
Guide to Successful Well Stimulation 

By JACK SCHRENKEL 
Union Oil Cotnpnny of Cnlifornin 

INTRODUCTION AND PURPOSE 

It is important that oil wells be produced at their maxi- 
mum permissible rate because of the greater income 
generated, lower lifting costs per barrel, quick returnof 
investment, and the larger oil reserve of a top allowable 
well. 

The rate at which an oil well produces depends upon 
several factors. These factors are: 

1. The difference between the formation pressure 
and the producing bottom-hole pressure; 

2. The flow capacity of the formation expressed 
in millidarcy feet (KH); 

3. Viscosity of the flowing oil with its contained 
gas ; 

4. The magnitude or absence of a local resistance 
to flow around the well, known as “skin 
effect;” 1.2, and 

5. Proper operation of pumping or gas lift equip- 
ment. 

Excluding skin effect, these factors are described in 
mathematical terms by an equation known as Darcy’s 
Radial Flow Formula. It is the purpose of this paper to 
show a determination of the magnitude and cause of 
skin effect and a consideration of the factors in the Darcy 
Formula may be used to predict successfully the results 
of workover operations. 

THEORY OF OIL FLOW INTO A WELL 

Fig. 1 is a drawing showing the theoretical pressure 
distribution for radial flow in an undamaged formation, 
and a fractured formation. 

The flow of the oil into the well is described by Darcy’s 
Radial Flow equation, which is as follows: 

Q = 7.07 KoH (P-Pf) 
uBlnRe/Rw 

Where: 

Q = Production, barrels per day 
Ko = Permeability to oil, darcys 
H = Effective pay thickness, feet 
P = Formation pressure, psi 
Pf = Pumping or flowing bottom hole 

pressure, psi 

i 
= Fluid viscosity, centipoises 
= Formation volume factor, no units 

Re = Drainage radius, feet 
Rw = Well radius, feet 

The equation presented above is the basic form for 
radial flow. There are variations of this formula to 
fit special conditions, such as gas wells and wells 
having non-radial boundaries. This equation is an 

idealized concept. In actual practice the equation is 
generally complicated by a factor known as skin effect, 
which may be defined as a restriction to flow in or 
near the well bore caused by: 

1. improper perforating, 
2. reduced permeability from loss of drilling 

fluids to the formation, and/or 
3. scale deposits. 

Examination of the Darcy equation reveals there are 
only a few factors which may be changed to increase 
oil production. The effective pay thickness (H) may be 
increased by perforation of additional sections (if all of 
the pay was not originally perforated). The producing 
bottom-hole pressure may often be lowered by changing 
pumping conditions or more efficiently gas lifting awell. 

Effective formation permeability (K) may be increased 
by acid and fracturing treatments. Deeply penetrating 
fractures in effect increase the effective well diameter 
(Rwb3 Other factors in the equation, viscosity (u), 
formation volume factor (B), and drainage radius (R,) 
(function of distance between wells), may not be changed 
enough to be of any practical use. 

METHODS OF SELECTING AND ANALYZING 
PROSPECTIVE WORKOVER WELLS 

Wells which should be considered for possible pro- 
duction improvement are those which will not make 
the maximum allowable and one or more of the follow- 
ing conditions exist: 

A well which is not as good a producer as 
offsetting wells completed in the same forma- 
tion. 

2. A well which is not as good a producer as 
core analysis or formation test data would 
indicate. 

3. A low P.I. well in a group of high P.I. wells. 

4. A well which has a high gas-oil ratio in a 
group of low gas-oil ratio wells completed 
in the same formation. 

If an operator has a large number of wells which 
might respond to workover treatments, workover wells 
should be selected in order of the greatest forecasted 
income in relationship to the cost of repair. 

In analyzing the performance of a well for a stimu- 
lation treatment, it should first be determined whether 
the pumping or gas lift equipment is functioning properly. 
Accurate measurements of its oil and water production 
and gas-oil ratio should be made to see if the reported 
production tests are representative of the well’s ability 
to produce. In some cases wells have been worked over 
because of some mistake in reporting actual producing 
ability. A history of the initial completion, subsequent 
workovers and their results should be compiled. 

The most effective way of detecting skin effect is by 
use of the pressure buildup test. The rate of bottom- 
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Figure I Pressure Dirtribution ond Flow Pothr for Radio1 
Flow into o Well for Undomoged, Damaged, and 
Fractured Formotion. 

o. 7.07 KH AP 
P 0 lu Re/Rw 

hole pressure increase in a closed in well depends upon 
the rate of production prior to shutin, the natural flow 
capacity (KH) of the formation, and the viscosity of the 
formation oil with its dissolved gas. Knowing the vis- 
cosity of the fluid and measuring the rate of pressure 
buildup, formation capacity is readily calculated (see 
Fig. 2). 

The key to the effectiveness of the pressure buildup 
test in analyzing well completions is that it measures 
the natural flow capacity of the well when no fluid is 
flowing and compares this capacity to the overall flow 
capacity which is measured by a P.I. test immediately 
before the shutin period. The pressure buildup test, 
under the proper conditions, is a quantitative measure 
of the efficiency of a well completion. 

In other words, it not only tells us whether or not there 
is something wrong with the well, but it also tells us the 
degree to which the well may be damaged and what 
production increase may be expected if the cause of 
production impairment is eliminated. The pressure 
buildup theory is not discussed here. The development 
and use of this technique has been extensively covered 
in many articles. 4, 5, 6, ‘7, 8, 9, 10, 11. 

Before the introduction of pressure buildup tests and 
their growth in popularity, Productivity Indices were the 
best method to determine the effectiveness of well com- 
pletions. The Productivity Index (P.I.) it defined as the 
production in barrels per day divided by the pressure 
differential between the producing bottom-hole pressure 
and true static formation pressure. 

Generally speaking, a low productivity well is a low 
P.I. well. It is necessary to have P.I.‘s on a good number 
of wells in the field before their comparison becomes 
useful. This disadvantage does not apply to the pressure 
buildup test. 

APPLICATION OF ANALYSIS METHODS 
AND DESIGN OF REMEDIAL PROCEDURE 

The analysis methods and remedial procedures out- 

lined in this paper are limited to a stimulation of the 
zone in which the well is presently completed. It does 
not cover recompletion to other zones which may be se- 
lected by a study of the well logs, formation samples, 
and the results of drill stem tests and other related 
information. 

Fig. 2 is the result of a pressure buildup test obtained 
from a well completed in the Morrow Sand in the Texas 
Panhandle. This well was anew well and had a cumulative 
production of 2816 barrels at shutin time. It had re- 
ceived a 20,000 gallon sandfrac treatment plus one pound 
sand per gallon in the perforated interval 7988-84 feet 
(46 feet). 

Presenting the data in the form developed by Arps, 
the well had a completion factor of 163 oer cent. This 
means the overall capacity of the well to produce was 
63 per cent greater than the natural capacity of the 
formation. Gne hundred per cent is the standard indica- 
ting no impairment, no improvement. 

In this Well the complete pay section was cored and a 
summation of the permeabilities showed the well to have 
a natural formation capacity of 113 millidarcy-feet. The 
computed formation capacity from the pressure buildup 
test was 116.7 millidarcy-feet, an agreementbetweenthe 
two methods of 3.3 per cent. This example was selected 
to illustrate the accuracy of the pressure buildup tests. 
Good agreement between formation capacities from core 
analysis and pressure buildup tests are not unusual when 
all of the factors are known. In vuggy fracture 
formations, such as the Devonian, pressure builduptests 
run in conjunction with drill stem tests are a better 
measure of formation capacity than core data. 

Fig. 3 is the result of a pressure buildup test obtained 
on a well completed in the Canyon Sand, Nolan County, 
Texas. The flowing bottom hole pressure was 390 psig at a 
flow rate of 18 barrels per day, whereas the theoretical 
perfect completion flowing bottom-hole pressure would 
have been 690 psig. The Completion Factor of this Well 
was 71 per cent, indicating a formation damage. 

In April, 1957, three months after the pressure buildup 
test was obtained, the well was treatedwith a 20,000 gallon 
sandfrac treatment and repotentialed for 118 barrels per 
day. At the present time (January, 1959) thiswell is still 
capable of producing top field allowable of 102 barrels of 
oil per day, a positive indication that the skin effect due 
to formation damage was eliminated. 

Measured or estimated Productivity Indices are neces- 
sary for the gooddesign of gas lift equipment and are use- 
ful for the selection of large capacity pumping equipment. 
Stabilized producing bottom-hole pressures, accurate 
production rates, and true shutin formation pressures 
should be used to obtain reliable P.I.‘s, otherwise their 
use will be ineffective. 

The P.I. of an individual oil well usually declines with 
time, due to the greater ease with which gas flows with 
relation to the flow of oil as reservoir pressure declines. 
This effect is known as the increased relative permeability 
of gas to oil, Kg/Ko. The P.I.% of wells have been ob- 
served to decline with decreasing reservoir pressure be- 
cause natural fractures tended to close tip with decreasing 
reservoir pressure. 

If P.I. tests are obtained periodically, sudden decreases 
in P.I.‘s will generally indicate that a wellhas developed 
a flow restriction, tihich is likely caused by scale, salt, 
or paraffin deposits on the face of the formation. One of 
the advantages of the P.I. test is that through the use of 
curves developed by Gilbert and a knowledge of the gas-oil 
ratio, tubing pressure, and depth of the well, the flowing 
bottom-hole pressure may be predicted with reasonable 
accuracy. Using this estimate of producing bottom-hole 
pressure and the average field pressure, P.I.‘s may be 
estimated with reasonable precision. 
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In the case of a pumping well, if the well is pumped off, 
we may assume that the producing bottom-hole pressure 
is in the order of O-50 psig. One of the nice features about 
this method is that by taking the time to obtain accurate 
well tests, a constant check on the performanceof a well 
may be obtained without losing production. 

DESIGN OF REMEDIAL PROCEDURES 

Most oil wells completed in recent years have had 
casing set through the pay zone andhave been selectively 
perforated. Perforating allows selective production of 
zones and makes workover operations less expensive. A 
basic consideration is that, when casing is set through a 
formation, the flow capacity before perforating is zero 
and increases as the shot density per foot increases. 
McDowell and Muskat ln 1950 showed the flow capacity of 
systems having various perforation densities, shot pene- 
trations, and well diameters. Their work was basedona 
series of electrolytic model experiments. 

The following tabulations are data selected from their 
Fig. 2 to represent most nearly an average West Texas 
completion: 

Casing diameter - 6 inches 

Shot penetration - 6 inches (1 well diameter) 
112 inch perforation 

FIGURE 2 

Perforation Relative Capacity of 
Density Perforation Completion to 

Holes per Foot Open Hole Completion, Q/Q _ _ 

1 .6 
2 .83 
3 .91 
4 .97 
5 .99 
6 1.01 
7 1.03 
8 1.04 

The above table showsthatfour l/2 inchdiameter shots 
per foot having a six inch penetration in a six inch 
diameter casing will approach 97 per cent of the natural 
formation capacity. For a system having a perforating 
density of two shots per foot, it theoretically should have 
83 per cent of the natural formation capacity. Therefore, 
a perforating density of four shots per foot, under the 
conditions listedabove, has a 17 per cent greater theoreti- 
cal capacity than would a well completed with a perforated 
density of two shots per foot. 

There are several complicating factors that affect the 
results of this laboratory investigation. In the field, bullets 
and residue from jet perforating sometimes plug the per- 
forations. Also the penetration generally is greater or 
smaller than six inches. In the last few years, improved 

PRESSURE BUILDUP TEST 
FARNSWORTH FIELD - OCHILTREE COUNT.Y, TEXAS 

PRODUCING FORMATION: MORROW SAND 
JANUARY 7 - IO, 1956 

PERF. 7939-84’ (446’1, SF 20,000 GAL. 
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+ 
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/ 
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design of perforating devices has largely overcome the 
problem of poor penetration. In older wells the effect of 
poor penetration may be an important factor in restricting 
production. 

Investigation has shown that there is less chance of 
formation damage when there is clean oil in the hole and a 
pressure differential in the well during perforating. 

An important point to observe from the above tabulation 
is that the capacity of a well to produce does increase as 
the perforation density increases. After about four shots 
per foot the change is relatively minor. Small acid and 
fracture treatments will increase the flow capacity above 
the theoretical flow system. 

Many operators are justifiablyusingperforatingdensi- 
ties of two shots per foot in long perforated sections. If 
long sections are perforated, economies in perforating 
costs are obtained with two shots per foot. Ball sealers 
for selective treatment are more easily controlled when 
there are fewer holes in the casing. If a formation has 
sufficient permeability to make a natural completion, 
perforation densities of four shots per foot or greater 
will probably give superior results. 

Acid treatments have been used a number of years to 
treat oil wells successfully. They have beenvery success- 
ful in increasing the production from limestone anddolo- 
mite formations in the West Texas-New Mexico area. 
The development and use of effective mud acids have 
helped to increase the production of wells completed in 

FIGURE 3 

sand and limestone reservoirs. 
Acid dissolves limestone and dolomite rocks by a 

chemical reaction which results in water, a soluble gas, 
CO2, and soluble residues. One thousand gallonsof a 15 
per cent concentration hydrochloric acid willdissolve 10.8 
cubic feet of pure limestone (CaCOS) in a complete 
reaction. 

The increases in production caused by acid treatments 
result from the removal of skin effect and the increased 
permeability of the natural flow channels by dissolving 
deposits in the natural fractures and the enlargement of 
flow channels by chemically dissolviqg the rock, Generally 
the maximum increase that may be expectedfrom an acid 
treatment is about 100 per cent greater than the natural 
formation capacity. 

An appreciable number of the large production in- 
creases from the use of weak acids (10 per cent concen- 
tration or less) has probably been due to dissolving salt in 
the water phase of the acid mixture in addition to the 
chemical reaction with the rock. Salt deposition is an 
important factor in reducing productivity in many West 
Texas wells. 

Formation Fracturing Treatments 

Formation fracturing treatments are among the most 
effective ways of increasing production. Fracture treat- 
ments increase producing capacity by eliminating skin 

PRESSURE BUILDUP TEST - SHOWING DAMAGED FORMATION 
SOUTH LAKE TRAMMELL FIELD - NOLAN COUNTY, TEXAS 

JANUARY 28 - 31,1957 PRODUCING FORMATION: CANYON SAND 
PERFS: 5158’-70’. 5174’-82’, 5208’-32’. 1,500 MA, SF 1,000 GAL. 
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effect and increasing overall permeability in low 
permeability formations by inducing fractures which 
deeply penetrate the formation. 

The items which determine, the effectiveness of a 
fracture treatment are: 1. the fluid loss characteristic of 
the fracturing fluid, 2. formation permeability, 3. forma- 
tion pressure, 4. the rate of injection, and 5. reservoir 
fluid characteristics. 

The lower the bottom-hole pressure, the greater will be 
the rate at which the formation absorbs the fracturing 
fluid; and the fluid will not contribute to extending 
fractures. The greater the rate of injection, other factors 
being equal, the greater will be the radius of the fracture 
created, 

Other factors being equal, the low permeabilityforma- 
tion will fracture to a greater radius than a higher 
permeability formation. In field practice, fracture treat- 
ments are generally not effective in increasing the 
overall permeability of formations having naturally high 
permeabilities. 

Howard and Fast, through experimental data, have 
developed a formula which will predict the area and 
volume of fracture created from a knowledge of the 
formation and fluid characteristics mentioned above. 

The optimum treatment is to include a sufficient amount 
of sand to pack the fracture which is created. Many of 
the recent fracture treatments in the West Texas-New 
Mexico area have been designed by this procedure. 

Referring to Fig. 1, and studying the pressure distri- 
bution in the fractured formation on the right hand side of 
the drawing, it is evident that logical reasoning would 
indicate that the effect of a large amount of overflush is 
detrimental and tends to defeat the original purpose of 
sand-frac treatments. The purpose of the sand in a 
fracturing treatment is to prop open the fractures which 
have been created. 

Fractures packed with sand greatly increase the 
effective diameter of the well and permit the oil to enter 
the well through a sand packed conduit of high permeabili- 
ty. If a large amount of overflush is used, it is probable 
that, while the fractures are heldopenbypressure, much 
of the sand will be carried away from the well bore; and 
the fracture will close up or heal after the fracturing 
pressures are released. 

The overall flow capacity of this area should be main- 
tained at the highest possible rate because the flow 
capacity in the immediate vicinity of the well has the 
greatest effect on producing ability. Referring again to 
Fig. 1, it is evident that, as the oil moves closer and 
closer to the well, it must move through a progressively 
smaller area. 

Recent experimental work performed by Van Poolen 
and others has confirmed the detrimental effect of large 
volumes of overflush. This thinking is contrary to 
much of the field practice in West Texas where volumes 
of overflush equal to the size of the fracture treatment 
are used often. 

A paper by Hurst, Rollins and Stewart and a recent one 
by Crittendon have outlined methods which may be used 
to predict surface andformationfracturingpressuresand 
to properly design formation fracturing treatments. 
An example using the method and nomenclature of Hurst 
et. al. is presented below. 

Canyon Sand Well - South Lake Trammel1 Field 

Casing 5-l/2 inch, 15.5X/Ft., J-55 casing 
perforated four shots per foot at 

5230-48 feet 
5260-74 feet 
5300-10 feet 

(18 feet) 
(14 feet) 
(10 feet) 
(42 feet) 

Two previous treatments consisted of: 

Size and Type Injection Tubing 
of Treatment Rate Pressure 

Initial completion 1,000 gallons re- 2.66 BPM 3900 psig 
11-20-52 fined oil + 3/4X 

sand/gallon 

Workover 
3-7-53 

Reperforated the 2.5 BPM 2400psig 
initial interval; 
1000 gallons re- 
fined oil + 3/4# 
sand/gallon 

Analyzing a number of treating reports in the field, 
it was found the rock rupture pressure, Pr , was equal 
to .65 psi/feet. The predicted surface pressure, Ps, 
is equal to: 

ps = q - Ph +Pf) X D 

where: 

Ps = surface pressure (psi) 
Pr = formation resistance pressure (psi/feet) 
l+, = hydrostatic pressure (psi/feet) 
4 =pressure losses due to friction (psi/feet) 
D = depth (feet) 

The surface pressures to part the formationat vari- 
ous pump rates prior to the treatment were then 
calculated as follows: 

Pr =.65 psi/feet (study of treatment reports) 
Pt, =.393 frac-oil (no sand) 

At 10 BPM, Pf =.04 psi/feet-through 5-l/2 inch casing 
Ps =(.65 - .393 t .04) (5200 ft.) = 1544 psig 

At 20 BPM, Pf =.135 psi/feet-through 5-l/2 in. casing 
Ps =(.65 - .393 + .135) (5200 ft.) = 2038 psig 

At 30 BPM, Pf =.24 psi/feet-through 5-l/2 in. casing 
Ps =(.65 - .393 t .24) (5200 ft.) =2584 psig 

During the formation breakdown with refined oil prior 
to starting the sand-oil mixture, the well head pressure 
was 2400 psig at an injection rate down the casing of 
29-l/2 barrels per minute. This pressure was within 7 
per cent of the predicted pressure and showed the 
accuracy with which surface pressures may be pre- 
dicted when other factors are known. 

Using charts to predict the volume of fracture, based 
on data developed by Howard and Fast, it was calcu- 
lated that the volume of fracture created would be 500 
cubic feet, by a 25,000 gallon treatment, at an injection 
rate of 35 barrels per minute. The weight of sand 
to pack this volume would be 58,850 pounds. The well 
was fractured with 25,000 gallons at 29-l/2 barrels per 
minute with 60,000 pounds of sand. 

only five barrels of overflush were used at the end of 
the treatment. A check with wire line indicated that there 
was no sand. fillup. In this particular example the pre- 
dictions from the equation did work or were, at least, 
on the safe side. 

DISCUSSION 

The methods presented here are only a few of the 
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more important techniques. Supplementary types of 
analyses would be a comparison of core analyses’ 
permeabilities with the completion permeabilities ob- 
tained from P.I. or pressure buildup tests, and a com- 
parison of formation capacity obtained from pressure 
buildup on drill stem tests with the effective flow 
capacity after completion. 

In certain special cases, estimates of permeability 
may be obtained from resistivity gradients on electric 
logs. Other factors to consider would be analyzing the 
oil for salt content to see if the formation might be 
hindered by salt accumulation on the face of the well 
bore. The Stiff Method of graphically presenting water 
analyses may be very useful in determining the source 
of water production. 

If the basic idea of fluid flow into a well, as presented 
by Fig. 1, is kept in mind and tests obtained to determine 
if there is a skin effect, predictions of the outcome of 
workover operations may be made with reasonable 
accuracy. The workover of existing wells offers an 
economical way of increasing income from oil proper- 
ties. 

The well in Fig. 3 in a 20 month period (to l-l-59) 
has recovered 25,000 barrels in excess of the amount it 
would have recovered had it not been successfully stimu- 
lated. The net value of this additional oil is $55,000 and 
was obtained at a workover cost of $6,000. 

Better results will be obtained from well stimulations 
when the bottom-hole pressure is high. Fracture treat- 
ments will be more effective and greater pressure is 
available to force the oil into the well. This fact is evi- 
dent from an examination of the Darcy equation as the 
flow rate of oil is directly proportional to the pressure 
differential of the formation and the producing bottom- 
hole pressure. 

If a workover procedure has been carefully planned, 
the cost of workover may be estimated with reasonable 
precision. Workover costs may greatly exceed the 
predicted cost when we have a “let’s try this” frame of 
mind and one product is tried, it doesn’t work, and 
another product is used to try again. The general out- 
come of this is that an operator ends up “grasping at 
straws” at considerable expense. Usually a successful 
well stimulation treatment will have a very quick pay- 
out period. 

Appended is a check list consisting of 12 general 
questions which a person should answer concerning 
any prospective workover treatment. It is not necessary 
that an individual be expert in the analysis of pressure 
buildup or P.I. tests to realize their utility. Field men 
should cooperate with the engineers to condition wells 
properly before obtaining pressure buildup or P.I. tests 
and to obtain accurate well tests constantly. Also, simple 
things such as the possibility of fresh water removing 
salt deposits should not be overlooked. 

CONCLUSION 

In conclusion, it is believed that careful study of the 
existing situations and use of the analysis methods 
outlined here will permit the prediction of the outcome 
of workover operations with reasonable tolerance. Well 
stimulations are a fertile source in increased revenues 
at a nominal cost. 
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