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ABSTRACT

This project has involved development of a hydraulic fracture simulator which
calculates fracture height as a function of distance from the wellbore in a
situation in which a payzone is bounded by two zones in which the minimum
in-situ stress is higher (the fracture is vertical). The fracture must be
highly elongated (length/height ratio 2 4) and variations in elastic modulus
across zones are ignored. First, we describe the leakoff and spurt loss
calculations employed in the modeling. Second, we discuss a revised version of
the vertically symmetric simulator (bounding zone stresses equal). The addi-
tion of non-Newtonian flow and leakoff (including spurt loss) are described in
detail. An illustrative result is given. Third, we describe in detail the
vertically asymmetric simulator (bounding zone stresses not equal). To illus-
trate the last results, we present design calculations for a 30,000 gallon
fracture, which was the first stimulation in the Multi-Well Experiment. The

80 ft fracture interval in the Paludal zone has at its upper edge a 520 psi
stress contrast, and at its lower edge a 1195 psi contrast. Computed fracture
height growth above and below the perforated interval, bottomhole pressure, and
width profiles in vertical sections are displayed. Comparison is made with
diagnostic measurements of fracture length, height, and bottomhole pressure.

The appropriate computer codes are included in this report.
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Significance of Project

The result of this project is the first part of a variable height fracture
simulator. For a vertical fracture initiated in a pay zone bounded by zones
of higher in situ stress, the fracture's growth in the vertical direction is
restricted. If the fracture is highly elongated, the enclosed computer

program calculates fracture height, width, bottomhole pressure, and time, for
a particular fracture length.

Other features of the fracture calculation are: (i) the upwards fracture
growth can be different from the downwards growth, (ii) non-Newtonian (power
law) flow of fracturing fluid, (iii) leakoff and spurt loss are included.
Limitations are: (i) no time variations in pump rate or injected fluid
viscosity, (ii) no proppant transport. The shape and size of the fracture
calculated by our model are in basic agreement with the variable height models
of Amoco and Terra-Tek. However, our model takes less than 5 minutes of CP
time on a Data-General Eclipse mini-computer.

The model can be used to predict the growth (height, length, and width) of a
vertical fracture as a function of time. The bottomhole pressure variation
with time can be predicted too. This is a very cheap way to predict the
height and pressure of a hydraulic fracture, given the pumping rate, fluid
viscosity, and appropriate formation parameters, including stress contrast
between pay and bounding zones.
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INTRODUCTION

At depths of a few thousand feet or more, induced hydraulic fractures will
normally be vertical. Height growth containment is important so that the
fracture will reach farther along the payzome, and so that the chance of
vertical penetration into, for example, a water-bearing zone will be reduced.
Although many factors influence height growth, the most important one appears
to be the stress contrast between pay and bounding zones,! where by stress we
mean minimum in-situ stress.

Here we study fracture height growth by developing a model for an expand-
ing hydraulic fracture applicable when the fracture is highly elongated, with
length along the payzone much greater than height. Vertical variations in
elastic parameters are not considered. The fracture shape in this paper is
self-determined, in contrast to that in which an elliptical shape is chosen®.

A variable-height fracture model has been intensively studied by Cleary and
co-workers.2’2 This so-called "pseudo-3D" model treats the fluid flow as a
dominant 1D flow along the payzone, plus an auxiliary 1D flow in the vertical
direction. Although the models of Nolte? and Palmer and Carroll®’® take the
vertical flow to be zero, thus simplifying the problem considerably, the
general formulations are similar enough to Cleary's to be included under the
rubric "pseudo-3D." 1In all these models, the fracture width is approximated by
dividing the fracture into a number of vertical sections, and applying 2D
elasticity theory to each vertical "line" crack. Thus the fracture is assuméd
to be highly elongated with length/height ratio > 4.

Fully 3D modeling, with proper 2D fluid flow, is under development,’ 9 but
the problem is formidable and the computer run time enormous. The first

complete results have just appeared.7 Meanwhile we can learn much about



fracture behavior from pseudo-3D models. Furthermore, recent comparisons
indicatel9 that the the ORU pseudo-3D models discussed below are a good first
approximation to the fully 3-D model.?

In this report we consider a 3-layer scenario in which a continuous payzone
is bounded by zones of higher minimum in-situ stress. If the bounding zone
stresses are equal, the fracture will be vertically symmetric (if lithostatic
and hydrostatic gradients are neglected). Since we have presented a fracture
simulator appropriate to this case before®'®, here we briefly describe a
revised version which contains (i) non-Newtonian flow, (ii) leakoff, including.
spurt loss. A discussion of the modeling of the latter is given in some detail
because it has not been presented before.

In general, the bounding layer stresses will not be equal, leading to a
fracture which is vertically asymmetric, and furthermore both the minimum
in-situ stress and the fluid pressure will vary with depth (i.e., both will
have vertical gradients). In the asymmetric model of this paper, calculation
of fracture width is the most difficult task. We give most of the details
here. Theoretical calculations of asymmetric fracture shapes have been
reported by Settari and Cleary,? but they appear to emphasize low stress
contrasts (< couple hundred psi) which may not satisfy our prerequisite for a
highly elongated fracture. Nolte? gives one asymmetric width profile in a
vertical section, but no method of calculation, nor any overall fracture
shapes, were given.

Finally, to illustrate the results of the asymmetric model, we use the
model to predict fracture height, pressure, and width for the first stimulation
of the Multi-Well Experiment (MWX) carried out in December 1983. This predic-

tion is compared with available fracture diagnostic measurements.



ITI. CONSTRUCTION OF FRACTURE SIMULATORS

The geometry and parameters of a fracture initiated in a continuous sand
bounded by zones of higher minimum in-situ stress are shown in Figure 1. At
this stage we describe the modeling in general terms, so as to include both
vertically symmetric and asymmetric fractures. There are 4 equations which
govern the expansion of a hydraulic fracture.® To obtain the first 3 equa~
tions, we divide the fracture into a series of vertical sections. If the
fracture length/height ratio is large enough (> 4), we can treat each vertical

section as independent of its neighbor, to a good approximation.

(a) Width equation. As described previously,® each vertical section is

regarded as a line crack in plane strain, and the width is obtained as a

function of net pressure and total height:

w(x,y) = £f1lp(x), h(x)] (1)

(b) Pressure gradient equation. The fluid pressure drop across a vertical

section is a function of the width profile, the height of the section, and the
flow rate through the section:

d A

B < ¢, [wix,y), XD, 9] @

Non-Newtonian flow is included.

(c) The fracture expansion criterion. We use a result from linear elastic

fracture mechanics, that Ki = KC where Ki is stress intensity factor and KC is

fracture toughness.!!

For relatively slow vertical expansion (e.g., a highly
elongated fracture in which the vertical flow component is ignored) the result

is a direct relation between net pressure and fracture height.



p(x) = f3[h (x),h,(x)] = £4[h (x),hy(x)] (3)
where, in allowing for a vertically asymmetric fracture, hu(x) + hz(x) = h(x)

is total height.

(d) The equation of continuity. The flow rate change across a vertical

section equals the rate of fluid leakoff, per unit fracture length, plus the

"storage'" term as the section expands in volume.l2

-dq (x,t) = A(x,t) + dA (x,t) (4)
dx dt

In addition to the regular filtration loss A(x,t), spurt loss can be included.

The 4 equations (1)-(4) above have to be solved simultaneously to study
fracture growth with time. Since time only occurs in equation (4) our approach
is to solve (1)-(3) first, then satisfy (4) by iteration. Equations (1)-(3)
can in principle be combined® into an ordinary, first-order, first-degree,
non-linear differential equation in h(x) or p(x). Then if a reasonable assump-
tion is made for q(x), this equation can be integrated from the fracture tip at
X = a, where the boundary condition is specified, back to the wellbore to find
h(x) and p(x).

In practice, a value is chosen for p at x = a (the boundary condition),
then (3) is used to find the fracture height. The p(a) value is chosen such
that the total height of the section at x = a is just slightly greater than H,
the payzone height. As discussed previously,® the wellbore height and pressure
that result are not sensitive to the actual height or pressure at the fracture
tip. The width profile w(x,y) is then calculated at 10 points per vertical
section using (1). Then (2) is integrated by the standard fourth order Runge-

Kutta technique to find a new pressure at x = a - dx. Using this new pressure,

L=



(3) is solved to find a new height at x = a - dx. The process then repeats
until we reach the wellbore at x = 0.

The usual resolution for the numerical integration is determined by
dividing the fracture half-length into 10 segments, and each segment into 11
divisions, so that dx = a/110. However, in the segment nearest the tip at
X = a, we increase the resolution to dx = a/550 because the pressure can change
much more rapidly in this region. This resolution is usually sufficient--we
check it by doubling the resolution to verify that the results do not change.

The way we handle the channel shape factor ¢(x) in the fluid flow equation
(2) (see Appendix B) is to assume ¢ = 37m/16 in the segment closest to x = a.
This value corresponds to that for a vertical width profile which is ellipti-
cal,?2°13 and is a good approximation when the fracture has not penetrated far
into the bounding zones. After integrating p(x) across the first segment,
using this ¢ value, a new ¢ value is calculated from the vertical width profile
at the end of the segment. This adjusted ¢ value is then used to integrate
p(x) across the next segment, and so on. This is an adequate way to do it
because ¢(x) changes only slowly with x.

The solution for h(x) and p(x) obtained so far may be regarded as a first
approximation for computing wellbore height and pressure--first because the
flow rate q(x) has been assumed without satisfying equation (4) (unless by
coincidence). However, the results are not strongly dependent on q(x), so long
as it is chosen judiciously.

To calculate the time corresponding to a given fracture length requires
that equation (4) be properly satisfied, and this is considerably more compli-
cated. Although the details are given in Appendix C, in brief the leakoff term
A(x,t) requires a knowledge of the fracture length expansion rate a(t)--we

assume this. The storage term dA(x,t)/dt in (4) comes from solving for h(x),



p(x), and w(x,y) in a second fracture incremented in length to a + da. Sub-
traction gives dA. The time increment dt comes from the assumed expansion rate
a(t). Then (4) can be integrated to obtain q(x), which is compared with the
q(x) assumed for the simultaneous solution of equations (1)-(3) described
earlier. If they do not agree, new estimates for q(x) and a(t) are tried until
the iteration converges. This becomes the full solution with leakoff included
and continuity satisfied. Finally, the time corresponding to a given fracture
length, a, comes from the converged length expansion rate a(t). This full
solution is valid for any leakoff coefficient.

Now we expand on this description. First, we present recent improvements
to the vertically symmetric model, which was published previously®'2l, Second,

we present the details of the modeling involved in the asymmetric simulator.

IT1I. IMPROVED VERSION OF VERTICALLY SYMMETRIC 3-LAYER SIMULATOR

(a) Improvements to the model

The main improvements over previous model design®'2! are three:

(i) Analytic expressions for fracture width

6121

Previously some widths had to be calculated by numerical integra-

tion. Appendix A gives the new results, which:we have been able to
express in closed form. These have been checked against the previous

‘calculations, and they agree. The main advantage is a savings in computer

time.



(ii)

(iii)

(b)

Iv.

(a)

(1)

Incorporation of non-Newtonian flow

Whereas previously®'21 only Newtonian flow was included, now we have
incorporated flow of power law fluids. The equations are given in

Appendix B.

Leakoff analysis (including spurt loss) has been improved

This is the most difficult part of the modeling because it involves
iterating on both a(t), the fracture expansion rate along the x-axis,
and on q(x), the flow rate at each station (and there are 3 stations ag,

ag, and az). The details are given in Appendix C.

Illustrative result

The computer code SYMFRAC1 and running instructions are given in
Appendix F.

For the parameters given in Table I, we obtain the following results:
* Values of wellbore height, pressure, and width-see Table II
* Fracture shape h(x)-see Figure 2
* Bottomhole pressure, p(t), as a function of time-see Figure 3

* Wellbore width in a vertical section, w(y)-see Figure 4

NEW VERTICALLY ASYMMETRIC 3-LAYER SIMULATOR

Details of the modeling

Fracture width

This is the most complicated part of the theory. However, all

component integrals in the width formulation can be expressed in closed



form, which reduces the computer run time. The calculation is contained

in Appendix D.

(ii) Pressure gradient equation

We use exactly the same equation as for the 3-layer symmetric

simulator-see Appendix B.

(iii) Fracture expansion criterion

For a vertically symmetric simulator the fracture expansion cri-
terion Ki = Kc’ where Ki is stress-intensity factor and KC is fracture
toughness, is relatively easy to formulate, and the result has been given

previously®'21;

= [2- x_+2 (5p-51) cost () (5)

Here we assumed, for a highly elongated fracture and relatively slow
vertical expansion, that there were no pressure gradients due to fluid
flow in the vertical direction. We also assumed each vertical section to
be a 2D or line crack.

For a vertically asymmetric fracture, the formulation is more diffi-
cult because Ki = KC must be satisfied at both the upper and lower tips of
the line crack, and this requires an iterative procedure. The details of

the calculation and the results are given in Appendix E.

(iv) Leakoff and solution of the continuity equation

The approach follows that for the symmetrical simulator (see Appendix C)
up to the point where the double iteration on q(x) and a(t) is performed
by calculating 3 fractures of lengths a;, as, and as simultaneously, and

using a bilinear power law (see equation C3) for a(t), the length



expansion rate. Since the double iteration on q(x) and a(t) makes the
solution rather tedious, we have developed a short-cut as follows.

An "input" flow rate, gq(x), is guessed, and then we obtain two
fracture solutions for lengths a and a + da. Now we assume a single power
law

x = mt"  with a; = mt," (6)
over the whole range of time. But instead of allowing m and n to vary
independently, we tie their values together such that log m = n. For a
chosen value of n, equation (C7) can be used to find the total volume
leaked off, and when this is added to the actual volume of the fracture
computed from the vertical cross section areas, it leads to a time via the
inlet flow rate. If this time does not agree with that from (6), a new
value of n is chosen until the time converges.

Now the "output" flow rate is calculated via (C9) and (C10), using
the volumes of the 2 fractures, and their time difference, dt. If "input"
and "output" flow rates agree, we have a solution. If not, we iterate on
q(x) until we do.

From tests against the solution for a bilinear a(t) described in
Appendix C, we have found this short-cut solution to be a good approxi-
mation for the time corresponding to a given fracture length, a, (although
we have been unable to fully justify it theoretically). However, a(t) is
not properly determined for times less than that corresponding to the
current position of the fracture. To obtain this a(t) would require
simultaneous solutions for at least two different fracture lengths (which

can certainly be done).



(b) Application to first MWX stimulation

The computer code ASYMFRAC1 arnd running instructions are given in

Appendix G.

The Multi-Well Experiment (MWX) is a major field test being conducted by
the U.S. Department of Energy in northwestern Colorado. It is designed to test
the latest technology and determine whether recovery techniques are viable in
the tight gas sand reservoirs characterizing this area. Three wells in a
triangular geometry (100-200 ft apart) have been drilled to around 8000 ft in
the Mesaverde section of the Piceance Basin.

The Paludal zone, at 6600-7450 ft, contains lenticular, distributary
channel sandstones formed in a lower delta plain environment. Although many
stimulations are planned for the MWX, the first one, in December 1983, was in
an 80 ft fracture interval at 7100 ft in the Paludal zone. Minimum in-situ
stresses were measuredl? using mini-fracs. Surprisingly high stress contrasts
were found at the top of the fracture interval at 7070 ft (520 psi) and at the
bottom at 7150 ft (1195 psi).

The fracture design was based on a 30,646 gal stimulation with 60 1bs gel
per 1000 gal fluid, pumped at a rate of 10 bpm. Other parameters are given in
Table III. Young's modulus varied slightly between the fractured interval and
the bounding zone below (4.8 to 5.0 x 10° psi), but such variations are ignored
here. Also ignored are lithostatic gradients of in-situ stress and hydrostatic
gradients of fluid pressure. The power-law flow parameter k is taken to be
independent of distance x away from the wellbore (i.e., we ignore fluid degra-
dation due to temperature and time). Finally, the leakoff is determined from
the wall-building properties of the fluid.

The predictions of our fracture simulator are summarized in Table IV.

The half length would be 440 ft. The total fracture height was predicted to

10



be 127 ft at the wellbore, and the bottomhole pressure 388 psi above the closure
pressure (= minimum in-situ stress S1). The variations of height and pressure
with distance along the fracture are displayed in Figures 5 and 6. There was
concern that the fracture might break out of the upper confining zone at

7015 ft into another zone in which the stress is 60 psi below the perforated
interval. However, the prediction was that, although the fracture penetrated
much farther into the upper bounding zone (42 ft) than into the lower zone

(6 ft), there was still another 13 ft to get to the low stress zone.

Finally, the maximum fracture width at the wellbore is predicted to be
0.44 cm (total width). The corresponding width profile in the vertical section
is shown in Figure 7. The most conspicuous feature is the "pinched-in" width
due to the higher-stress bounding zone above the top of the perforated interval
(= payzone). Half-way between the wellbore and the square fracture tip, the
effect is much less conspicuous as shown by Figure 8. That is, the width
profile is more like an ellipse, as would be the case in a uniform stress
field, because there is less penetration into the high stress zone above.

The MWX has a battery of diagnostic measurements, chief among which are a
bottomhole pressure gauge, a temperature-versus-height profile at the wellbore
to infer fracture height, and a borehole seismic system to delineate the
fracture size and shape. Table IV also contains the best estimates of height,
pressure, and half-length inferred from the measurements.l5 It is also impor-
tant to note that bottomhole pressure continued to rise during the experiment--
there was no levelling off.1%

The outstanding discrepancy in Table IV is the bottomhole pressure. This
immediately suggests that the stress contrast in the upper bounding zone is much
greater than 520 psi. In fact it would need to be > 1200 psi to give such a

high bottomhole pressure. But if this were the case, the penetration above

11



7070 ft would be less than the 41.7 ft we predicted, that is, the total frac-
ture height should be less than our predicted 127 ft, not more! Clearly, more
in-situ stress measurements need to be made above the perforated interval.

Another possibility is that the effective height of the low-stress region
in the perforated interval (S; in Figure 1) is less than 80 ft. The net pres-
sure increases as the the effective height decreases, as shown by Nolte? (see
his Figure 9). Along the same lines, if a high-stress stringer lies somewhere
in the middle of the fractured interval, once again Nolte? has shown that this
increases the bottomhole pressure dramatically, with an accompanying height
increase.

There may be other explanations too: for example, if one wing of the
fracture were stopped from expanding, that would cause an increase in pressure.
It is clear that fairly close-spaced mini-frac measurements of in-situ
stress could help discriminate between the different explanations above. There
is substantial variability within the Paludal zone,!® e.g., layers of silt,
coal, sand, shale, and mudstone, varying from inches to feet in thickness,

and the stresses may be very different in these layers.

V. CONCLUSION

The basic model of fracture propagation in a three-layer situation, which
has been described previously,®'2! has been extended in this report by inclu-
sion of the following:

1. Non-Newtonian fluid flow (power law) has been incorporated.

2. Spurt loss has been added to the leakoff. The leakoff calculation,
based on simultaneous fracture solutions at three stations, has been improved

in the symmetrical simulator. In the asymmetrical simulator a short-cut



approximation has been employed based on one station only (i.e., just one
fracture length). It gives a good approximation for the time corresponding
to a given fracture length, and, of course, it can be extended to include
other stations simultaneously.

3. Minimum in-situ stresses in the bounding zones do not have to be
equal, leading to a vertically asymmetric fracture. The width calculation in
each vertical section is considerably more complicated. Width is calculated

exactly, not approximated.

The limitations of the modeling are:

1.  The length/height aspect ratio of the fracture has to be large (> &),
meaning the rate of vertical height growth is much less than the rate of length
growth (e.g., the stress contrasts are large, > few hundred psi).

2. Vertical variations in elastic modulus are ignored.

3. Time variations in pump rate (gq) or fluid viscous properties (n,k)

have not been considered.

The fracture height at the square tip (see Figure 1) is assumed to be
slightly greater than the payzone height. As shown elsewhere,® if the fracture
is highly elongated the height and pressure at the tip have minimal effect on
the solution for height and pressure well away from the tip, including the
wellbore.

Our fracture expansion criterion is Ki = KC with KC # 0. While the
effect of finite KC is small in many cases, it cannot always be ignored,
especially when stress contrasts are lower.

The asymmetric simulator has the ability to treat vertical gradients in
fluid pressure (hydrostatic) and minimum in-situ stress (lithostatic), but has

not yet been debugged.
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One advantage of the simulators described herein is that they do not have
to be marched forward in time, as most of the simulators do. That is, instead
of starting with a tiny fracture and then computing its growth in time, we
start with a given fracture length and from that determine the time.  The only
sense in which they are marched forward is in the case of the vertically
symmetric simulator, where the solutions for 3 increasing fracture lengths,
or stations, are found simultaneously. A consequence of this is very low CP
times--about 2 min on a Data General Eclipse minicomputer for the symmetrical
simulator, and about 5 min for the asymmetrical simulator.

We have recently madel® a detailed comparison between the ORU simulators
described above and the AMOCO, MIT, and TERRA-TEK simulators (i.e., all simula-
tors which predict a variable height). Although there exist discrepancies, we
have been able to reconcile some of these through detailed analysis; others we
have not been able to reconcile. A conclusion of the work was that for a highly
elongated fracture (length/height ratio > 4), the ORU simulator provides a
fairly inexpensive way to obtain a good approximation to more sophisticated

4, including the fully-3D formulation.?’

simulators3’
An illustrative prediction of fracture shape, width, and bottomhole
pressure has been given in this report for the symmetrical simUiét6f;
To illustrate the results in the case of the asymmetrical simulator, we
have predicted the asymmetric growth of a 30,000 gal stimulation--the first in
the Multi-Well Experiment. The first suite of mini-frac measurements suggested
a stress contrast between the fractured interval and the upper zone of 520 psi,
and 1195 psi for the lower zone. However, the observed net bottomhole pressure
rose to a much higher value (~1200 psi) than predicted by the simulator (388 psi).

In addition, the fracture height inferred from the measurements (~150 ft) was

somewhat greater than that predicted from the model (127 ft). Some suggestions



have been made to account for the discrepancies. It appears that more close-
spaced in-situ stress measurements will have to be made to see whether there
exist other high-stress zones in the vicinity of the fracture that could be

responsible for the elevated bottomhole pressure.
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NOMENCLATURE

area of vertical section of fracture
fracture half-length
leakoff coefficient
Young's modulus
even function component of net pressure
odd function component of net pressure
total fracture height
fracture height from center of payzone to top
fracture height from center of payzone to bottom
= payzone height ‘
= stress intensity factor
= fracture toughness
rate of fluid leakoff per unit fracture length
fluid viscosity
amplitude parameter for power law fluid
exponent parameter for power law fluid
Poisson's ratio
half-height of 2D line crack
= fluid pressure
= P, - S = net pressure
= net bottomhole pressure
1, Po2, Pos = vertical net pressure gradients in
three zomnes
¢ = channel shape factor
q(x) = flow rate (one wing)
S; = minimum in-situ stress in payzone
So, S3 = minimum in-situ stresses in bounding layers
S = spurt loss

~r~
<< 00

) =
) =

N w

"d“c}"d';d oCc B T >‘WN=!1&°F3‘=B‘D‘OQ oD >

[oXe]

t= time

T(x) = time at which fracture reaches x and leakoff
begins

V_ = volume lost in spurt loss

wfy) = width of 2D crack in vertical section

w = maximum width of crack in vertical section

x°= horizontal coordinate (along payzone)
y = vertical coordinate

17
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Table I

Parameters used to illustrate
vertically symmetric simulator

Fracture length (1 wing) 3200 ft
Payzone height 75 ft
Young's modulus 5.76 x 10% psi
Poisson's ratio 0.2
Fracture toughness 0
Stress contrast 1200 psi
Pump rate (1 wing) 15 bpm
Fluid viscosity 100 cp

(constant with x) 1
Leakoff coefficient .001 ft/mirf2
Spurt loss coefficient 0

Table II

Predictions of symmetric fracture
simulator for parameters in Table I

Volume pumped, total 253,000 gal
Pump time 201 min
Total wellbore height 272 ft
Bottomhole pressure (above Sjp) 987 psi
Wellbore maximum width 1.14 cm



Table III

Parameters used to illustrate
vertically asymmetric
simulator~-first MWX stimulation

Perforated height

Young's modulus

Poisson's ratio

Fracture toughness

Stress contrast @ 7070 ft

Stress contrast @ 7150 ft

Pump rate (1 wing)

Gel concentration

n (200°F)

k (200°F) (constant with x)

Leakoff coefficient
(wall-building)

Spurt loss coefficient

80 ft

4.8 x 108 psi
.22

1200 psi in
520 psi
1195 psi

5 bpm
601b/1000gal

.46

.02 lbf -secn/ft2

1

i

1
.00142 ft/min?
.0453 gal/ft?

Table IV

Predictions of asymmetric fracture

simulator, and

comparison with field

measurements, in first MWX stimulation

Predicted Measured

Volume pumped 30,646 gal 34,500 gal
Pump time 73.2 min
Half-length 440 ft NG00 ft
Penetration above 7070 ft  41.7 ft ~50 ft
Penetration below 7150 ft 5.6 ft ~20ft
Total wellbore height 127 ft ~150 ft
Bottomhole pressure

(above closure = 388 psi ~1200 psi

5805 psi)
Wellbore maximum width 0.44 cm



APPENDIX A

Width Equation for 2D (line) Crack ~ Symmetlrical Fracture

For an elongated fracture which originates in a payzone bounded by zones of

higher, but equal, in situ stress, the full width in each vertical section is

given by!®

1 f
w(fg) = 8(1-v2)2 fadfy 2 Eﬁﬁllgﬁl (A1)
nE sz 'fQ2 szi'flz
f ’ 0
2

where f,, fo and fg = (y/2) are fractions of vertical half height £ of the
crack in the section. Setting fz, = (H/2)/2 = H/h where h = 22 and H is
Jpayzone height, the above equation can be rewritten for (i) points within the
payzone (lyl < %), and (ii) for points outside the payzone (|y| > %). The net

pressure profile is

p(y) = p; - 81 Iyl <

= p; - Sz [yl >

LG k=T SR =

(i) Points within the payzone (fz < fg')

Equation (B1) is rearranged as

f,, fy 1 fa
nEw(fﬂ) i} L' fodf, pdf, L fadfp pdf (A2)
8(1-v3)2 JEz2-f 2| JJfp%-f < JE2-f. = JEg%-£,2
2Jo 1% Ldy

2[
In the first term on RHS f; < fﬂ’ and
2

11
f,)df == (Pf-sl)
0 f2 _fl 2

In the second term we may write

fo £,/ f2
p{ =.[~2 +,g
0 0 f

2!



Substituting these in (B2) the width equation yields

f ’ -
(e, _ (P 228z n (ps)
sa-ve M vRTLT 2
2
1 S5-S
+ faodf, n (pg-S1) [}1— 2) Ez:gl cos™? (fé/fzi] (A3)
1
VEEE? ) 2 mot
fz,
This can be evaluated analytically, giving
mEw (£ ) 1, [jg (pe-81) - (52-81) cos"lfg,]
8(1-v9)ge
'Jl"f z + \/l-f ,2 f ]V]."f + f vl-f ’ (ALI-)
+ (Sz“sl) [fﬂlﬁn ( £ L )-f2 ,Qn( 2 L £ 2 )
f 1 _f f ’ "f
£ £ L L

(ii) Points outside the payzone (f2 > fz,)

The second integral in (Bl) is written as a sum of two integrals, i.e.

nEw(E ) fadf, 2' p(fq)df, + B(fl)df]
ETT:G%)R = Jf;?‘—‘z J‘“?if}ﬁ Vr‘2t§;7

And after the evaluation of the second integral, one gets

1
ma(e,)  _| 22 ono-sy) [1-g(sz-sl)cos‘1 (fé/fz)]
B-vE M ViR 2 P51

2

The integral is the same as the second one in (A3) except that the lower limit
When integrated this becomes
nEw(f,) _ J1-£,2 | n (p,-S;) =~ (S82-S;) cos”! f_,
£ = ) 2 f 2

8(1-v2)2

+ (S2-S;) [f,z, 20 (“’fz tAl- £y, )

Z_ 2

is fz, not fz,.

fg’ 41—f£2 + f2 \ll-fﬂ,2 ) ] (A5)

f,Q ‘f2/

- fzﬂn (

o
>



APPENDIX B

The Pressure Gradient Equation in Non - Newtonian Flow

The pressure drop across each vertical section for the 1D flow along the

payzone direction (x-axis) of a power law fluid is given byl13'19

dp _ . Mk(2)"
dx B 2n+1 (B1)
[o]

where q is the integrated flow rate down one wing, h is the total fracture

height at that point,

n
_ m 2n+1
M=2 [ETHi] , m ==

and n is the component in shear stress = k (shear rate)n. In the above

equation ¢(n) is defined as
1
“dfy
H

%
¢(n) = W -
W
where w is the full width at each height and v, the maximum width in that

%

vertical section. With the appropriate substitutions, (B1) becomes

n
ap (20+1) q(x) k(x) (B2)
dx n¢(n) h(x) [w (x)]2n+1

[o]

when both q (x) and k(x) can in general vary with x. For Newtonian flow, n=1

and k=p is the viscosity and the above equation reduces to

dp _ _ 12 p(x) 9(x)
dx ¢(1) h(x)wOS(x) (B3)
If we substitute the limiting value of &(1) = %% for an elliptical cross

section, the pressure drop equation reduces to

dp _ _ 64 u(x) q(x)
dx m h(x) w_*(x)

in agreement with Lamb (see Nordgren12)

25



APPENDIX C

Inclusion of leakoff and spurt loss in solution of the continuity equation

The classical leakoff rate per unit fracture length is given byl2

A(x,t) = 2HC/\t - 1(x) (c1)
where C is leakoff coefficient, t the current time, and T(x) the time at which
the fracture reached the point x. Hence to calculate A(x,t), a rate of frac-
ture length expansion a(t)=x(1) needs to be assumed (T(x) is the inverse of
a(t)). The rate of spurt loss, when new fracture surface area is formed, can
be given by2°

s _ s a
dt - P T

where SP is spurt loss coefficient, having dimensions of volume/area.

Our goal is to solve for q(x) by integrating equation (4) in the text.
This we do by utilizing the 10 segments into which the fracture is divided
lengthwise. The leakoff rate in each segment is obtained by integrating (C1)
over the length of the segment. The spurt loss, which is an additional leakoff

rate in the segment closest to the tip at x = a, is given by

dVs _ dA da

a—t— = ZSP a‘E = ZSP H a‘E (CZ)

where H is the.height of the permeable section (the factor of 2 accounts for
leakoff through both fracture faces).

The storage term, dA/dt, in (4) corresponds té the rate of fluid "lost" to
volume expansion in a segment. The volume expansion comes by subtraction of
the solutions for h(x), p(x), and w(x,y) for two fractures of lengths a and
a + da, while the time increment dt corresponding to this length increment da
comes from the assumed length expansion rate a(t).

Equation (4) is integrated by starting with the inlet flow rate at the

wellbore, and subtracting the leakoff rate and storage term in the first



segment to give the flow rate entering the second segment, and so on. The
result is a flow rate profile q(x). If this q(x) agrees with that assumed in
order to solve equations (1)-(3), then we have a solution. If not, we iterate
on q(x) and a(t) until q(x) converges. Once we have convergence, to an accept-
able accuracy, then we have a solution for the time corresponding to the given
fracture length, a, from the length expansion rate a(t).

The double iteration on q(x) and a(t) has been performed in the following
way. We solve for 3 different fracture lengths simultaneously (e.g., a;i, as,
ag). We assume a(t) to be a bilinear power law

n
mit 1 a < ag

a(t) = x(1)= 0 (€3)
mot 2 aps < a < ag

which is continuous at a = az. Values for m;, mp and n;, np are initially
guessed, and then a(t) is used to compute total volume of fluid leaked off from
each fracture. This volume, when added to the actual fracture volume, gives

via the inlet pump rate the times t;, ty, ts corresponding to each of the 3
fracture lengths a;, ap, ag. These three values of a(t) are then compared with
those assumed in (C3), and revised values computed. At the same time, flow rates
qg(x) for each of the three fractures are being converged. The end result is
convergence of a(t) and q(x) to an acceptable degree of accuracy.

(a) Iteration on a(t)

The total volume leaked off is found by integrating (C1) over both time

and fracture length (for one wing)

ZHQY j; itj?x) )

Since for a given point X, leakoff only begins when the fracture arrives

there, at time 1(x), we have

: t
= 2HC kj [.\§\ ' __EE__:] dx
X T Je-1(x)
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where t1.= time corresponding to a fimal fracture léngth, ai,
V21 = 4HC Jtl-t(x) dx
o

where the integration is over the entire fracture length.

Now suppose for a moment that the length expansion rate is a single power

mtn, with a; = mtln. Then

n
law a = mt" or x

, ty
Vg, = (4HCmn) Lf N s dt
(8]

Substituting y = 1/t; gives

<
|

(o}

1 1 -
01 = 4HC mn tanp2 k[ yn 1 J1-y dy

4HCn aqty f4 (€5)

where f,

! -1
J\ yiTU {1ty dy

(&)

Since spurt loss has units of volume per area of fracture surface, the total

spurt loss over one wing is
v, =2 sP H a; (c6)

where the 2 accounts for front and back fracture surfaces.

Altogether, the total fluid loss per wing is the sum of (C5) and (C6)

v, = 2spHa1 + L4HC n a; Jt; £; (c7)

Now this is added to the actual volume of the fracture (1 wing), computed
from the cross-section areas corresponding to each vertical segment (the areas
come from properly calculated widths). The total volume is then divided by the
inlet flow rate to find the time ti corresponding to the fracture length aig.

If t; is not equal to t; (assumed in the choice of a = mt" and a; = mtln), the

value of m,n are adjusted to give a time between ti and tq.
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In practice, simultaneous calculations are made for fracture lengths a;,
ag, and a3, and then adjustments are made to m;, n;, and my, ny in (C3).

First, (C7) needs to be appplied to a;, ay, and aj:

<
!

0= 2SPH31 + 4HCnja;4t; £, for  a = a;
= zspHaz + 4HCnjagts fo for a = ag (c8)

25 Hag + 4HC [njapyts %‘i B1f, + npagyts fz] for a = ag
2

ta/ty - 1 -
where £, =\f ynl ! J1-y dy, f£3 if yn2 1 Ji-y dy

o t2/t4

(b) Iteration on q(x)

The flow rate at a point x=x' comes from integration of the continuity
equation (4) from the wellbore to x':

q(xl) xl
_tjq dq ty [}(x) + dA(x) dx
)

q(0) dt

7 14

X ' X
q(0)-q(x") =f dic dx \f [Az(x)-A;(x)] dx

o t1-1(x) dt o
where for the moment we again assume a single power law x = mrn, a, = mtln.
. The second integral may be written Vo(x')-Vi(x’), or the volume of fracture
(a + da) minus the volume of fracture (a), both measured from wellbore to
'

x = x'. dt is the time difference between the two fractures. For the first

integral

x' v n-1
dx = mn I dt
o Jti;-1(x) o Jti-T

substituting y = 1/t; gives



jx _ a-y \J‘t /tr 5 T/t
= mnt, d na
o o J1-y N

Altogether,

q(x’) = q(0) - Va(x')-V;(x') =~ 2HCna, g (t'/ty) (€9)

dt
e

For example, consider the flow rate at the fracture tip, x = a;. It is
non-zero because the premise of our calculations is that a fracture expands
from a length, a;, to a; + da; in a time dt. Firstly though, spurt loss, which

only occurs in the tip segment, needs to be added. 1In (C2), da/dt at a; comes

n
from Xx = mt :

da - mnt” " = mnt, -1 _ naj
dt aj X = aj - t;
Hence
a(ay) = q(0) - v2(a1>-v1ca1)] - 2HCna; g; - 25 Hn; ag (€10)
dt t
Vi 1
n- 1
h
where iy

As before with total volume leaked off, the result needs to be modified when

applied to the 3 fracture lengths: a;, ap, ag:

Vo(aq)-Vy(a - 2HCn;a - 25 Hn,; a
q(a;) = q(0) - 2( 13t 1(a;y) 13187 pini Fi
JE; for a = a;
_ Vo(a)-Vi(ap) | - 2HCnjapg; - 25 Hng ag
- q(o) = dt R 1Y tz
Jtz for a = as
- (0) [Y (a ) V (a ) - ZHc[%lEZEZ T ) 14 EZEQ&%]
- 2
- 25 an_ﬂ for a = aj (c11)
ts
here
to/tyg ni-1 4 1 nz-1 4
= y_ 9 = y- dy
g2 =| ’ g3 ta/t —
1=y 2/tq Ji-



APPENDIX D

Width calculations for elongated fracture in three layers with asymmetric

stresses and vertical gradients of stress and fluid pressure

As described earlier, the fracture is divided into a number of vertical
sections, and each section is assumed to be independent of neighboring sections.
That is, each vertical section is regarded as a 2D line crack which may pene-
trate into regions of higher minimum in-situ stress. The stresses are assumed
to change discontinuously from one layer to another. Figure 9 is a sketch of
the situation for which lithostatic changes of stress and hydrostatic changes
of pressure are neglected, and S; < S, < S3. The coordinate system is shifted
so‘that its origin is at the center of the crack and the y direction is posi-
tive downwards.

When lithostatic gradients in stress and hydrostatic gradients in fluid
pressure are present, as well as discontinuous stress changes at the interfaces
between payzone and bounding zones, the net pressure (fluid pressure minus

minimum in-situ stress) may be written as

p(y) = P2 - Poz ¥ -2<y<yg
P1 - Po1 ¥ V3<y<yq (b1)
Ps - Pps ¥ Va<y<{

The gradient terms pgi, Pog, and pgs are found by combining the stress and
fluid pressure gradients in each layer (the stress gradients can be different
in each layer). The fluid pressure, which is obtained by integrating the fluid
pressure drop, dp/dx, from the tip of the elongated fracture in the payzone
back towards the wellbore, is assumed to be the pressure in the center of the
payzone. This defines p;, since the stresses are known in each layer. ps is

found from the two values in (D1) for p(y) at the upper interface y = ys, such
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that the difference between them equals the given stress contrast at the

interface. p3 is computed in similar fashion from the two values of p(y) at

the lower interface.

Figure 10 illustrates the net pressures and their gradients within the
vertical crack section of Figure 9 corresponding to (D1).

The results of England and Green!® (see also Daneshy!?) may be used to

give the full width w(y) of the crack at any height y:

w(y) = -16é1—v2) (Jﬂ ’ F(t) + y G(t) dt (D2)
lyl JtZ-y?

Here £ is crack half-length. The functions F(t) and G(t) are obtained from

net pressure in (D1) by expressing it, in the new coordinate system, by the

of an even and an odd function of y:

p(y) = £(y) + g(y) L <y <4 (D3)

Then F and G are given by:

t
P(e) = ot f(y) dy (D4)
MO ey

t
G(t) = ZE‘J“ v gly) dy (D5)
2nt 0 \/—t—z-:g;z

In general, we may write (see also Figure 5):

fly) = f1 + fo1 v 0 <y < -ys
fo + fo2 v V3 <y < Vg
fg + foa3 ¥y Ve <y <2
' (D6)
gly) = g1t go1 V¥ 0 <y <-y3
i g2 * Bo2 ¥ “y3 <y <yq
g3 *t 8o3 Vv V4 <y <L

the

sum

where the constants f;, fgpy, etc. are determined as shown later in this appen-

dix. Since f(y) and g(y) are even and odd functions, respectively, we only

have to define them for positive y.
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Now F(t) and G(t) can be evaluated from (D4) and (D5):

'Zni(t) = n;l + fgit for O<t<-yj3
or Egl + foqt + (f2-f;) cos™? <:t )

-2ntG(t)

or g3t

or g1t

t (fo2-fp1) tZ-y3z? for -ys<t<y,

+ fOlt + (fz'fl)COS_l (:%ﬁ)
- -1( ¥Ya
+ (f3-fo)cos (‘t )
+ (fo2-fo1) VtZ-yaZ + (fo3-fo2) * JEZ-y4? for ya<t<l

g1t + % g01 t2 for 0<t<'Y3

i
+ 7 goat? + (ga-g1) JtZ-yg

il

- t?2 /-
+ (802'g01)[:—%3 JtZ-y3%- =—sin 1(—%3>;] for -ys<t<yy
nt
+ 7 8oat® + (g2-81) JtZ-ya? + (83-g2) VtZ-y4Z
Vs t? . 1 (-vya
+ (g02'801){_ > VtZ'Ysz"g“Sln ( s )

t? .
+ (803‘802)[%i Jt ‘Y42“§— sin 1( %ﬂ>:]for y4<t<L

Rewriting (D2) as

nEw(y)

8(1-v?2)

2 )
:k(’ t(=2nF(t)/t)dt | {(‘ -2neG(t) dt
Iyl JtZ-y? ly] tft2-yZ

= wi(y) + vy waly)
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allows w;(y) and wp(y) to be evaluated from (D7) and (D8). The evaluation

depends on the position of y, with the integrands chosen appropriately from

(D7) and (D8).

L -y3 Va L
Case 1: 0<|yl<-y3 = + +
Iyl lyl -¥s

V4
wi(y) = WCONA1 + WCONA2 + WCONA3

-V3 Va 2
ij (A8a)tdt tJ‘ (A8b)tdt +.Lf (A8c)tdt
lyl  JtZ-y? -ys  tZ-y? ya tZ-y?

wo(y) = WCONB1 + WCONB2 + WCONB3

~V3 Va £
i& (A92)dt j[ (A9b)dt tjﬁ (A9¢)dt (D9)
lyl tJt?-y? -ya tyte-y V4 tftZ-y?

£ ‘Vaq "2
Case 2: ~ya<l]yl<yy :j" +
Iyl Iyl Va

wy1(y) = WCONA2 + WCONA3
Va 2
_ ky (A8b)tdt t}q (A8c)tdt
Iyl JtZ-y? ve  tZ-y?
wo(y) = WCONB2 + WCONB3
Va4 £
ZLY (A9b)tdt + (A9c)tdt (D10)
lyl tyte-y Ve tyté-y

Case 3: yua<lyl<®

2
(A8c)tdt
WCONA3 =

) = Iyl TP
4
(A9c)dt
wo (y) = WCONB3 = Iyl tfiZ7 (D11)



It may be shown that all these integrations can be expressed in terms of six

separate integrals, all of which can be obtained in closed form:

FUN 1:\{\J§§%%§= - 1n(t + Eg:;g)
FUN Z:Lf tdt -
-y N

FUN 3: thzdt _ tyEEyT o+ v2 1ln(t + JtZ-y2%)

t2-y2 2 2

FUN 4: Jﬂ tcos”1(d/t) dt = JtZ-yZ cos™1(d/t)
te-y

-d In(yt%-y? + JtZ-d%)
ldl «/ w/

FUN 5: tftZ-d%dt = %/(t%-d%)(t2-y?)
§ v

2

v (B5E) wogEme s m

FUN 6: j \/tz dZdt - 1n(«/t2'd2 + Jtz_yz)

- g2 1 [ 40t Ty

= 2 2

To illustrate the width formulations in terms of these integrals, we

include just a couple of them here:
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Case 1: WCONA1 = 2m[(f;/4) FUN 2 (-ys,ly])

+ (fg1/21) FUN 3 (-y3,lyl)]

Here -y3 and |y| are the limits on the integral.
WCONB2 = gy FUN 1 (y4,-y3) + n/bggs

"FUN 2 (yq,-v3) + (g2-81) FUN 6 (y4,-y3)

+ (802-801)(-y3/2) FUN 6 (y4,-y3) * (g01-202)/2

“[n/2 FON 2 (y4,-y3) - FUN 4 (y4,-ya)]

Next, we consider the derivation of the constants fi1, fp1, etc. in equa-
tion (D6). To resolve p(y) into an even function f(y) and an odd function
g(v), divide the y-axis into pairs, 3 and 4, 2 and 5, 1 and 6, as shown in
Figure 10. Then operate on each pair — we use 1 and 6 to illustrate — as
follows:

(a) reflect 1 in y = 0 giving
p(y)= p2 *+ po2v 1 reflected in 6
and ps - poay already in 6
(b) take the difference and divide by 2, giving
Pz (!mz%m)y
(c) add this to p(y) in 6, giving f(y):
£(y) = P2 Z P3 + (Eog;Eos) Y Ya<y<d

which is an even function in regions 1 and 6.

(d) g(y) in 6 is the negative of (b):

V4<y<L

g(y) = B3z (Engz“_m)Y

Repeating this procedure for regions 2 and 5, and 3 and 4 leads to the
coefficients in equation (D6) in terms of the net pressure parameters:

fl) f2’ fB:PI’ El+EZa EZ+E§
’ 2 2

fo1, fo2, foz = 0, po2-Po1» Po2-Pos
2

(D15)

81, 82, 83 = 0, P1-P2, ©Ps-P2
2 2

3¢



b

801, 802y 803 = ~Poi, - (Eo: + Egz) - (Eoz + Egg)
2 2

These coefficients are used in the computation of w(y).

Finally, the discussion so far has assumed the center of the vertical
section lies within the payzone. If the fracture extends upwards far enough
(see Figure 9), the center of the crack will lie in the layer above the payzone,
as shown in Figure 11 y3 becomes positive, and f(y) and g(y) will still be
defined as in (D6), but over three regions which are different from before:

0»y3, V3°V4, V4>2. The results are:
f1, f2, f3 = p2, p1 + p2, P2 * Pps3
2 2
fo1, fo2, foz = 0, ‘(EQ]‘Egz) y - 203'292)
2 2 (D16)

g1, 82, 83 = 0, P_L"Z_P_Z’ 23522

8201, 802, 803 = ~Po2, - (Eg; + Eoz), '(?oz + Ega)
2 2

Lastly, the equations (D7)-(D11) can still be used provided we replace the

old limit -ys by the new limit ys, since yz is now positive.
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APPENDIX E

Fracture expansion criteria for three-layer case with asymmetric stresses and

vertical gradients of stress and fluid pressure

The fracture expansion criterion we use is Ki = Kc’ where Ki is stress-
intensity factor and KC is fracture toughness. For a highly elongated fracture
and relatively slow vertical expansion, we assume no pressure gradients due to
flow in the vertical direction. We assume each vertical section of the elon-

gated fracture acts as a 2D line crack, in which case Ki is given byl®

+£ X
K; = 1: j p(y) (2 +'z)§ dy (E1)
Vo-4 £ -y

At the tip ¢ of the crack (see Figure 9) Kic can be written as

o V3 Va £ Vb
2 K, + + p(y) (;z + z) dy (E2)
-£ V3 Va L -y

with the net pressure, p(y), given by equation (D1) of Appendix D. The form of

each integral is

ug 1
X (g-ry) (&Lz) 2 dy (E3)
'Ll1 Q, -y

which reduces to

(o) Lo (35) - () ] *
+(q2-22r-%£g)ﬁ; _(qz-ﬂzr ) 22%%)@

and this is encoded to compute KiC for given £, p(y). To calculate Kib’ repeat

the approach above:
o Va V3 -2 . 1
Jid K. = - - - P(Y)(,@ - )2 " (E5)
ib == ¥
£ Va Y V3 t+y :
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with p(y) still given by (D1). This is encoded in the manner of Kic above.

In practice we know the net pressure p(x) at the center of the payzone at
each step of the integration from the square tip back to the wellbore. The job
is to set Kic’ Kib equal to KC, and to solve (E2) and (E5) for -£, +£, or
alternatively, for b,c in Figure 9 (we equated b,c to hu(X), hﬂ(x) in the main

text). The solution is found by iteration.
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APPENDIX F

Fortran code and user instructions for vertically symmetric simulator

1. Program description

SYMFRAC1, a fracture simulator in which fracture height is self-determined
is an extension of FL5, published previously.?! It is appropriate if the
vertical fracture is highly elongated (length/height ratio 2 4), and if the
minimum stresses in the two bounding zones are higher than in the payzone, and
equal. Vertical lithostatic or hydrostatic gradients are not included. The
fluid flow is assumed to be 1D along the payzone direction. Variations in
elastic modulus from one zone to another are not included, nor are time varia-
tions in pumping rate or viscosity at the wellbore.

The program solves simultaneously the four equations in the text: (1)-(4),
subject to the boundary condition that the fracture height at the tip of the
long axis is approximately equal to the payzone height.

In this way it solves for 2 closely-spaced fractures at each of 3 sta-
tions (or half-lengths), called in the program Al, A2, and A4.

2. Program listing

Main program Subroutines Functions
SYMFRAC1 WIDTH FUN
RK2 DFX
VLTQ FFX11
QTEST ASIN
ACOS

3. Operating mode

Batch

4, Language

Fortran IV



Program developed on

Data General Eclipse minicomputer

Total CP time

About 2 min

Effect of step size on Runge-Kutta integration

The resolution in all 10 segments along the x-axis is determined by
NDIV (normally 110). The resolution in the tip segment is enhanced by the
factor MFAC (e.g., MFAC = 5 means steps will be 5 times closer together).
If the steps are not close enough in the first segment, the pressures
along the fracture, given by PXA values, will be too similar and clearly
erroneous. In this case, reduce the step size by increasing MFAC by a
factor of 2. As a final check on the results, double NDIV, which reduces
the step spacing along the entire x-axis. The results for wellbore half~-
height, b, and wellbore pressure (maximum PXA value) should not change
significantly.

Too rapid height growth near the wellbore

For certain combinations of input parameters the program may abort
because height grows too fast as the integration proceeds from the tip at
x=a back to the wellbore. When this happens, heights and pressures will
be printed out from the tip to some point between tip and wellbore,
followed by a RUNTIME error. If the height is growing rapidly, this is
almost certainly the reason. To check it, double the stress contrast
S5-S; and a successful simulation should result.

Parameters which can give this error include:

(i) too small Sp-S; (ii) too small H (iii) too high E

(iv) too large p (iv) too large Q



9. Sample input data file

2_SELECTS CALCULATIONSs ONE=TIMEs, TWO=TIME & Q» THREE=NEITHER
1_IWRITE _ FLAG USED TO SELECT OUTPUT

0.0 KCB __ FRACTURE TOUGHNESS (DYNES/CMXXONE FOINT FIVE)

75.0 HZ(FT) _ PAYZONE HEIGHT

15,0 QINCBFM) . INFUT FLOW RATE (ONE WING)

1.0 FLN = NFRIME = INDEX OF FOWER LAW FLUID FLOW

1.0 FLOWK = KFRIME=AMFLITUDE OF FLUID FLOW(DYNES-SECXXNFRIME/CMXXTWO)
5760000.0 EMODC(FSI) _ YOUNG’S MORULUS

0.2 RNU . FOISSON‘S RATIO

1200.0 S2MS1(FSI) . STRESS CONTRAST . SAME FOR EROTH EARRIERS

500.0 AL(FT) THESE ARE THREE FRACTURE HALF_LENGTH STATIONS USUALLY
1200.0 AZ(FT)

3200.0 AA(FT) . A4 IS DESIRED FINAL FRAC LENGTH

0.003%94 LEAKC _ LEAKOFF COEFFICIENT (CM/SECXXFQINT FIVE)

S.0 DFT(%Z) . PERCENT DIFFERENCE IN L(T) FIRST ESTIMATE (USUALLY FIVE)
8_IRUNZ _ IRUNZ=EIGHT(USUALLY) => ONE ITERATION WITH TWD LINE SEGMENTS
1.0 Q1 _ QX AT X/A = ZERO Q1 Q2 Q3 ARE USED TO CALC INFUT FLOW RATE
0.2 Q2 . QX AT X/A = NINE TENTHS

0.1 Q3 _ QX AT XA = ONE

1_SELECTS OFTION TO RECOMFUTE AND LIST ALL KI’S FOR CHECKING FURFOSES
5.0 FERCENTAGE FOR QX CONVERGENCE (USUALLY FIVE)

110_NDIV _ & OF DIVISION TO SPLIT FRACTURE INTO(LENGTHWISE)

0.999 XAZ _ XA POSITION AT WHICH NUMERICAL INTEGRATION REGINS

30.0 YZE(FSI) _ FRESSURE AT FRACTURE TIF _ (DUMMY VALUE_NOT USED IN CALCN)
11_.N . & OF SEGMENTS FRACTURE WING IS SFLIT INTO(LENGTHWISE)

1_NRES

S-HFAC_MULT FACTOR USEDI' TO INCREASE RESOLUTION OF TIP SEG (USUALLY FIVE)
40_NODIV _ # OF STEFS FOR NUMERICAL INTEGRATIONS (NOT USED NOW

10.NUMWID : ] IDTH CALCULATIONS IN EACH VERTICAL FRACTURE bECTION
1.01 HSTART/HZ = FRAC HEIGHT / FAYZONE HEIGHT AT FRAC TIF X=A

0.0 SP_ SPURT LOSS COEFF. IN CM CURELD / CM SQUARED

0.IMU IS O MEANS KFRIME IS CONSTANT WITH X OTHERWISE ITS FROF TO(ONE-XA)

10. Sample output data file

Solutions for 3 fracture lengths are obtained simultaneously--Al, A2,
and A4. Since there are several iterations, the last section that con-
tains results for Al=500 ft, A2=1200 ft, and A4=3200 ft represents the

most converged results.



Essentially, there are two fractures at each station--in this case
500 and 550 ft; 1200 and 1320 ft, and 3200 and 3520 ft. For each of these
6 fractures are given net pressure above payzone stress in psi (see 11 or
12 PXA values), half-height at the wellbore in ft(b), fracture full height
in units of payzone height (see 11 or 12 H/HZ values), and width profile
in the vertical section through the wellbore, in cm (see 11 WIDTH values).

After each pair of fractures, we calculate flow rate profile (see
OUTPUT QX), and this can be compared with the flow rate assumed to solve
for the fractures (see INPUT QX). Fracture volume (1 wing, ém3) is given
by VIOT1, leakoff volume (1 wing, cm3) by TOTLEAK1, and total volume
pumped by V/2 PUMPED FRAC1 (1 wing, cm®)--all of these corresponding to
the first frac at each station. The time corresponding to the first frac
is given by T1CHECK.

Finally, the latest iteration on length expansion rate is given by
ADJUSTED L(T) at the very end of the output file. Tt gives the slope and
intercept for 2 line segments for a plot of log L (in ft) versus log t (in
sec). That is, TCEPT = log;o(Lo) where Lo is length at t = 1 sec. Using
these values, one can plot a bilinear frac expansion rate on log-log graph

paper.
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FHI= 0.41790 O DELTAY= 0,100000 O H= 0.,37140 4
WIDTHy BROKEN DOWN IN 10 INCREMENTS
4210 0 0.,6150 0 0.5946D0 0 0.5640 O 0.3514D1 O 0.4410 O

0,3180 0 0,1%5n 0 0.7390 -1 0.,238BI -1 ¢.0000 O
I =11 ,» AREA(I) = 1341.9306

RXACID S 0,990 0 0.8990 0 0.799L 0 0.6990L 0O 0.5970 ¢ 0.,4%¢0
EXA(IN S 0.3990r O 0.2%990 0 0.19920 0 0
ONE OF THE RXA’S MUST RE REAL CLOSE TO O, I
***X*XX*X*X***#**************

eeon -1 -0.1000D -2
IT

A= 500.0 é1.0
*********X*********X*******#**
FXA:
107.59 243.72 332.06 409.468 467,32 516,54
559.79 598,23 632 664,71 693.77
ITERATIDN SUCCESSFUL ON h
G= 15.0 RMU= 0.,0H= 0.0 B= 61,0A = 500.0
= 61,0 FXAC1) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO 0O
1,0100 1,0531 1.10732 1.1633 1.,2215 1,2821
1.,3452 1.4107 1.4794 1.5510 1.6254
FHI= 0.41790 O DELTAY= 0.10000 0 H= 0.37160 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.6210 0 0.6150 0 0.5940 O 0.564D0 0 0.514D 0 0.441DLD O
0.3180 0 0,155 O 0.739D -1 0.2380 -1 ¢.00000 O
= 11 » AREA(I) = 1341.,9306
AREAS(X) AS X=A TO 0 ¢
L0000 00.34500 30.49740 30.6204D 30,73450 30.83660 30.9408DL 3

0



,10420 40,11370 40.12390 40.1342D0 4
VOLUME(X) AS X=A TO O ! (CGS) 45
V26290 60.,64190 60,85170 60.103201 70.11970 706.13540 70.151ih 7

.16610 70.18110 70.19670 70,0000 O

FHI= 0.25090h 0O DELTAY= 0,10000 O H= 0.7409D0 4
WIDTHys BROKEN DOWN IN 10 INCREMENTS
0,1070 1 0.1040 1 0.947D0 0 0.726D 0 0,4370L 0 0.291D O
0,189 0 0,1130 O 0.576D -1 0,1920 -1 0,000 O
I = 11 s AREA(I) = 3231.4427
RXACI)? 0.9990 O 00,8920 0 0.7990 0 0.6990 0 0.5990 0 0.49%D0 O
RXACI) 0.3990 0.2990 0.199D0 0 0.9900 -1  -0.1000 -2
ONE OF THE RXA‘S MUST RE REAL CLOSE TO 0. IS IT 7?77?7777
KRRRR KKK KKK XK AORKK KKK X
A= 3200.0 121.5
*##********X**X*X*X***********
FXAL
107.59 373.51 517.63 617.23 694.89 758,13
811.28 855.84 895.98 930.39 960.38
ITERATION SUCCESSFUL ON KI
Q= 15.0 R#MU= 0. CH= 0.0 B= 121.54 = 3200.0
= 121.,5 FXa(1) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO 0O
1.0100 1,1343 1.2835 1.4472 1,6285 1.8293
2,0527 2,302¢9 2.5804 2.8932 3.2410
FHI=_0.25090 O LDELTAY= 00,1000 O H= 0.,74090 4
WIDTH, BEROKEN DOWN IN 10 INCREMENTS
0.1070 1 0,104 1 0,947 © O.7261F ©0 0.43701 O 0,291 O
0.189hO 0 0,113 © 0.376D -1 0.1920 -1 0.:0000 O
= 11 » AREA(I) = 3231.4427
AREAS(X) AS X=A TO 0 !
00000 00.55790 30.,83910 30,1091 40.1346D0 40.,146010 40.184%0 4

I 4C.24790 g ? 40,3231 4

2171
VOLUME(X) AS X=A TO ¢
721

I
CGSH
o 720.68130 70,9414D

70,11890 80,14370 80.16%20 B80.19700 8

+2268D0 80.259300 B0.2%60LI 80.00000 O

A1,SAVT1,A4,SAVT2,ALLOGsAU,TSLOFE,TCEFT =
0.5000? 3 0.31040 3 0.32000 4 0.4042D 4 0.2401D 1 0.4592D1 S 0.57480 0 O.

o o e o e - - o ——— 2 4 o  ;— ———— - = = =t W e = e R e M = M R s M A M S ma iy ot = T == = = = - —— e e em =

VOLUME(X) AS X=A TO 0 ¢ (CGS)
26290 60.6419D 460,8517D 40,1032 70.11970 70.,1334D 70,1511D 7

16610 70.18110 70,1947 70.,00000 O
FHI= 0.,4101 O DELTAY= 0,10000 O H= 0,38030 4
WIDTH, EROKEN DOWN IN 10 INCREMENTS
0.6380 0 0.632D 0 0.,612I0 ¢ 0.577D1 0 0.3241r O 0.445D O
0.3000 0 O0.1510 O 0.725Dh -1 0.234D -1 0,000 O
I = 12 » AREACI) = 1389.9717
RXAC(I) 0,9 <6350k 0 0.5440 0

el 0 0,908n ¢ 0.8170 0 0.726D0 0 0



RXACI) 0.454Dh O 0.

ONE OF THE RXA’S MUST BE REAL CLOSE TO 0.

**#****g*ﬂ*
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*xx*xxxxxxxx#x*xx*
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& 707.31
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1.,5910 1,6635
4
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0
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70,1310 70.,14650 7
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0.5230 3 DIFTL= 0.3240 2 A

VOLUME(X) AS X=A
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WInTHy'

Y W

BROKEN IN 10 INCREMENTS
0.1110 1 0.1070 1 0.9640 0 0.6741 0 0.4290 0 0.288D O .
0.1870 0 0.112D0 0 0.5720 -1 0.191D -1 0.000L O
I =12 » AREACIY =  3416.4500
RXACI):  0.9990 O 0.9080 O 0.8170 0 0.7260 0  0.6350 &  0.5440 ©
RXA(I): 0.4540 0  0.3630 0 0.2720 0  ©.18i0 0O  0.8990 -1 =-0,100D0 -2
ONE OF THE RXA’S MUST EE REAL CLOSE TO 0. IS IT 77777777
OO RN
1520,0 128,
SN2 RN RN .1 S
FXA
107.59 367,70 507.37 605,48 682,13 744,86
797.78 843,11 882,19 916,79 947,17 973.91
ITERATION SUCCESSFUL ON KI
= 5.0 RHU= 0.0H= 0.0 E= 128.6A = 3520.0
E= 128, 6 FXA(1) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO 0
1,0100 1,1282 1.2699 L4245 1.5945 1.7820
1.9900 2,2204 2,4740 2,7603 32,0775 3.,4288
FHI= 0.23770 0 DELTAY= 0.10000 0 H= 0.783801 4
WIDTH, EROKEN DOWN IN 10 INCREMENTS
0,111 1 0.1070 1 0.9440 0 0,674 O 0,4290 0 0.2880 0
0.1870 0 0.1120 0 0.5720 -1 0,191 -1 0.000L 0
172712 , AREACI) =  '3416.6500
AREAS(X) AS X=A TO O ¢
L0000L 00.54430 30.81620 30.10610 40,13000 40.15400 40,.18000 4
,20720 40.23710 40.26840 40.30510 4
UOLUME(X) AS X=A TO 0 & (CGS)
\26540 70.66350 70.91540 70,1151 80.1385D 60.16290 B80.18880 8
.21670 80.0244501 80.27970 80.31540 8
TAUCI) AS I=1 TO N+1
0.00000 0 0.18220 3  0.60611 3  0,1224h 4  0.20140 4  0.2942D
0.4071L 4 0.5315h 4  0.57040 4  0.82220 4  0.78710 4  0.11440 &
T(1)= 0.98710 4y T(2)= 0.1164D0 S
TiICHECK? (SECYMIN) 0.10800 5 0.1799h 3 T2CHECK: (SEC,MINY 0.12730 5 0.21220 3
THESE TIMES ARE TOTAL FUMFING TIMES.
UTOTI = 0,14010 9 YT0TD = 0,18480 9
TOTLEAKL = 0.026740 9, TOTLEAK2 = 0.31940 ¢
U/2 PUMFED(FRAGL) (CGS,BRL:GALY!  0.,42750 9 0.26990 4 0.11290 6
U75 FUMFED(FRACZ) (CGSsERLsGAL):  0.50420 ¢ 0.31830 4 0.13320 6
% DIFF. BETWEEN T1CHECK AND T(1) = 8.562351
% DIFF. RETWEEN T2CHEGK AND T(2) = 8.54553%
[T(T2CHECK-T1CHECK)= 0.1937D 4 SEC.;  T(2)-T(1)= 0.1774D 4 SEC.,
LEAKRATE(11)y GX(11) } 0.29290 5-0.11010 4
OUTFUT GX(I) AS X=0 TO A!
0.15000 2 ©0.1395D 2 & 0,12870 2 0.11780 2  0.10460 2  0.95020 1
0.82900 1  0.6976D 1  0.548i0 1  0,36120 1 =-0.4172D0 0
ERROROO..‘...‘ERF\.ORQOIQOOQOQERRORQCQQO‘.'
ERRORC000000.0ERROR0"000"'EF:RDF:Q00..‘0.
FOR COMFUTING NEW INFUT QX» ANY -VE QX IS RESET TO & 0.00
INFUT GXr AS X=0 TO A!
0.15000 2 0 0.1i2500 2 0.12000 2  0.10500 2 0.90000 1 0.75000 1
0.6000I 1  ©.45000 1  0.30000 1  0.1500D0 1  0.33310-
A= 0,3200 4 INFUT T= .9871 4 OUTFUT T=  0.1080 5 DIFT4=  0.93éI 1 AD
e’ T et o 51060 :
NOW ADJUST L(T) C1 SEGMENTI. 77777



ADJUSTED TSLOFESTCERPT = 0.6050 0 0.,1070 1
VOLUME(X) A8 X=A T0O O ! (CGS)
126290 60.,64190 60.8517D0 60,1032D0 70.11970  70.13540
L16610 70,1810 70.19670 70.00000 O
FHI= 0.,41010 O DELTAY= 0.10000 O H= 0.38030 4
WINTHy BROKEN DOWN IN 10 INCREMENTS
00,6380 0 0.63200 0 0,612 0 0,3770 0 0.5240 0 0.445D
o000 0 0.151iDn O 0.7250 -1 0.234D -1 0.0000 O
I = 12 » AREA(I} = 138%9.9717
RXA(I)? 0.9990D O o.2080 O o.8170y O 0.7260 0O
RXACI) 0.4540 0 0.3630 0O 0.2720 0O 0o.1810n 0O
ONE OF THE RXA’S MUST RE REAL CLOSE TO 0. IS IT ??????
2*******zzg*******xx*********
********;;*;******************
FXAL
107.59% 238.54 321.84 401.00 457 .56 505.9
548.44 o846.36 620,623 651,99 680.76 707.3
ITERATION SUCCESSFUL ON KRI
Q= 15.0 RMU= 0.0H= 0.0 BEB= 6244A
= 62.4 FXaltl)y = 74173207.9
SHAFE OF FRAC H/HZ FROM XAa=1 TO 0O
1.0100 1,0508 1.1024 1.1556 1,210
1,3277 1.33946 1,4540 1.5212 1.5%1
FHI= 0.4101L O LDELTaY= o0.10000I' "0 H= 0.3803D0 4
WIODTHy, EROKEN LDOWN IN 10 INCREMENTS
0.6380 0 00,6320 0 0Q.é61200 O 0.3770 O €.524D 0 ©0.4450
0.3000 0 0.151nh O 0.725D -1 0.234D -1 0.,000D O
= 12 y AREA(I) = 1289.%2717
AREAS(X) AS X=A TO O @
00000 00,3370 20.,488S7hh 30,6041 30.71446D 30.B131D
L10100 40.1101D A40.11970 40.1295D 4
VOLUME(X) AS X=A TO O ¢ (CGS)
25480 60.626%90 60.83040 40,1005 70,1164 70.13150
s16090 76.17510 70,18%97?0 790,204460 7
TAUCI) AS I=1 TO N+1
0.00000 O 0.10910 2 0.34310 2 67070 2 0.1079
0,21100 3 0.2722D0 3 0,3393D 3 0 4124Dp 3 0.4909
T(1l)= 0.,49090 3y T(2)= 0,5747D0_ 3
TICHECK!(SECsMIN}Y 0.54470 3 0.90780 1 T2CHECK:!(SECYMIN)
THESE TIMES ARE TOTAL FUMFING TIMES.
YTaT! = 0,1229D0 8 vipgtT2 = 0.13970 8
TOTLEAKYI = Q.9279L 7y TOTLEAK2 = 0.,11040L 8
U/2 FUMPED(FRAC1) (CGSsBRELs»GAL)?: 0.21570h 8 0.134620 3 O
U/2 FUMFED(FRACZ2) (CGSsBRL(GAL): 0.2501D B8 0.15790D 3 0
% DIFF, BETWEEN TICHECK AND T(1) = ?2.867158
Z DIFF. BETWEEN T2CHECK AND T(2) = ?.007938
ODT(T2CHECK-~-TICHECKY= 0,86%920 2 SEC.y T(2)-T(1)= 0.837ED
LEAKRATEC(11)y GX(11) ¢ 0.2092D S5 0.2331L 4
QUTPUT Q@X(I) AS X=0 TO A:
0.1300n 2 ¢.14180 2 0,12320 2 0.,1243D0 2 0.1148
0.93440 1 o.810°0n 1 0.664670 1 0.48360 1 0.82830
INFUT QXs AS X=0 _TO A
0.135000 2 0.13500 2 ¢g.,12000 2 0.1050D 2 0.7000
0.6000D0 1 ¢.45000 1 0,30000 1 o.15000 1 0.3321
A - NoEAAT T TMDHIT T - NoAQAT TONANTOHT T — N CAETT T

ts

70.15110 7

0
0,6350 0  0.,544D
0.8990 -1 -0,100D
77
1
1

= 550.0
8 , 24680
0 1.6635

0
30,91240 3
70,1445 7
I 3  0,15610 3
o3 0.57470 2
0.63160 2 0,1053D
,56980 4
L 66080 4

2 SEC.
2 0.,10450 2
(e
i 0.75000 1
I-14

MTET4 -

0

-1

a

t.3

AT



VOLUME(X) AS X=A TO 0 ¢ (CGS)
27210 70.68130 70.94140 70.11890 80,1437 B80.1492D1 80.19700 B8

.22680 B80.,25930 80.,2960D0 80.00000 O
FHI= 0.23770 0 DELTAY= 0.1000D0 © H= 0.7838D0 4
WIDTH, BROREN DOWN IN 10 INCREMENTS
o.1110+ 1 0,107 1 0.9640L O 0.674L 0 0.429D0 € 0.288D 0
0.1870 0 0.11200 O 00,5720 -1 0.191D -1 ©,0000 O
I = 12 » AREAC(I) = 3416.6200
RXACI)? 0.92990 0 0.9080 O o0.8170 0 0.7260 0 0,635 0 0.3440 G
RXA(I)? 0.454D0 O 0.3630 0 272D O 0.1810 0 00,8990 -1 -0.100D -I
ONE OF THE RXA‘S MUST EE REAL CLOSE TO 0. IS IT ?%7?%77F7°7

***************X*****X*******
3520.0 E= 128.6
X*X*****X********************X

FXAz:
107,59 367.70 507,37 £05.48 682,13 744,86
797.78 842.11 882.37 FL1&. 77 947,17 973.91
ITERATION SUCCESEFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 E= 128.6A = 3520.0
= 128.6 FXacl)y = 7417307,9
SHAFE OF FRAC H/HZ FROM XA=1 TO O
+0100 1.,1282 1,2499 1,4245 1.5945 1.7820
1.9900 2.,2204 2.4760 2.7603 3.07723 2.4288
FHI=_0,23770 O DELTAY= 0,1000D O H= (.783280 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.1110 1 ©.1070 1 0,764L O 0.6740L 0 0.42%0 O 0,2B8DL O
0,1870 0 0.1120 0 0.572D -1 0.191L -1 ©.00C¢D O
I =12 » AREA(I) = 34156.6900
AREAS(X) AS X=a T0 0O !
»0000r 00.5443D0 30.81é20 30.10610  40.,13000 4C.13400 40,1800 4

«207200 40.23710 4
VOLUME(X) A8 X=4 TO
7

+ 26540 70.66350D

26840 40,3051 4
¢+ (EGS)

0.92134nr 70.1151D 80,13E5D0 8C.,146290L B8C.1888L 8

«2167D . 80.246SD 80.2797D 80,313540 8

TAU(I) AS I=1 TO N+1

0.0000D O 0.23470 3 0.73820 3 0.14430L 4 0.23220 4 0.335%0L 4
0.4540D 4 0.58580 4 0.7305h 4 0.8875D 4 0.105600 S 0,12370 &
T(1)= 0,10560 Sy T(2)= 0,12370 & :
TiCHECK! (SECsyMIN) 0,1096D0 5 0,18260t 3 TZ2CHECK:!(SEC,MIN) 0.1289Ir 5 0.21490O =
THESE TIMES ARE TOTAL PUMFING TIHES.

VTOT1 = 0,1601D 9 VT0T2 = 0.18480 9

TOTLEAK1 = 0,27380 9y TOTLEAKZ = 0.,32570 9

V/2 PFUMFED(FRACL1) (CGS,BRL:GALJ? 0,43380 @ 0.273%90 4 0.1144D 6

V72 FUMFEDC(FRACZ2) (CGSsEBRLsGAL) 0,31030 9 0,32230 4 0.1349D &

Z DIFF, BETWEEN TICHECK AND T(i) = 3.5469240

Z DIFF., BETWEEN T2CHECK AND T(Z) = 4.0732¢7

DT(T2CHECK-T1CHECK)= 0.,1%370 4 SEC., T(2)-T(1)= 0,18030 4 SEC.
LEAKRATE(I1), Q@X(11) § 0.28740 5-0.563%20 3

QUTFUT QX(I) AS X=0 TO A:

o.18500n 2 0.1297n0 2 o.1291n 2 0.11840 2 0.1074D0 2 0.739¢0 1
0.84040 1 0.710&0 1 0.56270 1 0.37770r 1 -0.,21550 O
ERROF\IOOQOOIQOQERROROOQ0000.0ERF:0R000000‘0

FRRAR . ... .. CLERRAR . L CEREAR
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FOR COMFUTING NEW INFUT QX, ANY -VUE QX IS RESET TO ! 0.00
INFUT QXs AS X=0 TO A:
0.1500D0 2 0,13500 2 o.1200n 2 0.,10500 2 0.9000D 1 o.75000 1
0,6000D0 1 0.45000 1 0.3000n 1 o.15000r 1 0.3331N0-
A= 0.32000 4 INFUT 7= 0.106Ir 5 OUTFUT T= 0.1100y 5 LIFT4= 0.3700 1
USTED T ESTIMATE = 0.10920 S
NOW ADJUST L(T) [1 SEGMENTI. 7
ADJUSTED TSLOFE,TCEFT = 0.6150 O o0.102D 1
VOLUME(X) AS X=A TO 0 ¢ (CGS
+2629D  60.,64190 60.8517D 60,1032D0 70,1197+ 70,1354D 7C¢.1511D0 7
+1661D0 70,18110 70.19670 70.00000 O
FHI=_ 0.4101D O DELTAY= 0$.,1000D0 0 H= 0,38030 4
WIDTHs BROKEN DOWN IN 10 INCREMENTS
0.6380 0 0.632D 0 0.,612D1 © 0.5771r O 0.5241' 0 0.445D O
0.300 O €.151Lh O 0.725Dn -1 0.234D -1 0.0000 ¢
I = 12 » AREA(I) = 1389.9717
RXA(I)? 0.9990 0 0.2080 0 o.8170 O 0.7260t O 0.6350Ih 0 0.9440
RXA(I)? 0.4540 0 0.3830 0 0.2720 0 o.181' ¢ 0,879 -1 -0.100L
ONE OF THE RXA’S MUST EBE REAL CLOSE 70 0. IS IT 7?7PTP7?7%°7
:*****X***g*é***********z*X§*
KEEKKKKEKKKKARKKRKXEKRKEXR KK R KK KX
FXal
107.5%9 238.54 331,84 421.00 457 .56 905.91
548,44 586.36 620,63 651.99 680.76 707,31
ITERATION SUCCESSFUL ON KI
a= 5.0 RMU= 0.0H= 0.0 ER= 62,48 = 550.0
B= 62.4 FXacl) = 7417307.%9
SHAFE OF FRAC H/HZ FROM Xa=1 TO O
1.0100 1,0508 1.1024 1.,1534 1.2108 1.2680
1.3277 1,3896 1.4540 1.5212 1.5910 1.6635
PHI= 0.4101D0 O DELTAY= 0.10000 O H= 0.,38030 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.6380 0 0,632 0 0.,61200 0 00,5770 0O 0,524 O C.445D O
o.3000+ 0O O0.,151D O 0.7250O -1 0,234D -1 0,000 O
= 12 » AREA(I) = 1389.9717
AREAS(X) AS X=A T0 O ¢
.0000D 00.3370D 320.4857D 30.6041D 30.71460 30.81310 30.9124D 3
10100 40.1101D0 40.1197D 40,1295Dh 4
VOLUME(X) AS X=A T0 0 I (CGS)
+25680  60.6269D 60.8304D0 60,1005+ 70.11640 70.,1315D0 70.14465D 7
+1609D 70.,1751D 70,189%90 70.2044D 7
TAUCI) AS I=1 TO N+1
0.0000D0 0O 0.12580 2 0.38820 2 0.75050 2 0.11980 3 0.1722n 3
0.23160 3 0.29750 3 0.3869260 3 0.447460 3 0.321Zn 3 0.620200 3
T(1)=0,53120 3y T(2)= 0.,6202D0 3
TICHECK! (SECyMIN) 0,55310 3 0.92180n 1 T2CHECKI(SECsMIN) 0.64130 3 0.10690
THESE TIMES ARE TOTAL FUMFING TIMES.
VTOT1 = 0.12290h 8 VY7072 = 0.13970 8
TOTLEAKL = 0,9613D 7, TOTLEARZ = 0.,11430 8
Us2 FUMPED(FRACL) (CGS»EBRLsGAL) ! 0.2190y 8 0,13830 3 0.57870 4
U/72 PUMFED(FRACZ2) (CGSsyERLsGAL)! 0,23390 B 0.14030 Z 0.47090 4
Z DIFF, BETWEEN TI1CHECK AND T(i) = 3.983177
Y O nTeC DCTLICOM TS5MUCMAE AMTI T /7N - T AT e A
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DT(T2CHECK-T1CHECK)= 0.B81&L 2 SEC,., (“)*T(i)“ 0.8202D0 2 SEC. 51
LEARRATEC(11), AGX(11) ¢ 0,20220 5 0.32560D T
OUTFUT QGX(I) AS X=0 TO Al

0.15000 2 0.1421D0 2 0.13360 2 0.12500 2 o.11380 2 0.10570 2
0.24920 1 0.82860 1 0.,6879D0 1 0.5091D0 1 0.12340 1

INFUT QXy AS X=0 TO A

o.13000n 2 0.13500 2 o.1200n 2 o.,10500 2 0.9000D0 1 0.,75000 1
0.60000 1 0.4500D0 1 0.3000D 1 0o.15000 1 0,33310-14

A= 0.500h 3 INFUT T= 0,331y 3 OUTFRUT T= 0,553 3 DIFT1= 0.412D0 1 ADJ
USTELD T ESTIMATE = 0.5480L 3

VOLUME(X) AS X=A TO 0 ! (CGS)
«27210 70.6813D0 70.9414D 70.1189D 80.1437D 80.1692D 80,.,19700 8

22680 80,2593 80.2960D0 80.0000D O
FHI=_ 0.23770 O DELTAY= 0.10000 O H= 0,7838L 4

WILTH, BRONEN DOWN IN 10 INCREMENTS

Oo.1110 1 0,107 1 0.964D O 0,674Dr O 0.429D0 0 0.288D O
0.187p 0 0,112 O 0.572D0 -1 0.191D -1 0,0000 O

I =12 » AREA(I) = 3416.6%900
RXA(I)? 0.999D0 © 0.9080F 0 0.8170 0 00,7260 O 0.4350 O 0.5440 O
RXA(I): 0.,4340 O 0.34630 O L2720 0 0.13100 0 @.8790 -1 - -0.,1201 -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT ?777°%77°7

X***XX****g*g*tg*******f*g*:*
b3 222922023222 0082320202928 3 29

FXAl
107.59 367.70 507.37 605,48 682.13 744,846
797.78 843,11 882,39 214,79 947,17 973.91
ITERATION SUCCESSFUL ON KI
Q= 15,0 RMU= 0¢OH= 0.0 R= 128,64 = 2520.0
E= 128.6 FXA(Ll) = 7417307.
SHAFE OF FRAC H/HZ FROM XA=1 TO 0
1.0100 1.1282 1.2699 1,4245 1.5945 1.7820
1,9900 2.2204 2.4760 2.7603 3,077% J.4288
FHI= 0,23770 0 DELTAY= 0.,1000' 0 H= 0.7838I 4
WILDTHy, BROKEN DOWN IN 10 INCREMENTS
O.111p 1 0.1070 1 0.954D O 0.674D O 0.4290 O 0.2880 O
0,187 0 0,112 O 0.572D -1 ¢.1910 -1 0.0000 O
= 12 s AREA(I) = 3416.6%00
AREAS(X) A8 X=A TO 0 @
00000 ©00.5443D 30.81462D0 30.1061D0 40.1300D0 40.1540L 40.1800D0 4

20720 40.2371D0 40.26840 40,3051 4
VOLUME(X) A8 X=A TO0 0 ! (CG3)

,2654D  70.6635D 70,9154D 70,11510 80,13850 80.16290 80.1888D 8

+21670 80,2465 80.27970 80.31340 8

TAUCI) AS I=1 70 N+1 .
0.00000 O 0.25720 3 0.,7935D0 3 0.15340 4 0.,24480 4 0.35170 4
0.4733D0 4 0.60800 4 0.73540 4 0.,91490 4 0.10840r 5 0,126 &
T(1)= 0.108860 Sy T(2)= 0.12680_ 5 )

TICHECKI(SEC,MIN) 0.1102D 5 0.1837D0 I T2CHECK!(SEC,»MIN) 0.1296D S 0.,21400 3
THESE TIMES ARE TOTAL FUMPING TIMES.

UTOT1 = 0.146010 % VTOT2 = 0.18480 9

TOTLEARY1 = 0.27465D 9, TOTLEAKZ = 0.32850 9

Us2 PUMFELD(FRAC1) (CGSsERL»GAL) S 0.434650 9 0.2754D 4 0.1133D 6

L/ DIMOERICERArADY (FRC.DOI LA )¢ A E1IIN @ A TTNAINR A A 1TELn ¢
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Z DIFF. BETWEEN TICHECE AND T(1) 1.507924¢9
Z DIFF. BETWEEN T2CHECK AND T(2) 2+.205986

OT(T2CHECK-T1CHECK)= 0,19390 4 SEC. T(2)-T(1)= 0.18190 4 SEC,
5-0,

nn
to

w

1
0

LEARRATEC(11)y GX(C11) ¢ 0.28530 5 246U 2

OUTFUT QX(I) AS X=0 TO _A:

0.1500D0 2 ¢c.13980 2 0.12930 2 0D.,11860 2 0.,1077D 2 0.958400 1
0,8453D0 1 0.71620 1 0.5692D0 1 0.38500 1 -0.12290 ¢
ERF\‘ORQOQ'QQ"OERRDROODOOQQOOERF\DF\OOOQOOOO

ERROR' LA e OEF:RORQ LR I R A ‘EF\RUHO LA I

FOR COMFUTING NEW INFUT QX, ANY -VE QX I5 RESET TO ¢ 0.00

INFUT Q@Xs AS X=0 TO A:

0.15000 2 0,13500 2 0.12000 2 o.10500 2 0.90000 1 0.7500D 1
0.60000 1 0.4500D 1 0,30000 1 o.130000 1 0.,33310-14

= 0,320 4 INFUT T= 0.,1090 S DUTFUT T= 0,110 S DIFTA4= 0.13530 1 ADJ
USTED T ESTIMATE = o.110n 5

ADJUSTED TSLOFE,TCEFT =  0.6190 0 0.1000 1

ITERATION IN_IRUN=3 STOFFED RECAUSE TIME DIFFERENCES — DIFT1= 4,1 OR DIFT
ARE BOTH LESS ThaN §.0 FERCENTs OR ELSE NO. OF ITERATIONS 3 EXCEEDS 4
USE THIS ADJUSTED L(T) [1 SEGMENTI TO DO FULL LEAKOFF caLcn
FOR A1 THEN A2 THEN A4, FROM THE TIME LISCREFANCY WE COHFUTE
AN ADJUSTED L(T) VALUE(=TA).
FHI= 0.39990 0 DELTAY= 0.10000 0 H= 0.39260 4

WIDTH, EROKEN LOWN IN 10 INCREMENTS

0.661D 0 0.6540 0 0,6330 0 0,5950 0 0.5361 0 0.448D 0
0,2730 0 0.1460 0 0,7080 -1 0.2290 -1 0,000 0

12711 » AREACI) =  1455,9300
RXACI)!  0.9990 0  0.8990 0  0,7990 0  0.6990 0 0.5990 0  0.4990 0

9900 -1 -0.1000 -2
S IT PPPP?7°7

RXA(I) ! 0.39enn ¢ 0.2990 © 0,122y 0 0
ONE OF THE RXA‘S MUST BE REAL CLOSE TO 0. I

*X*X******X*****X************

A= 500.0 &4, 4
*X******X***X*****X***********
FXA
107.59 324,23 420.08 484,923 535.73 378.01
614,43 646,61 675,27 701.39 725.1¢%
ITERATION SUCCESSFUL ON KI
Q= 15,0 RMU= 0.0H= 0.0 E= 64.4A = 500.0
= 64.4 FXACL) = 7417307.9
SHAFE OF FRAC H/HZ FROM Xa=1 TO O
.0100 1.0974 1.1729 1.2419 1,3089 1.,3752
1.4417 1.35090 1.5772 1,64466 1.7174
FHI= 0,3999D0 O DELTAY= 0.10000 O H= 0,329260 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.66100 0 0.6354D O 00,6330 0 0.595D 0 0.5346D O 0.4480L O
0.27300 0 0.144D1 0O 0.708D -1 0.229D0 -1 00,0000 O
I = 11 » AREAC(I) = 1455.9300
AREAS(X) AE X=4 TO O ¢
L0000 00.47331 30,6402+ 30,77060 30.88130 306.9882D 30.10840 4

+11800 40.1276D 40.1349D0 40G.14560 4
VOLUME(X) AS X=A TO 0 : (CGS)

36060 60.8485D 40,107SL 7¢.1289D0  70.14250 70,1570 70.17250 7

.1871D0  70.,20160 70,21530O 70.00000 O



FPHI= 0.39280L 0 DELTAY= 0,10000 O H= 0,402901 4
WIDTH, BROFEN _LOWN IN 10 INCREMENTS =
0.6800 0 0.6720 0 0.44920 0 0.608I ¢ 0.5450 0 00,4490 © 53
0.2600 0 0.142D 0 0.695D -1 0.2260 -1 C.000D O
= 12 » AREA(]I) = 1514.,2385

1
RXA(I) 0.92990 O o.9080 0 0.3170 O 0.72&60 0 0.56250 0 0.5440

-

RXA(CI) ¢ 0.4540 O 0.35830 0 o.2720h 0O o.181np 0 6,870 -1 -0.100D -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO O. IS IT 7?°??7777
*X*********#**t*************X

A= 90.0 BR= 6641

#X*X*********X*******X***#****

FXA?
107.59 319,92 415.32 479,37 529.81 571,64
607.64 639,46 667.95 693,72 717.28 739.07
ITERATION SUCCESSFUL ON KI
Q= 15,0 RMU= 0.0H= 0.0 E= 665,14 = 950.0
k= 66.1 FXA(l) = 7417307,%
SHAPE OF FRAC H/HZ FROM XA=1 TO 0
1.0100 1,0946 1.1685 1,2356 1.3004 1.3645
1.,42846 1,4933 1.358¢% 1.46252 1,6930 1.,7624
FHI=_ 0.39280 O DELTAY= 0.,1000D0 O H= 0,40290 4
WIDTHy BROKEN DOWN IN 10 INCREMENTS
0.68000 O 0.672D0 0 0,64°D O 0.4080 0 ¢.5480r & 0.449D O
0,260 0 0.142D € 0.6950 -1 0,2260 -1 0,000 O
I =12 » AREA(I) = 1514,23€5
AREAS(X) AS X=A TO 0 ¢
+0000 00.,46620 30.6311LH 30,7597 30.84730 30,9713D 30,10640 4
»11570 40.,12510 40.13420 40,1425Dh 4
VOLUME(X) AS X=A TO 0 ! (CGS)
35530 60.8B362D0 60.1060D0 70,1240D0 70.1401' 70.18330 70.,16%40 7

«18350 70.1973D 70.21080 70.22400 7 '

TAU(I) AS I=1 TO N+1

0.00000 O o0.13280 2 0.40690 2 o0.7822n0 2 ¢.12470 3 0.17870 3
0.2400n 23 ¢.30780 3 ¢.38190 3 0.4561920 3 0,347s0 3 0.43880 3
T(1)= 0.547860 3y T(2)= 0.,4£3880 3

TICHECK:I(SECsMIN) 00,6078 3 0.,101200 2 T2CHECKI(SEC,MIN) JFC3I9D 3 0,11730 2
THESE TIMES ARE TOTAL FUMFING TIMES,

VT0T1 = 0.14310 8 UToTZ2 = 9.,16300 8
TOTLEAKY1 = 0,9745D 7, TOTLEAKZ = 0.11580+ 8

U/2 PUMPED(FRAC1) (CGS+BRL,GAL) S 0.24056D 8 0.151920 3 0.463560 4

V/72 PUMFED(FRAC2) (CGS,BRL,GAL): 0.27870 8 0.17600 3 0.73640 4
Z DIFF. BETWEEN TICHECK AND T(1) = 9.852548

£ DIFF. BETWEEN T2CHECK AND T(2) = ?.250641
DT(T2CHECK-T1CHECK)= 0.9641D0 2 SEC., T(2)-T(1)= 0.91150 2 SEC.
LEAKRATE(11)y QAX(11) ¢ 0.,19260 5 0.27330 4

QUTEUT GX(I) AS X=0 TO A:

0.1500D0 2 0.1421Dp 2 0.1339n 2 o.12520n0 2 0.11590 2 0.10610 2
0.9542D0 1 0.83510 1 0.4694650 1 0.316%90 1 60,1035 1

INFUT QXs» AS X=0 TO A!

0.1500D 2 0.14030 2 0.,13020 2 0.12000 2 0.109230 2 0,98040 1
0.861%0 1 60,7339 1 0.592090 1 0.41930 1 00,9251 &

A= 500, OLD TA= S47.46 NEW TA= 607.5 ADJUSTED TA= 392,95
FHI=_ 0.3292D0 0 DELTAY= 0,10000 0 H= 0.51300 4

WIDTHy BROKEN DOWN IN 10 INCREMENTS

00,8420 O 0,.,829D 0 0.788D O 0.7120 O 0.,3820 O 0.3430 0

0.2120v 0 0.1240 O 0,6220 -1 0,204 -1 0.,000D O

I = 11 » AREA(I) = 2100.5757

RXaA(THY? N.9e9mn n N, aeon 2}

N. 709N N N 4AQoQTm gl N SQ0N fal N AQQTH 2l



RXACI) 0.399L O 0.2990 0 0.1
ONE OF THE RXA’S MUST BE REAL CLOSE

****************X******Xgﬁ***
A 200.0 H
KKK KKK KK K 0K XK OKOKKCKOK K KKK Ok Xk X K%

FXAl
107.59 379.15 497.19
724.94 761.10 792,93

ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU=

574,
821,

k= 84,2 FXA(1) =
SHAPE OF FRAC H/HZ FROH

+0100 1.1

1.7166
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30.,7946D
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30,98020
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0.21010D
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mezs
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=
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>

~d
<

-
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0.8

2

RXA(I): 0.4540 0 0.3630 O 0.2
ONE OF THE RXA’S MUST BE REAL CLOSE
************X*************X**
1320.0 7.
********#*******X#******#X*#**

FXAL
107.59 373,07 4%90.95

716.87 752,73 784.37
ITERATION SUCCESSFUL ON KRI
Q= 5.0 RMU=

E= 87.95 FXAa(1) = 7
SHAPE 0F FRAC H/HZ FROM XA
+0100 1324

97

-
o~
~0
[
w

B
CEXT

-
<o
-

0
ENT
34D

3n

m
ommrd
oo
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O\lx

O D
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58]
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>
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-
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M
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<
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Lo d
O
o
o~
X0~
meo
~
>
-5
o
D -
0

0.100D

54

290 0 0,990 -1 - -2
T0 0. IS IT 77777777
97 634,58 683.50
39 847,18
000 B= 840_#! = 1200‘0
1.3701 1.4828 1.5981
2,1028 2,2442
H= 0.51300 4
0 0.5820 0 0.3430 0
-1 0.0000 ©
30,114200 40,13050 40.14550 4
4
70.44750 70.50470 70.54150 7
0
H= 0.53330 4
0 0.575D 0 0.2330 0O
-1 0.0000 ©
1700 0 0.7260 O 0.46350 0  0.544D
7200 0 0.1810 ©  0.8990 -1 ~0.100[
T0 0. IS IT 77777777
13 627,26 675,78
2 818,28 861,54
0.0 B= 87.54 = 1320.0
1.3587 1.4675 1,5783
2,0592 2,1930 2,3227
g— 0.53330 4
0 0.5750 0 0,320 0
-1 0.0000 O
20,11200 40.12780 40.14230 4
4

¢

-

e



7

70,4940 70,354E50D

70.4385D
7

70.38080D
70.77640

70.2444D 70.31910D
70.7140D

70.65980

10130
.60480

[T Laf]

40

ci<

-l
-+ (40

0.4593D0 2

4

(SECsyMIN) 0.2757D
3
3

3
+
.
+

T2CHECK
8

NIk« essa
Cd s Ot~
helel Lol
o ONaCC<
-T2 LIOG
O MG > =
Wb _J_1
SEOQOXE
([ 0 ek o d e ey =s
AN L
[ 1] =~
~Ctid WAl

Ll i G
~T W]

—HOLI Ot
—rt ThONN
D DD

3 SEC.

0.3749D

4
0.1224D
0.,446210

T2)-T(1)
0.15460

2
1

3 SEC.»
S

4460
2362D

3
0
A

W]

0.,1020D

4

0.1124D

2
i
2

1
2362.6 ADNJUSTED

0.8116D

0.1318D
0.64400D
0.12840D

0.544640

0

1
2325.0
0.499D

4
8

0.24540
0

TA

0

2
40.2170D

80.224620

0
0

0
-0,100D -2

2860

0.5990
811.21
J3.5501

0

0.1063D

0,4626D
133,14

0 0.286D

0 0,283D

4

4
0 0.

40.18690D
80.19700

0
0

0
IS IT 77?7?7777

0.6990
o,9290Dn -1

?81.84
HE=

756,41

0

0
0.8641L

0.1176D
0,3728I
0.0
1.6087
3.1938
40.15930
80.16880D
0 0.4180D
-1 0.000D

4
0

1
0.799D

0.199D

2
956.71

687.55
1900 -1 0.,000D

0

_g.i?OD -1 0.0000
0

2,8692
40.1320D
40.35446D

(CGS)
80.14200
80.0000D

-1 0.189n

0.0H=
70An NicLO

594.79

+
13

0.8990
0.29%0

i
30.1033D
40.,31810
70.11470
80.32810
0 0.5670D

2,3718

0
0

B
A TO O

RO ROk ROk %

0.69180
Rt SRR
447,28

0.999L
X

0.399D

40,28110
AS X
70.8420D

1
00,693810

ONE OF THE RXA’S MUST BE REAL CLOSE TO 0,
62325229884
20
X%
107.39
2,3017

A

VOLUME (X)

0.82290
RXACI)2
RXA(I)
£ 2228288
FXA:

.0000D
24690
» 33840



r - s r Lo RAN S o BL TN BNV - (S AT A VAV RN Va4

RXA(I) ! 0.929920L O 0.9080 O 0.8172Ih 0 0.72400 O 0.

RXA(I)! 0.454D0 O 0.3630 0 0.272D 0 0.1810 ¢ 0
ONE OF THE RXA’S MUST BE REAL CLOSE TO O, IS IT ?PPTTPPT
*X****************X*XX*X*****

3520.0 141,
**X****X*X******X**t**********

FXAL
107.59 438.29 586,51 678.99 747 .59 802,24
847.50 885.71 ?18.76 ?47.56 ?72.78 795,45

ITERATION SUCCESSFUL ON KI
Q= 15,0 RMU= 0.0H= 0.0 B= 141.7A =

B= 141.7 FXA(l) = 7417307, 9
SHAFE OF FRAC H/HZ FROM XA=1 TO

100 1,1906
2

1. 1. 3899 1,5864 1.7915
2.2461 +2008 2.7787 3.,0820 3.4123

PHI= 0.2223D0 0 DELTAY= 0.10000 0 H= 0.844101 4

WIDTH» BROKEN LOWN IN 10 INCREMENTS

0.117h 1 0.11301F 1 0.9850 O 0.631D O 0,418 O 0.2830 O

0.184D0 0 0,111 O 0.547D -1 0.1890 -1 0.000DI O

I =12 » AREA(I) = 3800.2169

AREAS(X) AS X=4 TO O ¢

.00000 00,67580 30.10110F 40,1289 40.,15520 40.18200 40,

2339SO 40.27080 40.305
VOLUME (X) AS X=A TO O 3

+3296D 70,8225D 70,112

40.34000 4
)

.2488D0 80.2810D0 80.31480L 80.3511iD 8
TAU(I) AS I=1 TO N+1
0.0000D O 0.26630 3 0.81590 3 0.15710 4 0.2500@
0.4812D0 4 0.61730y 4 0.765%90 4 0.92640 4 0.10980
T(1)= 0.10980 S, T(2)= 0.12810 5
TICHECK: (SECyMIN) 0.1167D S 0,19450h 3 T2CHECKI(SECYMIN) 0.
THESE TIMES ARE TOTAL FUMFING TIMES.
VUTOT1 = 0.1845D0 9 vToT2 = 0.213706 9
TOTLEAK1 = 0.2777D 9y TOTLEAK2 = 0,32980 -9
V/2 FUMFED(FRAC1) (CGSsEBRLsGAL): 0,46210 9 0.29170 4 0.1
V72 FUMFED(FRAC2) (CGSs»BRL/GAL) 0.54340 9 0.34210 4 0.1
Z DIFF. BETWEEN TICHECK AND T(1) = 5.892809

"X DIFF. BETWEEN T2CHECK ANL T(2) = 6.655798
DY(T2CHECK-TICHECK)= 0,2054D0 4 SEC.:, T(2)-T(1)= 0,1828D
LEAKRATE(11),» QX(11) ¢ 0,28420 5-0.,1450D 4
QUTPUT Q@X(I) AS X=0 TO_A:
0.1%5000 2 0.1394Dp 2 0o.12870 2 0.1176D0 2 0.10640D
0.8254D 1 0.69236D 1 0.5439D0 1 0.3544D1 1 -0,.5491D
ERRORC'lOOOOOOERROR..Q..O.’QERRDRQOQQQQOO
ERROR.‘QO0.0QQERROR.QQOOOQOOER Ol.'.‘DQO
FOR COMPUTING NEW INPUT QX, ANY -VE'QX I8 RESET TO ¢ 0.00
INFUT QXs, AS X=0 TO A?
0.15000 2 0.138601 2 0.12690 2 0,1152D 2 0.1033D
0,7840D0 1 0.64970 1 0,501 1 0.32630 1 0.,46610-
A= J200, OLD TA= 10982.2 NEW TA= 11669.9 ADJUSTELD

b 80.1384D 80.1645D 80,19130 80,

&35Sh 0.%440 0O
8970 -1 -0,1000L -2
3520.0
2.0102
3.7798
21030 4
21940 8
4 0.3585D 4
5 0.1281r S
13720 5 0.,22870 3
221D
4341
4 SEC.
2 0.94790 1
0
2 0.921050 1
14
TA= 11498.0
0.929
1.007

AtALE TN T FTCANMNACE CAL CAM. DACTT AAM D 1| TMOC_CCOMOMTS N 1 2T
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FOR A=Al, THEN A2, THEN A4, THIS 1S ITERATED TIL IRUN=IRUNZ.
E.G. IRUNZ=8 GIVES 2(NOTE IT IS TWO!!!) OF THESE ITERATIONS, 57
FHI= 0.39620 0 DELTAY= 0.,1000 O H= 0.39790 4
WINTH, RROKEN DOWN IN 10 INCREMENTS
0.671D 0 0.46640L O 0.6410 0 0.602D0 0 0.541D O 0.448D O
0.26600 0 O,144D O 0,701D -1 0.227D -1 O.000DL O
I =11 » AREAC(I) = 14846.0174 :
RXA(I): 0.9990 0 0.899n 0 0.799D0 0 0.6990 0 0.599L © 0.499D 0
RXA(I)? 00,3990 0 0,299 0 0.1990 0O 0.92900 -1 -0.100D -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT T2?777°7°7°7
**********g****g***********§*
139222323230 2229320283032225¢%
FXAL
107.59 335.358 424,00 498.97 S49.21 590.57
625.96 637.05 684.73 709.48 732
ITERATION SUCCESSFUL ON KI
Q= 19,0 RMU= 0.0H= 0.0 E= 65.3A = 500.0
= 65,3 "'XA(1) = 7417307,9
SHAFE OF FRAC H/HZ FROM XA=1 TO O
1.0100 1.1049 1.1864 1.2592 1,3289 1,3971
1.4648 1.5329 1,46013 1.46704 1.7407
PHI= 0.39620 O DELTAY= ©0.,10000 O H= 0.39790L 4
WIDTHy RROKEN DOWN IN 10 INCREMENTS
0.671t 0 0.6640 O 0.46410 O 0,602D O 0.3%41D0 O 0.4480 0O
0.2646D 0 0.144D0 O 00,7010 -1 0.2270 -1 00,0000 O
I = 11 y» AREA(I) = 1486.0174
AREAS(X) AS X=A T0O 0 @
00000 00.,49180L 30.66740 30.79830 30.91420 30,1022D0 40,1114D 4
+12140 40,1309 40,1397 40,14840 4
VOLUME(X) AS X=A TO 0 ! (CGS)
«3747D 60.88330 60.11170 70.1305D0 70.14730 70.16290 70.1775h 7
192230 70,20630 70.2197D0 70.00000 O
FHI=_0.389210 0 DNELTAY= 0.10000 0 H= 0,40840L 4
WINTHy BROKEN DOWN IN 10 INCREMENTS
0.6890 0 0.6820 0 0.658D 0 0.616D O 0,350 O 0.448D10 O
0,255 0 0,141 O 0.6890 -1 0.,224D -1 0.000D0 O
I =12 » AREA(I) = 1546.7364
RXACI)? 0.999D 0 o.9080n O 0.8170 0 0.72600 O 0.633D O 0.544D ©
RXA(I) 2 0.43540 O 0.363D O 0.,2720 ¢ o.1810 O 0.8990 -1 -0.,100L -2
ONE OF THE RXA‘S MUST BE REAL CLOSE TO O. IS IT ?7777?7?77
*****************************
580.0 B= « 0
X*******************X*********
FXAl
107.59 330.98 429,35 493.94 543.79 584,82
619,92 650.76 678.22 702.98 725.58 7446 .39
ITERATION SUCCESSFUL ON KI
Q= 5.0 RMU= 0.0H= 0.0 EB= 67.0A = 550.0
B= &7.0 FXA(l) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO O
1.0100 1.1018 1.1818 1.2529 1.,3207 1.3849
1,4526 1.5184 1,5844 1.6511 1.7184 1,7873
FHI= 0,389210O O DELTAY= 0,10000 O H= 0.4086D 4
MTNETWL . LQoNNMDKAN TINLIAN Tal 1N TN OMITMTE



0

0 0.550 0 0.448D

“070vs16D”
0 0.489D -1 0.224D -1 0,000

PR

0 0.6820 0 0.658D

AN TN 1Y

58

0

1544.7364

4

00.,4843D 30.65820 30.7881D0 30.9009Dh °30.10060 40,109%D

00000

40.,14570 4

(CGS)

40.1§7SD

.11 40.12860D
VOLUME(X) AS X=A TO 0

230
«3690D

7

60,1102 70.1287D 70.143530 70.160401 70.17460D

60.8706D

7

70.2028p 70.213801r 70.2289D

+188%9D

Mg

i
-0
O

CiNQ

2
<

3 0.1209D

T2CHECK! (SECyMIN) 0.72530
é
3

2
9
4
8

OO
e THONN
[T A ] S St

o
G40

0
o
py—t

Tplip}

c.10680 2

2 SEC.
2

0.95410
0.11640D
0,12040
0.11430
0.1008D

6263 ADJUSTED

T(2)-T(1)=
0.3179D 4
S

2 §EC-7
)

8

0
3
0.13410

897
119
"0.7088D

9

0

A
2

-0
[,
h~ =
A O
Ll i
Q~ X<
wix
ITTW -
L qCO
-~
P
| vt
e e gy

Wil s

I+ =
QIO
CHE DO
D
S <L =
=l -
[d0o

0.10410 2

1
2

1
2

0.5310D
0.1239D

1
2
0.492350I

0.1330D
0.67010

1 1 1

1 0.,80980 1

500,

0.9312D

617.,9

TA=

592.5 NEW TA

oLD TA

0

0 0.338D

S
0 0.579D

+2050 -1 0.000L

0

(6]

0.9990 0O 0.899n 0 0.7990 © 0.,699D0 0O 0.,3%720 0 0,490

.
.

RXACID)

-
<

-1 -0.1000D
IS IT ??77%7°77%

0.,7700

¢

0.199D

0
ONE OF THE RXA’S MUST BE REAL CLOSE TO O.

0.29%D

0

0,399D

RXA(I)?

KK KX
85.8
X kRK

B
L2222 222043 ¢

*g***********
X

XX KkX
1200
L2222 222380

FXAS

KhXEXK
é

393.85 S13.77 5991.09 64%9.60 697415

107.59

1200.0

85.8A

854.32
B=

829.77
0.0

0.0H=

1.5187 1.6347

1.3980
2.1465

873

(8

2.0113

1.8818

0

0 0.,3380

9
0 0.579D

g.QOSD -1 0.,000D

0

o -1
24677

19
18

o0y =
o O
il

-
Q<
M~ 1
I X

£y
oqCa

O n~
v
[P (3]

— il
Lol IV 4
Py
o

4

-40,11890 40,133540  40.,15040D

30.,1023D

00.590%0D

+0000D

30,82040D

40.21383D 4

40.,19820
Y YN

TN N

40.1822D
AT VY=A

2164690
IO TIME ¢ v



VDt VA

.1081D

4

70,2599D

nPoe A—nN [ IRV IV

+

Vv

70.33890

70.40460

70,4631 70,52310 70.5808D0 7 5¢C
43830 70,4955D 70.7561D 70.00000 O
FHI= 0.3157DIr O DELTAY= 0.1000L 0 H= 0,54370 4
WIDTHy BROKEN DOWN IN 10 INCREMENTS
o.B8on O o.8450n 0 O0.8180 O 0.730Dr O 0.3&48D1 O 00,3290 O
0.20600 0 O0.121D O 0,612D -1 0,203 -1 0,000 O
- I =12 » AREA(I) = 2262.0591
RXA(I)? 0.9990 © 0.908D 0 0.2170 0 0.72¢00 0 0.6350 0 0.344D0 O
RXACI) ¢ 0.4540h O 0.3630 0 0.2720h 0O 0.1810 O 0.899D0 -1 =-0.100D =2
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT ?FP?PTTTT
***X**X**X*X*XX*X***X****X*X*
A= 1320.0 B= 89,
X*****X****X********X*****X*X*
FXA?
107.59 387.60 507.78 584,80 642,95 690.23
730,04 764.60 794.74 822.01 846,48 868.462
ITERATION SUCCESSFUL ON KI
Q= 5.0 RMU= 0.0H= 0.0 B= 89.2A4 = 1320.0
k= 89,2 FXA(L) = 7417307,9
SHAFPE OF FRAC H/HZ FROM XA=1 T0 0
1.0100 1.1441 1.2705 1.3869 1.500%9 1.6189
1.7328 1.8533 1,9773 2.1060 2.2401 2.3772
FHI= 0.31570 O DELTAY= 0.10000 O H= 0.54390 4
WIDTH, EBEROKEN DOWN IN 10 INCREMENTS
0.880D O 0.8465DI+ O O,B18D O 0.730D1 © 0.568DL 0 0.329D 0
0.2060 0 0,121+ O 0.612D0 -1 0.2030 -1 0.000D O
I =12 » AREA(I) = 2262.0591
AREAS(X) AS X=A TO 0
00000 00.57%6D 30.81710 30.10040 40.,11680 40.13290 40.14760 4
16220 40,1786t 40,1933D0 40,2096D 4
VOLUME(X) AS X=A TO 0 ! (CGS)
10600 70.,2554D 70,3334 70,3976D 70,4567 70.51300 70.5684D 7
62310 70.46800D0 70.73670 70.7969D 7
TAU(I)Y AS I=1 TO_N+1
0.00000r O 0.63360 2 0,18770 3 0.3542D 3 0.55880 3 0.78840 3
0.,10490 4 0.,13330 4 0.164860 4 0.19800 4 00,2335 4 0,27110 4
TC1l)y= 0,2335D_ 4, T(2)= 0.2711D0 4 .
TICHECK!(SECyMIN) 0.2415D 4 0,4025D 2 T2CHECK!(SECsyMIN) 0.2814D10 4 0.46930 2
THESE TIMES ARE TOTAL FUMPING TIMES.
VT0T1 = 0.4770D0 8 vUToT2 = 0.544690 8
TOTLEAK1 = 0.47930 8, TOTLEAKZ = 0,54810L 8
V/2 PUMPED(FRAC1) (CGSs+BRL»GAL)? 0.95640 8 0.46038D 3 0.2527D 5
V/2 PUMFED(FRAC2) (CGSsyEBRLsGAL): 0.,1115D0 9 0.70390 3 0.2944D 5
Z DIFF., BETWEEN TICHECK AND T(1) = 3.313088
Z DIFF, BETWEEN T2CHECK AND T(2) = 3.7201%0
DT(T2CHECK-TICHECK)= 0.4007' 3 SEC., T(2)-T(1)= 00,3760 3 SEC.
LEAKRATE(11), QX(11) ¢ 0,2343D 5 0.13740 4
CUTFUT QGX(I) AS X=0 TO A
0.15000 2 ¢.1409n 2 0.1317p 2 ¢.12230 2 0.1123np 2 0.10190 2
0.20750 1 0.7840D0 1 0.4641350 1 0.4583D0 1 0.892040 O
INFUT GXs AS X=0 TO Al
o.13000 2 0.14030 2 0.13100 2 0.,1212D0 2 o.1109np 2 0.10020 2
0.88730 1 0.76210 1 0.61946D0 1 0.43970 1 0.,5547D0 ¢
A= 1200, OLD TA= 2335.0 NEW TA= 2415.0 ADJUSTED Tas= 2295.0
FHI= 0.,22930I O DELTAY= 0.1000D O H= 0.,82300I+ 4
MITnNnTU DONKDA ONLIM TM 14 TAMOOOMOAMTCO



541140 170511007 1°0.9740 (0706490 0 0.423h O 0.2850 O -
0.18640 0 0.112D O 0.5690 -1 0.,1900 -1 0.0000 0
I = 11 » AREA(I) = 3401.1444
RXACI)!  0.9990 0 0.8990 0 0,7990 0 0.699 0 0.5990 0  0.,4991 0
RXA(I)? 0.3990 0 0.2990 0  0.1990 0 0.9990 -1 -0.1000 -2.
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. 1S 1T 777??72%%
TR R KKK KOOR KKK KKK X KKK KX
A= 2200.0 E= 135, 0
KO KOOR KKK KKK OKKKK KKK XX KKK KK
FXA! , »
107,59 453.51 602,48 495,48 763.90 = 817.97
862,63 900,07 932,48 960,44 984,98
ITERATION SUCCESSFUL ON KI _
a= 15.0 RMU= 0.0H= 0.0 E= 135,04 = 2200.0
= 135.0 EXACL) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO 0
0100 1.2064 1,4188 1,6301 1,.8506 2,0855
2,3397 2,6137 2,9149 21,2418 32,4003
PHI= 0.2295D 0 DELTAY= 0.10000 O H= 0.£230Dh 4
WIOTH, BROKEN DOWN IN 10 INCREMENTS
01140 1 0.1100 1 0.9740F 0 0.649L © 0.4230 0 0.2850 0
0.1860 0 0.1120 © 0.569L -1 0.190L -1 0.000l 0
=°11 » AREACI) = 2601.1444
AREAS(X) AS X=A TO O ¢
.00000 00.706401 30.10530 40.13480 40.146290 40,19080 40.22160 4

25140 40.2864D 40.32320 40.3401D1 4
VOLUME (X) AS X=A TO 0 ! (CGS)

.34450 70.85810h 70.117iD 80,1452 80.1725D 80.2011D 80.23080 €

26240 80,2973D 80.333301 80,0000 O
PHI= 0.22030 0 DELTAY= 0.1000Dh O H= 0.8771D0 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS

0.1180 1 0.113p 1 0.9880 O 0.627D1 O 0.4170 0 0.282D 0
0.18400 0 0,111l O 0.5&60L -1 0.18%0L -1 0,000D O

I =12 » AREA(I) = 1864.0786
RXACI) 0.999DL 0 0.208D0 O 0.,817D0 © 0,726 0O 0.6330t O 0.5440 O

RXACI) ¢ 0.454D O 0.3620 0 0.2720 0 ¢c.1810 O 0.,8990 -1 -0.,1000 -2

as

o

ONE OF THE RXA‘S MUST RE REAL CLOSE TO 0. IS IT 77777777
#**#*X******X*X*X***X****#***
3520.0 143.9
**X**X*X**X*******X**********#
FXAl
107.59 444,42 594,15 687,03 755.32 809,33
853.95% 891,40 923.81 951.89 9746.48 9298.57
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 E= 143,94 = 3520.0
= 143.9 FXA(1) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO 0
1,0100 1,1969 1,403% 1,6074 1.8189 2.0434
2.2849 2.5441 2.8272 3.1239 34,4670 3.8348
HI= ©0.2203h O DELTAY= 0,1000I+ O H= 0.87710 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.,1180 1 0,113 1 0.988D O 0.427H 0 0.4170 0O 0.282DIn 0
0.1840 0 0,111' 0 ¢©.566I -1 0.18%0 -1 ©0.0000 O
I =12 y» AREA(I) = 3864.,0766
AREAS(X) AS X=A TO 0



Gl

4
8

40.,21500
80.22380D

40.,1838D
80.192550D

40.15880
80.1680D

4
8

40.,13180
40,34570D
(CGS) -
80.14170
80.3570D

30,1031
40.31140D
A TO O ¢
70.1145D
80.3205D

27620
X

00.68810
‘2
AS
70.83840
80.,28660

40
)

+0000N
24390
OLUME (X
+33560
+ 23370

Y

<

0.2339n 3

S

3 T2CHECK:! (SEC,MIN) 0.1403D
8
0

[=p e lw]rdrd
~0G.D> e~

—HWE0OO
SEEOCITCT
O a0 -
o ookl
vl ) U e N
~w « i
o ECO Wi
Qeerd Ll

ML

O 4>
IENIENTN
~L U -1
O LI O N
et TONN
DD

0.95430 1

4 SEC.
2

0.1070D
-0.2718D

T(2)-T(1)= 0.,19260D
2

3
0.1180D
0.3722D

2
1

0.1289D
0.3594L0

e~~~
K04

N33O
XD

D .
S0o

0

1
11819.0
0.,49%0D

0.93860
)

0
TA=
0.579D

0

0.00

0.66610-14
0

0.10580D

+
.

4
0 0.449D

1
2
0

1

11924.0 ADJUSTED
0.6990

RESET TO
0

0.,2998D
0 0.543D

0.1170D
2.227D -1 0,000

0.34740D

1
0.7990

L R N R S

0

11498.0 NEW TA
1
44

0.5334D
0.89%9D

1
1

oLDr TA
0

0.7067D

0.68246D
0.999DI

LT

1

3200.

0.,835920D
0.8150D
ALJUSTED

RXACI) ¢

-0.1000 -2

-1
PPPPTTTT

0L
7

0.99
IS 1

2990 0
E REAL CLO

-

500.0

5395.09
65. 64

554,13
735.04
R=

0.0

504.25
712.59

439.56

B
FAORR KKKk K kX

XEXKKERKKEKK
341,13

X
X

X¥

00

8 4
107.59

12222828

A
L3220 08¢

FXA?

Ci

o

1.4

1,3364
1.,7490

< i

nx

0 0.44%9D O

4
0

0.37980D
0.5420

1.6790
2.227D‘—1 0.000L

1.5415 1.6100

1.4733



Frevan

+0000D

oy an YA [al

00.50070

v

30.,678450

iy

30,8095 30.922460 30.1034D0 40.1128D0 4
122600 40,13210  40,1407D 40,14970 4
VOLUKME(X) AS X=A T0O 0 : (CGS)
+3815SDh  460.89840 60.,11340 70.13230 70.1494D 70,16470 70.17940 7
19410 70,20790L 70,2213 70.00000L O
FHI= 0.38780 O DELTAY= 0.10000 O H= 0.,41066D 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0,693 0 0.6850 O 0.6610 O 0.618L O 0.3552Ih O 0.4480 O
0,253 0 0,140 O 0.6870 -1 0.224D -1 0.000D O
I = 12 » AREA(I) = 1558.4006
RXA(I): 0.9990 O 00,9080 0 0.B17: ¢ 0.7260 0 0.6350 0 0.5440D
RXACI) 0.454D O 0.363D0 0 0.2720 0 0.1810 0O 0.899Ir -1  -0.100D
ONE OF THE RXA’S MUST BE REAL CLOSE TG0 0. I8 IT 77777777
**********************#******
550.0 B= 67 .
**********x******XX***********
FXAL
107.59 336,64 435.095 499 .41 548,95 589.61
624,32 654,76 481.83 706.23 728.49 748,94
ITERATION SUCCESSFUL ON KI
Q= 15.0 ‘MU= 0.0H= 0.0 E= b7 .44 = 530.0
= 67 . FXA(1) = 7417307.%
SHAFE OF FRAC H/HZ FROM XA=1 TO O
1,0100 1.1036 1.1874 1.25¢7 1.228% 1.3954
1.,4615 1.5278 1.,9%937 1.46604 1.72 1.7963
FHI= 0,38780 0 DELTAY= 00,1000 O H= .0.4106D0 4
WINTH, BROKEN DOWN IN 10 INCREMENTS
0.693F 0 0.468SL1 O 0.661D © 0.618D1 © 0.3520 O 0.448D1 0
0.2%30h 0 0.1400 O 0,6870 -1 0.2240 -1 00,0000 O
I = 12 » AREA(I) = 1588.,4006
AREAS(X) AS X=A TO 0 ¢
+0000D 00,4935 30.466%940 30.7992D 20.913460L 30.1019D 40.11110+ 4
.1208D 40,1299D0 40.13380 40.1447D0 4
VOLUME(X) AS X=A TO 0 ¢ (CGSH
37600 60.88610 40.11190 70,1305 70,1473 70.16230 70.17660 7
192090 70.,2046D 70.21760L 70.23070L 7
TAUCI) AS I=1 TO N+1
0.00000n O 0.,17510 2 0.51190 2 0.95870 2 0.14960 3 0.21140L 3
0.2803D 3 0.35580 3 0.43740 3 0.52490 3 0.61790 3 0.7161D0 3
T(1)= 0.,61790 3y T(2)= 0.7161D 3
TICHECK{ (SECsMIN) 0.63500 3 0.10580 2 TZ2CHECK:(SEC,MIN) 0.73530D 0.,1225D
THESE TIMES ARE TOTAL PUMPING TIMES.
VTO0T1 = 0.149210 8 vT10T2 = 0.,16990 8
TOTLEAKY = 0.,1024D1 8y TOTLEAK2 = 0.12130h 8
V/2 FUMPED(FRAC1) (CGSyEBEL»GAL): 0.25150 8 0.15880 3 0.64644D 4
V/2 PUMFED(FRAC2) (CGSsEBRLsGALD? 0.29120 8 0.18380 3 0.7469230 4
% DIFF, BETWEEN TI1CHECK AND T(1: = 2.704449
%Z DIFF. BETWEEN T2CHECK AND T(2) = 2.609727
ODT(T2CHECK~-T1CHECK)= 0.,1002D0 3 SEC.>» T(2)-T(1)= 8200 2 SEC,
LEARRATE(11)y QX(11) ¢ 0.1903D S 0.,35230 4
QUTPUT QX(I) AS X=0 TO A:
o.15000+ 2 0.1422n 2 0.13430 2 0.12580 2 0.11680 2 0.,10730L 2
0.97030 1 0.8533n 1 0.7176D0 1 0.5416D0 1 0.13240 1
INFUT @X»s AS X=0 TO A:
o.1500n 2 0.14200 2 00,1338 2 0.12810 2 o.1159n 2 0.106200 2

3]

0

="

o~



0,93590 1, 0.8369D0 1 0.69920 1 0.52140 1 0.,1155Dn 1

FHI= 0.31470 O DELTAY= 0.,10000 O H= 0.54630 4
L in g S I s

nmInT CEAKDM TIOLIA Tl 1 TMLAOONONTC

3

0

0

. 3
= 500, OLD Ta= 617.9 NEW TA= 635.0 ADJUSTED TA= £30.8
FHI=_ 0.32390 O DELTAY= 0.10000 O H= 0.,5250D 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.858D0 0 0.844D 0 0.8000 0 0,72000 0 0.5780 O 0.3370 0
0.2090 0 0.,123D O 0.,46180 -1 0.204D -1 0.0000 O
I = 11 » AREA(I) = 2164.,1427
RXA(I)? 0.999D 0 0.8990 0 0.79%0 0 0,699 0 0,599 © 0.499D
RXA(I): 0.39%0 0 0.2990 0O 0.19901 0 0,990 -1 -0.100D -2
ONE OF THE RXA‘S HMUST EE REAL CLOSE TO O. IS IT 77777777
x*xxxxxx*x*xxxxxxxxxxxxxxxxx*
1200.0 E= 86.
xxxxxxx*xxxxx*x*xxxx*xxx*xxxx*
FXa:
107.59 395,89 516.76 594,22 652,64 699,98
739.82 774,30 804,52 831.57 855.87
ITERATION SUCCESSFUL ON KI
Q= 15,0 RMU= 0.0H= 0,0 E= B6.1A = 1200.0
B= 86,1 FXAC1) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO 0
1.0100 1.1511 1.2824 1.4036 1.5227 1.6424
1.,7649 1.8909 2,0207 2.1561 2,2948
PHI=_ 0.32390 O DELTAY= 0.,10000 0 H= 0.52500 4
WIDTH, EROKEN DOWN IN 10 INCREMENTS
0.858D0 0 0.8440 0 O0.800D © 0.7200 O 0.5780 O 0.33I70 0
0,2090 0 0.,1230 0 0,418DI -1 0.2040 -1 0.000L O
I = 11 + AREA(I) = 2164.,1427
AREAS(X) A5 X=A TO 0O !
»0000D  00.5947D 30.8371D 30.10310 40.11990 40,1364 40.15180 4
+16800 40.1832D 40.19930 40.21640 4
VOLUME(X) AS X=A TO 0 ¢ (CGS)
~10880 70.2618I 70,34170 70.40790 70.4488D 70.52700 70.53480 7
64230 70,69980  70.74030  70,00000 O
FHI=_0.31470 O DELTAY= 0.10000! 0 H= 0.54630 4
WIDTH, RROKEN DOWN IN 10 INCREMENTS
C¢.883D 0 0.B48BD 0 0.8200 0 0.7310 O 0.5440 0O 0.3280 0
0,2080 0 0.121D 0 0.611D0 -1 0.2020 -1 0.0000 O
I = 12 4 AREA(I) = 2274,1502
RXA(I) 0.9990 0O 0.9080 0 0.81700 © 0,726 0 0.46350 0 0.5440
RXACI) S 0.454D 0 0.36301 0 0,272 o0 0,181 © 0,899 -1 -0,1000 -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO O. IS IT 77777777
xxxxxxx*xxxx**xxx*xx*x*xx*xxx
A= 1320.0 BE= 89.6
XRE KOO KKK KK KK KK KKK KKK KKK KKK
FXA!
107.59 389,49 510.75 587.97 646,09 693,19
732.79 767,10 797.18 824,03 843,25 870.15
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0,0H= 0.0 E= BP,6A = 1320,0
E= 89.6 FXA(L) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO 0O
1.0100 1.1457 1,2744 1.,3925 1.507¢% 1,4239
1.7417 i.8428 1.9872 2,113 2.2505 2.38%6



WLty [SRRANEREN S A LU Wi 4% 4 PR PR Uy J UL O ]
0.8820 .8680 0 0.820D 7310 0 0.566D0 0 0.3228D 0 €4
0,206 0 0,121 ¢ 0,611D -1 0,202ZD -1 00,0001 O i
I = 12 y» AREAC(I) = 2274.1502
AREAS(X) AS X=A TO O
L0000 00.58300 30,82370 30.1015D1 40.1178D1 40,1340 40.1487D 4
16440 40.17970 40.1545Dh 40,21080 4
VUOLUME(X) AS X=A TO O ¢ (CGS)
10660 70.2572D 70.,3342D1 70,4010 70.4405D 70.5170D 70.57270L 7
+62930 70.68430 70.7413D 70.80150 7
TAUCI) AS I=1 TO _N+1
0.0000D0 O 0.67880 2 0.19840 3 0.3716D0 3 0.38000 3 0.81923n 3
0.10860 4 6.13790 4 0.1696D 4 0.2035D0 4 0,23950 4 0.27760h 4
T(1y= 0.,2395D 4y T(2)=_ 0.2776D1 4 .
TICHECK! (SEC,MIN) 0,2435 4 0.405800 2 T2CHECK!(SEC,MIN) 0.2838L 4 0.47320D
THESE TIMES ARE TOTAL FUMFING TIMES.
UTOT1 = 0.48030 8 V1072 = 0.5508D0 8
TOTLEAKL1 = 0.48400 8y TOTLEAK2 = 0,5731D 8
V/2 FUMPED(FRAC1) (CGSsERLGAL)? 0.96420 8 0.6088D 3 0.2548D0 5
U/2 FUMPED(FRAC2) (CGSsEBRLyGAL): 0.11240 ¢ 0,70950 3 0.296%9D0 3
% DIFF, BETWEEN TICHECK AND T(1) = 1.644288
% DIFF. BETWEEN T2CHECK AND T(2) = 2,199622
DT(T2CHECK-TICHECK)= 0.40300L I SEC., T(2)~T(1y= 0.38070L 3 SEC.
LEAKRATE(11)y GX(11) ¢ 0.23230 5 0.,153sDI 4
QUTFUT GX{I) AS X=0 TO A:
0.1500nr 2 0O.1410D0 2 0.13180 2 0.12240n 2 0,11240 2 0.10220 2
0.21060 1 0.78760 1 00,6455 1 0.4428D0 1 0.58180 0
INFUT QXy» AS X=0 TO AI
0.1500n 2 0.14080 2 0.13160 2 0.1220D0 2 o.112000 2 0o.1015n 12
0.9025D0 1 0.77850 1 0.,46360D0 1 0.45360 1 0.,32%900 O
A= 1200, OLD TaA= 2395.0 NEW T 2435,1 ADJUSTED TA= 2425.1
PHI= 0.22830 0 DELTAY= 0,10000 O H= 0.8294DO 4
WIDTH, BRROKEN DOWN IN 10 INCREMENTS
0,1140 't 0,110 1 0,978 O 0.646L 0 0.422I 0 0.2850 0
0.1850 0 0.1120 O 0.549D0 -1 0,190l -1 0.000D' O
I = 11 » AREACI) = 3631.6102
RXA(I): 0.9990 0O 0.8970 O 0.7990L 0 0.6990 O 0.599L 0 0.,4920
RX&(I) 0.3990 O o.2%%n 0 0.199n 0O 0.9900 -1 -0,100D0 -2
ONE OF THE RXA’S MUST EE REAL CLOSE TO 0. IS IT 7?7P77797°7
(232203258323 20225232 02552029
A= 3200.,0 B= 1346,0
****X*******X**********X******
FXAL
107.59 458.97 608.27 700.79 768.56 821.97
866,03 902.94 234,89 962.44 986467
ITERATION SUCCESSFUL ON KI
G= 15.0 RMU= 0+0H= 0.0 E= 136.04 = 3200.0
= 1346.,0 FXA(1) = 7417307.9
SHAFE OF FRAC H/HZ FROM Xa=1 70 O
1.0100 1.2123 1.,4298 1.6449 1.8684 2.1057
2.,3620 2,6377 2.9403 3.2683 3.4280
FHI= 0,22830 0 DNELTAY= 0,10000 0 H= 0.8294D 4
WILDTH, BROKEN LOWN IN 10 INCREMENTS
0,1140 1 0.1100 1 0.9780 O 0,646 0 0.,422D0 0 0.283D 0
0.18500 0 0.1120h O 0,569I -1 0.,1900 -1 0,0000 O
I =11 4y AREAC(I) = 3631,6102
AREAS(X) A5 X=4 TOQ 0 ¢
L0000l 00.71750 30.1068D 40.1367D0 40,14520 40.19320 40.22420 4
« 25430 40.28930 0,32600 40,36320 4
IR 1IME 7 v AC Vo A rm IA) + L ee

tJ



65

YW UITL A A/ Mo SH-re [N S v + Voo s
« 34990 70,8705 70.11870 80.14720 80.17480 80,20340 0.23340D
+26510 80.30010h 80,3341D 80.0000D ©
FHI=_ 0,21920 0 DELTAY= 0 1000II O H= 0.,88410 4
WIDTH, RROKEN DOWN IN 10 INCREMENTS
0,118 1 0.1140 1 00,9890 0 0.,6250 0 0.416D1 0 0.28B2O O
0.,1840 0 0.1110 O 0.56460 ~1 0.,1890 -1 0.0000 ©
I = 12 » AREA(I) = 3898.5708
RXACI) 0.9990F O 0.9080 0 0.8170r 0 0.72600 0 0,635 0 0.5440D
RXACI) 0.454D O 0.3630 O 0.2720 0 0.181p 0 0.899n -1 -0.100L
ONE OF THE RXA‘S MUST BE REAL CLOSE TO 0. IS IT PPP?P7??P77°7
13222233833 33325832330333 3333
A= 3520.,0 BR= 145.0
*X***********X*********X******
FXAL
107,59 449,80 600.10 692,33 760.21 813.59
857.64 894,56 926,53 954,19 278.43 1000.2
ITERATION SUCCESSFUL ON KI
Q= 13.0 RMU= 0.,0H= 0.0 E= 145.0A = 3520.0
B= 145.0 FXAa(l) = 7417307.9
SHAFE OF FRAC H/HZ FROM Xa=1 T0O 0
1.0100 1.20235 1.4144 1.6221 1.8368 2.063°2
2.,3079 2.54690 2.8541 J3.1621 33,4967 3.8876
FHI= 0.21920 0 LELTAY= 0.1000D0 0 H= 0.88410 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
O.1180r 1 0,1314D 1 00,9890 0 0,4250 O 0.4180 O 0.2820 ©
0.1840 0 0.1110' O 0.5466D -1 00,1890 -1 0.0000 ©
= 12 +» AREAC(I) = 3898.,5708
AREAS(X) AS X=A TOQ 0 !
00000 00,69890 30,1047D0 40,1337 40.16110 40,18820 40,21770 4
« 24660 40,27930 A40.31480 40,348920 4
VOLUME(X) AS X=A TO O { (CGS)
+3408D0 70.8514D0 70.,11630 80.14380 80.,17040 80.19800F 80,22450 8
25650 80.28946D0 80.3235IF 80,34030 8
TAU(CI) AS I=1 TO N+1
0.00000 O 0.,3097n 3 0.9032n 3 0.,16960 4 0.2&6600 4 0.38250 4
0.51470 4 0.66140 4 0.8220D0 4 0.99357D 4 0.,11820 & 0.13800 &
TCi)= 0,11820 Sy T(2)=_ 0.13800 _5
TICHECK:(SEC,MIN) 0,12080 5 0.20130 3 T2CHECK:!(SEC,yMIN} 0.14220 S 0,2349D
THESE TIMES ARE TOTAL FUMFING TIMES,
UTOT1 = 0,19010 9 VTOTZ2 = 0.2204D 9
TOTLEAKL = 0,28820I0 9, TOTLEAK2 = 0,3424D 9
U/2 PUMFED(FRAC1) (CGSyBRLsGAL)? 0.47830 9 0.30200 4 0,12640 6
V/2 PUMPED(FRAC2) (CGSrERLsGAL)S 0.5630D 9 0.3534D' 4 0,1487D1 &
Z DIFF., BETWEEN TICHECK AND T(1) = 2.154216
Z DIFF. BETWEEN T2CHECK AND T(2) = 2.915611
LDT(T2CHECK-T1CHECK)= 0.2137L 4 SEC.,, (2)-T(1)= 0.1983D0 4 SEC.
LEAKRATE(L11)y QX(11) ¢ 0.27330 5-0,31400 3
OUTFUT QX(I) AS X=0 TO Al
0.1500Dn 2 0.13960n 2 0.1291n 2 0,11830 2 0.1074D0 2 0,961 1
0.84230 1 0.71440 1 0.36840 1 0.,3840D 1 ~-0.11970 O
ERF:DRO.‘00000OERRDROOOOOQOOQERRORO0000006
ERRORODOOOOOVhERF:DR‘QOQ'O." FROROOOQ.Q.'
FOR COMFUTING NEW INFUT GXs ANY -VE QX IS RESET TO ! 0.00
INFUT QXy AS X=0_T0O A!
0.13000 2 0.,13940 2 0.12880 2 0.,1178n 2 0.10670 2 0.951?20 1
n.axInyn n.7007T 1 n.oE=oon 9 n.Tssan 1 O -1-7- 1 3 T

0

-

3
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APPENDIX G

Fortran code and user instructions for vertically asymmetric simulator

1.

Program description

ASYMFRAC1, a fracture simulator in which fracture height is self-
determined, is appropriate if the vertical fracture is highly elongated
(length/height ratio 2 4), and if the minimum stresses in the two bound-
ing zones are higher than in the payzone, but not equal. Vertical.litho-
static or hydrostatic gradients have been encoded but not debugged or
tested. The fluid flow is assumed to be 1D along the payzone direction.
Variations in elastic modulus from one zone to another are not included,
nor are time variations in pumping rate or viscosity at the wellbore.

The program solves simuitaneously the four equations in the text,

(1) - (4), subject to the boundary condition that the fracture height at °

the tip of the long axis is approximately equal to the payzone height.
The program solves for 2 closely-spaced fractures at just one
station. If other stations are to be solved simultaneously, refer to

subsection 10. below.

Main program Subroutines Functions
ASYMFRAC1 VLTQ FUN
RK2 CINT
KCONT RKB
wcoz7 RKC
CLPHI FUN1
FUN2
FUN3
FUN4
FN57
FN58
DFX
FFX
ASIN
ACOS

66



Operating mode

Batch

Language

Fortran IV

Program develovned on

Data General Eclipse minicomputer

Total CP time

About 5 min

Effect of step size on Runge-Kutta integration

The resolution in all 10 segments along the x-axis is determined by
NDIV (normally 110). The resolution in the tip segment is enhanced by the
factor MFAC (e.g., MFAC = 5 means steps will be 5 times closer together).
If the steps are not close enough in the first segment, the pressures
along the fracture, given by PXA values, will be too similar and clearly
erroneous. In this case, reduce the step size by increasing MFAC by a
factor of 2. As a final check on the results, double NDIV, which reduces
the step spacing along the entire x-axis. The results for wellbore half
heights, b and ¢, and wellbore pressure (maximum PXA value) should not
change significantly.

Too rapid height growth near the wellbore

For certain combinations of input parameters the program may abort
because height grows too fast as the integration proceeds from the tip at
x=a back to the wellbore. When this happens, heights and pressures will
be printed out from the tip to some point between tip and wellbore,
followed by a RUNTIME error. If the height is growing rapidly, this is
almost certainly the reason. To check it, double the stress contrast

S2-S, and a successful simulation should result.

g7
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NEITHER

(iii) too high E
ALL
THREE

TWO

(ii) too small H

(iv) too large Q
ONE=S0OME
TWO=TIME & Q-

=NONE
=TIME,

Parameters which can give this error include:
ONE

too small S,-5;

Sample input data file

(iv) too large -

(1)

0 --ew---SELECT DEERUG OFTION ZERD
SELECTS CALCULATIONS,

A - —

~

DYNES-SECXXNPRIME/CHMX%XTWO)

/CHMXXONE POINT FIVE)
)

oW

Wi

Q40

1IOO 0.
Il ~OTiD
MG » «
e OO0

R
R

=t

E
{IER(MUST BE > S2MS1)

R
R

Cirg—
(2102 Ren

Q -0
U -
OO
A O
v

KFRIME IS FROF TO (ONE-XA)

IMU<>ZERG»

ZERD KPRIME IS CONSTANT

C.-IMU IF IMU

CITZ
x>0

iwiu

T
NN
2K

—na
<<

—
2
= =
=
L]

<
nTw
MO WaT o

ooooo

LIST ALL KI’S FOR CHECKING FURFOSES

NUMERER OF WIDTH CALCNS IN EACH VERTICAL SECTION

11 ___IVER
1. ._._SELECTS OFTION TO RECOMFUTE AND

HZ

JUST >

WZ W

USUALLY=0NE

KCB»

KIC

KIC»

FERCENTAGE ITERATION ON KIE

DIFFAC _

0.1

FACTOR USED TO INCREASE RESOLUTION IN TIF SEGMENT(USUALLY FIVE)
E
c

[ I O
P10~
wa N
w<a | i
wruw | ICm
ZENINO ™
| | oo «

—HNOOTO

0.01._____._-% CONVERGENCE FOR TIMES



10.

Sample output data file

The calculation performs two iterations:
(1) iteration on flow rate profile, q(x)
(ii) iteration on fracture expansion rate, a(t) or x{1). As explained in
the text, a short-cut is used for (ii), by locking log m = n in x = mt".

In practice, we guess a flow rate profile q(x), and this is input into
the program via Q1, Q2, and Q3. The program solves for the first fracture,
outputting the height profile: at the top of the fracture in units of
half-payzone height (see SHAPE OF FRAC HB), and at the bottom of the
fracture (see SHAPE OF FRAC HC). Next is given the net pressure above
payzone stress in psi (see PRESSURE FROM TIP TO WELLBORE). Then we have
width profiles--11 values in each vertical section of the fracture (in
cm) .

For the short-cut method used here, values for n = TSLOPE and
logiom = TCEPT are locked together. Iteration (ii) above proceeds by
varying n until the percentage difference between TICHECK and T(1) and
that between T2CHECK and T(2) are as low as possible, and also as equal
as possible, in magnitude, although opposite in sign.

Having done this, the output flow rate profile is computed in bpm
(see OUTPUT QX), and compared with the input used in solving for the
two fractures (see INPUT QX). If these do not agree to within 5%, a
weighted average (3 parts OUTPUT, 1 part INPUT) can be calculated manually,
converted to Ql, Q2, Q3, and a new run can be made. This is iteration (i)
above.

‘When this is done, fracture volume is given by VTOT1 (1 wing, cm3),

leakoff and spurt volume by TOTLEAK1 (1 wing, cm®), and total volume



pumped by TOTAL VOLUME (FRAC 1) (1 wing, cm®)--all these corresponding to
the first frac at the station. The corresponding time is given by T1CHECK.

Finally, the above run does not give an’accurate calculation of
fracture expansion rate, a(t) or x = mto. To improve this requires
running the program on 2 separate CRT's using a different ffac length or
station on each. Initially, each is run, as described above, to obtain a
first approximation for the time corresponding to each fracture lengthf
Suppose we find a;(t;) and as(ty). Then these points are plotted on a
log~log graph and joined by a straight line to get improved values for m,n
which can now be input into each run as revised values for TSLOPE, TCEPT
that are no longer locked together. This will give improved wellbore
heights and pressures, as well as a better length expansion rate a(t) or
x(1) = mt".

According to the listing of ASYMFRAC1 there are two output files:
FILMCOZ7-0UT and FLMCOZ7-INT. The one below is FLMCOZ7-0UT. The other
file has additional details of the calculations. To avoid writing
to this file, insert in the CALL statement early in the main program

"@ NULL" in place of FLMCOZ7-INT.
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XAl,XA2,XA3: 0,300 0.900 1.000 Wl,u2,@37 0.8500
DELTA = 0.46
xA1,CEPT,SLOPE: 0.30 1.0530 V. b7b7
xa2,CEPT2, SiL0PEE: 0.90 3,7020 L6200
FLAMCOZT OUTPUT
INPUT VALUES: HZ,Q,NPRIME,KPRINME,KI2,EMOD,RNU,S52=51,53=81,L,
80,000 S 0u0 0 460 0.9370 1 '0.1%20 9 T0.480D
0.22 528,00 119%5.00 460.00 0.46  0.5550L
b= T6.,6C= 45,1 YZ = 100,0
SHAPE OF FRAC HB/(nZ/2) FRUM TIP TU nELLBURE
1.0222 1.0900 1.1646 1.2436 1,324¢
1.4981 1.5925 1.6933 1.8007 1.9157
SHAPE OF FRAC HC/(HZ/2) =
1.0042 1.0164 1.0292 1.0420 1,0543
1.0785 1,0905 1.1025% 1.1145 1,1265
PRESSURE FROM TIP Tu WELLBORE (PSI): ‘
100.00 167.38 2lc.78 245,07 271.19 293,48
313,10 330,68 346,67 361,26 374,71
IFRAC= 1 NS 11
MAX. VALUE OF wWIDTH It EACH VERTICAL SECTION (CM)
0.00000 © 0.1657D 0 0.21400 U 0Q.2501u 0 ~0.28040 O
0.3318D 0 0.3559D 0 0,3787D v 0,40040 © O.d4e12v U
AKREAS OF VERT. SECTIONS XA = 1 TO_0 ARE (CMwx2
0.00000 0 0.31840 3 (.42170 3 0.4990D 3 0U.S57160 3
0.7vu620 3 0.76010 3 0.8316D 3 0,d89600 3 0,95950 2
I = I wZ(1,J) = ) 4
0.00000 0 0.0000D 0.u0000 © 0.000UD W 0,00000
0,00000 O 0.00000 O 0.00000 0 0,0000D O U UUULD
1 = 2 WZ(IIJ) = N
0.00000 0 0.8879D =1 0.1276D 0 0.1495D0 0 0,1614U
0.16280 0 0.1525D 0 0.13¢90 0 0,98750 =1 Ul UUUOU
1 = 3 wl(l,J) =
v.00000 0 0,98700 =1 0.15850 O 0.1901D0 0 0.,20740
0.,2109D 0 0.1978D0 0O 0.17220 0 0.12700 0 0,0000D
I = 4 w2(1,J)_= :
0,0000D0 O 0.7885D -1 D.17600 0 0.,21790 0 0,2407D
0.2473D0 © 0.23220 0 9.20210 0O 0.,14790 0 V,U0UCU
1 = S wZ(l,J) = o
0.000uD O 0.65600 =1 0.18470 U 0,23890 0 V.2b790D
v.27830 0 0.2618D O 0.2278D U 0.1655D 0 0,000G0
1 = 6 WZ(1,d) =
V,00000 O 0.5923D0 = 0.18470 0 0.25480 0 0,2909v
0.3061D O 0.2886D O 0.25110 0O 0.1812D 0.,0000D
1 s 7 WZ(I,J) = ,
0,00000 O 0.5510D = U.17100 0 0.26610 0,31070
0.3318D 0 0.31370 0 0.27290 0 0.19570 0 0,0000D
I = 8 WI(I,J) = ~ )
0.0000D0 © 0.,52290 =1 0.14000 0 0.,27240 ¢ 0,32750D
0.3559D0 O 0.33750 O 0.2538u0 O v.20940 U 0,0000D
1 = 9 wZ(I,Jd) = ] _ )
0.0000D O 0.5013D =1 UolenOu 0 0.27270 v 0. 34140
0.37870 O 0.3604D0 U 0.31410 0 0,22270 v 0,00000
1 = 10 wZ(1,Jd) =
0.000uL O 0.4845) =1 U.lle7u 0 0.20440 U 0.3%92¢0
0.4004b O 0.3827u 0 0.323400 0 0.23570 v U 000U
1 = 11 Wil Jd) =
g.00000 O 0.4713D =1 0.1098p0 0 0.23420 v 0.3593u

“ nove N

[N TIECN [ W THAN

P = ATSI

I e RIS Ve N I

n P A ST ARERY

U,44d440 GalU8cU
CELT TA,LEAKC, SF
-c. O.1b4bUL V]
1,4090
1.06€4

U.30710 0
Deb 4l UD 3

[V 0,000V
¢

¢ 0.1€S7UL
0

0 0.2140D
0

0 0.25010
U

6 0.2804U
¢

0 0.3(71D
0

0 0.331e0
0

0 0.3%3¢U
0

¢ 0.37350
G

0 0.35190
V]

U 0.,4L85D

92



VeHdcCcicu VeHUWay Voed.dOWw v VeC™U It U v VeVWVUuVy
VOLUNME (X) As x2A Tu 0 3 (cea)
.19410 60.4512D 00,9616l 60,65300 ©60.73%920 6bu.B8212U
«9739D0 60.1054D Tuv.ll320 7
B= 80,7C= .5 Yz 100.0
SFAPE UF FRAC HB/(HZ/E) "EROM TIP Tb WELLBORE
»cee 1.088¢2 1.1018 1.2401 1.3199
1.4899 1.5820 1.0802 1,76849 1.8965
SHAPE OF FRAC HC/(HZ/2)
1.,0042 1.01o01 1.,0288 1.0414 1,053¢6
1.0774 1.0892 1.1010 1,1128 1.1246
PRESSURE FROM TIP TU wELLaoRE (PS]I): ,
100,00 166,21 211.78 244,03 270,00 292.1¢e
311,57 328,98 344,84 359.36  372.74 385,17
IFRAC= e N= 11
MAX, VALUE OF WIDTH IN EACH VERTICAL SECTION (CM)
d.0000U 0 Q.16450 0 90,2129 0 0Q.,2489D0 O 0 90D ¢
0.32970 0 0.3534u 0 0.3700D 0 0.3975D ¢ 0 810 ¢
AREAS OF VERT,., SECTIONS xA = 1 TJ U ARE (CHxx2
0.,000ub O 0.3159D 3 0.419ep 3 0.48700 3 0 8oL 3
0.70110 3 0.,759% 3 0.823%D 3 0,86890 3 170 3
= 1 wZ(I,d) =
9,00000 0 0.0000D O 0.00000 O 0.,0000D O 0.,0000D
g.00u0L 0 0,00000 O 0.0000D O 0,00000 O U, 00000
1 = 2 Wil J) =
0.0000L O 0.,8840D =1 0.12080 O 0,1484D0 0 Ve,10030L
Q.1616D 0 0.1513D O 0.13190 U 0.,9804D0 =1 0,00000
I = 3 WZ(I’J) =
0.00000 0 0.98950 =1 0.156800 O v.18920 0 0.2004p
0.20980 G 0.19670 0 0.,17130D O.1cb6d4D v RTIVEV IRV
1= 4 NZ(I,J) = :
0.0000u O 0.8008D =~ 0.1756D 0 Ve2l700 0 0.239860D
0.24610 0 0.2311D0 © 0.2011v O 0.,1472L0 v 0.0000v
1 = 5 NZ(I,J) = .
v.0000L 0 0.b0220 =1 UelB4bD 0.,23800 V260t U
Q0.2708U 0 0.2004D ¢ 0.ceoSD 0 0.1bd4oL 0 0.,0Gu0U
1l = 6 wWl(I,J) =
0.0000D O 0.5971D = 0.18520 0.,25400 0 U.2895D
0.30430 O 0,2869D0 O 0.,2496D0 O 0.1802D 0,0000D
1 = 7T W2(I,J) =
0.00000 O 0,5557D0 = 00,1734 0.2654D € 0.309¢0
U.32970 0 0,3116D0 O 0.,27110 0,19450D U, 00000
I = 8 WiI(I,Jd) = :
0.00000 O 0.5265D = 0.14210 0,27210 0 0.,32580
0.35340 O 0.33510 0 0.,29170 0.20810 0,0000vu
I = 9 WZ(I'J) =
g.,00uoL 0O 0,50460 =1 0.,12700 O 0.,27320 0 0.34000
0.3760D0 0 0.35770 ¢ 0.31170 U v.22120 0 Ve0UULUY
1l = 10 w2(I,J) =
0.00000 © 0,4876D =1 0.11800 O U.,20630 0 0.3%1400
£,39750 0 0.3737D O 0.33130 0,23400 0 (OFVEVEVERY)
1 = 11 wZ(l,Jd) =
0.0vovu 0 0,4741D =1 V11090 0 0,24390 0 UedSobuy
" TR K] Y " FIASE E BEaY ro n r 2~ EAY I'n Vv T I n afl

v
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