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a b s t r a c t

Retrograde condensation occurs when the reservoir pressure falls below the dew point pressure in gas
condensate reservoirs. Complex fluid phase behavior in the reservoir and the wellbore makes it chal-
lenging to predict the productivity of gas condensate wells. To date, the gas rate in the deliverability
equation of gas well is assumed the gas rate at surface condition converted from that at the reservoir
condition by using the volume factor. However, because of the complex fluid phase behavior in gas
condensate wells, the gas rate at the reservoir condition cannot be directly changed to that at surface
condition by using volume factor. Hence, the development of a new analytical model to accurately
calculate the productivity of gas condensate wells is still required and necessary.

In this work, we propose a new deliverability equation of gas condensate wells with a consideration of
fluid phase behavior in both the reservoir and the wellbore. Also, several pseudo-pressure functions for
different condensate distribution and flow models are examined systematically; these include the model
before condensation, the model after condensation, but without condensate flow, the model after
condensation and with condensate flow, and the model after re-vaporization. Two synthetic numerical
simulation cases and two field case studies are performed to validate these deliverability equations for
gas condensate wells.

Results show that the phase behavior of gas condensate fluid in the wellbore plays a significant role in
the deliverability evaluation and in the forecasting of gas condensate wells. If neglecting its effect on the
deliverability, gas and condensate production rates could not be accurately predicted. The data from the
proposed model have good agreement with the simulation and field production data of wells in Yakela
Gas Condensate Reservoir and Yaha Gas Condensate Reservoir in China. If the conventional deliverability
equation neglecting the effect of phase behavior in the wellbore was used, the predicted gas production
will be higher than the actual value; even 50% higher than the actual value at high flow rates. Through
these case studies, it can be concluded that the effect of condensate-gas phase behavior in the wellbore
cannot be ignored in the deliverability equation for gas condensate wells.

This work can provide a more accurate method of forecasting the gas and condensate production for
condensate gas reservoirs and also guide optimization of single well production rate and gas recovery
rate for gas condensate reservoirs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Gas condensate reservoir is a special complex reservoir. In the
production process, the condensate liquid will retrograde, gradu-
ally accumulate, and then form condensate blocking in the vicinity
of wellbore after the bottom-hole flowing pressure (BHFP) has
dropped below the dew point pressure (Muskat and Meres, 1936;
Fevang and Whitson, 1995; Whitson et al., 1999; Henderson et al.,
2000). The condensate blocking would decrease the productivity
of gas condensate well. Many researchers have proposed different
types of deliverability equations for gas condensate wells, which
can be summarized into four types: the deliverability equation for
conventional gas wells (Houpeurt, 1959; Rawlins and Schellhardt,
1935) in which the gas flow rate is assumed the sum of pure gas
flow rate and condensate converted gas flow rate (Li, 2008; Shi
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et al., 2010, 2013); the deliverability equation in which the
condensate blocking effect is considered as another skin factor
(Fetkovich, 1973; Kniazeff and Naville, 1965; Gondouin and Husson,
1967a,b); the deliverability equation with steady pseudo-pressure
function (O'Dell and Miller, 1967; Fussell, 1972; Jones and
Raghavan, 1985; He et al., 1996); the deliverability equation with
pseudo-pressure function at pseudo-steady condition (Fevang and
Whitson, 1995; Xie et al., 2001). For gas condensate reservoirs,
phase behavior changes not only in the formation but also in the
wellbore during the whole production life. At present, the phase
behavior in the wellbore was ignored in most of deliverability
equations, and the volume factor was used to represent the rela-
tionship between flow rate in the bottom-hole and in the wellhead.
For the gas condensate well, the composition of gas phase and
condensate phase at the bottom-hole is not the same as that at
surface. Thus, the volume factor of gas and condensate should not
be used in the formulation of deliverability equation of gas
condensate wells. In this work, we propose a new deliverability
equation of gas condensatewell considering fluid phase behavior in
both the reservoir and the wellbore. And several pseudo-pressure
functions for different condensate saturation distributions and
flow models are considered, including model before condensation,
model after condensation but without condensate flow, model after
condensation with condensate flow, and model after re-
vaporization. The relationship between flow rate in the bottom-
hole and in the wellhead is obtained based on the phase
behavior. Case studies are conducted to validate the effectiveness of
these deliverability equations proposed in this work.
2. Phase behavior and condensate distribution in gas
condensate reservoir

2.1. Phase envelop for gas condensate system

Fig. 1 shows the phase envelope of a gas condensate system in
which the reservoir temperature is between the critical tempera-
ture and the cricondentherm, and reservoir pressure is larger than
the dew point pressure. During the production, the temperature
remains constant. As the reservoir pressure declines, shown as
vertical line AH in Fig.1, it goes through the upper dew point B from
point A at the reservoir temperature and liquid begins to precipitate
out of the gas phase. Then the pressure sequentially goes through
the upper mobile condensate point D and the maximum liquid
saturation point E, after which liquid partly re-vaporizes to become
gas phase again, and the lower mobile condensate is obtained at
point F. In some cases, the vertical line goes through the lower dew
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Fig. 1. PT phase diagram for a gas condensate system.
point G to reach point H and liquid totally re-vaporizes to become
gas phase. Pressures for points A, B, D, E, F, and G respectively
denote the initial reservoir pressure pe, the upper dew point
pressure pd,up, the upper mobile condensate point pressure p*up, the
maximum liquid saturation point pressure pmax,So, the lower mo-
bile condensate point pressure p*down and the lower dew point
pressure pd,down.
2.2. Condensate distribution and flow models in gas condensate
reservoirs

The condensate distribution near the wellbore and/or in the
formation will change as the BHFP drops at a given flow rate.
However, under the steady state which is reasonable for short-term
production, the reservoir pressure and the BHFP remain constant at
a given flow rate and the condensate distribution near the wellbore
and/or in the formation will not change. At different production
stages, according to BHFP, the corresponding condensate distribu-
tion and flow models are investigated as follows.

(1) Two-zone model

Condensate distribution model without condensate flow is
actually two-zone condensate distribution model, as shown in the
figures in the Shi et al. (2010) paper. In the outer region of gas
condensate reservoir where the pressure is higher than the upper
dew point pressure, only single gas phase exists and flows, while in
the inner region of gas condensate reservoir where the pressure is
lower than the upper dew point pressure but higher than the upper
mobile condensate point pressure, condensate appears but does
not flows. On account of the condensate blockage (Muskat and
Meres, 1936), or the “condensate blocking” (Fevang, 1995;
Whitson, 1999; Henderson, 2000), in the inner region of gas
condensate reservoir, the deliverability of gas condensate reser-
voirs decreases.

(2) Three-zone model

When the condensate saturation near the wellbore becomes
larger than the critical flow saturation (with decreasing BHFP),
three zones of condensate distribution and flow patternwill appear
as shown figures in the reference (Shi et al., 2010). The three-zone
model (Fevang and Whiston, 1995; Ali et al., 1997) should be
applied; here both gas and condensate oil flow simultaneously but
at different velocities in an inner near-wellbore region, which is
called the “two-phase flow regime”. In this zone gas-oil ratio (GOR)
is equal to the producing GOR of the gas well (Du et al., 2004).

(3) Four-zone model

After BHFP drops below the maximum liquid saturation point
pressure, condensate saturation decreases again, and when it be-
comes less than the critical flow saturation, condensate in this zone
will become immobile again, which is called the 4th zone; hence
the four-zone model will appear, as shown in figures in the refer-
ence (Shi et al., 2010).
3. Pseudo-pressure function for gas condensate reservoir

3.1. Pseudo-pressure function for single gas phase

Before retrograde condensate occurs, single gas phase exists in
both the vicinity of wellbore and the formation. The pseudo-
pressure function can be expressed as
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where p is in the range of pd,up < pwf < p < pe.
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wellbore, which appears in the deliverability equation, will be
given by
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3.2. Pseudo-pressure function for two-zone model

When retrograde condensation occurs but only gas flows, and
the steady state is achieved, the two-zone condensate distribution
pattern will appear. Pseudo-pressure function for each zone can be
displayed as follows.

Pseudo-pressure function for Zone 1 where only gas phase co-
exists is shown as Eq. (1), where p is between pd,up and pe.

Pseudo-pressure function for Zone 2 where gas and condensate
coexist but only gas flows is

j2 ¼
Zp
p0

 
rg
krg
mg

!
dp; (3)

where p is in the range of p*up < pwf < p < pd,up.
The total pseudo-pressure difference between the formation

and the wellbore which appears in the deliverability equation will
be the sum of the pseudo-pressure difference of these two zones, as
shown in Eq. (4).
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3.3. Pseudo-pressure function for three zone model

When condensate moves and the steady state is obtained, the
three-zone condensate distribution model will apply. Pseudo-
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pressure function for each zone can be displayed as follows:
Pseudo-pressure function for Zone 1 where only gas phase ex-

ists is represented by Eq. (1), where p is between pd,up and pe.
Pseudo-pressure function for Zone 2 where gas and condensate
coexist but only gas flows is represented by Eq. (3), where p is
between p*up and pd,up.

Pseudo-pressure function for Zone 3 where both gas and
condensate flow is

j3 ¼
Zp
p0

 
ro
kro
mo

þ rg
krg
mg

!
dp (5)

where p is in the range of p*down < pwf < p < p*up.
The total pseudo-pressure difference between the formation

and the wellbore is the sum of pseudo-pressure difference of these
three zones, as shown in Eq. (6).
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3.4. Pseudo-pressure function for four-zone model

When condensate changes from mobile to immobile again, and
steady state is reached, the four-zone condensate distribution
model will appear. Pseudo-pressure function for each zone can be
displayed as follows.

Pseudo-pressure function for Zone 1 and 2 are the same as those
in three zone model. Pseudo-pressure function for Zone 3 is rep-
resented by Eq (5), where p is between p*down and p*up.

Pseudo-pressure function for Zone 4 where condensate oil is
immobile again is

j4 ¼
Zp
p0

 
rg
krg
mg

!
dp (7)

where p is between pwf and p*down.
The total pseudo-pressure difference in the steady-state deliv-

erability equation of gas condensate well is the sum of the four
regions' pseudo-pressure difference, which is
4. Relationship of flow rate between bottom-hole and
wellhead

In order to get more reasonable gas condensate reservoir
deliverability equations which reflect the complex fluid-phase-
change characteristics in the wellbore, it is important to get the
relationship of gas flow rate between bottom-hole and well-head.
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4.1. Relationship of flow rate between bottom-hole and well-head
before retrograde condensation

For a gas condensate reservoir with formation pressure higher
than dew point pressure, in the case of low gas proration of gas
condensate well or in the early stage of production, the BHFP is
higher than the dew point pressure of original fluid after achieving
stability. Single-phase gas flows in the reservoir, but condensate
and gas flow may occur in the wellbore. The relationship of pro-
duction between bottom-hole and wellhead is shown below.

The condensate oil volume fraction of the mixture under the
wellhead condition is obtained using fluid mixture from the well-
head, which is expressed as

VroCCEðpscÞ ¼
Vo

Vg þ Vo
¼ qo;sc

qg;sc þ qo;sc
(9)

Subsequently, the wellhead condensate oil production can be
obtained, which is

qo;sc ¼ qg;scVroCCEðpscÞ
1� VroCCEðpscÞ

(10)

Because the gas condensate well produces steadily, according to
the constant composition expansion experiment (CCE), the un-
derground condensate gas composition is the same as that at the
surface. As the BHFP is greater than the dew point pressure of fluid
mixture, there is only condensate gas and no condensate oil in the
bottom-hole.

Based on mass conservation, the mass of the bottom-hole
condensate gas is equal to the total mass of wellhead natural gas
and condensate oil:

rg;wfQg ¼ ro;scqo;sc þ rg;scqg;sc (11)

Substituting the wellhead condensate oil production formula
into the above equation, the relationship of gas flow rate between
bottom-hole and wellhead is obtained as

Qg ¼ E1 � qg;sc; (12)
E2 ¼
n
ro;scVroCCEðpscÞ þ rg;sc

h
1� VroCCEðpscÞ

ioh
1� VroCCE

�
pwf

�i
n
ro;wfVroCCE

�
pwf

�
þ rg;wf

h
1� VroCCE

�
pwf

�ioh
1� VroCCEðpscÞ

i ; (18)
where, E1 is the conversion factor between bottom-hole flow rate
and wellhead flow rate before retrograde condensate, which is
expressed as

E1 ¼ ro;scVroCCEðpscÞ þ rg;sc½1� VroCCEðpscÞ�
rg;wf ½1� VroCCEðpscÞ�

(13)

4.2. Relationship of flow rate between bottom-hole and well-head
after retrograde condensation

When the retrograde condensation occurs and the gas
condensate well produces steadily, the wellhead fluid composition
is the same as that of underground and original fluid, no matter
whether the condensate oil flows or not. Steady-state means that
the reservoir pressure distribution and condensate oil saturation
distribution do not change with time. Because the outflow and the
precipitation of the condensate oil reach dynamic equilibrium at
the same location, the condensate oil saturation does not change,
and the composition of the outflow fluid is equal to that of original
fluid.

According to CCE, the condensate oil volume fraction of the
mixture under the wellhead condition is expressed as Eq. (9), and
the wellhead condensate oil production is displayed as Eq. (10).

As the bottom-hole fluid composition is equal to that of the
wellhead condensate fluid mixture under steady state, which ac-
cords with the principle of constant component expansion (CCE),
the condensate oil volume fraction of the mixture under the
bottom-hole condition is expressed as

VroCCE

�
pwf

�
¼ Vo

Vg þ Vo
¼ Qo

Qg þ Qo
(14)

Transforming the above formula, the bottom-hole condensate
oil production can be obtained as

Qo ¼
QgVroCCE

�
pwf

�
1� VroCCE

�
pwf

� (15)

Although the condensate oil does not flow in the vicinity of the
reservoir when the condensate saturation is less than the critical
flowing condensate saturation, the condensate oil still flows in the
bottom-hole wellbore. By using the law of mass conservation, the
equation below is obtained

ro;wfQo þ rg;wfQg ¼ ro;scqo;sc þ rg;scqg;sc (16)

Substituting the condensate oil production formula of wellhead
and bottom-hole into Eq. (16), the relationship of gas production
between the wellhead and the bottom-hole can be given as

Qg ¼ E2 � qg;sc; (17)
where E2 is the conversion factor between the bottom-hole pro-
duction and the wellhead production after retrograde
condensation.

5. Deliverability equations of gas condensate well considering
the fluid phase behavior in both reservoir and wellbore

5.1. Deliverability equation of gas condensate well before retrograde
condensation

In case that condensate gas well is produced at a low gas pro-
duction rate, the BHFP is higher than the dew point pressure, and
the steady state is achieved for any well configuration (such as
vertical wells, fractured vertical wells, or horizontal wells), the
deliverability equation before retrograde condensation can be
combined into the same formula
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Qg ¼ C
krgðSwiÞ
rg;wf

Zpe

pwf

 
rg

mg

!
dp (19)

C ¼ 2pa1kh

ln
�
re=rw

�
� 0:75þ S

(20)

where a1 is the unit conversion factor; for SI unit system, a1 ¼1. Qg
is the bottom-hole gas flow rate. C includes basic reservoir prop-
erties, such as the reservoir permeability k, thickness h, gas
drainage radius re, wellbore radius rw, and other parameters.
Relative permeability krg and kro are related with the absolute
permeability, rather than the permeability under the irreducible
water saturation condition. S is skin factor, which is a combination
of factors including some non-ideal flow effects, such as damage,
stimulation, drainage geometry, and partial perforation.

Substituting Eqs. (12) and (13) into Eq. (19) gives the gas
deliverability equation of gas condensate well before retrograde
condensation in the reservoir, which is shown below

qg;sc ¼ C � 1� VroCCEðpscÞ
ro;scVroCCEðpscÞ þ rg;sc½1� VroCCEðpscÞ�

krgðSwiÞ

�
Zpe

pwf

 
rg

mg

!
dp;

(21)

where C is expressed as Eq. (20).
5.2. Deliverability equation of gas condensate well after retrograde
condensation

In case that the gas production of gas condensate well is large,
the BHFP is less than the dew point pressure of the original fluid
and condensate oil appears in the bottom hole, the deliverability
equation of condensate gas well can be written as

Qg ¼ Cbs
rg;wf

�
je � jwf

�
(22)

where bs is the proportion of the bottom-hole gas phasemass in the
total mass of condensate oil and gas system, which is

bs ¼
rg;wfQg

rg;wfQg þ ro;wfQo
(23)

Substituting Eq. (15) into Eq. (23) gives

bs ¼
rg;wf

rg;wf þ ro;wf
VroCCEðpwfÞ

1�VroCCEðpwfÞ
(24)

After retrograde condensation, both condensate oil and gas flow
into the wellbore, so the conversion factor between the bottom-
hole production and the wellhead production E2 should be used.
Substituting Eqs. (17), (18) and (24) into Eq. (22) gives the gas
deliverability equation of gas condensate well after retrograde
condensation, which is shown below

qg;sc ¼ C � 1� VroCCEðpscÞ
ro;scVroCCEðpscÞ þ rg;sc½1� VroCCEðpscÞ�

�
�
je � jwf

�
(25)
When the BHFP is less than the dew point pressure of the
original fluid but higher than p*up, the condensate oil saturation is
less than the critical flowing condensate saturation, and the steady
state is achieved, there exists retrograde condensate blockage near
the wellbore and only single-phase gas flows in the reservoir;
pseudo-pressure difference for two zone model should be used,
which is shown as Eq. (4).

In case that the BHFP is less than p*up but higher than p*down, the
condensate oil saturation is larger than the critical flowing
condensate saturation and the steady state is achieved, both
condensate oil and gas flow in the reservoir and the wellbore,
pseudo-pressure difference for three zone model should be used,
which is shown as Eq. (6).

With proration of condensate gas well increasing further,
when the BHFP decreases to p*down, the condensate oil in the
near-wellbore region re-evaporates, which reduces the satura-
tion of the near-wellbore condensate oil and makes the
condensate oil immobile. From the region far away from the
wellbore to the near wellbore region, the condensate oil changes
from stagnant to mobile, then to stagnant again, so pseudo-
pressure difference for four zone model should be used, which
is shown as Eq. (8). It usually happens in gas condensate well
with high temperature.
5.3. Deliverability equation of gas condensate well for the whole
production process

From comparing deliverability equations of gas condensate well
before and after retrograde condensation, it can be clearly seen that
deliverability equations during the whole production life are in the
same form, which is expressed as

qg;sc ¼ C � E �
�
je � jwf

�
(26)

where E is expressed as

E ¼ 1� VroCCEðpscÞ
ro;scVroCCEðpscÞ þ rg;sc½1� VroCCEðpscÞ�

(27)

In view of the ease used, the condensate oil volume fraction of
the mixture under wellhead condition VroCCE(psc) can be trans-
formed as

VroCCEðpscÞ ¼
1

1þ GOR
(28)

where GOR is gas oil ratio at the wellhead condition, which can be
obtained from PVT experiments. Thus, E will be

E ¼ GOR
ro;sc þ rg;scGOR

(29)

In Eq. (26), pseudo-pressure difference (je � jwf) is different at
different stages; the corresponding pseudo-pressure functions are
shown as Eqs. (2), (4), (6) and (8); the gas density rg can be
expressed as

rg ¼ 0:02896ggp
ZRT

(30)

where the variable is in SI unit system; R ¼ 8.471 Pa m3/(mol K).
After the gas production is determined, the condensate



Fig. 2. Plot of condensate oil saturation versus pressure for Simulation Case I.

Fig. 3. Plot of condensate oil saturation versus pressure for Simulation Case II.
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deliverability equation of gas condensate well can be obtained by
dividing gas production by GOR.

6. Calculation procedures of gas condensate deliverability

In order to calculate gas and condensate IPR curves by applying
the proposed model, the following steps are recommended.

(1) Collect reservoir properties, including absolute permeability,
formation thickness, reservoir area, wellbore radius, skin
factor, initial reservoir pressure, and reservoir temperature.
In these reservoir properties, absolute permeability can be
acquired from rock test, well logging, or well testing; for-
mation thickness is fromwell logging; reservoir area is from
geological research; the wellbore radius is from well drilling
and completion; the skin factor, initial reservoir pressure and
reservoir temperature are from well testing.

(2) Collect fluid properties, including gas specific gravity, Z factor
of gas at surface condition, oil density at surface condition,
GOR at surface condition, and some relationships of Z factor
of gas, gas viscosity, oil density, and oil viscosity versus
pressure at the reservoir temperature, which aremostly from
experiments and polynomial fitting.

(3) Collect upper dew point pressure, the lower dew point
pressure, the maximum liquid saturation point pressure
pmax,So, and relationship of condensate oil saturation versus
pressure, which are from constant compositional expansion
(CCE) experiment and data fitting.

(4) Collect the critical flowing condensate saturation, residual
gas saturation, relative permeability curves for gas and
condensate oil, the irreducible water saturation, and relative
permeability curves for condensate oil and water.

(5) Calculate relationships of gas and condensate oil relative
permeabilities versus pressure.

(6) Calculate the upper mobile condensate point pressure p*up
and the lower mobile condensate point pressure p*down.

(7) Calculate the pseudo-pressure difference for different
condensate distribution and flow models of gas condensate
reservoir. During calculation, the relationships of gas density,
gas viscosity, gas relative permeability, condensate oil den-
sity, condensate oil viscosity, and condensate oil relative
permeability versus pressure, the upper dew point pressure,
the lower dew point pressure, the upper mobile condensate
point pressure p*up and the lower mobile condensate point
pressure p*down are needed.

(8) Calculate the coefficients C and E based on reservoir and fluid
parameters.

(9) Calculate the gas production rate of gas condensate well for
different BHFPs based on C, E, and the pseudo-pressure
Table 1
Reservoir and fluid properties for two synthetic numerical simulation cases.

Parameters Simulation Case I Simulation Case II

pe (Pa) 51.71 � 106 54 � 106

pd,up (Pa) 49.75 � 106 52.496 � 106

T (K) 412.56 408.85
k (m2) 19.4 � 10�15 20 � 10�15

krg(Swi) (fraction) 0.7828 0.8284
h (m) 3 3
rg(sc) (kg/m3) 0.9343 0.7461
re (m) 2380 2380
rw (m) 0.1 0.1
S (dimensionless) 0 0
gg(sc) (fraction) 0.636 0.63
ro(sc) (kg/m3) 785.4 798.2
Swi (fraction) 0.4108 0.34

Fig. 4. Relative permeability curves from Yakela gas condensate reservoir for Simu-
lation Case I.



Fig. 6. The geological model for two synthetic simulation cases.

Fig. 7. The plot of BHFPs for different gas flow rates versus production time for
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difference by using Eq. (26), and draw the gas IPR curve for
the gas condensate well.

(10) Calculate the condensate production rate by using the cor-
responding gas production rate and GOR.

In the calculation process of gas condensate deliverability using
the above ten steps, almost all collected parameters are necessary
except that gas drainage radius and condensate oil relative
permeability are adjusted parameters.

7. Validation by synthetic numerical simulation and field
cases

7.1. Validation by synthetic numerical simulation cases

Two synthetic numerical simulations are conducted to validate
the proposed deliverability equation for gas condensate wells.
Simulation Case I has low condensate content, and Simulation Case
II has high condensate content. The reservoir and fluid properties
for these two synthetic numerical simulation cases are listed in
Table 1. Fluid composition, PVT experiments, and relative perme-
ability curves for Simulation Case I and Simulation Case II are from
Yakela gas condensate reservoir and Yaha gas condensate reservoir,
respectively. The relationship of condensate oil saturation versus
pressure from the CCE experiment and PVT matched by PVTi in
ECLIPSE for Simulation Case I and Simulation Case II are shown in
Figs. 2 and 3, respectively; it can be seen that the condensate sat-
urations from PVTi match the experimental data very well. The
relative permeability data from laboratory for Simulation Case I and
Simulation Case II are shown in Figs. 4 and 5, respectively.

By applying reservoir simulator ECLIPSE, the gas condensate
reservoirs with parameters in Table 1, Figs. 2e5were established, as
shown in Fig. 6. The grid number of the gas condensate reservoir in
X, Y, and Z directions are 101, 101, and 2 respectively; the well is
located in the middle of the reservoir with XeY coordinate of (51,
51), and the grid size in X direction is 40 m except that for 13 grids
near the wellbore it is 3 m for the purpose of accuracy and that for
20 grids far away from the wellbore it is 100 m for the purpose of
rapid calculation. The grid size in Y direction is set in the sameway.

7.1.1. Simulation Case I
For Simulation Case I, BHFPs for different gas flow rates

decreased with production time and almost stabilized after 15 days'
production, as shown in Fig. 7. From Fig. 8, we can see that the
Fig. 5. Relative permeability curves from Yaha gas condensate reservoir for Simulation
Case II.

Simulation Case I.

Fig. 8. The plot of BHFP and formation pressure (FPR) versus production time for
Simulation Case I with a gas flow rate of 650,000 m3/d.



Fig. 9. Relationship between krg and p/pd,up for Simulation Case I.

Fig. 10. Comparison of gas IPR curves of gas condensate well by using numerical
simulation and three different deliverability equations for Simulation Case I.

Fig. 11. The plot of BHFPs for different gas flow rates versus producing time for
Simulation Case II.
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formation pressure (FPR) almost does not decrease after 30 days of
production, even for the largest gas flow rate of 650,000 m3/d.

On the other hand, the productivity of the gas condensate well is
calculated by the proposed equations. The relationship of krg versus
p/pd,up can be easily obtained by combining the relationship of
condensate saturation versus pressure (Fig. 2) and the relationship
of gas relative permeability versus the condensate saturation
(Fig. 4). Based on the correlation proposed by Shi et al. (2013), when
the pressure is below the upper dew point pressure, the modified
correlation of the gas relative permeability versus the ratio of the
pressure and the upper dew point pressure is expressed as

krg ¼ c5

�
p
pd

�5
þ c4

�
p
pd

�4
þ c3

�
p
pd

�3
þ c2

�
p
pd

�2

þ c1

�
p
pd

�
þ c0; p � pd

(31)

The relationship of krg versus p/pd,up in Simulation Case I is
presented in Fig. 9.

From Fig. 9 and Eq. (31), coefficients in Eq. (31) can be obtained:
c5 ¼ 0, c4 ¼ 0.44029, c3 ¼�0.76544, c2 ¼ 0.5632, c1 ¼ �1.17347, and
c0 ¼ 0.7395.

The deliverability equation of gas condensate well considering
the fluid phase behavior in both the reservoir and the wellbore for
Simulation Case I can be obtained from Eq. (26).

As shown in Fig. 2, the highest condensate saturation precipi-
tated in the formation is 4.73%. Since the initial irreducible water
saturation is 41.08%, the maximum gas saturation is 58.92%. From
Fig. 3, it can be seen that the gas saturation is 52% when condensate
begins to flow; hence the critical flowing condensate saturation is
about 7%, which is larger than condensate saturation precipitated in
the formation; condensate cannot flow in porous media after pre-
cipitation. Thus, the calculation of the pseudo-pressure difference
in the deliverability equation of gas condensate well considering
the fluid phase behavior in both the reservoir and wellbore can be
divided into two stages. When the retrograde condensation does
not occur in the reservoir, particularly when the BHFP is higher
than the dew point pressure, the pseudo-pressure difference can be
calculated by Eq. (2). When the retrograde condensation occurs but
condensate does not flow, specifically when the BHFP is less than
the dew point pressure, the pseudo-pressure difference can be
calculated by Eq. (4).

In order to verify the effectiveness of the proposed deliverability
equations of gas condensate well, the conventional gas
deliverability equation of gas condensate well and the conventional
gas deliverability equation of dry gas well are introduced to conduct
a comparison. The conventional gas deliverability equation of gas
condensate well considering only fluid phase behavior in the
reservoir and the conventional gas deliverability equation of dry
gas well without considering fluid phase behavior, in which the
volume factor Bg at bottom-hole condition are both applied, can be
written in the same form

qg;sc ¼ C
rg;wfBg

�
je � jwf

�
(32)

where (je � jwf) for dry gas well without considering fluid phase
behavior is Eq. (2), while (je � jwf) for gas condensate well
considering only fluid phase behavior in the reservoir is expressed
as

je � jwf ¼ krgðSwiÞ
Zpe

pd;up

 
rg

mg

!
dpþ

Zpd;up

pwf

 
rg
krg
mg

!
dp (33)

The comparison of gas IPR curves of the gas condensate well by
using numerical simulation and three different deliverability
equations for Simulation Case I is shown in Fig. 10.

From Fig. 10, it can be seen that the difference between gas



Fig. 12. The plot of BHFP and formation pressure (FPR) versus producing time for
Simulation Case II with gas flow rate of 700,000 m3/d.

Fig. 13. Relationship between krg and p/pd,up for Simulation Case II.

Fig. 14. Relationship between kro and p/p*up for Simulation Case II.

Fig. 15. Comparison of gas IPR curves of gas condensate well by using numerical
simulation and three different deliverability equations for Simulation Case II.
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production rates calculated by three different deliverability equa-
tions is gradually increasing with decreasing BHFP, especially in the
late stage of condensate gas production. The AOF of natural gas
calculated by the deliverability equation without considering fluid
phase behavior in the reservoir and wellbore, by deliverability
equation considering only fluid phase behavior in the reservoir, and
by deliverability equation considering the fluid phase behavior in
both the reservoir and wellbore, are about 82 � 104 m3/d,
78 � 104 m3/d, and 69 � 104 m3/d, respectively. Although the dif-
ference in the AOF of natural gas calculated by these three deliv-
erability equations is not very significant owing to the low
condensate content in this simulation case, a good agreement was
obtained between simulated natural gas production and those
forecasted by the deliverability equation considering fluid phase
behavior in both the reservoir and wellbore.
7.1.2. Simulation Case II
In Simulation Case II, BHFPs for different gas flow rates decrease

with production time and almost stabilize after 15 days' produc-
tion, as shown in Fig. 11. Fig. 12 indicates that the formation pres-
sure (FPR) almost remains constant after 30 days of production
with the largest gas flow rate of 700,000 m3/d.

On the other hand, the deliverability of the gas condensate well
was calculated by the proposed equations. The relationships of krg
versus p/pd,up and kro versus p/p*up, as shown in Figs. 13 and 14, can
be easily obtained by combining the relationship of condensate
saturation versus pressure (Fig. 3) and the relationship of relative
permeability versus the condensate saturation (Fig. 5).

The deliverability equation of gas condensate well considering
the fluid phase behavior in both the reservoir and the wellbore for
Simulation Case II can be obtained by Eq. (26).

As shown in Fig. 3, the highest condensate saturation precipi-
tated in the formation is about 17%. Since the initial irreducible
water saturation is 34%, the maximum gas saturation is 66%. From
Fig. 5, it can be seen that the gas saturation is about 54% when
condensate begins to flow; so the critical flowing condensate
saturation is about 12%, and the corresponding p*up and p*down are
36 MPa and 2 MPa, respectively.

Thus, the calculation of pseudo-pressure difference in the
deliverability considering the fluid phase behavior in both the
reservoir and wellbore can be divided into four stages, namely
single gas flow (pwf > pd,up), gas flow with stagnant condensate
(p*up < pwf < pd,up), gas and condensate two phase flow
(p*down < pwf < p*up), and gas flowwith stagnant condensate changed
from mobile condensate (pwf < p*down), and the corresponding
pseudo-pressure difference can be calculated by Eqs. (2), (4), (6)
and (8).

The comparison of gas IPR curves of the gas condensate well by
using numerical simulation and three different deliverability
equations for Simulation Case II is shown in Fig. 15.

As shown in Fig. 15, a good agreement was obtained between



Fig. 16. Comparison of gas IPR curves of gas condensate well by using three different
deliverability equations and the field data for Field Case I.
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simulated natural gas production and those forecasted by the
deliverability equation considering fluid phase behavior in both the
reservoir and wellbore. However, the gas IPR curves forecasted by
the deliverability equations without considering phase behavior in
reservoir or wellbore greatly deviate from the simulated data. For
this simulation case, the AOF of natural gas calculated by the
deliverability equation without considering fluid phase behavior in
the reservoir and wellbore, by deliverability equation considering
only fluid phase behavior in the reservoir, and by deliverability
equation considering fluid phase behavior in both the reservoir and
wellbore, are about 137 � 104 m3/d, 115 � 104 m3/d, and
77 � 104 m3/d, respectively.

From these two synthetic simulation cases, we can conclude
that the gas deliverability equation considering the fluid phase
behavior in both the reservoir and the wellbore is more accurate to
forecast gas and condensate oil production. If using deliverability
equations without considering fluid phase behavior and consid-
ering only phase behavior in the reservoir, the gas production from
this gas condensate well will be overestimated, especially at the
lower BHFP stage.
7.2. Validation by field cases

7.2.1. Field Case I
The difference between deliverability equations with and

without considering fluid phase behavior in the reservoir and
wellbore is also illustrated by field case studies. In Field Case I, a
well in Yakela gas condensate reservoir is analyzed. Except for
Table 2
Reservoir and fluid properties for Real Case II.

Parameters Values

pe (Pa) 51.529 � 106

pd,up (Pa) 49.37 � 106

T (K) 411
kh (m2 m) 38.24 � 10�15

krg(Swi) (fraction) 0.8284
pup* (Pa) 44 � 106

rg(sc) (kg/m3) 0.7461
re (m) 170
rw (m) 0.089
S (dimensionless) 2.75
gg(sc) (fraction) 0.63
ro(sc) (kg/m3) 798.2
Swi (fraction) 0.34
h ¼ 2.93 m, re ¼ 86.94 m, and S ¼ 0.76, which are from transient
pressure interpretation, other reservoir and fluid properties for this
field case are same as those for Simulation Case I, as listed in Table 1.
In addition, the relationship of condensate oil saturation versus
pressure from the CCE experiment and the relative permeability
data from laboratory for this real case are also same as those for
Simulation Case I, as shown in Figs. 2 and 4.

Comparison of gas IPR curves of the gas condensate well by
using three different deliverability equations and field data is
shown in Fig. 16.

The AOF of natural gas calculated by the deliverability equation
without considering fluid phase behavior in the reservoir and
wellbore, by deliverability equation considering only fluid phase
behavior in the reservoir, and by deliverability equation consid-
ering the fluid phase behavior in both the reservoir and wellbore,
are about 111 � 104 m3/d, 105 � 104 m3/d, and 94 � 104 m3/d,
respectively. Owing to low condensate saturation in the reservoir,
at high BHFP stage gas production rates by these three deliver-
ability equations are all close to the field data, but the gas pro-
duction rates forecasted by deliverability equation considering the
fluid phase behavior in both the reservoir and wellbore are much
closer to the field data.
7.2.2. Field Case II
In Field Case II, another gas well in Yaha gas condensate reser-

voir with high condensate oil content is analyzed. The reservoir and
fluid properties for this case are presented in Table 2; the formation
coefficient kh is from transient pressure interpretation; condensate
oil saturation versus pressure from the CCE experiment is shown in
Fig. 17, and the relative permeability data from laboratory for this
field case is shown in Fig. 18.

As shown in Table 2, the irreducible water saturation is 34%.
From Fig. 18, it can be seen that the gas saturation is 45% when
condensate begins to flow; hence the critical condensate satura-
tion is 21%. From Fig. 17, we can get that p*up is 44 MPa; so the
calculation of pseudo-pressure difference in the deliverability
considering the fluid phase behavior in both the reservoir and
wellbore can be divided into three stages, namely single gas flow
(pwf > pd,up), gas flowwith stagnant condensate (p*up < pwf < pd,up),
and gas and condensate two phase flow (pwf < p*up); the corre-
sponding pseudo-pressure difference can be calculated by Eqs.
(2), (4) and (6).

The relationships of krg vs p/pd,up and kro vs p/p*up for this field
case are presented in Figs. 19 and 20, respectively.

Comparison of gas IPR curves of the gas condensate well by
using Eqs. (2), (32) and (33), the proposed deliverability equation
(Eq. (26)), and the field data is shown in Fig. 21.

Owing to the high condensate saturation in the reservoir, the
difference among AOFs of natural gas calculated by three different
equations is significant. The AOF of natural gas calculated by the
deliverability equation without considering fluid phase behavior in
the reservoir and wellbore, by deliverability equation considering
only fluid phase behavior in the reservoir, and by deliverability
equation considering fluid phase behavior in both the reservoir and
wellbore, are about 87� 104 m3/d, 50� 104 m3/d, and 36� 104 m3/
d, respectively. The gas production rates predicted by the deliver-
ability equation considering the fluid phase behavior in both the
reservoir and wellbore are in good agreement with the field data.

The results of synthetic numerical simulation cases and field
case studies verify that the proposed deliverability equation of
condensate gas well in this work is more appropriate to forecast the
production of condensate gas well.



Fig. 17. Plot of condensate oil saturation versus pressure from the CCE experiment for
Field Case II.

Fig. 18. Relative permeability data from laboratory for Field Case II.

Fig. 19. Relationship between krg and p/pd,up for Field Case II.

Fig. 20. Relationship between kro and p/p*up for Real Case II.
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8. Conclusions

(1) There are complex fluid phase behaviors in the reservoir and
wellbore for the condensate oil and gas system. The conven-
tional deliverability equation of gas condensate well merely
considers fluid phase behavior in the reservoir, but ignores
fluid phase behavior in the wellbore. In this paper, a new
deliverability equation of gas condensate well considering the
fluid phase behavior in both the reservoir and the wellbore is
proposed, which is more in line with the simulated and the
actual dynamic performance of gas condensate wells.

(2) Currently, the wellhead productions of gas and condensate oil
are directly converted from production data in the bottom-
hole by using the volume factor. As a matter of fact, volume
factor is not expected to exist in the pseudo-pressure function,
because wellhead production cannot be directly converted
from bottom-hole production by using volume factor for gas
condensate well due to the fluid phase behavior in the well-
bore. In this work, different pseudo-pressure functions for
different regions are obtained according to condensate dis-
tribution in the vicinity of gas condensate well. Pseudo-
pressure function is determined by values of parameters in
each region. The total pseudo-pressure difference in the
deliverability equation of gas condensate well is the sum of
pseudo-pressure differences in each region.
Fig. 21. Comparison between gas IPR curves of the gas condensate well by using
different deliverability equations and the field data for Field Case II.
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(3) Two synthetic numerical simulation cases and two field case
studies validate the proposed deliverability equation of gas
condensate well. Results show that the fluid phase behavior
in both the reservoir and wellbore should be considered.
Considering fluid phase behavior only in the reservoir or
neither in the reservoir nor in the wellbore will result in
great errors.
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Nomenclature

pd,up the upper dew point pressure of gas condensate system,
Pa

pd,down the lower dew point pressure of gas condensate system,
Pa

pwf bottom-hole flowing pressure, Pa
BHFP bottom-hole flowing pressure, Pa
AOF absolute open flow rate, m3/d
GOR gas oil ratio, dimensionless
psc pressure at standard state, Pa
pe the initial reservoir pressure, Pa
p*up the upper mobile condensate point pressure, below

which condensate oil begins to flow, Pa
p*down the lowermobile condensate point pressure, belowwhich

condensate oil stops flowing, Pa
pmax,So the maximum liquid saturation point pressure, Pa
Swi the irreducible water saturation, fraction
k the absolute permeability, m2

krg gas relative permeability, fraction
krg(Swi) the gas relative permeability at the irreducible water

saturation, fraction
rg gas density at present pressure, kg/m3

rg,sc gas density at standard state, kg/m3

rg,wf gas density at bottom-hole condition, kg/m3

ro,sc condensate density at standard state, kg/m3

ro,wf condensate density at the bottom-hole condition, kg/m3

mg gas viscosity, Pa$s
m average gas viscosity, Pa$s
Bg gas volume factor, dimensionless
qo,sc condensate flow rate at standard state, m3/s
qg,sc gas flow rate at standard state, m3/s
Qg gas flow rate in the bottom-hole, m3/s
Qo condensate flow rate in the bottom-hole, m3/s
E1 conversion factor between bottom-hole flow rate and

wellhead production before retrograde condensation,
dimensionless

E2 conversion factor between bottom-hole flow rate and
wellhead production after retrograde condensation,
dimensionless

VroCCE(psc) the condensate oil volume fraction of the mixture under
wellhead condition, dimensionless

VroCCE(pwf) the condensate oil volume fraction of the mixture
under bottom-hole condition, dimensionless

a1 the unit conversion factor, for SI unit system, a1 ¼ 1
h formation net thickness, m
S Skin factor, dimensionless
re gas drainage radius, m
rw wellbore radius, m
rg(sc) gas specific gravity at standard state, dimensionless
T formation temperature, K
Z gas deviation factor, dimensionless
Z the average gas deviation factor, dimensionless
c0, c1, c2, c3, c4, and c5 coefficients of the gas relative permeability

equation, dimensionless
bs the proportion of the bottom-hole gas phase mass in the

total mass of condensate oil and gas system,
dimensionless
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