the one that cannot be evaluated
by typical gas ands€ondensate‘compositions and fluid properties correlations. Thus,
the assumed value whichsis equal to 100 is used for this study. Considering this
study, each fluid property has only single value applied to every production data of
this study. Procedure of critical flowrate determination is summarized in term of
flowchart shown in Figura@.50 A=

Figure 3.5: Flowchartof determining critical iﬁlov'\)rate

ol ol

Screen.& classify actual ip_kbduction data

~Set-up-critical-flowrate-catcutating-modei=iacluding
typical and calculated fluid properties in Excel

l

Apply screened & classified ‘production data to generated model

l

Calculated critical flowrate of each correlation
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In the next chapter, the influences of fluid properties to each selected critical
flowrate correlation are analyzed. Furthermore, details of the values of fluid
properties using in this study are examined in order to avoid applying the
inappropriate values to calculating model resulting in the wrong critical flowrate.

X

¥
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CHAPTER IV

FLUID PROPERTIES ANALYSIS

In normal gas well operation, colleciion of data is considered as routine
practice. However, not every data is colleeted for. many reasons. For example,
changing in normal produetion operation is required-n-order to collect a fluid sample
or data which directly affeet productfbn rate. IMoreover, some properties cannot
directly be measured by.field ebservation and they usually require a laboratory test in
order to obtain those data. Acfavorite alternative for this problem is assumed values
which may havesa signifieant differehce from actual wvalues in several cases.
Furthermore, literature reviews in chaptel:'.ll show a strong relationship of fluid
properties to selected. critical flowrate i(J:or_‘reIations. Thus, the analysis of fluid
properties is essential in order to study“”'ghé effect of fluid properties on critical
flowrate. s

Fluid properties that are focused in ‘t[}{sistudy are the properties that represent
weight of fluid and ability tg hold liquid droplét'g,'._together because an importance of
fluid properties on weight and ability to resist .-a demolition of liquid droplet are
strong. Those fluid properties, which will béréﬁﬂ?(f “focused fluid properties”, are gas
specific gravity,.liquid density and surface tension of condensate and water. This
chapter is divided into two sections which is the classification-ef fluid properties and
sensitivity analysis on fluid properties. The main objective of sensitivity analysis is to
evaluate the influences of each focused parameter to predicted values of each critical

flowrate:

4.1) Classification of fluid properties data

The complexity of-lithology ‘is nat the only’sighature of Gulf of (Thailand
(GaT) in terms of petroleum consideration. Properties of fluid-are another significant
notification of the production from GoT. For instance, heating value of produced gas
is usually higher than 1,000 BTU/scf while heating value of dry gas is approximately
at 600 BTU/scf. High heating value indicates that the composition of GoT’s gas is

different from dry gas. Turner et al. [1] proposed a choice to solve a missing data
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problem in terms of “recommended values” which is originated by their field
observation. However, those recommended values may not represent an actual value
resulting in an erroneous calculation of critical flowrate and analysis of liquid loading
problem. Another importance of data classification is the variation in production data
because actual production data of 24 wells from 5 fields are selected for this study.
Determination of fluid properties.is done by typical gas and condensate compositions.
Typical gas and condensate compositions: age made by the average of 5 fluid
compositions from Gulf of Thailand. The fiuid-properties which are determined by
typical gas or condensate composition have only 1 value for every production data of
this study. Fluid properties that determined by typical gas and condensate composition
are gas and condensate specific gravity, condensate density and gas compressibility
factor. However, there aressome fluid properties that cannot be determined by typical
gas and condensate gompesitions:: Thus, fluid properties correlations are used to
calculate those fluid properties. Thissgroup of fluid properties contains water density,
condensate and watef fogmation volume factor and surface tensions. Nevertheless,
water specific gravity ds the one that cannot be determine by typical gas and
condensate compositions or fluid+properties correlations. Therefore, the assumed
value of water specific gravity at .00 is use.d;jri' this study.

After the fluid properties-are classifiea,r a%bmparison of the values of focused
fluid properties of this study to-recommended values of Turner et al. [1] is set at the
end of the section to investigate the differences between recommended values and

actual values.

4.1.1) Gas specific gravity (y,)

Gas specificgravity is defined as the-ratio of the density of the gas to the
density ‘of air, both of which are-measured at standard conditions_of pressure and
temperature. In general, gas specific gravity from gas production well ranges from
0.554 (in case of producing gas is pure methane) t0‘0.8 or more (in case of‘producing
gas is rich gas together with.condensate production).

In this study, typical gas composition from GoT is used to represent the fluid
composition for this study. Typical gas composition is determined by averaged values
of actual 5 gas composition from GoT. The details of actual and typical gas

compositions are shown in Table 4.1. Weighted-average of typical gas composition is
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the selected method to calculate gas specific gravity. Detail of gas specific gravity

calculation is shown in Table 4.2.

Table 4.1: Details of actual and typical gas compositions

Well 1 2 3 4 5 Typical
Compositio Value
CO2 10.45 7874 739 6.06 17.36 9.80
N2 0.04 0.10 0108 0.08 0.10 0.08
C1 68.73 72.59'} 70.51 69.41 67.22 69.69
C2 13.49 13.00 14.07 14.60 10.84 13.20
C3 4,60 428 Y '©u2 RS 2.58 4.46
i-C4 0,80 0.69° f 0.77 0.93 0.63 0.76
n-C4 1.08 0.94 : 1.20 L.9% 0.53 1.05
i-C5 032 _.0.27 '.‘ 0.:3;2 0.43 0.25 0.32
n-C5 023 "0.20 1F027 0.43 0.14 0.25
C6 0.17 0.16 J017 0.48 0.22 0.24
C7+ 0.14 . _Q‘.12 (_)Jfl_(‘) 0.24 0.13 0.15
Table 4.2: Detail of gas speci%ic gravity calcqﬁﬁsa

Well | Mole fraction, Molecular weight, M; Mass, Ib, Miji
Compositionm= — ‘
CO2 0.0980 44.01 4.31
N2 0.0008 28.01 0.02
C1 0.6969 16.04 11.18
C2 0 4320 30:07 3.97
C3 0.0446 44.10 1.97
i-C4 0.0076 58.12 0.44
n-C4 0.0105 58112 0:61
I-C5 0.0032 72.15 0:23
n-C5 0.0025 72.15 0.18
C6 0.0024 86.18 0.21
C7+ 0.0015 98.08 0.15
Sum 23.27
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Mass 23.27
Molecular weight of air  28.96

Gas specific gravity (yg) = =0.803 (4.1)

The value of gas specific gravity is applied to every production data of this
study as a single constant value. Thus, there is no difference in gas specific gravity

between each production data.

4.1.2) Condensate density (po)

The density of condensate iIs defined as.a'mass.of condensate per unit volume.
For petroleum fluid, condensate usually" liberates gas out of it when thermodynamic
conditions such as pressure and temperature are changed. In practice, pressure of
condensate always‘changes along the tubing from reservoirto wellhead. Condensate
density is one of the important parameteirs because It is used in several aspects. But,
frequency of data collection /is usually',ldi/ver than FTP and gas production rate
because it requires a special sample coltécti(_)n as the results of the gas liberation
effect. Similar to gas spec€ifi¢ gravity, tybicél condensate composition made by the
average of actual condensate compositionf‘ig used to calculate condensate density.

Details of actual and typical condensate compesitions are shown in Table 4.3

ol il

cus dd

Table 4.3: Details of actual and-typical condeﬁ;saie"compositions

Well oot p 2 ) BT 4 5 Typical
Compositio Value
coz 1 21 | 225 | 1.95 | Li6 .20l 2.01
N2 0 0 0 0.01 0.01 0
C1l 5.62 6.89 6.70 7.94 0.23 5.48
C2 6.99 7.78 7.61 7.78 2.92 6.62
C3 815 8.70 9.18 8.84 230 7.43
i-C4 3.52 3.57 3.30 2.99 1.40 2.96
n-G4 6.56 712 738 0.74 171 5.90
1-C5 5.00 8101 4.63 4.43 2.89 4,39
n-C5 4.96 5.27 5.29 5.65 2.20 4.67
C6 9.47 9.77 9.59 10.24 10.67 9.95
C7+ 47.63 43.64 44.37 43.65 73.66 50.59
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After typical condensate composition is determined, density of condensate is
calculated by ideal-solution principle. In summary, condensate density is calculated
by mass of each composition divides by liquid volume at standard condition. The
value of standard used in liquid volume calculations is not as important as for gas
calculation. Liquid is not as compressible as gas, so the difference of few tenths of a
psi in standard pressure has a negligible effect on liquid density [15]. Details of
condensate density calculation are shown in Fable 4.4. Similar to gas specific gravity,
there is only single condensate density value fer*every production data sets of this

study.

Table 4.4: Detail giscondensate density calculation

Molecular

Typical Mass, | Liguid density | Liquid volume

campgsition, 1 weight, Ib, | @ S.C.Ib/ft3, @ S.C., ft},
Composition XJ Mj X]Mj Poj XiMj/ poj
co? 0,0201 2401 7| 0.88 51.04 0.0173
N2 o, 72508 40 50.51 0
C1l 0.0548 16.04 | 0.88 19.98 0.0440
C2 0.0662 30.07_:: , ,11‘.99 29.34 0.0678
C3 0.0743 A4S — .f?;.28 31.62 0.1036
i-C4 0.029%6 58. 1245772 35.11 0.0490
n-C4 0.0590 58.12 3.43 36.42 0.0942
i-C5 0.0439 (208 Sul 36:96 0.0813
n-C5 0.0467 72.15 o 39.36 0.0856
C6 0.0995 86.18 8.27 41.40 0.2071
Cr+ 0.5059 134.2 67,89 48,61 1.3967
Sum 1 05.18 2.1466
Condensate density (po) = i i %8 . 44.34 Ib/ft® (4.2)

Liquidivalume, ~2.1466

4.1.3) Gas compressibility factor (z-factor)

The gas compressibility factor or z-factor is the ratio of the volume actually
occupied by a gas at given pressure and temperature to the volume the gas would
occupy at the same pressure and temperature if it behaved like an ideal gas [15].

Considering this parameter, it is determined by the average value of actual data from
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GoT. Average value of actual data is called typical value which is applied to every
production data as a constant. Details of actual and typical gas compressibility factor

are shown in Table 4.5.

Table 4.5: Details of actual and typical gas compressibility factor

Well Gas compressibility factor
1 0.889
2 0.913
3 0.989
4 0.953
Typical value ‘| 0.936

4.1.4) Condensate formation volume faétdif (Bc)

Condensate formation volume fac?for_q_is defined as the volume of reservoir
condensate required 0 produce one barrel bf condensate in the stock tank. There are 3
main factors that influence condensate forfr;é}jor} volume factor. Firstly, and the most
important one, is the evolution of gas from‘p.i_J as pressure Is decreased from reservoir
pressure to surface pressure. Fhe reduction ir;!-_b;esigure also causes the remaining oil to
expand slightly, but this is somewhat offset’hy'l'![ﬁe contraction of the oil due to the
reduction of temperature [£5} " T

Unlike theﬁparameter in section 4.1.1 to 4.1.3, the actual data of this parameter
is not available.. Thus, the correlation that proposed by El-Banbi, and Fattah [16] is
used to calculate condensate formation volume factor. El-Banbi, and Fattah [16]
presented their model which is the modification of the model presented by Standing
[17]. The modified Standing’s correlation for‘condensate formation volume factor is
shown in table 4.6. Similar to the fluid/properties in section 4.1.1 to 4.1.3, the value of
condensate formation volume factor of this study is a constant value for every
production data. The.value. of.condensate, formation, volume.factor. of.this.study is
shown in Table 4.7.

Bc = A1+A2*[RsV(Ygse/Yosc) + A3*(T-460)]™ (4.3)
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Where

Al, A2, A3, A4 = coefficient of EI-Banbi and Fattah’s correlation (given in
table 4.1)

Bc = condensate formation volume factor, bbl/STB

Rs = solution gas-oil ratio, scf/STB

T = temperature, °R

Ygsc = 0as specific gravity

Yosc = COndensate specific gravity

Table 4.6: Coefficients of medified Standing’s correlation for condensate formation

volume factor

Coefficient { Value
Al _70.965100772
A2 = 0.000342547
AB ) 1303305644
N W -~ 1.053171234

4.1.5) Water formation volume factor (Bw_)w: = .

The water formation voiume factor is defined as the change in volume of the
brine as it is transported from-reServoir condition to surface conditions [15]. Similar to
condensate formation volume factor, there are 3 factors that affect the value of water
formation volume:factor which are the evolution of dissolved.gas from the brine, the
expansion of the brine as pressure Is reduced and the contraction of the brine as
temperature is reduced. However, the effects of those 3 factors are smaller than
condensate formation volume factor because water has the lower solubility of gas and
compressibility. Thus, the value of water formation volume factor is.usually less than
condensate formation volume factor. Similar to condensate formation volume factor,
actual. value .of water. formation yvolume. factor is=not. available.. Therefore, fluid
properties| correlation propesed, by: Rowe and Chous{18] is used to calculate water

formation volume factor. Details of water formation volume factor’s correlation

proposed by Rowe and Chou [18] as
1127.522 . 100674.1
TOK TOK

A; = -2.5166 + 0.0111766 Tex— 0.170522x10 Tk (4.5)

Ao =5.916365 — 0.0103 Tex + 0.9270048x10°° T+ — (4.9)
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A; = 2.84851 — 0.0154305 Tox + 0.223982x10-4 T« (4.6)

The density of the water at standard pressure, the temperature of interest and
without dissolved gas is defined as

P w = (Ao + Agws +A W)™ (4.7)

The water density is also determined at standard pressure and temperature

using equations 4.4 to 4.6. The water formation volume factor is determined from

these results using equation 4.8. It should be/mnoted.that these equations use salinity in

fraction.
Bow(psc,T) _ P WO(Psc,Tsc) (4.8)
Pw(pseT)
The water.dormation velume factor corrected for elevated pressure is given by
equation4.9t0 4.11
Ao =40°(0:314 #0.58W; +1.9x10 " T = 1.45x10°T2%¢) (4.9)
Aq = 8+ 50W; — 0.125w Te¢ (4.10)
Bw = BOW(pS;,T_)(l + j—: p)(A_i) (4.11)
Where -

Bw = water formation véitime factor',‘ft‘)t')'l{STB
p = pressure, psia £l

Psc = pressure at standard condition = 14h7;psia

T-r = temperature, °F

T-x = temperature, °K

Tsc = temperature at standard condition = 60°F

w;s = watersalinity

Similar to condensate formation volume factor, the value of water formation
volume factor is a.constant value for every production data ofi this study. The values
of pressure and temperature for water formation volume factor calculation are the
average values of flowing tubing pressure and surface.temperature of the.production

data of this study.

4.1.6) Water density (pw)
The density of water is defined as a mass of water per unit volume. Unlike
condensate, solubility of gas in water is less than condensate. As a result, the amount

of gas can dissolve in water less than in condensate and less amount of gas that will
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liberate out of water when thermodynamic condition such as pressure and temperature
are change than condensate. Therefore, an effect of gas to water is ignored in many
water density determination cases. Even though water density has an influence on
water properties in the same way as oil density does, determination of this parameter
in an actual field is rarely done because water properties have much less importance
than condensate properties in normal operation. Another reason is water density is
rarely change between each well since gasdiberation from water is much less than
condensate and water_density calculation usually ignores an effect of gas in the
calculating equation. The equation for water density calculation for this study is

shown in equation 4.12.

62.4yw
By

Water denSity (pw) = (4.12)

Where L

62.4 = density ofwater at standard{zondition, lbm/ft?

vw = Water specific/gravity y

B\ = waterpformation volume factor- :

4.1.7) Gas-condensate surface tension (60) -'

The surface tension is defified as thé"jfdrce; required preventing destruction of
the surface [15]. Surface tension usually invély;a'ls"with two fluid phases and it often
neglects gaseous phase when.it-is called (in th_,is: _@:ase is condensate surface tension).
Surface tension 1s rarely measured in normal operation becausé it has a limited usage
of this parameter and It requires a laboratory test in order to measure it. Considering
this study, gas-condensate surface tension is calculated by typical gas and condensate
composition. The-equation used to calculate gas-condensaté-surface tension is given

as
D p
ou= [ Pix 3 T 0% M—Z ¢ (4.13)

Where
Mg = apparent molecular weight of gas
M, = apparent molecular weight of liquid
Pj = parachor value
X; = mole fraction of liquid

y; = mole fraction of gas
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py = gas density, g/cc = 0.044 for this study

p1 = condensate density, g/cc = 0.710 for this study

o = surface tension, dynes/cm

Similar to water density, there is only single value of gas-condensate surface
tension for every production data of this study. Summary of the calculation of gas-
condensate surface tension is shown in Table 4.7. The value of gas-condensate surface

tension is shown in equation 4.13

Table 4.7: Calculation'of gas-condensate surface tension

Component X; Vi P] Equation 4.13
CO2 0.0201 0,0980 78.0 20.0025
N2 0 0.0008 41.0 20.0001
C1 010548 0.6969 77.0 20.0700
c2 0.0662 0.13%0 _ 108.0 0.0264
C3 0.0743 0.0846 150:3 0.0706
i-Ca 00298 ., |2 0.0076, 4|\ 18L5 0.0375
n-C4 0.0590 00105, 189.9 0.0798
i-C5 0.0439 00032 B, 2250 0.0723
n-C5 0.0467 00025 | 2315 0.0796
C6 0.0995 0.0024 = | = 2710 0.1999
Cr+ ~0.5059 0.0015 3319 1.4401
Sum 1 1 1.9334
o = (1.9334)* = 13.97 dynes/cm (4.14)

4.1.8) Gas-water surface tension (e6)

The gas-water surface tension is almost a similar definition to gas-condensate
surfage ;tensien, exeept-that-liquid phasejswitehes,from eondensate~to watergand it is
usually called water surface tensian. This parameter{is similar.to condensate.surface
tension except that condensate is substituted by water. Normally, water has a stronger
bond than condensate resulting in water droplet is harder to shatter than condensate

droplet resulting in higher surface tension. In this study, gas-water surface tension




48

correlation which is proposed by Sutton [19] is used. Details of Sutton [19] correlation

are shown in equation 4.15.

2 08339 T (0.8219761.8378510°T.  +1.3401610° T2, ) 36607
&y = [[1.53988+ f}(_RJ v =P )
Puge ~ Phyee c

Where

ogw = gas-water surface

Py, .. = hydrocarbo '

Py,

T, = critica

TDR: # Y

In summarygMissing, v | ro S c ne of the most important

S prc _f:!‘ ‘several approaches are used to
AN S

al \ and condensate compositions,

which originate fron t : " alue-of a St . rom Gulf of Thailand, are
selected to deter » Of missing data, {owever, there are some parameters
that cannot be determ ty “gas. Cn(‘fﬁJ - ‘compositions. Thus, fluid
properties correlations are usec ' - f Iu Of fluid properties that cannot

be determined by typical gas ¢ e compositions. Nevertheless, the value of
water specific gravity cannot be € 4 ) gas or condensate compositions

or fluid propertie 1100 jis used as the value

of water specific gravity of this ( ‘qf uid properties using
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QRININIUNRINYIAE
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Table 4.8: Summary of Fluid properties values using in this study.

Parameter Value Method of determination
Gas specific gravity 0.803 Typical gas composition
Condensate density 44.34 |b/ft® Typical condensate composition
Gas compressibility factor 0.936 Typical gas composition
Condensate formation volume 1.14 El-Banbi and Fattah [16]
factor

Water formation volume 1.013 bbl/STB Rowe and Chou [18]
factor '

Water density 61.60 Ib/ft® Water density equation

Gas —condensate surface 1397 dynes/cm Typical gas and condensate compositions
tension

Gas-water surface tension b7:53 d))néé/cm Sutton correlation [19]
Water specific gravity 1.06 Assumed value

4.1.9) Comparison of Turner’s recommeﬁded.-yalues and the values of this study

Missing data‘is one of the most imlpqrtant obstacles in order to solve any
problems including liquid loading problem-.; Oneg, of the favorite solutions for this
problem is assumed values. Turfer et al. [1I’prb;30$ed the values of fluid properties
which are made by their field observaiion. ﬁifwéi/er, using Turner’s recommended
values leads to a significant problem because actual values for.any particular wells
may have significant difference from recommended values.as the result of the
difference in fluid composition. Thus, a comparison of the values of fluid properties
for this study and Turner’s recommended values are performed in order to investigate
any significant differences between them. The differences.between.the values of this
study and recommended-values by Turner are calculated in percentage by equation
4.16. Details of them are shown in Table 4.9.

Average value of.this study—Recommended value by.Turner
(A i - X ¥ ) ¥1000 (4.16)

0, i .
Voldifferences Recommended values by Turner,
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Table 4.9: Summary of recommended values by Turner et al. [1] and the values of

fluid properties using in this study

Parameter Recommended The average % differences
values by Turner values of this
study

Gas specific gravity 0.6 0.803 33.83%
Condensate density 45 [b/ft’ 4434 1b/ft® -1.47%
Water density 67 Ib/ft® 61.60 Ib/ft® -8.06%
Condensate surface 20 dynes/cm 13.97 dynes/cm -30.15%
tension

Water surface tension 60 dynes/;m 57.53 dynes/cm -4.12%

From Table 4.9, f0as specific }gfévity has the highest variation when
recommended valties and the values of Jflg_id properties using in this study are
compared. The values of liguid density fbr this study are slightly lower than
recommended values by Turner (1.47 % i'gwe(r for condensate density and 8.06%
lower for water density). Consideting surf?ce tensions, the values of condensate
surface tension is lower than recommendec_j: \-/aly_g by 30.15% while water surface
tension is lower than recommended value by 4.12%.

However, the variation in gas specifié‘g'r——a&/ity is_significantly higher than the
others. The recommended value by Turner is 0.6 which i1s usually found in dry gas
production while‘the value of this study is 0.803 which is usually found in rich gas
production or impurities are found in gas stream. Gas specific gravity can be higher
than the value of this study in case that the produced gas Is associated gas or mole
fraction_of impurities in gas stream is high. For instance, produced gas has a high
mole percentage of carben dioxide which can be found in seme reservoirs in Gulf of
Thailand. In general, impurities usually have molecular weight higher than air. For
example,.the.molecular, weight.of carbon dioxide i5-44 and the molecular weight of
hydrogen sulfide is 34. Thus, gas composition that sas high impurities usually has
high gas specific gravity. If recommended values by Turner are applied, it can
introduce a major difference to the actual value in case gas composition is not dry gas.
Thus, not only liquid loading consideration, estimation of gas specific gravity is a

vital task because range of gas specific gravity is wide and it is used in several
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aspects. After the fluid properties data is classified, influences of them on predicted
critical flowrate of each selected correlation are analyzed by sensitivity analysis in the

next section.

4.2) Sensitivity analysis on fluid properties

After the influences of each fluid property are analyzed in the previous
section, influences of fluid properties on critical flewrate are analyzed in this section.
Sensitivity analysis is chosen as a tool to invesigate. the effects of fluid properties on
each critical flowrate correlation. Tﬁe calculating model for critical flowrate
determination, whose model consiruction is detailed in Chapter 11, is used as a base
model for sensitivity analysis« Five focused fluid properties from section 4.1 are the
main parameters forsensieivity analysis. IFour sensitivity analysis cases which are 5%,
10%, 20% and 30%dare chosen and applied to the values of each focused fluid
property in addition andssubtraction to cm{ér tpe ranges of the values for focused fluid
properties. Howevery applying high variatifon bercentage to liquid density may cause
the unrealistic values. Thus, variation in li:(iﬁ_i.d Qensity Is limited at 20%. The values
of fluid properties forbase case and ranges gf‘,.data are summarized in Table 4.10.

N,
o g g
L

Table 4.10: Base value and range of data for sensitivity analysis

Parameter I~ Base value | Range of data for sensitivity analysis
Gas specific gravity | 0.803 0.562+ 1.044
Condensate dehsify 44.34 |b/ft® 35.47 -53.21 Ib/ft>

Water density : 61.60 Ib/ft® 49.28 — 73.92 Ib/ft>
Condensate surface 13.97 dynes/cm 9.78 18.16 dynes/cm
tension

Water surface.tension 57.53 dynes/cm 40.27 — 74179dynes/cm

For Purner’s sand Zhow’s correlationy ally focused parameters are imy critical
velocity determination ‘asishown. in-"equation 4.17 for Turner’s | correlation and

equation 4.18 and 4.19 for Zhou’s correlation.

[o(p = p )1
1/2
9

vi =17.6 ft/s (4.17)
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[o(p — Py )1

Vcrit.N = Vcrit.T = 17.6 for Hl S 0.0l (418)

Verit-N = Verit-T + N %ﬂx for H,>0.01 (4.19)

Unlike liquid density and surface tension, gas specific gravity are not directly
be used in equation 4.17 to 4.19. Bult, It Is used in gas density calculation and it is the
only variable parameter in gas density calculationsas other parameters are fixed. For
Guo’s correlation, liquid density and surface“tension play an important role on
minimum Kkinetic energy and bottomh'é'ile pressure calculation which is shown in
equation 4.20 and 4.21..Gas  specific gravity is used in bottomhole pressure
calculation and kinetic energyatany givsn flowrate determination which is shown in

equation 4.21.

Ein = 0:057640 0L (4.20)
W WL
Ev=6,46x10 22 (4.21)

Nevertheless, only focused fluid prgigerties cannot fulfill the requirements of
each correlation to ealculate critical flow‘fit‘ei. Thus, the additional constraints are
made in order to be able to calculate critical ﬂow!rthe. Focused fluid properties are not
the only variable parameter for sensitivity anatyms model. FTP and liquid production
rate are another group of variable parametersf!fd'r]'éénsitivity analysis model. Variation
in FTP and liguid production rate makes an-extra coveragg 1o actual production
scenarios and-they are easily available in normal field observation. These 2
parameters are varied in low and high value by first quartile and third quartile of
entire screened data of this study. The values of FTP and liquid production rate used
in sensitivity.analysis are summarized.in.Table 4.11. However, some.parameters have
to be set as|.a constant to avoid the unnecessary ‘complicationsgtesulting in the

erroneous analysis. A summary of those constant parameters are shown in Table 4.12.
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Table 4.11: The values of FTP and liquid production rate for sensitivity analysis

model

Parameter Case Value

FTP Low value (first quartile) 315 psia
High value (third quartile) 685 psia

Liquid production rate Low value (figst guartile) 50 bbl/d
High value (third.quartile) 375 bbl/d

Table 4.12: Summary of constant paraméters of sensitivity analysis

Parameter Value

Gas production rate 1.5 MMscf/d (median of entire data)
Gas compressibilityfactor 0.936

Condensate specific gravity . 0.779 (50.2°API)

Water specific gravity 1.00

Wellhead temperature ‘ 130°F (median of entire data)
Tubing inside diameter ; 7 2.441”

Well depth (TVD) ¥ /R 10,000’

71

After critical flowrate of each sensﬁiVit)-/ analysis case is calculated, it is
compared to original critical flowrate from Ey Baéﬂé'ééSe in.terms of percentage which is
calculated by-eguation 4.22. A comparison of the variations.for each sensitivity
analysis value“is'made in order to evaluate the influences of the differences on the
value of fluid properties to predicted critical flowrate. Moreaver, the influence of each
fluid property on predicted critical flowrate is analyzed to investigate the effects of

fluid properties on-predieted-critical flowrate:

(Qeritfonm sensitivity analysis—Qcyitf rom base case) x100

% deviation'= (4.22)

Qcritfrom base case

4.2.1) Gas specific gravity (y,)

Gas specific gravity is one of the most important parameters in gas production
because it is used in several aspects. Sensitivity analysis of gas specific gravity is
separated into two parts which are a condensate case and water case. For the
condensate case, properties of condensate are used in sensitivity analysis model

without the properties of water involved and vice versa for water case. A summary of
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base and sensitivity analysis values for gas specific gravity is shown in Table 4.13. In

terms of production condition, there are four cases of production condition for each

liquid phase. Details of each production condition case are shown in Table 4.14.

Results from sensitivity analysis model for each production condition are shown in

Figure 4.1

Table 4.14:

—4.38.
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In terms of the differences from base cases, Guo’s correlation has the
differences from the base case less than other correlations for the majority of

sensitivity analysis case. On the other hand, Turner’s correlation usually has the
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deviation from the base case greater than other correlations. It can be described in
terms of complexity of each correlation. Turner’s correlation is the least complex
correlation and only fluid properties are required parameters. Thus, variation in fluid
properties creates a major impact on predicted critical flowrate of Turner’s
correlation. Adversely, Guo’s correlation is the most complex correlation which
contains several input parameters. Therefare, only the variation in fluid properties will
not generate a major difference of predicted eritical.flowrate of Guo’s correlation.

The change in_gas specific gravity~has#an inverse relationship to critical
flowrate. If gas specific gravity increases, then, an ability to carry liquid droplet is
increased in terms of an inerease in drag force acting on liquid droplet for the same
gas velocity. In other words, for the same driven energy from the reservoir, gas that
has higher gas specific gravity flows at lower velocity than the gas that has less gas
specific gravity. Therefore; higher.gas specific gravity makes lower critical velocity
and critical flowzate. Tarner’s correfation is the one that has the least effect on a
change in productionsconditions because it is the only change in FTP that affects this
correlation for each set.of analyzed fluid. TKh,e main reason is liquid production rate
does not have any effect on input parametef? of Tumner’s correlation. However, the
change in liquid production rate plays a rolé'i;h,'qther critical flowrate correlations in a
different manner. Liquid preduction rate 1& 'a.l':‘direct input parameter of Guo’s
correlation. Although liquid _production rate ‘_’is;jnot a direct parameter of Zhou’s
correlation, liquid production rate is used to calculate liquid heldup which is a direct
input parameter of Zhou’s correlation.

However, Turner’s and Zhou'’s correlations predict the same critical flowrate
in the case that liquid holdup stays below 0.01. As liquid holdup is lower than 0.01,
variable parameters”of Furner’s correlation«and Zhou’s correlation are the same
becauseno liquid-holdup involved in critical flowrate determination. Production
condition'that has liquid holdup less than 0.01 is case No. 1, 3, 5 and 7. The effect of
changing FTP can be described that if FTP increases, gas formation volume factor
(Bg) Will decrease since the same amount’ of gas is denser because .of increasing
pressure. Decreasing By will cause a reduction in gas velocity and higher liquid

holdup. Higher FTP also makes an increase in gas density and less critical flowrate.
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4.2.2) Condensate density (po)

When the weight of liquid is considered, density is a favorite tool to evaluate
the weight of liquid. In order to compile the phase of focused fluid, input parameters
of the sensitivity analysis of this case is condensate. A summary of base and

sensitivity analysis values for condensate density is shown in Table 4.15. In terms of

roduction condition for each liquid
are shown in Table 4.16. Results

ition are shown in Figure 4.9
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Considering the comparison of the values from sensitivity analysis case and
base case, Turner’s correlation is still the one that usually has the highest deviation
from base case. For the production condition that liquid holdup is less than 0.01, the
deviations predicted by Zhou’s and Turner’s correlations are equal. Moreover, those
deviations are higher than the deviations that predicted by Guo’s correlation. On the
other hand, Zhou’s correlation is the on¢ that predicted the least deviations for the
production condition that liquid holdup is greater than 0.01. It can be described by the
difference in an influence of condensate density to Guo’s and Zhou’s correlation.
Considering Guo’s correlation, condensate density is a strong function of minimum
kinetic energy determination: Minimum kinetic energy plays an important role in
predicted critical flowrate.of Guo’s correlation and any variations on it will generate a
significant differenge in predicted critigal flowrate. For Zhou’s correlation, liquid
holdup is introduced to critical flowrate determination when liquid holdup is greater
than 0.01. Whengsliquid holdup istused to determine critical flowrate of Zhou’s
correlation, the valug of liquid holdup is fo:ori‘étant for each sensitivity analysis case.
An additional of constant value creates a Iafger portion of critical flowrate calculation
that is fixed for sensitivity.analysis resulting'jn lower deviation from base case. With
those reasons, the deviation of Guo’s correl&éi&q is higher than Zhou’s correlation for
the production condition that liguid-holdup ié_:gfééter than 0.01. However, simplicity
of Turner’s correlation still-has-the greatest iﬁﬂﬁﬁnce on sensitivity analysis resulting
in the highest deviation in each production condition case: Nevertheless, overall
differences in condensate density cases are less than the differences in gas specific
gravity cases which means gas specific gravity has a higher effect on critical flowrate
prediction than condensate density.

The change “indliquid density has a‘direct relationship to critical flowrate.
Heavierliquid will require more gas energy (or gas velocity) injorder to suspend or
lift this liquid droplet in gas stream and cause higher critical flowrate to unload this
liquid out of the well. For liquid density, variations‘in*production conditions play the
same, role as. gasispecific gravity.case. FTP is still the only parameter that affects
Turner’s correlation. Influences of a variation in liquid production rate still play the

same role in Guo’s and Zhou’s correlations.
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4.2.3) Water density (pw)

Water density is the third fluid properties of sensitivity analysis. In order to
compile the phase of focused fluid, input parameters of the sensitivity analysis of this
case are water. A summary of base and sensitivity analysis values for condensate

density is shown in Table 4.17. In terms of production condition, there are four cases

Table' \ 1waterden5|ty
II /ﬁ‘\\\
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Table 4.18: Deg%LIs of e i r ater density
Case : e Definiti --—-—:;;;;;:;-ﬁ.y quid production
number A e L rate (bbl/d)
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Considering water density, the deviation of sensitivity analysis is similar to
condensate density. Turner’s correlation is still the one that predicts the highest
deviation and the deviation of production condition that liquid holdup less than 0.01 is
equal to Zhou’s correlation. For the production condition that liquid holdup is less
than 0.01 (case No. 1 & 3), Guo’s correlation predicts the lowest deviation while the
lowest deviation for the production condition that is greater than 0.01 belongs to
Zhou’s correlation. In terms of the value,the variation of sensitivity analysis is
slightly less than condensate density. The simtlarity of water density and condensate
density in sensitivity analysis can be described by the effects of water density on each
critical flowrate correlation.that.are similar to condensate density. Thus, the phase of
liquid does not have"a significant rolelin predicted critical flowrate. Nevertheless,
every correlation reeommends that water is a preferred liquid phase when both of

liquid phases are detegted.

4.2.4) Gas-condensate surface tension (d:}) '

Gas-condensate sUrface tension is th‘e fluid properties that are rarely measured
in normal routine begause of the requirem]erit of laboratory test to determine it and
limited usage. Similar to condensate denSIty, the phase of liquid for input parameters
is condensate. A summary Of base and seﬁéﬂimty analysis values for condensate
density is shown in Table 4.19.-1n terms of preduction condition, there are four cases
of production condition for each liquid phase. Details of each production condition
case are shown in Table 4.20. Results from sensitivity analysis model for each

production condition are shown in Figure 4.17 — 4.20.
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Table 4.19: Base and sensitivity analysis values of gas-condensate surface tension

Sensitivity analysis case Value (dynes/cm)

+30% 18.16
+20% 16.76

+10% 15.37
' | 14.67
~ 13.97
18.27

) ﬂ]
ﬂu/l i\\\\&\
Table 4.20: Details offeachp ﬁ' \ -condensate surface

.‘H L

tension
Case Liquid production
number rate (bbl/d)
: 50
’ / , 375
3 High FTP, low Ofcase | . 5
4 . Figh FTP; high Ol - 375
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In terms of the deviation calculated by sensitivity analysis model, the results
of gas-condensate surface tension are similar to condensate density. However,
Turner’s correlation predicts the same deviation for every production condition which
is different from previous analysis that FTP causes a variation in Turner’s predicted
value. This behavior of Turner’s correlation can be described as FTP does not have
any influence on surface tension while liquid density and gas specific gravity are
affected by FTP. Thus, the predicted valug by Turner’s correlation is constant for
every production condition. However, the predicted values of Guo’s and Zhou’s
correlations are in the'same direction as condensate density. Considering the predicted
values, the deviation of eaeh correlation for each production condition is slightly
lower than condensate density resulting in gas specific gravity is still the fluid
property that has theshighest influence on predicted critical flowrate.

The change insSurface tension has a direct relationship with critical flowrate
because surface tension‘plays an important part in terms of the strength of liquid
droplet. When surfage tension is higher; a 66ndensate droplet tends to hold in the
same shape with stronger bond. It requires 'fnore force to break this droplet out into a
smaller droplet and makes it behave Ilke mlst in gas stream. In terms of critical
velocity, it requires more eritical velocity to Ilft Iarger droplet size since an increase in
larger droplet size will makeé fiow pattern of Ihe weII fade away from annular-mist
flow pattern which is an.assumption -of liquid: ,droplet model for critical velocity

determination.

4.2.5) Gas-water surface tension (o)

The final fluid property for sensitivity analysis is gas-water surface tension.
Similar to water density; the phase of liquid for input parameters is water. A summary
of base and sensitivity analysis values for condensate density is shown in Table 4.21.
In terms ©f production condition, there are four cases of production condition for each
liquid phase. Details of each production condition-¢ase are shown in Table 4.22.
Results from. sensitivity analysis model /for'each production condition.are shown in
Figure 4.21 — 4.24.



Table 4.21: Base and sensitivity analysis values of gas-water surface tension

Sensitivity analysis case Value (dynes/cm)
+30% 74.79
+20% 69.04

i, o
- H”ﬂ /7

K\ 54.65
7771 N
7 NN
,Ilmﬁ PUINS

Table 4.22: Detai d:} *h prog iction cor Jitic for gas “tersurface tension
Case tiort > (psi Liquid production
number rate (bbl/d)
1 50
2 375
3 50
4 High 6l 375
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Complementary to the similarity between condensate density and water
density, gas-condensate surface tension and gas-water surface tension have several
similarities. Begin with the highest and constant deviation predicted by Turner’s
correlation. Moreover, the deviation of gas-water surface tension is the exact value as
gas-condensate surface tension. The tendency of predicted values by Guo’s and
Zhou’s correlations is still the same as gas-condensate surface tension. The predicted
deviation of gas-water surface tension is: shightlydess than gas-condensate surface
tension which is similar to liquid density cases..Fherefore, gas specific gravity is the
one that has the highest influence on predicted ecritical flowrate of each selected
correlation.

Property oisthe fluid is.one of the most important considerations in petroleum
activities. Fluid properties play & critical role in gas and liquid behavior of liquid
droplet model. Five properties which are ‘gas specific gravity, condensate density,
liquid density, gas-condensate surface tension and gas-water surface tension are
selected to study .the jnfluences. of thern on liquid loading consideration.
Classifications of “fluid-properties data together with the influences of them on
selected critical flowrate correlation are analyzed in this chapter. In section 4.1, the
origin of the values of each selected property |s clarlfled At the end of the section,
comparisons of the values of this study and recommended values made by Turner are
presented. Sensitivity analysis s the chosen toal to. evaluate the influences of each
fluid property on predicted critical flowrate. The conclusions of fluid properties
analysis can be summarized as

1.) Fluid property that has the most variation i1s gas specific gravity. This
conclusion is made by the fact that gas specific gravity has the widest range of
possible value. It can bewaried in the range‘of 0.554 to 1.1. Moreover, the value of
gas specific \gravity of this' study has the highest deviation In comparison with
recommended values made by Turner. Considering other focused parameters (liquid
density and surface tension, the differences between: the values of this“study and
Turner’s recommended values .are lower than_. gas specific | gravity. Thus,
recommended values by Turner can be applied in case of missing data with certain
accuracy. However, the evaluation of fluid properties and apply the reasonable values
of fluid properties are the proper procedure in order to reduce the errors made by

wrong values of fluid properties.
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2.) Gas specific gravity is the one that has the highest deviation when sensitivity
analysis is applied to selected fluid properties. Moreover, the variation in production
condition plays a role in the values of predicted critical flowrate in a different manner.
The differences in the phase of liquid do not play any significant role in predicted

critical flowrate because it has a very small difference when the same production

conditions are compared. Together w nclusion from section 4.1, it can be
concluded that gas specific g vity 7' : rtant fluid properties for liquid
loading determination. — ‘

In the next chap itensive d alysi production condition is conducted
because the variation in prody ' s .' it has an influence on

predicted critica ‘ Stuo represent the variation
in production condition. Aifte the fa '. ' _\\ aluation of critical flowrate
are analyzed, prelctl s offwell statu \ 0 ea’uon are investigated in
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CHAPTER YV

LIQUID HOLDUP AND WELL STATUS ANALYSIS

Liquid loading can be determined by several methods. For instance, the
presence of liquid slug at surface or significantly dropped of production rate versus
time plot of decline curve analysis. Another popularmethod, which is selected by this
study, is the analysis of critieal flowrate. In this study, critical flowrate is calculated
by three correlations wia user-generated calculating model. Details of selected
correlations and calculating ;model are ‘clarified in chapter 1ll. In last chapter, the
influences of fluid™ properties; on critical flowrate are analyzed. However, the
conclusions about how the amount of quuiEi, plays a role on critical flowrate are still
not unanimous -because there are someﬁlcq,nflicts between  the conclusions from
different groups of researchers. Therefore;‘!rﬂliquid holdup, which is used to represent
liquid production rate for this stucy;-is analyzed in order to investigate the influences
of liquid holdup to eritical flowrate. After the analysis of the factors that affect the
prediction of critical flowrate'is finalized, the anqllysis of well status is made in order

to investigate the well status of actual production well.

5.1) Liquid holdup-anatysis

When liquid is produced from gas well, liquid loading is one of the problems
that usually concerns petroleum engineer. This study selects five scenarios of fluid
production which tend to cause liquid loading., Those conditions are 1.) low to low-
moderate, Hi-range with low gas production.rate, 2.) low to low-maderate H, range
with low, liquid production rate, "3:) low"to fow-moderate H, range with high liquid
production rate, 4.) moderate-high#o high H, range with low gas production rate and
5.) moderate-high to high™H, range with high gas production rate. ‘Injthis, study, these
five scenarios of fluid production are called “focused production condition”. Other
conditions such as no liquid production or low to low-moderate H, range with high
gas production rate are eliminated from this analysis because liquid loading condition
will not happen in those conditions. Classification of liquid holdup analysis conditions

is presented in table 5.1.



Table 5.1: Classification of liquid holdup analysis conditions
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Conditions Liquid holdup | Gas production | Liquid production
value rate rate

low to low-moderate H, 0.0001-0.03 | <1.5MMscf/d Not specified

range with low gas (median of entire

production rate data)

low to low-moderate H, 0.0001 - 0.03 Notspecified < 140 bbl/d

range with low liquid (median of entire

production rate data)

low to low-moderate Hy 0:0001 -{0.03 Not specified > 140 bbl/d

range with high liquid (median of entire

production rate data)

moderate-high to high H, 0.03-0.24 | <'1.5 MMscf/d Not specified

range with low gas | (median of entire

production rate ] data)

moderate-high to high H, 0:03-024 | > 1.5 MMscf/d Not specified

range with high gas il (median of entire

production rate A8 data)

The values that are used to define produ&ion scenariof(1.5 MMscf/d for gas
production ratg, 140-bbi/a-for-hiquic-productionrate-and range.of liquid holdup value)
originate from data classification in chapter Ill. Considering.gach scenario, the results
of each scenaria_are separated Into 2 sets by the parameters involving in each
scenario. For instance, gas production rate and liquid holdup for scenario 5.1.1. Each
set of the results is'classified into 4 groups'by median and quarttile ‘of each parameter.

Analysis of production scenarios ispresented in following section.

5.1.1Low todow-moderateliquid holdup range with low gas produciion rate

In "this "‘condition, gas ‘well is produced at low production” rate and" liquid
production is also in a low rate resulting in low to low-moderate liquid holdup range.
This condition usually happens in declining period of gas well and this condition

often ends up with no gas production. Results in this section are separated into 2 sets
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by the parameters that used to define the production scenario which is presented in

next section.

5.1.1.1Classified by gas production rate.
Considering the data sets that have the value of liquid holdup in low to low-

less than 1.5 MMscf/d, they are separated into
ts. Median and quartiles are used

moderate range and gas productic
4 groups in order to monitor an

to break the data sets into 4 S. br gas te in 0.05 to 0.48 MMscf/d
range, it is classifie? oupfias at 0.49 to 0.75 MMscf/d,
0.76 to 1.16 MM an T 4et0° 1,50 / Lare yrized into second, third

and fourth groups. Dective isplayed in term of the

percentage of the data'Set: hich is shown in Figure
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For Figure 5.1 and 5.2, 4 columns in each chart represent the percentage of the
data sets in each gas production rate group. There are 3 possible orders of predicted
critical flowrate presented in the different color of the sub-column. For instance, 92%
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of the first column in Figure 5.1 belongs to “GTZ” category. The “GTZ” means Guo’s
correlation predicts the highest critical flowrate, followed by Turner’s correlation and
Zhou'’s correlation. This pattern of Figure is presented in Figure 5.2 to 5.10.
Considering Figure 5.1, Guo’s correlation predicts the highest critical flowrate
for the majority of data sets. In details, for the data sets that have gas production rate
in 0.01 to 0.48 MMscf/d group, Guo’s correlation predicts the highest critical flowrate
for 91.89% of the entire data In this group and.97.14% for 0.49 to 0.74 MMscf/d gas
production rate group. For the data sets that-have*@as production rate in the range of
0.74 to 1.16 and 1.17t0 1.50, Guo’s correlation predicts the highest critical flowrate
for every data set. There are only 8.11% of the data sets of data in 0.01 to 0.48
MMscf/d and 2.86% of data sets of 0.49 to 0.74 MMscf/d that Zhou’s correlation
predicts the highest.eritical flowrate. Even though Turner’s correlation is the one that
cannot predict the highestscritical: flowrate in any data sets, it predicts the second
highest critical flowrate/for the most of the data sets that Guo’s correlation predicts
the highest critical flowrate. Thé prediction of each correlation can be described by
the signature of each cogrelation and the deﬁp@tig_n of this production condition. Guo’s
and Zhou’s correlation are the correlations thét use production condition as their input
parameters while the input parameter of Tu.fil-e,_r’,sncorrelation is only fluid properties.
Thus, there is no significant difference-in pr;ediéltéd values of each correlation for a
low value of production condition.-However, -Gu(f s correlation is the one that usually
predicts a significantly higher critical flowrate than others resulting in the highest
number of data sets that Guo’s correlation predicts the highest critical flowrate.
Although Zhou’s correlation takes production condition info its input parameter, it
uses liquid holdupas its representative of production condition which all of the data in
this production conditieiashave a low value @fdiquid holdup. Thus, predicted critical
flowrate“of Zhou’s correlation does not have a significant effect by a variation in
productién condition resulting in low number of the data sets that Zhou’s correlation

predicts the highest critical flowrate.

9.1.1.2Classified by liquid holdup

In this section, the data sets that have the value of liquid holdup in low to low-
moderate range and gas production rate less than 1.5 MMscf/d are categorized by
liquid holdup. Four groups of liquid holdup classified by median and quartiles are set.

Range of liquid holdup for the first group is 0.0002 to 0.0027. The ranges of liquid
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holdup at 0.0028 to 0.0076, 0.0077 to 0.0161 and 0.0162 to 0.0294 are set as second,
third and fourth range respectively. Results of this section are shown in Figure 5.2.
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because it,is I|m|tedfyﬂe definition of the Gase. Thus, the influence of liquid holdup
in predﬁd
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others. Although liquid productlon rate is not directly considered in this case, liquid
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Broductlon rate makes an increase in predicted critical flowrate from Guo’s

correlation.
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5.1.2 Low to low-moderate liquid holdup range with low liquid production rate

This condition can be found in the declining period of gas production well or
in the case that dew point pressure is higher than reservoir pressure resulting in
condensate drop out. Moreover, the source of liquid can be condensation of a gaseous

phase along the tubing. Similar to section 5.1.1, the results in this section are
AN N
separated into 2 sets which are classifie

sified //production rate and liquid holdup.
iguid production rét:_/é

In this secthept thew input parameter, which
is median and quartiles, i , ategorize e S| groups. Considering the

first group, the d S tk liquid'pr uction 0 36 bbl/d belong to this
group. For other groups, liguid ion rate at & 6 |, 63 to 89 bbl/d and 90

to 140 bbl/d are set a8 s . fhird-and fourth ¢ ectively, Results in this

W,
i Ty

section are presented in Fig R - .\
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Considering Figure 5.3, in terms of number of data sets that each correlation
predicts the highest critical flowrate, this condition is similar to low to low-moderate
H, range with low gas production rate. Guo’s correlation predicts the highest critical
flowrate for the majority of data. Only 1.69% of the data set in 63 to 89 bbl/d group
and 9.52% of the data sets in 89 to 140 bbl/d group that Zhou’s correlation predicts
the highest critical flowrate. Turner’s corselation stills cannot predict the highest
critical flowrate in any data sets. However; similar to low to low-moderate liquid
holdup range and low_gas production rate~€ase; Turner’s correlation predicts the
second highest critical*flowrate for the most of data sets. The values of production
condition are the main reasen of the results from each correlation. As discussed in
previous section,.each cpitical flowrate is affected by production condition in a
different manner. ldquidsproduction rate is a direct mput parameter of Guo’s
correlation. Higher liguid produgtion rate generates an additional value to predicted
critical flowrate of Guo’s correlation: Even though Zhou’s correlation does not take
liquid production rate as'its direct input péfameter, liguid production rate is the
important parameter of liquid loading deter’rhi_nqt_ion. An increase in liquid production
rate usually increases the liquid holdup valué, reéulting in @ higher predicted value of
Zhou’s correlation. However, the low value. '(3ﬂi,quid holdup makes the low predicted
value of Zhou’s correlation resulting in the ;higl.jl"-‘number of data sets that Turner’s

correlation predicts higher critical flowrate than Zhow’s correlation.

5.1.2.2 Classified'by liquid holdup

In this section, the data sets that have the value ot liquid holdup in low to low-
moderate range and liquid production rate less than 140 bbl/d are categorized by
liquid holdup. Four grotips of liquid holdup ¢lassified by median and quartiles are set.
Range of liquid holdup for the first group is'0.0002 te 0.0024. The ranges of liquid
holdup at'0.0025 to 0.0040, 0.0041 to 0.0076 and 0.0077 to 0.0295 are set as second,
third and fourth range respectively. Results of this section are shown in Figure 5.4.
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As discussed in previous
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correlation resulting in 11.11% of the data sets that Zhou’s correlation predicts the

limited

highes ﬁtlcal flomfatFiHowever the valde of liquid_holdup is low because it is
énls

L S s

to a C IUS|on that Guo’s correlation is the recommended correlation for
obill (@'cﬁfﬁuﬂfﬂeﬁﬂﬁ HREE
'5.1.3 Low to low-moderate liquid holdup range with high liquid production rate
In this condition, gas well has a significant liquid production rate and gas

production rate is high resulting in low to low-moderate liquid holdup range. Liquid
loading problem can be identified by high liquid production rate in many cases. This
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condition might happen after new perforation is done or water breakthrough problem
is detected. Similar concept which is applied in section 5.1.1 and 5.1.2, the results in
this section are separated into 2 sets which are classified by gas production rate and
liquid holdup.

5.1.3.1 Classified by liquid production rate
", ,
In this section, four ¢ s of ligL

ion rate are set in order to analyze

the variation in the re each gr ing the first group, the data
sets that have quuthe in'fAG toqlassified into this group.
For other groupdsf have liqui uc ate in 202 to 242 bbl/d,
243 to 303 bbl/ 0 ' bbl/d are categorized into second, third and fourth
group respectively. Results'of this section are presented in Figure 5.5.
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‘iighest critical flowrate is the highest number in every liquid production rate group
resulting in highest number of total data sets (94.24% of the entire data in this
production scenario). The number of data set that Zhou’s correlation predicts the

highest critical flowrate is much less than Guo’s correlation (5.76% of the entire data
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in this production scenario). Influence of production condition plays an important role
on predicted values of Guo’s correlation because Guo’s correlation takes liquid
production rate in their consideration. High liquid production rate acts as an addition
to predicted critical flowrate from Guo’s correlation resulting in the highest critical
flowrate in the majority of data set. Even though there is no data set that Turner’s
correlation predicts the highest critical flowrate, Turner’s correlation usually predicts
higher critical flowrate than Zhou’s correlationsdn gase Guo’s correlation predicts the
highest critical flowrate. The major difiercace between Turner’s and Zhou’s
correlation is Zhou’s" correlation use§ liquid holdup calculation instead of 20%
upward adjustment in Turmer’s«correlation. In low liquid holdup value, additional
terms of Zhou’s cerrelation usually calculate additional value less than 20% upward
adjustment. Therefore, Tufner’s correlation usually predicts higher critical flowrate

than Zhou’s correlation'in low liquid holdup value.

5.1.2.2 Classified bydiquid holdup .~

In this section, the data sets that ha&_)fe_lt_hq_value of liquid holdup in low to low-
moderate range and liquid production rate ]g}eat”er than 140 bbl/d are categorized by
liquid holdup. Four groups of ||qU|d holdup cla55|f|ed by median and quartiles are set.
Range of liquid holdup for the first group |s;a6051 to 0.0118. The ranges of liquid
holdup at 0.0119 to 0.0182,-0.0183 to 0.0234 an¢0.0235 to 0.0299 are set as second,

third and fourth.range respectively. Results of this section are shown in Figure 5.6.
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section 5.1 It can be explalned by the definition of this condition as liquid
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'5.1.1 and 5.1.2 as the results of higher liquid production rate. Nonetheless, similar to
section 5.1.1 and 5.1.2, the influence of liquid holdup on predicted value of Zhou’s

correlation is not fully applied because it is limit by the constraint of this case.
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5.1.4 Moderate-high to high liquid holdup range with low gas production rate

In this condition, gas production rate is in low rate but liquid is produced at a
significant rate leading to moderate-high to high liquid holdup range. This condition
might happen in condensate well or gas well that has a significant liquid production

rate. After the end of well life, liquid loading is usually mentioned as a reason for no

gas flow. Two sets of the results, w ‘\' defined by gas production rate and liquid

holdup, are presented in next se _ //’
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Although liquid production rate is not directly mentioned, it can be calculated
by liquid holdup and gas production rate. Liquid production rate in this case is usually
high because of moderate-high to high liquid holdup and low gas production rate. An
effect of high liquid production rate generates the high number of data set that Guo’s
correlation predicts the highest critical flowrate. Since liquid production rate is high,
low gas production rate data sets usually have high liquid holdup resulting significant
number of data set that Zhou’s correlation predicts the highest critical flowrate
(15.09% of the entire data sets in this producticassecenario). However, with the higher
gas production rate, the amount of quL'j'id production rate does not rapidly increase
because range of liquid production rate is narrow. Therefore, number of data set that
Zhou’s correlationspredicisthehighest critical flowrate IS decreasing with an increase
in gas production gate. High diguid pro'duction rate and liquid holdup are not the
conditions that favor Burner’s /coriélation to predict high critical flowrate as no data

set in every range that Turnet’s correlation predicts the highest critical flowrate.
5.1.4.2 Classified by liguid holdup =

In this section, the data sets:that ha\]/e';‘thé value of liquid holdup in moderate-
high to high range and gas production rate :I‘é's:éi than 1.5 MMscf/d are categorized by
liquid holdup. Four groups of‘liqu:id holdup clgssnjfied by median and quartiles are set.
Range of liquid holdup for-the-first group is;"Q;OSzl to 0.0482. The ranges of liquid
holdup at 0.0483ito 0.0736, 0.0737 to 0.1402 and 0.1403 to 0.2360 are set as second,

third and fourth rahge respectively. Results of this section are shown in Figure 5.8.
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In this condition, gas and liquid production rate is high resulting in moderate-
high to high liquid holdup range. This condition usually happens in condensate well
with high production rate or water can breakthrough to perforated zone. A well that
produces under this condition usually has a report of massive liquid production and it
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is usually followed by a report of liquid loading problem by field observation. Similar
to section 5.1.1 to 5.1.4, two sets of the results, which are defined by gas production

rate and liquid holdup, are presented in next section.

5.1.5.1 Classified by gas production rate
In this section, four ranges f‘k

duction rate are set in order to analyze
the variation in the results sidering the first group, the data

cf/d are classified into this
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Figure 5.9.
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‘still plays an important role in this production scenario because its value is high and

for modeTate-high to high H, range with

range of data is wide as the results of moderate-high to high liquid holdup range and
high gas production rate. Number of data set that Guo’s correlation predicts the
highest critical rate is high as the results of high liquid production rate (66.90% of the
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entire data sets in this section). However, predicted values of Zhou’s correlation are
significantly increased as the results of an increase in liquid holdup value (which is
indicated by the constraint of section 5.1.5). In details, the data sets that Turner’s
correlation can predict higher critical flowrate than Zhou’s correlation stay in the first

gas production rate group and percentage of them is small (1.38% of the entire data

5.15.2 Classified by lig | /4’ >
In this sect?s thﬁavew\:id holdup in moderate-
high to high range Das.p ( Ction fate: ( an 1.5 MMscf/d are categorized

edian and quartiles are

sets in this section).

by liquid holdup..Fetir groups.o
0.0451. The ranges of
3 2 to 0.2352 are set as

set. Range of liquideRoldup fe
liquid holdup at 0.0452 t0.0.0713,:

second, third andsfourtk is section are shown in

Figure 5.10.
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High liquid holdup is the condition that favors Zhou’s correlation because
number of data set that Zhou’s correlation predicts the highest critical flowrate is
significant higher than the percentage of section 5.1.1 to 5.1.4. In details, the
percentages of the data sets that Zhou’s correlation predicts the highest critical
flowrate for section 5.1.1 to 5.1.5 are 2.78 %, 2.75%, 5.76%, 15.09% and 33.10%
respectively. However, number of data set that Zhou’s correlation predicts the highest
critical flowrate in highest liguid holdup group(0.0992 to 0.2352) is decreased. It can
be described as liquid _and gas production-rate“in this section is high. High gas
production rate forces liquid production rate to have very high value in order to have
high liquid holdup. This very_ high liquid production rate makes higher predicted
critical flowrate frem Guo’s correlation than Zhou's correlation. Therefore, number of
data that Guo’s comrelation predicts hiéhest critical flowrate is more than Zhou’s
correlation in highest diquid heldup' group (75% of the data sets in the highest liquid
holdup value group). Turney’s correfation has no influences on this case because high
liquid holdup and liguid production, rate are"-not a favorable condition for Turner’s
correlation. 7

In this section, Influences of liguid h;,old{up on critical flowrate are analyzed.
Production data sets are €lassifted into fivé'ibr'qduction conditions in order to apply
critical flowrate correlation to-them. For eaéh 'ﬁfbduction condition, input data are
classified and sorted in order to-separate prodUctiQn gonditions into small range by the
concept of median and quartile because data distribution for.input data are not a
normal distribution. For each production condition, not only the analysis of predicted
critical flowrates from each correlation, well status, which is predicted by critical
flowrate and gas production rate, is also analyzed. Results and conclusions from this

section are summarized@s

19 1Guo’s correlation usually predicts the highest critical flowrate in every
production condition. Guo’s correlation has a strong point on liquid production rate
because it takes liquid production rate into critical flowrate calculation. For Guo’s
correlation, liquid production rate has a direct relationship with predicted critical
flowrate resulting in high number of data set that Guo’s correlation predicts the
highest critical flowrate in high liquid production rate case.

Zhou’s correlation takes liquid holdup as a parameter in order to calculate

critical flowrate. Therefore, for high liquid holdup value in each production condition,
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Zhou’s correlation can predict the highest critical flowrate. However, high liquid
holdup value usually has high liquid production rate which is a favorable condition
for Guo’s correlation in order to predict high critical flowrate. In many cases, Guo’s
correlation can predict higher critical flowrate than Zhou’s correlation even though
liquid holdup is high.

Turner’s correlation is the correlation that has the least sensitive on variation
in production condition because it does not teke aay production conditions into their
calculation. Only the values of fluid properties.aré required for Turner’s correlation.
Therefore, variations in production conditions do not"have any significant effects on
Turner’s correlation. Moreover,sthe amount of liquid production does not play any
effects on Turner’si€orrelationwhich means required gas production rate in order to
unload the well thaisproduce 4 bbl/d of"liquid or 1,000 bbl/d of liquid is the same.
This conclusion is noifconsistent with others as Kumar [11] mentioned in his study
that the amount gifliquid should play a role on critical flowrate. However, prediction
of critical flowrate fgom Furner’s correlau,on 1s the highest in low liquid holdup and
gas production raté becatse of low value of productlon data makes a low predicted
value by other correlations. Since productlop data act as an addition to Guo’s and
Zhou’s correlation, low productlon data means less additional to those correlations

#eae il
and predicted values from those correlatlons apeless than Turner’s correlation.

2.) Liquidi production rate proves itself as an importantiparameter on predicted
critical flowratefvélue form each correlation. In high liquid production rate condition,
Guo’s correlation is a recommended for conservative options because it usually
predicts the highest critical flowrate. On the other hand, Turner’s correlation is a
better choice for quick€stimation of critical ‘flowrate because required parameters for
Turner’s” are the “lowest among-selected correlations for this study. Moreover,
simplicity of Turner’s correlation suits quick estimation situation unlike a requirement

of numerical iteration for Guo’s correlation or additional calculation for liquid holdup

for Zhou’s correlation.
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5.2) Well Status Analysis

One of the ultimate goals for liquid loading determination is prediction of well
status. In this study, well status is determined by the comparison between gas
production rate and predicted critical flowrate. However, there are several procedures
to determine well status. For instance, liquid loading can be detected by the presence
of liquid slug at surface which is indicated that flow regime in the well is no longer
annular-mist flow regime resulting in predietedswell status as loaded condition.
Moreover, the actual well status data are not available.for this study. Thus, well status
in this study is defined as “potential to load” and “not loaded” statuses. When gas
production rate is less than cutical flowrate, the status of the well is indicated as
“potential to load™ condition and 'vice versa. In this section, the condition that
provides a clear separation of‘potential to load and not loaded conditions is clarified.
To achieve that objeciive, screened field data are used as the input data of this section.
However, in order to consolidate the differences between each critical flowrate
correlation, only screened field data Which‘héve the same predicted well status by all
of selected correlations are classified as the input data of this section. Gas production
rate is selected as primary screening.criteria in order o clarify the clear separation of
potential to load and net loaded conditionxs; "Ge}s? production rate at 1.5 MMscf/d,
which is a median of entire gas-production rate, IS used as primary criteria. Variation
in screening criteria can be applied in term‘df.'reducing gas production rate value or
adding other sereening criteria in the case that 1.5 MMscf/d gas production rate

cannot provide clear conclusions.

5.2.1) Primary screening criteria

As. mentioned earlier, gas production-rate is an_important parameter of well
status prediction. (Gas production rate at 1.5 MMsct/d, which is the median of the
entire gas production rate data, is selected as the first criteria in order to determine the
condition.that.provides.a clear separation of well status prediction..The_results in this
section are presented in the-percentage-of potential to load and not loaded conditions
for the data that have gas production rate less than 1.5 MMscf/d. Moreover, additional
classification of the input data by liquid holdup is applied to investigate the influences
of liquid holdup to predicted well status. The results of this section are shown in
Figure 5.11.
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small in om‘pariso# with liquid productioﬁ-ﬂfate. Therefore, an increase in liquid
holdup a%rﬁijat’ea b;Z] %Je%qirﬁ]uw“edca Ft].%summarized in

section ﬂl an increase in liquid production rate is the factor that generates the higher
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‘of potential to load condition is increased with an increase in liquid holdup.

usually originated by a cha ec

production rate for the data sets that have gas production rate le

However, it cannot be concluded that gas well which has gas production rate
less than 1.5 MMscf/d will suffer loaded condition because the percentages of not
loaded condition data sets especially for low liquid holdup range are high. Therefore,
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modification of primary screening criteria is necessary in order to archive the
condition that provides a clear separation of well status prediction. The details of

modified criteria are analyzed and discussed in section 5.2.2.

5.2.2 Modification of primary screening criteria

As summarized in section 5.2.1, gas production rate less than 1.5 MMscf/d
cannot provide a clear separation of well staiusprediction. Therefore, modification of
primary screening criteria, Which is gas productien rate at 1.5MMscf/d, is performed.
Modification of primary criteria is made by the reduction of gas production rate and
addition of other parameterso primary criteria. Considering the additional parameters
to primary constraint cases; several conditions can be concluded as the condition that
provides a clear separation/of precicted well status. Thus, gas production rate is set as
a constant at 0.75 MMscf/d in order to minimize the uncertainties in the analysis.
With the constantin gasiproduction rate, only the variation in additional parameters is
the factor that makes the clear conclusif@)n "for predicted well status. FTP, liquid
production rate and liquid holdup are the"'parg_meters that selected to generate the

modified criteria by addition of parameier to Qrimary screening criteria.

"

cus dd

5.2.2.1 Reduction of gas production rate :

In this section, a reduction in gas pr’odu;ciion rate is selected procedure to
modify the critefia. The reduction in gas production rate affects the predicted well
status because it fias a higher chance that predicted critical flowrate is higher than gas
production rate resulting in potential to load condition. For this section, gas
production rate isfeduced until it reaches the value that every predicted well status is
potential to load. Howewer, numbers of the.data sets that classified into each gas
production rate value is_reduced with a reduction in-gas production rate. Thus, the
numbersiof data sets that classified into each gas production rate value are presented
in Table 5.2. The percentages of potential to load and not loaded conditiens at each
reduced gas production rate are recorded. The results 'of this section are presented in
Figure 5.12.
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Table 5.2: Numbers of the data sets for each gas production rate value

Gas production rate (MMscf/d) Number of data sets
<0.48 143
<05 155
221
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Figure 5.12: Predlcted well status of reduction of gas production rate case
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condltloﬂ*or the data sets that hak/,e gas productlon rate less than 1.5 MMscf/d (in
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33 27%, 10.04%, 4.98% and 0.65% respectively. However, the reduction of gas
production rate continues until it reaches the gas production rate that every predicted
well status is potential to load at 0.48 MMscf/d. When the acceptable and primary

constraints are compared, gas production rate has to be very low in order to achieve
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the condition that provides a clear separation of predicted well status. Thus, only gas
production rate may not be an appropriate alternative for well status prediction

because it eliminates a significant number of loaded data sets.

5.2.2.2 Addition of flowing tubing pressure

The second modified screening criteria is an addition of FTP as the secondary
criteria. The influence of flowing tubing pressure.plays a role on predicted critical
flowrate in term of compressibility of gas. Wiih"the same driven energy from the
reservoir, a higher FTP system will have less gas velocity because gas is heavier by an
increase in FTP. Thus, a _higher FTP system will require more critical flowrate in
order to flow gas.at the same critical vglocity as lower FTP system. As mentioned
earlier, gas productien rate s set at less than 0.75 MMscfid and only the variation in
the value of flowing tubing/pressure is the factor that provides the clear separation of
predicted well stattis. Nevertheless; numbers of data sets that classified into each
flowing tubing pressure value aré reduced iivvitlﬁ an increase in flowing tubing pressure
value. Thus, numbers ofithe data sets that éié}sfsi]‘_ied into each flowing tubing pressure
value are presented in‘Table 5.3. The resulté 6;,1‘ this section are shown in Figure 5.13.

a o
I

Table 5.3: Numbers of the data sets-for each flowing tubing pressure value

Flowing tubing pressure (FTP), psia Number of data sets

> 485 : 84

f. >450 T

> 400 118

> 350 ' 142

> 300 149

> 250 187

No FTP constraint 221
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significan diﬂ“erencgi\ﬂtI percerﬁe of potential to load data sets between 350 and
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400 ps s%%;nt% (%]) al'to I(% dwseﬁjs%igf]a@w when the data

sets of 400 and 450 psia are compared. As discussed earlier, lower FTP system will
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Qelocity resulting in not loaded condition. On the other hand, percentages of not
loaded condition are decreasing with an increase in FTP. However, the condition that
gives a clear separation of predicted well status is gas production rate less than 0.75
MMscf/d and FTP is higher than 485 psia while only gas production rate less than
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0.75 MMscf/d cannot provide a clear separation. Thus, addition of FTP to gas
production rate provides another alternative to evaluate the condition that clearly

predicts well status.

5.2.2.3 Addition of liquid productio rate
The third modified criteria i ition of liquid production rate as the

secondary criteria. L|qU|d proc _\ on ra p/ d'as the most important parameter
for the predicted values of critical flow @n. In this case, same gas
production rate as s?. 2.2, which'i . Mscf/d, is set in order to
minimize the devi etwee! 7 re .‘ section 5.2.2.2 and this section. Similar
"dataf ' classified int  each liquid production rate value

to section 5.2.2.

| = N
Table 5.4: Numbers of the da o vli on rate value

on-rate = | Number of data sets
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' ntage of potential to
d are compared. The variation

aded well status.

Nevertheless, when the data sets
of liquid production rate
of liquid production rate from 50 bbl/d to 100 bbl/d does not generate a significant
difference,in predicgd'@ﬁtical flowrate. The“proportion of not loaded to potential to
load d e%ﬁ @idﬂc&Jio g;thEd @dﬂ@bbl/d is higher
than othgleliminated data sets of modified secondary criteria. We further decrease
liquid production rate I i;droe r.separati f icted well

ok PR I LTt g F g i
‘eliminated in order to reach 0% of not loaded condition resulting in ‘only 7 data sets
that classified into that group. In comparison with the results of section 5.2.2.2, which
are presented in Figure 5.13, number of the data sets for the condition that provides a
clear separation of predicted well status to the entire potential to load data sets is 84
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data sets. Thus, determination of the condition that provides a clear separation of
predicted well status by FTP is more appropriate than liquid production rate because
the number of data sets that FTP can provide a clear separation of predicted well

status is higher than liquid production rate.

5.2.2.4 Addition of liquid holdup
The fourth modified criteria s an addit liquid holdup as the secondary
criteria constraint. Liquid hold id important parameter of this

study. In this section, same gas productic WZ.Z and 5.2.2.3, which is
less than 0.75 M : set in“order \ a.\-\ tion between the results
s sect \ 5.2.2.1 10 5.2.2.3, there

0ldup are changed which is

of section 5.2.2.
are several data set:

)plied to this section which is

N\

summarized in Table 5

presented in Figuie'.1!

Table 5.5: Numbers of

Number of data sets
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55
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221
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e \
clﬁfﬁgﬁr on of predicted well status, which is liquid
£ o
holdup at 0.0005, is the condition-that

P =70l
gives a clear separation of-rpﬁédic‘gédf-'wyr[e@ atus has a very low liquid holdup value,

condition that provides i

only a small fj on of the entire data is classified into that condition. In details, there
are only 2 data sets ' -0.0005. Similar to liquid
production rate, Q n be cont “holdup is @ a proper parameter to
determine the prediction of well status.

D erminatioﬁ gf'well status is one of-the most important priorities for liquid
loadin

T S R

predicted| critical flowrate. The results of well status are potential to load and not

lo nditions,. Definiti ‘o nti ad ition, is that th icted
g}ri Mﬁu h rﬁ1 pﬁlc rate and %ia. bjective of
‘this section is to find the conditions that provide a clear separation of potential to load

and not loaded data sets. The results and conclusions of well status analysis are

summarized as
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Gas production rate is selected as a primary screening criteria in order to
separate potential to load condition out of not loaded condition.. At the beginning, gas
production rate at1.5 MMscf/d, which is the median of entire gas production rate data,
is selected as a primary constraint. It provides a decent separation of potential to load
and not loaded conditions because the majority of the data sets that have gas
production rate greater than 1.5 MMscf/d are predicted as not loaded condition.
However, it cannot provide a clear separation of.doaded and not loaded data sets.
Thus, modifications of this eriteria are performed to determine the condition that
provides a clear separation of predicted Well status.

The modification of primary constraint is separated into two options which are
the reduction of gas'produetion rate and addition of other parameters as the secondary
criteria. Considering the #irst option; gas production rate at 0.48 MMscf/d is the
condition that gives a clear separation of predicted well status. In details, if gas
production rate is ess than 0.48 MMscf/d, predicted well status is potential to load for
every data set. For the addition of other pararﬁéters cases, three parameters, which are
FTP, liquid production fraterand liguid heldup, are selected. Combinations of each
additional parameter and gas production rate génerate new criteria which is used to
determine the condition that provides a éfé‘a'r' ‘separation of predicted well status.
Considering addition of other_parameters tc'-)rprnli‘?hary screening criteria cases, gas
production rate of them is-0.75 MMsct/d bec‘ausg gas production rate less than 0.75
MMscf/d cannot-provide a clear separation of predicted well status. Together with gas
production rate at'0.75 MMscf/d, all of additional parameters can provide a condition
that gives a clear Separation of predicted well status. However, the values of liquid
production rate and liquid holdup that can predict a certain Well status are very low.
Therefore, liquid production rate and liquid holdup are not proper parameters for well
status prediction.

Nevertheless, there are some significant notifications concluded by the
production data that used in this study. Since the production data of this'study is the
actual data of thewwells located. in.Gulf of Thailand, usual procedures that applied to
the well play a role on production data. For instance, there is usually more than one
producing layers which are drilled through for one producing well. Thus, additional
perforations are performed when production from other perforated layers are declined.
Therefore, well status is hardly stays in potential to load condition for long period as

the results of additional gas flowrate from newly-perforated layer. Moreover, fluid
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properties data required in critical flowrate determination are hardly available in every
production well. As mentioned in chapter IV that fluid properties show a strong
function to predicted critical flowrate, applying only critical flowrate correlations in
field practice is not an ideal solution to evaluate liquid loading problem.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this study, prediction of liguid loading has been investigated through liquid
droplet model which was proposed by Turner. «Critical flowrate is selected as a
primary tool to predict.liguid loading of this=Study..In order to calculate critical
flowrate, three correlations which are. Turner’s correlation, Guo’s correlation and
Zhou’s correlation are sclectedibecause each correlation has their own concepts of
development. Anether important parameter of this study 1s liquid holdup because it is
usually mentionedsin multiphase flovx}‘ but hardly mentioned in liquid loading
consideration. This study selegts actual pfodﬁction data of the wells located in Gulf of
Thailand to investigate the prediction of Tﬁqui_d loading. The results from this study
can be summarized as follow:

1) Gas spe€ifich gravity. is tﬁé__,fl_gid properties that have the most
influences on liquid leading consideration bé_(;ause it has the widest range of possible
values. Moreover, gas specific gravity is Ewhei 'pﬂe that has the highest impact on
predicted values of critical flowrate correlations.”

2.) Guo’s correldtioni-1s- the one'thaf:usually predicts the highest critical
flowrate in apy-“production conditions. Predicted values of “Fugner’s correlation is
closed to Guo’s cc;rrelation in low liquid production rate condition but the differences
between predicted values of Turner’s and Guo’s correlation is increased with the
increase in liquid production rate. On the other hand, the differences in predicted
values of. Zhou’s and. Guo’s correlation dre opposite_to Turner’s and Guo’s
correlation.

3) Liquid production rate is proved as the most important parameters of
critical flowrate because .it. affects each, critical flowrate correlation..in different
manners. Moreover, variation in liquid, production rate is the one thatshas the most
influences on predicted critical flowrate.

4)) Gas production rate is the most important parameter of well status
prediction. However, together with gas production rate, FTP can be used to provide
the condition for well status prediction while liquid production rate and liquid holdup
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are not the proper parameters for well status prediction because it requires very low
values of them to provide a condition that can be used to predict well status.

5. For the gas production wells with producing some liquid located in
Gulf of Thailand, they should have liquid loading problem if gas production rate is
lower than 0.48 MMscf/d. If flowing tubing pressure is considered together with gas
production rate, liquid loading problem should occur when gas production rate is
lower than 0.75 MMscf/d and flowing tubing/pressure is greater than 485 psia.

One advantage of this study is the caleulation model generated using a simple
spreadsheet program. The program can be developed into user-friendly interface that
suits any users. Moreover, ii-eanbe integrated into other petroleum industry programs
such as reservoir simtlation program in order to help petroleum engineer make proper
decisions on each _produgtion séehario:! Moreover, resulis and conclusions of this
study can provide a deceni'range of critical flowrate which petroleum engineers can
observe an actual ehavior of the well and make an adjustment in order to estimate a
proper correlation fogany partlcular wells:y J .

Similar to several studies, this stucly can“-pe used as a reference for future study on
liquid loading. The recommendation for futhr% st'Udy IS to apply the different values of
fluid properties because this study selects to apply a constant value of each fluid
property for every production data set. As sﬁmfnarlzed in chapter IV, the values of
fluid properties play a strong rele on predicted cutlcal flowrate. Moreover, values of
fluid properties.can be varied by depletion stages. Thus, .applying another fluid

properties valuefsﬁould provide validating results from this study,
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Appendix A

Production data and critical flowrate of each production well

Well Al
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Data No. | FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) (CFyd holdup critical critical critical

flowrate | flowrate flowrate

; (MMscf/d) | (MMscf/d) | (MMscf/d)

A-1,1 593 0.95 0 75 B P 0.0170 1.587 1.690 1.517
A-1,2 464 0.50 0 14 ISP 0.0048 1.402 1.452 1.169
A-1,3 1644 3.99 113 == 557 0.0206 2.543 2.713 2.724
A-1,4 1615 3.85 91 5 TR 0.0179 2.520 2.679 2.629
A-1,5 1628 3.65 81 12 el 0.0167 2.499 2.646 2.573
A-1,6 1253 4.80 76 13 162 0.0094 2.153 2.268 1.794
A-1,7 1129 5.79 81 2 156 0.0067 2.058 2.163 1.715
A-1,8 1326 3.46 54 0 123 0.0085 1.462 1.553 1.218
A-1,9 1230 3.17 56 1 120 0.0091 2.207 2.313 1.839
A-1,10 1161 2.70 45 0 114 0.0080 1.384 1.463 1.153
A-1,11 1138 2.44 45 1 110 0.0088 2.144 2.241 1.787
A-1,13 962 2.36 8 0 117 0.0014 1.263 1.311 1.052
A-1, 14 942 2.33 25 0 118 0.0042 1.249 1.305 1.041
A-1, 15 910 2.27 17 0 121 0.0028 1.226 1.275 1.021
A-1, 17 739 3.34 32 0 155 0.0029 1.079 1.125 0.899
A-1, 20 760 2.32 5 11 131 0.0020 1.738 1.791 1.444

ert



Data No. FTP (psia) | Gas rate Oil rate \Waterrate |Jemperature.f.Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbi/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-1,21 682 2.18 4 29 125 0.0039 1.652 1.720 1.377
A-1, 23 695 1.78 s 14 110 0.0022 1.689 1.747 1.407
A-1, 32 293 0.06 76 0 1 485 0.1339 0.728 0.792 0.881
A-1, 34 294 0.41 21 26 - 107 0.0130 1.109 1.176 0.995
A-1, 39 273 0.71 39 19 104 0.0167 1.072 1.176 0.979
A-1, 45 271 0.12 0 1071 y 82 0.0779 1.089 1.208 1.119
A-1, 56 415 0.18 0 14 .88 0.0118 1.337 1.386 1.207
A-1, 62 275 0.42 35 12 3l 4 0.0123 1.098 1.166 0.980
A-1, 67 276 0.13 0 38 100 0.0290 1.081 1.146 1.032
A-1,71 277 0.11 0 3% 100 0.0333 1.083 1.147 1.045
A-1, 76 275 0.12 3 9 BE. L, 0.0029 0.705 0.724 0.588
A-1, 81 287 0.30 0 o= at 0.0109 1.111 1.172 0.983
A-1, 85 266 0.25 5 39 8h.~." 0.0173 1.075 1.146 0.985
A-1, 89 212 0.26 18 59 o4 0.0234 0.962 1.060 0.892
A-1,94 209 0.02 2 20 82 0.0793 0.957 1.011 0.962
A-1, 95 209 0.10 0 13 84 0.0100 0.956 1.001 0.796
A-1, 96 377 0.30 0 8 84 0.0037 1.280 1.323 1.066
A-1, 98 208 0.23 0 30 83 0.0099 0.954 1.015 0.795
A-1,99 216 0.13 10 10 84 0.0129 0.971 1.021 0.864
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Well A-2

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-2,1 500 0.11 10 0 « 490 0.0186 0.942 0.977 0.962
A-2,2 652 1.26 0 247 - 03 0.0452 1.661 1.910 1.781
A-2,3 396 0.54 145 418 112 0.1294 1.279 1.696 1.415
A-2, 4 380 0.54 116 363 . 109 0.1139 1.256 1.641 1.371
A-2,5 290 0.31 38 93 86 0.0449 1.122 1.271 1.113
A-2,6 280 0.31 0 32 B 4 0.0106 1.102 1.171 0.972
A-2,7 1673 3.63 71 168 Ps 0.0406 2.634 2.922 3.179
A-2,8 876 2.39 108 178 110, 0.0391 1.890 2.148 2.056
A-2,9 1705 3.47 179 91 87, 0.0505 2.662 2.955 3.335
A-2,10 1066 5.11 207 169 1507 =4 0.0301 2.011 2.301 2.151
A-2,11 1022 3.69 300 94 T S 0.0364 1.993 2.244 2.179
A-2,12 1037 1.92 35 106 96 0.0283 2.075 2.254 2.217
A-2,15 271 0.59 0 8 93 0.0014 1.078 1.124 0.898
A-2,19 489 0.90 76 3 87 0.0175 1.451 1.550 1.374
A-2,22 403 0.47 39 0 89 0.0137 0.849 0.898 0.815
A-2, 24 437 0.37 182 0 104 0.0822 0.872 1.005 1.061
A-2, 25 428 0.12 12 13 97 0.0324 1.346 1.408 1.340
A-2, 36 275 0.37 0 13 80 0.0036 1.099 1.151 0.916
A-2, 43 1209 1.53 73 296 96 0.0996 2.234 2.573 2.868
A-2, 44 727 0.94 51 283 104 0.0888 1.735 2.034 2.019
A-2, 45 374 1.17 128 392 126 0.0597 1.229 1.629 1.267
A-2, 46 377 0.92 65 290 117 0.0469 1.179 1.482 1.180
A-2, 53 277 0.25 61 0 91 0.0274 0.705 0.764 0.716
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
A-2,54 278 0.25 150 10 95 0.0686 1.090 1.240 1.110
A-2, 55 277 0.03 3% 13 103 0.1574 1.080 1.156 1.164
A-2, 58 204 0.34 74 35 s 416 0.0360 0.918 1.081 0.871
Well A=3

Data No. FTP (psia) | Gas rate Oil rate Water rate | “Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (hbl/d) CH=e. 4 holdup critical critical critical

. flowrate flowrate flowrate

¥, (MMscf/d) | (MMscf/d) | (MMscf/d)

A-3,1 730 1.22 47 0 xo, 0.0116 1.122 1.185 1.091
A-3,2 638 2.17 124 0 14547 0.0150 1.038 1.137 1.043
A-3,3 543 2.23 99 0 - il 0.0099 0.954 1.035 0.795
A-3, 4 577 2.16 110 0 - 0.0121 0.993 1.083 0.955
A-3,5 610 1.67 20 21 117 0.0058 1.575 1.648 1.312
A-3,6 598 1.98 35 38 114 0.0086 1.564 1.658 1.303
A-3,7 283 0.74 16 19 100 0.0052 1.095 1.157 0.912
A-3,8 608 1.19 22 8 102 0.0062 1.593 1.659 1.327
A-3,9 305 1.16 59 7 105 0.0067 1.131 1.208 0.943
A-3,10 573 1.23 21 10 104 0.0058 1.544 1.610 1.287
A-3,11 575 1.16 12 5 104 0.0034 1.547 1.603 1.289
A-3,12 582 1.10 2 2 107 0.0015 1.552 1.601 1.294
A-3, 13 583 1.19 16 10 107 0.0051 1.554 1.616 1.295
A-3, 15 582 0.92 102 8 102 0.0280 1.559 1.672 1.568
A-3, 16 557 1.00 7 5 106 0.0026 1.521 1.572 1.267

116

911



Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-3, 22 2003 3.46 196 39 119 0.0527 2.779 3.034 3.566
A-3, 23 1680 3.15 145 42 134 0.0389 2.530 2.735 2.993
A-3, 24 1532 3.40 134 60 3 Sy 0.0340 2.417 2.617 2.761
A-3, 25 1376 3.32 154 g - 129 0.0370 2.311 2.527 2.638
A-3, 26 645 0.76 14 i 4 . 88 0.0086 1.660 1.728 1.383
A-3, 27 1790 4.88 374 B5 , 95 0.0583 2.690 3.021 3.459
A-3, 28 941 6.35 376 365 180 0.0414 1.850 2.279 2.016
A-3, 29 821 5.45 304 291 182 4 0.0341 1.728 2.092 1.813
A-3, 30 738 3.80 269 232 179 0.0370 1.644 1.963 1.722
A-3, 31 333 0.80 144 362 127. 0.0747 1.159 1.523 1.203
A-3, 32 311 0.09 57 0 Bl 0.0758 0.750 0.805 0.864
A-3, 44 273 0.15 0 18 = 0.0120 1.060 1.108 0.982
A-3, 49 244 0.16 30 0 ¥/ 0.0187 0.645 0.678 0.620
A-3, 50 290 0.30 132 17 U 0.0559 1.118 1.254 1.127
A-3,51 2170 4.03 297 357 54 0.0892 3.045 3.469 4.417
A-3,52 1239 2.16 43 326 133 0.0737 2.191 2.500 2.692
A-3, 53 775 3.42 114 466 169 0.0475 1.697 2.084 1.839
A-3, 54 686 2.67 162 485 169 0.0596 1.599 2.015 1.748
A-3, 56 402 0.26 8 0 92 0.0051 0.846 0.872 0.705
A-3, 57 319 0.05 7 0 102 0.0183 0.748 0.771 0.732
A-3, 58 265 0.81 135 98 106 0.0294 1.054 1.252 1.044
A-3,64 209 0.27 4 0 88 0.0013 0.615 0.633 0.512
A-3, 65 316 0.27 230 21 97 0.1081 1.159 1.355 1.236
A-3, 82 205 0.36 3 128 83 0.0270 0.947 1.098 0.885
A-3, 84 203 0.25 12 28 83 0.0123 0.943 1.013 0.834
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Well A-4

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
A-4,2 2354 4.14 &/ 102 « 480 0.0801 3.089 3.451 4.441
A-4,3 2337 4.08 235 120 - 80 0.0754 3.079 3.433 4.377
A-4,4 2166 3.51 148 105 - 88 0.0584 2.995 3.245 3.955
A-4,5 924 8.52 241 126 186 0.0157 1.825 2.056 1.761
A-4,6 1517 5.26 53 154 112 0.0223 2.454 2.674 2.639
A-4,7 1068 5.03 123 89 161 4 0.0176 1.996 2.167 1.982
A-4,8 671 3.30 176 62 N3 0.0192 1.577 1.741 1.526
A-4,9 679 2.56 160 56 159, 0.0227 1.604 1.760 1.585
A-4, 10 557 2.38 192 52 161 0.0227 1.453 1.619 1.414
Well A-5——

Data No. FTP (psia) | Gas rate Oil'rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbi/d) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-5,1 1575 7.15 319 48 156 0.0321 1.606 1.800 1.818
A-5, 2 1975 7.89 124 18 99 0.0574 1.868 2.013 2.439
A-5,3 665 8.30 182 33 191 0.0070 1.031 1.146 0.859
A-5, 4 1425 4.17 152 30 150 0.0248 1.538 1.664 1.656
A-55 1625 1.83 99 18 117 0.0408 1.681 1.795 2.001
A-5, 6 1515 2.55 75 26 132 0.0237 1.606 1.707 1.737
A-5,7 1215 4.15 108 32 159 0.0164 1.415 1.517 1.408
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-5, 8 475 4.49 51 30 192 0.0034 0.873 0.931 0.727
A-5,9 535 2.77 43 32 174 0.0061 0.938 0.999 0.782
A-5,10 365 0.57 37 30 3 423 0.0167 0.810 0.868 0.749
A-5, 11 1745 3.33 206 19 - 114 0.0464 1.742 1.904 2.141
A-5, 12 1665 2.63 180 18 . 129 0.0492 1.684 1.827 2.062
A-5,13 1415 2.42 138 L7 ,126 0.0360 1.563 1.682 1.785
A-5, 14 1135 4.79 159 26 150 0.0177 1.380 1.498 1.381
A-5, 15 1335 3.73 144 24 123 4 0.0241 1.524 1.647 1.660
A-5, 16 675 6.52 173 3 192 0.0075 1.038 1.134 0.865
A-5, 17 945 5.19 144 36 156. 0.0132 1.257 1.369 1.190
A-5,18 1245 1.89 85 0 129,71, 0.0230 0.940 1.011 1.106
A-5,19 895 3.61 60 Q s 0.0062 0.783 0.829 0.653
A-5, 20 515 5.15 85 7 38" 0.0038 0.915 0.976 0.762
A-5, 21 475 4.92 77 8 T80 0.0034 0.879 0.937 0.732
A-5, 22 615 4.20 V5 14 180 0.0053 1.000 1.062 0.834
A-5, 23 595 4.16 72 0 179 0.0043 0.635 0.678 0.529
A-5, 24 855 2.06 el 17 144 0I0157 1.209 1.282 1.165
A-5, 25 515 3.04 91 13 171 0.0072 0.923 0.992 0.769
A-5, 26 855 0.35 31 8 114 0.0373 1.239 1.290 1.336
A-5, 27 415 2.32 82 36 174 0.0084 0.828 0.906 0.690
A-5, 28 435 2.07 96 30 173 0.0106 0.848 0.929 0.755
A-5, 29 465 2.00 89 28 168 0.0109 0.880 0.957 0.787
A-5, 30 435 1.48 65 66 168 0.0149 0.852 0.939 0.783
A-5, 31 815 1.09 70 0 124 0.0213 0.772 0.824 0.845
A-5, 32 385 0.46 38 113 141 0.0460 0.819 0.927 0.828
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
A-5, 33 395 0.61 46 o 160 0.0464 0.817 0.947 0.825
A-5, 34 485 0.50 43 103 188 0.0516 0.909 1.011 0.946
A-5, 35 415 0.49 41 0 1 444 0.0143 0.547 0.576 0.526
A-5, 36 455 0.45 35 108 136 0.0523 0.893 0.997 0.927
A-5, 37 415 0.45 40 4 - 150 0.0321 0.844 0.915 0.831
A-5, 38 465 0.42 29 0 1138 0.0132 0.584 0.609 0.559
A-5, 39 795 1.32 194 564 158 0.1485 1.154 1.426 1.412
A-5, 40 1445 3.31 357 0 120 4 0.0610 1.015 1.150 1.483
A-5,41 435 3.97 0 594 192 0.0235 0.836 1.073 0.800
A-5, 42 435 3.65 0 735 192. 0.0314 0.836 1.117 0.820
A-5, 43 365 2.62 0 547 195,74, 0.0274 0.765 0.989 0.733
WellLA-657

Data No. FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (hbl/d) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-6,1 2235 3.24 200 8 78 0.0562 2.012 2.203 2.704
A-6, 2 445 6.24 152 24 183 0.0051 0.851 0.951 0.709
A-6, 3 435 5.15 160 4 183 0.0057 0.842 0.934 0.701
A-6, 4 1065 4.35 174 34 141 0.0204 1.348 1.476 1.370
A-6,5 1965 0.64 106 21 99 0.1375 1.864 2.003 2.757
A-6, 6 685 4,52 157 35 151 0.0117 1.079 1.193 0.990
A-6,7 685 4.49 152 35 160 0.0115 1.071 1.181 0.979
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-6, 8 1695 2.27 111 24 123 0.0395 1.706 1.830 2.032
A-6, 9 955 4.16 160 36 150 0.0180 1.269 1.389 1.256
A-6, 10 1565 2.50 99 14 3 8% 0.0282 1.627 1.733 1.814
A-6,11 1885 1.58 66 2] - 114 0.0404 1.806 1.921 2.201
A-6, 12 495 4.59 106 29 , 186 0.0059 0.895 0.978 0.746
A-6,13 1475 2.41 81 0 ,138 0.0202 1.010 1.086 1.184
A-6, 14 1435 2.41 81 21 111 0.0241 1.593 1.695 1.723
A-6, 15 575 4.60 85 25 183 4 0.0056 0.966 1.038 0.805
A-6, 16 1545 1.15 67 15 105 0.0430 1.657 1.757 1.980
A-6, 17 435 4.17 76 25 188. 0.0043 0.838 0.905 0.699
A-6, 18 555 3.98 79 Z7 iSEES 0.0059 0.956 1.027 0.796
A-6, 19 555 3.87 86 &k s 0.0067 0.965 1.043 0.804
A-6, 20 545 3.40 67 29 0" 0.0062 0.943 1.009 0.786
A-6, 21 555 3.75 108 48 iy 1 A7 0.0092 0.956 1.051 0.796
A-6, 22 555 3.89 56 88 174 0.0080 0.956 1.051 0.796
A-6, 23 555 3.79 37 75 177 0.0063 0.953 1.033 0.794
A-6, 24 545 3.76 39 19 174 0.0034 0.947 0.996 0.789
A-6, 25 555 3.66 59 29 177 0.0053 0.953 1.017 0.794
A-6, 26 1205 1.99 66 24 125 0.0216 1.449 1.5635 1.507
A-6, 27 535 3.59 56 30 160 0.0051 0.949 1.013 0.791
A-6, 28 535 3.56 65 32 156 0.0058 0.952 1.022 0.793
A-6, 29 515 2.76 53 30 173 0.0062 0.922 0.983 0.768
A-6, 30 1115 1.71 70 2 126 0.0191 1.394 1.467 1.415
A-6, 31 905 2.16 54 0 150 0.0093 0.795 0.840 0.662
A-6, 32 1055 1.63 79 0 129 0.0209 0.870 0.932 0.979
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

A-6, 33 455 2.43 42 24 174 0.0049 0.867 0.919 0.722
A-6, 34 445 2.39 40 9 171 0.0037 0.859 0.902 0.716
A-6, 35 455 2.41 42 y y 4 0.0047 0.867 0.917 0.722
A-6, 36 865 0.68 37 23 - 150 0.0295 1.210 1.269 1.262
A-6, 37 415 2.08 " y i L 174 0.0046 0.828 0.876 0.690
A-6, 38 415 1.78 48 30 4174 0.0072 0.830 0.889 0.692
A-6, 39 475 1.67 42 30 144 0.0081 0.906 0.966 0.755
A-6, 40 455 1.18 47 28 159 ,- 0.0114 0.877 0.935 0.788
A-6, 41 675 0.56 39 0 126 0.0192 0.704 0.739 0.740
A-6, 42 455 0.64 32 24 150. 0.0163 0.883 0.935 0.822
A-6, 43 415 0.62 36 30 HEF L, 0.0172 0.850 0.907 0.792
A-6, 44 415 0.62 36 28 e 0.0167 0.842 0.896 0.782
A-6, 45 415 0.60 37 26 (1 0.0170 0.840 0.893 0.781
A-6, 46 435 0.52 35 12 TS0 0.0157 0.872 0.917 0.808
A-6, 47 455 0.45 35 25 144 0.0235 0.887 0.940 0.856
A-6, 48 515 0.59 40 24 o0 0.0218 0.950 1.006 0.919
A-6, 49 485 0.74 41 0 138 0.0111 0.593 0.624 0.555
A-6, 50 465 0.58 82 0 132 0.0106 0.584 0.611 0.541
A-6, 51 575 5.76 274 11 189 0.0147 0.961 1.102 0.872
A-6, 52 555 5.62 269 0 188 0.0109 0.609 0.725 0.571
A-6, 53 535 5.18 266 0 193 0.0113 0.596 0.710 0.560
A-6, 54 535 5.61 270 0 192 0.0106 0.597 0.712 0.555
A-6, 55 480 4.20 169 0 188 0.0080 0.567 0.647 0.473
A-6, 56 495 4.20 127 0 188 0.0062 0.576 0.640 0.480
A-6, 57 435 1.48 36 84 160 0.0134 0.857 0.944 0.780
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
A-6, 58 385 0.96 100 104 147 0.0311 0.815 0.945 0.796
A-6, 59 375 1.11 89 0 156 0.0124 0.515 0.565 0.482
A-6, 60 385 0.60 64 0 s d44 0.0168 0.527 0.567 0.515
A-6, 61 385 0.61 73 0 - 144 0.0188 0.527 0.571 0.523
A-6, 62 385 0.61 # 0 . 150 0.0183 0.525 0.567 0.518
A-6, 63 385 0.45 49 0 144 0.0172 0.527 0.560 0.517
A-6,64 375 0.46 8 0 141 0.0017 0.522 0.533 0.435
A-6, 65 395 0.61 17 0 128 4 0.0046 0.536 0.555 0.447
A-6, 66 355 0.29 10 0 90 0.0051 0.530 0.546 0.442
A-6, 68 365 0.23 8 0 102. 0.0053 0.532 0.547 0.443
Well B-1— =%

Data No. FTP (psia) | Gas rate Oil rate Water-rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bblid) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-1,1 1465 2.42 160 16 85 0.0421 1.644 1.816 1.952
B-1,2 2015 2.44 159 19 90 0.0571 1.900 2.095 2.495
B-1, 3 865 1.94 146 23 130 0.0300 1.229 1.367 1.289
B-1, 4 785 2.23 224 136 140 0.0481 1.163 1.407 1.271
B-1,5 715 2.33 226 104 135 0.0391 1.116 1.343 1.181
B-1,6 715 2.15 205 257 145 0.0566 1.107 1.410 1.216
B-1,7 710 0.90 89 464 140 0.1415 1.108 1.476 1.332
B-1,8 635 0.31 18 228 100 0.1584 1.085 1.301 1.309
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-1,9 665 0.56 136 504 123 0.2241 1.088 1.504 1.356
B-1, 10 715 1.19 43 920 185 0.1781 1.073 1.608 1.304
B-1,11 735 0.80 5] 606 1 456 0.1743 1.112 1.515 1.365
B-1, 12 755 0.63 30 4388 - 155 0.1880 1.128 1.479 1.401
B-1, 13 755 0.65 67 3[6 ¥ 153 0.1626 1.129 1.437 1.385
B-1, 14 695 0.54 48 489 145 0.2056 1.092 1.456 1.352
B-1, 15 715 0.50 99 183 155 0.1349 1.098 1.308 1.311
B-1, 16 695 0.49 41 518 150 4 0.2285 1.087 1.461 1.358
B-1, 17 715 0.47 46 463 145 0.2223 1.099 1.449 1.375
B-1, 19 695 1.14 53 728 165. 0.1509 1.074 1.544 1.287
B-1, 20 655 0.74 33 576 8.7 0.1673 1.040 1.431 1.244
B-1, 21 655 0.43 38 408 ot 0.2027 1.056 1.372 1.292
B-1, 25 675 0.42 33 425 =" 0.2157 1.072 1.394 1.325
B-1, 26 685 0.43 38 408 T 0.2100 1.080 1.395 1.335
B-1, 32 665 0.29 7 72 145 0.0635 1.068 1.159 1.176
B-1, 34 715 0.31 8 240 132 e 1.119 1.328 1.377
B-1, 37 785 0.23 8 96 112 0.1177 1.191 1.308 1.439
B-1, 39 1335 7.38 251 16 127 0.0196 1.519 1.656 1.573
B-1, 40 1335 7.34 195 10 143 0.0152 1.499 1.612 1.489
B-1,41 1085 8.26 210 8 155 0.0117 1.345 1.452 1.263
B-1, 42 295 0.88 8 208 115 0.0262 0.734 0.868 0.697
B-1, 43 265 0.76 12 456 127 0.0571 0.689 0.941 0.687
B-1, 44 915 4.21 133 0 102 0.0119 0.831 0.904 0.826
B-1, 45 1195 5.14 115 0 130 0.0110 0.922 0.992 0.918
B-1, 47 715 2.76 69 2 135 0.0076 1.116 1.165 0.930
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-1, 48 655 1.18 39 0 106 0.0089 0.705 0.736 0.588
B-1, 49 295 2.75 32 0 130 0.0014 0.468 0.488 0.390
B-1, 50 815 3.89 97 12 : 430 0.0093 1.194 1.262 0.995
B-1,51 295 0.99 36 43 ik 0.0097 0.734 0.793 0.612
B-1, 52 225 0.15 16 0 112 0.0099 0.415 0.429 0.346
B-1, 53 245 0.24 7 131 ,105 0.0499 0.675 0.772 0.665
B-1, 54 255 0.44 Q 88 115 0.0185 0.683 0.750 0.626
B-1, 55 255 0.46 4 81 107 4 0.0172 0.688 0.753 0.628
B-1, 56 255 0.41 6 102 107 0.0244 0.688 0.767 0.644
B-1, 57 265 0.27 11 140 110. 0.0525 0.699 0.801 0.694
B-1, 58 225 0.40 0 144 WL 0.0291 0.646 0.748 0.609
B-1, 59 225 0.53 4 141 TIE 0.0224 0.645 0.746 0.596
B-1, 60 245 0.21 0 184 10 TACH 0.0736 0.674 0.796 0.681
B-1, 61 245 0.29 22 162 T 0.0552 0.672 0.791 0.666
B-1, 62 275 0.67 2 218 125 0.0324 0.703 0.839 0.675
B-1, 63 245 0.46 ST 0 118 0.0646 0.431 0.555 0.470
B-1, 64 255 1.17 0 456 120 0.0355 0.680 0.931 0.654
B-1, 65 635 1.86 48 16 110 0.0088 1.075 1.125 0.896
B-1, 67 265 1.43 14 164 115 0.0122 0.696 0.811 0.619
B-1, 68 375 0.59 12 135 115 0.0338 0.827 0.922 0.815
B-1, 69 325 1.10 3 197 130 0.0214 0.760 0.883 0.713
B-1, 70 265 1.31 6 306 135 0.0229 0.684 0.863 0.638
B-1,71 580 0.36 16 102 115 0.0668 1.024 1.105 1.122
B-1, 72 575 0.46 58 102 115 0.0718 1.020 1.117 1.123
B-1, 73 595 0.36 32 48 110 0.0489 1.042 1.101 1.111
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-1, 74 595 0.37 21 40 100 0.0365 1.051 1.102 1.090
B-1, 75 455 1.56 12 594 145 0.0616 0.887 1.175 0.932
B-1, 76 445 0.97 4 683 3 #5640 0.1046 0.874 1.190 0.956
B-1, 77 395 0.48 0 588 147 0.1519 0.826 1.110 0.918
B-1, 78 385 0.73 0 654 ¥ 152 0.1132 0.812 1.120 0.879
B-1, 79 385 0.72 0 678 4155 0.1183 0.810 1.126 0.879
B-1, 81 795 0.83 Q 552 120 0.1687 1.190 1.461 1.486
B-1, 86 595 1.18 12 1272 160 .- 0.1935 1.000 1.483 1.196
Well B2 41,

Data No. FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) P holdup critical critical critical

- flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-2, 1 1635 8.61 223 48 115 0.0206 1.688 1.878 1.806
B-2,2 1115 8.42 374 60 174 0.0238 1.366 1.585 1.422
B-2, 3 755 5.60 200 80 180 0.0150 1.106 1.266 1.048
B-2, 4 695 4.89 229 86 190 0.0178 1.054 1.227 1.012
B-2,5 685 4.38 177 96 168 0.0168 1.064 1.227 1.017
B-2, 6 715 4.43 149 96 176 0.0155 1.080 1.229 1.024
B-2,7 665 4.38 172 80 173 0.0151 1.045 1.195 0.984
B-2, 8 615 4.03 142 64 168 0.0125 1.010 1.139 0.927
B-2, 11 685 3.05 163 76 184 0.0211 1.051 1.193 1.028
B-2, 12 695 2.78 71 48 180 0.0117 1.062 1.149 0.972
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-2, 13 625 2.24 72 F 183 0.0156 1.006 1.107 0.946
B-2, 14 615 2.17 94 78 182 0.0189 0.999 1.113 0.958
B-2, 15 635 1.65 158 0 1 463 0.0247 0.663 0.749 0.716
B-2, 16 835 1.66 39 53 - 150 0.0186 1.189 1.275 1.169
B-2, 17 675 1.79 64 66 ¥ 172 0.0189 1.053 1.149 1.018
B-2, 18 595 1.86 76 66 ,193 0.0176 0.975 1.072 0.925
B-2, 20 655 1.43 34 45 175 0.0139 1.036 1.104 0.965
B-2, 21 625 151 154 78 LI2 4 0.0371 1.015 1.156 1.046
B-2, 22 625 1.40 43 48 165 0.0157 1.020 1.096 0.962
B-2, 23 615 1.40 49 49 164. 0.0167 1.013 1.092 0.960
B-2, 24 625 1.27 52 52 0.7 0.0197 1.024 1.107 0.991
B-2, 25 655 0.79 19 &2 ot 0.0161 1.056 1.112 1.003
B-2, 26 645 0.87 20 32 e 0.0147 1.044 1.100 0.980
B-2, 27 645 0.86 29 36 T 0.0187 1.048 1.112 1.011
B-2, 29 585 0.76 27 24 145 0.0153 1.003 1.058 0.941
B-2, 30 685 0.40 16 0 100 0.0113 0.724 0.753 0.697
B-2, 31 635 0.78 16 24 103 0.0125 1.082 1.136 1.000
B-2, 32 635 0.44 6 0 90 0.0036 0.704 0.727 0.587
B-2, 33 615 0.26 9 0 90 0.0088 0.694 0.717 0.578
B-2, 34 595 0.67 19 0 100 0.0070 0.677 0.704 0.564
B-2, 35 365 0.48 16 88 97 0.0290 0.829 0.925 0.806
B-2, 36 305 0.55 36 138 110 0.0354 0.750 0.889 0.731
B-2, 37 330 0.50 12 72 98 0.0205 0.788 0.871 0.739
B-2, 38 375 0.54 16 31 115 0.0124 0.827 0.881 0.746
B-2, 39 675 7.72 1728 12 140 0.0596 1.081 1.672 1.186
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-2, 40 645 5.07 104 30 { 140 0.0069 1.057 1.154 0.881
B-2, 41 515 1.60 36 42 110 0.0097 0.971 1.045 0.809
B-2, 42 815 3.30 0 1405 3 S 0.1138 1.152 1.756 1.374
B-2, 47 635 0.34 42 70 - 140 0.0750 1.049 1.141 1.168
B-2, 48 1315 5.84 930 6 140 0.0807 1.492 1.741 1.870
B-2, 49 695 2.23 43 13 1130 0.0070 1.105 1.139 0.921
B-2, 50 465 1.88 48 0 +120 0.0049 0.590 0.612 0.492
B-2, 51 310 1.96 58 1.3 % D3 4 0.0046 0.760 0.798 0.634
B-2, 54 515 2.22 300 18 122 0.0296 0.961 1.076 0.959
B-2, 55 275 1.69 144 24 145, 0.0111 0.709 0.782 0.627
B-2, 56 275 1.76 138 40" 1207 0.0112 0.706 0.784 0.624
B-2, 57 550 1.34 6 60 100 0.0100 1.011 1.048 0.906
B-2, 58 575 1.35 12 48 10 ST 0.0096 1.028 1.062 0.857
B-2, 59 575 1.38 0 - 06 109 0.0146 1.025 1.074 0.959
B-2, 60 295 1.71 0 6 105 0.0004 0.740 0.750 0.617
B-2, 62 215 0.60 60 1 90 0.0090 0.642 0.672 0.535
B-2, 63 195 0.48 *3 0 90 0.0005 0.395 0.398 0.329
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Well B-3

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-3, 2 695 0.26 107 0 « 498 0.1065 0.731 0.816 1.002
B-3, 3 675 0.27 91 3 - 03 0.0889 1.125 1.220 1.298
B-3, 4 655 0.31 44 3 100 0.0431 1.101 1.170 1.174
B-3,5 755 0.17 12 0 L 95 0.0217 0.762 0.795 0.834
B-3,6 635 0.37 46 12 98 0.0389 1.087 1.160 1.143
B-3,7 695 3.21 117 0 240 4 0.0104 0.718 0.805 0.680
B-3, 8 695 2.94 207 0 o™ 0.0200 0.718 0.849 0.763
B-3,9 695 2.77 57 0 141, 0.0059 0.705 0.758 0.588
B-3, 10 665 0.55 38 0 103, 0.0188 0.712 0.757 0.748
B-3, 11 685 1.83 48 8 15224 0.0085 1.078 1.143 0.898
B-3, 12 685 1.53 50 5 o 0.0101 1.097 1.164 0.989
B-3, 13 605 1.35 0 8 185" 0.0013 1.012 1.047 0.843
B-3, 14 625 1.34 17 0 136 0.0033 0.672 0.701 0.560
B-3, 15 645 1.10 0 1 130 0.0002 1.066 1.098 0.888
B-3, 16 595 1.12 0 12 135 0.0024 1.020 1.060 0.850
B-3, 17 645 0.48 0 1 105 0.0005 1.088 1.124 0.907
B-3, 20 775 0.31 40 150 106 0.1529 1.189 1.336 1.475
B-3, 21 415 0.25 66 228 115 0.1567 0.869 1.070 0.981
B-3, 22 595 0.49 24 138 110 0.0691 1.042 1.171 1.149
B-3, 23 595 0.47 36 126 109 0.0724 1.043 1.170 1.156
B-3, 24 295 1.65 0 216 140 0.0141 0.719 0.881 0.648
B-3, 27 235 0.11 8 0 100 0.0071 0.429 0.443 0.357
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Well B-4

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-4, 2 695 2.06 0 1017 « Jo4 0.1127 1.051 1.610 1.217
B-4, 3 1135 4.93 128 1020 E'165 0.0903 1.364 1.928 1.677
B-4, 4 815 6.93 134 1638 172 0.0723 1.155 1.915 1.316
B-4,5 1135 4.78 165 1032 \172 0.0967 1.356 1.928 1.678
B-4, 6 865 5.70 206 1771 174 0.1011 1.187 1.986 1.412
B-4,7 995 3.11 185 1521 316 4 0.1700 1.269 1.989 1.628
B-4, 8 675 0.15 26 36 90 0.0981 1.128 1.207 1.316
B-4,9 635 0.22 4 37 92, 0.0425 1.092 1.159 1.161
B-4, 10 635 2.51 0 1490 168 . ; 0.1225 1.026 1.739 1.188
B-4, 12 985 2.94 0 1440 160+ 0.1515 1.278 1.954 1.626
B-4, 13 625 0.34 5 390 TP 0.2121 1.060 1.353 1.303
B-4, 15 615 0.22 0 " =13 106" 0.0473 1.068 1.139 1.141
B-4, 17 335 0.49 49 997 120 0.2103 0.778 1.402 0.873
B-4, 19 605 0.55 20 378 110 S=t40.2 1.050 1.258 1.241
B-4, 20 545 0.42 24 528 162 0.2105 0.956 1.208 1.136
B-4, 22 585 0.43 24 564 110 0.2294 1.033 1.316 1.268
B-4, 23 245 0.24 54 420 105 0.1538 0.675 1.034 0.716
B-4, 24 245 0.21 0 146 95 0.0593 0.681 0.830 0.680
B-4, 25 775 1.95 0 1686 175 0.1988 1.124 1.874 1.403
B-4,27 215 0.18 37 270 93 0.1211 0.640 0.903 0.661
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Well B-5

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-5,1 2515 4.08 180 i’ 4 « 295 0.0467 2.092 2.289 2.775
B-5, 2 755 7.75 12 21 =175 0.0012 1.110 1.153 0.925
B-5, 3 705 2.07 41 3 123 0.0064 1.119 1.170 0.933
B-5, 4 685 1.73 13 i .90 0.0023 1.136 1.173 0.946
B-5,5 445 2.72 0 18 125 0.0011 0.892 0.925 0.743
B-5, 6 445 2.77 0 12 328 4 0.0007 0.889 0.918 0.741
B-5, 7 475 2.26 2 0 w5 0.0012 0.921 0.952 0.767
B-5, 8 295 2.60 24 0 140, 0.0011 0.464 0.484 0.387
B-5, 10 285 2.35 8 13 23, 0.0010 0.717 0.750 0.597
B-5, 11 1135 491 51 720 165 =4 0.0624 1.364 1.741 1.605
B-5, 12 665 1.59 0 512 1o 0.0735 1.056 1.345 1.175
B-5, 13 685 1.29 0 468 437" 0.0843 1.086 1.362 1.235
Well B-6

Data No. FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-6, 2 765 2.16 i) 8 110 0.0031 1.178 1.223 0.981
B-6, 3 635 1.50 12 36 100 0.0077 1.085 1.146 0.904
B-6, 4 745 1.59 6 0 100 0.0012 0.754 0.779 0.629
B-6,5 1465 8.49 269 256 143 0.0345 1.567. 1.854 1.781
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-6, 6 795 4.70 151 1056 193 0.0713 1.123 1.647 1.268
B-6, 7 795 4.70 154 1056 193 0.0713 1.123 1.647 1.268
B-6, 8 705 3.17 20 1163 3 492 0.0893 1.060 1.595 1.204
B-6, 9 795 3.07 44 1197 - 138 0.1068 1.127 1.673 1.326
B-6, 10 795 2.80 41 1284 . 193 0.1227 1.123 1.690 1.338
B-6, 11 715 3.16 119 1800 ,205 0.1394 1.057 1.769 1.250
B-6, 12 715 2.62 29 1413 197 0.1274 1.063 1.667 1.250
B-6, 13 1255 5.82 85 168 115 4 0.0206 1.489 1.676 1.548
B-6, 14 1175 5.51 69 108 £35 0.0144 1.420 1.559 1.386
B-6, 19 735 0.94 188 0 175. 0.0577 0.705 0.803 0.877
B-6, 24 695 1.95 56 30 3971 0.0185 1.105 1.213 1.073
B-6, 25 315 1.29 72 48 o= 0.0115 0.773 0.873 0.689
B-6, 26 265 2.50 0 1372 3= 0.0052 0.683 0.797 0.569
B-6, 27 265 2.17 36 90 il A 0.0059 0.686 0.791 0.571
B-6, 28 245 2.06 12 60 130 0.0032 0.661 0.733 0.551
B-6, 29 265 1.82 16 80 123 0.0053 0.691 0.780 0.576
B-6, 30 265 1.51 12 48 130 0.0040 0.687 0.750 0.573
B-6, 31 315 1.41 12 72 137 0.0070 0.744 0.823 0.620
B-6, 32 275 1.51 8 56 125 0.0044 0.703 0.770 0.586
B-6, 33 255 1.41 0 56 114 0.0037 0.684 0.748 0.570
B-6, 34 235 1.14 0 52 113 0.0040 0.657 0.719 0.547
B-6, 35 685 2.81 16 60 112 0.0070 1.114 1.193 0.928
B-6, 36 335 2.76 18 66 113 0.0039 0.783 0.863 0.653
B-6, 37 625 1.24 11 36 105 0.0089 1.072 1.131 0.893
B-6, 38 625 1.26 11 33 100 0.0083 1.076 1.134 0.897
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-6, 39 655 1.23 12 s { 100 0.0089 1.101 1.160 0.918
B-6, 40 685 1.01 28 24 98 0.0137 1.128 1.190 1.060
B-6, 42 725 0.90 21 Y 3 485 0.0149 1.173 1.237 1.118
B-6, 43 315 1.43 24 74 - 98 0.0082 0.770 0.861 0.641
B-6, 44 315 1.08 18 64 108 0.0090 0.763 0.842 0.636
B-6, 45 275 1.08 18 54 1 90 0.0070 0.725 0.800 0.604
B-6, 46 595 1.31 Q 53 +.80 0.0088 1.070 1.138 0.891
B-6, 47 260 0.93 0 60, e 0.0062 0.705 0.774 0.587
B-6, 48 265 0.72 0 61 90 0.0082 0.712 0.782 0.593
B-6, 49 255 0.83 6 56 '95. 0.0071 0.695 0.765 0.579
B-6, 50 265 0.60 0 25 7L 0.0086 0.712 0.776 0.593
B-6, 51 255 0.61 0 56 150" 0.0086 0.663 0.724 0.553
B-6, 52 255 0.61 0 362 Br <. 0.0531 0.700 0.972 0.696
B-6, 53 260 0.39 0 B o5 0.0115 0.707 0.767 0.626
B-6, 54 235 0.34 20 51 83 0.0185 0.675 0.751 0.618
B-6, 55 235 0.34 20 40 83 0:015¢ 0.675 0.742 0.611
B-6, 57 735 7.61 134 281 180 0.0152 1.092 1.327 1.034
B-6, 58 695 6.83 732 180 0.0426 1.062 1.552 1.121
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Well B-7

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-7,1 1835 4.61 259 o2, « 210 0.1106 1.659 2.062 2.256
B-7,2 1765 4.37 265 552 A%, 0.1128 1.623 2.025 2.192
B-7,3 1765 4.63 282 456 015 0.0984 1.623 1.995 2.155
B-7, 4 1765 4.59 261 286 L 212 0.0762 1.626 1.928 2.090
B-7,5 1795 5.19 254 192 200 0.0577 1.653 1.918 2.058
B-7,6 1715 4.82 211 168 208 4. 0.0507 1.609 1.844 1.947
B-7,7 865 6.22 213 120 5 0.0182 1.143 1.338 1.114
B-7,8 765 6.69 128 94 200, 0.0100 1.096 1.246 0.914
B-7,9 715 6.07 86 Fis 200 ; 0.0074 1.061 1.179 0.884
B-7, 10 885 6.24 116 81 165 =+ 0.0110 1.209 1.355 1.112
B-7,11 735 5.30 66 65 L 0.0071 1.077 1.181 0.897
B-7,12 735 4.75 0 48 190~ 0.0027 1.083 1.144 0.903
B-7, 13 715 1.90 0 40 190 0.0055 1.069 1.124 0.891
B-7, 15 665 3.08 0 40 175 0.0032 1.043 1.099 0.869
B-7, 16 595 2.89 45 48 178 0.0075 0.986 1.069 0.821
B-7, 17 615 2.67 78 48 172 0.0114 1.007 1.108 0.915
B-7, 18 625 2.23 66 16 170 0.0023 1.016 1.090 0.847
B-7, 19 715 1.48 50 24 157 0.0142 1.096 1171 1.030
B-7, 20 735 1.38 46 24 145 0.0147 1.122 1.197 1.062
B-7, 21 665 1.62 62 30 160 0.0149 1.056 1.139 0.994
B-7, 22 705 1.65 ¥ 31 158 0.0148 1.088 1.171 1.027
B-7, 23 655 1.55 59 32 155 0.0152 1.052 1.136 0.992
B-7, 24 615 0.39 54 0 110 0.0343 0.682 0.731 0.778
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-7, 25 595 0.51 59 0 105 0.0279 0.674 0.726 0.743
B-7, 26 635 0.35 riy/ 0 100 0.0343 0.698 0.746 0.803
B-7, 27 635 0.27 43 0 1 400 0.0404 0.698 0.744 0.823
B-7, 28 615 0.32 26 0 - 105 0.0204 0.685 0.719 0.722
B-7, 29 605 0.30 25 0 . 98 0.0206 0.683 0.718 0.722
B-7, 30 605 0.33 36 0 , 95 0.0268 0.685 0.726 0.755
B-7, 31 2715 8.46 749 24 140 0.0934 2.091 2.477 3.106
B-7, 32 2715 8.24 185 0 160 .- 0.0248 1.306 1.479 1.790
B-7, 33 2335 6.69 544 40 168 0.0777 1.912 2.225 2.641
B-7, 34 2315 6.86 534 44 168. 0.0746 1.905 2.216 2.610
B-7, 35 2265 6.57 517 50 6871 0.0746 1.886 2.193 2.572
B-7, 36 2195 6.39 486 60 1 0.0717 1.859 2.159 2.503
B-7, 37 2135 6.25 0 72 T3 S 0.0090 1.839 1.968 1.533
B-7, 38 2015 5.74 0 180 TS0 0.0229 1.830 2.026 2.038
B-7, 39 2015 5.62 395 89 160 0.0661 1.797 2.081 2.357
B-7, 40 1535 6.98 467 T35 185 0.0509 1.552 1.858 1.857
B-7,41 675 2.40 236 0 193 0.0269 0.668 0.791 0.731
B-7, 42 665 3.17 151 200 178 0.0279 1.041 1.264 1.048
B-7, 43 665 3.09 147 252 168 0.0322 1.049 1.302 1.073
B-7,44 635 3.03 139 205 170 0.0273 1.024 1.248 1.025
B-7, 45 585 1.40 48 264 145 0.0469 1.003 1.229 1.057
B-7, 46 615 1.55 21 192 150 0.0307 1.024 1.193 1.038
B-7, 47 595 1.49 13 183 158 0.0284 1.001 1.159 1.003
B-7, 48 595 1.49 13 183 158 0.0284 1.001 1.159 1.003
B-7, 49 245 1.99 84 180 158 0.0124 0.646 0.847 0.573
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-7, 50 245 2.00 58 198 155 0.0118 0.648 0.848 0.572
B-7, 51 2095 9.97 699 12 150 0.0585 1.844 2.165 2.400
B-7, 52 1715 9.36 610 10 3 0 0.0451 1.654 1.935 1.988
B-7, 53 865 6.28 414 197 - 203 0.0327 1.162 1.444 1.216
B-7, 54 735 4.49 162 0 L 210 0.0109 0.687 0.770 0.653
B-7, 56 715 4.11 280 144 220 0.0639 1.045 1.491 1.145
B-7, 57 695 2.87 273 312 220 0.0526 1.031 1.315 1.105
B-7, 58 715 2.78 651 768 220 4 0.1250 1.045 1.581 1.221
B-7, 59 695 9.45 296 69 185 0.0108 1.058 1.249 0.960
B-7, 60 665 2.36 464 644 215. 0.1085 1.013 1.475 1.156
B-7, 61 665 1.88 247 792 25,74, 0.1229 1.013 1.471 1.169
B-7, 62 595 2.10 158 795 Lo 0.0926 0.961 1.404 1.067
B-7, 63 715 2.58 117 368 7/ 0.0488 1.080 1.352 1.161
B-7, 64 565 1.74 42 760 198 0.0885 0.947 1.353 1.042
B-7, 65 565 1.59 49 703 194 0.0907 0.949 1.338 1.049
B-7, 66 595 1.73 0 702 190 0.0821 0.977 1.351 1.077
B-7, 67 585 1.74 42 672 195 0.0822 0.965 1.338 1.061
B-7, 68 595 1.61 50 608 193 0.0833 0.975 1.324 1.076
B-7, 69 565 0.13 0 8 109 0.0127 1.017 1.049 0.936
B-7, 70 535 0.13 9 8 92 0.0269 1.005 1.042 1.001
B-7,71 395 1.01 18 778 165 0.1036 0.814 1.249 0.876
B-7,72 475 1.21 0 720 195 0.0947 0.871 1.256 0.945
B-7,73 315 1.98 0 808 210 0.0454 0.703 1.133 0.691
B-7,74 465 1.22 16 600 190 0.0802 0.865 1.208 0.925
B-7, 75 515 1.11 16 520 185 0.0846 0.913 1.221 0.993
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-7, 76 415 1.07 16 545 195 0.0748 0.815 1.135 0.855
B-7, 77 275 1.59 20 261 190 0.0178 0.667 0.858 0.609
B-7, 78 335 1.38 24 420 y 484 0.0386 0.739 1.012 0.724
B-7, 79 335 1.26 16 604 - 190 0.0577 0.736 1.090 0.742
B-7, 80 305 1.50 16 596 . 200 0.0442 0.697 1.048 0.683
B-7, 81 255 1.14 6 408 ,185 0.0332 0.645 0.913 0.613
B-7, 82 265 0.98 12 492 184 0.0482 0.658 0.970 0.643
B-7, 83 275 0.97 22 416 165 4 0.0442 0.680 0.963 0.664
B-7, 84 265 1.12 13 435 165 0.0379 0.668 0.958 0.644
B-7, 85 285 1.01 22 553 170. 0.0569 0.690 1.037 0.687
B-7, 86 295 1.09 14 418 65,7 1, 0.0417 0.704 0.982 0.689
B-7, 87 295 1.24 12 390 et 0.0343 0.707 0.971 0.682
B-7, 88 285 1.30 12 335 T3S 0.0275 0.691 0.924 0.653
B-7, 89 265 1.21 12 336 TO0 M 0.0276 0.669 0.906 0.630
B-7, 90 265 1.09 13 364 174 0.0330 0.663 0.913 0.632
B-7,91 275 0.95 12 344 165 0.0369 0.680 0.920 0.656
B-7, 92 265 0.90 14 327 152 0.0360 0.675 0.911 0.649
B-7, 93 1635 8.38 i 72 180 0.0192 1.605 1.785 1.678
B-7, 94 1585 7.84 162 72 182 0.0179 1.579 1.747 1.626
B-7, 95 735 6.89 90 196 178 0.0116 1.093 1.289 1.003
B-7, 96 645 4.83 70 206 196 0.0139 1.012 1.200 0.940
B-7, 97 915 4.47 54 224 183 0.0211 1.212 1.408 1.214
B-7, 98 865 2.82 56 238 180 0.0331 1.182 1.387 1.243
B-7, 99 635 5.67 129 234 202 0.0155 0.999 1.226 0.939
B-7, 100 615 4.46 28 163 170 0.0098 1.008 1.158 0.840
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-7, 101 615 2.94 42 198 183 0.0186 0.998 1.172 0.956
B-7, 102 635 2.67 43 192 180 0.0212 1.016 1.190 0.989
B-7, 103 635 2.66 46 192 1 480 0.0217 1.016 1.190 0.989
B-7, 104 615 2.95 18 198 - 180 0.0166 1.000 1.165 0.946
B-7, 105 655 2.39 36 18 , 186 0.0119 1.027 1.125 0.939
B-7, 106 635 2.26 37 177 174 0.0222 1.021 1.183 1.000
B-7, 107 735 2.01 31 132 162 0.0221 1.107 1.242 1.097
B-7, 108 605 0.97 46 266 1RO & 0.0684 1.033 1.263 1.135
B-7, 110 575 1.80 40 378 160 0.0476 0.983 1.264 1.032
B-7,111 315 3.10 18 396 185. 0.0154 0.716 1.002 0.651
B-7, 112 315 3.36 30 396 20071, 0.0147 0.708 0.994 0.640
B-7, 113 565 2.25 57 156 et 0.0201 0.952 1.107 0.913
B-7, 114 235 0.49 12 66 13 0.0139 0.646 0.732 0.578
B-7,116 265 0.74 14 80 TS0 0.0125 0.687 0.784 0.612
B-7, 117 245 0.46 6 198 130 0.0388 0.661 0.840 0.637
B-7, 119 665 1.47 80 12 TI5 0.0168 1.095 1.182 1.050
B-7, 120 715 1.91 52 13 137 0.0098 1.114 1.184 0.928
B-7, 121 715 5.63 87 20 142 0.0055 1.110 1.203 0.925
B-7,122 595 2.24 104 24 145 0.0137 1.012 1.114 0.939
B-7, 123 555 1.59 98 35 152 0.0184 0.972 1.077 0.927
B-7, 124 555 1.56 99 61 157 0.0222 0.968 1.090 0.941
B-7, 125 635 1.23 69 49 142 0.0236 1.047 1.149 1.036
B-7, 126 595 1.46 91 43 150 0.0215 1.008 1.115 0.981
B-7, 127 575 0.98 36 42 110 0.0176 1.024 1.108 0.979
B-7, 128 295 0.16 0 32 122 0.0216 0.730 0.780 0.682
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-7, 129 555 1.10 26 58 115 0.0160 1.003 1.091 0.945
B-7, 130 615 0.33 13 2 1% 0.0113 1.057 1.097 0.964
B-7,131 595 0.26 o 1 102 0.0075 1.049 1.085 0.874
B-7, 132 575 0.39 X 1 - 90 0.0012 1.043 1.076 0.869
B-7, 133 595 0.26 4 1 100 0.0027 1.051 1.084 0.876
B-7, 134 545 0.25 0 7 135 0.0056 0.977 1.010 0.814
B-7, 135 545 0.23 [/ 1 102 0.0077 1.005 1.040 0.837
B-7, 137 555 0.20 0 6 95 .- 0.0061 1.020 1.056 0.850
B-7, 138 535 0.24 5 0 85 0.0046 0.651 0.673 0.543
Well B-g==rry

Data No. FTP (psia) | Gas rate Oil rate Waterate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) (°F) <4<+ holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-8, 1 1615 8.42 315 0 120 0.0291 1.068 1.288 1.384
B-8, 2 715 7.20 0 34 138 0.0042 1.113 1.174 0.928
B-8, 3 755 2.27 0 16 90 0.0020 1.191 1.244 0.992
B-8, 4 745 1.86 6 16 90 0.0034 1.183 1.240 0.986
B-8, 6 745 0.83 2 4 90 0.0021 1.183 1.227 0.986
B-8, 9 665 0.52 0 8 105 0.0038 1.105 1.147 0.921
B-8, 10 675 0.53 20 0 95 0.0105 0.722 0.758 0.686
B-8, 11 635 0.48 6 0 95 0.0033 0.701 0.727 0.584
B-8, 12 625 0.53 12 0 98 0.0059 0.694 0.723 0.579
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-8, 13 655 0.45 13 0 92 0.0078 0.714 0.745 0.595
B-8, 14 735 0.33 8 0 90 0.0046 0.756 0.785 0.630
B-8, 15 700 0.24 . 1 1 482 0.0023 1.156 1.196 0.963
B-8, 16 675 0.26 0 1 - 90 0.0010 1.128 1.166 0.940
B-8, 20 815 7.17 136 68 115 0.0092 1.209 1.348 1.008
B-8, 21 815 5.07 114 45 ,120 0.0102 1.204 1.318 1.096
B-8, 22 685 4.67 147 72 145 0.0127 1.084 1.221 1.005
B-8, 23 685 2.85 57 24 146 4 0.0078 1.084 1.152 0.903
B-8, 24 645 2.70 45 0 145 0.0045 0.678 0.715 0.565
B-8, 25 655 2.12 52 15 133. 0.0083 1.071 1.132 0.892
B-8, 26 655 2.08 43 15 o s 0.0073 1.080 1.138 0.900
B-8, 27 655 1.91 46 16 =25 0.0085 1.078 1.138 0.898
B-8, 28 645 1.92 16 32 2R+ 0.0062 1.070 1.125 0.892
B-8, 29 675 1.73 44 12 ixsto A 0.0088 1.085 1.141 0.904
B-8, 30 655 1.58 54 0 155 0.0092 0.677 0.718 0.565
B-8, 31 285 2.79 35 20 138 0.0022 0.708 0.760 0.590
B-8, 32 285 1.91 0 16 127 0.0009 0.714 0.746 0.595
B-8, 33 215 1.36 0 416 126 0.0238 0.622 0.908 0.575
B-8, 34 245 1.41 0 360 125 0.0226 0.664 0.915 0.616
B-8, 35 310 1.57 0 12 125 0.0009 0.746 0.783 0.622
B-8, 36 265 1.56 18 0 112 0.0013 0.450 0.474 0.375
B-8, 37 265 1.52 36 0 102 0.0026 0.454 0.490 0.379
B-8, 38 285 1.51 27 1 108 0.0022 0.726 0.773 0.605
B-8, 39 255 1.35 36 0 110 0.0028 0.443 0.478 0.369
B-8, 41 1545 5.71 155 0 120 0.0172 1.047 1.143 1.195
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-8, 42 895 8.55 188 12 155 0.0086 1.225 1.324 1.021
B-8, 43 615 3.59 59 6 140 0.0046 1.032 1.078 0.860
B-8, 44 635 2.39 37 0 s 8% 0.0041 0.679 0.706 0.566
B-8, 45 345 1.46 24 8 - 105 0.0031 0.800 0.845 0.667
B-8, 46 355 1.55 0 ¥ 115 0.0027 0.804 0.852 0.670
B-8, 47 355 0.40 0 8 ,105 0.0026 0.811 0.842 0.676
B-8, 48 375 0.26 36 0 85 0.0212 0.547 0.581 0.555
B-8, 49 305 0.29 44 0 s 0.0189 0.498 0.536 0.489
B-8, 50 295 1.28 24 42 £32 0.0059 0.724 0.791 0.603
B-8, 51 265 0.29 0 8 101 0.0027 0.705 0.734 0.587
B-8, 53 475 2.08 10 712 13871 0.0576 0.911 1.288 0.958
B-8, 54 535 1.85 14 650 A 0.0665 0.959 1.305 1.033
B-8, 55 255 0.44 5 32 B 0.0080 0.684 0.728 0.570
B-8, 56 275 0.96 489 257 TOU 0.0789 0.683 1.031 0.695
B-8, 57 255 0.50 214 403 130 0.1084 0.674 1.009 0.699
B-8, 58 275 0.52 6 270 120 0.0514 0.706 0.895 0.701
Well B-9

Data No. FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-9, 3 1555 9.27 341 45 200 0.0259 1.545 1.776 1.676
B-9, 4 1165 1.07 309 48 198 0.1376 1.347 1.562 1.729
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

B-9, 5 1215 9.61 348 48 198 0.0202 1.375 1.606 1.401
B-9, 6 915 8.65 230 42 185 0.0116 1.210 1.388 1.122
B-9, 7 585 7.09 174 48 y 4 0.0074 0.981 1.137 0.817
B-9, 8 605 6.17 99 24 - 170 0.0049 1.000 1.102 0.833
B-9, 9 585 5.10 93 ¥ . 160 0.0058 0.991 1.097 0.826
B-9, 10 575 3.08 0 48 1165 0.0033 0.979 1.044 0.816
B-9, 11 585 3.01 41 24 160 0.0050 0.991 1.063 0.826
B-9, 12 655 1.79 51 24 158 4 0.0109 1.050 1.128 0.952
B-9, 13 615 2.10 38 28 150 0.0076 1.024 1.098 0.853
B-9, 14 635 1.23 8 0 128. 0.0017 0.682 0.707 0.568
B-9, 15 625 1.69 26 30 7L 0.0080 1.041 1.111 0.867
B-9, 16 695 2.55 21 54 TS 0.0078 1.121 1.212 0.934
B-9, 17 675 2.74 21 24 P 0.0043 1.106 1.174 0.922
B-9, 18 665 2.77 22 54 U 0.0070 1.119 1.214 0.933
B-9, 19 665 0.29 1 0 85 0.0010 0.724 0.748 0.603
B-9, 20 255 2.46 37 78 110 0.0046 0.686 0.805 0.572
B-9, 21 275 0.77 18 168 103 0.0243 0.716 0.895 0.674
B-9, 22 625 1.23 148 1 110 0.0306 1.067 1.191 1.089
B-9, 23 645 1.15 128 0 115 0.0290 0.695 0.788 0.778
B-9, 24 255 1.44 92 304 130 0.0260 0.674 0.981 0.633
B-9, 25 275 1.34 18 174 127 0.0145 0.702 0.880 0.633
B-9, 27 295 1.50 18 150 117 0.0122 0.733 0.894 0.654
B-9, 28 255 0.86 1% 34 85 0.0051 0.701 0.769 0.584
B-9, 29 255 0.73 10 26 100 0.0048 0.692 0.750 0.577
B-9, 30 255 0.73 100 35 95 0.0187 0.695 0.822 0.639
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-9, 31 245 0.71 129 1% 95 0.0196 0.681 0.807 0.627
B-9, 32 255 0.63 43 0 90 0.0080 0.451 0.495 0.376
B-9, 33 245 0.62 48 0 $ 485 0.0078 0.440 0.483 0.367
Well B-10

Data No. FTP (psia) | Gas rate Oil rate Water rate | “Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (hbl/d) CH=e. 4 holdup critical critical critical

. flowrate flowrate flowrate

¥, (MMscf/d) | (MMscf/d) | (MMscf/d)

B-10, 1 1475 7.49 683 10 e, 0.0537 1.555 1.846 1.876
B-10, 2 935 7.06 198 16 190 - 0.0116 1.218 1.337 1.129
B-10, 3 765 7.40 153 1 -l 0.0066 1.109 1.201 0.924
B-10, 4 775 3.63 86 108 15 0.0159 1.124 1.248 1.075
B-10,5 795 4.67 212 72 197 0.0192 1.120 1.269 1.094
B-10, 6 795 3.01 449 348 170 0.0480 1.143 1.405 1.243
B-10, 7 715 2.07 51 192 175 0.0309 1.081 1.234 1.108
B-10, 9 945 3.12 98 450 168 0.0591 1.245 1.505 1.418
B-10, 10 1015 2.48 80 120 130 0.0308 1.328 1.454 1.423
B-10, 11 905 3.48 106 152 168 0.0255 1.219 1.359 1.251
B-10, 12 855 3.67 66 144 170 0.0185 1.184 1.305 1.162
B-10, 13 815 3.80 87 120 175 0.0170 1.152 1.268 1.115
B-10, 14 735 3.02 43 125 170 0.0154 1.100 1.202 1.044
B-10, 15 755 1.71 23 96 125 0.0195 1.156 1.243 1.137
B-10, 16 655 3.14 24 96 150 0.0094 1.056 1.138 0.880
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
B-10, 17 535 2.39 18 2 150 0.0125 0.956 1.054 0.873
B-10,18 495 2.28 43 186 138 0.0189 0.930 1.069 0.884
B-10, 19 475 2.11 48 192 s $42 0.0201 0.908 1.049 0.865
B-10, 20 295 1.35 11 162 - 128 0.0139 0.726 0.843 0.655
Well.CH %

Data No. FTP (psia) | Gas rate Oil rate Water rate-| Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bblrd) Ry holdup critical critical critical

¥ flowrate flowrate flowrate

— - (MMscf/d) | (MMscf/d) | (MMscf/d)

C-1,1 1825 2.30 930 0 14747 0.2352 1.106 1.415 2.123
C-1,2 1865 5.30 1056 0 - il 0.1341 1.115 1.443 1.967
C-1,3 1895 5.40 840 0 194~d- 0.1094 1.111 1.399 1.892
C-1,4 1895 5.20 722 46 172 0.1038 1.731 2.053 2.379
C-1,5 1815 5.80 739 Z3 180 0.0949 1.686 2.017 2.264
C-1,6 1815 6.50 716 126 138 0.0879 1.741 2.103 2.345
C-1,7 1795 6.40 669 145 145 0.0855 1.722 2.077 2.301
C-1,8 1615 7.70 622 414 145 0.0796 1.639 2.069 2.124
C-1,9 1705 6.40 534 342 136 0.0851 1.693 2.086 2.244
C-1,10 1675 5.80 533 355 136 0.0926 1.679 2.076 2.243
C-1,11 1605 6.00 554 511 137 01010 1.644 2.094 2.202
C-1,12 1685 6.10 506 506 125 0.0991 1.698 2.143 2.301
C-1,13 1445 6.10 546 668 145 0.1011 1.555 2.046 2.035
C-1,14 1305 5.10 495 605 205 0.0992 1.415 1.849 1.783

144

1474t



145

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-1,15 1115 4.20 515 o57 223 0.1312 1.295 1.825 1.630
C-1,16 1115 3.60 714 909 138 0.1630 1.381 1.984 1.823
C-1, 17 1090 4.90 685 743 1 428 0.1109 1.377 1.938 1.740
C-1,18 1105 4.80 556 833 - 223 0.1106 1.290 1.795 1.591
C-1,19 1095 5.10 578 868 ¥ 135 0.1077 1.372 1.943 1.726
C-1,20 1095 4.80 363 1089 ,130 0.1123 1.378 1.971 1.744
C-1,21 1075 4.40 359 1078 132 0.1182 1.363 1.953 1.729
C-1, 22 935 3.30 444 1332 182 4 0.1612 1.275 1.953 1.630
C-1,23 955 3.50 432 1296 150 0.1526 1.269 1.922 1.611
C-1,24 465 1.50 323 1828 136. 0.2010 0.903 1.740 1.051
C-1,25 515 5.00 229 915 071, 0.0428 0.946 1.489 0.976
C-1, 26 525 5.10 459 1453 = 0.0698 0.952 1.701 1.028
C-1, 27 595 5.10 531 1593 (1 0.0864 1.008 1.788 1.126
C-1,28 595 4.30 422 1690 il 0.0998 1.018 1.814 1.156
C-1, 29 2255 3.10 144 24 100 0.0477 1.984 2.161 2.579
C-1,30 2065 6.40 174 38 I 0.0272 1.882 2.063 2.179
C-1,31 2015 6.60 252 48 140 0.0361 1.825 2.028 2.193
C-1, 32 1995 7.30 187 19 144 0.0227 1.811 1.974 2.007
C-1,33 1895 7.40 179 37 148 0.0221 1.762 1.927 1.930
C-1,34 1845 7.10 199 41 145 0.0249 1.745 1917 1.943
C-1,35 1815 6.70 223 56 160 0.0299 1.711 1.894 1.953
C-1, 36 1740 6.70 248 28 154 0.0287 1.686 1.863 1.903
C-1, 37 1715 5.80 227 31 143 0.0304 1.688 1.863 1.925
C-1, 38 1685 6.00 248 28 140 0.0309 1.678 1.859 1.915
C-1, 39 1590 7.60 278 32 158 0.0260 1.610 1.795 1.768
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-1, 40 1465 8.70 327 24 168 0.0237 1.537 1.728 1.644
C-1,41 1465 8.80 296 44 165 0.0227 1.541 1.732 1.638
C-1,42 1405 8.80 316 56 : 169 0.0238 1.506 1.707 1.603
C-1,43 1405 8.70 376 83 - 168 0.0294 1.507 1.740 1.655
C-1,44 1315 9.10 320 163 e 175 0.0272 1.452 1.699 1.563
C-1,45 1315 7.30 398 170 4177 0.0396 1.450 1.723 1.642
C-1, 46 1315 8.40 594 198 173 0.0478 1.455 1.794 1.690
C-1, 47 1285 8.20 480 135 115 4 0.0377 1.436 1.720 1.611
C-1,48 1225 8.90 467 181 185 0.0348 1.393 1.687 1.534
C-1, 49 1215 8.70 556 139 175. 0.0380 1.398 1.705 1.559
C-1,50 1195 8.60 581 173 5.7 1, 0.0408 1.387 1.713 1.557
C-1,51 1185 8.10 649 162 =t 0.0461 1.444 1.810 1.666
C-1,52 1165 7.80 714 178 /=" 0.0515 1.365 1.726 1571
C-1,53 1705 3.70 180 66 104 0.0438 1.737 1.925 2.115
C-1,54 1190 2.00 36 1092 135 0.1997 1.428 1.952 1.954
C-1,55 1065 2.00 27 1104 170 0.1828 1.317 1.825 1.728
C-1, 58 715 5.70 8 377 195 0.0176 1.065 1.294 1.023
C-1,59 715 5.00 290 2126 190 0.1149 1.069 1.879 1.246
C-1, 60 715 5.00 290 2128 182 0.1150 1.075 1.892 1.256
C-1,61 695 4.40 174 2309 198 0.1278 1.048 1.875 1.227
C-1, 65 715 6.10 580 1352 150 0.0800 1.103 1.702 1.253
C-1, 66 815 5.00 1253 139 155 0.0855 1.171 1.587 1.362
C-1, 67 815 5.70 242 970 153 0.0617 1.172 1.617 1.319
C-1, 68 795 5.10 312 803 160 0.0624 1.152 1.563 1.291
C-1,70 355 0.10 200 10 96 0.2360 0.818 0.930 0.937
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
C-1,71 265 0.10 41 oF 95 0.1231 0.708 0.803 0.748
C-1,72 275 0.10 25 137 92 0.1439 0.723 0.834 0.776
C-1,73 265 0.10 4 188 1 492 0.1589 0.710 0.840 0.764
C-1,74 255 0.10 0 96 - 96 0.0831 0.694 0.770 0.711
WellL.CR %

Data No. FTP (psia) | Gas rate Oil rate Water rate-| Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bblrd) Ry holdup critical critical critical

¥ flowrate flowrate flowrate

— - (MMscf/d) | (MMscf/d) | (MMscf/d)

C-2,1 2315 5.66 182 46 ALy 0.0366 2.051 2.281 2.583
C-2,2 2175 4.66 86 b S 0.0200 1.964 2.123 2.178
C-2,3 1785 6.26 181 40 107d- 0.0251 1.778 1.967 1.995
C-2,4 1315 6.56 106 26 119 0.0107% 1.518 1.642 1.425
C-2,5 1115 6.55 23 23 125 0.0108 1.396 1,522 1.300
C-2,6 1115 6.24 163 28 123 0.0138 1.398 1.542 1.352
C-2,7 665 4.36 20 13 126 0.0020 1.085 1.136 0.904
C-2,8 515 4.36 14 10 132 0.0011 0.953 0.994 0.794
C-2,9 515 4.11 6 6 130 0.0006 0.954 0.988 0.795
C-2,10 785 3.93 47 38 125 0.0067 1.178 1.263 0.981
C-2,11 355 3.78 53 43 132 0.0036 0.793 0.879 0.661
C-2,12 315 2.16 49 41 122 0.0052 0.754 0.838 0.628
C-2,13 315 2.14 16 24 112 0.0023 0.760 0.813 0.634
C-2,14 315 1.80 14 18 110 0.0022 0.762 0.809 0.635
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
C-2,15 305 1.74 25 47 108 0.0049 0.751 0.827 0.626
C-2,16 295 1.71 12 28 106 0.0027 0.740 0.794 0.617
C-2, 17 205 1.60 47 Y 3 3 9 0.0037 0.616 0.691 0.513
C-2,18 205 1.26 30 53 - 102 0.0053 0.620 0.710 0.517
C-2,19 235 1.13 7 16 . 100 0.0018 0.665 0.707 0.554
C-2, 20 375 1.70 87 36 , 94 0.0108 0.842 0.947 0.751
C-2,22 235 0.20 132 0 106 0.0607 0.427 0.510 0.462
WellC-3+

Data No. FTP (psia) | Gas rate Oil rate Water rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/Ad) (°CF)" =% | holdup critical critical critical

= flowrate flowrate flowrate

J - (MMscf/d) | (MMscf/d) | (MMscf/d)

C-3,1 2575 6.22 219 39 72 0.0419 2.155 2.436 2.842
C-3,2 1925 6.18 461 18 115 0.0225 1.822 2.011 2.020
C-3,3 1715 7.67 232 26 120 0.0232 1.720 1.936 1.886
C-3,4 1495 7.94 ™ 17 138 0.0129 1.589 1.747 1.550
C-3,5 1485 7.85 178 19 135 0.0147 1.587 1.759 1.585
C-3,6 1215 8.40 141 27 145 0.0098 1.431 1.580 1.193
C-3,7 1195 7.96 138 26 145 0.0100 1.420 1.566 1.183
C-3,8 615 4.77 58 86 150 0.0072 1.024 1.157 0.853
C-3,9 485 4.84 150 150 154 0.0117 0.908 1.133 0.821
C-3, 10 375 3.35 42 168 142 0.0088 0.808 0.994 0.673
C-3, 11 335 3.17 50 202 143 0.0100 0.764 0.980 0.672
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
C-3, 12 335 2.87 29 168 140 0.0084 0.765 0.943 0.638
C-3, 13 275 2.01 29 163 136 0.0098 0.697 0.878 0.580
C-3, 14 275 1.04 s 29 3 0% 0.0032 0.704 0.761 0.587
Well C-4

Data No. FTP (psia) | Gas rate Oil rate Water rate | “Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (hbl/d) CH=e. 4 holdup critical critical critical

. flowrate flowrate flowrate

¥, (MMscf/d) | (MMscf/d) | (MMscf/d)

C-4,1 1415 3.02 36 326 e, 0.0598 1.590 1.865 1.961
C-4,2 815 2.72 89 31 gE+4y 0.0143 1.230 1.340 1.175
C-4,3 275 1.48 41 - ol 0.0036 0.715 0.771 0.595
C-4,4 355 1.34 19 5 1074~ 0.0026 0.810 0.851 0.675
C-4,5 295 1.25 22 6 108 0.0027 0.739 0.782 0.615
C-4,6 275 1.07 26 4 104 0.0032 0.716 0.760 0.597
C-4,7 255 1.08 14 2 103 0.0015 0.690 0.725 0.575
C-4,8 245 1.06 20 4 103 0.0028 0.677 0.718 0.564
C-4,9 205 1.66 24 2 100 0.0012 0.621 0.663 0.517
C-4, 10 245 1.00 10 6 100 0.0016 0.678 0.715 0.565
C-4,11 195 0.64 4 5 86 0.0011 0.613 0.646 0.511
C-4, 12 195 0.55 6 6 96 0.0017 0.608 0.643 0.507
C-4,13 215 0.43 2 3 90 0.0010 0.642 0.671 0.535
C-4, 14 475 3.23 52 31 110 0.0049 0.933 1.014 0.777
C-4,15 495 3.74 55 29 128 0.0044 0.937 1.016 0.781
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-4,16 535 2.76 11 5 127 0.0012 0.975 1.012 0.812
C-4, 17 535 3.47 54 A 128 0.0050 0.974 1.051 0.812
C-4, 18 495 3.48 50 Y : 430 0.0044 0.936 1.010 0.780
C-4, 19 505 3.33 32 7, - 128 0.0024 0.947 0.997 0.789
C-4,20 495 3.42 58 14 , 128 0.0042 0.937 1.007 0.781
C-4,21 495 3.26 48 16 4177 0.0039 0.938 1.004 0.782
C-4, 22 425 3.55 45 15 133 0.0029 0.866 0.928 0.722
C-4,23 435 3.29 45 15 1RO & 0.0032 0.878 0.940 0.732
C-4,24 415 3.24 45 15 £32 0.0031 0.857 0.919 0.714
C-4,25 415 3.34 49 16 132. 0.0033 0.857 0.922 0.714
C-4, 26 415 3.21 42 14 347 0.0029 0.855 0.914 0.713
C-4, 27 395 3.24 48 16 e 0.0032 0.834 0.898 0.695
C-4, 28 375 3.26 27 9 3 0.0017 0.813 0.860 0.678
C-4, 29 375 3.25 18 10 TS 0.0013 0.813 0.855 0.678
C-4, 30 395 3.15 R7 9 135 0.0018 0.834 0.881 0.695
C-4,31 435 3.02 48 16 134 0.0037 0.875 0.940 0.729
C-4, 32 435 2.69 33 27 130 0.0038 0.878 0.943 0.732
C-4, 33 415 2.89 41 13 130 0.0031 0.858 0.916 0.715
C-4,34 405 2.92 31 17 130 0.0027 0.848 0.903 0.706
C-4, 35 395 2.74 26 26 130 0.0029 0.837 0.897 0.698
C-4, 36 375 2.74 34 31 130 0.0035 0.816 0.884 0.680
C-4, 37 365 2.76 40 32 127 0.0038 0.807 0.880 0.673
C-4, 38 365 2.76 40 32 125 0.0038 0.809 0.881 0.674
C-4, 39 325 2.65 30 30 127 0.0029 0.762 0.827 0.635
C-4, 40 335 2.46 28 28 126 0.0030 0.774 0.837 0.645
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-4,41 345 2.51 27 24 128 0.0029 0.784 0.845 0.654
C-4,42 335 2.68 ” 41 136 0.0023 0.775 0.835 0.646
C-4,43 335 2.19 10 38 s 428 0.0028 0.773 0.832 0.644
C-4,44 355 2.96 11 46 - 124 0.0026 0.798 0.865 0.665
C-4, 45 355 2.68 11 46 . 126 0.0029 0.797 0.863 0.664
C-4, 46 340 2.59 12 48 126 0.0030 0.780 0.848 0.650
C-4, 47 340 2.59 12 48 126 0.0030 0.780 0.848 0.650
C-4, 48 335 2.30 25 30 127 4 0.0031 0.774 0.836 0.645
C-4, 49 335 2.37 24 24 £25 0.0027 0.775 0.832 0.646
C-4,50 325 2.19 12 12 127. 0.0014 0.762 0.803 0.635
C-4,51 325 2.31 6 6 1287 1, 0.0007 0.763 0.795 0.636
C-4, 52 315 2.36 9 - e 0.0006 0.751 0.782 0.626
C-4,53 315 2.42 24 24 28" 0.0025 0.750 0.807 0.625
C-4, 56 315 2.36 20 13 iy o 7 0.0018 0.752 0.798 0.627
C-4, 57 315 2.33 23 15 127 0.0020 0.751 0.800 0.626
C-4,58 335 2.17 29 19 125 0.0029 0.775 0.831 0.646
C-4, 59 335 1.59 32 21 126 0.0044 0.774 0.834 0.645
C-4, 60 325 2.19 17 18 125 0.0020 0.764 0.812 0.636
C-4, 61 365 2.26 10 8 124 0.0031 0.809 0.846 0.674
C-4, 62 325 2.26 8 8 125 0.0009 0.764 0.798 0.636
C-4, 63 305 1.87 6 6 122 0.0008 0.742 0.774 0.618
C-4, 65 315 2.00 15 15 122 0.0019 0.754 0.799 0.628
C-4, 66 315 1.78 30 13 122 0.0031 0.754 0.806 0.628
C-4, 67 315 1.89 17 9 122 0.0018 0.754 0.795 0.628
C-4, 68 335 1.68 16 8 120 0.0019 0.778 0.819 0.649
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-4, 69 315 1.89 14 8 122 0.0015 0.754 0.793 0.628
C-4,70 315 1.99 6 3 124 0.0006 0.754 0.784 0.629
C-4,71 315 1.89 21 12 s 02 0.0022 0.754 0.800 0.628
C-4,72 295 1.93 14 7, - 122 0.0013 0.730 0.768 0.608
C-4,73 295 1.95 20 16 L 122 0.0022 0.730 0.779 0.608
C-4,74 285 1.75 33 4 4179 0.0039 0.717 0.783 0.598
C-4,75 295 0.87 31 25 120 0.0075 0.731 0.794 0.609
C-4,76 305 0.73 25 21 120 4 0.0032 0.743 0.799 0.619
C-4, 77 315 1.67 19 13 120 0.0024 0.755 0.801 0.629
C-4,78 315 1.86 22 18 120. 0.0027 0.755 0.807 0.629
C-4,79 285 1.91 10 8 Al 0.0011 0.717 0.753 0.597
C-4, 80 285 1.89 9 z =25 0.0010 0.716 0.750 0.596
C-4,81 365 1.68 22 14 20" 0.0031 0.812 0.861 0.677
C-4, 82 365 1.30 23 13 T 0.0040 0.816 0.865 0.680
C-4, 83 375 1.26 14 11 116 0.0029 0.826 0.868 0.688
C-4,84 355 1.44 13 6 120 0.0019 0.801 0.838 0.668
C-4, 85 395 1.64 16 21 116 0.0035 0.847 0.898 0.706
C-4, 86 295 1.58 14 18 120 0.0023 0.731 0.778 0.609
C-4, 87 295 1.65 12 12 122 0.0047 0.730 0.770 0.608
C-4, 88 275 1.45 12 10 122 0.0016 0.705 0.744 0.587
C-4, 89 275 1.53 3 3 187 0.0004 0.669 0.693 0.557
C-4, 90 275 1.62 8 7 124 0.0010 0.704 0.738 0.586
C-4,91 275 1.41 6 6 120 0.0009 0.706 0.738 0.588
C-4,92 295 1.38 21 11 116 0.0027 0.733 0.780 0.611
C-4, 93 295 1.36 11 7 115 0.0016 0.734 0.771 0.612
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

C-4,94 265 1.21 10 4 106 0.0012 0.702 0.736 0.585
C-4,95 275 1.25 10 10 116 0.0017 0.708 0.747 0.590
C-4, 96 285 1.36 26 22 1 £16 0.0040 0.721 0.779 0.601
C-4, 97 285 1.38 18 13 - 116 0.0029 0.721 0.771 0.601
C-4, 98 285 1.20 7 | . 116 0.0013 0.721 0.755 0.601
C-4,99 275 1.11 9 9 118 0.0018 0.707 0.744 0.589
C-4, 100 295 1.08 [/ 7 116 0.0015 0.733 0.767 0.611
C-4,101 275 1.25 7 > 114 4 0.0010 0.710 0.742 0.591
C-4,102 275 1.19 6 5 £13 0.0010 0.710 0.742 0.592
C-4, 103 275 1.14 8 6 113. 0.0013 0.710 0.744 0.592
C-4, 105 280 0.97 3 2 2L 0.0006 0.717 0.745 0.598
C-4, 106 255 1.03 5 4 TIE 0.0009 0.686 0.717 0.572
C-4, 107 235 0.72 3 2 U= 0.0006 0.659 0.686 0.549
C-4, 108 235 0.98 8 6 TOO0 0.0013 0.660 0.694 0.550
C-4,109 235 0.73 3 3 107 0.0008 0.660 0.689 0.550
C-4,110 225 0.72 4 3 91 0.0009 0.656 0.686 0.546
C-4,111 225 0.47 5 11 102 0.0029 0.649 0.687 0.541
C-4,112 255 1.68 8 4 114 0.0007 0.684 0.716 0.570
C-4, 113 355 1.85 18 6 122 0.0019 0.800 0.840 0.666
C-4,115 295 1.34 61 15 127 0.0068 0.727 0.799 0.606
C-4,116 275 1.67 115 76 129 0.0124 0.701 0.848 0.624
C-4,117 285 1.69 64 46 128 0.0073 0.714 0.811 0.595
C-4, 118 265 0.80 7 5 128 0.0016 0.688 0.720 0.574
C-4, 119 265 1.78 9 7 122 0.0009 0.692 0.727 0.577
C-4,120 275 1.77 5 4 124 0.0006 0.704 0.733 0.586
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)
C-4,121 275 1.68 24 260 128 0.0171 0.701 0.924 0.641
C-4, 122 255 1.62 10 14 15/ 0.0015 0.676 0.717 0.563
C-4, 123 295 1.48 46 38 3 0T 0.0066 0.727 0.808 0.606
C-4,124 285 1.37 12 12 - 127 0.0020 0.714 0.755 0.595
C-4, 125 255 1.61 %5 10 , 128 0.0016 0.675 0.716 0.563
C-4,126 255 1.64 12 2 ,126 0.0015 0.677 0.717 0.564
C-4, 127 295 1.56 21 21 128 0.0031 0.726 0.779 0.605
C-4,128 265 0.85 488 400 162 4 0.0987 0.670 1.145 0.689
C-4,129 235 0.35 232 284 145 0.1193 0.640 0.971 0.660
C-4, 130 235 0.31 220 268 110. 0.1264 0.659 0.990 0.686
Well D-1=— %

Data No. FTP (psia) | Gas rate Oil rate Water-rate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bblid) (bbl/d) (°F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

D-1,2 2381 5.40 9 168 121 0.0272 1.999 2.204 2.364
D-1, 3 1457 10.79 34 6438 219 0.0331 1.477 1.832 1.641
D-1,4 1615 9.18 29 713 217 0.0463 1.554 1.931 1.836
D-1,5 1030 10.54 52 1053 246 0.0387 1.227 1.711 1.325
D-1, 6 1566 5.85 16 VB3 211 0.0692 1.538 1.921 1.910
D-1,7 1742 3.28 24 308 168 0.0618 1.669 1.907 2.104
D-1,8 943 9.13 32 1368 244 0.0510 1.177 1.750 1.298
D-1,9 1613 2.95 17 377 171 0.0742 1.606 1.869 2.046
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

D-1, 10 1446 2.34 31 3956 ¥ 0.0895 1.517 1.787 1.938
D-1, 11 1426 2.23 2% 473 169 0.1065 1.517 1.822 1.978
D-1, 12 873 5.62 47 1952 3 250 0.1034 1.129 1.845 1.324
D-1, 14 664 2.82 56 1138 - 200 0.0948 1.023 1.550 1.157
D-1, 15 675 2.70 56 689 194 0.0651 1.036 1.412 1.135
D-1, 16 618 2.87 56 622 ,188 0.0518 0.997 1.351 1.058
D-1, 17 603 1.46 56 396 163 0.0656 1.004 1.270 1.092
D-1, 18 606 0.93 50 209 LL7 0.0601 1.045 1.227 1.138
D-1, 21 585 0.72 43 181 £37 0.0645 1.010 1.168 1.098
D-1, 30 431 0.01 0 2 130. 0.0309 0.874 0.897 0.863
D-1, 31 484 1.54 36 577 6.7 1, 0.0670 0.892 1.232 0.946
D-1, 32 441 0.57 57 4 95" 0.0191 0.910 0.969 0.864
D-1, 33 548 2.32 349 765 7/ A 0.0919 0.951 1.451 1.052
D-1, 34 528 2.33 189 417 184 0.0502 0.925 1.241 0.964
D-1, 35 499 2.19 155 368 179 0.0438 0.903 1.189 0.925
D-1, 36 487 1.86 149 325 170 0.0456 0.899 1.165 0.923
D-1, 37 468 1.80 149 310 168 0.0440 0.883 1.143 0.900
D-1, 38 492 1.21 163 224 145 0.0578 0.922 1.151 0.971
D-1, 39 487 1.25 ¥a7 240 149 0.0523 0.914 1.136 0.953
D-1, 40 483 1.21 141 223 146 0.0534 0.912 1.133 0.953
D-1, 41 479 1.06 133 178 143 0.0520 0.911 1.105 0.949
D-1, 42 433 1.08 102 217 144 0.0469 0.866 1.069 0.885
D-1, 43 451 1.02 109 314 137 0.0667 0.889 1.147 0.941
D-1, 44 445 0.74 114 117 120 0.0518 0.896 1.052 0.929
D-1, 45 452 0.81 180 133 126 0.0648 0.898 1.092 0.951
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

D-1, 47 462 0.66 115 o 123 0.0691 0.910 1.090 0.972
D-1, 48 465 0.63 108 134 114 0.0653 0.920 1.085 0.980
D-1, 49 501 0.57 14 31 3 407 0.0150 0.960 1.014 0.894
D-1, 50 493 0.30 117 43 - 100 0.0961 0.958 1.075 1.066
D-1, 51 468 0.30 105 ¥ 105 0.1013 0.930 1.061 1.032
D-1, 53 622 4.28 379 22/ L1191 0.0340 0.998 1.287 1.017
D-1,54 517 2.60 220 319 180 0.0400 0.919 1.203 0.936
D-1, 55 497 2.56 203 374 183 4 0.0415 0.899 1.202 0.915
D-1, 56 537 2.01 205 383 167 0.0572 0.945 1.257 1.001
D-1, 57 552 1.93 170 328 rin 0.0521 0.955 1.228 1.005
D-1, 58 542 2.03 161 295 T08.7 1, 0.0450 0.943 1.196 0.976
D-1, 59 465 2.09 131 266 T 0.0329 0.874 1.104 0.867
D-1, 60 486 1.74 261 93 1o0.=." 0.0385 0.901 1.095 0.911
D-1, 61 500 1.57 127 177 T5Z.0 0.0363 0.916 1.102 0.925
D-1, 62 496 1.82 125 182 171 0.0315 0.906 1.091 0.901
D-1, 63 506 1.57 146 T5T 160 0.0363 0.923 1.103 0.933
D-1, 64 491 0.26 = % 287 169 0.2245 0.903 1.138 1.061
D-1, 65 470 1.91 89 576 153 0.0580 0.895 1.263 0.938
D-1, 66 479 3.69 145 294 166 0.0215 0.894 1.146 0.856
D-1, 67 471 0.86 109 131 137 0.0489 0.908 1.066 0.940
D-1, 68 457 0.30 79 106 120 0.0990 0.907 1.041 0.998
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Well.D-2

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

D-2,8 528 0.49 0 12 s 91 0.0048 0.999 1.040 0.832
D-2,9 510 0.49 1 0 £"97 0.0004 0.629 0.648 0.525
D-2, 10 500 0.53 0 3 =90 0.0017 0.973 1.008 0.811
D-2, 20 415 0.64 0 g5 L 95 0.0060 0.884 0.934 0.737
D-2, 21 389 0.66 0 28 - 90 0.0061 0.860 0.913 0.717
D-2, 24 714 8.15 683 104 -y 0.0275 1.082 1.463 1.095
D-2, 25 610 5.93 302 69 186 0.0153 0.992 1.210 0.930
D-2, 26 543 3.45 213 52 72 0.0167 0.947 1.119 0.891
D-2, 27 498 2.19 157 46 164 0.0184 0.913 1.057 0.864
D-2, 28 487 0.76 112 49 Er s 0.0399 0.931 1.060 0.950
D-2, 29 478 1.12 106 445 i 2 0.0357 0.914 1.083 0.921
D-2, 30 470 1.37 108 " ~tot 44~ 0.0346 0.902 1.100 0.904
D-2, 31 434 1.10 02 131 143 0.0331 0.868 1.040 0.861
D-2, 32 442 0.68 33 117 120 0.0482 0.893 1.056 0.920
D-2, 33 428 0.53 9 22 111 0.0095 0.885 0.937 0.738
D-2, 34 460 0.12 59 13 168 0.1013 0.875 0.944 0.956
D-2, 35 497 0.57 v/ 1 106 0.0029 0.957 0.992 0.797
D-2, 36 486 0.55 18 18 105 0.0124 0.947 1.003 0.864
D-2, 38 495 0.10 0 43 102 0.0730 0.958 1.023 1.041
D-2, 39 471 0.10 7 55 99 0.0988 0.938 1.016 1.040

LST



158

Well.D-3

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

D-3,1 442 0.96 0 P « 499 0.0025 0.909 0.950 0.757
D-3, 2 900 4.35 487 14 = 160 0.0413 1.224 1.495 1.331
D-3,3 565 4.97 419 2B 175 0.0204 0.963 1.210 0.927
D-3,5 574 2.65 258 0 1149 0.0227 0.638 0.782 0.674
D-3, 6 495 1.61 144 24 4130 0.0211 0.936 1.067 0.900
D-3,7 460 1.28 115 59 326 4 0.0245 0.906 1.045 0.879
D-3,11 509 2.49 200 28 129 0.0188 0.950 1.111 0.904
D-3, 12 556 2.16 181 59 138, 0.0244 0.984 1.154 0.968
D-3, 13 550 1.95 180 92 357, 0.0298 0.981 1.173 0.984
D-3, 14 543 1.95 154 65 138 0.0240 0.974 1.136 0.955
D-3, 15 483 1.27 149 94 TP 0.0272 0.933 1.072 0.920
D-3, 16 483 1.28 149 =3 19" 0.0270 0.933 1.072 0.919
D-3, 17 459 0.18 0 5 101 0.0048 0.924 0.958 0.770
D-3, 18 450 0.41 54 0 94 8=0885 0.594 0.643 0.622
D-3, 20 410 1.08 148 63 124 0.0313 0.857 1.018 0.844
D-3,21 410 1.08 148 63 124 0.0313 0.857 1.018 0.844
D-3, 22 408 1.10 134 67 123 0.0220 0.856 1.012 0.837
D-3, 23 400 0.71 108 57 121 0.0359 0.849 0.984 0.845
D-3, 24 407 1.00 58 35 100 0.0149 0.872 0.965 0.804
D-3,28 425 1.02 105 242 120 0.0526 0.875 1.132 0.906
D-3, 29 414 0.10 y i 83 107 0.1604 0.874 0.991 0.990
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Well E-1

Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Temperature | Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (biol/d) ®F) holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

E-1,1 796 1.50 936 0 « 428 0.1715 1.148 1.562 1.707
E-1,2 824 1.50 616 0 72 0.1236 1.168 1.479 1.677
E-1,3 605 1.40 318 f 118 0.0543 1.567 1.786 1.689
E-1,4 549 1.20 83 59 109 0.0252 1.506 1.641 1.490
E-1,5 291 1.50 104 52 123 0.0122 1.088 1.227 0.971
E-1,6 583 1.30 L 47 108 .. 0.0210 1.552 1.674 1.513
E-1,7 285 1.30 73 25 6 0.0086 1.083 1.183 0.903
E-1,8 280 1.30 49 43 FIN 0.0078 1.078 1.178 0.899
E-1,9 542 0.60 8 46 96— » 0.0181 1.513 1.598 1.447
E-1, 10 284 1.10 90 52 10424 0.0144 1.093 1.226 0.988
E-1,11 286 1.10 47 30 B8 0.0079 1.098 1.187 0.915
E-1, 12 240 0.90 17 33 Qo =" 0.0051 1.016 1.091 0.847
E-1,13 1621 3.70 42 86 93 0.0212 2.573 2.767 2.776
E-1,14 1628 4.90 27 109 92 0.0168 2.580 2.784 2.679
E-1, 15 862 3.90 410 161 156 0.0485 1.806 2.149 1.992
E-1,16 794 4.10 10 0 1.5 0.0008 1.115 1.152 0.929
E-1, 18 635 3.90 55 39 163 0.0060 1.547 1.644 1.289
E-1,19 772 3.50 1 1 149 0.0002 1.721 1.768 1.434
E-1,21 1051 2.40 0 3 125 0.0005 2.038 2.105 1.698
E-1, 25 534 2.60 11 29 145 0.0031 1.441 1.507 1.201
E-1, 28 685 2.50 0 1 141 0.0001 1.634 1.678 1.362
E-1, 29 557 2.60 47 61 147 0.0090 1.469 1.578 1.224
E-1, 30 555 2.60 23 24 145 0.0039 1.469 1.538 1.224
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Data No. FTP (psia) | Gas rate Oil rate \Waterrate | Jemperature..Liquid Turner’s Guo’s Zhou’s
(MMscf/d) | (bbl/d) (bbl/d) ©F holdup critical critical critical

flowrate flowrate flowrate

(MMscf/d) | (MMscf/d) | (MMscf/d)

E-1, 32 564 2.40 35 42 144 0.0070 1.482 1.571 1.235
E-1, 33 554 2.50 14 13 136 0.0028 1.479 1.539 1.232
E-1, 34 548 2.40 4 8 s £36 0.0006 1.471 1514 1.226
E-1, 36 540 2.00 4 8 - 139 0.0012 1.457 1.503 1.214
E-1, 37 575 2.20 36 184 . 133 0.0166 1,510 1.667 1.429
E-1, 38 597 2.00 10 24 1138 0.0039 1.531 1.595 1.276
E-1, 44 533 1.80 41 97 136 0.0154 1.451 1.584 1.357
E-1, 46 358 1.70 0 2 124 4 0.0002 1.204 1.240 1.004
E-1, 50 335 2.10 0 1 141 0.0001 1.149 1.182 0.958
E-1,51 512 2.00 56 93 W 0.0146 1.445 1.587 1.343
E-1,52 311 1.70 20 8 B[ES L 0.0021 1.117 1.168 0.931
E-1,53 328 1.60 36 20 T 0.0046 1.159 1.232 0.966
E-1, 55 286 1.80 10 2 138~ 0.0008 1.070 1.109 0.891
E-1, 56 287 1.80 20 5 iplad 0.0016 1.070 1.118 0.891
E-1,57 282 1.60 15 6 127 0.0015 1.068 1.114 0.890
E-1, 58 280 1.50 20 T ToF 0.0020° 1.060 1.110 0.884
E-1, 59 288 1.40 25 8 133 0.0027 1.073 1.127 0.894
E-1,62 269 1.50 i 2 119 0.0007 1.050 1.089 0.875
E-1, 67 266 1.00 11 3 107 0.0015 1.055 1.098 0.879
E-1, 68 272 1.00 3 2 101 0.0005 1.072 1.110 0.894
E-1, 69 258 0.40 12 2 94 0.0037 1.051 1.095 0.876
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1.) Sensitivity analysis on gas specific gravit

1.1) Production condition No.1: Low FTP and low li

es case (315 psia and 50 bbl/d)

161

Sensitivity FTP (psia) Oil rate 1  Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) critical flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+30% 315 50 0.423 0.469 0.352
+20% 315 50 0.440 0.483 0.367
+10% 315 0.498 0.384
+5% 315 ' 0.507 0.393
Base case 315 - - ———-—-—;"; 33 0.516 0.403
-5% 315 - 0.496 0.526 0.416
-10% 315 0.510 0.537 0.425
-20% 315 0.004 ~0.541 0.562 0.451
-30% 315 0 0043 0.579 0.594 0.482
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1.2) Production condition No.2: Low FTP and high liquid production rate, condensate properties case (315 psia and 375 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical

value (bbl/d) (obl/d) critical flowrate flowrate flowrate
(MMsct/d) (MMscf/d) (MMscf/d)

+30% 315 375 0 0.0312 0.423 0.592 0.451
+20% 315 375 0 0.0812 0.440 0.607 0.466
+10% 315 375 0 0.0312 0.460 0.624 0.482
+5% 315 375 0 0.0312 0.471 0.634 0.491

Base case 315 375 0 0.0342"% 0.483 0.644 0.501
-5% 315 375 0 0.0312 0.496 0.656 0.512
-10% 315 375 0 00312 4 0.510 0.668 0.523
-20% 315 375 0 DE 0.541 0.696 0.549
-30% 315 375 0 0.03%20k. 0.579 0.730 0.581

1.3) Production condition No.3: High FTP and low liquid production rate, con@nééfe properties case (685 psia and 50 bbl/d)

Sensitivity FTP (psia) QOil rate Water sate-~+ Liquid holdup<}~~ Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) critical flowrate flowrate flowrate
{MMsct/d)- (MMscf/d) (MMscf/d)
+30% 685 50 0 0.0093 0.617 0.677 0.514
+20% 685 50 0 0.0093 0.643 0.697 0.536
+10% 685 50 0 0.0093 0.672 0.719 0.560
+5% 685 50 0 0.0093 0.689 0.732 0.574
Base case 685 50 0 0.0093 0.706 0.746 0.589
-5% 685 50 0 0.0093 0.725 0.760 0.604
-10% 685 50 0 0.0093 0.746 0.777 0.621
-20% 685 50 0 0.0093 0.792 0.814 0.660
-30% 685 50 0 0.0093 0.848 0.860 0.707
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1.4) Production condition No.4: High FTP and high liquid production rate; condensate properties case (685 psia and 375 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
(MMsct/d) (MMscf/d) (MMscf/d)
+30% 685 375 0 0.0655 0.617 0.793 0.820
+20% 685 375 0 0.0655 0.643 0.814 0.842
+10% 685 375 0 0.0655 0.672 0.839 0.866
+5% 685 375 0 0.0655 0.689 0.853 0.880
Base case 685 375 0 0.0685 % 0.706 0.867 0.895
-5% 685 375 0 0.0655 0.725 0.883 0.910
-10% 685 375 0 00659 4 0.746 0.901 0.928
-20% 685 375 0 0.0655" 0.792 0.940 0.966
-30% 685 375 0 0.0655/, 0.848 0.989 1.013

1.5) Production condition No.5: Low FTP and low liquid production rate, watei‘péd{)erties case (315 psia and 50 bbl/d)

Sensitivity FTP (psia) QOil rate Water sate-~+ Liquid holdup<}~~ Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) critical flowrate flowrate flowrate
{MMsct/d)- (MMscf/d) (MMscf/d)
+30% 315 0 50 0.0038 0.656 0.727 0.546
+20% 315 0 50 0.0038 0.683 0.748 0.569
+10% 315 0 50 0.0038 0.714 0.772 0.595
+5% 315 0 50 0.0038 0.730 0.786 0.609
Base case 315 0 50 0.0038 0.749 0.800 0.624
-5% 315 0 50 0.0038 0.768 0.816 0.640
-10% 315 0 50 0.0038 0.790 0.834 0.658
-20% 315 0 50 0.0038 0.838 0.873 0.698
-30% 315 0 50 0.0038 0.896 0.922 0.747
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1.6) Production condition No.6: Low FTP and high liguid production rate, water properties case (315 psia and 375 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
\ (MMsct/d) (MMscf/d) (MMscf/d)
+30% 315 0 ofF 0.0279 0.656 0.905 0.639
+20% 315 0 * & 0.0279 0.683 0.929 0.661
+10% 315 0 375 0.0279 0.714 0.956 0.687
+5% 315 0 5 0.0279 0.730 0.971 0.701
Base case 315 0 375 0.02¢9" 0.749 0.987 0.716
-5% 315 0 3P 0.0279 0.768 1.005 0.732
-10% 315 0 ¥ N . 47700208 4 0.790 1.024 0.750
-20% 315 0 375 0ZIr 0.838 1.069 0.790
-30% 315 0 378 0.02797., 0.896 1.123 0.839

1.7) Production condition No.7: High FTP and low liquid production rate, wate’rr prr oberties case (685 psia and 50 bbl/d)

Sensitivity FTP (psia) QOil rate Water sate-~+ Liquid holdup<}~~ Turner’s Guo’s critical | Zhou’s critical

value (bbl/d) (bbl/d) critical flowrate flowrate flowrate
{MMsct/d)- (MMscf/d) (MMscf/d)

+30% 685 0 50 0.0082 0.959 1.047 0.799
+20% 685 0 50 0.0082 0.999 1.077 0.833
+10% 685 0 50 0.0082 1.045 1.112 0.871
+5% 685 0 50 0.0082 1.070 1.132 0.892

Base case 685 0 50 0.0082 1.097 1.153 0.914
-5% 685 0 50 0.0082 1.427 1.176 0.939
-10% 685 0 50 0.0082 1.158 1.201 0.965
-20% 685 0 50 0.0082 1.230 1.259 1.025
-30% 685 0 50 0.0082 1.316 1.330 1.097
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2

nra wat@mase (685 psia and 375 bbl/d)

1.8) Production condition No.8: High FTP and high i

Sensitivity FTP (psia) Oil rate : : uid holdup urner’s Guo’s critical | Zhou’s critical
value (bbl/d) pbl/d A critical flowrate flowrate flowrate
(MMscf/d) (MMscf/d)
+30% 685 0 1.212 1.092
+20% 685 0 1.245 1.125
+10% 685 0 70058 1.283 1.163
+5% 685 0 o7 AN\ W07 1.304 1.184
Base case 685 0 % 0gR78 N W\ TRo7 1.326 1.207
-5% 685 0 sofaRE NN R 1.351 1.231
-10% 685 0 1.378 1.257
-20% 685 0 1.439 1.317
-30% 685 0 1.514 1.389

AULINENTNEINS
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2.) Sensitivity analysis on condensate density (po)

=

2.1) Production condition No.1: Low FTP and low liquid production rate (315 psia and 50 bbl/d)

Sensitivity FTP (psia) Oil rate (bbl/d) Watenfrate Liquid holdup | Turner’s eritical | Guo’s critical | Zhou’s critical
value (bbl/d) | flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+20% 315 50 0 0.0043 0.506 0.539 0.422
+10% 315 50 Q 0,0043 0.495 0.528 0.413
+5% 315 50 0 0.0043 . 0.489 0.522 0.408
Base case 315 50 0 0.0043 0.483 0.516 0.403
-5% 315 50 0 0.0043 0.477 0.509 0.397
-10% 315 50 0 0.0043.: 4 0.470 0.503 0.392
-20% 315 50 0 0.0043} 0.456 0.489 0.380

i = |
2.2) Production condition No.2: Low FTP and high liquid productign rate (315 psi%.lgnd 375 bbl/d)

Sensitivity FTP (psia) Oil rate (bbl/d) Water rate Liguid holdup | Turner’s critical | Guo’s critical | Zhou’s critical
value (bbl/d) . ] flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+20% 315 375 0 0.0312 0.506 0.670 0.521
+10% 315 375 0 0.0312 0.495 0.657 0.511
+5% 315 375 0 0.0312 0489, 0.651 0.506
Base case 315 375 0 0.0312 0.483 0.644 0.501
-5% 315 375 0 0.0312 0.477 0.637 0.496
-10% 315 375 0 0.0312 0.470 0.630 0.491
-20% 315 375 0 0.0312 0.456 0.615 0.479
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2.3) Production condition No.3: High FTP and low liquid production rate (685 psia.and 50 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
\ (MMsct/d) (MMscf/d) (MMscf/d)
+20% 685 50 0 0.0093 0.741 0.780 0.618
+10% 685 50 0 0.0093 0.724 0.763 0.604
+5% 685 50 0 0.0093 0.716 0.755 0.596
Base case 685 50 0 0.0093 0.706 0.746 0.589
-5% 685 50 0 0.0093 " 0.697 0.736 0.581
-10% 685 50 0 0.0093 0.687 0.727 0.572
-20% 685 50 0 0.00934 4 0.665 0.706 0.554

2.4) Production condition No.4: High FTP and high liguid production rate (685'_gsia and 375 bbl/d)

Sensitivity FTP (psia) Oil rate Water ratg' =" {"Liquid holdup{® Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) ~ | critical flowrate flowrate flowrate
P | (MMscf/d) (MMscf/d) (MMscf/d)
+20% 685 375 0 0.0655 0.741 0.903 0.924
+10% 685 375 0 0.0655 0724 0.886 0.910
+5% 685 375 0 0.0655 0.716 0.877 0.902
Base case 685 375 0 0.0655 0.706 0.867 0.895
-5% 685 375 0 0.0655 0.697 0.858 0.887
-10% 685 375 0 0.0655 0.687 0.848 0.878
-20% 685 375 0 0.0655 0.665 0.826 0.861
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3.) Sensitivity analysis on water density (pw)

-

3.1) Production condition No.1: Low FTP and low liquid production rate (315 psia and 50 bbl/d)

Sensitivity FTP (psia) Oil rate (bbl/d) Watenfrate Liquid holdup | Tuiner’s eritical | Guo’s critical | Zhou’s critical
value (bbl/d) 1 flowrate flowrate flowrate
(MMsci/d) (MMscf/d) (MMscf/d)
+20% 315 0 50 0.0038 0.784 0.838 0.654
+10% 315 0 50 0.0038 0.767 0.820 0.639
+5% 315 0 50 0.0038 4 0.758 0.810 0.632
Base case 315 0 50 00038 * 0.749 0.800 0.624
-5% 315 0 50 0.0038 0.739 0.790 0.616
-10% 315 0 50 0.0038.: . 0.729 0.780 0.607
-20% 315 0 50 0.0038 0.707 0.757 0.589

r

Al
3.2) Production condition No.2: Low FTP and high liquid productiqn rate-(F5 psj__%_,:emd 375 bbl/d)

il " |

Sensitivity FTP (psia) QOil rate (bbl/d) Water rate Liguid holdup | Turner’s critical | Guo’s critical | Zhou’s critical
value (bbl/d)s =4 - ;“-'-'..E - flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+20% 315 0 375 0.0279 o i 1.028 0.746
+10% 315 0 e L B B o 0.767 - 1.008 0.731
+5% 315 0 375 0.0279 [5G =" 0.998 0.724
Base case 315 0 375 0.0279 0.749 0.987 0.716
-5% 315 0 375 0.0279 0.739 0.976 0.708
-10% 315 0 375 0.0279 0.729 0.965 0.700
-20% 315 0 375 0.0279 0.707 0.940 0.682

891



169

3.3) Production condition No.3: High FTP and low liquid production rate (685 psia.and 50 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
\ (MMsct/d) (MMscf/d) (MMscf/d)
+20% 685 0 50 0.0082 o, 1.206 0.959
+10% 685 0 50 0.0082 1.125 1.181 0.938
+5% 685 0 50 0.0082 1.111 1.167 0.926
Base case 685 0 50 0.0082 1.097 1.153 0.914
-5% 685 0 50 = 102002 1.083 1.138 0.902
-10% 685 0 50 0.0082 1.067 1.123 0.890
-20% 685 0 50 el W 1.035 1.091 0.862

3.4) Production condition No.4: High FTP and high liquid production rate (Gégigsia and 375 bbl/d)

Sensitivity FTP (psia) Oil rate Water ratg' =" {"Liquid holdup{® Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) ~ | critical flowrate flowrate flowrate
P | (MMscf/d) (MMscf/d) (MMscf/d)
+20% 685 0 375 0.0587 1.151 1.382 1.251
+10% 685 0 375 0.0587 e 1.355 1.230
+5% 685 0 375 0.0587 B 1.341 1.219
Base case 685 0 375 0.0587 1.09+¢ 1.326 1.207
-5% 685 0 375 0.0587 1.083 1.311 1.195
-10% 685 0 375 0.0587 1.067 1.296 1.182
-20% 685 0 25> 0.0587 1.035 1.262 1.155
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4.) Sensitivity analysis on gas-condensate surface tension (Go)

=

4.1) Production condition No.1: Low FTP and low liquid production rate (315 psia and 50 bbl/d)

Sensitivity FTP (psia) Oil rate (bbl/d) Watenfrate Liquid holdup | Turner’s eritical | Guo’s critical | Zhou’s critical
value (bbl/d) | flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+30% 315 50 0 0.0043 0.516 0.550 0.430
+20% 315 50 0 0.0043 0.506 0.539 0.421
+10% 315 50 0 0.0043 4 0.495 0.528 0.412
+5% 315 50 0 0.0043 0.489 0.522 0.408
Base case 315 50 0 0.0043 0.483 0.516 0.403
-5% 315 50 0 0.00434 4 0477 0.509 0.397
-10% 315 50 0 0.0043 0.471 0.503 0.392
-20% 315 50 0 0.0043/, 0.457 0.489 0.381
-30% 315 50 0 0.442 0.473 0.368

0.0043—

“J

4.2) Production condition No.2: Low FTP and high liquid production rate (315 psia.and 375 bbl/d)

Water ratg

Liquid holdup i

Turner’s. critical

Sensitivity FTP (psia) Oil rate (bbl/d) Guo’s critical | Zhou’s critical
value (bbl/d) flowrate flowrate flowrate
. (MMscf/d) (MMscf/d) (MMscf/d)
+30% 315 375 0 0.0312 0516~ 0.681 0.529
+20% 315 375 0 0.0312 0.506 0.670 0.520
+10% 315 375 0 0.0312 0.495 0.657 0.511
+5% 315 375 0 0.0312 0.489 0.651 0.506
Base case 315 375 0 0.0312 0.483 0.644 0.501
-5% 315 375 0 0,0312 0477 0.637 0.496
-10% 315 375 0 0.0312 0.471 0.630 0.491
-20% 315 375 0 0.0312 0.457 0.615 0.479
-30% 315 375 0 0.0312 0.442 0.598 0.467
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4.3) Production condition No.3: High FTP and low liquid production rate (685 psia.and 50 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
\ (MMsct/d) (MMscf/d) (MMscf/d)
+30% 685 50 0 0.0093 0.754 0.795 0.629
+20% 685 50 0 0.0093 0.739 0.780 0.616
+10% 685 50 0 0.0093 0.723 0.763 0.603
+5% 685 50 0 0.0093 0.715 0.755 0.596
Base case 685 50 0 0.0093 " 0.706 0.746 0.589
-5% 685 50 0 0.0093 0.697 0.736 0.581
-10% 685 50 0 0.00934 4 0.688 0.727 0.573
-20% 685 50 0 0.0093 0.668 0.706 0.557
-30% 685 50 0 0.0093, 0.646 0.684 0.538

4.4) Production condition No.4: High FTP and high liquid production rate (685;’£S-i'éfand 375 bbl/d)

Sensitivity FTP (psia) QOil rate Water sate-~+ Liquid holdup<}~~ Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) critical flowrate flowrate flowrate
{MMsct/d)- (MMscf/d) (MMscf/d)
+30% 685 375 0 0.0655 0.754 0.919 0.935
+20% 685 375 0 0.0655 0.739 0.903 0.922
+10% 685 375 0 0.0655 0.723 0.886 0.909
+5% 685 375 0 0.0655 0.715 0.877 0.902
Base case 685 375 0 0.0655 0.706 0.867 0.895
-5% 685 375 0 0.0655 0.697 0.858 0.887
-10% 685 375 0 0.0655 0.688 0.848 0.879
-20% 685 375 0 0.0655 0.668 0.826 0.863
-30% 685 375 0 0.0655 0.646 0.802 0.844
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5.) Sensitivity analysis on gas-water surface tension (Gw,)

=

5.1) Production condition No.1: Low FTP and low liquid production rate (315 psia and 50 bbl/d)

Sensitivity FTP (psia) Oil rate (bbl/d) Watenfrate Liquid holdup | Turner’s eritical | Guo’s critical | Zhou’s critical
value (bbl/d) | flowrate flowrate flowrate
(MMscf/d) (MMscf/d) (MMscf/d)
+30% 315 0 50 0.0038 0.799 0.855 0.666
+20% 315 0 50 0.0038 0.784 0.838 0.653
+10% 315 0 50 0.0038 4 0.767 0.820 0.639
+5% 315 0 50 0.0038 0.758 0.810 0.632
Base case 315 0 50 0.0038 0.749 0.800 0.624
-5% 315 0 50 0.00384 4 0.739 0.790 0.616
-10% 315 0 50 0.0038 0.729 0.780 0.608
-20% 315 0 50 0.0038, 0.708 0.757 0.590
-30% 315 0 50 0.685 0.733 0.571

0.0038-— -

“J

5.2) Production condition No.2: Low FTP and high liquid production rate (315 psia.and 375 bbl/d)

Water ratg

Liquid holdup i

Turner’s. critical

Sensitivity FTP (psia) Oil rate (bbl/d) Guo’s critical | Zhou’s critical
value (bbl/d) flowrate flowrate flowrate
. (MMscf/d) (MMscf/d) (MMscf/d)
+30% 315 0 375 0.0279 0.799- = 1.046 0.758
+20% 315 0 375 0.0279 0.784 1.028 0.745
+10% 315 0 375 0.0279 0.767 1.008 0.731
+5% 315 0 375 0.0279 0.758 0.998 0.724
Base case 315 0 375 0.0279 0.749 0.987 0.716
-5% 315 0 375 0/0279 0739 0.976 0.708
-10% 315 0 375 0.0279 0.729 0.965 0.700
-20% 315 0 375 0.0279 0.708 0.940 0.682
-30% 315 0 375 0.0279 0.685 0.913 0.663
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5.3) Production condition No.3: High FTP and low liquid production rate (685 psia.and 50 bbl/d)

Sensitivity FTP (psia) Oil rate Water rate” 4 Liquid holdup Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (obl/d) critical flowrate flowrate flowrate
\ (MMsct/d) (MMscf/d) (MMscf/d)
+30% 685 0 50 0.0082 2 1.230 0.976
+20% 685 0 50 0.0082 1.149 1.206 0.957
+10% 685 0 50 0.0082 1.124 1.181 0.937
+5% 685 0 50 0.0082 1.111 1.167 0.926
Base case 685 0 50 0.0082 1.097 1.153 0.914
-5% 685 0 50 0.0082 1.088 1.138 0.903
-10% 685 0 50 0.00824 4 1.069 1.123 0.891
-20% 685 0 50 0.0082' 1.038 1.091 0.865
-30% 685 0 50 0.00827., 1.004 1.056 0.836

5.4) Production condition No.4: High FTP and high liquid production rate (esg’gs}é*and 375 bbl/d)

Sensitivity FTP (psia) QOil rate Water sate-~+ Liquid holdup<}~~ Turner’s Guo’s critical | Zhou’s critical
value (bbl/d) (bbl/d) critical flowrate flowrate flowrate
{MMsct/d)- (MMscf/d) (MMscf/d)
+30% 685 0 375 0.0587 IS 1.407 1.269
+20% 685 0 375 0.0587 1.145 1.382 1.250
+10% 685 0 375 0.0587 1.124 1.355 1.229
+5% 685 0 375 0.0587 1.111 1.341 1.218
Base case 685 0 25> 0.0587 1.097 1.326 1.207
-5% 685 0 375 0.0587 1.083 1.311 1.195
-10% 685 0 375 0.0587 1.069 1.296 1.183
-20% 685 0 375 0.0587 1.038 1.262 1.157
-30% 685 0 375 0.0587 1.004 1.225 1.129
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