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ABSTRACT

The liquid sulfur precipitated from high-sulfur gas
reservoir will change the situation of only single-phase
gas permeability. Moreover, the continuous
accumulation of precipitated liquid sulfur will bring
certain damages to the reservoir, reduce the productivity
and affect the development of gas well. In order to define
the law of gas-liquid sulfur phase permeability, this paper
sets up a flow resistance model considering the liquid
sulfur boundary layer at the pore scale including the
capillary force, gas phase viscosity force and liquid sulfur
phase viscosity force. Then in combination with the
fractal theory of porous media, this paper establishes the
prediction model of gas-liquid sulfur relative
permeability and compares the prediction curve
calculated by the model with the result of real core gas-
liquid sulfur phase permeability experiment in non-
steady state. According to the comparison result, the
mathematical model of gas-liquid sulfur phase
permeability can reflect the features of gas-liquid sulfur
phase permeability, but there is a certain error with the
experimental results, for instance, the sulfur saturation
of isotonic point is 5% less than the experimental result
while the relative permeability of isotonic point is 10%
higher than the experimental result. This is because the
mathematical model of phase permeability is deduced
based on the steady state theory while in the experiment
the non-steady state method is adopted. The two
methods are based on different assumptions, which
naturally results in a certain error.
Keywords: flow resistance, gas-liquid sulfur phase
permeability, liquid sulfur adsorption boundary layer

NONMENCLATURE

Symbols

A Fractal area of porous media, m?

Ds Core fractal dimension

D~ Tortuosity fractal dimension

h Capillary number in core, dimensionless

p Distance required to form a stable boundary
4 layer,m

Iy Length of gas section,m

p Capillary pressure at right end of gas phase
< in distribution form 1, Pa

P Sulfur viscosity of throat liquid in
Vel distribution 1, Pa

P Total liquid sulfur viscosity of Distribution 2,
vs2 Pa

Ap Pressure difference between two ends of

capillary,Pa

Qg Gas flow in core, m3/s

Qs Liquid sulfur flow in core, m3/s

R Throat radius,m

r Capillary radius,m

Ser Bound sulfur saturation, %

Ser Residual gas saturation, %

4 Gas phase wetting angle, °

Tg Gas phase tortuosity, decimal

T Tortuosity of liquid sulfur phase, decimal

Ds Density of liquid sulfur,kg/m3

1) Boundary layer thickness,m
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Amax Maximum capillary diameter,m

v Fluid velocity,m/s

1. INTRODUCTION

Relative permeability, which is used as a quantitative
parameter to describe the flow law of multiphase fluid in
porous media, has been widely applied in multiple fields
including the petroleum engineering and soil science.
The methods of testing phase permeability curve can be
divided into two situations: the steady state and non-
steady state. The former refers to the method of
establishing stable two-phase core flow conditions in
different fluid ratios to calculate the relative
permeability of each phase according to the Darcy Law;
the latter refers to the method of establishing the two-
phase flow in the core in different saturations by
displacement to calculate the permeability of each phase
under different water saturations in the core.

In the reservoir layer, the liquid sulfur can be
dissolved in acid gas in physical/chemical reaction. When
the'sulfur content in the gas reaches supersaturation, the
elemental sulfur will be gradually precipitated?/Bl, At
different temperature levels, the sulfur precipitated
from acid gas reservoir can stay in the sate of liquid and
solid respectively, which will both affect the gas flow in
porous media.

In the experiment, the solid sulfur can only be
converted from solid to liquid at 385.95K, so it’s hard to
obtain the gas-liquid sulfur phase permeability curve in
the non-steady state. Moreover, it’s very hard to control
the gas-liquid sulfur injection ratio in high temperature,
so it’s almost impossible to conduct the experiment of
phase permeability in the steady state. It's hard for use
to find any current researches on the experiment of gas-
liguid sulfur phase permeability. Therefore, we need to
establish a theoretical prediction model for the gas-liquid
sulfur phase permeability curve to reveal the relevant
mechanism.

The theory-based methods of calculating the
permeability curve can be divided into two kinds: the
calculation based on capillary forceP®and the power
function empirical formula”!®., Both methods can
effectively predict the permeability curve. However, in
high-sulfur gas reservoir, the boundary layer generated
on the wall during liquid sulfur flow will affect the
displacement mechanism of gas and liquid sulfur, so the
influence of boundary layer shall be taken into
consideration when establishing the model to predict the
gas-liquid sulfur phase permeability curve.

Based on the method of calculating permeability by
capillary force curve, we introduce the influence of
boundary layer generated by the precipitated sulfur on
the gas-liquid sulfur two-phase permeability, establish
the porous medium gas-liquid sulfur two-phase pore-
throat displacement mechanism and set up the
prediction model of gas-liquid sulfur phase permeability
curve by fractal theory to characterize the core
heterogeneity.

2. MODEL OF GAS-LIQUID SULFUR TWO-PHASE FLOW

RESISTANCE

When studying the gas-liquid sulfur two-phase flow
mechanism, it's necessary to discuss the two-phase flow
resistance at the pore scale first. In this summary, we
consider the pore-throat unit as the physical model and
deduce a gas-liquid sulfur two-phase flow resistance
model considering the thickness of liquid sulfur
boundary layer to be used as the basis for the
subsequent mathematical model of gas-liquid sulfur
phase permeability.

2.1 Gas-Liquid Sulfur Two-Phase Distribution Pore-
Throat Model

The pore space of the core is simplified into a series
of parallel capillaries, each of which is connected by n
pore-throat units. When it’s assumed that the pore-
throat unit is fully saturated with liquid sulfur, the gas will
conduct piston displacement on the liquid sulfur in the
pore-throat unit from left to right. The distribution of
liquid sulfur boundary layer is shown in Fig. 2-1

Fig. 2-1 Schematic diagram of liquid sulfur boundary layer
in pore throat unit

2.2 Introduction Model of Liquid Sulfur Boundary Layer
Thickness

When deducing the mathematical model of liquid
sulfur boundary layer thickness, the following
assumptions shall be made:

(1) Liquid sulfur and gas flow in the capillary layer;
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(2) During the flow of liquid sulfur and gas, only liquid
sulfur will produce a boundary layer, which is
symmetrically and evenly distributed inside the capillary
wall, as shown in Fig. 2-1.

(3) All fluids are incompressible.

Based on the von Karman boundary layer integral
equation of steady incompressible fluid flow, the
pressure derivative at the wall is O:

0 (o 0 (s
ol &(J‘O v(zx)dy)—psv&(jo v(x)dy) =—-7, (2-1)

It is assumed that the velocity distribution in the
liquid sulfur boundary layer can be approximately
expressed as:

2 3 4
Vg =8 tay+ay’ +ay’tay’  22)

Combined with the boundary conditions, the
approximate expression of velocity distribution in the
liquid sulfur boundary layer is obtained as follows:

_ 3, Vo a
Y0 = 25y 253 s

Combined with formula 2-1 and 2-3, the shear stress
T, generated by liquid sulfur and the wall surface is
expressed as follows:

dv 2uN
To= 1 (d_j = (2-4)
Yo O

The thickness of boundary layer considering liquid
sulfur precipitation is as follows:

(2-3)

5 =5.83 |Mels (25
PV

The thickness of liquid sulfur boundary layer at
different liquid sulfur flow rates can be calculated by the
above formula.

2.3 Fluid Distribution in Pore-Throat Unit

Based on the pore throat distribution model in the
Upper section, it is concluded that there are three types
of'gas-liquid sulfur distribution in the process of gas drive
sulfur, namely:

(a) Dlstrlbutlon form 1(b Dlstrlbutlon form 2(c)
Distribution form 3
Fig. 2-2 Schematic diagram of gas drive liquid sulfur
In the distribution form 1, the gas is displaced into
the left throat of the pore-throat unit, but has not yet
access to the middle pore. The force received is mainly
the capillary force generated when the gas displaces the
liquid sulfur, the gas phase viscosity force when the gas
flows into the throat and the liquid phase viscosity force

generated when the remaining liquid sulfur flows in the
pore-throat unit. At this moment, the gas viscosity force
is small while the fluid viscosity force is large. When the
gas is displaced into the intermediate pores as shown in
the distribution pattern 2, the capillary force still exists
then and the gas phase viscosity force will gradually
increase in the process of displacement while the liquid
phase viscosity force will gradually decrease; in the
distribution form 3, the gas is displaced into the right
throat of the pore-throat unit. The liquid phase viscosity
force will gradually disappear while the gas phase
viscosity force will increase to the maximum level.

2.4 Model of Flow Resistance

Based on the pore-throat unit model, the coordinate
system is established to analyze the gas-liquid sulfur two-
phase flow resistance. According to the location of gas-
liguid sulfur interface, there are three situations as
follows: interface in left throat, interface in intermediate
pore and interface in right throat. Therefore, the
abscissas of points A and B in Figure 2-3 shall be
determined to make the classification and analyze the
gas-phase flow resistance, capillary force and liquid-
phase flow resistance in each of the aforesaid situations.

T

Fig. 2-3 Analysis of flow resistance of orifice throat
unit and establishment of coordinate system
(1) flow resistance model of distribution form 1
When 0< Iy < [l/2-(R>-r)Y?],The flow resistance of

orifice throat unit is shown in Fig. 2-4.
Py P,

Fig. 2-4 Flow resistance diagram of distribution form 1

In distribution 1, the pressure difference at both
ends of capillary is the sum of gas flow resistance and
liquid sulfur flow resistance (i.e. liquid sulfur viscous
force).

AR=P, +AP,, 8& [I ~2(R?- 2) Igi]

(2-6)

Ll y(R2y2 2 8
+L2’(F: 2 1)2 Bu 7l + 20,0050 + Al 2 'Igi
T R (I - 1,/2) r-o.  (r-¢,)
(2) flow resistance model of distribution form 2
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When [li/2-(R*-r)?] < g < [lf2+(R*r?)"?],The flow
resistance of orifice throat unit is shown in Fig. 2-5.
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Fig. 2-5 Flow resistance diagram of distribution form 2
The resistance of gas-liquid-sulfur two-phase flow
AP is equal to the sum of liquid-phase flow resistance
and gas-phase flow resistance APg. The resistance of
liquid phase flow is the viscosity of liquid sulfur Pys,.
AP,=P,+AP,,
_ 20030 " Bﬂsz{L._<Rz_rz)W}
JR=5.7 (1,172 (1=4))
Iy 8u,v (2-7)
+J. 2 Z —gzdl i
A (R, ) (1y-4/2) "
o . T Igi+8“;v{'i—(R2-r2)vz}
ls R*-(I;-1,/2) rr L2
(3) flow resistance model of distribution form 3
When [li/2+(R*r*)?] < Iy < I, The flow resistance of
orifice throat unit is shown in Fig. 2-6.
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Fig. 2-6 Flow resistance diagram of distribution form 3
The total gas-liquid sulfur two-phase flow resistance
APsis equal to the sum of liquid-phase flow resistance
(isediquid sulfur viscous force Pus3) and gas-phase flow
resistance APgs.
AP=P AP,

vs3
8/1 |/2+R22 8u,v
(1 _ dl,;
LS Ty S

. Sﬂgvz-[Ii—Z(RZ-rZ)M}zaCOS‘g
(r—é’r) r-o,

By using the core parameters of target block, the
flow resistance is transformed into the relationship
between sulfur saturation, and determine reasonable
pore throat combination and flow rate, and then
combined with the mathematical model of gas-liquid
sulfur infiltration, the calculation is carried out.

3.. FRACTAL PHASE PERMEATION MODEL OF GAS
LIQUID SULFUR
The fractal permeability of porous media can be
expressed as!*:

- I—oDT D; 23+Dr

T128 A 3+D; -D; e

The fractal flow rate of porous media can be
expressed as!*:

(3-1)

AP Df /13+DT
1281 1 3+D,-D, ™
Assuming that there are h capillaries in the core, the
gas flow rate Qg» and the liquid sulfur flow rate in the core
are Qs:
Qq :qu:
! (Pvgl +FR ) D, 3+Dr (3-3 )
v >, 3+D,-D (20-g )max
1:1128(1-55) (AP0 )" gy 3+Dr-Dy

Q:

(3-2)

Q.=20.=

n o D, 0, Py +P, (3-4)
AP - 2
128(2 027 )” 4, 30 D1 | (e-) (18,)” (oo

According to the tortuosity formula of gas phase and
liquid phase, considering the irreducible sulfur saturation
(Ssr) and residual gas saturation (Sg) in the core, the

following results are obtained:
P, +P, 30,
J‘lsg vgu+ cu(l S) 1Dr)d(s)
S p2 (3 Dy

)
-2

0 @0 °

s, AP 3Dr 1-5g Pgi + P, 7Dr
Lo e L e e )
=22 —— s
o fid(s)
°P5<3+t»)

©

1-5,-S, S-S,
071 s, —s 71 s,

The formula above is the gas-liquid sulfur fractal
permeability model established in this paper, which
considers the influence of boundary layer generated
during sulfur deposition and reflects the heterogeneity
feature of the core. Substituting into the model the
relationship between flow resistance and saturation
level established in Chapter 2, we can predict the gas-
liquid sulfur phase permeability curve of the core.

4. EXPERIMENTAL RESULTS AND COMPARATIVE
ANALYSIS
The unsteady phase permeability experiment was
carried out with the core of a high sulfur gas reservoir,
and the core related parameters were tested as follows:
Table 5-1 basic core parameters for gas liquid sulfur unsteady
phase permeability experiment

length diameter  weight ) K
number
(mm) (mm) (g) (%) (mD)
22 49.40 25.16 58.8624 15.01 103.70

The capillary force curve converted from nuclear
magnetic resonance data is used in the calculation of gas-
liquid sulfur infiltration mathematical model. The
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experimental data of core 22 are compared with the
model results, as shown in Fig. 4-1.
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Fig. 4-1 Comparison between experimental data and
mathematical model

According to the Figure 4-1, it can be seen that the
gas phase permeability curve and the liquid sulfur phase
permeability curve are not highly coincident if we only
focus on the comparison between the experimental data
oftNo. 22 core and the mathematical model. There is a
Certain error with the prediction results, for instance, the
sulfur saturation of isotonic point is 5% less than the
experimental result and the relative permeability of
isotonic point is 10% higher than the experimental result.
This is because the mathematical model of phase
permeability is deduced based on the steady state theory
while the experiment is done based on the non-steady
State method. The two methods are based on different

assumptions, which naturally results in a certain error.

5. CONCLUSION

(1) The model of liquid sulfur displacement boundary
layer is established based on the Von Karman boundary
layer integral equation for the steady flow of
incompressible fluid to calculate the boundary layer
thickness at different liquid sulfur speeds.

(2) According to different displacement positions of
gas-liquid sulfur phase in the pore-throat unit, three
types of gas-liquid sulfur distribution in the core are
obtained with corresponding gas-liquid sulfur two-phase
flow resistance model. The flow resistance is converted
into the relationship with the sulfur saturation by
relevant parameters, so that the specific data can be
substituted into the mathematical model of gas-liquid
sulfur phase permeability for calculation.

(3) Establish the gas-liquid sulfur fractal permeability
model considering the sulfur deposition boundary layer,
assume different pore-throat combinations and predict

the core permeability curve by means of capillary
pressure curve.

(4) Because the gas-liquid sulfur phase permeability
curve in stable state cannot be obtained in laboratory,
we compare the prediction results of this model with the
gas-liquid sulfur phase permeability curve in non-stable
state and find there’s a certain error, e.g. the sulfur
saturation of isotonic point is 5% less than the
experimental result and the relative permeability of
isotonic point is 10% higher than the experimental result.
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