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Condensate gas is a transition fluid between oil and gas, which is sensitive to the reservoir temperature and pressure. In
condensate gas reservoir, especially in the moderate-giant one, fluid composition often varies with depth. This phenomenon
has important influences on development. Anisothermal compositional gradient theory is used to analyze the main factors
influencing the compositional gradient distribution to understand the basic regularities of the compositional variation with
depth. Geothermal gradient, fluid composition, reservoir temperature, and reservoir pressure will affect the compositional
gradient, of which geothermal gradient has the most direct and obvious influence. Furthermore, fluid model with
compositional gradient was built in a tight condensate gas reservoir of the Middle East, and the influence of compositional
gradient on dynamic performance is evaluated. The results show that the compositional gradient has a significant influence on
the original gas in place, development strategy, central processing facilities, and so on. Therefore, compositional gradient
requires more attention while exploiting moderate-giant condensate gas reservoirs in order to achieve more economical benefits.

1. Introduction

In the last decades, a large number of oil and gas reservoirs
have been developed in the Middle East [1–7], including
many transitional fluid reservoirs [8, 9], such as volatile res-
ervoirs with high gas-oil ratio and rich condensate reser-
voirs. A common feature of these reservoirs is that the
composition of the fluid changes with depth, a phenome-
non known as compositional gradient effect. This phenom-
enon is particularly obvious in moderate-giant carbonate
reservoirs and has an important impact on every link of
oil-gas field development [7]. Previously, due to lack of
understanding of the compositional gradient effect, this
phenomenon was often ignored in the development of such
critical reservoirs, resulting in poor recovery and economic
benefits [8, 9].

As early as 1939, Sage and Lacey [10] pointed out that
volatile oil reservoirs and condensate gas reservoirs rich in
condensate are special reservoirs with component gradient
distribution when discussing the phenomenon of compo-
nent classification. However, it was not until the early

1980s that a large number of deep near-critical oil and gas
reservoirs were found to have significant vertical composi-
tional changes in the world that people paid more attention
to this problem and proposed that the compositional gradi-
ent should be fully considered in the development of such
reservoirs.

At present, some scholars at home and abroad have
carried out many in-depth studies on the compositional gra-
dient effect based on sage’s research findings [11–16], but
most of them focus on the composition variation with depth
under isothermal conditions and there are few relevant liter-
atures. Li [16] proposed to use isothermal compositional
gradient model to show the distribution characteristics of
fluid compositions and properties with depth. However, in
some moderate-giant condensate reservoirs, reservoir tem-
peratures increase with depth. The effect of reservoir tem-
perature on compositional gradient cannot be ignored. In
this paper, the anisothermal compositional gradient theory
model is used to analyze the main factors affecting the distri-
bution of compositional gradient and to evaluate its influ-
ence on the main links of oil and gas field development.
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2. Anisothermal Compositional Gradient
Theory Model

Before 1970s, Sage and Lacey [10] and Haase [17] proposed
that in a gravitational field, when a multicomposition system
is in real thermodynamic equilibrium, the system should be
isothermal, and the sum of chemical and gravitational
potentials of each composition in the system should be
constant. In 1980, Schulte [18] proposed a calculation model
of compositional gradient under the influence of gravity only
based on the previous two scholars. With the additional
term of gravity, the vertical equilibrium condition of a
multicomposition system in the gravitational field can be
expressed as

dμi +Migdh = 0 i = 1, 2,⋯, n: ð1Þ

Both mi and g are constant against h, and equation (1)
can be rewritten as

μi hð Þ − μi h
0� �

=Mig h − h0
� �

; i = 1, 2,⋯, n, ð2Þ

where n is the number of compositions in a system, i is the
composition number, Mi is the molar mass of composition
i, μ is the chemical potential of composition i, g is the
gravitational acceleration, and h is the reservoir depth.

The relation between chemical potential μ and fugacity
f i of composition i is as follows:

∂μi = RT ln f i, ð3Þ

where R is the gas universal constant and T is the system
temperature.

By combining equations (2) and (3), the fugacity relation
equation of composition i at depth h and h0 can be obtained:

ln f hi − ln f h
0

i =
Mig h − h0

� �

RT
: ð4Þ

The relation between fugacity f i and fugacity coefficient
φi is as follows:

ln f i = φiZiP, ð5Þ

where Zi is the molar content of composition i in the system,
and P is the system pressure.

Equation (4) is combined with equation (5), and the
further deformation is

ln φh
i Z

h
i P

h
� �

− ln φh0

i Z
h0

i P
h0 =

Mig h − h0
� �

RT
: ð6Þ

Equation (6) was applied to any composition i in the
system, and there are n equations for the n-composition sys-

tem, plus an additional equation, that is, the sum of the mole
fraction values of all compositions in the system is 1:

〠
n

i=1
Zi = 1: ð7Þ

Given the pressure Ph0 at depth h0 and the composition

content (Zh0
i , i = 1, 2,⋯, n), the Ph and Zh

i of each composi-
tion at depth h can be solved by using the n + 1 equations,
where the fugacity coefficient φi can be obtained from the
equation of state.

In fact, not very reservoirs have constant temperature.
For thin reservoirs, the changes of reservoir temperature
be ignored, but for thicker reservoirs, especially some
moderate-giant carbonate reservoirs in the Middle East,
temperature increases usually on the order of 0.02°C/m
from top to bottom of the reservoir.

The changes of reservoir temperature need to be consid-
ered when solving the compositional gradient. In 2003,
Pedersen and Lindeloff [19] proposed a compositional gradi-
ent calculation model under anisothermal conditions based
on Haase’s research.

Based on the irreversibility of the thermal process, the
equation of molar compositions in the heat source with
thermal gradient was established to solve this problem. The
system is assumed to be in a steady state to simplify this
problem. That means all composition fluxes were zero, the
compositional gradient is assumed to be constant in time,
and the effects of capillary force, composition convection
and secondary migration are not considered. According to
the equation (6), an additional term is added to express the
influence of geothermal gradient, which also includes the
average molecular weight M, the molecular weight Mi of
all compositions, the partial molar enthalpy of the mixture
~H, and the partial molar enthalpy of composition ifHi . A
dynamic and stable system is established in the equilibrium
of gravity and heat convection effect.

RTln φh
i Z

h
i P

h
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− RT ln φh0

i Z
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; i = 1, 2,⋯, n,
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where

fHi =Hig
i + ~H

res
i , ð9Þ
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res
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where Hig
i is ideal gas enthalpy of composition i; ~H

res
i is

partial molar residual enthalpy of composition i.
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When calculating the change of compositions with
depth, an appropriate equation of state is firstly selected to
obtain the vapor and liquid phase compressibility factors.
And the equation of fugacity coefficient is applied to obtain
the vapor and liquid phase fugacity coefficients of each
composition [20–23]. Then, the compositions’ fugacity
coefficients, ideal gas enthalpy Hig

i , and the compositional
gradient are calculated according to equation (8). There is
a trial calculation process in the solution process. The initial
vapor-liquid ratio of composition i is preset to calculate the
vapor and liquid fugidity coefficients under the equilibrium
state. If they are equal, the trial calculation succeeds; if they
are not equal, the initial setting value is returned to be mod-
ified. The calculation process must be repeated iteratively,
usually completed by computer program.

3. Influence Factors of Compositional
Gradient Distribution

Since the anisothermal compositional gradient model is built
into the commercial software PVTsim, a multifunctional
equation of state simulation software, it was used to analyze
the influence factors of compositional gradient distribution
by selecting SRK Peneloux equation of state, which has good
adaptability to condensate gas and volatile oil. In this paper,
the influence factors are divided into two categories: one is
direct influence factors, such as gravity field and geothermal
gradient, and the other is indirect influence factors, such
as fluid composition, reservoir temperature, and reservoir
pressure.

3.1. Geothermal Gradient. It can be deduced from the above
equations that the most direct cause of the compositional
gradient effect is the rebalancing of the chemical potential
of each composition caused by gravity field and geothermal
gradient. Therefore, the vertical compositional gradient
effect and fluid properties will be different under different
geothermal gradient. Taking the condensate gas sample as

an example, C1 and dew point pressure were taken as the
observation objects (Figures 1(a) and 1(b)). When the local
geothermal gradient is 0.00°C/m, only gravity differentiation
plays a role in the compositional gradient, and the variation
of fluid compositions within the thickness of 100m was only
about 1%. When the local geothermal gradient increases to
0.04°C/m, 0.07°C/m, and 0.11°C/m, respectively, the varia-
tion of fluid composition increases to 5%, 8%, and 10%. It
can be seen that geothermal gradient is the most important
factor leading to compositional gradient effect. Therefore,
for reservoirs with large geothermal gradient, such as some
ultrahigh temperature reservoirs, the compositional gradient
effect has aroused great attention.

3.2. Fluid Composition. In order to investigate the influence
of different fluid types on the distribution of compositional
gradient under the same formation conditions, this paper
selected three critical fluids, including volatile oil, rich con-
densate gas, and condensate gas, as the research objects.
Composition data of fluid samples are shown in Table 1.
Calculation results show that the contents of light composi-
tions decrease, and the contents of heavy compositions
increase in all three fluid samples with the increase of reser-
voir depth, especially C1 and C7+. The decrease of C1 is
almost equal to the increase of C7+ (Figure 2). The lighter
fluid samples, the more obviously the fluid compositions
change with depth. As shown in Figure 3, only C1 and C7+
composition in the volatile oil obviously change with depth.
For rich condensate of which fluid properties are lighter,
composition C2 − C6 increase with depth, and their molar
contents present obvious increasing trend. For condensate
gas whose compositions are the lightest, the contents of C2
− C6 have the largest variation with depth, indicating that
the lighter the fluid sample is, the more obvious the compo-
sitional gradient effect of the light composition is.

3.3. Reservoir Temperature. Taking rich condensate gas sam-
ple as an example, C1 and dew point pressure are taken as
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Figure 1: (a) Effect of geothermal gradient on compositional gradient. (b) Effect of geothermal gradient on dew point pressure.
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observation objects to study the compositional gradient
effect and the variation of fluid properties of the same fluid
at different reservoir temperatures. It can be seen from
Figures 4(a) and 4(b) that the vertical fluid composition
and fluid properties are different due to the different reser-
voir temperature at the reference depth. The higher the res-
ervoir temperature is, the smaller the variation of fluid
compositions and fluid properties is. It indicates that the
increase of reservoir temperature will weaken the composi-
tional gradient effect. Therefore, it can be seen that the fluid
compositions and fluid properties vary with depth slightly in
ultrahigh temperature reservoirs.

3.4. Reservoir Pressure. Reservoir pressure is one of the indi-
rect factors affecting the distribution of fluid compositions
and fluid properties with depth. The vertical fluid composi-
tion and properties are different due to the different reser-
voir pressure at the reference depth. As can be seen from
Figures 5(a) and 5(b), the higher the reservoir pressure is,
the weaker the vertical compositional gradient effect is, and
the smaller the corresponding dew-point pressure changing
with the depth is. Therefore, for reservoirs with high reser-
voir pressure, such as the deep buried reservoirs or ultrahigh
pressure reservoirs, the compositional gradient effect will be
weakened.

4. Typical Tight Condensate Gas Reservoir
Development and Production Strategy

4.1. Brief Introduction of Gas Reservoir. S condensate gas res-
ervoir located in the Middle East is a typical moderate-giant
gas reservoir rich in condensate. The net pay of the reservoir
is about 50m, and the middle depth of reservoir is -4035m.
It belongs to a weak edge aquifer, low-porosity, and tight
condensate gas reservoir with no stable buffer and good
interlayer connectivity. Before this condensate gas reservoir
was put into development, as shown in Figure 6 the original
fluid samples were obtained from the high, middle, and low
parts of the reservoir structure, and the gas-oil ratios were
1696m3/m3, 754m3/m3, and 445m3/m3, respectively, show-
ing obvious compositional gradient effect.

4.2. Original Gas in Place. The composition gradient effect
results in the different composition in different reservoir
depths, and the corresponding fluid parameters such as for-
mation volume factor, dew point pressure, and gas-oil ratio
also are great differences. The formation volume factor is
one of the core parameters in the calculation of original
gas in place. If the constant formation volume factor is used
to calculate the original gas in place in oil reservoirs with
obvious composition gradient, the calculated original gas in
place will have obvious deviation from the actual value.

As shown in Figure 7, formation volume factor of the
fluid in S tight condensate gas reservoir increases with the
reservoir depth, from 0.0034 to 0.0049. Compared with the
gas formation volume factor at -4035m which is the middle
depth of reservoir, the formation volume factor above
-4035m is smaller, while the formation volume factor below
-4035m is larger, with the maximum deviation ranges of
-7% and 35%, respectively. If the formation volume factor
at -4035m is used to calculate the original gas in place of
the entire condensate gas reservoir, the original gas in place
of the reservoir above the -4035m is smaller (blue shade in
Figure 7), and the original gas in place below -4035m is
larger (red shade in Figure 7). S is a gently structured layered
reservoir, most of the hydrocarbon is located above -4035m.
If the compositional gradient effect is neglected, that means
the formation volume factor at -4035m is used to calculate
the original gas in place, and the surplus of the original gas
in place below -4035m cannot offset the shortage of original
gas in place above -4035m, resulting in the total original gas
in place are about 5% smaller than the actual.

4.3. The Development Strategy. As shown in Figure 8, due to
the compositional gradient effect, the fluid dew point pres-
sure in the S tight condensate gas reservoir increases with
depth, varying up to 2MPa across the reservoir depth range.
In the middle of the reservoir, the fluid became the rich con-
densate gas, and in the bottom of the reservoir, the fluid has
developed from rich condensate to the volatile oil. So it can
get better economic benefits to firstly develop the middle
and lower part of the reservoir with more oil compositions.
Therefore, the condensate gas reservoir adopts a develop-
ment strategy of prioritizing the deployment of development
wells in the structural wing and the perforation of the lower
part of the reservoir. On the one hand, the gas cap expansion
energy can maintain formation pressure, and the expansion
energy of gas cap is used to maintain formation pressure,
which is particularly important for tight gas condensate res-
ervoirs. On the other hand, a large amount of high-quality
condensate oil can be obtained quickly. However, due to
the weak aquifer of the tight condensate gas reservoir and
the high dew point pressure of fluid in the wing structure,
it is necessary to carry out the pressure holding measures
before the pressure at the bottom of the reservoir drops to
the dew point pressure to avoid the impact of condensate
banking on the overall recovery of the condensate gas
reservoir.

The emphasis on the compositional gradient effect and
such development strategy is very important for the tight
condensate gas reservoir, because the reservoir property of

Table 1: Composition content of three fluid samples.

Composition Volatile oil Rich condensate gas Condensate gas

N2 0.73 0.11 0.10

CO2 2.35 2.82 3.31

H2S 0.03 0.03 0.05

C1 57.71 71.06 81.52

C2 8.07 6.32 4.51

C3 5.45 3.71 2.10

iC4 1.05 0.76 0.44

nC4 2.66 1.76 0.88

iC5 1.05 0.79 0.44

nC5 1.21 0.91 0.50

C6 0.24 1.24 0.77

C7+ 19.46 10.49 5.38
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Figure 2: C1/C7+ content variation with depth for different fluid samples.
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Figure 4: (a) Effect of reservoir temperature on compositional gradient. (b) Effect of reservoir temperature on dew point pressure.
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Figure 5: (a) Effect of reservoir pressure on compositional gradient. (b) Effect of reservoir pressure on dew point pressure of fluid.

Figure 6: Sampling location of the original fluid in S tight condensate gas reservoir.
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this type of condensate reservoir is very tight, and due to
reservoir pressure lower than dew point pressure, the precip-
itation of condensate will seriously block the reservoir pores
and the throats. This will cause the fluid to not flow
smoothly in the reservoir, which in turn lead to a sharp
reduction in recovery factor.

Thereby, it is necessary to consider the variation of oil/
gas ratio and dew point pressure with depth caused by
compositional gradient effect when developing development
strategy, so as to achieve better development effect.

4.4. Surface Engineering Design. Compositional gradient
effect also has great influence on oil and gas central process-
ing facilities. The processing capacity of the oil and gas
surface processing plants should be consistent with the sub-
surface production capacity. If the processing g capacity of
the plants is too large, the economic benefit of the whole
project will be adversely affected, while if it is too low, the
production will be restricted. Therefore, the fluid properties
and development steps of oil and gas reservoirs should be
considered comprehensively in the construction of oil and
gas central processing facilities.

As shown in Figure 9, the high, medium, and low gas/
oil ratios in S condensate gas reservoir are 1696m3/m3,
754m3/m3, and 445m3/m3, respectively. If the production
gas/oil ratio of samples in middle depth is used in the
design of the processing capacity of various plants in S
condensate gas reservoir, it will lead to the situation that
the surface plants cannot meet the production demand.
In the early stages of development, production may be
constrained by the ability of condensate processing units
due to the priority of producing the condensate in the
middle and lower parts of the reservoir. Also, in the mid-
dle and high part of the reservoir, as well as dissolved gas
precipitation and other factors, the natural gas processing
plant may not be able to handle all the produced gas,

resulting in production limit, which affects the develop-
ment process and economic benefits of the whole project.

Therefore, in the development of a condensate gas reser-
voir with composition gradient effect, such as a condensate
gas reservoir, before designing surface oil and gas processing
facilities, on the one hand, original fluid samples at different
depths should be obtained as much as possible for better
understanding of reservoir fluids. On the other hand, in the
preparation of the initial development plan, the integrated
development strategy, zoning development or step by step
production, or even combined with the surplus surface pro-
cessing capacity of oil and gas in the adjacent oil and gas fields,
should be adopted to improve the loading rate of processing
facilities as much as possible to increase economic benefits.

5. Conclusion

Due to the influence of gravity field and geothermal gradi-
ent, transitional fluids such as condensate gas or volatile oil
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always have compositional gradient effect, which is most
obvious in moderate-giant reservoirs.

Geothermal gradient, fluid composition, reservoir tem-
perature, and reservoir pressure all have varying degrees of
influence on compositional gradient effect, and the geother-
mal gradient has the most direct and obvious influence. The
larger the geothermal gradient is, the stronger the composi-
tional gradient effect is. The larger the reservoir temperature
and pressure are, the weaker the compositional gradient
effect is. C1/C7+ has the most obvious compositional gradi-
ent effect among all fluid compositions, and the increase of
C7+ content is almost equal to the decrease of C1 content.

Compositional gradient effect has important influence
on the calculation of original gas in place, development strat-
egy, surface engineering design, and so on. When an oil and
gas field reservoir with compositional gradient effect is put
into development in an all-round way, the original fluid
samples at different depth should be taken as much as possi-
ble, so that a more clear understanding of reservoir fluid
provides the solid material foundation for the entire devel-
opment process and obtains maximum economic benefits.

Nomenclature

n: Number of compositions in a system
i: Composition number
Mi: Molar mass of composition i
μi: Chemical potential of composition i
g: Gravitational acceleration
h: Reservoir depth
R: Universal constant of the gas
T : System temperature
Zi: Molar content of compositon i
P: System pressure
f i: Fugacity of compositon i
φi: Fugacity coefficient of composition i

Ph0 : Pressure at depth h0

Zh0
i : Composition i at depth h0

Ph: Pressure at depth h
Zh
i : Composition at depth h

M: Average molecular weight of the mixture
Hig

i : Ideal gas enthalpy of composition i
~H
res
i : Partial molar residual enthalpy of composition i

~H: Partial molar enthalpy of the mixture
fHi : Partial molar enthalpy of composition i.
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