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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 - 4 )  and variations in elastic modulus 

across zones are ignored. First, we describe the leakoff and spurt loss 

calculations employed in the modeling. 

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. 

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 o f  fracture length, height, and bottomhole pressure. 

The appropriate computer codes are included in this report. 

> 

Second, we discuss a revised version of  

The 
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Signif icance of Project  

The r e s u l t  of t h i s  pro jec t  i s  the  f i r s t  p a r t  of a va r i ab le  height f r ac tu re  
s imulator .  For a v e r t i c a l  f r a c t u r e  i n i t i a t e d  in  a pay zone bounded by zones 
of higher I- in  s i t u  s t r e s s ,  the f r a c t u r e ' s  growth in  the  ve r t i ca l  d i r ec t ion  i s  
r e s t r i c t e d .  I f  the  f r a c t u r e  i s  highly elongated,  the  enclosed computer 
program ca lcu la t e s  f r a c t u r e  height ,  width, bottomhole pressure,  a n d  t ime, fo r  
a p a r t i c u l a r  f r a c t u r e  length.  

Other f ea tu res  o f  the  f r a c t u r e  ca l cu la t ion  a r e :  ( i )  the  upwards f r a c t u r e  
g r o w t h  can be d i f f e r e n t  from the  downwards growth, ( i i )  non-Newtonian (power 
law) f low of f r ac tu r ing  f l u i d ,  ( i i i )  leakoff  and  spurt l o s s  a r e  included. 
Limitations a re :  
v i s c o s i t y ,  ( i i )  no p r o p p a n t  t r anspor t .  
ca lcu la ted  by our model a r e  in basic: agreement with the  va r i ab le  height models 
of Amoco a n d  Terra-Tek. However, our model takes  l e s s  t h a n  5 minutes of C P  
time on a Data-General Ecl ipse mini-computer. 

( i )  no time va r i a t ions  in pump r a t e  or in j ec t ed  f l u i d  
The shape and s i z e  of the  f r ac tu re  

The model can be used t o  p red ic t  the  growth  (he igh t ,  l ength ,  a n d  w i d t h )  of a 
ve r t i ca l  f r a c t u r e  a s  a funct ion o f  time. The bottomhole pressure var ia t ion  
with time can be predicted t o o .  
height a n d  pressure of a hydraulic f r a c t u r e ,  given the  p u m p i n g  r a t e ,  f l u i d  
v i s c o s i t y ,  and appropr ia te  formation parameters, including s t r e s s  con t r a s t  
between pay a n d  bounding zones. 

This i s  a very cheap, way t o  p red ic t  the  
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INTRODUCTION 

At depths of a few thousand feet or more, induced hydraulic fractures will 

normally be vertical. 

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,l where by stress we 

mean minimum in-situ stress. 

Height growth containment is important so that the 

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. 

elastic parameters are not considered. 

self-determined, in contrast to that in which an elliptical shape is ch0sen.j. 

A variable-height fracture model has been intensively studied by Cleary and 

co-worker~.~'~ 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. 

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." 

dividing the fracture into a number of vertical sections, and applying 2D 

elasticity theory to each vertical "line" crack. Thus the fracture is assumed 

t o  be highly elongated with lengthlheight ratio 2 4 .  

Vertical variations in 

The fracture shape in this paper is 

Although the models of Nolte4 and Palmer and Carr011"~ take t h e  

In all these models, the fracture width i s  approximated by 

Fully 3D modeling, with pro:per 2D fluid flow, is under de~elopment,~-~ but 

the problem is formidable and thle computer run time enormous. The first 

complete results have just appeared.7 Meanwhile we can learn much about 
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fracture behavior from pseudo-3D models. Furthermore, recent comparisons 

indicate1' 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. 

stresses are equal, the fracture will be vertically symmetric (if lithostatic 

and hydrostatic gradients are neglected). Since we have presented a fracture 

simulator appropriate to this case before5", here we briefly describe a 

revised version which contains (i) non-Newtonian flow, (ii) leakoff, including 

spurt loss. A discussion of the modeling of  the latter is given in some detail 

because it has not been presented before. 

If the bounding zone 

In general, the bounding layer stresses will not be equa l ,  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). 

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 ( 5  couple hundred psi) which may not satisfy our prerequisite for a 

In the asymmetric model of this paper, calculation 

highly elongated fracture. 

vertical section, but no method of calculation, nor any overall fracture 

shapes, were given. 

Nolte4 gives one asymmetric width profile in a 

Finally, to illustrate the results of the asymmetric model, we use the 

model to predict fracture height, pressure, and width for the first stimulation 

o f  the Multi-Well Experiment (MWX) carried out in December 1983.  This predic- 

tion is compared with available fracture diagnostic measurements. 



11. CONSTRUCTION OF FRACTURE SIMLJLATORS 

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.6 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 (L 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) = fl[P(X), hb)l (1) 

(b) Pressure gradient equation. 

section is a function of the width. profile, the height of the section, and thle 

flow rate through the section: 

The fluid pressure drop across a vertical 

d (XI 
dx = f2 [w(x,Y>, h(x), q(x)l 

Non-Newtonian flow is included. 

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

fracture mechanics, that Ki = K 

fracture toughness. l1 

elongated fracture in which the vertical flow component is ignored) the result 

is a direct relation between net pressure and fracture height. 

where K. is stress intensity factor and K is 
C 1 C 

For relatively slow vertical expansion (e.g., a highly 
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P(X) = f3[hu(x) ,hQ(x) I = f4 [hU(x> ,hQ(x) I ( 3 )  

where, in allowing for a vertically asymmetric fracture, hU(x) + hQ(x) = h(x) 

is total height. 

(d) The equation of continuity. 

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

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

The flow rate change across a vertical 

'dq (x,t) = A(x,t) + - dA (x,t) 
dx dt 

( 4 )  

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

The 4 equations ( 1 ) - ( 4 )  above have to be solved simultaneously to study 

fracture growth with time. 

is to solve (1) - (3)  first, then satisfy ( 4 )  by iteration. Equations ( 1 ) - ( 3 )  

can in principle be combined6 into an ordinary, first-order, first-degree, 

non-linear differential equation in h(x) or p(x). 

Since time only occurs in equation ( 4 )  our approach 

Then if a reasonable assump- 

tion is made for q(x), this equation can be integrated from the fracture tip at 

x = a, where the boundary condition is specified, back to the wellbore to find 

h(x) and p(x). 

In practice, a value is chosen for p at x = a (the boundary condition), 

then ( 3 )  is used to find the fracture height. The p(a) value is chosen such 

that the total height of the section at x = a is just slightly greater than H, 

the payzone height. 

that result are not sensitive to the actual height or pressure at the fracture 

tip. 

section using (1). Then (2) is integrated by the standard fourth order Runge- 

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

As discussed previously,6 the wellbore height and pressure 

The width profile w(x,y) is then calculated at 10 points per vertical 

Using this new pressure, 
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( 3 )  is solved to find a new height at x = a - dx. 
until we reach the wellbore at a: = 0. 

The process then repeats 

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 = a1550 because the pressure can change 

much more rapidly in this region. This resolution is usually sufficient--we 

check it by doubling the resolution to verify that the results do not changle. 

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- 

ca1,12’13 and is a good approximation when the fracture has not penetrated far 

into the bounding zones. 

using this @ value, a new $ value is calculated from the vertical width proEile 

at the end of the segment. 

p(x) across the next segment, and so on. 

because @(x> changes only slowly with x. 

After integrating p(x) across the first segment, 

This adjusted Cp value is then used to integrate 

This is an adequate way to do it 

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 require:; 

that equation ( 4 )  be properly satisfied, and this is considerably more comp.li- 

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:), 
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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). 

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. 

Then ( 4 )  can be integrated to obtain q(x), which is compared with the 

Now we expand on this description. First, we present recent improvements 

to the vertically symmetric model, which was published previously6' l. 

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

Second, 

111. IMPROVED VERSION OF VERTICALLY SYMMETRIC 3-LAYER SIMULATOR 

( a )  Improvements to the model 

The main improvements over previous model design6' 21 are three: 

(i) Analytic expressions for fracture width 

Previously6'21 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 . 
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(ii) Incorporation of non-Newtonian flow 

Whereas previously6'21 only Newtonian flow was included, now we have 

incorporated flow of  power law fluids. The equations are given in 

Appendix B. 

(iii) 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 frscture expansion rate along the x-axis, 

and on q(x), the flow rate at each station (and there are 3 stations al, 

a 2 ,  and aa). The details are given in Appendix C. 

(b) Illustrative result 

The computer code SyMFFtACl 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 I1 

Fracture shape h(x)-see Figure 2 

Bottomhole pressure, p(t), as a function of  time-see Figure 3 

Wellbore width i n  a vertical ,section, w(y)-see Figure 4 

IV. NEW VERTICALLY ASYMMETRIC 3-LAYIZR SIMULATOR 

(a) Details o f  the modeling 

(i) Fracture width 

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

component integrals in the width formulation can be expressed in closed 
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form, which reduces the computer run time. 

in Appendix D. 

The calculation is contained 

(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 K 

toughness, is relatively easy to formulate, and the result has been given 

= Kc, where K. is stress-intensity factor and K i 1 C is fracture 

Here we assumed, for a highly elongated fracture and relatively slow 

vertical expansion, that there were no pressure gradients due to fluid 

flow in the vertical direction. We also assumed each vertical section to 

be a 2D or line crack. 

For a vertically asymmetric fracture, the formulation is more diffi- 

cult because Ki = Kc must be satisfied at both the upper and lower tips of 

the line crack, and this requires an iterative procedure. The details of 

the calculation and the results are given in Appendix E. 

(iv) Leakoff and solution of the continuity equation 

The approach follows that for the symmetrical simulator (see Appendix C) 

up to the point where the double iteration on q(x) and a(t) is performed 

by calculating 3 fractures of lengths al, a2, and a3 simultaneously, and 

using a bilinear power law (see equation C3) for a(t), the length 
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expans ion  r a t e .  

s o l u t i o n  r a t h e r  t e d i o u s ,  w e  have developed a s h o r t - c u t  as f o l l o w s .  

S ince  t h e  double i t e r a t i o n  on q(x) and a ( t )  makes t h e  

An " input"  flow r a t e ,  q ( x ) ,  is  guessed,  and t h e n  we o b t a i n  two 

f r a c t u r e  s o l u t i o n s  f o r  l e n g t h s  a and a + da .  Now w e  assume a s i n g l e  power 

law 

(6) n n 

But i n s t e a d  of  a l lowing  m and n t o  v a r y  

x = m t  w i t h  a l  = m t l  

over  t h e  whole range  of time. 

independen t ly ,  w e  t i e  t h e i r  v a l u e s  t o g e t h e r  such t h a t  log m = n. 

chosen v a l u e  of n ,  e q u a t i o n  (C7) can be used t o  f i n d  t h e  t o t a l  volume 

leaked  o f f ,  and when t h i s  i s  added t o  t h e  a c t u a l  volume of  t h e  f r a c t u r e  

computed from t h e  v e r t i c a l  c r o s s  s e c t i o n  a r e a s ,  it l e a d s  t o  a time v i a  t h e  

i n l e t  flow r a t e .  

v a l u e  of  n i s  chosen u n t i l  t h e  time converges.  

For a 

I f  t h i s  time does n o t  a g r e e  w i t h  t h a t  from (6), a new 

Now t h e  "output"  f low r a t e  i s  c a l c u l a t e d  v i a  (C9) and (ClO), us ing  

t h e  volumes of t h e  2 f r a c t u r e s ,  and t h e i r  time d i f f e r e n c e ,  d t .  I f  " input"  

and "output"  flow r a t e s  a g r e e ,  w e  have a s o l u t i o n .  

q ( x )  u n t i l  we do. 

I f  n o t ,  w e  i t e r a t e  on 

From t e s t s  a g a i n s t  t h e  s o l u t i o n  f o r  a b i l i n e a r  a ( t )  d e s c r i b e d  i n  

Appendix C ,  w e  have found t h i s  s h o r t - c u t  s o l u t i o n  t o  be a good approxi -  

mation f o r  t h e  time cor responding  t o  a g iven  f r a c t u r e  l e n g t h ,  a ,  ( a l though  

we have been unable  t o  f u l l y  j u s t i f y  it t h e o r e t i c a l l y ) .  However, a ( t )  i s  

n o t  p r o p e r l y  determined f o r  times less t h a n  t h a t  cor responding  t o  t h e  

c u r r e n t  p o s i t i o n  of t h e  f r a c t u r e .  To o b t a i n  t h i s  a ( t )  would r e q u i r e  

s imul taneous  s o l u t i o n s  f o r  a t  l e a s t  two d i f f e r e n t  f r a c t u r e  l e n g t h s  (which 

can c e r t a i n l y  be done) .  

n 



(b) Application to first MWX stimulation 

The computer code ASYMFRACl 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. 

the latest technology and determine whether recovery techniques are viable in 

the tight gas sand reservoirs characterizing this area. 

triangular geometry (100-200 ft apart) have been drilled to around 8000 ft in 

the Mesaverde section of the Piceance Basin. 

It is designed to test 

Three wells in a 

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 mea~ured'~ 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 lbs g e l  

Other parameters are given in 

Young's modulus varied slightly between the fractured interval and 

per 1000 gal fluid, pumped at a rate of 10 bpm. 

Table 111. 

the bounding zone below ( 4 . 8  to 5.0 X lo6 psi), but such variations are ignored 

here. Also ignored are lithostatic gradients of in-situ stress and hydrostatic 

gradients of fluid pressure. 

independent of distance x away from the wellbore (i.e., we ignore fluid degra- 

dation due to temperature and time). 

the wall-building properties of the fluid. 

The power-law flow parameter k is taken to be 

Finally, the leakoff is determined from 

The predictions of our fracture simulator are summarized in Table I V .  

The half length would be 440 ft. The total fracture height was predicted to 
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be  127 f t  a t  t h e  w e l l b o r e ,  and t h e  bottomhole p r e s s u r e  388 p s i  above t h e  c l o s u r e  

p r e s s u r e  (= minimum i n - s i t u  stress S1). 

w i t h  d i s t a n c e  a long  t h e  f r a c t u r e  a r e  d i s p l a y e d  i n  F i g u r e s  5 and 6. 

concern t h a t  t h e  f r a c t u r e  might b reak  o u t  of t h e  upper c o n f i n i n g  zone a t  

7015 f t  i n t o  a n o t h e r  zone i n  which t h e  stress is 60 p s i  below t h e  p e r f o r a t e d  

i n t e r v a l .  However, t h e  p r e d i c t i o n  was t h a t ,  a l t hough  t h e  f r a c t u r e  p e n e t r a t e d  

much f a r t h e r  i n t o  t h e  upper bounding zone (42 f t )  t h a n  i n t o  t h e  lower zone 

(6 f t ) ,  t h e r e  was s t i l l  ano the r  13 f t  t o  g e t  t o  t h e  low stress zone. 

The v a r i a t i o n s  of  h e i g h t  and p r e s s u r e  

There was 

F i n a l l y ,  t h e  maximum f r a c t u r e  wid th  a t  t h e  we l lbo re  i s  p r e d i c t e d  t o  be 

0.44 c m  ( t o t a l  w i d t h ) .  

is  shown i n  F i g u r e  7. 

due t o  t h e  h i g h e r - s t r e s s  bounding zone above t h e  t o p  of  t h e  p e r f o r a t e d  i n t e r v a l  

(= payzone). 

e f f e c t  i s  much less conspicuous a s  shown by F i g u r e  8.  That i s ,  t h e  wid th  

p r o f i l e  i s  more l i k e  a n  e l l i p s e ,  a s  would be t h e  case i n  a uniform stress 

f i e l d ,  because  t h e r e  i s  less p e n e t r a t i o n  i n t o  t h e  h i g h  stress zone above. 

The cor responding  wid th  p r o f i l e  i n  t h e  v e r t i c a l  s e c t i o n  

The most conspicuous f e a t u r e  i s  t h e  "pinched-in" wid th  

Half-way between t h e  we l lbo re  and t h e  squa re  f r a c t u r e  t i p ,  t h e  

The MWX has a b a t t e r y  of  d i a g n o s t i c  measurements, c h i e f  among which are  a 

bottomhole p r e s s u r e  gauge, a tempera ture-versus-he ight  p r o f i l e  a t  t h e  we l lbo re  

t o  i n f e r  f r a c t u r e  h e i g h t ,  and a bo reho le  s e i s m i c  system t o  d e l i n e a t e  t h e  

f r a c t u r e  s ize  and shape.  Table I V  a l s o  c o n t a i n s  t h e  b e s t  estimates o f  h e i g h t ,  

p r e s s u r e ,  and h a l f - l e n g t h  i n f e r r e d  from t h e  measurements.15 It  is a l s o  impor- 

t a n t  t o  n o t e  t h a t  bottomhole p r e s s u r e  cont inued  t o  rise d u r i n g  t h e  experiment--- 

t h e r e  was no l e v e l l i n g  o f f . 1 5  

The o u t s t a n d i n g  d i sc repancy  i n  Table  IV is  t h e  bottomhole p r e s s u r e .  T h i s  

immediately s u g g e s t s  t h a t  t h e  stress c o n t r a s t  i n  t h e  upper bounding zone is much 

g r e a t e r  t h a n  520 p s i .  

h i g h  bottomhole p r e s s u r e .  

I n  f a c t  it would need t o  be 2 1200 p s i  t o  g i v e  such  a 

But i f  t h i s  were t h e  c a s e ,  t h e  p e n e t r a t i o n  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! 

in-situ stress measurements need to be made above the perforated interval. 

Clearly, more 

Another possibility is that the effective height of the low-stress region 

The net pres- in the perforated interval (S1 in Figure 1) is less than 80 ft. 

sure increases as the the effective height decreases, as shown by Nolte4 (see 

his Figure 9). Along the same lines, if a high-stress stringer lies somewhere 

in the middle of the fractured interval, once again Nolte4 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. 

is substantial variability within the Paludal zone,lS 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. 

There 

V. CONCLUSION 

The basic model of fracture propagation in a three-layer situation, which 

has been described has been extended in this report by inclu- 

sion of the following: 

1. 

2 .  

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

Spurt l o s s  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 

1 2  



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. 

each vertical section is considerably more complicated. 

exactly, not approximated. 

The width calculation in 

Width is calculated 

The limitations of the modeling are: 

1 .  The length/height aspect ratio of the fracture has to be large (2  4), 

meaning the rate of vertical height growth is much less than the rate of length 

growth (e .g., the stress contrasts are large, 2 few hundred psi). 

2.  

3 .  Time variations in pump rate (4) or fluid viscous properties (n,k) 

Vertical variations in elastic modulus are ignored. 

have not been considered. 

The fracture height at the square tip (see Figure 1) is assumed to be 

As shown elsewhere,6 if the fracture slightly greater than the payzone height. 

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 K = Kc with Kc # 0. While the i 
effect of finite K is small in many cases, it cannot always be ignored, 

especially when stress contrasts are lower. 

C 

The asymmetric simulator has the ability to treat vertical gradients in 

fluid pressure (hydrostatic) and minimum in-situ stress (lithostatic) , but has 
not yet been debugged. 

13 



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. 

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. 

times--about 2 min on a Data General Eclipse minicomputer for the symmetrical 

simulator, and about 5 min for the asymmetrical simulator. 

The only 

A consequence of this is very low CP 

We have recently madelo 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 2 4 ) ,  the ORU simulator provides a 

fairly inexpensive way to obtain a good approximation to more sophisticated 

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 Multi-Well Experiment. The first suite of mini-frac measurements suggested 

a stress contrast between the fractured interval and the upper zone of 520 psi, 

and 1195 psi for the lower zone. However, the observed net bottomhole pressure 

rose to a much higher value (-1200 psi) than predicted by the simulator (388 psi). 

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

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



have been made to account for the discrepancies. It appears that more close- 

spaced in-situ stress measurements will have to be made to see whether there 

exist other high-stress zones in the vicinity of the fracture that could be 

responsible for the elevated bottomhole pressure. 
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NOMENCLATURE 

A = a r e a  of v e r t i c a l  s e c t i o n  of f r a c t u r e  
a = f r a c t u r e  h a l f - l e n g t h  
C = l e a k o f f  c o e f f i c i e n t  
E = Young's modulus 
f ( y )  = even f u n c t i o n  component of n e t  p r e s s u r e  
g ( y )  = odd f u n c t i o n  component of  n e t  p r e s s u r e  
h = t o t a l  f r a c t u r e  h e i g h t  
h = f r a c t u r e  h e i g h t  from c e n t e r  of  payzone t o  t o p  
hR = f r a c t u r e  h e i g h t  from c e n t e r  of payzone t o  bottom 
H = payzone h e i g h t  
K = stress i n t e n s i t y  f a c t o r  
Ki = f r a c t u r e  toughness  
A'= r a t e  of f l u i d  l e a k o f f  p e r  u n i t  f r a c t u r e  l e n g t h  
~1 = f l u i d  v i s c o s i t y  
k = ampl i tude  parameter  f o r  power law f l u i d  
n = exponent parameter  f o r  power law f l u i d  
v = P o i s s o n ' s  r a t i o  
R = h a l f - h e i g h t  o f  2D l i n e  c rack  
pf = f l u i d  p r e s s u r e  
p = pf - S = n e t  p r e s s u r e  

p o l ,  p o 2 ,  po3 = v e r t i c a l  n e t  p r e s s u r e  g r a d i e n t s  i n  
t h r e e  zones 

$ = channel  shape f a c t o r  
q ( x )  = f low r a t e  (one wing) 
SI = minimum i n - s i t u  s t ress  i n  payzone 
S 2 ,  S3 = minimum i n - s i t u  s t resses  i n  bounding l a y e r s  
S = s p u r t  l o s s  
tP= time 
~ ( x )  = time a t  which f r a c t u r e  reaches  x and l e a k o f f  

V = volume l o s t  i n  s p u r t  l o s s  
w?y) = wid th  of 2D c rack  i n  v e r t i c a l .  s e c t i o n  
w = maximum width  o f  c r ack  i n  v e r t i c a l  s e c t i o n  
xo= h o r i z o n t a l  c o o r d i n a t e  (a long  payzone) 
y = v e r t i c a l  c o o r d i n a t e  

U 

= n e t  bot tomhole p r e s s u r e  PO 

beg ins  

1 7  



REFERENCES 

1. 

2. 

3.  

4 .  

5.  

6 .  

7 .  

8 .  

Warpinski, N. R., R. A. Schmidt, and D. A. Northrop: "In-situ stresses: 

The predominant influence on hydraulic fracture containment," J .  Pet. 

Tech., 653-663, March 1982. 

Settari, A .  and M. P. Cleary, "Development and testing of a pseudo-three- 

dimensional model of hydraulic fracture geometry (P3DH)," SPE 10505 Sixth 

SPE Symp. Reservoir Simulation, New Orleans, Jan. 1982. 

Cleary, M. P., R. G. Keck and M. E. Mear: "Microcomputer models for the 

design of hydraulic fractures," SPE/DOE 11628, Symp. Low Permeability, 

Denver, March 1983. 

Nolte, K. G.:  "Fracture design considerations based on pressure analy- 

sis," SPE 10911, Cotton Valley Symp. of  SPE, Tyler, TX, May 1982. 

Palmer, I. D. and H. B. Carroll, Jr.: "3D hydraulic fracture propagation 

in the presence of stress variations," - -  SOC. Pet. Eng. - J., p. 870-878, Dec 

1983. 

Palmer, I. D. and H. B. Carroll, Jr.: "Numerical solution for height of 

elongated hydraulic fractures," SPE/DOE 11627, Symp. Low Permeability, 

Denver, March 1983. 

Abou-Sayed, A .  S . ,  R. J. Clifton, R. L. Dougherty, and R. H. Morales, 

"Evaluation of the influence of in-situ reservoir conditions on the 

geometry o f  hydraulic fractures using a 3D simulator: Part 2-Case stud- 

ies," SPE/DOE/GRI 12878, Proc. Unconventional Gas Recovery Symp., p. 441, 

Pittsburgh, 1984. 

Cleary, M. P., M. Kawadas, and K. Y. Lam: "Development of a fully 

three-dimensional simulator for analysis and design of  hydraulic fractur- 

ing," SPE/DOE 11631, Symp. Low Permeability, Denver, March 1983. 



9. 

10. 

11. 

12. 

1 3 .  

14. 

15. 

16. 

17. 

18. 

Barree, R. D.: "A practical numerical simulator for three-dimensional 

fracture propagation in heterogeneous media," SPE 12273, Reservoir Simula- 

tion Symp., San Francisco, Nov. 1983. 

Palmer, I. D. and C. T. Luiskutty: "Comparison of hydraulic fracture 

simulators for elongated fractures of variable height," Oral Roberts 

University preprint, 1984. 

Simonson, E. R., A .  S. Abou-Sayed, and R .  J. Clifton: "Containment of 

massive hydraulic fractures,'' - -  SOC. Pet. Eng. - J., 18, 27-32, Feb. 1978. 

Nordgren, R. P., "Propagation of a vertical hydraulic fracture," __ S O ~ .  -_ Pet. 

Engrs. J . ,  12, 306, 1972. 

Nolte, K. G.: "Determination of fracture parameters from fracturing 

pressure decline," SPE 8341, 54th Ann. Fall Tech. Conf. and Exhib. of SE'E, 

Las Vegas, 1979. 

Warpinski, N. R.: "In-situ stress measurements at DOE'S Multi-Well 

Experiment," Western Gas Sands Subprogram Review Technical Proceedings, 

DOE/METC/84-3, 160, 1983 

Warpinski, N. R.: "Summary of results of MWX Paludal zone phase I stimu- 

lation," Sandia National Laboratories Memo, Jan. 1984 

England, A. H. and A. E. Green: "Some two-dimensional punch and crack 

problems in classical elasticity," Proc. Cambridge - -  Phil. SOC., 59, 489, 

1963. 

Daneshy, A. A., "Opening of a pressurized fracture in an elastic medium," 

paper 7616 pres. at 22nd Ann. Tech. Mtg. of Pet. SOC of CIM, Banff, June 

1971. 

Rice, J. R., "Mathematical analysis in the mechanics of fracture," ill 

Fracture - an Advanced Treatise (ed. H. Liebowitz), Academic Press, New 

York, Vol. 11, 1968. 



19. P e r k i n s ,  T .  K .  and L .  R .  Kern: "Widths of  h y d r a u l i c  f r a c t u r e s , "  - -  J. P e t .  

Tech . ,  937-949, Sep t .  1961. 

20. Geertsma, J. and R .  Haafkens: "A comparison of t h e  t h e o r i e s  f o r  p r e d i c t -  

i n g  wid th  and e x t e n t  o f  v e r t i c a l  h y d r a u l i c a l l y  induced f r a c t u r e s , "  J. - 

Energy Resources  Technology, 101, 8-19, 1979. 

21. Palmer,  I .  D .  and H .  B. C a r r o l l ,  J r . ,  "Numerical model of  massive hydrau- 

l i c  f r a c t u r e , "  Second Ann. Rept .  DOE/BC/10215-27, 1983. 

2 0  



Table  I 

Parameters  used t o  i l l u s t r a t e  
v e r t i c a l l y  symmetric s i m u l a t o r  

F r a c t u r e  l e n g t h  (1 wing) 
Payzone h e i g h t  
Young's modulus 
P o i s s o n ' s  r a t i o  
F r a c t u r e  toughness  
S t r e s s  c o n t r a s t  
Pump r a t e  ( 1  wing) 
F l u i d  v i s c o s i t y  

( c o n s t a n t  w i th  x) 
Leakoff c o e f f i c i e n t  
S p u r t  l o s s  c o e f f i c i e n t  

Table  I1 

3200 f t  
75 f t  
5 . 7 6  x lo6 p s i  
0 . 2  
0 
1200 p s i  
15 bpm 

.OOI ft /min'  

100 cp 

0 

P r e d i c t i o n s  of  symmetric f r a c t u r e  
s i m u l a t o r  f o r  parameters  i n  Table  I 

Volume pumped, t o t a l  253,000 g a l  
Pump time 201 min 
T o t a l  we l lbo re  h e i g h t  272 f t  
Bottomhole p r e s s u r e  (above SI) 987 p s i  

1.14 c m  Wellbore m a x i m u m  width 

21 



Table I11 

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 (200OF) 
k (ZOOOF) (constant with x) 
Leakoff coefficient 

(wall-building) 
Spurt l o s s  coefficient 

80 ft 
4 .8  X lo6 psi 
.22 
1200 psi in+ 
520 psi 
1195 psi 
5 bpm 
601b/1000gal 
.46 
.02 lbf *secn/ft2 

.00142 ft/min h 

.0453 gal/ft2 

Table IV 

Predictions of asymmetric fracture 
simulator, and comparison with field 

measurements, in first MWX stimulation 

Predicted Me a sur e d 

Volume pumped 
Pump time 
Half-length 
Penetration above 7070 ft 
Penetration below 7150 ft 
Tot a 1 wellbore height 
Bottomhole pressure 
(above closure = 
5805 psi) 

Wellbore maximum width 

30,646 gal 34,500 gal 
73 .2  min 

41.7 ft 
5 .6  ft -20ft 

127 ft -150 ft 

-400 ft 
-50 ft 

440 ft 

388 psi -1200 psi 

0 .44  cm 
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APPENDIX A 

Width Equation for 2D (line) Crack - S y m m e i r i c a C  F r a c t d r e  

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 i s  

given by16 

f zdf 2 f2 p(f1)dfl 

4G-7 s, s' a -fQZ w(fQ) = 8(l-v2)A 
7lE 

fQ 
where fl, f2 and fA = (y/Q) are Sractions of vertical half height Q of the 

crack in the section. 

payzone height, the above equation can be rewritten for (i) points within the 

H H payzone (lyj < 21, and (ii) for points outside the payzone (lyl > -). 2 

pressure profile is 

Setting fQI = (H/2)/Q = H/h where h = 2Q and H is 

The net 

H 
2 

P(Y) = Pf - s1 lYl < - 

- - Pf - S Z  H 
2 

lyl > - 

(i) Points within the payzone (fQ < fQI) 

Equation ( B l )  is rearranged .as 

In the first term on RHS fl < fQ, and 
f f2 

In the second term we may write 

2 3  



Substituting these in (B2) the width equation yields 

' a  ' 

(ii) Points outside the payzone (fa > fQl) 

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

And after the evaluation of the second integral, one gets 

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

is f t ,  not f Q l .  When integrated this becomes 

nEW(fQ) - - 
8 (  1-v')Q 

(pf-sl) - (SZ'S1) cos- fQd 

(A5 



APPENDIX B 

The Pressure Gradient Equation (I\ I\lan - Newton i a n Feed - 
The pressure drop across each vertical section for the 1D flow along the 

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

* = ,  Mk(2q)" 
dx hn wo 2n+ 1 

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

height at that point, 

M=2[%Jn , 
2n+l 
n 

m = -  

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

equation @(n> is defined as 

where w is the full width at each height and w 

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

the maximum width in that 
0 

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

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

If we substitute the limiting value of 9(1) = 16 3n for an elliptical cross 

section, the pressure drop equation reduces to 

!!F! =.. 64 cr(x> q(x) 
dx TI h(x) wO3(x) 

in agreement with Lamb (see Nordgren12) 
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APPENDIX C 

Inclusion - of leakoff and spurt -- l o s s  in solution -- of the continuity equation 

The classical leakoff rate per unit fracture length is given by12 

A(x,t) = 2HC/J- (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 l o s s ,  when new fracture surface area is formed, can 

be given by20 

ys - S dA 
dt - P d t  

where S is spurt l o s s  coefficient, having dimensions of volume/area. 
P 

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 (Cl) 

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 
P dt 

- = 2 S  H -  S dA = 2s - 
dV 

dt P dt 

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 to 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 t o  g i v e  t h e  f low r a t e  e n t e r i n g  t h e  second segment,  and s o  on. The 

r e s u l t  i s  a f low r a t e  p r o f i l e  q ( x ) .  I f  t h i s  q(x)  a g r e e s  wi th  t h a t  assumed i n  

o r d e r  t o  s o l v e  e q u a t i o n s  ( 1 ) - ( 3 ) ,  t hen  w e  have a s o l u t i o n .  If n o t ,  w e  i t e r a t e  

on q(x)  and a ( t )  u n t i l  q ( x )  converges.  Once w e  have convergence,  t o  an  accep t -  

a b l e  accu racy ,  t h e n  w e  have a s o l u t i o n  f o r  t h e  time cor responding  t o  t h e  g iven  

f r a c t u r e  l e n g t h ,  a ,  from t h e  l e n g t h  expansion r a t e  a ( t ) .  

The double  i t e r a t i o n  on q(x)  and a ( t )  has  been performed i n  t h e  fo l lowing  

way. We s o l v e  f o r  3 d i f f e r e n t  f r a c t u r e  l e n g t h s  s imul t aneous ly  ( e . g . ,  a l ,  a 2 ,  

a g ) .  We assume a ( t )  t o  be a b i l i n e a r  power law 

which i s  cont inuous  a t  a = a2 .  Values f o r  ml, m 2  and n l r  nz a r e  i n i t i a l l y  

guessed ,  and t h e n  a ( t )  i s  used t o  compute t o t a l  volume of  f l u i d  leaked  o f f  from 

each f r a c t u r e .  Th i s  volume, when added t o  t h e  a c t u a l  f r a c t u r e  volume, g i v e s  

v i a  t h e  i n l e t  pump r a t e  t h e  times t l ,  t 2 ,  t 3  cor responding  t o  each  of  t h e  3 

f r a c t u r e  l e n g t h s  a l ,  a 2 ,  ag .  These t .hree v a l u e s  o f  a ( t )  a r e  then  compared wi th  

t h o s e  assumed i n  (C3) ,  and r e v i s e d  v a l u e s  computed. A t  t h e  same t i m e ,  f low r a t e s  

q ( x )  f o r  each o f  t h e  t h r e e  f r a c t u r e s  a r e  be ing  converged. The end r e s u l t  i s  

convergence o f  a(t) and q ( x )  t o  an  a c c e p t a b l e  degree  of  accuracy .  

( a )  I t e r a t i o n  on a ( t )  

The t o t a l  volume leaked  o f f  i s  found by i n t e g r a t i n g  (Cl)  over  bo th  t i m e  

and f r a c t u r e  l e n g t h  ( f o r  one wing) 

d tdx  
= 2HYxrt JIz 

S i n c e  f o r  a g iven  p o i n t  x ,  

t h e r e ,  a t  time ~ ( x ) ,  w e  have 

( C 4 )  

l e a k o f f  o n l y  beg ins  when t h e  f r a c t u r e  a r r i v e s  

dt ] dx 
4T-m 

= 2HC J x  t1 
T vQ 1 
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where t l  = time cor responding  t o  a f i n a l  f r a c t u r e  l e n g t h ,  a l ,  

where t h e  i n t e g r a t i o n  i s  ove r  t h e  e n t i r e  f r a c t u r e  l e n g t h .  

Now suppose f o r  a moment t h a t  t h e  l e n g t h  expansion r a t e  i s  a s i n g l e  power 
n n n 

law a = m t  o r  x = m t  , wi th  a l  = m t l  . Then 

= (4HCmn) Tn-’ &z d t  
vQ1 

S u b s t i t u t i n g  y = r / t l  g i v e s  

= 4 H C  mn tin+' yn-l  f i  dy 
0 

‘Q 1 

= 4HCn a 1 6  f l  

where fl = s1 y”-l f i  dy 
0 

Since  s p u r t  l o s s  has  u n i t s  of  volume p e r  a r e a  of f r a c t u r e  s u r f a c e ,  t h e  t o t a l  

s p u r t  l o s s  ove r  one wing i s  

V = 2 S  H a l  
S P 

where t h e  2 accounts  f o r  f r o n t  and back f r a c t u r e  s u r f a c e s .  

A l t o g e t h e r ,  t h e  t o t a l  f l u i d  l o s s  p e r  wing i s  t h e  sum of ( C 5 )  and (C6) 

VQ = 2s Hal t 4 H C  n a 1  f i  f l  (C7 1 
P 

Now t h i s  i s  added t o  t h e  a c t u a l  volume of  t h e  f r a c t u r e  ( 1  wing) ,  computed 

from t h e  c r o s s - s e c t i o n  a r e a s  cor responding  t o  each v e r t i c a l  segment ( t h e  a r e a s  

come from p r o p e r l y  c a l c u l a t e d  w i d t h s ) .  

i n l e t  f low r a t e  t o  f i n d  t h e  t ime t i  cor responding  t o  t h e  f r a c t u r e  l e n g t h  a l .  

I f  t i  i s  no t  equa l  t o  t l  (assumed i n  t h e  choice  of a = m t  

v a l u e  of m , n  a r e  a d j u s t e d  t o  g i v e  a time between t i  and t l .  

The t o t a l  volume i s  t h e n  d iv ided  by t h e  

n n and a l  = m t l  ) ,  t h e  
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I n  p r a c t i c e ,  s imul taneous  c a l c u l a t i o n s  a r e  made f o r  f r a c t u r e  l e n g t h s  a l ,  

a 2 ,  and a 3 ,  and t h e n  ad jus tments  ar’e  made t o  m l ,  n l ,  and m p ,  n2 i n  (C3). 

F i r s t ,  (C7) needs t o  be appp l i ed  t o  a l ,  a 2 ,  and a3 :  

VQ = 2s Hal + 4 H C n l a l a  : E l  f o r  a = a l  
P 

= 2s Ha2 + 4HCnla2& :E2 f o r  a = a2 (C8 1 P 

f i  dY where f 2  = y”2 - 1 
0 

( b )  I t e r a t i o n  on q ( x )  

The f low r a t e  a t  a p o i n t  x=x’ comes from i n t e g r a t i o n  of  t h e  c o n t i n u i t y  

e q u a t i o n  ( 4 )  from t h e  we l lbo re  t o  x’: 

n n where f o r  t h e  m o m e n t  w e  a g a i n  assume a single power law x = mT , a l  = mtl . 

The second i n t e g r a l  may be w r i t t e n  V ~ ( X ’ > - V ~ ( X ’ > ,  o r  t h e  volume o f  f r a c t u r e  

( a  + da)  minus t h e  volume of  f r a c t u r e  ( a ) ,  b o t h  measured from we l lbo re  t o  

x = x’. 

i n t e g r a l  

d t  i s  t h e  time d i f f e r e n c e  between t h e  two f r a c t u r e s .  For  t h e  f i r s t  

s u b s t i t u t i n g  y = t / t l  g ives  
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A l t o g e t h e r ,  

Fo r  example, c o n s i d e r  t h e  f low r a t e  a t  t h e  f r a c t u r e  t i p ,  x = a l .  I t  i s  

non-zero because t h e  premise  of  o u r  c a l c u l a t i o n s  i s  t h a t  a f r a c t u r e  expands 

from a l e n g t h ,  a l ,  t o  a l  + da l  i n  a time d t .  

on ly  occur s  i n  t h e  t i p  segment,  needs t o  be  added. 

from x = m t n :  

F i r s t l y  though,  s p u r t  l o s s ,  which 

I n  (CZ) ,  d a / d t  a t  a l  comes 

n- 1 mntn-l I = mntl =rial 
x = a 1  tl 

Hence - 

As b e f o r e  w i t h  t o t a l  volume l eaked  o f f ,  t h e  r e s u l t  needs t o  be  modif ied when 

a p p l i e d  t o  t h e  3 f r a c t u r e  l e n g t h s :  a l ,  a 2 ,  a3: 

where 
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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 S1 < S2 < SB. 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 

The gradient terms pol, p02, and po3 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, dpldx, 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 p1, since the stresses are known in each layer. p2 is 

found from the two values in ( D l )  for p(y) at the upper interface y = y3, such 
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t h a t  t h e  d i f f e r e n c e  between them e q u a l s  t h e  g iven  s t ress  c o n t r a s t  a t  t h e  

i n t e r f a c e .  p3 i s  computed i n  s i m i l a r  f a s h i o n  from t h e  two v a l u e s  o f  p ( y )  a t  

t h e  lower i n t e r f a c e .  

F i g u r e  10 i l l u s t r a t e s  t h e  n e t  p r e s s u r e s  and t h e i r  g r a d i e n t s  w i t h i n  t h e  

v e r t i c a l  c r ack  s e c t i o n  of F i g u r e  9 corresponding t o  ( D l ) .  

The r e s u l t s  of England and Green16 ( s e e  a l s o  Daneshy17) may be used t o  

g i v e  t h e  f u l l  width w(y) o f  t h e  c rack  a t  any h e i g h t  y :  

F ( t )  + y G(t) d t  (D2) 

I Y I  @-7 J - I6 ( I  - v * )  
w ( y >  = E 

Here II i s  c rack  h a l f - l e n g t h .  The f u n c t i o n s  F ( t )  and G( t )  a r e  ob ta ined  from t h e  

net pressure  i n  ( D l )  by e x p r e s s i n g  i t ,  i n  t h e  new c o o r d i n a t e  system, by t h e  sum 

o f  an  even and an odd f u n c t i o n  o f  y :  

Then F and G a r e  g iven  by: 

G ( t )  = - -1s' y g  (y )  dy 

O F T  
2 n t  

I n  g e n e r a l ,  w e  may wr i te  ( s e e  a l s o  F i g u r e  5 ) :  

f l  + f o 1  Y 0 < Y < - Y 3  
f 2  + f 0 2  Y - Y 3  < Y < Y 4  
f 3  + f 0 3  Y Y 4 < Y < Q  

where t h e  c o n s t a n t s  f , ,  fO l ,  e t c .  a r e  determined a s  shown l a t e r  i n  t h i s  appen- 

d i x .  S ince  f ( y )  and g ( y )  a r e  even and odd f u n c t i o n s ,  r e s p e c t i v e l y ,  we on ly  

have t o  d e f i n e  them f o r  p o s i t i v e  y .  
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Now F ( t )  and G ( t )  can be e v a l u a t e d  from ( D 4 )  and ( D 5 ) :  

f o r  O<t<-y3 -2nF( t )  = a + f O l t  
t 2 

Rewr i t ing  ( D 2 )  a s  

t ( - 2nF ( t ) / t ) d t -2AtG(t) d t  
+ 

I Y I  P 7  
=J 
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allows w,(y) and w2(y) 10 be evaluated from (D7) and (D8). 

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

(D7) and (D8). 

The evaluation 

w~(Y) = WCONAl + WCONA2 + WCONA3 

(A8a) tdt + J y4 (A8b) tdt 

-y3 F7 

w~(Y) = WCONBl + WCONB2 + WCONB3 

+ s%, 
(A8c) tdt +SI4 P-7 

(A9c) dt 

-y3 tP-7 

f Q  

J lY + J:4 
wl(y) = WCONA2 + WCONA3 

w ~ ( . Y )  = WCONB2 + WCONB3 

(A9b) tdt 

=Jl:; t J W  

Case 3: y4<1y(<R 

lY I 
wl(y) = WCONA3 = J 

n 

Q [ (A9c)tdt + 

(A8c) tdt 

(A9c)dt 
w~(Y) = WCONB3 = 

r Q  



I t  may be shown t h a t  a l l  t h e s e  i n t e g r a t i o n s  can be expressed  i n  terms o f  s i x  

s e p a r a t e  i n t e g r a l s ,  a l l  of which can be ob ta ined  i n  c losed  form: 
0 

FUN 1: 
= I n ( t  + 

t 

To i l l u s t r a t e  t h e  wid th  formul.ations i n  terms o f  t h e s e  i n t e g r a l s ,  w e  

i n c l u d e  j u s t  a couple  o f  them he re :  
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Here -y3 and IyI. a r e  t h e  l imi t s  on t h e  i n t e g r a l .  

Next,  we c o n s i d e r  t h e  d e r i v a t i o n  o f  t h e , c o n s t a n t s  f l ,  f 0 1 ,  e t c .  i n  equa- 

t i o n  (D6). To r e s o l v e  p ( y )  i n t o  an  even f u n c t i o n  f ( y )  and an odd f u n c t i o n  

g ( y ) ,  d i v i d e  t h e  y - a x i s  i n t o  p a i r s ,  3 and 4 ,  2 and 5 ,  1 and 6 ,  a s  shown i n  

F i g u r e  1 0 .  Then o p e r a t e  on each p a i r  - we u s e  1 and 6 t o  i l l u s t r a t e  - a s  

f o l l o w s  

( a )  r e f l e c t  1 i n  y = 0 g i v i n g  
P(Y)= P2 + POZY 1 r e f l e c t e d  i n  6 

and P3 - P03Y a l r e a d y  i n  6 

(b) t a k e  t h e  d i f f e r e n c e  and d i v i d e  by 2 ,  g i v i n g  
+ 

+ tPo2 2 p 0 3 ) y  
p2-p3 

2 

( c )  add t h i s  t o  p ( y )  i n  6 ,  g i v i n g  f ( y ) :  

which i s  an even f u n c t i o n  i n  r e g i o n s  1 and 6 .  

( d )  g ( y )  i n  6 i s  t h e  n e g a t i v e  o f  ( b ) :  

Repeat ing t h i s  p rocedure  f o r  r eg ions  2 and 5 ,  and 3 and 4 l e a d s  t o  t h e  
c o e f f i c i e n t s  i n  e q u a t i o n  (D6) i n  terms o f  t h e  n e t  p r e s s u r e  pa rame te r s :  

f l ,  f z ,  f 3  = P 1 ,  P1 + Pa,  P2  + P3 
2 2 
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These coefficients are used in the! computation o f  w(y). 

Finally, the discussion so far has assumed the center of  the vertical 

section lies within the payzone. 

(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: 

O+y3, y3+y4, y4+!2. The results are: 

If the fracture extends upwards far enough 

fl, f2, f3 = P2, P1 + P21 P7 + Ps 
2 2 

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

old limit -y3 by the new limit y3, since y3 is now positive. 
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APPENDIX E 

F r a c t u r e  expansion c r i t e r i a  f o r  t h r e e - l a y e r  c a s e  w i t h  asymmetric s t r e s s e s  and 

v e r t i c a l  g r a d i e n t s  o f  s t ress  and f l u i d  p r e s s u r e  

The f r a c t u r e  expansion c r i t e r i o n  w e  u s e  i s  K = Kc,  where K .  i s  stress- i 1 

i n t e n s i t y  f a c t o r  and K i s  f r a c t u r e  toughness .  Fo r  a h i g h l y  e longa ted  f r a c t u r e  

and r e l a t i v e l y  slow v e r t i c a l  expansion,  w e  assume no p r e s s u r e  g r a d i e n t s  due t o  

C 

f low i n  t h e  v e r t i c a l  d i r e c t i o n .  We assume each  v e r t i c a l  s e c t i o n  of t h e  e lon -  

ga t ed  f r a c t u r e  a c t s  a s  a 2D l i n e  c r a c k ,  i n  which c a s e  K i s  g iven  by" i 

A t  t h e  t i p  c o f  t h e  c r a c k  ( s e e  F i g u r e  9 )  Kic can be  w r i t t e n  a s  

w i t h  t h e  n e t  p r e s s u r e ,  p ( y > ,  given by e q u a t i o n  (Dl) of Appendix D .  The form of  

each i n t e g r a l  i s  

s :: 
which reduces t o  

and t h i s  i s  encoded t o  compute K 

t h e  approach above: 

f o r  g iven  Q ,  p ( y ) .  To c a l c u l a t e  K i b ,  r e p e a t  i c  

38 
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w i t h  p ( y )  s t i l l  g iven  by (Dl). This  is encoded in t h e  manner of  K above. i c  

In p r a c t i c e  we know t h e  n e t  p r e s s u r e  p ( x )  a t  t h e  c e n t e r  of t h e  payzone a t  

each s t e p  of t h e  i n t e g r a t i o n  from t h e  square '  t i p  back t o  t h e  we l lbo re .  

i s  t o  s e t  Kic,  Kib equa l  t o  Kc ,  and t o  s o l v e  (E2) and (E5) f o r  -2, +a, o r  

a l t e r n a t i v e l y ,  f o r  b , c  i n  F i g u r e  9 (we equated  b , c  t o  hU(x) ,  hQ(x) i n  t h e  main 

t e x t ) .  

The j o b  

The s o l u t i o n  i s  found by i t e r a t i o n .  
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APPENDIX F 

Fortran code ani. user instructions for vertically symmetric simulator 

1. Program description 

SYMFRACl, a fracture simulator in which fracture height is self-determined 

is an extension of FL5, published previously.21 

vertical fracture is highly elongated (length/height ratio - 4 ) ,  and if the 

It is appropriate 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 A 4 .  

2 .  Program listing 

Main program 
SYMFRACl 

Subroutines 
WIDTH 
RK2 
VLTQ 
QTEST 

Functions 
FUN 
DFX 
FFXl1 
ASIN 
ACOS 

3 .  Operating mode 

Batch 

4 .  Language 

Fortran IV 
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5.  Program developed on 

Data General E c l i p s e  minicomputer 

6 .  T o t a l  CP time 

About 2 min 

E f f e c t  of s t e p  s i z e  on Runge-Kutta i n t e g r a t i o n  7. 

The r e s o l u t i o n  i n  a l l  10 segments a long  t h e  x -ax i s  i s  determined by 

NDIV (normally 110). 

f a c t o r  MFAC ( e . g . ,  MFAC = 5 means s t e p s  w i l l  be 5 times c l o s e r  t o g e t h e r ) .  

I f  t h e  s t e p s  a r e  n o t  c l o s e  enough i n  t h e  f i r s t  segment, t h e  p r e s s u r e s  

a long  t h e  f r a c t u r e ,  g iven  by PXA v a l u e s ,  w i l l  be  t o o  s i m i l a r  and c l e a r l y  

e r roneous .  

f a c t o r  of 2 .  A s  a f i n a l  check on t h e  r e s u l t s ,  double  N D I V ,  which reduces  

t h e  s t e p  spac ing  a long  t h e  e n t i r e  x - a x i s .  The r e s u l t s  f o r  we l lbo re  h a l f -  

h e i g h t ,  b ,  and we l lbo re  p r e s s u r e  (maximum PXA v a l u e )  should  n o t  change 

s i g n i f i c a n t l y .  

Too r a p i d  h e i g h t  growth n e a r  t h e  we l lbo re  

The r e s o l u t i o n  i n  t h e  t i p  segment i s  enhanced by t h e  

I n  t h i s  c a s e ,  reduce t h e  s t e p  s i z e  by i n c r e a s i n g  MFAC by a 

8. 

For  c e r t a i n  combinations of i n p u t  pa rame te r s  t h e  program may a b o r t  

because h e i g h t  grows t o o  f a s t  a s  t h e  i n t e g r a t i o n  proceeds  from t h e  t i p  a t  

x=a back t o  t h e  we l lbo re .  When t h i s  happens,  h e i g h t s  and p r e s s u r e s  w i l l  

be p r i n t e d  o u t  from t h e  t i p  t o  some p o i n t  between t i p  and w e l l b o r e ,  

fo l lowed by a RUNTIME e r r o r .  I f  t h e  h e i g h t  i s  growing r a p i d l y ,  t h i s  i s  

a lmost  c e r t a i n l y  t h e  r eason .  To check i t ,  double  t h e  stress c o n t r a s t  

S2-S1 and a s u c c e s s f u l  s i m u l a t i o n  should  r e s u l t .  

Parameters  which can g i v e  t h i s  e r r o r  i n c l u d e :  

( i )  t o o  sma l l  S2-S1 (ii) t o o  sma l l  H ( i i i )  t o o  h igh  E 

( i v )  t o o  l a r g e  p ( i v )  t o o  l a r g e  Q 



9 .  Sample input data file 

2-SELECTS CALCULATIONS, ONE=TIMEv TWO=TIME 0, THREE=NEITHER 
1-IURITE - FLAG USED T O  SELECT OUTPUT 
0.0 KC B  FRACTURE TOUGHNESS (DYNES/CMXXONE POINT F I V E )  
7 5 . 0  HZ(F7) P A Y Z O N E  HEIGHT 
1.0 F L N  = NPRIHE = INDEX OF FOWER LAW FLUID FLOW 
15.0 Q I N ~ B P M T  - INPUT F L O W  R A T E  ( O N E  W I N G )  
1.0 FLOWK = KPRIME=AMFLITUDE OF FLUID FLOW(DYNES-SECXtNFKIME/CM*XTWO! 
57600oo.o EMOD(PSI) YOUNG'S n o n u L u s  
0.2 RNU - POISSON'S RATIO 
1 2 0 0  t 0 S2MSl(PSI) - S T R E S S  CONTRAST - S A M E  F O R  BOTH BARRIERS 
500.0 Al(FT) - THESE A R E  THREE FRACTURE HALF-LENGTH STATIONS USUALLY 
1200.0 A 2 ( F T )  
3200 0 A4(FT) - A4 I S  DESIRED FINAL FRAC LENGTH 
0.00394 L E A K C  - LEAKOFF COEFFICIENT ( C M / S E C * * F O I N T  F I V E )  
5 t o  DFT(X) - P E R C E N T  DIFFERENCE IN L(T) FIRST ESTIMATE (USUALLY F I V E )  
8-IRUNZ - IRUNZ=EIGHT(USUALLY) => O N E  ITERATION WITH TWO LINE SEGkENTS 
1 to 01 - R X  A T  X/A = Z E R O  Q1 R2 Q3 ARE USED TO CALC INF'UT FLOW EATE 
0.2 Q2 - QX AT X/A = NINE TENTHS 
0.1 Q3 - QX A T  XA = O N E  
1,SELECTS OPTION TO RECOMPUTE A N D  L.IST ALL KI'S FOR CHECKING PURPOSES 
5 . 0  PERCENTAGE F O R  QX CONVERGENCE (USUALLY F I V E )  
110-NDIU # OF IlIUISION TO S P L I T  FRACTURE INTO(LENGTHW1SE) 
0,999 X A Z  XA POSITION AT WHICH NUHERICAL INTEGRATION BEGINS 
30.0 YZF(PS1) P R E S S U R E  AT FRACTURE TIP (DUMMY VALUE-NOT USE11 IN CALCN) 
11-N - # OF SEGMENTS FRACTURE W I N G  IS SPLIT T N T O ( L E N G T H W I S E )  
1-NRES 
5-MFAC-MULT FACTOR USE11 TO INCREASE RESOLUTION OF TIP S E G  (USUALLY F I U E )  
40-MODIV # OF S T E P S  F O R  NUMERICAL INTEGRATIONS (NOT USE11 N O W Z  
lO-NUMWID-- # O F  WIDTH CALCULATIONS IN EACH VERTICAL FK'ACTUF:E sECTION 
1.01 HSTART/HZ = FRAC HEIGHT / FAYZONE HEIGHT GT FRAC TIP X = A  
0.0 SF- S P U R T  L O S S  COEFF, IN CM CUBED / CM SOUARE11 
0-IHU I S  0 MEANS KF'RIME I S  CONSTANT WITH X OTHERWISE ITS P R O F  T O ( O t J E - X A )  

10. Sample output data file 

Solutions for 3 fracture lengths are obtained simultaneously--Al, A 2 ,  

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. 



E s s e n t i a l l y ,  t h e r e  a r e  two f r a c t u r e s  a t  each  s t a t i o n - - i n  t h i s  ca se  

500 and 550 f t ;  1200 and 1320 f t ,  and 3200 and 3520 f t .  For  each of t h e s e  

6 f r a c t u r e s  a r e  g iven  n e t  p r e s s u r e  above payzone s t ress  i n  p s i  ( s e e  11 o r  

12 PXA v a l u e s ) ,  h a l f - h e i g h t  a t  t h e  we l lbo re  i n  f t ( b ) ,  f r a c t u r e  f u l l  h e i g h t  

i n  u n i t s  o f  payzone h e i g h t  (see 11 o r  12 H/HZ v a l u e s ) ,  and wid th  p r o f i l e  

i n  t h e  v e r t i c a l  s e c t i o n  through t h e  'wel lbore,  i n  cm (see 11 WIDTH v a l u e s ) .  

A f t e r  each p a i r  o f  f r a c t u r e s ,  wee c a l c u l a t e  f low r a t e  p r o f i l e  ( s e e  

OUTPUT Q X ) ,  and t h i s  can be compared w i t h  t h e  f low r a t e  assumed t o  s o l v e  

f o r  t h e  f r a c t u r e s  ( s e e  INPUT QX) .  F r a c t u r e  volume (1 wing, cm3) i s  g iven  

by VTOT1, l e a k o f f  volume ( 1  wing, cma3) by TOTLEAKI, and t o t a l  volume 

pumped by V/2 PUMPED FMCl (1 wing, cm3)--al l  o f  t h e s e  cor responding  t o  

t h e  f i r s t  f r a c  a t  each  s t a t i o n .  The time cor responding  t o  t h e  f i r s t  f r a c  

i s  g iven  by TICHECK. 

F i n a l l y ,  t h e  l a t e s t  i t e r a t i o n  on l e n g t h  expans ion  r a t e  i s  g iven  by 

ADJUSTED L(T) a t  t h e  v e r y  end of t h e  o u t p u t  f i l e .  I t  g i v e s  t h e  s l o p e  and 

i n t e r c e p t  f o r  2 l i n e  segments f o r  a p l o t  o f  l o g  L ( i n  f t )  v e r s u s  l o g  t ( i n  

s e c ) .  That  i s ,  TCEPT = loglo(Lo)  where LO i s  l e n g t h  a t  t = 1 s e c .  Using 

t h e s e  v a l u e s ,  one can p l o t  a b i l i n e a r  f r a c  expansion r a t e  on log - log  graph 

pape r .  
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T Y  F L K l l a O U T  
F L A H L E A K l l  OUTF'UT 

INPUT VALUES: 

I T O =  2 IMRITE= 1 

s 2 - s 1 =  1200.0 

LEAhC= 0 6 0 0 3 9 4  DFT= 4. 

Q1= 1 + 0 0 0 0 2 ~  0 + 2 0 0 0 3 =  0 , 1 0 0  
S L O P E  = 1 . 3 0 0  1 ,000 0 . 8 8 9  0 , 8 8 9  0 . 8 8 9  0 . 8 8 9  0 , 8 8 9  0 , 8 8 9  0 . 8 3 f  C . S 8 $  c! 

C E F ' T  = 1 , 1 0 0  1 , 1 0 0  le000 1 + O O O  1 + O O O  1 , O G O  1 + 0 O O  1 , 0 0 0  1+GO0 1 . 0 0 0  1. 

hCB= 0,00011 0 H Z =  7 5 . 0  Q I N =  1 5 . 0  NFRIME = 1 . 0 0 0  h F K ' I M E ~  1 . 0 0 0 0 0  
YOUNG'S HODULUS= 0157611 7 POISS.HATIO= 0.20 

1 2 0 0 .  A4= 3200 A l =  500. A 2 =  c 

IRUNZ= 8 

8 6 9  

000 
I C O M F ' =  
R t X )  W I  
N 1 1 I V =  ~ 

NRES =.  

H S T A R T  
SFURT L 
IMU= 0 

N O .  OF 
NO. OF 

1 
L L  c 
110 X A 7 =  0.99900,  

S T E  
w I 11 
/ H Z  
o s s  

9 

I F  I C O M P = l ,  THEN RECOMPUTEPLIST A 
ONUERGE T O  5 ,  PERCENT 

... 0 YZP= 30 + 000 
GFAC = 4 

'S F O R  NU&, INTEGRN,= 4 0  (USUALL 
H CALCNS. I N  EACH V E R T ,  SECTION= - - 1 . 0 1 0 0  
COEFF. I N  C G S  = 0.0000 

I M U = O  MEANS M U  I S  CONSTANT 

L L  K I ' S  I 

N =  11 

Y 4 0 )  
10 (USUA 

N 

ILL 

K'ANGE 

. Y  101 

0-1 t 

P H I =  0a4179D 0 DELTAY= 0 , 1 0 0 0 0  0 H= 0.371611 4 
W I D T H ,  BROKEN !OWN I N  1 0  INCRECENTS 
0,62111 0 0e61.111 0 0.596D 0 0,46411 0 0651411 0 0 .44111 0 

0 . 3 1 6 ~  o 0 . 1 5 5 ~  o 0,73913 -1 0.23811 -1 O.OOOII o 
I = 11 9 A R E A ! I )  = 1 3 4 1 . 9 3 0 6  

R X A ( 1 ) :  0.9C911 0 0,89911 0 0.79911 0 0,699Kl 0 0,5S'911 0 ~ 3 . 4 . 7 ~ 1 l  0 

F X A ( 1 ) :  0.39911 0 0,29911 0 0.19911 0 0,99011 - 1  -0.1001i - 2  
ONE OF THE R X A ' S  MUST BE REAL CLOSE T O  0 1  IS I T  ? ? ? ? ? ? ? ?  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  500.0 b =  6 1  $ 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

107 e 5 9  2 4 3 . 7 2  3 3 9  06 4 0 9  68 467 t 3 2  5 1 6 . 5 4  
FX'A: 

5 5 9  75  5 9 8 . 2 3  6 3 2 . 9 8  6 6 4  t 7 1  6 9 3  77  
I T E R A T I O N  SUCCESSFUL O N  k 1  a =  1 4 . 0  RMU= 0 + O H =  0.0 B= 61.OA = 500 0 

B= 61 e0 F X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAPE OF F R A C  H / H Z  FROM XA=1 T O  0 

1 . 2 8 7 1  1 + 1 6 3 3  1 , 2 2 1 5  1 . 0 1 0 0  1 . 0 5 3 1  1 e 1 0 7 3  

1 , 3 4 5 2  1 v 4 1 0 3  1 . 4 7 9 4  1 .5510 1 . 6 2 5 4  

PHI=  0,417911 0 DELTAY= 0 . 2 0 0 0 0  0 H= 0,371611 4 
W I l l T H t  BROhEN 1 l O W N  I N  10 INCREMENTS 
0.a21D 0 0,615D 0 G.59611 0 0.56411 0 0.51411 0 0,44111 0 

0,318Ct 0 0,155Ct 0 0.73911 - 1  0.23811 -1 0.00011 0 
I = 11 P AK'EA(1) = 1 3 4 1 . 9 3 0 6  
A R E A S ( X )  A S  X=A T O  0 : 
O O O O D  00,3450D 30,40741I  30 4 620411 3 0  a 734511 30  t 836611 30  9408D 3 



, 1 0 4 2 ~  4 0 . 1 1 3 7 ~  4 0 .  1?39r1 4 0 .  i342i:1 4 
V O L U M E ( X )  A S  X=A TO 0 (CGS) 
,262911 6@+641911 60 ,8517D 60.10321l 70.119711 70.135411 70,151111 7 

4 5  

.I66111 70,181111 70.196711 70.000033 0 

F"I= 0.250911 0 D E L T A Y =  0,100011 0 ti= 0.7409D 4 
W I D T H ,  RROKEN DOWN I N  10 I N C R E f l E N T S  
0,10711 1 0.10415 1 0.94711 0 0,72611 0 0*43711 0 0,291D 0 

0,18911 0 0,11311 0 0 , 5 7 6 0  -1 0,192l3 -1 0.0OOKl 0 
I = 11 I A R E A ( 1 )  = 3231 .4427  

R X A ( 1 ) :  0.999D 0 0,899D 0 Oe799D 0 0*699D 0 OeJ99D 0 0.49911 0 

RXA(I): 0,39911 o 0.29911 o 0 . 1 9 9 ~  o 0.99011 -1 - 0 , 1 0 0 ~  - 2  
ONE OF T H E  R X A ' S  MUST BE R E A L  C L O S E  T O  0, IS I T  ???????? 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  3200.0  B= 1 2 1 . 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A :  

1 0 7 . 5 9  375 .51  5 1 7 . 6 3  6 1 7 . 2 3  694 + 89 7 5 8 . 1 5  

8 1 1 . 2 8  856  + 8 4  895  + 98 930 .39  960 38 
I T E R A T I O N  S U C C E S S F i l L  ON h l  
a= 15.0 R h U =  0 t ClH= 0.0 B =  121.5A = 3200 0 

E= 1 2 1 . 5  F ' X A ( 1 )  = 7417307 .9  
S H A F E  O F  F R A C  H / H Z  F R O M  X A = 1  TO 0 

1 0100 1 + 1 3 4 3  1 2835 1 4472 1 6285  1 * 8293  

2 0527 2 .3029 2.5804 2 e 8932 3 .2410  

P H I =  0,250911 0 D E L T A Y =  0.lOOOIl 0 H= 0.740911 4 
W I D T H ,  BROKEN IIOWN I N  10 I N C H E f l E M T S  
0,107i l  1 0.104Ll 1 0,94711 G 0.72ciD G 0.43711 0 0.29111 0 

A R E A S f X ;  A S  X=A TO 0 : 
0 , 1 8 9 ~  o 0 , 1 1 3 ~  o 0,57611 -1 o, i921:1 -1 0 .00or1  o 
I = 11 A R E A ( 1 )  = 3 2 3 1 , 4 4 2 7  

,00001r 00.557911 30,839111 30,109111 40.134611 40,160111 40,185CD 4 

A ~ , S A V T ~ I A ~ I S A V T ~ I A L L O G I A U ~ T S L O P E ~ T C E P T  = 
120111 1 
0,5000D 3 0+3104II  3 0,3200D 4 0.404213 4 0.2401D 1 0.4592D 5 0+5766D 0 0. 



46 
HXA(I): 0.45413 o 0.36311 o 0.27m o 0.181~ o 0,8991) -1 -O.IOOD -2  

S * S * * t S t t *  O t * t * * * t t S X t * t ~ t t *  

ONE OF THE RXA'S flUST BE REAL CLOSE T O  0, IS IT ???????? 

A =  558.0 B= 6A.4 
t*t*t**************~~********* 
PXA: 

505 * 91 107159 238 54 331 e 84 401 00 457.56 

548 44 586 1 36 620 e 63 651 1 99 680 7t 707 31 

550 + 0 
ITERATION SUCCESSFUL ON K I  Q =  15.0 RHU= 0 1 OH= 010 E= 62+4A = 

E= 6214 PXA(1) = 741730719 
SHAPE OF FRAC H/HZ FRO# X A = 1  TO 0 

1 10100 1 t 0508 1 1 1024 1 e 1556 1 t2108 1 1 2680 

1 3277 1 1 3896 1 1 4540 1.5212 1 15910 1 16635 

PHI= 0.410111 0 11ELTAYz OtlOOOD 0 H= 013803B 4 
WIDTHi BROKEN DOWN I N  10 INCREHENTS 
0.638~ o 0.632~ o 0.6120 o 0.577~ o 0 ~ 5 2 4 0  o 0 ~ 4 4 5 0  o 

0.30011 0 0+15115 0 01725Is -1 01234D -1 0.00031 0 
I = 12 9 AREA(1) = 1389.9717 
AREAS(X) AS X = A  TO 0 : 
,00001) 00*337015 30,485711 30*604111 30.7146D 30181311I 30.912411 3 

.ioion 40,1101~ 40.if97~ 40.1295~ 4 
VOLUHE(X) AS X = A  TO 0 ( C G S )  

,256811 60.626915 60.8304D 60.100511 70,1164D 70t1315D 7O1146511 7 

TAU(1) AS 1 = 1  TO N + l  
0*00001I 0 Oe7292D 1 0,242511 2 0,489913 2 01806711 2 0,118811 3 
Oel629D 3 0.2128D 3 0,268311 3 Ot3291D 3 0,395015 3 0+4660D 3 

~ ( i ) =  0,3950n 3 r  T(z)= 0.46600 3 
TlCHECK:(SECyHIN) 0.5229D 3 0.871511 1 T2CHECK:(SECiHIN) 0.606611 3 O+lOlllI 2 
THESE TIHES ARE TOTAL YUHPING TIHES. VTOTl = 0.122911 8 VTOT2 = 0.1397D 8 
TOTLEAKl 0184161) 7r TO T L E A K z t =  0.1006D 8 
U / 2  PUHPED(FKAC1) (CGSrBRLrGAL)r 0,2071D 8 0,130713 3 0*5471D 4 
V / 2  PUHPED(FRAC2) (CGSrBRLyGAL): 01240213 8 0.151711 3 0.634711 4 
X DIFF. BETUEEN TlCHECK A N D  T(1) = 24 t 450865 
X DIFF. BETWEEN T2CHECK A N D  T(2> = 23 182094 

DT(T2CHECK-TlCHECK)= 0*837611 2 SECIV T(2)-T(l)= 0,709815 2 SEC. 
LEAKRATE(1l)r Q X ( l 1 )  0,2297U 5-0.33531) 3 
OUTPUT QX(1) AS X = O  Tb A :  
o.15000 2 0.1412~ 2 0.13180 2 0~122213 2 0.112111 2 o.ioio~ 2 

INPiT 0x1 AS X=O TO A :  
O ~ ~ J O O D  2 0,135OD 2 0,1200D 2 0.1OSOD 2 0+9000D 1 01750011 1 

0.600011 1 014500D 1 0,3000D 1 0.1500D 1 0.333111-14 

A =  0,SOOD 3 INPUT T =  0.39511 3 OUTPUT T= 0.52311 3 DIFTl= 0.32411 2 AD J  
USTEIi T ESTIHATE = 0,4911) 3 

,226813 80.259315 80.296011 80t0000D 0 
P U T =  n .  -777n n rlFi T A Y =  n .  i nnnn n u =  n 7 ~ 7 ~ r 1  A 

i I '  



R X A ( I ) :  0 , 4 5 4 r 1  o 0 . 3 6 3 ~  o 0 , 2 7 2 r 1  o 0 . 1 8 1 ~  o 0 . 8 9 9 ~  -1  - c ~ . i o c ~ r '  - 2  
ONE O F  THE R X A ' S  MUST HE REAL CLOSE: T O  0 ,  1s I T  7 7 7 7 7 7 7 ' 7  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A. 3 5 2 0 . 0  E =  1 2 8 , 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A :  7 4 4  . a 6  107.59  3 6 7  + 7 0  5 0 7  + 3 7  60:;. 48 682.13  

7 9 7 . 7 8  843.11 882 + 3 9  9 1 6 7 9 947.17  9 7 3 . 0 1  

ITERATION ZUCCESSFUL ON K I  a= 1 4 . 0  RMU= 0 OH= 0.0 B= 3 5 2 0  + 0 

B= 1 2 8 . 6  F X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAPE OF FRAC H / H Z  FROM X A = 1  T O  0 

1 ,0100 1 1 2 8 2  1 . 2 6 9 9  1 . 4 2 4 5  1 5 7 4 5  1. 7320  

1 + 9 9 0 0  2 t 2 2 0 4  2 + 4760 7 7 6 9 3  3 , 0 7 7 5  3 . 4 2 8 8  

FHI= 0 , 2 3 7 7 ~  o IIELTAY= o , i o o o r i  o ;= 0 . i 8 3 8 ~  4 
W I D T H i  B R O k E N  D O W N  I N  1 0  INCREMENT, 
O,IIID 1 0.10711 1 0 . ~ ~ 4 1 1  o 0 , 6 7 4 ~  o 0 . 4 2 ~ ~  o 0.28811 o 

0,18711 o 0 , 1 1 2 ~  o 0 , 5 7 2 ~  -1  G,I~II:I -1 o.ooor i  o 

, O O O O D  0 0 , 5 4 4 3 ~  3 0 . 8 1 6 2 ~  3 0 ,  i o ~ i i : ~  4 0 ,  i 3 o o r 1  40,154015 4o. ia0011 4 

I = 1 2  I AREA(1)  = 3416.69130 
AREASCX) A S  X = A  T O  0 : 

T ( 1 ) =  0.987111 4 9  T ( ? ) =  0.115411 5 
TlCHECh:(SECvMIN) 0 . 1 0 8 0 D  5 0,1799D 3 T2CHECh:(SEC,MIN) 0.127311 5 0.112211 3 
THESE T I M E S  ARE TOTAL F'UMP:NG TIMES, 
T O T L E A h l  = 9.267411 9 ,  T O T L E A h -  = 0.3194D 9 

U / 2  F'UMF'ED(FRAC2) (CGSIBHLIGAL): 0.504211 9 0,318311 4 0.333211 6 

U T O T l  = 0 . 1 6 O l D  9 UTOT, = ~ , 1 8 4 8 D  9 

U / 2  PUMFED(FRAC1) (CGSIBRLVGAL): 0.427511 9 0.269911 4 0,112911 6 

% ISIFF, BETWEEN TlCHECK A N D  T ( 1 )  = 8 . 5 6 z 3 5 1  
Y. I I I F F .  BETWEEN T2CHECK A N D  T ( 2 )  = 8 + 54a945'  

0,829011 1 0,6976D 1 0,5481D 1 0,3612D 1 -0,4172I3 0 

0.6ooo11 1 0 , 4 5 0 0 ~  1 0.30nor1 1 0 . 1 5 0 0 ~  1 o . s ~ ~ i r 1 - 1 4  

A =  0,32011 4 INF 'UT  T= 0.95711 4 OUTF'UT T =  0 + 1 0 8 1 l  5 D I F T 4 =  0 + ' ? 2 & I I  1 A D J  
U S T E D  T E S T I M A T E  = G. lO6D J 

.~ .. . ~~~.~ . _ - _ _ _  - - -  NOW A D J U S T  L ( T )  C 1  SEGMENT] ,  
- - - - -  ~- .~ . ~ ~~ ~ 



AtIJ!!STED T S L O P E y T C E P T  = 0~60511  0 0,10711 1 
VOLL; r lE (X)  A S  X = A  T O  0 : ( C G S )  4 6  

, 26290  60+6415'1I 604851711 60.103211 70,1157D 70,135411 70,151111 7 

,166111 70.181111 70.196711 70.0000D 0 

R X A ( 1 ) :  0.45411 0 0,363D 0 0,272D 0 0,181fi  0 O+&9711 - 1  - O * l C ) O D  - 2  
ONE OF THE R X A ' S  MUST R E  REAL CLOSE TO 0 1  1s I T  7 7 7 7 ? ? 7 7  

***$************************* 
A-. J J O . 0  B =  * * * * * * * * * * * * ~ * * * * * * * * * * * $ ~ * * * *  
F X A :  

6 ? + 4  cc 

107 .59  238 .54  331 84  401  $00 457 56 505 91  

5 4 3  * 4 4  5 8 6 . 3 6  6 2 G  6 3  651 $ 9 9  680 .76  7 0 7 . 3 1  

I T E R A T I O N  S U C C E S S F U L  O N  h1 
R =  1 5 . 0  F:MU= 0 t OH= 0 , o  E= c c  J J O .  0 

F =  6 2 . 4  F X 4 ( 1 )  = 7417307 .9  
SHAF'E OF F L A C  H / H Z  F R O M  X A = 1  T O  0 

1 *G100 1 . 0 5 9 8  1 . 1 0 2 4  1 + 1556 1.2103 1 t 25EO 

1 t 3 1 7 7  1 .3896  1 t 4540 1.5212 1 t 5 3 1 0  1 6635 

P H I =  0,410111 0 D E L T A Y =  (3,10001~ 0 H= 0,380311 4 
W I l l T H t  B R O h E N  1lOWN IN 10 I t4CREZENTS 
0.63811 G 0,63211 0 0 .612D 0 0 .~7711  0 @,5,"41l 0 0,44511 0 

0,30011 0 0,151Il 0 0,72511 -1 0.23411 -1 0.000D 0 
I = 12 r A R E A ( I )  = 1 3 8 9 + 9 7 1 7  
A R E A S ( X )  A S  X=A T O  0 : 

.000GD 00.33701l 30.485711 30.604111 30.714611 30.€1310 30,'?124D 3 

.15O9D 7.8.175111 70.363911 70.204611 7 

T A U I I )  AS 1=1 TO N t 1  
G.0000D 0 0.1051D 2 0.343&11 2 0 .67070 2 0.10791i 3 ::&:611l 3 
0 , 2 1 1 0 D  3 0,272, ' f r  3 0 , 3 3 9 ~ 1 3  3 0,4124D 3 0*4°09D 3 47D 7 

T(I)= 0 , 4 9 0 9 ~  3 ,  T ( z ) =  0.574711 3 
T l C H E C K : ( S E C , M I N !  045447n 3 0.9078D 1 T ? C H E C K : ( S E C t M I N !  0.6316II 3 0+105311 2 
T H E S E  T I M E S  ARE T O T A L  F ' U M F I N G  T I M E S ,  
V T @ T 1  = 0.1229D 8 VTOT', = 0+1397D 8 
T O T L E A h 1  = 0.927911 79 T O T L E A K 2 . z  0,110411 8 
V,'2 PUMPED ( FRACl ) ( C G S  t FRL t G A L  ) 0 + 215711 8 0.1362D 3 0 569811 4 
U / 2  F'UMF'E1I(FRAC2) ( C G S r B R L t G A L ) :  0,2501D 8 0,157C1I 3 0.66G811 4 

% TI IFF+ BETWEEN T l C H E C K  ANI.. T ( 1 )  = 9 .867158  
% D IFF .  BETWEEN T 2 C H E C K  A N D  T ( ? I  = 9 + OG7958 

0.9344D 1 0.8100D 1 0.566711 1 0.483611 1 0.88301l  0 
1NF'UT 0 x 1  A S  X = O  TO A :  
0,1500D 2 0*1350KI  2 G+1200D 2 0,1050D 2 0+90001I 1 0 + 7 5 l K D  1 



,226811 80 + 259311 80.2960D 80  + O O O O D  0 

PHI= 0.237711 0 D E L T A Y =  0+1000D 0 H =  0.783811 4 
W I I I T H ,  BROKEN DOWN IN 10 I N C R E M E N T S  
o . i i i ~  1 0 , 1 0 7 ~  1 0.96411 o O , ~ ~ L I D  o 0,42911 o 0,28811 o 

0.187D 0 0.11211 0 0.57211 -1 0.191[1 -1 0,000D 0 
I = 12 9 A R E A ( 1 )  = 3416.6900 

R X A ( 1 ) :  0.99911 0 0,90811 0 04.81711 0 0.7761l 0 0+635IS O 

R X A ( 1 ) :  0,454D 0 0,36311 0 0.272Il 0 0,18111 0 0.8'7911 -1 

ONE OF T H E  R X A ' S  MUST BE R E A L  CLOSE: TO 0 .  IS I T  ? ? ? ? ? ? ? ?  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  3520 .0  B= 128 .6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A :  

107 .59  367 70 5 0 7 . 3 7  6 0 5  t 48 6824 13 744.  P 6  

797 78 S 4 3 , 1 1  882 t 3? 91 b t 7 7  ? 4 7 +  17 9 7 3 . 9 1  

I T E R A T I O N  S U C C E S S F U L  ON h I  n =  15.0 R M U =  0 O H =  0 . 0  B =  129,bA = 3 5 2 0  t 0 

b =  128 .6  F X A ( 1 )  = 741730' ,$ 
S H A P E  O F  F R A C  H / H Z  FF:OH X A = 1  TO 0 

1 * 0100 1 + 1 2 8 2  1 2C99 1 . 4 7 4 5  1 5945 1 , 7 3 2 3  

1 + 9900 2 2204 2 .4760  2 7 6 0 3  3 . 0 7 7 5  3 . 4 2 8 8  

.2167D 80.246511 80 ,2797D 80.31541I 8 

T A U ( 1 )  AS 1=1 T O  N t 1  
O.O$OOD 0 0.2347D 3 0,738311 ;3 0,14431! 4 0.232211 4 0,3355'11 ,4 
0 . 4 ~ 4 0 1 I  4 0.5858D 4 0.730511 4 0.887511 4 0+1056[1 5 0,123711 .J 

T ( 1 ) =  0,105611 5 ,  T ( 2 ) =  0+12371l 5 

T H E S E  TIMES A R E  T O T A L  P U M P I N G  T I M E S .  
T l C H E C h : ( S E C v M I N )  0,1096D 5 0.1826D 3 T 2 C H E C K : ( S E C f H I N )  0.128911 5 0.214711 2 

V T O T l  = 0,1601IS 9 V T O T Z  = 0,1848D 9 
T O T L E A K 1  = 0.273811 9 ,  T O T L E A h 2  = 0.325711 9 

V I 2  FUMFED(FRAC2)  (CGSrBHLrGAL) t 0,510511 9 0,222311 4 0.134911 6 
U / 2  F ' U M F E D ( F R A C 1 )  ( C G S , F R L , G A L ) ;  0,433811 9 0,273911 4 0 ~ 1 1 4 6 1 I  6 

% D I F F ,  BETWEEN T l C H E C h  AN11 T f l )  = 3 .563250  
X L i I F F ,  BETWEEN T 2 C H E C h  ANI1 T ! 2 )  = 4 0 7 3 2 0 7  



1 

L I I I . " l ~ . . . . . . . . . L , \ , l ~ . , l . . . . . . . . , L . . , I Y . . . . . .  v ... 
F O R  COMF'UTING N E W  I N F ' U T  RX,  A N Y  -UE O X  IS R E S E T  T O  : O * O O  

c n  

ADJUSTELI T S L O F E I T C E P T  = 0,61511 0 0+102D 1 
U O L U M E ( X )  A S  X = A  TO 0 : ( C G S )  

, 26290  60+64191l 60.8517D 60,1032D 70.119711 70.135411 7C.1511D 7 

,1661D 70+181111 70,196711 70,0000D 0 

P H I =  0+4101D 0 D E L T A Y X  O * l O O O I l  0 H= 0.380311 4 
W I D T H ?  BROKEN DOWN I N  10 I N C R E M E N T S  
0.638D 0 0.632D 0 0.612D 0 0,57711 0 0.52411 0 0.44511 0 

0.300D 0 0 * 1 5 l D  0 0+72511 -1 01234D -1 0.00011 0 

H X A ( 1 ) :  0,99911 0 0.90811 0 0 ,817D 0 0,72611 0 0.635D 0 0 ~ 5 4 1 1 1  0 

I = 12 P A R E A ( 1 )  = 1 3 8 9 , 9 7 1 7  

RXA(I): 0 . 4 5 4 ~  o 0,363r1  o 0 . 2 7 2 ~  o o , i s 1 1 1  o 0 , 8 3 9 ~  - 1  - ~ , i o o r ~  - 2  

1s I T  ' ? 7 7 ' ? ? ? ? 7  ONE OF THE R X A ' S  MUST B E  R E A L  CLOSE T O  0 .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  d J 0 . 0  B= 6 2 . 4  ********************$*********  
F X A :  

1 0 7 . 5 9  238 + 54 331 + 8 4  4 0 1  + O O  4 5 7  + 56 505 91  

680 76 707 .31  548  e 4 4  586 4 36 620 6 3  651 e99 

I T E R A T I O N  S U C C E S S F U L  ON h1  cc o= 1 5 . 0  RMU= 0 OH= 0.0 B =  6 2 + 4 A  = a d o .  0 

B =  62.4 F'XA(1) = 7417307.9  
S H A F E  OF F K A C  H / H Z  FROM xC1=1 TO 0 1 .0100  1 + 0508  1 .1024  1.1556 1.2108 1 + 2680 

1 t 3277 1 , 3 8 9 6  1 . 4 5 4 0  1 . 5 2 1 2  1 . 5 9 1 0  1 . 6 6 3 5  

PHI= 0,410111 0 D E L T A Y =  0.10001l 0 H =  0,380311 4 
W I D T H ,  B K O h E N  DOWN IN 10  I N C R E M E N T S  
G.638D 0 6.63211 0 0,6121l 0 0,57711 0 0,52411 0 G,445D 0 

0 . 3 0 0 ~  o o , i 5 i [ 1  o 0,72511 - 1  0.23411 - 1  O . O O O D  o 
1 = 12 7 A R E A ( 1 )  = 1389 .9717  
A R E A S ( X )  AS X = A  TO 0 : 
,0000D 00.337011 30.4857D 30.604111 30.714611 30.813111 30.912411 3 

,10100 40,1101D 40,1197D 90.129511 4 
V O L U M E ( X )  AS X=A T O  0 : ( C G S )  

.2568D 60.6269Il 60.830411 60,100511 70.116411 70,1315D 70,146511 7 

, 16090  70+17511I 70.1899Is 70 .20460  7 

T ( 1 ) =  0,531211 3 ,  T ( 2 ) =  0,620211 3 

THESE T I M E S  ARE T O T A L  F 'UHFING T I M E S ,  

T O T L E A K l  = 0,961311 7 ,  TOTLEAK, = 0*1143D 8 
'J/2 F U M r ' E D ! F R A C l )  ( C G S , B E L I G A L ! :  0+21901I 8 0,1383D 3 0.5787U 4 

T l C H E C K : ( S E C ? M I N )  0.553111 3 0,921811 1 T 2 C H E C k : ( S E C I M I N )  0+6413D 3 0 ,1069D 2 

U T O T l  = 0.122911 8 U T O T ?  = 2.1397II R 

U / 2  F'UHFEKl( F H A C Z )  ( C G S  I pF:L I G A L )  : 0.253YD 8 0.1503D r! i2.47'0911 4 



,2268D 8 0 , 2 5 9 3 0  80 ,29600 8 0 . 0 0 0 0 0  i) 

F H I =  0.237711 0 DELTAYZ 0 1 1 0 0 0 0  0 H= 01783811 4 
W I D T H i  BK'OhEN DOWN I N  10 INCREMENTS 
0.111Ll  1 0,10711 1 0,964U 0 0.6741l 0 0,429D 0 0.288D 0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A =  3 5 2 0 . 0  B= 128.6  

F X A :  
1 0 7 . 5 9  3 6 7  + ? O  5 0 7  * 3 7  6 0 5  t 48 6 8 2 . 1 3  744 + E6 

7 9 7 . 7 8  8 4 3 . 1 1  8 8 2  3 9  915.79  9 4 7 . 1 7  9 7 3 . 9 1  

I T E R A T I O N  SUCCESSFUL ON K I  n= 1 5 . 0  RHU= 0 OH= 0.0 F =  l l E + 6 A  = 

H= 1 2 8 . 6  F X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAF'E OF F R A C  H / H Z  F R O M  XA=l  T O  0 

1 , 0 1 0 0  1 e 1 2 8 2  1 . 2 6 9 9  1 4 2 4 5  1,5945 

1 9 9 0 0  2 2 2 0 4  2 . 4 7 6 0  2 7 6 0 3  3 , 0 7 7 5  

3 5 2 0  t 0 

1,7820 

3.4282 

P H I =  0.2377~ o DELTAY= o . iooor i  o H= 0 . 7 8 3 8 ~  4 
WIDTH, BROKEN IlOWN I N  10  INCREMENTS 
. O e 1 1 1 L I  1 01107D 1 0.96411 0 0.674D 0 0 . 4 2 9 0  0 0128811 0 

0,18711 0 0.1121I 0 Ot572D -1 01191D - 1  0 . 0 O O I s  0 
I = 1 2  9 AREA(1)  = 3 4 1 6 . 6 9 0 0  
AREAS(X) AS X=A TO 0 : 
.0000D 00.5443D 30,8162D 3 0 . 1 0 6 1 D  40.1300D 40.1540D 4 0 . 1 8 0 0 0  4 

,20721) 40.2371D 40.2684D 40,305111 4 
UOLUHE(X) A S  X=A T O  0 : (CGS) 
.2654D 70.663511 7 0 . 9 1 5 4 0  70,115111 80.138511 80,162911 8 0 , 1 8 8 8 D  8 

.216711 80,746511 80 ,279711 80.315411 8 



% D I F F .  FETWEEN TlCHECt A N D  T ( 1 )  = 1 507949 
% T I I F F ,  BETWEEN T 2 C H E C h  A N D  T ( 2 )  = 2 205986 

D T ( T 2 C H E C K - T l C H E C h ) =  0.193911 4 SEC.7  T ( 2 ) - T ! 1 ) =  O.lS191l 4 CEC, 
L E A h R A T E ( 1 1 ) P  Q X ( 1 1 )  0,285311 5-0.324611 3 
OUTgUT G X L I )  AS X=O T b  A :  
o , i d o o n  0.139811 2 0 . 1 2 9 3 ~  2 0.118611 2 0.1077ri  2 0 , 9 5 4 0 ~  1 

0,8453D 1 0.7162Is 1 0.5692D 1 0+385011 1 -0.122911 0 

I T E R A T I O N  I N  I R U N = 3  S T O P F E D  B E C A U S E  T I H E  D I F F E R E N C E S  D I F T l =  4.1 OK' K I I F T  
? =  1 . 5  
ARE BOTH L E S S  THAN 5.0 F E R C E N T ,  OR E L S E  NO, OF I T E R A T I O N S  3 EXCEEDS 4 

USE T H I S  A D J U S T E r l  L ( T )  C 1  SEGMENT]  TO D O  F U L L  L E A K O F F  CALCN 
FOR A 1  THEN A ?  THEN A 4 .  FROM THE T I M E  D I S C R E P A N C Y  WE COMPUTE 
AN ADJUSTEI I  L ( T )  ' J A L U E < = T A ) +  

P H I =  0,3999D 0 1 I E L T A Y =  0*10000 0 H= 0.3926D 4 
W I D T H ,  B R O h E N  IiOWN I N  10 I N C R E M E N T S  
0,66113 0 0,65411 0 0,63311 0 0,59511 0 0,53611 0 0 .4480  0 

R X A ( I ) :  0 , 3 9 9 ~  o 0 . 2 9 9 ~  o 0 , 1 9 9 ~  o 0 .9cer1  - 1  - ~ ? , i o c i ~  - 2  
ONE OF THE R X A ' S  MUST B E  R E A L  CLOSE TO 0, I S  I T  ? ? ? ? ? ? ? ?  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  5 0 0 . 0  F= 6 4 . 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A :  

1 0 7 . 5 9  3 2 4 . 2 3  4 2 0 ,  o a  484 9 3  5 3 5 . 7 3  5 7 8 . 0 1  

6 1 4 . 4 3  6 4 6 . 6 1  6 7 5 . 3 7  701  * 39 7 2 5  t 19 
I T E R A T I O N  S U C C E S S F U L  O N  K I  
a =  15.0 RMU= 0 + OH= 0 . 0  B= 64+4A = 5 0 0 . 0  

B= 6 4 . 4  P X A ( 1 )  = 7417307.9  
SHAPE OF F R A C  H / H Z  FROM X A = 1  TO 0 

1 .0100  1 0974 1 1729  1 .2419  1 e 3089 1 . 3 7 5 2  

1 .4417 1 t 5 0 9 0  1 .5772  1 * 6466 1 t 7174 

P H I =  0.399911 0 D E L T A Y =  0.1000D 0 H =  0.392611 4 
W I I I T H r  BROKEN DOWN I N  1 0  I N C R E M E N T S  
0,661D 0 01654D 0 0 ,633D 0 0.59511 0 0.53611 0 0.44811 0 

0,27311 0 0*146D 0 0+70811 - 1  0.219D -1 0+000D 0 
I = 1 1  9 A R E A ( 1 )  1455 .9300  
A R E A S ( X )  A S  X = A  TO 0 : 

, O O O O r l  00.4733D 30,640211 30.770611 30 + 881 311 30 + 98825 30 108411 4 

,1180D 40.127611 40,136911 40.1455D 4 
V O L U M E ( X )  A S  X=A TO 0 : ( C G S '  

, 3 6 0 6 D  60.848511 60,1075D 70.1259D 70,14251l ?0.15~'70 70.172511 7 

,187111 70,201611 70,215311 70,000011 0 



P H I =  0.392811 0 DELTAY= 0,100011 0 H= 0.4029D 4 
W I D T H ,  BROI;.EN DOWN I N  10 I N C R E M E N T S  
016801I 0 0.67211 0 0.64911 0 0,60811 G 0.54511 0 O , 4 4 C D  0 

R X A ( 1 ) :  0.45411 0 0.36311 0 0.27211 0 0,18111 0 @ . E ? " D  - 1  -0.iQOD 

1s I T  7 ' 7 7 7 7 7 1 ' 7  ONE OF THE RXA'S MUST BE REAL CLOSE T O  0 .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A= 5 5 0 . 0  P =  66.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PXA: 

1 0 7  + 5 9  3 1 9 . 9 2  4 1 5 . 3 2  479 5 7  I=? a - 9  8 1  5 7 1  6 6 4  

6 0 7 . 6 4  6 3 9  46 6 6 7  t 9 5  6 9 3  7 2  7 1 7 . 2 8  7 3 3  t 0 7  

c c  
ITERATION SUCCESSFUL ON K I  
o =  1 5 . 0  RHU= 0 OH= 0.0 B =  6 5 , l A  = dj0.0 

B= 6 6 . 1  F X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAPE OF FHAC H/HZ F R O f l  X A = 1  T O  0 

1 * 0 1 0 0  1 t 0 9 4 6  1 1 6 8 5  1 . 2 3 5 6  1 . 3 0 0 4  1 + 3 6 4 5  

1 4286 1 4 9 3 3  1 . 5 5 8 9  1 . 6 2 5 3  1 , 5 9 3 0  1 + 7 6 2 1  

P H I =  0.392811 0 DELTAY= 0.1OOOD 0 H= 0.402911 4 
W I D T H ,  BHOLEN UOWN I N  10  INCREMENTS 
0,68011 0 0.672D 0 0.64911 0 G+608D 0 0.59611 0 13,44911 0 

0126011 0 0 + 1 4 2 1 l  0 0*6C51 I  - 1  0,22611 -1 0,000D 0 
I = 1 2  AREA1I )  = 1 5 1 4 , 2 3 8 5  
A R E A S ( X ;  A S  X = A  T O  o : 

,0000D 00,4662D 30.631111 30 .7597D 30,867311 30 .9715D 30,106LD 4 

,115711 40,1251D 404134211 40,142511 4 
VOLUME(X) A S  X=A T O  0 : ( C G S )  

.3553D 60,83621I 60.106011 70.124011 70,140111 70 ,1553D 70,169.lI l 7 

T (  
T 1  
T H  
UT 
TO 
v /  v /  

1 ) =  0 . 5 4  
CHECK: (SE 
'ESE T I M E S  
O i l  = 0.1 
TLEAKl  = 
2 PUMPED( 
2 PUMPED( 

7611 z r  ~ ( 2  
C v M I N )  0 . 6 0  

A R E  T O T A L  
43111 8 
0 , 9 7 4 5 0  7, 
FRAC1) ( C G S  
FRACZ) ( C G S  

) =  r ? . 6 3 8 ~ r 1  3 
7511 3 0 , 1 0 1 1 l  2 T2CHEC 

. E R L , G A L ) :  0.2406rr  o 

F U M F I t i G  T I M E S .  
'JTOTZ = 134 1630D 8 

TOTLEAK:! = 0e1158D 8 

,BRL,GAL): 0.2787D 8 

7: D I F F ,  BETUEEN TlCHECK ANIS T ( 1 )  = 
X D I F F ,  BETWEEN T2CHECK A N D  T ( 2 )  = 

K':!SEC 

0 . 1 5 1 9  
0 , 1 7 6 0  

9 + 8 5 2 5 4 8  
9 2 5 0 6 4  1 

I N )  0.703011 3 0.1173:1 

4 
4 

DT(~2CHECK--T lCHECt i )=  9,9641D 2 SEC., T ( 2 ) - T ( l ) =  0.911511 2 SEC. 
LEAhRATE(11)v C ? X ( l l )  0.199611 5 012733D 4 

0.1500D 2 0,1421D 2 0 .1339D 2 0.1252D 2 0,115911 2 0.106111 2 
OUTPUT Q X ( 1 )  A S  X=O T 6  A :  

0.954213 1 0.8351D 1 0 .6965D 1 0.516911 1 0 .1035D 1 
INPUT 0x9 AS X = O  T O  A :  
0 ,1500D 2 0.140311 2 0.130211 2 0.12001l  2 0.109311 2 0.5 '804D 1 

0,8619D I 0,733911 1 0.590911 1 0,417311 1 0.925111 

A= 5 0 0 .  O L f l  TA= 5 4 7 . 5  NEW TA= 607.5  A1iJUSTED TA= 5 0 2 . 5  

P H I =  0 .3292D 0 DELTAYZ O + l O O O l I  0 H =  0.513011 4 
W I D T H ,  E R O h E N  IlOWN I N  10 I N C R E M E N T S  
0,84311 0 0,62913 0 0.78813 0 0.71211 0 0.582D 0 0.34311 0 

0,21211 0 0,12411 0 0.62Z1I - 1  0 + 2 0 t D  - 1  0.00011 0 

R Y A ( T ) !  n . o o o n  A n :oorl n n 701n n n A Q C T I  A n C C O T I  n n A O O ~ I  

I = 11 , AREA(1)  = 2 1 0 0 , 5 7 5 7  

5 3  

7 
L 



K'XA(I): 0,59911 o 0 ,29911 o 0,17911 o o.09011 -1 - o . i o o r i  - 2  5 r  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  1 2 @ 0 * 0  B =  8 4 . 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ONE OF THE K'XA'S MUST BE REAL CLOSE T O  0. IS IT ? ? ? ? ? ? ? ?  

F'xfi: 
1 0 7  59 379 15  4 9 7 . 1 9  574 t 9 7  6 3 4  58 6 8 3 . 5 0  

7 2 4 . 9 4  7 6 1  + 1 0  7 9 2  L 9 3  8 2 1  e39 8 4 7  + 1 8  
ITERATION SUCCESSFIJL ON KI 1 7 0 0 . 0  

SHAFE OF FRAC H/HZ F R O M  X A = 1  TO 0 

a= 15.0 R M U =  O . O H =  0.0 B =  8 4 . 2 ~  = 

B =  8 4 . 2  F ' X A ( 1 )  = 7 4 1 7 3 0 7 . 9  

1 5 9 8 1  1 . 0 1 0 0  1 1 3 7 2  1 + 2 5 6 9  1 . 3 7 0 1  1 4 8 2 8  

1 . 7 1 6 6  1 t 8 4 0 2  1 9 6 8 5  2 1028 2 .2442 

P H I =  0,3"2ri o DELTAY= 0.1ooo11 o H= 0 . 5 1 3 0 ~  4 
WIDTH, BROhEN DOWN IN 10 INCREMENTS 
0.84311 0 0,82911 0 0 , 7 8 8 I I  0 0.71211 0 0,5820 0 0,34311 0 

0,212D 0 0,12411 0 0+622D - 1  Oe206D -1 O * O O O I l  0 
I = 1 1  9 AREA(1) = 2 1 0 0 , 5 7 5 7  
AREAS(X) AS X=A T O  0 : 

.000011 00.554411 30.794611 30 .C802I1  30.114211 4 0 . i 3 0 5 D  40.145511 4 

.62011t 70.677411 70.7369D 70.00001l 0 

PHI= 0.320411 0 D E L T A Y =  0,100011 0 H= 0.533311 4 
WIDTH, BROtiEN LlOWN IN 10 INCREMENTS 
0.66811 0 0,853Kl 0 0.8081l 0 0.72411 0 0,57511 0 0,33311 0 

RXA(1): 0.454D 0 0.36311 0 0127211 0 0,18111 0 0 + 8 9 $ D  -1 -13,190D - 2  
ONE OF THE RXA'S MUST BE REAL CLOSE TO 0. 1s IT ? 7 3 7 7 ' ? ? 7  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  1 3 2 0 . 0  B= 87.5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FXA: 

107.59  3 7 3  0 7  4 9 0  9 5  568.13  6 2 7 . 2 6  6 7 5  7 8  

7 1 6 . 8 7  7 5 2 . 7 5  784 + 3 7  812162 8 3 8  e 28 8 6 1 . 5 4  

ITERATION SUCCESSFUL ON K I  
Q =  15.0 RMU= 0 +OH= 0.0 B= 1 3 2 0 . 0  87,564 = 

B =  8 7 . 5  F'XA(1) = 7 4 1 7 3 0 7 . 9  
SHAPE OF FRAC H/HZ fROH XA=1 TO 0 

1 + 5 7 8 3  1 ,0100 1 1 3 2 4  1 . 2 4 9 2  1 3 5 8 7  1 4675 

1 . 6 9 1 8  1 t 8 0 9 7  1 9 3 2 0  2 0 5 9 2  2 , 1 9 3 0  2 t 3 3 2 7  

e157611 406173111 40,1€7,1l 40,203811 4 
VOLUME(X) AS X=A T O  0 : ( C G S )  



,101311 70.2444D 70,319112 70,31308D 70,4385D 70.4940D 70.542511 7 
5 5  

e60480 70.659813 70.716013 70.7764D 7 

TA U ( 1 )  AS I=1 TO Nt1 
0,000011 0 0+54620 2 0,167333 3 0,3221tl 3 0.512711 3 0+7352I1 3 
OeC869D 3 0,1266D 4 0,157110 4 0.19GOII 4 0,2252D 4 0.262711 4 

T(l)= 0,225211 49 T(2)= 0,26278 4 
TlCHECK:(SEC,MIN) 0.236311 4 Oe3Y3811 2 T2CHECK:(SECvMIN) 0.27570 4 04459511 2 

VTOTl 014613D 8 VTOT2 = 0,5264D 8 
TOTLEAKl = 0,974311 8 r  TOTLEAK2.z Oe5635D 8 
U / 2  PUMFED(FRAC1) (CGS,BRL,GAL)+ 0.93568 8 0.5306D 3 0.247211 

THESE TIMES A R E  TOTAL PUMPING TIMES. 

u/2 PUHPED( F R A C ~ )  ( C G S ?  B R L  I GAL) : 0.1092~ 9 0.6893~ 3 0.288511 2 
Z OIFFI BETWEEN TlCHECti A N D  T(1) = 4 t 666236 
Z DIFF. BETWEEN T2CHECK A N D  T(2) = 4 715688 
DT(T2CHECK-T1CHECK)= 0.39460 3 !?EC., T(2)-T(l)= 0.374913 3 SEC, 
OUTPUT QX(1) AS X=O T 6  A :  
LEAKRATE(1l)r Q X ( 1 1 )  * 0.236213 !5 0,1546D 4 

011500D 2 0,140911 2 0.1318D 2 0,122413 2 0,112413 2 0,102013 2 
0,90870 1 0,785613 1 0.6440D 1 0.462111 1 0.585511 0 

0.1500D 2 0.1394D 2 0.128611 2 0,11760 2 0+1063D 2 0.945411 1 

0,822911 1 0,6918D 1 0.546413 1 013728D 1 0,462611 0 

INPUT QX v  AS X = O  TO A :  

A =  1200, OLD TA= 2252.3 NEW TA= 2362.6 A D J U S T E D  T A =  2335.0 
PHI= 0.2317D 0 DELTAYZ 0.1000D 0 H= 018116D 4 
WIDTH, BROKEN D O W N  I N  10 INCREMENTS 
0.113D 1 0,109D 1 0+97311 0 Ob655D 0 01425D 0 0.28611 0 

RXA(1): 0.3990 0 0.299D 0 0,199D 0 01990D -1 -0,100D - 2  
O N E  OF THE RXA'S MUST BE R E A L  CLOSE TO 0. IS I T  ???????? 

S f X * t t t t X X X 8 t % X X X t X t f t X t t t f t S  
A =  3200.0 E= 133.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PXA: 

107 + 59 447.28 534.79 687 . 55 756.41 811.21 
856 t 65 894 + 8s 928 e 03 956.71 981 + 86 

I T E R A T I O N  SUCCESSFUL ON # I  
Q =  15.0 R M U =  0 OH= 0.0 B= 1 3 3 . 1 ~  = 3290 0 

SHAFE O F  F R A C  H/HZ F R O M  X A = 1  TO 0 B= 133.1 PXA(1) = 741730;'+9 
1.0100 1 1998 1 * 4047 1 + 6087 1 + 8229 2 0524 

2,3017 2,5715 2 e 8 h 9 2  3.1938. 3 5501 
P H I =  0,2317D 0 13ELTAY= 0,10001~ 0 H= 01811613 4 
WIDTH, BROKEN DOWN I N  10 1NCRE:MENTS 
0.11313 1 01109D 1 0.973D 0 04655D 0 0.42513 0 01286D 0 

Oe186D 0 0,1120 0 0.57013 -1 0*1.900 -1 O * O O O D  0 
I = 1 1  9 AREA(1) = 3546.3136 
AREASCX) A S  X = A  TO 0 : 
.OOOOD 00,693811 30.1033D 40,132011 90.15930 40.186911 40,21700 4 

, 2 4 6 9 ~  40.28110 40.318111 4 0 . 3 ~ 4 6 ~  4 
UOLUME(X) AS X = A  TO 0 : (CGS) 
,338411 70.8420D 70,1147D 80e141201I 80*1688D 80+1?70D 80,2262D 8 

PHI= 0.222311 o DELTAY= o , i o o o ~  o H= 0.864111 4 
WIDTH, B R O K E N  D O W N  I N  10 INCREMENTS 
0.117~ 1 0.113~ i 0,98511 o 0.631~ o 0 , 4 1 8 ~  o 0 , 2 8 3 ~  o 



. .  
A =  3 5 2 0 . 0  B= 141 $ 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PXA: 

1 0 7  e 59 438 29  5 8 6  t 5 1  678 e 99 7 4 7 . 5 9  8 0 2  + 2 4  

8 4 7 . 5 0  8 8 5  7 1  918 .76  9 4 7  56 972 .78  995 45 

ITERATION SUCCESSFUL ON K I  
Q= 1 5 . 0  RMU= 0 + OH= 0.0 F= 141.7A = 

B= 1 4 1  e7 P X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAPE OF FRAC H/HZ FROH XA=1 T O  0 

1 7 9 1 5  1 .0100  1 1 9 0 6  1 3 8 9 9  1 + 5864 

2 .2461  2 SO06 2 7787 3 0820 3 . 4 1 2 3  

3520 + 0 

2 .0102  

3 + 7798 

P H I =  012223D 0 DELTAY= O t l O O O O  0 H= 0,864111 4 
WIDTHI  BROKEN DOWN I N  1 0  I N C R E H E N T S  
0 ,1170  1 0 + 1 1 3 D  1 0e985D 0 01631D 0 01418D 0 0+28311 0 

239511 4Ot2706D 40 s 3 0 3 6 0  40 3400D 4 
VOLUME(X) A S  X = A  T O  0 : ( C G S )  

.3296D 70.8225D 70,112211 80,1386D 80,164511 8 0 , 1 9 1 3 0  80.319411 8 

,24881) 80.281013 80.314811 80.351113 8 

T A U ( 1 )  AS I = 1  TO N t 1  
O ~ O O O O I S  0 0,2663D 3 0+815911 3 0,1571II 4 0+2500D 4 0+35S5D 4 
0.481213 4 0 . 6 1 7 3 0  4 017659D 4 019264D 4 0+1098L I  5 O * l 2 e l D  5 

T ( l ) =  0 . 1 0  
TlCHECK:(SE 
THESE TIMES 

TOTLEAKl = 
U / 2  F'UMFED( 
V / 2  PUMPED( 

" T O T 1  = 0 . 1  

98D 5 
C I H I N )  

ARE T 
845D 

F R A C l )  
FRAC2) 

0 e 2777 

I T ( 2 ) =  0 . 1 2 8 1  
0 .1167D 5 0 .1  

OTAL FUMF'ZNG T I  
9 UTOT;! = 01 
'D 9r TOTLEAK'2, 

(CGSIBRLIGAL). 
(CGSrBKLvGAL):  

D 5 
C H E C K : ( S E C , M I N )  0 . 1 3 7  2 KI 

11 
D 

5 0 .2  

6 
6 

28 7 11 3 

X D I F F .  BETWEEN T l C H E C K  AND T f l )  = 5 . 8 9 2 8 0 9  
X D I F F .  BETUEEN T Z C H E C t i  AND T ( 2 )  = 6 t 655798  

DT(T2CHECK-T1CHECK)= 0 , 2 0 5 4 D  4 SEC.r T ( 2 ) - T ( l ) =  0.1828D 4 SEC, 
L E A K R A T E ( l 1 ) I  O X ( 1 1 )  * 0,284211 J-0.145011 4 

0,l 'JOOD 2 0.1394D 2 0.128711 2 0 t 1 1 7 6 D  2 Oe1064D 2 0.947911 1 
OUTPUT Q X ( I )  AS X=O TC) A :  

0.82541) 1 0 ,6936D 1 0 , 5 4 3 9 0  1 013544D 1 - 0 . 5 4 9 1 D  0 

INPUT QXI A S  X = O  T O  A :  
0,1500D 2 0 ,1386D 2 0,126911 2 0 ,1152D 2 01103311 2 0+910511 1 

0,78401) 1 0.649711 1 0.501911 1 0 . 3 2 6 3 0  1 0 .6661D-14  

A =  3 2 0 0 .  OLD T A =  1 0 9 8 2 . 2  NEW T A =  11 669 t 9 ADJUSTED T A =  1 1 4 9 8 . 0  

F R O M  
FROM 

500, T O  
1200. T O  

1 2 0 0 .  TSLOF'E= 
3 2 0 0 .  TSLOF'E= 

0 . 6 3 8  T C E F ' T =  
0 .615 TCEFT= 

0 9 2 9  
1.00: 



I T W I  L-u I V L L  L L ~ ~ \ U I  I C ~ ~ L C I ~ I  L - ~ ~ ) L L ,  UI'I L L I ~ L  ~ ) L V I I L I T  0 c) V I  L \  8 I I 

E * G +  I R U N Z = 8  G I V E S  ,? (NOTE I T  IS T W O ! ! ! )  OF THESE I T E R A T I O N S ,  
FOR A = A I ,  THEN ~ 2 ,  THEN 44.  THIS I S  ~ T E R A T E D  TIL IRUN=IRUNZ, 

57 

F " I =  0,396211 0 D E L T A Y z  0.10001:~ 0 H= 0,3979D 4 
WIKITH? BROKEN KlOWN I N  1 0  INCREMENTS 
0.67111 o 0.66411 o 0.64111 o 0 . 6 0 2 ~  o 0 . 5 4 1 ~  o 0 .44811  o 

0,26611 o 0 , 1 4 4 0  o 0.70111 -1 0.:!27~ -1 o.ooorI o 

RXA(I): 0 , 9 9 9 ~  o 0 , 8 9 9 ~  o 0 , 7 9 9 ~  o 0 ~ 6 9 9 ~  o 0 . 5 9 9 ~  o 0 . 4 : ? 9 ~  o 
I = 11 i A R E A ( 1 )  = 1 4 8 6 , 0 1 7 4  

F i X A ( 1 ) :  0.399D 0 0.29911 0 0 .1990  0 0 , 9 9 0 0  -1 -0.100D -2  
ONE OF THE R X A ' S  MUST BE R E A L  CL.OSE T O  0. IS I T  ???????? 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  500,O E= 65.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A :  

1 0 7  59  335 + 58 4 3 4  9 00 498 9 7  549  21  590  5 7  

625  + 9 6  657 05 684.73  709 6 8  732 .49  
I T E R A T I O N  SUCCESSFUL ON K I  
Q =  15.0 RHU= 0 OH= 0 . 0  B= 65.3A = 500.0 

B= 6 5 . 3  F X A ( 1 )  = 7417307.9  
SHAPE OF F R A C  H / H Z  FROM X A = 1  TO 0 

1 3289 1 3971 1 * 0100 1 + 1049 1 1864 1 2592 

1 4648 1 5329 l o 6 0 1 3  1 6704 1 t 7407 

P H I =  0.3962K1 0 I I E L T A Y Z  0.1000KI 0 H= 0,397911 4 
W I D T H i  BROKEN D O W N  IN 1 0  1NCRE:HENTS 
0.671D 0 0,66415 0 0,641U 0 01602D 0 0.541D 0 0,44811 0 

0,266D 0 0,14411 0 0.701D -1 0.2!2711 -1 0,00011 0 
I = 1 1  9 A R E A ( 1 )  = 1486 .0174  
A R E A S ( X )  A S  X = A  TO 0 : 
e0000D 00+49181I 30,667411 30.75'8311 30+914311 30,1022D 40,1116D 4 

,1214D 40,1309D 40.139711 40,1486D 4 
U O L U H E ( X )  A S  X = A  TO 0 : ( C G S )  

, 37470  60,883311 60.11171I 70+130511 70.1475D 70.162911 70,177511 7 

F H I =  0 , 3 8 9 1 0  0 D E L T A Y =  0.1000111 0 H= 0.408611 4 
W I D T H ?  BROKEN DOUN I N  10 I N C R E M E N T S  
0.689D 0 0.682D 0 0+65811 0 00616D 0 0,55011 0 0.448D 0 

0 . 2 5 5 0  0 0,14111 0 0,61911 - 1  0,224D -1 0,00011 0 
I = 12 9 A R E A ( 1 )  = 1 5 4 6 . 7 3 6 4  

R X A ( 1 ) :  0,99911 0 0,90811 0 O0817D 0 O0726D 0 0.635D 0 0*544D 0 

ONE OF THE R X A ' S  HUST BE R E A L  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  550.0 B =  6 7 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F X A  : 

1 0 7 . 5 9  330  9 8  429 0 35 

619.92  650  76  6 7 8  22  

CLOSE TO 0 .  IS I T  ???????? 

493.94 5 4 3  , 79 584 0 8 2  

702 + 98  725 58 746 3 9  

I T E R A T I O N  SUCCESSFUL ON K I  
Q =  15.0 RMU= ' O , O H =  0.0 B= 67,OA = 

B =  6 7 . 0  F X A ( 1 )  = 7417307.9  
S H A F E  OF F R A C  H / H Z  F R O M  X A = 1  TO 0 

1,0100 1 + 1018 1 . 1 8 1 8  1 t 2529 1 e 3207 

1 . 4 5 2 6  1.5184 1 5844 1 , 6 5 1 1  1 . 7 1 8 6  

550 + 0 

1 .3869  

1 + 7373 



C I * L . , I I ,  “I\”I\LI. L.“”,, * I .  A ”  * , , L , , \ L 8 * L a .  t ..I - 
0.68911 0 0.682D 0 Ot658D 0 0.616D 0 0,55011 0 0.44811 0 

0,255D 0 0,141D 0 0.689D -1 0.224D -1 0.00011 0 
I = 12 I AREA(1) = 1546,7364 
AREAS(X) A S  X = A  TO 0 : 
,0000D 00,4843D 30,6582D 30.7881D 30,9009D 30.1006D 40,1099D 4 

53  

+1193D 40,128611 40*13751I 40.1457D 4 
UOLUME(X) AS X = A  TO 0 : (CGS) 
t3690D 60.870611 60+1102D 70.1287D 70,1453D 70,1604D 70*1746D 7 

,1889D 70e2028D 70,2158D 70,2289D 7 

T(1)= 0,592513 31 T ( 2 ) =  0168771) 3 
TlCHECK:(SECrHIN) 01626315 3 0*1044D 2 T~CHECK:(SECIMIN) 0t7253D 3 0,1209D 2 
THESE TIHES ARE TOTAL FUHFING TIHESe 
VTOTl = Oe1474D 8 UTOT? = 0t1680D 8 
TOTLEAKl = 011006D 81 TO T L E A K z t =  0,1192D 8 
U / 2  PUHFED(FRAC1) (CGSIRRLIGAL). Ot248OD 8 0,15661) 3 0.6553D 4 
U / 2  F‘UMFED(FRAC2) (CGS~BRLIGAL): 3e2872U 8 0e1813D 3 0.758811 4 

DIFF. BETWEEN TICHECK A N D  T(1) = 2 396328 
A DIFF, BETWEEN T2CHECK A N D  T(2) = J 151597 

DT(T2CHECK-T1CHECK)= 9,989711 2 SEC.I T(2)-T(l)= 0195411I 2 SEC. 
LEAKKATE(1l)I Q X ( 1 1 )  011938D 5 Oe3179D 4 

O*~JOO[I 2 0,1422D 2 0t1341D 2 0t1255D 2 0e1164D 2 0,106611 2 
OUTEUT Q X t I )  AS X = O  T b  A :  

Ot9312D 1 Oe8098U 1 Ot6701U 1 0t4925D 1 0.1008D 1 

A =  500. O L D  T A =  5 9 2 . 5  NEW T A =  626 3 ADJUSTEU T A =  617.9 

PHI= 0.324911 0 DELTAY= 0,1000D 0 H= 0,5229D 4 
UIDTH, RHOKEN D O W N  I N  10 INCREMENTS 
0,855D 0 0.841D 0 Ot798Ll 0 0.718D 0 0,57915 0 0,33&D 0 

HXA(1): 0,39911 0 0,299D 0 0,19911 0 0,9900 -1 -0.1OOD - - 2  
IS IT ? ? ? ? ? ? ? ?  O N E  OF THE R X A ‘ S  HUST BE R E A L  CLOSE TO 0 1  

t t t t t t X S X t X t t t t X X t t t t r t t Y t t t t  
A =  1200.0 B= 85.8 
*~*t*******$*t***t************ 
P X A :  

107.59 393 + 85 513.77 591 6 09  649.60 697.15 

737 23 771 * 98 802 47 a29 77 854 e 32 
ITERATION SUCCESSFUL O N  K I  
Q= 15.0 RHU= 0 t OH= 0.0 B= 85t8A = 

n= 8518 P X A ( 1 )  = 7417307.9 
SHAPE OF F R A C  H/HZ FROM X A = l  TO 0 

1.0100 1 t 1494 1 2784 1 t 3980 1t5157 

1200.0 

1.6347 

1.7563 1,8818 2,0113 2.1465 2.2873 

PHI= 0,324911 0 DELTAY= 0,1000D 0 H= 0,5229D 4 
WIDTHi FROKEN DOWN I N  10 INCREMENTS 
0,855st o 0 . 8 4 1 ~  o 0,79811 o 0.718~ o 0.s79r1 o 0.338r1 o 

0.210D 0 0,123D 0 0,619D -1  0.2G5D -1 0+0001l 0 
I = 1 1  I A R E A ( 1 )  = 2152t6773 
AREAS(X) A S  X = A  T O  0 : 
,00001t 00.5909D 30,83041t 3G.1023D .40.118911 40.135411 40+1506D 4 

.1669D 40.182211 40+1982P 40*2153D 4 
iint I I Y C ~ V I  A C  V - A  ~n A * /r ‘c:c\  



5c ,1081D 70,259911 70.338911 70.404611 70,465111 70+5231D 70,580tD 7 

638311 70 e 6955D 70 7561D 70 + 00001l 0 

PHI= 0+31571l 0 D E L T A Y Z  0,1000D 0 H= 0+5437Kl 4 
WIDTH, BROKEN IlOWN I N  10 INCREMENTS 
0+8801I 0 0 , E t S D  0 0,818D 0 0.73011 0 O.St$KI 0 0,329D O 

0,20611 o 0.12irt o 0.612~ -1 o.2030 -I o,ooorI  o 
I = 12 I A R E A ( 1 )  = 2262.0591 

RXA(1): 0,99911 0 0,90811 0 0.817D 0 0.72LD 0 0,635D 0 Ot54411 0 

RXA(1): 0.45411 0 0,36311 0 0,272D 0 0,181D 0 0,899D -1 - O + l O c I C I  - 2  

ONE OF THE R X A ' S  HUST BE REAL CLOSE TO 0, IS I T  ???????? 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  1320.0 E= 89.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FXA: 

107 5 9  387 + 60 507 + 78 584 e 80 642 + 95 690 + 23 

730 04 764 6 0  794 * 94 822.01 8 4 6  + 48 868 + 6 2  

ITERATION SUCCESSFUL O N  K I  
Q= 15.0 # M U =  0 + OH= 0.0 B =  89.2A = 1320.0 

B= 89.2 F X A ( 1 )  = 7 4 1 7 7 0 7 . C  
-SHAPE o F . F R A c  H / H Z ' F R O M  xk=i'fo'o- 

1 0100 1 1441 1 2705 1 3869 1 * 5309 1.6159 

1 7328 1 8533 1 * 9773 2.1060 2.2401 2 t 3732 

PHI= 0.315713 0 DELTAY= 0,1000D 0 H= 0.593911 4 
WI D T H ,  BROKEN KIOWN I N  10 INCRENENTS 
0,880D 0 0186511 0 01818D 0 0.73011 0 0.56815 0 0.329D 0 

0.20611 0 0.12211 0 0+6121l - 1  0,20311 -1 0.00011 0 
I = 12 I A R E A ( 1 )  = 2262.0591 
AREAS(X) A S  X = A  TO 0 : 
.0000D 00,579611 30,817111 304100611 

,163211 40+178611 4011933D 40,2096D 
VO L U M E ( X )  AS X = A  TO 0 : (CGS) 
t lO60D 70,255411 70.333411 70 e 397611 

1625115 70.680011 70,736715 70.796911 

TAU(1) AS I = 1  T O  N t l  
0,OOOOU 0 0.63360 2 0.1877D 3 
0.1049D 4 0,1335D 4 0t1646D 4 

4G.1168D 40.132911 40.147611 4 

4 

70.456711 70,513CD 70.568415 7 

7 

0+3!542KI 3 0e5558D 3 0,7884D 3 
Oe1980D 4 Oe2335D 4 0,2711D 4 

T(l)= 0.2335D 47 T(2)= 01271lD 4 
TlCHECK:(SEC*HIN) 0,2415D 4 0 . 4 0 2 5 0  
THESE TIHES A R E  TOTAL PUHFING TIIIES. 
UTOTl = 0+4770D 8 VTOT2 = 0154690 - 

TOTLEAKl = 014793D 81 TOTLEAK2 = 0.568111 8 
V / 2  PUHFED(FRAC1) (CGSIBKLPGAL): 0s9562D 8 Oi6038D 3 0.252713 5 
V I 2  PUflPED(FRAC2) (CGSVBRLPGAL): O + 1 1 1 ~ 1 5  9 Oe70390 3 0.2946D 5 

2 T2CHECK:(SEC,HIN) 0,281615 4 0.469311 2 

8 

% DIFF, BETWEEN TlCHECK A N D  T(1) = 3.313088 
Z 1IIFF. BETWEEN T2CHECK A N D  T ( 2 )  = 3.720190 
DT(T2CHECh-TlCHECh)= 0*400711 3 SECII T(2)-T(l)= 0.376011 3 SEC. 
LE A K R A T E ( 1 1 ) p  Q X ( l 1 )  ' 0,234311 5 0+1374D 4 

0,1500D 2 C*140°11 2 0,131711 2 0,122311 2 0+1123D 2 0.1019D 2 

0,9075D 1 0,7840D 1 0,641511 1 Oe4583D 1 0,520411 0 

0+1500D 2 0+14050 2 0,131011 2 0.1212D 2 0.110911 2 O.lrJG2II 2 

0.887311 1 0,762111 1 0,619615 1 0.43Q7D 1 0.554711 0 

OUTF'UT a X ( 1 )  AS X = O  T6 A :  

INPUT CJXI A S  X = O  TO A :  

A =  1200, O L D  T A =  2335.0 NElJ TA= 2415.0 A D J U S T E U  T A =  2 3 3 7 . 0  

F"I= 0.229511 0 1IELTAY= 0.1000D 0 H =  0,823OD 4 
I I T T I T U .  uc-nh C L I  rlniiu 4 P T L I I - C ~ C Y ~ ~ . I T C  



0.186D 0 0,112U 0 0,56911 -1 Ot19011 -1 O * O O O D  0 
I = 11 I A R E A ( 1 )  = 3601 .1444  

R X A ( 1 ) :  0,99911 0 Oe8991I 0 0,79911 0 0 . 6 9  

0.28511 0 

1I 0 0.59911 0 . 
G O  

7011 0 

R X A ( 1 ) :  0.39911 0 0,299[1 0 0+199D 0 0,933I1 -1 -0+100D -2  
IS I T  ? ? ? 7 7 7 ? ?  O N E  OF T H E  RXA'S M U S T  B E  R E A L  C L O S E  T O  0.  

* * t X * * t * t * t t X t X t t X X f ~ t * ~ $ ~ ~ $ ~  
A =  3200 .0  B= 1 3 5 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. .  
453 4 51 602 4 8  695 4 8  763 + 90 817 97  P X A :  

1 0 7 . 5 9  
862 6 3  900 + 07 932 t 4 8  960 + 4 4  9 8 4 . 9 8  

3200 * 0 I T E R A T I O N  S U C C E S S F U L  ON KI o= 1 5 . 0  RMU= 0 OH= 0.0 B= l35.0A = 

R =  1 3 5 . 0  F x a ( i )  = 7417307.9 
S H A P E  O F  F R A C  H/HZ F R O M  X A = l  T O  0 1 . 0 1 0 0  1 t 2064 1 , 4 1 8 8  1 + 6301 1 . 8 5 0 6  2.0855 

2 .3397  2 , 6 1 3 7  2 , 9 1 4 9  3 .2418  3 6003  

P H I =  0,229513 0 D E L T A Y z  0 , l O O O I s  0 H= O*E230D 4 
W I D T H ,  E R D K E N  DOWN I N  10 I N C R E M E N T S  
0.114D 1 0 , l l O I j  1 0+9761I 0 0.64911 0 0.42311 0 0,28511 0 

0.186D 0 0.112D 0 0.5691f -1 G.19GI1 -1 0,OOOD 0 
I = 1 1  9 A R E A ( 1 )  = 3601.1444 
AREAS(X) A S  X = A  T O  0 : 
,000OIS 00.706411 30,105311 90,134811 40,1629U 40.1908D 40,221t1I 4 

,2516D 40.2864D 40,3232D 40,3601D 4 
U O L U M E ( X )  A S  X = A  T O  0 : (CGSj i 
e 3 4 4 5 D  70,858111 70.1171D 80,145211 80,172511 8 0 , 2 0 1 1 1 ~  80.230811 S 

262415 8 0  297315 80 3333D 8 0  + O O O O D  0 

P H I =  0,220311 0 D E L T A Y z  0 .10001~ 0 H =  0,6771D 4 
W I f l T H i  B R O K E N  DOWN IN 10 I N C R E M E N T S  
0.118Is 1 0,113D 1 0.98811 0 0.62711 0 0.41711 0 0 ,282D 0 

0.18411 0 0,11111 0 0.5b611 -1 O.l8?Tf -1 0.0OclIl 0 
1 = 12 P A R E A ( 1 )  = 3 E t 4 . 0 7 6 6  

R X A ( 1 ) :  , 0e999D 0 0,9081I 0 0,81711 0 0.72611 0 0,635D 0 0.54411 0 

R X A ( 1 ) :  0.95411 0 0.36311 0 0.27211 0 0,181D 0 O.BC9L I  - 1  -3.100[1 - 2  

O N E  O F  T H E  R X A ' S  M U S T  BE R E A L  C L O S E  T O  0 ,  I S  I T  ? ? ? ? ? ? ? ?  

***t*****t*~***************** 
A =  3520.0 B= 1 4 3 . 9  
* * * * * * * * * * * * * * * * S * * S * * * * * * * * * *  

P X A :  
107  , 59 444.42  5 9 4 . 1 5  687 s 0 3  755 32 809 3 3  

a53 9 s  ~ 1 . 4 0  9 2 3 . 8 1  951 8 9  976 .48  998 .57  

I T E R A T I O N  S U C C E S S F U L  O N  K I  Q =  1 5 . 0  RMU= 0 + O H =  0.0 B= 143 .96  = 3520 G 

B =  1 4 3 . 9  P X A ( 1 )  = 7417307 .3  
S H A P E  OF F R A C  H / H Z  F R O M  X A = 1  T O  0 

1 .0100  1 * 1969 1 4035 1 .6074  1 + 8 1 & 9  2 0434 

2 * 2849 2 .5441  2. a272 3 .1339 3 t 4670 

FHI= 0 , 2 2 0 3 ~  o IIELTAY= 0.1ooori  o H= 0.877111 4 
W I D T H ,  EK'OhEN DOWN I N  10 I N C R E M E N T S  
0 . 1 1 ~ 1 1  i o . i i 3 r 1  i 0 , 9 8 8 ~  o 0,62711 o 0,41711 o 0.28211 o 

0.184D 0 0 , l l l I l  0 0.56611 -1 0.189D -1 0.00011 0 
I = 12 r A R E A ( 1 )  = 3864.G7766 
A R E A S ( X )  A S  X=A T O  0 . 

3 , 8 3 6 8  



,00001I 00,688111 30,103111 40.131811 40,1588D 4 0 + 1 8 5 8 D  40,215011 4 
(7 1 

,243911 40.2762D 40 3 1  1411 40,3457D 4 
VOLUME1X) A S  X = A  T O  0 : ( C G S )  

e335611 7 0 * 8 3 8 4 D  70.114513 8 0 . 1 4 1 7 1 ~  80,1680D 80.195511 60.223811 8 

o 253713 80,286611 8 0  320511 8 0  3570D 8 

T A U ( 1 )  A S  1 = 1  TO N + 1  - _ _  
0.OOOOD 0 0 . 5 9 4 5 6  3 0,672311 3 0,1646D 4 0.259311 4 0,372711 4 
0,501211 4 0,6440D 4 0 * 8 0 0 0 D  4 0,968813 4 0 ~ 1 1 5 0 1 ~  5 0 * 1 3 4 2 D  5 

T ( l ) =  011150D 51 T ( 2 ) =  0G1342D S 
TlCHECK:(SECvMIN) 0.119313 J 0,1988D 3 T2CHECK:(SECrHIN) 0 .1403D 5 0.233915 3 
THESE TIMES ARE T O T A L  PUMPING TIMES* 
V T O T l  = 0.1880D 9 'JTOT2 = 0 * 2 1 7 9 D  9 
TOTLEAKl = 0,284311 913TOTLEAt i2*= Oe3378D 9 
U / 2  PUMPED(FRAC1) ( C G S ~ E R L P G A L ) ~  Oe4723D 9 Oe2982D 4 0*124811 6 
U / 2  PUHPED(FRAC2) (CGSvERLvGAL): Oe5557D 9 0 * 3 5 0 8 D  4 0+146811 6 

% D I F F I  BETbJEEN TlCHECK AND T ( 1 )  = 3 5 8 9 3 5 5  
% D I F F ,  BETWEEN T2CHECK AND T ( 2 )  = 4 + 3 3 6 0 9 8  

INPUT Q X I  A S  X = O  T O  A :  
G.1500D 2 0,1392KI 2 0,128211 2 011170D 2 0.105611 2 O + 9 3 8 6 I l  1 

0.815013 1 0 ,6826D 1 0,533411 1 0,347411 1 0.666111-14 

1 1 8 1 9 . 0  A =  3200. OLD T A =  1 1 4 9 8 . 0  NEW T A =  11924.. 0 A1lJUSTEfl TA= 

F R O H  500, TO 1 2 0 0 ,  TSLOFE= 0 4 6 4 6  TCEFT= 0 e 8 9 6  
FROM 1200. T O  3 2 0 0 .  TSLOF'E= 0 .614 TCEFT= 1 . 0 0 3  

F"I= 01394911 0 DELTAY= 0.1000D 0 H= 0,3998D 4 
W I 1 I T H I  BROKEN 1lOWN I N  10 INCREMENTS 
0.67411 0 0,66713 0 0,64411 0 0060413 0 0.54313 0 0.44913 0 

R X A ( 1 ) :  0.99911 0 0,89911 0 0 , 7 9 9 0  0 0.69911 0 0*5?911 0 0.49CD 0 

R X A ~ :  0.39913 o 0 . 2 9 9 ~  o 0 ~ 1 9 9 ~  o o .9900 -1 - 0 . 1 0 0 ~  - 2  
ONE OF THE RXA'S MUST BE REAL CLOSE T O  0, IS I T  ???????? 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  500.0 E= 65.6 
* * * * * * X * * * * * * t * * ~ * t t * * * * * * * * * *  

FXA: 
1 0 7 . 5 9  3 4 1  1 3  4 3 9  5 6  5 0 4  25 554.13  595 0 9  

6 3 0  e 0 7  660.74  6 8 8 . 0 1  712.59  7 3 5  0 4  
I T E R A T I O N  SUCCESSFUL ON ti1 
Q =  15.0  RbU= 0 OH= 0.0 E= 65.6A = 500 * 0 

B =  6 5 . 6  P X A ( 1 )  = 7 4 1 7 3 0 7 . 9  
SHAFE O F  F R k C  H/HZ FROM X A = 1  T O  0 

1 . 0 1 0 0  1 . 1 0 8 7  1 t 1 9 1 9  1 * 2 6 5 9  1 3 3 6 4  1 4 0 5 2  

1 . 4 7 3 3  1 . 5 4 1 5  1 . 6 1 0 0  1 * 6 7 0 0  1 n 7 4 9 0  



1 

I 

.00001l 00,500711 30,678411 30,809511 30,?2661l 30.1034D 40.112SD 4 L &  '7 

122611 40,132111 40.140711 40 .14970  4 
VOLUME(X) AS X=A T O  0 : ( C G S )  
,3815D 608898413 60,113411 70.132311 70.149411 70*16471I 70,179411 7 

, 19410  70+2079D 70.2213D 70,0000D 0 

PHI= Oe38781I 0 DELTAY= O + l O O O D  0 H= 0.4106D 4 
W I D T H I  RROkEN DOWN IN 10 INCREMENTS 
0.69311 0 0.68511 0 0,66111 0 0.6281l 0 0,55211 0 0.44811 0 

0,25311 0 0.140D 0 0,68711 - 1  0 , 2 2 4 0  -1 0.0000 0 
I = 12 I AREA(1) = 1558 .4006  

RXA(1): 0.999D 0 0,90811 0 0.81711 0 0.72611 0 0.63511 0 0.54411 0 

RXA(1): 0,45413 0 01363D 0 0.27211 0 0,18111 0 0.89911 -1 - 0 . l C ) O U  - 2  
ONE OF THE RXA'S MUST B E  REAL C L O S E  T O  0 1  IS IT ???????? 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  cc . J . J O + O  B= 67.4 

548 .95  589 61 107 .59  336 64 435 * 05 
624 32 654 76 681 + 8 3  706 + 23 728 4 9  748 e 95 

499 .41  
F X A :  

TC ITERATION 1 d . O  ZUCCESSFUL RMU= ON KI 0 + O H =  0.0 B= 67,4A = a d o .  0 n= 
B= 6 7 . 4  F ' X A ( 1 )  = 7 4 1 7 3 0 7 * 9  

1.3954 
S H A F E  OF F R A C  H / H Z  F R O M  X A = 1  T O  0 

1 t 3285 I. 0100 1 1056 1 t 1874 1 + 2597 

1 . 7 2 7 8  1 7963  1 + 4 6 1 5  1 . 5 2 7 5  1 5937 1 .6604  

PHI= 0.387811 0 DELTAY= 0 , l O O O L l  0 H= 0,450611 4 
W I ~ I T H I  BROKEN IIOWN IN 10 INCREMENTS 
0,69311 0 0.68511 0 0.661D 0 0.61811 0 0,55211 0 0.44811 0 

0.25311 o 0,140ri  o 0 . 6 8 : ~  -1 0 . 2 2 4 ~  - 1  O , O C ) O D  
I = 12 I AREA(1) = 1558 .4006  
AREAS(X) AS X=A T O  0 : 
,0000D 00.493511 30,669411 30,799213 30.913611 30,101911 40.1111D 4 

120611 40.129911 40a138611 4 0 + 1 4 6 9 0  4 
VOLUME(X) A S  X = A  TO 0 : ( C G S )  
e3760D 60.886111 60,11191I 70.130511 70,147311 70,162311 70,176611 7 

.1909D 70,2046D 70.217611 70,23071I 7 

T(1)= 0,6179D 31 T ( 2 L =  O e 7 1 6 1 1 1  3 
TlCHECK:(SEC,MIN) 0 + 6 3 . ~ O D  3 0+105811 2 TZCHECh:(SECIMIN) 0,7353I1 3 0.122511 2 
THESE TIMES ARE TOTAL PUMPING TIMES. VTOTl = 0.1491D 8 VTOT2 = 0.16991J 8 
TOTLEAhl = 0,1024D 81 TOTLEAK? = Oe121311 8 
V / 2  PUMPED(FRAC1) ( C G S P B F L I G A L ) ~  0+251511 8 0.15e81l 3 016644D 4 
V/2 PUMPED(FRAC2) (CGSvPRLrGAL). 0+2912D 8 0+1838U 3 0 , 7 6 9 3 0  4 

X IIIFF. BETWEEN TlCHECK A N D  T(1' = 
X OIFFI BETWEEN T2CHECK AND T(2) = 

2 * 704449 
2 + 609727 

I 0,970311 1 0,853311 1 0.717611 1 0.541611 1 0*1334D 1 
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0 0,32811 0 
6 4  

,629313 701684313 70 ,74130  70,8015D 7 

TAU(1)  AS 1 = 1  T O  N t 1  

0.108611 4 0.137911 4 0.1696D 4 0,2035U 4 0.239511 4 0.27761f 4 
0.0000D 0 0.678811 2 0 , 1 9 8 4 D  3 01371613 3 0+58001I 3 Oe8193D 3 

T ( l ) =  0.239513 4 1  T ( 2 ) =  0 * 2 7 7 6 D  4 
TlCHECK:(SECfMIN) 0.243511 4 0.405811 2 T2CHECK:(SECrMIN) 012e38D 4 0,473011 2 
THESE TIMES ARE T O T A L  F'UHF'ING TIMES, 
U T O T l  = 0 ,4E03t l  8 'JTOT2 = 0.5508f  8 
TOTLEAKl = 0 .4840D 8, TOTLEAK2.z 0 , ~ 7 3 l D  8 
V/2 PUMf E11 ( F R A C l  ) ( C G S  v BF:L I G A L  1 * 0 5'643D 8 0,608813 3 0 t 254811 2 
U / 2  PUMFED(FRAC2) (CGSIBRLIGAL): 0.1124D 5' 0.709511 3 0.2969D cl 

X [ ! IFF,  BETWEEN TICHECK A N D  T ( 1 )  = 
% D IFF .  BETWEEN T2CHECK AND T ( 2 )  = 

1 644388  
2 . 1 9 9 6 2 2  

0.910611 1 0.787611 1 0.645511 1 0.4628D 1 0,5818D 0 
INF 'UT  C?XI AS X - 0  T O  A :  

0.9025D 1 0.7785Kl 1 0,6360D 1 0,453611 1 0,529011 0 
A =  1200. OLD T A =  2395 .0  NEW T A =  2435 1 A D J U S T E I I  TA= 2425 .1  

0,150011 2 0,1408D 2 0 .13160  2 Oa122011 2 0011201I  2 0.1015D 2 

FHI- 0 . 2 m 3 r 1  o DELTAY= o , i o o o r i  o H= 0 . 8 2 9 4 ~  4 
W I D T H ,  BHOhEN DOWN I N  1 0  INCREMENTS 
0,11411 1 0 , l l G D  1 0,97811 0 0,64611 0 0.42211 0 0+28511 0 

0,18511 0 O . l l 2 D  0 0,56911 -1 0,19011 -1 0~00011  0 
I = 11 I A R E A ( 1 )  = 3631+6102 

R X A ( I ) :  0499911 0 0.89911 0 0,79911 0 0+6?91 l  0 0 + 5 5 9 1 l  0 0 + 4 9 9 D  0 

R X A ( 1 ) :  0,399D 0 0.29711 0 0,19911 0 0.99011 - 1  -Q,1001l - 2  

* * * * * * * * t r * * * * * * * * ~ t * * * * * * * r *  
A =  3 2 0 0 + 0  B= 136.0  
* * * * X ~ * ~ t ~ * * t * ~ t * * * * * * * * * * * * * *  

ONE OF THE HXA'S MUST BE REAL CLOSE T O  0 ,  IS I T  ??????7? 

107.59 4 5 8  97 608 + 27  7 0 0  7 9  768 5 6  8 2 1  t 9 7  

866  + 03  902  + 9 4  934  t 09 962  4 4  906  67 

F X A  : 

3200 e 0 
I T E R A T I O N  SUCCESSFUL ON K I  Q =  15.0 RHU= 0 4 OH= 0.0 B =  136eOA = 

B =  136.0  P X A ( 1 )  = 7417307.9  
SHAPE OF F R A C  H/HZ FROH X A = 1  TO 0 

1 * 0 1 0 0  1 t 2 1 2 3  1 + 4298 1 + 6449  1 8684 2 ,1057 

2 .3620 2 t 6377 2 ,9403 3 ,2683 3 ,6290 

P H I =  0.228311 0 rIELTAY= 0,10001l 0 H= 0.829411 4 
W I i r T H y  B R O h E N  1IOWN I N  10 I N C R E M E N T S  
0,11411 1 O , l l O [ I  1 0,978D 0 0.64611 0 0,42211 0 01285D 0 



. . . - - . . . . .. .. . . - - - . . . . 

65 
,349911 70 ,8705D 70.118711 80.147:!11 80  + 174611 80,203611 80 .2334D 8 

*2651D 80+3001D 80.3361D 80.0000Is 0 

F H I =  0.219211 0 D E L T A Y =  0 100011 0 HE 0+88411I 4 
W I D T H ?  BROKEN DOWN I N  1 0  I N C R E M E N T S  
0 . 1 1 8 ~  I o . i i 4 r i  1 0 , 9 8 9 r 1  o 0 .6?5r1  o 0 . 4 1 6 ~  o 0.28211 o 

0.184D9 0 0,1111I 0 0.56611 -1 0+18S>IS -1 0,000D 0 
I = 1L ? A R E A ( 1 )  = 3898 .5708  

R X A ( 1 ) :  0,45413 0 0.36311 0 0 ,272D 0 0,181D 0 0.89911 - 1  - 0 t 1 O O I : I  -:: 

ONE OF THE R X A ' S  MUST E E  R E A L  C L O S E  TO 0 ,  I S  I T  ????????  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A =  3 5 2 0 . 0  P =  1 4 5 . 0  
* * * * * * * * * * * * * f * * * * * * * * * * * * * * * ~  

F X A :  
107459 449 + 80 600 1 0  65'2 53 760 21 813 .59  
857  * 64 8 9 4 . 5 6  9 2 6 . 5 3  954 19  978 .43  1000 .21  

I T E R A T I O N  SUCCESSFUL. ON K I  
a =  15.0 RHU= O + O H =  0 . 0  B= 145,OA = 3 5 2 0 . 0  

B =  1 4 5 . 0  F ' X t ( 1 )  = 7417307.5' 
SHAF'E OF F R A C  H / H L  FF'OM X A = 1  T O  0 

1 . 0 1 0 0  1 . 2 0 2 5  1 , 4 1 4 4  1 .6221  1 8368 2 + 0 6 3 0  

2 + 3079 2 .5690  2 ,8541  3 .1621  3 + 4967 3 + B t ? 6  

P H I =  0.219211 0 L I E L T A Y z  0,10001I 0 H =  0.884111 4 
W I D T H i  BROKEN DOWN I N  10 I N C R E M E N T S  
0.11811 1 0+114U 1 0 ,989D 0 0.62511 0 0.41611 0 0.28211 0 

0 , 1 8 4 ~  o o . i i i ~  o 0 , 5 6 6 ~  -1 0 , 1 8 9 r 1  -1 0.000~ o 
I = 1 2  A R E A ( 1 )  = 3898 .5708  
A R E A S ( X )  A S  X=A TO 0 : 
, O O O G I l  00,698911 30 + 104711 40.133711 40 161  111 40 + lE8211 4 0 . 2 1  7711 4 

.2466D 40.279311 40.314511 40.345911 4 
U O L U M E ( X )  A S  X = A  TO 0 : !tGS) 

e2565IS 80,289611 80.323511 80.360333 8 

T ( 2 ) =  OL1380fl 5 
0 , 1 2 0 8 ~  0 .20130 3 T~CHECK:(SEC~~IIN) 0 . 1 4 2 2 ~  5 0 . 2 3 ~ , o r 1  
T A L  F 'UMFING T I M E S .  

U T O T ?  = 0,220413 9 
9 ,  T O T L E A K 2  = 0,3426D 9 

( C G S , B R L ? G A L ) :  0.478311 9 0,302011 4 0 .12640 6 
( C G S r B R L p G A L ) :  01563013 9 0.355411 4 0+14871I 6 

X D I F F ,  BETWEEN T l C H E C K  AND T ( 1 )  2 .154216  
% [!IFF. BETWEEN T2CHECK ANIS T ( 2 )  = 2 e 91561 1 

0.8423Ll  1 0,714411 1 0.568411 1 0,384013 1 -0.119:D 0 

3 



A= 3200, OLD TA= 11819.0 NEW TA= 12079.2 A D J U S T E D  TA= 12014.2 6 6  

FROM 500. T O  1 2 0 0 ,  T S L O F E z  
F R O M  1200, TO 3 2 0 0 .  TSLOPE= 

) 

0,650 T C E F T =  
0.613 T C E F T =  

0.875'  
1.005 



G7 

C O M  
C O M  

C N O S  
C R A T  
C * l t t * t * t * *  
C * * * * * X * * * *  
C S Y M  
P L 
C 
C 
C 
C 
C 

F ' I L E R  N O S T A C h  
F ' I L E K  IIOUE.LE F F ; E C I S I L '  
T A C h  CAUSES ALL N O I ' J - C  
HER THAN V A R I A R L E  S T A  
P X ~ ~ t X * ~ * ~ x Y s k X x X X t * *  
f * * t X t . * Y * * t * * X X * a f X X t  
F R A C l  T H I S  FR3!3RC,M S 

FOR 111 F L U I D  F 
ALONG F E R I h E T E  
P U T  ONLY CAN R 
IS I N C L U D E I I  A N  
F"I C O R R E C T I O N  

SFURT L O S S  IS I N c L u r l E r l  
ALSO W I U T H S  WILL EE R F ' I N T E D  A T  THE MELLBORE 

WILL W O R K  F O R  NONNEL'T, F L U I D  FLOW 

W ( Y )  U S I N G  THE A N A L Y T I C A L  FOF:MULA, 
W I D T H  IS C A L L E D  FROM C L O i j E W I [ l l l  WHICH C A L C U L A T E S  

C 
C F U N C T I O N S  : D F U N A M 1 1  t l l F X r F F X 1 1  t I ~ A S I t J ~ I ~ A C O S  
C SO THESE NEED TO B E  L I N k E D .  
C 

SUBROUT I NES : CL OSEW I D  1 1 t D R K 2  1 1 7 D'JLTR 1 1 C t R T E S  T 1 1 

6661 

6 '3 2 
C 

I TSL:! I T C  
N I FLOUK I 

E 2  
C 5  I F L N F 1  I F L P F  

R E A L  INCX ("! i 
C A L L  OPEN( 1 t 'G+JDATA' 
C A L L  OF 'EN(?7 ' ( ? L I S T '  
W R I T E ( 2 ? 6 S h l !  
F O R H A T  ( ' F;LAf lL .EAK? 1 
F I  = 3.14159 
T O P - 2  t / F ' I  
N u n E n  = 3 

INF 'UT V A L U E S :  

t 1 t I E R r  1 
t 2 ,  I E R I  1 

0 u T I" u T 

2 8 )  
2$3 j 

'//" I N F U T  V A L U E S :  



C 3  

7 6 2  

t 0 4  

t 4 2 

6 4 4  

5 5 0  

C I N I T I A L I z E s L o F-E c E F' r U A  L LIES 
SLOF '1  = ((71 - R 2 ) / ( Y A 2  - X A l !  
C E F ' J  = 1!1 i S L C F ' l * X A l  
SLCIF'Z = ((72 - 1 ? 3 ) / ( Y k 3  -xn:!) 

C 

C 

b 1. 3 

C 



6 0  

C 
9 

5 7 2  

61 

63 
C 

6232 

6 2 3 3  

6 2 3 4  

C 
C 

C 

101 

C 

C 

2501 

C 
25 1 

C 2 = l  
C 

102 
C 
C 
C 
C 

W R I T E ( 
F O R M A T  
R E A D  ( 1 
W R I T E (  
F O R M A T  
' ( U S U  
HEAD ( 1 
W R I T E (  
F O R M A T  
REkl l (  1 
W K I T E (  
F O R M A T  
R E A D  ( 1 
W R I T E (  
F O R M A T  

H S T A R T / H Z  :: ' ~ F 1 @ . 4 !  

2 3 3 )  SP 
SF'UF:T L O S S  COEFI -1  I N  C G S  = 'rFlG.4) 
U - 
2334) I M U  
I M U =  ' r 1 2 r m  i I M U = O  hEfiNS MU IS C O N S T A N T  ' )  

9 ---- 
I S L O P  
I R U N =  
A = A l *  
I F R k C 
I T R = l  
S E T  II 
D O  25 
SLOF'E 
CEF'T ( 
G O  T O  

' E = l  
1 
30.48 
=1 

J ) =  1 ,  
350 

SACJE I F R ~ C L - I  E E S U L T S  F O R  I R U N = 3  C A L C N S  
S A U T l  = T I M E 1  
S l A F l  = A F 1  
S l U T O T l  = UTOTX 

SCrXl ( I r J )  = U X t l r J )  
SHF'I  
S F ' Y A 1  ! J ) = F ' X A (  J )  

r1o 2511  J= i , t {  

J ) = E F  < J j 

& = A  4 * 3 0 + 4 S 
I F R R C = l  
T T O -  1 

2522  



7 0  

C 
C 
C 

2 5 2 1  
C 
C 
C 
C 
C 
C 

1 0 4  
C ~ 

C 
C 
C 
C 

C 

2523 

253 

253 1 

C 
C 

2528 
C 
C 

P 
105 

L 

c 
C 

.. 
I R U N  = - 3  
I T R  = 2 
1FF:AC = 1 
R E S E T  U ( X )  
110 2 5 2 9  J= 
S L O P E (  J ) =  
C E P T ( J ) =  1 Do 2523 J= 
H F ' ( J )  = SH 
F ' X A ( J )  = S 

) / T S L O F ' E  

( A 1 ! ) / T S L O F E  

R E F E G T  TO A D J U S T  L ( T )  A T  A=k4  
W R I T t ( 2 r i O S )  

' EIOW U S E  1 S T  A F ' F ' E O X ' E I  F@F; L ( T )  ANKI A = k 4  R E S U L T S  T @  A D J U S T  L!T) 

FUKMF,T ! / .____--___-------------------- - i 
V A L U E  A T  A = A 4 . m /  



7 1  

C 

2 5 3 9  

2533 

254 

2 5 4  1 
C 

F3' 
C 

106 

F42 

2525 
2 5 2 7  

C 
C 
C 
-1 0 7 

C 
C 

2 5 5 8  

D I F T 4  = I S A B S ( T A ( 4 )  - T I C H E C K )  / T A ( 4 )  t100. 
W R I T E ( 2 r 2 5 1 1 )  A I , T ~ I ~ ~ ! I T I C H E C ~ ~ ~ I F T ~ , R T A ( ~ )  
F O R M A T ( / '  A =  ' r E l l . 3 t m  I N P U T  T =  ' r E l l . 3 , '  O U T F I T  T =  'rEll. 

S A V E  A D J U S T E D  C E F T r S L O F E  WALgES 
CALL R T E S T  ( tI  r RFER P I T E R R )  
DO 2537 J = l r t 4  
S A U S ( 3 r J j = S L O F E ( J )  
S A V C ( 3 r J ) = C E F T ( J )  

C ' I I I F T 4 =  ' r E l l r 3 9 '  A D J U S T E D  T E S T I M A T E  = ' ~ E l l + 3 )  

T A ! 4 )  = F : T A ( 4 !  
I T R l J N 3  = ITRlJE13 t 1 
I F ( I T R U N 3 + G T * 4 )  GO TO 2526 
I F  ( D I F T  1 + LT + LIFT + At![! t D I F T 4  9 L T 4 DF T ) G O  TO 2 5 2 5  

F:ESET I N I l E X  4 TO 3 FOR A = A 4  
T A ( 3 )  E T A ( 4 )  



7 2  

" 
C 
C 

108 
C 
C 
C 
C 

2 5 7 5  
C 
C 

C 
2 5 6 4  
C 

2562 

2563  

9 N 
UE l l  R 
J)  
j 
C E F ' T  

2 5 5 8  

( X )  

F E L O W  8 A B O V E  J O I N  A T  A 2  
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7 4  

C 
c92 
C 
C 

Cl6 
C 
C615 
C 

C 
C19 
C 
c 

C 
C 
C 
C 
c442 

C 

C 
C17 
C 

C 
C 

3 3 6  
334 

C 
C620 
630 

634 

COEiT I t4UE 
WRITE(2,92) 
FORMAT(' IF YOU WANT TO CHANGE HSTAKT, HIT 1 ' j  
READ( 1 )  IHST 
ISEG = 2 
IF(IHSTeECt.1) GO TO 33 

CALCe PRESSURE FROM KI=KC 

TO CALCULATE NEW FHI 
I = ISEG 
H = HF'(I)XHZ 
FLF' = HZ/H 
L = H/2t 
CALL W I D T H 

IF {FLAGF'HI+NE.l)GO TO 4 4 2  
FLAGPHI = 0 
GO TO 16 

NOW RESET S T E F r  K I I I V  
CONTINUE 
STEP=STEP~FLO~IT MFAC 1 
H2=H2*FLOAT(MFAC) 
ED I U=ti'.D I U/HFAC 

TO CALCULATE NEW PHI FOR EACH SEGMErdT 

I = J S E G  
H = HF'(I)XHZ 
FLP = HZ/H 
L = H/2+ 
CGLL WIDTH 

IF(ISEG,EQ+NTEfiPj GO TO 334 
CONTINUE 



7 5  

1111 
500 

50 1 
C 

627 
C 
C 

607 

337 

CONTINUE 
CJE=0/2t40.  

ITE(2r607; 
RMATilX/r 
ITE(21337) 
RMAT( ' S 

QBISRMUPHFTI~BFTIAFT 
E E A T I O N  SUCCESSFUL ON 
I t '  RMU= '~Fl0il1'H= ' 
1 
EFTPFXA(1) 
B = ' P F ~ O , ~ P '  FXA(1'1 

( HP ( 1 ) I 1-1 I' NTEMF' ) 
HAFE OF FRAC H/HZ FROM 

t; I ' /  
1F10*11' B= '1F10.1~ 

C ElOW COMPUTE ALL KI'S F O R  CHECKING PURF'OSES. 
IF(ICOflP.NE,l) GO TO 7 2 9  
DO 281 J=l~NTEflF 

281 
C 
C282 
729 

C 

C 
C 
C 
C 
C 
750 

C 
C 
C 
C 

C 
C 
C 
C 
770 

B= 

CONT I NUE 

CHECK WHICH CAL.CULATIUNS A R E  TO BE D@NE - TIHEP R P  IU'EITHEF;? 
IF (ITR-2) 7701750~9 
CALCULATE TIME g R 
CONTINUE 
DIVIDE FRAC INTO N SEGMENTS kt411 CALC VOLUME OF EA SEGMErIT, 
CALL THIS F R A C 1  THEN ITERATE FOR FRAC:! W t i i C H  I5 TO E:E O I I E  
SLGtlErdT LOtiGEF: .  

. 

IF (IFRAC+ER+2) GO TO 770 
C A L L  ULTO 
I C Y C L E  = 0 
GO TO 33 
NOW CALC THE VOLUME OF EA OF THE Nt1 SEGMENTS FO!? FRAC2, F R O M  
SEGMENT WOL'S FOF; F R A C S  1s: CALC FLOW RATES rlowti  THE F R ~ ~ C .  
CONTINUE 
C A L L  U L T O  
XFp?IRUN;EO,l) GO T O  251 
IF (If.UN.ER.3) GO TO 2 5 3  

IF (IKUV.E4.5) GO T O  2 5 5  
IF (IRU:4.En.6) G O  10 356 
IF (IFUN,LT.IKUNZ, GO T O  2 5 4  
E N D  

IF (IRUN.EO.2) GI) TO 252 
IF (IRUf4,E0*4) GO TO 25.1 



7 6  

C * * X  
c su 
C TH 
C FR 
C 
C 
C*** 

COMF'ILER NOSTACI;' 
COMPILER KIOUFLE FREC:;:O' 

* * * * ~ * * * * * * * * * * * * t X f ~ x * * ~ ~ t ~ ~  + ? % : r r + b t Y X P t f Y *  
EF,OUTINE CLOSEWIDI CFiEATEil Fi\CI:! : :C i i IF IYATION 0 
I S  SUBROUTINE CALCULATES THE C L S 3 r ' T  FC)F.M INTEG 
O M  THE WIDTH C A L C U L A T E S  THE aEEI; 

CLOSEWID11 I S  FUK NONNEWT,FLUIP F L 3 U i  F R I N  
* * * * * * * * * * * * * * * b * t * * * * * * * ~ * ~ * $ ~ * * ~ ~ ~ ~ ~ $ * Y ~ x ~ * *  

SURROUT I N E  WIItT!iq 
I l IMENSION V X ( 2 r  - - )  7 T ( 2 1  I AF:EAS(2: 8 - W(51)  I F'X 

C 

C 

REAL L 
INTEGER FFLAGPWFLAG 
COMMON /SUBL'TQ/ IFKAC, 'JXrT 

I EMDKl I RHU I 

COMMON /ARLOC/BI C ~ I H Z I C ~ I  

COMMON /SUEWIDTH/ WIAREASI 
COMHON / F N C T N /  F L F P F L P F F L A  
C O M M O N / N O N N E W T / F L N I F L O W K P C  
COMMON/EBLOC/NTEMP 

X A O L I l  I XAINCI HFI P H I  

I AF 
NOLI  
C O N  

NUM 
' G  
5 I F  

A C ,  I T Q  
I V 9 A l I  
STsErX  

W I D I I I  

LNP1 IF 

I Q I A 7 F I  
A 2 . 0 1  
A C  I TOF' I 

L p H  

LNF 

TS OUT WELLEOSE W I f t T H S  
x x x t t * * .?; t x * Y Y x t I Y t s :3 

A(22j:HP!Z2) 

,S~HSIIUFLAGIFXA:N 

NFLOW I DELTA r HIiEW I HOLD 9 

C I N I T I A L I Z E  VARIABLES BEFORE ENTERING W L O O F  
F F M S l =  P X A ( 1 )  

IENDNUMWID = NUMWID 
W I N C  = l+ /NUMWID 

C CALCULATE W FOR 'NUMWID' INTER'JALS OF THE HALF-HEIGHT 
L O  2 0 0  K = I i iENDNUMWID 
FL = WINC*!h- l ;  

WF = ( F 1 / 2 . X ( F F ~ S l ) - S 2 M S l t k C O S ( F L ~ ) ) ~ ~ ~ S Q R T ~ l ~ - F L Y ~ ~ ~  
C T E S T  H I  HZ RELATIONSHlF 
C NOTE THAT I N  THESE CALCKS+,H IS ALWAYS ?* HZ. 

I F  (H*GT+HZ)GO TO 19 

1 9  
10 

C 
C 
C 
C 

20  
C 
C 
C 
C 

C 
C 
C 
C 

30 

4 0  

200 
C 
C 
C 

C 

A E E A 2 z O  0 
G O  TO 20 

I F  ( F L - F L P )  1 0 1 3 0 ~ 3 0  
CONTINUE 

CASE I: BELOW THE EDGE O F  THE FCi_YZOt.dE 
F L ~ L T I F L F '  

GFL = DSCJRT (FLF ' * *2-FL**2)  
G O  TO 4 0  
CONTINUE 

OTHERWISE WE WILL GET A Z E R O  I N  THE D E N O M .  
I F  F L z F L F ,  THEN SET F L = F L F + , @ O l  

F L  = F L  t ,e01 
C 0 N T I N UE 

CASE 11: ABOVE THE EDGE OF THE PAYZONE 
FL GE 6 F L P  

http://FCi_YZOt.dE


7 7  

C 
C 

2 5 0  

C 

2 7 5  

C 
C 
C 

2 8 5  

C 
C 

300 

350 

4 0 0  
4 0  1 

CALCULATE THE TOTAL A R E F i ,  

WTOT = 0 . 0  
110 2 5 0  K=lrNUflLJID 

CONTINUE 

K K = K $ 1  
WTOT = WTOT t ( W ( K )  t 

AREAS(1) = 2t * WINC * W T  
CALCULATE PHI 

FLM=(2.*FLN+l, )/FLN 
DELTAY = 1./NUMWID 
WNOT = W(1) 
NUMWF1 = N U M U  I D +  1 
SUM=O. 5 
DO 275 K'21NUMWP1 
SUM = SUM t (W(K)/WNO 
PHI = DELTAYfSUM T) YtFLM 

TO PRINT WELLBORE WIDTHS ONLY 

2 ,  

IF(1tNEeNTEMP)GO TO 401 
URITE ( 2  I 2 8 5 )  PHI I DELTA: r 1.i 
FORMAT(/' FHX='rE12*4r DELTAY='~E12+4~' E='*E12.4) 
CHANGE IENDNUMWID SO ALL N U M W I r I  i 1 WIIlTHS AEE FKINTED OUT 

IENDNUMUID = NUMWIII t 1 

C O M F ' I L E R  NOSTACh 
COHF'ILER DOUBLE PRECISION 

C 
C * * * t * * * * * * X I * C * X * * * t * * * * * * * * * * ~ * * * * ~ ~ * * * ~  
C THIS SUEROUTINE PERFORMS RUNGE-hUTTR SOLUTION OF 
C DIFFERENTIAL E R N  AF:IS:tIG FROM W ( F ' )  A N I 1  F!Wi ECINS. 
C ~ f Y * t t t t * t L X I Y * X f X d Y ~ ~ ~ ~ L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f * ~ ?  

C h D I V r  I D U K )  

C XAOLDrXAINCrHFtFHX 

SUBROUTINE F ; h 2 ( A I S T E ~ r X A Z 7 Y Z , l I ~ l I f ~ I ~ I F ~ ~ ~ I F : ~ A I ! ~ ~ E ~ r H F ~ C ~  I F R A C ,  tl2r 

COMMON/ABLOC/B I C2 I HZ I C4 I CONST I E 7 X A C  T TOF' 7 llFCOW Y D E L T A  7 HIJEW I H O L E 1  7 

COMMON/h'JAL/t\CB 7 HSTART ISEG 
REkL h C H  

IF(ISEG.GE.3' GI) T O  29 
1 F'F - 0  

r t I H E b i s I o N  F X A C  ? 2 )  P Y A !  2 2 )  HF'( 2 2 )  



C 
C 

C 
C 

C 
5 5  

3 1  
11 

2 0  

C 
C 

C 
C 

C 

3 
1 

2 

C 
C 
C 
C 
C 

C 

D O 1 1  Jz l  rb: 
r l  =-STEF '  
T 2 = - S T € F '  
T 3 = - S  T E 7 
T 4 = - S T E f "  
ALL S T E P  
THE X A X  
Y = Y t  A *  
T H I S  * A  
H A V E  TO 
I F ( 1 F ' R . G  

W R I T E  
FORMA 
4 E 1 2 .  
I F ' R = I  

C 0 N T I NU E 

D I 11 
XFUN ( X 4 - H ,  9 'I 
t F U d  ( X A - H 2  I Y 
3 F U N  ( X A - S T E P  
S A R E  -L'E C O  
IS ( D Y = - D X  
( T l t 2 . t T 2  4 
I S  DONE H E R E  
B E  M U L T I F L I E  

(2,551 S T E F Y  

* F U N (  X A I  Y? 

T ,  1 )  G O  T O  

t T l i ? .  
ST,,'" t 

r Y t T 3 )  
Z WE A 
x = ( x r  
2 .  vT3  

I t I S T E  u EY A 
3 1  
X A r T l r  

) 
) 

RE I N  
Y j  ) 
t T 4 !  
A D  OF 

T 2  r T 3  
X A =  

. 

X A = X A - S T E P  
H P ( 2 )  = Y /  HZ 
R X A ( 2 )  = X A  

R E T U R N  

I N T E G R A T I N G  BCICKWARDS A L O N G  
) 

' 4  ) 16 + 
OF I N  FUN, C O Z  ALL FUN( ) 

T 3 ,  T 4 ,  Y 

E N 11 



7 9  

C 

C 

C 
C 
C 
3 

C 
C 
C 
C 

C 
C 
C 

C 
C 2 2 2 2  
100 

1500 

C 
C 
C 
C 

300 

C S A V E  

350 
360 

C 

5 3 1  

533  
5 3 2  

5 3 4  

5 3 4  535 

r1 rl = o 
j F  ( I F E A C . E C J , ~ )  N U M S E G  = N 
I F ( I R U N . E n . 3 1 0 R . I R U N . E 0 , 4 )  G O  TO 3 6 0  
I F R A C  = 1 
NUMSEG = N - 1  

I F  ( I F R A C * E Q * 2 )  G O  TO 3 

C A L C U L A T E  A R E A ( F L P )  

X A  = 1.0  
XAINCI?= i . /NUMSEG 
I F  ( I F K A C + E Q , l )  A F A C  I 1, t X A I N C R  

LOOF OVER THE C ' E R l ' I C A L  S E C T I O N S  C A L C U L A T I N G  ARE;iS 
' A R E A S ( I ) ~  IS THE A E E A  OF THE I'TH VERTICAL s z c r r u t l  I N  C G S  

AREAS(1) = 0.0 
I E N l l  = NUMSEG t 1 
I10 100 1=2,IEND 
H = H F ( 1 )  X HZ 
FLF= H Z / H  

L = H/2* 

C A L L  W I D T H  S U B R O U T I N E  T O  ICALCULATE LJ1PTt-l AN!I /+REA FOF: T t f i f  S E G M E N T  

CALL W I D T H  
W R I TE ( 2 r 2222 ) FLF:' 7 H Z  r tf I E: r E l  P I I I FR AC 
FORMAT (/' ' FLF r H Z  I H I I( I l 4 r  I I I F L A C :  ' I 4 E 1 1  e 4  I 315  1 

CONTINUE 
W R I T E ( 2 I 1 5 0 0 )  
F O R M A T ( '  A E E A S ( X )  AS X = A  T O  0 : ' )  
W R I T E ( 2 r 2 0 0 0 )  ( A K E A S ( I ) r I - l r N )  

NOWI C A L C U $ A T E  VOLUME BY I N T E F R A T I t J G  THE A E E A  9 V E R  X 
V = t I N T E G R A L ( A ( Y ) D Y )  FkO3 ) I = O  T O  X = A  

U T O T  = 0.0 
DO 300 I 1 1  NUMSEl i  

1 1 =  I t 1 
U X ( I F R A C  F I ) = X A  I tJCF:'I A t ( AF:EA S I ) t AI? E A S  i I I ) j'2 
U T O T  = U T O T  t U X ~ I F R A C I I )  

I F R A C  = 1 V A L U E S  F O R  L A T E R  USE I N  LEAb:OFF C A L C U L A T I O N S  
I F  (IFRAC.NE.1) G U T 0  350 

A F 1  = A / 3 0 + 4 8  
U T O T l  = VTOT 

T I M E 1  = UTOT1/11  

=1 R E S U L T S  WHEN I K U N = 3  OF: 4 
3 .  nr4ri. I F R A C  , E R  1 ) G O  T O  5 3 1  

7 O T f  
YJ 



8 0  

C 
C 

1900 

2 0 0 0  
C 
C 
C 

C c 
C 

7 5 0  
C 
C 
C 
C 

1 0  

2 0  

30 

c C A L C  

C 
C 
C 
c C A L C  

75 

76  

c C A L C  

0 I S  T H E  FLOW F ' P I ~ E  D O W N  A 1-SXIIED F E A C  8 
I I T O T  I S  T K E  VOLUf IE  OF A 1 - S I D E D  F F A C  

CHECK IF n r r?Lc 'Ns  AF:E T O  BE F ' E ~ : F O F : H C T I  < I T C = Z J )  

I F  (ITO+NE.2) G O  T O  999 

I F  F R A C 2  H A S  N O T  B E E N  I T E R A T E 1 1  FOR T H E N  I T E E h T E  F O E  FF:AC2 

I F  ( I F R A C + E Q . 2 )  G O  TO 750 
A = A F A C  Y A 
I F R A C  = I F H A C  + 1 
G O  TO 999  

C O N T I N U E  

NOW C A L C  L E A h O F F  R A T E  AND U O L U f l E  FOR E A C H  SEGMENT 

COMF'UTE NEETIEIl V A L U E S  F R O h  I N F U T  V A L U E S  
I F ( I S L O P E + E R , 2 )  GOTC! 1'2 

X S L  = TSLOF'E 
X C E  = TCEF'T 
T S L 1  = XSL. 
T C E l  = X C l l  
T S L Z  = ESL  
I C E ?  = X C k  
G O T O  30 

X C E  = TCF- I  

I F ( A F I . G T . f i 2 )  GOTO 20  
X S L  = r s L i  
GOTO 30 

X S L  = TSL:! ; I F ! A F l = A 4 )  T H E E E  P R E  2 S L O P E S :  
X C E  = TCE:! i ( T S L l , T C E l ) r ( T S L 2 1 T C E 2 j  

' I L I I I J  = l 0 , f Y X C E  
TEXF' 1e/XSL 

TIMES FROti L I T  G E A F ' H  
M M 1  = N - 1 

T A U  T I M E S ;  T A U ! l ) = @ .  T A U ( 2 ) - : T I h E  
D D  = I F I X ( A F 1  - A 4 1  
DO 75 I = l Y N  

I F ( D D +  EO. 0 e ANI1 H L  e L E  

HL  = AF1 t F L O A T ( I - l ) / ! F L O A T  
T A U (  1 )  = ( H L / T [ l I U )  t f  TEXF'  

A2 ) T A U (  I ) 
C O N T I N U E  
TnU(lL?) -= T ( 2 )  
W R I T E ( 2 r 7 6 )  ( T A U ( I ) r I = l r 1 2 )  
F O R M A T ( / '  T A U ( 1 )  A S  I . -1  TO Nfl '  

L E A h O F F  VOLUME W I T H  SF'LJKT LOSS 
C 1  = A F 1  * 3G,4& / ( N - l )  i C l = L E I I G T H  OF Ef iCH SEGMENT 
C C  = C l f L E A h C * H Z  

S E G  



85 B l = ( A 7 C / A F X ) X X T E X F  
F X l = F F X l I ( O .  ~ E ~ I N O L ~ I W * T S L ~ , ~ )  
T E R M 1  = T S L l f A 2 C Y S R K T ( l ( J ) ) t ( A F X ~ A 7 ~ ? ~ ~ ~ T ~ L l / T S L 2 ) ~ ~ X l  
TERM2 = T S L 2 X A F X t S R E T ( T ( J ) ) Q F ~ X i l ( € ~ , l . ~ ~ C ~ ~ ~ I V , T S L 7 r l )  
T O T L E A h ( J )  = ( T E R M 1  t TERM2 t S F L I ~ F , ~ / ~ L , * L E ~ ! ~ . C } ) X T C  

8 6  c o ~  r I NUE 
T O T A L  V O L U M E I T l C H E C h ? T 2 C H E C h  

T O T U O L l  = V T O T 1  t T O T L E A h ( 1 )  
T1CHEC: = T O T U $ L l / Q  
TOTWOL, = VTOT, t T O T L E A h ( 2 )  

c C A L C  

T 2 C H E C K  = TOTWOL?/Q 
V F R L l  = T O T U O L 1 / ( 2 6 4 0 , t 6 0 , )  
U F R L 2  = T O T ' J O L 2 / ( 2 6 4 0 + X 6 0 + )  
V G A L l  = T O T V O L 1 / 3 7 8 5 ,  
uGni2 = 
T l M I N  = 
T 2 H I N  = 
T l P E R  = 
T2F'ER = 
WRITE(: !  

C T O T L E A K  
2 5 0 0  F O R M A T (  

C 2 E l l r 4 ~  
c ' F U M F I  
C ' T O T L E  

' v / 2  F 

TO 
T 1  
T 2  
10 
100, 1: 

~ 2 5 6 0 )  T 
( 1  ) I T O T L  
/ '  T ( 1 ) =  
' T 2 C H E C  
NG T I M E S  
A K 1  = ' ? E  
UIIF'ED ( F R  

~~~ 

TWOL2 
C H E C h  
CHECK 
0 ,  1 

/ 3 7  
/60 
/ 6 0  
( T 1  
( T 2  

s5.  
' +  

;HECK - 
CHECK - 
r T ( 2 )  7 T l  
(2) Y T O T V  
E 1 1 . 4 r ' r  
i E C  I M I N  1 

U T O T l  
4v.r T O 1  
) ( C G S r h  

T ( 19 ) 
T ( 2 )  1 
CHECK 
0 L 1 ? ?' 

T ( 2 )  
' ? ? E 1  
= ' ? E l  
L E A K 2  

IRL I GA 
IRL 7 GA 

/ T l C H E  
/ T ? C H E  
f T L M I N  
B R L l  9 u 
= ' r E 1  

CK 
CK 
r TZCHECK 
G A L 1  9 TOT 
1.4/' T 1  
THESE T I  
I '  V T O T 2  
1 . 4 /  
r 3 E l l . 4 1  
I 3 E  11 4 ) 

r T 2 2 I H r U T O  
VOL,rWBKL2 
CHECC : ( S E C  
k E i  ARE T U  

= r E 1 1 . 4 , '  

(1) 
EAK . 

1 + 4 / '  
1 + 4 ? 3 X  

= ' ? E l  
L ) :  ' 
L ) :  ' 

C 
c 

C 
2550 

C 
C 

' V / ?  PUMPED i F R A C ? )  (CGS I f i  
W R I T E ( 2 ? 2 5 5 0 !  T l P E K r T 2 P E R  
F O R M A T ! / '  X TIIFF. BETWEEN 
' Z L ! I F F *  BETWEEN T 3 C H E C t i  

T 1 CHE 
A N D  T 

rF14,6/ 

NOW C A L C  FLOW R A T E  D O W N  EACH SEGMENT!OUTFUT O C X )  CrS X = O  TO A 

2 7 5 0  
C 

R X t l  
I W 1  
I C'2 n o  7 

R 
R 

Q 
-1 

7 5 5  

c NOW c 
1 

: A L C  
C L  
I F  

L A S T  
= 2 . x  

FLOW F:ATE O X  i A )  
S F t H Z / T ( l )  
,0) G O T 0  7 5 6  
A T E  = 2 G . X C C t T S L  
CITE = L E A K R A T E  t 

( IjII ER 
L E A K R  
L E A K R  

19F 
(: L 

G O T O  
= ( A 2  

7 5 7  
/ A 4 i *  XTEXF' 

, r P 2 , N O 1 l I V r  
A ? C $ F X l / S @ R  

A 4 C t F X l / S P R  
EF:H1 S T E E M ? )  
) - L E A K R A T  
L E A h R F i T E  R X  
R A T E ( 1 1 !  I CC 

2 , i .  , N ~ D I V ~  

7 5 6  F 7  
FX 
T E  
FX 
T E  
L E  
O X  
WR 
FO 

T S L  
T ( T  
T S L 
T ! T  
x:!. 
E -  
( 1 1  

' X ( 1  

1 = FF 
F:Ml = 
1 = FF 
R M 2  = 
A t ,  R A T E  
(11)  = 
I T E ( 2 r  
RMAT t ' 

X l l t O  
T S L l f  
Y.11 ( B  
T S L ? X  

= ( T  
a x (  1 

7 8 3 )  
L E k k .  

7 5 7  

7 6 3  

C R E S E T  A N Y  -WE Q X  OUTF'UT TO ' J T I P 1 F F : A C r l j / I l T  
D O  7 8 6  I = l r N  

7 8 6  



8 2  

C 
C 

7 6 4  

C 
C 1 4  
C C 

B3 = T ( l ) / T i 2  
F 7  = F F X l l ( E . 3  
E = 4 . 4 * H I % L E  
F = 0 . 3 , X S F ' X A F  
U T I F ' ?  = C I X ! 2 ?  
O X L A S T  = ( ( V T  
NEG = 0 
D O  7 8 4  [ = 1 r N  

l F ! O Y ( I ) e G  
MEG = 1 

T . 0 . )  GU T O  784 

R X ( 1 )  = O X L A S T  
CON T I b4 U E 
I F ( N E G . E Q . 1 )  GOT0 1 3  

W R I T E ( 2 r l 4 )  OXLGST 
FORMAT ( A L 7  E R N A T E  Q X  ( 11 1 C A L C U L A T E D  FROh FFiAC2 L A S T  S E G M E N T '  

13 
G O T O  15 

W R I T E ( 2 r 1 1 )  R X L A S T  
F O R M A T ( / '  ERROR,, , , . ,  ~ * + E F ~ K ' O R ~ . + ~ e + . e  . E R R O R * .  

ERROR. + t . E R R O R +  t t EF.EOR+ t 
' FOR COMF'UTING NEW I N F ' U T  0 x 9  A N Y  -U€ ax  I S  F\ 

C REFORM AND W R I T E  OUT I N F ' U ?  R X  

O N O T  = I N Q X ( 1 )  
x e  = 0 .0  
X A I N C F .  = l * / ' ( N - l )  
110 31043 I - 2 , N  
X A = X A t X A I Mr F' 

15 J N O X I . 1 )  = t2 /2640 .  

I S E  i3 -- I 
I N Q X ( 1 )  = R N O T t ( - S L O P E ( I S E ) # X A  t C E P T ( 1 S E ) )  

3100 C O E I T I N i E  
W K I  T E  3200) (' I P R X  ( I ) I I=l I N )  

3200 F O R M A T (  I N F ' U T  R X I  AS X - 0  T O  A : ' / ( 6 ( E 1 1 + 4 1 2 X ) / ) )  
A = A I A F A C  

EN D 
C R E S T O K E S  A TO F R A C l  YALUE - NEE11 I F  I T E K A T E  ON R ( X ) +  

999  R E T  U k N 

C 

COMF' ILER DOL'ELE F R E C I S I O N  

* * t f * * * ~ * i * * * * * * * t X t * ~ * *  

* * * * * * * * f * * * * Y 1 Y * * * $ ~ * * *  

T H I S  F U N C T I O I i  SUBPROGRAM I S  C A L L E t l  BY R h 2  I N  R U N G E - K U T T A  

I N  F L A M O C O  

F U N C T I O N  FUl4 ( X i 1  I Y )  
C O M f l O N / h V A L / h C F ;  r t iCTAF 'T ,  ISEG 
C O M M O N / S U E V T Q / I F R A C I V X ~ T I M E I A F A C ~ I T Q ~ ~ ~ ~ ~ ~ I I ~ ~ M ~ ~ ~ ~ F L ~ G ~ F ~ ~ I ~ Y  
E M 0 Li I R N U v t J  9 [I I 'J I A 1 I fi 2 I A 4 

S O L U T I O N  OF I l I F F I E Q N +  A R I S I N G  FF.OM W ( F )  h N D  F ' ( W )  E Q N S .  

C 
I N T E G E R  WFLAG 
R E A L  h C H  
C O M M O N  / C E ' L O C /  C E F T ( 2 2 ) , S L O P E ( 2 2 )  
COMMON/ABLOC/  B I C ~ ~ H ~ I C ~ ~ C O N S T ~ E I X A C ~ T O P ~ N F L O U , D E L T ~ I H ~ ~ E W ~ H O L X I ~  
COMMON/ NONtIEWTI' 
C 0 h H 0 t4 / F  P L 0 C ,' I M 1J 
D J M E N S I O N  H P ( 2 2 ) 1 Q X ( 2 2 j r V X ( 2 , 2 2 1 , T I n E o r F X A ( 2 2 )  
I F ( I F R A C . E R . 1 )  V = I S E G  
I F ( I F R A C , E 0 . 2 !  M:IFl>(l?.-XAtlC.) 
I F ( f l . G T . 1 1 )  M = l l  

C X A O L D I X A I N C Y H F , F H I  
FLN I FtOWh I C5 J FL!!F 1 I FLNF. 



C 
C 
C 

C 

C 
C 
C 
C 

C 
C 
c 

C 
10 

20  
C 
C 

C 

C 

T H I S  REMOVES F'KDRLEM W I T H  SM6L.L - ' J C  XFi 
T H I S  I S  NOT F ' R O G R R t i H E : I  FOR N = 2 1  t @ N L Y  N = l l  ! ! ! ! ! ! ! ! 1 ! ! ! ! ! ! ! ! 
C = l + / E - ( l , / E - T O F ' )  X X A l X A  
c = 1, 
T H I S  I S  A F ' F R O X I M A T I O N  T O  C ' A R I A F L E  C ( X ) .  
I F ( Y . L T . H Z )  G O  TO 10 
BELOW I S  CASE WHEN H ;:. HZ  
WE ASSUME FLOW THRU E N T I R E  I ' E R T ,  SECT1C)N ( E L L I P S E ) .  
K!P/DX FROP. 6 4 / ( F ' I X H )  ( O N L Y  THE F1F:ST T I H E  Ii4 EAlZH RUN; 
THEN P H I  C A L C U L A T E D  I N  TIWIDTH I S  USE11 FOR D P / D X , )  
FF' = H Z / Y  
H S l = I I S R R T ( l .  - F F % F F ' )  
F l A = h C F / D S R R T ( 2 , X P I k Y )  - T O F S S 2 h S l Y F F / H ' S l  
F l B = K C H I D S R R T ( T O P X Y )  t T O P * S 2 M S l * H Z t D L O G ( ! l ~ ~ H S l ) / F F ' )  
F l = F l A t F l B X Y 3  
ASSUME C L A S S I C A L  F L U I D  FLOW ACROSS E I i T I R E ( E L L I F T 1 C A L )  

F2 = - ( ( C 4 / P H I ) t ( C E F T (  M )  - SLOF'E!M) t X A ) ) 6 t F L N  
GO TO 20 

F l = T O F ' / P I  X hC81ra.4 d 'I 
F 2  = - ( ( C 4 / F H I ) C ( C E F T ( M )  - S L O F E ( M )  f X k ) ) * # F L N  
C O N T I N U E  

V E R T I C A L  S E C T I O N  

EFLOW I S  CASE WHEN H H Z .  

THE ( l . - X A ) t f ( l + D E L T A )  TEK'M I S  X V A R I A T I O N  FOR E U T H  RM'J AND 0 ,  
THE ( 1 , - X A )  I S  FOR FLOWt\ U A R I A T I O H  ( F O L L O W I N G  I I O L T E ' S !  
F L N M l  = F L N - 1 ,  
D U h = O  MEANS FLOWK I S  CONSTANT;  O T H E K l ! I S E  V A E Y I t J G  K I T H  X A  
n I I H = Y A - - . .  .... 
I F  ( I M U , E O , O )  DUM=O,@ 
FUN = F 2  t r l , - D U M ) f C 5  / (F1A $ F l F J Y F L N F ) / Y C X F L N ~ l  
W K I T E ( 2 t 1 0 0 ) X A ~ Y ~ H Z ~ h C ~ ~ S ~ ~ l ~ l t F l ~  I S E C ; F C E F T (  I S E G )  t S L O F E ( 1 S E G )  P - 

C C F 2 t F U N t C 4  
C l O O  F O R M A T ( '  X A r Y t H Z i h C B t S 2 M S l t f l t I S E G t C E F ' T ~ ~ L ~ F ' E ~ F ~ , F U ~ ~ ~ ~ ~ =  * /  

C T H I S  F U N  H A S  T @  PE M U L T I P L I E D  BY R - SEE R22 - B U T  WE 
C D O  I T  111 R h 2  I N S T E A D  - I T ' S  E A S I E R ,  

C C 1 X t 6 E 1 3 r 4  ~ 1 3 r / l X ~ 5 E 1 3 , 4  ) 

R E T U F: N 

C 
C 

E N D 

C O M P I L E R  DOUE(LE F R E C I S I O N  

* * X * * * * * * * * n * * * * ~ * * * ~ * ' ~ *  
S U B R O U T I N E  C ? T E S T ( N t R F E R t I T E R R )  
t * * X f * * ~ * t * * t X X * * * * f * . ~ ~ . #  
T H I S  S U B R O U T I N E  COMPARES I N P U T  Q X  ANI! OUTFUT 0 x 9  AND 
A V E R A G E S  THEM F ' O I N T  FY F ' O I N T ,  THE R E S U L T  IS F E D  B A C K  
AS A NEW I N P U T  R X  A N U  THE FRACTUF:E% RE-COMFUTEU,  C Y C L E  
I S  R E F E A T E D  T I L  I N P U T  A N D  OUTPUT R.< CONI';-IF:5ES. 

COMMON/RUAL/RX t I N R X ?  

D I M E N S I O N  R X  ( 2 2  1 
R E A L  I N O X ( 2 2 )  

COMMON/CBLOC.~'CEFT i 2:- 1 t SLOF'E ( 2 2 )  

DO 10 J = l r N  
D I F O  = D A E S ( R X ( . J )  - I N R X (  J ) )  / I N O X (  J )  1100, 
I F ( D I F R , G T . C d F ' E R )  G@ TO 20 

10 C O N T I N U E  

50 FOF:MAT( /  ' FLOW f.:A1'E CONVERGES TO W I T H I N  ' t F 1 0 , O t '  F 'ERCEIIT <IFTEE ' t  

W I< I T E ! 2 t 5 0  ) DF'E f:' t I: TEFi i! 

C 1 4 7 '  I T E R A T I O N S  ' )  
C STOF' 



70  R E T U R N  
E N D 

COMF'ILEF: U O U E L E  F ' R E C I S I O N  
F U N C T I O N  F F X 1 l ( A Y B I N O ~ l I V Y S L O F E , h i  

C * X * * * * * * * * * * X t * * t * t * * * * * * * * $ ~ ~ * * ~ ~ * ~ * * * * * * * ~ * * * ~ * * * ~ ~ ~ $ ~ * ~ ~ * ~ * ~ * * * * ~ ~  

C * * ~ * t * ~ * * * * * * * * * * * t ~ * * * ~ * ~ * ~ * * * ~ * * * ~ ~ * * * * * * ~ * * ~ * ~ ~ * ~ * $ ~ * * * * ~ ~ * ~ ~ ~ * * * ~ * ~ ~ ~  
C F'ERFOK'M T H E  N U M E R I C A L  I h J T E G R A T I O N  OF W I D T H  E O N  U S I N G  T H E  
C T R A P E Z O I D A L  METHOD T O  I P T E G R A T E  OUEE F 2  FF.Or! A TO F ( F O R  F L h l 1 )  

L 
C F'ERFOK'M N lJMERICf1L  I b J T E G R A T I O N  

c 0 n i.l O N /  11s L OF' / x s L 

X S L  = SL.r.F'E 
CtREFi = 0 . 0  
W I O T H  = ( E - A )  / N O D I V  



2 
30 

C 
c 1  

C 
C 
C 

RETURN 
END 

COM?ILER DOUBLE F'RECISION 
FUNCTION ASIEI(YY) 

T H I S  I S  USED T O  COMPUTE ARCS 
I F  Y Y  IS F'OSITIVEv RETUENS 0 
I F  Y Y  I S  NEGATIVE, RETURNS 2 

X X = S r 4 R T ( L . - Y Y * * Z 1  
A S I N = A P A N 2 i Y Y , X X !  
RETURN 

I N  FROM T H E  D A T A  S I ' J E 3  
-?O 
70-360 

END 

COMF'ILES r loESLE F'RECISION 
FUNCTION A C O S !  X X  1 

C T H I S  IS USE11 1 0  CDMF'UTE CIF:CCOS FROM THE DATA GIC'E?! \\ 

C I F  X X  IS FOSITIUEr F:ETUF:?IS O - 9 0 n r  
C IF X X  IS N L G A T I ' J E I  F:ETUENS 5 ' O - l o J  
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APPENDIX G 

Fortran code and user instructions for vertically asymmetric simulator 

1. Program description 

ASYMFRACl, a fracture simulator in which fracture height is self- 

determined, is appropriate if the vertical fracture is highly elongated 

(length/height ratio - 4 ) ,  and if the minimum stresses in the two bound- 

ing zones are higher than in the payzone, but not equal. 

static o r  hydrostatic gradients have been encoded but not debugged or 

tested. The fluid flow is assumed to be 1D along the payzone direction. 

Variations i n  elastic modulus from one zone t o  another are not included, 

nor are time variations in pumping rate or viscosity at the wellbore. 

> 

Vertical litho- 

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. 

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 
ASYMFRAC 1 

Sub routines 
VLTQ 
RK2 
KCONT * 

wcoz7 
CLPHI 

Func t i on s 
FUN 
CINT 
RKB 
RKC 
FUN1 
FUN2 
FUN3 
FUN4 
FN5 7 
FN5 8 
DFX 
FFX 
ASIN 
ACOS 
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3 .  Opera t ing  mode 

Batch 

4 .  Language 

F o r t r a n  I V  

5 .  Program developed on 

Data General  E c l i p s e  minicomputer 

6 .  T o t a l  C P  time 

About 5 min 

7 .  E f f e c t  o f  s t e p  s i z e  on Runge-Kiitta i n t e g r a t i o n  

The r e s o l u t i o n  i n  a l l  10 segments a long  t h e  x -ax i s  i s  determined by 

NDIV (normal ly  110) .  

f a c t o r  MFAC ( e . g . ,  MFAC = 5 means s t e p s  w i l l  be  5 times c l o s e r  t o g e t h e r ) .  

The r e s o l u t i o n  i n  t h e  t i p  segment i s  enhanced by t h e  

I f  t h e  s t e p s  a r e  n o t  c l o s e  enough i n  t h e  f i r s t  segment,  t h e  p r e s s u r e s  

a long  t h e  f r a c t u r e ,  g iven  by P X A  v a l u e s ,  w i l l  be  t o o  s i m i l a r  and c l e a r l y  

e r roneous .  I n  t h i s  c a s e ,  reduce t h e  s t e p  s i z e  by i n c r e a s i n g  MFAC by a 

f a c t o r  of  2 .  A s  a f i n a l  check on t h e  r e s u l t s ,  double  N D I V ,  which reduces  

t h e  s t e p  spac ing  a long  t h e  e n t i r e  x -ax i s .  The r e s u l t s  f o r  we l lbo re  h a l f  

h e i g h t s ,  b ana c ,  and w e l l b o r e  p re s su re  (maximum PXA v a l u e )  s h o u l d  not  

change s i g n i f i c a n t l y .  

8. Too r a p i d  h e i g h t  growth nea r  t h e  we l lbo re  

For  c e r t a i n  combinat ions of  i n p u t  parameters  t h e  program may a b o r t  

because  h e i g h t  grows too  f a s t  a s  t h e  i n t e g r a t i o n  proceeds  from t h e  t i p  a t  

x=a back t o  t h e  wel lbore .  When t h i s  happens,  h e i g h t s  and p r e s s u r e s  w i l l  

be  p r i n t e d  o u t  from t h e  t i p  t o  some p o i n t  between t i p  and we l lbo re ,  

fo l lowed by a RUNTIME e r r o r .  If  t h e  h e i g h t  i s  growing r a p i d l y ,  t h i s  i s  

a lmost  c e r t a i n l y  t h e  reason .  To check i t ,  double  t h e  s t ress  c o n t r a s t  

Sz -S l  and a s u c c e s s f u l  s i m u l a t i o n  should r e s u l t .  



Parameters which can give this error include: 

(i) too small Sp-S1 (ii) too small H (iii) too high E 

(iv) too large p 

9. Sample input data file 

(iv) too large Q 

O-------SELECT DEBUG OPTION ZERO=NONEv ONE=SOHEv TUO=ALL 
,----,--SELECTS 3 CALCULATIONS, ONE=TIME, TWO=TIME 8 Q I  THREEzNEITHER 

l-------IWRITE FLAG U S E D  T O  SELECT OUTPUT 
132000000.0 KCE-- FRACTURE TOUGHNESS (DYNES/CHttONE POINT FIVE) 
6 0 . 0  HZCFT! F'AYZONE HEIGHT 
5.0 R I N ~ B F M T  - I N P U T  F L O W  R A T E  ( O N E  W I N G )  
0.46 NF'FIME INIiEX OF POWER LAW F L U I D  FLOW 
9.57  KFRIME-AMF'~ITUDE OF F'OWER LAW FLUID F L O U ( D Y N E S - S E C t f N F ' R I M E / C H t * T W O )  

48~~000.0 YOUNG'S MODULUS ( P S I )  
O,,, RNU - F'OISSON'S RATIO 
520.0 SZMSl(PS1) - S T R E S S  CONTRAST A T  UPPER BARRIER 
1195.0 S3hSl(F'SI) S T R E S S  CONTRAST AT LOWER BARRIER(HUST B E  > S 2 M S 1 )  
400.0 Al(FT) FRAETURE HALF-LENGTH 
C--IMU IF IMU=ZERO KF'RIHE I S  CONSTANT; IHUd;>ZERO~ KPRIHE I S  PROP T O  (ONE-XA) 
0.0 PO1 NET GRADIENT 
0.0 F02 ' 
0.0 F'G3 ' 
0.3 XA1 

I 

e 

c . c  X A 2  
0.85 
0,444 RZ - 
0, QB:! 03 - 

01 - VALUE Ot a,! INF'UT AT X / A  = X A  O N E  
' X/A = X A  TWO . ' ' 8  X / A  = O N E  

ll------IVER - NUMBER OF WIDTH C A L C N S  IN EACH VERTICAL SECTION 
l-------SELECTS OF'TION T O  RECOhF'UTE AND L I S T  ALL K I ' S  FOR CHECKING PURPOSES 
llO-----ND~V - # OF DIVISIONS T O  S P L I T  FRACTURE INTO(LENGTHM1SE) 

ll------N - # OF S E G M E N T S  FRACTURE WING I S  SPLIT INTO(LENGTHW1SE) 
0,099 XAL X/'.A POSITION A T  WHICH NUHERICAL INTEGRATION BEGINS 
100.o YZF(FSI)-FRESSURE A T  F R A C T U R E  TIP X/A=ONE CHOSEN so T H A T  H JUST > H Z  

0.1 DIFFAC - PERCENTAGE ITERATION ON KIb=KICt KIC=KCEv USUALLY=ONE 
1,NRES 
5-HFAC - MULT FACTOR U S E D  T O  INCREASE RESOLUTION IN TIP SEGHENT(USUALLY F I V E )  

O.O0559,--,-LEAKC- LEAKOFF COEFFICIENT (CH/SECt*POINT F L U E )  
0.5-----TSLOPE 
O+S-----TCEPT 
0.1846----,-SPURT L O S S  COEFF. IN C H  CUBED / C H  SQUARED 
O,Ol--------X CONVERGENCE F O R  T I M E S  



10.  Sample o u t p u t  d a t a  f i l e  

The c a l c u l a t i o n  performs two i t e r a t i o n s :  

( i )  i t e r a t i o n  on flow r a t e  p r o f i l e ,  q (x )  

( i i )  i t e r a t i o n  on f r a c t u r e  expansion r a t e ,  a ( t )  o r  x ( t ) .  As expla ined  i n  

t h e  t e x t ,  a s h o r t - c u t  i s  used f o r  ( i i ) ,  by l o c k i n g  l o g  m = n i n  x = m t  . n 

I n  p r a c t i c e ,  w e  guess  a flow r a t e  p r o f i l e  q ( x ) ,  and t h i s  i s  i n p u t  int-o 

t h e  program v i a  41, 42, and 43. The program s o l v e s  f o r  t h e  f i r s t  f r a c t u r e ,  

o u t p u t t i n g  t h e  h e i g h t  p r o f i l e :  a t  t h e  top  o f  t h e  f r a c t u r e  i n  u n i t s  o f  

half-payzone h e i g h t  ( s e e  SHAPE OF FRAC HB), and a t  t h e  bottom of t h e  

f r a c t u r e  ( s e e  SHAPE OF FRAC HC). 

payzone s t ress  i n  p s i  ( s ee  PRESSURE FROM TIP TO WELLBORE). Then we have 

wid th  p r o f i l e s - - 1 1  va lues  i n  each v e r t i c a l  s e c t i o n  of  t h e  f r a c t u r e  ( i n  

cm) . 

Next i s  g iven  t h e  n e t  p r e s s u r e  above 

For  t h e  s h o r t - c u t  method used h e r e ,  v a l u e s  f o r  n = TSLOPE and 

loglorn = TCEPT a r e  locked t o g e t h e r .  

va ry ing  n u n t i l  t h e  pe rcen tage  d i f f e r e n c e  between TlCHECK and T ( l )  and 

t h a t  between T2CHECK and T(2)  a r e  a s  low a s  p o s s i b l e ,  and a l s o  a s  equa l  

a s  p o s s i b l e ,  i n  magnitude, a l though o p p o s i t e  i n  s i g n .  

I t e r a t i o n  (ii) above proceeds  by 

Having done t h i s ,  t h e  o u t p u t  f low r a t e  p r o f i l e  i s  computed i n  bpm 

( s e e  OUTPUT Q X ) ,  and compared wi th  t h e  i n p u t  used i n  s o l v i n g  f o r  t h e  

two f r a c t u r e s  ( s e e  INPUT QX). I f  t h e s e  do n o t  a g r e e  t o  w i t h i n  5%, a 

weighted average  (3 p a r t s  OUTPUT, 1 p a r t  INPUT) can be c a l c u l a t e d  manual ly ,  

conver ted  t o  91, 42,  43, and a new run  can be  made. This  i s  i t e r a t i o n  ( i )  

above.  

- 

When t h i s  i s  done, f r a c t u r e  volume i s  g iven  by VTOTl (1  wing, cm3), 

l e a k o f f  and s p u r t  volume by TOTLEAKl (1 wing, cm3), and t o t a l  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 TlCHECK. 

Finally, the above run does not give an accurate calculation of 

n fracture expansion rate, a(t) or x = mt . 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 al(tl) and az(t2). 

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 ( t )  = mt . 

Then these points are plotted on a 

n 

According to the listing of ASYMF'RACl there are two output files: 

FLMCOZ7.OUT and FLMCOZ7.INT. The one below is FLMCOZ7.OUT. The other 

file has additional details of the calculations. To avoid writing 

t o  this file, insert in the CALL statement early in the main program 

It@ NULL" in place of FLMCOZ7.INT. 

http://FLMCOZ7.INT
http://FLMCOZ7.INT
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AOS R E V  0 4 . 3 a  
AuS XLPT R E V  0 4 . 2 1  



I I \ IPUT \ALLJkb: HZ,U,NPQIME,KPkICE K I Z , E M O D , R N U I  SZ-blrS3-SlrL ,CtLTA,LtAbC,SF s 0 J U  0.4bG 0.6S70 1 (I.132b 9 0 .4r )UU 7 
40O.(rO 0 . 4 b  (r.554UL - 2  O.lb4bU 0 

60.000 
0.22 '526.06 1195.00 

b= 70.6C= 45.1 Y Z  = 1UcI .O  
SHAPE OF FHAC H B / ( n Z / 2 )  F R O M  T I P  Tb nELLBbr(L 

1 . 0 2 2 2  1 . 0900 1.1646 1.245b 1.3246 1.404(r 

1.4981 1 . 5925 1.6933 1 .a007 1.9157 

1.0042 1.0164 1.0292 1 .0420  1 . o s 4 3  l . O a t 4  
SHAPE OF FHAC HC/(HZ/Z)  = 

1.0785 1.0905 1.1025 1.1145 1.1265 

293.48 
PRESSURE F R O M  T I P  Tu lJELL8ORE ( P S I ) :  

100.00 l e 7 . 3 8  21c.76 2 4 5 . U l  271.19 

313.10 330 . b 8  346.b7 361.26 374.71 

M A W .  V A L U E  OF W I D T H  I F 4  € A C H  VEf iTICAL SECTIOh ( C M I  

I F R A C =  1 lu= 11 

u.00000 0 0.16570 0 0 . 2 1 4 0 i ;  U 0.ZSUlb U 0.2bU4LJ 0 u.30710 (r 
O.331aD 0 0.35S9D 0 3.37870 U O . U U ( r 4 3  u 0 . 4 ~ 1 2 ~  U 

r).(i0000 0 0.0000u 0 
I =  2 W Z ( I , J )  = 
0.00O~U 0 0.88790 - 1  

0.21090 0 0.19780 0 

I =  4 o Z ( I , J )  = 
o.ooo00 o 0.7da5i) - 1  

0.24730 0 O.2322U 0 

0.27830 0 0,1?6ltjD 0 

I =  6 UrZ( I ,J)  = 
; ) . O O O O O  0 0.5923D -1 

0.30610 0 0.288bD 0 

1 %  7 W Z ( I , J )  = 
0.OOOOD 0 0.551eU -1 

0.33180 0 0.313713 0 
I =  8 WZ(1,J) = 

0.00000 0 0.52290 - 1  

0.35590 0 0.3375lJ u 
I =  9 & Z ( I , J )  = 
~ . O ~ O o O  0 O.Su13U - 1  

o . J o u 0 o  0 

0.0039L) 0 

0.127eU 0 

0.13d9d 0 

iI.15115U 0 
0.17220 0 

d.176Od 0 

3.20210 0 

0.1847U u 
0.22780 0 

0 . 1 0 4 f u  0 

0 .251 lU 0 

J.1710LI 0 
0.27290 0 

0.14000 0 

0 .2938U 0 

l l.1cooLJ 0 

0.31410 0 

U . l l t J 7 d  0 

0.33403 0 

0.109dL) 0 
I 1 E 7 L  \ I 

0.0LIiJUU u 
O . O U U O D  i) 

0.14950 0 

0.98750 - 1  

0.19010 0 

0.1270u 0 

0.21790 0 

0.147YU 0 

0.d3BYU u 
O.lb55U 0 

0.25481, 0 

0.18120 c) 

0.26610 0 

0.19570 0 

0.2724u 0 

0.20940 0 

0 . 2 7 2 7 u  0 

0.22i70 J 

O..?bh4b 0 

0 . 2 3 S l U  J 

0 .23420  U 

r I I L - 7  

u.o(r0uu u 

O . l t S I L ,  u 

0.2149b U 

0 . 2 5 0 1 0  iJ 

0.2kU4D 0 

0.36710 u 

0.33'120 J 

0.35'3dl~ U 

0.373511 u 

0.351.4u u 



9 3  
.97390 bO.lO54D 7U.1132U 7 

ti= 60.7C= 45.5 Y Z  = l(lU.0 
S F A P E  CiF F H A C  H B / ( H Z / 2 )  F K G P  T I P  7 6  AELLbdkE 

1 .OI?22 1. uBt)t? 1.161~8 1.2431 1.3199 1.4ucu 

1.4899 1.5820 1 .b802 1 .7&49  1.896s d.0174 

SHAPE OF F R A C  H C / ( H Z / 2 )  = 
1 . U O 4 2  1.0101 1 .OC?ci8  1 .U414 1 . 0536 1 . U b 5 t  

1.0774 1.3892 1.101,o 1.1128 1 . 1246 1 . 1 3 t 4  

P R E S S U H E  FROM T I P  TU wELLBLRE ( P S I : ) :  
100.00 166.21 2 1  1.78 i!44.03 270.uO 292.12 

3 1  1.57 32d. 9 8  344 .84  1159.36 372.74 365.17 

I F R A C =  2 h= 11 

o.uc)u0LJ 0 3.0000~ 0 

0 . 0 0 0 u ~  0 o.etl4oLl - 1  

0 . 1 b l b D  0 0.1513D 0 

I =  2 ~ I Z ( I , J )  = 

I =  3 w Z ( I , J )  = 
0.0000~ 0 0.98953 -1 

b . 0 0 0 0 1 ~  0 

0 . O O O G i )  0 

0,1206~)  0 

0.1319U 0 

0.15603 0 

0.17131) b 

G.17560 0 

d e Z o l l i J  6 

Uo1846t )  0 

oeCt?bsb 0 

0.18520 0 
0.249bC) 0 

0.1734u 0 

0.2711L1 0 

0.1421U 0 

0.29170 0 

0.127eLl  0 

0.3117Ll 0 

0.118Ou 0 
0.33131) 0 

b . l l U 9 U  0 
I\ ' I C . . . .  > . \  

0 . O O O O D  0 

0 .0000u  0 

0.14840 0 

0.98040 - 1  

u.1a92.u 0 

o . l d b 4 U  U 

u.21730 0 

0.1472u u 

0.2380U 0 

0 . lb46U 0 

0.25400 0 

0.180ZD 0 

0.26540 0 

0.19450 0 

0.27Z10 0 

0.20810 0 

0.2732U 0 

0.22121, u 

U.zbb5D 0 

0 . 2 3 4 ~ 0  0 

0.243YG ir 
I ,  , ,4 L 7 G I  I 3  

O . b C U b b  u 

O . l t 4 2 u  b 

o.l?1z9u u 

0.24iYbU u 

U . 2 7 9 L i u  3 

0 .3CSru  u 

9.32931, u 

0.3511b U 

0.371cLJ u 

0.3e95u II 

I I . ' ( L t l L  (J 



1 SL O f  E ,  T E X P LJ hE 11 T = 0.5b863 1.758bO I T C E P T I T D I V  = 0.5bl)b 5.7u3l 
LEAKC = 0,005590 SP = 0.184600 If’l C G h  
TAb(1 )  A S  I s 1  T O  l U + l  
e .ooooo 0 0 . 6 5 6 7 0  z 0 . 2 2 2 2 0  3 0.45341, 3 0.7SlYC 3 0 ~ 1 1 1 3 ~  4 

TOTLEAKl(=LEAKOFF + SPIfdT L O L ) =  0.4254D 8 VTDTl[=FRAC LOL)= G.747&0 7 

l ( l ) =  0.37671) 4 T t d ) =  0.44540 4 
(sEC,PIh)  T l C H f C K  = 0,37890 4 0.631bD 2 I T2CHECK = 0.44280 4 0 .73eOlJ  c 
TOTAL vCILLIH~ (FRAC1): (CGS,BRL,GAL) 0.5002L, d 0.31560 3 0 . 1 5 ~ ~ 0  5 
~ C T A L  VOLUME (FRACZ): (CG5,6RLIGAL) 0.58450 8 0 0 3 0 9 0 0  3 o . I s q 4 ~  5 

lCTLEAK2(=LEAKOFF + S P I I v T  VOL)= 0.49630 8 WTOT2(=FRAC V U L ) =  6 . 6 t l 7 0  7 

FRAC 1 
LEAhnATE(X) A S  X = O  T O  A : 
u.5439G 3 0.5523b 3 0.56780 3 0.59141r 3 0.625511 5 O . t l 4 3 u  3 
0 .74&?LI  3 0.8719U 3 6.11340 4 0.4613U 4 
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I D E t j U h  = 0 
1 1 0  = 2 
I n F i l T E =  1 
K C b =  0.13.?0 9 CLs 
H Z =  b0.0 F T  
L / d =  5.U 6 P M  
r v P H i C t  = 0 . 4 0 3  
K F H I P I E  = 9.570 C G s  
Y b U h G ' 5  MODULUS= 0.46Ui;  7 F 5 1  
PbISS.RATIO= 0.d2 
si?-s 1 = 520.0 P S I  
S 3 - b l z  1195.0 P S I  
A =  400.0  FT 
11.u = 0 : I M J  = 0 MEAIvS V U ( x )  IS CUbST 

IMU = 1 MEAPJS C I I L A )  15  PUHPUkTIUhAL To 1 

POl,PG2,P03= 0.0000 0.0000 0.0000 P S I  
XA l rXAZtXA3 :  0 3 0 0  0.900 1 . O U U  u l # w 2 # O 5 :  (J. 

X ~ ~ , C E P T ~ ~ S L O P E ~ :  0.90 3.7020 3. 
0.b7 D t L T A  = 8 . 4 6  

XA1,CEPT SLOPE: 0 . 3 0  1 .OS30 
I V E H  = 1 1  ;Id0 OF n I C T H  CALCN P E N  V E R T I C A L  S 
ICCMP = 1 
I \ I o I v =  1 1 0  -140 OF D I V I S I O ~ S  hE B R E A K  FRAC HA 
A A Z =  0.999000 ~ ~ T A R T ~ ~ I G  X / A  PUSITION 
rLp= 100.000 PS1;STAkTIhG FhEsSURE A T  X = A  
bJ= 11 ;(do. OF SEGPEIUTS HALF LElcGTH I S  0 
A L L O H A ~ C E  FOR U . l O X  E K ~ C R  I N  ITEKATIIJG UIdTLL K 

3 6  

- X / A  

/ F  T 
8 5 0 0  5.4440 0 . b  IbcU 

LF L E h G T H  INTO 

h R E S  = 
PFAC = 
L E A h C  =0.5 
SP = C , l & 4 6  

:EX 
1 
5 
5 9 0 0  - 2  

T H A  f i E S ~ ~ u T i l l h  
*LEAKIIFF CclEFF 

SbliRT LCs5  CclEF 
PESTCEPT = U- '5 

T 

rhITIAL V A  
% C u h v E R G E  
P H I  = 0. 

I S E L =  2 F 1  
A ? \ =  u.999D 

= .  O.cilO0 

X A z =  
37 c u  

I).FOOU 0 
~ s L u P E ~ =  

0.9JVU (i 
l S L C I P E I I =  

3.9uuu 0 
1  SLOPE^= 

0.90bU 0 
~SLCIPEZ= 

,999D u 11 
0 . 9 0 0 0  0 

I ~ L O P E Z =  
0.9uoLJ 0 

1 S L U P € ~ ! =  

2 4 l D  4 F2:  0 .  

2 4 7 L  4 F c =  0 .  

2 4 7 0  4 F Z =  0 .  

2 4 7 L  4 F Z =  b .  
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F X ( 1 )  = 0.1360730 1 
F x ( 2 )  = 0.2911140 1 



0.15330 4 0.20110 U 0 .25430 4 0.312d0 4. 0.3765C 4 U.4452U 4 

F x ( 1  = 0.1360550 1 
F x ( 2 {  t 0.291092D 1 

lOTL€AKl (=LEAKOFF + SPIrdT VOL): 0.42530 8 V T O T 1  ZFRAC kOL = 0.74760 7 
TOTLEAh2(=LEAKOFF + SPIfJT VGL): 0.4982D 8 VTOTZt=FRAC ' J O L ] =  ( I .6b l70 I 
T ( l ) =  0.37650 4 T( i ! )=  0 44520 4 
(SEC,HIh) . T l C t i k C K  = 0.31890 4 0.63159 2 , TZCHECK = 0.44s70 U 0 . 7 3 7 6 ~  2 
T O T A L  V O L U M i  (FRACl (CGS,BRL,GAL) (r.SO01D a 0.31570 3 G . 1 3 ~ 1 0  5 
T O T A L  VOLUME ( F R A C Z ~ I  (CGS,BRL,GAL) 0.58440 8 0.3089U 3 0.1544U 5 
x OIFF. BETWEEN TlCHECK Ah0 T ( l  = 0. 6 3 2 0 5 1  

- b  . 55757 5 X DIFF.  BETWEEN TZCHECK Ah0 T ( 2 1  = 

0 . 5 9 4 3 4 0  X OIFF. BETnEEN TlCHECh A h 0  T ( 1 )  = 
X O I F F .  6ElwEEI* t  T2CtiECfi AhD T ( 2 )  = -0.5959u7 

0 1  (12CHECK-l1CbECtO= 0.63aSD 3 SEC., 1 ( 2 ) - 1 ( 1 ) =  O.bo74C 3 bti. 

OUTPUT Q ( X )  AS % = A  T O  0: 
0.50000 1 0.47560 1 0.45060 1 0.42490 1 0.39850 1 0.37b8U 1 

0.34070 1 0.30750 1 0.26930 ,l 0.22000 1 0.4159C 0 
I h P U l  O X ,  A S  X = A  T O  0 :  
0.50000 1 0.07660 1 0.45110 1 0.42500 1 0.3912C 1 0.3573U 1 

8.32350 1 0.28970 1 0.25580 1 O.i?2ZO0 1 0 .4100C u 
x A 1  = 0 . 3 0 0 0 ,  KA2 = 0.9000 
ux A T  a A = X A l  U S I N G  OELT A CALC. 0.4250D 1 

W A A . ( G A  C J l ~ l P b l ,  X O I F )  = 0.30751, 1 O.o lb00 1 
bX A T  X A  = X A Z ,  LJSIIUC, SLOPE A A D  CEPT 0.222uD 1 



1 0 5  

C X  
C X  
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C X  
C *  ,.. 
L 

,. - 
c 
C 

co 
C U  

su 
F U  

******** ******** 

c 
C 

H F I L E R  N O S T A C K  
H F ' I L E R  E O U E L E  F ' R E C I S I O N  
x. t t !+ t x * x c * t X k t  x: I *:l* * **:$ **  * x * * Ac * *r ** t * * ** Y *  X * *  * *** t t*  * a *  * *b** * * 
t * X X X d ~ t t X t l t Y * t X t f t ~ . f * * * $ * * * * * * * * * * * * x ~ ~ * * ~ * * * * * ~ * * * * ~ * ~ * * * *  
M F R A C l  - T H I S  F 'ROGRAH S O L U E S ' W ( F )  ANI1 F ' ( W )  E Q U A T I O N S  

F O R  A S Y M M E T R : I  C S T R E S S  D I S T R I E U T I O N  
U S I N G  C O R R E C T  C A L C U L N  F O R  W ( F ' )  

AND O T H E R  S E L E C T E D  KI 'S  = K C B I  
14 /16 /83  

( T H E  K I E I  l \ I C  A R E  U O N E  F ' E O F ' E R L Y  T H O U G H )  
F O R  irl  F L U I D  FLOW A N D  I T E R A T E S  U N T I L  K I ~  = K C R  A N D  

**t W I T H  C O R K E C T l O N S  T O  C O N V E R T  T O  N O N - N E W T O N I A N  F L O W .  

E R O U T I N E S  + D V C O Z ~ B ~ D I ~ K ~ C O Z ~ ~ ~ C O N T I W C O Z ~ ~ C L F H I  
t i C T I O N S  : D F U N C O Z 7 r C I N T 7 r R K B , h ~ C r D F X L 1  r DASINrDACOSv 

t f t * X Y t * * X * . ~ * * * * * * * ~ * * ~ ~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * ~ * * *  
X * * * t f X * l * * : $ X l % * * * * * * : ~ * ~ * ~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

D F N S 1  Y DFN152 9 D F N 5 3  P D F N 5 4  I D F N 5 7 ,  17FN58 
SO T H E S E  N E E U  TO B E  L I N K E D .  

. .,... .., - . . - - ,  ...,-, ... 

. 'CELOC/  X A l , C E P T y S L O P E , X A 2 r C E P T 2 , S L O P E 2  
; W C B L O C /  E L I Y ~ , Y ~ ~ F ' I , U C O N I I V E K  

I D T H / W Z ,  WZMr A R E A S  
C/ U I F B I D I F C I 11 I F F  AC 

i L O C /  HBM 7 tiCM 
4EWT/  F L N  P F L O U K  9 C5 r F L N P l  P F L N P  

D 1 5 f ' L . R Y  VALLIES T H A T  HAVE: B E E N  I N F ' U T :  



C F10.3~' C G S ' )  
WRITE(2t762) EMODrRNU 

WRITE(2:603) S2MS?rS3hSlr\ 

WRITE(2r604)IMU 

WRITE(2r882! POl,P02~P03 

7 ' 9  / 0 -  FORMAT( YOUNG'S MODULVS= '1E12.31' PSI' 
C / '  POISS,RATIO= ~F10.2) 

603 FORMAT( S2-S1= ~ F 1 0 ; l ~  PSI'/' S3-S1= 'rFlO.1~' PSI' 
C / '  A =  '~F10.1.~ FT') 

604 FORMAT(' IMU = '112,' i IMU = 0 MEANS MU(X) IS CONSTI' c / '  IMU = 1 MEANS M U t X )  IS FORPORTIONAL TO 1 - X / A ' / )  

882 FORHGT(' POl,F02~P03='13Fl2~4,' PSI/FT') 
C N O D  I V 
C WRITE(3r62) NODIV 
C62 FORHAT(lXrI6r' STEPS FOR NUMERICAL INTEGRATION'/) 

WR I TE ( 2 I 62 ) 

C 
C CALCULATE R X  FROM PREVIOUS RX VALUES 
C 

XA3 = 1. 

* S 2 M S 1  
iS3MS1 
G 4 i 3 0  t 4 8  
0 ./30 48 
O t  /30,48 

I 7  

I: 

a* * * * *  

* 4 r 2 X )  

m 

DELTA r 

KFRIME 
0 1 3 r 2 X  



:t 3 7 

c!,:: rc::.i,:z) N D I W  
:. 1 3 F U R M ; i i !  ; NDIV= 'PI5,' ;NO OF DIVISIONS WE BREAK ' p  C F R A C  HALF LENGTH INTO') 

WRITE(2vl:O)XAZ 
L*JR I T E ! 2 Y 1 4 1 1 Y Z F' 

WRITE(2r 1$2)N 

WRITE ( 2  r 6 5 2 )  DIFFAC 
FORMAT(' ALLOWANCE FOR ' P F ~ O I ~ P ' X  ERROR IN ITERATING UNTIL ' p  

C 0 N T I NU E 

9 ICYCLE=ICYCLEtl 
1SEij-z 0 
WRITEi27592) NRES 
k'R1TE ( 2  v 593) h c A C  

1 .; 5 FOR ?I A T ! X G Z =  ',F10*6?* iSTARTING'X/A POSITION') 
.: c 1 F O R : l < i f (  ' YZF= ',F10+3,' PSIiSTARTING PRESSURE AT X = A ' )  

1 FORMAT C N =  '913,' ;NO* OF SEGMENTS HALF 'P 

u r -  L t7 c) 

C 'LENGTH IS DIVIDED INTO') 

C 'KIC = K C I  ETC.') 
1 7 9  
C BEGIN NEW ITERATION 
C 

5 $ 2  F O E H A T i  ' NRES = 'rI4) 

5 9 3  FORMAT!' HFAC = ' 9 1 4 , '  iEXTXA RESOLUTIOtl IN FIRST ' C 'SEGMENT') 
WF<ITE( 7:554 LEAK:, SP 

5 7 .? FOF:HkT~~ LEAt,C,= ~E10.9,' iLEAKOFF COEFFe(1N CGS)'/ 

c o r  .I I Cl F O F : M A T (  IIIITIAL VALUES OF TSLOPEiTCEPT = ' ~ 2 F 5 + 2 /  
C ' S F  = ' ~ E l 0 . 4 ~  ;SPURT LOSS COEFF') WRITE(2i595) TSLOPEITCEPTPTIMP 

IHST=O 
C ' i: CONVEEGENCE FOR TIME := 'rF8.4) 

IF (FLN,GE+0*7) GOT0 5 2 0  
M M  = * I t  
B B  = ,.I5 
GOTO S 2 i  

COh! T I t i  LE 
tit+ = , @ S 3 3 3  
E:p = . z o o  

C 0 i.l T I N U  E 
P H I  -I MHXFLN + SB 
FI-fiF = Z . t F L ? i  t 1. 

VRITE!29147,FHI 
14;. F O R M i l i ' i '  F ' E I  ' r E 1 2 . 4 )  

529 

5 2 1  

C'r; .T - 1 ,  t 2,IS(FLN t 1.) X (FLNP/FLN t l*/PHI)tSFLN 
C X (PI/!4,%Cl))XtFLNP f FLOWK t QSXFLN 

A F t l C  = 1. + l * / ( N - l )  
N .r EMF' = N 
bl U M S E'G 
IF ( 1FF:AC. EO.  2 1 

N - 1 
NTEMP=Ntl 

IF(IFRACeEQ.2) NUMSEG=N 
XijItJCxl t /FLOAT (NUMSEG) 
STEI'=l /FL@AT(NDIU) 
CONVERT U N I  T C ,  
-,  7 

L 
= Y Z F * 6 S ? 4 0 .  

I 

1 : C.?ILCULATE S O L N  OF 1I.E.ARISING FEOK W(P) AND P(W) 
1\I ; IV= NDIV/'NUHSEG 
I S T 1'4 !? T = 1 

EONS USING RUNGE-hUTTA ,- 

ti..': $ 7  E P i 2 .  
i TI:F'=STEF*/FLOAT (MFAC) 
! 4 l ' = - H Z / F L O A T  (MFAC) 
I \% 11 I 'J  = I, D I ' I  X.  W A  C 

2 TU:.? UF'S TI45 N O  OF STEFS IN IST SEGHENT B Y  FACTOR HFAC 
c FUh hCiKE ACCURATE INTEGRATION NEAR X A = 1 .  



108 

x A 0 L LI= x n 
ISEG-? 
1: il L L R b; 2 

Z 

( 

H I  
t 

P I  
1 4  
1 4  
E, 

C 
! 

I )  

19  
I 

A P STEP r X 
ISEG,  kCB 
( F H I  r WZ r 

/(4.CCl) 
7 )  C 5  P P H I  
7 ) P H I  

1 r C 2 v C 4  
= HRfl 
= HCK 
) HFB(IS  
N HAIN,  

2 t X ( F L  

EQ.1) W R  

AZ P Y z P N D  
r NTEHF' ) 
WCON v FLN 

C 
r ISEG, IUER,F I rE f lOD~RN 
t (FLNF/FLN Y l . / F ' H I )  
t FLOWK Y OXdFLN 

C A L L  CLF' 
c 5  = - 1 .  

U )  
X t F L N  

C 
C 

* (  
WRITE ( 2 9 

WRITE( 2 .  
I F (  IWRJT 
FORMAT ( ' 
HPB( I S E G  
HPC ( I SEG 
WF: I TE ( 2 ; 
FORHkT! 

ITE.( 2 v 61 
= ' r 3 E 1  . _  615 

EG) :HFC( 
HB ~ F 1 0  

C 
c 1 9  
' rE12.4~ 
e C 
I- 

NOW RESET STEP, h D I V  
STEF=STEPtFLCAT(MFkC) 
H2=H2tFLOAT (kFAC)  
K I! I U = h D I V /  MF A C  
XAOLD=E:<A ( 2 )  

; 

DO 335 ISEG-ZrNTEHF 
CALL Rb.2( A Y S T E P ~ X A Z ~ Y Z ~ N D I U ~ N , F X A I R X A , N ~ ~ E S , M F A C , I F R A C ~ H ~ ~ ~ ~ I I V ,  

C A L L  C L P H I ( P H I , U Z , W C O N ~ F L N , I S E G ~ I U E ~ ~ P I r E ~ O ~ I ~ ~ ~ U ~  
C ISEGrKCErNTEHP) 

C X ( P I / ( 4 , X C l ) ) f f F L N P  X FLC)!JK j: O t f F L N  
C5 = -1 .  X 2 , k % ( F L N  i 1,) X (FLNF'/FLN Y l . / P H I ) t t F L N  

C 

C 
C 
e353 FOEMi 

WRITE( 2 P 1 4 7  ) C 5 r  F H I  
W R I T E ( 2 r l 4 7 ) P H I  

2,353) W C O N  :ki ;F: 7 - 7 C 1 $  I 'rnN 

HF'B! I 
t l F ' C (  ISEG)=HCM 
W R I T F ( 3 , 1 3 !  HPB!ISEG)rHPC(ISEG),FXA(ISEG)~RXA(ISEG)rISEG C . . . . - . - . - . 

XAOLD=KXA! ISEG! 
X F ' I S E G + E U + ? J T E f P )  G O  TO 3 3 4  

C620  

3 r, 
:, 3 4 

AF'T=A.J30,4S 
D O  1111. I = l r N T E M P  

I4NB = (HF'B(NTEMF? 1: HZH) /30 ,48  
IiNC :- (I.IF.'C(IITEflF') 5 H Z H ) / 3 0 . 4 8  
b! li I T E ( 2 9 5 00 1 k c  T J "4 3 Y HNC 
FOF\MRT!/' A =  r F l O . l , * F T ,  B= * , F l O t l  

' A T  THE LELLBOKE')  
W R I T E (  2 , 5 0 1 )  ( F X k F ' i  I 1  ) r I I = 1  rtJTEKP) 
FOh'MtrTf/ FEESSCF:E FFZOHeTIP TO UELLB 
J F ! I F R A C . E Q + Z )  W F : I T E ( ~ V J O ~ ~ )  
F O F i H A T ( / '  THE 2ND PRESSURE V A L U E  I N  

' LESS T H A N  THE 2ND V A L U E  I 
' VALUE I t 1  FRAC? SHOULD B E  
' LAST VALUE I N  F R A C 1 .  A R E  

F ' X A F ' i  I ) 1 P X k ( 1 ) / 0 8 ' ? 4 0 +  11:1 

r ' F T  C =  ' ~ F 1 0  500 
c 

ORE ( P S I ) :  ' / (  

I FRAC2 SHOULD 

G R E G T E F :  THAN T 
THEY ???????? 

N FKAC1, T H E  

50 i 



:lo 9 

C 
C t 2 7  
C C 
C C 
607 

337 
C 

11 " -. t? 

WRITE ( 2  I 677 > 
' Q- ' ~ F l 0 . 1 ~ ~  F:hU= 'vFI.O.~I'E= '1F10*11@ C= '~FlOtlt 
' A  = ',FlO.lj 

Q E  I S R M U  I HNELJP t HNEWC 7 AFT 
' /  FORMAT( ' 1TEF:ATION SUCCEISSFUL ON K I  

COh!TINUE 
c 
L - 
d CHECK WHICH CALCULATIONS ARE TO BE DONE - TIMEP ar NEITHER? 
C - 

IF ( I r a - 2 )  7 7 0 , 7 5 0 ~ 9  
C ONLY CALCULATE TIME 
c 7 4 0  CALL VLTa 
C 1FF:AC = G 
C GO TO 9 
C CALCULATE TI3E g R 

7 5 0  CON T I NU E .- 
L c 
C 
C - 

DIVIDE FKAC INTO N SELiMENTS ANI1 CALC VOLUME OF EA SEGMENT, 
CALL THIS FRACl THEN ITERATE FOR FRAC2 WHICH IS TO BE ONE 
SEGMENT LONGER, 

L 
I F  (IFRACeER.2) GO TO 770 
CALL VLTQ 
ICYCLE = 0 
GC1 TO 1?7 

2- 
L d  

C 
C: 
c: 

NEW CALC THE VOLUME OF EA OF THE Ntl SEGHENTS FOR FRAC2t FROM SEGMENT V O L ' S  FOR FRACS 182 CALC FLOW RATES DOWN THE ;r;nc, 
7 7 0 C 0 N T I NU E 

CALL VLTR 
S T CI F 
E N D 

COMPILER NOSTACK 
COMPILER DOUBLE PRECISION 

c t X t * ' x * * t x t S * t X ~ t * t t t ~ * * ~ * ~ * ~ * * * * ~ ~ * * ~ ~ ~ * * * * ~ t * * ~ * x * * a t * * * * a * * * * *  

c m Y t t x * t ax  Y x t 1: x t 'x x t x : c t  x t 1: t a t  1: i t  x 1: x ri t t x 1: t t t mr t t t x 1: t 1: x x  x 1: t t t 1: t Y x x x 1: 
DIMENSION V X ! ~ , ~ ~ ) , T ! ~ ) , R X ( ' ~ ) , A R E A S ! ~ ~ ) , W Z ( ~ ~ , ~ ~ ) ~ W Z M ( ~ ~ , ~ )  

C SUBROUTINE D1JC0Z7 - CALC UOLUMEI LEAKOFF, TIMEI AND 0 
C -- DVCOZ7B t BISECTION METHOD OF CONVERGENCE FOR TSLOPE I TCEF'T 
c TO DIF % ( 0 9 2 6 6 4 )  

SUEF:OUTIEIE VLTQ 
D I f l E N S I O r I  , F X A  ( 2 2 )  I HFE: ( 2 2  j I HF'C ( 2 2  j 
I:litlENSION TAU(21 j YTTOTLEAK!~) ,G'JTAU(2) r F X ( 2 )  
1 t 1 T Z G E R  FFLAG I W,cLAr5 
K E A L  I h ' C ! t : < L ' ? )  , L , L E h t ~ ~ C , L E A ~ : ~ ~ T E ! 2 , 2 1 )  ,LEkt<VOLUME(2,21) 
O O f l M O N  / S U ~ ~ ~ T O / I F ~ ~ C ~ ' ~ X I T I G C ~ C I I T ~ I R I A I F I I S ~ ~ S ~ ~ S ~ ~ S ~ I W F L A G I  

C F ' : ! ~ ~ * ~ I : E : M C : D , F : N U I N O D I V  

,C 
C O P i r i O t J  / ' A D L O C / E  I C,? 7 HZ t C 4  I COHST t E ,  XAC I TOP Y NFLOW I UELTAI HNEWB, 
t.1 t I E  W C t HOL. Di: t H O L  :IC I X A O L D  I X k  I I I C  I HP E I HF'C 



COMMION , 'SUEWIDTH; 'WZ~ U Z H : A E E A S r N U f l W I I ~ ~  I I L I H  
COMflCN 

COMHON / S U B L E A K / ' A l I  I J T O T 1  

/ F N C T N / F L P  7 F L  7 F F L F i G  
CUIIMON , ' ~ ~ L ~ ~ / X ~ ~ , C E ~ T . S L G P E ~ X A ~ ~ C E ~ T ~ ~ S L O F E ~  

COhiI*fOi.! ' E B L O C / H Z H  ? F'O 1 I F'O2 7 F'03 
COMMON / G E L O C , ' C l  
C0MMC)N / W C B L O C ; ' E L I Y ~ I Y ~ ~ P I  I ~ U ' C O N I I U E R  
COflMOt! / F B L O C / I W R I  ISC I I U E B U G  
COMMON 
COf l i lON / T C O N V . ' T S L O F ' E I  T C E P T I L E A K C I S P I T I M P  

/ N O Y N E W T / F L N  I FLOWK : C 5  I F L N P l  I FLNP 

I F  ( 1 F R A C . E S . Z )  N U M S E G  = N 
I F  ! I F F : A C , E R . 2 !  G O  T O  3 
N U H S E G  = N - 1  

C I F R i l C  = 1 
r L 

C.ALCLJLATE A R E A !  F L F )  : 

L 

C 
C 
P 

L 
xn =. 1 .o  
X A I b l I C R  = l . /  N U M S E G  
I F  ( I F R A C . E 3 . 1 )  A F A C  = 1. t X A I N C R  

LUUf'  OVEF; T H E  C J E 2 T I C A L  SECTIONS C P L  C U I - A T I N G  AREAS 

3 

r 

' A F : E A S ( I ) '  IS  T H E  A f i E A  OF THE I'TH V E R T I C A L  S E C T I O N  I N  C G S  
L 

c 

I 4 F ; E A S ( l )  = 0.0  
l E f ! D  = N U H S E G  t 1 
110 1!!9 I = 2 r I E N D  
F R O F E R  C A L C U L A T I O N  OF AREA OF U 

HBC= ( H F ' B ( 1 )  t H F ' C ( 1 ) )  X(HZH 
E L = ( t + F P I I )  + H P C ( I ) ) t H Z H / 2 *  
ELME=EL - H P E ( I ) * H Z H  
I F ( H F B ( I ) . E Q , H P C ( I ) j  E L M B = O .  
Y 3 =  - ( E L H B  + H Z H )  
Y4: H Z H  - E L M B  
F 1 =  F ' X A i I )  - E L M E X F ' O 1  

E R T I C A L  S E C T I O N S  

I A R E  A = 2  
CCiLL W C O Z ~ ( I ~ W Z I W Z M I A R E A S I H P " P C , C ~ I I ~ R E A )  
W M A X  = L j Z M i I I l )  
C & L L  G L F ' H I  < F ' F I  7 WZ I WZM I FL!I I E N D I  I V E R I F ' I  ? EMOD I R N U )  
T Y P E  IN D V C O Z ~ I  PHI  = IF" I  

T H I S  G A L C S  A R E A  O F  A Y E R T L  S E C T I O N  FROM T H E  W I D T H  F R O F I L E  - -- I T a  DONE F R O F E R L Y  I ! 

C c 
C 

1 5 c 3  
c 

N= ' I  13) 

I = \ I  I E N D  

I I = l  I I E N I I )  
I I = l  I I E N I I )  

, E l - . 4 ) )  

W I D T H  IN E A C H  V E R T I C A L  S E C T I O N  ( C M )  



15046 

/ #  

/ #  

/ '  
/ '  

/ '  

W k I T E ! 2 r 1 5 0 4 6 )  
F0F:tIAT ! ' K t ' t T I O 3  = 

/ . 

T O F '  O F  F ' Z r  R E L  TO D I S T A N C E  F R O  
F Z  TO T9F' OF CROSS S E C T I O I J  - U 
TOF' OF F A Y Z O N E ' ,  

F F ' A C T I O N A L  D I S T A N C E  F R O M  C E N T E  
B i l T T O f ?  O F  F i r  R E L  T O  D I S T A N C E  
UF F'Z TO E O T T O H  OF C R O S S - S E C T 1  
L O C A T E  B O T T O h  OF F A Y Z O N E ' )  

M C E N  
S E  T O  

F: @F 
F R O 3  
ON - 

T E R  OF 
L O C A T E  

F'Z T O ' ,  
C E tI T E R  
USE T O  

u 

k!92 ;. C A L C U L A T E  VOLUME BY I N T E G Z A T I N G  T H E  AF:EA OVER X 
( I  I C .  

c 
0 ., = I N T E G R A L ( A ( X ) D X )  F R O M  X = O  T O  X = A  

1- 

i CHECh I F  12 C A L C ' N S  A R E  TO BE PERFORMED ( I T Q = 2 )  
c 
c 
c If FF.ArZ H A S  NOT REEF! I T E R A T E 1 1  FOR T H E N  I T E R A T E  F O R  FRACZ 

I F  ( I T Q + N E + 2 )  G O  T O  9 9 9  

P 
I, 

I F  ' I F R k C + E R * 2 )  G O  TO 750 
A = A F A C  $ A 
I F R k C  = 1FF:AC t 1 
G O  T O  993 

? 5 5  COIJT IK!JE 
I' c: N@!I t A L E  LEt>t*.OFF K A T E  AND VOLUME F O R  E A C H  SEGMENT c 

. . I 

I . 



C ITEF;t'iTIO?J FOP CO?IVERGENCE OF TIEES FEGINS HERE 
7? TEXF'ZNENT = l . /TSLOF'E i=l/N FOR A ( T ) = h X T X t N  i r l r v  = ~ O , ~ * T C E P T  i = n  

W R I T E ( ~ , ~ ~ ~ ~ ! T S L O F E , T E ~ : F O N E N T Y T C ~ ~ T Y T ~ ~ I U ? L E A ~ C ~ S ~  
61010 FORHAT(/ '  TSLOF'E?TEXFONENT = 'r2(F1015~2X) Y Y TCEF'T 

C 2 ( F 1 0 , 4 1 2 X ) / "  LEAhC = ' r F 1 0 t 6 , '  SP = ' ~ F 1 0 . 6 ~ '  I N  C 

c CALL T 

C DEBUG 
c: 
C4035 

C 
C 

XF'ONE 

* . X * * t  - .  - 
XFONE 
= T I M  

NT 

x X t * * * C * * ~ Y P *  

E11.4) 
N T  
E (IN SEC) WHE N F  Rac HITS HIISDLE 

) / ( F L O A T ( N ) - l ,  
E OF SEGMENT ( 

( 2 ~ 4 0 3 0 ) H L  
X T E XF'O t4E N T 

SEGMENTS ( I F R  

X Y X * * i * * * X * * t *  

= l t N F ' l )  
TO N f l  ' , / ( b (  * 'r * x * * * 1: * t * * * * 

'OLUME 

TSLOF'E 

) 
I N  F E E T )  

A C = l )  

* 

C I M P R O  

C 

1 1 2 
.; s 1 

4 0 5 0  
0 
C 

c Cr? l -C 

' I E  TOTLEAK A S  O N  PAGE n 
DU 1 1 1  J=l?:! 

F : < ( J )  = F F X ( 9 . 0 ~ 1 + 0  
FXX COMES FROM NUME 

2 1  

~ 4 0 7 J )  
K I C A L  INTEGRATION 

( T C l r S R E T  
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C 

C 
C 
c 

2500  

7 5 4  
C 

- T ( l ) ) / T  - T ( 2 ) ) ) ' T  
T 1  CHECh I T 
O L 2 r U P K L 2  
I T ( 2 : =  ' 
I T 2 C H E C h  
(C.GS I 3F.L Y 

I C H E C K  
ZCYECK 
l M i N , T 2 C  
I V G A L 2  .. . 

T C L U F ' E  = x r i  - I  
/ c, 

c 
?: 

c 

TEXF'ONENT, T C E F T  I T D I V  I L E A K C  t SF' 
TE (314103O ) H L  
91=1,NP1) 
A h ( l ) r V T O T l , T T O T L E A h ( 2 ) , V T O T 2  

TCTVOL.2 I V B R L ~  I L 'GALZ 
T Z F  EF: 

2 ) r T I. CHE C h I T 1 M I N r T 2 CHE C t\ r T 2 H  I tJ I 



C I r 4 F ' R O  

7 5 6  

3090 

TSLOF'EtA 
X ( 1 )  - ( 
1 r N  

n x t  I )  / 2  
0 0 )  ( Q X  
G O ?  C R Y (  

0 UT F'U T 

c F:ESET 6 . i ~  - V E  o x  T O  R X L A S T  
N-LAST = 0.0 
NEG 0 
LIC 12 I = 1  7 1 4  

I F < R X i I ) . G T . O + )  G O T Q  12 
NEG = 1 
R Y C I )  = QXLAST 

12 COtlTINUE 
I F ( N E G , E R , l )  W R I T E ( 2 r l 3 )  RXLAST 

13  FOEHAT!/' ERF:OR * e t . * .  ERROR * * t t * .  ERROR *tte..'/ 

C ' ERROR ..et.. ERROR + . e * . *  ERROR + . * + * e t o /  

C ' FOR COMFUTING NEW INPUT QXI ANY -UE Q X  IS RESET TO : ' t F S * 3 / )  
IF ' ,NEG,EQ. i , )  W R I T E ( 3 r l 3 )  OXLAST 

Y X A 2  f C 
1 r Xij2 7 XMAT 
11 rXA2rXHAT 

. .. 
T O  O : ' / (b (E  

X D E L  T A 
EPT 1 XQNOT 
1 J XMAT:! 
1 I X M A T 2  

A )  * *DELTA 
= ( - S L O F ' E t  
t CEPT2 )-*R 

X A  t 
N O T  

CEPT)kRNOT 



C O M P I L E R  DOUBLE F R E C I S I O N  
C 
C * * * * * * * * * * * * * * * * x * t * % * * t # * * * * * ~ * * * ~ * ~ * ~ * *  
C T H I S  S U B R O U T I N E  FERFORHS RUNGE - h U T T A  S O L U T I O N  OF 
C D I F F E R E N T I A L  E R N  A R I S I N G  FROM W!P) A N D  F ( W )  E Q t ! S ,  

C F L U I D  FLOW ERN.  
C * * * * * X * t * t * * t * * * * * t t * * x * : ~ * ~ * ~ # . * * ~ * * x * * * * ~  

C WHERE W ( P )  I S  COF:RECTED :?[I E O N .  A t i r l  F'(LJ) rs irt  

S U B R O U T I N E  R K ~ ( A ~ S T E P ~ X A Z ~ Y Z ~ N D ~ V ~ N * F X I ~ ~ ~ ~ X ~ ~ N R E ~ ~ ~ ~ A C ~ ~ F R A C ~ H ~ ,  

C K D I V r  ISEG r ICCBr EITEHF)  
COMMON/EBLOC/  H Z H ~ F ' O ~ ~ F ' O : ~ Y F O ~ ~ Y  
COMMON / F F L O C /  I W R r I S C r I D E E U G  
D I M E N S I O N  PXA(22)rRXA(22) 
R E A L  KCH 

I F ( I S E G . G E . 3 )  GO TO 20 
IFR=O 
F ' X A (  1 ) = Y Z  
R X A ( l ) = X A Z  
Y = Y Z  
X A = X A Z  .. 
I W  

I F  
F O  

F L A G  = o iUSEII  TO F:EI!UCE N U M E  

CALL kCO' !T !  K C B r  I S E G r  NTEMF', IFF:! 
Tl=-STEPtFUN(~A,YrISEGrIWFLAG) 

I W F L A G  = 1 ;FUN U O N ' T  C 
T 2 = - S T E F * F U N ( X A - H = r Y t T ~ / ~ . r I S E  

T 4 = - S T E P * F U N ( X A - S T E F r Y t T 3 r I S E C i  
I W F L A G  = 0 i W C O Z 7  WILL BE 
ALL S T E P S  ARE - V E  C O Z  WE ARE I 
T H E  X A X I S  ( D Y = - D X  * F ( X r Y )  ) 

T H I S  * A  IS DONE HERE I N S T E A D  Q 

DO 11 J=lrb;IsIU 

( I D E E U G ; E R + l )  W R i T E ! Z : l O O ) Y  
R M A T ( 1 X r  I N  Rh2r \ ~ E 2 0 . 1 0 )  

T 3 = - S T E P t F U N ( X A - H 2 7 Y t T 2 / ~ , r I ~ E  

Y = Y t  A t  ( T l t 2 A T 2  t 2 . S T 3  t T 4  

HAVE TO BE M U L T I P L I E D  PY A t  
I F ( I P R . G T ,  5 )  G O  TO 31 

W R I T E ( 2 r 5 5 )  S T E F ' r X A r T l r T 2 ? T 3 * T  

E F: OF C A L L S  TO WCOZ7 

100 
A L L  
G 7 T  

G ? I  
? IW 
c A 

N T E  

WCOZ? w 
WFLAG)  
U F L R G )  
F L A G !  
L L E P  nt4c 
G R A T I tJ G 

HEt l  I W F L A G  = 1 

E NEXT T I M E  
E, ' iCh!JRRLiS  AL 

O Z  ALL F U N (  

TH 
C t I  

HU 
G C 

C 

C 
C 

) / L  
F I  FUN7 C 

55 
C 

F O R H A T ( '  S T E P =  ' r E 1 2 . 3 ~ '  X A =  ' 
4E12.3~' Y =  * r E l 2 + 3 )  
I FF: = I Ft7 t 1 

C O N T I N U E  

a 

31 
11 X A = X A - S T E P  

F ' X A ( 2 )  = Y 
R X A ( 2 )  = X A  

RETURN 
20 CUNT I N U E  

I T E M P Z I S E G - 1  
Xk=fi'Xk ( I TEMF ) 
Y = P X A ( I T E M P )  
I W F L A G  = 0 ;USED TO REI IUCE NUMBER OF C A L L S  TO WCOZ7 

D 0 

I F  ( I D E E  
TEM 

c r4 
T l /  
T2/ 
Y i T  
WIL 

WE 
F (  

+ X T  

G r 3  

F 9 I FR ) 

1 
L WCOZ7 WHEN I W F L A G  = 1 
EG r I l J F L k G )  
E G r I W F L A G )  
Gr I 
C A L  
I N T  
1 
4 ) /  

U G . E Q . 1 )  W K I T E ( 2 r l G O ) Y  
T 1 = - S T E P  * F U N  ( X k r Y r I SE WFLAG 

T CkL 
2 ,  r I S  
2 . r  IS 
3r ISE 
L E E  

A RE 

I W F L A G  = 1 ;Fur; W 
T 2 = - S T E F t F U N ( X A - H Z r Y t  
T ~ = - S T E F ~ F U N ( X A - H ~ Y  Y t  
T ~ = - S T E P ~ F U N ~ X A - S T E F ,  
I W F L A G  = 0 i w c o z 7  
ALL S T E F S  ARE - V E  COZ 

U F L ~ G )  
LEI1 Ob!CE N E X T  T I M E  T 
EGFiATibJG EckCb,!d&F,11S A 

ti f? 
L O  C 

C THE X A X I S  ( D Y : = - I I X  t 
Y = Y t  A *  ( T l t 2 . f r 2  t 2 

X r Y )  
3 t T  5 .  
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T H I S  * A  I S  D O N E  H E R E  I N S T E A O  OF I N  Fur41  C C  ALL  FI;?;~ ; 
HAVE T O  BE M U L T I F ' L I E D  B Y  A *  
I F ( I F R . G T .  5) GO T O  3 

C O N T I N U E  

W R I T E ( 2 v 5 5 )  S T E F I X A , T ~ I T ~ I T ~ I T ~ I Y  
IFR= I F R  t 1 

X A = X A - S T E P  
F X A ( I S E G ) =  Y 

RXA(ISEG)= X A  

C 
C 

3 
1 

2 
R E T U R N  
E N D  

C 
C 
C 

C O M P I L E R  D O U B L E  F R E C I S I O N  

* * * * * * * * * * * X * * * * t * * * f d t t  
/ 8 4 
UBF'RC 
F E Q N  

Y K K 2  IN R U L G E - K U T T A  
( F ' )  A N I !  F ' ( W )  EQNS,  

G R A M  
, A R I  **** 

IS C A L L E D  Ec 
SING FROM W 

C 
C 
C F L A G ?  

P R X j . 2 2 )  
) 1 F r . A ! 2 2 )  rW 
F027 F03 
L O F ' E I X A 2 r C E  
CONSTIEIXAC 
A I N C r  HF'EIHF' 

22 1 

? 

2 2 )  ? T  
HZH I 

X A 1  IC 
I C ~ I H  
I I C  I X A  

ZIC4? 
O L I l  I x 
U X v T I  

C 

C 
F E A C  I 
El 0 KI I v 
H/ WZ 

EL 
W R ?  IS 

M E I A F A C ~ I T R  

A R E A S  7 NUMiJ I  
4 r F l r U C O N , I  
BUG 

7 1.J I! M I 
v Y 3 r Y  
C Y  I D E  

C O M M O N / G B L O C / C l  
COMMON/KCNELOC/ H E M  7 HCM 
COMMON/NONNEWT/ FLN FLOWK L N F 

T O  V A E I A B L E  C (  X )  C 
.. 
THIS-IS 
EL=  ( H E M  
E L M H = E L  
IF(HBM + E 
Y3= - ( E L  
Y 4 = H Z H  - 
F l = Y  - E 

NEE11 BELOW T H E S E  TEMF'OKARY F A R A M E T E R S  T O  COMF'UTE IN E E T W E E N  
M A I N  V E R T I C A L  S E C T I O N S  
kI I - "B( ISEG) = t i F M  

C 
C 

HFC(ISEG) = t icn 
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1AF:EA: 1 
I F  ( I WFLAG + EO. 1 ! GOT0 200 

CALL WCOZ?( ISEGr WZ,W=f~rARE~iS,HFB,HFC,C1, IAK'EA) 
C W R I T E ( 2 , 3 @ ) W Z ~ ( I S E G ; i )  
C 3 0  FORMAT(1Xr '  WCON = ~ E 2 3 . 1 3 )  

C T H I S  WCON I S  f i O W  THE M A X  IJIDTH DETD F E D 3  THE 
C RESOLUTION FOF: WIDTH CALCN I N  A V E R T  SECTICI I I  (CIS'JALLY 10) 

C B E L O W  ASSUMES F L U I D  FLOW ACROSS ENTIRE !JERTICAL SECTICt I  O F  

200 WCON = WZM( ISEGt1 )  

F 1  = H t X F L N  Y WCON*Y(FLNF) 

DUM = X A  
C FRACTUEE 

I F ( I M U + E O + O )  DUM = 0.0 
I F ( X A , L T + X A l )  F 2 = < 1 . -  ISUM) t ( ( 1 e - X A )  *#DELTA) f * F L M  
I F ( X A , G E I X A l , A N D , X A , L T , X A : ~ )  F2=(1.- DUM) t (CEF'T - SLOPE X: X A !  

I F ( X A . G E + X A ? )  F 2  = (1,- U U M )  X (CEPT2-SLOFE29XA) YYFLN 
C YfFLN 

C THE ( l . - X A ) X * ( l t D E L T A )  TERM I S  X VARIATION FOR B O T H  KF'RIMEAtID R ,  
FUN = C5 t F 2 / F 1  

WE HAVE 
hEANS r 
EOTH 
= e908 
FRAC 2 
THE A B S  
FRAC 1 

NOT D I S T  
AS A FUNC 
THE ONLY 
F O 6  F R A C 2  
THAN FRAC 
;OLUTE LEN 

INGUISHED F 
T ION OF X A r  
DIFFERENCE . THE F'RES 
1 F E C A U S E  

G T H  OF THE 
A / 1 0 )  t 

HAC 1 FROM FF:A 
THE FLOW R A T E  

I S  THAT R X A ( 2 )  
SUEE AT RXA(2! 
R ( X )  IS LESS I? 
F I R S T  SEGHEt4T  

C 2 HERE - T H I S  
I S  THE SAHE F O R  
= ,9 FOR F R A C  1 7  
WILL B E  L E 5 3  If4 

T k X A ( 2 ) .  NGTE THAT 
IS THE SAME Ifl B O T H  

COMF'ILER UOUELE PRECIS ION 
C I N T 7  
* * * * X * * * * * l * * f * * * * X * X * * * * X * * * P * * X * ~ * * * ~ * * ~ * ~ * * k * * * ~ ~ * * ~ * ~ * ~  t * ~ t *  

T H I S  FUNCTION SUBFROGRAM IS TTO CALCULATE THE INTEGRAL FOFM W t i I C H  IS 
REPEATED I N  THE hIBv K I C  CALCULATION -- SEE F'AGE ( C 4 )  

FUNCTION C I N T ( F l ~ F 2 v L ? r R r E t L )  

* t t * * t t * * t * t * * t * * * * * * * * # * * t * t * * * % * * * ~ ~ t * * * * ~ * ~ ~ * ~ * * * $ ~ * * ~ * ~ * * ~ ~ ~ Y ~ ~ ~ ~ f  

t * * * t t * t * X t * * * * * t * X t ~ * * * * ~ * t * * * * * * * * * * ~ ~ t ~ ~ ~ * * * ~ * * ~ * * * * * * ~ * * * ~ ~ ~ ~ ~ ~ * * ~  

X 1  =P1 /ELL  
X 2 =F'2 / E L 1. 
F 1 =  ASIN !  
F 2 =  A S I t l (  
SI= DS17RT 
S 2 =  K1SQF:T 
C1= D t E L L  
C 2 =  K't EL 
C3= R* EL 
C4= R *  E L  
C I N T =  C1 
k E T u F: N 
E N D  
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C 
C 

THIS IS SURROUTINE TO CONTROL RIF=hCBr hIC7t;CB 1TEF.ATION. 

IIIMENSION C ( 3 ) ~ r D ( 9 ) r P X A ( 2 2 j , R X A o , F X A P ( 2 2 ) , V X ( 2 , 2 2 ) r T 1 ~ ~ ( 2 )  
DIMENSION F S E C ( ~ ~ ) I H P B ( ~ ~ ) , H F C ( ~ ~ ) ~ Q X ( ~ ~ )  
INTEGER WFLAG~FFLAGJKIFLAG 
REAL 
C O M M O N / S U ~ V T ~ / I F R A C ~ U X I T I ~ E ~ A F A C F I T Q I Q ~ A ~ P I ~ ~ ~ ~ S ~ ~ S ~ M ~ ~ ~ W F L A G ~  

K I  KSQ F KF'SQr KIA, KIEV KI 1 r KI2 I KDIF r M r L r  K C A  P KCB 
C FXA,NIEMOD~RNU~NODIU 

COMHON/DRLOC/ I1IFBrDIFCr DIFFAC 
COMMON/EBLOC/ HZHI F011P02,PC3 
COMMON/KCNBLOC/ HEMyHCM 
COMMON/FBLOC/ IWRFISC~IDEBUG 
IF ( I F K + N E , O )  GO T O  SO!? 
HbL = 1.001 
HBR = 1 * 2  

5 0 0  

52 0 

C 

53 

63 

73 

10 

2 0  

30 
4 0  
50 

100 
125 

C 

HCL = HRL 
HCR = HBR 
HCM = HCL 
G O T O  510 
HHL = HBM 
HCL = tICM 
HER = 1.1 t HEM 
HCR = 1.1 X HCM 
co 
[I 0 

NTINUE 
4 0 0  J = 1710 
METHOIS OF FALSE POSITION SOLUTION FO 
DO 100 1 = 17100 

T1 = RKE!HFE?HCM,KCP,ISEG) - KCBi 
T2 = KKB(HBLIHCM,KCB~ISE~! - KCEi 
CONT INIJE 
IF (T2)63r73,73 

HBLzHFL - 0.OltHRL 
T 2  = RKH(HBLrHCMr~CB,ISEG)-KCB 
GOTO 53 
C 0 H T I N UE 

HBMOLKI = HBM 
HEM= (HHLfT1 - HERtT2)/(Tl-T2! 
IF (IDEBUG,EQ,l) WRITE(2rlO)IrHBL 
FOF:MAT(' I= 'rISr' HBLrHBMrHBR= ' 
T5 = RKE(HBMrHCMrKCBr1SEG) - K C B  
T 6  = RKB(HBL,HCM,KCFrISEG) - K C B  
I F  (T5 X T6)20~30r40 

HCM = rFlO.3) 

HER = H E M  
GOTO 50 
HHR = HBM 
H H L  = H H M -  
CONTINUE: -- 
DIFB = T5/KCB X 100, 

IF (ABS(D1FB) $1-T t D1FFAC)GOTO 150 
IF (1UEHUG.EQ.l)TYPE' T5 = ' F T ~ P '  DIFB = 

CONTINUE 
WK1TE(21125) 
F O R H A T ( '  NU SOLUTION TO RtCB AFTER 10 
S T O P  

R H  

su 
SE 

i T  
i R K  

r HE 
P 3F 

. 
o x  

EM 
BTRAC 
LECT I 

HIS M 
3 I J I L  

? f ? H E : R  
10.3, 

DIFBr 

TERAT 

TING K C R  Hktl  
ON L C G I C  C O R  

AbiES SURE TH 
L ALUAYS BE.:. 

ES 
F:ECT 

AT 
= K c B 

10.3~ 

IFFAC 



119 

150 
C 

302 
C 

30 1 
82  

9 2  

102 

83 

9 3  

103 
C 

210 
C 

220 

230 
240 
250 

300 
325 

350 
C 

400 
425 

7 0 0  
C 7 0 0  

710 
C 

CONTINUE 
HETHOD OF FALSE F'OSITION SOLUTION FOR HCH 
DO 300 I = 3 ~ 1 0 0  

IF(HCR+LT,HBM) GOTO 301 
IF (IDEBUG*EO,l) WRITE(2r302)HCRrHBM 
FORMAT(' HCR = 'tFi0.3~' GREATER THAN HEM ='~F10.3? 

SET HCR = HBM 1 
HCR = HBM 
CONTINUE 
T3 = RKC(HBMiHCR,KCBrISEG) - KCF 
IF (T31102r92~92 

HCR = HCR t OeOltHCR ;THIS MAKES SURE THA 
T 3  = RKC(HEMrHCRrKCEr1SEG) - KC6iT3 WILL ALWAYS BE - 
GOTO 82 
CONTINUE 

T4 = RKC(HHM,HCLiKCEiISEG) - KCB 
CONTINUE 
IF (T4)93~103,103 

HCL=HC{ - OaOltHC4 ;THIS MAKES SURE THAT 
T4 = RhB(HCL?HCMrhCB,ISEG)-F;CB;F:KC WILL ALWAYS BE:-=I( 
GOTO 63 
CONTINUE 

HCMOLD = HCH 
HCM= (HCLdT3 - HCRST4)/(T3-T4) IF (IDEBUG+EQ,l) W:ITE(? , ~ ~ ~ ~ ! I , H B M , H C L I H C M I H C R , H C ~ O L ~ ~  
FORMAT(: I = 'iI3i HEM,= '~Fl@+:r 
T7 = RKC(HBMPHCMrKCBI1SEG) - K C B  
T8 = RKC(HBM~HCLYKCB~ISEG) - KCE; 
IF (T7 t T8)220i23Qr240 
HCR = HCM 
GOTO 250 
HCR = HCM 
HCL = HCM 
CONTINUE 

HCL .': HBM ALWAYS I THItJK - IS IT . . . . . . . . . . . . . . . . . . . . . .  

HCLPHCMPHCR = i 3 F 1 0 . 3 1  HCMOLD 'rF10.3) 

DIFC = T7/KCB t 10.0, 
IF (ABS(ISIF-C) .LT+DIFFAC) GOTO 350 

CON T I t.4 UE 
WRITE(2:325) 
FORHAT( NO SOLUTIO1 'TO R K C  AFTER 100 ITERATIONS') 
STOP 
C o i i  I NUE 

IF ( (  (AHS(HBM - HFMOLIl)/HBMtlOO.) *LT.DIFFAC) ,AND+ 
CONTINUE 
WRITEi2:425) 
FORMAT( NO SOLUTION TO KIB=KIC=KCB AFTEK 10 ITERAT 
STOP 

((ABS(HCM - H C M 0 L D ) i H C M d l O O ~ ) ~ L T ~ K ~ I F F A C ) )  GOTO 

CONTINUE 
WRITE(2r710) D I F F A C ) H B f l , H C M t H B H O L D , H C M O L D  
IFtS2MSl.Eg.S3nSl)HCM~H~~; FIX FOR ~ Y M M Z T K ' X C  C A S E  
FORMAT(: K I B  = KIC = hCB TO WITHIN 
2 F 1 0 * 3 ~  HBNOLDYHCMOLD = '~2F10*3) 

rFlO.lr'% WHEN 

700 

'IONS') 

HBMiHCM = 

T 
UE 

'CB 

IF(IFR*NEIO)GOTO 800 
HF'B(1 )  = HEM 
HF'C(1) = HCM 

8 0 0  RETURN 
E N D  



1 2 3  

C** 
C * *  
C 
C 
C 
C 
C 

C 

COMPILER DOUBLE FRECISION 
****f************I*t*~ t t t * * * * l f X * * * * * * * * * * * * * * * X * *  
* * * * * * * * * * ~ * * * * x * ~ * * ~ * * * * ~ ~ * ~ : ~ * * ~ a ~ * ~ * * * ~ * * ~ * * * * * ~ *  

THIS CALCULATES THE VALUE OF KIB AT TOF' 
OF FRAC AT DIFFERENT F'OINTS ALONG THE FAYZONE, 
THE STRESSES CAN BE ASYHMETRIC+ 
*t*******t*t*****t********~$~*******~*******~* ** ** * ** t * * 1: * * a  * * * * * * * * * x ** * x: '$ t b * * ;t: t a * .y t * .i: t * * :k:K 
FUNCTION RKE(HNEWEIHNEWCIKCH,ISEG) 
DIMENSION T I M E ( 2 ) I V X ( 2 I 2 2 ) r F ' X A i Z 2 ) , H F B ! Z 2 ) r H F E r H F ' C  
INTEGER WFLAG 
REAL KCB 
C O M M O N / A B L O C / ~ I C ~ I H Z ~ C ~ ~ C O ~ S T , E ~ X A C , T O P , ~ F L O W ~  
HSTUF r HOLDB I HOLDC I XAOLDr XAINC I HF'E P HF'C 
COMMON/DBLOC/ DIFBIDIFCr DIFFAC 
COMMON/SUBUTR/ I F R A C I V X I T I M E , A F A C I I T ~ , O , A I P I , S  

COMflON/FBLOC/ IWRI ISCIII~EBUG 
COMHON/EBLOC/ HZHrF0lrP02rP031Y 

C 

C P X A  rN r EMOD v RNU I NODIU 

DELTA, HJUNKI 

'E OF 

NOW CALC KIB 
EL = (HNEWB t HNEWC) *HZH/2. 
ELMB = EL - HNEWHXHZH 
JF(HNEWB*EQ+HNEWC) ELME = 0, 
Y3= -(HZH - ELMB) 
Y4= ELMB t HZH 

SO WE JUST REVERSE THEIR SIGNS IN THE FOLLOWING ECItlS, 
F'1 = Y - ELHB * FO1 
F2= P1 t (FO1 - F02)XY4 - S2MS1 
f3= F'1 t (PO1 - P031tY3 - S3MS1 
IF(IDEBUG.En.1) WRITE(2r100) E L I E L M B I Y ~ : Y ~ I P ~ I P ~ I F ~  

C BELOW FOlrF'02rP03 ARE NEGAlI 
C 

100 FORMAT(' EL = '1E12+41' ELME= '~E12.41 Y3=,'1E12+4, 
C ' Y4= '1E12.4/' F'1= '1E12.41' P2= '1E12.41 P3= '1E12.4) 

IALUES USED Id K1C CALCULATIONS 

IF(HNEWB tLTt lttAND+HNEWC*GE+ 1t)GD TO 50 
IF(HNEWBtGE. l.tAND.HNEWC+LT. 1,)GO T O  60 
VAL4= C I N T ( - E L I Y ~ I P ~ I - P O ~ I E L )  
UAL5= C I N T ( Y ~ , Y ~ . F ~ I - F ' O ~ I E L ~  
UAL6= C I N T ( Y ~ P E L , P ~ I - P ~ ~ I E L )  
GOTO 70 

50 VAL4= C I N T ( - E L I Y ~ I P ~ I - P O ~ I E L )  
UALS= C I N T ( Y ~ P E L P P ~ I - F ' O ~ ~ E L )  
UAL6=O t 
G O T O  70 

6 0  UAL4=O t 
UAL5= C I N T ( - E L I Y ~ I P ~ ~ - P O I I E L ~  
UAL6= C I N T ( Y ~ I E L P F ' ~ I - Y O ~ I E L )  

70 IF( IDEBUG,El! t 1 ) WRITE(2r 111 ) 'JAL4,VALS I VAL6 
111 FORMAT(/' UAL4= '~E12.41' VAL5= '1E12.41" VRL6= '1E12.4) 

RKB = (VAL4 t VAL5 t UAL6)/DSRF:T(PI*EL) 
RETURN 
END 

'> 



C 0 t4 F I LE R D O  U E L E PRE C .I S I 13 N 
C * * * * * * * * t * * t * * * * * * * * * * * * * ~ * * * * : ~ * * * * * * ~ * * * * * ~ * ~ ~ ~ * t * ~  

C THIo CALCULATES THE VALIJE OF KIC A T  BOTTOM 
C OF FRAC AT DIFFERENT P0:INTS ALONG THE PAYZONE 
C THE STRESSES CAN BE ASYMMETRIC, 
C X X f * * t * * * * * Y * * ~ * ~ ~ * * * * ~ ! ~ . ~ * * ~ * * ~ ~ ~ Y t ~ * ~ ~ * ~ * * * ~ *  
C * * ~ t * * * * * * * * * ~ ~ ~ * t ~ Y * * * ~ ~ ~ ~ ~ * * * * * * * * * ~ * ~ ~ ~ : * . * ~ ~ * * *  

C * t * * * ~ * I * * ~ * * * * * * t * * * * t * * * * X X * * ~ Y * * * * * * * * * * * * * ~ ~ * ~ ~ ~ *  

FUNCTION R K C ( H N E W E r H N E W C r K C B , I S E G )  
INTEGER WFLAG 
REAL KCB 
COnMON/AELOC/P~C2,HZ,C4rCONST,E,XACITOP~~~FLOWr~IELTA,HJUN~~, 
COMflON/DBLOC/ DIFBr DIFC, DIFFAC 
DIMENSION T I M E ( 2 ) r U X ( 2 r : ~ 2 ) , P X k ( 2 ~ ) , H F ~ ( ~ ~ )  

COMMON/SUBUTR/ I F R A C ~ V X r T I M E ~ A F A C r I T R ~ ~ r A ~ F ' I ~ S ~ M S l ~ S ~ ~ S l ~ ~ F L A G ,  

COMMON/FELOC/ IWRr ISC r :[DEBUG 
COMMON/EBLOC/ 

C H S T U F r H O L D H , H O L D C r X A O L D I X A I N C , " P C  

C rHPC(32) 
C P X A  r N r EMOD r RNU r NOUIU 

HZH I PO1 r F'02 9 PO3 7 Y 

C 

100 
C 

10 

C 
20 

C 
30 
110 

NOW CALC, KIC 
EL=(HNEWI( t HNEWC) 
ELME=EL - HNEWF XHZ 
Y3= -(ELMB t HZH) 
Y4= HZH - ELME 
F1= Y - ELMFaF'Ol 
F'2= F ' l  t ( P O 2  - PO1 
P3= P1 t (PO3 - PO1 
IF(IDEBYG,EQ.l! WRI 
FORMAT( EL= *E12 
' Y4= '~E12*4/' F1 
I WR=I WRt 1 

IF(HNEWE.EO,HNEWC) 
XHZH / 2 ,  
H 
ELMH:=O. 

IF(HNEWB,LT, 1. ,AND.HNEIJC, GE. 1. ) GOTO io 
IF (HNEWF GE 1 + + A N D  HNILWC + LT 1 1 GOTO 20 
V A L 1 =  CINT(-ELrY3rP2rP02rEL) 
VAL2= CINT(Y3rY4,PlrPOlrEL) 
VAL3= CINTIY4rELrP3rF03rEL) 
GOTO 30 
VALl=O 
VAL2= CINT 
VAL3= CINT 
HERE Y3 IS 
GOTO 30 
U A L 1 =  CINT 
VAL2= CINT 
V A C 3 = O  
HERE Y4 IS 
IF(1DEBUGI 
FORMAT ( /  ' 
RKC = ( V A L  
RETUKN 
E N KI 

(-ELrY4,PlrFOl 
(Y4rELrF3rP03r 
INCORRECT r 81J 

( -EL r Y 3  v F 2  r F O 2  
(Y3rELrF'lrPOlr 
INCORRECT P PIJ 

E'Q . 1 )  WR I TE ( 2 r 
VAL1= ',E12*4, 
1 t VAL2 t V A L  

PEL) 
EL) 
T N O  MAT 

EL) 
P E L )  

T NO MAT 
110) V A L  
' VAL2= 
3 ) /DSQRT 

TER COZ F2 NOT USED! 

TER COZ P 3  IS NOT USED!  
1 rOAL2rVAL3 
(PIXEL) 
'rE12.4~' VAL',= '1E1264) 



1 2 2  

COMPILER IlOUBLE F'RECISION 
SUBROUTINE W C O Z ~ ( I I W Z ~ W Z M , ~ R E A S ~ H F B , H ~ C , C ~ F I A R E ~ )  

C * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * * * * * * * * ~ ~ * * * ~ * * * * * t * * * * * * * ~  

C * * * * * * * * * * * * * * X * * * $ t * * * * * * * * * * * * * * * * * * * * * * * * * $ ~ * * * * * * * * * * ~ * ~ * * ~ * * * *  

C * * * * * * * * * * * * * * * * * * t r X f t Y S t Y t d X t t t X t X d t t * ~ * * ~ ~ * ~ ~ ~ * * ~ ~ * * t * ~ ~ * * * ~ * ~ ~ *  

C W C O Z 7  - USE11 TO DO WIDTH CALC. ANALYTICALLY 
C U S E S  DFUNl THRU IIFUN4r IlFN57 A N D  DFN58 
C CREATED 11/15/82 

C CHANGE ALL Y3 TO -Y3 I N  F U N C T I O N S F C H A N G E  CONSTANT FfG CALCNS 
C O N  9/33/83 

C 

INTEGER WFLAGvL 
DIMENSION WZ(22 
DIMENSION TIME( 
COMMON/SUBVTCI/I 

YXArNvEMOUvRb - 
C O M M O N / E B L O C / H Z H ~ ~ O l , P 0 2 r P 0 3  
COMMON/FBLOC/ I W R ~ I S C v I D E B U G  
COMMON/WCPLOC/ E L ~ Y ~ , Y ~ , P ~ F W C O N , I V E R  
COMMUN/INWBLC/ LASTI 

C DISPLAY WIDTHS WHEN I CHANGES FROM 2 TO 3 3  3 TO 4r 4 TO 5, E T C  
C IF (LASTI.EQ.1) GOTO 55 
C 
C 
50 FORHAT(/ I = ~ 1 4 ~ '  W Z ( I ? J )  = '(/i5El-.4)) 
C LASTI = I 
5 5  CONTINUE 

IF ( L A S T I * L E + O )  LASTI = 1 
WRITE(2rSO) L A S T I ~ ( W Z ( L A S T I F J ) , J = ~ , I V ~ F ~ )  

c t t t ~ ~ t t t l t ~ t t t ~ t X t t f X X * X t X X D E B U G ~ * ~ * * * * * * ~ * * ~ t * * * * * * ~ * * ~ * * * * * t * X * * * ~  
IF ( I U E B V G * N E e 2 )  GOTO 350 

TYPE IN WCOZ7v I = 'rI 
T Y P E  ' HF'E(1 )  = 'vHF'E((1) 
TYPE ' HF'C(1) = 'jHFC(1) 
TYPE ' Y 3  = ' r Y 3  
TYPE ' Y 4  = 'pY4 
TYPE HZH = 'FHZH 
TYPE ' EL = @,EL 

GO TO 350 
C * * * * * * * * * * * * * * * * * * * * ~ * ~ ~ * * t ~ ' ~ * ~ * ~ * ~ * * * * ~ ~ * * * * t * ~ ~ *  
C CASE 1 - FOR YMOD.<-Y3 A N D  L>.Y4 (WHICH IMF'LIES -L.:::Y3 S I N C E  b>C! 
C ***** *****a * ** * ** * ** * * f sx: * t * t * x t :t* .* t ;I: Y * * * I * * * *:I: * t 0 

100 CONTINUE 

C DEBUG 
IF(IDEEVGeEQ.2) WRITE(29105) 

105 FORMAT( IN CASE ONE CALCULkTIONS I N  WCOZ7') 

WCONAl = ~ * P I * F ~ / ~ . ~ F U N ~ ( - Y ~ F Y M O D , Y )  
C DEBUG 

C t FO 1 *F U N3 ( - Y 3 Y Y M O I l  P Y 1 

WCONBl = G l t F U N l ( - Y 3 v Y M O D ~ Y )  i P I / ~ . ~ G O ~ * F U N ~ ( - Y ~ F Y M O D ~ Y )  
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W C O N A 3  = Y I / ~ . * F ~ * F U N ~ ( E L I Y ~ ~ Y )  t F O ~ X F U N ~ ( E L I Y ~ P Y !  
C t ( F 2  - F ~ ) * F U N ~ ( E L P Y ~ I - Y ~ I Y )  
C t ( F 3  - F ~ ) * F U N ~ I ( E L I Y ~ P Y ~ I Y )  
C t (FO2 - FOl)*FM57(ELrY4v-Y3rY) 
C t ( F 0 3  - F O ~ ) * F N ~ ~ ( E L I Y ~ I Y ~ , I Y )  

WCON = WCONAl t W C O N A 2  t WCONA3 
C t Yt(WCONR1 t WCONB2 t WCONB3) 
C W C O N E 3  

IF ~ I ~ E B U G ~ E O ~ ~ ~ W ~ I T E ~ ~ I ~ O O O ~ W C O N ~ ~ ~ W C O ~ ~ ~ ~ I W C O N A ~ I W C O ~ ~ ~ ~ ~ W C O N ~ ~ I  

1 0 0 0  FORMAT(lX9' WCONAlrWCONRl '12E12.4~' W C O N A ~ I W C O N B ~ ' P Z E I ~ * ~ I  
C / ' W C O N A ~ I W C O N B ~ ' , ~ E ~ ~ ~ ~ )  

G O T O  400 
C **************t*********~***********~*********~*~~$ 
C C A S E  2 - U H E R E  -Y3.<!Y!.<Y4 NOTE, ! Y !  = YflOLt 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
200 CO N T I N U E  

C DEBUG 

C D E B U S  

IF( IDEBUG, EO 2 )  WRITE( 21 2 0 5 )  
205 FORMAT(' IN CASE 2 OF WCCIZ7') 

W C O N A Z  = PI/2.*FlXFUN2(Y9 I YMOD P Y 1 t FOltFUN3i Y 4  y YHOD, Y 
C t ( F 2  - F 1 )  *FUE14(Y4 I YMOllr -Y3r Y )  
C t ( F O 2  - F O ~ ) * F M ~ ~ ( Y ~ I Y H O D I - Y ~ , Y )  

WCONA3 = F I / ~ . X F ~ * F U N ~ ( E L . I Y ~ I Y )  t FOlXFUN3!ELrY.?rY) 
C t ( F 2  - F ~ ) ~ F U N ~ ( E L I Y ~ I - Y ~ I Y )  - 
C 
C 
C 

WCON = WCONA:! t bJCONA3 t Yt(WCONA2 f WCONH3) 

G O T O  400 
IF ( I D E B U G ~ E O . 2 ) W R I T E ( 2 ~ ~ ! O ~ ~ ) W C O N A Z ~ W C O t ~ ~ 2 ~  W C O N A ~ P W C O N E ~  

2000 FOHMAT(1Xv WCONA2rWCONP2 1 2 E 1 2 . 4 ~  W C O N A ~ I W C O N B ~ ~ I ~ E ~ ~ . ~ )  

C **************%*********************************** 
C C A S E  3 - WHERE Y4.:!Y!/L NOTE: !Y! = YMOIl 
C * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * ~ * ~ * * $ * * * * * * ~ ~ * * ~ $ * * $  
300 CO N T I N U E  

C DEBUG 
IF(IDEFUG.ER.2) w R I T E ( 2 1 3 0 5 )  

305 FORflAT(' IN CASE 3 CALCUL.ATIONS OF WCOZ7') 
C D E E U G  



1 2 4  

WCONA3 = P I / 2 . 1 : F l f F U N 2 ( E L , Y M O D , Y )  t +  FOl tFUN3(EL?YMODr  Y )  
C t ( F 2  - F l ) Y F U N 4 ( E L r Y ~ O D r - Y 3 , Y )  
C t ( F 3  - F ~ ) ~ F U N ~ ( E L P Y M O D T Y ~ Y Y )  
C t (FO2 - F O l ) t F N 5 7 ( E L r Y M O D r - Y 3 , Y )  
C t ( F 0 3  - F 0 2 ) t F N 5 7 ( E L ~ Y M O D r Y 4 r Y )  

C t ((G2-Gl)t(G02-GOl)*(-Y3)/~.)~Ft~~8(EL1YMOr!r-Y3?Y) 
C t ( (G3-G2)  t ( G O ~ - G O ~ ) * Y ~ / ~ . ) X F N ~ ~ ! E L P Y H O ~ ~ ~ Y ~ ~ Y )  
C 
C 
C 
C 

WCONB3 = Gl tFUNl(EL,YMUD,Y) + f I / 4 , * G 0 3 k F U N 2 ( € L , Y M D D I Y )  

t ( G O 2  - . G O l ) / ( - 2 * )  

t ( G O 3  - G O 2 ) / ( - 2 . )  
X (P1 /2* tFUN2(EL ,YMODrY)  - F U ~ ~ ( E L , Y M O D I - Y ~ Y Y ) )  

t ( F I / 2 r t F U N Z ( E L , Y M O D , Y )  - F U N 4 ( E L r Y M O D ? Y 4 r Y ) )  

WCON = WCONA3 t YtWCONE3 

GOTO 4 0 0  
GOTO 400  

I F  ( I D E B U G : E Q + 2 ) W R I T E ( 2 r 3 0 0 0 ) W C O N A 3 ~ W C O N B 3  
3000 FORMAT(1XV WCONA3,WCONB3',2E12.4) 

350 

380 

C 

C 

70 

80 

CONTINUE 

I F ( I D E B U G . E 0 * 2 )  WRITE(2,38?)  I ~ I U E R t C 1  
FORMAT(' I = ' ~ 1 4 ~ '  IVER= r I 4 r '  C 1 =  ' r E 1 2 . 4 )  

CALCULATE CONSTkNTS F SERIES r G SERIES 

F 3 = F l  t (PO3 - FOl )WY4 - S3MSl  
F2=F'1 t (PO2 - P O l ) X ? 3  - S2PtS1 

F l = F l  
F O l = O . O  
F 2 = ( P 1  t P 2 ) / 2 .  
F02=(F02  - F O 1 ) / 2 *  
F3=(F '2  t P 3 ) / 2 .  
F 0 3 = ( F 0 2  - F ' O 3 ) / 3 .  * 

CONTINUE 

I F ( I D E B U G . E 0 * 2 )  WRITE(2,38?)  I ~ I U E R r C l  
FORMAT(' I = ' ~ 1 4 ~ '  IVER= r I 4 r '  C 1 =  ' r E 1 2 . 4 )  

CALCULATE CONSTkNTS F SERIES r G SERIES 

F 3 = F l  t (PO3 - FOl )WY4 - S3MSl  
F2=F'1 t (PO2 - P O l ) X ? 3  - S2PtS1 

F l = F l  
F O l = O . O  
F 2 = ( P 1  t P 2 ) / 2 .  
F02=(F02  - F O 1 ) / 2 *  
F3=(F '2  t P 3 ) / 2 .  
F 0 3 = ( F 0 2  - F ' O 3 ) / 3 .  * 
G1=0.0 
GOl= -POl  

G3=(F3 - P 2 ) / 2 .  
G03=-(F'03 t F'O2)/2* 
ADJUST F O R  NEW O R I G I N  BELOW FAYZONE 
I F ( Y 3 , G T , O + )  GO TO 70 
G O  TO 80 
F l = F 2  
I Y 4 = 9 9  
Y 3 = - Y 3  i s < = =  DO WE REALLY NEED T H I S  ??????????  
CONTINUE 

- 
I F ( Y 3 , G T * O *  
G O  TO 80 
F l  =F3 

' 1  / 2  

NEW O R I G I N  BELOW FAYZONE 
) GO TO 70 

P O 2 )  /2  * 

- 

. -  . -  
T Y 4 = 9 9  

L U N  I l M U L  

IED T H I S  ?????????? 

C 

4 1  

C DO WIDTH CALCULATIONSv CALLIt IG AF'FF:OFRIATE WCON CALCULATIONS 
I F  ( IDEBUG+EQ,?)TYPE ' Y 3  = 'rY3r' Y4 = ' r Y 4  

TOTH = (HF'B(1)  t HPC(1) )XHZH 

i 1: * X t D E B U G 1: 1: X * t 
HINC = TOTH/( IUER - 1 )  
Y = -ELL t HINC ;SET TO HEIGHT HINC ABOVE BOTTOM 

E L L  = TOTH/2+ \ 

C TYPE 'ELL= ' ,ELL 

C Y I S  P O S I T I O N  MEASURED FROM CENTER OF FRACTURE 
C SELECT CASE A N D  CALCI WIUTHS OF A CROSS-SECTION 

W Z ( 1 , I )  = 0.0 ;SET BOTTOM WIDTH T O  ZERO 
WZ(1,IUER) = 0 1 0  ;SET T O F  W I D T H  TO ZERO 
ITEMP = IUEF:-l  
ZEKOFLAG = 0.0 ;FLAG FOR HANDLING Y = O  CASE 
DO 500 J = 2 r I T E M P  

YHOKl = DABS(Y) 
IF(YMOD.GE.O.1) GO TO 4 1  i TO EXCLUDE VERY SMALL t4UMPEES I 
WHICH ARE DICY I N  F U N 1 9  ETC. CALCULATIONS 
ZEROFLAG = 1.0 
Y M O l l  = 1 0 . 0  
Y = 10.0 
C O t l  T I NUE 



1 2 5  

400 

C 
390 

42 
500 

C 

520 
550 

600 

C 

650 
C 
C 
700 
51 

C 
60 

C 
C 
C 
C 
C 
C 

C 
999 

IF(IDEEUG,E0+2)TYPE ' Y = 'PY 
I F ( O . O , L T , Y M O D , A N U , Y M O D , L T . - Y 3 )  GOTO 100 
IF (-Y3,LE+ YMOD, A N D ,  YMOO.LT ,Y4) GOTO 2 0 0  
I F ( Y ~ . L E I Y M O ~ ~ , A N D , Y H O ~ ~ ~ L T * E L )  GOTO 300 
CONTINUE 
WZ(I9J) = WCON 
IF(IAREA*EQ,2) WZ(1,J) = WCONt4+tCl/FI 
IF(IDEBUG*ER*2) W R I T E ! ~ ~ ~ ~ ~ ) Y P W Z ( I I J ) P J  
IF(IDEFUG+EQ.2) W R I T E ( ~ ~ ~ ~ O ) Y P W Z ( I ~ J } V J  
IF(IeGE63) WRITE(~~~~O)YIWZ(I,J),J i tttDEFUGttt 
FORMAT(/' HEIGHT/HZ/2= 'rF?0+39' WIDTH = 'rE12.4~' J = *rI4) 
IF(ZEROFLAG.NE+l+O) GOTO '4, ;FOR READJUSTING Y AFTER Y=O CASE 

ZEROFLAG = 0.0 
YMOI! = 0.0 
Y = 0.0 

CONTINUE 
Y = Y i HINC 

CONTINUE 

CALC, MAXIflUM WIDTH 
WMAX = WZ(I91) 
JTEMF' = 1 
DO 550 J = 29IVER 

IF(WZ(IIJ).LE,WMAX) GOTO 520 
WHAX = W Z ( I r J )  
JTEMF' = J 

CON T I N U  E 
CONT I N U E  - - _  

111) = WMAX 
Ir2) = - H F ' C ( I )  
IS AN A R R A Y  THG 
MUM WIDTH FOR T 
HAT MAXIMUM WIU 
AT(/' MAXIMUM W 
DEBUG ER 2 ) WRI 
AREAeERel) G O  T 

t (JTEMF 
T CONTAI 
HE ITH S 
TH IN HZ 
TE ( 2 9 600 
IDTH = ' 
0 5 1  

El S 
ECT 
UN 

)WZ 
rE1 

1) tHItIC/HZH 
MGXIMUII WID 
ION A N D  WZM 
'ITS AEOVE 0 
H(Irl)rWZM( 
2.4~' HEIGH 

THSr WZM(Ir1) IS THE 
! I r 2 )  IS THE HEIGHT 
E BELOW THE PAYZONE 
I,?) 
T / H Z H  = 'rF1013 

CALC. AREA OF CROSS SECTION USING WIIlTHS (FOR BVCOZ4 ONLY), 
ATOT = O + O  
DO 650 J = 2rI'JER 

ASSIGN ATOT TO AREAS(1) 
AREGS(1) = ATOT 
WKITE(2,700)AREAS(I)r? 
CONTINUE 

ATEMF =(WZ(I,J) + WZ(I,J-1))/2.tHINC 
ATOT = ATOT t ATEMF' 

FORflAT(/' AREGS(1) = ,E12,4~' IN CGSP I = ' ~ 1 4 )  

Y3N=-Y3 
IF (IDE 
F1 rFOl r 

' WZH( 
ISC=ISC 
IF(IY4, 
IY4=0 

BUG + ER e 2  
F 2 r F 0 2  r F  

:ti 
EQ.99) Y 

' )  WRITE( 
3rF03rG1 
' 9 E n * ?  9 
F01=. ? 

F03= :E 
FO2= r 
G01='!E 
G O ? =  r 
fE12r3) 
'3.=-Y3 

2 ,  
:G 

THIS-RESTORES Y4 TO ITS R 
RETURN 
EN11 

IGHT VALUE 
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COMPILER DOUhLE F'RECISION 
FUNCTION FUNl(IlrIN0TvY) 

C * * * * * * * * * * * * t * ~ X * * * ~ * * * ~ * * * * * * * * ~ * * * * * * * * * * * * * * ~ * * * * * * * * ~ * * * * ~ * * ~  

C * * * * * * * * * * * t * * * * * l f Y * * * ~ * * * ~ * * * ~ t * * * * ~ ~ * Y t t ~ Y ~ ~ ~ ~ ~ ~ t * ~ * ~ * ~ * * I * Y * $  

C DFUNl - USED IN WCOZ5rDFUN6r ANALYTICAL SOLUTION OF INTEGRAL 
C CREATED 11 / 8 / 8 2  

REAL IlrINOT 
FUN1 = DLOG(I1 t DSRRT(Il*Il - YYY)) 
RETURN 
END 

C - DLOGtINOT t DSRRT(INOTtIN0T - YtY)) 

COMPILER DOUBLE PRECISION 
FUNCTION FUN2(11vINOTrY) 

CREATED 11/8/82 

C * * * * * * * * * * * * * * * ~ * X * * * * * * * t * * ~ . ~ k * ~ * # * * ~ t * * ~ ~ * ~ ~ * * ~ * * X * ~ ~ * ~ ~ * * ~ t : ~ * ~  
C DFUN2 - USED IN WCOZS ANALYTICAL SCLUTION OF INTEGRAL 
E * 1: * * * x * * * * * * x x x * * * * * * ** * * * * * * * * * * k * * * * * * * f * * * x * # t :* f * t * * x I t * * t * t * * 

REAL IlrINOT 
FUN2 = DSQRT(IltI1 - YPY) - DSRRT(INOTtIN0T - Y t Y )  
RETURN 
EN11 

C** 
C 
C 
C** 

** 
:** 

COMPILER IlOUBLE PRECIS ION 
FUNCTION FUN3(11rINOTvY) 
DFUN3 - USED IN WCOZ5 ANALYTICG 
CREATED 11/8/82 
REAL IlrINOT 
S1 = DSRRT(IlbI1 - YSY) 
S 2  = DSRRT(INOT*INOT - YtY) 
RETURN 

******$***********************%*** 
*********************************$ 

FUN3 1. 11/2.*Sl t Y#Y/2+*DLOG( 
C -(INOT/2+tS2 t YtY/2+XDL 

x * *  
L S  
t f t  

I1 
.OG ( 

* * * * * t * k * X t  
OLUTION OF 
* * * * * * X t * * *  

t SI) 
INOT t 5 2 ) )  

t * x * * t *'# * 1 * * f 
I NT E G F;A L 
* Y f t t t Y $ * * * * Y  

END 



COflPILER DOUBLE F'RECISION 
FUNCTION F U N ~ ( I ~ P I N O T P C ? ~ Y )  

C * * * * * * * * * * * * * * * * * * * Z t t X t Y f t Y X I Y t Y t X Y f t a ~ ~ * * * * * * * * * * * ~ * * * * ~ ~ t * * * * *  
C DFUN4 - USED IN WCOZ9 ANALYTICAL SOLUTION OF INTEGRAL 
C CREATED 10/1/83 
C * * * * * * * * * * * S * * * ~ * * * ~ * * * * * * ~ ~ * * * ~ * * * * * * * ~ * * * * * * * * * * * * ~ * * * * * * ~ * * ~ * *  

REAL IlrINOT 
YS = Y*Y cs = C2*C2 
SR1 = DSCJRT(IltI1 - YSj 
SR2 = DSQRT(INOT*INOT - YS) 
SR3 = DSBRT(Il*Il - CS) 
SR4 = DSQHT(INOT*INOT - CS) 

COMPILER DOUBLE PRECISION 
FUNCTION Ft457(1lrINOT~C2rY) 

CR EA TED 0 7 / 2  5 / 8 3 

REAL IlrINOT cs = C2YC2 
Y S  = YLY 
SFl = DSCJET(IlXI1 - CS) 
SE2 = D S Q E T (  II4OTOINOT - CS) 
SR3 = DSRRT(I1YIl - Y S )  
SR4 = D S R R T (  INClTtINOT - Y S )  

C Y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ ~ ~ ~ * ~ ~ * ~ * ~ ~ ~ * ~ * ~ ~ ~ ~  

C * * * * * * ~ * Y * t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * ~ ~ * * ~ * ~ * ~ ~ $ ~ 4  

C D F N 5 7  - USED IN WCOZ4 SOLUTION OF 1NTEGF.Ai 
C 

FN57 = . S t S F : l h S R 3  + ((CS - Y S ) / 2 .  - CS)*DLOG(SRl -+ S k 3 )  
C - (.5*SR2fSR4 .t ((CS - Y S ) / 2 ,  - C S ) I D L O G ( S R 2  t S k 4 ) )  

RETURN 
E N D 
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C O H F ' I L E R  DOUBLE F ' R E C I S I O N  
F U N C T I O N  F N ~ ~ ( I ~ Y I P ~ O T Y C ~ ~ Y !  

C ~ * * * * * * X ~ * t * * * * * * * * * * * * ~ * * * * * * ~ * * * 0 ~ ~ * * * * ~ t ~ ~ ~ ~ t . ~ : ~ * . * * ~ ~ ~ * * * ~ * ~ t ~ *  
C D F N 5 8  - USED I N  W C O Z 4  S O L U T I O N  OF I N T E G R A L  

CREATE 11 0 7 /25  / 8  3 

R E A L  I ~ Y I N O T  
c s  = c 2 * c 2  
YS = Y * Y  
S R 1  = D S Q R T ( I l f I 1  - CS) 
SR2 = D S O K T ( f N O T 1 I N Q T  - CS) 
S R 3  = D S 0 4 T ( I l % I l  - Y S )  
SR4 = D S C 4 R T ( I N O T t I N O T  - Y S )  

F N 5 8  = D L O G ( S R 1  t SR3!  - 

E t * * * * * * * * * * * * * * * * :c f t * ** * * * * * x t * * * $1: 0 t % x x * * 6 * * Y * * * * * f * * * * * Y * t ;i: :+ x .t. :i: 

C D A E S ( ( C 2 / Y ) ) f D L O G ( ( ( l . / ( K ~ A B S ( C 2 ) ) ) f S R 1  t 
C ( 1 . / I 11 A B S  ( Y ) ) ) X S R 3  1 /I 1 ) 
C - ( B L O G ( S R 2  t S R 4 )  - 
C 
C ( l , / ( D A B S ( Y ) ) ) * S R 4 ) / I N O T ) )  

DAES ( ( C 2 /  Y ) 1 &.DL O G  ( ( ( 1 / ( D ABS ( C 2  ) ! 1 OSR2 t 

C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
C SEE NOTE F A G E  A 
C T H I S  CHANGE W A C  
- .  . . . 
C SEE NOTE F A G E  A 
C T H I S  CHANGE WAS 
C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
21 FOR R E A S O N  F O R  D A R S ( C ~ / Y ) +  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

20 FOR E E A 5 S O N  FOR D A E S ( C 2 )  AN9 D A S S ( Y ) .  
MfiUE 9/5/83. HRC 

P!AtiE 9.'13/93* HPC 

R E T U R N  
E N D  

C O M P I L E R  I i O U B L E  F R E C I S I O N  
F U N C T I O N  F F X  ( A t  B I N O D I V  r F )  

C * * * * * * * ~ t * * * * ~ * * * t t * * * * * ~ ~ * ~ * ~ ~ * ~ t * ~ * * * * * * ~ * * ~ f * * ~ * * ~ * * * * ~ ~ t ~ * * t x ~ ~ * *  

C * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * ~ * * % * ~ * ~ ~ * * * * * * * * * * ~ ~ * * ~ ~ * * * ~ * * * ~ ~ ~ * * * ~ ~ :  

C FERFORM THE N U M E R I C A L  I N T E G K A T I O N  0 5  W I I I T H  E R N  U S I N G  T H E  
C TK,GF.EZOIDAL METHOU T O  I N T E G R A T E  OVEF: F 2  FROM A TO P ( F O R  F L K I O )  

C 
C FERFORM N U M E R I C A L  I N T E G R A T I O N  

C 
I N T E G E R  F 

W I D T H  = ( E - A )  / N O D I U  
AREA = 0.0 

2 
3 0  

C 
c 1  

DO 30 J = l r F I O T ! I V  
XL = A t (J-1) 
I F ( X L . E R + G + O )  
X K = A - t  J 
I F ( F . E O . 1 )  GOT 

S M A L L A  = ( W I D T  
AKEG = AREA t 

I F ( P + E Q  + 1 * O , A l t  

F F X  = AREA 
W R I T E ( 2 7 1 )  F I F F X  
FORMGT ( ' 
F: E T U fi N 

AREA ( ' t I 

* W I D T H  
XL=W I D T H  
P W I D T H  

0 2  rt. J . E R ,  N 
t i / ? , )  Y 
S M A L L A  

1 7 ' ) =  . Y  

/ l o .  

E 1 3 . 6 )  



1.2 I 

COMF'ILEF: DOUBLE FRECISION 
FUIICTION DFX( FLUARrI 1 

C t * * a f X Y ~ ~ * b X * * X * * * X * * * * * * * * * * $ ~ * ~ i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C t C t * ~ * t Y * * * * * * ~ * * * * * $ * * * ~ * * * * * ~ * ~ * * * * * * * * * * * * * ~ ~ * * * * * * * * * * * * * * * * * *  
C IlFXt KEIUMINT INTEGRATES OVER T H I S  FUNCTION (FOR F L h l O )  

REAL LEAhC 
COMMON /TCONU/ T S L O P E T T C E F ' T Y L E A K C I S P I T I M F  

C 
C 
C 
C 
C 

COMPILER IlOUELE FRECISION 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THIS SUBROUTINE CALCULATE F H I I  USING FEACTURE CROSS SECTION 
WIDTH AND N e  
* * * * * * * * * * * * * * * * * * * * * * * * * ~ K * * * * * * * * * * * * * $ *  
SUBROUTINE C L F H I ( P H I r W Z ~ W M A X r F L N , I S E G , I ~ ' E ~ ~ F ' I r E M O ~ ~ r R N U )  
DIMENSION WZ(22~22)rWC(22) 
REAL M 

M = (2,XFLN t 1.)/FLN 
SUM = 0.0 

C *** CONVERT WIliTHS X t t  
CON'JERTCONST = 8. f ( 1 ,  - RNU*KNU)/(FIfEMOD) 
110 100 J = l r I U E R  

WC(J) -= 0 . 0  
WC ( J )  = WZ ( ISEG 7 J )  *CONVERTCONST 

100 CONTINlJE 
C X * *  CALCULATE PHI FROM WIDTHS * t t  
C * * X  CONVERT WHAX f * t  

WMAXC = WMAX t CONVERTCOWST 
IX = IVER - 1 
DO 2 0 0  J=,~YIX 

T E M F 1  = (WC(J!/WMAXC)XIM - 
SlJM = SUM t TEHF1 
C 0 14 T I NU E 200 

F H I  SUM/FLOAT(IVEK - 1 )  
RETURN 
E N D 
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C O M P I L E R  DOUBLE P R E C I S I O N  
F U N C T I O N  A S I N ( Y Y )  

C T H I S  I S  USEIN TO COMPUTE ARCSI?! FROH THE D & T A  GI ' JEM 
C IF YY I S  F ' O S I T I V E r  RETURNS 0-93 
C I F  Y Y  IS N E G A T I V E ,  RETURNS 2 7 0 - 3 6 0  

X X = S O R T ( l , - Y Y X * 2 )  

C 
C 
C 

C O M P I L E R  I lOUELE P R E C I S 1  

T H I S  I S  USE11 T O  COMPUTE A R C  
I F  X X  IS F ' O S I T I U E I  RETURNS 
I F  X X  IS N E G A T I V E ,  RETUF:NS 

F U N C T I O N  A C U S (  X X  1 

YY=SRRT ( 1 + - X X X % 2 )  
A C O S = A T A N 2 ! Y Y ? X X )  
R E T U R N  
EN11 

O N  
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