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INTRODUCTION

This User’s Manual contains information for four fracture/proppant
models. TUPROP!1 contains a Geertsma and de Klerk type fracture model. The
‘section of the program utilizing the proppant fracture geometry data from
the pseudo three—dimensional'highly elongated fracture model 1s called
TUPROPC. . The analogous-proppant section of the program that was modified
to accept fracture shape data from SA3DFRAC is called TUPROPS. TUPROPS
also 1includes fracture‘closure. Finally there is the penny fracture and
its proppant model, PENNPROP.

In the fi;st three chapters, the proppant sections are based on the
same theory for determining the proppant distribution but have
modifications to support variable height fractures and modifications - to
accept fracture geometry from three different fracture models. Thus.
information about each proppant model in the User’s Mahual builds on
information suppl;ed in the previous chapter.

The exqeption to the development of combined treatment models is the
penny -fracture and its proppant model. In this case, a completely new
proppant model was developed. A description of how to use the combined
treatment model for the~penny fracture is coptained in Chapter 4.

Equations referred to in this manual are those in the Final Report of
Stimulation Model for Lenticular Sands (DOE Contract -No. DE-AC21-

84MC21119).



CHAPTER I

TUPROP1 CONTAINING CONSTANT HEIGHT FRACTURE MODEL

General Description

The University of Tulsa developed TUPROP1 to model hydraulic
fracturing treatments and proppant transport using typical stimulation
techniques involving noncross-linked fracturing gels as a transport medium
for the proppant material. Non-Newtonian fluid behavior in the program is
represented by the power law model. Both variable flow rate schedules and
ditferent proppant types can be simulated by TUPROP1. The program 1is
designed to handle 250 elements in both the fracturing and proppant
sections. Thus, 1f 10 foot fracture growth increments are used, the
maximum fracture which could be handled would be 2500 ft.

In most well treatments, good proppant carrying capacity is desired.
Thus, 1t 1is assumed in the program that there is not a need to check
equilibrium conditions for fluid velocity and proppaht bed height. A
situation requiring this check consists of a fracture fluild having a 1low
viscnsity trying to carry a large, dense proppant type. These class of
stimulations would not result in propped fractures of maximum 1length.
However, since settling and proppant bed formation occur in any tréatment,
a sophisticated particle tracking procedure has been 1included 1in the
program to track the particles in the proppant slurry. Thus, a very
accurate accounting procedure for the mass of the proppant is contained in
the program. To avold the equilibrium situations, the following program
input parametefs can be changed; fracture height, fluid viscosity,
proppant type, pumping rate, fluid leakoff coefficient and treatment time.

Normally, fracture heights between 20 to 200 ft., medium viscosity



fluids, 1leakoff coefficients between 0 and 0.0044 ft./VfETH:, and pumping
rates less than_80 bbl/min. will allow proper operation of the program.
Program limitations can be exceeded. If the fracture portion of the
proéram requires more than 250 stepé. the program will run though the
250th step, but the treatment time will not be reached. The case where
proppant settling is so rapid that the equilibrium flow and equilibrium
height of the bed are exceeded, the program will give a Fortran run time
error due to negative numbers being introduced. The program also tracks
the proppant front and if this frontAreaches the fracture tip, then a
screen out occurs. The proppant front, howevqr, can be devoid of
proppant, thus glving a false screen out. Since the original design
criterion was to always keep proppant in the slurry, no routine has beenv
implemented to solve this problem. While no error resﬁlts from the false
screen out, the total treatment time will not be reached. A
TUPROP1 has five settling models which can be used; however, for non:<
Newtonian gels, the Sutrick and Rybicki model is recommended. If a
Newtonian' fracturing fluid is used, the Zigrang and Sylvester settling
model should be used. The other three models can be used for comparison;
The Daneshy model 1s purely theoretical and can only be used when the
particle Reynold’s number 1s less than 1. The Acharya modél could be used
to see the effects of very low pfoppant settling velocities on the
fracture but is not recommended for general use. The Clark model 1is a
good approximation for Guar Gum gels, but does not consider'wall effects.

The pressure distribution is developed from the following equations:

' 2 (2 n %/t
AP = [2-(2nt1) Q 2KL_ d_(x/1)

n H " (2n+1) xl/L w(2n+l)
w : .



where ‘AP = pressure drop from xj to X3

—
[}

desired fracture length
X = distance from the wellbore
wy = width at the wellbore
Q = 'flow rate
H = fracture height
n = behavioral index of the fracturing fluid

K = consistency index of the fracturing fluid

x /L 4
e 1-(x/L)? 1- x/L }
"T(H‘Ts") | Il'(xun)l

(x/L)In <{x /L)1In
AR ’ 1-(xst). )
57 (1:{;;7%73) - 1+ (7:{;;7%77)
W =
1= ') ey
xolL In ° )

(l-(xolL)’)°’ -

Xo = maximum distance from the wellbore
which is pressurized

Xo ¢ L and x < x4
The pressure at the wellbore reacts just as the Geertsma model predicts.

As the fracture length increases, thé wellbore pressure falla [1].

loput
Input to TUPROP1 comes from two files, COEFFN9999A and DATATUP1.

COEFFN9999A is a file containing all the coefficients»needed by TUPROP1 so
that the wellbore widths can'be raplidly c¢alculated without using numefical
infegration techniques in the program. This file, a copy of which 1s in
Appendix A, 1s a permanent file requiring no changes.

DATATUP1, in Appendix B, 1is the input file for changing paraieters
for different well stimulations. All records in this file use either
10F10.5 or 5110 formatted input. The file is dividediinto the following

records.



10.
11.

12.

13.

14.

First Record, Format 10F10.5
Pipe Flow Consistency Index
Behavior Index
Fluid Loss Coefficient
Density of Fracturing Fluid
Second Record, Format 10F10.5
Treatment Time
Spurt Loss Coefficilent

(1)
(2)
(3)
(4)

(1)
(2)
(3)

Fraction of Length Pressurized

Third Record, Format 5I10

Number of Flow Rate Changes
Fourth Record, Format 10F10.5
Flow Rates, Max 10

Fifth Record, Format 10F10.5

(1)
(1)
(1)

(1)

Times at which Flow Rate will

change, TQ(1)=0.0 and is not
put into the record
Sixth Record, Format 5I10

Number of Proppant Types, MAX 10

Seventh Record, Format 10F10.5

(1)

(1)
(1)
(1)
(1)
(1)

(1)
(2)
(3)
(4)
(5)

(1)
(2)

Times

at which

Changes
Eighth Record, Format 10F10.5
Initial Concentrations
Ninth Record, Format 10F10.5
Average Proppant Diameter
Tenth Record, Format 10F10.5
Proppant Porosities '
Eleventh Record, Format 10F10.5
Proppant Densities

Twelfth Record, 5I10
Restart Control
0 - No Restart
1 - Restart
Thirteenth Record, 1
Poisson’s Ratio

Young’

s Modulus

Proppant Type

0F10.5

Acceleration of Gravity
-Fracture Height
Element Length
Fourteenth Record, 1

Fan Viscometer Quter to Inner

Radii

Run Control
0.0 - Run Program
1.0 - Run Fracture Only

No Output

0F10.5

2.0 - Run Fracture Only

Particle Shear Rate Cut Uff value
Shear Stress Location Fraction

Fracture

Output

KPRIME
NPRIME
FFC
RHOF
TT

SP

FLO

NQ
Q(I)

TQ(I) -

NTP

TP1(1I)

GC1(I)
DP1(I)
PHIP1(1I)
RHOS1(I)

NSTART

NU
E
G
HO
DX

BETA

CONTROL

GDOTC
GDOTF

1bf.s/ft2

ftﬁdmin

lbm/ft3

min
ft3/£t2

bbl/min

min

min

lbm/gal

in

1bm/ft3

_psi

ft/sec2
ft
ft

SeC-1



15. Fifteenth Record, 5I10

(1) Starting Element of Detailed NCK1
Output

(2) Ending Element of Detailed NCK2
Output

If NCK1 > NCK2 - No Detailed Output
-(8) Detailed Output of Last Time Step NCK3

0 - Not Wanted

1 - Output Desired

(4) Selection of Settling Model NSETV
1 - Zigrang and Sylvester
2 - Daneshy
3 - Acharya
4 - Clark
5 - Sutrick and Rybicki

(5) Selection of Pressure Computation NPRESS
0 - Pressure Not Calculated
1 - Pressure Calculated & Output
Restart Control, 1listed in the input, causes the same fracturo data
to be 1input from the file RESTTUP1. This file is written on when the
fracture portion of the program is run. It stores the fracture lengths,
wellbore widths, creation times, and fracture width profile. If flow
rates, treatment time, leakoff, and fracturing fluid do not change, thon
this can be wused to rapidly check various proppant treatment changes.
There 1is no safety check. If any variable that affects fracturiﬁg is
changéd and restart is éiiployed, Lhe previously stored data in RESTTUP1

will bhe introduced again. If there is any doubt un the part of the user,

zero NSTART and recalculate the fracture data.

Output

In Appendix C, alung with the input files and program, is the output
corresponding to the input file DATATUP1. The output can be divided into
three dlvisions.

The first division is the echoed input data. This wection contains
all the input parameters with the exception of control values.

The second section contains the output of the fracture portion of

TUPROP1. The first part of this section has the fracture data describing




the time and shape of the fracture with assocliated pressures if NPRESS was
set to 1. The second part of this section 1s a summary of the fracturing
‘process. The summary includes not only the width and 1length of the
fracture - but also the volume calculations of the fracture and fluid 1lost
to the formation.

The last division contains output from the proppant tranﬁport portion
of TUPROP1. In the first section of this division, a summary of particle
tracking is given. If detailed intermediate data were requested (NCK1 ¢
NCK2), then these statements would be recorded at the correct time step.
Next, a summary is given for the propped fracture. Note that the leading
edge of the proppant is the slurry front, but if the top particle of the
proppant type has reached the bed, the fluid would be clear. For exaﬁple,
the proppant bed 1in Appendix C extends only 410 feet, while all the
leading edges of the proppant types are past this point.

For the sample case, NCKl1 was greater than NCK2, but NCK3 was set to

one. Therefore, below the name of the settling model is the detailed
output for the last time step. The information contained in this section
should be self-explanatory. If NCK3 were set equal to zero, then

following the name of the settling model, a summary of the time steps are
printed ’out along with information describing the disposition of proppant
in the final time step. This summatiop always appears when the proppant
section 1is run. The final portion of this section summarizes the volume
of fluid and the mass of proppant injected during the treatment. The
injected amounts of fluid and proppant are cbmpared to the amounts
obtained from program calculations based on continuity. Thus, the

differences given are measures of program effectiveness.
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CHAPTER 1II ]

COMBINED PSEUDO 3-D HIGHLY ELONGATED FRACTURE MODEL
AND PROPPANT MODEL TUPROPC

General Description

.The University of Tulsa has coupled Oral Roberts University’s Highly
Elongated Fracture Model, for the symmeiric bounding zone case, to The
University of Tulsa’s Proppant Transport Model (TUPROP1). The
modification to TUPROP1, which contained its own fracturiﬁg model, was
renamed TUPROPC. The combined treatment model will represent hydraulic
" fracturing treatments and proppant transport using typical stimulation
techniques involving noncross-linked fnacturing gels as a transport medium
for the pfoppant material.v Nén—Ne;tonian fluid behavior in the program is
simulated through use of the power law model. Both variable flow rate
schedules and different proppant types can be simulated by TUPROPC. The
fractufing section can handle aﬁy fracture increment but the ushal ‘size .
vfor massive hydraulic.fractUre treatments is 100 feet. Fracture 1lengths
are selected in multiples of three; -each of which must be a multiple of
the fracture increment selected. F&r example, with a 100 foot increment,
the 1nitial selections might be 200, 300, 400. Since TUPROPC is designed
to handle 250 elements in the proppant section, if 10 foot increments were
used, the maximum fracture that could be handled is 2500 ft. Thus, the
effect of element length in the proppant program must be considered when
establishing parameters in the fracturing section and vice versa.

Since, 1n most well stimulations, good proppant carrying capacity is
desired, TUPROPC, Jjust as 1in TUPROP1, has no routine to check for
equilibrium conditions tor ftluid véelocity and proppant bed height. ‘The
éondition of . a fracture fluid having a low viscosity trying to carry

large, dense proppant would provide a situation requiring this check.
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These stimulations would not result in propped‘ fractures of wmaximum
length. However, since settling and proppant bed formation occur in any
tréatment. a sophisticated pérticle tracking procedure has been 1included
in the program to track the top particles in the proppant slurry. Thus, a
" very accurate tracking procedure for the mass of proppant is contained 1in
the program. To avoid the equilibrium situations, the following
parameters can be changed; fluid viscosity, proppant type, pumping rate,
fluid leakoff coefficlient, and treatment time. Normally, a pay zone
height between 20 to 200 ft., medium viscosity . fluids, leakoff
coefficients between 0 and 0.0044 ft./min., and flow rates less than 80
bbl/min. will allow proper operation of the program.

In the fracture section, proper geometric results are maintained 1if
the height to 1length ratio is at least 1:4. This consideration 1is
important 1in initializing the program. For example, 1f the pay zone
height 1is 50 feet and the initial fracture height 1s taken to be greater
than 50 feet say 50.001 feet, the minimum fracture length should not .be
less than 200 feet.

Program limitations can be exceeded. If the proppant portion of fhe
program requires more than 250 steps, the program will run through -the
250th step, but the treatment time will not be reached. The case where
proppant settling is so répid that the equilibrium flowA and equilibrium
height of the bed are exceeded, ‘the program will give a Fortran run time
error due to negative numbers being introduced. The program also tracks
the proppant'front; and i1f this front reaches the fracture tip, then a
screen out occurs. The proppant front, however, can be devoid of
proppant, thus giving a false screen out indication. Since the original

design criterion was to always keep proppant in the slurry, no routine has
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been implemented to solve this problem. While no actual error results
from the false screen out, the same screen out message is printed as 1If
proppant was present and the total treatment time will not be reached.
The false screen out condition is not desirable, because proppant was not
carried in the4 fracturing fluid to the end of the fracture. This
condition can be rectified by using a more viscous liquid in the treat-
ment, using a smaller proppant or using a less dense proppant.

TUPROPC has five settling models which can be used; however, for an-
Newtonian gels, the Sutrick and Rybicki model is recommended. If a
Newtonian fracturing fluid is used, the Zigrang and Sylvester settling
model should be used. The other three models can be used for comparison,.
The Daneshy - model 1is purely theoretical and can only be used when the
pafticle Reynold’s number 1is less than 1. The Acharya.model could be used
to see the effects of very low proppant settling velocitles on the
ffacture but is not recommended for general use. The Clark model 1s a

good approximation for Guar Gum gels, but does not consider wall effects.

Input

Input i1in Appendix A fur the combined treatment comes itrom three
files. The first file, FLKM is the 1npu£ file for the fracture section.
Secondly, an output file, ORUIN, containing fracture geometry and fracture
time 1is used as input to the proppant section. Data transfer for the
second file is done automatically in the format, E26.18, and no direct
user input to the file 1é needed. However, the third file, DA&ATUPC, is
the user input file for the proppant section. A

FLKM, the user input file for fhe fracture section, 18 a sequential
unformatted file. It requires only real or integer inputs. Table 1 1s'a

1list of the inputs with units. Note each input is on a separate record.
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Record
No.

[0 S

22

23
24

25

26

27

28

29

30
31

‘Type of

Variable

Integer
Integer
Integer

Integer
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Integer
Integer

Real
Integer

Real

Real
Integer

Integer

Integer

Integer

Integer

Real

Real
Integer

Table 1. FLKM - Fracture Input

Identification

Number of length groups
Number of flow rates used
Flag selected to use the
type of calculation

Flag used to select output
Fracture toughness

Pay zone height

Flow rate-one wing
Behavioral index
Consistency index

Young’s modulus

Poisson’s ratio

Stress contrast

First fracture length
Second fracture length
Third fracture length
Fluid leakoff coefficients
Percent difference in L(T)
Maximum number of iterations
Selects option to recompute
and list KI’'s

Percentage for QZ convergence

Number of divisions to split
frac

XA position at which
numerical integration begins
Dummy pressure at tip .
Number of segments fracture
wing is split into

Flag to increase resolution
of tip segment
Multiplication factor used
to increase resolution of
tip segment

Number of steps for
numerical integration

Number of width calculations
in each vertical fracture
section

Fracture height/pay zone
height at fracture tip

Spurt loss coefficient

To determine whether FLOWK
varies with x or not

25

Variable
Name Units
NRUN
NNQ (Limited to 1)
ITQ
IWRITE
KCB Dynes/cm**1.5
HZ ft
QIN bbl/min
FLN
FLOWK Dynes.sn/cm2
EMOD psi
RNU
S2MS1 psi
Al ft
A2 ft
A4 ft
LEAKC cm/sr5
DFT %
IRUNZ
ICOMP
QPER %
NDIV
XAZ
YZP psi
N
NRES
MFAC
NODIV
NUMWID
HSTART
SP cm3/cm?

IMU



DATATUPC 1is the proppant section input selected by the wuser. The

file is broken down by record in Table 2.

Output

Appendix B contains example output corresponding to the input files.
The output can be divided into five divisions.

The first section of output contains the output from the highly
elongated fracture model as outlined by Palmer et al. [2].

The second division is the input data from both FLKM and DATATUPC.
This section contains all the input' parameters for thc proppant secllon
with the exception of control values.

The third section contains the equivalent fracture geometry that the
proppant model will utilize. The widths given are equivalent widths for a
rectangle having the same afea as the geometric shape which 1s "elliptic"
in shape.

The fourth division contains output from ;he proppant transport
portion of TUPROPC based on equivalent widths. In the first section of
this division, a summary of particle tracking is given.‘ If detailed
irntérmediate data were requested (NCK1 < NCK2), then these . statements
would be interspersed at the correct time step. Next, a summary is given
for a propped fracture. Note that the leading edge of the proppant is the
slurry front, but if the top particle of the proppant type had reached the
bed, the fluid would be clear. |
| For the sample case, NCKl1 was greater than NCK2 but NCK3 was set to
one. Therefore, below the name of the settling model is the detailed
output for the last time step. The information contained in this section
should be self-explanatory. If NCK3 were set equal to zero, then

following the name of the settling model, a summary of the time steps 1is
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10.

11.

Table 2. DATATUPC - Proppant Input

First Record, Format 10F10.5

(1) Density of Fracturing Fluid
Second Record, Format 5I10

(1) Number of Proppant Types, MAX 10

- Third Record, Format 10F10.5

(1) Times at which Proppant Type Changes
Fourth Record, FORMAT 10F10.5
(1) 1Initial Concentrations
Fifth Record, Format 10F10.5
(1) Average Proppant Diameter
Sixth Record, Format 10F10.5
(1) Proppant Porosities
Seventh Record, Format 10F10.5
(1) Proppant Densities
Eighth Record, 5I10
(1) Restart Control
0 - No Restart
Always use 0
Ninth Record, 10F10.5
(1) Acceleration of Gravity
(2) Element Length
Tenth Record, 10F10.5
(1) Fan Viscometer Outer to Inner Radii
(2) Run Control "
0.0 - Run Program
Use 0.0 only
(3) Particle Shear Rate Cut Off Value
(4) Shear Stress Location Fraction
Eleventh Record, 5I10
(1) Starting Element of Detailed OQutput
(2) Ending Element of Detailed Qutput
If NCK1 > NCK2 - No Detailed Output
(3) Detailed Output of Last Time Step
0 - Not Wanted
1 - Output Desired
(4) Selection of Settling Model
1 - Zigrang and Sylvester
- Daneshy
Acharya
Clark
Sutrick and Rybicki

e W
'
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RHOF
NTP
TP1(1I)
CG1(I)
DP1(I)
PHIP1(I)
RHOS1(I)

NSTART

G
DX

BETA
CONTROL
GDOTC
GDOTF

NCK1
NCK2

NCK3

NSETV

1bm/ft3
min
lbm/gal

in

1bm/ft3

ft/secl
ft

sec'1



printed out along the information describing the disposition of proppant
section 1s run. The final portion of this section summarizes the volume
of fluid aﬁd the mass of proppant injected during the treatment. The
injected amounts of fluid and proppant are compared to the amounts
obtained from program calculations based on continuity. Thus, the
differences given are measure of program effectiveness.

Following the volume'of fluid and proppant, the fracture geometry is
output for both the equivalent and the geometric shape of the fracture.
The geometrically correct proppant distribution results from
redistributing the volumes of the proppant.bed and the slurry back 1into
the geometric shape provided by the highly elongated fractﬁre model. In
both cases, values are provided for plotting the top of the fracture, the
bottom of the fracture, the suspension height, and the bed height at the
model intervals specified in DATATUPC as DX.

Coupling of the fracture model with‘the proppant model 1s done
through Job Control Language (JCL). Proper coupling thrdugh JCL allows

the combined programs.
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CHAPTER II

APPENDIX A

FLKM
DATATUPC
ORUIN
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CHAPTER III

COMBINED SA3DFRAC AND TUPROPS

SA3DFRAC Model

Progrgm SA3DFRAC 1s based on semianélytical solution of three-
dimensional elliptical fracture using Shah and Kobayashi solutions and
two-dimensional fluid flow using Prats and Muskaf solutions. This program
determines the non-Newtonian effective fluid viscosity, wellbore pressure,
net effective pressure at fracture tip, widths w(x,y) as a function of
dlslance from wellbore both in x and y direction, fracture height along
the plane of fracture from wellbore to fracture tip, time of graowth of a
fracture, fluid leakoff volume, and fracture volume.

The progrém is run interactively. The main program SA3DFRAC and 15
related subroutines and functions are written in Fortran-77, having well
documented source code, and have‘been run on a Honeywell 6600/B3 computer.
The program h;s two output files FRACTURE and PROPIN. The file FRACTURE
contains all the results during the co@putations of the fracture geometry
and PROPIN contains jJjust the information needed for the pfoppant transport
model. |

The main program SA3DFRAC and 15 related subroutines and function
files are linked together through a Job Control Language °’JCL’ B-FRACP.
The file name of program SA3DFRAC is FRACP.

The fi;e names, subroutincs, and functlua names and their descr;ption
are1

SR.NoO. FILE NAME  SUBROUTINE/ DESCRIPTION

FUNCTION
1. SIMQSKP SIMQSK This subroutine used by SA3DFRAC solves
: ’ for x in [A][X]=[B] equation.
2. SKWIDP SKWID This subroutine wused by SA3DFRAC and

WIDAVG calculates the width of each
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10.

1t.

WIDTHAP

FALP

ELLP

SHAHP -

VSCP

RMTP

PMP

PPP

QFUNP

WIDAVG

FLASEP

ELLIP

SHAH

VSCITY

RMATCH

PMFNRM

PPFNRM

QFUN
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segment of wvarious vertical heights of
the fracture, using Shah and Kobayashi
equation in Part 1, Chapter III, of the
Final Report. SKWID also calculates
area. .

This subroutine calculates the average
width of fracture, average of width
cubed, leakoff volume, fracture volume,
and time of fracture growth. WIDAVG
uses area calculations from SKWID. The
equation for time and leakoff volume
calculations are given 1in Part 1,
Chapter III, of the Final Report.

This subroutine is used by SA3DFRAC to
calculate coefficients used in
determining Kia=Kca and Kig=KcB
condition.

This subroutine is used by SA3DFRAC to
calculate elliptic integrals K,E used
in determining Kya=Kcpa and Kip=Kcp
condition.

This subroutine 1s used by SA3DFRAC to
calculate Shah and Kobayashi

coefficlents.

This subroutine is used by SA3DFRAC to
calculate effective non-Newtonian fluid
viscosity, circular fracture radius,
Shah and. Kobayashi pressure averages,
and constant Lamda unit to be used by
subroutine DELTA1 for calculating
Muskat and Prats average pressures.

This subroutine calculates the matching
radius for minimum value of discrepancy
between the solutions obtained from
subroutines PMFNRM and PPFNRM.

This subroutine computes the pressure
for a 1line source with an infinite
boundary (Muskat solution).

This subroutine computes the pressure
for a point source with an elliptical
boundary (Prats solution). This
subroutine uses functions QFUN and RFUN
for Newton Raphson method solutions.

This function uses Newton Raphson’s
method to find real roots of equation.



13.

14.

15.

RUNP RFUN This function also uses Newton
Raphson’s method to find real roots of

equation.

DELP DELTA1 This subroutine uses functions RFUN,

QFUN, PPFUN,

and PMFUN to calculate

root mean square value of delta (delta
is a measure of optimum half fracture

height ’B’).

PPFUNP PPFUN This subroutine calculates the pressure
for a point source with an elliptical
boundary using computed pressure

differences at fracture tips A and B in
PPFNRM and RMATCH.

PMFUNP PMFUN ' This subroutine calculates the pressure

for a 1line

source with an infinite

boundary wuaing computed pressure ul
wellbore 1n subroutine RMATCH.

Tnput Tdentification: SA3DFRAC

The 1input parameters for SA3DFRAC fracture program 1is 1introduced
interactively and 1s rather self-explanatory.

The record number,

identification, variable name, and units for these parameters are:

Recqrd

No.

1.

Identification

Number of fracture division along pay '
zone wing (required for proppant
transport model coupling).

Number of fracturing fluids (required
for proppant transport model coupling).

Nehugging flag.

1 - Debugging required.

0 = No debugging.

Use 0 i1e no debugging only.
Writing flag.

1 - Write outpiit.

0 - No writing output.

Use 1 ie write output.

Mode I critical stress intensity
Tactor K1p (fracture toughness).

.Mode I critical stress intensity
factor Kyp (fracture toughness).

Pay zone height.

54

Variable Units
Name

NFRAC

IBUC
IWRITE

KCA  dynes/cm**1.5
KCB dynes/cm**1.5

Hz ft.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19,

20.

21.

Flow rate - both wings. Q

Initializing variable. RMU
Use RMU = 100

Young’s modulus. EMOD
Polisson’s ratio. RNU
Stress contrast. S2MS1
Fracture half wing length, L

along semimajor axis, ’A’.

Percentage accuracy desired in DIFFAC
iteration of Kj.
Use DIFFAC = 1

Perforation height at wellbore. WELHT

Flag for viscosity, matching radius, IFLAG
and average pressure calculations.

Use IFLAG = 1 for fracture geometry

runs. :

Use IFLAG = 0 for proppant transport

model coupling related runs.

Starting low pressure initializing POLOW1
value.
Use POLOW1 = -100

Starting high pressure initializing POHIG1
value.
Use POHIG1 = +1000

Half height at wellbore, ’'B’. B
Guess B value for iteration purpose.

Flag for time, leakoff volume, and IT
fracture volume calculations.

1 - Time and volume calculations done.
0 - No time and volume calculations.
Use IT = 1 when correct half fracture
height B is determined.

Use IT = 1 when generating output file
"PROPIN" for coupling to proppant
transport model TUPROPS.

Use IT = 0 when iterating for optimum
half fracture height B.

To calculate width of fracture when ICALC
X/A = 0.0 at 5 different vertical

Y/B ratios.

Use ICALC = 0.
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bbl/min.

psi

psi

ft.

ft.

psi

psi

ft.



22.

23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

'To calculate average width of

fracture, average of width cubed, and
width at various X/A and Y/B ratios.
If IT = 1 areas at various X/A ratios
are also calculated.

Use ICALL = 0O

Behavioral index. -
Consistency index.

Number of divisions along the axis.
Use NDIV = 40.

This NDIV in RMATCH subroutine should
not exceed 50.

Step of grid or length of an
interval.

STEP = L/NDIV

llIse STFP = ,5,etc, as required.

Initial pressure at wellbore.
Use PO = 0.

Initial pressure difference at A and
B.
Use PD = 0.

Flag for printing PMFN pressures.
1 - Print all PMFN pressures.

0 - To continue with program.
Use IFLAG = 0.

Flag for printing PPFN pressures,
1 - Print all PPFN pressures.

0 - To continue with program.
Use IFLAG = 0.

Enter range in which matching radius
search computation desired. 1In
general use 2 to NDIV for largest
range. Matching radius is always
between perforation height °*C’ and
guessed value of half fracture height
*B*. Select RA, RB accordingly.

Flag to continue matching radius.
search calculation, aiming for lowest
Delta variable value between ‘B’ and
g,

Use 1 to continue matching radius
calculations or 0 to continue with
program.
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ICALL

NPRIME
KPRIME

NDIV

STEP

PO

PD

IFLAG

IFLAG

RA, RB

IFLAG1

1bf-sN/ft*%2.0

psi

psi

ft.

’

ft.



33. Number of divisions along x- and y- NDIV
axes in DELTA1l subroutine.
Use NDIV = 10.

34. Stress contrast. ’ S2MS1 psi
This value should be same as in
Record 12.

35. Flag for printing PROG40 pressure. - IFLAG

1 - To print all PROG40 pressures.
0 - To continue with program.
Use IFLAG = O.

36. Restart control flag. ICH
1 - To rerun with new half wellbore -
height. '
2 - To rerun with new parameters.
3 - To quit.

Use required ICH value.

37.  IF IT = 1 fluid leakoff coefficient LEAKC cm/sec**0.5
is required to calculate leakoff ’
volume and fracture growth time.

38. Spurt loss coefficient. SP cm**3/cm*%2

39. Use ICONV = 1 for automatic ICONV
convergence of time.

40. Use TIMP = 1 for percentage TIMP
convergence of time.
41. Initializing value of slope. TSLOPE
Use TSLOPE = 0.5
42. IF IT = 1, input behavioral index. NPRIME
43. IF IT = 1, input consistency index. KPRIME 1bf-gh/ft**2.0
44. Restart control flag. ICH N
1 - To rerun with new half wellbore
height.
2 - To rerun with new parameters.
3 - To quit.

Use required ICH value.

Procedure for Running SA3DFRAC Program

SA3DFRAC program should be run interactively in following two ways,
to obtain output for fracture geometry alone and/or fracture geometry and

input data for coupling it to the proppant transport model.
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Procedure for Case 1
Following flow path 1is selected for running SA3DFRAC program in
obtaining optimum fracture half height corresponding to a fixed fracture
half length.

Typical Case 1 input parameters are as follows:

Record Variable Example Value Remarks

1. NFRAC 1

2. NQ 1

3. IBUG 0

4. IWRITE 1

B, KCA 1.1E8

6. KCB 1.1ER

7. HZ 223

8 Q 40

9. RNU 100

10.  EMOD 0.75E6

11. RNU 0.2

12, S2Ms1 100

13. L 223

14. DIFFAC 0.1

15. WELHT 90

16. IFLAG 1

17. POLOW1 -100

18. POHIG1 +1000

19. - B 130 h First guess of fracture half

height.

20. IT 0
21. ICALC 0
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22. ICALL 0

23. NPRIME 0.482

24. KPRIME | 0.011

25. NDIV 40 ' Maximum NDIV = 50.

26. STEP 5 Step = L/NDIV.

27. PO 0

28. PD 0

29. IFLAG 0

30. IFLAG 0

31. RA, RB 20, 40 RA x Step > WELHT
RB x Step < B

32.  IFLAG1 0

33; NDIV 10

34. S2Ms1 100

35. IFLAG -0 Note DELTA, root mean square
value in output.

36. ICH 1 Restart SA3DFRAC using next

guess of fracture half height.

The variable name DELTA is referred to as a discrepancy factor. With

a value for ICH = 1, SA3DFRAC program can be run again from the record
number 19 position. Use other values of B = 140 ft., 145 ft., etc., as
next guesses;of fracture half height and note the values of DELTA, the
discrepancy factor, at the end of each run. After plotting DELTA(A )
versus fracture half height ’'B’, the vaiue of B which gives a mininum
discrepancy'value/for the graph can be determined; e;g., Figure 1. This
is the optimum solution for the half fracture height whose 1length and
other formation and fluid parameters are known (record numbers 1 through

35).
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30

Minimum A

200 220 240 - 260
B(ft)

Optimum Solution for
Half Fracture Height, B.

Figure 1. Discrepancy Factor, A versus Half Height, B.
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The following should be noted by the user of the SA3DFRAC model:

(1) The user of the SA3DFRAC model should be aware that the computed

matching radius 1s always greater than the half perforated

height at the wellbore and less than the guessed value for

half fracture height. Thus, this also 1indicates that the

optimum solution for the half fracture height will always

greater than the half perforated height.

(2) It 1is recommended that the use of SA3DFRAC model should start
the first guess of the half fracture height using a value which
is at least 20-30 feet higher than the half perforated height.
The successive guesses should 1increase in magnitude 1in an
ascending érder with intervals of approximate 10 feet or as

required. At the end of each run the value of the discrepancy

factor, DELTA (A), corresponding to each guess of the

fracture height is obtained. The graph of the various guessed
fracture heights, B, and the discrepancy factor, DELTA (A), are
simultaneously plotted at the end of each computer run. A stage

will be reached when the decreasing trend of the plot will start

to 1increase again. The value of the fracture half height,
which gives the minimum discrepancy value for the graph 1is
final optimum solution for the half fracture height.

Once the optimum half fracture height 1s determined, use ICH

at record number 36 and input record numbers 37 through 43 to
late growth time of fracture, leakoff volume, and fracture volume.
SA3DFRAC program run can now be terminated using ICH = 3 at record

r 44. Sample input Case 1 for time, leakoff volume, and fracture

e calculations are glven below:
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Cont’d. after Record 36

Record Variable Example Value Remarks
37. LEAKC 0.00787
3s8. SP 0.0
39. ICONV 1
40. TIMP 1
41. TSLOPE. 0.5
42. NPRIME 0.482
43. KPRIME 0.011

The detailed output file FRACTURE for sample Case 1 run 1is given 1n

Appendix A.

Procedure for Case 2

A -certain flow path is followed for running the SA3DFRAC program for
generating two output files, FRACTURE, shown in Appendix B, and PROPIN,
shown in Appendix C. PROPIN contains fracture geometry and fracture time
details. This output file is used as the fragture geometry input file to
the proppant transport model. Data transfer for the second file 1s done
automatically in the format, E26.18, and no direct user input to the file
is needed.

PROPIN contains the following records which are automatically
transferred to the proppant trahsport model. Generally 4 to 5 lengths are
required to adequately describe the fracture geametry for the proppant
transport model. |

1) Number of lengths.

a) Number of flow rates used.
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3) For each length following data are required:
(a) Cpg., C29, Co2 empirical constants from published results of
Shah and Kobayashi (CGS units). .
(b) Poisson’s ratio.
(c) Half fracture length (cms) (first length should be at least
equal to the total pay zone height).
(d) Half fracture height (cms).
(e) Maximum wellbore width assoclated with first half length
(cms).
(f) Leakoff coefficient (cm/sec**0.5).
(g) Spurt loss (cm**3.0/cm%*%2.0).
(h) Intermediate growth time for fracture.
(1) Behavior index.
(3) . Consistency index (dynes-sN/cm*%2.0).
(k) Pay zone height (cms).
(1) Flow rate both wings (cm**3.0/sec).
(m) Modulus of elasticity (dynes/cm%*%2.0).
(n) Stress contrast (dynes/cm%*%*2.0).
Each length group will require input data 3)(a) to (n) to be transferred
to the proppant transpért model.

SA3DFRAC model is run as many times as the number of length groups,
becausc eaoch run will generﬁte all of the necessary output records
pertaining to fracture geometry and growth time. The optimum solutionlfor
half fracture heights and growth times corresponding to each half fracture
length a}e computed itefatively first following the procedure described in .
earlier secfion "Procedure for Case iv, Once all related .pa heights and
lengths are computed, SA3DFRAC 1is run again using options IT = 1 and IFLAG

= 0 at record number 16 for each of the length groups followed by time
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calculations. At the end of last length group, PROPIN outfile 1s created

and so SA3DFRAC execution can be terminated by entering ICH = 3 at record

number 44.

Limitations of SA3DFRAC Model

The sensitivity analysis performed on SA3DFRAC model helped in noting

some important observations.

1)

e)

3)

The program operating range for Young’s modulus was between
1x105 to 1x107 psi.

The prograw does not operate for stress contrast values less
than 25 psi.

A 1limitation of the combined fracture and proppant modei is in
selecting the 1initial fracture 1ength.' The fracture model
SA3DFRAC predicts elliptical fractures along the verticél plane
and is appropriate for intermediate length/height ratios 1in
between 1 and 4. .For obtaining valid- geometry results, the
initial half fracture length and the wellbore height must be
greater than the total pay =ono hoight. Thus, the wodel ls nul
capable of supplying information about the early history of
fracture. A lineur interpolation. is done until the valid range
of model 18 arrived at. Any error caused due to this
interpolation should not be significant in the final 'prbppant
transport distribution profile. Thus, in general initial length
is assumed to be equal to the pay gone height. Successlve
intermediate léngths are selected in ascending order. Hawever,
it iﬁ>recommended to choose more successive intermediate lengths
near the 1initial 1length to ensure negligible 1interpolation

errors.
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Proppant Model

TUPROPC was modified to accept the output fracture parameters of
SA3DFRAC. This modification included changing several subroutines to
utilize the new geometry that SA3DFRAC provided. Also, a new section was
added to the main program to compute the fracture geometry after the °
fracture closed. The general description for the proppant model remains
the same as described for TUPROP1 and TUPROPC. Only the new routines and
changes will be described.

The number of geometry sets is determined when the fracture médel is
run. Usually 3 to 4 'geometry sets provide enough initial information.
Just as in tﬁe highly elongated coupling more detailed geometry is needea
for the proppant model to operate. Subroutine INTFL creates intermediate
geometry at DX intervals for the equivalent shape. This is accomplished
through using another subroutine, ASKP, which calculates the cross-
sectional area at any DX interval given the proper constants. The
subroutine ASKP was developed from the theory presented in Part 3, Chapter
II, of the Final Report for Contract DE-AC21-84MC21119. The equivélent
geometry created by INTFL is then‘used by the proppant model for computing
the proppgnt distribution.

At the end of pumping (treatment time), the rectangular equivalent
geometry of the distributed proppant 1is pqt back into the elliptical shape
by the subroutine GEOM which employs AMATCHP. AMATCHP uses cross-
sectional rectangular areas of the proppant bed and suspension height to
calculate their geometric  heights based on the original elliptically
shaped cross~sectional area. In dding the height calcuiation, AMATCHP
uses two subroutines, ASKP and ACHECK. ASKP 1is used to check 1if the
fracture .cross section 18 filled with either suspended proppant or

proppant bed. Then, if the cross-sectional area is between being full and
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zero, ACHECK 1s wused to find the geometric height from the bed and
suspension area. '

The equivalent and éeometric shape of the vertical fracture cross
section 1s produced by the subroutine PLOTGEOM. This routine takes the
values of fracture height, suspension height, and bed height and
references them to a centerline along the fracture.

The coupled version of SA3DFRAC also included closure. The closure
section was added in fhe main program. The closure section utilizes the
same subroutines referenced in TUPROP1 and TUPROPC. They are FLDLOS,
CONC, SETVEL, éETPROP, and SUSP. The theory for this section 1is detailed
in Part 3, Chapter IV, of the Final Report for Contract DE-AC21-84MC21119.
This section produces detailed closure analysis if desired and plotting

geometry in an equivalent rectangular cross-sectional shape.

Input

Input of proppant parameters is contained in a file named DATATUPS.
A sample input is shown in Appendix D. Following is a description of each

record in the file NATATUPS.

Record Variable Units Name and Description
1 RHOF 1bm/ft3 Denslity of Fractiring Fluid, 10F10.5
2 NTP Number of Proppant Types (Max 10), 5I10
3 TP1(1I) min. Times at which Proppant Type Changes,
: 10F10.5
4 GC1(I) lbm/gal. Initial Mixing Ratio Concentrations, 10F10.5
5 DP1(I) in. Average Proppant Diameter, 10F10.5
6 PHIP1(1I) Proppant Porosities, 10F10.5
7 RHOS1(1) 1bw/fi3 Proppant Densities, 10F10.5
8 G ft/s2 Acceleration of Gravity
DX ft. Proppant Element Length, 10F10.5
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9 BETA Fan Viscometer Outer to Inner Radii

CONTROL Use 0.0 Only
GDOTC s-1 Particle Shear Rate Cut Off Value
GDOTF Shear Stress Location Fraction, 10F10.5

HPG:GDOTC=20,GDOTF=.3333
HEC:GDOTC=60,GDOTF=.6667

10 NCK1 Starting Element of Detailed Output

NCK2 : Ending Element of Detailed Output
NCK1 > NCK2: No Detailed Output
NCK3 Detailed Output of Last Time Step

0: Not Wanted
1: Output Desired

NSETV Selection of Settling Model, 10F10.5
1: Zigrang and Sylvester
2: Daneshy
3: Acharya
4: Clark
5: Sutrick and Rybicki
6: Contrast Settling Velocilty
11 SETVM ft./min. Constant Settling Velocity for Option 6
FLCON Variable Stopping Criteria for Particle
Diameter

0.0: Automatic Calculation
1.0: One Proppant Diameter
2.0: One Half Proppant Diameter

_ n: One nth Proppant Diameter, 1.0<n<00
CTINC min. Closure Time Increment, 10F10.5
12 NICT1 ‘Increment Number to Print Detailed Closure
’ Analysis
-NICT2 Detailed Last Closure Increment

0: Allows NICT1 to Operate and Disables
Last Closure Increment :

1: Disables NICT1 and Prints Last Detailed
Closure Increment '

Output

OQutput 1is shown in Appendix E. It has the same form as described in
the highly elongated coupling part of the user manual. However, the
closure output has been added and will be described.

In addition to the five divisions common to both TUPROPC and TUPPOPS,
TUPROPS has two addit;onal divisions. The first division contains
detailed closure information which can be obtained at each closure
interval, -the lasf closure interQaI only or none at all. The final
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division contains a summary of closure information and plotting data
referenced from the centerline along the fracture. The data describing
the closed fracture is given only for a rectangular cross section since
these values are averages and average values are needed 1in recovery
calculations.

The sample output in Appendix E was obtained with NCK1 set greater
than NCK2 and NCK3 set to 1. For closure NICT2 was set to 1 which
disabled the use of NICT1. To aid in visualizing the output from the
fracture and proppant model, Figure II-3 is included froﬁ Part 2 of the
Final Report for Contract #DE—ACZL—84M021119. The figure was drawh from

this outpult example.
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CHAPTER IV

COMBINED PENNY FRACTURE PROPPANT MODEL

The penny shaped fracture proppant model (PFP) consists of the
PENNYC6 fracture model and the two-dimensional particle tracking proppant
model. These programs can be run independently or linked through JCL

statements where execution is done under one file name.

Pennyfrac Model

Program PENNYC6 determines the wellbore pressure, averége pressure,
wellbore width, and time of growth of a fracture of given radius. The
program 1is run interactively.

The main program is M-PENNYCé and the subroutine called LEAKOFF 1is
used for time calculation. The program in Appendix A 1is written 1in
Fortran and has 'been run on a Honeywell 6600/B3 and an IBM-PC.

The 1input parameters for MPEN.FOR in Appendix A are listed following
this paragraph. The record number indicates each statement requiring
Iinput. Some statements require more than one plece of data. As an
example, recorq 4 requires two pleces of data, consistency index, and
behavior index for the fluid. Record 7 must be repeatedly guessed until
LHS and RHS of Equation IV-2 in Part 1 of the Final Report Contract #DE%
AC21-84MC21119 agrees within 1%. The difference is  always g;ven as
positive so the LHS value mﬁst be compared to the RHS value so the value
of RIRAT is not unknowingly exceeded. Then 7, 8, and 9 must be repeated
setting R1RAT equal to 1.0 until record 10 appears. Rémember, R1RAT s
set equal to 1.0 after the first iterative value, which was less than one.
. Other records are entered in order until record 13. After a guessed value
for ARI, record 14 is entered. If the guess for record 13 was good then a

range of ARI values are established and record 15 is entered. If this
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range 1s not established then a new ARI guess will be required until a
range 1s found. Assuming record 13 was a good guess, the record order
proceeds until number 17. If the value of Y at the bottom of the screen
cannot be matched to a value of Z, which is the output of the 20
increments selected in record 16, then a one must be placed in record 17
and record 13 appears again. The process must be repeated until Z = Y.

~

Once Z = Y then proceed to the end, record 19.

Input Parameters

Example Value
Record Parameter To Be Entered Remark

1 RRZAT 100 Dimensionless radius R/R, where R is
the final radius of the frac and R,
is the radius of the wellbore.

2 IABE 0 If 1, value of K{ and Qp defined by
Abe’ ef al. should be given; 1if not
1, other pafaﬁeters should be input.

to calculate K& and Qy.

3 KP 1.3877 K, flow consistency index, in dyne-
sh/cm@
NP 0.615 n, flow behavior index
4 NU 0.22 : v, PoissonfsAratio
Qz 15 Pump rate, BPM
5 S 6800 In situ stress, psi , -
E 4.8x106 Young’s modulus, psi
K 1.32x108 Fracturc toughneasas, dynes/¢m3/2
6 RZ 0.75 : Radius of the wellbore, ft.
KCP 4-} Values of K¢ and Qp as defined by Abe’
QD --

et al. (if IABE = 1)
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7

10

11

12

13

14

15

16

17

R1RAT

IQRL

IASSY

LHART

LEAKC

SP

RO

RRAT

ERF1

ERF2

INC

ITL

0.999997472

15

0.0025

100

0.8018828034

0.7969081998

20

119

R1/R wvalue. For small fractures
(R/Rp¢100), this value needs to be.
iterated until the LHS and RHS of
Equation IV-2 in Part 1 agrees
within 1%. For large fractures, it
can be given as 1.0.
Calculates Q(r)/Q(o)
Asymptotic values (i.e., for Ry{/R%1)
of frac B results calculated.

Time calculated using the leakoff
coefficient.

Pump rate, BPM

Leakoff coefficient, cm/\fg—

Spurt coefficient, cm

Radius of well, ft.

R/Rg /

Value of « in Equation IV-22 in Part
1; guess or value of «~2/of «.

Value of the error function [or‘-cxem2
erfc (=)]

Error function corresponding to ARI +
0.01 or e 2 erfc (<) corresponding
to ARI+.005,.

No. of increments between old and new
ARI values.

If one value of Z2#Y, input'l so that
the calculation will be

repeated

using new <.



18 TT 0.01355503 Total treatment time, HRS, obtained
from the program such that Z=Y; to be
used in the proppant model.

19 ICHECK o Input 1 if the program is to be run
with new R/Rg,.

The program has two output files. One is MPEN.OUT, described in
Appendix B, which contains all the results during the computations. The
other 1s MPEN.IN, described 1in Appendix C, which contains Jjust the
information needed for the proppant transport model.

The output file MPEN.IN (in Appendix C) cuutalus 24 recourds. These
records supply necessary fracture information to the proppant section.
Output, from PENNYCé to MPEN.IN, is made in free format. The variables by

record are:

Record Variable Units Name
1 RRZAT . Dimensionless Radius
2 KP, NP dyne—sn/cmz, Consistency Index
Behavior Index
3 QZ bpm Pumping Rate
4 RZ re. wWellbore Radius
5-22 RLRAT, QRLZ
23 WIDTHB cm Wellbore Width
24 TT sec. Total Treatment Time

Procedure for Running the Program

The program is run interactively, and is rather self-explanatory.
However, the following 1items should be borne in mind when running the
program.

1. R1RAT, thev ratio Ry/R. Ry 1s the radius of the pressurized

zone. For small values of R/R,, R1RAT is obtained by iteration
such that Equation 1IV-2 in Part 1 of the Final Report for

Contract DE-AC21-84MC21119 1is satisfied. Then the wellbore
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pressure 1s obtained from Equation IV-3 in Part 1 of the Final
ReportA for Contract DE-AC21-84MC21119. It has been observed
that for R/Rp>100, the unwetted region is of negligible extent
(i.e., Rjp/R=1) and the asymptotic value of P(o) can be obtained
from Eqﬁation IV-5.

The program 1s coded that it will run first with effective
viscosity, U = the consistency index, k, of the fluid. The
width obtained here 1is used to calculate new ﬁ value from
Equation 1IV-13. An iteration on width is continued each time
using ﬁ calculated using the previous width.

The QRLZ values given are q(r)/q(o) defined by Equation IV-9,
The 1leakoff coefficient is used only in the time calculation.
The time is solved from Equations IV-22 and IV-23 in Part 1 of
the Final Report for Contract DE-AC21-84MC21119. For this

equation IV-23 is rewritten as

6 m2 c2 r2 1 a 2= -1 4+ e% erfc («)
Q(o) Wwe + 3 Sp ,fﬂ

The 1left hand side is set equal to Y. A value of « 1s guessed
and the right hand side is evaluated as Z. Tables are used for
obtaining error functions (erf) or complementary error functions
(erfc). A table 1is given in Appendix H. By trial and error
method the correct value of « is determined so that Z=Y. Then t
is calculated from (IV-22). Sometimes interpolation may be
needed. It is seen that if Y<1.512154034, the error function
table should be usedT Otherwise, the table of complementary

error functions should be used.
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Two-Dimensional Fluid Flow Proppant Transport Model

Since the penny shaped fracture had radial fluid flow
characteristics, a new proppant model using two-dimensional fluid flow was
developed. The theory and development is given in the Final Report for
Contract DE-AC21-84MC21119. Therefore, only the input parameters and
output will be discussed further.

The proppant model in Appendix D is named PENNPROP. It contains 11
subroutines. All of these routines are included under the main program
name PEﬁNPROP. They are:

i. KUTTA This routine solved the 4th order Runge Kutta equation
in Part 3, Chapter 3, Appendix A, of the Final Report
utilizing 3 func¢tion subroutines.

2. FX This function subroutine is used by KUTTA to find the
position of the particle in x.

3. FY This function subroutine is also used by KUTTA to
solve for the y position of the particle.

4. CD This function subroutine is used by FX and FY to find
the coefficient ot drag on the particle.

5. FLOWFD This subroutine is used by the main program to find
the fluid velocity on the particle at its new location
calculated by the Runge Kutta numerical method.

6. NATCUS This 1is a subroutine used to- establish pilece-wise~
cubic spline coefficients for the non-dimensionalized
radius and flow data from PENNYCé6.

7. CUBVAL This subroutine 1is used in FLOWFD tao find the flaw
rate at ; particular radial position. It uses the

coefficients produced by NATCUS.
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10.

11.

The

BEDHT

BEDEQ

BEDEQ1

BEQSM

This subroutine calculates the position of the top of
the proppant bed in cartesian and polar coordinates
for small angle incréments.

This subroutine calculates the position of the.top of
the proppant bed in cartesian and polar coordinates
when the entire range of angﬁlar increments is summed.
This subroutine calculates the position of the top of
the proppant bed in cartesian and polar coordinates
when intermediate summing occurs.

This subroutine is used to evaluate the coordinates
assoclated with top of the bed to ensure the volume of

proppant was distributed properly.

Input

proppant input file for PENNPROP is called PPDAT.IN. This file

contains proppant parameters, numerical controls and printing controls for

the output. The

input file is unformatted with the exception of the

initial vector angles for the radial stream lines. The input data are:

Record

VP IO R EWN -

Variable

NTHETA
THETAO
"

RHO
RHOF
DT
IPRINT
TO

wo

D

GR
PDT
CON
PHI
NPRT1
SF

Units Name

Number of Angles, Integer

degrees . Vector Angle, Real, 11F5.1
lbm/cu.ft. Density of Proppant, Real
lbm/cu.ft. Density of Fluid, Real
sec. Time Step, Real

Print Control, Integer
sec. Initial Time, Real
bpm Initial Particle Velocity, Real
in. Particle Diameter, Real
ft./s2 Acceleration of Gravity, Real
sec. Pad Time, Real

1b./gal. of slurry . Concentration of Slurry, Real
Proppant Porosity, Real’
Output, Control, Integer
Starting Factor, Real
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An input sample 1s shown in Appendix E. The values given for THETAb
represent a realistic distribution of 1initial vectors. These angles
seemed to give the best results during computation. Fewer angleg are not
recommended and more angles will increase computation time significantly.

Time steps, DT, greater than 0.1 sec. will generally not allow the
fourth order Runge-Kutta routine to operate. Should this occur. the
following message will appear on the screen, "you must decrease the time
increment." The amount of particle tracking data written to the output
file 1is controlled by fhe print control, IPRINT. The time increments

between 0 and the final particle time is given by
Printing Time Step "= DT x IPRINT.

Thus, 1npu; from Appendix E will give a printing time step of 5 sec. DT
andiIPRINT must be changed together to maintain a desired time step should
DT need to be decreased. Small decreases in DT will require much more
computer time. Thus, as large a vglue'of DT as possible should be used.

The particle velocity 1is given in non = standard units of bpm to
simplify establishing the initial velocity of the particle. Using these
units of'flow, the particle speed may be adjusted relative to the fluid
fiow speed without computafion of the fluid velocity in ft./sec. Thus,
consider the flow units of the particle are artificially imposed and do
nbt consider particle density when the speed of the particle is
calculated.

Since only so much proppant volume is allowed due to theory, the pad
time, PDT, and cbncentration,, CON, become the primary control. The
porosity will also be a minor confrolling'factor. Should the pad time be
insufficient for ‘the maxiﬁum volume, then the following message 1is

displayed, "you must decrease concentration and/or increase pad time." If
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a particle treatment were done, but an intermediate summation fails, thén
the message will read, "proppant calculation partially complete but you
must decrease concentration and/or increase pad time."

The Output Control is used to suppress particleAtracking output. If
a zero 1§ entered only the input information is written to the output
file. If a one 1s entered then particle tracking information is written
to the output file at the interval established by DT and IPRINT.
Suppression -of particle tracking will decrease total program run time.
This is especially true for very sméilvprinting time steps.

Setting the starting factor at 1.0 references all starting values for
the proppant section to the wellbore radius, RZ. During program
evaluation, much more rcasonable starting velocities were found around a
d;stance 10 times that of the wellbore diameter. Thus, a factor of 10.0
for an RZ of .75 feet proved to be reasonable for fracture radii from 75
feet out to 560 feet. For radii below'75 feet, the starting factor may be
reduced toward a value of 1.0 The starting factor shoﬁld never be set
less than 1.

Two o?her error messages can appear on the screen. One 1is "put in a
proppant diameter 1less than Wy" where Wy is the value of the wellbore
width. This message 1is an indication that the proppant diameter, D,
selected is greater than the wélibore width. Thus, no proppant can enter
the fracture. The other is "you must increase the print control number or
increase the time step 1f possible." This message 1nd1§ates that printing
time steps are too small. The current cut-off for the number of printed
values is set at 200. This insures that array s;zes forrsuspension height

coordinates will not be exceeded.
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Output

Output from the proppant section, shown in Appendix E, 1s contained
in two files. The first file is called PPDAT.OUT. An example of this
file 1is shown in Appendix F. The second file is PPDAT.PLT. Appendix G
contains an example of PPDAT.PLT.

PPDAT.OUT has two parts. The second part may be suppressed as
discussed previously. The firstﬂpart is an output of input data from
MPEN.IN and PPDAT.IN. Not all iﬁput data is output. The sécond part is
particle tracking information at each initial vector angle. At ‘each
angle, time 1s output at the‘printing’time interval giving particle
position, particle velocity, and fluld velocity by cartesian coordinates
in feet.

PPDAT.PLT has no column description, so this data can be used

directly as input data for plotting software. Column headings would be as

follows:
Fracture Geometry One Particle Diameter
at .99 of Radius, ft. Geometry, ft.
x y X y

Top of Suspension, ft.
x y

* .

Top of Bed, ft.
X y

The examples of output data were obtained from input data shown 1in

the examples in the appendices. Both ﬁrograms were compiled and run on an
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IBM PC AT using IBM Professional Fortran Version 1.0. Any IBM or 1IBM
compatible machine which can support a Fortran compiler should be able to
run these programs once they have been properly compiled and linked using
the correct job control lahguage for the hardware and software. The
Fortran language used is Fortran 77. If the input parameters are correct,
the proppant section should run requiring no other inputs. The proppant

section is not interactive as is the fracture program.
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CHAPTER IV
APPENDIX A

MPEN.FOR (PENNYC6)
LEAKOFF.FOR (LEAKOFF)
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00 00 00 00 0 0 0000 00 00 00 00 00 00 00 00 00 00 00 00 00 0% 00 0 00 00 00 00 00 00 002 5% 00 00 00 00 45 00 0 00 00 00 00 40 00 00 00 40 40 U0 00 52 4% 00 20 9% 00 98 90 2 9 % 2 % B

MUBAR —--> NON-NEWTONIAN FLOW (2 CONST 1 K* & N*)
LINK: PENNYCS LEAKOFF DASIN FORT.LB
FACTOR=(WZ + 3.%SP)/3. INSTEAD OF ROBERT HART’S LEAKOFF FACTOR.
=(8.%J2 + 27.%#SP)/27.
Ci{l*{l*liilli*%!i‘**l*ll*llil***'i**iiliil*i**ii*'**.il"‘l*l."’*il
REAL KC,NU,KP,NP,MUBAR
REAL Q2Z,E :
DOUBLE PRECISION R1RAT,F,G,PBS,LHS,H1,H2,H,EZ,RHS,
c RRZAT,R2 ,KCP,QD,P2S,WD,QRLZ,R,RL,P,PBUL,PZUL,
c WOUL,S,RLRAT '

c

C M-PENNYC4B: SIMILAR TO PENNYCS WITH SOME MODIFN TO INCLUDE 129
c (070186) DIFFERENT LEAKOFF FACTOR THEN ROBERT HART’S FACTOR
c AND ADDITION TO INCLUDE NON-NEWTONIAN FLUID FLOW

c IN CALCULATING MUBAR.

c R.H.*S DEF: WZ = WIDTH OR WIDTHUP Q= Q2

c RO = RZ

c

c

c

c

INTEGER IABE
COMMON/XBLOC/PI ,RRZAT,RZ ,WIDTH, Q2

OPEN (UNIT=!, FILE="MPEN.OUT")
OPEN (UNIT=4, FILE="MPEN.IN’)
OPEN (UNIT=S, FILE="CON‘)

1006  IWT=0

P1=3.141592654
16=0.
WRITE(S,20)

20  FORMAT(’ INPUT: R/RC0) *)
READ #, RRZAT
WRITE(S,30) RRZAT
WRITE(1,30) RRZAT.
WRITE(4,%) RRZAT

30 FORMAT(’ R/R(0)= ’,F13.6)

WRITE(S,40)
40 FORMAT(// HIT 1 IF YOU WANT TO USE ABE"S KC* & QD )
READ *, IABE
WRITE(S,1)1ABE
WRITE(1,1) IABE
1 FORMAT(’ [ABE =',IS)
IF(IABE.EG.1.) GOTO 2400

c
c INPUT PARAM TO CALC KC® AND GD ##
WRITE(S,48)
48 FORMAT(’ INPUT PARAMETERS TO CALC KC* & Q¢D)>: *)
WRITE(S,49)
a9 FORMAT(’ INPUT: K" AND N* TO CALC NON-NEWTONIAN FLOW )
READ *, KP,NP
WRITE(S,50) KP,NP
WRITE(1,50) KP,NP
WRITE(4,%) KP,NP
50 FORMAT(’ K*= ’,E13.6,’ N"= ’,E13.6)

FOR NEWTONIAN FLOW, SET N*= {,

c

c

c INITIALIZE MUBAR TO K" FOR THE FIRST CALCN OF WIDTH (W0
MUBAR = KP

c

WRITE(S,S1)



S1

o2

53

54

S5

56

2400
120

2450

130

2500
140

FORMAT(/“ NUCPOISSION"S CONST), Q2(FLOW RATE AT WELLBORE’,
c - IN BPM) )

READ #, NU,Q2 130
WRITE(S,52) NU,QZ

WRITE(1,52) NU,QZ

WRITE(4,%) Q2

FORMAT(’ NU= “ ,FS5.2,” Q2= ‘,F%.2)

INPUT ABE"S VALUE FOR KC" AND G(D) %»

WRITE(S,53)
FORMAT(/’ S(STRESS CONST IN PSI), E(YOUNG*S MOD IN PSI),’,
c * KC(FRACTURE TOUGHNESS IN CGS) *)

READ #, S,E,KC

WRITE(5,54> S,E,KC

WRITE(1,54) S,E,KC

FORMAT(’ S= /,E13.6,’ E= /,E13.6,” KC= ‘,E13.6)
WRITE(S,S5S)

FORMAT(/’ R2(THE RADIUS AT WELLBORE IN FEET) /)
READ #, RZ

WRITE(S,S56) RZ

WRITE(1,56) RZ

WRITE(4,%) RZ

FORMAT(’ RZ= *,F8.2)

CONVERSION OF INPUT TO CGS UNITS x2»
Q2 = Q2 =* 2640.
S S % 48940.
E E » 48940,
R2 RZ # 30.48 :
SET ICOUNT TO 13 ICOUNT CHECKS IF THIS IS THE FIRST TIME CALCN
ICOUNT = 1, ’ :

TO CALC KC" & Q(D) =»
KCP = PI#KC / (S*DSQRT(2.%#R2))
CP = S#»duR2%%3%#Pl /(4.2MUBAR®QZ) # (8.%(] .- NUX®2)/(PI*E)) %%
QD = 1./CP .
RESET ICALC TO O. :
ICALC = 0.
BOTO 2450

TO INPUT ABE®"S KC* & GD ##
WRITE(S,120)
FORMAT(“ INPUT ABE®S VALUE OF : KC®, Q(D) )
READ %, KCP,QD ' :
WRITE(S,130) KCP,QD
WRITEC1,130) KCP,QD _
FORMAT(’ KC"= ’,E13.4,’ Q(D)= ,E13.6)

GUESS VALUE FOR RI/R (RIRAT) ¥%
WRITE(S,140) _
FORMAT(’ GUESS: R1/R ’)
READ #, RIRAT
WRITE(S,130) RIRAT
WRITEC1,150) RIRAT
FORMAT(’ Ri/R= ' ,E16.9)

IF R1/R HAS MORE THAN TEN $S THEN USE ASSYMPTOTIC CALCNS ##»
IF(RIRAT.GE.0.9999999999> GOTO S000

TO COMPUTE PBAR/S, DR/DT, LHS, RHS OF EGNS ##



2600 F DSART(1 .- RIRAT%%2)
G DSART(1./RIRAT#%2 - 1.)
PBS = (KCP*DSQRT(!./RRZAT) + 1. )/(1. F> 131
IF (IQ.EQ.1.)> GOTO 2700
LHS = PBS#(PBS - 1.)%»3

2700 Mt = 3.#(PBS - 1.)%(1, - F)
H2 = RIRAT*#PBS#*(1.-R1RAT)/F :
‘H = (1.- F)>/(Hl - H2 - KCP/2.%DSQRT(1./RRZAT))
E2 = (1.+RIRAT)#DLOG(1.+R1RAT)I-(1.-RIRAT) #DLOG(1 .-R1RAT)

IF ¢1Q.EQ.1.> GOTO 2800
RHS = QD/RRZAT#%#3 #(1.+ 3.#H#(PBS - |.)®(EZ/(2.#RIRAT) - 1.
c - DLOG(RIRAT*G)>))>

C ARE THEY EQUAL?

DIF = ABS(LHS-RHS)/LHS%*100.
WRITE(S,160) LHS,RHS,DIF
- WRITE(1,140) LHS,RHS,DIF
140 FORMAT(/’ LHS= ‘,E13.6,’ RHS= ’ ,E13.6,’ DIF= “,F13.8)
IF(DIF.GT.0.01) GOTO 2500

c TO COMPUTE P(0)/S & WD(1) WITH THE BEST R1/R VALUE ==
P2S = PBS + QD/(PBS ~ 1.)»%3 »1,./RRZAT##3 =»(DLOG(R1RAT#RRZAT) -
Cc 1., ¢+ 3.%4#(PBS - 1.,.)%(1,- E2/(2.#R1RAT)))
WD = (PBS - 1.)®*RRZAT
c WIDTH = WELLBORE WIDTH IN CM x#
WIDTH = WD # 8.%(1.- NU#%2)*RZ2%*S / (PI=E)

WRITE(S,161) WIDTH
WRITEC(1,161) WIDTH

161 FORMAT(/ WELLBORE WIDTH(CM) = /,F13.4) .

c c

C  TO CALC FLOW RATE, QCRL)/G(0) ##

C  ORLZ = QCRL)>/Q(0) @Z IS NOT EQUAL TO Q¢0)

c @2 = 2.%PI*RZ*Q<0) / DENSITY
WRITE(S, 145) ’

145 FORMAT(/’ HIT 1 IF YOU WANT TO CALC QCRL)/G(0) *

c /” WITH RL/R = .1 TO .9 & .91 TO .99 *)

READ *, IQRL
WRITE(S,2) 1GRL
WRITE(1,2)IGRL -

2 FORMAT(’ IGRL = /,15)
IF (1QRL.NE.1.) GOTO 4500

c

2800 R = RRZAT # R2

RLRAT = 0.1 .
c DO-LOOP TO CALC QC(RL)>/Q¢0) FROM RL/R= 1 TO .9 ==
DO 4300 I=1,9,1
RL = RLRAT * R
P = R#%2 - RL*%2
QRLZ = RZ/RL #( 1.~ 3.%H/R#(PBS - 1.)%(R - DSGRT(P))

c = 1. /R#%3%(1 .~ 3.#H*(PBS - 1.))"
c #(R%#3 - DSQRT(P#%3)) )
c TO CALC ALPHA USING QCRL) #w

ALPHA = DLOG(1.- QRLZ) / DLOG(RLRAT)

WRITE(S,164) RLRAT,GRLZ,ALPHA

WRITE(1,166) RLRAT,QRLZ ,ALPHA

IF (R1RAT.GE..999999999900 .AND. IWT.EQ.0)
c WRITEC(4,»#) RLRAT,QORL2



166 FORMAT(’ RL/R= ’,F6.4,’ Q(RL)/Q(0)= *
c JE13.6," ALpras * F13.6)
4300 RLRAT = RLRAT + 0.1
c 132
RLRAT = .9t
c DO-LOOP TO CALC QCRL)>/GC0)> FROM RL/R= .91 TO .99 #»

DO 4400 J=1,9,1

RL = RLRAT * R
P = R#n2 — RL##2 ,
GQRLZ = R2/RL #( 1.- 3.%H/R#(PBS - 1.)

c #(R - DSQRT(P))= 1./Ru#3n(l .~ 3,#

c H®(PBS = 1.))*#(R#%3 - DSQRT(P*#*3)) )

c TO CALC ALPHA USING G(RL) ##

ALPHA = DLOG(1.- QRLZ) / DLOG(RLRAT)

WRITE(S,167)RLRAT,QRLZ ,ALPHA
WRITE(1,167) RLRAT,QRLZ,ALPHA
IF (RIRAT.GE..9999999999D0 .AND . IWT.EQ. 0>
c WRITEC4,%) RLRAT,QRL2
167 FORMATC’ RL/R= ’,F6.4,’ GCRL)/QC0Y= 7,
c E13.6,’ ALPHA= /,F13.6)
4400 RLRAT = RLRAT + 0.01
‘ IF (R1RAT.GE..999999999900) I1WT=1

IF (1Q@.EQ.1.) GOTO 5100
C WRITE OUT RESULTS ##»
4500 WRITE(S,170)
WRITE(1,170) ,
170 FORMAT(// ===—=mmmemo e Yy

WRITE(S,180) RRZAT,R1RAT,PBS,P2S,WD,WIDTH
WRITE(1,180) RRZAT,R1RAT,PBS,P2S,WD,WIDTH

180 FORMAT(’ R/RO0= /,F13.6/° RI1/R= ’,E15.9/’ P-BAR/S= ' ,F13.4/
C  P(OY/S= /,F13.46/° WD(1)= ' ,F13,6/
C ‘ WELLBORE WIDTH(CM) = “ ,F13.68)

c

WRITE(S,181)

181 FORMAT(/’ HIT 1 IF YOU WANT ASSTMPTOTE VALUE QF PBAR‘S, P(0)/S
READ #, 1ASSY
IF (1ASSY.NE.1.) GOTO 5010

5000 CONTINUE
c TO CALC THE ASSYMPTOTE VALUES OF P-BAR/S & P(0)/S (1.E. AT Ri=R)

PBUL = KCP#DSQRT(1./RRZAT) + 1.
PZUL = PBUL + QDO/C(PBUL =~ 1.)##3 #(1./RRZAT)»#3#(DLOG(RR2AT)
c - 1. ¢+ .3682) }
WOUL = (PBUL = 1.)#RRZAT
c WIDHUL = WELLBORE WIDTHC(UPPER LIMIT) IN CM #»

WIDHUL = WOUL % 8.#(].- NU##2)#R28S / (Pl#E)
IF (RIRAT.GE.0.9999999979) WIDTH=WIDHUL

c
WRITE(S,182) PBUL,P2UL,WDUL,WIDTH
WRITE(1,182) PBUL,PZUL,WDUL ,WIDTH
182 FORMAT(/’ ( P-BAR/S )GS = “,F13.4/° ( P(0)/S UL = *,F13.6/
c 4 ¢ WD(1) UL = /,F13.6/° ¢ WELLBORE WIDTH(CM) UL = *,
c F13.6)

c ASSIGN PBUL TO PBS FOR ITERATION PURPOSES ##»




PBS = PBUL

5010 WRITE(S,190)
WRITE(1,190) 133
190 FORMAT(/ === emm e —————————— ‘Y
c Y e > e > l)
c

IF (RIRAT.LT.0.9999999999) GOTO S100
WRITE(S,195)
WRITE(1,19%)
195 FORMAT(/’ HIT 1 IF YOU WANT TO CALC QCRL)>/Q(0) *)
READ =, IQ
WRITE(S,3)1Q
WRITE(1,3>1Q
3 FORMAT(’ 1Q =/,19)
IF (IQ.NE.1.)> GOTO 5100
RIRAT = 0.9999999999900
GOTO 2400

5100 CONT INUE

c CALC MUBAR AND COMPARE WITH INITIALISATION OF MUBAR=K®

Cl = 2.%P[#KP/(3.%#(3,.-NP))#((2.+ 1 ,./NP)/P1) naNP
c * 1./(Q2)%%(1 .- NP)
R = RRZAT =» RZ
MUBAR = C1 % (R®JIDTH#*%2)#x(1 , -NP)
WRITE(S,1946) MUBAR
WRITE(1,196) MUBAR
196 FORMAT(’ MUBAR= ‘,E13.4)

c TO CALC ANOTHER WIDTH

IF (ICALC.EQ.1.) GOTO 2300
IFCICOUNT.NE.1.) GOTO 197
WIDTHA = WIDTH
ICOUNT = ICOUNT + 1.
c TO CALC WIDTHB USING THE NEW MUBAR ##
GOTO 198
197 WIDTHB = WIDTH
WIDIF = ABS(WIDTHB - WIDTHA)/WIDTHA * 100.
WRITE(S,1971) WIDTHA,WIDTHB,WIDIF
WRITE(1,1971) WIDTHA,WIDTHB,WIDIF :
1971 FORMAT(/’ WIDTHA= ’,F13.6,’ WIDTHB= ’,F13.6,’ WIDIF= ’,F13.6)

IF (WIDIF.GT.0.01) GOTO 199
GOTO S110

198 GOTO 2300

c

199 CONT INUE

c IF WIDTHS DIFFER THEN SET ICALC=1 TO GENERATE ANOTHER WIOTH
ICALC = 1.

c WIDTH DIFFERENCE IS GREAT SO ASSIGN WIDTHB TO WIDTHA x»
WIDTHA = WIDTHB

c WRITE WIDTH VALUES TO CHECK
WRITE(S,1991) WIDTH,WIDTHA,WIDTHB
WRITE(1,1991) WIDTH,WIDTHA,WIDTHB

1991 FORMAT(/’ WIDTH= “,F13.6,’ WIDTHA= ‘,F13.6,’ WIDTHB= ’,F13.6)
c RETURN TO MUBAR CALCN
GOTO 2300

ELSE IF THEY DIFFER BY ¢ 0.01 CALC TIME FROM LEAKOFF SUBR

000



S110

200

5200

210

WRITE(S,200)
WRITE(1,200) 134
WRITEC4,#) WIDTHB

FORMAT(/’ HIT 1| IF YOU WANT ROB.HART*S LEAKOFF CALCNS )
READ #,LHART

WRITE(1,4)LHART

WRITE(S,4) LHART

FORMAT(’ LHART =’,15)

IFC(LHART.NE.1.) GOTO 5200

IF (RIRAT.GT.0.9999999999) WIDTH = WIDHUL
CALL LKOFF1(WIDTH,Q2)

CONT INUE

WRITE(S,210)

WRITE(1,210)

FORMAT(/’ HIT 1 IF YOU WANT TO RUN PROGRAM AGAIN *)
READ *, ICHECK

WRITE(1,S) ICHECK

WRITE(S,S) I CHECK

FORMAT(’ ICHECK =’,1%5)

IFCICHECK.EQ.1.) GOTO 1000

CLOSE (UNIT=1)
CLOSE (UNIT=4)
CLOSE (UNIT=3)
END



SUBROUTINE LKOFF1 <(WzZ,®)
Coo 336 4383035303006 3630 36 3038 9830 96983090 3830 0090 3030 30 3030 3630 36 360 36300 36 90 36 3036 90 38 3030 36 36 1638 30 90 38 300 36 20 38 30 28 30 6.8 38 9 % 3% %

c THIS IS SUBROUTINE S~LEAKOFF LINKED TO M-PENNYCéB-- 138

C OUTPUT-CALCULATES THE TIME FOR THE FRACTURE W/0 LEAKOFF,

C'."’*.’*"."*””“‘*"‘.‘..."'...""".."**"*..*’*“"**.**‘***'"****"
REAL LEAKC

Pl = 3.141592454

WRITE(S,31)
31 FORHAT(’ INPUT Q¢(BPM), LEAKC(CGS),SP(CGS), AND ROCFT) /)
READ #,Q,LEAKC,SP,RO
WRITE(S,32>Q, LEAKC SP,RO
uRITE(l,SZ)Q,LEAKC,SP,RO
32 FORMAT(’ Q(BPM) =‘,FS,1,2X,’ LEAKC(CGS) =’,F8.6,
C 2X,’SP(CGS)= ‘,F8.6,2X,’ RO(FT)= /,F8.64)
A=Q%24640.
C=LEAKC
RO=R0%#30.48
C INPUT THE R/RO RATIO FOR THE FRACTURE
WRITE(S,10)>
10 FORMAT(’ INPUT VALUE FOR R/RO )
READ #*, RRAT
WRITE(S,20) RRAT
WRITE(1,20) RRAT
FORMAT(’ R/RO =’ ,Fé.0)
R CAN BE CALCULATED BY LETTING RO EQUAL .75’ OR 22.86CM
R = RRAT = RO

o

Y IS THE QUANTITY OF THE EQUATION:

R#%2 = Q # (__WOE___)_+_(_3._*_SP_)
2 ® (PI%#2) % (C*%2)

THEREBY ISOLATING (2#ALPHA/SQRT(PI))-1 + ex#n(ALPHA®#2)»ERFC ALPHA

O0O0O0O000000 ON

Y =6 # (Pl #C #» R)#n2 / (Q#( W2 + 3 .#SP))
WRITE(S,42) Y
FORMATC’ Y= ,F18.12)

N

IF Y 1S LESS THAN 1.275449274 THEN THE TABLE TITLED: * ERROR FUNCTION
& ITS DERIVATIVE " IS TO BE UTILIZED, CONVERSELY IF Y IS GREATER
THAN 1.275449274 THEN THE TABLE TITLED * COMPLEMENTARY ERRROR
FUNCTION * IS TO BE USED
IF ¢ Y.GT.1.275449274 > GOTO 200

H
b

8/29/86 IT SEEMS THAT IF Y > 1.512154034
(NOT 1.273449274) COMPLIMENTARY ERF SHOULD BE USED.

0000000000

H
H

IF (Y.GT.1.512154034) GO TO 200
WRITE(S,45)
45 FORMAT(’ INPUT DATA FROM TABLE TITLED : *,
& ERROR FUNCT. & ITS DERIVATIVE’)
47 WRITE(S,S0)
50 FORMAT(’ GUESS ALPHA /)
READ #, ARI
WRITE(S, 40> ARI
WRITE(1,60) ARI
60 FORMAT(’ ALPHA1 =/ Fé,2)

WRITE(S,70)ARI
70 FORMAT(’ INPUT ERF(X) FOR *,Fé.2 )



81

810

812

811
82
85

20

100

aao0000

110

115
116

READ #, ERF1

WRITE(S,80) ARI,ERF1

WRITE(1,80> ARI,ERF1 136
FORMAT(’ ERF1 FOR ’,F&6.2,” 1S /,F15.10 )

ACCORDING TO THE TABLE ERFC = 1 - ERF
VALI = 1.- ERF1
WRITE(S,81)VALl
WRITE(1,81)>VALl

FORMAT(’ VALI = 7 ,F12.8)
ERFCI1 = (EXP(ARI*»%2))%* VALl
2 = (2.% ARID/(SART(PI))> - 1. + ERFCI!

WRITE(S,810)2,Y
WRITE(1,810)2,Y
FORMAT(’ 2= /,F18.12,9%,’ Y= /,F18.12)

IF (Z2.GT.Y> GOTO 811

WRITE(S,8t2)

FORMAT(’ 2<Y; NEW 2 TO BE CALCULATED )
GO TO 47

ARJ = ARI - 0.01

WRITE(S,82) ARJ,ARI
FORMAT(’ THE VALUE UF ALFHACR) LIES BETWEEN",F&.2," & ,F8.2)

WRITE(S,8S) ARJ

FORMAT(’ ALPHA2 =’ ,F&.2)

WRITE(S,90) ARJ

FORMAT(’ INPUT ERF(X) FOR ’,Fé.2 )

READ #*, ERF2

WRITE(S,100) ARJ,ERF2

WRITE(1,100) ARJ,ERF2

FORMAT(’ ERF2 FOR ’,Fé.2,’ = ’,F15.10 )

Vald = 1.~ ERF2
ERFCJ2 = (EXP(ARJ*%#2))%* VALJ
E = VALl - VALJ

THE TIME FOR THE FRACTURE WITH LEAKOFF IS PRINTED WITH EACH VALUE
ALPHA. THE ACTUAL TIME WILL BE FOUND BY COMPAIRING THE Z VALUE W!

CALCULATED Y VALUE

WRITECS,110)
FORMAT(’ INPUT THE NUMBER OF ITERATIONS DESIRED,USUALLY 207)
READ #, INC
RINC = 0.01 / FLOATCINC)
ARK = ARJ
0O 116 I = 1,20
ARK = ARK + RINC
B = ARK - ARJ
VALU = B # E / 0.01°
VALK = VALJ + VALU
ERFCK = (EXP(ARK##2))#ALK
2 = ((2.% ARK)/(SQRT(PI))) = §, + ERFCK
TSQRT = ¢ ARK #( W2 + 3.%SP))/( 3.%C#(SQRT(PI)))
TSEC = TSQRT ##2
THRS = TSEC ~/ 3400.
WRITE(S,115)2,ARK,THRS
WRITEC1,115)2 ,ARK,THRS
FORMAT(’ Z =’ ,F12.10,3X,’ALPHA =',F? 4,3X,’THRS = ,F12.8)
CONTINUE



c

GOTO 2000
Cc . 137
gcccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
150 WRITE(S5,191)
191 FORMAT(’ INPUT THE NEXT GUESS OF ALPHA *)

GOTO 221
c
200 WRITE(S,210)
210 FORMAT(’ INPUT DATA FROM TABLE TITLED: ’,

& *COMPLEMENTARY ERROR FUNCTION’)

WRITE(S,220)
220 FORMAT(’ INPUT (X)##-2 )
221 READ #, ARI

WRITE(S,230) ARI

WRITE(1,230) ARI
230 FORMAT(’ ALPHA #» -2 =’ ,Fé.4)

c
ALPHA3 = ARI #%#(-0.%)
WRITE(S,231) ALPHA3
WRITE(1,231) ALPHA3

231 FORMAT(’ ALPHA3=’,F15.12)

c

WRITE(S,240)
1240 FORMAT(’ INPUT COMPLEMENTARY ERROR FUNCTION VALUE ‘)
- READ », ERROR3
WRITE(S,250) ERROR3
: WRITE(1,250) ERROR3
250 FORMAT(’ ERROR FUNCTION =’ ,F9.?)
XERFC3 = ERROR3 / ALPHA3

23 = (2.%ALPHA3 )/(SGRT(PI>>-1.+ XERFC3
WRITE(S,251)23,Y
WRITE(1,251)23,Y ,

251 FORMAT(’ 23= ’,F18.12,5X,’ Y =/,F18.12)
IF ¢(23.6T.Y) GOTO 252
WRITE(S,253)

253 FORMAT(’ 23 < Y; NEW 23 TO BE CALCULATED *)
GO TO 190

252 ARJ = ARl + 0.00S
ALPHA4 = ARJ #%(-0.5)
WRITE(S,255) ARI,ARJ

255 FORMAT(’ THE VALUE LIES BETWEEN ‘,FS5.3,’ AND ’,FS.3)
WRITE(S,240) ARJ ' .
WRITE(1,260) ARJ

260 FORMAT(’ INPUT COMPLEMENTARY ERROR FUNCTION FOR ‘,FS.3)
READ *, ERROR4 .
WRITE(S,280) ERRORS
WRITEC1,280)ERRORS

280 FORMAT(’ ERROR FUNCTION = ‘,F9.7)

c
XERFC4= ERROR4 / ALPHA4
24 = (2%ALPHA4)/(SGRT(PI>)>-1. + XERFC4
c
E = ERROR4 - ERROR3
WRITE(S,283)E
283 FORMAT(’ E =/,F15.12)
ARK = ARI
 WRITE(S,28%)
285 FORMAT(’ INPUT THE NUMBER OF ITERATIONS, USUALLY 20)
READ *, INC '

. RINC = 0.005 / FLOATC(ING)



290
300
c

DO 300 I = 1,20

ARK = ARK + RINC : 138
DIF = ARK - ARI

ERRS = (¢ DIF # € )/ 0.00%) + ERROR3

ALPHAS = ARK #%(-0.S)

XERFCS = ERRS / ALPHAS

Z = ((2.% ALPHAS)/(SART(PI)))-1. ¢ XERFCS

TSQRT = ¢ ALPHAS %( W2 + 3.%SP)>)/( 3.*C#(SGRT(PI)))
TSEC = TSQRT ##2

THRS = TSEC / 3400.

WRITE(S,290)2Z,ALPHAS, THRS

WRITE(1,290)2Z,ALPHAS , THRS

FORMAT(’ 2=’ ,F14.10,’ ALPHAS=’,F14.10,° THRS =’,F15.8 )

CONTINUE

(ool ot ot ot o o i o o] of of o o] o] o] of o o] w] o1 o1 o3 ] o} o] o3 { o] o] o] o] o o o] o] o{ o o o] of o] o1 o o o] o] o4 o o o] o{ o s o] o] o] w{ o} {7 s} n{ ] ] o o}

>
c
2000

500

501

S02

S03

S04

vo

Li= (2.% Pl » WZ » Rx%2)/3.

TIM3 = ( VOL1/Q > / 3600,

WR
WR

ITE(S5,500) TIM3
ITEC(1,500> TIM3

FORMAT(’ THE TIME FOR THE FRACTURE W/0 LEAKOFF’,F8.4,° HOURS)
WRITE(S;S01)Y ,

FORMAT(’ IS Z=Y(= ’,F18.12,”)@ ELSE START WITH NEW ALPHA )
WRITE(S,502)

FORMAT(’ INPUT 1,IF NEW TIME CALCULATION NEEDED )

READ #,ITL

IF (ITL.EQ.1)GOTO 44

WR
FO

ITE (5,503)
RMAT ¢/ INPUT TOTAL TREATMENT TIME @ 2=Y *)

READ »,TT

WR
WR
WR
FO

ITE (5,504) TT

ITE (1,504) TT

ITE <(4,%) TT )

RMAT ¢ ‘TOTAL TREATMENT TIME = ‘/,F15.8,’ HRS’)

RETURN

END
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R/RCO)= 100.000000
IABE = 0

K's= 0.138770E+0t N"= 0.415000E+0Q0 140
NU= 0.22 Q2= 15.00 - :

S= 0.480000E+04 E= 0.480000E+07 KC= 0.132000E+09%

RZ= 0.75

KC"= 0.13082SE+00 Q(D)= 0.443230E+00

R1/R= 0.999997472E+00

LHS= 0.348359E-03 RHS=

0.34835SE-05 DIF=

0.000840

0.043612
0.031467
0.027332
0.026119
0.024483
0.028188
0.031591
0.038086
0.05358¢
0.056483
n.059912
0.08405S
0.049201
0.075024
0.084800
0.0979S3
0.120014
0.169790

WELLBORE WIDTH(CM) = 0.120583

IGRL = 1

RL/R= 0.1000 Q(RL>/Q(0>= 0,.994983E-01 ALPHA=
RL/R= 0.2000 QCRL)/QC0)>= 0.493828E-01 ALPHA=
RL/R= 0.3000 QCRL)>/Q(0)>= 0,.323719E-01 ALPHA=
RL/R= 0.4000 QC(RL)>/Q<0)= 0.234481E-01 ALPHA=
RL/R= 0.5S000 QC(RL)>/Q<0>= 0.18188%E-01 ALPHA=
RL/R= 0.4000 QC(RL>/QC0>= 0.142959E-01 ALPHA=
RL/R= 0.7000 QC(RL)/7Q<0>= 0.112045SE-01 ALPHA=
RL/R= 0.8000 QC(RL)/Q(0)>)= 0.8482460E-02 ALPHA=
RL/7R= 0.9000 Q(RL)/7QC0)= 0.S5627P5E-02 ALPHA=
RL/R= 0.9100 Q(RL)/7QC0)>= 0.S5312786E-02 ALPHA=
RL/R= 0.9200 QCRL>/7Q¢0)= 0.498304E-02 ALPHA=
RL/R= 0.9300 QCRL)/QC0>)= 0.463?778E-02 ALPHA=
RL/R= 0.9400 QC(RL)/QC0>= 0.427244E-02 ALPHAS
RL/R= 0.9500 Q(RL}>/Q(0>= 0.388172E-02 ALPHA=
RL/R= 0.9400 QC(RL>/QC0)= 0.345572E-02 ALPHA=
RL/R= 0.9700 Q(RL>/Q(0)= 0.297913E-02 ALPHA=
RL/R= 0.9800 QC(RL)/QC0>= 0.242148E-02 ALPHA=
RL/7R= 0.9900 Q(RL)/7QC0>= 0.170499E-02 ALPHA=
R/R0= 100.000000

Ri/R= 0.999997472E+00

P-BAR/S= 1.015366

PCO>/S= 1.522737

WwD(1)= 1.5365460

WELLBORE WINTH(MM) = 0,120583

( P-BAR/S )Q@S = 1.013082

¢ PCOY/8 DUL = 1.835106

¢ WDCL) HUL = 1.308249

( WELLBORE WIDTH(CM) (UL = 0.120583
MUBAR= (0.870744E-01

KC*= 0.13082SE+00 Q(D>= 0.290445E-01

Ri/R= 0.,100000000E+01

( P-BAR/S )QS = 1.013082

¢ PCOX/S HUL = 1.064682

¢ Wb(1) HUuL = 1.308249

<

WELLBORE WIDTH(CM) HUL = 0.102647

HIT | IF YOU WANT TO CALC Q(RL>/Q¢0)

IQ =

RL/R=
RL/R=
RL/R=
RL/R=
RL/R=
RL/R=

1
0.1000
0.2000
0.3000
0.4000
0.35000
0.4000

Q(RL)/Q(0)=
QC(RL)/Q(0)=
Q(RL)/Q(0)=
QCRL)/Q(0)=
Q(RL)/Q(0)=
QCRL)/Q¢0)=

0.996977E-01
0.493817E-01
0.323703E-01
0.236461E-01
0.181843E~01
0.142933e-01

ALPHA=
ALPHA=
ALPHA=
ALPHA=
ALPHA=
ALPHA=

0.0435612
0.031464
0.02733t
0.026116
0.024479
0.028183



RL/R= 0.7000 Q(RL)/Q(0)= 0.112018E-01 ALPHA= 0.031584

RL/R= 0.8000 Q(RL>/Q(0>= 0.844000E-02 ALPHA= 0.038074
RL/R= 0.9000 Q(RL)/Q(0)>= 0,562783E-02 ALPHA= 0.033546 ©o141
RL/R= 0.9100 Q(RL)/Q(0>= 0.531072E-02 ALPHA= 0.054441
RL/R= 0.9200 Q(RL)>/QC0>= 0.498111E-02 ALPHA= 0.059888
RL/R= 0.9300 Q(RL)/QC0)= 0.443592E-02 ALPHA= 0.064030
RL/R= 0.9400 Q(RL)/Q(0)= 0.427093E-02 ALPHA= 0.049172
RL/R= 0.9500 QC(RL)>/Q¢0)= 0.388012E-02 ALPHA= 0.075793
RL/R= 0.9400 Q(RL>/Q(0)= 0.345427E-02 ALPHA= 0.084744
RL/R= 0.9700 Q(RL)/Q(0)>= 0.297784E-02 ALPHA= 0.097911
RL/R= 0.9800 Q(RL)/Q¢0)= 0.242062E-02 ALPHA= 0.119962
RL/R= 0.9900 Q(RL)>/Q(0)= 0.170424E-02 ALPHA= 0.1869713
MUBAR= 0.749307E-01

WIDTHA= 0.120583 WIDTHB= 0.1026467 WIDIF= 14.8585446
WIDTH= 0.102647 WIDTHA= 0.1024667 WIDTHB= 0.102667

KC"= 0.130825€+00 G(D)= 0.254804E-01
Ri/R= 0.100000000E+01

( P-BAR/S )QS = 1.013082

(¢ PCO)/S HUL = 1.0584S3

¢ WDC(1)Y HUL = 1.308249

( WELLBORE WIDTH(CM) HUL = 0.102667

HIT 1 IF YOU WANT TO CALC QC(RL>/Q<0) -
1Q = 0
MUBAR= 0.749307E-01

WIDTHA= 0.1024467 WIDTHB= 0.102647 WIDIF= 0.000000

"HIT 1 IF YOU WANT ROB.HART"S LEAKOFF CALCNS

LHART = 1

Q(BPM) = 15.0 LEAKC(CGS) =0.002500 SP(CGS)= 0.000000 RO(FT)= 0.750000
R/RO = 100.

ALPHAL = 0.82 .

ERF! FOR 0.82 1S 0.7538107434

VALI = 0.246189%

2= 0.407539129257 Y= 0.475728720427
ALPHAL = 0.71

ERF! FOR 0.91 IS 0.8018828034

VALI = 0.198117

2= 0.4803085327153 Y= 0.475728720427

ERF2 FOR 0.90 = 0.79469081998

2 =0.4724887311 ALPHA = 0.9005 THRS = 0.01343540
2 =0.4729040281 ALPHA = 0.7010 THRS = 0.01345032
2 =0.4733170238 ALFHA = £.901S THRS = 0.01344525
2 =0.4737335742 ALPHA = 0.9020 THRS = 0.01343019
2 =0.4741477072 ALPHA = 0.902S THRS = 0.01349514
2 =0.4745413933 ALPHA = 0.9030 THRS = 0.01351010
2 =0.4749746621 ALPHA = 0.903% THRS = 0.01352507
2 =0.4735387%434 ALPHA = 0.9040 THRS = (.01354004
2 =0.4758000076 ALPHA = 0.9045 THRS = 0.,01355503
2 =0.4762120247 ALPHA = 0.905S0 THRS = 0.01357002
2 =0.47466236246 ALPHA = 0.9$055 THRS = 0.01358502
2 =0.4770347774 ALPHA = 0.9040 - THRS = 0.01340002
2 =0.47744546024 ALPHA = 0.904S THRS = 0.01361504
2 =0.4778559208 ALPHA = 0.9070 - THRS = 0.01363004
2 =0.47824658219 ALPHA = 0.907S THRS = 0.01364310
2 =0.4786752740 ALPHA = 0.9080 THRS = 0.01366014
Z =0.4790843725 ALPHA = 0.9085S THRS = 0.01347519
2 =0.4794929922 ALPHA = 0.9090 THRS = 0.01349024



Z =0.4799011448 ALPHA = 0.9093 THRS = 0.01370531
2 =0.480308%201 ALPHA = 0.9100 THRS = 0.01372038
THE TIME FOR THE FRACTURE W/0 LEAKOFF 0.0079 HOURS
TOTAL TREATMENT TIME = 0.01353303 HRS

HIT 1 IF YOU WANT TO RUN PROGRAM AGAIN
ICHECK = 0
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100.00000000000000000
1.38769996
15.00000000
0.75000000000000000
0.10000000147011612
0.20000000298023224
0.3000000044703483¢6
0.400000005946044448
0.50000000745058040
0.60000000894069672
0.70000001043081284
0.80000001192092895
0.90000001341104507
0.9100000286224604370
0.920000028002524628
0.93000002577900886
0.94000002555549145
0.95000002533197403
0.96000002510845661
0.9700000248849371°9
0.9800000244846142178
0.99000002443770436
0.102864654

1 .35550303E-02

0.61500001

?.94977407713340034E-02
4.93817145629499091E-02
3.23703394400533129E-02

2.36446094123204468%0E-02

1.81845377915540194E-02
1.42933381810794770E-02
1.12018456402202048E~02
8.44000483036135793E-03
5.62782645086232454€E-03
5.31072481811824520E-03
4.9811149358457507SE-03
4.63591635333190574E-03
4.27092577321842944E-03
3.88011801594790853E-03
3.454248427504603093E-03
2.97786104239963747E-03
2.420622256234746592E-03
1.70423559737134566k~03
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c

TWO DIMENTIONAL SPHERICAL PARTICLE TRACKING
DIMENSION RLDR0O(40),QRDGWO(40) ,RLOR(40) ,QRDAW(40)

+ ,BC(40),CC(40),DC(40) ,THETAO(2%) ,THETAP(25)
+ +BHX(40) ,BHY(40) ,SHX(200),SHY(200)
EXTERNAL FX,FY
REAL NPRIME,KPRIME,MDOTD
COMMON /Al/ B,C,UF,UF
COMMON /A2/ RHOF,D,NPRIME,KPRIME,W,GR
COMMON /A3/ RLDRO,GRDQWO,BC,CC,DC
OPEN (UNIT=7, FILE=’PARTDAT,IN’)
OPEN (UNIT=2, FILE='PARTDAT.QUT’ )
OPEN (UNIT=3, FILE='PARTDAT.PLT’)
OPEN (UNIT=4, FILE="MPEN.IN)
READ (7,#) NTHETA
READ (7,1008) (THETAOCI), I=1,NTHETA)
READ (4,#) RR2AT,KPRIME,NPRIME,QW,R2
R=RZ#RRZAT
KPRIME=KPRIME/478.803
RLORO(1)=RZ2/R
QRDAWOC(1)>=1.0
DO 30 1=2,19
READ (4,#%) RLDROCI),QRDQWOCI)
GRDAWO (I )=QRDAWO( I ) *RLDROC(I ) *RRZAT
CONTINUE
READ (4,%) LWW,TT
TT=TT#é60.%40,
Wi=lAi/12./72.54
CALL NATCUS (19,RLDRO,QRDQWO,BC,CC,DC)
READ (?7,#) RHO,RHOF,DT,IPRINT,TO0,W0,D,GR
+ ,POT,CON,PHI
READ (?7,%) NPRT1,SF
MW=CGW»P ,34E-2
WO=WO»9 . 34E-2
P1=3.14139
RHOBAR=RHO/RHOF
A=RHOBAR+0.9S
B=-GR#( (RHOBAR~-1.0)/A)
C=3../704,%DsA)
IF(D/12..GE.WW> THEN
WRITE (6,2000) WW#12,
STOP
onTE
RDP= , PP#R#SART (1 . ~(D/12./W) #22)
RO=R»0.%9%
VsS=0.0
vssS=0.0
NCT1=}
NCT2=1
NFLAG1 =0
NUS=1
BHX1=0.0
BHY1=0.0 -
NJ=1{ )
F3=1./SART(((RO##2~,75##2) #%83) -( (RO%#%#2-RDP##2) ##3) )

F3m) . /(SURT((RO##2—,75an2) #u3) =SQART{ (RO»#2-RDPxXx2) %¥%3))

VUSC=30./180.#P1#d/3./R0O/F3
PRINT #,USC
DO 40 J=1 ,NTHETA
IF (J.EQ.1) THEN

DTHETA=Q.0
ELSE ’
DTHETA=ABS(THETAO(J)-THETAQ(J-1))/180.#P]
ENDIF

146



MDOTO=QW#CON®7 ,481/(2,. %P1 ) #DTHETA
IF (SF.EQ@.1.0) THEN

W=l . 147
ELSE .

W=J#SART (1 ., -(RZ#SF/R) ##2)

ENDIF

THETASTHETAG(J)

FC=COS(THETA*P1/180.)
FS=SIN(THETA#P1/180.)
X0=FC#RZ #SF
YO=FS#R2 #SF
T=TO
X=X0
Y=Y0
XTEMP=X0
YTEMP=YQ
FUEL=0W/ (W#2, %P #(RZ*SF))
PUEL=WO/(W*2, %P1 #(RZ*#SF))
UF=FUEL *FC
UF=FUEL ¥FS
U=PUEL *FC
U=PUEL *FS
CX=.99#R#FC
CY=.99*R*FS
PX=RDP*FC
PY=RDP#FS
1=0
IF (J.EQ.1) THEN
WRITE (2,1011)

WRITE (2,1012)
D0 12 JJ=1,19
WRITE (2,1013) RLDORO(JJ),QROQWO(JJ)
12 CONTINUE
WRITE (2,1010)
WRITE (2,1014) W
WRITE (2,1034) WW*12,
WRITE ¢(2,1015) R
WRITE (2,1016) TT
" WRITE (2,1017) DT
WRITE (2,1018) IPRINT
WRITE ¢2,1019) TO
WRITE ¢2,1020) GR
WRITE (2,1036) SF,R2
WRITE (2,1010)
WRITE (2,1021) QW/9.36E-2
WRITE (2,1022) QW
WRITE (2,1023) FVEL
WRITE ¢2,1033) RHOF
WRITE (2,102%5) NPRIME
WRITE (2,1026) KPRIME
WRITE (2,1010)
WRITE (2,1024) PVEL
WRITE (2,1027> PDT
WRITE (2,1028) PHI
WRITE ¢2,1030) CON
WRITE (2,1031) RHO
WRITE (2,1029) D
WRITE ¢2,103%) D/12.
WRITE (2,1009)
ENDIF :
IF (NPRT1.EQ.1) WRITE ¢2,1032) THETA
10 IF (NPRT!.EG.1) WRITE ¢2,1000)
11 IF (NPRT!.EQ.1)> WRITE ¢2,1001> T,X,Y,U,V,UF,UF



20 CALL KUTTA (X,Y,U,V,T,DT,FX,FY)
CALL FLOWFD (X,Y,UF,UF,R,QW,PI ,W,W)
IF (J.EQ.1) THEN 148
IF (YTEMP.LT.Y) THEN
YTEMP=Y
XTEMP=X
ELSE IF (NCT1.EQ.1)> THEN
SHY(1)=YTEMP
SHX(1)=0.0
SHY (2)=YTEMP
SHX( 2)=XTEMP
NCT1=NCT1+1
ELSE IF (1.EQ.C(IPRINT=-1)) THEN
NCT1=NCT1+1
IF (NCT1.EQ.200) THEN
WRITE (4,1050)
STOP :
ENDIF
SHY(NCT1)=Y
SHX(NCT1)=X
ENDIF
ENDIF
RCK=SART(X##2 +Y#%2 )
1F (RCK.GE.RDP.OR.T.GE.(TT-PDT)) THEN
THETAP (J)=ATANCY/X)
IF (NPRT1.EQ.1)> THEN
WRITE (2,1001) T,X,¥,U,V,UF,UF
WRITE ¢2,1009)
ENDIF
IF (J.EQ.1> THEN
IF (T.GE.(TT-PDT) .AND.NCT1.EQ.1) THEN
SHY(NCT1)=Y
SHX(NCT1)>=0.0
ENDIF
NCT1=NCT1+1
SHY(NCT1)=Y
SHX(NCT1)=X
ENDIF
IF (RCK,GE.RDP,AND,J,NE,1)> THEN
CALL BEDHT (PHI,MDOTD,PDT,TT,T,RDP,W,THETAP,RHO,

+ R,.J,P1,BHX1,BHY1,US,NVS,NJ,USC,VSS,F3,
+ DITHET)
IF (NFLAG1.EQ.0.AND.NCT2.EQ.1) THEN
NCT1=NCT1+1

SHY (NCT1)=Y
SHX(NCT1)>=X
BHY (1))=Y
BHX (1)=X
ENDIF
IF (BHY1,NE.0.0) THEN
NCT2=NCT2+1
BHY (NCT2)=BHY1
BHX(NCT2)=BHX1
ENDIF
ELSE IF (T.LT.(TT-PDT)) THEN
NFLAG1=1
BHY (1)=Y
BHX(1)=X -
ELSE IF (J.NE.1.AND.T.GE.(TT-POT)) THEN
NCT1=NCT1+1
SHY(NCT1)=Y
SHX(NCT1)=X
ENDIF



40

+

40
1000
+
1001
1002
1008
1009
+
1010
1011
1012
1013
1014
10153
1016
1012
1018
1019
1020
1021
1022
1023
1024
1023
1026
+
1027
1028
1029

WRITE ¢3,1001) CX,CY,PX,PY
GOTO 40

ENDIF
I=1+1

IF (1.EQ.IPRINT) THEN

I=0

GOTO 11

ENDIF

GOTO 20

CONT INUE
IF (NUS.EQ.NTHETA) THEN
CALL BEDEQ (VS,R,RDP,W,PI,BHX,BHY,SHX,SHY,NCT1 ,NCT2

ENDIF

[F (NJ.NE.{.AND.NUS.NE ,NTHETA.AND.NUS ,NE.1) THEN

CALL BEDEQ! (VUS,R,RDP,WW,PI,BHX,BHY,SHX,SHY,NCT1,NCT2

ENDIF

JF3)

,NJ, THETAP ,F3)

WRITE ¢3,1010)

DIFFCK=BHX(2) -BHX(1)

00 55 1=3,NCT2
DIFF=BHX()-BHX(I-1)
IF (DIFFCK.LT.0.0.AND.DIFF.GT.0.0) THEN

,NCT2,F3)

GOTO 56

ENDIF
CONT INUE
DO 50 I=1,NCT! :
WRITE ¢3,1001) SHX(I),SHYC(I)
CONT INUE
WRITE ¢3,1010)
DO &0 I=1,NCT2
WRITE. ¢3,1001) BHX(I),BHY(I)
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CALL BEDSM(VUSS,R,RDP,WW,P1,BHX,BHY, SHX,SHY ,NCT1

CONT INUE
FORMAT (&X, TIME’,7X, X’ ,9X, Y’ ,5X, PART U X~ 2X,

“PART V Y’ ,3X,’FLD U X’ ,3X,’FLD V Y’ ,/)
FORMAT (1X,F10.3,4F10.3)
FORMAT (2F10.3)
FORMAT (11FS5.1)
FORMAT (1X,’ =~==-m—=—m—e=== e ‘,

/e mm * 3/
FORMAT (/) . . .
FORMAT (SX,’PROPPANT PLACEMENT -- PENNEY FRACTURE’,//)
FORMAT (12X,’RL/R’,4X,’QCRL)/QC0)’ ,/)
FORMAT (&X,F10.2,F12.4)
FORMAT (S5X, MAXIMUM WELLBORE WIDTH = /,F10.6,’ FT’)
FORMAT (SX,’FRACTURE RADIUS’ = ‘,F10.3,° FT")
FORMAT (SX,’ TREATMENT TIME = 7,F10.3,” SEC’)
FORMAT (SX, TIME INCREMENT = /,F10.3,” SEC’)
FORMAT (SX,’PRINTING CONTROL = 7,110)
FORMAT (SX,”INITIAL TIME = /,F10.3,” SEC’)
FORMAT (5X,’GRAVITATIONAL CONSTANT = ’,F10.3,’ FT/SEC##2’)
FORMAT (SX,’PUMPING RATE = 7,F10.3,” BBL/MIN')
FORMAT (SX,’ = /,F10.3,” CU FT/SEC")
FORMAT (SX,”INITIAL FLUID VELOCITY = “,F10.3,’ FT/SEC’)
FORMAT (S5X,INITIAL PARTICLE VEL = 7,F10.3,” FT/SEC’)
FORMAT (39X, BEHAVIOR INDEX = ‘,F10.4)
FORMAT (SX,’CONSISTENCY INDEX = ‘,F10.6,° LBM#SEC**N’,
*/SQ FT")

FORMAT (SX,’PAD TIME = /,F10.3,” SEC’)
FORMAT (SX,’PROPPANT POROSITY = /,F10.3)
FORMAT = /,F10.5,” IN%)

(5X,’PROPPANT DIAMETER



1030 FORMAT (35X, PROPPANT CONCENTRATION
1031 FORMAT (SX,’PROPPANT DENSITY
1032 FORMAT (5X, INITIAL FLOW ANGLE

+ ’

1033 FORMAT (SX, FLUID DENSITY

1034 FORMAT (SX,’
1035 FORMAT (SX,”’

1036 FORMAT (S5X,’SCALING FACTOR

FROM X AXIS’,/)

*,F10.5,’ IN’)
* ,F10.6,” FT*)

,F10.3,° LBM/GAL’)
©,F10.3,7 LBM/CU FT)
7,F10.1,” DEGREES’,

‘yF10.3,’ LBM/CU FT")

74yF10.3,’ X ’,F5.3)

1050 FORMAT (/,1X, YOU MUST INCREASE THE PRINT CONTROL NUMBER’

+ s/ 41X,70R INCREASE THE TIME STEP IF POSSIBLE’)
2000 FORMAT (/,1X, PARTICLE DIAMETER EXCEEDS WELLBORE WIDTH’,/,
+ 1X,7PUT IN A PROPPANT DIAMETER LESS THAN ‘,F10.6)

2001 FORMAT (1X,15,10F10.5)
CLOSE (UNIT=7).
CLOSE (UNIT=2)
CLOSE (UNIT=3)
CLOSE (UNIT=4)

END

SUBROUTINE KUTTA (X,Y,U,V,T,H,F1,F2)

D1X=H#U
D1Y=Hay

DiUmHRF1 (X,Y,U;V,T)

D1V=H#F2(X,¥,U,V,T)

D2X=H*(U+D1U/2.)

D2Y=HR(V+DIV/2,)
DZU‘H*FI(X*DIX/Z.,Y+DlY/2.,U+DIU/2.,V#DIU/2.,T¢H/2 )
D2VU=H#F2(X+D1X/2.,Y+D1Y/2.,U+D1U/2.,U+D1V/2. ,T+H/2.)
D3X=H*(U+D2U/2.)

D3Y=H=(V+D2V/2.)

D3U=H#F1 (X+D2X/2.,Y+D2Y/2.,U+D2U/2. ,V+D2V/2.,T+H/2.)
D3V‘H*F2(X+02X/2.,Y+02Y/2.,U+02U/2.,U¢DZU/2.,T+H/2 )

DAX=H®(U+D3W)
DAY=H®#(VU+D3V)

DAU=H#F1 (X+D3X,Y+D3Y,U+D3U,V+D3V,T+H)
DAVU=H#F2(X+D3X,Y+D3Y,U+D3U,U+D3V,T+H)

=T+H )

X=X+ (DIX+2.%D2X+ 2. 5D D4AX) /6,
YmY+ (DIY 12, 2D2Y+2.x03Y+D4Y) 4,
U=U+(D1U+2,.#D2U+2,.2D3U+D4U) /4.
U=+ (DIV+2.2D2V+2.#D3V+DAV) /6.

RETURN
END

SUBROUTINE FLOWFD (X,Y,UF,VUF,RO0,QW,PI ,WR,WW)
DIMENSION RLDR0O(40) ,QRDGQW0O(40)>,BC(40)>,CC<40),DC(40)
coMMON /A3/ RLDORO,QRDGWO,BC,CC,0OC

R=SART(X%#%#2 +Y%%2 ) '

RLDR=R/R0
IF (RLDR.GT.!

.0)> THEN

WRITE (6,1038)

STOP
ENDIF
CALL CuBvaL ¢

1, RLDRO RLDR, QRDGW, QRDQUO 8c,cc,o0>

UR-SQRT(I.-RLDR**Z)*UU

GR=QW*QRDOGW

WF=QR/ (WR*PI #2.*R)

UF=X/R*JF
VUF=Y/R#WF
RETURN

1036 FORMAT (/,1X
END

s 7YOU MUST DECREASE THE TIME INCREMENT’)
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SUBROUTINE NATCUS (M,X,A,8,C,D)
DIMENSION X¢100),a¢4a8),8¢ady,Cc40)>,D¢40),H(40),

. T(40),UC40),2¢40) ,ALPHAC40)
DG 10 I=1,M-1
HCTY=XCI+1)=XC1)
10 CONTINUE
D0 20 I=2,M-1
ALPHACI) =3, #(ACI+ 1) #H(I=1)-ACT) #(X(1+1)=X(I=1))+
+ : ACT=1)#HCID ) /CHCT=1) *HCT)) :
20 CONTINUE
T(1)=1.0
U(1)=0.0
2¢1)=0.0
DO 30 I=2,M
TCI)=2.%#(XCT+1)=X(I=1))=H(I=1)%UCI-1)
UCTY=H(I) /TCDD
2C1)=(ALPHACTI) ~H(I~1)#2¢1=1))/TCD)
30 CONTINUE
T(M=1.0
2(M>=0.0
CCMI=Z (M)
DG 40 J=M-1,1,-1
CCJII=Z (I =UCII#C(I+1)
BCJII=CACI+ 1) =ACI) Y /H(JI) =HCJ) #(CCJ+1)+2.%CCJ))> /3.
DCII=CCCI+1)I~CCI) )/ (3. #H(I))

40 CONTINUE
c DO S50 J=1,M
C IF (J.NE.M) THEN
C WRITE ¢2,1000)> J,X(J),AC]),BCJ),C(I),DCI
c ELSE
c WRITE (2,1000) J,X(J),ACd)
(> ENDIF
C S0 CONTINUE
PRINT =»
1000 FORMAT (i1X,12,SE18.8)
RETURN
END
c R
SUBROUTINE CUBVAL (NV,X,XVAL,VAL,A,B,C,D)
DIMENSION XVAL(2535) ,VAL(255) ,A¢40),B(40),C40),
+ D(40),X<40)
J=1 -
DO 10 I=fl ,NV
VAL(1)>=0.0
30 IF (XVALC(I) .GT.X(J+1)) THEN
J=J+1
GOTO 30
ENDIF
DELX=XVAL (T ) =X(I)
VALCII=ACI) +B(J) #DELX+C(J) #DELX#%#2+4D(J) #DELX##%3
10 CONTINUE
c ‘00 20 =t NV :
Cc WRITE ¢(2,1000) I, ,XVALCI) ,VALCI)

C 20 CONTINUE
1000 FORMAT (1X,13,2E18.4)

RETURN
END
c .
SUBROUTINE BEDEQ1 (VS,R,RDP,WW,PI,BHX,BHY ,SHX,SHY
+ ,NCT1,NCT2,NJ, THETAP,F3)
DIMENSION 3HX(40) ,BHY(40) ,SHX(200) ,SHY(200) ,THETAP(25)
NCT1T=0

R0=.77%R
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20

DTHETA=VUS %3 . #R0O %#F 3/WA
CTHETA=30.=PI/180,
CITHET=ABS(-PI/2.-THETAP(NJ))
C2THET=ABS(-PI/2.-THETAP(NJ+1))
IF (DTHETA.GT.CTHETA) THEN
WRITE ¢4,1000)
STOP
ELSE IF (DTHETA.GT.CI1THET)> THEN
WRITE ¢(6,1001>
STOP
ELSE
F1=3.%R0O#VS/(C1THET %)
F2=SQRT((RO*%2-RDP#%#2) #%3)
BHR=(RO%*#2-((F1+F2)#%#(2./3.)))%#%0.3
NCT2=NCT2+1
BHX(NCT2)=BHR*COS(-PI/2.+C2THET)
BHY(NCT2)=BHR*SIN(~P1/2.+C2THET)
NCT2=NCT2+1
BHX(NCT2)=0.0
BHY(NCT2)=-BHR
DO 20 I={,NCT1
BRE=GQART(SHY () #22+SHX(])#%2)
STHETA=ATAN(SHY (1) /SHX(I))

[F CSTHETA.LT.(=PI/2.+CI1THET) .AND.BRS.BE.BHR> THEN

SHX(1)=0.0
SHY(I1)=0.0
ELSE
NCTIT=NCT1T+t
ENDIF
CONT INUE
"NCT1=NCT!T
ENDIF
RETURN

1000 FORMAT (/,1X,’YOU MUST DECREASE CONCENTRATION AND/OR’

+ .
1001 FORMAT <«

+
+

+

s’ INCREASE PAD TIME.’)

y 1X,78BUT YOU MUST DECREASE CONCENTRAION AND/OR’
s° INCREASE PAD TIME.’)
END

SUBROUTINE BEDEQ (VS,R,RDP,Wd,PI,BHX,BHY, SHX,SHY ,NCT1,NCT2

,F3,D1THET)

DIMENSION BHX(40) ,BHY(40) ,SHX(200) ,SHY(200)
NCT1T=0 :
RO=.99xR

DTHETA=US#*3 . #R0 #F 3/

CTHETA=30.%P1/180.

IF (DITHET.GT.CTHETA) CTHETA=D1THET

" .IF (DTHETA.GT.CTHETA) THEN

10

WRITE (46,1000
~ STOP
ELSE ‘
F1=3,#R0%S, ( CTHETA W)
F2=SQRT((RO##2-RDP*#2) ##3)
BHR=(RO##2-( (F1+F2)#%#(2,/3.)))##0.9
FAC=(RDP-BHR)/S.
00 10 I=3,?
RB=(1~2) *FAC+BHR
BHX([)=RB#COS(-P1/2.+CTHETA)
BHY(1)=RB#SIN(-P1/2,+CTHETA)
CONT INUE
NCT2=7
BHX(1)=0.0

7 4,1X,”PROPPANT CALCULATION PARTIALLY COMPLETE’,/
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BHY (1 )=-BHR
BHX(2)=BHR*COS(-P1/2.+CTHETA)

BHY (2)=BHR#SINC~P1/2,+CTHETA) 153
00 20 I=1,NCT1

BRS=SART(SHY (1) ##2+SHX( ) ##2)

STHETA=ATANCSHY (1)/SHX(1))

IF (STHETA.LT.(-PI/2.+CTHETA) .AND.BRS.GE.BHR) THEN

SHX(1)=0.0
SHY(1)=0.0
ELSE
NCT1T=NCT1T+1
ENDIF
20  CONTINUE
NCT1=NCT1T
ENDIF
~ RETURN _
1000 FORMAT (/,1X,’YOU MUST DECREASE CONCENTRATION AND/OR’
+ , INCREASE PAD TIME.’)
END

SUBROUTINE BEDSM (VUS,R,ROP,WW,PI ,BHX,BHY,SHX,SHY ,NCT1 ,NCT2
+ JFD)
DIMENSION BHX(40) ,BHY(40) ,SHX(200) ,SHY(200)
NCT1T=0
RO=,99#R
CTHETA=P1/2.+ATANCBHY (1) /BHX(1))
F1=3, *R0O#JS/ ( CTHETA®M)
F2=SQRT((RO##2-ROP*#2) %#3)
BHR=(RO##2-((F1+F2) ##(2./3.)))#%0.5
FAC=(RDP-BHR) /5.
DO 10 1=3,7
RB=(1-2) *FAC+BHR
BHX( 1)=RB#COS(-P1/2.+CTHETA)
BHY(1)=RB#SIN(-P1/2.+CTHETA)
10 CONT INUE

NCT2=7
BHX(1)>=0.0
BHY(1)=-BHR

BHX( 2)=BHR#COS(-P1/2.+CTHETA)

BHY ( 2)=BHR*SIN(-PI/2.+CTHETA)

00 20 I=1,NCT1
BRS=SART(SHY (1) ##2+SHX (1) %#2)
STHETA=ATANCSHY (1) /SHX(1))
IF (STHETA.LT.(-P1/2.+CTHETA) .AND.BRS.GE.BHR) THEN

SHX(1)=0.0
SHY(I)=0.0
ELSE
NCTIT=NCTIT#+1
ENDIF
20 CONT INUE
NCT1=NCTIT
RETURN
END
SUBROUTINE BEDMT (PHI ,MDOTD,POT,TT,T,ROP,W,THETAP,RHO,
+ R,J,PI ,BHX,BHY,VUS,NUS,NJ,USC,USS,F4,
+ . DTHETA) ’
DIMENSION THETAP(2S)
REAL MDOTD
RO=.99%R

IF (VUS.EQ.0.0) THEN
DTHETA=ABS({THETAP(J)-THETAP(J-1))
IF ((PI1/2.+THETAP(J-1)) .GT.30.%#P1/180.) THEN



c

VUSC=(P1/2.+THETAP(J-1)) ®iJ/3./R0/F4
ELSE
USC=30./180.#P1 *J/3./R0/F4
ENDIF
ELSE ,
DTHETA=ABS(THETAP(J) -THETAP(NJ))
IF ((P1/2.+THETAP(NJ)).GT.30.#P1/180.) THEN
VUSC=(P1/2.+THETAP(NJ)) %&i/3./R0O/F4
ELSE
VUSC=30./180.%P1 #A/3./R0/F4
ENDIF
ENDIF
TTS=TT-POT-T
US=US+ (MDOTD#TTS/(RHO#*(1 . -PHI)))
USS=USS+(MDOTD#*TTS/ (RHO#(1.-PHI)))
F1=3.#R0O#US/( DTHETA*WW)
F2=SQRT( (RO**2-RDP#%2) %#3)
FI=RO##2-C(F1+F2) #%(2./3.))
IF (VS.GT.USC) THEN
WRITE (4,1000) VSC
sTOP
EMDIF
IF (F3.GE.0.5425) THEN
US=0.0
BHR=(RO#%2-((F1+F2) #%#(2./3.))) #%0 .93
BHX=BHR*COS(THETAP(J))
BHY=BHR*SIN(THETAP(J))
NUS=1
ELSE
IF (NVS.EG.1) NJ=J-1
NUS=NUS+1
BHX=0.0
BHY=0.0
ENDIF
PRINT #*,USC,DTHETA,VS,F1,F2,F3,BHR,BHX,BHY,J,NJ,NVS
RETURN

1000 FORMAT (/,1X,’YOU MUST DECREASE CONCENTRATION AND/OR’
+ ,’ INCREQSF PAD TIME,’ ,/,1X, MAXIMUM VOLUME’
+

y/ OF PROPPANT 1S ,F10.4,’ CU FT’)
END '

FUNCTION FX(X,Y,U,V,T)

COMMON /Al/ B,C,UF,VUF

PRINT %, CUF-U)*%%2+(UF-\) %22
WR=SQRT((UF-U) #%2 +(UF=U)%%2 )
FX=C#CD(WR) #(UF-U) *WR

RETURN

END

FUNCTION.FY(X,Y,U,V,T)

COMMON /Al/ B,C,UF,VUF _
WR=CQRT( (UF=U) 82 +(UF-\)#%#2 )
FY=B+C*CD(WR) # (UF-\) #WR
RETURN

END

FUNCTION CD(W)

COMMON /A2/ RHOF,D ,NPRIME,KPRIME,W,GR
REAL NPRIME,KPRIME
GDOT=2.#(2.%¥NPRIME+1.)/NPRIME®*ABS(V) /W
AMU=KPRIME/GDOT*#(1 .,-NPRIME)

RE=RHOF ¥D#ABS(V)/ (AMUXGR)

IF (RE.EQ.0.0) CD=0.0
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IF
IF

IF
IF
IF

(RE.GT.0.0.AND.RE.LE.1.) CD=24./RE
(RE.GT.1.0.AND.RE,LE.400.)> CD=24./RE#%0.644

(RE.GT.400.0.AND.RE.LE.3.E+S) CD=0.9
(RE.GT.3.E+S.AND.RE.LE.2.E+4) CD=3.64E-q#RE#%,4273
(RE.GT.2.E+&)> CO=. 18

RETURN

END
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CHAPTER IV

APPENDIX E

PPDAT.IN
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24 :

89.9 89.0 88.0 87.0 83.0 83.0 80.0 70.0 40.0 S0.0 40.0
30.0 20.0 10.0 00.0-10.0-20.0-30.0-40.0-50.0-40.0~-70.0

-80.0-8%9.0

165.0

65.0

0.1

S0

0.0

15.0

.025

32.174

09.0

1.83

0.3

{

10.



CHAPTER IV
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PROPPANT PLACEMENT -- PENNEY FRACTURE

RL/R Q(RL>/Q<0)
0.0t 1.000000
0.10 0.996977
0.20 0.987634
0.30 0.971110
0.40 0.945844
0.50 0.909327
0.40 0.857600
0.70 0.784129
0.80 0.674800
0.%90 0.5048504
0.1 0.483274
0.92 0.458243
0.93 0.431140
0.94 0.401447
0.9S5 0.348611
0.96 0.331610
0.9?7 0.2888353
0.98 0.237221
0.99 0.148719

MAXIMUM WELLBORE WIDTH

FRACTURE RADIUS
TREATMENT TIME

TIME INCREMENT
PRINTING CONTROL
INITIAL TIME
GRAVITATIONAL CONSTANT
SCALING FACTOR

PUMPING RATE

INITIAL FLUID VELOCITY
FLUID DENSITY

BEHAVIOR INDEX
COMSISTENCY INDEX

INITIAL PARTICLE VEL
PAD TIME

PROPPANT POROSITY
PROPPANT CONCENTRATION
PROPPANT DENSITY '
PROPPANT DIAMETER

INITIAL FLOW ANGLE
TIME X Y

0.000 0.013

7.500

0.003348
0.04042
75.000
48.798
0.100

S0

0.000

- 32.174
10.000

15.000
1.404
8.8%0

65.000

0.615000
0.002898

8.8%0
?.000
0.300
1.830
165.000
0.02500
0.002083

89.9
PART V X

0.016

FT
IN
FT
SEC
SEC

SEC
FT/SEC*#2
X 0.750

BBL/MIN
CU FT/SEC
FT/SEC

LBM/CU FT

LBM#SECH##N/SQ FT
FT/SEC

SEC

LBM/GAL

LBM/CU FT

IN

FT

DEGREES FROM X AXIS
PART UV Y FLD V X

8.8%0 0.016

FLD V Y

8.8%0



S.000
10.000
15.000
20.000
25.000
30.000
33.000
39.800

0.012 6.774 0.012 2.381
6.014 0.50¢9 0.014 2.321
0.018 0.360 0.018 2.173
0.023 0.265 0.023 2.079
0.029 0.200 0.029 2.019
0.036 0.1353 0.037 1.948
0.044 0.120 0.046 1.939

INITIAL FLOW ANGLE

TIME

0.000

5.000
10.000
15.000
20.000
25.000
30.000
35.000
3%.800

89.0 DEGREES FROM X AXIS

PART V X PART V Y FLD V X FLD V Y

0.155 8.88% 0.135 8.88¢9
0.098 1.387 0.098 3.178
0.11S 0.771 0.116 2.577
0.143 0.504 0.144 2.315
0.179 0.351 0.180 2.164
©0.225 0.249 0.227 2.043
0.284 0.174 0.286 1.989
0.387 0.111 0.360 1.924
0.444 0.053 0.447 1.848

INITIAL FLOW ANGLE

TIME

0.000

5.000
10.000
15.000
20.000
25.000
30.000
35.000

INITIAL FLOW ANGLE

TIHE

0.000

S.000
10.000
13.000
20.000
235.000
30.000
35.000
39.800

X

0.2482
1.313
2.370
3.4648
S5.239
7.228
?.712
12.793
16.410

X

0.393
1.970

- 3.549%

S5.456
7.816
10.741
14.342
18.711
23.470

7.495
21.18?7
26.261
29.304
31.297
32.597
33.3446
33.573
33.244

7.490
21.14¢6
26.160
29.099
30.914
31.921
32.202
31.704
30.358

88.0 DEGREES FROM X AX1S

PART V X PART V Y FLD V X FLOD V Y

0.310 8.884 0.310 8.884
0.196 - 1.381 0.197 3.169
0.230 0.762 0.232 2.568
0.284 0.487 0.286 2.298
0.359 0.323 0.358 2.136
0.444 0.203 0.447 2.017
0.553 0.099 0.55?7 1.913
0.483 -0.009 0.488 1.3809

0.825 -0.130 0.831 1.483

87.0 DEGREES FROM X AXIS

PART V X PART V ¥ FLD ¥V X FLD v ¥

0.465 8.878 0.445 8.878
"0.293 1.372 0.294 3.160
0.344 0.74¢ 0.346 2.552
0.423 0.441 0.426 2.271
0.525 0.278 0.528 2.0690
0.449 0.130 0.4654 {1.942 .
0.794 -0.017 0.799 1.79S
0.934 -0.189 0.940 1.627
1.110 -0.380 1.113 1.431
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INITIAL FLOW ANGLE

TIME

6.000
S.000
10.000
15.000

X

0.634
3.274
5.885
?.007

7.471

21.01S

25.839
28.451

85.0 DEGREES FROM X AXIS

PART VU X PART V Y FLD VU X FLDUVY

0.773 8.854 0.775 8.854%
0.487 1.344 - 0.488 3.131
0.566 0.697 0.570 2.302

0.488 0.377 0.4692 2.186



20,000 12.808 2?.726
25.000 17,397  29.874
30.000 22.822  28.858
3%.000  29.030 24.528
39.800 35.557  22.896
INITIAL FLOW ANGLE -
TIME X Y

0.000 0.914 7.444
S.000 4.571 20.820
10.000 8.178  25.345
15.000 12.4386  27.509
20.000 17.502  28.041
25.000 23.411 27.08S
30.000 30.065  24.559
35.000 37.219  20.356
39.800  44.239  14.738
INITIAL FLOW ANGLE =
TIME X Y

0.000 1.302 7.386
5.000 4.483  20.411
10.000 11.505  24.385
15.000  17.270 25.615
20.000 23.844  24.793
25.000 31.07%  22.019
30.000 ~ 38.642  17.317
35.000 46.158 10.813
39.800 $3.014 3.117
INITIAL FLOW ANGLE =
TIME X Y

0.000 2.565 7.048
5.000 12.441 18.113
10.000 21.177  19.248
15.000 30.029  16.414
20.000 38.669  11.179
25.000 44.704 3.587
30.000 53.903  -5.5&5
32.700  S7.421 -10.974
INITIAL FLOW ANGLE =
TIME X Y

0.000 3.750 4.495
5.000 17.491 14.4640
10.000  28.244 12.410
15.000 37.886 4.250
20.000 46.259  -2.322
25.000  53.396 ~-12.379

27.000 59.934 -16.674

0.836 g.142 0.841
1.001 -0.081 1.007
1.167 -0.327 1.172
1.310 -0.408 1.314
1.401 -0.904 1.403

83.0 DEGREES FROM X AX1S

PART VU X PART V Y FLD V X
1.083 8.824 1.083
0.476 1.302 0.4678
0.77% 0.625 0.783
0.929 0.259 0.933
1.098 -0.040 1.104
1.262 -0.342 1.267
1.3%1 -0.4468 1.394
1.459 -1.009 1.440
1.455 -1.323 1.454

80.0 DEGREES FROM X AXIS

PART VU X PART V Y FLD V X
1.544 8.73% 1.544
0.951 1.218 . 0.953
1.072 0.481 1.07?
1.236 0.036 1.241
1.389 -0.357 1.393
1.492 -0.74?7 1.493
1.521 -1.123 . 1.521
1.474 -1.443 1.471
1.376 -1.729 1.372

161

FLDV Y

8.824
3.089
2.429
2.067
1.769
1.466
1.139
0.798
0.484

FLD V Y

8.75S
3.001
2.283
1.841
1.449
1.059
0.682
0.349
0.081

70.0 DEGREES FROM X AXIS .

PART V X PART V Y FLD V X
3.041 8.354 3.041
1.740 0.751 1.739
1.744 -0.172 1.765
1.744 -0.826 1.762
1.679 -1.320 1.674
1.528 -1.691 1.522
1.351 -1.730° 1.345
1.2546 -2.0951 1.250

40.0 DEGREES FROM X AXIS

PART V X PART V Y FLD vV X
4.44% 7.699 4.44S
2.280 0.129 2.249
2.042 -0.902 2,034
1.803 -1.50?7 1.794
1.348 -1.886 1.540
1.312 -2.114 1.303
1.228 -2.17? 1.221




INITIAL FLOW ANGLE - $0.0 DEGREES FROM X AXIS 162

TIME X Y PART U X PART V Y FLD V X FLD} (VIR ¢
0.000 4.821 s.74% S.714 6.810 s.714 4.810
5.000 21.456 10.449 2.572 -0.535 2.550 1.242
10.000 32.944 5.054 2.040 -1.48% 2.045 0.314
15.000 42.233 -3.682 1.670 -1.952 1.659  -0.145
20.000 49.77%  -14.123 1.360 -2.19% 1.351 -0.383
23.500 S4.219 -21.991 1.186 -2.291 1.178  -0.478
INITIAL FLOW ANGLE = 40.0 DEGREES FROM X AXIS
TINE X Y PART U X PARTUY FLOVUX FLDVY
0.000 S.74S 4.821 6.810 S.714 6.810 5.714
S.000 24.321 5.829 2.470 -1.150 2.4637 0.632
10.000 35.705 -2.188 1.954  -1.922 1.935  -0.119
15.000 44.267 -12.708 1.502 -2.238 1.489  -0.427
20.000 50.946 -24.299 1.190 -2.377 1.181 -0.%43
21.000 S2.110  -2&.484& 1.139  -2.394 1.131 -0.%579
INITIAL FLOW ANGLE - 30.0 DEGREES FROM X AXIS
TIME X Y PART UX PARTUY FLDUX FLDUVUY
0.000 5.49% 3.750 7.499 4.44% 7,499 4.445
S.000 24.164 1.056 2.434 -1.485 2.593 0.10S
10.000 34.994 -9.0852 1.799 -2.244 1.779  -0.435
15.000 44.734 -20.822 1.337 -2.430 1.324  -0.616
19.100 49.673 -30.922 1.08 -2.487 1.080 -0.472
INITIAL FLOW ANGLE = 20.0 DEGREES FROM X AXIS
TIME X Y PART U X PART Y'Y FLDVU X FRLDU T
0.000 7.048 2,548 8.334 3.041 8.354 3,041
5.000 27.089 -3.499 2,514 -2.135 2.468  -0.337
10.000 37.140 -15.456 1.630 -2.482 1.610 -0.470
- 15.000 44.069 -28.127 1.185 -2.565 1.174  -0.749
17.400 46.940 =-34.811 1.031 -2.57% 1.022  -0.758
INITIAL FLOW ANGLE = 10.0 DEGREES FROM X AXIS
TIME X Y PARTUX PARTUY FLDUX FLDV Y
0.000 7.386 1.302 8.755S 1.544 8.755 1.544
5.000 27.200 -R.323 2.341 -2,80% 2.294  =0.702
10.000 36.365 -21.38% 1.460 -2.463 1,441 -0,848
13.000 42.523 ~34.729% 1.046 -2.463 1.036  -0.84¢
16.400 43.930 -38.449 0.947 -2.6%4 0.959  -0.839
INITIAL FLOW ANGLE = 0.0 DEGREES FROM X AXIS
TIME X Y . PARTUX PARTUY FLDVUX FLDVY

0.000 7.500  0.000 8.890 0.000 8.890  0.000



S5.000
10.000
15.000
15.500

26.583
34.819%
40.250
40.703

-2.817 2.092
-2.803 1.277
-2.738 0.910
-2.732 0.884

——— — ———— ———— —————— — — - ———— " - — — — — - — — —— " —— - — - — —— -

INITIAL
TIME

0.000
S5.000
10.000
14.700

FLOW ANGLE
X

7.386
25.315
32.410
37.111

-1.302
-16.869
-31.804
-45.216

-10.0
PART VU X

8.755
1.919
1.138
0.815

OEGREES FROM X AXIS

PART V Y FLD V X
-1.544 8.735
-3.070 1.874
-2.912 1.120
-2.802 0.807

INITIAL
TIME

0.000
S5.000
10.000
14.000

FLOW ANGLE
X

7.048
23.4646
29.821
33.200

-20.0
PART V X

8.3%54
1.488
0.v82
0.733

DEGREES FROM X AXIS

PART V Y FLD V X
-3.041 8.334
-3.279 1.447
-2.999 0.768
-2.848 0.725

INITIAL
TIME

0.000
5.000
10.000
13.500

-30.0
PART V X

7.4699
1.452
0.833
0.4640

DEGREES FROM X AXIS

PART V Y FLD V X
~-4.445 7.699
-3.448 1.419
-3.048 0.821
-2.925 0.4633

INITIAL
TIME

0.000
5.000
10.000
13.100

-40.0
PART V X

6.810
1.212
0.488
0.543

DEGREES FROM X AXIS

PART V Y FLD VU X
-35.714 6.810
-3.584 1.181
-3.122 0.678
-2.975 0.3536

INITIAL
TIME

0.000
5.000
10.000
12.800

FLOW ANOLE
X

4.821
15.100
18.488
20.057

-50745
-29.547?

-46.449 -

-55.082

-350.0
PART V X

3.714
0.971
0.347
0.440

DEGREES FROM X AXIS

PART V Y FLD V X
-6.810 5.714
=3.6%! 0.943
-3.1464 0.539
-3.016 0.434

INITIAL
TIME
0.000

S.000
10.000

FLOW ANGLE
X
3.750

11.4600
14.284

-6.495
-31.528

-48.679 .

"60 -0
PART V X
- 4,445

0.728
0.408

DEGREES FROM X AX1S

PART V Y FLD VU X
=7.699 4,445
-3.771 0.709
-3.196 0.402

"FLD VY

-7.699
-1.928
-1.370



12.500

15.208

-56.472

-3.052

1
0.331 ~-1.228

INITIAL FLOW ANGLE

TIME

0.000
5.000
10.000
12.300

X

2.545
7.845
?.6351
10.218

-7.048
-32.965
-50.289
-57.514

-70.0 DEGREES FROM X AXIS

PART VU X PART V Y

3.041
0.484
0.271
0.225

-8.3354
-3.827
-3.218
-3.077

FLD V X FLD V Y

3.041 -8.3%4
0.473 -1.982
0.287 -1.391
0.223 -1.254

64

INITIAL FLOW ANGLE

TIME

0.000
S5.000
10.000
12.200

INITIAL FLOW ANGLE

TIME

0.000
5.000
10.000
12.200

X

X

Y

=7.38¢
-33.83¢
-51.262
-58.203

~7.499
-34.125
-51.584
-58.3534

-80.0 DEGREES FROM X AXIS

PART VU X PART V Y

1.544
0.243
0.13%
0.113

-8.75S5
-3.840
-3.230
-3.092

FLD V X FLD VY

1.544 -8.758
0.236 -2.014
0.1233 -1.404
0.112 -1.248

=89.0 DEGREES FROM X AXIS

PART V X PART V Y

0.15S
0.024
0.014
0.01t

-8.889
-30871
-3.233
-3.095

FLDV X FLDVY

0.155 -8.889
0.024 -2.024
0.013 -1.408

0.0t -1.271
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0.130
1.296
2.5%1

3.886

6.471

?.049
12.893
25.395
37.125
47.727
56.879
64.302
69.772
73.122
74.250
73.122
69.772
64.302
56.879
47.727
37.125
25.39S
:12.893
1.296

0.000
0.850
8.418
14.410
23.670
35.557
44,239
53.014
57.421

57.421
S4.242
S51.348
48.177
44,8351
41.702
38,499
35.794
32.973
29.759
26.524
23.257
19.690
15.948
12.099

8.149

4.099

0.410

74.250
74.239
74.203
74.148
73.967
73.697
73.122
69.772
64.302
56.879
47.727?
37.125
25.39S
12.893
0.000
-12.893
-25.395
~37.12S5
-47.72?7
-56.879
-44.302
-69.772
-73.122
-74,239

35.822
35.822
35.157
33.244
30.358
22.896
14,738
3.117
-10.974

-10.974
~10.749
-15.313
-19.540
-22.948
-25.959
~28.699
-31.327
-34.070
-36.258
-38.334
-40.548
-42.324
-43.85S
-44.934
-45.867
-44.448
-44.454

0.102

1.018

2.036

3.054

S5.085

7.110
10.131
19.955
29.172
37.503
44.46%74
50.527
54.826
57.458
58.344
97.458
54.8246
50.527
44.4694
37.503
29.172
19.955
10.131

1.018

58.344
58.335
58.309
58.264
58.122
57.909
57.458
54.826
50.527
44,4694
37.503
29.172
19.9SS
10.131
0.000
~10.131
-19.955
-29.172
-37.503

-44.6%4

-50.527
-54.82¢4
-57.458
-58.335
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)4
0.00

0.01
0.02
0.03
0.04

0.05
0.06
0.07
0.08
0.09

0.10
0.11
0.12
0.13
0.14

0.15
. 0.16
- 0.17
0.18
0.19

0.20
0.21
0.22
0.23
0.24

0.25
0.26
0.27
0.28
0.29

0.30
0.31
0.32
0.33
0.34

0.35
0.36
0.37
0.38
0.39

TABLE OF ERROR FUNCTIONS

0.00000
0.01128
0.02256
0.03384
0.04511

0.05637
0.06762
0.07885
0.09007
0.10128

0.11246
0.12362
0.13475
0.14586
0.15694

 0.16799

0.17901
0.18999
0.20093
0.21183

0.22270
0.23352
0.24429
0.25502
0.26570

0.27632
0.28689
0.29741
0.30788
0.31828

0.32862
0.33890
0.34912
0.35927
0.36936

0.37938
0.38932
0.39920
0.40900
0.41873

00000

34156
45747
12223
11061

19778
15944
77198
8l258

05939

29160
28982
83518
71148
70331

59714

18132
24612
58390
98922

25892
19230
59116
25996
00590

63902
97232
g8218es
00680
34959

67595
81503

t

59948

86550
45293

20536
97011
59840
94524
87001

X
0.40
0.41
0.42
0.43
0.44

0.45
0.46
0.47
0.48
0.49

0.50

0.51
0.52
0.53
0.54

0.55
0.56
0.57
0.58
0.59

'0.60

0.61
0.€2
0.63
0.64

0.65
0.66
0.67
0.68
0.69

0.70
0.71
D.72
0,73
0.74

. 0.75

0.76
0.77
0.78
0.79

.42839
.43796
.44746
.45688
.46622

[ NeoNoNeoNo]

0.47548
0.48465
0.49374
0.50274
0.51166

0.52049
0.52924
0.53789
0.54646
0.55493

0.56332
0.57161
0.57981
0.58792
0.59593

0.60385
0.61168
0.61941
0.62704
0.63458

0.64202
0.64937
0.65662
0.66378
0.67084

0.67780
0.68466
0.69143
0.69810
0.70467

0.71115
0.71753
0.72382
0.73001
0.73610

23550
90902
76184
66945
51153

17198
53900
50509
96707
82612

98778
36198
86305
40969
92505

33663
57638
58062
29004
64972

60908
12189
14619
64433

58291

93274
66880
77023
22027
00622

11938
55502
31231
39429
80779

56337
67528
16140
Ne313
34538
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0.80
n0.81
0.82
0.83
0.84

0.85
0.86
0.87
0.88
0.89

0.90
0.91
0.92
0.93
0.94

0.95
0.9€
0.97
0.98
0.99

1.00
l1.01
l1.02
1.03
l1.04

1.05
1.06
1.07
1.08
1.09

l.10
1.11
1.12
1.13
l1.14

1.15
l.16
1.17
l1.18
1.19

TABLE OF ERROR FUNCTIONS

0.74210
0.74800
0.75381
0.75952
0.76514

0.77066
0.77610
0.78143
0.78668
0.79184

0.79690
0.80188
0.80676
0.81156
0.81627

0.82089
0.82542
0.82987
0.83423
0.83850

0.84270
0.84681
0.85083
0.85478
0.85864

0.86243
0.86614
N.86977
0.87332
0.87680

0.88020
0.88353
0.88678
0.88997
0.89308

0.89612
0.89909
0.90200
0.90483
0.90760

09647
32806
07509
37569
27115

80576
02683
98455
73192
32468

82124
28258
77215
35586
10190

08073
36496
02930

15043 -

80696

07929
04962
80177
42115
99465

61061
35866
32972
61584
31019

50696
30124
78902
06704
23276

38429
62029
03990
74269
82860

L

1.20

1.21
1.22
1.23
1.24

1.25
1.26
1.27
1.28
1.29

1.30
1.31
1.32
1.33
1.34

1.35
1.36
1.37
1.38
1.39

1.40
1.41
1.42
1.43
1.44

1.45
1l.46
1.47
1.48
1.49

1.50
1.51
1.52
1.53
1.54

1.558
1.56
1.57
1.58
1.59

0.91031
0.91295
0.91553
0.91805
0.92050

0.92290
0.92523
0.92751
0.92973
0.93189

0.93400
0.93606
0.93806
0.94001
0.94191

0.9437¢
0.94556
0.94731
0.94901
0.95067

0.95228
0.95385.
0.95537
0.95685
0.95829

0.95969
0.96105
0.96237
0.96365
0.96489

0.96610
0.96727
0.96841
0.96951
0.97058

0.97162
0.97262
0.97360
0.97454
0.97546

39782
55080
38810
01041
51843

01283
59418
36293
41930
86327

79449
31228
51551
50262
37153

21961
1436¢€
23980
60353
32958

51198
24394
61786
72531
65696

50256
35095
28999
40654
78648

51465
67481
34969
62091
56899

27333
81220
26275
70093
20158

169



p.S
1.60
1.61
l1.62
l1.63
1.64

1.65
1.66
1.67
1.68
1.69

1.70
1.71
1.72
1.73
1.74

1.75
“1.76
1.77
1.78
1.79

TABLE OF ERROR FUNCTIONS

.97634
.97720
.97803
.97884
+97962

(e NoNe oo

0.98037
0.98110
0.98181
N.98249
0.98315

0.98379
0.98440
0.98500
0.98557
0.98613

0.98667
0.98719
0.98769
0.98817
0.98864

83833
68366
80884
28397
17795

55850
49213
04416
27870
25869

04586
70075
28274
84998
45950

16712
02752
09422
41959
05487

-4
1.80

1.81
1.82
1.83
1.84

1.85
l1.86
1.87
l1.88
1.89

1.90
1.91

1.92

1.93
1.94

1.95
1.96
1.97
1.98
1.99

2.00

RF
0.98909
0.98952
0.98994
0.99034
0.99073

0.99111
0.99147
0.99182
0.99215
0.99247

0.39279
0.99308
0.99337
0.99365
0.99392

0.99417
0.99442
0.99466
0.99489
0.99511

0.99532

X

05016
45446
31565
68051
59476

10301
24883
07476
62228
93184

04292
99398
82251
56502
25709

93336
62755
37246
20004
14132

22650

170



-
0.250
0.245
0.240
0.235
0.230

0.225
0.220
0.215
0.210
0.205

0.200
0.195
0.190
0.185
0.180

0.175
0.170
0.165
0.160
0.155

'0.150

0.145

0.140
0.135
0.130

0.125

COMPLEMENTARY ERROR FUNCTION

x2
0.51079
0.51163
0.51247

14
07
67

0.51332 94

0.51418

0.51505
0.51592
0.51681
0.51769
0.51859

0.51949
0.52040
0.52132
0.52225
0.52318

0.52413
0.52508
0.52604
0.52701
0.52799

0.52898
0.52997
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