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Abstract

The existing model for hydraulic fracture propagation is modified to
incorporate a correction for the effect of vertical flow. The vertical flow
component should be taken into consideration when the stress contrasts between
the payzone and the bounding zones are not very high. To solve for fracture
expansion in this situation, first solutions for a line crack expanding through
uniform stress region, and then for a line crack expanding through a medium with
stress contrast are obtained. The second solution is a relation between the
pressure at the center of a vertical section, the half height of the section, and
the rate of vertical expansion in that section. The solution represents a first-
order correction for the effect of finite fluid flow in the vertical direction.
The manner in which this solution is adopted in the simulator is described. The
simulator is restricted to the case of symmetric stress contrast, and for a
Newtonian fluid flow with no leakoff. The correction is an approximate one under
the assumption that the vertical expansion is slow, and this gives an upper limit
for the wellbore height.

When the vertical flow is taken into consideration, the height growth will
be smaller than the one without the vertical flow. To illustrate the effect of
the correction term, we have shown the results obtained for a set of parameters
with and without the correction. We have also compared our results with those
obtained from the P3DH model developed at MIT. In the one case we compared, we
found discrepancies, and explained the reasons for these. After compensating for

these discrepancies, we find reasonable agreement between the results of the ORU

and MIT models.
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I. Introduction

Recently developed hydraulic fracture simulators (vertical fracture) allow
for a fracture height which varies with distance from the wellbore. In the
simplest of t:hese,]'-5 the predominant fluid flow is taken as 1D flow along the
payzone direction, and is based on the assumption that the fracture
length/height ratio is large (2 4). These simulators most commonly treat the
height confinement due to greater minimum in-situ stresses above and below the
payzone.

3-5

In two of these simulators the vertical flow is neglected in computing

the rate of fracture expansion in the vertical direction, making the problem
much simpler. In the other simulator,1’2 vertical flow is incorporated, and
the resulting modeling analysis is considerably more complicated. We give
here a method for providing a correction for the effect of vertical flow on
our results, yhich previously did not include it. Our approach is quite
different from the other m‘odell’2 which does include the effect of vertical
flow, and much simpler, and therefore provides an independent assessment of
the effect. This is important because, while the simgLators without the
vertical flow component3-5 work well when stress contrasts between pay and
bounding zones are high (2 several hundred psi), their solution diverges at
some lower value of stress caontrast. On the other hand, the simulatorls?
which incorporates the vertical flow is more likely to work in situations of
low stress contrasts.

The correction for finite vertical flow is made in the following way. The
geometry of the fracture is shown in Figure 1. The fractue length is divided
into a number of intervals (this is the approach of each of this kind of

simulatorl-s), and each vertical section is regarded as independent of its

neighbors, i.e, the section is a 2D or line crack. The vertical expansion of
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any section from the payzone into a higher stress zone is equated to that of
an "equivalent" section expanding through a uniform stress zone, whose
solution we have determined. The equivalent line crack will thus be

elliptical in shape.

2. Solution for line crack expanding through uniform stress region

The derivation follows the method given for a penny-shaped crack in Abe

et al.® The results relevant to our discussion are given here.

If the rate of expansion is zero, of course we have the static result

p— (1)
S/ne

and the fluid pressure in the crack is constant. (S is the minimum in situ
stress). If the rate of expansion is not zero, but is slow, the region
inaccessible to the fluid near the tip of the propagating fracture is very
tiny. In this case, the average pressure in the crack, p, can be given by

(1), but p(0), the pressure at the center of the crack, will be greater than p

. Analysis shows that, for this asymptotic limit of slow vertical expansion

S S - 3
(pL/S—l)
2 l"\)2 - . ds
o [1-2 -4 Gn 2D (55) Gps) oy (5] (2)
1-) .
with EE = 55_ + 1 | )
SYne
3uq(0)E
i 4 = (4)

165422(1-v2)3



The megning of the parameters is given at the end of the paper. The subscript
L refers to the asymptotic limit. This equation indicates that pL(O) is
irelter than EL’ as it must be, by an amount that increases with the rate of
crack expansion, di/dt.

Previously, we solved for fracture growth4’5 by integrating the equation
for pressure drop, dp/dx, from the fracture tip back to the wellbore. Knowing
the pressure at a point x, we used (1), or rather an extension of it to the
case of a payzone bounded by higher stress zones, to compute %, the fracture
height at that point. Our approach now is to take the pressure at x to be
p(0), and to Qolve (2) to find #. Of course, we have to know di/dt, the rate
of height growth at this point x, and this is obtained by solving for two
fractures closely spaced in time. The method is iterative, since (d!,/dt)L

_depends on t and vice versa.

3. Solution for line crack expanding through medium with stress contrast

In the actual situation, a vertical section expands from a region of
minimum in-situ stress S, into a region of higher stress, So. Our approximate
lolﬁtion for such an expanding line crack is based on modifications to
equations (2)-(4) as follows:

(i) Define an "equivalent" line crack of elliptical shape such that it has
the same average width as the actual line crack. We do this by assuming
that the entire crack iies in a uniform stress region, §;» and by
adjusting the elastic modulus E to Eq. Nolte3 has shown that, for the

same stress contrast above and below the payzone (i.e., vertically

' symmetric fracture),

q H

for 82 > 81, Bq > E; 8 is the stiffness multiplier.




(ii)

(iii)
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Modify equations (2) and (4) by replacing S by S, and E by Eq. That ii;
when a stress contrast exists, we assume that the relation between pL(ﬁ)
and BL ig the same as it is for the equivalent line crack. Since the
difference between these two pressures is basically determined by the
fluid flow, we are assuming that, to first~order, the vertical fluid

flow behavior in the '

'pinched-in" section is the same as in the
equivalent elliptical section.
Replace equation (3) by the corresponding zero-flow result in the case

that a stress contrast does exist, This comes from the crack expansion

criterion Ki = Kc.

The results are for non-zero stress contrast!

p.(0) p q 2 | -
L L D 2 1-v - L de
e e P _[1-2-4Qn2-D) (329 Go-s)) (52, ] (&)
s, 5 G s = Eg L°1" q(0) ‘dqr’L
L'°1
P K 5,8, _
§E -1 = S % g Loos 1(%;] M
1 Sllnﬂ, 1
3
3uq(0)E
with q; = 755 ad E_ = 1'}2:‘5 (8)
16 5,2 (1-v7) q

The problem now becomes: given p;(0) at the center of a vertical section

of the overall fracture (at some point x lying between fracture tip and

wellbore), to solve (6) and (7) for fracture half height, &, in that section.

We need first to know q(0), the flow rate into the half crack of the

vertical section. This may be related to dit/dt through the equation of mass

conservation. for an elliptical line crack in a uniform stress region 8, with

an equivalent modulus Eq the width is given by

w(y) = w(0) /. -

=l
NN



where y is the coordinate along the length of the crack and w(0) is the
maximum width, given by w(0) = 4(1-v2)(BL-Sl) E/Eq. The cross-sectional area

of the half-crack is then

2,.2 .-
v 2 w(0) _ 1(1-v)e (pL—Sl)

A B E
q

A =

Mass conservation applied to the vertical half-crack (in the absence of
leakoff) is: inflow rate = rate of change of volume. Applying this to unit
length along the payzone axis gives
_ dA
q(0) = it

where q(0) is the flow rate per unit fracture length up into a vertical half

crack (i.e., the 1D component of flow in the vertical direction). This gives

E a0 5y L dg
;—?—J:—\-’—i—)=!, -B_t(pL_S)+22(pL-S)[dt)L (9)

This result applies to the equivalent line crack.

Now (9) contains 3/3t (py,~5;) which can be obtained from equation (7).
Thus (7) and (9) can be solved simultaneously to obtain q(0) as a function of
(de/dt);, and this relationship will then be used to solve (6) and (7). From
(7
H(S,-5,) K

8 (z S (day | 271" ¢
" ot (p~8y) = (3E) ——— " 2
w/1-(H/22)

=

Combining this with (9) gives

E q(O) H(S -S )
~9———§— [ ) 22(pL-S ) 2 / -

m(1-v%) /1-(H/23)2
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and substituting (p;-S;) from (7) leads to

E q(0)
(£), = 57— (11)
n(1-v°)f
_ H(S,-5.)
where f = % K //% + %ﬁ (Sz—Sl)cos 1[%1) y 21 (12)

[od
o -(H/21)>

This is the desired relation between q(0) and (dﬂ./dt)L needed to solve (6)

and (7) which we do next. By substituting (8) and (l1) into (6), we find

) 1m0 qu £(de/de),
p,(0) - 8. = (p,=5,) + -~ —
L R RTINS e
.3907 2(p -§,)
o [.3634 + —=1] a»

with EL-SI given by (7), f given by (12), and Eq given by (5). This is the
equation to be solved for fracture half height, %, in a vertical section,
given pL(O), the pressure at the center of the section. The equation has been
derived only for Newtonian flow, and leakoff has been neglected. It also only
applies in the asymptotic limit of slow vertical expansion.

This solution for a line crack expanding through a medium cohtaining a
stress contrast is basically a relation between the pressure at the center of
a vertical section, pL(O), the half-height of the section, %, and the rate of
vertical expansion, (d!/dt)L, in that section. The solution represents a
first-order correction for the effect of finite fluid flow in the vertical
direction. Such flow manifests itself by a difference between pL(O) And EL’
which can be seen in equation (13). When (d&/dt); is zero, P (0) = B, which

was the basis of our fracture height calculation in previous simulators.%s?



This new solution for vertical expansion now needs to be coupled to the 1D
fluid flow along the payzone to complete the simulator.

' The fracture simulator

The formulation of the fracture simulator is similar to those previously
described.4'5 Tﬁe predominant (1D) flow along the payzone direction is
treated by integrating the pressure gradient equation, dp/dx, from the
fracture tip at x = a, where the pressure is specified, back to the
wellbore. Thevintegration is performed by dividing the fracture length into a
large number of vertical sections, and using a Rﬁnge-Kutta technique. After
the pressure, vhich is taken to be p;(0), is computed in the next section, the
frcssnre-height relation (13) is satisfied by an iterative procedure to find
the half-height, &, in that section. (This is then used in the next section
to compute the next pressure and so forth.)‘ This requires a knowledge of
di/dt, which is obtained by solving for a second fracture whose length is
incremented to a + da. Since di/dt depends on % and vice versa, a second
iteration is réquired to converge di/dt, and thereby solve (13).

5. Results

The theory above is applicable for Newtonian flow when pump rate is
consﬁant, and‘when leakoff is neglected. Furthermore, we have assumed the
vertical expansion is not too fast. Table l.cqntains pumping and formation
parameters that have been used to illustrate the correction for finite flow
rates in the vertical direction. The viscosity is taken to be constant with
lcnith”aiong Ehe'f:actuie,}

Pigure 2 shows the fracture height as a function of distance from the
wellbore, both with the vertical flo& correction, and without, for a fracture
' half-length of 400 ft. The wellbore half-height is reduced from 174 ft. to

101 ft. when the correction is included. The flow rate in the uncorrected
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case was taken to be the same as the converged flow rate in the corrected
case.

Figure 3 gives the pressure profile within the fracture, both with and
without the correction for finite flow rate. The difference is very slight.
The pressure at the wellbore is found by integrating dp/dx from the tip back
to the wellbore, and apparently the reduccd height of the channel (figure 2)
makes only a marginal difference to the wellbore pressure in this case (the
flow rate profile is the same in both cases).

To illustrate the proper width calculation we employ- in the modeling,
Figure 4 displays the width profile in a vertical section at the wellbore, for
the case which includes the correction for finite vertical flow.

6. Comparison with MIT fracture model

The MIT modells?2 superimposes on the predominant 1D flow along the payzone
an auxiliary 1D flow in the vertical direction. Direct comparison with MIT
results for low stress contrasts can be made by reference to their? Figures
Sa, 5b. For comparison purposes, we have chosen the results corresponding to
t = 20 min. Evidently the stress contrast for the high confinement case is
100 psi (by comparison with their Figures 3a-d), and we assume the other
pumping and formation parameters are the same. These parameters are given in
Table 4.

Comparison is now made between the MIT and adapted ORU simulators (the
latter adapted for finite vertical flow), based on the parametérs of
Table 4. The results are given in Table 5, column 3. Although the times are
similar, the ORU height is much greater, evidently because the net pressure is
greater.

There are several possible reasons for the discrepancy, and we consider

each of these in turn. Firstly, the width equation is different. In each
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a=400 ft.
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Figure 4, Width Profile for the Vertical Section at the Wellbore
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vertical section our widths are derived from a formulation by England and
GreenB, which have been shown to agree with independent formulations. Uniform
fluid pressure is assumed. A survey has been made of the MIT widths in their
Figure 3c2, which can be compared with England and Green widths calculated
from the net pressure and height corresponding to Figure 3c., For 82-51 ®

100 psi, their maximum widths in the wellbore section are 1.6 - 2.0 times
greater than England and Green values. For 50 psi, the factor is 1.4-1,7.
These discrepancies are not due to neglect of fracture perimeter shape,
because they are in the wrong direction.

It has recently been established that the MIT widths disregard the
increase in minimum in situ stress in the bounding zones.” It appears that
the larger widths in the MIT model will produce a lower pressure‘at.tﬁe
wellbore, so this must account for some of the discrepancy in the results of
Table 5.

We can compensate for the width discrepancy by artifically multiplying all
ORU width equations by a factor of 1.8 (the average discrepancy for §,-§; =
100 psi). When this is done the results, which also appear in Table 5, give
better agreement between ORU and MIT models, but tﬁe width and the time are
still off.

The discrepancy in times in Table 5 is suprising in view of the fact that
the ORU fracture appears larger than the MIT fracture (leakoff is not
included). To investigate this further, we estimate the fracture volume from
the MIT dimensions given in figure 5a, b2, If the vertical sections of the
t = 20 min fracture are approximated by ellipses, thg total frature volume (2
wings) is cémputed to be 1.63 x 107 cm3. Sihce each vertical section is
expected to be "pinched in" somewhat by the highér stresses in the bounding

zones, the geometric volume should be less than 1.63 x 107 cm3. Now the
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statements and definitions in the text2

all indicate that ﬁ/p is the pump rate
for just 1 wing, and this is given as 5 bpm (see Table 4). But this pump rate
(doubled) for a time of 20 min gives 3.17 x 107 cm3 for total fracture voluﬁe,
which is at least a factor of two greater than the geometric volume estimated
above. Thus it seems possible there is an internal inconsistency in these
results, by a factor of around 2. Several other geometrical vélumes can be
estimated from the fracture dimensions given in Figure 3 of Clear et al.z, by
using the formula for the volume of an ellipsoid, 2ﬂabwo/3. More .
inconsistencies similar to the above appear. It has recenﬁly been learned?
that W/p is actually the total pump rate (both wings). Both the MIT
corrections we have discussed (width and pump rate) will alter the comparison
between MIT and ORU models in Table 5. Note that even though we compensated
for fhe maximum width, the width profiles in a vertical section are still
different. We therefore ran the model with 9, = 2.5 bpm and the results are
given in the last column of table 5 and illustrated in figures 5 and 6. The
agreement is surprisingly good in view of the fact that the MIT model assumes
(L) K. =0 and (2) apparently an elliptical shape for each vertical cross
section, whereas we use the shape computed for the stress contrast (figure 6).
That there is still some disagreement is not foo surprising in view of the
different relationships in the two models between the pressure in the center
of a vertical section and the height of the section. In the MIT model, the
authors have sought to calculate this relationship properly, and the modeling
is very complicated. As described earlier, ourvapproximation has quite a
different basis. Furthermore, the MIT model omits fracture toughness.
altogether, whereas in the ORU model kc has an integral role to play, and
cannot be set to zero. Reducing K. in the ORU model actually’increéses the

height discrepancy between ORU and MIT in Table 5. On the other hand, an
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increase in K. improves the height agreement but worsens the pressure and
width discrepancy in Table 5. A persuasive argument that Kc cannot be
neglected, at least in the case of a penny crack, has been given by Abe

et 31.6

7. Conclusion

The fracture model described herein calculates fracture height as a
function of distance from the wellbore for the 3-layer case in which a payzone
is bounded by zones of higher (but equal) minimum stresses. Variations in
elastic modulus between zones are not considered, nor are variations in pump
rate. The modeling discussed in this paper is appropriate under conditions
that produce a highly elongated fracture, with length/height ratio greater
than about 3.5.

The pseudo-3D model described herein assumes a highly elongated fracture
inorder to satisfy the approximations made in determining the fracture width
based on a series of 2D cracks in vertical sections. However, the model also
accounts for a subsidiary 1D flow in the vertical direction, and therefore, at
least from a fluid point of view, it should be more appropriate.

The effect of the vertical flow on the pressure profile in the fracture is
minimal. However, the reduction in height can be substantial. In one case
(see figures 2 and 3) the wellbore pressure with vertical flow is < 2%
different from the case without vertical flow, but the wellbore heights differ
by 70%.

The Fortran code for the fracture model is included in Appendix B, plus
user instructions. A caution is inorder: converging the iterations on the

flow rate, q(x), and on the fracture height (and height growth, d&/dt) are
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rather sensitive. We have had difficulty sometimes in achieving an iterated
result.,

A comparison has been made with the MIT model, which also includes a
vertical flow component. At a lower stress contrar, 100 psi, the ORU model
predicts in one case a wellbore height which is greater than that of the MIT
model by a factor of 2.5. One reason for the discrepancy is a disagreement in
the width, with MIT widths greater by a factor of 1.8, due to their neglect of
higher in situ stresses in the bounding9 zones. When this adjustmént is made
in the ORU model, the agreement is better, but still not good. The lack of
time agreement reflects partly an incorrect flow rate.? When this is

corrected the agreement is quite good.

Nomenclature

a = fracture half-length

C = leakoff coefficient

E = Young's modulus

h = total fracture height

H = payzone height

K; = stress intensity factor

K, = fracture toughness

k = amplitude parameter for power law fluid
u = fluid viscosity

v = Poisson's ratio

n = exponent parameter for power law fluid

Ps = fluid presure
P = pg = Sy = net pressure

q(x) = flow rate in x direction (one-wing)




5; = minimum in-situ stress in payzone
5, = minimum in-situ stress in bounding layers
t = time

t(x) = time at which fracture reaches point x along the payzone
V., = spurt loss coefficient

w(y) = width of 2D crack in vetical section

w, = maximum width of crack in vertical section

x = horizontal distance along payzone

y = vertical distance along 2D line crack
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correction for finite

Table 1

Pumping and formation parameters used to illustrate the

flow rates in the vertical direction

q(0)

u(0)

40 ft

3.34 x 108 psi
.15

150 psi

1818 1b in3/2
.

5 bpm (1 wing)
2 cp

400 fr (1 wing)

Table 2

Parameter values at the onset of the

asymptotic limit for a penny crack®

Plot C2°2 — 'l;'c‘ 5
S Ro /2Ro o
A 2.65 x 103 1.12 7 x 102
B 9.49 x 102 1.12 4 x 102
c 2.47 x 10% 1.12 1.3 x 102
D 7.74 x 10 1.12 60
E 7.96 x 103 2.24 3.5 x 102
F 1.57 x 10 447 1.3 x102
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Table 3
Values of critical radius as a

function of fluid viscosity

u (cp) R. (ft)
100 78
300 163

1000 Je4
Table 4

Pumping and formation parameters used to compare the ORU and MIT .

simulators for lower stress contrasts

o>
"

100 ft
E=1.13 x 10% psi

E = 4(1-v2) E

v=.1
§,-8; = 100 psi
2=0
q(0) = 5 bpm (1 wing)
u(0) = 10 cp
a = 388 ft
h(a) = 113.6 ft

K = 1818 1b/in3/2 in ORU

S



Table 5

Comparison between ORU and MIT models, for parameters in Table 3

(lower stress contrasts)

ORU ORU ORU
adapted adapted adapted plus
MIT for finite plus all all widths
vertical widths x 1.8 with
flow x 1.8 q(0)=2.5 bpm
wellbore half-height 105 ft 268 ft 120 ft 95 fc
wellbore pressure
(above Sl) 86 psi 121 psi 104 psi 97 psi
wellbore width
(max imum) 0.227 em 0.440 cm 0.420 em 0.344 cm
pumping time 20 min 22.3 min 15.5 min 24.1 min
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APPENDIX A

The asymptotic limit of slow vertical expansion.

In our new simulator, which includes the effect of finite vertical flow, we
assumed an asymptotic limit based on the theory and results of Abe et al.b
This was discussed in the text, equations (1) + (4). 1In essence, for slow
enough expansion rate, the average fluid pressure in the fracture is related
to fracture toughness and fracture size by the standard equation for constant
pressure. Furthermore, the near-tip region of fluid inaccessibility becomes
so small that the pressure integration from crack tip to the crack center is
much simplified.

The combination of parameters which corresponds to this asymptotic limit
can be obtained from the departure from a straight line of the plot Wy in
Figure 4 of Abe et al. These "departure points" are summarized in Table 2.
The data are approximately fit by a relationship

Cq R

2 (22 2o (= £ )3 (1)
o}

~

/2R
)

in which the variables are defined in Abe et al.6

This is rearranged to give

E )3 Q0
u 3
1-v S Kc

(2)

vhere R, is the critical radius; beyond R, the asymptotic limit is a good
approximation for a penny crack. u is fluid viscosity, E is Young's modulus,
v is Poisson's ratio, Q, is inlet pump rate, S is minimum in-situ stress, and

Kc is fracture toughness.
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Typical MWX parameters7 are E = 4.8 x 10° psi, v = ,22, Q, = 10 bpm, 8 =
6000 psis, K, = 1200 psi inl/z. These give Rc3/2/u = 1,17 x 10° in cgs
units. Table 3 shows that for typical fluid viscosities (100-300 cp), a penny
fracture whose radius exceeds one or two hundred feet should be well approxi-
mated by the asymptotic limit.

It is difficult to translate this to the case of a vertical fracture which
is elongated in the payzone direction. If one thinks of squashing a penny
shape into an elongated shape, the reduced height of a vertical section (at
the wellbore, say) would mean the asymptotic behavior is léss likely. How-
ever, the corresponding reduced vertical component of flow in this section
would make the asymptotic behavior more likely. It is actually a moot point,
because we have not obtained a solution for vertical flow which is beyond the
asymptotic limit. This solution is very difficult, and at this stage we think
unwarranted. In view of this, we have to admit that our frqcture height
solution is still an upper limit, but nevertheless an improvement over the

modeling without a correction for finite vertical flow.



-26-

APPENDIX B

Fortran code and user instructions for vertically symmetric simulator with 1D

vertical fluid flow in addition to 1D horizontal fluid flow.

1. Program description

FLAMLEAK6B, a fracture simulator in which fracture height is self- .
determined, is a modification of FL5, published previously.10 It is appro-
priate if the vertical fracture is highly elongated (length/height ratio
(> 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. In addition to the 1D horizontal fluid flow, a 1D vertical
fluid flow is included. 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 simultaneously the four equations for fracture éxpan-
sion in reference 5 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 fracture of lengths a and a +

da.

2. Program listing

Main program Subroutines Functions
FLAMLEAKR6B WIDTH FUN
RK2 DFX
VLTQ FFX
QTEST ASIN
HCALC ACOS
DLDTCAL PFUN

3. Operating mode

Interactive

4. Language

Fortran 1V
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Program developed on

Data General Eclipse minicomputer

Total CP time

About 2 min

Effect of step size on Runge-Ketta 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 togeth-
er). If the stepts are not close enough in the first segment, the pres-
sures 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 well-
bore 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, fol-
lowed by a RUNTIME error. If the height is growing rapidly, this is
almost certainly the reason for the error message. To check it, double
the stress contrast §,-5, and a successful simulation should result.

‘Parameters which can give this error include:

(i) too small S,-8, (ii) too sm#ll H (iii) too high E

(iv) too large v ‘ ‘ (iv) too large Q
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9, Sample input data

The input data are given in the interactive mode. For MIT compari-
sons (tables 4 and 5), the input values are given below and at the head of
the output file.

Sample input values:

2 - ITQ: Selects the desired calculationj time and flow rate
1 - IWRITE: Selects output

2E8 - KCB: Fracture toughness constant (dynes/cm3/2)

100 ~ HZ: Payzone height (ft)

2.5 - Q One wing flow rate (BPM)

10 - RMU: Viscosity (cp)

4.475E6 - EMOD: Young's modulus (psi)
0.1 - RNU: Poisson's ratio

1.8 - WIDCON: Factor by which England and Green width is multipled (see

text)
100 - S2MS1: Stress contrast (psi)
388 - A: Frac half length (ft)
10 - NUMWID: No. of width calculations in each vertical section
1.0 - Ql: Q(x) at x/a = 0.0
0.26 - Q2: Q(x) at x/a = XA2
' 0.064 - Q3: Q(x) at x/a = 1.0 Q;, Qs Q; used to calculate the

initial input flow rate variation
0.4 - XA2: x/a corresponding to Q2.
1 -ICOMP: Selects option to recompute and list all K;'s for
| checking purpose
5.0 - QPER: Percentage convergence desired for Q(x)

0.01 - DIFCE: Percentage convergence desired for half/height



1.0 - DLTPER:
110 - NDIV:
0.999 - XAZ:

11 - N:

1 - IDLDT:

0]

1 rDLDT(I):

1 —

[
1

IDLDTZ:

—
4

NRES:

w
[}

MFAC:

2 - IDEBUG:

1.136 - HSTART
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Percentage convergence desired for dl/dt.

No. of elements into which the frac length is divided
x/a position where numerical integration begins

No. of segments the frac wing is divided into (output
parameters available for each segment)

To input dl/dt values

dl/dt value for each segment; dl/dt = 0 for segment 1,
avoids too large dl/dt which could give Runtime error

in PFUN

Sets all DLDT(1l) to zero

Flag to decide whether the resolution‘should be improved
in the segment closest to the tip

Multiplication factor used to iﬁcreése resolution of tip
segment

Debug not desired

Frac height/payzone height at frac tip (> 1.0). (This is
an arbitrary boundary condition, should be close to 1,

but not too close because numerical convergence problems‘

can occur.)
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2 - IHST: Signifies HSTART need not be changed
0.6 - ELR: Initially guessed height value for iteration which solves

for K; = K., used in HCALC

1.0 - TSLOPE: Slope of log a vs log t graph

1.0 - TCETP: Intercept of log a - log t graph at t =1

0 - LEAKC: Leakoff coefficient (cgs)

0 - SP: Spurt loss coefficient (cgs)

30 - IMP: Indicaﬁe that no improvement intime discrepancy is
desired

1 - NQTEST: Compares input and output Q(x) in QTEST

20 - NUM: Maximum number of iteration for Q(x)

Sample output data file

Essentially there are two fractures: Frac 1 with half-length a and
Frac 2 with length 1.10a (e.g.,v388 ft and 426.8 ft). For each of these
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 (seé 11 or 12 H/HZ values), and width profile
in each vertical section in cm (see 11 WIDTH values).

After each pair of fractures, we calculate flow rate profile (see
QUTPUT QX), and this can be compared with the flow rate assumed to solve
for the fractures (see INPUT QX). Fracture volume (1 wing, cm3) for the
first fracture is given by V/2 PUMPED FRACL (lbwing, cm? barrels and
gallons)., The time corresponding to the first frac i;‘given by T1CHECK
(sec., min.).

The program, as given here, does not iterate on length expansion
because leakoff is not included (LEAKC = SP = 0). Therefore, dummy

parameters 1, 1 are input for TSLOPE, TCEPT, the parameters which define
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a(t), the length expansion rate. Because of this T(l) and T(2), the times
computed from a(t) are meaningless and percentage differences between
TICHECK and T(1), and between T2CHECK and T(2) have no significance. The
execution is manually terminated after the flow rate q(x) has converged to
within a required percentage (e.g., 5%) or height growth rates DLDT (I)
have converged to within 1% (in this example).

Despite the fact that leakoff is zero in this examle, the capability

exists for its inclusion in the manner described previouslyll.
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