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ABSTRACT

The objective of this research was to improve completion 
efficiency of the conventional shaped charge. The research 
was divided into two parts, a computer simulation of the 
wellbore and an actual field test.

The simulation was developed to model wellbore dynamics 
at the time of completion. It helps to predict what 
fracture regime the rock is in when the pressure from the 
shaped charge enters the formation. The computer model 
predicted the rock was in the explosive fracture regime. A 
perforating schedule was then designed that minimized 
formation damage and penetration depth. This consisted of 
12 shots/ft. with a 11 gm. charge penetrating 4 inches into 
the formation.

The field test was an 8000 ft. development well located 
in the D-J basin. It encountered 8 feet of producible Muddy 
J2 sand that had higher shale content and lower porosity 
than offsetting wells. The field test was twinned to an 
abandoned well and the operator was confident that the new 
technique could improve economics of the well.

Results of the test were favorable. Productivity was 
increased from the expected flow rate of 150 MCFD to 235 
MCFD. Wells in this area typically experience fracture
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heights that exceed 200 ft. as a result of the conventional 
perforating methods used. Because of this perforating 
technique the hydraulic fracture on this well was kept in 
zone and had a fracture height of 34 ft. The well 
commenced natural flow after 1.5 days of swabbing, while 
offsetting wells usually require 21 days.

The smaller charge minimized the penetration depth and 
decreased the formation damage caused by the pressure wave. 
Minimizing this damage led to the increased productivity and 
decreased cost of the well.
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Introduction
Perforating has been used for more than fifty years for 

creating communication between oil and gas reservoirs and 
the wellbore. The first well to be gun perforated was a 
Union Oil Company well in the Montbello field, Los Angeles 
County, California in 1932. Since that time many types of 
special bullets and jets have been introduced to improve the 
performance of perforations.

The perforations allow fluids to enter the wellbore and 
be produced to the surface. Any restriction or impediment 
to flow will result in a decrease of well productivity. In 
order for a perforation to be effective it should be as 
clean and as debris free as possible.

Not only must the perforation itself be clean, the sur
rounding rock should be clean and undamaged. Research indi
cates the existence of an area of damage or reduced permeab
ility surrounding the perforation, but it has not been tho
roughly investigated. It is this area of damage that this 
paper will address. An attempt has been made to complete a 
well in a way that minimizes the damage to this zone. The 
performance of this well is compared to adjacent wells to 
determine what affect, if any, this has on the productivity 
and economics of the well.
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Literature Review

The available literature primarily focuses on 3 areas ; 
perforation phasing (1), penetration depth (2,3) and shot 
density (4,5). These areas are important but this research 
is focused on a more fundamental area, the dynamics and dam
age of the perforated rock. Little research has been done 
in this area of perforating. Literature concerning fracture 
formation and propagation will be reviewed because the 
deformation that occurs in the reservoir rock while perfor
ating is similar to what occurs when larger fractures are 
formed while stimulating.

For the fracturing of rock, Cuderman (6) has deter
mined 3 different fracture regimes (Figure 1), each one hav
ing different characteristics of deformation. Fracturing is 
recognized as the creation of new surface area in the rock 
structure to balance an energy-loading that is applied 
faster than the rock structure can absorb.(7) The rate at 
which the energy is applied to the rock determines which 
fracture regime the rock experiences. The three regimes 
are; 1) Hydraulic Fracture Regime; the rise time is greater 
than 5msec and peak pressures are less than 7000 psi. 
Hydraulic fracturing treatments generate symmetric single 
fractures. Hydraulic fractures are rectangular or
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Figure 1. Fracture Regimes of Rock
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elliptical in shape in a near vertical plane. Hydraulic 
fractures always penetrate into the reservoir following the 
path of least resistance and perpendicular to the least 
principal stress.(8)

2) Multiple Fracture Regime -these occur when the rise 
time is between 0.05 to 5msec and peak pressures do not 
exceed 36000 psi. The fractures are multiple, branching and 
formed independent of the least principal stress. Fractures 
are formed to relieve stress placed on the rock by the pres
sure pulse of the charge and by reflection of the rarefac
tion wave. The creation of new surface area absorbs the 
excess energy of the charge.

3) Explosive Fracture Regime, this occurs when the 
energy of the pressure pulse is applied to the rock faster 
than the rock can form fractures. (8) The new surface 
area of the fracture is formed by crushing, fusing and com
pacting of the matrix. This compaction and fusion reduces 
the permeability of the matrix to extremely low levels.

Figure 2 is a schematic of a cross-section through a 
perforation and its stress cage. The radial compaction zone 
is an area of reduced permeability whereas the area labeled 
stress cage has virtually no permeability. These areas of 
damage extend to the penetration depth of the perforation.
By using a larger charge these areas are only increased.(9) 
It is not possible to penetrate past these zones because
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Figure 2. Schematic of Perforation and Stress Cage

— Perforation Section Analysis
0.9 _
0.8,
0.7_ Radial Extent of Compaction

0.6-
0.5 _

0.4 Stress Cage

0.3
0.2

Open 770.0 _.
Perforation

ntense Fracturing Debris



T-3471 6

they are as a result of the shots themselves.
A common oil field practice is to use larger perforation 

shots to penetrate past damage caused by drilling. By doing 
this, potentially, more damage is created. The zone of per
foration induced damage can be much worse than the damage 
caused by mud. This point is best illustrated by Figure 3.

Figure 3 is a duplication of a photograph taken at a 
mineback experiment run at the Nevada Test Site, near Las 
Vegas, Nv. by Sandia National Laboratories. A wellbore was 
horizontally drilled in a uniformly thick bed (12 ft.) at a 
depth of 1400 ft. from surface. The hole was cased, 
cemented, perforated, then fractured with a dyed fluid. The 
wellbore was mined back for observations, and the fractures 
and perforations were photographed. Figure 3 shows a photo
graph of the perforation where there is no dye or frac
ture (Stress Cage). Fracture initiation occurs in the 
cement and the rock near the cement ; no fracture is found to 
initiate near the tip of the perforation. In some cases,
80% of the perforation area was not intersected by the frac
ture. The stress cage forms because high pressures of the 
detonation cause the near perforation rock to yield and com
pact. (10)

Researchers (5) have known that the area of "reduced 
permeability" existed but they have not thought it to be 
that significant. This is due to the way perforations are



T-3471 7

Figure 3. Picture of Stress Cage
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tested. API RP-43 sets the guidelines for the testing 
of perforations in the lab so that all can be compared to a 
standard.(11)

In this test a shot is fired into a core surrounded by a 
metal sleeve, fluids are then forced into the opposite end 
to determine a core flow efficiency.(CFE) The CFE is used 
to compare the shots. There are several limiting factors 
with this test, which would cause observers to miss the full 
extent of the stress cage.(4)

The energy used in penetrating the core is reflected off 
the sides of the test vessel. This reflection can best be 
illustrated by Figure 4. This is a picture of detonation 
that was fired on a core of plexiglass.(12)

The pressure wave has been reflected from the sides of 
the target towards the center fracturing the original area 
of stress. This maybe similar to what happens in the API 
test ; the reflected rarefaction wave breaks up the brittle 
stress cage, which causes a series of micro-fractures to 
develop. It is these cracks that cause permeability in the 
stress cage. Produced fluid passes through these cracks, 
which would appear to have "reduced permeability".

Additionally the core is tested in the linear flow 
regime.(11) Figure 5 is a representation of the core flow 
test in the API RP-43 procedure. From this diagram it is 
evident that majority of the fluid is forced through the
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Figure 4. Picture of Reflected Wave. 
(After Ko1sky (12))
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Figure 5 Schematic of Linear Flow Test
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near-tip region of the perforation.(13) The full extent 
of the damage would not be seen because the stress cage 
extends out radially from the centerline of the perforation. 
The lab test sees only a small part of this area. However, 
in the reservoir the flow is radial, the entire length of 
the perforation is used to conduct fluid.(4) The stress 
cage surrounds the entire length of the perforation so its 
effect in the reservoir can be greater than in the lab 
tests. There is no fluid path to the wellbore that will not 
be subject to this restricted flow.

Although the literature is limited concerning the stress 
cage, it appears to warrant further investigation. A field 
test was designed to study the affect of the stress cage in 
a producing environment.
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Method

A two-step procedure was used to examine the problem of 
perforating technique and its affect upon the productivity 
of the well. A computer simulation was used to model the 
dynamics of the fluids in the wellbore at the time of perfo
ration detonation. The results of this simulation provide 
guidance in designing a perforating schedule that minimizes 
damage.

This perforating schedule was used in a field 
test well. The results from this well were compared to off
setting wells to determine if there was any benefit gained 
by the new procedure. The results of the simulation will 
discussed first followed by the results of the test well.
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Wellbore Simulation

To improve perforation performance it is important to 
understand events occurring in the wellbore at the time of 
perforating. The affect of the fluid tamp on the pressure 
pulse of the shaped-charge will be modeled in this simula
tion. The objective of this simulation is to predict the 
wellbore pressure, pad velocity, pad acceleration and pad 
position immediately after perforating.

The forces considered important in this process were the 
mass of the tamp, the wall shear experienced by the tamp, 
and the force generated by the pressure pulse of the shaped 
charge. The equations used in calculating these forces can 
be found in Appendix A along with the data used for the 
plots. The net force of these three components was 
calculated during each time step and then used to calculate 
the dynamics of the pad itself. This was a simplistic 
approach but it provides a first order approximation of the 
behavior. The results of the simulator are limited by the 
assumptions used.

It was not possible to find published data on the pres
sure response during detonation of a conventional shaped 
charge. There is however, data available on the pressure 
response of some types of explosives used in the shaped 
charge. The data used in the simulation was obtained



Sh
ap

ed
 

Ch
ar

ge
 

Pr
es

su
re

 
vs

. T
im

e
Flu

id 
Tam

p 
Sk

m
ial

ion

T-3471 14

S o

(«pueeooMJu
(B*d>

Fi
gu
re
 

6 
Pr
es
su
re
 
Re
sp
on
se
 
of 

the
 
Sh
ap
ed
 
Ch
ar
ge



T-3471 15

from a GRI (14) publication which characterizes the pressure
response of surplus explosives. The response of "RDX" or 
cyclonite was chosen because this is one of the types of ' 
explosive used in the commercially available shaped charges. 
The pressure pulse was characterized by a linear rise to 
peak pressure with an exponential decline. The peak pres
sure was 40,000 psi. with a rise time of 0.01 msec.(Figure 6) 
The model uses a single plane source of pressure in a 4.5 
inch wellbore with varying fluid heights of the tamp.

The simulation was run with 0.1 msec. time steps for 0.5 
seconds for each fluid height. Data was collected on the 
pad velocity, pad displacement, pad acceleration and well
bore pressure with respect to time. Each set of data was 
plotted and will be described separately in the following 
paragraphs.

The data used in the simulation follows in Table 1 
below:

Table 1 - Data for Tamp Simulation
Depth of Tamp = 500 ft. Peak Pressure = 40000 psi.

1000
2000
4000
8000

Rise Time
Max Time

0.01 msec.
0.5 sec.

Wellbore Diam.= 4.5 in. Time Step 0.1 msec.
Density 62.4 lb/ft Sonic Velocity» 7500 ft/sec. 

of Tamp Fluid
Viscosity 1.0 cp.
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Pad Velocity vs. Elapsed Time (Figure 7)

This plot shows the five different pad heights and their 
velocities with respect to time. There is a large differ
ence in the velocities between the 500 ft. and 8000 ft. 
pads. The 8000 ft. pad reached a maximum velocity of 1.18 
ft./sec. at 0.015 seconds compared to the 500 ft. pad which 
reached a maximum velocity of 44 ft./sec. at 0.46 seconds.

This is due to the mass of the pad. Although the 
pressures developed by the shaped charges are large, the 
momentum associated with them is small because of their 
short duration. The mass of the 8000 ft. pad was significant 
enough to absorb the force of the charge. The smaller mass 
of the 500 ft. allowed it to be more strongly affected by 
the same pressure pulse.

Wellbore Pressure vs. Elapsed Time (Figure 8)

This plot shows surprisingly little separation between 
the different pad heights. During detonation the pressure 
response of the wellbore is almost completely controlled by 
the response of the charge. This occurs for two reasons ;
1) the perforation process is of such short duration and 2) 
the pressures of the shaped charges are of great magnitude.



W
EL

LB
OR

E 
PR

ES
SU

RE
 

va
. 

EL
AP

SE
D 

TI
M

E
FLU

B 
TA

MP
 

SI
MU

LA
TIO

N

T-3471 18

<o

ci

CiS o(0 CM

I

1

|Ë  CM

1
(« P U M D O M J J

ABTITUR LAKÜS LlBA 
COLORADO SCHOOL oi 

QOLDLN. COLORADO

m in e s

80401

Fi
gu
re
 
8. 

Plo
t 

of 
We
ll
bo
re
 
Pr
es
su
re
 
vs.

 
Ti
me



T-3471 19

The pressures developed by the shaped charge are 20-30 times 
greater than any other pressure in the wellbore so they 
dictate the pressure response throughout the duration of 
their pulse. The hydrostatic pressure of the pads in the 
wellbore was not significant enough to effect the total 
pressure of the system during perforating.

Pad Acceleration vs. Elapsed Time (Figure 9)

This plot again shows the large difference between pad 
heights. The large differences can again be associated to 
the differences in mass of the pads. The acceleration term 
has more affect in the smaller mass system of the 500 ft. 
fluid pad. The size of these term demonstrates again the 
large forces available in the wellbore when perforating.

Pad Displacement vs. Elapsed Time (Figure 10)

This plots shows how far the fluid pad moves with time. 
There is a large difference between the 8000 ft. and the 500 
ft. pads. The 8000 ft. pad reached a maximum height of 
0.068 ft. and then turned and started down the wellbore. The 
large mass of the pad then attempted to proceed down to 2.3 
ft. below its original position. This was a limit of the 
model used, it did not attempt to simulate stopping the
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downard movement of the pad.
The 500 ft. pad showed a considerably different result. 

The simulation was run for 0.5 seconds and at the end of the 
simulation the pad had moved 18.65 ft. before starting back 
down the boi^hole. Such large movement of the pad was 
unexpected, especially when the assumptions of the model are 
recalled. The model uses a single plane source to generate 
the forces in the wellbore. If the number of feet shot as 
well as the number of shots per foot are added to the total 
response of the pad the distances moved are potentially 
considerably greater.

Simulation Discussion

In modeling the dynamics of the tamp it is evident that 
the pressure response of the shaped charge needs to be accu
rately measured. This pressure response dictates the behav
ior of the system throughout the entire process. The shape 
of the response in this simulation is accurate but the mag
nitude of the pressure spike may be conservative. The peak 
pressure of the charge used in this simulation was 40,000 
psi. Researchers (15) have estimated that the pressures may 
be 145,000 psi. or greater. This would amplify the affect 
on the pad in each of the responses that were calculated. 
This data was not used in simulation because only the peak
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pressure of the charge was reported with no other supporting 
data.

The mass of the pad greatly influences the movements of 
the fluids in the wellbore. This needs to be incorporated 
in the design of the perforation schedule. It is important 
to perforate the well in a formation compatible fluid espe
cially when the pad size is large or overbalanced to the 
formation pressure. After the fluids move up the wellbore 
they will be forced back to their original position by gra
vity and the compressibility of the fluid. The fluids will 
accelerate down the wellbore and out into the formation 
until pressure equilibrium is attained. The fluids in an 
overbalanced pad will move out farther into the formation 
before pressure equilibrium is reached. If these fluids are 
not compatible or contain particulates they may further con
strict the flow through the perforations. The simulation did 
not attempt to model what the fluids do when they pass their 
original position, but using incompressible fluids in an 
incompressible wellbore the force can only be assumed to 
pass out through the perforations into the formation. The 
fluids of the pad will be exposed to the formation until the 
well can be produced so it is important that they do not 
create any additional damage.

The tamp had only a small effect on the pressure 
response of the system, it was not able to force fracture of
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the rock in the multiple fracture regime. Based on the 
results of this model the fracture of the rock will occur in 
the explosive regime, where the stress cage is formed.
Using this simulation as comfirmation of the design crite
ria, a perforation schedule was chosen that minimized pene
tration depth. The shaped charge will only be used to 
create a hole in the casing and cement and not to penetrate 
into the formation. This will be done to prevent the forma
tion of the stress cage.
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Field Work

This section of the paper will be a chronology of what 
happened during drilling and completion of the test well. 
Since the well was to be a "typical” well for the area, 
events that set it apart from "typical" will be examined in 
detail. Each step will be described then analyzed to 
determine what affect if any the new perforating technique 
had on its outcome. Offsetting wells will be used whenever 
possible to compare the affects of the new technique.

All offsetting wells will be referred to as only as off
sets A, B and C. This is because data provided by surround
ing operators is confidential.

General Geology

The Wattenberg field development was begun in the early 
1970's. The gas productive Muddy J sandstone was lain down 
during the late Cretaceous. The sediments were.deposited in 
a deltaic configuration and influenced by local reworking 
and deposition.

The J sandstone, which is in transitional contact with 
the underlying marine Skull Creek shale, displays a gradual 
shoaling through coarsening of elastics upward. The sand
stone is very fine to fine, subangular to subrounded, well
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sorted quartz.(16)
More than one event caused the stratigraphie hydrocarbon 

trap displayed in the field. Lithology changes from sand
stone to siltstone and shale are present. Secondary quartz 
growth and filling of the pore space destroyed much of the 
permeability.

The fineness of clastic sediment, as well as the pres
ence of secondary quartz and some clay make the resultant 
reservoir rock only commercially producible with the appli
cation of large stimulation treatments.
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Drilling
(s'

The #1 Penrod was drilled (Figure 11) (SE,SB) of Section 
4, Township IS, Range 65W in Adams County, Co., primarily as 
a test of the D sandstone of the Wattenberg field. Second
ary targets were the J sand as well as the Codell-Niobrara 
intervals. The well was spudded on June 25, 1987 and did 
not reach total depth until July 10, 1987. The well took 
longer than expected to drill because surface rig problems 
caused it to shutdown for 5 days at a depth of 6926 ft.
This did not have any affect on the producing interval 
because the shutdown occurred 120 ft. above the producing 
zones. The only affect on the borehole was a slight dogleg 
at this depth. Pipe was run past it however so it was not 
considered a problem. A well resume (Figure 12) and well 
chronology (Figure 13) have been included for completeness.

The #1 Penrod reached a total depth of 8030 ft. Samples 
recovered from the second bench of the J sand contained a. 
fine to very fine grained sandstone, with wide spread light 
brown stain, very dull yellow to milky fluorescence and slow 
streaming cuts. Indicating the presence of a hydrocarbon 
zone at a depth of 7937 to 7945 ft. The geologic strip log 
of the well (Figure 14) gives a brief description of all the 
zones encountered while drilling to total depth.
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Figure 11. Field Location of Test Well
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Figure 12. #1 Penrod Well Resume

OPERATOR:
WELL NAME:
FIELD:
LOCATION:

ELEVATION:
SPUD DATE:
DRILLING COMPLETED:
DRILLING CONTRACTOR: 

TOOLPUSHER:
HOLE SIZE:
SURFACE CASING:
MUD COMPANY :

ENGINEER:
MUD TYPE:

SAMPLES PROGRAM:

LOGGING PROGRAM: 
ENGINEER :
PROGRAM:

TOTAL DEPTH :
BOTTOM HOLE FORMATION:
WELL STATUS :
GEOLOGICAL SUPERVISION 

GEOLOGIST:

Cimarron Oil Company, Inc.
#1 Penrod 
Wattenburg
1090' FSL, 990' FWL (SW SW) Section 4, T1S, R65W, 
Adams County, Colorado
5113' GL, 5122' KB
6/25/87 @ 12:30 PM
7/9/87 @ 9:15 PM
Gear Drilling, Rig #1 
Glenn Hoppes
12-1/4" to 261', 7-7/8" to TD
6 jts 8-5/8" set at 261 ' KB w/ 165 sks (3%)
Quality Drilling Fluids 
Mike Schmidt 
Polymer-Gel
301 intervals from 7050 1 to 7850 1 .
10' intervals from 78501 to TD.
Schlumberger 
Kent Jenkins 
DIL, CNL/CDL, ML, SL
8040' Driller, 803 0' Logger
J Sandstone
Ran production casing to TD.
Goolsby Brothers & Associates, Inc.
Joe Cardoso
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Figure 13. #1 Penrod Well Chronology
DATE 7 AM DEPTH ROTATING'HOURS, PREVIOUS DAY REMARKS

6/25/87 0 0 Spud 12:30
6/26/87 1380 7-3/4
6/27/87 3670 17
6/28/87 5269 18-1/2
6/29/87 6245 20-1/4
6/30/87 6926 1 5-1 /2 Rig Repairs
7/1/87 6926 0 I*

7/2/87 6926 0 t*

7/3/87 6926 0 It

7/4/87 6926 0 I I

7/5/87 6926 0 Drilling @
7/6/87 7245 16-3/4
7/7/87 7643 20-1 /4
7/8/87 7643 0 Fishing
7/9/87 7925 14-1/2 TD @ 9:15 AJ
7/10/87 8040 (TD) 12-3/4

BIT RECORD
# MAKE SIZE TYPE DEPTH OUT FOOTAGE HOURS
1 EC 7-7/8 E433S 2845 2580 16-1 /2
2 STC 747/8 DSJ 3745 900 ’ 8-1 /4
3 STC 7-7/8 FDT 6926 3181 54
4 STC 7-7/8 FDT 7643 71 7 29-3/4
5 STC 7-7/8 FDT 7925 289 14-1/2
6 HTC 7-7/8 J 22 8040 11 5 12-3/4

DEPTH DRIFT
DEVIATION SURVEYS

DEPTH DRIFT
' 1003 1/4* 4710 1 *

1505 1/4* 5207 • 1-1/2*
2004 3/4* 561 2 2*
2290 1 * 61 20 1-1/4*
2845 1-1/2* 6621 1-1/4*
3338 1-1/2* 6926 1-1 /2*
3745 1-1 /2* 7925 1/4*
4211 1-1/2*
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Figure 14. Geologic Strip Log
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Open Hole Logs

To determine what type of zone was encountered by the 
well a series of logs were run in the hole before casing was 
set. The logs were used to determine the properties of the 
reservoir rock such as water saturation and porosity. The 
logs of the offset wells have been compared to the logs of 
the Penrod to determine what quantity of hydrocarons the 
wells possess.

The offset wells were drilled at different times by dif
ferent operators so the logging suites run were not consis
tent. The only logs that were consistent between the wells 
were a density and a resistivity log. These logs were 
enough to make an reasonable estimation of reserves.

These formations possess shaley sands that affect the 
response of the logging tools. To account for this problem 
the Simandeaux approach was used to determine water satura
tion. This will account for the problem of the dispersed 
shale in the sands.(17)

To do the calculations the density, density correction 
and gamma ray traces were digitized on a 1 foot basis.
These values were then input into a spreadsheet to facili
tate in the large number of calculations required. The data 
used in this process are as follows;
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#1 Penrod Figures
15 Spreadsheet
16 Density Log
17 Resistivity Log

Offset A Figures
18 Spreadsheet
19 Density Log
20 Resistivity Log

Offset B Figures
21 Spreadsheet
22 Density Log
23 Resistivity Log

Offset C Figures
24 Spreadsheet
25 Density Log
26 Resistivity Log

The reserves for each well are in the table that fol
lows . Water saturation, volume of shale and porosity were 
averaged over the intervals of pay for each well so that 
they could also be compared. The following table is the 
result of these calculations.

Table 2. Reserve Comparison
PHI*Height*(1-Sw) PHI Avg. Vsh Avg. Sw Avg.

Offset A 2.2183 0.078 0.281 0.2755
B 1.1882 0.085 0.202 0.2202
C 1.0596 0.082 0.093 0.3308

#1 Penrod 0.8175 0.070 0.348 0.2784
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The Penrod has the highest percentage of shale, the low
est porosity and reserves of the four wells. It is there
fore expected to be the weakest producer of the four wells. 
The Penrod location was a twin location of a well that was 
plugged and abandoned because the zone was not thought to be 
productive enough for economic success. In the Discussion 
section the production rate and other properties of the 
wells will be compared.
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Figure 16. #1 Penrod Density Log
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Figure 17. #1 Penrod Resistivity Log
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Figure 19. Offset A Density Log
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Figure 20. Offset A Resistivity Log
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Figure 22. Offset B Density Log
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Figure 25. Offset C Density Log
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Figure 26. Offset C Resistivity Log
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Section 5.4 - Cased Hole Logs

In the cased hole some extra services were run as part 
of the experiment. The reason for this part of the exper
iment was to examine the cement bond before and after per
forating had taken place. The effect upon the cement bond 
of the large pressures in the borehole, as well as the 
mechanical action of the jets, has not been documented.

The large pressure of the shaped charges cause the cas
ing to expand and possibly fracture the bond between the
casing and the cement. Also the mechanical actions of the 
jets would cause the cement behind the casing to rupture 
leaving the casing throughout the perforated interval unsup
ported. To investigate this problem a Cement Evaluation 
Tool (CET) was run in the hole just prior to perforating and 
then again after all the shots were fired. Figure 27 is a 
comparison of these logs.

The log on the left was run before perforating it shows 
good bond above and below the interval to be completed. The 
log on the right was run after perforating it shows bond 
only below the completed interval. Above the perforations 
there appears to be no cement at all.

The after perforating log unfortunately does not indi
cate what actually happened to the cement. The tool 
response was affected by the gas that was in the hole. The
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fluid in the hole was turned almost to foam by the large 
amount of gas given off by the charges. The gas in the 
wellbore decreased the transit time of the fluid, causing 
the tool to cycle skip. This is when the transponder 
assigned to receive the signal has turned off because the 
signal has not reached it in the window of time allotted. 
The response of the tool does not represent the bond of the 
formation. It only indicates the presence of gas in the 
wellbore. It is still not known what affect the shots had 
on the bond of the pipe or the isolation of the zone.
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Perforation

The experiment was designed solely to test the theory 
that small perforation charges at increased shots per foot 
should improve performance of the well by minimizing, per
foration-induced near wellbore damage.

The high density (12 shots/ft.) and small charge (11 
gm.) used in the experiment are not commonly used in the 
industry. The goal for the perforations was only to get 
through the casing and cement and up to the formation, pene
tration into the formation was to be minimal. Because of the 
high densities required by the experiment a strip gun was 
selected for use. This allowed only 0 and 180 degree phasing 
of the shots. This was not the most efficient phasing 
selection but because of budget restrictions it was the best 
available.

The guns were arranged in two strips per run. The first 
strip was 4 shots/ft. and the second strip was 2 shots/ft. 
(Figure 28) This would allow 6 shots/ft. on opposite sides 
of the wellbore if the guns worked properly. The shots with 
0 degree phasing had a 1.5 inch standoff from the side of 
the wellbore to further reduce penetration depth.

Using the strip charge exposed the electrical connec
tions of the guns to all the forces and fluids of the well
bore, causing only one strip to fire on each run in the
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Figure 28. Strip Gun Diagram
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hole. The well was then completed with 4 shots/ft. with 1.5 
inch standoff at 0 degree phasing and 8 shots/ft. at 180 
degree phasing. ( F i g u r e  29) The shots were not placed in the 
correct orientations but the desired density was obtained. 
This is still very different from the typical completion of 
wells in the area or in the industry. The penetration depth 
was minimized so the main point of the theory was still 
being tested.

Using a strip gun at such high shot densities should be 
questioned. The large force of the pressure wave causes 
damage and possible destruction of the strip. The first 4 
shot/ft. strip was contorted and bent out of shape by the 
forces of the pressure surge. The second 4 shot/ft. strip 
broke up and left 6.5 of the 8 feet in the hole.

The strip was assumed to have fallen to the bottom of
the hole but was found weeks later resting on top of a 
bridge plug set above the perforated interval; after work on 
the J sand had been completed. The plug was set when work 
on the D sand was being performed. The gun was found in
several pieces on top of the plug. It took six days of
fishing to clear enough of the gun, from the top of the plug 
to allow it to be pulled.

The operator is not sure how the strip lodged itself on 
top of the plug but it is possible that a piece of the strip 
was picked up by the magnet of the casing collar locater run
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In combination with the after fracture gamma ray and then 
carried up hole. This piece then lodged itself in a cement 
sleeve located at a fresh water zone up hole. It was then 
dislodged from the sleeve by the plug as it was run down- 
hole. It was carried back down the hole on top of the plug 
and was not found until an attempt was made to pull the 
plug.

To avoid this problem in future experiments a hollow 
steel carrier gun should be used even if it requires mul
tiple trips in the hole. The hollow carrier will eliminate 
the debris problem of the strip. It will allow for better 
phasing of the shots and will absorb some of the excess 
energy of the pressure pulse. It will also be more reliable 
because the connections of the carrier are internal and will 
not be affected by the wellbore environment.
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Breakdown

After the well was perforated, a breakdown of the perfo
rations was performed. This was done to ensure that they 
all were open to the formation. The breakdown consisted of 
500 gallons of 296 KCl water, 1 gallon of clay stabilizer, 5 
gallons of mutual solvent and 50 ball sealers pumped at 20 
barrels per minute. The formation was expected to yield at 
3000 psi. but didn * t yield until 5300 psi. This was unex
pected.

The breakdown pressure was expected to be lower for the 
Penrod because the absence of the stress cage would permit 
easier penetration into the formation. Figure 29 is the 
pressure chart for the breakdown of the formation.

The breakdown pressure was probably higher because the 
perforations did not penetrate past the cement. The 
compressive strength of the cement was approximately 5685 
psi. (18) at the time the breakdown was performed. In trying 
to minimize penetration depth and formation of the stress 
cage, penetration past the cement was not obtained. The 
fluids of the breakdown had to first penetrate the cement 
and then the formation.

The combination of perforations and breakdown resulted 
in 12 shots/ft. in the casing and cement with no penetration 
of the formation. There was no stress cage created in the
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formation because it was not penetrated by the pressure 
wave of the shaped charge.

Typically a well is shut-in after the break down is 
performed, to observe any build-up in pressure "overnight". 
The "overnight" period is usually 8 to 10 hours. No formal 
tests are run but a mental note of the pressure is made in 
the morning to see if the well is typical, above, or below 
average judging from past experience. Wells in the area 
typically build up to 200-250 psi. during an "overnight" 
shut-in. The #1 Penrod built up to 360 psi. during this 
time. This classified it in the above average category.
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Hydraulic Fracture Treatment

The #1 Penrod was hydraullcally fractured as part of the 
stimulation procedure. It is common for wells in the Wat- 
tenburg Field to be fractured before they can produce eco
nomically. Permeability in the area ranges from 0.005 md. 
to 0.01 md. wells therefore need to be stimulated to 
increase the rate of production.

The fracture treatment performed on the #1 Penrod is 
outlined in Figures 31 & 32. It is smaller than other wells 
in the area because the operator was confident that the job 
could be contained in zone. The job was designed for 40 ft. 
of fracture height with 900 ft. of wing length. The sand of 
the job was tagged with a radioactive tracer so the operator 
could see where the sand was placed after the job was com
pleted.

The job was pumped to completion with no problems, all 
the sand was taken by the formation. A flow meter was lost 
for a short time but was fixed before the end of the job. 
This did not affect the placement of the sand but did affect 
the analysis of the job which will be discussed next.

The hydraulic fracture treatment is an important part of 
the well completion in the Wattenberg field because wells 
without sufficient stimulation will not produce at economic 
rates. The larger the wing length of a fracture, the more
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Figure 31. Stage Description of Hydraulic Fracture Treatment

HALLIBURTON SERVICES
RO. Box 659. Brighton. Colo. 80601

CIMARRON OIL COMPANY, INC.
Penrod No. 1 Well 
Sec. 4, T1S, R65W
Page 2
J-SAND:

-SAND-
STAGE VOLUME FLUID CONC. TYPE " AMOUNT
1 15,000 My—T—Gel 1400 HT - - PAD -
2 5,000 My—T—Gel 1400 HT 1 20/40 5,000
3 10,000 My—T—Gel 1400 HT .2 20/40 20,000
4 10,000

!k 1400 HT 3 20/40 30,000
5 10,000 My-T-Gel 1400 HT 4 20/40 40,000
6 5,000 My—T—Gel 1400 HT 5 20/40 25,000
7 ±5,000 FLUSH — — —

PUMF TIME: 1 hour, -18 minutes at 20 BPM
50RESEP0WER REQUIRED: 1,519 HEP at 3,100 psi.
PROPPANT REQUIRED: 120,000 lbs. (1,200 sks.) 20/40 Ottawa Sand.
WATER REQUIRED: ± 60,000 gallons plus tank bottoms

(4 ea. 500 Bbl. tanks)
FLUID DESCRIPTION:

BASE FLUID: Ammonium Chloride water containing 0.5 gallon
LoSurf-259 per 1,000 gallons.

MY-T-GZL 1400 HT: Base fluid, 40 lb..WG-27, 0.6 gallon CL-1S;
buffers and breakers as required.

FLUSH: Base fluid
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32. Contents of Hydraulic Fracture Treatment

CIMARRON OIL COMPANY, INC.
Penrod No. 1 Well 
Sec. 4, T1S, R65W
Page 3
COST ESTIMATE: J-SAND

Mileage, 12 units, 25 miles 
Pump Charge, 1,519 HEP 
Standby Pump, 1 ea.
Proportioner, 20 BPM 
L.G.C. Blender, 1 3a.
Propping Agent Pump Charge, 1,200 sks. 
Fluid Concentration Pump Charge, 4-6 ppg. 
Casing Valve, 1 ea.
L.G.C. IVb, 680 gallons 
CL-Jr8, 33 gallons 
K-34, 150 lbs.
HYG-3, 150 lbs.
SP, 10 lbs.
GBW-3, 10 lbs.
NF-1, 10 gallons 
LoSurf-259, 30 gallons 
Gel-Sta, 150 lbs.
Sand, 20/40 Ottawa, 1,200 sks.
Sand drayage, 60 tons, 25 miles 
Material drayage, 7.5 tons, 25 miles 
Mountain Mover Sand System, 1 ea.

HALLIBURTON SERVICES
RO. Box 659. Brighton. Colo. 80601
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productive the well will be. There is one problem when 
fracturing the Muddy J interval; controlling vertical 
height.

Fracture treatments in the J sand tend to go out of 
zone ; operators frequently experience 200 ft. of fracture 
height. This forces them to run larger, more expensive jobs 
to get the fracture length they desire. These large fracture 
heights intersect undesirable water zones located below and 
potentially above the J.

As stated previously there is a zone of damage that 
exists directly behind the perforated pipe created by the 
pressure wave of the shaped charge. This damage did not 
exist in the Penrod so the fracture treatment could enter 
the formation directly through the perforations. This 
allowed the job to start fracturing in zone and not be 
deflected by the stress cage. This would tend to keep the 
fracture in zone and not grow in height like other jobs in 
the area.

To verify that the fracture-was contained in zone two 
separate methods were used. The first method was the Nolte- 
Smith plot and second was the after fracture gamma ray 
response of the radioactively tagged sand.

Figure 33 is a plot of Pressure and Rate vs. Time for 
the #1 Penrod. The average job pressure was 2500 psi., this 
is slightly below average for wells in the area. Wells
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typically are fractured with an average of 2600-2800 psi.
Figure 34 is a Nolte-Smith plot of the data in Figure

33. This plot is used to determine where the fracture is 
forming while the sand is being placed. The plot has been 
broken down into the four labeled regions for analysis. 
Region 1 is an anomaly caused by the breakdown of the flow 
meter, it should be ignored.

Region 2 is the area where the fracture is being formed. 
(Mode 1 Nolte-Smith) This time is short indicating that the 
fracture is building some height but not a great deal. If 
the fracture had gone out of zone this downward sloping plot 
would have continued for a longer period of time. The shape 
of the curve in this well indicates a fracture with small 
height.

Region 3 is again an anomaly where the flowmeter was 
reading 10% higher than was actually being pumped. This was 
corrected quickly and should also be ignored.

Region 4 extends from 20 minutes until the end of the 
job. (Mode 3 Nolte-Smith) This area is typical of the 
response of a fracture growing out into the formation. From 
the combination of Regions 2 and 4 the graph's signature is 
of a fracture with a long extension and small height.

If the job had gone significantly out of zone Region 2 r 
would have been much larger than Region 4. This would have 
indicated more fracture height than extension but in the
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case of the Penrod there is more extension than height. The 
fracture has been contained in zone based on the interpreta
tion of this plot.

The fracture treatment on the Penrod was tagged with a 
radioactive tracer so that the sand could be seen on a gamma 
ray log run after the fracture treatment. The zone that 
contained the sand can be detected over the background 
radioactivity. The detection of this sand gives a good 
indication of near-wellbore fracture height and direction. 
Figure 34 is the after fracture gamma ray log that was run. 
The crosshatched area between 7916 ft. and 7950 ft. is where 
the majority of the sand was placed. The fracture was con
tained to 34 ft. which was much better than predicted. The 
fracture treatment was run with a pressure difference of 
1000 psi. across the perforations. Schlumberger1 s "Frac 
Hite" Log (TM) (Figure 35) predicted a very large, virtually 
unconstrained fracture height with a 1000 psi. pressure drop 
across the perforations.

The "Frac Hite" log is computed from the results of the 
digital sonic and density logs run in the open hole and is 
considered to be a good predictive fracture design tool.
The shear travel time of the sonic is used to calculate the 
mechanical properties of the rock. (Poissons ratio and 
Youngs modulus) The mechanical properties combined with the 
bulk density and volume of shale, overburden pressure and
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pore pressure are used to calculate a stress intensity 
factor for the top and bottom of the fracture.

The crucial variables in this calculation are fracture 
height, fluid pressure in the fracture and the magnitude of 
minimal horizontal stress. The fracture grows vertically if 
the stress intensity factor of either top or bottom exceeds 
the fracture gradient of the formation.(17)

The sonic tool can only accurately predict the minimum 
horizontal stress of the formation. The "Frac Hite" (TM) 
model uses this minimum stress an assumes that stress is 
equal in the x and y plane. This may or may not be true it 
depends upon the regional tectonic stress which can not be 
measured by the sonic log. This assumption could have 
caused the difference between the observed fracture height 
and the "Frac Hite" predicted by the log.

The Halliburton personnel expected the job to go out of 
zone based on their experience in the area. They were 
pleased with the signature of the NoIte-Smith plot and the 
gamma ray response. They felt that the job was contained in 
the desired zone.
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Discussion

Based on the results of the simulation a perforation 
schedule was selected that minimized penetration of the for
mation. The number of shots used per foot was increased to 
expose more surface area of the formation to the wellbore.

In the experimental study shown in Figure 3, 2 shots 
per foot were used. Using 4 shots per foot to complete that 
same formation, would possibly have caused an overlap of the 
stress cages. This would force the stimulation to go out of 
zone before entering into any reservoir rock.

In completing the Penrod only enough charge was used to 
penetrate the casing and cement. That was compensated for 
by the higher shot density. This increase in shot density 
was not free. The shots used in this study were $15 a 
piece.(19) This increased the perforation costs of the test 
well by $960. In the following paragraphs the test well 
will be compared to offsetting wells to determine if this 
increase in cost is justified.

To compare the Penrod to offsetting wells Table 37 will 
be used. This contains all the information pertinent to com
pletion and production of the four wells. As stated earlier 
the Penrod has the least reserves of the four. It was also 
stimulated with the smallest fracture treatment and would 
therefore be expected to be the weakest producer. But based
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on reported Initial production, the Penrod was not the weak
est, it was third in both oil and gas production.

Another area to be investigated is the clean-up time of
the well. A well is considered cleaned up when it can sus
tain natural flow without being swabbed. Swabbing a well 
involves a workover rig and crew and costs approximately 
$1,500 a day. Decreasing the amount of time the workover 
rig is on location increases the profitability of the well. 
The average time required for wells in the area to sustain
natural flow was 21 days. By using the new perforating
technique the Penrod cleaned up in 1.5 days. This saved 
over $28,000 in completion costs and allowed the Penrod to 
be put on production two weeks ahead of schedule.

The Penrod has experienced an increase in production of 
both oil and gas as well as decrease in overall completion 
costs by using this new perforating technique. This is 
based on the results of offsetting wells. The increase in 
perforating costs was therefore justified in this particular 
well.
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Recommendations for Future Work

This experiment investigates the common practice of 
using large gun sizes at low perforating densities to 
improve productivity by penetrating as deep into the forma
tion as possible. This experiment should be repeated in a 
more controlled environment to better understand the bene
fits attained. This work has hopefully raised more questions 
than it has answered. The following are some areas in which 
future research could be focused to provide a better under
standing of the perforating process.

This experiment should be attempted in two offsetting 
wells drilled at the same time in a developed area. They 
should be similar in all respects except shot size and den
sity. The wells should be tested extensively with a series 
of drawdown and buildup tests throughout the life of the 
well.

A borehole televiewer should also be run to examine the 
casing and perforation geometry. The cement still needs to 
be evaluated after the perforations have been shot. This 
was not possible in the Penrod because of the gas effect on 
the tool. It is still not known what effect the high pres
sure wave has on the cement above the completed interval.
The CET should be run prior to perforating and then run 
again after removing the gas charged liquid. It is impor-
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tant that the pressure be the same on both passes of the 
CET. The next experiment should be run in a dead oil, so 
that the formation gas will not affect the tool.

The results of the wellbore simulation need to be com
pared to some actual data. A pressure bomb needs to be run 
in the hole with the perforating equipment, this will supply 
the pressure data needed for the comparison. This data 
should then be used to refine the model so it can accurately 
predict the pressure response of the borehole. Different 
fluids and charge sizes can then be used in the simulation 
to optimize performance.

The final recommendation for future work is that the 
shaped charge should be redesigned to be slower burning. The 
formation could then be penetrated in the multiple fracture 
regime. Perforating the rock in the multiple fracture 
regime would allow penetration depth without formation of 
the stress cage or additional damage.
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Conclusions

The high density, small charge size completion was suc
cessful in favorably influencing the #1 Penrod. The results 
of the first field test of the concept were favorable in 3 
areas. It increased production, decreased clean up time and 
controlled fracture height of the stimulation. This was 
achieved by minimizing formation damage caused by penetra
tion of the formation by the shaped charge.

The shaped charge probably does not exist that can 
perforate the formation in the multiple fracture regime so 
penetration depth should be kept to a minimum when using 
conventional shaped charges. Once the casing and cement 
have been penetrated all the excess energy of the shaped 
charge damages the formation. Until this energy can be used 
constructively it should be minimized.

The tamp simulation indicates that the fluids in the 
wellbore at the time of perforation are very important.
They do not appear to affect in what regime the rock is 
fractured but can influence production. If the fluids are 
not compatible or free of particulates they constrict flow 
in the formation. Shooting underbalanced is thought to min
imize these problems, but the tamp simulation's indicate 
that dynamics is important and more motion occurs with less 
fluid. the tamp fluids will invade the formation.
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There Is much work still to be done in the area of per
foration design. The completion process must be thought of 
as a series of steps, one of which is perforating. Rock and 
tamp dynamics will be a more important part of the comple
tion process when a shaped charge that is slower burning can 
be utilized.
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Appendix A - Equations used in Tamp Simulation

Pressure of the Shaped Charge

If Elapsed Time is less than Rise Time

Phegf = Slope * Etime (1)

Slope = Peak Pressure / Rise Time 
Etime = Elapsed Time of the Simulation

If Elapsed Time is Greater than the Rise Time
Phegf = Ppeak*(2.71828**(z*(Etime-Trise))) (2)
Ppeak = Peak Pressure

z = Exponential Decay Factor 
Etime = Elapsed Time 
Trise = Rise Time to Peak Pressure

Force of the Shaped Charge

Fphegf = Pave*((Diam*6.)**2)*3.14) (3)
Pave = Average Pressure
Diam = Diameter of the Wellbore

Force of the Wall Shear
Fwall = 8.*3.14*0.00002083*xLength*Visc (4)

xLength = Tamp Length Traversed by Pressure Wave 
Vise = Viscosity of the Pad Fluid



Net Force in the Wellbore
Forcenet = Fpheg f-Tamp f-Fwal1
Fphegf = Force of the Pressure Wave 
Tampf = Hydrostatic Force of the Tamp 
Fwall = Wall Shear of the Tamp
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Tamp Simulation Data 
The data on the following pages was obtained 

from the tamp simulation. Data contained in the following 
pages was used for the plots in Section 4.



3471 82

Plot Data for 500 ft. Pad

ELAPSED ACCEL VELOCITY DISTANCE WELLBORE
TIME PRESSURE
(sec) (ft/sec~2 ) (ft/sec) (ft) (psla)********* ********* ********* ********* *********

0.001 4096.344 4.096 0.000 27589.100
0.005 1995.489 14.541 0.034 13439.730
0.010 1086.115 21.417 0.122 7315.046
0.015 720.528 25.640 0.238 4852.790
0.020 532.908 28.637 0.373 3589.160
0.025 419.938 30.943 0.521 2828.300
0.030 344.591 32.806 0.679 2320.830
0.035 281.798 34.642 0.881 1897.920
0.040 243.509 35.932 1.057 1640.040
0.045 213.544 37.057 1.239 1438.230
0.050 189.454 38.051 1.426 1275.980
0.055 169.667 38.937 1.618 1142 .710
0.060 153.123 39.735 1.814 1031.280
0.065 139.085 40.457 2.015 936.746
0.070 127.025 41 .116 2.218 855.520
0.075 116.552 41.719 2 .425 784.981
0.080 107.371 42.274 2.635 723.151
0.085 99.258 42.786 2.847 668.510
0.090 93.417 43.168 3.019 629.169
0.095 86.807 43.615 3.236 584.651
0 . 100 80.854 44.031 3.454 544.585

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES

GOLDEN. C O LO RADO  80401



T-3471 83

Plot Data for 1000 ft. Pad

ELAPSED
TIME
(sec)

* * * * * * * * *
0.001 
0.005 
0.010 
0.015 
0.020 
0.025 
0.030 
0.035 
0.040 
0.045 
0.050 
0.055 
0.060 
0.065 
0.070 
0.075 
0.080 
0.085 
0.090
0.095 
0 . 100

ACCEL
(ft/sec-2 )
* * * * * * * * *
2032.087
981.659
526.972
344.179
250.369
193.884
156.210
124.813
105.66990.687
78.64268.748
60.476
53.457
47.427
42.190
37.600
33.544
30.623
27.318
24.344

VELOCITY
(ft/sec) 
* * * * * * * * *

2.032
7.190

10.547
12.579
13.997
15.069
15.920
16.742
17.306
17.788
18.205
18.568
18.886
19.167
19.416
19.637
19.834
20.000
20.136
20.279
20.407

DISTANCE
(ft)

* * * * * * * * *
0.000 
0.017 
0.060 
0. 117 
0.183 
0.255 
0.332 
0.430 
0.515 
0.602 
0.692 
0.784 
0.877
0.972
1.060
1 . 166 
1.265 
1.364 
1.445 
1.546 
1 .647

WELLBORE
PRESSURE
(psla)

* * * * * * * * *
27372.430
13223.060
7098.380 
4636.130 
3372.500 
2611.640 
2104.170 
1681.250
1423.380 
1221.560 
1059.310
926.040 
814.620 
720.080 
638.850 
568.310 
506.480 
451.840 
412.500 
367.980 
327.910
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Plot Data for 2000 ft. Pad

ELAPSED ACCEL VELOCITY DISTANCE WELLBORE
TIME PRESSURE
(sec) (ft/sec-2 ) (ft/sec) (ft) (psla)♦**♦♦***♦ *$******* *$*$$**** ********* *********

0.001 999.960 0.999 0.000 26939.100
0.005 474.740 3.514 0.008 12789.700
0.010 247.400 5.113 0.030 6665.040
0.015 156.000 6.048 0.057 4202.790
0.020 109.100 6.676 0.089 2939.160
0.025 80.860 7.132 0. 123 2178.3000.030 62.020 7.477 0. 159 1670.830
0.035 48.560 7.745 0.197 1308.340
0.040 38.470 7.957 0.236 1036.460
0.045 30.620 8.125 0.276 825.0000.050 24.340 8.259 0.317 655.830
0.055 19.210 8.364 0.359 517.4200.060 14.920 8.447 0.401 402.0800.065 11.300 8.511 0.443 304.490
0.070 8.190 8.558 0.486 220.8400.075 5.510 8.591 0.529 148.3300.080 3.150 8.611 0.572 84.8900.085 1.070 8.620 0.615 28.9200.090 -0.770 8.620 0.658 0.0000.095 -2.420 8.610 0.701 0 .000
0.100 -3.910 8.590 0.744 0.000
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Plot Data for 4000 ft. Pad

ELAPSED ACCEL VELOCITY DISTANCE WELLBORE
TIME PRESSURE
(sec) (ft/sec~2 ) (ft/sec) (ft) (psia)*$$$***$* ** ******* ********* ********* *********

0.001 483.894 0.483 0 .000 26072.430
0.005 221.287 1.676 0.004 11923.040
0.010 107.615 2.395 0.014 5798.380
0.015 61.917 2.782 0.026 3336.130
0.020 38.464 3.016 0.041 2072.500
0.025 24.343 3.164 0 .056 1311.640
0.030 14.925 3.256 0.073 804.170
0.035 8.197 3.309 0 .089 441.673
0.040 3.151 3.335 0.105 169.797
0.045 -0.773 3 .338 0 . 122 0.000
0.050 -3.912 3.325 0.139 0.000
0.055 -6.481 3.297 0.155 0.000
0.060 -8.622 3.258 0.172 0.000
0.065 -10.433 3.210 0 . 188 0.000
0.070 -11.986 3.153 0.204 0.000
0 .075 -13.331 3 .089 0.219 0 .000
0.080 -14.509 3.018 0.235 0.0000.085 -15.548 2 .943 0.250 0.000
0.090 -16.471 2.862 0.264 0.0000.095 -17.297 2.777 0. 278 0.000
0.100 -18.041 2.689 0.292 0.000
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Plot Data for 8000 ft. Pad

ELAPSED ACCEL VELOCITY DISTANCE WELLBORE
TIME PRESSURE
(sec) (ft/sec'2 ) (ft/sec) (ft) (psla)$$*$$$$$$ ********* ********* ********* *********

0.001 225.862 0.225 0.000 24339.000
0.005 94.550 0.758 0.002 10189.700
0.010 37.720 1.040 0.006 4065.040
0.015 14.870 1.150 0.012 1602.800
0.020 3.140 1.180 0.018 339.160
0.025 -3.910 1.179 0.024 0.000
0.030 -8.620 1.145 0.029 0.000
0.035 -11.980 1.091 0.035 0.000
0.040 -14.500 1.024 0.040 0.000
0.045 -16.470 0.945 0.045 0.000
0.050 -18.040 0.858 0.049 0.0000.055 -19.320 0.764 0.054 0.0000.060 -20.390 0.664 0.057 0.0000.065 -21.301 0.559 0.061 0 .0000.070 -22.070 0.450 0.063 0.000
0.075 -22.750 0.338 0.065 0.0000.080 -23.330 0.222 0.067 0.000
0.085 -23.850 0.104 0 .068 0.0000.090 -24.320 -0.016 0.068 0.0000.095 -24.730 -0.139 0.068 0.000
0.100 -25.100 -0.264 0.066 0.000


