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SUMMARY  
 
Task 1.0 Project Management and Planning 
  Done 
 
Task 2.0 Pore Network Generation 
  Done 
 
Subtask 2.1 Information of relevant information of in-situ hydrate-bearing sediments 
  Done 
 
Subtask 2.2 Generation of sediment packing using Discrete Element Model (DEM) 
  Done 
 
Subtask 2.3 Extraction of pore-network from sediment packing 
  Done 
 
Task 3.0 Algorithm for conductivity and hydrate dissociation 
  Done 
 
Task 4.0 Characteristic Curve and Relative Permeability 
  In progress 
 
 
Project timeline 

 
 
 
 
 
 

Year 1 Year 2 Year 3
Qtr1 Qtr2 Qtr3 Qtr4 Qtr1 Qtr2 Qtr3 Qtr4 Qtr1 Qtr2

 Task 1.0 Project Management and Planning
 Task 2.0 Pore Network Generation

Subtask 2.1: Information of grain size distribution
Subtask 2.2: Sediment packing by DEM simulation
Subtask 2.3: Extraction of pore network
Milestone A

 Task 3.0 Algorithm for conductivity and hydrate dissociation
Decision Point 1
Milestone B

 Task 4.0 Characteristic Curve and Relative Permeability
Subtask 4.1: Effect of network size/boundary condition
Subtask 4.2: Effect of hydrate habit
Subtask 4.3: Effect of hydrate saturation
Subtask 4.4: Effect of gas viscosity
Subtask 4.5: Effect of grain size distribution
Subtask 4.6: Suggestion of fitting parameters 
Decision Point 2
Milestone C



1. Introduction 
Numerical simulation studies predict the long-term behavior of hydrate-bearing sediments during 
gas production [Kurihara et al., 2008; Moridis et al., 2009; Moridis and Regan, 2007a, 2007b; 
Anderson et al., 2011, Myshakin et al., 2011, 2012]. Numerical simulators for gas hydrate 
studies adopt many equations for coupled-process analysis. One of important equations is a 
relative permeability equation because it affects gas and water production rate and gas recovery 
efficiency during gas hydrate development [Johnson et al., 2011; Minagawa et al., 2004; 
Mingawaga et al., 2007; Kleinberg et al., 2003; Gupta, 2007; Jang and Santamarina, 2011, 2014]. 
Expressions for relative water krw and gas permeability krg as a function of water saturation Sw 
require appropriate fitting parameters [Corey, 1954; Brooks and Corey, 1964; Stone, 1970; van 
Genuchten, 1980; Parker et al., 1987; Anderson et al., 2011; Moridis et al., 2008]. Therefore, the 
selection of proper parameters for relative permeability equations is critically important to 
enhance the ability of hydrate simulators for predicting gas and water production rate. However, 
laboratory data or numerical simulation studies are not available to guide the selection of 
adequate fitting parameters for relative permeability equations. 
 
The purpose of this paper is to suggest reliable fitting parameters for relative permeability 
equations by simulating gas expansion and calculating relative permeability using a pore-
network model. Two types of relative permeability equations are introduced and the fitting 
parameters used in hydrate study are summarized in the following section. 
 
2. Relative Permeability Equations for Gas Hydrate Production 
The relative permeability of water krw (or gas krg) is the water (or gas) conductivity at a given 
water saturation Sw normalized by the water (or gas) conductivity at 100% water saturation (or 
gas). The conductivity at the irreducible phase saturation may be used as a reference value 
[Jaiswal, 2004]. In this study, water conductivity at 100% water saturation and gas conductivity 
at residual water saturation are used as reference values. Relative permeability varies as a 
function of saturation, and predictive models are intimately related to the water characteristic 
curve models [Fredlund and Xing, 1994; Fredlund, 2002]. 
 
Two popular types of relative permeability models follow . 
 

krw=S0.5 1-‐ 1-‐S1 m m 2
 (1) 

             van Genuchten-type 
 

 
krg= 1-‐S 0.5 1-‐S1 m 2m

 
(2)  

     

 
krw=

Sw-‐Srw
1-‐Srw

nw

 
(3) 

             modified Stone-type 
 

 
krg=

Sg-‐Srg
1-‐Srw

ng
 (4)  

where Srw is the residual water saturation, Srg is the residual gas saturation, S=(Sw-Srw)/(1-Srw) is 
the relative water saturation [van Genuchten, 1980; Parker et al., 1987; Stone, 1970; Moridis et 
al., 2008]. The fitting parameters such as m-value for Equation 1 and 2, and nw- and ng-value for 
Equations 3 and 4 are needed for relative permeability calculation. The residual water Srw and 
gas saturation Srg need to be determined as well.  
 



Relative water and gas permeability curves obtained by using several fitting parameters are 
shown in Figure 1. The van Genuchten-type equations shows that as the fitting parameter 
increases from m=0.45 to 1.1, relative water permeability krw increases while relative gas 
permeability krg decreases at a given water saturation (Figure 1a). However, for modified Stone-
type equations, as the fitting parameters nw and ng increase, both relative water and gas 
permeabilities decrease at a given water saturation (Figure 1b). The water permeability 
calculated using m=0.9 and gas permeability calculated using m=1.1 of van Genuchten-type 
equation are almost identical to the modified Stone-type water and gas permeability curves 
obtained with fitting parameters nw=ng=3. 
 
The m-values obtained by conventional laboratory experiments that do not consider gas hydrate 
are compiled in Wösten et al. (1999). The m-values for 5521 European soil samples range from 
m=0.0793 for very fine-grained soils to m=0.3424 for coarse-grained soils. In the experiments 
performed in those conventional studies, water and gas invade from one boundary to the other 
boundary of a soil specimen [ASTM D6836]. However, gas nucleates at pores inside sediments 
during hydrate dissociation. This different gas generation mechanism may result in different gas 
permeability during gas invasion and gas nucleation [Yortsos et al., 1989; Poulsen et al., 2001].  
 
Fitting parameters and residual water and gas saturation for relative permeability equations used 
in hydrate-bearing reservoir simulations are compiled by Jang and Santamarina (2014): m≈0.45, 
Srw=0.2~0.3, and Srg=0.05 for van Genuchten-type equation, nw=3.0~4.5, ng=2.0~4.0, 
Srw=0.1~0.25, and Srg=0~0.02 for modified Stone-type equation [Hong and Pooladi-Davish, 
2003, 2005a, 2005b; Uddin et al., 2008; Moridis and Regan, 2007a, 2007b; Moridis and Sloan, 
2007; Moridis et al., 2007, 2009; Reagan et al., 2010; Reagan and Moridis, 2008; Rutqvist and 
Moridis, 2007, 2009; Moridis and Kowalsky, 2005; Anderson et al., 2011; Kurihara et al., 2011; 
Gupta, 2007; Konno et al., 2010]. However, up to the authors’ best knowledge, any supporting 
experiment or numerical study to validate these selected fitting parameters for hydrate simulation 
studies is not available in the literature. 
 
In this paper, in order to suggest appropriate fitting parameters of relative permeability equations 
for gas production from hydrate-bearing sediments, a pore network model is developed to 
simulate gas expansion and calculate relative permeability. 
 
3. Numerical Method and Procedure 
A pore network model consists of pores connected by tubes. The method of pore network model 
generation, gas expansion, and permeability calculation is explained in this section. 
 
Pore network model generation. Using the grain size distribution and the effective stress of in-
situ hydrate-bearing sediments, a three-dimensional particle packing is generated by Discrete 
Element Modeling DEM (Itasca, PFC 3D). The grain size distribution of Mallik-Mackenzie 
Delta sandy sediments is selected for an input of DEM simulation [Soga et al., 2007; Jenner et 
al., 1999]. More information about grain size distribution of in-situ hydrate-bearing sediments 
can be found in Soga et al. (2007), Jenner et al. (1999), Ginsberg et al. (2000), and Tan (2004). 
After particles are generated, a confining pressure 𝜎!=5MPa equivalent to the effective stress of 
in-situ hydrate-bearing sediments at ~500m below sea floor is applied to consolidate the particle 
packing (Figure 2a). Once the particle packing is obtained, the pore space of the packing is 



extracted (Figure 2b). Then, the maximal ball algorithm developed by Silin and Patzek (2006), 
Al-Kharusi and Blunt (2007), Dong (2007), and Dong and Blunt (2009) is applied to extract 
three-dimensional pore network model (Figure 2c).  
 
Hydrate distribution. Hydrates are randomly disseminated in pores to satisfy a target initial 
hydrate saturation. In numerical simulation, pores are fully filled with either hydrate or water 
because of Oswald ripening. 
 
Gas expansion. Hydrates dissociate into methane and water. While the volume of water 
dissociated from hydrate is around 79% of the initial volume of hydrate, the volume of 
dissociated methane gas is dependent on pressure and temperature conditions. The modified 
Peng-Robinson equation of state (PRSV) is used to compute the volume of methane gas during 
depressurization [Stryjek and Vera, 1986]: 

P! =
!!!
!!!!

− !
!! !!!! !!(!!!!)

	   	   	  	  	  	  	  	  	  	  	  	  	  	  (5)	  

where	  Pg	  is	  the	  gas	  pressure,	  Tg	  is	  the	  gas	  temperature,	  Vg	  is	  the	  volume	  of	  gas	  per	  mole	  of	  gas,	  R	  is	  
the	   universal	   gas	   constant,	   and	   the	   values	   of	   a	   and	   b	   are	   parameters	   for	  methane	   gas	  which	   are	  
tabulated	  in	  Jang	  and	  Santamarina	  (2011)	  as	  well	  as	  other	  parameters.	  	  
	  
Differential	  pressure	  between	  gas	  and	  water	   in	  a	   tube	  of	   the	  pore	  network	  model	   is	   the	  capillary	  
pressure	   that	   is	   a	   function	   of	   surface	   tension	   Ts,	   contact	   angle	   θ,	   and	   tube	   radius	   Rtube,	   Pc=Pg-‐
Pw=2Tscosθ/Rtube	  where	   the	  water-‐methane	   interfacial	   tension	   is	   Ts=0.072mN/m	  and	   the	   contact	  
angle	  is	  assumed	  θ=0°	  for	  a	  perfectly	  wetting	  system.	  	  
	  
Hydrate	  dissociation	  and	  gas	  expansion	  starts	  by	  gradually	  decreasing	   the	  water	  pressure	  at	   two	  
opposite	  boundaries	  of	  the	  pore	  network	  model.	  Gas	  expands	  to	  the	  neighboring	  water	  pores	  if	  the	  
gas	   pressure	   is	   higher	   than	   the	   summation	   of	   water	   pressure	   Pw	   and	   the	   capillary	   pressure	   Pc,	  
Pg>Pw+Pc.	  Gas	  expands	  to	  water	  pores	  that	  have	  the	  minimum	  value	  of	  water	  pressure	  plus	  capillary	  
pressure,	  min(Pw+Pc).	  Gas	  expands	  to	  the	  neighboring	  water	  clusters	  unless	  (1)	  gas	  pores	  surround	  
an	   isolated	  water	   cluster	   (The	   isolated	  water	   cluster	   doesn’t	   have	   an	   access	   to	   a	  water	   drainage	  
path)	   or	   (2)	   the	   gas	   cluster	   does	   not	   satisfy	   the	   gas	   expansion	   condition,	   Pg>Pw+Pc.	  An	   extended	  
Hoshen-‐Kopelman	  algorithm	   is	   used	   for	   clustering	  both	  water	   and	   gas	  pores	  during	   each	   step	  of	  
depressurization	  [Hoshen	  and	  Kopelman,	  1976;	  Al-‐Futaisi	  and	  Patzek,	  2003].	  
	  
Permeability	  calculation.	  At	  every	  gas	  expansion	  step,	  the	  pressure	  drop	  in	  the	  tubes	  of	  the	  pore	  
network	   model	   is	   determined	   for	   both	   water	   and	   gas	   phase	   using	   Poiseuille	   equation,	  
ΔP=8μQΔL/(πRtube4)	  where	  ΔP	  is	  the	  pressure	  drop,	  Q	  is	  the	  flow	  rate,	  ΔL	  is	  the	  length	  of	  tube,	  Rtube	  
is	   the	   radius	   of	   tube,	   and	   μ	   is	   the	   dynamic	   viscosity	   of	   fluid	   (see	   Jang	   et	   al.	   2011	   for	   detailed	  
procedure	  of	  hydraulic	  conductivity	  calculation).	  	  
	  
4. Results 
An	  initial	  hydrate	  saturation	  Sh=0.02	  is	  used	  for	  gas	  expansion	  simulation.	  For	  hydrate	  dissociation	  
and	   gas	   expansion,	   the	  water	   pressure	   decreases	   from	  13MPa	   to	   0.1MPa	   at	   a	   given	   temperature	  
280K.	   The	   depressurization	   rate	   is	   assumed	   very	   slow	   so	   that	   the	   heat	   needed	   for	   hydrate	  
dissociation	   is	   transported	   from	   the	   pore-‐network	   model	   boundaries	   to	   maintain	   constant	  
temperature.	  Depressurization	  below	  hydrate	  stability	  boundary	  allows	  hydrates	  to	  dissociate	  into	  
gas	   and	  gas	   expand	   (Figure	  3a),	   and	  gas	  percolation	  occurs	   at	   the	   gas	   saturation	  Sg=0.12	   (Figure	  
3b).	  Gas	  expands	  more	  with	  further	  depressurization	  (Figure	  3c).	  Gas	  continues	  to	  expand	  until	  the	  



water	  clusters	  loose	  a	  water	  drainage	  path.	  At	  every	  gas	  expansion	  step,	  water	  and	  gas	  conductivity	  
is	  calculated	  and	  later	  divided	  by	  the	  reference	  conductivity	  of	  each	  phase.	  	  
	  
Ten	  simulation	  runs	  are	  performed.	  For	  each	  simulation	  run,	  the	  location	  of	  hydrate	  pores	  is	  varied	  
while	  initial	  hydrate	  saturation	  is	  maintained	  constant	  as	  Sh=0.02,	  and	  the	  configuration	  of	  the	  pore	  
network	  model	  such	  as	  pore	  size,	  location	  and	  connectivity	  is	  also	  maintained	  constant.	  The	  water	  
and	  gas	  relative	  permeability	  data	  of	  ten	  simulation	  runs	  are	  shown	  in	  Figure	  4a.	  
	  
As	   gas	   expands	   by	   displacing	   water,	   relative	   water	   permeability	   decreases.	   Relative	   gas	  
permeability	   develops	   after	   gas	   percolation	   occurs	   at	   Sg≈0.14.	   The	   residual	   water	   saturation	   is	  
Srw≈0.25.	   The	   applied	   pressure	   drop	   (from	   13MPa	   to	   0.1MPa	   at	   280K)	   results	   in	   ~170	   times	   of	  
volume	  expansion	  [Jang	  and	  Santamarina,	  2011].	  Therefore,	   theoretically,	  gas	  expansion	   from	  the	  
initial	   hydrate	   saturation	   Sh=0.02	   can	   displace	   all	   water	   initially	   existing	   in	   the	   pore-‐network	  
model.	   The	   reason	   gas	   expansion	   stops	   is	   the	   loss	   of	   water	   drainage	   path.	   The	   residual	   water	  
saturation	   of	   ten	   simulation	   runs	   is	   Srw≈0.26,	   which	   is	   the	   saturation	   of	   water	   in	   isolated	   pores	  
identified	  by	  the	  extended	  Hoshen-‐Kopelman	  algorithm.	  
	  
5. Analyses and Discussion 
The	  method	  of	  least	  squares	  is	  used	  to	  fit	  Equations	  1~4	  to	  relative	  water	  and	  gas	  permeability	  data	  
of	  the	  pore-‐network	  model	  simulations.	  The	  water	  and	  gas	  permeability	  data	  of	  each	  simulation	  run	  
is	  used	   to	  obtain	   the	   fitting	  parameters	   (Figure	  4b).	  The	   fitting	  parameters,	  m	   for	  van	  Genuchten	  
equation	   and	   nw	   and	   ng	   for	   modified	   Stone	   equation	   are	   obtained	   for	   ten	   simulation	   runs	   and	  
summarized	  in	  Table	  1.	  
	  
For	  van	  Genuchten-‐type	  equations,	  the	  average	  of	  m-‐values	  (mw)	  for	  relative	  water	  permeability	  is	  
μ[mw]=0.89	  with	  a	  standard	  deviation	  σ[mw]=0.03,	  and	  the	  average	  of	  m-‐values	  (mg)	  for	  relative	  gas	  
permeability	  is	  μ[mg]=0.68	  with	  a	  standard	  deviation	  σ[mg]=0.01.	  These	  values	  are	  higher	  than	  the	  
value	  m≈0.45	  used	  in	  hydrate	  simulation	  studies	  in	  the	  literature.	  
	  
For	   modified	   Stone-‐type	   equation,	   the	   average	   of	   nw-‐values	   for	   relative	   water	   permeability	   is	  
μ[nw]=3.17	  with	  a	  standard	  deviation	  σ[nw]=0.22,	  and	  the	  average	  of	  ng-‐values	  for	  gas	  is	  μ[ng]=1.31	  
with	  a	  standard	  deviation	  σ[ng]=0.02.	  The	  average	  of	  nw–values	  (μ[nw]=3.17)	  is	  within	  the	  range	  of	  
nw-‐values	  used	  for	  hydrate	  simulation	  studies	  in	  the	  literature	  (nw=3.0~4.5)	  while	  the	  averaged	  ng-‐
value	  (μ[ng]=1.31)	  is	  lower	  than	  the	  values	  used	  in	  the	  literature	  (ng=2.0~4.0).	  These	  ng-‐values	  used	  
in	   the	   existing	  hydrate	   simulation	   studies	  may	  produce	  a	   gas	  permeability	   trend	   lower	   than	   that	  
obtained	  in	  this	  paper.	  
	  
Pore-network model simulation results show gas percolation starts at around Sg≈0.14 (Figure 4b) 
while the van Genuchten-type and modified Stone-type equations predict gas permeability 
develops at very low gas saturation near Sg=0 (Figure 4b).  
	  
This	   study	   assumes	   spatially	   randomly	   distributed	   hydrate	   pores.	   The	   hydrate	   morphology	  
(distributed-‐vs.-‐patchy	   formation)	   and	   initial	   saturation	   affect	   physical	   properties	   of	   hydrate-‐
bearing	  sediments	  such	  as	  electrical,	  hydraulic,	  and	  thermal	  conductivity	  and	  bulk	  modulus	  [Dai	  et	  
al.,	   2012].	   Therefore,	   the	   effects	   of	   hydrate	   morphology	   and	   saturation	   on	   relative	   permeability	  
curves	  should	  be	  explored	  further.	  	  
	  
Gas	  viscosity	  decreases	  with	  decreasing	  gas	  pressure	  at	  a	  given	  temperature.	  For	  example,	  methane	  
viscosity	  varies	   from	  µ=20.2	   [µPa·s]	  at	  P=20.5MPa	   to	  µ=11.6	   [µPa·s]	  at	  P=3.2MPa	  under	   constant	  



temperature	   T=298.15K	   [Van	   der	   Gulik	   et	   al.,	   1988].	   However,	   this	   study	   does	   not	   consider	  
pressure-‐dependent	   gas	   viscosity	   change.	   Gas	   saturation	   increases	  with	   continued	   gas	   expansion	  
due	   to	  depressurization.	  Therefore,	   gas	   viscosity	  will	   decrease	  as	   gas	   saturation	   increases,	  which	  
will	  affect	  gas	  permeability.	  
	  
6. Conclusions 
The	   selection	   of	   appropriate	   fitting	   parameters	   for	   relative	   permeability	   equations	   is	   very	  
important	   to	   predict	  water	   and	   gas	   production	   from	   hydrate-‐bearing	   sediments.	   In	   this	   study,	   a	  
pore-‐network	  model	  simulation	  is	  performed	  to	  suggest	  proper	  fitting	  parameters.	  
	  	  
The	  results	  of	  a	  pore-‐network	  model	  simulation	  show	  that	  van	  Genuchten-‐type	  and	  modified	  Stone-‐
type	  equations	  can	  be	  used	   to	  predict	   relative	  water	  and	  gas	  permeability	   for	   the	  gas	  production	  
from	  hydrate-‐bearing	  sediments	  with	  properly	  chosen	  fitting	  parameters.	  	  
	  
For	   van	   Genuchten-‐type	   equations,	   two	   fitting	   parameters	   are	   suggested	   for	   the	   relative	  
permeability	   of	   water	   and	   gas	   phase:	   mw=0.89	   for	   water	   and	   mg=0.68	   for	   gas.	   These	   suggested	  
fitting	  parameters	  are	  higher	  than	  the	  m-‐value	  m≈0.45	  used	  in	  the	  literature	  for	  hydrate	  numerical	  
simulation	  studies.	  
	  
The	  suggested	  fitting	  parameters	  for	  modified	  Stone-‐type	  equations	  are	  nw=3.17	  and	  ng=1.31.	  The	  
fitting	   parameter	   for	   water	   permeability	   is	   within	   the	   range	   of	   nw-‐values	   used	   for	   hydrate	  
simulation	   studies	   in	   the	   literature	   (nw=3.0~4.5).	  However,	   the	  ng-‐value	   is	   lower	   than	   the	   values	  
used	  in	  the	  literature	  (ng=2.0~4.0).	  	  
	  
Especially,	   both	   van	  Genuchten-‐type	   and	  modified	   Stone-‐type	   equations	   predict	   gas	   permeability	  
develops	  even	  at	  low	  gas	  saturation	  near	  zero,	  but	  the	  numerical	  simulation	  results	  show	  that	  gas	  
permeability	  develops	  after	  gas	  percolation	  occurs	  at	  Sg≈0.14.	  
	  
Even	  though	  the	  effect	  of	  hydrate	  morphology,	  saturation,	  and	  gas	  viscosity	  on	  relative	  permeabiilty	  
need	   to	   be	   considered	   for	   more	   reliable	   study,	   this	   study	   is	   the	   first	   attempt	   to	   suggest	   fitting	  
parameters	  of	  relative	  permeability	  equations	  for	  gas	  production	  from	  hydrate-‐bearing	  sediments.	  
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Figure	  1.	  Relative	  water	  and	  gas	  permeability	  curves	  of	  van	  Genuchten-‐type	  and	  modified	  Stone-‐
type	  equations	  with	  several	  fitting	  parameters.	  (a)	  Relative	  permeability	  curves	  of	  van	  Genuchten-‐
type.	   Used	   m-‐values	   are	   m=0.45,	   0.7,	   0.9,	   and	   1.0.	   (b)	   Relative	   permeability	   curves	   of	   modified	  
Stone-‐type.	  Used	  nw-‐	  and	  ng-‐values	  are	  nw=ng=2.5,	  3,	  3.5,	  and	  4.	  
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Figure 2. Sequence of pore-network model generation. (a) Particle packing generated by discrete 
element model. The maximum particle diameter is Dmax=0.52mm, the minimum particle 
diameter is Dmin=0.04mm, the coefficient of uniformity is cu=D60/D10=0.3mm/0.09mm=3.3, and 
the coefficient of curvature is cc=D60

2/(D10D30)=(0.3mm)2/(0.09mmx0.21mm)=4.8 (Here, DX is 
the particle diameter representing that X% of total particles is smaller than DX). The dimension 
of the selected packing is 4mm×4mm×4mm. The packing consists of 2183 particles.  (b) Pore 
space of the particle packing. (c) Extracted pore network. The extracted pore network model 
consists of 2,921 pores and 12,260 tubes with the tube connectivity at pore (coordination 
number) of cn=4.2. Mean pore radius is µ[Rpore]=54µm and standard deviation in pore radius in 
logarithmic scale is σ[ln(Rpore)]=0.42, which is within the range of standard deviation in pore size 
of natural sediments obtained by mercury intrusion porosimetry σ[ln(Rpore)]=0.4±0.2 [Phadnis 
and Santamarina, 2011]. Mean tube radius is µ[Rtube]=24µm.   
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Figure 3. Gas expansion by depressurization: (a) Gas expansion after hydrate dissociation at 
Sg=0.05. (b) Gas percolation occurred at Sg=0.12. (c) Gas expansion at Sg=0.3. Note than only 
gas pores are shown as red color. Tubes in isolated gas clusters are colored as light red, and tubes 
in percolated gas clusters are colored as blue.   
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Figure 4. Relative water and gas permeability simulation results and fitted curves. (a) Relative 
water and gas permeability data of 10 simulation runs. (b) van Genuchten- and modified Stone-
type curves fitted to numerical simulation results (Simulation #1). The fitting parameters are 
obtained by using the method of least squares. Note that especially for modified Stone-type 
equations, the residual gas saturation is assumed to be zero Srg=0 so that the relative gas 
permeability krw changes from 1 to 0 (Equation 4).  
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Table 1. Fitting parameters of van Genuchten-type and modified Stone-type equations obtained 
from 10 simulation runs. 

Simulation 
Runs 

van Genuchten modified Stone Residual 
water 

saturation 
Srw 

Gas 
saturation Sg 

at 
percolation 

mw mg nw ng 

1 0.86 0.71 3.41 1.35 0.26 0.16 
2 0.92 0.68 3.03 1.35 0.25 0.14 
3 0.88 0.69 3.24 1.31 0.25 0.13 
4 0.85 0.66 3.28 1.29 0.25 0.12 
5 0.86 0.69 3.50 1.33 0.25 0.10 
6 0.88 0.67 3.28 1.29 0.26 0.11 
7 0.88 0.66 3.26 1.29 0.26 0.14 
8 0.93 0.68 2.94 1.31 0.26 0.14 
9 0.93 0.68 2.93 1.32 0.26 0.15 

10 0.94 0.66 2.85 1.31 0.30 0.19 
Average 0.89 0.68 3.17 1.31 0.26 0.14 
St. Dev. 0.03 0.01 0.22 0.02 0.01 0.03 
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