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Determining the Explosion Effects on the Gasbuggy Reservoir

from Computer Simulation of the Postshot Gas Production His

Dr. Leo A. Rogers
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A S T R A C T

Analysis of the gas production data from Gasbuggy to
deduce reservoir properties outside the chimney is complicated by
the large gas storage volume in the chimney because the gas flow
from the surrounding reservoir into the chimney cannot be directly
measured. This problem was overcome by developing a chimney vol-
ume factor F (M2CF/PSI) based upon analysis of rapid drawdowns
during the production tests. The chimney volume factor was in turn
used to construct the time history of the required influx of gas
into the chimney from the surrounding reservoir. The most probable
value of F to describe the chimney is found to be 0.150 M2CF/PSI.

Postulated models of the reservoir properties outside the
chimney are examined by calculating the pressure distribution and
flow f gas through the reservoir with the experimentally observed
chimney pressure history applied to the cavity wall. The calcu-
lated influx from the reservoir into the chimney is then compared
to the required influx and the calculated pressure at a radius of
300 feet is compared to the observed pressures in a shut-in
satellite well (GB-2RS) which intersects the gas-bearing formation
300 feet from the center of the chimney. A description of the
mathematics in the computer program used to perform the calcula-
tions is given.

Gas flow for a radial model wherein permeability and
porosity are uniform through the gas producing sand outside the
chimney was calculated for several values of permeability. These
calculations indicated that for the first drawdown test (July 1968)
the permeability-producing height product (kh) was in the region
of 15 to 30 millidarcy-feet (md-ft) and that after several months
of tsting, the effective kh had dropped to less than md-ft.

Calculations wherein (1) the permeability decreases from
the chimney out to the "fracture" radius, and 2 an increased
production height is used near the chimney, match the data better
than the simple radial model. Reasonable fits to the data for the
first 150-200 days of testing have been obtained with permeability
which decreases through the fracture region with a 1/r or efr
dependence. For these fits the kh has been in the range of 37.5
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md-ft., near and beyond the fracture radius.

After 150-200 days, the calculations presented in this
paper give too much gas influx into the chimney and a rate of
decrease in pressure at the range of GB-2RS which is too rapid.
It is therefore apparent that smaller values of kh must be con-
sidered in the outer portion of the fractured region and beyond.
Future calculations will further refine these models as required
to match the influx to the chimney and the pressure observed in
GB-2RS during the long term production and buildup tests which
followed the time period considered in this paper. A match to
pressure observed in the recently completed GB-3 well will also
be required for the long term buildup test.
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INTRODUCTION

assumes that the reader is generally familiar
with the Gasbuggy* experiment. It has been extensively reported
(Refs. 112,) and the reports and experimental data are also avail-
able -at Open File repositories maintained by the government. More
than a year's production testing has taken place to develop data
for evalua tion of the effect of the detonation upon gas production.

At the time the Project Gasbuggy feasibility study was com-
pleted 1965), the limited inform4timon permeability around
nuclear explosion generated cavities suggested that a network of
open fractures extending several hundreds of feet from the shot
point would be created in the rock by the explosion. This concept
was coupled to the assumption that the effective well bore adius
for gas production would then be equal to this fractured region.
Predictions of the stimulation effects were then made based upon
the information available at that time.

After the shot (December 10, 1967), the Tate of initial
pressure buildup in the chimney and the low gas production observed
upon reentering the GB-2 well in June 1968 raised serious questions
regarding the earlier assumption of a very large permeability
increase in the fractured region (Refs. 5 6 7.

The primary information for this analysis consists of (1)
the gas production and bottom-hole pressures for the chimney
(GB-E) and 2 the bottom hole shut-in pressure for a satellite
well (GB-2RS) about 300 feet from the emplacement shot hole. This
data was developed from a series of draw-down and buildup tests
which began June 28, 1968 and are still in progress at the time of
this report (January 1970). The portion of the data used in this
report is shown in Figure 1. The draw-down and buildup test pro-
gram was designed to allow calculation of the chimney void volume
with rapid blowdowns and calculations of -well performance charac-
teristics based upon analyses of constant back pressure data at
several pressures.

The analysis technique used in this study centers on the
amount of gas that flows into the chimney from the surrounding
reservoir. The experimental data (bottom hole pressures and the
amount of gas produced from the chimney) are first used to deter-
mine the required gas influx into the chimney. Computer calcula-
tions using various descriptions of the reservoir around the
chimney are then made and the computed influx compared to that
required by the experimental data. There is no unique set of
reservoir parameters of permeability, height, and porosity dis-
tribution that match the data; therefore, the main point of the
study is to hypothesize reservoir models which are plausible and
then use computer simulation to calculate the gas production for
the hypothesized model. The postshot permeability and producing
height of the reservoir surrounding the chimney is then inferred

Project Gasbuggy is a joint effort under the U.S. Atomic Energy
Commission's Plowshare Program by El Paso Natural Gas Company,
the Bureau of Mines of the U. S. Department of Interior and the
Atomic Energy Commission with technical assistance provided by
Lawrence Radiation Laboratory, Livermore, California.
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from the parameters in those calculations which reasonably match
the experimentally required influx and satellite hole pressure.

GAS INFLUX TO THE CHIMNEY

The first deduction made from the experimental data pre-
sented in Figure I is a determination of how much gas must flow
into the chimney from the surrounding reservoir during the pro-
duction testing period. This is accomplished by the following
expression for volume balance of gas in and out of the chimney:

Q = Qp - (Po - P)F

where Q, is the cumulative influx of gas from the surrounding rock
from the bginning of testing to the time of interest (SCF)*, Qp
is the quantity of gas produced from the chimney since the begin-
ing of testing to the time of interest (SCF), P. is the initial
pressure in the chimney (PSI), P is the pressure at the time of
interest (PSI), and F is a chimney volume factor in units of cubic
feet of gas per psi pressure change in the chimney (SCF/PSI). F
also includes the gas compressibility factor which for this analy-
sis is assumed to be unity. Using experimental measurements for
QP1 PO and P throughout the test period, curves of Q, for given
values of F can be calculated from equation (1).

Figure 2 shows a family of curves of the required influx
(Q ) from the surrounding reservoir into the chimney for several
different chimney volume factors. The value of F is estimated
from the rapid blowdown data by dividing the net amount of gas
removed from the chimney by the associated pressure drop in the
chimney where the net amount of gas removed is the amount of gas
produced minus the amount of influx during the blowdown period.
The gas produced is accurately measured, but the influx must be
estimated from the initial shut-in pressure rise following blow-
down, flow for constant back pressure immediately before or a ter
blowdown, or the computer simulation results. The most accurate
values of F are derived from the rapid blowdowns where the influx
into the chimney is small compared to the production from the
chimney during the blowdown period. F is thus determined from
equation (1) using only small portions of the test period (the
rapid drawdowns) and then applied back into equation (1) for the
entire test period.

In calculating F from the several draw-down tests shown in
Figure 1, its value varies from about 12 M2CF/PSI t about
.16 M2CF/PSI depending upon the influx estimated for each draw-
down test. The best estimate of F is about .15 m2CF/PSI.

The value of F is tied to the volume of the void space in
the chimney by the gas equation of state and pressure. The
initial pressure multiplied by F is the amount of gas in the chim-
ney at the beginning of testing. If this volume is corrected for

SCF = Standard cubic feet of gas
M�F = ,000 cubic feet
M CF = 1,000,000 cubic feet
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FIGURE I
Gasbuggy production test data. Chimney pressure
is that measured at approximately 3790 feet in
GB-ER. Satellite hole pressure is tat measured
at approximately 4235 feet in GB-2RS. The cumu-
lative production is the cubic feet at 14.7 psia
and 600F.
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FIGURE 2

Family of curves for the required influx of gas
from the surrounding reservoir into the Gasbuggy
chimney for three different chimney volumes fac-
tors. For a constant chimney volume the required
influx curve defines the quantity of gas that must
influx from the surrounding reservoir in order to
obtain the experimental pressure and cumulative
production from the Gasbuggy chimney, Equation (1).
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the downhole conditions of pressure, temperature and compressi-
bility factor, it will be equal to the chimney void volume. Using
the preshot prediction of about 2 2CF void space, the calculated
F is 135 M2CF/PSI which is in agreement with the value deduced
from draw-down tests. It is not necessary, however, to know the
chimney void volume for the analysis presented in this paper.

Since the F .15 2CF/PSI curve may not be exactly correct,
the curves for F .12 M2CF/PSI and F = .18 M2CF/PSI were included
in Figure 2 to indicate how the curve changes as F deviates from
.15 MCF/PSI. The object of the calculations is thus to match the
shape of the required influx curve near the value of F = 1 M2CF/
PSI, not to exactly match the .1 MCF7PSI curve. If the chimney
void volume, temperature, and gas composition remain constant,
then the F will be constant throughout the test period and the
required influx curve will lie on the family of curves near the
.lS M2CF/PSI curve. If, on the other hand, there were some shrink-
age of the chimney, or influx of water with time, then the re-
quired influx curve should start near the F = .15 M2CF/PSI curve
but later shift towards the F = 120 curve. Analysis of the blow-
down data does not reveal the need for such a model.

An upper bound on the value of F can be derived from the
shapes of the influx curves in Figure 2 Where there is a sudden
increase of production from the chimney there should be a corres-
ponding increased flow of gas into the chimney from the surround-
ing reservoir. This is seen in the 120 M2CF/PSI and .15 M2CF/PSI
curves in Figure 2 but the .180 M2CF/PSI curve shows the physi-
cally impossible situation of flow decrease, or even reverse flow,
for the rapid production from the reservoir. F must, therefore,
be less than .180 M2CF/PSI.

The computations to follow assume the chimney wall is a
boundary whose pressure history is the observed GB-ER bottom hole
pressure and that the initial pressure is 1067 psi in the entire
reservoir outside the chimney. The study consists of examining
various assumed permeability distributions outside the chimney.
The test of each assumed permeability distribution is based upon
comparisons of: (1) the calculated gas inflow to the chimney Q)
to that given in Figure 2 for F in the range of 0120 M2CF/D to
0.150 M2CF/PSI; and, 2 the calculated pressure history 300 feet
from the chimney with the observed pressure history of GB-2RS.
Some of the models assume an increase in producing height as a
result of shale fracturing by the explosion.

It is recognized that no unique solution in terms of a per-
meability distribution is possible. The approach therefore has
been to start with a very simple model and add complexities as
required to obtain a fit with the experimental data.

MODEL STUDIES

A description of the mathematics in the computer program
used for the analyses to follow is given in the Appendix. The
computer program calculates the flow through a three-dimensional
matrix with a specified description of initial pressure, permea-
bility, porosity, temperature, gas equation-of-state and the
geometry of the producing section. This computational technique
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allows more flexibility in studying the problem than can be
obtained from a best fit analysis to a cylindrical-radial flow
model. In maintaining such flexibility, however, one gives up
the convenience of the computer doing the iteration to get the
best fit to the permeability or other parameters.

1) Cylindrical-radial; constant permeability

A cylindrical-radial flow model (Figure 3 was first con-
sidered with the nuclear chimney wall treated as the well bore
and the permeability assumed constant in the sand portion of
reservoir outside the chimney. The computation results for an
assumed net pay sand thickness of 1SO feet and for three different
permeabilities are shown in Figures 45.

Examination of Figure 4 reveals that the calculated influx
for k = 0.1 and 02 reasonably match the required influx from the
first two draw-down tests (first 16 days). After this period,
however, the calculated influx deviates above the required influx.
For this early time the effective kh of the reservoir near the
chimney is therefore in the range of 15-30 md-ft. If, on the
other hand, the producing height were assumed to be about the
same as the chimney height or total gas-bearing section 300 ft.),
then the permeability would have been in the range of 0.0 - 0.1
md. During the first buildup test 16-130 days), the curve for
k = 0.05 has about the right slope, but is displaced somewhat
below the required influx curve. This suggests that at some dis-
tance from the chimney, the permeability drops to a value of less
than .S md. and kh is less than md-ft.

Figure reveals that for later times (greater than 100
days) the calculated GB-2RS pressure reasonably matches the pres-
sure history in the satellite hole for k = 0.1 or 02 md. Since
the calculation for k = 0.05 md. lies well above the observed
GB-2RS data, the reduction of permeability to this value apparent-
ly occurs at about the GB-2RS distance of 300 feet from the chim-
ney. The pressure in GB-2RS earlier than 100 days is omitted
from the comparison since GB-2RS was subjected to a series of flow
tests and did not adequately represent the reservoir pressure
until after it had been shut in for several weeks.

An analytical solution for the effective kh for this model
can be made using the radial flow equation and the buildup data
following the first rapid drawdown. The equation (Ref. 8) for
deducing kh from the buildup data is

QpTZ
kh = 1637 - (2)

m

where Q is the flow (MCF/D) before shut-in, ) is the viscosity of
the gas (.012 centipoise), T is temperature (about 6000R), Z is
gas compressibility and m is the slope on the buildup curve
(Figure 6 (psi /cycle versus reduced time, t/t + G, where 
flow time before shut-in). Figure 6 shows the curve for the July
16, 1968 through November 4 1968 buildup 16-130 days). The data
does not esult in a good straight line as the -reduced time
approached 1.0, 2but for the line shown, the slope is approximately
1.3 million psi /cycle. In using equation 2 it must be remem-
bered that the equation is derived on the basis of negligible well
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FIGURE 3

Schematic drawing of the cylindrical-radial flow
model for the Gasbuggy chimney and surrounding
reservoir. The entire producing section is
approximately 300 feet thick with alternating
layers of producing sands and barren rocks.
However, for the computation, it was assumed
that the net producing sands could be combined
into a single layer approximately 1SO feet thick.
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FIGURE 4

Calculated influx (solid lines) compared to the
required influx (dotted lines) for the simple
radial flow model where permeabilities are 0.5,
.1, 12 millidarcys. Other parameters in the
calculation are: porosity, S%; chimney wall
radius, 85 feet; gas viscosity, .012S centi-
poise; chimney gas, 23.63 cubic feet = weight
pound; and the deviator to account for temper-
ature and gas compressibility corrections (see
Appendix) = 114.
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FIGURE 

Calculated pressures (solid lines) at the
satellite hole for the simple radial model
compared to the experimental pressure
(dotted line). Same calculation as shown
in Figure 4.

1.0

W

Cn .8
CL

W
z
0

_j
_j 7

.6

.5
2 .5 1.0

REDUCED TIME t
t 4 L9

FIGURE 6

Plot of July November 1968 pressure buildup
data for the Gasbuggy chimney. Flow period
prior to shut-in is twelve days and the initial
shut-in pressure 780 psi.
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bore volume. Q is really Q, the influx from the reservoir into
the well bore. If the flow from the required influx curves of
about 9 M2CF/D before shut-in is substituted into equation 2,
then the resulting kh is about 8 md-ft. which is consistent with
the k = 0.05 developed above.

2) Cylindrical-radial; permeability change at discreet radii

The first complication added to the simple radial model was
that of allowing the permeability to have discreet changes at
certain radii. Figure 7 shows the calculated iflux and GB-2RS
pressure for the case where the permeability from the cavity
radius to approximately two cavity radii has a constant value of
0.15 millidarcys; from two cavity radii to approximately three
cavity radii the permeability is 0.1 millidarcys and beyond three
cavity radii the permeability is 0.05 millidarcys. For these con-
ditions the required influx to the chimney is reasonably matched
for the first 120 days and the observed GB-2RS pressure is matched
for the full 210 days of the calculation. For times longer than
120 days, the calculated influx into the chimney is too high,
indicating that the assumed permeability for the far out region,
which controls the late time flow, is too high. However, a better
match to the data is achieved when using this three-ring model
than when the simple radial model is used.

3) Fractured shale and permeability changes at discreet
radii

Figure shows a model where the fracture radius is con-
sidered spherical around the shot point so that near the chimney
wall gas will flow through all of the fractured rock--including
the non-gas-bearing shales. Beyond the fracture region, however,
the gas flow is only through the net gas-producing sand. Figure
9 shows the results of a calculation with a combined case of a
variable k with distance from the center of the chimney and
spherical symmetry of fracturing. Again, there is a reasonable
match between the calculation and the data for approximately the
first 120-150 days. But beyond that, the calculated influx is
still too high, indicating that the far out permeabilities used in
the calculation were too high.

4) Permeability a smooth function of radius in the
"fractured region"

It is apparent that the experimental data is best fit where
the permeability decreases with distance away from the chimney
wall. The nature of this variability is not known, but there are
several rather simple mathematical functions that can be used as
first approximations. One such function is for the condition
where, from the chimney wall out to some specified radius, flow is
described by the linear flow equations rather than the cylindrical-
radial flow equations. In order for cylindrical symmetry to des-
cribe flow in a linear manner (pseudolinear), it is necessary for
the effective permeability to change as a function of radius by
the relation

Rm
k = k0 r <R

(3)

k = k r> Rm
0
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FIGURES 7

Calculated influx and satellite hole pressures
for a three-ring radial model. Permeabilities
vary as follows: for r = 851 to 101, k = .lS
md; for r = 1501 to 201, k = 0.10 md; and for
r greater than 201, k = OS md. Other para-
meters are the same as given in Figure 4 Dashed
line in upper plot is observed GB-2RS pressure.
Dashed lines in lower plot are required influx
curves from Figure 2.
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FIGURE 

A computational model using spherical symmetry
for the flow region around the shot point. In
the calculations a series of concentric cylin-
drical shells was used with varying values of
height to model the spherical section. The
fractured shale and the producing section
assumed to a porosity of five percent.
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FIGURES 9

Calculated influx of satellite hole pressures for
the three-ring permeability case combined with the
spherical model in Figure 11. Permeabilities are:
for r = 8S' to 150', k 0.6 md; for r = ISO' to
2501P k = 0.5 md; for r 2501 to 340', k = .04
md; and for greater than 3401, k = 02 md.
Dashed line in upper figure is GB-2RS pressure
from Figure 1. Dashed lines in the lower figure
are the required influx curves from Figure 2.
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is the radius at which k = k , the unstimulated permeability).
Figure 10 shows two examples. Figure 11 shows the calculated
results for these two examples. The calculated influx into the
cavity for the first 40 to 60 days is very similar for these two
models, but bolh give values which fall below the influx required
by F = 0.150 M CF/PSI during that time period. After the initial
shut-in at 16 days, the slope of the influx curve for the k = 0.05
model is too great. For the k = 002 model, the slope of the
influx curve after initial shut-in appears reasonable until the
blowdown starting at 162 days. The slope then becomes too great.
The calculated GB-2RS pressure is in moderately good agreement
with the data for the first 220 days. However, after that time
the calculated rate of pressure decrease is too large. These
observations demonstrate that the k = 002 md. model comes closer
to describing the true postshot permeability distribution than the
k = 0.05 md. model.

Further insight into possible refinement of the models is
gained by comparing the k = 002 calculation of Figure 11 with
Figure 9 Both calculations assume increased height of the per-
meable region due to fractured shale, as indicated in Figure ,
and a porosity of five percent in the fractured shale. In addi-
tion, both calculations have similar values of about 20 md-ft. for
kh near the chimney wall. The difference in these calculations is
a factor of about two in the permeability, through the range of
two to four chimney radii. Comparison of the calculated influxes
and calculated pressures at the range of GB-2RS reveals the high
sensitivity of this analysis to permeability in the fracture
region.

In Figure 10 the functional relationship between k and
radius is a gentle curve. Another mathematical representation that
has a similar trend is a straight line on a semi-log plot where
permeability is given by

k = k efr r <R
0 m

k = k r >R (4)

where f is the slope of the line. Computer calculations (not shown
here) using equation 4 to approximate the curves in Figure 
show results imilar to the pseudolinear flow shown in Figure 11.

5) Permeability less than preshot near limit of "fractured
region"

A flow or permeability model of the region surrounding the
chimney can also be developed based on the observation that the
overburden above the chimney must be supported by the rock around
the chimney. It can then be argued that the rock above the chim-
ney develops a supporting arch (as it settles after the shot).
The resultant arch would form a compression ring around the chim-
ney which could conceivably lower the permeability throughout the
rock which supports the arch. If this occurred, the long term
production would be highly controlled by the decreased permeability
in this compression ring.
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FIGURE 0

Plot showing how permeability must vary between
the chimney wall and the radii 4001 (upper curve)
and 3001 (lower curve) to simulate linear flow
(pseudolinear flow) in equation 3.
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FIGURES 1

The curve labeled "k = 02" uses the permeability
distribution shown in Figure 10 with that value
beyond 300 feet and the model shown in Figure 11.
The curve labeled "k = 051 uses the permeability
distribution shown in Figure 10 which has that
value beyond 400 feet and the model shown in
Figure 4 The dashed line in the upper figure is
the GB-2RS pressure from Figure 1. The dashed
lines in the lower figure are the required influx
curves from Figure 2.
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Several calculations were made with different porosities,
flow geometries and permeability distributions (not shown here),
but they were not definitive with respect to this concept. Future
comparisons with production data extending over a time period of
about two years are expected to provide a stringent test of this
hypothesis.

6) Future work

A long term 7 mos.) flow at constant downhole pressure was
ended October 28, 1969 487 days after start of production testing).
Then a rapid blowdown from 255 psi to 12S psi was accomplished in
17 days following which the well was shut in for a long term build-
up test. During September and October 1969, another postshot well
(GB-3) was drilled which intersected the gas-bearing section about
200 feet from the center of the chimney. This well was extensively
cored and logged and then shut in to obtain reservoir pressure.
Additional calculations are needed to analyze these recent data in
terms of possible gas flow or explosion effects models. It is
expected that future efforts will result in refinement of the
description of permeability in the vicinity of the Gasbuggy chim-
ney developed in this paper.

CONCLUSIONS

This paper has shown that a computational model to match the
data from the-first 150-200 days of Gasbuggy production testing
must be one i which the permeability-producing height product
decreases with radius from the chimney. Further, computations to
date suggest that models where both the permeability and the pro-
ducing height decrease with radius will give the best fit to the
data.

It is apparent that for Gasbuggy there is only moderate
increase of the permeability through the fracture region and little,
if any, increased effective permeability of the reservoir at or
beyond the fracture radius. Comparison of computations for a
simple radial model wherein permeability does not change with
position in the producing formation outside the chimney reveals
that: (1) for early time gas production, the kh is in the range of
1S-30 md-ft., and 2 for late time gas production the kh decreases
to less than 8 md-ft. Reasonable fits to the data for the first
150-200 days of testing have been obtained with permeabilities that
decreased through the fracture region with a 1/y or efr dependence.
For these fits, the permeability-producing height product has been
in the range of 15 to 40 md-ft. at the chimney boundary and
decreasing to the range of 3 to 75 md-ft. near and beyond the
fracture radius.

After 1SO-200 days, the calculations presented in this paper
give too much gas influx into the chimney and a rate of decrease
in pressure at the range of GB-2RS which is too rapid. It is
therefore apparent that'smaller values of kh must be considered in
the outer portion of the' fractured region and beyond. Future cal-
culations will further refine these models as required to match
the influx to the chimney and the pressure observed in GB-2RS
during the long te-rm production and buildup tests which followed
the time period considered in this paper. A match to pressure
observed in the recently completed GB-3 well will also be required
during the long term buildup test.
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APPENDIX

A Computer Method for Approximating

Three Dimensional Darcy Gas Flow

Introduction

To avoid the complications from numerically solving the

second order time dependent flow equation in three dimensions, a

technique was devised which does a time averaging of steady state

integrated solutions for relatively small interconnected volume

elements. Arbitrary boundary conditions of flow or pressure as

functions of time are easily specified. The result is a versatile,

simple, reasonably accurate computational method for low velocity

gas flow through a permeable matrix.

Basic Equations

The volume flow (q through an element of matrix is given

by

q = K VP (Equation of Motion) (Al)

where K is the volume conductivity and VP is the pressure gradient.

For Darcy flow, K = kA/p where k = permeability, A = area and 

viscosity.

The description of the gas is given by the expression

P = p E (Equation of State) (A2)

obtained from the gas equation of state 8 PV = ZnRT where

= n = Gas density (weight pounds/volume)
V

= zRT = Combined proportionality factor (PSI-CF/wt pounds)

P = Pressure (PSI)

V = Volume (CF)

Z = Gas compressibility factor (dimension less function of
P or p)

R = Gas constant (PSI-CF/OR - wt pounds)

n = Mass of gas (wt pounds)

T = Temperature ( 0R).

The value of is specified in the program as a function of gas den-

sity and volume element position to account for the variability of

Z and T.

Equation (Al) multiplied by density gives the mass flow

equation

m pKVP (A3)
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substituting for p from equation (A2) and integrating gives

m C (P 2 P2 (Steady State Mass Flow) (A4)
U� e d

where C t� is the partial flow constant between connected volume

elements with pressures P e and P d' In this notation the subscript

a is the symmetry ( = linear, 2 = cylindrical, 3 = spherical) and

the subscript is the axis in the a symmetry. The equation for

C a� in artesian, cylindrical and spherical coordinates are listed

below. In these equations the mass flow rate is from the center

of one volume element to the center of the other volume element

through the common interface. The underlined subscripts in the

denominators indicate the mid-point of the volume element. The

permeabilities k indicate the permeability in the direction of

the axis.

Cartesian (Y2 yl) (z2 zl)kx
Coordinates C

11 2E p (x xl)
2

(X 2 - x1) (z2 zI )ky
C 12

2� �t (Y2 yl)

C (X2 x1) Y2 yl)kz

13 2� p (z2 z,)

Cylindrical (�2 1) (z2 zl)kr

Coordinates C 21 2E ikn F r2
Lrij

(z 2 zl) kn(r 2)k

C Tr_17
22 2E

2

�,)(r 2 r 2)k
C (�2 2 1 

23 4C �i (z ZI)
2
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Spherical (O 2 01)(�2 - 1kr

Coordinates C31

2�

C (�2 - �1)(_r2 - r,)k,

32 Csc e - cot a
2 2

2� Pn
Csc 1 Cot el

Csc 2 - Cot 2
(r2 rl)

Csc 1 - Cot 1
C33

2� 2 �1)

Equation (A4) is applied with the condition that the amount

of gas leaving one volume element is the same as enters an adjoin-

ing element through a common interface.

(M ade add (Continuity Equation) (A5)

Time Average of Flow

Transient flow is approximated by a time derivative of the

steady state mass flow equation (A4) allowing P e to change at a

different rate than P d' For every connection of volume elements

d and e the mass flow through the common interface a� is given

by

d� a� 2C a� P dP Pd dPd
(AQ

dt dt dt

Using finite differences to approximate the differentials,

the average flow between connected volume elements over a time

increment is approximated by

�n+1/2 = 12 n + �n+ �n + At d;

rM -2 Ut (A7)

where superscripts refer to time n = t, n + = t + At, n 12

t 12 Lt. Equations (A6) and (A7) combine to give

n nl nl
ma = Ca� (P e Pe _Pd Pd ) (Averaged Mass Flow) (A8)

This is the fundamental equation to be solved by the com-

puter. A word description of the process is as follows:
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Between volume element d at pressure P n and adjacentd
volume element e at pressure P n let steady state flow

e
occur according to equation (A4). During time At an

amount Am of gas will leave one cell and enter the

connected cell. The gas density in the cells at the

end of the time increment has changed and the pressure

associated with the new density can be found from

equation (A2). These new pressures, P n+l and P n+l
d e

are those which would occur if steady state flow

occurred over the entire time step. Since the steady

state mass flows are different at the beginning and

end of a time increment, equation (A8) is an average

of the mass flow between the beginning and ending of

the time increment At which centers the mass flow at

time

t 12 At.

In practice a volume element will usually be con-

nected to several adjacent volume elements so that

the gas density in a cell at the end of a time in-

crement is the net volume after summing up all the

flows to the connected volume elements.

Determining the Time Increment

The time increment needs to be small enough so the finite

differences are adequate representations of the differentials and

the computation is stable. This is done by specifying the con-

dition that the net mass change in any cell during a time increment

will be small compared to the total mass in the cell. With this

fractional mass change (f) specified, the time step is the minimum

At for all the cells in the matrix from the equation

M.
At = Minimum (f) .3 (A9)

mi

where the subscript j refers to an arbitrary volume element. The

value of f for a reasonable approximation and a stable calculation

depends on the relative sizes of the volume elements and mismatches

of material properties for adjacent volume elements. The time in-

crement also needs to be small enough to insure that the direction

of flow from equation (A8) will be the same as that required by

equation (A4). This requires a lower limit cutoff below which the

720



value zero is used for equations (A4) and (A8) to avoid difficulty

from machine round-off and computation noise.

Boundary Conditions

Boundaries are handled as special volume elements. The con-

ductivity links connect to them, but the pressure or flow through

them are specified by equations or tabular input of pressure or flow

as a function of time. The specification of pressure at a boundary

is straightforward. The specification of flow at a boundary, how-

ever, requires an additional calculation to determine the boundary

pressure which gives the desired flow. There may be more than one

volume element connected to a boundary so that the total mass flow

across a boundary is given by

Z n Pn+l _ Pn Pn+l (AID)
i jb (P i i b b

where the subscript b refers to the boundary connected to volume

element j. Further, at any instant of time, the pressure at the

boundary is taken to be the same for all the volume elements con-

nected to the boundary. In equation (AID), P n and P n+l are the
b b

same for all terms in the sum for each time step. The value of

Pn+l is thus found by solving equation A. Having thus deter-b
mined the boundary pressures required to get the specified m, the

boundary can be considered as a special cell and the flow calcu-

lated by equation (A8). Mass flow then is converted to volume of

flow by dividing by the density of the gas.

The Computer Program

The most complicated part of the computer program is the

input routine that calculates the volume elements and the inter-

connecting network constants. The material description is input

by volume element and the conductivity links are between the mid-

points of connected volume element. The permeability along the

conductivity link is a weighted average of the permeability for

the two connected volume elements. The computer output prints for

selected times n + 12 the pressures in the volume elements accord-

ing to P = P ln T. The computer program was checked by running

problems that had analytical solutions. The results were in close

enough agreement to verify that the program was operating correctly.

The accuracy, however, depends on size of the volume element, the

magnitude of property changes between adjacent volume elements and

the size of the time step.
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