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Abstract. Gas flow in porous media differs from liquid flow because of the large gas compressibility
and pressure-dependent effective permeability. The latter effect, named after Klinkenberg, may
have significant impact on gas flow behavior, especially in low permeability media, but it has been
ignored in most of the previous studies because of the mathematical difficulty in handling the
additional nonlinear term in the gas flow governing equation. This paper presents a set of new
analytical solutions developed for analyzing steady-state and transient gas flow through porous
media including Klinkenberg effects. The analytical solutions are obtained using a new form of gas
flow governing equation thatincorporates the Klinkenberg effect. Additional analytical solutions for
one-, two- and three-dimensional gas flow in porous media could be readily derived by the following
solution procedures in this paper. Furthermore, the validity of the conventional assumption used for
linearizing the gas flow equation has been examined. A generally applicable procedure has been
developed for accurate evaluation of the analytical solutions which use a linearized diffusivity for
transient gas flow. As application examples, the new analytical solutions have been used to verify
numerical solutions, and to design new laboratory and field testing techniques to determine the
Klinkenberg parameters. The proposed laboratory analysis method is also used to analyze data
from steady-state flow tests of three core plugs from The Geysers geothermal field. We show that
this new approach and the traditional method of Klinkenberg yield similar results of Klinkenberg
constants for the laboratory tests; however, the new method allows one to analyze data from both
transient and steady-state tests in various flow geometries.

Key words: gas flow, Klinkenberg effect, Klinkenberg constant, pneumatic analysis, unsaturated-
zone flow, air venting, air permeability tests.

Notation

Roman Letters

a lumped parameter in (3.5),

A cross-section area,n

b Klinkenberg coefficient, Pa,

d depth to well screen top, m,

g gravity vector, m/3,

h formation thickness, m,

H lumped parameter in (3.5),

K lumped parameter in (3.5),

ka averaged gas permeability?m

kg effective gas permeability, fn

koo absolute permeability, fp

kr. 0o Klinkenberg permeability of low permeability layer iedirection, nf,
K; 00 Klinkenberg permeability of low permeability layer #direction, nf,
kL, Klinkenberg permeability of low permeability layer2m
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Greek Letters
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SOoO3r Q@

1. Introduction

Gas flow in porous media has recently received considerable attention because of its
importance in the areas of pneumatic test analysis, contaminant transport and reme-
diation in the unsaturated zone, and vadose zone hydrogeology. Quantitative analysis
of gas flow and gas-phase transport is critical to these environmental protection and
restoration projects. Therefore, analytical solutions and numerical models have been
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depth to well screen bottom, m,

length of linear flow systems, or thickness of unsaturated zone, m,
thickness of low permeability layer, m,

molecular weight of gas,

gas pressure, Pa,

gas pressure at inlet boundaries of linear flow systems, Pa,
gas pressure function (2.2), Pa,

initial gas pressure, Pa,

gas pressure at outlet boundaries of linear flow systems, Pa,
wellbore gas pressure, Pa,

averaged (constant) gas pressure, Pa,

averaged gas pressure functien P + b), Pa,

gas mass injection or pumping flux, kg/(£)n

volumetric gas injection flux, Ai(s.n?), measured at outlet pressure,
gas mass injection or pumping rate, kg/s,

radial distance, m,

universal gas constant,

wellbore radius, m,

temperature;C,

time, s,

Darcy’s velocity, m/s,

linear distance, m,

vertical distance, m.

gas diffusivity (2.3),

compressibility factor,

porosity,

gas pressure function, defined in (3.3)2Pa
defined in (3.6),

viscosity, Pas,

gas density, kg/fh

gas,

initial,
outletatx = L,
mass,

inlet atx = 0O,
well.

used extensively in these studies and applications.
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One focus of current research in the fields of unsaturated-zone hydrology and
soil physics is to develop economically feasible remediation schemes to clean up
contamination in shallow aquifers. Typical contaminants in unsaturated zones are
volatile organic chemicals (VOCs) and non-aqueous phase liquids (NAPLS) which
have been spilled from leaking storage tanks or pipelines. Once these contaminants
enter the subsurface, itis very difficult to remove them because of strong capillary and
chemical forces between these contaminants and the soil particles, which is compli-
cated by the heterogeneous nature of soils. Among currentlyinséd remediation
technigues, soil-vapor extraction and air sparging have proven to be very efficientand
cost-effective methods for the removal of VOCs or NAPLs from unsaturated soils.
The successful application of these techniques depends on a thorough understanding
of gas flow dynamics and site conditions. As a result, many analytical solutions
(Johnsoret al,, 1990; McWhorter, 1990; Baehr and Hult, 1991; Sleaml., 1992;

Baehr and Joss, 1995, and Shan, 1995) and numerical models (Weeks, 1978; Wilson
et al, 1987; Baehet al, 1989; Mendoza and Frind, 1990; Pruess 1991; Fel#d.,

1992; Huyakorret al,, 1994; Pandagt al., 1995) have been developed for analyzing
gas flow in the unsaturated zone.

The systematic investigation of gas flow in porous media was pioneered in the
petroleum industry for the development of natural gas reservoirs (Muskat, 1946). The
use of gas flow models has been a standard technique in the petroleum industry for
estimating gas permeability and other reservoir parameters in natural gas production
(Dake, 1978; and Ikoku, 1984). There exists a considerable amount of studies on
theory and application of isothermal flow of gases through porous media in the
petroleum literature. The earliest attempt to solve gas flow problems used the method
of successions of steady states proposed by Muskat (1946). Approximate analytical
solutions (Katzt al., 1959) were then obtained by linearizing the flow equation for an
ideal gas to yield a diffusion-type equation. Such solutions were found to be of limited
general use because of the assumption introduced to simplify the gas properties and
the flow equation. The reasons are that, in general, gas flow in deep pressurized gas
reservoirs does not follow the ideal gas law, and the variations of pressure around
gas production wells are too large to use constant properties. It was not until the mid
sixties that more reliable mathematical solutions were developed using a numerical
method (Russelét al,, 1966) and introducing a real gas pseudo-pressure function
(Al-Hussainyet al., 1966).

In recent years, hydrologists and soil scientists have applied similar techniques
to conduct soil characterization studies by pneumatic testing of air flow proper-
ties. Pneumatic test analysis has become an important methodology in determining
formation properties of two-phase unsaturated-zone flow in a proposed repository
of high-level radionuclear waste (Ahleet al, 1995). Because the ideal gas law
is a better approximation to the near surface air flow than in deep gas reservoirs
and also the pressure changes in the unsaturated zone are generally small, the simple
linearization using an ambient, averaged gas pressure in evaluating the gas diffusivity
term in the flow equation may be suitable for many unsaturated-zone applications.
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While the numerical models developed can be used to perform rigorous modeling
studies of gas flow under complex conditions, analytical solutions continue to provide
a simple tool to determine gas flow properties. Despite the progress made so far in
our understanding of porous medium gas flow, one important aspect, the Klinkenberg
effect (Klinkenberg, 1941), has been ignored in most studies. Even though efforts
have been made to estimate errors introduced by neglecting the Klinkenberg effect
(Baehr and Hult, 1991), only a few studies address this phenomenon explicitly. Gas
flows in porous media differently from liquid; first, because gas is highly compress-
ible, and second, because of the Klinkenberg effect. The Klinkenberg effect may
have significant impact on gas flow behavior, especially in low permeability media.
Some recent laboratory studies (Reda, 1987; Persoff and Hulen, 1996) concluded
that the Klinkenberg effect is important in the low permeability formations studied
and cannot be ignored.

According to Klinkenberg (1941), effective gas permeability at a finite pressure
is given by

kg = koo <1+ %) : (1.1)

wherek, is the absolute, gas-phase permeability under very large gas-phase pressure
at which condition the Klinkenberg effects are negligible; @rid the Klinkenberg

factor, dependent on the pore structure of the medium and temperature for a given
gas.

Physically, Klinkenberg effects are significant in any situation where the mean
free path of gas molecules in porous media approaches the pore dimension, i.e.
when significant molecular collisions are with the pore wall rather than with other
gas molecules. Gas permeability is then enhanced by ‘slip flow’. Therefore, it has
been expected that Klinkenberg effect is the greatest in fine-grained, lower perme-
ability porous media. Jones (1972) found thatenerally decreases with increasing
permeability according to

b oc k>3, (1.2)

based on a study using 100 cores ranging in permeability from 0.01 to 1000 md.
Typical values ob may be estimated as listed in Table I.

This paper presents a set of analytical solutions developed to analyze steady-
state and transient gas flow through porous media with Klinkenberg effects. A new
variable (pressure function) is used to simplify the gas flow governing differential
equation with the Klinkenberg effect. In term of the new variable, the gas flow
equation has the same form as that without including the Klinkenberg effect under the
same linearization assumption. As a result, many one-, two- and three-dimensional
gas flow solutions can be readily derived by analogy to non-Klinkenberg gas flow,
slightly compressible single-phase liquid flow or heat conduction problems.

As examples of application, the analytical solutions have been used to verify
the numerical solutions for simulating Klinkenberg effects and to provide linear
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Table I. Typical values of
the Klinkenberg factor,

kg (M?) b (Pa)

10712 3.95x 10°
10715 4.75 x 104
10718 7.60x 10°

correlations according to which laboratory data can be plotted to determine the values
of k,, andb. To demonstrate the application of the proposed laboratory technique
to determining the Klinkenberg parameters, steady-state, single-phase gas flow tests
have been conducted using three core plugs of Graywacke from well NEGU-17 of
The Geysers geothermal field in California. The gas permeability measurements are
analyzed using the proposed method, and consistent results have been obtained for
Klinkenberg coefficients, as compared with the traditional method.

2. Gas Flow Equation with Klinkenberg Effects

If a subsurface system is isothermal, the ideal gas law applies, and gravity effects are
negligible, then gas flow in porous media is described by a mass balance equation
(see Appendix A),

19P?
V. (VP?) = - 8—[” (2.1)

where we use a new variable (Colliasal,, 1953), the pressure function:
ande is a gas diffusivity, defined as a function of gas pressure,

koon
o= .
du

Equation (2.1) is identical to the gas flow governing equation which does not include
the Klinkenberg effects wittP, being replaced bfp.

In addition to Klinkenberg effects, porous media gas flow may be affected by
turbulent or inertial effects (Tekt al., 1962; Dranchulet al, 1968, 1969; Katzt
al., 1990; Leeet al, 1987). However, significant turbulent flow usually occurs in
formations with high permeability. By using Equation (1.2), the correlation of the
turbulence factor given by Te#t al. (1962), and a modified Forchheimer equation, it
can be shown that effects of turbulent flow can in general be ignored when Klinken-
berg effects are significant. Therefore, turbulent effects on gas flow are not included
in the following solutions and analyzes.

(2.3)
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3. Analytical Solutions

The gas flow Equation (2.1) is a nonlinear partial differential equation with respect
to P? because of the diffusivity term, (2.3), which is a function of pressure. In
general, the gas flow governing Equation (2.1) needs to be solved by a numerical
method. However, it is possible to obtain certain analytical solutions as proven in the
following flow conditions.

3.1. STEADY-STATE SOLUTIONS

Under steady-state flow conditions, Equation (2.1) becomes linear and many ana-
Iytical solutions can be directly derived using solutions from corresponding slightly
compressible fluid flow or heat conduction problems. Two examples are given in this
section to demonstrate solution procedures. The first solution is needed in Section 5
for application, and the second has applicability to a field problem.

3.1.1. Linear Flow

Under one-dimensional, linear, horizontal and steady-state flow conditions, Equation
(2.1) can be simplified as

Kl (kooﬂ(P + b) 8_P> ~0

3.1
0x uw 0x (3.1)

The boundary conditions are: at the inlet= 0), a constant mass injection raig
per unit cross-sectional area is imposed, and at the qutlet L), the gas pressure
is kept constant. Then, a steady-state solution can be written as follows:

P(x) = —b + /b2 + P2+ 26 P + 2qmp(L — x)/ koo . (3.2)

3.1.2. Two-Dimensional (r-z) Axisymmetric Flow

The second example will demonstrate how to derive a new analytical solution with
Klinkenberg effects using existing non-Klinkenberg gas flow solutions. The 2-D
(radial and vertical), steady-state flow problem was described in detail by Baehr and
Joss (1995). When Klinkenberg effects are included, the flow equation becomes

920 190 92d

koo o2 ko = o2 72 o, 3.3
" 9r2 + roor Koo 972 (3:3)

where® = (P + b)?, andk,., andk. ., are the Klinkenberg permeabilitiesinand
z- directions, respectively, which are different for an anisotropic system.

The problem concerns airflow to or from a partially penetrating well in an unsat-
urated zone that is separated from the atmosphere by a low-permeability, horizontal
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layer on the top. At the interfage = 0) between the unsaturated zone and the top
low-permeability layer, the continuity in pressure and mass flux requires

90 k!
kioo =— = —(® — Paym) for r > ry, z=0, (3.4)
0z L

wheredam = (Pam+b)?, k., andL’ are the Klinkenberg permeability and thickness

of the top low-permeability layer. The other boundary conditions are the same as de-
scribed by Baehr and Joss (1995), except that the boundary conditions are expressed
in terms of®. Then, a steady-state solution for this problem can be derived for gas
pressure distribution in thez system using the solution of Baehr and Joss (1995) as

> An(L — An
P, z) = Pam+ K {Z (o COS{%] Ko (al’:)}’ (3.5)

n=1

where

K =

2H 1 QOmal (ko \Y? )
kyoo(l — d)’”W,B’ “= (kz,OO> ’ B (kz,ooL/)’
and

sin[r,(L —d)/L] — sin[A, (L —1)/L]
T R2KiGurw/al)(H + Sifhn)
Here functionXy andK are the zero-order and first-order modified Bessel functions
ofthe second kind, respectively, abdn = 1, 2, 3, . ..) are the roots of the equation:

n

tan(,) = Aﬁ (3.6)

n

3.2. TRANSIENT SOLUTIONS

Equation (2.1) may be linearized using the conventional approach for transient gas
flow analysis, i.e. set
_ keoPy koo Py

= ~

Pu b’

whereP, = P+b,is afunction of average gas pressuteand is treated as a constant.
With the approximation of (3.7), Equation (2.1) becomes linear with respe®# to

and many analytical solutions can be obtained by analogy with heat conduction
problems (Carslaw and Jaeger, 1959) or slightly compressible flow problems, as
demonstrated in the following.

(3.7)
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3.2.1. Flow in an Infinite Radial System with a Constant Line Source

For horizontal radial flow towards a well, approximated as a line source/sink, in
an infinite, uniform, and horizontal formation, the gas flow Equation (2.1) may be
expressed in terms df?,

19 d P? 1 9P?
S r=t) === (3.8)
r or or o ot
with the uniform initial condition:

PE= (P +b)?>=P2 forr=0, t>0, (3.9)

whereP; is a constant gas pressure of the formation.
The well boundary condition proposed are as a line source/sink well:

lim mkoohrf 3 P2
r—0 % or

whereQp, is a constant mass pumping or injection rate.
At the large distance from the well, the pressure is kept constant, i.e.
P2 = (P +b?=P2 for r > oc. (3.11)

With the linearization to the diffusivity, (3.7), the problem of Equations (3.8)—
(3.11) for the line source/sink case is identical to the Theis solution (Theis, 1935) in
terms of P2. Then, the solution can be written directly as

Om . r?

P2(r, t —p2_ Mem g ), 3.12

D) = S ehB ( dat (3.12)
3.2.2. Flow in an Infinite Radial System with a Constant Wellbore Pressure

For the case of flow under the constant wellbore presgBye in an infinite radial
system, the wellbore boundary condition becomes

PE=(Py+b?2=P2 fort>0, r=r,. (3.13)

Equations (3.8), (3.9), (3.11) and (3.13) for this case are identical to the heat con-
duction problem (Carslaw and Jaeger, 1959, p. 335) in tern®$ 6fhe solution for
pressure is

2(PZ, — P?) y
T

oo
X / exp(—au?t)
0

sz(r’ 1) = szw -
Jo(ur)Yg(Ww) - Joz(urw>Y o(ur) d_”, (3.14)
JE(ury) + YZ(ury) u

where Jy and Yy are the Bessel functions of order 0 of the first and second kind,
respectively.
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4. Evaluation of Analytical Solutions

The steady-state solutions derived above are exact solutions, and can be directly
applied to analyzing gas flow under steady-state flow conditions. However, the
transient solutions of gas flow provided in Section 3 are approximate solutions
because they assume a constant gas diffusivity, Equation (3.7), to linearize the gas
flow Equation (2.1). Such solutions, though widely used in the analysis of transient
gas flow in unsaturated zones (Weeks, 1978; and Shan, 1995), need to be further
investigated for the validity of the linearization assumption and for the conditions
under which these solutions apply. In the petroleum literature, it has been found that
in many situations, the linearization assumption is inappropriate when applied to the
flow of a real gas in reservoirs (Dake, 1978; Ikoku, 1984; Al-Hussairsl., 1966;

and Russelkt al, 1966). This may be due to the high pressure in a gas reservoir.
When applied to the near surface air flow analysis, the same linearization procedure
may give reasonable accuracy for gas flow in unsaturated zones due to small (a
few percent) surface atmospheric pressure changes (Kidder, 1957). Nevertheless, the
applicability of such a linearization approximation to any particular problem should
be critically examined.

The applicability of the linearized gas flow solutions to different situations de-
pends mainly on how well an averaged formation pressure can be used to obtain
a representative gas diffusivity term in (3.7) in the pressure disturbed zone. The
conventional treatment, when Klinkenberg effects are ignored, is

P~ P, (4.1)

whereP; is the initial, constant gas pressure of the system. This scheme may provide
reasonable accuracy for certain pneumatic analysis (Shan, 1992) when the overall
pressure changes or perturbations are small relative to initial pressure values of
the system. However, using (4.1) to evaluate the diffusivity will introduce a large
error when gas pressure changes are significant, such as in air sparging opera-
tions. We propose to use a history-dependent, averaged pressure within the pressure
changed (disturbed) domain instead of a constant diffusivity, evaluated using (4.1).
The history-dependent averaged pressure is defined as:

P~ ZAij
2 A

whereA; is a controlled area at the geometric center of which the pressur@was
at the immediate previous time when the solution was calculated. The summation,
> Aj, , is done over allA; where pressure increases (or decreases) occurred at
the previous time valueP; is always evaluated analytically at pojnbased on the
previous estimated, constant diffusivity.

The reasoning for the proposed scheme is that the diffusivity of (3.7) may be
better approximated when using an averaged, history-dependent pressure of (4.2).
Otherwise, if (4.1) is used throughout in the solution in evaluating the diffusivity

(4.2)
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term, it remains constant. This may introduce significant errors to the solution, in
particular, at late times when pressures and their distributions in the system are very
different from the initial condition.

To demonstrate the proposed scheme for better estimation of the nonlinear dif-
fusivity term in the gas flow equations, we present the following comparison study
using a numerical model. A numerical code for multiphase flow, TOUGH2 (Pruess,
1991), is used here to examine the approximate transient gas flow solution. The
TOUGH2 code has been verified extensively for its accuracy in simulating gas flow
in porous media (Prues al, 1996). Verification examples for gas flow with the
Klinkenberg effect are provided in the next section. The test problem concerns single-
phase isothermal transient gas flow in a radially infinite system with constant gas mass
injection rate through a line source.

The parameters used for this comparison study are: porgsity 0.3; perme-
ability coefficientk,, = 1 x 10715 m?; Klinkenberg coefficienb = 4.75 x 10* Pa;
formation temperaturé = 25°C; compressibility factop = 1.18x 10-°kg/Pang;
gas viscosityy = 1.84 x 107° Pas; initial pressur@ = 10°Pa; and thickness of
the radial system is 1 m. The well boundary condition is: air mass injection rate
Om=1x10"%and 1x 10~*kg/s.

Figure 1 presents the comparisons of the pressure profiles at 1 day calculated from
the numerical (true) and analytical (approximate) solutions. Atthe lower injection rate
of Om.1 = 1x 10~°kg/s for the gas flow problem, the pressure increase in the system
is relatively small at 1 day, and the analytical solution usthipr P gives excellent

5.0 —————————

45 | .
--- Constant Diffusivity ]
Variable Diffusivity ]
o Numerical Solution

— =&~ — Constant Diffusivity ]
3.5 [ -

4.0

Variable Diffusivity
< Numerical Solution

3.0 f

25 |

Gas Pressure (bar)

20f

15
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Figure 1. Comparison of gas pressure profiles in a radially infinite system at 1 day, calculated
using the numerical and the analytical solutions.
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with the numerical solution. However, as the injection rate increa@gs (= 1 x
10~*kg/s nt), the gas pressure increases significantly. The analytical solution, with
P; as the averaged system pressure (Constant Diffusivity), gives poor accuracy, as
shown in Figure 1. However under the same injection rate, the proposed scheme for
evaluating the nonlinear diffusivity (Variable Diffusivity) using a history-dependent
averaged pressure (4.2) results in excellent agreement with the numerical solution.
Constant-diffusivity solutions give larger errors with larger injection rate in all the
cases when compared with numerical solutions. Numerical tests for one-dimensional
radial and linear flow problems indicate that the new scheme always results in more
accurate solutions than the constant-diffusivity method, when compared with the
numerical solutions (Wet al,, 1996).

5. Application

In this section, several application examples will be given for the analytical solutions
derived in Section 3. The application problems include: (1) checking the numerical
scheme; (2) laboratory determination of Klinkenberg coefficients; (3) transient well
tests; and (4) laboratory test analysis.

5.1. EXAMINATION OF NUMERICAL SCHEME
5.1.1. Steady-State Flow

This is to examine the accuracy of the TOUGH2 formulation in simulating porous
medium gas flow with the Klinkenberg effect. The problem concerns steady-state
gas flow across a linear rock column 10 m long. The system contains single-phase
gas at isothermal condition, and a constant gas mass injection rate is imposed at the
inlet of the column. The outlet end of the rock column is kept at a constant pressure.
Eventually, the system will reach steady state.

The formation and Klinkenberg properties were selected from a laboratory study
of the welded tuff at Yucca Mountain (Reda, 1987). The parameters used are: porosity
¢ = 0.3; permeabilityk,, = 5 x 107*° m?; Klinkenberg coefficienb = 7.6 x
10° Pa; formation temperaturE = 25°C; and compressibility factgf = 1.18 x
10~°kg/Pant; gas viscosityy = 1.84 x 10~°Pas. The boundary conditions are:
air mass injection rat®,, = 1 x 10-%kg/s; the outlet boundary pressufe =
1 x 10° Pa; and cross-arefi= 1 mé.

A comparison of the pressure profile along the rock column from the TOUGH2
simulation and the exact, analytical solution (3.2) is shown in Figure 2, indicating
that the TOUGH2 simulated pressure distribution is in excellent agreement with the
analytical solution for this problem.



128 YU-SHU WU ET AL.

o

70 | .

o Numerical Solution

50@
40 |-

30 |

Gas Pressure (bar)

20 |

Distance (m)

Figure 2. Comparison of the analytical and the numerical solutions for steady-state gas flow
in a finite linear system.

5.1.2. Transient Flow

This is to examine the capability of the TOUGH2 formulation in simulating transient
gas flow with the Klinkenberg effects. The problem concerns gas injection into a
well in a large horizontal, uniform, and isothermal formation. A constant gas mass
injection rate is imposed at the well, and the initial pressure is uniform throughout
the formation.

The parameters used are porosity= 0.3; permeabilityk,, = 1 x 10715 m?;
Klinkenberg coefficienh = 4.75 x 10*Pa; The air mass injection ra@,, =
1 x 10-%kg/s; the initial formation pressur® = 1 x 10° Pa; the wellbore radius,
rw = 0.1 m; the formation thicknes&, = 1 m; andy andT are the same as in the
steady-state flow case above.

A comparison of the pressure profiles along the radial direction after ten days of
injection from the TOUGH2 simulation and the analytical solution (3.12) is shown
in Figure 3. Again, excellent agreement has been obtained for the transient flow
problem.

5.2. LABORATORY DETERMINATION OF PERMEABILITY AND KLINKENBERG
COEFFICIENT

The traditional method used in laboratory determination of the permeability and the
Klinkenberg coefficient is using a plot of averaged gas permealiilitys. inverse
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Figure 3. Comparison of the analytical and the numerical solutions for transient gas flow in
a radial system.

average pressure/P (instead of ¥ P), (Klinkenberg, 1941; Reda, 1987; Persoff
and Hulen, 1996). Flow condition is steady-state, linear flow through a linear core.
In this method, an averaged gas permeabllitys plotted against the reciprocal of
the arithmetic mean of the inlet and outlet pressures,

b
ka=koo |1+ ———= ). 5.1
) ( (Po+ PL>/2) &Y
The averaged gas permeability is evaluated from pressure and flow data using a
non-Klinkenberg gas flow solution of compressible gas (Scheidegger, 1974),

_ 2uLq'PL

ka = : (5.2)
P¢— P?

Here the superscript v indicates that volumetric, not mass, flux, is to be evaluated at
the outlet pressure. By equivalence of the two averaged permeabilities of (5.1) and
(5.2), the two Klinkenberg constants,, andb, can be determined from 2 or more
data.

The use of(Py + PL)/2 to represenP in Equation (1.1) to estimate gas per-
meability, combined with non-Klinkenberg solution (5.2) appears questionable. The
gas pressure profiles, for the case of one-dimensional, steady-state flow (Figure 2),
is not linear, and effective gas permeability will vary along the length. Using the
exact solution (3.2), we have evaluated the traditional Klinkenberg analysis, based
on Equations (5.1) and (5.2). Interestingly, we have found that the traditional method
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is very accurate in deriving the two constants of Klinkenberg effects as long as the
ratio of, b/ P, is not extremely large.

Here, we derive an alternative approach for determining kgtrand b from
laboratory tests, based on the exact steady-state flow solutions (3.2). By evaluating
Equation (3.2) at = 0 one obtains, after some algebraic manipulation,

gmuL P+ P
———————— = bk + koo . 5.3
B(Po— PL) * ( 2 ) (5:3)

To evaluatek,, andb experimentally, a series of measurements are made in which
the outlet pressuré, is held constant whilé®, is varied andy, is measured. Then

Y = gmuL/B(Py — P.) is plotted againsk = (Py + P.)/2. Thenks andb are
evaluated from the slope and intercept of the ploY afgainstX.

5.3. WELL-TEST DETERMINATION OF PERMEABILITY AND KLINKENBERG
COEFFICIENT

The transient gas flow solutions of (3.12) or (3.14) can be used to design well tests
to determine both the gas permeability,, and the Klinkenberg coefficieri, Here,

we give an example to demonstrate how to use the analytical solutions from a single
well test of a constant mass rate pumping or injection with the line source solution,
(3.12). The pumping or injection testing procedure is (1) measure initial reservoir
gas pressurel;; (2) impose a constant mass pumping or injection rate at the well;
and (3) measure several (at least two) wellbore pressures at different times (avoiding
the early time after-flow or wellbore storage effects). The Klinkenberg coefficient,
b, can be directly calculated as,

P, + P, . 2
po_tnth Hdm Ei(—w (5.4)
2 AnhkoB(Py— P) dat,

where the permeabilityt,, is determined from the following nonlinear algebraic
equation,

(5.5)

o ' L
P, — P, Hgm {EI( rw/dat;)  Ei( rW/4octn)} _o

T 2rhkof | (P, — P) )

In Equations (5.4) and (5.5F,, and P; are the wellbore pressures measured at two
different timesy = 1, andr = ¢;, respectively.

This method can be demonstrated to analyze the simulated well test of the exam-
ple problem in Section 5.1 (Figure 3) to determine the Klinkenberg coeffidient,
and gas permeabilitg... From the numerical simulation, the well pressiitg =
1.05130x 10° Paat = 8.64x 10*s, andP,, = 1.06976x 10° Paatr = 8.64x 10°s.
Substituting these pressure and time data into Equation (5.5), together with the param-
etersin Section 5.1, leavis, as the only unknown. The resulting nonlinear equation
can be easily solved using a bi-section method, which diyes- 9.98 x 10716 m?.
Substituting this permeability value into (5.4) will give the Klinkenberg coefficient
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b = 4.77 x 1P Pa. The actual values atg, = 1.0 x 10 ®*m2 andb = 4.75 x 10°,
and this indicates the proposed well test method is very accurate in determining these
two Klinkenberg parameters.

5.4. LABORATORY TEST ANALYSIS
5.4.1. Materials and Methods

Steady-state gas flow experiments were conducted to test the model and to evaluate
k- andb. Two rock core samples were obtained from well NEGU-17, in The Geysers
geothermal field. Three cylindrical plugs, 15 mm in diameter were taken from the
samples using a diamond core bit, and the cylinder ends were machined flat and
parallel with lengths ranging from 9 to 11 mm.

The plugs were mounted into 2 in long stainless steel tubing using Castall E-205
epoxy resin. They were then dried at’60for 5 days to remove all moisture. All
three sample tubes were connected to a gas inlet manifold where nitrogen gas was
applied at controlled pressures ranging from 120 to 380 kPa.

Gas exiting from the sample flowed through a 1 m long horizontally mounted
3.175mm o.d., 0.559 mm wall clear nylon tubing. To measure the gas flow rate, a
slug of dyed water was injected into the tubing before it was connected to the sample
tube, and the displacement of the slug was used to measure the gas flow rate. By
monitoring the position of the slugs in the exit tubes, we were assured that steady
state had been reached before measuring the flow rate.

Leaks that would normally be insignificant may be significant when measuring
very low gas flows. An advantage of this experimental system is that any gas leak
upstream of the sample would not cause any error, as long as the pressure is accurately
measured. The gas flow that is to be monitored is at ambient pressure, so there is no
driving force for it to leak and escape from the measurement tube. To test whether
the technique of sealing the plugs into the stainless steel sample tube prevented gas
from leaking past the sample, a dummy plug of aluminum was sealed into a stainless
steel tube the same way and flow tested; no flow was observed.

5.4.2. Results and Data Analysis

The flow rate and pressure data are summarized in Table Il. These data will be
interpreted according to the traditional Klinkenberg method of (5.1) and (5.2) and to
the new model (5.3), referred as to exact Klinkenberg analysis in this paper. In both
cases, the data of Table Il are used to calculate derived quantities that are plotted as
straight lines.

In the exact Klinkenberg analysis, the calculated quantiXies (Py + P.)/2
andY = gmuL/B(Py — P.) are summarized in Table Il and are plotted in Figure 4
for the three samples. In the traditional Klinkenberg analysis, Figure 5 plots the data
calculated in Table I, and Table Il presents the calculated valueg ahdb derived
from the linear plots, as well as the correlation coefficients. The values obtained by
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Table Il. Steady-state gas flow measurements on plugs of The Geysers Greywacke from well
NEGU-17

Raw data Quantities calculated for Quantities calculated
traditional analysis for exact analysis
Sample Inlet Outlet Volume Inverse ka X = # ﬁ(ﬂg’fﬁu
dimensions pressure pressure flow rate pressure
at exit
pressure
(Pa) (Pa) m3/9) Pah (m?) (Pa) Q)

2.18E+05 9.88E+04 4.48E-11 6.31E-06 2.07E-19  1.59E+05 3.28E-14
Sample 36 2.64B05 9.88E+04 6.24E-11 5.51E-06 1.82E-19 1.82E+05 3.30E-14
A=179E—-04n? 3.05E+05 9.88E+04 7.88E-11 4.95E-06 1.66E-19  2.02E+05 3.34E-14
L =9.07TE-03m 3.40E+05 9.87E+04 9.26E-11 456E-06 1.53E-19 2.19E+05 3.35E-14
3.80E+05 9.93E+04 1.09E-10 4.17E-06 1.42E-19  2.40E+05 3.40E-14
1.42E+05 9.95E+04  154E-11 8.29E-06 2.65E-19 1.21E4+05 3.20E- 14

2.18E+05 9.88E+04 541E-11 6.31E-06 2.79E-19  1.59E+05 4.43E-14
Sample 9a 2.64E05 9.88E+04 7.58E-11 551E-06 2.47E-19  1.82E+05 4.48E-14
A=183E-04n? 3.05E+05 9.88E+04 9.53E-11 4.95E-06 2.24E-19 2.02E+05 4.53E-14
L =104E-02m 3.40E+05 9.87E+04 1.11E-10 4.56E-06 2.05E-19 2.19E+05 4.50E-14
3.80E+05 9.93E+04 1.31E-10 4.17E-06 191E-19  2.40E+05 4.58E-14
1.42E+05 9.95E+04 181E-11 8.29E-06 3.49E-19 1.21E+05 4.22E-14

2.18E+05 9.88E+04 6.16E-11 6.31E-06  3.186-19  1.59E+05 5.04E- 14
2.64E+05 9.88E+04 8.66E-11 5.51E-06 2.82E-19  1.82E+05 5.12E-14
Sample 9b 3.05805 9.88E+04 1.10E-10 4.95E-06  2.58E-19  2.02E+05 5.20E- 14
A=183E-04n? 3.40E+05 9.87E+04 125E-10 4.56E-06 2.31E-19 2.19E+05 5.07E-14
L =1.04E-02m 3.80E+05 9.93E+04 1.52E-10 4.17E-06 2.22E-19  2.40E+05 5.32E-14
142E+05 9.95E+04 2.07E-11 8.29E-06  3.99E-19  1.21E+05 4.82E-14
1.20E+05 9.91E+04 1.01E-11 9.12E-06 4.30E-19  1.10E+05 4.71E-14

the two methods are close, although the traditional plot appears to have a better
correlation.

When two constants are to be determined from more than two measurements (i.e.
data are redundant), fitting the data to a linear equation using least squares generally
provides the best estimates of the constants. But if more than one linearization is
possible, the same data set will yield different results depending upon the lineariza-
tion chosen (see, for example, Persoff and Thomas, 1988). It is tempting to prefer
the linearization that yields the values iGf closer to unity. However, note that in
the traditional method, the value &f (which is plotted as the dependent variable)
calculated from (5.2) includes a factor of (¥, + P_) which is just double the
independent variable. This artificially inflates the valueof
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Table Ill. Analysis results of the laboratory tests

Traditional Exact
Sample ks (M?) b(Pa) r? koo (MP) b(Pa) r2
36 1.66E-20 1.81E+06 1.00E+00 1.61E-20 1.886+06 9.88E-01
9a 3.156-20 1.23E+06 9.99E-01 2.75e-20 1.43E+06 9.33E-01
9b 4.38E-20 9.75E+05 9.99E-01 4.02E-20 1.08E+06 9.28E-01

wherer? is correlation coefficient.

6.0E-14
=
Z
=
5.0E-14 } a
L~ 9b__r
n.d
= |5
£ Q_E 9a
S ~4.0e-14 |
Q
36
3.0E-14
0.0E+00 1.0E+05 2.0E+05
P+ PL)2 (Pa)

Figure 4. Exact Klinkenberg analysis plot for the three test samples.

5.0E-19

4.0E-19 |

3.0E-19 |

2.0E-19 }

1.0E-19 |

effective gas permeability (mz)

0.0E+00
0.0E+00 5.0E-06 1.0E-05

2P, +p,) (Pa)

Figure 5. Traditional Klinkenberg analysis plot for the three test samples.
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6. Concluding Remarks

A general gas flow governing equation including the Klinkenberg effect has been
derived by introducing a new pressure variable. Based on this new form of gas
flow governing equation, a set of new analytical solutions has been developed for
analyzing steady-state and transient gas flow through porous media with Klinkenberg
effects. As an extension of this work, additional analytical solutions for one-, two-
and three-dimensional gas flow with the Klinkenberg effect can be readily derived.
These analytical solutions will find their applications in analyzing gas flow and
determining soil flow properties in the unsaturated zone or in laboratory tests where
the Klinkenberg effects cannot be ignored.

To determine the condition under which the linearized gas flow equation may
be applicable, a humerical method is used to examine the predictions from the
approximate analytical solutions for transient gas flow. It has been found that the
conventional linearization procedure of deriving gas flow equations, using an initial
gas pressure for the diffusivity term, will result in acceptable solutions when the over-
all pressure variations in the system are small. However, the linearization assumption
may introduce considerable errors when pressure changes are significantly different
from the ambient condition. In this case, we propose a new evaluation procedure
for the diffusivity term using a history-dependent averaged pressure with analytical
solutions, which will still give accurate solutions even under high pressure disturbed
conditions of the system.

In order to demonstrate their applications, the new analytical solutions have been
used to verify the numerical solutions of gas flow which include the Klinkenberg
effect. Several new laboratory and field testing techniques are derived, based on the
analytical solutions for determining the Klinkenberg parameters of porous medium
gas flow. These new laboratory and field test analysis methods are very easy to
implement and more accurate to use. One of the proposed laboratory methods has
been applied to laboratory testing results in determining absolute permeability and
Klinkenberg constants and to examination of the traditional Klinkenberg analysis.
The transient test analysis method is illustrated using a simulated well test result.

Appendix: Derivation of the Gas Flow Equation

Under isothermal conditions, gas flow in porous media is governed by a mass balance
equation,

0
Voon =22, A1)

wherep is gas densityy is formation porosity, assumed to be constants the
Darcy’s velocity of the gas phase, defined as

k
V= _;g (VP — pQ), (A.2)
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where u is gas-phase viscosity is gravity vector; andy is effective gas-phase
permeability, described by Equation (1.1), including the Klinkenberg effects.

The ideal gas law is here used to describe the relation between gas density and
pressure as,

whereg is a compressibility factor, defined as
B = My/RT (A.4)

with My being the molecular weight of the gd®the universal gas constant; afd
constant temperature.

When gravity effects are ignored, combining Equations (A.1)—(A.3), and (1.1)
will give

V. (M (P + b)(VP)) = ¢p E (A.5)
w ot

In terms of the new variable€, = P + b, Equation (A.5) may be written as the form
of (2.1).

Acknowledgements

The authors are indebted to S. Finsterle and E. Sonnenthal for their critical review of
this manuscript. Thanks are also due to the anonymous reviewers of this work for their
constructive suggestions. This work was supported in part by the Director, Office of
Civilian Radioactive Waste Management, and by the Assistant Secretary for Energy
Efficiency and Renewable Energy, Geothermal division, of the U.S. Department of
Energy, under Contract No. DE-AC03-76SF00098.

References

Ahlers, C. F., Finsterle, S., Wu, Y. S. and Bodvarsson, G. S.: 1995, Determination of pneumatic
permeability of a multi-layered system by inversion of pneumatic pressure Riaia, of the
1995 AGU Fall MeetingSan Francisco, California.

Al-Hussainy, R. J. Ramey, and Crawford, P. B.: 1966, The flow of real gases through porous media,
J. Petrol. Technolpp. 624-636.

Baehr, A. L. and Joss, C. J.: 1995, An updated model of induced airflow in the unsaturated zone,
Water Resour. Re27(10), 417-421.

Baehr, A. L., Hoag, G. E. and Marley, M. C.: 1989, Removing volatile contaminants from the
unsaturated zone by inducing advective air-phase transh@gntam. Hydrol4, 1-26.

Baehr, A. L. and Hult, M. F.: 1991, Evaluation of unsaturated zone air permeability through
pneumatic testd)Vater Resour. Re27(10), 2605—-2617.

Carslaw, H. S. and Jaeger, J. C.: 1968nduction of Heat in Solid€larendon Press, Oxford.

Collins, R. E. and Crawford, P. B.: 1953, Calculations of unsteady-state gas flow through porous
media, corrected for Klinkenberg effecSSME Trans 198 339-340.



136 YU-SHU WU ET AL.

Dranchuk, P. M. and Chwyl, E.: 1969, Transient gas flow through finite porous mkdiana.
Petrol. Technol8, 57—65.

Dranchuk, P. M. and Kolada, L. J.: 1968, Interpretaion of steady linear visco-inertial gas flow data,
J. Canadian Petroleum Technolo@y36-40.

Dake, L. P.: 1978Fundamentals of Reservoir Engineerjmevelopment in Petroleum Science, 8,
Elsevier, Amsterdam.

Falta, R. W., Pruess, K., Javandel, I. and Witherspoon, P. A.: 1992, Numerical modeling of steam
injection for the removal of nonaqueous phase liquids from the subsurface, 1. Numerical
simulation,Water Resour. Re28(2), 433-449.

Huyakorn, P. S., Panday, S. and Wu, Y. S.: 1994, A three-dimensional multiphase flow model for
assessing NAPL contamination in porous media and fractured media, |. formula@ontam.
Hydrol. 16, 109-130.

Ikoku, C. I.: 1984 Natural Gas Reservoir Engineerin@viley, New York.

Johnson, P. C., Kemblowski, M. W. and Colthart, D. J.: 1990, Quantitative analysis for the cleanup
of hydrocarbon-contaminated soils by in-situ soil ventiBgound water28(3), 413-429.

Jones, S. C.: 1972, A rapid accurate unsteady-state Klinkenberg pargé®riEeipurnaB83—-397.

Katz, D. L. and Lee, R. L.: 1990\atural Gas Engineering, Production and Storaghemical
Engineering Series, McGraw-Hill, New York.

Katz, D. L.et al: 1959,Handbook of Natural Gas EngineerinlcGraw-Hill, New York.

Kidder, R. F.: 1957, Unsteady flow of gas through a semi-infinite porous mediuppl. Mech.
329-332.

Klinkenberg, L. J.: 1941, The permeability of porous media to liquids and gases, Drilling and
Production Practice, American Petroleum Inst., pp. 200-213.

Lee, R. L., Logan, R. W. and Tek, M. R.: 1987, Effetcs of Turbulence on Transient Flow of Real
Gas through Porous Medi8PE Formation Evaluatigrpp. 108—120.

McWhorter, D. B.: 1990, Unsteady radial flow of gas in the vadose zan€pntam. Hydrol5,
297-314.

Mendoza, C. A. and Frind, E. O.: 1990, Advective-dispersive transport of dense organic vapors in
the unsaturated zone, 1. model developm@éfater Resour. Re26(3), 379-387.

Muskat, M.: 1946 The Flow of Homogeneous Fluids through Porous MediaVN. Edwards, Inc.

Ann Arbor, Michigan.

Panday S., Forsyth, P. A., Falta, R. W., Wu, Y. S. and Huyakorn, P. S.: 1995, Considerations for
robust compositional simulations of subsurface NAPL contamination and remediakoer,
Resour. Res31(5), 1273-1289.

Persoff, P. and Hulen, J. B.: 1996, Hydrologic characterization of four cores from the Geysers
coring projectProc. Twenty-First Workshop on Geothermal EngineerBignford University,

CA, January 22-24.

Persoff, P. and Thomas, J.F.: 1988, Estimating Michaelis-Menten or Langmuir isotherm constants
by weighted nonlinear least squarg&sijl Sci. Soc. Am. 52(3) 886—889.

Pruess, K., Simmons, A., Wu, Y. S. and Moridis, G.: 1996, TOUGH2 Software Qualification, Report
LBL-38383, UC-814, Lawrence Berkeley Laboratory, Berkeley, California.

Pruess, K.: 1991, TOUGH- A general-purpose numerical simulator for multiphase fluid and heat
flow, Report LBL-29400, Lawrence Berkeley Laboratory, Berkeley, California.

Reda D. C.: 1987, Slip-flow experiments in welded tuff: The Knudson diffusion problem, In:
Chin-Fu Tsang (ed.F;oupled Processes Associated with Nuclear Waste Reposj#Bies493.

Russell, D. G., Goodrich, J. H. and Perry, J. F.: 1966, Methods for predicting gas well performance,
J. Petrol. Technolpp. 99-108.

Scheidegger, A. E.: 1974 he Physics of Flow Through Porous Med{&rd ed.), University of
Toronto Press, Toronto, p. 102.

Shan, C.: 1995, Analytical solutions for determining vertical air permeability in unsaturated soils,
Water Resour. Re81(9), 2193-2200.



GAS FLOW IN POROUS MEDIA WITH KLINKENBERG EFFECTS 137

Shan, C., Falta, R. W. and Javandel, I.: 1992, Analytical solutions for steady state gas flow to a soil
vapor extraction wellWater Resour. Re28(4), 1105-1120.

Tek, M. R., Coats, K. H. and Katz, D. L.: 1962, The effects of turbulence on flow of natural gas
through porous reservoirg, Petrol. Technol. AIME Tran®22, 799-806.

Theis, C. V.: 1935, The relation between the lowering of the piezometric surface and the rate and
duration of discharge of a well using Ground-water stordgans. AGU pp. 519-524.

Weeks, E. P.: 1978, Field determination of vertical permeability to air in the unsaturated zone, US
Geological Survey Professional Paper 1051.

Wilson, D. E., Montgomery, R. E. and Sheller, M. R.: 1987, A mathematical model for removing
volatile subsurface hydrocarbons miscible displacem#ater Air Soil Pollut.33, 231-255.

Wu, Y. S., Pruess, K. and Persoff, P.: 1996, Steady and transient analytical solutions for gas flow in
porous media with Klinkenberg effects, Research Report LBNL-39499, UC-1240, Lawrence
Berkeley National Laboratory, Berkeley, CA.



