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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 varijation
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 payzone, 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-workgrs.z’3 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." In 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 assumed
to be highly elongated with length/height ratio > 4.

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

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




fracture behavior from pseudo-3D models. Furthermore, recent comparisons
indicatel® 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 syﬁmetric (if lithostatic
and hydrostatic gradients are neglected). Since we have presented a fracture

6, here we briefly describe a

simulator appropriate to this case before®'
revised version which contains (i) non-Newtonian flow, (ii) leakoff, including
spurt loss. A discussion of the modeling of the latter is given in somé 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,2 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.




II. 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) = f1[p(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

R = £ [wx,y), h&), a()] )

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)] = f4[h (x),h,(x)] (3)
where, in allowing for a vertically asymmetric fracture, hu(x) + hg(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.!2

-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.

Tﬁe 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 préctice, 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,6 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,
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(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 bécause 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 ¢ = 3n/16 in the segment closest to x = a.
This value corresponds to that for a vertical width profile which is ellipti-
cal,'2’18 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

6121

to the vertically symmetric model, which was published previously Second,

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

III. IMPROVED VERSION OF VERTICALLY SYMMETRIC 3-LAYER SIMULATOR

(a) Improvements to the model

6121

The main improvements over previous model design are three:

(i) Analytic expressions for fracture width

Previously®'21

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)

(i)

Incorporation of non-Newtonian flow

Whereas previously®'2l 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 statioms a,g,

ap, 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:

p=[5 Kk _+2 (5p-51) cos™! () )

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 éf
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;, a;, and a3 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, q(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 "inpﬁt"
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.c;rrespdnding 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).
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(b) Application to first MWX stimulation

The computer code ASYMFRAC! and 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 measured!?

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
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be 127 ft at the wellbore, and the bottomhole pressure 388 psi above the closure
pressure (= minimum in-situ stress S;). 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 zome 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.!5

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
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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 (> 4),
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 (q) 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.= Kt 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 ébility to treat vertical gradients in
fluid pressure (hydrostatic) and minimum in-situ stress (lithostatic), but has

not vet 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 7

simulators3'4, including the fully-3D formulation.

An illustrative prediction of fracture shape, width, and bottomhole
pressure has been given in this report for the symmetrical simulator.

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 Mulii-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
y) = 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
_f
= net bottomhole pressure
1, Po2, Poaz = vertical net pressure gradients in
three zones

¢ = 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

< o

=~ N

0

s

OO ™ el T >»>RRED D00 oo >

o0

S_ = spurt loss

t'= time

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

V_ = volume lost in spurt loss

wly) = 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 1

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/min?
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 S;) 987 psi
Wellbore maximum width 1.14 em




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 10° psi

.22

1

1200 psi in?

520 psi
1195 psi
5 bpm

601b/1000gal

.46

.02 b, -sec/ft2

.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 ~400 ft
Penetration above 7070 ft 41.7 ft A50 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 - Symmelrical Fractvre

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 byl®

fo

w(f ) 8(1 \)2)2 _Ld___a E_gl)_dil (Al)
ToE, 2 VE22-£,2
0

where f,, f, 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
payzone height, the above equation can be rewritten for (i) points within the
payzone (|y] < g), and (ii) for points outside the payzone (ly| > g). The net

pressure profile is

H
P(y) = pg - S1 lyl <=
2

N

=Pf-82 Iyl > =

2

(i) Points within the payzone (f2 < fz,)

Equation (Bl) is rearranged as

Py f2 ; 1 f2
nEw(fz) _ 27 fadfy pdf;  fadfz pdf, (A2)
8(1-v%)L szz-fzz szﬁ_f12 Jig2- f ) J?;E:EIE

£ 2'

In the first term on RHS f; < f2' and

p(f,1df, =-(p-S)
\J-O foe-£fy £

In the second term we may write

fo £, fo
\Jﬂ i u{ ’ ! {
0 0 Jf

2’




Substituting these in (B2) the width equation yields

f,,
nEw(fz) = 2 _f_zgﬁz-—- . E (Pf'sl)
8(1-v%)2 £ VE2-f) 2
2
1 555
i (1 s [(1- 2) 3281 o5 (fé/fz)J (a3)
VB 557 "ot
£,
2
This can be evaluated analytically, giving
nEw(fl) - V1=, ['g (pf-Sl) - (82-8;) cos'lfz,]

8(1-v%)2
- n

VRER £ Vi, ZE,

+ (Sz-Sl) [lezn

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

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

nEw(f ) faf, [ (o' ptepag; . (F2 pcenen
8—(1—_5)2‘ JE"'"_"’ | VETE I_T-f_fz

And after the evaluation of the second integral, one gets

1
fadfa - - - -1 (g7
ﬂEW(fz) - e g (Pf S3) [:1 Z,(Sz_gl cos (fz/fz)]
8(1"\’2)2 £ 2 §'A pf 1
£

The integral is the same as the second one in (A3) except that the lower limit

is fz, not'fz,. When integrated this becomes

nEw(fB) - Jl-fz2 {:g (pf-Sl) - (82-S;1) cos™! fﬂl]

8(1-v2)4
+ (S2-S1) [fg, on ( V1-£,% + 41 £y, )
Zf 2
Jf2 £
- £, ( £y, VI£,7 + £, {1-£ 2 ) J (85)
f2 'le



APPENDIX B

The Pressure Gradient Equation in Nen- 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 by!3'1®

dp _ _ Mk(2)"
dx Bt 20+l (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 [q)(n):l , m n

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

equation ¢(n) is defined as

¢(n) if%(gj“‘ d(ﬁ)

-

where w is the full width at each height and v, the maximum width in that

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

n
dp _ _,ntl [(2n+1) g(x)J k(x) (B2)
dx n®(n) h(x) [wo(x)]2n+1

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) q(x)
HE - $(1) h(X)wo3(X) (B3)

If we substitute the limiting value of ¢(1) = %% for an elliptical cross

section, the pressure drop equation reduces to

dp _ _ 64 p(x) q(x)
dx n h(x) wog(x)

in agreement with Lamb (see Nordgren!?)
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APPENDIX C

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

The classical leakoff rate per unit fracture length is given byl?

A(x,t) = 2HC/Yt - (%) (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(t) 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 by20

dvg s daA

dat - P Gt
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

da - _ 25 da (c2)

dVS
28 it

T T B, &
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;, as,
a3). We assume a(t) to be a bilinear power law

n
mlt 1 a < ag

a(t) = x(1)= n (€c3)
m2t 2 an < a < asg

which is continuous at a = ap. Values for m;, my and n;, ng 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;, to, 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

q(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 (Cl1) over both time

and fracture length (for one wing)

_ dtdx
V£1 = ZHCiJAXL m (C4)

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

there, at time T(x), we have

' t
v, = 2HC J [j oo a ] dx
X T Jt-1(x)
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where ti = time'corfesponding to a final fracture length, a,,
. .l
V;Ql = 4HC th'I(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

law a = mt" or x = mtn, with a; = mtln. Then
t1 n-1
V‘Q1 = (4HCmn) T Jti-t dt
o
Substituting y = t/t; gives

1 1 -
V’Q1 = 4HC mn t1n+@ kf yn 1 J1-y dy

(0]

i

4HCn aq4t; f; (C5)

where f; =

|
[
«
o]
'
—
7
!
<
o
«

Since spurt loss has units of volume per area of fracture surface, the total
spurt loss over one wing is
= H
VS 2 Sp 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, = ZSpHa1 + 4HC n aq Jt; f, (€7)

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 t; corresponding to the fracture length aj.

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

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

First, (C7) needs to be appplied to a;, az, and ag:

v, = 2spHa1 + 4HCnjayt; f4 for a = ag
= 2spHa2 + 4HCnjagyts fo for a = ap (c8)

ZSpHa3 + 4HC [njagyts %3 nlfz + npagyts fg] for a = ag
2

t2/t4 - 1 .
where fp = hf U Ty 4y, £ TJN y'27l 1Ty gy

o ta/ty

(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':

fq(x’) %’
- dq =j A+ aa00 | ax
0 dt

q(0)

’

x' X
q(0)-q(x") =kr dic dx 1 \f [A2(x)-A;(x)] dx
0 ti-1(x) dtJ o

where for the moment we again assume a single power law x = mtn, a; = mtln.
The second integral may be written Vo(x')-V;(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 bet&een the two fractures. For the first

integral

x’ T’ a1 ,
dx = mn I dr
o Jti-t(x) 0 Jty-1

substituting y = t/t; gives




'/t n-1

LS\X i xs\t - J = J Ji-
= mnt, d na
(o} o 1-y ty

Altogether,
q(x ) = q(0) - Va(x')-V;(x’) - 2HCna, g (v//ty) (c9)
dt —
Jty

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 x = mt{ :

gg‘ mntn_1 = mntln_1 naj
dt | a4 X = a3 ty
Hence
q(ay) = q(0) - Vz(a])-VJ(a])] - 2HCna; g1 - 25 Hnj a; (C10)
dt t
o :
n-1
y ‘dy
where Ji-y

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

applied to the 3 fracture lengths: a,, ag, as:

a(ay) = q0) [ Va(a;p)-Vy(ay) ) V (a ] - 2HCnja;g; - ZSpHn1 %i
Vt for a = a;
- () -]V2(a2)Va(ag) ) v (a ] - 2HCnjaggy - 28 Hny 22
Jtz z -
for a = ay
n
= q(0) [¥2£531—21£331] 2HC[%13252 (%ﬂ) 1 22233%]
T 2
- ZSPHHZEB for a = aj (c11)
ts
where
ta/ty ng-1 I ng-1
= y __dy g3 = y- dy
y v1-y

30



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

ply) = P2 -~ Po2 ¥ -£<y<ys
Pi1 =~ Po1 ¥ V3<y<yq (p1)
Ps - Pos ¥y Y4<y<4

The gradient terms pgoi1, Pogz, and pos 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. p2 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. ps 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:

2
- 2
w(y) = _1§é1_2_2 QS\ F(t) + y G(t) dt (D2)

lyl tZ-y?

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

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) = £f(y) + g(y) -2 <y <L (D3)

Then ¥ and G are given by:

t
F(t) = -t f(y) dy (D4)
MO Ty
t
Gee) = o1 y g(y) dy (D5)

med e gy

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

fy) = f1 + fo1 v 0 <y < -ys3
fo + fo2 v -y3 <y < V4
fz + fo3y ve <y <2
(D6)
gly) = g1 * 801V 0 <y<-ys
i g2 * 802 ¥ “y3 <y < V4
g3 * 803 V ye <y < £

sum

where the constants f;, fgy, 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.

32




Now
=2nF(t)

=2mtG(t)

or glt +

or git +

F(t) and G(t) can be evaluated from (D4) and (D5):
= E%l + fgoqt for 0<t<-yg
f01t + (fZ_fl) COS_1 (:%ﬁ)
+ (f02-f01) Vtz'Y32 for ~ya<t<yy
fOlt + (fz‘fl)COS—l (:%ﬁ)

- -1( Y4
+ (fa-fs)cos (t )
(foz-fo1) VtZ-y3Z + (fo3-fo2) * JtZ-ys2 for ya<t<l

git + % go1 t2 for O<t<-yg3

n
% gozt? + (82-81) «/tz‘Y3E

- t2 . _qf-
(802'801)[:—%3 JtZ-y;32- 5-sin 1(~%3);] for -yg<t<yy

.Z_ g03t2 + (gZ_g]) \/t ‘Y3 + (gs—gz) /tz_y42
- 0 .
(802‘801){_~§3 Vtz-ygz-%—sin'l (—%3).J

t2 .o
(803‘802)[‘%i 4t2-y42-§- sin 1( %ﬂ):]for yqa<t<L

Rewriting (D2) as

nEw(y)
8(1-v°)

£ £
:&§‘ t(-2nF(t)/t)dt + {[‘ -2ntG(t) dt
lyl JtZ-y? lyl tyt<-y

= wi(y) +y 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).

£ -¥3 Va £
Case 1: 0<|yl<-y3 = + +
lyl iyl -y3 V4

wy(y) = WCONA1 + WCONA2 + WCONA3

A Y4
ig (ABa)tdt tJ~ (A8b)tdt +
Iyl JtZ-y? -ys  JtZ-y?

wo(y) = WCONB1 + WCONB2 + WCONB3

-¥V3
i[ (A9a)dt N (A9b)dt
lyl  tytZ-y? -ys tyt-y

) Vg L
Case 2: -y3<|y]<y4 =J” +
lyl tyl Va

wy(y) = WCONA2 + WCONA3

* Va4 L
- hy (A8b)tdt t}q (A8c)tdt
Iyl JtZ-y? y JtZ-y?

4

wo(y) = WCONB2 + WCONB3

\( Y4
lyl

Case 3: vya<|lyl<e

2
(A9b)tdt +\(‘ (A9c)tdt
tyt4-y yaq ttZ-y?

2
(A8c)tdt
wi(y) = WCONA3 = kK“|y| JEZy2
v 2
(A9c)dt
wo(y) = WCONB3 = T

2
k{ (A8c)tdt
JtZ-y?

Y4

£
tj\ (A9¢)dt
Va4 tyte-y
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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:

FUON 1: dt - -l
W— = In(t + s/i_
FUN Z:Lf tdt -
JtZ-y? JtZ-y?

tZ-y2 - 2 2

FUN 3:\J~Jt2dt tftZ-y? + y2 1n(t + JtZ5y7)

FUN 4: Jh tcos~1(d/t) dt - JE?:;? cos™1(d/t)
Jery

-d In(YtZ-yZ + t7-d%)
| d| «/ \/

FUN 5: J tytf-dédt = %/(t%-d%)(t2-y?)
eiyE

2

2
+ (u) In (Vt2-a2 + J[tZ-y2)

2

FUN 6: j vtf-dedt -dZdt - ln(Jtz-dz + Jtz_yz)

-d + -
- 42 1n FZ F—ZY_ZL
t

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

include just a couple of them here:
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Case 1: WCONAL = 2n[(f,/4) FUN 2 (-ys,|yl)

+ (foy1/2n) FUN 3 (-y3,lyD)]

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

"FUN 2 (vq,-y3) + (82-81) FUN 6 (y4,-y3)

+ (g02-801)(-y3/2) FUN 6 (y4,-y3) *+ (801-802)/2

'[H/Z FUN 2 (Y4,'Y3) - FUN 4 (Y4,‘Y3)]

Next, we consider the derivation of the constants f;, fo;, etc. in equa-

tion (D6). To resolve p(y) into an even function f(y) and an odd function

g(y), 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 *+ pPo2y 1 reflected in 6
and p3s - posy already in 6

(b) take the difference and divide by 2, giving
Rz_'z_R& N (Egz%P_o_a)y
(c) add this to p(y) in 6, giving f(y):

f(y) = B2 * Pa + (202‘293) Yo vay<t
2 2
which is an even function in regions 1 and 6.

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

y4<y<£L

g(y) = BaP2 . (RQ%RQ&)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:

fly f2) fS = Pi1, El + P2, PZ + Ea
2 2
fo1, foz2, fos = 0, Po2-Po1>» Po2-Pos
2 2

81, 82, 83 = 0, Pi-P2, P3-pP2
2 2

3€




801> 802, 803 = ~Po1, - <Egl_i_RQa) - (Egz_i_BQa)
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°ys, Va*vg, ¥42. The results are:

f1, f2, f3 = p2, p1 *+ P2, Pp2 * p3
2 2
f01) f02) f03 = O) °(EQ1-E§22) ’ - EQB-EQZ)
2 2 (D16)
g1, 82> 83 = 0, p1-P2, P3-P2
2 2

801, 802, 803 = ~“Po2, ~ (Egl_iﬂzgz), '(?gz_i_Ega)
2 2

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

old 1limit -ys by the new limit y3, since y3 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 1is 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$

T+
2 1
K, = = j p(v) (£+y)* dy (E1)
Vo o-2 2 -y

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

_ V3 Va4 2 V5
e K, + + p(y) (2 + X) 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

us 1
\g (g-ry) (g_+_g> % gy (E3)
Ul 2 - y

which reduces to

(qﬂ-g&%) [ﬁin—l( g% ) - sin_l(gt)‘] (E&4)
+(q2-22r-9§£3)/i'%§— -(qR-Ezr - Eﬁ%%)/i'%g—

and this is encoded to compute Kic for given £, p(y). To calculate K repeat

ib’

the approach above:

_ Va4 V3 -2 . )

Jne K. o= - - - p(y)(2 - x) dy (E5)
2 Va Y Vs L +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 K, , K.
ic

ib 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), hz(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

1 It is appropriate if the

is an extension of FL5, published previously.?
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 1V



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
NDIV (normally 110). The resolution in the tip segment
factor MFAC (e.g., MFAC = 5 means steps will be 5 times

If the steps are not close enough in the first segment,

is determined by
is enhanced by the
closer together).

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
S2-S; and a successful simulation should result.
Parameters which can give this error include:
(i) (ii) too small H  (iii) too high E

too small S,-§;

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




9. Sample input data file

2_SELECTS CALCULATIONSs ONE=TIME, TWO=TIME & Q» THREE=NEITHER

1_IWRITE . FLAG USED TO SELECT OUTPUT
FRACTURE TOUGHNESS (DYNES/CMXXONE FOINT FIVE)

E (ONE WING)
LAW FLOID FL
UID FLOWCDYN
L

us

o

oT>

nZHND

nZz~w

Dl

| ~ DXV~
-

nO~

oW
ES-SECX¥NFRIME/CMX%XTWO)

c rr 44

= O == NO
L]

RN ZX

- STRESS CONTRAST _ SAME FOR BOTH KARRIERS
_ THESE ARE THREE FRACTURE HALF_LENGTH STATIONS USUALLY

- A4 1S DESIRED FINAL FRAC LENGTH
_ LEAKOFF COEFFICIENT (CM/SECXXFQINT FIVE)
PERCENT DIFFERENCE IN L(T) FIRST ESTIMATE (USUALLY FIVE)

UNZ=EIGHT(USUALLY) => ONE ITERATION WITH TWO LINE SEGMENTS
ZERO g Sg Q3 ARE USED TO CALC INFUT FLOW RATE

NINE T
XA = ONE

[ ]

e « O o
YOO (=4
O~~= 0
-t [

DA~~~
i 2mmMm X Co XM

e s RO N
QOO

- NIrD>D>D
T ~Mbto= 0 20M

t

2
=
>
e |
>
~
>

nn

1
NT

. o o

= OO W WUoui~WU
|

ELECTS O CHECKING FURFOSES

| o YOO 1 =HPNO H OO000O0 ©

)
EGIN
E§0T UbED IN CALCN)

e e

[
XZ

N OF TIP SEG (USUALLY FIVE}

0T _USEh NOW
L FRACTURE bECTION

OO Hd U =SLIoHWh
OO
[}

—HOO

| o o

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 A1=500 ft, A2=1200 ft, and A4=3200 ft represents the

most converged results.
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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, cm3) is given
by VTOT1, leakoff volume (1 wing, cm3®) by TOTLEAK1, and total volume
pumped by V/2 PUMPED FRAC1 (1 wing, cm3)--all of these corresponding to
the first frac at each station. The time corresponding to the first frac
is given by TI1CHECK.

Finally, the latest iteration on length expansion rate is given by
ADJUSTED L(T) at the very end of the output file. It 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 = logjo(Lg) 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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CUT PVT DATAH FTLE

FoR SYMFRARC L

TY FLK11.0UT
FLAMLEAK11 OUTFUT

INFUT VALUES:

I1TQ= 2 IWRITE= 1 ‘

KCEk= 0.000D0 O HZ= 75.0 QIN= 15.0 NFRIME = 1.000 KFRIME= 1.00000
YOUNG’S MODULUS= 0.576t 7 FOISS.RATIO= 0,20

§2-51= 1200.0

Al= 500, A2= 1200. A4-= 3200,
LEAKC= 0.00394 LFT= 5.

IRUNZ= 8

Qi= 1.000Q2= 0.200Q3= 0,100

SgggE = 1,000 1.000 0.889 0.889 0.889 0.889 0.88%9 0.88% 0.837 <0¢.88% ¢
SEET = 1,100 1,100 1.000 1,000 1.000 1,000 1,000 1.000 1,000 1.000 1.
ICOMF= 1 IF ICOMF=1,» THEN RECOMFUTE,LIST ALL KI’S IN RANGE 0-1.

Q(X) WILL CONVERGE TO S. FPERCENT

NIIV= 110 XAZ= 0,999000 YZF= 30.000 N= 11

NRES =. 1 MFAC = S
NO. OF STEFS FOR _NUM. INTEGRN.= 40 (USUALLY 40)
NO. OF WILTH CALCNS. IN EACH VERT. SECTION= 10 (USUALLY 10

HSTART/HZ = 1.0100
SFURT LOSS CQEFF, IN CGS = 0.0000

IMU= 0 IMU=0 MEANS MU IS CONSTANT

FHI= 0.41790 O DELTAY= 0.,10000 0 H= 0.,37140 4
WIDTH, BROKEN DNOWN IN 10 INCREMENTS
0.6210 O 0.4150 0 0.S5960 O 0.5640 O 0.5140 O 0.441Dh O

0.3180 0 0,155 0 0.7390 -1 0.238D0 -1 ¢.000D O
I = 11 » AREA(I) = 1341.9306

RXACI) 0,990 O 0.8990 0 00,7990 © 0.6990 0 0.5950 © 0.4%7¢0 O
EXACI) S 0,392 0 0.2990 © 0.1990 0 0
ONE OF THE RXA’S MUST RE REAL CLOSE TO0 0. I
1333233228233 3223 220280000202

A= 500.0 k= 61,0

1333238323853 233333325322233329 ¢

990l -1 -0.100L -2
IT 77777777

FXa:
107,59 243.72 339.06 409.68 467,32 516.54
559.75 598.23 632,98 664,71 693.77
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 Bk= 61.0A = 3500.0
= 61.0 FXA(L1) = 7417307.9
SHAFE OF FRAC H/HZ FROM xA=1 TO 9
1.0100 1.0531 1.,1072 1.1633 1.2215 1.2821
1.34352 1.4107 1.,4794 1.5910 1.6254
FHI=_ 0.41790L O DELTAY= 0.10000 O H= 0.37160 4
WIDTH, EBROKEN DOWN IN 10 INCREMENTS
0.621D 0 0.615D 0 06.596D 0 0.5640L 0 0.85140 0 0.,4410 ©
0.3180 O 0.1550 O 0.7390L -1 0.,238D -1 €.000D' O
I = 11 » AREA(]I) = 1341.9306
AREAS(X) AS X=A TO O
00001 00.3450D 30.4974D 30.62040+ 30.7345Sh 30.8366D 30,94080L 3



10420 40.11370 40.1239D0 40.,13420 4 45
VOLUME(X) AS X=A TO O  (CGS)
26290 60.64190 60.8517D 40.10320 70.11970 70.1354D 70.1511D0 7

.166100 70.18110 70.196701 70.00000 O

FHI= 0.25091 O DELTAY= 0,10000 0 H= 0.7409D 4
WIDTH, BROKEN DOWN IN _ 10 INCREMENTS

0,1070 1 0.104D 1 0.9470 0 0.,726F O 0.437h O 0.291D 0
0,1890 0 0,1130 0 0.576D -1 0,1920 -1 0.000h O

I"="11 ,» AREATCI) =  '3231.4827
RXACI): 0.999D 0 0.899D O 0.799D 0 0,699 0 0.599D O  0.4990 0
RXACIY: _ 0.399D 0.2990 0 0,199 0 0,990h -1 -0,100D -2
ONE OF THE RXA‘S MUST BE REAL CLOSE TO 0. IS IT 27777777
8383333833338 382322323338T2.
= 3200,0 121,5
EXXKEXKKKEKEXKKXKEXK K XX XK KK IOKK KKK XK
FXas ,
107.59 375.51 517.63 617.23 694.89 758.15
811.28 854,84 895,96 930,39 960,38

ITERATION SUCCESSFUL ON Ki

a= 15.0 RMU= 0,0H= 0.0 E= 121.54 = 3200.0
= 121.,5 FXA(1) = 7417307,9

SHAFE OF FRAC H/HZ FROM XA=1 TO 0

1.0100 1,1343 1.2835 1.,4472 1.6285 1.8293
2,0527 2,3029 2.5804 2,8932 3.2410

PHI= 0.25090 O DELTAY= 0.100001 O H= 0.74090 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS

0.1070 1 0.1041 1 0,947 0 0.726D 0 0.4370 0 0.2910 0
0.1890 0 0.1130 0 0.5760 -1 0.,192D -1 0.000D 0

I = 11 5 AREACIY =  3231.,4427

AREAS(X) AS X=A TO 0 3

.0000D 00.55790 30.83910 30,1091 40.13460 40.16010 40.18490 4

21710 40.,24790 28390 40.32310 4
VOLUME(X) AS X=A TO 6 1 (C6S)
272

1 70.48130 70.94140 70.11890 80,1437 80.,16%2h B80.19700 8

.22680 80.25930 80.29600 80.,0000D O

AUT1,A475AVUT2,ALLOG,AUs TSLOFE,TCEFT =
000? 3 0.3104D0 3 0.3200D0 4 0.4042D 4 0.2401D0 1 0.4592D 5 0.5768D0 0O 0.

" mm i —— — i ———— = " - ———— = =~ = —— = = A a - e e = o= = —n o oy M e e e e e e m . e G e e e e

VOLUME(X) AS X=A TO 0 ! (CGS)
26290 60.64190 60.8517D 60.10320 70.11970h 70.13%4D 70,13511D 7?2

+16410 70.18110 70,1967k 70,0000 0

FHI= 0.4101I' O DELTAY= 0.10000i O H= 0.3803D1 4

WIDTHy EROKEN DOWN IN 10 INCREMENTS

0.6380 0 0.6320 0 0.,61200 ¢ 0.5770 0 0.524D O 0.445D O

0.3000 O 0.151h O 0,725 -1 0.234DIn -1 0,000 O
I = 12 » AREA(I) = 1389.9717
0

RXA(CI)? 9920 0 o.,9080 ¢ 0.8170+ 0 o.72600 0 00,6350 O 0.5440 0




: a€
RXACI) 0.454D0 O 0.3630 O 0.272D 0 0.181p O 0.899D -t -0,100D -2

ONE OF THE RXA‘S MUST BE REAL CLOSE TO 0. IS IT ??7?7?7777

z****t****gi****t*X#*t***x***
1222220022032 02329230 0022232223

FXA?
107.59 238454 331.84 401.00 457.56 505.91
548.44 586.36 620.63 651.99 680.7¢ 707.31
ITERATION SUCCESSFUL ON KI
a= 15.0 RMU= 0.0H= 0.0 B= 62.4A = 550.0
R= 62.4 = 7417307.9
SHAPE OF FRAC H/HZ FRON XA=1 T0 0
+0100 1.0508 1.,1024 1.1556 1.2108 1.2680
1.,3277 1.3896 1.4540 1.5212 1.5910 1.6635
PHI= 0.4101D O DELTAY= 0.1000D O H= 0.3803D 4
WIDTHy, BROKEN DOWN IN 10 INCREMENTS
0.638D 0 0.632D 0 0.612D 0 0.577D O 0.524D 0 0.445D O
0.3000 0 0.1S10 O 0.725Dh -1 0.234D -1 0,000D O
1 = 12 » AREA(I) = 1389.%9717
AREAS(X) AS X=A TO O !

,0000D0 00.33700 30.4857?D0 30.60410 30.71446D 30.81310 30.91241 3
1D 40,1197D 40.1295D 4

=A TO 0 & (CGS)

92D 60.8304Dh 40.1005D 70.1164D 70.,1315D 70,1465D 7

+1609D0 70,1751D 70,1899 70.2046D 7

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

0.0000D O 0.7292D0 1 0.,2425D0 2 0.48990 2 0.80870 2 o.11880 3
0.1629D 3 0.,2128Dp 3 0.26830 3 0.3291D 3 0.3950D0 3 0.464600 3
T(i)= 0,3950D 3y T(2)= 0,4660D 3

T1CHECK:(SEC»MIN) 0.5229D 3 0.871S5D0 1 T2CHECK:(SEC»MIN) 0.6066D1 3 0.1011D 2
THESE TIMES ARE TOTAL FPUMFING TIMES.

VT0T1 = 0.12290 8 vT0T2 = 0.13970h 8

TOTLEAKL1 = 0.8416D 7, TOTLEAK2 = 0.1006D 8

V/2 PUMFED(FRAC1) (CGSs»ERL»GAL): 0,207iD0 8 0.1307D0 3 0.5471D 4

V/2 PUMFED(FRAC2) (CGSsBRL»GAL)D! 0.2402Dp 8 0.1517D0 3 0.63470 4

% DIFF, BETWEEN TIiCHECK AND T(1) = 24.450865

% DIFF. BETWEEN T2CHECK AND T(2) = 23.182094

DT(T2CHECK-T1CHECK)= 0.83760__ 2 SEC., T(2)-T(1)= 0.70980 2 SEC.
LEAKRATE(11),» QX(11) ¢ 0.2297D S5-0 133530 3

QUTPUT QX(I) AS X=0 TO A:?

0.1500D 2 0.1412D0 2 0.1318D 2 0.1222D0 2 0.1121Dh 2 0.10100 2
0.8917Dp 1 0.7596D0 1 0,46056D 1 0.4101D 1 -0.,1270D O
ERROR.O000000OERROROO".C0.0ERRORQQ.QOO..

ERROROOQ.'..'QERR R.0.00.‘.‘ER OROQQOQOOO

FOR COMPUTING NEW INPUT @X» ANY -VE QX IS RESET TO ¢ 0.00

INPUT @Xs AS X=0_TO A:

0.1500D0 2 0.1350D0 2 0.1200D 2 0.1050Dp 2 0.%9000D0 1 0.75000 1
0.6000D1 1 0.4500D 1 0.3000D 1 0.1500D 1 0.33310-14

A= 0.500D 3 INFUT T= 0.,395D 3 OUTFUT T= 0.5230 3 DIFTi= 0.324L 2 ADMJ
USTED T ESTIMATE = 0.491D 3

VOLUME(X) AS X=A TO 0 ! (CGS)
«2721D0 70.6813D 70,.9414D 70.1189D0 80.14370 80.1692D 80.1970D0 8

.2268D0 80.25930 80.2940D 80.0000D O

PHT= O.2T77N N NMFI TaY= N._100ND N H= N._72Tan A

[




WInTH, EROKEN DOWN IN 10 INCREMENTS 7777
0.1110 1 0.1070 1 0.9640 0 0.6740 O 0.4290 0 0.2880 O .
0.1870 0 0.1120 0 0.572D1 -1 0.191D -1 0.0000 0
I =12 5y AREA(I) =  3416,46900
RXACI)! 0.9990 0 0.9080 O 0.8170 O 0.726D 0  0.635h 0  0.5440 ¢
RXA(CI): 0.4540 O 0.3430 O 0.272h O  ©.1810 O  0.899L -1 =-0,10CD -2
ONE OF THE RXA‘S MUST EE REAL CLOSE TO0 0. IS IT 77777777
XX KRR KRR KRR XKEK
P 2520,0 28,
AT 1L A OO0 NN 14 LSO
FXAL
107.59 367.70 507.37 605,48 682,13 744.86
797.78 843,11 882.29 916.79 947.17 $73.91
ITERATION SUCCESSFUL ON KI
a= .0 RMU= 0.0H= 0.0 B= 128.6A = 3520.0
= 128, FXA(1) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 T0 O
.0100 1,1282 1.2699 1.4245 1.5945 1.7820
1.9900 2,2204 2.4760 2.,7603 2.0775 3.4288
FHI= 0,23770 0 DELTAY= 0.10000 0 H= 0.78380 4
WIDTH, EROKEN DOWN IN 10 INCREMENTS
0,1110 1 0.1070 1 0.9640 0 0,474l © 0.4290 O 0.2880 O
0.1870 0 0.112D 0 0.5720 -1 0.191D -1 0.000L ©
="12 , AREACI) =  '3216.6%900
AREAS(X) AS X=A TO 0 ¢
L0000 00.54430 30.8142D 30.10610 40,1300l 40.15400 40.18000 4
L2072 40,23710 40.26840 40.30510 4
VOLUME(X) AS X=A TD 0 ! (CBS)
L 26540 70.6635h 70.91540 70.11510 80.138SD 60.14290 80.18880 &
.21670 B80.2465D 80,27970 80.31540 8
TAUCI) AS I=1 TO N+1
0.00000 O  0.18220 3  0.6061L 3  0.1224D 4  0.2C180 4  0.29&20 4
0.40710 4  0.53150 4 0.67C40 4  0.82230 4 0.58710 4  0.11440 5
T(1)= 0.98710 4, T(2)= 0.11540 5
TICHECK: (SECYMIN) 0.10800 5 0.179901 3 T2CHECK:(SEC,MIN) 0.12731 S 0.21220 3
THESE TIMES ARE TOTAL FUMFING TIMES, -
UTETL = 0.16010 9 UT0T2 = 0.1848D 9
TOTLEAKL = 0.26740 2y TOTLEAKZ2 = 0.31924D ?
y/2 FUMFED(FRACL) (CGS,BRLsGAL):  0.42750 9 0.26990 4 0.1129D 6
U735 FUMFED(FRAC2) (CGS,ERLs»GAL): 0.50420 9 0.31830 4 0.13320 &
% DIFF, BRETWEEN T1CHECK AND T(1) = 8.562351
% DIFF. BETWEEN T2CHECK AND T(2) = 8.54594%
[T(T2CHECK-T1CHECK)= 0.19370 4 SEC., _ T(2)-T(1)= 0.1774D 4 SEC.
LEAKRATE(11)y @X(11) ! 0.29290 5-0.11010 4
DUTFUT QX(I) AS X=0 TO A!
0.15000 2 0.1395D 2  0.12870 2  0.1178D 2  0.1066D 2  0.95020 !
0.82900 1 0.6974D 1 0.5481D 1  0,3612D 1 -0.4172D0 O
EF\'ROR.O“0QQQOERF\'OROQOOOQOQOERROROQOQO’..
ERROR‘0‘00".’ERROR.’."QO"EF\RO:'...."0
FOR COMFUTING NEW INFUT QX» ANY -VE QX IS RESET TO $ 0.00
INFUT QX» AS X=0 TO A!
0.15000 2 ©.1350D0 2 0.12000 2 0.10500 2  0.90000 1 0.75000 1
0.60000 1  ©.45000 1  0.20000 1  ©0.15000 1  0.32310-14
A= 0.3200 4 INFUT T= 0.9870 4 QUTFUT T= 0.1080 S OIFT4=  0.,92&0 1 AD
USTED T ESTIMATE =  0.1060 5

NOW ADJUST L(T)

[1 SEGMENTI.




ADJUSTED TSLOFE,TC
VOLUMEC(X) AS X=A T

« 26290 60.6415D

+16610 0. 11
FHI= 0.
WINDTH,
0.,6380

zo0n
1 =12

RXACID)?

70.1811D
41010y O I
BROEEN DOW
0 0.6320
I
I

on

3
0 0.151
» AREA(
0.9

0 D

.

RXACI) ¢ 0.4540
ONE OF THE RXA’S
*****X*X#******X**

550.0
****X*X***********
FXAL

107.59 238.5%
548,44 $846.3
ITERATION SUCCESS
Q= 185.0 RMU

.10100 40,1101
VOLUME(X) AS X=A T

+254801 60.,6269D
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-

~—U X~
~~— EE TMOr OO
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1

EFT =  0.6050 O 0,1070 1
0 0 ¢ (CGS) £s
60.85170 60.10320 70.11970 70.1354L 70.15110 7
70.19670  70.00000 O

ELTAY= 0.10000 0 H= 0.380301 4

N IN 10 INCREMENTS

0 0.6100 0 0.S770 0 0.524D 0 0.44SD O

0 0.725 -1 0.234 -1 0.0000 O

= '1389.9717
0 0.9083F O 0.8170 0 0.7260 0 0.6350 0  0.544D
0 0.3630 0 0.2720 O 0.181h1 0 0.899L -1 =-0.100D
MUST RE REAL CLOSE TO 0. IS IT 77777777

FXKRRXAR X

XRXKKK KKK KK

4 331,84 401,00 457.56 505.91

6 620,63 651.99 680,76 707,31
FUL ON KI

= 0.0H= 0.0 E= 62,47 = 550, 0

AC1) = 7417307.%

7 FROM XA=1 TO 0

L0508 .1024 1.1556 1.2108 1.2480

., 3294 1.4540 1.5212 1,5910 1.6635
ELTAY= 0.10000 0 H= 0.380301 4

N IN 10 INCREMENTS

0 0.61201 0 0,577l 0 0.S24L 0 0.445D0 0

0 0.7250 -1 0.2340 -1 0.0000 0

= 1339.9717

00 ¢

30.48570 30,6041 30.7146D 20.81310 30.91240 3
40.11970 40.1255D 4

00 ! (CGS)H

60.8204D0 60.10050 70.11640 70.131Sh  70.144SD 7
70.18990 70.20460 7
+1

1D 2 0.3431D 2 0.6707h 2 0.1079h I 0.1geil 3
5 3 0.33%50 3 0.4124D 3 149090 3 0.57a7D
T(2)= 0.57470 3

0.54470 3 0.90780 1 T2CHECK:(SEC)MIN) 0.63160 3 0,10S30
TAL FUMFING TIMES.

VT0T2 = 0.13970 8
7, TOTLEAK2 = 0,1104L 8

(CGSyBELsGALY: 0.2157D 8 0.13420 3 0.56930 4

(CGS ERL+GAL):  0.2501D 8 0.15750 3 0.6608L 4

CHECK AND T(1) = 9.867158

CHECK AND T(2) = $.007958

Y= 0.869I0 2 SEC., Ti(2)-T{1)= 0.8378L 2 SEC.

1) :0.20920° S 0.23310 4

0 TO At

80 2 0.13320 2  0.12430 2 0.1148D 2  0.104SD 2
S0 1 0.66670 1 0.48360 1  0.88300 O
on 2 0,12000 2 0.1050h 2 0.90000 1 0.750¢h 1
on 1 0.30000 1 0.,15000 1 0.,33I10-

T T - 'a) AOCT T 7 NLITCHT T -~ n EACT) g HmTOT 4 — N L aR=Re) -

0

-7

a

~

ATy




i v LUV U - Vot < kAl A Ve d Vs U S X

VOLUME(X) AS X=A TO 0 ¢ (CGS)
27210 70.6813D0 70.94140 70,1189D 80,1437 80.16920 80.1970D0 8

22680 B80.,25920 80.2960D 80.00000 ©
FHI= 0.23770 O DELTAY= 0.10000 O H= 0.78380 4
WINTHy BROKEN DOWN IN 10 INCREMENTS
0.11100 1 0.10700 1 0.9440 O 0.6740 O 0.42900 0 0.288D O
0.1870 0 0.1120 0 0.,5720 -1 0.191D -1 0,000l ©
I = 12 » AREA(I) = 3416.6%00
RXACI)? 0.9990 0O 0.908D0 O o.8170I 0O 0.7260h O 0.6350 0 0.5440L ¢

RXA(I) 0.454D0 O 0.3630 0 0.2720r O o.1810 O ¢.899n -1 -0.,1000L -I

ONE OF THE RXA’S MUST BRE REAL CLOSE TO 0. IS IT 7?7?7%7777
****X*t**********************

A= 20, E= 128.6

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

FXAL

107.59 367.70 S07.37 605,48 682.13 744,86
797.78 842,11 882,27 $14.79 947,17 973.91

ITERATION c?UCCE SFUL ON KI

G= 5.0 RMU= 0.0H= 0.0 E= 128.8A = 3520,0
= 128.6 FXACL) = 7417307.9

SHAFE OF FRAC H/HZ FROM XAa=1 TO 0

1,0100 1.1282 1,2699 1.4245 1.5945 1,7329
1.9900 2.2204 2.4760 2.7&03 3.0775 2.4288

FHI= 0,23770h 0 DELTAY= 0.1000D0 0 H= 0.78380 4

WIDTH, BROKEN [IOWN IN 10 INCREMENTS

0.1110 1 O0.1070 1 0.%64L O 0.674L 0 0.4290L O 0.Z2EB8D0 0
o.1870 O 0.,11200 O 0.5720 -1 0.1910 -1 0.0000 ¢

I =12 +» AREAC(I) = 3414.,6900

AREAS(X) AS X=4 TO 0

0000 00,54430 30.81420 20.106100 40.1300D0  40.15400 40,1000 4

20720 40.23710 A40,26840 40,3031 4
VOLUME(X) AS X=A 70 O ¢ (CGS)

+ 26540 70.6635D 70.9134D 70.1151D0 80.13€50 38¢C.16290 80.1888D e

.2167D . 80.246S0h 80.2797D 80,31540 8

TAUCI) AS I=1 70O N+1i .

0.0000D O 0.2347D 3 0.73830 3 0.14430 4 0.2322D0 4 0.33520 4
0.4540D 4 0.58%8D 4 0.730501 4 0.8875D 4 0.105600 S 0.,12370 5
T(1)= 0.10560 Sy T(2)= 0.,12370 & .
TICHECK!(SECyMIN) 0,1096D1 S 0.18260 3 T2CHECK:(SEC,MIN) 0.12890 S 0.21490 =
THESE TIMES ARE TOTAL FUMFING TIMES.

VT0T1 = 0.16010 9 VI0T2 = 0.18480 9

TOTLEAKL = 0,27380 9y TOTLEAK2 = 0,32570 9

V/2 FUMFED(FRAC1) (CGSyBRL+GAL): 0.43380 9 0.27390 4 0.11446D 4

V/72 FPUMFEL(FRAC2) (CGS,BRLsGAL)? 0.51050 9 0.,2223It 4 0.134%90 6

4 DIFF, BETWEEN TICHECK AND T(1) = 3.5692240

% DIFF., BETWEEN T2CHECK AND T¢(Z) = 4.,073207

DT(T2CHECK-TICHECK)= 0.19370t 4 SEC.» T(2)-T¢(1)= 0,18030 4 SEC.
LEARRATEC(LI1), AGX(11) ¢ 0,2876L 5-0.56890 3

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

o.1300D0 2 0.13970 2 0.1291nn 2 0.11840 2 o.1074n 2 0.959¢L 1
0.84040 1 0.7104D 1 0.56270 1 ¢.,377700 1 -0.219Sh O
ERRORQOQOOOOOOERRORQOO000000ERF\'0R000.00}0

FRRMR . ... .. CEREAR FoonR
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s

FOR COMFUTING NEW INFOT @X, ANY -UE QX IS5 RESET TO i 0.00

INFUT GX» AS X=0 TO A:

0.1500Dp 2 0.,1350n 2 0.1200n 2 0.10500y 2 0.9000D0 1 o.75000 1
0.6000D0 1 0.45000 1 o.3000D 1 o.15000n 1 0.33310-

A= 0.3200 4 INFUT T= 0.10600 5 OUTFUT T= 00,1100 5 DIFTA= 0.3700 1
USTED T ESTIMATE = o.109D S

NOW ALJUST LiT) ©1 SEGHENTI. TTTTTTTTTTTTTomToomTTTTTmmmTTTTm
ADJUSTED TSLOFE,TCEFT = 0.615n o0 o.,102D1r 1

VOLUME(X) AS X=A TO 0 ! (CGS)

. 26290 60.64190 60.8517D 40.1032D 70.1197D 70.,13S4D 7C.1511D 7
,16461D 70.18110 70.19670 70.0000D O

FHI=_0.4101D O DELTAY= 0,1000D 0 H= 0.3803D1 4

WIDTHy BROKEN DOWN IN 10 INCREMENTS

0.4380 0 0.632D O 0.612D0 O .577D 0 00,5240 0 0.445D0 O

0.300D0 0 ¢.151pD O 0.725D -1 0.234D -1 0.0000 O

I = 12 » AREA(I) = 1389.9717

RXACI) 0.99900 O 0.92080h O 0.8170 O 0.7260 0 0.635D O 0.544AD
RXACI) 0.43540 O 0.363D0 O 0.2720 O o.,1810n O 0,879 -1 -0.100D
ONE OF THE RXA’S MUST RE REAL CLOSE TO 0. IS IT 7?7?%777%7
X*****X***g*é******X*X**Z****

1333333332333 33 3032222309202 529 ¢
FXA:

107.59 238,54 331,84 4251.00 457 .56 505.91
548,44 586.36 620,463 651,99 680.,7 707.31

ITERATION SUCCESQFUL ON KI

Q= 15, MU= 0.0H= 0.0 EB= 62,44 = $950.0

= 62, FXaC1) = 7417307.9

SHAFE OF FRAC H/HZ FROM X&=1 TO O

1.0100 1.0508 1.1024 1.,1353¢6 1,2108 1.2680
1.,3277 1.3896 1.4540 1.5212 1.5910 1.6635

PHI= 0.4101D10 O DELTAY= 0.1000D0 0 H= 0.3803L 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS

0.6380 0 0.4320 0 0.6120 0 0.5770 0 0.,524D O €.443D O
0. 300D 0 0.1510 0 00,7250 -1 0.234D -1 ¢.0000D O

I 12 AREA(TI) = 138%9.9717

AREAS(X) AS X=A TO O @

.00000 00.3370Dh 30.4857Dh 30.6041D 30.71460 30.81310 30.9124D 3
.101000 40.,1101D0 40.1197D0 40.1295D 4

V LUME(X) AS X=A TO 0 ! (CGS)

.2568D 60.62690 640.8304D 60.10050 70.11640 70.1315D 70,1465 7
,1609D 70.1751D 70.18990D 2046D 7

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

o.0000n O 0.12580 2 0.3882D0 2 0.735050 2 0.11¢80 3 0.1722n 3
0.23160 3 0.29725n 3 0.36960 3 0.44760 3 0.32120 3 0.62020 3
T(1)= 0.53120 3y T(2)= 0,6202D0 3

TICHECK?! (SECYMIN) 0.5531D0 3 0,92180I 1 T2CHECK!(SEC»MIN) 0.464130 3 0.106%D
THESE TIMES ARE TOTAL FUMFING TIMES,

UT0T1 = 0,1229D0 8 UT0T2 = 0.139270 8

TOTLEAKL = 0,96130 "7, TOTLEAKZ = 0.1143D 8

V/2 FUMFED(FRAC1) (CGS,»BEL,GAL): 0.219200 8 0,1383Dp 3 0.57870 4

V/2 FUMFEO(FRACZ) (CGSsERL.GAL): 0.25390 8 0.,146030 2 0.467090 4

Z DIFF, BETWEEN TICHECK ANLI T(1) = 3.935177

Y ThIYCC TCTHLICTAM TOHOUSEE AMT T /2y T NI Al




7 ES I S I N Lt wio Lt [y T g J e I A Y e LI -
OT(T2CHECK-T1CHECK)= 0.88160 2 SEC.,
LEAKRATEC(11)y AX(11) ¢ 0.20220 35 0.3
QUTFUT QX(I) AS X=0 TO A3

¢.15000 2 0.14210 2 0.,13360 2
0.9492D 1 0,82860 1 0.68790 1
INFUT QX» AS X=0 _TO A:

o.13500n 2 0.1350D 2 0.,12000 2
0.60000 1 0.45000 1 0.3000D 1
A= 0.500r 3 INFUT T= 0,331r 3 0
USTED T ESTIMATE = 0.5480 3

Des/ AV

g
[

VOLUME(X) AS X=A
.2721D0 70.6813D

TO 0 ! (CGS)
70.94140 70.1189D

L=

RXACI)?

RXACI) 0.454D O 0.34630 O 0.2
ONE OF THE RXA’S MUST BE REAL CLOSE
I****X******X******X**X*t***l

3520.0 128.6
**X*X*X********X**********t***

FXAl
107.59 367.70 507.37

797.78 843,11 882.39
ITERATION SUCCESSFUL ON
Q= 15.0 RHMU=

605,
914,

B=
SHAP%

S mn
Do oEXI
A e
Mo =il

30.1061D

40.2684D 40,3051L
TO 0 ¢ (CGS)

70,9154D 70.1151D

20720 40,2371D
VOLUME(X) AS X=A

26540 70.6635D

rJ

80,3154D

o
—

80.,24650
AS I=1 TO

W 27970
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T(2)-T(1)= 0.8902Dh 2 SEC.
2560 4
0.12500 2 0.11580 2  0.10570 2
0.50910 1  0.12340 1
0,10500 2  0.90000 1  0.7500D 1
0.15000 1  0.33310-
UTFUT T=  0.5530 3 DIFT1=  0.4120 1
4 RESULTS TO ADJUST L(T)  VALUE AT A=43
80.1437D 80.1692D B80.1970D0 8
o
H= 0.78380 4
0 0.429D 0 0.288D O
-1 0,0000 0
170 0 0.726D 0  0.435D O  0.544D
720 0 0.1810 0  0.3%90 -1 -0,100[
T0 0. IS IT 77777777
48 682,13 744,86
7% 947,17 973,91
0.0 E= 128.6A = 3520.,0
1.4245 1,5945 1.7820
2.7603 3.0775 3.4288
g= 0.78380I 4
0 0.4290 O 0.288D0 0
-1 0.000D0 O
40.1300D 40.1540D 40.1800Dh 4
4
80.13851 80.16290 80.1888D1 8
8
0.15340 4  0.24480 4  0.3519D 4
0.91490 4  0.108&D S  O.1268l 5
7 T2CHECK: (SEC,MIN) 0.12960 5 0.2140D
9
2850 9
343550 9 0.27560 4 0.1153D 6
47T o I} TTTATD A s 1T LT L

0

-
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Z DIFF, BETWEEN TICHECK AND T(1) = 1.507949 =9
% ODIFF., BETWEEN T2CHECK AND T(2) = ~.504986 =
ODT(T2CHECK-TICHECK)Y= 0.19390 4 EC T(2)-T(1)= 0.,18190h 4 CEC.
LEAKRATE(11)y QX(11) ¢ 0,2853D -0.32460 2

QUTFUT GX(I) AS X=0 TO _A:

0.1500D0 2 c.13980 2 0.12930 2 D.11860 2 0.10772D0 2 0.946400 1
0.8453D0 1 0.71620 1 0.5692D0 1 0.38%00 1 -0.12290 O
ERF\IOROOQQOQOOOERRDROOOQQOOO‘ERROROOOOOOOO
ERROROOOOOOOO.EF«‘RORQb""..’ERF\OhQO.'O

FOR COMFUTING NEW INFUT GX» ANY -VE QX 15 RESET TO ¢ 0.00

INFUT @Xs AS X=0_TO A

0.15000 2 0.13500n 2 o.1200n 2 0.1050Dp 2 o.%000Dl 1 0.7500n 1
0.60000 1 0.4500D0 1 0.,3000D 1 o.15000 1 0.33310-14

A= 0.320D 4 INFUT T= 0.1090 S COUTFUT T= 0,110 S DIFT4= 0.153D0
USTED T ESTIMATE = 0.110D 5

NOW ADJUST L(T) [1 SEGMENTI.

AOJUSTED TSLOFE,TCEFT = o.6190y O 0,100 1

ITERATION IN IRUN 3 STOFFED BECAUSE TIME DIFFERENCES DIFT1= 4.1 OR DIFT
ARE BOTH LESS THAN 5.0 FERCENTs OR ELSE NO. OF ITERATIONS I EXCEEDS 4
USE THIS ADJUSTED L(T) [1 SEGMENT1 TO LQ FULL LEAKOFF CALCN
FOR A1 THEN A2 THEN A4. FROM THE TIME DISCREFANCY WE COMFUTE

AN ADJUSTED L(T) VALUEI=TA).
FHI= 0.3999D0 O DELTAY= 0.10000 O H= 0.39260 4

WIDTHy, BROKEN DOWN IN 10 INCREMENTS

0.661D O 0.6540 0 0.6330 0 0.5950h 0O 0.5360+ O 0.4480 O
0.27300 0 0.146Ir 0. 0.,708DI -1 0.229D0 -1 0,000 O

I = 11 s AREA(I) = 1455.9300

RXA(I)? o.999Lh O o.899n O 0.799h 0 0.699+ O 0.59D O 0.49°0D
RXA{I)? 0,399 © 0.299n O 0.199D O o.,9¢00 -1 -0.100DI -2

ONE OF THE RXA’S MUST RE REAL CLOSE TO 0. IS IT 777727777
KK XK KK KK KKK KOK X RIOKXOR K X K KK Ok KX
A= 500.,0 B= &4.4
KKK KKK KOO0 KK KKK
FXAL
107.59 324,23 420.08 484,93 535.73 578.01
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
B= 64.4 FXACL) = 7417307.9

SHAFE OF FRAC H/HZ FROM XA=1 TO_O

.0100 1.0974 1,1729 1.2419 1.308%9 1.3752
1.4417 1,5090 1.,5772 1.6468 1.7174

FHI= 0,39990 0 DELTAY= 0.10000 O H= 0.29260 4

WIDTHy BROKEN DOWN IN 10 INCREMENTS

0.6610 0 0.654D O 0.633D O 0.5950 0 0,538 0 0.448D O
0.2730 0 0,144D 0 0.7080 -1 0.229D -1 0.000D0 O

I =11 4y AREA(I) = 1455.9300

AREAS(X) AS X=4 TO0 0 ¢

.0000D 00.47330 30.6402D0 30,77060L 30.8813D 30.9882D 320.,1084D 4

.11800 40.1276D 40.136%0D 40.1456D 4

VOLUME(X) AS X=A TO 0 : (CGS)

.346060 60.8485D 40,1075 70.1259D 70.14250 70.15790 70.17250 7

18710 70.,20140 70,21530 70.,00000 O

1 ADJ

0




FHI= 0.39280 O DELTAY= 0,10000 0 H= 0.4029I 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS 53
0.6800 0 0.6720 0 0.4490 0 0.608L O 0.5450 0 00,4490 O >
0.2600 0 0,142 0 0.695D -1 0.226D -1 ¢.000D O

I = 12 5y AREA(I) = 1514,2385
RXACI) 0.9990 O o.9080 O 0.3170 0 0.72400 0O 0.4350 0 0.,9440

RXACI) 0.434D O 0.3630 0 0.2720h 0 0.1810 © 0.€7°0 -1 -0.1000 -
ONE OF THE RXA’S MUST RE REAL CLOSE TO 0. IS IT 77777777
TOOKXRRKKCR R KKK KRR KKK KKK XK X

A= 550.0 B= o1

**Xl*******X***l**t*******t***

FXAL
107.59 319.92 415,32 479.57 529.81 S571.64
607.64 639.44 667.95 693.72 717.2 7392.07
ITERATION SUCCESSFUL ON KI
Q= 15.0 RM 0.0H= 0.0 E= 65.1A = 350.0
k= 66.1 FXA(1) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO0 O
1.0100 1.0946 1.1685 1.2356 1.3004 1,3645
1.428¢6 1,4933 1.558¢% 1.6253 1.,693¢C 1.,7624
FHI= 0.3928D0 0 DELTAY= 0.1000D O H= 0.,402901 4
WIDTH, BROKEN LOWN IN 10 INCREMENTS
0.6800r 0 0.4672D 0 0.64°DI 0 0.608DL O ©.5480 ¢ 0.4450 O
0.2600 0 0.1420 0 0.695D -1 0.2260 -1 00,0000 O
I =12 s AREA(I) = 1514,2385
AREAS(X) AS X=A TO 0 :
+00000 00.,4662D0 30.6311D0 30.75970 30.86730 20.9715D 20,1064D0 4
11570 40.,1251D 40,13420  40,14250 4
VOLUME(X) AS X=A TO O ¢ (CGS)
+.35530 60.83620 60.1060Ir 70.1240D1 70.,14010 70.153530 70.16%94D0 7

18351 70,1975D 70.21080 70.2240D 7
TAUC(I) AS I=1 TO

N+

0.,00000 O 0.13280h 2 0.406%0 2 0.72220 2 0.12470 3 0.,17870 3
0.24000 3 0,30780 3 0.32190r 3 0.351°0 3 0.3547s0 3 0.43880 3
T(1)= 0.,34746D0 Iy T(2)= 0.4388I' 3 . _
TICHECK ! (SECyMINY 0.6075F 3 0,10120 2 T2CHECK:I(SEC,MIN) 0.7C¢39D 3 0.11730D
THESE TIMES ARE TOTAL FUMFING TIMES.
VT0T1 = 0.14310L 8 vToTZ = ),16300 8
TOTLEAKL = 0.9745D 7, TOTLEAK2 = 0.11580 8
V/2 PUMPED(FRAC1) (CGS+BRL»GAL): 0.2408 8 0.1519nr 3 0.43560 4
V/2 PUMFED(FRAC2) (CGS:,BRL,GAL)? 0.27870 8 0.17600 3 0.7364L 4
Z DIFF, BETWEEN TICHECK AND T(1) = 9.852548
%X DIFF, BETWEEN T2CHECK AND T(2) = ?.250641
DT(T2CHECK-TICHECK)= 0.,9641D 2 SEC.., (2)-T(1)= 0.91150h 2 SEC.
LEAKRATEC(11), QX(11) ¢ 0,199860 S 00,2733 4
OQUTFUT QX(I) AS X=0 TO A:

0.1500Dp 2 0.1421D0 2 0.1339D0 2 0.,1252p 2 0.11390 2 0.10610 2
0.9542D 1 0.83%510 1 0.,69650 1 0.351690 1 0.1035D 1

INFUT QX» AS X=0 TO Al

0.1500D 2 0.1403D0 2 o.1302n 2 o.1200n 2 0.10930h 2 0.$804D0 1
o.86190 1 0.73390 1 0.5909D 1 0.,4193D ~1 0.9251h &
A= 500. OLD TA= 547 .6 NEUW TA= 607.5 ADJUSTEDR TA= 592,59
FHI= 0.3292D O DELTAY= 0.10000 0 H= 0.51300 4

WIDTHy BROKEN DOWN IN 10 INCREMENTS

0.8430 0 0.8290 0 0.788D O 0.,7120L 0 ¢.582nr © 0.3430 O
0,212 0 0.1240 0 0,622D -1 0.2060 -1 0.0000 O

I = 11 » AREA(I) = 2100.5787
RYA(CTY? Nn.9IYAN N N.200MN N N.7290 n N AQQCT el N SeQn fa N, AaQ0"N

<

18]
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RXACI) 0.3990 0 0,2990 0 0.1790 0 ¢.9900 -1 —0‘100D -2z 52
ONE OF THE RXA’S MUST BE REAL CLQOSE TO 0. IS IT 77777777

*X*X*****X**!***Xt***********
A= 200,0 E= 84.
X*X**X******X**X**X*****#X****

FXé
107.59 379.15 497,19 S74.97 634.58 683.50
724,94 761,10 792,93 821,39 847.18

ITERATION SUCCESSFUL ON KI

Q= 15.0 RMU= 0.0H= 0.0 B= 84,24 = 1200.0
. B= 84.2 FXAC1) = 7417307.°9

SHAFPE OF FRAC H/HZ FROM XA=1 TO O

1.0100 1.1372 1.,2569 1.3701 1.4828 1,5981
1.7166 1.8402 1.9683 2.1028 2.2442

FHI= 0.32920 0 DELTAY= 0,10000 0 H= 0.5130D 4

WIDTHy BRONEN DOWN IN 10 INCREMENTS

0,843 O 0.8290 0 0.7880h 0 0.7120 O 0.582D O 0.34301 0

0.2120 0 0,124 0 0.622D -1 00,2060 -1 0,000 O

I = 11 » AREA(I) = 2100,5757

AREAS(X) AS X=A T0 0 :

L0000 00.5444L0 30.7946D 30.98020L 30,1142D 40.13080 40.14350 4
»16150 40,17730 _40,19290 40.21011 4

UOLUME(X) AS X=A T0 0 ¢ (CGS7Y

.10320L 70.,2485D 70.32460 70.38810 70.44750 70.350470 70,5615 7
.42010 70.67740 70.73690 70.0000D O

FHI= 0.3204D0 O DELTAY= 0,10000 0 H= 0.3333D0 4

WIODTH, EBROKEN DOWN IN 10 INCREMENTS

0.8680 0 0.85300 0 0.2080 © 0.724D O 0.575D O 0.3330 O

0.2080 O 0.122I 0 0.615Dh -1 00,2030 -1 C.000L O

I =12 » AREA(I) = 2207.1339

RXACI) 0. 99 r o 0.9080 O 0.8170h O 0.7260h O 0.635Ih O 0.5440 ¢

RXACIN? 0.4540 O 0.3630 O 0.2720 O 0.1810 O 0.8950 -1 -0.1000 -2

ONE OF THE RXA’S MUST BE REAL CLOSE TO O. IS IT 7?77777°77
X**XX******************X**X**
1320.0 B= 87.
*Xi*t****l***k***t*********t**
FXA
107.59 373,07 490.95 568.13 627,26 675.78
716 .87 732.73 784.37 812.62 838.28 861.54
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 EB= 87.5A = 1320.0
E= 87.5 FXA(Ll) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO O :
1.0100 1.1324 1,2492 1,3587 1.,4675 1,5783
1.6918 1,8097 1.9320 2,0592 2.1930 2.3327
FHI= 0.,3204D O DELTAY= 0,1000D O H= 0.35333I' 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.8480 O 0.8530 O €.808%nN 0 0.724D O G.S?SD 0 0.3330 O
208 0 0,122 0 0.515D -1 0.203D0 -1 0.000D O
I = 12 » AREA(I) = 2207.1329
AREAS{X) AS X=A TO 0 :
00000 00.,5%370 30,782801 30.9624D0 30.11200 40.12780 40.14230 4
15760 40,17310 40,18770  40.2038L 4
VOLUME(X) AS X=A TO 0 ¢ (LG5




7

70.4%9400 70.54850D

70.43850D
7

70.38080
720.77640D

70.31910
70.7160D

70.24440D

70.6598D

10130
.60480D

(=]
(3 1
uwIc

N

i
['plat}

[T~

[oF]e

0.45%5Dh 2

4

(SECyMIN) 0.27570D
3
3

.
.
3
.

T2CHECK
8

POkt o eose
N o= OCi~~
i LA
o ONaCCT
~TZ LMo
[T ] o o
==l
SEOCOOE X
[y Jum] g o100
~00a.D> LY
i) -~y
~tid o0
[aaliR R < 4 (8] ]

" el G G
~ATLT N~ _)

OO Y
— e THONN
32>

3 SEC.

0.3749D

T(2)-T(1)
4

0.1544D

EC',

~
=]

[
.
i)

3

9460
»2362D

9]

0.1020D

4

0.1124D

2

0.1224D
0.46210
0.1176D
0.,3728D

2
b
2
1
NEW TA=

0.12180
0.6440D
0.1286D
0.54440

["p]
"p]

w

1
2

[ fuma 1Ty

OO

0

1
0.4790D

2335.0

0

0.94540

-2

2
0
TA=

0.599Dn

0
-0.100D

811.21

0.10630
0

0.4462640D
0 0.286D
133,14

4

1

0
IS IT 77777777

0.990D0 -1

23462,6 ADJUSTED
0.6990

0.8116D
0.425D

1900 -1 0.000D
981.86

756.41

0
0

0.799D
0.199D
687 .55
956.71

0

2.3
0

XXXXXX
133.1
kKK
574.79

1
0.8990D

0.299L

o]
0

0.6918D
oLD TA
B
12222222222

447,28

Xg********t*

0.9990
X

0.3990D
ONE OF THE RXA’S MUST RE REAL CLOSE TOD 0.

XXXXXXXK

A

1
1200,
XX
00
X%

X

3

X
107.59

0.8229D

RXA(I) ¢
RXACI) ¢
XXX KKK X
FXA:

-

<
¥

E=

0.0

0.0H=

— 1

cd
"g

cd

1.6087
3.1938

3.5501
0

0 0.286D

2.5715 +8692

2,3017

0

.1900 -1 0.000D

o
QO wn~

Qi W
Lo I 4

4
8

40.2170D
80.22625

0

4
0 0.283DN

40.186°0D
80.1970L

0

40,1593D
80.146880
0.86410
0 ¢0.418D0
-1 0.000D

4
0

746D

40,1320D
80.1420D
80.00000

40.3

(CGS)
"1 00189['

T00AN N1 LO

30.1032D
40.3}810
70.,1147D
80.32810D
0 0.567D

A T0 0

00.6938D
40.28110
70.8420D
80.2922D

VOLUME(X) AS X

.o0000L
+24690D
33840
+2575D
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56

RXACI) 0.999Dh O 0.908L 0 0.8170 0 0.7260 0 0.4350L © 0.3440y O
RXA(I) 0.454D0 O 0,3630 0 0.272D0 ¢ o.i810 © 0.8990L -1 -0.100 -2

ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT ?PPRPRR?
KEEXXEKKEKKERK KKK KK KKK KKK KKK KX XK

A= 3520.0 B= 141.

****‘***********X*************

FXA?

107.59 438.29 986.51 678.99 747 .59 802.2
847.50 885.71 918.76 947,56 972.78 995.43

ITERATION SUCCESSFUL ON KI

Q= 15.0 RMU= + OH= 0.0 BR= 141,74 = 33520.0

= 141,27 PXA(1) = 7417307 b4

SHAFPE OF FRAC H/HZ FROM XA=1 TO

1.0100 1.19046 1.3899 1,5864 1.791S 2.0102
2.2461 5006 2.7787 3.0820 3.4123 3.7798

PHI= 0.2223D 0 DELTAY= 0,1000Dh O H= 0.86410 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS

0.,117D 1 0.113D 1 0.985Dh O 0.63iD O 0.418D0 O 0.283D0 O

0,184D 0 0O.1110h O 0.5470I' -1 00,1890 -1 0,000 O

I = 12 49 AREA(I) = 3800.2169

AREAS(X) AS X=A T0 0 ¢

,0000 00.4675€0 30.1011D0 40,12890 40,15S20 40.18200r 40,2103 4

2395 40,2706 40,3056D 40,3400D0 4
VOLUME(X) AS X=A TO 0 ¢ (CGS)

.32964D 70.8225D 70,1122Lh 80.13846D 80.1645D 80.,1913D0 80.2194D0 8
.2488D 80.2810D 80,31480 80.3511D0 8
TAU(I) AS I=1 TO N+1
0.0000D O 0.26630 3 0.81590L 3 0.15710 4 0.2300D 4 0.358SDh 4
0.4812D 4 0.61730 4 0.7659Dh 4 0.92640 4 0.10980 § 0.1281D0 5
T(1)= 0.1098D Sy T(2)= 0,1281D &

TICHECK: (SECYMIN) 0.1167D S 0.1945S0 3 T2CHECK:(SEC,MIN) 0.1372I & 0.2287D0 3
THESE TIMES ARE TOTAL PUMFPING TIMES.
VUTOT1 = 0.1845Dh 9 vToT2 = 0.21370 9
TOTLEAKL = 0.2777D 9, TOTLEAK2 = 0,32980L 9
V/2 PUMPED(FRAC1) (CGSsBRLsGAL): 0.46210 9 0.29170 4 0.12210 &
V72 FUMPED(FRAC2) (CGS/s»ERLsGALD: 0.54340 9 0.34210 4 0.14380 ¢4
Z DIFF., BETWEEN TICHECK AND T(1) = 5.89280°9
X DIFF. BETWEEN T2CHECK AND T(2) = $.4655798
DTY(T2CHECK-TICHECK)= 0,2054D 4 SEC., T(2)-T(1)= 0,18280 4 SEC.
LEAKRATE(11)» GX(11) ¢ 0.,2842D 5-0.1450D 4
OUTPUT AX(I) AS X=0 TO A:

0.1500D0 2 0,1394D0 2 0.12870 2 0.1176D0 2 0.10640n 2 0.94790 1
0.8254Dp 1 0.6936D 1 0.5439D0 1 0.3544D 1 -0,5491D O
ERROR.....‘...ERROR.‘......‘ERROR......"

ERROR..‘."..‘ERROR’......'.ER ‘Q.'.'.

FOR COMPUTING NEW INPUT QX» ANY —VE QX 1§ RESET T0 ¢! 0.00

INFUT GX» AS X=0 TO A:

0.1500p 2 0.13860 2 0.1269D 2 0.11520 2 0.10330 2 0.9105h 1
0.7840D0 1 0.64970 1 0.50190 1 0.32630 1 0.46610~

A= 3200, OLD TA= 10982.2 NEW TA= 11669.9 ADJUSTEDN TA= 11498.0
NOW CALC. ADJUSTED L(T) FOR 2 LINE-SEGMENTS. =777~
FROM 500, TO 1200. TSLOFE= 0.638 TCEFT= 0.929

FROM 1200, TO 3200, TSLOFE= 0.615 TCEFRT= 1,007
SAn A R Y T CANAELE FATEM. DACET AM A i TME_GCRMEMTE AC TN L TTTTTTTTTTTTTITTTT



FOR A=al, THEN A3, THEN A4, THIS IS TTERATED TIL IRUN=IRUNZ.
E.G. IRUNZ=8 GIVES 2(NOTE IT IS TiO!1!) OF THESE ITERATIONS. 57
FHI= 0.39620 0 DELTAY= 0.1000I' 0 H= 0.,39790 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.671D 0 0.6640 0 0.641L "0 0.602D 0 0.541D O 0.448D 0
0,266 0 0.144D 0 0.701D -1 0.227D -1 0.0000 O
I'= 11 , AREA(I) =  1484.0174
RXACI):  0.999D 0 0.899D 0 0.799D O 0.6990 0 0.5990 O  0,4990 0

RXA(I) ¢ 0.3990 0 0,299 o0 0.1990r O 0
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. I

:I!lt#t**gé*3***!**********%*
1222232222092 23223282333323323¢

eeol -1 -0.100D0 -2
IT 77777777

§

FXA?l
107.359 335.58 434.00 498,97 S49.21 590.57
625,96 65709 684.73 709.468 732.49
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 E= 65.3A = S500.0
= 65.3 FXA(Ll) = 7417307
SHAFE OF FRAC H/HZ FROM XA=1 TO O
0100 1.,1049 1.1864 1,2592 1.3289 1,3971
1,4648 1.532¢9 1,6013 1.6704 1.7407
PHI=_0.3962Dh O DELTAY= 0.1000D O H= 0,3%9790h 4
WIDTH, ERROKEN DOWN IN 10 INCREMENTS
0.6710 0 0.6640 O 0.641010 O 0.602D O 0.541D O 0.448DL ©
0,266 0 0,144D0 O 0.701D -1 _0.227D1 -1 0.0000 ©
I =11 » AREA(I) = 1486.0174
AREAS(X) AS X=A TO 0 @
+0000D 00.49180 30.6674D 30.79830 30.9143D0 30.1022D0 40.1116D 4

12140 40,13090 40.13970 40.1488D0 4
VOLUME(X) AS X=A TO 0 ! (CGS)

+3747D 60.88330 60.11170 70.13050 70.1475D 70.16290 70.177SDh 7

19230 70.,2063D 70.21970 70.0000D O
FHI=_ 0.38910 0 DELTAY= 0.,1000D O _H= 0.,408sDh 4

WIDTHs BROKREN DOWN IN 10 INCREMENTS

0.6890 0 0.682D0 0 0.6580 O 0.616D O 0,550 O 0.448D O
0,255 0 0.1410 O 0.6890 -1 0.224D -1 0.0000 0

I = 12 » AREA(I) = 1544.73464
RXACI) ¢ 0.9990 O o.90801 0O 0.817D0 O 0.726D0 O 0.6350 © 0.5440r 0

RXACI) 0.454D O 0.363D O 0.272p O o.181r 0 0.8990 -1 =-0.100D -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT 77777777
KOKKKKRR KK KRR KRR K KKK KKK KKK XK
550.0 67.0
*X*******#****X*X********X**XX

FXa:
107.59 330.98 429.35 °  493.94 543.79 584.82
619.92 650,76 678.22 702.98 725.58 746.39
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= ‘ 0.0H= 0.0 B= 67.0A = 950.0
= 67.0 FXA(1) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TO0 O
1.0100 1,1018 1.1818 1.2829 1.3207 1.38679
1.,4526 1.5184 1.5844 1.6511 1.7186 1.7873

FHI= 0,38910 O DELTAY= 0.10000 O H= 0.4086D 4
A TN
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53

4
7

70.17460

0
40,1099%9D

0 0.448n

30.1006D
70.16040

0

0 0.550m
-1 0.000D
30.9009D
70.1453D

4
7

0 0.616D
-1 0.,224D

1546.7364

30.7881D
40.1457D

(CGS)
70.1287D
70.2289D

L 658D

0 0.689D

PR

0
30.65820

40.1375D
60.1102D
70.21580D

T0 ©

“070. 6820
00.4843D
40.1286D
AS X=A
60.8706D
70,2028D

0.6890
,0000D
11930
VOLUME (X)
36900
.1889D

2
0
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1200.0
1.6347
4

697.15

85.8A

1.5157

2.2873
0 0.338D0 O
40.13540 40,1508

E=

649.460
854.32
1.3980
2.14465
0 0.5790D

0.0
g.QOSD -1 0.000n O

591.09
829.77
2.0113
-40.1189D
4

30.1023D
40,2153D

47
0.0H=
-1
v 677

[ AR rE Y

513.77
[
2

30.83040D
40.19820

FXA
107.59 393.85
1.7562 1.8818
00000 00.59090D
+ 16690
AL HIME /7 Y)Y TN N~




VULOITeYAYZ N ATAH LIES N VN [ PR

.10810 70.25990 70,33890 70.40460 70.44651D0 70.52310 70.580460L 7
63830 70,6955 70.75610 70.00000 O
FHI= 0,31570 O DELTAY= 0.10000 O H= 0.543%0 4

WIDTH, BROKEN DOWN IN 10 INCREMENTS

0o.8800r 0 O0.845D O 0.818D0 O 0.730D © 0.5480 O 00,3290 0
0.2060 O 0.121D O 0.612D -1 0.203D0 -1 0.000D O

I =12 » AREA(I) = 2262.,0891
RXACI) ¢ o.9299n O 0.2080 O 0.e170n 0 0.72¢600 O 0,633 0 0.5440
RXA(I) 0.454p O 0.3630 O 0.272D0 0 0.181D 0 0.8990 -1 -0.1000
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT 7?7?7?777?°77

1322232323 332323008332290 8323 ¢;
A= 1320,0 BRB= 89.2

2222003222203 0020220 02232200280

FXA:

107.5¢9 387.60 507.78 584.80 642,95 690.23
730.04 764.60 794.94 822,01 846.48 868.62

ITERATION SUCCESSFUL ON KI

a= 5.0 RMU= 0.0H= 0.0 E= 89 .24 = 1320.0

= 89,2 FXA(l) = 7417307.9

SHAFPE OF FRAC H/HZ FROM XA=1 T0_O

.0100 1.1441 1.2705 1.3869 1.5209 1.6159
1.7328 1.8533 1.9773 2.1060 2.2401 2,3772

FHI= 0.31570 O DELTAY= 0.10000 O H= 0.54390L 4

WIDTH, EROKEN LOWN IN 10 INCREMENTS

o.880nh O 0.865D O 0.,818D0 O O0.7300r O 0.568D 0.0.3290 O
0.2060 0 0.121D O 0.612D -1 0.203D1 -1 O0.000D O

I =12 » AREA(I) = 2262.0591

AREAS(X) AS X=A TO 0 !

.0000D 00,5794 30.8171D 30.,10060 40,11680 40.13290 40.14760 4
+16320 40.17840L 40,1933D0 40.209460 4

VOLUME(X) AS X=A TO 0 ¢ (LGS)

.10400 70.2554D 70.33340 70,3976D 70.4567D 70.51300 70.5684D 7
262510 70,6800 70.7367D 70.7969D 7
TAUC(I) AS I=1 TO_N+1

0.0000D O 0.63360 2 0.18770 3 0.3542D 3 0.35%558Dn 3 0.78840D 3
0.1049D 4 0.13350 4 0.16460 4 0.1980D0 4 0.23350 4 0.2711D0 4
T¢1)=_ 0.,2335D_ 4, T(2)= 0.2711D 4 .

TICHECK:(SEC/MIN) 0.,2415D 4 0,4025D 2 T2CHECK:!(SEC,MIN) 0,28140 4 0.44693D
THESE TIMES ARE TOTAL FUMPING TIMES.

VvI0T1 = 0.4770D 8B VIDT2 = 0.5469D0 8

TOTLEAKL = 0.4793D 8, TOTLEAK2 = 0.54810 8

V/2 PUMFED(FRAC1) (CGS+ERL»GAL): 0.9564D 8 0.4038D 3 0.2527D S

V/2 PUMFED(FRAC2) (CGSsBRL,GAL): 00,1115 9 0.703%I 3 0.29446D S

% DIFF. BETWEEN TICHECK AND T(1) = 3.313088

% DIFF. BETWEEN T2CHECK AND T(2) = 3.720190

DT(T2CHECK-T1CHECK)= 0.40070i 3 SEC., (2)-T(1)= 0.3760n 3 SEC.
LEAKRATE(11), GX(11) { 0.,23430 5 0.1374D' 4

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

o.1500n0 2 ¢.140°D 2 0.,13170v 2 0.1223n 2 0.11230 2 o.101900 2
0.920750 1 0.7840D0 1 0.64150 1 0.45830 1 0.52040r O

INFUT GX» AS X=0 TO Al

o.13000 2 0.1403D0 2 0.1310D0 2 o.12120 2 o.1109n 2 o.106020r 2
0.88730 1 0.76210 1 0.619580 1 0.43970 1 0.535470 ¢

A= 1200, OLD TA= 2335.0 NEW TA= 241S.0 ADJUSTED TA= 22395.0
FHI= 0,2295Dh O DELTAY= 0,10000 O H= 0.82300 4

IrnrTu DCNKNDA DAL T 10 TACOOCMOMTC

]

e
-




FR A S S e

5 yi4n “17051100" " 1%0.9740 “0°0.4490° 0 0.423L 0 0.2850 O o
0.1860 0 0.112D0 0 0.5690 -1 0.1901 -1 0,000 O
I = 11 » AREACI) =  3601.1444
RXA(I)! 0.9990 0 0.8990 0 0.7990 0  0.6990 0  0.5990 0  0.4990D
RXA(I): 0.3990 0  0.2990 0 L1990 0 0.9990 -1 -0.1000 -2
ONE OF THE RXA‘S MUST BE REAL cLoce 7%, IS 1T 777ee???
b
A= 3200.0 E= 135,0
L AR O AWM. 3.4 SO
PXAL . '
107.59 453.51 602,48 695.48 763.90 817.97
862.463 900.07 932,48 940,44 984,98
ITERATION SUCCESSFUL ON KI .
Q= 15.0 RMU= 0.0H= 0.0 E= 135.0A = 2200.0
135.0 FXA(1) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TO 0
1,0100 1.2064 1,4188 1.6301 1.8506 2,0855
2.3397 2,6137 2,9149 32,2418 2.6003
PHI= 0.2295D O DELTAY= 0.10000 0 H= O0.62300 4
WIDTHy RROKEN DOWN IN 10 INCREMENTS
0.1140 1 0.1100 1 0.97460 0 0.6490 0 0.4230 0 0.2850 ©
0.1860 0 0.1120 0 0.5690 -1 0.1900 -1 0.0000 0©
1 =11 » AREACI) =  3601.1444
AREAS(X) AS X=A TO O ¢
.0000D ©00.70640' 30.10530 40.13480 40,1629D 40.1908L 40.22160 4
,25140 40.28640 40.32320 40.3601D 4
UOLUME(X) AS X=A TO 0 ¢ (CGS’ |
.34450 70.8581L 70.1171D 80.14520 80.17250 B80.20110 80.23080 §
.2624D 80.29730 80.33330 80.00000 0
PHI= 0.22030 0 DELTAY= 0.10000 O H= 0,8771D 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0 1180 1 0.113D 1 0.9880 0 0.6370 0 0.4170 0 0.2820 0O
0.1840 0 0.1110 0 0.5460 -1 0.185I -1 0,0000 0O
I =12 5 AREACI) = ~ 28E4.0746
RXACI): 0.9990 0 0.9080 0 0.8170 0 0.7260 0  0.4350 0  0.544D
KXA(I): ©0.454D O 0.3630 O 0.2720 0 ©0.1810 0  0.8990 -1 =-0.100D
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT 777772777
R e i o
A= 3520 E= 143,9
AN U RN s 5 1 A
FXAS
107.59 444,42 594,15 687.03 755,32 809,33
853,95 891,40 923,81 951,89 974,48 998,57
ITERATION SUCCESSFUL ON KI
Q= $.0 RMU= 0.0H= 0.0 B= 143,94 = 3520.0
= 143,9 PXA(1) = 7417307.9
SHAPE OF FRAC H/HZ FROM XA=1 TQ 0
1,0100 1.1969 1,4035 1.6074 1.8189 2,0434
2,2849 2.5441 2.8272 3,1339 3,4670 3.8348
FHI= 0.22030 O DELTAY= 0.10000 0 H= 0.87710 4
WIDTH, ERONEN DOWN IN 10 INCREMENTS
0.1180 1 0.1130 1 0.9880 0 0.627L 0 0,4170 0 0.2820 0
0.1840 O 0.111I1 0 0.566D -1 0.18901 -1 0,0000 O
I = 12 , AREA(I) =  3864.0766
AREAS(X) AS X=A TO 0 :

0

0

-

A




4
8

40.,2150D
80.,2238D

40.,1838D
80.1955D

40.1588D
80.1680D

4
g8

40.1318D
40.3457D
(CGSH
80.1417D
80.3570D

30.1031D
40.3114D
A TO O ¢
70.11450D
80.3205L0

00.68810
40.2762D
As X
70.8384D
80.286560D

.oooo0L
+ 24390
VOLUME (X)
+ 33560
«2537D

<Tu

(o]

0.2339n 3

S
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8
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1

11819.0

0.925630
0.93840D

2
0
TA

4 SEC.

0.19280D
0.1070D
-0.27180D
0.00
0.100s60
0.6661D-14

.
.

2
1

2
1

T(2)-T(1)=
0.1180D
0.37330
RESET T0O
0.1170D
0.34740
1192&6.0 ADJUSTELD

2
1

1

R'.‘QOOO'O
S0 ek 18

R

ERK
ERR
ANY

0,1289D
0.5594D
0.1282D

0.5334D
11498.0 NEW TA=

Qx>

1
%
1

L A A AN )

oLD TA

EEN TI1CHEC

EEN T2CHECK
0.7067D
0.6826D

L(T)

1

3200.

ALIJUSTED

0.835°9D
0.81500D
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.

oo
ey

FROM
FROM

0

0 0.449D

4

0.2998D

%.227D -1 0.000Dr ©

en -1
?6.844
0.8990D

0.69
14

On

=T
MY~
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ok

0

0.,49%0D

0
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0.5790
-0.,100D

0
T 7277?7777
595,09

0.9900 -1
Is I

0.6990

254.13
735.04

0
0

0.7990D
0.199D

504.25
712.59

o]
0

ONE OF THE RXA‘S MUST BE REAL CLOSE TO 0.
439.56

0.2990

0
0

B
XXX KK

KXKXEEKKKKX
341.13

X

0.999n
X

0.399D
XX
00
XX

[}
.

107.59

.
‘

13223233

RXACI)
RXa(I) s
A

XXKRX XXX
FXA

500.0

65.6A

R=

000

ci
"]

1,40

1.3364
1.7490

0

4
0 0.4490D

0

1.6790
0.39980
0.54230D

2270 -1 0.000L

1.6100

1.4733



«on

.00000 00.50070 20,6784D 30.809SDN 30.72460 30.10340 40.11280 4 .
2240 40.13210 40,14070 40.1497D 4
VOLUME(X) AS X=A TO O ! (CGS)
,38150 60.8984D0 &60.11340 70.13230 70.14940 70.16470 70.1794DL 7
.19410  70.20790 70.22130 70.0000D O
FHI= 0.38780 O DELTAY= 0.10000 O H= 0.,4106D0 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.693 0 0.6850 0 0.6610 O 0.6180 0 0.5520 © 0.448D 0O
0.25300 0 00,1400 O 0.4870 -1 0.,224D -1 0.000D O
I =712 5, AREA(I) =  1558,4006
RXA(I)? 0.9990 0 0.9080 O ©0.8170 O 0.7260 0 0.6350 O  0.5440 0O
KXACI): 0.454D 0 0.343D O 0.2720 0 0,181 0  0.8990 -1 =-0.1000 -2
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT 77777777
xxxxxxxxxxxxxxxxxx*xxxxxxxxxx
A= 0.0 B= 67 .4
XXXXEEEERERRRXEXRRR IR E KKK KK
XA
107.59 336.64 435 499,41 548,95 589.61
624,32 654.76 481,83 706,23 728,49 748,94
ITERATION SUCCESSFUL ON KI :
Q= 15.0 RMU= 0.0H= 0.0 B= 67.4A = 550,0
E= 67.4 FXA(L) = 7417307.,9
SHAFE OF FRAC H/HZ FROM XA=1 TO O
1.0100 1,1056 1.1874 1.2597 1.3285 1.3954
1.4615 1.5275 1.,5937 1.6404 1.7278 1.7963
FHI= 0.38780 0 DELTAY= 0.10000 0 H= 0.,41063 4
WIDTH, BROKEN [DIOWN IN 10 INCREMENTS
0,693 0 0.6850 .0 0.6610 O 0.618 0 0.552I' O 0.448L O
0.25301 0 0.1400 0 0.,6870 -1 0.2240 -1 0.0000 O
I = 12 , AREA(I) = 1558.,4006
AREAS(X) AS X=A TO 0 !
.0000D 00.49350 30.4694D1 30.7992D0 30.91340 30.10190' 40.1111D 4
.12060 40.12990 40.1334D0 40.146%0 4
VOLUME(X) AS X=A TO 0 ¢ (CGS)
,37600 60.88610 60.11190 70.13050 70.14730 70.16230 70.,1766D0 7
.1909D0 70.2044D 70.217601 70.23070 7
TAUCI) AS I=1 TO N+1
0.00000 0 0.17510 2 0.51190 2 0.9587D 2  0.14940 3 0.21140 3
0.2803D 3 0.3558D0 3 0.43740 3 0.524%0 3 0.41790 3 0.714ih 3
T(1)= 0,61790 3, T(2)= 0.71610 3
TICHECKS (SEC»MIN) 0.63500 3 0.10580 2 T2CHECK:(SEC,MIN) 0.73530 3 0.1225I 2
THESE TIMES ARE TOTAL FUMPING TIMES.
VTOTLI = 0.14910 8 VTOT2 = 0.14990 8
TOTLEAK1 = 0.10240 8, TOTLEAK2 = 0.12130L 8
Vv/2 FPUMPED(FRAC1) (CGSsERLsGAL): 0.25150 8 0.15880 3 0.64644D 4
V72 PUMFED(FRAC2) (CGSy»ERL,GAL): 0.29120 8 0.1838L 3 0.74930 4
% DIFF, RETWEEN T1CHECK AND T(1) = 2,704449
%¥ DIFF. BETWEEN T2CHECK AND T(2) = 3,609727
DT(T2CHECK-TI1CHECK)= 0.10020' 3 SEC.» T(2)-T(1)= 0.982001 2 SEC.
LEAKRATE(11)y @X(11) ¢ 0.190SD S 0.21523D 4
OUTPUT QX(I) 4S X=0 TO A:
0,15000 2 0.14220 2  0.1343D 2  0.1258D 2  0.11680 2  0.10730 2
0.97030 t  0.8533n 1 0.71764D 1 0.54160 1 0.1324D 1
INFUT QX, AS X=0 TO A:
0.1500n 2 0.1420D0 2 0.133800 2  0.1251h 2  0.11S9D 2. 0.,1042D 2



0.95%9Dh 1, 0.8369D 1 0.69920 1 0.52140 1 0.11530 1 ¢
3

A= 500. OLD TA= 617.9 NEW TA= 635.0 ADJUSTED TA= 6£30.8
FHI=_ 0.,3239D0 0 DELTAY= 0.10000 O H= » 52500 4

WIDTH, BROKEN LOWN IN 10 INCREMENTS

0.8580 0 0.844D O 0.800D O 0,720 O 0.578D O 0.3370 O
6.209hr O 00,1230 O 0.418D ~1 0.204D -1 O.00OD O

I = 11 » AREA(I) = 2164.14627
RXACI) ¢ 0.999D0 O 0.8990 O 0.7990 O 0.6290L 0 0.39720 0 0.499n0 0

RXACI) 0.3990h O 0.2990 O 0.1990n O 0
ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. I

**xxxxxtx*xxxxxxxxxx*xxxx*xxx
A= 1200. 86.1
#X*****t**tX**X*tx**#*********

900 -1 -0.100D -2
IT 727777777

$

FXaz
107.59 395.89 S516.76 594,22 652.6 699.98
739.82 774.30 804,52 831.57 855.87
ITERATION SUCCESSFUL ON KI
Q= 15.0 RMU= 0.0H= 0.0 B= 846.1A = 1200.0
= 846.1 FXACl) = 7417307,9
SHAFE OF FRAC H/HZ FROM XA=1 T0 0O
1.0100 1.1511 1.2824 1.4036 1.5227 1.6425
1.7649 1.8909 2.0207 2.,1561 2.2968
PHI= 0,32390 O DELTAY= 0.,10000 O H= 0.5250D 4
WIDTH, BROKEN DOWN IN 10 INCREMENTS
0.858D © 0.844D O0 0O.800D O© O0.7Z20I O 0.5780 O 0.3370 O
¢o.2090 O0 0,123 O 0O0.418D -1 0.2040 -1 0.0000 O
I = 11 +» AREA(I) = 2164.1627
AREAS(X) AS X=A T0O 0O ¢
»0000D 00.59247D 30.8371D 30.10310 40.11990 40.1344D0 40.,15180 4

+16800 40,1832D0 40.1993D0 40.21640 4
VOLUME(X) AS X=A TO O : (CGS)

.10880 70.26180h 70.3417D0 70.4079D 70.446880 70.927000 70.58480 7

64230 70.69940 70.746030' 70.C00CD O
FHI=_ 0.31470 O DELTAY= 0.10000) O H= 0.,54630 4

WINTH, BROKEN DOWN IN 10 INCREMENTS

0.883D0 0 0.868DI O 0.820L O 0.7310L O 0.566D' 0 0.3280 O
0.2060 0 0.1210' O 0.611D -1 0.202D -1 0.0000L O

I = 12 » AREA(I) = 2274.1502
RXACI)? 0.9990 © 0.9080 O o.8170h 0 0.726D0 0 0.6350 © 0.5440L O

RXACID)? 0.454D 0 0.34630 O 0.2720 ¢ 0.1810 © 0.8990 -1 -0.100I' -2

ONE OF THE RXA‘S MUST RE REAL CLOSE TO 0. IS IT ?7?777777
***X*****t*t*X*X#*X***xt#****
6= 1320.0 89.6
***X**X***X************X***XX*
FXAl
107.59 389.4¢9 510.75 587.97 646,09 693.19
732.79 767.10 797.18 824,03 848,25 870.15
ITERATION SUCCESSFUL ON KI
G= 15.0 RMU= 0.0H= 0.0 E= 9.6/ = 1320.0
B= 89.6 FXACL) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 TQ ©
1.0100 1.1457 1.2744 1,3925 1.5079 1.46239
1.7417 {.8628 1.9872 2.1143 2.2505 2.38%¢6

FHI= 0.3147D O DELTAY= 00,1000 O H= 0.54630 4
N

WT YU TEARTR NI T 4 TMMDTNOMTYTC




FAY AV PO A RWE AR WY R A 4

[~

WLt r S R A ‘

0.8830 0 0.8680 0O 0. B”OD 0 0.7310 0 0.5660L 0 0.328IN 0 €4
0.20600 0 00,1210 ¢ 0.6110 -1 0.20Z0 -1 0.000L O )
I = 12 » AREA(I) = 2274,1502

AREAS(X) AS X=A TJ 0 !

L0000 00.583200 30.,82370 30.10150 40,1178D1 40,1340D 40.14870 4
16440 40.1797D 40.19450 21080 4
VOLUME(X) AS X=A TO 0 ! (CGS) .

.10660 70.2572D 70.33420 70.4010D 70.446050 70.5170nv 70.57270 7

. 62930 70.,68430 70,7413D 70.8015D 7
TAUCIY AS I=1 TO_N+1
0.0000D O 0.67880 2 0.1984D0 3 0.3716D 3 o.58000n 3 0.8193n0 3
0,10860 4 0.13790 4 0.1694D 4 0.2035D 4 0.23950r 4 0.277600 4
T(1Y= 0,2395SD 4, T(2)= 0.27760 4

TICHECK:(SEC,MIN) 0.,2435D. 4 0,405800 2 T2CHECK!(SECsMIN) 0.28380 4 0.4730D
THESE TIMES ARE TOTAL FUMFING TIMES,

UT0T1 = 0,48030F 8 VT0T2 = 0.5508D0 8

TOTLEAKL = 0.4840D0 8, TOTLEAR2 = 0,5731D 8

U/2 FUMPED(FRACL) (CGS»ERL»GAL)? 0.96430 8 0.,6088D0 3 0.2548D O

V/2 FUMFED(FRAC2) (CGSsBRLsGAL): 0.11240 ¢ 0.709SDh 3 0.294%D G
% DIFF. BRETWEEN TICHECK AND T(1) = 1.644288

% DIFF. BETWEEN T2CHECK AND T(2) = 2.199622
DT(T2CHECK-TICHECK)= 0.40300 2 SEC., T(2)-T(1)>= 0.383070h 3 SEC.,
LEAKRATE(11)y QX(11) ¢ 0.,23230r S 0,15260 4
QUTFUT QX{I) AS X=0 TOD A:
o.150000 2 g.141000 2 0.13180 2 0.1224D0 2 0.,112460 2 0.1022D 2
0.,91060 1 0.78760 1 0.64530 1 0.44628D 1 0.58180 O
INFUT QX» AS X=0 70 A?
o.1500n 2 0.14080 2 0.1316D0 2 0.1220D0 2 o.1120np 2 o.1015n 2
o.9025p 1 0.77850 1 0.63460D 1 0.45360 1 0.52900 © .
A= 1200, OLD TA= 2395.0 NEW TA= 2435.1 ADJUSTED TA= 2425.1
FHI= 0.22830 0 DELTAY= 0.10000 O H= 0.8294D 4

WIDTHy BROKEN LOWN IN 10 INCREMENTS

o.11400 1 0,110 1 .?780 0 0.,644D O 0,422+ 0 0.2850 O
0.1850 0 0.1120 0 0,5490 -1 0,190l ~1 0,000 O

I = 11 » AREAC(CIL) = 3631.46102
RXA(CI): 0.999n 0 0.8950 O 0.799n ¢ 0.6990 © 0.5992D0 0 0.499D
RXACIN 0.3990 0O 0.29%n 0 0.1990 0 0.990D0 -1 -0.1000 -2

ONE OF THE RXA’S MUST EE REAL CLOSE TO 0. IS I7 7?77?7777
1830305202323 250 0238000200038
A= 3200.0 EB= 136.0
1 $22¢33¢333232392232332222232 %4

FXal

107.5%9 458B.97 608.27 700.79 768.56 821.97
8466.03 202,94 934,89 962.44 986,67

ITERATION SUCCESSFUL ON KI

Q= 15.0 RMU= 0.0H= 0.0 ER= 136.04 = 3200.,0

= 1346.0 PXA(1) = 7417307.9

SHAFPE OF FRAC H/HZ FROM XA=1 TO O

1.0100 1.2123 1.42%8 1,6449 1,8684 2,105
2.3620 2.6377 2.9403 2.2683 3.6280

FHI= 0.22830r O DNELTAY= 0.10000 O H= 0.8294D 4

WILNTHsy BROKEN DOWN IN 10 INCREMENTS

0.,1140 1 O.11000 1 0.97801 O 0.648LI 0 0,422 0 0.2B3D O

0.188nh 0 0.112D O 0.5690 -1 0.1900 -1 00,0000 O

I = 11 » AREAC(I) = 3631.6102

AREAS(X) A5 X=A TO 0 !

L0000 00.717500 30.1068I' 40.1346701 40.146520 40,19320 40.22420 4
25430 40,28930 40, 3°6OD 40.3632D 4

VI 1M 7 VN AC Vo A Y m [as [ AY




VLU v\ A/ o A= [ *) Y% . AL PR IS g

34990 70.87050 70.11870h 80,14720 80,1748D0 80.,202460 80.23340* 8 65
+24510 80,3001 80.334610 80.0000D0 O
FHI=_ 0,21920 0 DELTAY= 0 10000 O H= 0.88410 4
WILOTHs EBROKEN DOWN IN 10 INCREMENTS
0.1180r 1 0.114D 1 0,989 O 0,625 O 0.4161' 0 0.2820 O
0.1840r 0 0.111D O 0.5660 -1 0.189D ~1 0.000I ©
I =12 » AREA(]I) = 3898.5708
RXA(I)? 0.9992n © 0.908D0 0 0.8170h 0O 0.7260 O 0,635 0 <5440

RXA(I): 0.454D O 0.3630 O 0.272D0 0 o.1810 O 0.899LI -1 -0.1000 -2

ONE OF THE RXA’S MUST BE REAL CLOSE TO 0. IS IT 77777777
***X****X*X******X****t***t**
A= 3520.,0 145.,0
*X**X*****X**X****************
FXAL
107.59 449,80 600.10 692.83 760,21 813.59
857.64 894.56 926,53 954,19 278.43 1000.21
ITERATION SUCCESSFUL ON KI
a= 15.0 RMU= 0.0H= 0.0 B= 145.0A = 3520.0
= 145, 0 FXACL) = 7417307.9
SHAFE OF FRAC H/HZ FROM XA=1 7O O »
1.0100 1.2028 1.4144 1.6221 1.8368 2.063°
2,3079 2.56%90 2.8541 J3.1621 3.4967 Z.8&76
FHI= 0.21920 O DELTAY= 0.10000i 0 H= 0.88410 4
UIDTH; RROKEN DOWN IN 10 INCREMENTS
11800 1 0.114L+ 1 0.989D O 0.425D 0 0.4160 0 0.2820 O
0.1840L 0 0,111 O 0.5660 -1 0.1890 -1 0.0000 O
I = 12 4 AREA(I) = 3898.5708
AREAS(X) AS X=A TO 0 :
. 00000 00.6989L 30,1047 40.133700 40.1611D0 40,18820 40.2177L 4

24660 40.27930 A40.31440 40,34890 4
VOLUME(X)> AS X=A 70 0 ! (CGS)

+34080 70.,8514D 70.1163D0 80.14380 80.17040 80.19800 80.22450 8

25650 80.2896Dr 80.32330 B0.3403D 8

TAU(CI) AS I=1 TO N+t1

0.0000D O 0.30970 3 0.90520 3 0.16960 4 0.2660D 4 0.38250 4
0.51470 4 0.66140 4 0.8220D0 4 0.99570 4 0.11820 S ¢.1380> E
T(1)=_ 0,1182D0 Sy T(2)= 0,13800 _§

TICHECK:(SEC,yMIN) 0.1208D 5 0.2013D 3 T2CHECK!(SECsMIN) 0.14220 S5 0.23490 3
THESE TIMES ARE TOTAL FUMFING TIMES,

VTOTL = 0.1901D 9 VT0T2 = 0.2204D 9

TOTLEAKL = 0.28820 9, TOTLEAK2 = 0,3426Dr 9

V/2 PUMFED(FRAC1) (CGSs»EBRLsGAL)! 0.47820 9 0,30200 4 0.12640 6

V/2 PUMPED(FRAC2) (CGSsERLsGAL)? 0.5630D0 9 0.33540F 4 0.1487D &

Z DIFF, BETWEEN T1CHECK AND T(1) = 2.154216

% DIFF., BETWEEN T2CHECK AND T(2) = 2.915611

DT(T2CHECK-TICHECK)= 0.2137D 4 SEC.» T(2)-T(1)= 0.,19830 4 SEC.
LEAKRATE(11), QX(11) ¢ 0,27330 S-0.31600 3

QUTFUT GX(I) AS X=0 TO a:

o.1300D0 2 0.13960 2 0.12910 2 0.11830 2 0.1074Dp 2 0.96170 1
0.84230 1 0.7144T00 1 0.36840 1 0.3840D 1 -0.11970 ©
ERF:ORQO‘O00’0QERROR'OOQQOOOOERROROOQOOO00
ERROR.'.""'.ERFDR“.‘....'EFTROR“"’..'

FOR COMFUTING NEW INFUT QX» ANY -VE QX IS RESET TO ! 0.00

INFUT QX AS X=0 TO Al

0.13000 2 0.13%940 2 0.12880r 2 0.117€n 2 0.1087D 2 0.23170 1
N.RINTH N.7007T O =E00n A TLLAQTE 4 A-1-T-2e } [P




A= 3200, OLD TA= 11819.0 NEW TA= 12079.2 ADJUSTED TA= 12014.2 66
ADJUSTED L(T) =

FROM 500. TO 1200, TSLOFE= 0.450 TCEPT= 0.877

FROM 1200, TO 3200. T5LOFE= 0.613 TCEFT= 1,000
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APPENDIX 6

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. VerticalAlitho-
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.

2. Main program Subroutines Functions
ASYMFRAC1 VLTQ FUN
RK2 : CINT
KCONT -~ RKB
WwCOZ7 RKC
CLPHI FUN1
FUN2
FUN3
FUN4
FN57
FN58
DFX
FFX
ASIN
ACOS
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Operating mode

Batch

Language

Fortran IV

Program developed 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

S,-S; and a successful simulation should result.

€7
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Parameters which can give this error include:

(iii) too high E

(ii) too small H

too small Sp-S,

(i)

(iv) too large Q

(iv) too large p

Sample input data file

9.

TWO=ALL

ONE=SOME»

NONE »

0-—o—---_SELECT DEBRUG OFTION ZERO

2
e mw———

=NEITHER

THREE

TWO=TINE & Q-

ONE=TIME.,

SELECTS CALCULATIONS:,

DYNES-SECXXNPRIME/CMXXTWO)

/CHMXXONE POINT FIVE)

G)
LOW
OwW(

10O UK.
It «OT)
MO + «
OO

IER
(IER(MUST BE > S2MS1)

O
e T

KFRIME IS PROF TO (ONE-XA)

<>ZEROD,»

IMU

C--IMU IF IMU=ZERO KFRIME IS CONSTANT;

NET GRADNIENT

FO1
FO2
Fo3

QOO

* o o

[oRale)

CITZ
xxO

qCaC
NN
XXX

—e a
<

[ e
2
ae =
z
—

00000

NUMEER OF WIDTH CALCNS IN EACH VERTICAL SECTION

11 ____IVER

LIST ALL KI’S FOR CHECKING FURFOSES

1._.____SELECTS OFTION TO RECOMFUTE ANL

HZ

JUST

X~
~ W
WZe—w
Wr-4 T
—-OX3
Bui—-XT

SO0 |
N +Ovt
O vt

USUALLY=0ONE

KIC=KCB»

=KIC,

- FPERCENTAGE ITERATION ON KIE

DIFFAC

0.1

T FIVE)

TO INCREASE RESOLUTION IN TIP SEGMENT(USUALLY FIVE)
1
A

MULT FACTOR USED
C
T

0.01________% CONVERGENCE FOR TIMES




10.

Sample output data file

The calculation performs two iterations:
(i) 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 logm = 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 Q1, Q2, Q3, and a new run can be made. This is iteration (i)
above.

When this is done, fracture volume is given by VIOT1 (1 wing, cm®),

leakoff and spurt volume by TOTLEAK1 (1 wing, cm3), and total volume




pumped by TOTAL VOLUME (FRAC 1) (1 wing, cm3)--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 accu;ate calculation of
fracture expansion rate, a(t) or x = mrp. To improve this requires
running the program on 2 separate CRT's using a different frac length or
station on each. Initially, each is run, as described above, to obtain a
first approximation for the time corresponding to each fracture length.
Suppose we find a;(t;) and az(tyz). 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) = m1".

According to the listing of ASYMFRAC1 there are two output files:
FLMCOZ7-0UT and FLMCOZ7°INT. The one below is FLMCOZ7-OUT. 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.



http://FLMCOZ7.INT
http://FLMCOZ7.INT
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HAP

SHAPE

. s Ce

©
x
m
«

X
OCPT OCH»
DWW ==
P OW
Ne
- Oom O oM oo

e s X

o o X T
COWwW O O OC = = = =M

~NOIMm (WO
CCP W

o

V,00000

1 = 2
0.00000L
0.16280

1= 3
v.00000D
0.21090

1 = 4
0,00000
0.24730

1= 5
0.00000
0.2783D

I = 6
Y.00000
0.30610

1 = 7
0,00000
0.33180

1 = 8
0.00000
0.3559D

9
v.00000
0.37870

1 = 10
0.000ub

V,4004D

s 11
v.0000D

~

XA3: 06300 0,900 1,000 Wl,u2,832 0.8500 L,4440 .08V
.46
SLOPE: 0,30 - 0530 Veblb? .
e, SL0PEE: .90 3,700 31,6200 92
OuUTPUT
UESS HZ,d,NPRIME,KPRIME KIE,EMOD, NU,S2=51,53-S1,L,CELTA,LEAKC,SF
S -0uu 0l 460 0.9570 1 NEED 0 aB0L 7
528.00 119%5.00 460,00 0.46  0.55590L =2 ~ 0O.lb4ou U
76,6C= 45,1 yZ = 10 .o
FRAC HB/(rnZ/2) FRUM TIP Tu wELLBUK
22 1.0900 1.1646 1.24 b 1.3c4¢ 1,4060
81 1.5929 1.6933 1.8007 1,9157
FRAC HC/(HZ/2)
42 1.,0164. 1.,0292 1.0420 1.0543 1.06¢t4
85 1,0905 1.,1025 1.,1145 1.1265
FROM TIP Tu WELLBORE (PS]):
167,38 2ié.76 245,07 271.19 293,48
3}0.5?x 346,67 361,26 374,71
€ OF WIDTH It EACH VERTICAL SECTIION (CM)
0 0.16570 0 0421400 U 0.2501U0 U 0.28040 G u.30710 U
0 0.3559D 0 0.,37870 v 0,40040 v OQ.d4etev 0
VERT. SECTIONS XA = 1 TU 0 ARE (CMx#2
3 ¢.76010 3 0.8316D 3 0,89600 3 0,9595u 2
w2(l,J) = , , A
0 0.00000 O 0.00000 0 0.0ULUD b D 000UD U 0,000WL v
0 0.0000D 0.00000 O 0,0000D O VeUUULL ©
wWz(1,J)y =_ )
0 0,.8879D =1 0.12700 0.14950 © 0.1614L W 0.1€S7L U
0 0.15250 0 0.13¢90 0 0.98750 =1 VaUVUGL U
wi(l,J) = )
0 0,98700 = 0.1585v 0.19010 0 0,20740 0 0.21400
0 0,19780 0 0.1722D0 0.12700 ¢ 0,0000D ¢
nl .= )
0 0.,7885D - Qe.17600 O 0.21790 0 0.,24070 0 0.25VlD v
0 0.23220 0 J.20210 0 0,1479v 0 v, 0bUCL U
w2 (l,J) = ) )
0 0.650u =1 0.18470 0.c38%0 v 026790 U 0.,2804L0 ¢
0 0.2618D 0 0.2278D U 0.16550 0,000Cy ¢
WZ(IIJ) = N -
0 0.,5923D =) 0.18470 0 0,25480 0O 0,2905u 0 0.3071D0 v
0 0.2886D0 O 0.25110 0.18120 0,0006D ©
WZ(I,J) = . ' ) .
0 0.5510D0 = U.1710v O 0.,26610 0 0,31070 O 0,321¢D v
0 0.31370 0 0.27290 © 0.19570 0 0,00006D G
wz(1,J) = ) _ -
0 0.52290 =1 0.14000 0 0.27240 0 0.327%0 0 0.3%3¢0 W
0 0.33750 ¢ 0.2938u0 0 U.20940 U U.00000 O
w2 (l,J) = . .
0 0.50130 =1 GelewOu O 0.27270 v 0 34140 G 0.37350 0
0 0.36040 U 0.31410 U 0.,22¢70 v 0.0000y ©
nZ(l,J) = )
0 0.4845) =1 tellolu 0 0.2044D ¥ 06.352¢0 O 0,35190 v
0 0.3827u0 0 0.33400 0 0.23570 v G LOUGY v
We(T,d) = _ ,
0 0.,4713D =1 0,10980 0 0.23420 v 0.3593u U D.dlesD W

n " no N I8
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VeHCciccvy v VeWuUay VedoJioOuw v Vel “U ¢t U v VeVVUVyY
VOLUME (LX) AL X=aA Tu 0 3 (CGb)
.19410 60.45120 o00.,90i6L 60.653U0 60,73920 6v,.8212V
«97390 ©00.1054D 7Tu.11320 ?
80.7C= D Y2 100.0
brAPE UF FRAC HB/(HZ/Z) “FrGM TIP Tb AMELLBOKE
1.0eee 1.088¢ 1.1048 1.2401 ‘1.3199
1.4899 1.5820 1.0802 1.,7849 1.896S
SHAPE (OF FKAC HC/(HZ/e)
1.,0042 Ulol 1.0288 1.0414 1,053¢
1.0774 1.0892 1.,1010 1,1128 1.1246
PRESSURE FROM TIP TU wELLBORE (PS]): _ .
100,00 166,21 2il. 244,03 270,00 292,1¢
311.57 328,98 344,84 399,36 372.74 385,17
IFRAC= e N= 11
MAX, VALUE OF WIDTH IWN EACH VERTICAL SECTION (CM)
U.00000 0 0.10450 0 0,2129b 0 (Q,2489D0 0O 0 900 ¢
0.32970 0 0435340 0 0.37000 0 0,39750 0 O 810 ¢
AREAS UF VERT. SECTIUNS xA-= 1 TJg U ARE (CM=x=x2)
0.00000L 0 0.3159D 3 0.41520 2 0,49700 3 0 300 3
0.70110 3 0479950 3 0.,8236D 3 0,86890 3 0 170 3
H 1 wZ(l,J) =
0 0v0go 0 0.,00000 O 0.00000 O 0,0000D0 O 0.,00000D
0. UovopL 0 0.,00000 O 0.00000 O 0,00000 0 U, 00ULL
1 = e wi(l,J)
0.00000 O 0 68400 -1 0.12080L © 0,14840 0 v.,16030V
0.l016D O 0.,15130 0 0.13190 0,9804D0 =1 V.,0000uL
1= wZ(I,J)
0.0000u 0 0. 98930 -l 0.156800 O v.189¢L0 0 0.,2004L
0.20980 © 0,19670 © 0.17130 v 0O.1c64d4b v VeluUiUlU
1 = 4 wl(I,J)
U.OOOUU 0 0. BOOUD - 0.1750D 0 Ve2i700 O 0.239600
0.c2461b 0 0.23110 0 0.20110 O 0.,14720 v U.0000V
1= S w2(I,d)
v.0000L O 0. boEaD -1 U.18460 O 0.23800 V.26bcty
V.27680 O 0.2004D O 0océodSD 0 0.1bdo0 0 0.00u0U
1 = w2 (1l
0.00000 0 0 59710 -1 0.18520 0.,25400 O V.28950
0.30430 0 0,2869D O 0.2496D0 0 0.1802D 0.,0000D
1 = wZ2(1,J)
0.00000 0 0, 55570 -1 0.17340 O 0.,26594D 0 0.,309¢0
V.3297D0 0 0.3116D O 0.27110 0419450 V.00VGD
I = 8 wZ(l,J)
0.00000 O 0. 52650 - 0.1421D 0,27210 0 0,3256%0
0.35340 O 0.33510 0 0.29170 O 0.20810 0,0000v
I = 9 w2(I,J) .
0.0000L O 0. Soabu - 0.12700 O 0.,27320 ¢ 0.,3400D
0.,37600 0 0.35770 ¢ 0.31170 0 0,22120 0 U.000UY
1 = 10 w2(1,J)
0.00000 0 0. 06700 =1 0.1180L 0 U,200690 0 035100
39750 ] 0,3797D 0 0.33130 0 0.2340D 0 (I VEVEVERD)
1 = 11 w2(1,
0.0vluu V] 0 a7a10 -1 Ueo11090 0 0.,24390 U Uedtobu

~ e U

i ‘. I A

n afar.

v

66,8975 b

l,dlcy
2.0174

1.0b%¢
1.13¢c4

O,leacy

Ve.2le9u

(V-3 R-R V)

Ue2lYUuU

0,304y

0.3c930L

0.3511v

0.371cV

0.38G65Su

U.dltlL
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Vel 2U I
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v
0
0

3

1.758¢60
4

VedJdUUUL
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0.,22220
0.2544D

v
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4

46320 =1

VeWwviiliuv
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