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Abstract: Sulfur deposition commonly occurs during the development of a high-sulfur gas reservoirs.
Due to the high gas flow velocity near the wellbore, some of the deposited sulfur particles re-enter
the pores and continue to migrate driven by the high-speed gas flow. The current mathematical
model for sulfur deposition ignores the viscosity between particles, rising flow caused by turbulence,
and the corresponding research on the release ratio of particles. In order to solve the above problems,
firstly, the viscous force and rising force caused by turbulence disturbance are introduced, and the
critical release velocity of sulfur particles is derived. Then, a release model of sulfur particles that
consider the critical release velocity and release ratio is proposed by combining the probability theory
with the hydrodynamics theory. Notably, based on the experimental data, the deposition ratio of
sulfur particles and the damage coefficient in the sulfur damage model are determined. Finally,
a comprehensive particle migration model considering the deposition and release of sulfur particles is
established. The model is then applied to the actual gas wells with visible sulfur deposition that target
the Da-wan gas reservoir, and the results show that the model correctly reflects flow transport during
the process of sulfur deposition in porous media. In addition, through the numerical simulation
experiments, it was found that considering the release of sulfur particles reduces the saturation of
sulfur particles within a specific range around the well and improve the reservoir permeability in this
range. From the perspective of gas production rate, the release of sulfur particles has a limited effect
on the gas production rate, which is mainly due to the sulfur particle release being limited, having
only a 5 m range near the wellbore area, and thus the amount of gas flow from the unaffected area is
basically unchanged.

Keywords: acid gas reservoir; solid sulfur deposit; particle release; reservoir numerical simulation

1. Introduction

A high-sulfur gas reservoir contains abundant H2S and often a variety of sulfides bearing special
gas reservoirs. Sulfur dissolved in acid gas produced from high-sulfur gas reservoirs may either
precipitate as a liquid or solid as the pressure in the well and the reservoir decreases. When the
formation temperature is higher than the solidification point of sulfur (115.4–119 ◦C), liquid sulfur
is formed. When the formation temperature is lower than the solidification point of sulfur, solid
sulfur particles form and may block pores in the formation, reducing the permeability of the reservoir.
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This can potentially cause shutdown of the productive gas wells. In order to prevent or delay the
adverse effects caused by solid sulfur deposition and provide reasonable development strategies for
high-sulfur gas reservoirs, it is necessary to have a clear understanding of the principles of the porous
media flow within these reservoirs and establish a valid mathematical model.

With the increasing understanding of the mechanisms of sulfur deposition, various models have
emerged in recent years, but are generally divided into three categories: (1) those that establish an
analytical model for sulfur deposition through various assumptions (Kuo, 1972, Hyne, 1983, 1988,
Roberts, 1997) [1–3], with the model depending on whether the assumptions are close to the actual
situation; and (2)those based on black oil by replacing the elemental sulfur for the oil phase, The amount
of sulfur is adjusted by the proportion of condensate gas, while the permeability of condensate oil is
set to zero. A typical model is proposed by Bruce E. Robert to predict sulfur deposition based on the
measured data of several high-sulfur gas wells in Alberta and other gas fields in Canada [3]; Gu used a
similar method to simulate the liquid sulfur deposition process [4,5]. Currently, most scholars use
the Roberts model to study sulfur deposition. The most significant disadvantage of this model is
that it merely regards sulfur precipitation from acid gas as deposition in a static environment and
ignores the sulfur migration mechanism in acid gas (3). The third model describes sulfur particle
migration based on a particle migration model. Jamal and abou-Kassem studied the influence of
fluid velocity on sulfur deposition through core flooding experiments and proposed the concept of
critical sulfur carrying velocity [6]. Ali proposed a sulfur adsorption model in his numerical model [7].
Zhang Yong and Zeng Ping described the force characteristics of sulfur particles from the viewpoint
of micro-dynamics [8,9], and determined the effect of hydrodynamics on sulfur particles on the pore
surface, to propose a sulfur particle release model. Zeng Ping’s particle release model considered the
release of particles as mainly affected by four forces: hydrodynamics, gravity, van der Waals force,
and pore wall double electron layer repulsion force. Shield [10] also proposed a particle release model
without considering the viscous force based on the assumption of cohesionless particles. However,
according to Sagan [11] and Bagnold [12], it is believed that fine sand particles are difficult to release,
due to viscous force. Iverson [13] and White [14] have also confirmed the above viewpoint through
wind tunnel experiments and determined that the viscous force is essential for sand particles down to
1 µm. Therefore, the viscous force cannot be ignored when calculating the release of sulfur particles in
reservoirs. In addition, it is difficult for the lifting force caused by the high-speed shear of stable gas
flow to lift fine particles in a pore space. Fletcher and others directly observed through experiments
that the release of fine particles is often accompanied by unstable air flow disturbance, rather than
stable air flow sheerness [15]. Therefore, the expression of hydrodynamic shear force in the widely
used starting model of sulfur particles cannot technically be applied.

In this paper, the influence of viscosity and turbulence disturbance on the release of sulfur particles
are added to existing sulfur particle release models, to create a new comprehensive deposition model.
Based on experimental data, the deposition velocity of sulfur particles, the release velocity of the
particles, and the degree of damage to the particles on the reservoir were determined. This model
accurately reflects sulfur particle deposition when compared to wellbore data from the Da-wan gas
reservoir in the Puguang gas field, China, and the changes in production over time.

2. Sulfur Deposition Model

2.1. Comprehensive Mathematical Model Considering Sulfur Deposition

Underlying assumptions of the comprehensive mathematical model of sulfur deposition:

(1). Elemental sulfur precipitated from acid gas in the form of solid sulfur particles.
(2). The gas reservoir is considered as an isothermal system during the entire production process.
(3). The solid sulfur particles flow with the acid gas. When the sulfur particles move, the migration

speed of the sulfur particles is the same as that of the gas flow.



Energies 2020, 13, 1522 3 of 12

(4). The deposition of sulfur particles and the release of sulfur particles driven by high-speed air flow
are two main mechanisms in the process of gas carrying sulfur.

The sulfur migration model is mainly composed of two parts: a gas phase model, as shown
in Equation (1); and a sulfur particle migration model, as shown in Equation (2). In the process of
numerical simulation, the gas phase model is used to calculate the pressure distribution and gas flow
rate, and then used to calculate the suspended particle concentration in the porous media based on the
particle migration model. In addition, the three mechanisms of sulfur particle movement, including
precipitation, deposition, and release, are mainly considered in this model. The amount of sulfur
particles caused by each mechanism is added into the sulfur migration model as a source–sink term.

Gas phase model:

div(
kkrg

Bgµg
gradp) = −

∂
(
φρgSg

)
∂t

(1)

Solid particle migration model:

div
(
ugCs

)
+qCs+qdeposit+qrelease = −

∂
(
φSgCs

)
∂t

(2)

where qCS in Equation (2) is the amount of precipitated sulfur particles. Sulfur precipitation is mainly
related to the initial sulfur content in the acid gas and the solubility of sulfur under different temperature
and pressure conditions. The amount of precipitated sulfur can be calculated using Equation (3) and
the change in sulfur content (∆R) in the acid gas can be calculated by the solubility curve, which is
measured by experiments:

qCs = ∆RPV(1− Sw) (3)

where ∆R represents the change in sulfur content in the acid gas, and PV represents the pore volume.
Generally, as shown in Figure 1, when the initial formation pressure is P0, the initial sulfur concentration
is RS, and the solubility of sulfur corresponding to the initial formation pressure is R (P0). Generally,
RS is lesser than R (P0), so the acid gas is considered sulfur saturated at P0, and there will be no sulfur
precipitation. During production, the pressure of a reservoir drops from the original pressure P0 to
pressure P, and the solubility of the sulfur in the gas decreases to R (P). When RS is greater than R (P),
the acid gas is now supersaturated; sulfur precipitates out of solution due to this decrease in pressure
P until a concentration of R(P) is reached. This value is ∆R as calculated by Equation (3); that is to say,
under the pressure P, the acid gas cannot dissolve the sulfur with a concentration of RS; a part of the
sulfur element needs to be separated out until the sulfur concentration in the acid gas drops to R (P)
in the above process; the change in concentration of the sulfur element in the acid gas is ∆R; and the
mount of the separated sulfur is calculated using Equation (4).
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qdeposit in Equation (4) indicates the deposition amount of sulfur particles in porous media.
The characterization of the deposition amount is shown in Equation (4). Adep is the deposition rate of
the sulfur particles:

qdeposit = Adep ·Cs · PV · Sg (4)

In the process of numerical simulation, the deposition and amount of release sulfur particles were
recorded at each time step, and then the real deposition of sulfur particles was calculated at each
time using Equation (5). The sulfur saturation at each time is obtained by dividing the accumulated
sulfur particle volume by the pore volume (Equation (6)). According to the research of Gruesbeck [16],
the relationship between sulfur saturation and reservoir permeability is exponential [16], and the
reservoir damage model is shown in Equation (7), which was used to characterize the damage caused
by the deposited sulfur particles to reservoir permeability.

Vsul f ur =

∑(
qdeposit − qrelease

)
ρsul f ur

(5)

Ss =
Vsul f ur

PV
(6)

Kr = K0e−aSs (7)

2.2. Sulfur Particle Release Model

Particle release is when the gas velocity in the pore is high enough to cause disturbance on the
pore surface so that sulfur particles that have been deposited on the pore surface may release and flow
with the gas in the system. According to Sagan [11] and Bagnold [12], fine sand particles are difficult
to release mainly due to the viscous force. Iverson [13] and White [14] also confirmed the above
viewpoint through wind tunnel experiments. For fine particles such as sulfur, the release is mainly
caused by turbulence disturbance [15], as shown in Figure 2. The upwelling caused by turbulence
brings the deposited sulfur particles into the pores and flows with the gas through the system until
they are deposited once again.
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There are three forces that primarily affect sulfur particle release: (1) the viscous force between
particles; (2) the upwelling force caused by turbulence; and (3) the resultant force of gravity and the
buoyancy of the sulfur particles. According to Phillips [17], the viscosity between the fine particles is
directly proportional to the particle radius, as shown in Equation (8):

Fa = ac
π
2
ρsεd (8)

where Fa is the viscosity between particles; ac is the coefficient; ρs is the density of sulfur, in kg/m3; ε is
the adhesion parameter, in cm3/S2; and d is particle diameter, in µm, in which the adhesion parameter is
closely related to the material of particles. In this paper, the adhesion parameter of the sulfur particles
is taken as ε = 1.75 cm3/s2 by referring to the adhesion parameter of sediment [18]. According to
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the theory of Dou [19], the drag force caused by the turbulence disturbance of the gas flow can be
expressed as follows:

Fb = λy
π
4

d2ρu2

2
(9)

where Fb is the rising force caused by the turbulence disturbance, ρ is the air flow density, u is the air
flow speed, and λy is the coefficient. Besides the viscous force and turbulence disturbance, there are
also gravity and buoyancy that affect sulfur particle release. The expression of the resultant force of
gravity and buoyancy is as follows:

Fg = (ρs − ρg)g
π
6

d3 (10)

when the combined force of gravity and viscosity is equal to the uplift drag force, and sulfur particles
begin to release from the pore surface. When the gas velocity reaches uc, sulfur particles may be
released from the pore surface, and the expression of the critical velocity is shown in Equation (11):

uc =

√
a1
(ρs − ρg)gd

ρ
+ a2

ε
d

(11)

According to experimental data, Dou [19] have set coefficients a1 and a2 in Equation (11) as 3.6 and 2,
respectively. A new particle release model for sulfur particles is established after the critical flow rate
uc is calculated:

qrelease =

{
0, u < uc

ArCsdPV(1− Sw), u > uc
(12)

For the new sulfur particle release model, when the gas velocity is less than the critical flow rate
uc, the rising force caused by turbulence disturbance is not enough to lift the deposited sulfur particles,
and the release possibility of sulfur particles is zero. When the gas rate is greater than or equal to
the critical flow rate uc, the rising force caused by turbulence disturbance is enough to lift the sulfur
particles causing them to enter the pore space with the flow of acid gas. Ar in Equation (12) is used to
describe the release rate of sulfur particles. The release possibility Ar of sulfur particles is actually a
probability of particle release; Ar is related to the velocity of gas flow, and a higher velocity equates to a
higher probability of particle release from the pore surface. Even if the gas flow rate is greater than the
critical flow rate, the particles may still not release. The main reason for this phenomenon is complex
and diverse as there are a variety of factors affecting the release of particles, including the roughness
of the pore surface, the location of particles (such as being buried in the particle layer, or protruding
on the surface of the particle layer), and many others. These influencing factors cannot be accurately
known or characterized for every situation. Based on the above reasons, the probability model is best
to describe the particle release.

According to the probability model proposed by Dou [19], the release of particles can be generally
divided into three categories: (1) motionless, (2) small amount of motion, and (3) universal motion [19].
The motionless particles are particles with virtually no movement except for some protruding sulfur
particles on the pore surface that may occasionally shake. A small amount of motion consists of
a small amount of sulfur particles on the pore surface that start to move with the flow of the gas,
yet the majority of the particles stay in place. Universal motion consists of sulfur particles that are
fully released from the pore surface. The probability of each type of movement is given in the model.
The calculation of the probability is determined by comparison with experimental data. It can be seen
from Equation (13) that the probability of particle release is different when the gas velocity is in a
different range: uc1and uc2 were used to distinguish the different velocity ranges. According to Dou’s
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literature, the relationship between uc1, uc2 and critical velocity uc are able to be determined from
Equation (14). The equation of ucn is as follows in Equation (14):

Ar


p[u ∈ (0, uc1)] = 0.00135, motionless
p[u ∈ (uc1, uc2)] = 0.0277, small amount of motion
p[u ∈ (uc2,∞)] = 0.159, universal motion

(13)

ucn = muc, n = 1, 2 (14)

The value of m is different under different conditions, as shown in Equation (15):

m
{

1, foruc1

2, foruc2
(15)

The model described in this study mainly focuses on the effect of gas velocity on solid particle
migration. Due to the limitation of experiment conditions, the model ignores the influence of other
factors like pore throat structure, gelation nucleation [20,21], mineral composition [22], etc. Only
few articles have been dedicated to the accurate description of suspension, adsorption, deposition,
and release of particles in porous media. A study of the migration characteristics of sulfur particles
from the micro dynamics aspect is therefore merited.

2.3. Determination of Parameters

First, the deposition rate of the sulfur particles needed to be determined. The throat pore model
was built using ICEM software to simulate the deposition rate of the sulfur particles when gas flow
through the throat. In the simulation process, the gas phase was the continuous phase, and the solid
sulfur particles were in discrete spherical form in the flowing gas. The Euler Lagrange equation in the
software was used to simulate the gas–solid two-phase flow. The purpose of the numerical experiment
was to study the deposition ratio at different mass flow rates of 2× 10−11 kg/s, 4 × 10−11 kg/s, 6 × 10−11/s,
and 8 × 10−11 kg/s. Sulfur particles with radii of 0.1 µm, 0.2 µm, 0.5 µm, 1 µm, and 2 µm were simulated
for each mass flow rate. The simulation results are shown in Figure 3. The mass velocity of particles
had little impact on the deposition ratio of the particles, but the deposition ratio increased with the
increase in particle diameter. In the end, the research on sulfur particles by Zhang Guangdong [23]
indicated that the average diameter of the sulfur particles is typically 0.5 µm, so the deposition ratio is
set to 15% in the simulation process, the average rate for 0.5 µm particles.
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Figure 3. Deposition rate of sulfur particles with different diameters at different gas mass flow rates.

In order to measure the damage caused by the deposited solid sulfur to the reservoir, a weighing
experiment was designed to measure the change in sulfur saturation at different permeabilities of
the reservoir. The permeability of rocks under different sulfur saturations were measured in the lab
using core samples. The main experimental steps were as follows. First, a clean core from a sulfur gas
reservoir was obtained: a sample with a length of 4 cm and diameter of 2.5 cm was cut from the core.
A sulfur solution consisting of CS2 with a sulfur concentration of 0.3% was injected into the core at



Energies 2020, 13, 1522 7 of 12

various pressures to simulate five sulfur saturation levels from 0.00% to 0.06%. Once the outlet liquid
flow was stable, the core sample was dried and weighed at each pressure before continuing to the
next pressure step. The gas measurement method was then used to calculate the permeability under
different sulfur saturation levels of the core. This data was then entered into Equation (7) to determine
the degree of damage to the reservoir. A total of five sulfur injection operations were performed on the
core. The relationship between the measured permeability and sulfur saturation is shown in Figure 4.
According the experimental data and Equation (7), the damage parameter for the model was 8.806.
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Figure 4. Sulfur saturation compared to dimensionless permeability used to calculate the
reservoir damage.

3. Model Validation

In order to verify the proposed model accuracy, the Da-wan gas reservoir was chosen as an analog
for testing. The formation temperature of the Da-wan gas reservoir is 90–110 ◦C, which is in the range
of a solid sulfur deposition. A well with a 300-day production history in the Da-wan gas reservoir that
was accompanied with significant wellbore sulfur precipitation and evident production decline was
selected. After 90 days of constant production at 400,000 m3/day, production began to decline until the
rate was reduced to 350,000 m3/day. After a period of continuous production, the well began to decline
once again. The model simulated the gas production and bottom-hole pressure of the production well
with the basic parameters used for the numerical simulation shown in Table 1. The model results are
compared to the measured well data in Figure 5. Both the production rate and bottom-hole pressure
generally agree, indicating that the model and parameters used in the model are reasonable

Table 1. Basic parameters in numerical simulation.

Parameter Value Parameter Value

Rs 0.9 g/m3 P0 38 MPa

k 1 mD Pw 25 MPa

ϕ 0.2 uc 0.03 m/s

ρg 0.92 Kg/sm3 qg 5.0 × 105 m3/day

ρs 2200 Kg/m3 T 100 ◦C
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Figure 5. Comparison of the calculated data and observed well data.

4. Influence of Solid Sulfur Particle Release on Gas Well Production

4.1. Establishment of Single Well Numerical Model

In order to study the effect of sulfur particle deposition on production wells, a numerical simulation
for a single well model was created using the above model. The grid number of this model was
51 × 51 × 2 with a grid size of 2 m × 2 m × 5 m. According to the existing reservoir characteristics of
the Da-wan gas reservoir, the porosity was set to 0.15, the permeability to 1 mD, the gas saturation was
0.6181, and the comprehensive compressibility 1.82 × 10−4 1/MPa. The measured solubility curve of
the Da-wan gas reservoir of Figure 1 was used. The initial formation pressure was 35 MPa, and the
production well proration was set to produce at a constant rate of 500,000 m3/day until the bottom
hole pressure decrease to 30 MPa. When the production well was unable to produce at a constant rate,
the production well proration was changed to maintain a constant bottom hole pressure of 30 MPa.

4.2. Influnce of Sulfur Particle Deposition and Release on the Distribution of Sulfur and Gas Well Production

From the distribution diagram of sulfur saturation in Figure 6, if only considering the deposition
of sulfur particles, sulfur deposition mainly occurred within the 20 m surrounding the wellbore. When
considering both sulfur deposition and particle release, the distribution of sulfur saturation decreased
compared to the situation that had not considered the particle release. This decreased saturation
indicates that a large amount of deposited sulfur particles are released near the wellbore by the gas
flowing through the system. Overall formation damage caused by sulfur deposition is estimated to be
less when considering released sulfur particles in the model.
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From the permeability distribution diagram (Figure 7a), when only considering the deposition
of sulfur particles, the damage of the reservoir was mainly concentrated in an area within 20 m near
the wellbore. When considering particle release (Figure 7b), the permeability in the area 20 m near
the wellbore was dramatically improved, and the damage to the reservoir is mainly concentrated
in the 5 m range near the wellbore. The original damaged area ranging from 5 m to 15 m had been
greatly improved, and improvement near the area 5 m near the wellbore was not noticeable. The main
reason for this phenomenon is that the suspended sulfur particles and the released sulfur particles
were deposited along with gas flow gathering near the wellbore. Although there were a large number
of particles released within 5 m of the wellbore, there were also particles gathered and deposited near
the 5 m wellbore area at the same time.Energies 2019, 12, x FOR PEER REVIEW 9 of 12 
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Figure 7. Comparison of permeability across the simulated reservoir.

Based on Figure 8, sulfur deposition affects production in three aspects: 1O the stable production
period shortens; 2O the decline period increases; and 3O the decline rate increases. Once the release of
sulfur particles is considered, the gas production rate slightly increased and the decline period and
stable production period are almost the same as when considering deposition only.
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Figure 8. Gas production rate.

Based on Figure 9, accumulative production was about 70 million m3 for this well when the sulfur
deposition was not considered, and 66 million m3 after considering the sulfur deposition only. When
considering both the sulfur particle deposition and release, the cumulative gas production changed to
67.5 million m3; and only 1.5 million m3 more gas was produced within the 3000 days of production.
It is concluded that the sulfur particle release mechanism has little impact on the improvement of gas
production and though the release of sulfur particles will slow down the damage to the reservoir for a
certain period, the impact area is minimal, only within 5 m around the wellbore. There is almost no
impact beyond the nearby wellbore area, as the gas flow from the undamaged area has not changed.
The improvement of the gas production rate is also limited.
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Figure 9. Accumulated gas production.

5. Conclusion

1. In this paper, a sulfur particle release model was proposed. In the model, the viscous force
between the particles and the rising force caused by turbulence disturbance were mainly considered.
The critical rate of sulfur particle release and the rate of release sulfur particles were calculated using
this model.

2. The deposition rate of the sulfur particles with different diameters was simulated using
numerical simulation. The results show that the mass velocity of the gas flow has little effect on the
deposition velocity of sulfur particles, but that a larger diameter of the sulfur particles results in a
faster deposition velocity.

3. The reservoir damage experiment of the sulfur fixation deposits verified the accuracy of the
reservoir damage model, and the coefficient of damage parameter of the sulfur fixation deposit in the
Da-wan gas reservoir in the Puguang area is 0.806.

4. Through the comparison of numerical simulation experiments, considering the release of
sulfur particles affected the distribution of the sulfur particles around the well. Near the well zone,
sulfur saturation was relatively low, and at a certain distance from the well center, the highest sulfur
saturation gradually reduced with distance when considering sulfur particle release.
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Nomenclature

Adep Particle Deposit ratio, dimensionless qCs Volume of precipitated sulfur particles, m3

Ar Particle release ratio, dimensionless qdeposit Volume of deposited sulfur particles, m3

Bg gas formation volume factor, m3/m3 qrelease Volume of released sulfur particles, m3

Cs Suspended particle concentration, mg/g R Sulfur concentration in acid gas, mg/g
div divergence Rs Initial sulfur concentration in acid gas, mg/g
d Particle diameter, µm p gas phase pressure, MPa
grad gradient P0 Initial pressure, MPa
t Time, day PBHP Bottom hole pressure, MPa
g Gravitational acceleration, m/s2 PV Pore volume, m3

ug Gas velocity of particle, m/day q
production rate of horizontal well at wellhead
dominated by a line source production, m3/d

uc Critical velocity of particle, m/day Fa Viscous force, N
k permeability of matrix, md Fb Rising force caused by turbulence disturbance, N
krg relative permeability to gas, dimensionless Fg Join force of gravity and buoyancy, N
Sg Saturation of gas phase, dimensionless T Formation temperature, ◦C

Greeks symbols

Φ porosity, m3/m3 µ fluid viscosity, mPa·s
ρ density, kg/m3 ∂ differential operator
∆ difference calculation ε Adhesion parameters
λ Rising force coefficient, dimensionless

Subscripts

Cs precipice sulfur g gas
deposit deposited sulfur s sulfur
release Released sulfur c critical
y Vertical direction
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