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Abstract

The area of review is defined by the radial

distance from waste disposal wells in which the injection

formation fluid pressure increases sufficiently to force

formation fluids and/or injected wastes up abandoned well

bores to contaminate underground sources of drinking

water. The cost of corrective action required to prevent

such contamination within the area of review can be con-

siderable. To minimize the costs associated with subsur-

face disposal operations an appropriate area of reveiw

must be adequately defined. This report provides a

simplified procedure which can be utilized to determine a

minimum area of review which can be safely applied to a

given subsurface injection operation.i
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CHAPTER I
-INTRODUCTION

Introduction

The increased fluid pressure in a disposal zone

which results from a waste injection operation may force

injected and/or formation fluid to migrate up an abandoned

well bore which penetrates the injection formation.

Should migration occur, commingling with underground sour-

ces of drinking water may result. When a waste injection

well reaches its design life (typically twenty years) the

radial distance form the injector at which the potential

for fresh water contamination exists is defined as the area

of review. Environmental regulations require the well

operator to take corrective action, as required, at each

abandoned well within the area of review to insure that

contamination does not occur. The cost of corrective

action can be significant. Therefore, it is essential

that the area of review be adequately defined before

corrective measures are undertaken. This paper presents a

simplified procedure which can be utilized to calculate

the area of review.

If an abandoned well was not produced, drilling

mud remains in the well bore since it has no means of

escape. To evaluate the potential for fluid migration up

1
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such a well bore the forces which act on this static mud

column within the well bore must be determined. In most

cases the wells were drilled with water base drilling muds

which develop a gel structure when allowed to remain

quiescent. To initiate flow up the abandoned well bore

the fluid pressure in the formation must exceed the sum of

the static mud column pressure (Ps) and the gel strength

pressure (Pg). The area of review is defined as that area

within which the well life formation pressure (Pf) is

-: greater than (P.) + (Pg).

Theoretical Development

Figure (1) represents a vertical force diagram of

the static mud column in an abandoned well bore. The

equation for the force balance takes the following form,

w + 2w rwhGS - Pf wrw 2 - Pt wrw 2  (1-1)

simplify and let rw -D, equation 1-1 becomes
2

Pf - Pt - 0.0520h + 4hGS (1-2)
D

neglecting surface pressure (Pt) and converting to

consistent field units,

Pf - 0.052-Pmin h + 3.33 x 10- 3 Gsh (1-3)
Dmax

Where: P. - 0.052 Pminh -- represents the static mud
column pressure

Pg 3.33 x 10- 3 Gsh -- represents the gel
Dmax strength pressure

i o% % m % "•Q-. -q °. -4.. .. . ,

n n ilinni llinnmla~~~....l..n.l....... . ................... ..... "", - -", - ".. ". .-
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Pf represents the well life formation pressure.

The pressure which results at a radial distance r from the

injection well at time t after the start of injection of a

waste of small and constant compressibility at a constant

rate Q throughout the life of the well into an infinite,

isotropic, homogeneous, horizontal reservoir of uniform

thickness and porosity is well approximated by,

Pf -Pi - UB Ei (L~uc.i)(14%.r 4ktJ (1-4)

Procedure for Determining The Area of Review

The proposed procedure for determining the area of

review for waste injection wells is predicated on the

following basic assumptions:

*1.) Thp static mud column extends to the surface and

is uniform in density.

2.) Abandoned well bore diameters used in calcula-

tions are equal to the bit diameter plus two

inches where bit refers to that used to drill the

hole at the depth of the injection formation.

3.) The gel strength applied to all wells is 20

lbs/100 ft. 2

4.) Injection pressures will not exceed the fracture

pressure of the injection formation.

5.) Known abandoned wells for which no data are

available will be assigned the minimun mud den-

sity and the largest bit diameter noted for all
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wells within a 2 mile radius of the injector.

6.) None of the abandoned wells were completed and

produced.

7.) All pressures are calculated at the top of the

injection formation.

8.) All abandoned wells were drilled with water base

muds.

9.) None of the abandoned wells are plugged.

Utilizing the developed theory and applying the basic

assumptions, it is possible to compare Pf with Ps + Pg-

The area of review will be defined by the radial distance

from the injection well at which Pf>ps + Pg

The procedure employs an iterative process to deter-

mine the appropriate area of review for a given injection

operation. The first iteration considers all abandoned

wells within a 2 2 mile radius of the injection wells.

Once an area of review is determined, the process is

repeated considering only those wells within the deter-

mined area of review. The iterative process is repeated

until both the minimum mud density (Prmin) and maximum bit

diameter at the depth of the injection formation (Dmax)

for the abandoned wells within the previously defined area

"* of review no longer vary with the iterations. When Pmin

and Dmax stabilize the resulting area of review is the

true area of review for the specified injection operation.

The procedure is demonstrated by the following example.

'e: '* _ . - ° •. - . . . .
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Example

An industrial waste injection operation is pro-

posed to dispose of 500 gal/min of waste for a period of

20 years. The waste will be injected into a sand for-

mation at a depth of 5000 ft. employing two injection

wells each operating at a rate of 250 gal/min. Figure (2)

displays the abandoned well locations with respect to the

injection wells. The mud densities and bit diameters for

all abandoned wells are as noted in Table 1. The per-

tinent formation and fluid characteristics for the pro-

posed operation are presented in Figure (3).

By means of a digital computer it is possible to

use the developed theory to plot Pf, Ps, and P5 + Pg as a

function of the radial distance from the injection well as

shown in Figure (3). The area of review is indicated by

the radial distance from the injector at which the well

life formation pressure intersects the constant pressure

line Ps + Pg. For injection operations which utilize

multiple injectors at a single site, the total flow of the

wells can be input as one well and the area of review ade-

quately approximated as that of a single well. Likewise,

for wells of variable flow rate, an average, constant flow

rate can be utilized to obtain satisfactory approximate

results. Pg is calculated by using the largest bit

diameter noted on well logs for all abandoned wells within

a radial distance of 21 miles of the injectors.

'"I
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T35.K 3.

EtM"A?"OK P33!Ut M TO RACK ABNDONID VELL

WEL D I -C0D X .-C= OtD oiM M SIT DIA WI L D-CQlD I-C=lD DIMZTY ST DIA

1 4650 1500 9.14 7.$75 61 16850 310o 11 .0 8.75
2 14700 14550 10.5 7.875 65 19500 31650 10.9 7.625
3 5925 1 0 10.5 7.875 66 18700 1650 10.5 9.875
14 3375 13275 10.5 715175 67 19200 30500 10.5 9.875

7350 1"5900 10.7 7.875 68 900 31100 10.2 9.575
6025 17350 11.8 7.875 69 14100 31200 10.2 7.875

7 7375 114500 10.7 8.75 70 20600 31550 12.1 9.875
8 4575 18600 10.7 7.875 71 21750 29700 10.7 8.745
9 7350 17350 10.7 7.875 72 7350 28800 17.0 8.50

10 8300 179"50 10.6 7.875 73 9000 29900 10.7 8.625
11 7325 20075 10.6 7.875 ?1 10750 29400 10.4 9.875
12 1950 14o600 10.6 7.875 75 12200 29750 10.0 7.875
13 2000 13250 10.6 5.75 76 12250 31500 10.1 7.875
11 6050 11.550 10.5 7.875 77 131400 29400 11.0 5.75
15 1525 16375 10.7 7.875 78 11250 27650 10.0 7.875
1 6050 21275 10.6 7.875 79 11900 28850 10.. 7.875
17 4175 20650 10.1 6.5 8o 14100 26600 10.. 7.875
15 10800 114300 12.9 6.75 81 1510o 26400 9.9 9.875
19 9600 17550 10.6 7.875 82 176150 26850 10.6 8.745
20 10950 12950 12.5 7.875 83 18025 26700 10.3 9.05
21 3050 17a.75 10.5 7.875 81 17700 26075 10.3 9.875
22 11825 1L3650 12. 7.875 55 17225 25475 10.3 8.75
23 9350 1510 10.7 7.875 8 16300 27275 10.5 7.625
21s 12150 12600 12.7 7.875 87 17200 26200 10.1 7.875
2 9525 13075 11.5 7.875 1"25 28975 10.3 9.625
2 101450 15600 .101 7.875 89 5700 28075 11.2 7.875
27 o0 11575 10.7 7.875 25 26600 10.1 7.875
28 11225 11400 10.14 8.75 91 50 2200 10.2 8.75
29 9700 11600 9.5 8.75 92 4725 25325 9.9 7.875
30 6000 11500 9.5 7.875 93 4525 24375 10.2 8.7
31 725 11500 9.8 7.875 94 2000 10.8 8.625
32 8750 14000 9.6 7.875 9625 28 10.5 7.875
33 900 16275 9.7 7.875 6 75 25 10. 8.75
3#& 8140 12800 9.5 7.875 97 "" 227 1o.. 7.875
3 4675 111.75 10.0 7.875 98 6975 22800 10.5 7.875

3300 11500 9.7 7.875 99 10875 26400 10.2 7.875
37 6150 1272 9.7 9.75 100 10450 25025 10.3 7.875

38 6100 13225 9.8 7.875 101 11075 23575 10.8 7.875
3 800 16100 9.1. 7.875 102 10775 22700 10.5 7.875

9825 17100 9.5 7.875 103 9550 22375 10.-5 7.875
41 12700 12450 13.1. 7.875 104 17000 24750 10.7 9.875
1.2 380 10350 10.1 7.875 10 7175 1350 10.6 7.875143 1450 6 10.5 775 168000 075 10.7 7.875

b150 10. 7 7.8?5 107 9200 21675 10.8 7.875
3550 8775 10.6 7.875 108 8875 201#25 10.6 7.875
650 10075 9.8 7.875 109 10100 1650 10.9 7.875

17 8525 10050 10.3 7.875 10 10175 19 50 11.1 7.875
148 11200 10500 12.5 7.875 ill 10150 18140 11.0 7.875

.5950 7200 10.1 7.875 112 10825 21000 10.5 7.875
50 5800 8o 9.1. 7.875 113 11200 18350 10.5 7.875
51 930 8650 11.0 8.75 111 11200 17150 11.6 7.875
52 7325 7075 11.0 8.75 115 11325 1575 11. 7.875
53 250 8150 10.1 8.75 116 12225 17750 12.0 7.85
51 7150 8650 9.5 8. 5 117 11425 19600 11.1 7.875
55 10650 8375 9.7 7.875 118 13325 20125 1.2 7.875
56 9550 71450 9.1 7.875 119 11700 20750 9.7 7.875
57 13000 7600 10.1 7.875 120 12250 18700 9.7 7.875
58 8275 6075 10.2 ?.875 121 12450 16500 9.5 7.875
59 1165 6175 9.8 7.875 122 10700 17000 9.7 7.875
60 12100 1.175 10.5 7.875 123 175 15800 11.6 7.875
61 12975 6150 10.3 7.875 124 23300 16250 10.5 7.875
62 114250 4875 10.1 7.875 125 24050 15.75 10.6 8.72
63 1685 1325 10.5 7.875 12 21550 14325 10.2 7.875

' / .,,'." . . . . .... .- , .- ... , .- . .. , . ! . . .. . . . ..
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This provides a worst case design. Similarly, Ps is

calculated utilizing the minimum mud density obtained from

logs for the same radial distance from the injector.

Figure (3) indicates the area of review for the example

:.4 using these criteria as approximately 7000 ft.

' Figure (4) is a computer generated plot which

displays the location of the isobar on which Pf - Ps +

Pg and indicates those abandoned wells which lie within

the area of review defined by the isobar.

Considering only the abandoned wells contained

'a- within the isobar defined in Figure (4), the area of review

is recalculated. The new area of review, as noted in

Figures (5) and (6), is an area encompassed by a radial

distance of approximately 3800 ft from the injection wells

which contains only 3 abandoned wells. It is noted that

in the second iteration the minimum mud density (Pmin)

has increased from 9.4 to 9.5 lbs/gal and the maximum

corrected bit diameter (Dmax) has decreased from 11.875 in

to 9.875 in. Another iteration of the procedure yields

the same values for pmin and Dmax. Therefore, the area of

review defined is the true area of review for the spe-

cified injection operation.

Corrective action must be considered for all wells

within the area of review. Therefore, each of the three

wells should be analyzed on an individual basis using the

" ', . . % ." ." , , ,' ,"." . " .",."." .. " " .- .- . • ,. .- . • - . . • ,, .-. • - " -,
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developed theory. After individual analysis it is

4Z apparent that well number 121 is capable of allowing fluid

to migrate up its well bore. If records indicate that

well number 121 was properly plugged no corrective action

would be required prior to conducting the proposed waste

injection operation.

Conclusions

1. The costs associated with record searches and field

surveys undertaken to determine the plugging history of

abandoned wells can be avoided if the wells lie outside

the area of review determined by the described procedure.

2. The costs associated with plugging abandoned wells

located outside the calculated area of review can also be

avoided.

*3. Since the pressure cone resulting from the injection

operation falls off quickly the size of the area of review

is extremely sensitive to small pressure differences at

large radial distances from the injector.

43. The number of abandoned wells which fall inside the

.-. area of review can be reduced by varying injection well

locations, injection rates and the injection formation.

NOMENCLATURE

D - Diameter of the well bore (in)

Dmax - Maximum bit diameter (in)

GS- Gel strength (lbs/100 Ft2 )

I..
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h - height of mud column (Ft)

rw- well bore radius (in)

* Pf - formation pressure (Psi)

Pg - gel strength pressure (Psi)

Ps - Static mud column pressure (Psi)

Pt air pressure (Psi)

W - weight of the mud column (16s)

P - mud density (lbs/gal)

Pm - minimun mud density (lbs/gal)

i'

.4

.. . .. .
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CHAPTER II

BACKGROUND

The Environmental Atmosphere

The rapid rate of industrial developement that

exists in a highly industrialized country like the United

States has given birth to a myriad of environmental

problems which resist time and linger to haunt man for

decades. For example, the extensive use of polych-

lorinated biphenols (PCB's) as a cooling medium in

electric transformers and capacitors presents a current

problem which remains to be solved. The widespread use of

PCB's has resulted in the distribution of millions of

gallons of nonbiodegradeable, carcinogenic waste in trans-

formers located in our factories, schools, office

buildings, and neighborhoods. Many of the transformers

are leaking and the public is unknowingly being exposed to

the carcinogenic waste. Extensive use of the insecticide

DDT and the insulating material asbestos has presented

similar environmetnal hazards. An environmental dilemma

exists in the case of PCB's and other hazardous wastes.

Environmental groups have strongly opposed the establish-

ment of hazardous waste disposal sites within their

geographic area of interest. The proposed disposal sites

would utilize advanced technology to provide the best

16
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means of disposal presently available. Without the

establishment of the needed waste disposal facilities the

wastes will remain interdispersed throughout the populace

where they pose a greater risk to man and the environment.

• "It becomes apparent that the government, industry and the

general public must cooperate and pool their resources if

a logical and acceptable course of disposal action is to

be pursued. The total dominance and influence of one

interest group over another may destroy the balance

required to allow growth and developement to continue

while minimizing any adverse impact on the environment.

The well managed and organized efforts of environ-

mentally conscious organizations have increased the public

awareness of the dangers which result from the improper

disposal of hazardous waste. These efforts and extensive

media coverage of the environmental catastrophies resulting

form the improper disposal of hazardous wastes (i. e. Love

Canal in Niagara Falls, New York) have fueled the proli-

feration of federal, state and local regulations designed

to protect man and the environment. These regulations,

which govern all aspects of hazardous waste disposal,

necessitate considerable capital investments by industry

in their efforts to attain compliance. Although few can

dispute the need to regulate hazardous waste disposal,

some of the regulations promulgated towards this end can

.4 - ,. . .
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be questioned. Some requirements appear to be predicated

on political, social or historical preferences or prac-

tices, rather than evolving from sound engineering and

scientific principals which provide a means of verifica-

tion and/or justification. This approach has resulted in

the unnecesssary expendature by industry of funds to gain

compliance with the regulations.

The Goal of Industrial Waste Disposal Regulations

The primary goal of the hazardous waste regula-

tions which govern the disposal of liquid hazardous waste

is to protect underground sources of drinking water. The

originators and enforcers of the regulations must not

loose sight of this goal. The regulations should be

enforced in a manner which allows the waste generator to

utilize the most advanced waste disposal technology

available if it can be demonstrated that the technology
-4

provides the best environmental alternative for disposal.
-U

When more than one disposal option can be pursued, the

regulatory agencies should encourage the generator to pur-
U'.

sue the best environmental option. The regulations should

not be so restrictive that they eliminate the waste dispo-

sal option which presents the least potential for con-

.tamination of ground water sources of drinking water.

' . ..- o • - ° . . .
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Liquid Waste Disposal Options

Biological Treatment, Incineration, Off-site

Disposal, On-site Landfill, Surface Impoundment, and

Subsurface Injection are liquid waste disposal options

available to the waste generator. Surface impoundment

(evaporation) is the most common and frequently utilized

means of disposal for liquid hazardous waste. Annually,

Texas generates and disposes of 13.3 billion gallons of

industrial waste in surface impoundments. 1 Since few of

the impoundments are lined, the potential for con-

tamination of ground water sources of drinking water is

high. Even those evaporation impoundments located on low

permeability clays present a contamination risk since no

natural material is impermeable. The cost of modifying

* existing impoundment facilities to eliminate the con-

tamination risk and/or to comply with regulatory require-

ments is prohibitive. To eliminate the risk other sources

of disposal must be pursued. A preliminary study of sur-

face impoundments examined 85 case histories of ground

water contamination resulting from surface impoundment. 2

The study emphasizes the risks that result from utilizing

surface impoundment disposal methods.

To eliminate the contamination which is inherent

with many of the existing surface impoundments it has

become necessary to pursue alternate means of hazardous

V -- "",.:-;" ., ,.,''...:. "., . . *.."' *..*.-** .. .-. .2. .:.2..... . . . . . . .-: - - .--:
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waste disposal. A disposal means which has gained in

popularity during the past four decades is the subsurface

disposal of wastes by injection into subsurface formations

-containing salt water. Subsurface injection removes the

waste from the biosphere and confines it in deep geologic

formations. Since 1961 over 42 billion gallons of waste

has been disposed of by subsurface injection in Texas

alone. 1

Summary

As of 1973, 20% of the total United States water

needs have been fulfilled utilizing ground water. Ground

water fulfills more than 85% of the public water needs in

several states (Mississippi, Florida, New Mexico, Idaho

and Hawaii). 3 This heavy dependance on ground water as a

source of drinking water demands every effort to protect

• the remaining ground water aquifers from sources of con-

tamination. Once the aquifer is contaminated, methods

available to return it to an acceptable level of water

quality are not presently economically feasible.
4

• . Where geologic and engineering studies indicate

that a prospective site is suitable for subsurface injec-

tion, this method of hazardous waste disposal should be

pursued. Few cases of ground water contamination

resulting from subsurface injection operations have been

U
i. ~~~~~~....,........ ,.. . *. .... '1..
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documented. Technological advances and more restrictive

waste injection regulations have virtually eliminated the

potential sources of contamination which presented

problems in the past. Subsurface injection has demonstra-

ted itself to be an effective means of hazardous waste

disposal. Regulatory actions that eliminate subsurface

injection as a economical means of hazardous waste dispo-

sal will adversely effect the quality of ground water

either directly or indirectly.

'4 -, i, . .: :'', ':':,.: 2.: - ..2.. :.::.2.:.2 .°. • . -/ . .. . ': .? .2 :i :.'i:° .. :.r: 2 i- - -.-



CHAPTER III

DETERMINING THE AREA OF REVIEW FOR INDUSTRIAL WASTE

DISPOSAL WELLS

Introduction

During the course of the past four decades dispo-

sal of hazardous wastes by means of subsurface injection

has emerged as an acceptable alternative to surface dispo-

sal methods. At present, subsurface injection is con-

ducted at more than 300 industrial waste disposal wells

located at several geologically favorable sites throughout

the country. The largest concentration of industrial

waste disposal wells is along the Gulf Coast of Texas.

Figure (7). The majority of the wells inject waste into

zones located below ground water sources of drinking water

at depths between 3000 and 7500 feet. The disposal wells

are designed to inject into sedimentary formations,

approximately 62% of which are sand formations and 34% of

which are limestone dolomite.5 The sedimentary basins

which provide deep reception formations containing brine

may also contain shallower formations saturated with

ground water suitable for drinking. Since most industrial
oS.

sites are located within or near densely populated areas

which may rely heavily upon undergroundd sources of

drinking water, precautions must be taken to ensure that

22
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the waste injection operations do not contaminate the

overlying formations containing drinking water.

In compliance with the Safe Drinking Water

Act, 6 The Environmental Protection Agency (EPA) has deve-

loped minimun requirements for state operated programs

designed to regulate the subsurface disposal of industrial

waste by injection. This effort is designed to protect

underground sources of drinking water from endangerment

resulting from underground injection operations. The

technical criteria and standards for use by the states in

the developement and implementation of their state

*' Underground Injection Control (UIC) Programs were pro-

mulgated by the Federal Register on 24 June 1980. 7 Texas

was the first state to have an injection well regulatory

program and to a large extent the Federal UIC Program was

patterned after the Texas guidelines. The Texas

Department of Water Resources (TDWR) recently promulgated

the Texas UIC program.8 The program establishes the stan-

dards and technical criteria which will govern subsurface

disposal of industrial waste in Texas. Appendix A

discusses the standards and criteria establishes by the

EPA and TDWR.

Several potential sources of groundwater con-

tamination may develop during the life of an injection

operation. Potential sources include: 1) failure of the

injection well, 2) faults or fractured confining zone, and

.

h
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3) upward migration of wastes via the abandoned well bores

which penetrate the prospective injection zone. An ade-

quate hydrogeologic survey should eliminate the possibi-

lity of injecting into excessively faulted zones and/or

zones with fractured confining rock. Proper design,

installation, maintainance and monitoring of the injection

well will virtually eliminate the injector as a source of

contamination. The potential for upward migration of

waste via the abandoned well bores however, requires

further investigation.

This report reviews the criteria which apply to

contamination which may result from the migration of

native formation fluid and/or injected waste up the aban-

doned well bore. A procedure is presented to determine

which abandoned wells should be reviewed to determine if

corrective action is necessary to prevent the con-

tamination of ground water sources of drinking water which

may result from upward migration in the abandoned well

bore. The procedure is readily applicable in the Gulf

Coast Area and can be adapted to other areas as required.

Criteria Which Apply to Abandoned Wells

Defining the Area of Review

The EPA and TDWR have promulgated regulations

defining the area of review for an injection well or a

group of wells.7 ,8 The EPA defines the area of review to

N m m m m n nm4m m d m mm m''m' " L ' "'- " " " T ' " " - " )" " ' ' '
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be the zone of endangered influence or a radius of 1/4 mile

which ever- is less. Where the zone of endangered

influence is the area outlined by a radial sweep around an

injection well, field or project where in the pressures in

the injection zone may cause the migration of the injected

and/or formation fluid into an underground source of

drinking water. The computation of the zone of endangered

influence may be based on appropriate equations for

*pressure calculations and/or models and shall be deter-

mined for the life of the injection well system. The TDWR

defines the area of review for industrial waste disposal

'. wells as a radius of 2;J miles or an area of lesser radius,

if so determined by the TDWR. The minimun area of review

allowed by the TDWR shall not be less than a /4 mile radial

distance from the injection well.

References (9) and (10) indicate that the TDWR uti-

* lized a formation pressure increase tolerance of .01 or

.015 psi/ft at well depth to calculate the pressure resis-

tance in an unplugged abandoned wells. If the formation

pressure does not exceed the pressure increase tolerance

at a given abandoned well then the area of review may be

reduced to exclude that well. The tolerance does not con-

sider the characteristics of the fluid which occupies the

abandoned well bore.

.

..........................................................................
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Significance of the Area of Review

The significance of the area of review is that the

regulations require wells within the area of review, which

are not adequately plugged and which as a result of injec-

tion operations may cause contamination of subsurface

sources of drinking water, to receive corrective action

adequate to prevent such contaminaton as a condition of

the underground injection operating permit.

The required corrective action is usually the

plugging of the abandoned well with cement. Since

plugging wells can represent an extensive capital invest-

ment, an adequate definition of the area of review becomes

an important economic factor which must be considered when

the waste injection feasibility study is conducted. If an

area was fully developed as a result of oil and gas

exploration the area defined by a 2 mile radius would

contain more than 300 wells. The cost of locating and

plugging that number of wells would be prohibitive.

The Texas UIC regulations8 require the subsurface

disposal well permit applicant to submit a technical

report with the application for permit. The information

required in the technical report that relates to the area

of review includes:

1) A map indicating the location of the proposed

injection well and the applicable area of review.

Within the area of review, the map must show the
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number, or name and location of all producing

wells, dry holes, surface bodies of water,

springs, mines, quarries, water wells and other

pertinent surface features including residences

and roads;

2) A tabulation of reasonably available data on all

wells within mile of the injection well and all

wells within the area of review which penetrate to

within 300 feet of the injection zone. The data

shall include a description of the type, construc-

tion date drilled, location depth, record of

plugging and/or completion, and other information

of each well as required;

3) Maps and cross-sections indicating the general

vertical and lateral limits of those aquifers

within the area of review that contain water with

less than 3,000 mg/i Total Dissolved Solids (TDS)

and those that contain water with less than 10,000

mg/l TDS, their positions relative to the injec-

tion formation and the direction of water move-

ment, where known, in each fresh water aquifer

which may be affected by the proposed injection.

The cost of obtaining and preparing the above

required information could represent a significant percen-

tage of the initial costs associated with the proposed

subsurface waste disposal well. Thus the magnitude of the

'. ' . ,. -. ,.' ,>.** * .. .. . . a - , ., .. , . . . .. . . . . . . -... . . ... . . . . .. -. .. .
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effort required to prepare the permit application and

technical report is controlled to a large degree by the

determined area of review.

Theoretical Description of the Pressures

Acting at the Abandoned Well Bore

Discussion

The vast majority of the artificial penetrations

which intersect potential injection aquifers are the

result of oil and gas exploration and developement.

Therefore, it is logical to conclude that a means of ade-

quately defining the area of review may lie in an

understanding of the principals and practices which govern

drilling and well completion operations.

The rotary drilling method is predominately uti-

lized in the drilling of oil and gas exploration and deve-

lopment wells. This drilling method is dependant upon the

use of a drilling fluid (mud) which performs several func-

tions which are vital to the method. Appendix B provides

a brief discussion of the importance of drilling fluid to

the rotary drilling method. Upon completion of the

drilling operation if the well is not completed for pro-

duction, the drill string and bit are removed from the

well bore. Drilling mud will remain in the well bore.

Since no means of escape exists, provided lost circulation



*' 30

zones were not encountered, the drilling mud used to drill

the well will remain in the well bore indefinately.

Important Drilling Mud Characteristics

One of the primary functions of the drilling mud

is the removal of bit cuttings during the drilling opera-

tion. The mud must remove the cuttings from beneath the

bit, transport them up the well bore-drill pipe annulus

and release them at the surface. During periods of

suspended circulation, the primary mud property which acts

to suspend the cuttings in the static mud column is the

mud gel strength. The gel strength develops with time as

the mud column remains quiescent. Since the bouyant force

of a static fluid increases with density, drilling fluids

of higher density are also capable of suspending cuttings

during periods of non-circulation. The density of the mud

also accomplishes another important function, that of

controlling encountered formation pressures by providing a

static mud column which is capable of exerting sufficient

pressure to prevent the inflow of formation fluids into

the well bore.

Pressures at the Well Bore

An abandoned well bore can be considered to exist

in a static state. For a static state to exist the forces

which act on the mud column must balance. Figure 1 repre-

sents a vertical force diagram of the static mud column in

.. . .: . .
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an abandoned well bore. The equation for the force

balance takes the following form,

w + 2rwh GS = pf rw2 - Pt w rw2  (1-1)

where w = wr w 2 f h

Simplifying the force balance results in the

following pressure equation,

Pf = Yh + 4hGS (3-1)
D

Pressure Generated by the Static Mud Column

The hydrostatic law of variance of

pressure can be written in the form,

P= Yh (3-2)

Where: h denotes the height of the

liquid column, ft P denotes the

pressure at the base of the ver-

tical liquid column of height h,

lbs/ft2

Y denotes the specific weight,

lbs/ft3

Equation 3-2 can be transformed into the

following usable field equation:

Ps - 0.052 Ph (3-3)

Where: the contant 0.052 has the

units gal/ft-in 2

P denotes the density of

drilling mud, lbs/gal

h denotes the height of the
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static mud column, ft

Ps denotes the static mud
.

column pressure, psi

Pressure Required to Break the Gel Strength of the Static
Mud Column and Initiate Flow

Most oil and gas wells are drilled utilizing water

base drilling fluids. When these fluids remain in a

quiescent state a gel structure developes. The strength

of this structure is important since the formation

pressure would have to increase sufficiently to shear this

structure before the mud in the abandoned well will flow

-. freely. Melrose, et alII defined the pressure gradient

required to rupture the gel strength and initiate flow in

r horizontal pipe as:

AP 4GS (3-4)- -s- -5

Equation 3-4 can be converted to the following

usable field equation:

Pg = 3.33 x 10- 3  Gsh (3-5)

Where: The constant 3.33X10- 3 has the units ft/in

h denotes the height of the static mud

column, ft
re

GS denotes the gel strength of the

drilling mud, lbs/100 ft2 (Gel strength

pressure, Psi)

D denotes the diameter of the abandoned
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well bore, in Pg denotes the pressure

required to break the gel structure and

initiate flow in a horizontal pipe system

where gravity effects are negligible

Formation Pressure Rise During Injection

The well life formation pressure (Pf) which

results at a radial distance r from the injection well at

time t after the start of injection of a small and

constant compressible fluid at a constant rate Q

throughout the life of the well into an infinite, isotro-

pic, homogeneous, horizontal reservoir of uniform

thickness and porosity is well approximated by, 12.

Pf(r, t) - Pi - QuB Ei( -4ucr 2 ) (3-6)

Appendix C provides a definition of the terms of equation

3-6 and demonstrates the derivation of the equation from

the diffusivity equation.

Pressure Theory Summary

The area of review may theoretically be defined as

the radial distance from an injection well where in:

The formation pressure is greater than the static

mud column pressure + the gel strength pressure of the

static mud column which occupies the abandoned well bore

Pf > Ps + Pg (3-7)
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Field Procedure for Determining the Area of Review

Introduction

This section of the report promulgates a general

procedure which can be utilized to determine the area of

review for a proposed subsurface injection disposal opera-

tion. The procedure employs the developed theory to

determine which abandoned wells must be reviewed to deter-

mine if corrective action is required. The corrective

action is required to prevent the contamination of

underground sources of drinking water which could result

from the migration of waste and/or formation fluid up the

abandoned well bore. Application of the procedure during

the initial planning stages of a proposed injection opera-

tion could play an important role in the decision making

process. The variations and options provided by the pro-

cedure will allow planners the flexibility of varing the

injection rates, well locations and other pertinent fac-

tors to insure that the required injection operation can

be accomplished without the expenditure of funds to physi-

cally locate and/or correct abandoned wells unnecessarily.

Assumptions

1.) The static mud column extends to the surface and

is uniform in density.

2.) Abandoned well bore diameters used in calcula-

tions are equal to the bit diameter plus two

, , • ,~. . . ... .. *.. ... . " " ' , -; ": i:' - ,, p S . . ., ..- . '; ...
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inches where bit refers to that used to drill the

hole at the depth of the injection formation.

3.) The gel strength applied to all wells is 20

lbs/00 Ft2

4.) Injection pressures will not exceed the fracture

pressure of the injection formation.

5.) Known abandoned wells for which no data are

available will be assigned the minimum mud den-

sity and the largest bit diameter noted for all

wells within a 2A mile radius of the injector.

6.) None of the abandoned wells were completed and

produced.

7.) All pressures are calculated at the top of the

injection formation.

8.) All abandoned wells were drilled with water base

muds. (fresh water, salt water, oil-in-water

emulsions and surfactant muds).

9.) None of the abandoned wells were plugged.

Justification of Assumptions

1.) Upon entering some abandoned wells it has been

noted that segregation of the mud components does

occur with time. A sedimentary process

apparently occurs to some degree within the sta-

tic mud column. Data describing the degree to

which sedimentation occurs is not readily

.4 ' ' . , ' ' ' . , ' ' ' . '°'' . ° .° " . " .. ' ' -L . "L % - .' . .' j . ," " . . - -" . " . ... . " ..
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available since the phenomenon has received

little attention. If segregation of the mud

column occurs the mud density will increase with

depth. The actual characteristics of the density

gradient is not known since it would vary with

the mud type, composition &nd the characteristics

of the formation drilled. Since the mud has no

means of escape from the well bore the assumption

that the mud column has a constant density with

depths should result in the calculation of a sta-

tic mud colum pressure at the depths of concern

which varies little, if at all, from the actual

pressure. Here again the gel structure would be

expected to increase with depth because of the

deposition of the gel producing particles at the

lower portion of the well bore. The assumption

of uniform mud consistency provides the only

means of calculating the gel strength pressure

since the variations of gel strength with mud

segregation in abandoned wells are not known.

2.) The gel strength pressure (Pg) is inversely pro-

portioned to the well bore diameter, therefore to

compensate for the larger surface casing the

effective diameter of the abandoned well bore

will be the bit diameter used to drill the hole

• '" - -.. " -%- A%. -. - .. ... -.... .. ... .. . .. ... .. . . .. . . ..
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at the depth of the injection formation plus two

inches.

3.) The justification for selecting 20 lbs/100 Ft2

as the expected minimun gel strength for all

water base muds is discussed in Appendix D.

6.) If an abandoned well was completed and produced

the fluid occupying the well bore will be a light

fluid without gel strength and the procedure

described here would not apply.

8.) Because of the lack of gel strength associated

with oil-base, air and gas drilling fluids wells

drilled or completed with these fluids should be

evaluated by alternate procedures.

9.) Considering all wells to be unplugged allows the

pressure calculations to be conducted on the sta-

tic mud column in each abandoned well bore in an

equitable manner for all wells.

Example

Appendix E is an example which correlates with the

,. procedural steps presented below. The example represents

a two well injection system which is injecting into a zone

with characteristics selected to emphasize the procedure.

The abandoned wells represent an actual field orientation

and the mud densities and bit sizes utilized were obtained

from the well logs for the various wells.
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: Step 1

The first step in the procedure is obtaining the

* information required to calculate the pressures. Table 2

lists the subsurface information required and the means by
I.

which it can be evaluated. An effort to attain well logs

- for all abandoned wells within a 21/2 mile radius of the

proposed injection well or wells should ensue. The

appropriate state regulatory agency for oil and gas

exploration should be contacted for assistance in

obtaining well logs or a commercial log library can be

contacted.

:, Step 2

Upon completion of a thorough investigation to

locate all abandoned wells within the 21/2 mile radius of

the injectors, the abandoned well locations should be

accurately indicated on a suitable map. An appropriate

grid system which indicates the distance, in feet between

the abandoned wells should then be superimposed over the

map. The grid system provides a means by which the rela-

tive distance between the abandoned wells and the injec-

tion wells can be determined so that the pressures

resulting from the injection operation can be evaluated at

each abandoned well.

i
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TABLE 2.

SUBSURFACE INFORMATION REUIRED FOR PRESSURE CALCULATIoNS

PRESSURE INFORMATION KETHODS AVAILABLE
CALCULATED DESIRED FOR EV.ALUATION

Formation Porosity Core analysis, electric, sonic
and radioactive loxs

Permeability core analysis,buildupdrawdown
or Injectivity tests or

- electric logs

Formation fluid Drill stem testehydrostatic
pressure pressure gradient, pressure

bomb

Formation electric logs, sonic logs,
thickness radioactive logs

Formation depth electric, sonic and
radioactive logs

Static mud Rud density well log headers
column

Formation depth (same as above)

Gel strength Bit size well log headers

Pormation depth (same as above)

-°- o-,. o - .• . . . - ... . . . . . . . . . . .. . . - -
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Step 3

Utilizing the information gathered in step one,

the formation, static mud column, and gel strength

pressures are calculated. The formation pressure calcu-

lated must represent the injection formation pressure at

the end of the stated life of the injection well system.

A computer program INJWEL (Appendix F) was developed to

calculate the required pressures. Use of the program is

demonstrated in the example contained in Appendix E. The

program calculates the formation pressure, static mud

column, and gel strength pressures up to a radial distance

of 13,000 feet (approx. 21/2 miles) from the injector. The

program also generates an X-Y Plot of the formation, sta-

tic mud column, and static mud column + gel strength

pressures as a function of the radial distance from the

injection well. The x-y Plot graphically approximates

I  the area of review by indicating the radial distance from

the injector where the static mud column + gel strength

pressure exceed the formation pressure. Since most waste

injection operations utilize more than one injection well

the program can be used in these instances by assuming

that the combined flow rates of all injectors is input

into one well. Since the wells are usually located rela-

tively close together this assumption should provide a

realistic approximation of the area of review. The

program is designed to calculate the formation pressure

-, ,, -, . . . ... : - - ,-. -" -, - •- . . .
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utilizing an input flow rate or by determining a maximum

allowable flow rate utilizing an input formation fracture

pressure.

JI The static mud column pressure calculated by

INJWEL depends on the mud density.

Ps - 0.052ph (3-3)

Since the mud density varies with each abandoned

well, the static mud column pressure will also vary. To

define properly the area of review it is necessary to take

the extreme case where Ps is a minimun. Therefore the

density to be utilized in the static mud column pressure

calculation must be the lowest density recorded in the

abandoned wells within a 2 mile radius of the injectors.

Equation 3-3 can be modified to yield the appropriate

equation:

P s - 0.052 Pmin h (3-8)

The gel strength presure calculated by INJWEL is

inversely proportional to the diameter of the abandoned

well. Since the diameters of the abandoned wells vary,

proper definition of the area of review requires the use
of the minimun gel strength pressure calculated in the

abandoned wells located in the 2 mile radius of the

injectors. This minimun theoretically will occur in the

YU abandoned well drilled with the largest bit size at the

-injection formation depth. Equation 3-5 can be modified to

yield the appropriate 2quation:
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Pg - 3.33 X 10- 3 Gsh (3-9)

Dmax

Where: D may denote the largest bit diameter at

the injection formation depth plus two inches.

Step 4

The information obtained in step two is utilized

in this step to determine the formation pressure at each

of the abandoned wells for the specified time period. The

formation pressure is calculated by utilizing a computer

program PRES (Appendix (G)) which has undergone some

FORTRAN modification from the original program developed

by Carter. 13 The program determines the formation

pressure at each abandoned well at specified time periods.

For use in calculating the area of review the time must

equal the life of the injection well or wells. Although

an average injection rate would suffice, the program is

capable of determining the formation pressure at a spe-

cified time for wells injecting at varing rates. The use

of PRES is demonstrated in the example contained in Appen-

dix E. In addition to calculating the pressures at the

abandoned wells PRES also generates an X-Y Plot which lo-

cates the injectors and the abandoned wells on an appro-

priate grid system. The x-y Plot also contains an isobar

which represents the static mud column + gel strength pres-

pressure calculated by INJWEL in step three. This isobar de-

fines the area of review. Inside the area encompassed by the

, "U'i)'~~~..........................,. .. ...... , ..- ., -.. ,..- ....-...-....... ,
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isobar the formation pressure exceeds the static mud

column + gel strength presure and the potential for con-

tamination of underground sources of drinking water by

migration of injection and/or formation fluid up the aban-

doned well bore exists. The X-Y Plot graphically defines

the area of review and clearly delineates the wells which

fall within the area of review and will require further

examination.

INJWEL and PRES both provide means of calculating

* the required pressures and utilize the pressures to

graphically display the area of review. INJWEL relates

the pressure cone which results from the injection opera-

tion and it clearly displays the rapidity with which the

pressure falls off with increased distance from the well.

The cone demonstrates the sensitivity of the area of

review to small pressure changes at large radial distances

from the injector. In other words a small variation in

the static mud column plus gel strength pressure at large

radial distances can result in a big variance in the area

of review defined. PRES provides a graphical represen-

tation which requires little explanation. The area of

review is clearly defined with respect to the injection

wells and the abandoned wells.

4
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Step 5

If after completing steps one through four it is

found that all wells contained within the static mud

column plus gel strength pressure isobar, the area of

review, have a mud density greater than the density used

to calculate the static mud column pressure in step three

then the static mud column pressure should be recalculated

using the minimun mud density obtained for all abandoned

wells within the area of review defined by steps three and

four. Should all abandoned wells within the defined area

of review have a bit size at the injection formation less

than that used to calculate Dmax in equation (3-9) then the

gel strength should be recalculated utilizing the largest

bit diameter encountered in the abandoned wells contained

within the isobar defining the area of review in step

four. This iterative process can be repeated until the

wells contained within the area of review have the same

gel strength and static column pressure as determined in

the previous iteration. Once the iterative process is

completed the area of review defined is the true area of

review for the particular injeciton well system in

question.

Step 6

Step 5 defines the area of review for the proposed

injection operation. Reference 8 requires that correc-

"'.
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tive action be taken on all wells within the area of

review which are inadequately constructed, completed, or

abandoned and which as a result of the injection activity

may cause the pollution of fresh water. Utilizing the

developed theory it is possible to evaluate each abandoned

well within the area of review on an individual basis to

determine if the injection activity will cause interforma-

tional fluid transfer at that particular well.

Utilizing equations (3-8) and (3-9) to evaluate each well

it is possible to determine those wells which present a

pollution problem. Those abandoned wells where

Pf>Ps+Pg should be reviewed to determine if corrective

action is necessary.

Ri! Step 7

Once the wells requiring corrective action are

identified the action should be inetiated. The EPA and

TDWR standards 7,8 for action required to prevent pollu-

tion of ground water sources of drinking water indicate

that corrective action shall consider the following

factors:

(1) Toxicity and volume of the injected waste;

(2) Toxicity of native fluids and by-products of

injection;

(3) Population potential affected;

(4) Geology and hydrology;
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(5) Completion and plugging records:

(6) Abandonment procedures in effect at the time a

well is abandoned; and

(7) Hydraulic connections with fresh water.
Normally corrective action should involve the

location and re-entry of the well and proper plugging in

accordance with the Texas Railroad Commission rules and

regulations. In some cases this may not be possible due

Jto inability to locate the well site or because construc-

tion has covered the site. In these cases two options

are: (1) lower the injection volume so that lower

pressures will occur or (2) drill a nearby monitor well in

.1 the drinking water source.

Summary

The heavy dependance on ground water for daily

needs demands that every precaution be taken to protect

the remaining supplies. Subsurface disposal of hazardous

wastes by injection is an alternative which provides for

the protection of subsurface sources of drinking water.

Subsurface disposal presents less water pollution poten-

tial than the commonly utilized surface disposal methods.

Economic conditions must be favorable to subsurface injec-

tion before waste generators will consider it as a viable

waste disposal option in geologically favorable areas.

The cost of compliance with the UIC program regulations

.. . .. . . .....-.... ... ........ . .



47

may be the deciding factor when the costs of disposal

options are evaluated. The extent of corrective action

required within the area of review could represent a

significant portion of the costs required to comply with

UIC regulations. The disposal option selected and the

resulting impact potential on underground sources of fresh

water may be controlled by the size of the area of review.

Therefore, it is necessary to have a procedure which will

ensure the protection of ground water while eliminating

unnecessary expendatures for corrective action.

Conclusions

The following conclusions were drawn from the

results of this investigation.

1.) The costs associated with record searches and field

surveys undertaken to determine the plugging history of

abandoned wells can be avoided if the wells lie outside

the area of review determined by the proposed procedure.

2.) The costs associated with plugging abandoned wells

located outside the calculated area of review can also be

avoided.

3.) The procedure minimizes the cost of locating and

plugging abandoned wells since it allows the user to

reduce the number of abandoned wells located within the

area of review by varing the well locations, the selection

of injection formation and flow rates.



7 --- - -7 .7.r.,

P 48

4.) Utilization of the procedure to determine the area of

review should present no risk to subsurface sources of

drinking water since the procedure considers all abandoned

wells within the 2 mile radius of the injection wells and

utilizes the data obtained to design for the worst

possible conditions.

5.) The area of review determined will decrease as the

depth to the injection formation increases. Thus where

equivalent injection formations exist injection into the

deeper formation will result in the smaller area of review

determination.

6.) The 20 lb/100SF gel strength utilized for the determi-

nation of the gel strength pressure represents the minimun

ultimate gel strength expected to be encountered when eva-

luating abandoned wells drilled with water-base drilling

fluids.

7.) The procedure described can not be applied to zones of

lost circulation or to abandoned wells drilled with muds

that do not exhibit the thixotrophic property of gel

strength.

8.) Since the pressure cone resulting from the injection

operation falls off quickly the size of the area of review

varies greatly with small pressure changes at large radial

distances from the injectors.

- , **.*' **.A'- . . '.'..'. 
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Recommendations

The following recommendations are offered in an

effort to better define the area of review for hazardous

waste disposal wells:

1.) That the procedure outlined in the previous sections

be utilized to determine the area of review for hazardous

waste disposal wells.

2.) That research be undertaken to determinme the long

term effects of bore hole conditions on the gel strength

of water-base drilling fluids.

3.) That research be undertaken to determine the degree of

component segregation which water-base muds undergo while

remaining quiescent in the bore hole for long periods of

time.

4.) That other procedures utilized to determine the area

of review consider the characteristics of the drilling

fluid which occupies the abandoned well bore.
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STANDARDS AND TECHNICAL CRITERIA APPLICABLE

TO INDUSTRIAL WASTE INJECTION

The regulations promulgatged by the 24 June 1981

Federal Register were proposed under the authority of the

U,- Safe Drinking Water Act and are designed to protect the

quality of underground sources of drinking water from con-

tamination which could result from the injection of waste

fluids- into subsurface formations. The regulations

established the technical criteria and standards for use

by states and the EPA in the developement and implemen-

tation of state UIC programs. The regulations promulgated

by the 24 June 1980 Federal Register do not etablish

requirements for owners or operators of injection wells.

They establish requirements for state and EPA officials to

be used in developing the state UIC programs which, when

they become effective, will in turn establish enforceable

requiremnts for owners or operators of injection wells.

The Texas injection well act incorperates the

standards and technical criteria promulgated by the 24 June

1981 Federal Register into the Texas UIC program. Since a

large percentage of the waste injection wells in operation

in the United States are located in the State of Texas, the

provisions of Injection Well Act will be reviewed to provide

51
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an overview of the standards and technical criteria which

apply to the owners and operators of industrial waste

'I disposal wells within Texas. UIC programs will vary from

state to state but compliance with the Federal Register

ensures that all programs must incorporate the same basic

* standards and technical criteria.

The Injection Well Act requires owners and opera-

tors of industrial waste disposal wells to comply with the

following:

A Permit Application - It is the responsibility of

the owner of a waste injection facility to submit

an application for permit; except if the facility

is owned by one individual and operated by

another, then it is the responsibility of the

operator to submit the application for permit.

Each application for permit shall include the

following:

1.) Name, mailing address, and location of the

injection operation for which the application

is submitted;

2.) Ownership status as federal, state, local,

private, public or other;

3.) Operator's name, mailing address, and

telephone number;

4.) A brief description of the type of business

operated;

S.. -. -......... - . ~1ikA. 1..- ,::. ..........
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5.) Activities conducted at the site which

require a permit;

6.) Statement of up to four SIC codes which best

describe the principal products or services

provided by the facility;

7.) An appropriate map which shows the facility

and each of its intake and discharge struc-

tures. The map shall depict the approximate

boundaries of the tract of land to be used by

the applicant and shall extend at least one

mile beyond the tract boundaries sufficient

to show the following:

a.) Each well, spring, and surface water

body within the map area;

b.) The presence of public roads, towns and

the nature of developement such as resi-

dential, commercial, agricultural,

recreational, undeveloped or otherwise

within the map area;

c.) The location of other waste disposal

activities conducted at the tract but

not included in the permit application;

d.) The ownership of tracts of land within a

reasonable distance from the proposed

injection point; and

!' "" r l,* . l. ,.-',** --,..- ""..- ..-..- -.. ..- .'-........-....... .-..... . .. .
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e.) Such other information as reasonably

requested.

8.) A list of all permits or construction approvals

received or applied for under the provisions of

other environmental protection regulations or

programs.

9.) Whether the facility is located on Indian lands;

10.) A supplementary technical report. The report

shall be prepared by a registered professional

engineer or other qualified person and shall be

submitted when requested. The report shall

include the following:

a.) A general discription of the facility and

systems used in connection with the waste

injection activity.

b.) For each injection well:

i.) The injection rate of the disposal waste

stream, including appropriate averages,

the maximun rate of injection over repre-

sentative periods of time, and detailed

information regarding patterns of

injection; and

ii.) The physical and chemical properties of

the defined waste injection stream; che-

mical, physical, thermal, organic, bac-

V *.&- - - ; -. . , . . .. . - , . - -- . . , , ., ,, . .--V ' i - ii¥ ' r' .".-. .. ; ".,, . -.-,.:'. - ',- -,',---. -, ,.,, ... , ..::...,- :!
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teriological, or radioactive, as

applicable.

c.) Such other information as may be reaso-

21 nably required for an adequate

understanding of the project or operation.

11.) Additional information as follows:

a.) A plugging and abandonment plan;

b.) A letter from the Railroad Commission of

Texas stating that the drilling of a dispo-

sal well and the injection of the waste into

the selected subsurface disposal formation

will not endanger or injure any oil or gas

formations.

f. Terms and Conditions of the Permit - Acceptance

of the permit by the person to whom it is issued

constitutes an acknowledgement and agreement that

he will comply with all the terms and conditions

contained within the permit, the rules of the

TDWR and any other orders issued by the TDWR.

Conditions applicable to all permits issued under

the UIC program are as follows:

1.) All reasonable steps required to minimize or

correct any adverse impact on the environment

resulting from noncompliance with the permit

must be promptly undertaken;

•4% 4 4 4 "4 . 44. . . . . . .
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2.) All facilities shall be properly operated and

maintained at all times;

3.) The permittee shall provide to the TDWR, upon

Srequest, copies of records required to be kept

by the permit;

4.) The permittee shall notify the TDWR prior to any

physical modifications which would require a

*permit modification;

5.) The permittee shall not begin any mofications

which would result in noncompliance with other

permit requirements without written approval

from the TDWR;

6.) Within 24 hours after occurance, the permittee

shall orally notify the TDWR of any non-

compliance which may endanger health or the

environment.

7.) The permitted shall allow entry to and inspec-

tion by TDWR personnel as prescribed by Texas

law;

8.) The permittee shall monitor and obtain samples

and measurements required to provide sufficient

evidence that the disposal operation is con-

ducted in compliance with the permit provisions.

9.) Monitoring results shall be provided to the TDWR

at the intervals specified in the permit; and

Ill i ~ ., a' .- , . a' , , , ,,, ,. a" J" - " ' "- -". -" -- - . . . .'
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10.) The permittee shall promptly submit facts or

information to the TDWR if it is noted that such

facts were omitted from the permit application,

or were submitted incorrectly.

C. Conditions Applicable to Individual Permits - The

following conditions will be determined on a

case-by-case basis.

1.) The duration of the permit varies with the

type of waste disposal operation. Industrial

waste disposal (Class 1) wells shall be per-

mitted for a fixed term not to exceed 10

years;

2.) The type, intervals and frequency of moni-

toring, recording and reporting shall be

determined to yield representative data of

the disposal operation;

3.) A schedule of compliance prescribing a time-

table for achieving compliance with the per-

mit conditions an appropriate regulations may

be incorperated into the permit.

D. Corrective Action - For wells within the area of

review which are inadequately constructed,

completed, or abandoned, and which as a

result of the injection operation may cause

the pollution of fresh water, the TDWR will

L e-9~- *
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incorperate into the permit conditions

requiring corrective action adequate to pre-

vent such pollution. Permits issued for

. existing injection wells requiring corrective

action may include a compliance schedule

prescribing the time within which the correc-

tive action must be completed.

D. Financial Responsibility - The permittee shall

obtain a performance bond or other equivalent

form of financial assurance or guarantee approved

by the TDWR to ensure that closing, plugging and

abandoning of the injection operation is

accomplished in the manner prescribed by TDWR.

E. Surface Facilities - The surface facilities asso-

ciated with a hazardous waste disposal well must

comply with the rules and regulations which are

applicable to hazardous waste management

facilities.

F. Record Retention- The permittee shall maintain

all records concerning the nature %nd composition

of the injected waste until five years after

completion of the plugging and abandonment of the

well.

G. Site Identification and Access - Industrial waste

disposal wells shall have the following:
'hp
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1.) A posted sign at the well site which shall

show the name of the company, company well

number and permit number.

- 2.) An all-weather road maintained to allow

access to the injection well and related

facilities.

3.) Painting and maintainance of the wellhead and

associated equipment to ensure proper working

order without significant leaks.

H. Standards and Conditions Which Apply to Class

I or Industrial Waste Disposal Wells

1.) An injection well must demonstrate mecha-

nical integrity. An injectin well is said

to have mechanical integrity if there is

no significant leak in the casing, tubing,

or packer, and if there is no significant

-fluid movement through vertical fluid

channels adjacent to the injection

wellbore. The following tests shall be

conducted to evaluate the mechanical

integrity of an injection well:

a.) Monitoring of annulus pressure, or a

pressure test with liquid or gas to

detect any leaks in casing, tubing,
or packer; and,

-17 - -
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b.) A temperature or noise log to detect

any fluid movement through vertical

channels behind the casing.

2.) Corrective action required to prevent or correct

pollution of underground sources of drinking

water shall consider the following factors:

a.) toxicity and volume of the injected waste;

b.) toxicity of native fluids and by-products of

injection;

c.) population potential affected;

d.) geology and hydrology;

e.) history of the injection operation;

f.) completion and plugging records;

g.) abandoment procedures in effect at the time

a well was abandoned; and,

h.) hydraulic connections with fresh water.

3.) The TDWR will certify construction and comple-

tion of an injection well or project which is

constructed and completed in compliance with the

requirements of a permit. To determine if such

certification will be made, TDWR shall consider

the following:

a.) logging and testing program data on the

well;

b.) a demonstration of mechanical integrity;

c.) anticipated operating data;

1°'• . . . - .- . .. -
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d.) the results of the formation testing

program;

e.) the injection procedure;
f.) the compatibility of injected waste with

formation fluid in the injection zone and

with the minerals in both the injection and

confining zones; and,

g.) the status of corrective action required for

abandoned wells in the area of review.

4.) Prior to abandoning hazardous waste disposal

wells the well shall be plugged with cement in a

manner which will not allow the upward migration

of fluids out of the injection zone either into

or between freshwater aquifers. At least 90

days notice will be given the TDWR before the

plugging and abandonment commences in compliance

with an approved plan. Placement of the cement

plug shall be accomplished utilizing one of the

following aproved methods:

a.) the Balance Method;

b.) the Dump Bailer Method; or

c.) the Two-Plug Method.

The adequacy of a plugging and abandonment plan

shall be determined by considering the

following:

a.) the type and number of plugs to be used;

- - . ° ,'. . .- . . . .- - . ' . . V V .2 - * .- V -. - . .
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b.) the placement of the plugs;

c.) the type, grade and quantity of the plugging

material used;

d.) the method of placement of the plugs;

-I e.) the procedure used to plug and abandon the

.- well;

f.) any new information obtained on wells within

the area of review;

g.) geologic or economic conditions; and,

h.) such other factors that may affect the ade-

quacy of the plan.

Within 30 days after completion of plugging, the

permittee shall file a plugging report with the

TDWR.

5.) All hazardous waste disposal wells shall be

cased and cemented to prevent the movement of

fluids into or between fresh water aquifers.

Sufficient cement shall be used to fill the

annulus between the casing and the wellbore to

ground level. The casing and cement used shall

be selected to ensure that the final design is

adequate for the life of the well. The minimun

depth of the surface casing will be determined

by the TDWR and will be selected to protect

fresh water formations. The following factors



,63

shall be considered when specifying casing and

cementing requirements:

a.) depth to the injection zone;

b.) injection pressure, formation pressure,

wellbore pressure, and axial loading;

c.) hole size;

d.) size and grade of all casing;

e.) corrosive effects of injected waste, for-

Nmation fluids, and temperatures;

f.) lithology of injection and confining

intervals;

-A g.) types and grades of cement.

6.) All hazardous waste disposal wells shall inject

through tubing with either a packer set above

the injection zone or a fluid seal system

approved by the TDWR. Tubing, packers or fluid

seals shall be selected utilizing the following

considerations;

a.) setting depth; characteristics of the

injected waste;

c.) injection pressure;

d.) annular pressure;

e.) rate, temperature, and volume of injected

waste; and,

f.) size of casing.

,4
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7.) Appropriate logs and other tests shall be

completed during the drilling and construction

stages of the hazardous waste injection well. A

minimun of the following logs and tests shall be

conducted:

a.) deviation checks;

b.) Spontaneous Potential (SP), resistivity or

Gamma-Resistivity, and caliper logs before

the surface casing is installed;

c.) SP, resistivity or gamma-resistivity, and

caliper logs before intermediate and long

string casings are set and a cement bond

log, a gamma-ray log and an inclination

survey after casing is set;

d.) pressure testing of all casings;

e.) full-hole cores of the injection zone

and lowermost overlying confining zone;

8.) After completion of the well, injectivity

tests shall be performed to determine the

well capacity and reservoir characteristics.

9.) The following operating requirements are

imposed:

a.) Injection pressure at the wellhead shall

be limited so as to assure that the

pressure in the injection formation

during injection will not initiate new

* ,'.,:'.,.',-'.,'.. ... " .. - , ,". . ., .- -.. .. ... . ... *. -*.** . .. ... .-



-71 7"7'--r

". 65

fractures or propagate existing frac-

tures in the injection formation;

b.) Injection outside the outermost casing

is prohibited.

C.) The annulus between the tubing and the

casing shall be filled with a fluid

approved by the TDWR.

d.) Monthly average and instantaneous rates

of injection, and annual and monthly

volumes of injected waste shall not

exceed limits specified by the TDWR.

e.) The chemical and physical charac-

teristics of the injected waste shall be

maintained within specified permit

iimts.

f.) The TDWR shall be notified if any

workover operation or corrective main-

tenance which involves taking the injec-

tino well out of service is

contemplated.

10.) Monitoring requirements include the

following:

a.) Sampling and analysis of injected waste

* with sufficient frequency to yield

representative data of the characteristics;
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b.) Gauges so that the tubing and casing

annulus pressures can be monitored at

all times;

c.) The installation of continuous recording

devices to record injection tubing

pressures, injection flow rates, injec-

tion volumes, tubing-long string casing

annulus pressure, and any other spe-

cified data.

d.) The demonstration of mechanical

integrity at least every five years

during the life of the well.

e.) The monitoring of wells within the area

of review to observe water quality and

determine if waste migration has

resulted.

11.) Reporting requirements are as follows:

a.) Prior to operating the injection well

the permittee shall within 90 days

after completion of the well submit

to the TDWR the following:

i.) A completion report providing the

drilling and completion history,

casing and cementing records,

well logs, injectivity tests per-

formed on the well and a sur-

ii
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veyors plat showing the exact

location and giving the latitude

and longitude of the well.

ii.) A well data report on forms

supplied by the TDWR.

b.) The permittee shall provide the health

and pollution control authorities of

the county, city and town where the

well is located with a copy of the

permit prior to start-up.

c.) The permittee shall notify the TDWR in

writing of the anticipated well start-

up date.

d.) Within 20 days after the last day of

each quarter the permittee shall file

a quarterly Report of

Injection Operation.

e.) An Injection Zone Annual Report shall

be filled with the December quarterly

Report of Injection operation. The

*4 report shall provide an updated report

of the pressure effects of the injec-

tion well on the injection formation.

f.) The permittee shall within 45 days

after completion of a test for mecha-

ai
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nical integrity provide the data and

an interpretation of the results to

the TDWR.

g.) The permittee shall notify the Austin

office of the TDWR within 24 hours of

any change in monitoring parameters

which could reasonably be attributed

to a leak or other failure of the

well equipment or injection formation

integrity.

h.) Within 60 days after the completion

of a workover, a report shall be

filed with the TDWR. During major

workovers the bottom pressure shall

be determined.

12.) Record keeping requirements are as

follows:

a.) All monitoring required by the per-

mit, including continuous records

of:

i.) surface injection pressure,

ii.) tubing-long string annulus

pressure,

iii.) injection flow rate.

b.) Monthly total volume of injected

wastes.
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c.) Periodic well tests of the following:

i.) Injection fluid analyses,

ii.) Bottom hole pressure deter-

minations, and

iii.) Mechanical integrity

d.) All records shall be made available

upon request of a representative of the

TDWR.

e.) The permittee shall retain for a period

of three years from the date of record,

records of all informaiton resulting

from any monitoring activities or other

records required by the permit.
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THE IMPORTANCE OF DRILLING FLUID TO

THE ROTARY DRILLING METHOD

The Rotary Drilling Method

The rotary drilling method employs a rotating

drill string, a series of casings ans collars, to apply a

force to a connected drill bit which interacts with the

rock being drilled. The force applied to and the rotating

action of the bit causes the rock to fail. A drilling

fluid is continuously circulated down the inside of the

drill string, out the nozzels of the bit, and up the annu-

lar space between the well-bore and the drill pipe to faci-

litate the removal of the cuttings generated by the bit.

As the drilling continues additional joints of drill pipe

are added. When the bit becomes dull the drilling mud

circulation is discontinued, the drill string is removed

from the hole, the bit is replaced, the drill string is

run back into the hole and mud circulation is restarted.

Once the mud is circulated to the surface it is diverted

through a series of tanks and pits designed to allow the

mud to release the cuttings it has removed from beneath

the bit. The pits also provide the operator an oppor-

tunity to condition the mud so that it is capable of per-
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forming the desired functions. Figure (8) shows a typical

mud circulating system.

The Functions of Rotary Drilling Fluids

Rotary drilling fluids perform the following

functions:

1.) Remove cuttings from beneath the bit,

transport them up the annulus, and deposit

them at the surface.

2.) Cool and clean the drill string and bit.

3.) Control encountered formation pressures by

preventing the inflow of formation fluids into

the wellbore.

4.) Form an impermeable filter cake to seal the

pores and voids in formations penetrated by

the bit.

5.) Suspend cuttings during periods when cir-

culation is suspended.

6.) Aid in the collection of information from cut-

tings, cores, and wireline logs.

7.) Improve the drilling rate.

8.) Release entrained gas at the surface.

9.) Trasnmit hydraulic horsepower to the drilling

bit.

10.) Minimize wellbore erosion.
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11.) Lower swab and surge pressures and pressures

required to inetiate circulation.

Composition and Types of Drilling Fluids

A wide and varied range of fluids are utilized in

the rotary drilling method. The fluids range from air and

natural gas to fluids two to three times as dense as

water. Table 3 lists the classifications of drilling

fluids and briefly outlines their principal components and

characteristics. The commonly used drilling muds consist

of: 14

1.) A continuous liguid phase (usually water).

2.) A dispersed gel-forming phase such as

colloidal solids (usually bentonite clay)

and/or emulsified liquids (usually oil) which

furnish the desired viscosity, thixotrophy,

and filter cake.

3.) Other dispersed solids such as weighting

material (usually barite), sand and cuttings.

4.) Various chemicals to control mud properties

within desired limits.

The choice of drilling mud for a particular well is

dependant upon the geologic conditions which exist at the

formation being drilled and is guided by the mud functions

which are most critical to the well in question. Other
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TABLE 3

CLASSIFICATION OF DRILLING FLUIDS

Classificatior Principal: Characteristics
Ingredients

GAS:

Dry Air Dry Air Past frilling in dry. hard
rock No water Influs Dust

Mist Air, water or Wet formations but little
mud water In'lux

High Annular velocity
Foam, Air, water. Stable rock

foaming agent Koderate water flow
::.. tolerated

Stable foam Air, water All"reduced-pressure"

containing conditions: Large volumes
polymers and/or of water, big cuttings
bentonite;foaming removed at low annular
agent velocity

Select polymer and foamc-
Ing agent to afford hole
stability and tolerate

- salts
Foam can be formed at

surface

WATER:

Fresh Fresh Water Past drilling in stable
formations. Need large
settling area. floc-
culants, or ample water
supply and easy disposal

Salt Sea Water Brines for density
Increase and lower
freezing point
Limited to low perm rocks

Low Solids Muds* Fresh water,poly- Past drilling in compon-
mer, bentonite ent rocks

Mechanical solids removal
equipment needed
Contaminated by cement,
soluble salts

NOTES :

Detergents. lubricants, and/or corrosion inhibitors may
be added to any water composition
* When barite is added to raise the density of these

muds, they are called "nondispersed" muds.

S'%.; --- , ,..-,,,=,..-.,-.-. .- -. . . . . . .
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TABLE 3 CONT

CLASSIFICATION OF DRILLI14G FLUIDS

Classification Principal Characteristics
Ingredients

Spud Mud Bentonite and Inexpensive
water

Salt Water Sea waterbrine Drill rock salt
Muds* saturated salt Work overs

water,salt- Lrilling salts other than
water clays, halite may require special
starch,cellI- treatment

* ulosic polymers
Lime Yuds* Fresh or brack- Shale drilling

ish water, ben- Simple maintenance at med-
tonite(or native ium densities
clays), lime. Max temp. 3000? with lignite
chrome-lignosul- added
fonate
Lignite. sodium
chromate and
surfactant for
high tempera-
tures

Gyp Muds** Same as lime Shale drilling
muds, except Simple maintenance
substitute Max. temp. 325°F
gypsum for Unaffected by anhydrite.
lime in above cement, moderate amount
composition of salt pH 9-10

CL-CLS Muds** Fresh or Brackish Shale drilling
water, bentonite Simple maintenance
caustic soda, Max Temp. 350°F
chrome lignite. Same tolerance for contam-
chrome-lignosul- Inants as gyp muds

., f onate
Surfactant added pH 9-10
for high temp-

*. erature

NOTES:
*Diesel oil is often added to these muds. frequently
along with an emulsifying agent.
**Temperature stability of these muds is increased by

removing calcium and adding lignite and surfactant

(SMS

0
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* TABLE 3 C014T

CLASSIFICATIuN UF DRILLI.NG FLUIDS

Classification Principal Characteristics
Ingredients

Potassium Muds Potassium chloride Hole stability
acrylic, blo or Mechanical solids-removal
cellulosic poly- equipment necessary
mer, some Fast drilling at minimum
bentonite solids content

pH 7-8
OIL:

Oil Weathered crude Low-pressure well complet-
oil ion and workover

Asphaltic crude + Drill shallow, low-pres-
soap + water sure productive zones

Water can be used to
increase density and
cutting-carring abilizy

Asphaltic Muds Diesel oil, The composition of oil
asphalt, emul- muds can be designed to
sifiers, water satisify any density and
2-10% hole stabilization

requirements and temp-
erature requirements to
600oF

Non-Asphaltte High initial cost and
Ruds(*Invert") Diesel oil, emul- environmental restrict-

ions but low mainten-
clay, modified ance cost
resins and soaps.
5-40% water

NOTES:

(1) Density of oil muds can be raised by addition of
calcium carbonate or barite.

(2) Calcium chloride is added to the emulsion water
phase to increase shale stability.

(From Gmay. Darley & Rogers
1 8)
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significant factors include economics and the availability

of make-up water.

Important Static Drilling Fluid Properties

Two of the properties of drilling fluid which

enable it to perform its required functions are also

important when determining the pressures which act on a

static mud column in an abandoned well. These properties

must be understood in order to evaluate the pressures

which could cause formation fluids to migrate up an aban-

doned wellbore. The pertinent properties are the gel

strength and the mud density. A review of the functions

these mud properties perform provides background infor-

mation which may be helpful when attempting to evaluate

the pressures which act at the static wellbore.

The Importance of Controlling the

Gel Strength in Drilling Fluids

Proper control of the gel strength of a drilling

fluid is essential to the adequate functioning of the mud.

The gel strength must be high enough to suspend cuttings

during periods of non-circulation, but low enough to: 15

1.) Allow sand and shale cuttings to settle out and

entrained gas to cscape in the mud pits.

2.) Permit ready breaking of circulation as the pump

is started.

!. A. -
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3.) Minimize swabbing effects when pulling the drill

string from the hole.

The most common causes of high gel strength during

4I drilling are:

1.) Insufficient deflocculation of the clay colloids

which may require the addition of chemical thin-

ners.

2.) To high a concentration of solids; the accumu-

* lated solids must be reduced by dillution or

mechanical seperation.

3. Contamination from drilling anhydrite, gypsum,

.4 cement, rock salt or from a salt-water flow: The

effects of the contaminants can be nullified by

using thinners and filtration control agents.

Blow outs may result if the gel strength is too

high. High gel strengths require excessive pump pressures

to initiate mud circulation thus the increased pressure may

be sufficient to fracture a weak formation and cause lost

circulation. High gel strength may cause a suction when

pulling the drill pipe out of the hole, this situation may

swab formation fluid into the hole producing a kick which

could lead to a blowout.

The Removal of the Bit Cuttings

The removal of cuttings from beneath the bit and

the transport of the cuttings to the surface is the pri-

..... ..................... . ....... +...... ... ,... .................... .+.... ...... ++
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mary function which all rotary drilling fluids must per-

form effectively if the bit penetration is to progress

optimally. The bit nozzel and annulus velocities df the

drilling mud circulated during drilling operations are the

chief factors which control cutting removal and transport,

respectively. Annulus velocities between 100 and 200

ft/min are frequently used. The annular mud velocity is

dependant on pump capacity, pump speed, bore hole size and

drill pipe size. The viscisity of the mud determines the

efficiency of the cuttings removal for a specific velo-

city. While changing bits and during other periods of

4 inactivity, the drilling fluid must be capable of

suspending the cuttings being circulated to the surface.

If the cuttings are not suspended during non-circulation

they will fall back towards the bottom of the hole where

they could cause the bit or drill collars to stick and pro-

duce an expensive fishing job.

Mud Properties Which Enable the

Static Mud Column to Suspend Cuttings

-" The primary mud property which acts to suspend

cuttings in the static mud column is the gel strength.

Gel strength is the result of a gelled structure which

developes in common drilling fluids when they remain in a

quiescent state. The gel structure acts to support the

weight of the suspended cuttings. Since the bouyance

.. 4 **. *4~_1 t - 7 .
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force exerted by a static fluid increases with its den-

sity, an increas in mud density will result in a greater

ability of the mud to support cutting during periods of

non-circulation.

Controlling Formation Pressures

The mud density also accomplishes another impor-

tant function, that of controlling encountered formation

pressures by preventing the inflow of fluids into the

wellbore. It is imperative that the mud density be fully
controlled since serious drilling hazards may result if it

isn't. A fluid kick may result if the formation pressure

exceeds the static mud column pressure. The kick occurs

when the formatin fluid (gas, oil or water) enters the

bore hole. As the fluid rises up the annulus, it expands

and displaces the drilling mud contained in the annulus.

The loss of mud in the annulus further reduces the static

mud column pressure, allowing more fluid to enter the

wellbore. If the situation is not brought under control a

blowout could result. When the density of the mud is

excessive, the pressure of the static mud column may be

sufficient to fracture weak formations which could result

in lost circulation. Lost circulation is defined as a

significant loss of drilling mud to a formation. When

this occurs the mud column will drop and a reduction in

the static mud column pressure results.

1",
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If the static mud column pressure drops below the for-

mation pressure the risk of a blowout will again be

encountered. The normal pressure gradient, the gradient

utilized to determine the formation pressure in normally

pressured zones, is considered to be the pressure exerted

by a column of typical formation water and is equal to

0.465 psi/ft of depth in the Texas Gulf Coast Area.

i9
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THEORY OF PRESSURE BUILDUP IN INJECTION ZONES

The Diffusivity Equation

Mathews and Russell1 2 developed the basic dif-

ferential equation for the unsteady state radial flow of a

slightly compressible fluid from an injection well. The

diffusivity equation provides the fundamental means of

investigating the fluid flow which occurs in porous media.

The equation is derived by applying the idea of continuity

to a general mass balance%

a (PK x ., a (0l +~ 6 K a P)
5Zx _ ay OxU -3 + -Le ahlat

(C-i)

The following assumptions are applied to reduce the dif-

fusivity equation to a usable form:

1.) single fluid of samll and constant

compressibility

2.) homogeneous, isotropic, and constant thickness

porous media

3.) negligible gravity effects

4.) constant fluid viscosity and media porosity

5.) horizontal flow

6.) radial flow

Utilizing the assumptions, equation (C-i) is simplified to

the following differential form:

84
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a (r aP =4uc 3P
r ar T 7r k at

Constant Injection Into a Reservoir of

Infinite Areal Extent

a The following boundary conditions are applied to

solve the differential equation:

Initial conditions: lim P(r,t) = Pi
r -

lim r 3P)= -qu
'"r 0%. T 21rkh

The initial conditions establish the initial pressure

throughout the reservoir, and ensures that the system

maintains an unsteady state flow. The second condition

requires that the flow must approach steady state radial

flow when the fluid is at the infinitely small wellbore.

Define a variable, as:

Oct

an - *ucr
3r 2kt

an = ucr 2

at 4kt 2

By the chain rule:

1 a an raP an uc aP an (C-3)

r an ar an ar k an at

By substitution:

1 an oucr r ap *ucr = *uc aP - ucr2
r an 2kt an 2kt k an 4kt2 (C-4)
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Simplifying:

a c a O ucr2  R *uc ar (C-5)
kt an an4kt kt n 4kt

Setting things in terms of ni

-L -a or
an aa(C-6)

d2p + dP = ndPd .2 U dn

let P' = dP

P-Pi -qu Ei(-n) (C-12)

4wkh

Converting back to polar coordinates:

P(r,t) - Pi - qu Ei -,ucr2' (C-13)
4wkh 4kt)

The formation volume factor can be incorporated to express

the bottom hole flow rate q or BQ where Q is surface
.7

volume flow rate and the equation for constant rate injec-

tion by a single well can be presented for use in this

report as:

P(r,t) =Pi - QuB Eir- ucr% (C-14)
t N, 4kt

Superposition

The method of superposition allows the modification of

equation (C-14) to allow the incorporation of variable

flow rates and multiple wells. The modification for

variable rate provides the following equation:

• . °-" " "o 0-o -' ,-, .. ' . . . . . . . . . . . . . . . . . . . . .. . . . . . . .-.. .... . . . . . . . . . . . . . ... - o. . . •
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P(x, y, t) Pi- B u nij i2i (-5Z A Qi E 4ucr2J c14-kt j=l i=l k. 4k(t-ti2j

where: Qij - is rate in well j at time tij

rj =(x-xj) 2 + (y _ yj)2

xj, yj = coordinates of well j

x, y = coordinates where P is evaluated P(x, y, t)

For t > tnj

NOMENCLATURE

B - Reservoir fluid formation volume factor, reservoir

volume/surface volume

c = Fluid compressibility, 1/atmospheres

h = Formation thickness, ft

k = Permeability, darcys

P Formation pressure, atmospheres

Pi Initial formation pressure, atmospheres

q - Flow rate, cm3/sec

Q - Flow rate, cm3/sec

rij = Radial distance from the injection well, cm

t = Time, sec

ti = Starting time of lth well, sec

U - Viscosity, cp

- Porosity, fraction

A



1fiD-AI34 057 DETERMINING THE AREA OF REVIEW FOR INDUSTRIAL WIASTE 2/2
DISPOSAL WELLS(U) TEXAS UNIV AT AUSTIN S E BARKER
DEC 81

UNCLASSIFIED F/G 13/2 N

mohEEmhomEoiE
EohhhEmhEmhhhE



111.25IhI J.6

11L25 111= 16

MICROCOPY RESOLUTION TEST CHART
NATION4AL BUREAU OF STANDARDS-1963-A

2*



* *t.S.b..~............
-a-A

Si..4

APPENDIX D

DETERMINATION OF GEL STRENGTH

4

I

-, ~ '-:.' - * -- ' -. -S.. *~ .*.*.*.* * . . . -S. -
* 

-- S .........................................



I

DETERMINATION OF GEL STRENGTH

Introduction

When common use, water base drilling fluids remain

in a quiescent state a gel structure develops. The

.4 strength of this structure is important since the dif-

ference between the formation pressure and the static mud

column pressure would have to be sufficiently large to

break the gel structure before the drilling mud can flow

freely in an abandoned well bore. To calculate the for-

mation pressure increase which is required to break the gel

strength structure a means of determining the value of the

gel strength of the drilling mud is required.

Since the gel strength v-ies with the mud type

and the conditions that act on the mud it is difficult to

determine the exact gel strength of the mud in a par-

ticular abandoned well bore. To overcome this difficulty

it is necessary to review the gel strength characteristics

of various mud types and evaluate the factors which act to

alter the gel strength structure. The aim of this review

is to provide sufficient information to determine the

minimum gel strength structure that could be anticipated

for any combination of formation, well bore and mud

type. The determined minimum gel strength value will be

utilized to determine the gel strength pressure for adan-

89
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doned wells in a given waste injection scheme. The calcu-

lated gel strength will allow the determination of the

formation pressure increase which can result from the

waste injection without rupturing the gel strength struc-

ture. The following discussion is devoted to the deter-

mination of a minimum gel strength value.

Thixotropy

Thixotropy is defined as the property exhibited by

certain gels of liquifying when stirred or shaken and

returning to the hardened state upon standing.16 To

understand the thixotrophic properties of drilling muds

some knowledge of clay minerology is necessary. Nearly

all aqueous drilling fluids and some oil-based drilling

fluids utilize clay as their colloidal base. Due to their

size definition all clay particles fall into the colloidal

particle range. Colloidal systems utilized in drilling

fluids include solids dispersed in liquids and liquid

droplets dispersed in other liquids. These colloidal

systems define clay suspension and emulsion muds, respec-

tively. The highly active colloidal paticles comprise a

small percentage of the total solids in drilling muds but

act to form the dispersed gel forming phase of the mud

which furnishes the desired viscosity, thixotropy, and

wall cake. Clay particles and organic colloids comprise

the two classes of colloids used in mixing of drilling

mixing



:V.. . . 7 7 7. . .

91

fluids. Thecommon organic colloids include starch, car-

-boxycelluloses (CMC) and polyacrylomine derivatives.

The clay colloids utilized in common drV'J'.ing

fluids are characterized by a crystaline structure which

influences the ability of the clay to retain water. Clays

used in fresh water muds consist of hydrated alum-

nosilicates comprised of alternate plates of silica and

aluminum to form layers of each mineral. The plate-like

crystals have two distinct surfaces: a flat face surface

and an edge surface. Slight surface polarities induce

weak electrostatic forces along the faces and edges of the

mineral plates. Garison17  noted that these electrostatic

forces attract planer water to the colloidal particles

forcing the clays to swell when wet and shrink when dry.

The attraction of planer water to the faces of the plates

is greater than the attraction of the sheets for each

other therefore the structure tends to swell due to the

absorbsion of the planer water from the drilling fluid.

The bentonite clays demonstrate a strong ability to attract

planer water as a result they experience extreme swelling.

When in contact with fresh water, the face to face attrac-

tion of water by the mineral layers will continue until

the swelling reduces the attraction of the plates to the

point where they seperate. This seperation results in a

higher number of particles and is referred to as disper-

, ... .. , ... ... . .... .. . . . . . . . ....
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sion. The dispersion causes the colloidal suspension to

thicken. The degree of thickening depends on the electro-

lytic content, salt concentration of toe water, time, tern-

perature, pressure, Ph, the exchangeable cations on the

clay, and the clay concentration.

Gel Strength, The Measure of Thixotropy

Thixotropy is essentially a surface phenomenon

which is characterized by gel strength measurements. The

gel strength indicates the attractive forces between par-

ticles under static conditions. The strength of the gel

structure which forms under static conditions is a func-

tion of the amount and type of clays in suspension, time,

temperature, pressure, Ph, and the chemical treating

agents used in the mud. The factors which promote, the

edge-to-edge and face-to-edge assocation of the clay par-

ticles, flocculation increase the gelling tendancy of the

mud and those factors which prevent the association

decrease the gelling tendancy.

Due to their size, colloidal particles remain
indefinately in suspension. When suspended in pure water

the clay particles will not flocculate. When flocculation

occurs the particles form clumps or flocs. These loosely

associated flocs contain large volumes of water. If the

clay concentration in the mud is sufficiently high, floc-
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culation will cause formation of a continuous gel struc-

ture instead of individual flocs.

The gel structure commonly observed in aqueous

drilling fluids results from salt contamination. Soluable

salts are usually present in sufficient quantities to

cause at least a mild flocculation. The time required for

the gel to attain an ultimate strength depends on the cri-

tical concentration of electrolyte required to initiate

flocculation, the thinners present, and the concentration

of the clay and of the salt present. During drilling the

presence of salts and clay particles varies with each for-

mation being drilled, therefore the drilling fluid is

monitored and adjustments are made in order to maintain

the desired gel strength.

Gel Strength of the Static Mud Column

Gel strength is measured by a multispeed direct

indicating viscometer by slowly turning the driving shaft

by hand and observing the maximum deflections before the

gel structure breaks. The gel strength is normally

measured after a quiescent period of 10 seconds (initial

gel strength) and 10 minutes. The measurements are taken

at surface conditions of standard temperature and

pressure. To determine the gel strength of the static mud

column in an abandoned well it is necessary to determine

the gel strength of the mud under the influence of bore

a ... i i.* * * * ' nama .it.l. . . . .*.'...'. ..'. . . . . : ± " .
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hole conditions. The initial and 10 minute gel strengths

bare no direct relation to the ultimate gel strength of

the mud at bore hole conditions. To determine the ulti-

mate gel strength of a mud it is necessary to discuss the

factors which act to influence the initial gel strength at

bore hole conditions.

Once the drilling operation is completed and the

well is abandoned the mud is subjected to conditions

vastly different from those encountered at the surface.

In the range of formation depths utilized for disposal of

industrial wastes the temperature would be expected to

range from 80 to 300°F, the pressure from 1500 to 5000 psi

and time from days to several years. Several studies have

been conducted to determine the impact of time, tem-

perature and pressure on the gel strength of muds at bore

hole conditions. The information obtained from this

research should provide a means of determining a reaso-

nable minimum gel strength value for the abandoned wells

which exist in the range of formations described above.

It is observed that common use water base muds

develope high gel strengths after prolonged periods of

quiescence. The relationship between gel strength and

time varies widely from mud to mud, depending on the corn-

position, degree of flocculation, temperature, Ph, solids,

and pressure. Figure (9)18 indicates the increase in gel

,:,#~~~~~~~~~~~~.......... .. .. . ........ ........ .............................. ........... . . .-. . ; .-.. ..-. . .
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strength with time for various mud types and reveals that

there is no well established means of predicting long term

gel strengths with time. It is noted in all cases that

the gel strength is observed to increase.

Garrison17 studied the gel strength in relation to time

and rate of reaction for california bentonites. He

observed that both the speed and the final strength

increased with the bentonite percentages. The gelling was
q4

found to follow the equation:

S - S'kt (D-l)

where S is the gel strength at any time t, S' is the ulti-

mate gel strength, and k is the gel rate constant. Figure

(10) indicates that the gel strength forms more rapidly at

first then gradually approaches an ultimate value as time

elapsed. Equation (D-1) may be rewritten as:

t = t + 1 (D-2)

1 5' S'k

which indicates that a plot of t/S verses t should be a

straight line. Figure (11) represents the graph of t/S

verses t, and indicates the slope of the line is k and the

y-intercept is l/S'k. This approach provides a means to

evaluate the ultimate gel strength for each bentonite con-

centration. Table 4 represents the ultimate gel strengths

and rate constants for the five samples shown in figures

(10) and (11). Garrison also made measurements on similar

ir a n m m m Hi lamil i 
a t e
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FIGURE 9. Increase in gel strength of various

mud types with time* (From Gray, Darley,

and Rogerul8 )
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FIGURE 11. Gel Strength and Bate Constants

(From Garrison1 7 )
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suspensions at higher Ph and determined that the ultimate

9 strengths of the bentonite gels increased with each

suspension as the Ph increases. Table 5 refects the Ph -

ultimate gel strength relationship observed.

Garrison also noted that the treating of muds with

thinners had the effect of decreasing the rate of gelling

but not the ultimate gel strength. Thus it can be

concluded that the reduced initial and 10 minute gel

strengths recorded for treated muds reflect the reduced

rate of gelling and do not indicate that the ultimate gel

strength will be any less than that recorded for an

untreated sample of the same mud. In fact, the ultimate

gel strength may even increase as indicated in table 4.

Garrison's work does not indicate that all muds

comply with equation (D-2), but it does point out that the

initial and 10 minute gel strengths do not provide a

reliable means of predicting the ultimate gel strength.

Weintritt and Hughes 19 conducted progressive gel strength

tests on ferrochrome lignosulfonate muds for periods up to

16 hours and obtained the results presented in table 6.

They noted that although mud E and mud F had similar pro-

perties, Mud F developed only a moderate gel strength

while that of Mud E was much greater. Once again it is

observed that the initial gel strength and 10 minute gel

strength measurements are not always indicative of gel
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TABLE 4

GEL RATE CONSTANTS CALCULATED FRUh FIGURE 5

Bentonite Additives Gel Strength Rate Constant
Per Cent (Ultimate)

Sample #
4.5 1 314.4 0.047

5.5 2 - 74.4 0.75

6.5 3 -114. 0.79

5.5 4 0.1% Na Tannate 104. 0.0089

5.5 5 Sodium Hydroxide 99.7 0.033

(From Gray. Darley and Rogersl 8 )

-.4

TABLE 5

CONSTANTS IN GELLING EQUATINS OF fENTuNITE SUSPENSI1ubS

Bentonite Gel Strength pH+ pH.H+ pH+
Per Cent and Rate 9.2 9.3-9.5 9.9-10 10.8-11

Constant

4.5 5' 34.4 40.1 48.5 69.6
4.5 k 0.047 0.071 0.076 0.063

5.5 a' 74.4 82.2 129.9 152.7
5.5 k 0.75 0.22 0.13 0.18

6.5 So 114. 141. 250. 268.
6.5 k 0.79 0.30 0.10 0.25

(From Garrison1 7 )
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TAM I6
. " COUP.AB.TSOEl OP MOD PUI wTT.H PR~][I] GiZL.-8TH"4QT T!.. ,

GP-PERROCUORI LIGNOSULPOAWL EMUL31QN MUDS

SAMPLE2

Mw J Mid ru Gt

Weight. unstimred. lbWI U1.0 10.7 10.6

Weighit. etlid. lb/gal 11.0 10.3 10.?

Plastic Ulosity, op 114 23 16 1

Yield Point. lb/100 aq ft 3 6 2 1

10-es Col. lb/lO0 sq ft 1 2 1 0

10-miagol. lb/100 aq ft 8 8 7

API filtrate. al 6.2 3.3 5.2 2.9

pE 10.9 10.6 10.5 10.4

Comeitions Water % by vol 76 63 ?5

011. %by vol, 5 11 9

8011di % by Vol 19 16 16

Solids. % by wt 39 36 37

Solida, 86 2.7 2.9 3.0

Piltrate ran MiAlyuius
C loride* ppm 3500 400 3000
Sulfate. elm 250 300 130
Cao bnate. eP, 24 28 12
Bicazbonate. spa 12 160 12
CalcLum, ago 1, 52 144

ftn"Gl~g j$1 UOrhemm ?.uuwmtu.w. (OF)
t 1 5 1 1 0 5 aq t )a 0 a00

10 minutes a 18 8 12 7 26 3 3
simtes 15 40 11 18 17 58 5 5
Mites 27 90 18 16 29 91 6 6

2 hams 31 145 22 22 29 104 7 7
4homs 37 190 29 42 46 172 10 10
a hmw 16 190 33 42
16 hours 00 320 40 57 95 320 25 25

(From W*intrit: and HUghe 19)
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strength development which is observed at elevated tem-

peratures and extended time. The trhee muds designated in

table 6 were obtained from wells within the same field

just prior to cementing operations.

Annis 20 noted that when a bentonite mud is

quiescent, the gelling process depends on both temperature

and time. Annis compared the effect of temperature on the

initial and 30 minute gel strength of an 18 ppb bentonite

suspension. Figure (12) indicates that the 30 minute gel

strength of the 18 ppb suspension is at any temperature

approximately six times the initial gel strength. the

dependance of gel strength on time at different

temperatures, as noted by Annis, is shown in figure (13).

Based on these and other tests of up to 18 hours Annis

concluded that there is a strong indication that gel

strength increases indefinately with time.

In review, the above works indicate that the ulti-

mate gel strength of water base muds is considerably

higher than the values recorded for the initial and 10

minute gel strength. Although there is no direct rela-

tionship between gel strength and time it is possible,

based on available information, to conclude that the ulti-

mate gel strength of a mud will be several times larger

than the initial or 10 minute gel strength of the mud. In

reference to the work by Garrison,17 it is possible to

S° * • * * % I - . .* . .. ' - ".,..
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consider the ultimate gel strength of a treated mud to be

equivalent to that of a similar mud that was not treated,

since the effect of the thinner is to decrease the rate of

gelling and not the ultimate gel strength obtained.

In addition to time, temperature can have a major

effect on the gel strength of water based drilling fluids.

Srini-Vasan21 studied the effects of temperature on the

gel strength of several water based drilling muds. Table

7 lists the muds which were tested and figures (14), and

(15) indicate the temperature verses gel strength rela-

tionships obtained. In most of the cases investigated by

Srini-Vasan it was noted that the gel strength leveled off

after 1600F. The emulsion and lime treated muds showed no

change in gel strength with increase of temperature. It

was found that each mud had its own characteristic curve

and no quantitative interpretation was possible. The work

of Weintritt and Hughes 16 as noted in table 6, indicates

that emulsion mud G experienced no change in gel strength

in going from 75 to 180OF over a wide range of times. It

is noted that although the gel strength did not vary with

temperature, it went from an initial gel strength of 0 to

a gel strength of 25 after 16 hours.

The equipment utilized by Srini-Vasan restricted

his investigation to temperatures up to 2206F.

Annis20 was capable of investigating the gel strenght up

- - ..- : .-.- ;- - - . - • .. .. ....- - - .:...* * ~ ''
S,, , ., . . .. . " , . . . . . .. . . . ' .. ... . . . . .-. .. . . . .. ** -... -. . ... .
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TALE 7

COMPOSITION OF ThE MUD SAMPLES TESTED FUR GEL STREGTH

SAMPLE hUMBER CUMPUSITION OF THE MUD**

33 2 per cent bentonite mud

34 3 per cent bentonite mud

35 4 per cent bentonite mud

39 10 lb/gal. 4 per cent bentonite,

barite mud

43 10 lb/gal. 10 per cent (by volume)

Diesel oil. 4 per cent bentonite,

barite, emulsion mud

47 10 lb/gal. 4 per cent bentonite,

barite, surfactant (Dh±) mud

49 10 lb/gal. low lime (1 lb/bbl) treated,

4 per cent bentonite, barite mud

All muds referred to are water base muds.

All per cent quantities mentioned denote weight per

cents, unless other wise designated.

(From Srini-Vasan21 )
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to temperatures of 3500F. Srini-Vasan observed that the

gel strengths leveled off after 160OF but Annis noted that

at higher temperatures a rapid increase in the gel

strength was noted. Figure (16) reflects this obser-

vation. Thus increased temperature, like increased ben-

tonite concentration promotes flocculation. The tem-

perature at which a rapid increase in gel strength occurs,

represents the onset of flocculation. Therefore it is

possible to expect the gel strength to increase signifi-

cantly at some elevated temperature.

Annis studied the gel strength properties of about

40 water base field muds at temperatures ranging to

3000F. The muds covered a wide range of densities and mud

types, although the majority were lignosulfonate muds. To

draw conclusions on the effects of high temperature on gel

strength the gel strength properties were averaged and are

presented in figure (17).

Hiller22 noted that some clay suspensions display

a decrease in gel strength with increased pressure, espe-

cially at high temperatures. It was noted that the gel

strength was reduced to 1/4 of its original value for a

pressure increase from 300 to 8000 psi at a temperature of

3026F. This reduction in the gel strength resulting from

increased pressure is presented in table 8.
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TABLE 8

GEL STRENGTH OF A 4 PER CENT SUSPENSION OF PURE SODIUM

MOUTMORILLONITE TO WHICH AN EXCESS OF 50 MEQ/LITER OF

NaON HAS BEEN ADEED , MEASURED AT VARIOUS TEMPEhATURES

AND PRESSURES.
Gel Strength (ib/loosq ft)

t(°F) P(DSi) 1 min 10 min 30 min

78 300 2.2 -- 35.0

8000 2.2 -- 7.0

212 300 18.0 26.0 40.O

8000 9.0 9.0 15.0

302 300 240.0 290.0 265.0

8000 88.0 100.0 100.0

(From Hiller2
2 )

-% . -- , *.¢ ''* ...-* .- . * .- "-'. -. ? . . -7:-- .' ." .* . * * .-- ; - - .-. *-. --9 .9 .- ' 99 -.- -. , .. . > , ...
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Although no direct means exists to determine the

ultimate gel strength of a drilling mud at bore hole con-

ditions, it is possible to safely say that the gel

strength developed in the bore hole is considerable

greater than that indicated by the initial and 10 minute

gel strengths recorded for a given mud. The effects of

time, temperature and pressure on the gel strength of the

static mud column have been discussed above. In the range

of pressures and temperatures normally encountered in

disposal formations, pressure should exert a negligible

effect on the gel strength. Flocculation at high tem-

perature should not occur except in the deepest of dispo-

sal formations. Certain muds do not display a temperature

dependance, but the effects of time is ever present.

The research discussed above investigated muds

with 0 initial gel strength to ultimate gel strengths of

100'slbs/100SF. In an attempt to select a minimum ulti-

mate gel strength that could be expected for the worst of

mud and bore hole conditions, a value of 20 lbs/100

Ft2 will be utilized for the ultimate gel strength in all

gel strength pressure calculations in this report. This

value will provide a considerable safety factor in most

cases. The user of the procedure outlined in chapter III

may utilize another value of the ultimate gel strength if

available data allows such a determination.
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The 20 lb/lOOFt2 ultimate gel strength was

arbitrarily selected to insure that a sufficient safety

factor is built into the proposed procedure. The selec-

tion is the result of individual judgment prejudiced by

the above discussion.

J
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Example of the Area of Review Determination Procedure

A chemical plant desires to initiate a new process

at it's plant site located along the gulf coast of Texas.

The new process will generate a continuous waste stream of

500 GPM for an estimated 20 years. The surface disposal

capabilities of the plant are limited therefore the com-

pany desires to dispose of the new waste stream by subsur-

face injection. The proposed process will generate a che-

mical which is in high demand. To meet the demand the

plant must operate without interruption, therefore the

disposal system must be designed to provide continuous

- waste disposal for 20 years. The chemical company has

-. employed a consultant to determine if it is feasible to

dispose of the anticipated waste stream by subsurface

injection. If the proposed injection is feasible, the

company desires to know what the area of review will be so

that its staff may begin to prepare the permit application

and technical report.

" Step 1

The consultant obtained all available well logs,

formation water samples, core samples and other appro-

pirate information from wells in the immediate area of the

plant site. Utilizing the information obtained, the con-

sultant preformed a hydrogeologic survey, conducted waste

115
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and formation fluid compatibility tests, and assembled

other information which indicated that a suitable injec-

tion formation existed at a depth of 5000 feet below the

plant site. Table 9 presents the waste stream and injec-

tion formation properties determined by the consultant.

The consultant selected a two well injection system to

ensure continuous disposal capability.

The consultant determined that in addition to

active wells there exists 126 abandoned wells within an

approximate 2;t mile radius of the plant site.

Step 2

Figure (2) is a map of the relative positions of

the abandoned wells with respect to the proposed injection

wells at the plant site. The map has a grid system

superimposed over it so that the relative distance, in

feet between the abandoned wells and the injection wells

can be determined.

Step 3

A two well injection system is selected to ensure

that the disposal of the waste is not interrupted. Each

well will inject at a rate of 250 GPM. Should a workover

be required on a well, the other well will operate at 500

GPM until both wells are back on line. The well bore

radius (r w) of each well equals four inches. The wells

will be operted for a period of 20 years.

i~~~~~~~~. ... .....- "-, .""-""" ." . "".- . .-.- . '. .. ..... -" ..... -• .
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TABLE 9

WASTE STREA AND IN~JECTIQ N F'ORATb.QN F±AQPiTIES

?URMATIUM PROPERTIES DETRt'INE.D VALUE

Porosity .20

*Depth to top of 5000 feet
Injection formation

Thickness 350 feet

Initial Pressure 2325 Psi

Fracture Gradient .68 psi/ft

Permeability 100 ni

WASTE PROPERTIES DET~ihl?.ED VALUE

Viscosity .75 cp

COMIED PRUPERTIES DETERKNEE VALUE

Total Compressibility .000005 1/psi
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Information obtained in steps one and two is uti-

lized to determine the gel strength and static mud column

*: pressures. The pertinent information is presented in

Table 1. A review of table 1 indicates that the minimun

mud density recorded in the 126 abandoned wells is 9.4

lbs/gal. and the maximun bit diameter at the injection

formation depth is 9.875 inches. These values are input

into 'computer program INJWEL to calculate the static mud

column and gel strength pressures, respectively. (See

Appendix F). Table 10 represents the input required to

calculate the formation, static mud column, and gel

strength pressures and draw the X-Y Plot utilizing

INJWEL. The injection rates are combined and it is

assumed all the waste is being injected into well number

one. Table 1 and Figure (3) represent the output and X-Y

Plot, respectively that were generated by INJWEL. It is

noted that the calculated area of review is approximately

a radial distance of 7000 feet from the injection well.

Step 4

Utilizing information contained in tables 9 and 11

it is possible to calculate the formation pressure at a

specified time at each of the abandoned wells. Table 12

represents the appropriate input to the computer program

PRES to allow it to calculate the formation pressure at

the abandoned wells and to draw an X-Y Plot of the area of

, ," { ,- " # ",'." "2 . .7 . . . .. . . . .
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review. The pressure isobar drawn on the X-Y plot repre-

sents the static mud column plus gel strength pressure

calculated by INJWEL. Table 13 and Figure (4) represent

the output and X-Y Plot from PRES, respectively. Table 14

represents a listing of the abandoned wells determined to

be located within the area of review.

Step 5

Since the minimum mud density (9.5 lbs/gal) found

in the abandoned wells within the calculated area of

review is greater than the 9.4 lbs/gal mud density uti-

lized in the new calculations made in step three and the

maximum bit diameter found in the abandoned wells within

the area of review if 7.875 inches which is less than the

9.875 inches used in step three, INJWEEL will be rerun

utilizing the above noted values. The gel strength plus a

static mud colum pressure calculated with the new values

for mud density and bit size is 2503.72 psi. This value

replaces the old value and PRES is rerun to obtain the X-Y

Plot of only the newly calculated area of review. Since

the formation pressures do not change there is no need to

recalculate them in PRES. Figures 5 and 6 represent the

X-Y Plots of the area of review calculated by INJWEL and

PRES, respectively. Table 5 lists the abandoned wells

contained in the newly calculated area of review. A

review of the table indicates that the mud density and bit

diameter have both stabilized therefore the iterative pro-

h ...,.-. .... . , .- v - .-.', ..' . . - -. * .-. *. - -, . . . . . . . ...
" , o' .- , * , " t

•
, , . . . , - q •-. " " " ,. -.. .. . " .- . • .• . • . .-. . . - . . . • .
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TABLE 10

INPUT FO'R CAMPUTE1 PR(1 RAM IfiWEL

20.00 5000.0 11.875

0.0 .75 1.0 100. 350.

2325. 20.0 .000005 .33

500. 9.14

OUmv! MR0 FIXa RUN OF coNIV!Z HM"A ~nJvK

*82,06 86.0 *m1:00 .83,93 969

TSW IfuaUng RESULTING PRO* TM, 9.40LO6VAL MUS COLUOW 28640693A

76M CONIO NfjO COLuSW 440 GEL 37614676 P41#9U 2472:60

C0W37ANT PLO" M07!. 5660.6M60LI"NP

.33 1909,94

26,Oo 2776.44

SO."6 2726,78
06.6 a719.9

0,00 27118033

2666890.86

866.66 8639,97
336*66 2805.5
6466 06.0 9 '11

?"'"6 299,'"

low,#$ 8576,"3

40.86 89"81
8616.66 8530962
600".09 8515.6

g0o",#@ 8071,76

001,00 8450,74
t1616,16 813,26

18916.66 8443,04

~~~~~~~~3"6 *i*..c**39,770--. . ..
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TABLE 12

INPU? mQ CONPUTEU FE99RAAL PE

3~ 5713: 45~ 1,

4 6~~4'.7 1 A 1101. u~m 6~

*.73P54, 20075, 13S

9931 1 d #,:0 125 9N75* 122si.s 17.oSP

13P~q.* a. 735.1,: 31690. 114210 196850o

.4' 4~I a~75 q1~tY a2400. 2Ia4?. Ma475

14014 '1P4q1'w IA0  I"5.' ?ml 2150' t l.
I S MS3., t 6 3 7S. 1 0 414(4 2 9 0 .0 1 P '1. I S 7 4 0 . t v

i~'' 2t#'Iq. 1 I 3h5U' 2 1. 4 15506.0 0 eS
2,1090 317.j36* 2600. V71
I~S' f4~ 21715P. 13479: 1.90

11215". ti9S*, IEI4. 244AO 5,11 Ot~so

4'~ IbP5. 11!'$@* 47S'. oa
.4'03q5. M~OO P.24 00. 1b

aoVS, 147U* 720P* 2"2

tel. I 11!1P. '1206 2769?!

0415.4 171'('. Il725. 21531

1127so ilea", WeaO*' 265ev".*.

It".$ I 75 0 O O. 244,1q

tA29 24794% 1~5 qeqbp

595'!, 720229:~5 21579,5.111SI1 qs1.5050, '55). 2375.

*55i*v 7650s, 5329, 266000

R104. 16 I 691 22.

OXS .1*% 79 I3S
120 P4P ss'23S

3*9J MIe .jA4 2op

4&IP 9I.02, Ws
a 14 001 4S 2po

WO 4713 La45 27S
.................................................................
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U=BL 13 CONT
* t~5R~sV~t~nN or, LAM?47F ~ 1T!Iw NfLF PRFSStIIF(Plt, RY YEARS

POyP4T x(Ft) Y(P71 (191 (191461 (1991) (1944%) c'

014-A.41 14551009 2373.8 P.13.2 2431:7 26811p 2444.0

3 l'ailp to.,,.. 2374.7 pals'a 2.36:p 24463 24s3:7

4 33730e I27. 7347.5 VG06.3 2423:6 2434:1 241:

5 735.411 tqoop1*1 2301402 14.8, 2440 29643 2463,7

7 73?51? la5,f'. 2307.2 17.8 2449P PIS ,.3; 24

4sl~ iia55.' OPP.0o P372.?7 24t2op 249: 2439:4 2487.1

9 73901,0 17351.3e 2347,7 2427.0 28:5 24C. P43;2

I* 300,P~ 179530,8 2393.6 2433;4 2445171 24.9. 2464.8

It 329" 207 04e~ .1343RO 2422;9 24 24108 24347.5

12 5A*G?. 146059. PUA. 24016, 2.19:2 2470:8 2855.1

13 2110 37*,o 2342.4 2409.11 2.t$:i 2424: 2631.4

"p .11,1 227.3 2374 41. 2.31:4 217. 24S5:3

16 150asee 163I'9.0 2362,4 140P0 24171:, 2421:3 286039b

lh bejs,0 217s.91 2370'. 2-441 2431:. 24&1:0 2.79;3

415. 201113046 2347,4 240.3 2.23:7 2434.1 24412.4

22 IMSD5.0 16455.0 2614,a 2443.3 247713 24?:. 2695;.

19 0301,0 15109.5- 24"1.? 24442.1 2461.3 24707.1 2479,g

24 12150.p 1201,5.4 2406,9 P447,7 24717, 211:1 2.69.5

3 901,q 17473.9 2367.*5 2461 2423? 24347. 244t3

24 14450*0 1369900 2'1256 2443t6 24?7.3 2441.6 2496.;0

P3 0391.v0 115?5,lt 231597 2442,1 21137.4 24.3:4 20417.3

Ps V1225S 1105, 2107.s 24301.1 2447. ... 2.75.

;09 917Il, 0 114110.1 239POS 2412;. 260:7. P49.9 2464.2

3.1 4.4"IA,11 tisis'p 2375s.1 24t4.5 24327.1 2.827.. 2869;'7
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TA3LZ 13 COUT
31 725".EP 114"P.P ?341,1 ?470.p 2437:, 2..al 2o55.

33 *4I'm'p t6279.9 2403.P A003.7 246ti: 247t.? 299

V 4 4tltqg *0 POl00* 2349;7 243P;2 2007:6 2417:9 2969;

3947 ~l.,s1' 137a.6 .20'' 202*59 2.36:. 244.11

50 W-1404 I 11900 236S53 2403.0 24211:3 243t:6 2038.9

37? AI s". 0 272S.0 P376.1 2017T.7 2015.3 2005q6 2693;0

30 619a," 11225.4 2376;7 2416;4 2031.9 246: 213:4

39 414A 1010U.I8 2345.2 2035.0 2953:3 io,630. 2.71.6

41) 902Sp a 7160.0 24A6;2 2446.9 246&:b 2474:9 248.3

4t 12700.g 12050.8 2019'5 P456.3 2078.1 2404:4 2491.8

42 30oo.m tal50.1 2344 2 240'3.1 242t:2 243t:9 2030.8

43 Sa5o.. 9675.0 2367;7 24P6.4 2420:. 2434:3 244.6

401 4
O. 0000.6 2369,5 2 4022 2t:6 20315s 2039.2

al 3 "6.. 077S.0 2361.9 2400;t 2417:4 24217.7 203310

46 0492.'4 10075." 2373,9 2412.9 Ra,:. 244.:7 248;

4? 01325.0' topq0.o 134t;2 2421;9 243:,6 2444:9 2496;3

46 11240.0. 1050N. a 2304.16 P434.0 2.4p:6 24624 26697

69 d5958*(I 7204),@ 23642.9 2403.4 2129:9 2431:1 2434,4

4364IOh*4, 486000 P363 007.P 2424:7 2439:9 2412:3

51 ascliai 016150.k 2376b6 2419,-% ?03E9 2466.2 20535s

92 732510 1075.6 2308.8 246;8. 24P4:3 034.. 2441,9

5q3 Rl5~ot 01580A 2373;? P011.1t 2430:6 244:9 2440:2

54 715'.Q6 46%0.0 2372.6 2011.2 2626:7 ,OiEo9 246'.8

55 10691q.0 41375.6 2341.3 2021.2 Z018:. 20.9:1 20.58;

96 q955'. ?&so;@ 2370;7 2014.1 2.31:7 2.12:. 2449;3

57 11J0".a 7600.0 23A2.3 P22.P 2439:, 2.534:1 2497.4

54 ALP75.A 0075.3 2367.2 24416.0 2023:. 2.33:7 20.1:8

59 1165.0 0175.6 P373;7 2413;1 240:. 2416:9 2010:3

41 #it5. s@5.@ 231,3 ?44. 2412:3 240:6 2449:0
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TABLE 13 CUNdT

4'2 14251-100 4075,0 J3,, PCIP0.; 2427:3 2437 6 244.

6. 3 14300 1325.. !354.s P304.2 24t35 :!423:, 2431.0

6 4 t6*5',0 31qo0.9 2357.6 25-1.1 2412:8 .24, 2.2.:.

65 locl~ 3186.11@ 35* 2341.1 241.:. 24PR:6 242?;.

180A1.0 31860.9 231J6.4 2393.7 24 1t.P 242t:2 01426.5

61 tQ21''.P 30,506 2359.1 P346.9 2414:3 24245S 2a.1

68 104041.0 31100'.0 2357.3 ;0194.9 2.12:1 2422:4 242e.7

Aq al.3 IiC1 37. 2395.5q 24t2:6 24P211 20360Y

TV' ambip, 310. 2355.3 P392.1 240986 2a19:1 2427:1

*71 2175'4*g 2970",g 23SA.7 2396.4 2413:7 2424:. 2431:3

72 735.4,P 20@a..d 2399 P30604 2414:1 2424:3 2.317.6

73 9~xa*0 29O9I.o 2394.S 2396.2 2413.5 24.1'57 243t'.

74 8790'.1 244PO0 236l.4 P400;0 2417.4 247: 2434;9

75 1220,"1' 24753.6 2382.9 2406.O, 2417:6 24V:6 2439.1

71 22l510o 31500.3 23S76 2198.5 24t: ~,: 22:

77 2440P..S96f, 2363.8 2402.1 2.14:7 2429:9 24377.2

78 ti15~lo 27e6* 236.1 2407.04 2420.0 24147.7 2442.8

Aw t1'1l&*." 28400.8 2375.9 2418's 241;2:P 24427.3 24497.4

At t151".4 P6a0go ;0376,2 2415.7 2'433:3 248186 2451;.

42 t7b5o.o 2684p." 237,1;0 2412.1 2.2.:. 24804.1 247.5

03 i0325.p 28709.8 2373.2 24t2.,% 24347.1 2440:9 20477.7

t4 7701.9 pow75.6 2376 3 2415.9 2433:4 2441:7 2491*.i

es 0722S.9 2se75.' 2379.7 2419. 217. 24477.3 24-94'.7

i~3P0* 27275.8 2372.1 2.11;. 2426:9 2439:2 2446.9

07t2001W 286o.1 2376.2 2415.01 24.q3.3 2441:7 2451;,

48 09929.0 POTS5.0 2362.' 2401.1 241867. 2026:9 2436.2

A9 57~0 26075.0 2357.9 21445.6 24127.0 2421:1 2439.6

6.q325.14 266001.0 2363.A P398:4 24157.8 2426:. 2433.3

61 885.m 26pqoop 2364.2 7402.7 2429:1 24130.4 2437.:7

*721.'4 l5125.o 2361.8 2400.0 2417:.4 2427:6 2034:9
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TAILZ 13 CONT

43 529.e 24375.' 2363.2 2461.56 2419:p *49 23.

94go' 25PON.0 ?3,%4'7 2403.. 24P26 2434:9 2438.,2

as 9W. 26q~q, ~e8. P36. 2407.4 26449 2431 2442.5

9675,it 259fi6.0 2367.9 24P6.8 2424:2 2614.5 2161.5

07 a14sfq~w 2p77300 237q.7 2419,8 2437:0 2447:3 26584.?

495g 22600, 2374.3 2413.4 243t:3 2441:6 2448.9

09 1479.9 2ff1601 2372.o2 2411.9 24260 R419:2 245.

10 t49-4.0 '79P29.0 2376.8 24165.5 2434:0 2643 24S1:7

S -i It4741.0 2397'5.4 P345,3 24203.t 2442.7 2.51:0 260.4

t,1 to 77 22706.8 2348.5 :04,207 2446:3 2455:7 259

955 os-l' 22375.6 23A5.4 2425.4 2643:t 2451:8 286.7

~7~*~ 247150*0 23A1.7 24P1.7 244t:3 249t:6 2455.9

I'S 7175. 213%09a2 2379.1 P610a 2436:3 246.57 2458

401P14 s 26575.8 7344.6 24P4.7 244.:3 26532:6 24611.0

1-1? 420,q. 21575.,4 2344S @ 2426,9 2444:6 2491:9 2452:2

1#41 671.0 an6p.1 2389.9 24164.2 2447:8 P.58:2 263.51

1rg 1461. gA695@~ 2444.4 2445:,t 2462:8 2471t 26f8:S

tin 16175.0 1*353.0 ;.3.9 2440.5 24568:1 26*4i. 2475.9

iii tts".i g 164ma.9 2409:,7 24654 2464:1 2474:5 2.51:5

12 1625. 16. 2397.85 24158.1 2.55:' 2665:3 2473:,?

tO 1I''. 14356.1 2114.4 2'455.1 2471:60 241:3 A96;7

l14 112p",j 171qp.6 P41A.2 240I,.1 2176:9 2489:2 2.06.:5

115 tt329.1 tso975.s P201 2464.: 2441:7 249269 2499:.4

116 t2229.1A 177990 2639.5 2471~q 2.69:2 P690:4 2567.6

S., 17 t142S.V' 1914.0 2464.9 245*.,? 2468:4 P474:11 266:i

AIII t3325. 20125.6 2416.6 2448,9 2476:6 2487:,I 2494:8.

119 ii7'm# 2'5.0 206, 65 22: 267 2461:,P

12 ~ t25~ 2 j7q9.@ 2421.51 2484., 2462:3 2492:5 26.

1, 45, 5590 26.6 P4AlI.9 2696:8 25*9:2 2516.5

.12 .'7100.0 17600;p 2414:,9 1415,4 2473:s 2446.8 2491.2

123 1471.0 I561po.6 2462.3 P5*3.5q 292t:2 293i.5 2S3*:,w

Iw
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TABLE 13 CUNT?

JA 330H.*' 16PSO.0 2367.3 7427.4 20851l 26515.8 281.6

*125 24S, IS8?5.I' 234,v.S 2422.7 26.0:3 a850;? 2651:1

126 P1554 *0 1432S.0 2397.1 P1137.10 2.551:3 2469:6 2473.6



128

I-.

TABLE 14

WELLS CCNTAINED IN THE AREA OF REVIEW

WELL X-CORD Y-CORD Mud Den Bit Size

CI(

18 10800 14300 12.9 6.75
19 9600 17550 10.6 7.875
20 10950 12950 12.5 7.875
22 11825 13650 12.4 7.875
23 9350 15200 10.7 7.875
24 12150 12600 12.7 7.675
25 9525 13075 11.5 7.875
26 10450 15600 10.1 7.875
28 11225 11400 10.4 8.75
33 9400 16275 9.7 7.875
40 9825 17100 9.5 7.875
41 12700 12450 13.4 7.875

log 10100 18650 10.9 7.875
110 10175 19850 11.1 7.875
ill 10150 18400 11.0 7.875
112 10825 21000 10.5 7.875
113 11100 18350 10.5 7.875
114 11200 17150 11.6 7.875
115 11325 15975 11.5 7.875
116 12225 17750 11.0 7.875
117 11425 19600 11.1 7.875
118 13325 20125 11.2 7.875
119 11700 20750 9.7 7.875
120 12250 18700 9.7 7.875
121 12450 16500 9.5 7.875
122 10700 17000 9.7 7.875
123 13475 15800 11.6 7.875
126 21550 14325 10.2 7.875

*1
...............
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cedure need not be repeated. The area of review calcu-

lated by this second iteration is the true area of review

for the proposed injection operation.

Step 6

Since step five defined the true area of review

for the proposed injection operation it is now necessary

to evaluate each well listed in table 15 on an individual

basis. Utilizing the mud density and bit size for each

well listed in the table the static mud column and gel

strength pressure, respectively are calculated at each

well. The sum of the pressures at each well is compared

with the formation pressure calculated at the well by

PRES, Table 13. If the combined gel strength and static

mud .olumn pressure is less than the formation fluid

pressure corrective action must be considered at the well

* in question. Corrective action could be avoided by

reducing the injecting rate or by relocating the injectors

to modify the area of review so that the critical well no

longer presents a problem. If the gel strength pressure

plus static mud column pressure exceeds the formation

pressure the well in question will not pose a pollution

threat to fresh water.

* . -
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Step 7

Table 16 lists the wells located within the true

area of review. These wells need to be reviewed on an

individual basis to determine which wells need corrective

- - action utilizing the criteria established by the TDWR.
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*1 ;TABLE 15

WELLS CONTAINED IN THE TRUE AREA OF REVI W

WELL # X-CORD Y-CORD ¥AJD DEN BIT SIZE

116 12225 17750 11.0 7.875

!' 121 12450 16500 9.5 7.875

123 13475  15800 11.6 7.875

TABLE 16

WELLS REQUIRING INDIVIDUAL REVIEW

FOR POSSIBLE CORRECTIVE ACTION.

WELL # Static Mud Gel Strength Combined Formation
Column Pres Pressure Pressure Pressure" (pal) (p)si) (psi) (081)

116 11.0(500C)(.052) + 33.72 = 2893.72 2507.0

"121 9.5(5000)(.052) + 33.72 = 2503.72 2516.5

123 11.6(5000)(.052) + 33.72 = 3049.72 2539.0

*Wel1 121 is the only well which requires actual Investigation

to determine If corrective actiorr Is required. If well 121

is properly plugged no further action is required, if not

It requires corrective action.



APPENDIX F

COMPUTER PROGRAM INJWEL

"i~ ,.°.o,-°.". - , "."," "q.'".''-...-................'.-...--..........-
-

-

' - " •,-_ .t_



-- ,"s 7 - 7. - .7 7

4133

PROS*&* INJUCL ( tPUTSOUYPUretolpOt)
€
C THE PUN""OIH or TH FOLLOWING pfes*&" o0 T oo

C
C ETERuINE Al ANA or REVIEW AROUND A SINGLE INJECTION

C WELL BI COMPARIN THE FORMATION PRESSURE COnE OF TEL
C I'JECTOQ WITH THE SUN Oro
C CI) THE PRESSURE SESUISIE TO SUAN THE SEL 5TRFETH OF

C W€ O P8 NS IN It ASANSOWES WELILS WITHIN THE VICITNIY
C (I III PWI RA4O'S8 OF THE INJECTOR V
C Cal I T MOTATIC fsoug P "f TN u0E
C ARANOW0 WELLS WI"N THE VICINITY
C
C T" HE0 EEAVOIR Is &$S U To t ISO1OP. C; we0 OuESE NFO
C "¥OIZONTAL &O INPiNT IN AREAL U fivW?. navIyT EFFECTS
C 0E1 ASSUMED *ESLIGIOLE. THE FLUID WITHIN THE NESEUVftIR
C IS C5NSI0 1E T4 WAVE A SMALL AD CONSTANT COPFRUSSSILITY:
C
C CALCULATIONS OF TMF MNESsuaE REQUIRES Ire ROCE ft NH UO

C GL STOEHET su~ H ASIU1I4ANOO WELL DIAMETER USED
C IS tE LARGEST ARAMOOME WELL 5IAMETER Vs THE VICINITY
C OF t IHJECTON. THE 69L STUENSTI Usto to THEI cHE note
C 99L STRENG O OF THE "U0 USES TO OPILL THE VICINITY WILLS.
C THE "MOT OF "t U COLUN Ty E AUANOONEU WELLS CAM
C KE "EASU A ES THO LOWEST MEASu E VALUE is US S ANO
C ALL WELLS OEME A@AMNE WITOUST LONG STOIWN CASINS.
C
C CALCULATIONS OF THE PRESSURE 4ESUIlWO TO OVERCOME THE

4'C HYO TATIC PUG COLUMN PRESSURE Assume TAT THE PU
C DENSITY is UNIFORM THROUGHOUT THE "RIGHT Op THE
C ASANNES WELL GORE AMO THAT THE IHU OCCUPIES THe ENTIRE
C HELL MOM "EIOTN?
C
C INPUT DATA POW THE PROGANIEAMD ISCOIED AS FOLLOWS$
C
C VARIAsL9 UNIT DESCRIPTION
C
C
C 419STQ LOS/IOSP GEL STRINGT" OF MUD0 IN
C ANANOOHEI" WELLS
C WNUIJ FEET LOWEST WEISHT VF THE 20US COLUMNS

SASOW IN THE ASANOONEO WELLS
C OAO0INCHES LARGEST DIAMETER OF THE AGAMOONED
C WsELLS IN THE VICINITY
C ONFRAC PSIA FRACTURE PRESS84RE OF INJECTION
C FORMATION
C PINIT PSIA INITIAL IN6JECTOM FORMATION PRESSURE
C VISC CENTTIPIse FLtuID VISCOSITY
C S RES VOIL" RESERVOIR FLUID FORMATION VOLUME1
C SURFACE VOL FACTO*
C PEN PLIDARCIES PERMEASILTYv
C PVET FORMATION TNICNESS
C PH? FRACTION FORMATION POROSITY
C TLIFE YEARS LIFE OF THE ?"JECT')N WELL
C C 110sIA FLUID COWPSSiRILI101Tv
C RH FEET WELL SO4R 5*011
C GCONS? SALPIN CONS? PAV FLOW SATE (w WASTE
C INJECTED INTO THE INJECTION

*C FORMATION
C RNO LBSSAL ASANDIINEO WELL NUD DENSTY
C

,*

-,. ". * V - * *-n *.* . . . k 1" * " '" . . . .
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*1 .~C
C
C 14PUjT DATA CARO$ Fee THE PO4rAM ARE AS POLLOW81
C.
C CAO VARRAGLE NAMES POOuAT

C *PW~PRCe
C 3 II * owtscs O PION'"3

C
C AFP IT I ois I 018To RUN tHE PROGRAM To DETERMlI THE
C mAwIWjW PLOW RnATE &LLONAOLI FOR A SPECIFIED FRACTURE
C PRESuURI.LRT PPOacSINC SPECIFIED FRACTURE PRESSURE
C AND QCOST4.6
C IF I? Is Owso TO Oiw tHE Po"Oau ?on. All INPUT

*C CONSTANT MAXIM114 FLOW Omit LET PFRaCu4.6 &NO
*C GCONmT2VNE DISIMED PLOW RATE

C

eOTWelSOw PL"IIC98)

to FORWtCIPIU.3)
49A@ to.perac

*It POR"aTtIZ*FPAc "vfs PON INJECTION POmNATIONW*..PS.'I

PRIT IR.PINIt.I5IC8S.panpoN

m13 1.P~LP~~A

1PONw? 2tPrnGPg..tSI
atnOOAtatX009 33E.LTo MANUD OIL S

READ I4,SCONST,jWO

PRNT t 1eSNOfPCOLM
17 I? ORwAT(IX*.tw PRESSURE RESULTING PRO" ?E..P1SI;.LS81GAL NUD
*COLUM"8*@PIUvl..P8ta*.f/)

PC0"qmSCOL".FDELt A
PRIN.T InfPCOMs

1S F0*0AVIXv*TME CONStMED MUD COLUMN AND 62L StIGTH PQ9aSUug...@
opt"* 20040

q0gg3~
eC~uet.a

PTNItC9PIMi?/1R.
01FOACC81RAC/I'. 7

TLIPeCuLIPI.3153h6v
PWAAC.e81 So *@TO is

A*(P~t*vISC.CC*(QN..l2 I f6.PWNC*TLIPECI
inaucocg((Pmltc.pAcc)eg.P1g.PEMcoN~cil(visc.Se(E?XtAuI))
e..AV800AXC*.Itgf
PONTw 2a0ewax
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28 'O3*TfIX*TO P42ENT FRACTURING# ?ME MAXIMUM PLO" RATE ALLOwAIL

IF (PPmACABY.eilso o O 2

IS PRNT O CO S

'1 MIt 23044OPATRU
13 P@wATclxv*4AOtUI v*3f*Umg**.l2Fji1a
Tl
adis tut#131

VlINY O(I8ATOZU(I)*tPAO(

a. po"lrople.l2
!pcoAstUI().Ucahb.J so To 31
IvCRA@!USM969SE111) so to 31
QAoIu~cZ*1)mRA@UU1eJ)*1@.

31 *AOtU*(!It)wmIOIu11flj.a
tP(Sh~tU5(2,LT.j1lb* 60 TO 34

C U maOtus(!i~msassetgo)*oea

Do 33 131.31
PCO.PWof 3IS.Oww

* PCOUqo(tI2SCL"I( 13pO1LtA
* .33 CNIU

tint
,LIMIystne)91W?

CAU PLOYS(6ofesLPLOYR3

CALL AFS(R soig534HRAO1AL DISTANCE FROM INJECTOR tFV2.

1AT0,3)S8NUTSItOAD, S3

*CI"O(3f)mPLIt~Ta

PCoI.N6C33)upL:NIYUca,

CALL AXIS( .0 p t ulos4OPMAyyON PRESUIE(POTA10

CALL Ol!6Zl,I*t0g1)
CALL LIN6(PAOIIU.*PAYIAOo31*1.O1
CALL LtNE(RAOtUU.PCO"0O*3I1.ev6tg)
CALL IN(AOIU3.PCOLWNe31*1**..I

CALL M,3611034.....I.t
CALL U"OC....1Iwf.L!PofNIO WM"'Cp..,.a
CALLUY O IIItI.lau.)

NCALL SyWUOLCI.3.?,g g*l6HNITt LIFE OLMIN PRESUU!.6*04A
CALL *"Oc~...~.gu.t
CALL SOLI3b5IIINOS~oSPCP AND GEL ST.UdIR24
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CALL SYSL.I7,;l,4WU..5
CALL S"O~~...1 1 sq~SRWT(SIIP
CALL UON99.9,.SGLT..I
CALL 5Y"OLS..7901g
*IRNASANOED WELL HO~P "CIST(PY1. #442
CALL NMI(9.99D1.~OS,
CALL SYMSOLCgu.4.q..lP.IU4&NAAOOWPO WILL D!AMETENCTIa

CALL WUN6IR(949' 1 9q,$GI~OASOWs.o3.)
CALL SYINSOL(8.g.4..IS

* -*37W*PORMAT!ON PRACTURP PNESU*r(tPUTAI aU :,7
CALL NtMil (q;9..I.PA.~l
CALL SYMSOL(SeS...5..zN.

*35MHNITIAL FollMArtoWPoessumcPSIA) a 0.03es
CALL UUR 9 qeq.1pyyg.a
CALL SYNSOL(S.S.&.3.,I6.24MVZSCOtYyCETtPOISg, a*4.4
CALL UUNqq*q..gv5a*p
CALL 3YMGOLCI.S,6b.;.1

*3NNPLUTO FORMATION VOLUME PACO*CRVSV) a ;4:;391
CALL NMI(9.9..~~RI
CALL SWOC.,..1.9RRI5LT(!LOI~5 **
CALL USR99.W.1.RW4I
CALL 08T!C:026))
CALL WUWSIR(999, 9,.l.~.a
CALL SYNIOI ao4..iu

*e1WPOR0SITYCPRACflOu, a *#*@as)
CALL WUWIEnC99q,1 q,*.**Pwtv**2
CALL SY"GOLCS.S0g.3..lg.
*31L1P1 OP T41 !'JtC71w WIL(rYEA43 s .;361
CALL ttMEC9.99.z.LP~.l
CALL UyNUL8g53.g
*12"PLU!D COPR3STS!1.ITY(I,0S a) *4*2
CALL NMI(9.qq.L.~.a
CALL *Y0OL*.g.',..110

*33"?NJICTON WILL NORA114JUS(PT) a ;8;,331
CALL NUNI(9.q9.1.W.l
CALL Sv"eOiC*eea.7..zu
'jWANAM CONSTANT FLOW RATECSAL/N1t41 a 94,sMN

CALL WMI(q,.q*~ 1 wug5CALL SYWSOL(O~m.I;g..1If
*391MASAMOOWID WELL NIU0 OENOMC~LISSAL) a U *8
CALL WNI(9,99.l.w~.l
CALL Sv'IOL(S.W.8.3v.tIe
*34*P THE FRACTURE ?RESUURuv# T1WINO A .i,.36)
CALL IYMBOL(6.Id.1 p if,
IOW"STATro WAX PLOW RATE, RATHER T14AW A ;@;;36)
CALL SYWSOL(s'60.0.11.g
034HOAX PLOW RATE CALCULATED PROP TUE 0.8..34)CALL SYOLO53?.1ePATI wessupe WAS USED *8:0871
CALL SYMNOILC6 I3*9*v1S..WOUTVIJI..&
CALL *yNSOL(S.9.3o3s.1IS

*41IWORESSUME AT THE WELL SORE RAOUS(PSTA)
CALL USR99.9.1.AR, ,

* CALL SY"GOLCS0893;tgo1a.
*SUWSIL STRENGTH PRSSUUCPSA) 9S .63G)
CALL PUSI99.*,..PE..a

CALL NWI(9.9q1.CL..a
CALL S~OC..,.U
*33WC0"UtNIO SMCP ANO GEL 3T(PS1AJ a ;@:.331

'1 ~~~~~CALL U6Rq*qq.gpowg*5
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3' ~~~CALL oy3.~q)
STOP

FUNWCTION fIX(APS)
IV CAR6.ST.I.60 so To2
IPCAIG.Lia..UI so TO 3

fgvG&LO6CAIG) ..577215&h
.4 t '* II
onl t IsloNI
PuP'!
vfft.ApO*%O

I CONTINUJE

IF (I*LI.Il 60 TO 9
so To 4

- S I!XTU.n"i
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PR063AM POES(INPUToOUTPUT.T&PESuINPUT.TAPE6aOUTPUT.PLOTS)

c THE PURPOSE OF THE FOLLOWING PRORAM IS Tot

C
C (I) SOLVE POP OCu1VO10 PRESSURES AT GIVEN DISTANCES AN TINES
C
C (2) CALCULATE AND PLOT ISOBANS

4' C
C
C THE NE$3PVOIP IS A83UNED TO 8E ANISOTROPIC, MONO6ENMEOUJ INFINITE
C A1N0 IN AN tuNSTEAOY STATE FLOW. THE FLUID.WITHIN THE RESERVOIR

C IS CONSIDERED TO SE SLIGNTLY COMNESSIBLE.
C
C FOR FORMJLA DERIVATION AN0 PACXGROUN0 INFORNATION REFER T01

C
C CAUOLE,0R.81M N, FUNOApNfTALS OF RESEnVOIP emcNNfEPINO.

C SOCIETY OF PETROLEUM ENGINEERING OF AI0E CANEPICAN

C INSTITUTE OF 4tNING. METALLURICAL; AMC PETROLEUM

C ENGINE!Pt SNWC, DALLAS.TE!AS* 197.

C
C SINCE DATA INPUT IS THE ONLY NECESSARY RIEUIRENENT FOR THE

C FUNCTIONING OF THE PO6RAP IT WILL SE OESCRISED AS FOLLOWS$

C
C
C VARIASOL9 UNIT$ OESCRIPTIONI

C
CM . OIPENSONOLESSCOL) mNtINER OF LOCATIONS FOR

C PRESSURE CALCULATIONS
C

SC N L NUNEW OF WELLS
C
C "TCN6 0L NUNISE OF TIME CHANGES

C FOR PRESSURE CALCULATIONS
C
C NCALC 0L COOED VARIA LE THAT

C OETERNINES TN! SU9JECT
* C ASEA TO OE CALCULATED

C
C NYgP 0L NUNSER OF YEAR P131008
C FOR PRESSURE CALCULATIONS
C
C NAR DL NUMBER or ISOSAR PLOTS

C PHI FRACTION FORMATION POROSITY

C
C 1 FEET FORMATION THiCKNESS

C
C aW INCHES WELL RADIUS
C
C
C VISC CENTIPOISE FLUIO VISCOSITY
C
C C I4PSIA) FLUIO COMPRESSItSLITY
C
C Pf14T PSIA INITIAL RESERVOIR
C PRESSURE
C
C vN.Yl MILLIDARCIES PEROWASTLTY IN X&V

C DIRECTIONS
C
C YAPLOT YEARS TYNE PERIOD FOr ISfOAN

* i . qi.ii i * .* *. *", *l.*. ,*. ,*. .4 . . .. , - ' 4'4 - - .-- -,
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CPLOT
C
C FxNMI0FxMAx FEET FIELD MIN; M AN: LIMITS
C IN X DIRECTION OF PLOT
C
C cFYntNNFyMA FEET FIELD MIN; A N;x LNITS

C IN Y DIRECTION Or PLOT
C
C NINC*YIWC FEET x ANn v INCREMENTS am
C 1SOBAR PLOT

xcI)0VCt) FEET V;Y LOCATION OF

C PRESSURE CALCULATIONS
C
C G(J) SALWMIN FLOW NATE OF WELL (J
C
C xW(J)#Yw(J) FEET N;Y LOCATION OF WELLS
C
C T(J) YEARS INITIAL TIME OF
C (SUoeUCTION/ INJECTION0)
C
C TJ) YEARS SPECIFIED YEAR FOe

1 e Poe.su.e CALCULATIONS

8 .INCtJi YEAR YEAR INCREMENTS PETWtEN
C SPECIFIED YEARS
C
C PSARM PSIA NIRAN MUM.ew,. oF
C PRESSURES Fa ISOSAR
C PLOT1
C

.1C MACNK) DL $YHEOL USED Fee
C CORESPONOIHS PRESSURE
C an t1o* PLOT
C 'US l.*u1,1u4

-p C

C THE PRECEDING VARIABLES ARE INPUTTED INTO THE COMPUTER EACH TIME THEC
SC FLOW OF THE PROGRAM C00SS A READ STAT1ENT; FOR EACN READ

C STATEMENT A DATA CARD SHOULD SE READ.
C
C CARD* VARIABLE NAMES FOIRNAT E4ADS
C t N.M.NTCHO.MCALC*MYRP Calls$ C I
C a NIAN felt@) I
C 3 PIHR.(SIF35.04 I

S.C * VISCRCOPINITONVeYW.YRtlT (901~a 1
C 5 FXMN.NNN.FR!eFNA S161
C 6 xCR)sYcI) tSFIS.6)

*C 7 6(j).NWCJ).YWCJI*T(J1 emples)a
C a YouJ) fhlW myop
C 9 YRNMC(j) (5F95) "Top
C Is PRUAg(S3 (aFIU.8) NIOAR
C 11 hSymcm) tell#) "?"AN
C

() ALWAYS Use INPUT DATA WITH CORRECT UNITS: Set ABOVE
SstreetCl L PRODUCTION
SL O WE WELLS A OPERATING

C (3) OSCILLAIONC OF PLOT AOUND WELL $CRO "AY SE ELLIMINATED BY

C tCREANSt, VARIABLE AN
(6) LC ESSIVE PUN TIME OF PROGRAM MAYT me tUCED SY1

c A, INCREASING THE VARIABLE OFCT WITHIN THE DATA STATEMENT

it~i
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C R. INCREASING THE XINC ANO YTNC INCREMENT VALUES WITHIN TH4E
C ISOBAR PLOT
C (9) THE PLOT ROUTINE WITHIN THIS PROGRAM IS SUBJECT TO CHANCE
C ACCORDING TO U3F*; THUS. THE PROGRAM WILL RE SLIGHTLY
C ALTERED WITH EACH USER TO COINFORM TO THE LIMITATIONS AND
C RESTRICTIONS or EACH PLOT ROUTINE
C Wb IF THE ISO8AR BLOT SHOULO BE RLANN. THE PRESSURES DEFINING
C ?ME ISOBAR$ 0O NOT EXIST WITHIN THE FIELD
C HOTel
C tl) SET "CALC EQUAL TO THE FOLLOWING NlIMuERQS TO CALCULATE THE
C SPECIFIED SECTIONS or THE PROGRAM
C
C MCAL.~a
C I..;PREStfpE CALCUATIO4 ONLY
C 2...ISORN PLOT ONLY
C 

3 ...IS3ogAR BLOT AND PRIESSURE CALCULATION
C (2) WELLS WITH VARYING FLOW RATES WITH4 TIME MAY IE USED BY SUPERm
C IMPOSING THE DIFRENTIAL ON THE PREVIOUS PLOW RATE
C

COMMON TIU.Wtu)Y(IU.WY..H.tU1vS..TT
DIMENSION X26.C6)XCSg.PIU)W(~g)Y(U~t

1PYRNCS).Y( I6)YRINCII).P eSI(y PBRII*IYCR
C
C INPUT DATA SECTION

DATA PI.CpI.CPS.E:r.VCON.O?.TCONV.IINc.YTNC,3:1416 3ATG$tt :T.16
IMf..1@1*E.14eI.1P228p6.;I3193b19..u.I. IA0.01
REAntg*.9) NMNTCNG. MCALC .NYRP

BEACOM5 PHItH.RN
REPAOC5.5)V13C.C.PINIT.XK.YE.YRPLOT

00 to Ist.N

to CONTINUE

* . WNITEC6,71)

WR TECA.73)PHIH.VISC,C

dRITEC6.I8)

00 15 Jiim

IP(Q(J).Lr.@.@l MPWvNPW.I
WRITEC6#d91 JXW(J).VW(j)*aCJloTCJl
ftC)s T(J)*TCONv

15 ONTINUE
00 23 J3INYRP
NEAD(soI1)YR(j)

21 CONTINUE
130 39 waI.NISAR
READ (9.S)PRBAR(X)

% ,REAM091y"9)I C)
39 CONTINUE
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IrtWCALC1IA)GO TO 38
C
C PRESSURE CALCULATIONS

AC MIZTt(A.5u3

00 35 1aIlow

M0 30 ?ZuI,MWOP
TSECIYCONVoyU!mc ttI,

00 as jotop
IF (?31C-TJ)*.LE;I., GO TO 29
ST!1uCPW!VS*crl.C7I(a.Icysgceycj,)I

IFCPV4E?.LT.EPS) 60 TO 3f

CALL ftXCXtvFtaMC1
$U14Q(PUNf40J)). SUN

049001~) a P!NtT.NALP
30 CON tU1

3S CO"tPIU1
tvtWCALCa1G;1)6n1 TO SS

C
C PRESUREm CALCULATIONS POO tSOSAm PL~OT
C
3s ComyINjig

CALL FLOSCg..,LPLOTO,
CALLOWPOPM.XA.ytpy.I

=CALL IWE!CNCX" woM* .4 pal
CALL a ICM(X .Ytmolfo)
CALL SV6OL3.I.tv1,f3j4MAOEA OF *fV!EfW;9.;j)
CA1LSSOC.eAeIeWN.)
CALL SYNOOLC?.211..1.l.4NtjCTON WELL LOCATONS..0,2eI
CALL YSL7*,9.6I..g
CALL UYOL?298.I.WAAOWOWELL LOCAIM98s.e.2.)
CALL SNOC.~.5.gag. 1
CALL SYNOL?2,..163fMTATtC MMO COLUNeGI OT3FWGYW.;301
CALL IYMOL?2,a9 5Sfoi6.z3HPOISStjRngPg1 2 tSOmAN a ;e@
CALL NMICW.qe.l~~~~.2
00 li Jot,mTGTW

let CONTINWUE

TIECOCONV*VnOLOT

323 CONT:IVUg

% 00 391 Juggle

SVF(p~ToV~qffC.C o 302~gCyg.TJ)
PZNIIo(CCWVlsecJ)r).tf;gg)( sc TcYmwJ) 3',
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!P(P!WEI.,L?.EPSI 00 TO 363

CALL CXCXZ.PUMCI

WALFGAP*SUM
* 363 6OSPGPIN!?.NALP

3I COWYINUE

xPv xP.WINC
yrtxp(CP.?.TPAE).ANo.cYp,.S.PY"AUl))o To 466
!P(XP;OT.PENAE)SO To 398
00 325 J3 1 1 m

IP(CCE~WW(J)..2*CY~mYtJ~*@l).LECRWI))60 TO 363
3ps CO"TINUE9

sums@,*
0O 36 je1 t"

l~c~l~wcj.LE ..:,.O To 346

CALL IRI#PiWC)
suU'ufftI"0C'(J) I*Sul$

366 CONTINUE

HALFPAP.U"
PROLDUpoesp
,6I5peuty#HALP

IF t;pIOlD.BTPRIA f 13*4 09C NESP.LT.PMUARCN))I Go TO 36?

30? CoNTI
00OI ADss(P09aNCE) -POO)
,O!'2GA68 (PvISPw'POLO)
lpecccip-wPOLD1 POPII/CPOZPlI) * XPOLO
CALLS 5NTClM(xPfyP#IOISYW(Nhe1)
Go To 303

39' ComrTWUE
YPU voy'.tc

so To 323
6.6 CONTINUE
300 COW?! wvA

CALL PLO~t''l(6o 6.0)
555 CONTImoiE
5 P00UN&T(Ip16, @I

*~POWWATCS
9NINMILL WELL CoonotNA?!S FLOW MATS INT

ttAL)
44 PORNAT6 to W(TI y(pT) (SAL/WIN)1 T1Ic

in resNATC13NI OIEIVATIOW PTO COORDINATES MOTTO" HOLE PRESS
IunacPII) IV YeAss)

It POMMIATC291 POINT 1071) Y(PT)i

61 9A7tsllIhUel.NhgIuheeIb
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76 PomNAT(&?Wt IELD1. DATA$ mEEgvato Fee"
1AYZoM FLUID)POOIY T4CN3 VSOIY

p ohTemCh0IL1 Y (POAC;) (FEET) (Cc,

I 1/CPSIM)

74 FORNATC.4/069WU INITIAL POROATION PERWIARtLI

ITY WILL) #s~oI t!LDIIS

I RADIUS) P(9(SA .IET y0RC

77 fPommATC(&Nf;CS WMCT Y60C

7p0

'I UUSNOUTIME EIXCWULt)

c

DATA EW.AW~~.6S5l~h

FACYT91

6 FA P ACT.Uj

7 CONTINUE
qETURN

.1N
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