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AN EVALUATIQON AND COMPARISON QF DIFFUSION STUDIES

by
Ronald D. Smith, Geologist, METC

ABSTRACT

The Eastern Gas Shales Project had four contractors engaged in
diffusion or permeation tests on Devonian shales. Alfred University
and Battelle Labs have completed their studies. Those of Juniata
College and Mound Facilities are continuing. These studies were com-
pared to tests run at METC during 1977.

c 2
A formula was developed at METC to convert diffusivities (cm /sec)
to permeabilities (cmz). In this conversion, it was necsssary to know
the temperature and pressure of each experiment.

The results were remarkably similar considering the different
methods that were used. Juniata College used sorption methods while
the other labs were involved with flow-through methods of different
types. With the exception of Alfred's data, all the values were similar,
with the averages ranging from 0.10 X 10-8 to 0.02 X 10-8 darcys for
permeation perpendicular to bedding planes.

The desorption method of Juniata College probably most accurately
describes the diffusion of gas into a fracture system connectad to
the well bore. Flow-through methods probably best describe those wells
with large pressure differences in the beginnings of production.

INTRODUCT [ON

The report is a comparison of the results of the work of contractors
that have completed diffusion tests for the Eastern Gas Shales Program
(EGSP). Alfred University completed their work in September, 1977 and
Battelle Labs completed theirs in February, 1978. Juniata College is
continuing its diffusion studies. Mound Facilities started their program
in March, 1978.

Secondly, the report is an evaluation of the procedures of each
contractor and what effect these procedures have on the data. In order
to evaluate the data, the experimental and analytical method must be
known. A description of each experimental procedure and the analysis
for the calculations is given in sufficient detail to show the logic of
each process.



INTRODUCTION (Cont.)

Sources of information were the monthly and quarterly reports prepared
for the EGSP and conversations with the various experimenters.

DESCRIPTION OF EXPERIMENTAL AND ANALYTICAL METHODS

This section is a detailed description of the methods of each labora-
tory. The description is divided into two parts, the experimental and
the analytical.

Juniata made use of a desorption method. All the other labs used
flow-through methods. Juniata, METC and Mound used methane gas while
Battelle used helium and Alfred used air as the permeating medium. Actual
shale samples were used in all cases, either powder or slabs. The siabs
were oriented parallel and perpendicular toc bedding.

DIFFUSION EXPERIMENTS QF MOUND FACILITY

Experimental Procedure

The Mound Lab experiments started in March, 1978. Their method was to
pressurize one side of a rock sample and keep a low pressure on the opposite
side (19). A record was kept of the amount of gas lost on the high pressure

side (Z@).

The experimental apparatus was modified to monitor the concentration
of gas on the low pressure side by a manometer rather than by mass spec-

trometry. This arrangement is similar to that of Battelle Labs to measure the
amount of gas lost from the high pressure reservoir.

The sample was sealed using two O-rings and a plastic sleeve. With
the sample in place, a vacuum was maintained on both sides of the sample
in order to seal the sides with plastic. Methane and other gases naturally
occurring within the shale as well as mixtures of these gases, were used
as diffusing gases.

Analytical Method

Mound Labs determined the permeability of shale based on Darcy's law
(20). This law is an empirical relationship of the properties of the
porous solid and the gas (b, pp. 47-51).

The statement of this law for incompressible fluids is

KA
lq-E<Pa‘Pb)

where q is the volumetric flow rate,
K is permeability having units of length squared,
A and L are dimensions of the solid (area and length),

u is viscosity of the fluid,

Pa and Pb are thehigh pressure and low pressure sides of the sample
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respectively.

For horizontal linear flow, gravitational parameters have not effect and,
therefore, are not included in the equations.

Equation 1 is valid for gases provided q is defined as the volumetric
flow rate () which is measured at the mean pressure, Pa + Pb‘ For an
ideal gas

) Pa + Pb 2
2 q (———7———) = ana’ where q, s the
flow rate measured at any pressure P . Combining equation 1 and 2 gives

Darcy's law for an ideal gas.
_ KA 2_,2

3957 % T (Pa Py )

Because real gases do not adhere to the pore walls as would be required
for laminar flow, a correction is necessary. Real gases possess slip, and
this slippage of the gas along the pore walls gives rise to an apparent
dependence of permeability on pressure, the Kilnkenberg effect (QJ p. 51).

L kK=K (1 + t—)-) =K (1+ ——39———0, where

Ke is permeability for an incompressible fluid, and
P is the mean flowing pressure.
b Is a constant dependent on. the gas and solid.

For high pressure gas flow, slip can be neglected because at high
pressure the gas molecules effectively adhere to the pore walls, and
equation 3 may be used with K replaced by K_.

2 ana ST Va b

For low pressure gas flow, slip flow cannot be neglected and the
required relationship is found by combining equation 3 and 4 to give
Darcy's law for real gases.

RA e By el e Y

_6. ana 2ul ( Pa + Pb a b

Under actual experimental conditions, the incompressible fluid permeability(
is calculated, For liquids, a single measurement gives K directly through
equation 1. For an ideal gas and real gases at high pressures, a single
measurement gives K directly through equations 3 and 5. For real gases
at low pressures, measurements at several mean pressures are necessary
because b in equation ‘6 is not generally known. Permeabilities are
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calculated at any given pressure, P_, by using equation 3. These permea-
bilities are plotted against the inVerse of the mean pressures (equation
4) and P_ is found as the intercept.

At very low pressures, diffusion occurs as opposed to flowage. As
their experimental program proceeds and if it is found that diffusion
rather than flowage is occuring, then the appropriate diffusion equations
will be used (20).

DIFFUSION EXPERIMENTS OF BATTELLE LABS

Experimental Procedure

The experimental procedure was a modified steady state method (4,
p. 844). A cold trap and roughing pump maintained a vacuum (100 microns)
on one side of a shale slab‘(§). The pressure on the other side of the
slab was slightly greater than atmospheric. This pressure decreased
during the time of the experiment to atmospheric pressure. All tests
were run at room temperature.

At the start of the experiments, helium was added to the manometer.
The fall of mercury in the open manometer arm was a measure of the amount
of gas permeated.

The volume of the specimen holder was subtracted from the total gas
permeated. This was done by inserting a nonporous plug into the cell and
measuring the rise in the manometer to a constant value.

Analytical Method

A permeability constant was derived through calculations based on Darcy's
Law.

The steady state equation is
Qul

A P1-P2)

K =

where u s viscosity of He gas at room temperature, and
AL is the volume of the shale (area times length),
0, is the gas permeated per unit time and,
P1-P2 is pressure difference across length L of the solid.

K has units of darcys when Q is in cc/sec, u in centipoise, L in cm.,

A in cm.2, and (Pl_PZ) is in atmospheres.
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Experimental Procedure

The experimental -apparatus has previously been described by W. E.
Brownell in '"Procedures for the Characterization of Devonian Shales,'
First Eastern Gas Shales Symposium, October 17-19, 1977, pp. 501-508.
This procedure was similar to that of Schumacher and Ferguson (19) but
without evacuation of air. T

The apparatus consisted of a sealed chamber containing the rock
sample. One one side of the sample air pressure was maintained at 60
psi. An oil manometer on the low pressure side measured the gas flow.
The low pressure side was at atmospheric pressure initially. As permea-
tion continued, the backpressure increased as a result of the displaced
oil column. Duration of a typical test was about one hour.

Analytical Method

The mathematical calculations were briefly discussed in EGSP Report
No. 18 (2). The experimental procedure involved a backpressure buildup
on the manometer as permeation continued. The calculations were based
on the work of Muskat (11,12). :

An equation is derived from Darcy's Law applicable to compressible
fluids such as gases. Instantaneous steady-state flow conditions are
assumed in the development of the equation. It is also assumed that
Darcy's Law obeyed, i.e. flow is in the viscous range. As permeation
continues, there is a pressure rise in the apparatus. This change in

pressure (P) with a change in the volume of air passed (V), as a function
of time, is

1 P=Pi+aV
where Pi is the initial pressure and "a'' is a constant dependent on the
geometry of the apparatus and has units of pressure per unit volume.

An appropriate analytical relationship is established by assuming
that the fluid pressure rises from its initial value and continually
increases the back-pressure on the sample.

This back-pressure (aV) is equal to the following relationship.
aV = (Pe = Pi) (1 -expiSh), where

Pe is final equilibrium pressure, and
a =the area of the manometer.

c = E%, where ¢ is a constant, and K is the permeability of the
sample and u is the viscosity of the gas;

A is area of the sample,

L is thickness of the sample,

v is average density of the gas permeated, and

g is the acceleration due to gravity.
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Rewriting equation 1,
2 Infe =P _yget
— Pe - Pi o

Making the appropriate substitutions for ¢ and solving equation 2
for K gives

_ . _oul Pe - Pi - aV
2 K= n e

Specifically for the Alfred apparatus, the following value was
determined. ;

) 0.2449 .
—= = - 3ssumin constant.
o 3 gy

Pr and Po are not defined in the original Alfred report but are
-assumed to be equal respectively to -Pe and Pi.

Finally, K in millidarcys is given by

L K= - 0.24h49 wl

aV)
— a At

In (1 - 555

The following values were determined for a and A.

a = 0.0694 psi/ml, an empirical constant dependent on the Alfred
apparatus.
A = 330 mm? for the Alfred samples.

DIFFUSION EXPERIMENTS AT METC

Experimental Procedure

The experimental procedure involved gas flow through a solid membrane
from a high pressure source (7). The gas was held at a constant pressure,
usually seven atmospheres, on one side of a shale slab. The pressure build-
up on the low-pressure side of the slab was measured with a mercury manometer.
A single test lasted approximately four (4) weeks.

The samples were cut from a b-inch core using a one-inch diameter
diamond bit. The ends were then machined parallel on a lathe. An average
slab was 2.5 cm across and 0.9 cm thick. The samples were dried in a desic-
cator and_ then cemented into a stainless steel flange with epoxy.

Industrially pure methane was used on the high pressure side. When the
pressure had been built up to a constant value, measurements of time, tempera-
ture and pressure began. Atmospheric pressure was measured with a mercury
barometer. The gauge pressure on the low pressure side was measured by the
mercury manometer. The total low pressure chamber pressure was the sum of
the manometer and barametric pressures.
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Data included pressure buildup with time and the calculated moles
diffused with time. Least squares trend lines were found for this data.
From these trend lines the .initial pressure, the final pressure and the
number of moles permeated were determined,

The methane equation of state was used to calculate the gas concen=~
trations (l). This cubic equation was solved by computer.

Analytical Method

The method is based on that of Paul and DiBenedetto (13). A solu-
tion for the analogous problem of heat flow is found in Carslaw and
Jaegar (5, pp. 128-129).

The initial concentration within the solid is C P One face of the
solid is in contact with gas at a pressure of P,. T%e surface of the
solid is at a concentration C, = SP, where S is the solubility of gas

in the solid. At the opposite face, the solid is in contact with gas at

a pressure of PLi initially, where CLI = SPLI'
The change in concentration with the solid is then

- . " 2 . X
1 C_._C{=L= 1 -~ % 2(gk” + n2) sin BKTEX-DBkzt
S B k=o TF (B 2 + nZ +n) . PTZT

where Bks are positive roots of 8 tan B = n.

The most easily measured quantity is the amount of gas permeated
through the shale in time t (Q in moles) and related to the diffusion
parameter by the following equation.

- ac

z Q= (j;tN/x= dt = A ét (_Dﬁlxﬂ) dt

]
The solution oF\EE~= D s c. with
ot axZ

conditions C,, = SP,, at 0 E_X 5_1 when t < 0

Li Li
Cy = SPH at X =0 when t > 0
CL = SPL at X =1 when t > 0
is obtained by combining equations 1 and 2,
2
3 Q= ALS (PH PLI) kéo Ak kgoAk eXp=TT—
2 2
With Ak = 2 éBk 2+ n ; cos 8k
Bk (Bk™ + n° + n)

n is a constant determined from experimental parameters and is equal to

_ SALP' PLf
n ORT
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Q is the number of moles of gas permeated in time t,

AL is the volume of solid in cm3 (area times length),
. cc -+ atm

R is the gas constant, 82.056 =%

T is the average temperature In degrees Kelvin,

S is gas solubility in the shale, given as 0.252 cc gas/cc rock - atm,

S'is gas solubility in the shale, given as 1.11 X 105 moles gas/cc
rock * atm,

Pl is the partial pressure of gas permeated in atmospheres,

PLf is final pressure of gas on low pressure side of solid in atmospheres.

The solubility was determined from data gathered by Juniata College (18,
p. C5). Paul Schettler found that the S values were in a narrow range for
most shale samples. The values used above are average values based on his
work. :

In order to find D, the diffusion coefficient, the following procedure
was used:

The value of Bo was determined. Bo is an angle based on the equation
B tan B = n. Next, Ao another constant based on Bo and n was found. The
computer found values for B, up to B a and summed the terms. Two hundred
terms were found to be sufficient to"give a constant value for the summation
to 4 to 5 decimal places.

The computer, using values of ? A, , Ao and the experimental product

k’
value ,Q — , found the value of the constant Dt/L2.
S RLSP,P)

Knowing the length of time of the experiment and the thickness of the
slab, D was calculated.

DIFFUSION EXPERIMENTS OF JUNVATA COLLEGE

Experimental Procedure for Particles

The initial work in 1976 involved nitrogen adsorption at 77°K and
methane desorption at 0°C. Since October 1977, all work has been methane
desoprtion.

Samples taken from the core were ground, made dust free and the weights
recorded. The procedures have been standarized to those that were found to
disturb the shale samples the least. Therefore, beginning in June 1977, all
samples were ground on a percussion mortor to a size range of 500-700
microns,

Sieved samples were placed in a pyrex cell which was then attached
‘to the system by ‘glassblowing (15). Samples were evacuated for a few
minutes, then placed under an atmosphere of pure methane. A run was
started after equilibrium had been attained, which usually occurred in
15 minutes. After the equilibrium pressure (Ps) was measured; the
computer automatically collected pressure readings. The prassure was
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decreased suddenly from the equilibrium pressure, and the new pressure (Po)
and time zero were found.

Ps was typically 900 torr and Po about 150 torr. The computer continued
to collect pressure data as degassing proceeded until the pressure became
constant at some value slightly above Po. This final, constant pressure
was symbolized by Pw. The length of time required for degassing was about
15 minutes. The program calculated @, D and compared D to the general
function.

Specific degasibility was calculated after finding the volume and
temperature of all parts of the system (18).

Experimental Procedure for Slabs

Samples were cut on a diamond saw with water lubricant and dried (lé).
All surfaces except the sorption face were coated with epoxy glue and
aluminum foil was layered onto the wet epoxy glue. After the glue dried,
the shale surfaces were shaved down with a chisel,

The shale faces were traced onto graph paper and the total area was
measured by planimeter. Samples were then sealed in the cell by glass-
blowing. The slabs required equilibration over several days in a methane
atmosphere in contract to particles which equilibrated in a few minutes.

Procedures were the same as for meshed particles except for the fol-
lowing differences:

Ps was typically 750 torr and Po about 400 torr. From zero time to
the end of the run was usually 30 minutes in contrast to particles., Pw
for slabs would have been in the range of days or weeks. In order to
get around this problem of the long time to determine Pw, separate iso-
therm data was obtained from particles sampled from the same depth as
the slabs.

The volumes of the system and of the sample cell were determined.
Computer software has been developed to find all these values.

Specific degasibility does not require a solubility constant from
particles. Thus, it is calculated directly from data in the program (18).

ANALYTICAL METHOD FOR PARTICLES

The general solution for the problemof sorption from particles assumed
to be uniform spheres, is given by Crank (7, pp. 93-96). Initially, all
spheres are assumed to contain solute at a uniform concentration, Co,
and the ;luid to be solute free. A solution of the diffusion equation
a¢ 4

e BTl is required.
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A general solution of this diffusion equation in a form expressing
the total amount of solute desorbing from the spheres up to time t (Mt)
as. a fraction of the corresponding amount after the infinite time (M) s

2t/az)

=15 6 o (a+1) exp (- Dgn
n=1 9 + 9a + an al

1

X x
8 |rt

where qn’s are the non-zero roots of
3
tan 9, 373%—?

and o = E_Fé%3_§ where S is the solubility factor of gas in the

solid, a is the radius of the spheres, and V is the volume of the space
surrounding the spheres.

For short times (less than one day), the general solution is diffi-
cult to evaluate. This is because the smaller Dt is, the more terms

in the series are needed for a given accuracy. L Carman and Haul (3) give

an alternative solution for small times appropriate for most experimental

setups. The short time solution is again given in terms of a ratio of the amount
of solute desorbed from the spheres in time t (Mt) to the corresponding

quantity after infinite time (Mw).

o .0 .//,."'
& , X Ml 3 — ¥t 5 o g, 544 az
A R s @} A e afe - 25 ()

] T2

-

The particle radius is a and the function e erfc Z is defined as
exp 22 erfc 2 (3, p. 112). The higher terms may be neglected as their

overall effect is negligible.

For the smallest values of B (i.e. short times), equation 1 can be
expanded into a series as follows.

LT s P e o i Y

Only the first term needs to be considered for the initial slope of
the above equation.

o %) 6 (DYe e
N

| &
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A1l equations to this point assume the initial concentration of gas
in the fluid to be zero.

[f the concentration of gas in the fluid is not initially zero but
is at some pressure Ps, then the following applies (16,3):

The concentration of gas in the solid is SPs in equilibrium with Cs
(Concentration of gas in fluid before experiment starts) in the fluid.
If at time t = 0, Cs becomes Co and Co < Cs then the amount of gas
desorbed from the solid from t = 0 is (Mt). Mw js amount of gas desorbed
from the solid in infinite time and Ms is the gas adsorbed by the solid
up to time zero.

According to Schettler, then Mt - Ms = effective amount of gas de-
sorbed from the solid after time t. Mo -~ Ms = effective amount of gas
desorbed from the solid after infinite time (16).

Equation 4 becomes

5 Mt - Ms _ H-“\>
Mo - Ms

It is necessary to get Mt - Ms and o in terms of pressures measured

by the apparatus. It has beln shBwn that (2),

é‘ Mt - Ms _ Pt - Po and _ P= - Ps
Mo - Ms _ P= - Po = Po - P=

Ps = initial equilibrium pressure before zero time
Po = pressure at zero time

P= = pressure at infinite time

Pt = measured pressure

A1l pressures have units of torr.
By substituting equations & and 5, equation 5 becomes
7 Pt -Po_Po-Ps {rn) Lr-"'

P - Po P= - Ps

Po is determined after equilibrium is reestablished and usually takes
about 15 minutes. Rewriting equation 7 for Pt gives

8Pt=Po+<P5‘"@r><Pﬂ'—Pa D S

P:o"PJ‘ V-F g
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A plot of Pt and 4 t gives a slope (E1) where

\/P,a P\ £T
2 F,c—P; w3

Given the slope (El)’ D can be calculated.

The value of D can then be put into the general equation for desorption
from particles; equation 6.30 (Crank, 7, p. 94).

In all cases tested, this experimentally determlned D was found to be
the solution for the general equation (equation 1).

ANALYTICAL METHOD FOR SLABS

The problem can-be stated mathematically in terms of solute diffusing
into a fluid (7, pp. 56-60). Initial conditions are that the concentration
of solute in the solid is SPs and the concentration in the fluid is zero.

A general solution of the diffusion equation in a form expressing the
total amount of solute leaving the sheet up to time t (Mt) as a fraction
of the corresponding quantity after infinite time (M=) is

2
MEe _ o . 2 2a (1+a) _Dan” t
-1— Me 1 n-—z-‘l T+ +aZ qnz exp ( L )

where qpns are non-zero positive roots of tan gn = -aq, and ¢ = _a

—

where S is the solubility factor of gas in the shale and L is half sL

the slab thickness and a is the dimension of the fluid space on one
side of the slab.

The smaller the value of Dt/L2 is, the more terms in the series of
equation 1 are needed for a given accuracy. An alternative form of solu-
tion for small times is

Y qcfﬁ’“"\%‘\

B Y-y

_z_g—f;=(1+a){{“€7*f’ oy AR TV )‘
Dt

whera T = 7

The functions are defined as, (3, p. 113).

3 exp R erfex = e erfex el
e erfe x = 1 - 24X
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Equation 2 then becomes

e
y Mo/ LEAN T (DE)
L RN VA

However, the experimental procedure involves desorption into a gas
that does not have zero concentration initially (lé). Thus, the gas
adsorbed into the slab up to time zero must be taken into account.

First, define Ms as the amount of gas adsorbed on the rock before
time zero. Then equation 4 becomes

5 Mt - Ms _ 'J“‘L_’A) = D_&)/Z'
T

= Mo - Ms A
As for particles, it is convenient to have Mt - Ms and @ in terms

of pressures that are measured with in the apparQ?uE.MSThen equation 5
becomes

NA
¢ Pt=-Po_ Po-Ps 2 (08 *
= P= - Po Po - Ps IR [

P, for slabs cannot be determined conveniently as the time involved
is measured in days or weeks in contrast to particles.

To eliminate P= in the expression, the following substitution is made.
¢ can be defined as:
_Ng _P=-Ps
L ®=%s = Fo - P=

where Ng is defined as moles of gas in the gas phase per torr of

pressure.
Vs = AL = volume of solid (cm>)
$ = gas solubility in the solid
Rewriting equation & for Pt and substituting equationjinto equation
6 qives
T
8 Pt=Po+ (Ps - po) o2 230

Ne T

Expression 8 shows no dependence on slab thickness for short times. N
is calculated from the respective volumes and temperatures of each par
of the cell. The solubility of the gas in the shale is determined from
separate measurement of particle isotherms. The value of the slope of
equation 8 then determines D, the diffusion coefficient for the slab.




DEVELOPMENT OF SPECIFIC DEGASIBILITY

A relationship has been developed by Dr. Paul Schettler between the
amount of gas released for a given surface area, duration, gas concentra-
tions, and diffusivity (15,18). This concept was developed because of the
inverse relationship between gas solubility and diffusivity exhibited by
actual rock samples. Schettler developed a single combined parameter
that would describe the potential productivity of rocks.

The basic relationship is given by Crank (7, p.32) and it is an
empirical relation for the rate of production. The production rate is
dMt

L

e - Co) A (—2—9%

2 ™ t

The total amount of gas that desorbed from the rock in time t is Mt

2 Mt =2 (C -Co)A(DTt)%

- 2
Po is the well head pressure kept constant,with the concentration of

gas in the rock, Co, in equilibrium with the gas at pressure Po. C2 is the
initial concentration of gas in the rock before degassing.

The relation between concentration C, and pressure P, is given by C =
SP where S is the gas solubility in the rock. S has been found to be
linear (17). Rewriting equation 2

3 Mt =2 (P - Po) As (BHT

The specific degasibility G, is defined as

b= QF

Combining equations 3 and 4 gives
1
5 Mt -2 (P, - Po) GAt?

G is also closely related to laboratory studies of degassing upon
a known pressure decrease within the apparatus.

Specific degasibility can be written in the same form for particles
and stabs. The expression for particles is

6a (t)% (Po_-_Pey

- Po) a §! Peo - Pg

6 Pt =Po+ (P,

The amount of gas desorbed in the process at STP is,

Y =y §' (P2 - Ps) where v = volume of particles and S' is the
volume of gas per volume of rock per torr pressure.
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The gas given to the system at STP is,
NB (P@ - Po) RT where NB is moles of gas in the gas phase per
The change in the amount of gas desorbed from the shale plus the change
in amount of gas entering the system must equal zero.
v§' (Po ~ Ps) = - Ny (P= - Po) RT

Solving for S' gives
NB_(Po = P= ) RT

Pz
S BEERD)
Substituting the above into equation 6 gives
_ Ps - Po bv ¥

v==NA.4/3n7 a’ and area = Nb = a2 where N is the number of spheres.
The ratio of area to volumes gives A _ 3 .

Y a

G in terms of the slope of équation 7 becomes
_ E4 NB RT
8 &= atrs o
. 1
G has units of cc gas per cm? rock - torr « (t)Z

The expression for slabs is

1
9 Pt=Po+2 (Ps - Po) 2 (£)?
B

To convert G from moles of gas to volume of gas in the gas phase,
Vo= NBRT for isothermal conditions at STP.

1
Equation 9 becomes Pt = Po + 2 (Ps - Po) ﬂE%T-(t)I
B

G in terms of the slope of equation § becomes

E. Np RT
10 G = 5727ps = F0)

Thus. G has the same units for both particles and slabs and is calcu-~
lated by the computer in essentially the same manner.

COMPAR | SON OF DATA

[nitially all data were converted to comparable units of darcys or
cmz/sec. A formula was developed at METC by James Mercer (Computer/Math
Branch) and the author. It was derived from the basic definitions of
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permeability (units of darcys) and diffusivity (units of cmz/sec.). The
formula is

< = MRTS

0937 x 7087 F °

where permeability (K) is in darcys and diffusivity (D) in cmz/sec.
¥ is viscosity of the permeating gas in poises (dine _Sec and is
temperature dependent. cm

R is the gas constant 82.056 =< _ atl

mo ] - K

T is the average temperature in degrees Kelvin (K) -5

S is the gas solubility in the shale, given as 1.11 x 10 © moles gas/cc
rock/atm (16).

P is the average pressure against the slab face from which gas permeated.
If P is given in atmospheres, it must be converted to dyne/cm? since u is in
poises,

Table 1 gives the averaged permeation values for each laboratory.
There is a remarkable similarity in the average results considering the
different method that were used.

Battelle had many samples for which no permeation was detected (zero
values) (7). These were samples that showed no permeation after 15 minutes,
at which time, the experiments were discontinued. The table includes two
sets of data for Battelle, those without the zero values and those with
the zeros values. A]fred's results wera consistently high but this was
probably due to the presence of invisible natural fractures as stated in
their report (2).

Tables |1 through Vi1l show the comparlson of values determined by
each laboratory both in darcys and cm 2/sec for each well. Table IX
includes additional data that Battelle compiled for three wells

For well 20338 (Wise Co., VA), Battelle's data was consistantly lower
than Juniata's. A1l Juniata's data was from particles.

For well 20403 (Lincoln Co., WV), Battelle showed no permeability.
Juniata found diffusivity perpendicular to bedding generally lower than
for well 20338. Juniata also had a small amount of data that showed
diffusivity parallel to bedding was not necessarily greater than that
perpendicular to bedding.

Three labs did experimental work on well 20336 (Martin Co., KY).
Alfred's data was much greater than Juniata's. All Juniata's data was
from particles. Battelle again found no permeability.

The permeabilities found by Battelle were unexpectadly low considering
their use of helium gas. Grahams Law (10) relates the molecular weight of
a gas to the diffusion flux. The helium molecules should diffuse twice as
fast as methane molecules under the same gas concentration. However, the
data does not support this.
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"COMPARISON OF DATA (Cont.)

Iin order to elucidate the diffusion coefficient, Tables 111, V, VII,
VIIL, and X, give the mean square displacament (X 2 - 2Dt) of methane
molecules for one inch, one foot, 10 years and 30 vears. |f there wera

more than one value for diffusivity (D) for a particular depth, the
calculations were based on the smallest value.

The average diffusivity in cmz/sec for gas diffusing perpendicular to
bedding for Juniata was 1.9 x 10~7, for Battelle 0.008 x 10-7 and for METC,
0.79 x 10~7. These correspond to a travel distance one foot in 77 vears, 18,400

years and 186 years, respectively. In 30 vears, the corresponding distances
traveled would be 7.5, 0.5 and 4.8 inches, respectively.

CONCLUSIONS

Battelle Labs used a flow through methcd based on Darcy's law.
Problems with this procedure occur when this law becomes invalid. For
gases, this occurs at very low velocities and when the pore diameter be-
comes comparable or leéss than the molecular mean free path of the flowing
gas (14, pp. 75,71). The pore structure is not known for the shales, and
the flow velocities may be too low for these calculations. Thus the
Battelle data is lacking in precision to some degree.

Alfred University used a flow through method based on Darcy's law
with backpressure buildup on the manometer taken into account. |t was
an approximate steady state analysis applied to a non-steady state process.
The results should be considered an approximation.

The METC procedure was a flow through method using methane. An exact
analytical solution was used. The solubility of gas in the shale was not
known but an average value was used in the calculations.

Juniata College is using a desorption method to determine diffusion
coefficients and degasibility for slabs and particles. |t {s an exact
mathematical analysis. Solubility and diffusivity are determined for
the particles. However, for slabs, the solubility is determined from
particle data found for the same depth, and that determines the slab
diffusivity. Specific degasibility for both particies and slabs is
determined. A separate solubility measurement is not required.

Mound Labs is using a flow through method based on Darcy's law with
corrections for gas flow. A sufficiently large (6, p. 50) mean pressure
yields the best results. |If diffusion is occurring, this procedure will
be inaccurate. However, it may be difficult to determine when diffusion
mechanisms are taking place.

All the data were converted to darcys and to cmz/sec (see Part I,
Comparison of Data). The data for wells 20336 and 20338 show that
the conversion to -darcys make the values,between laboratories appear
closer than i{f they were converted to cm /sec. This is due largely to
the conversion factor between darcys and cm (1 darcy = 0.987 x 10-8 cm?) .
This factor has the =ffect of increasing values in the conversions from
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CONCLUSIONS (Cont.)

D to K and decreasing values in the conversions from K to D. In addition,
because the pressure was low in both Juniata's and Battelle's experiments,
the pressure term adds to the effect of the conversions.

There may not be enough data to make good comparisons, especially
for slabs. However, the following general statements can be made. Ailfred's
high values probably reflects the existence of microfractures in the
samples. Battelle's values were small in comparison to Juniata's desorption
data. This was possibly due to such a low gas flow that Battelle's method
of calculation was no longer valid. Most of the values found at METC were
smaller than Juniata's. This indicates that the diffusion flux was much
larger for Juniata but because different wells were involved, direct
comparisons cannot be made.

Desorption experiments and flow through experiments would be expected
to give nearly the same results with the same shale samples if exact ana-
lytical solutions were used. After a comparison of data between Juniata
and METC for slabs with diffusion perpendicular bedding (Tables !I!| and
VI11), it was found that this was generally the case.
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APPENDIX B

AREA CALCULATIONS OF FRACTURE SYSTEMS

Knowledge of the diffusivity (D) and solubility (S) of gas in the
shale allows calculations of certain unknown parameters of the gas-shale
system.

One of the few wells for which all pertinent physio-chemical parameters
are known is well #11940 (Jackson Co., WV). This gas well has not been
stimulated and yet has produced high volumes since it started to flow
in Qctober 1975.

The original formation pressure was 190 psig and the line pressure
was 85 psig. D was found to be 1.1 x 1079 cm2/sec and § to be 0.252 cc
gas/cc rock/atmosphere. The production zone was around the depth of
3750 feet.

The integration of the rate equation (Schettler, 13) gives the empirical
equation relating production and time.

2ty

Mt=2A(P2-Po)S =2(P-Po)GA(t)%

2

A1l the parameters in the above equations are constant except time and
the production.

When the production is calculated from a given rate, care must be
exercised in choosing the time interval for calculating the area. This
is because the effect of the esquation is to give different areas depending
on the time interval chosen. In order to accurately determine the area,
the production must be known for a particular time interval.

Gas production with time eventually levels out and this flat pro-
duction is due only to gas diffusion into the fracture system connected
to the well bore (13). The available data was fitted to an exponential
decline curve (Appendix C) and the asymptote was found to be about 23,000
cu ft/day.

The production equation given above allows the calculation of the area
required to give that particular production for one day. The natural
fracture area for well #11940 was calculated to be 3.562 x 107 square
feet., One way to visualize this area is to assume a circular fracture
with the well bore at the center. The radius of such a circular fracture
would be 2380 feet.
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APPENDIX C

FLAT PRODUCTION RATE PREDICTION

Many of the shale gas wells eventually settle into a constant pro-
duction rate after a number of years. These wells must have essentially
an infinite source of gas available to their fracture network.

Often only the first few years of production data are available for
a particular well. An estimate can be made of the flat part of the curve
that would occur after 25 or 30 years by fitting the data to some kind of
decline curve. This decline can be considered either hyperbolic or
exponential. Using the peak production year as the first year and the
following year as the second year, results in two equations in two unknowns.

The solution is for b, the theoretical constant production as time becomes
large.

For the hyperbola, the equation is,

2
—a .
y is the production rate per year, usually in MMCF
X is the time interval in vears
a s the absolute value of the foci
b is the asymptote

For the exponential declinme curve, the equation is,

Sicb oLy,
Y= oex TP x20

The coefficient of the independent variable was selected from an
average value as 0.25. x and y are the same as above and i is the y
intercept (the theoretical jnitial production at time zero). b is the
asymptote.

Both equations were tested on production data. The hyperbolic fit
gave good results for a few wells, but in general, the exponential fit
gave the best prediction of b. -For a few wells, the exponential gave

a negative b. In those cases, the hyperbolic equation found a reasonably
accurate b.

Therefore, when using the above procedure, all calculations should
first be made on the basis of the exponential fit. But if b is a negative
number, then the hyperbolic fit should be used for the prediction.



