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ABSTRACT

Hole enlargement in the Williston Basin was studied in
this report. Two possible causes of hole enlargement were
investigated, namely hydraulic and mechanical forces on the
borehoie wall created by the drilling string and/or the
drilling fluid.

The hydraulic parameters are the annular flow regime,
annular pressure losses, mud rheblogy, impact force, surge
“pressure, and hydraulic effect of the drill string movement
on the borehole wall. The power law model was used to cal-
culate annular pressure losses and Reynold's number. The
rotary viscometer model was utilized to calculate the hy-
draulic stress acting on the borehole wall produced by the
pipe rotational movement. ' Burkhardt equations were used to
calculate surge pressures.

Drag forces between the dfillvstring and the wall of
the borehole were calculated for a\straight vertical hole and

for a dog-leg hole.
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INTRODUCTION

In the Williston Basin, instability of the borehole can
be divided into two separate problems:

1. shale

2. Salt.
The term "instability" is a term used in the drilling indus-
try to cover all problems associated with incompetent bore-
hole walls, such as sloughing, hole enlargement, and tight
hole. The above three phases of hole instability are ob-
served in the Williston Basin. This report will be devoted
to discuss hole enlargement.

Hole enlargement may contribute to one or more of the
following:

1. Hole cleaning difficulties

2. Stuck pipe

3. Bridges and fillup

4. Increase in mud volume and treatment cost

5. Increase in cement cost

6. Poor cementation due to low displacement rate and/or
channeling

7. Difficulties in running logging tools.
This work is an effort to attack the problem of hole
enlargement in the Williston Basin through two basic tasks:

l. Correlating the effect of each individual factor versus

hole enlargement, wherever such correlation does exist.

1
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2.

Quantitatively showing the effect of various factors

in terms of forces acting on the well-bore wall.

Two parameters were analyzed:

1.

2.

Hydraulic effect of drilling fluid

Mechanical drag caused by drilling string.

As a case study of this work, field data were collected

on "Four Eyes Field" located in Billings County, North

Dakota.

The source of data is "Tenneco Oil Company," which

provided the required data for this study. The data used in

this study was primarily taken from:

1.
2.
3.
4.

Geological data
Well logs (caliper)
Bit records

Mud recap sheets.

Data of three wells ware used; the wells hereafter are

referred to as well numbers 1, 2, and 3,in order to simplify

referring to them in many places.
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FACTORS AFFECTING BOREHOLE STABILITY

Hole enlargement as a result of hole instability (during
‘drilling operation) may be caused by one or more of the
following:
1. State of stress underground
a. Tectonic stresses
b. Hoop stresses due to overburden load
c. Gravity force due to formation dip

2. Thermal stresses

3. Stresses induced by pressure gradient between
formation pore pressure and well-bore pressure,
associated with the flow of formation fluid to
the well-bore

4. Chemical reaction between well-bore fluid and its

filtrate with formation rock and its fluid content;

this may cause:

a. Alteration of rock strength

b. Swelling of rock with the associated strain
and swelling pressure

5. Mechanical drag on well-bore wall caused by drill

string

6. Hydraulic drags caused by annular pressure losses,

jet impact forces, surge pressures, etc.

Many authors (11, 12, 17, 4, 23) believe that hole

enlargement and well-bore instability are related to:
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1. Mechanical drag imposed on the borehole due to drill
string contact (11, 17)

2. Flow rate (6, 2)
3. Trip time (surging) (6, 16)
4. Hole deviation (4)
5. Time of exposure (7, 17)
Dittmer (17) (based on field experience in Arkoma Basin
air/gas drilling operations) found that:
1. Hole enlargement in air/gas drilling occurs as a
result of both erosion and sloughing
2. Erosion is largely caused by the drill string wear-=
ing away the rock
3. Erosion caused by the drill string is most severe in a
dog-leg hole and to a lesser extent in an inclined hole.
Fontenot (23) studied the factors influencing torque
and drilling cost near salt domes, and he concluded:
1. Hole enlargement is related to tectonic stress
2. Hole enlargement was not mainly due to drill string
borehole contact
3. Hole enlargement was not related to API fluid loss
and slightly dependent on circulation rate.
The conclusion made by Dittmer and Fontenot reflect field
experience in two different regions. Dittmer's conclusion of
the severe effect of the drill string seems reasonable in air/

gas drilling operations because the friction will be
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greater in a dry or semi-dry contact between well-bore and
drill string. None of the above experiences may be applied

"to the Williston Basin.
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THE WILLISTON BASIN

The Williston Basin represents the largest potential oil
basin in the United States (2). The Williston Basin is
located in North Dakota, eastern Montana, the northwestern
portion of South Dakota, and it extends into Canada. The
Canadian portion of the basin is the southwestern corner of
Manitoba and includes most of southern Saskatchewan, "

The basin is large, covering somewhere between 134,000
and 240,000 square miles, depending upon what is used as the
boundary. The basin is outlined by the Black Hills in the
south; the Canadian Shield in the northeast; the Bowdoin
Porcupine Domes and the Sheep Mountain syncline on the west;
the Moose Jaw syncline and Sweet Water arch in the northwest
and the north; the Precambrian Shield in Canada and eastern
North Dakota; and the Sioux Uplift on the southeast (see
Figure 1).

The basin is a typical sedimentary basin, has the gener-
al shape of a dish, the bottom of the dish being the granite
or Precambrian rocks, and Tertiary beds at the top. The
deepest part in the basin is in the northwest corner of
North Dakota, where a sedimentary rock section of more than
15,000 feet is present.

There are three regional structural features within the

basin area, which are the Nesson anticline of North Dakota, and
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the Poplar and Cedar Creek anticlines of eastern Montana
(see Figure 2).

The first oil discovery in the basin was in 1936;
significant development was achieved in 1951 through the
discovery of the Beaver Lodge Field in North Dakota.

Today the Williston Basin is the busiest basin in the Rockies.
A vast undrilled area to drill, higher oil prices, and good

success ratio make the Williston Basin attractive.
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WILLISTON BASIN STRATIGRAPHY

There is more than 15,000 feet of sedimentary rock over-
lying the Precambrian basement in the central part of the
basin, which represents a complete section of Paleozoic and
Mesozoic rocks.

The Mesozoic rocks are primarily clastics, and the
Paleozoic rocks are primarily carbonates. Evaporites are
found in the basal portion of the Mesozoic section and the
Mississippian and Ordovician. The general stratigraphic
section of Williston Basin in North Dakota is given in Figure
3. The following stratigraphic descriptions were compiled
from references 2 and 5.

1. CRETACEOUS PERIOD:

Cretaceous rocks are a succession of shales and sand-
stones. Cretaceous rocks can be divided into two groups, the
Colorado group and Dakota group. The Colorado group includes
different formations, namely, Niobrara, Green Horn, Mowry,
New Castle sand, and Skull Creek. Dakota group includes
Dakota Sandstones, Fuson Shale, and Lakota Sandstone.

2. JURRASSIC PERIOD:

The upper part of the Jurrassic rocks are a sequence of

shale, sand, and shaley sand. Four formations are present:

Morrison (shale), Swift (sandstone), Rierdon
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(shale), and Ellis formation (shaley sand). The lower part
is mainly limestone.

3. TRIASSIC PERIOD:

The Triassic period is the basal part in the Mesozoic Era;
it is represented by the Spearfish formation. Salt is present
at the top of the Spearfish formation called Dunham salt.
Spearfish formation basically is salt, sandstone, shale, and
minor anhydrite.

4. PERMIAN PERIOD:

The most interesting thing is availability of salts in
the Permian rocks; thick massive salt sections are present
of at least 250 feet thick. Pine and Opeche salts are pre-
sent, which are above and below Minnekahta formation, re-
spectively. Shale sections separate the Permian rocks from
Triassic above and the Pennsylvanian below.

5. PENNSYLVANIAN PERIOD:

\”/“\\ Pennsylvanian rocks consist of three formations, namely,
Minnelusa (sandstone), Amsden (limestone and shale), and

Tyler (shale and/or sand).

6. MISSISSIPPIAN PERIOD:

The uppermost Mississippian is predominantly shale;
below lies Charles evaporites and carbonates. The under-
lying Mission Canyon is predominantly limestone; below this
formation is the Lodge pole. The lowest Mississippian is the

Bakken, which is called at the first good shale break.
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‘The Mississippian is divided into two groups, the Madi-
son group and the Big Snowy group. The Madison group con-
"sists of three distinct formations: Lodge pole (limestone),
Mission Canyon (limestone), and Charle formation (salt,
limestone, shale, and anhydrite).

Mission Canyon represents the foremost drilling target
in the basin. Mission Canyon is characterized by vugular
porosity and fracturing. The Big Snowy group consists of
three formations, which are Heath (shale and sand), Otter
(shale), and Kibby (sandstone).

7. DEVONIAN PERIOD:

Devonian sediments for the most part are carbonates
(dolomites and limestone), although salt may be present in
Prairie formation. The formations from top to bottom are
Three Fork (claystone), Nisku (limestone), Duperow (lime-
stone and dolomite), Sourise River (dolomite), Dawson Bay
(limestone), Prairie evaporite, Wininpegosis (limestone),
and Ashern formation (limestone).

8. SILURIAN PERIOD:

Silurian rocks are mostly carbonates. The Interlake
formation is the only formation in this period which is
limestone and dolomite; vugular and fracture porosity is

present.



ER-2444 14

9. ORDOVICIAN:

The top of the Ordovician is placed at a sandy shale
~defining the top of the Upper Stony Mountain formation.
These are the formations from base upward: the Winnipeg
(sand and shale), the Red River (limestone and dolomite),
and the Stony Mountain formation (dolomite with minor shale

and limestone).
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DRILLING PRACTICE IN FOUR EYES FIELD

1. CASING AND CEMENTATION

The setting depth of surface casing is controlled by
regulation of the respective conservation agencies and United
States Geological Survey. These regulations necessitate that
surface casing shall be run to reach depths below all potable
fresh water located at levels reasonably accessible for ag-
ricultural and domestic use. Sufficient cement shall be
used to fill the annular space back to surface.

In the Four Eyes Field, a 13 3/4-in. surface hole was
drilled for a 9 5/8-in. ;urface casing of’36 lb/ft, K-55,

ST & C. Setting depths of 9 5/8-in. casing range between
1500 ft to 2500 ft, cemented with 600 sacks to 1350 sacks of
cement, respectively.

The second hole is 8 3/4 in., and 7-in. casing is run
either to the total depth or to approximately 11,000 ft. The
prevalent trend is to eliminate the intermediate casing unless
the hole condition dictates otherwise.

If 7-in. casing is to be an intermediate casing, 4 1/2-
in. production liner is run to the total depth. The 7-in.
casing string composed of S00-95, 29 1lb/ft, LTC, and C-75,

26 1lb/ft, LTC, or N-80, 26 lb/ft. This 7-in. casing is
cemented by a two-stage cementation with a stage cementing

tool placed at approximately 8000 ft. to 9000 ft.
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The first stage was 350 sacks of salt-saturated light
cement to cover salt sections. The second stage was 1000
sacks to 1500 sacks of salt-saturated light cerient. Cement
additives are slightly different from place to place to
accommodate special needs.

The 4 1/2-in. production liner is 13.5 1lb/ft, N-80
cemented with 200 sacks of class "G" cement. The well

diagram is shown in Figure 4.

2. MUD PROGRAM

The drilling mud program used in the Four Eyes Field
is very similar to othervpafts of the Williston Basin.
In any area of the Williston Basin, it is necessary that
the mud program cope with exposed sections of two distinct,
major lithologies encountered; that is:

a. Shale and sandstone from surface down to bottom-

most formation in Mesozoic era

b. Carbonates, salt, anhydrite sections in lower parts.

After a review of the recommended drilling fluid programs
proposed by different mud service companies which served in
the Four Eyes Field as well as other fields in the basin,
a stabilized mud program can be outlined as follows:

The basic mud system being used is a salt water system.
Salt water is used from the surface to the Dakota. The

system is then "mudded up" by adding a starch or gel to
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increase viscosity. Before penetrating the Spearfish first
salt section, salt is added to fully saturate the system. A
'salt-saturated mud is then maintained to the total depth.

The surface hole is drilled with salt water, with high vis-
cosity "sweep", to ensure good hole cleaning before setting
surface pipe. Then the mud is usually dumped and mud tanks
cleaned. Then, from surface casing to the Dakota, salt

water is used, with a minimum of 100,000 ppm salt concentration
to provide a partial inhibition for shale hydration. At the
top of the Dakota, which is the 'mud up' point (5,00-5,500 ft),
starch is added to lower filtration loss, and gel is added to
increase the viscosity. Mud up is necessary at this point to
prevent differential sticking in the Dakota formation, which
may occur due to thick wall—-cake build-up on the porous
section. This mud is used to drill to the top of the Spear-
fish formation.

Prior to entering the top of the Spearfish formation,
salt is added to saturate the mud to prevent excessive dis-
solving of the salt section, which is related to cementing
and fishing problems in the washed out salt section. This
system is continued to the total depth, with necessary treat-
ment to adjust mud properties. 0il may be used to reduce

mud weight.
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These general mud characteristics are observed. The data are
from the drilling of the wells 1, 2, and 3 and are taken from

‘mud recap sheets:

Interval Ib/gal Sec c¢c/30 min Solid Salinity Type of

(ft) MWT __Vis Fluid Loss___% ppm _Mud

0 _ 2500 8.5-9.0 nc nc 130,000 sSalt water
Set 9 5/8 casing
2500~ 9-9.5 nc nc 130,000 Salt water
5500

"Mud up" at the top of Dakota

5500- 9.5-10.5 35 20-40 2-5 130,000 Salt Mud
7500 330,000
7500 Total 10-10.6 32 10-35 2-6 300,000 sSalt Mud
Depth 45

nc means no _control

3. BOTTOM-HOLE ASSEMBLIES

Bottom—~hole assemblies consist of 4 l/2-in. drill pipe,
twenty drill collar 6 1/4-in. or 6 3/4-in. OD. To drill a
5-in. hole, a 3 1/2-in. drill pipe and 4 3/4-in. drill collar

is used.

4. EVALUATION
Logs run typically include density, neutron, sonic,
dual lateral log, caliper, gamma ray, and cement bond log.

Coring and drill-stem testing are done when necessary.
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4 1/2-in., 16.6 1lb/ft
Drill Pipe

Y

6 3/4-in. x 2 1/2-in
or 6 1/2-in. x
2 1/4-in. Collars

Figure 5: (Bottom hole assemblies)l
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DRILLING PROBLEMS IN FOUR EYES FIELD

-

In the Four Eyes Field, drilling problems are similar
to those encountered in other fields in the basin. The
following information concerning these problems is taken

from reference (1l).

1. LOSS OF CIRCULATION

Loss of circulation is not a major problem in the field.
It is expected in the Mission Canyon Formation due to the
presence of vugs and fractures. However, this problem is

corrected by addition of lost circulation material.

2. ABNORMAL PRESSURE

The pore pressure gradient in the field is considered
to be a normal pressure gradient. From DST data, it was
found that the pore pressure gradient was approximately
0.465 pst/ft, so salt water of 80,000 ppm salt concentration
is sufficient to control the pore pressure from the surface
down to the Ordovician. High-pressure gas pockets may be
encountered in the Minnekahta and/or Mipnelusa formations,

and 10 ppg mud is enough to control it.

3. DIFFERENTIAL PRESSURE STICKING

Differential pressure sticking is a problem in the Four
Eyes Field, as well as in the basin. Differential sticking

is a possibility from the Dakota to total depth when
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permeable porous sections and thick mud cakes are encountered.
In many cases in which this problem occurred, a poor mud fil-
‘tration characteristic was largely responsible for the stick-

ing problem. Spotting oil against the stuck zone is successful,

and is the prevalent practice to free the pipe.

4. SLOUGHING SHALE

Inspection of Caliper logs of the three wells in Four
Eyes Field shows hole enlargement in most shale sections.
Two to three inches over an 8 3/4-in. gage is common. A very
good example to illustrate the trouble of sloughing shale is
in well No. 3, where three attempts to log were terminated
when bridges were encountered at.different depths. Caliper
logs indicated a severe hole enlargement of 12-15-in. hole

diameter, varying in a zigzag pattern,

5. MASSIVE SALT SECTIONS

The first salt section is encountered at the top of the
Spearfish formation (Dunham Salt), at 7,000-ft depth. Salt
sections are found to exist down to the bottom of the Charles
formation. The total thickness of salt sections is 600 ft.
Caliper logs show a severe hole enlargement in salt sections;
sometimes the hole size is beyond the Caliper scale of 16 in.
Hole enlargement in salt sections is a common problem in Four
Eyes Field as well as in the basin, although salt-saturated

muds have been used.
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FOUR EYES AREA

The Four Eyes Field was discovered in January of 1978
through the drilling of Tenneco's BN 1-29 Ordovician test in
the southwest quarter of section 29, T143N R100W. This well
found productive hydrocarbon zones in the Mississippian Mis-
sion Canyon, Devonian Duperow, and Ordovician Red River. An
additional eleven wells have been drilled to the various pro-
ducing zones and completed as producing wells. Also, seven
dry holes have been drilled within the field outlines.

Data from the following wells were used:

1. BN 1-29: drilled to a total depth of 14,300 ft in
' Section 29-T143N R10O0W.

2. Gawryluk 1-30: drilled to a total depth of 13,015
ft in Red River, Section 30-T143N
R100W.

3. Federal 2-30: drilled to a total depth of 13,168 ft
in Red River, Section 30-T143N R100W.

The above three wells will be called wells No. 1, 2, and

3, respectively, in this report.
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CALIPER LOGS

A look at the Caliper logs of the three wells shows
matched common features. The following observations may be
made:

1. Hole enlargement up to 14 in. in the interval between
2,600 to 4,000 ft. This is an enlargement which may be
due to sloughing of shale.

2. In the interval 4,000 to 7.000 ft, the Caliper shows
an average hole size of 10.0 in. This enlargement over bit
size of 8 3/4-in. may be due to erosion created from the
drilling fluid and the drilling string. Some tight spots
(peaks to the left) appear clearly in well No. 2.

3. The salt sections start at a depth of 7,000 ft.

Hole enlargement up to 15 in. is consistently associated with
any salt section. Figure 6 shows that the hole size peaks

are the same in all the wells investigated in this study.
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HYDRAULICS

INTRODUCTION

Based on field experience (3, 6), it is found that there'
is a direct relation between shale erosion and annular
velocity.

In Canada, the shoughing shale problems are related to
annular velocity, turbulence, and annular pressure losses (6).
Data from Caliper logs through the Williston Basin area
show consistent correlations between pump output and hole
size (3). It is reported (3) that for a pump output Qf
300 gpm in a 8 3/4-in. hole with 6 1/4-in. drill collars,
hole size consistently ran two to two and a half inches
over gage, whereas for 375-390 gpm, the hole size was
consistently 4-in. over gage.

Figure 7 shows Caliper logs for three wells investigated
by McDaniel and Lummis located somewhere in the Williston
Basin. The exact location of these three wells in the Wil-
liston Basin was not mentioned by these authors.

Well No. 1 was drilled with the typical mud system of
salt-saturated mud, and well Nos. 2 and 3 were drilled
using clay-free mud with no control on fluid loss.

Well No. 1 was subjected to turbulent flow with an

annular velocity of ]29 fpm in the interval 2300-2600 ft.
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Caliper log readings indicate an average of 1,8~in,

above bit size (8 3/4-in.); and thLe hole was exposed

to well bore fluid about 60 days prior to logéing. Well No.
3 in the same interval was exposed to turbulent flow with an
annular velocity of 165 fpm and was exposed to well bore
f£luid 30 days prior to logging. The average Caliper readinc
was 5.6 in. above bit size.

In the Dakota section from 6,550 to 6,850 ft, well No.l was
drilled with.an annular velocity of 138 fpm (Laminar flow).
This well experienced a Caliper reading of 2 to 4 in. above
bit size. Well Nos. 2 and 3 had an average Caliper reading
of 3.2 and 3.9 in., respectively, above bit size, and the
annular velocities were 149 and 155 fpm, respectively.

The following hydraulic parameters were analyzed perti-
nent to the area of Four Eyes Field:

1. Annular flow rate (velocity)

2. Annular flow regime

3. Annular pressure losses

4. Mud rheology

5. Hydraulic HP consumed at the bit

6. Jet impact force

7. Hydraulic stress on the borehole wall created by
the drill string movement.

The data required for various calculations were taken from

bit records and mud recap sheets.
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ANNULAR VELOCITY AND FLOW REGIME
The following power law model was used to describe the

"fluid shear rate-shear stress relationship:

where
F = shear stress
R = shear rate
n = flow index
K = consistency index

n and K are determined from (29):

F600

n = 3.32 log F300

where

F600 = VG meter dial reading at 600 rpm

F300 = V.G meter dial reading at 300 rpm
K = 9.0166 ;]
(1.7 R)®
where
R = shear rate, rpm

0 = dial reading at (R) rpm, 1b/100 £tZ.

The Power Law Reynold number is determined from the equation:




ER-2444 30

where
Nr = power law Reynold number
D,d = outside and inside diameters, respectively, in.
V = annular velocity, ft/sec
W = mud weight, lb/gal
Kann = annulus consistency index.

Reynold ﬁumber is a dimensionless constant. The critical
Reynold number for non-Newtonian fluid varies between 2,100
and 3,000, depending on the flow index (n): the lower the
value of (n) the higher critical Reynold number. The Criti-
cal Reynold number is considered to be 2,100 in this report
from which the critical Veiocity can be calculated from the
Reynold number equation.

If annular velocity ' is greater than the critical velocity,
the flow regime is considered turbulent; if lower, the flow
regime is laminar. Figures 8 and 9 show the Reynold numbef
versus depth according to the actual hole size for well Nos.

2 and 3. Figures 10 and 11 show the annular and critical
velocities around collars correlated with Caliper logs for
the two wells.

These conclusions are made by analyzing Figures 8 through
11:

1. The actual annular velocity is higher than the cri-
tical velocity in most cases; that is, the prevalent flow

regime in the annulus is turbulent.
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2. In highly enlarged sections, such as those at shallow
depths (2,600-4,000 ft), the flow regime throughout
the annulus is laminar.

3. If we assume an average hole size of 10.5 in., this
will assure laminar flow in the annulus around the pire.
In other words, we can say that the hole enlarged
enough to assure laminar flow in the annulus under
the prevalent mud properties.

4. For a gage hole of 8.75-in., the flow regime is in

a turbulence throughout the annulus.

HHP AT THE BIT

Tables 1, 2, and 3 show the flow rate, annular velocity
in ft/min for a gage hole around the drill pipe and collar,
hydraulic horsepower consumed at the bit as a percent, and
the jet velocity (ft/sec) for the three wells. These values
are tabulated at each bit run. No correlation has been found

between Caliper logs and HHP consumed at the bit.

JET IMPACT FORCE VERSUS ENLARGEMENT

Excessive jet impact force may cause enlargement of the
hole. The maximum jet impact force theory of optimized hy-
draulic is based on the idea that formation cutting is best
removed from beneath the bit when the force of the jets

striking the bottom of the hole is the greatest. Jet impact
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TABLE (1)

WELL NO. (1)

Flow Annular Velocity ft/min Jet

Rate Around Around % HHP Velocity

Depth gpm Collar Pipe at Bit ft/sec
4732 290 229 126 60 358
5510 290 229 126 62 358
6100 290 229 126 85 420
6296 290 229 126 87 420
6451 290 229 126 87 420
6695 290 229 126 86 420
6751 290 229 126 87 420
7195 290 229 126 88 420
7522 290 229 126 90 420
7983 290 229 126 92 420
8757 290 229 126 92 420
9029 290 229 126 94 420
10019 300 237 130 73 371

10400 300 237 130 73 371
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TABLE (2)

WELL NO. (2)

Flow Annular Velocity ft/min Jet
Rate Around Around % HHP Velocity
Depth gpm Collar Pipe at Bit ft/sec
4657 322 230 140 44 229
5382 322 230 140 50 265
5590 322 230 140 50 265
5701 322 230 140 44 265
6014 322 230 140 46 265
6274 328 234 140 48 270
6555 328 234 143 48 270
6621 328 234 143 48 270
7658 328 234 143 83 350
7992 328 234 143 83 350
9217 268 192 117 55 286
9511 274 196 119 57 292
10255 274 196 119 57 292

11196 274 196 119 58 292
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TABLE (3)

WELL NO. (3)

Flow Annular Velocity ft/min Jet
Rate Around Around % HHP Velocity
Depth gpm Collar Pipe at Bit ft/sec
2502 335 264 145 143 466
5371 335 264 145 33 207
5791 335 264 145 34 207
6712 329 260 143 73 317
7916 329 260 143 53 294
8157 255 202 111 63 364
8893 280 221 121 84 311
9347 292 231 127 58 423
9538 292 231 127 96 346
10506 280 231 121 76 346
11242 280 221 121 77 346
11847 280 221 121 75 346
12239 280 221 121 73 346
12646 280 221 121 73 346

12948 280 221 121 73 346
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force is related to mud weight, flow rate, and nozzles velo-

city as follows (22):

IF = 0.000516 MW Q Vn

where
IF = impact force in lbs
MW = mud weight, ppg
Q = flow rate, gpm
Vn = nozzle velocity, ft/sec
0.000516 = a conversion constant to change minutes to

seconds, and pounds mass to pounds force.
The impact force for each bit run is calculated and presented
in Table 4 and Figure 13. No correlation has been found be-

tween impact force and hole enlargement.

MUD_ RHEQLOGY

Mud rheology is a factor in determining the flow char-
acteristic of the mud.

The power law exponentl(n) determines the degree of
(non-Newtoniaty) of the mud. In the situation of oversized
hole, the value of (n) should be decreased as much as possible
to have a minimum bit viscosity and a maximum effective vis--
cosity in the annulus. The (n) values of the mud used in
the three wells fall in the range of 0.6 to 0.8.

The effect of flow behavior index (n) was examined by

calculating the Reynold number. For two assumed values of
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TABLE 4

IMPACT FORCE

Well Number:

1 2 3

Impact Impact Impact
Depth Force Depth Force Depth Force
4732 500 4657 355 2502 766
5510 515 5382 416 5371 340
6100 605 5590 420 5791 344
6296 618 5701 429 6712 561
6451 618 6014 446 7916 483
6695 611 6274 468 8157 408
6751 618 6555 472 8893 558
7195 6390 6621 472 9347 498
7522 643 7658 623 9538 684
7983 655 7992 629 10506 530
8757 655 9217 413 11242 535
9029 668 9511 432 11847 525

10019 611 10255 432 12239 510
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(n), 0.4, and 0.5. 1In the case of a gage hole of 8.75 in.,
the calculated values of Reynold number is not significantly
‘changed and the turbulent flow in the annulus around the
collars exists. This is illustrated for well Nos. 2 and 3
in Figures 14 and 15.

Table 5 shows the effect of decreasing the value of (n)

to 0.5 on the Reynold number.

ANNULAR PRESSURE LOSSES VERSUS ENLARGEMENT

Some shales can be physically sheared off the well bore
due to shear stress imposed by the drilling fluid.

It has been found that when drilling the upper Cretaceous
shales in the western foothills of Canada, the drill
collar annular pressure losses should be kept below 85 psi/
1000 ft (6).

The annular pressure losses around collars and pipe
calculated using the power law model for two cases below
were:

1. When hole size is 8.75 in.

2. The current hole size.

In the case of a gage hole, the average calculated pres-
sure drop around the collar is 20 psi/1000 ft, and around the
pipe is 3 psi/1000 ft.

The pressure drop varies according to the hole size;

of course, the pressure drop is less in an enlarged hole

than in a gage hole.
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TABLE 5
WELL NO (2)

REYNOLD NO.*

Around Collar Around Pipe
For For
Actual Assumed Actual Assumed
Depth (n) (n) (n) (n)
2500 4821 4464 3470 2918
6500 6600 5836 5040 3815
7000 7249 5836 6189 3815
8100 5828 4478 4980 2927
9070 6014 5596 5135 3658
9180 6113 4896 5013 3200
9300 4223 3681 3191 2406
9600 3407 2892 2645 1890
10500 4305 3?52 3252 2452
11200 5266 4542 4020 2970

* Assumed (n) is = .5
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The shear stress at the borehole wall due to annular

pressure losses can be calculated with the equation (29):

T = AD —4d£ AP
where
D = hole diameter, in.
d = drill string out side diameter, in.
L = length, ft
AP = annular pressure drop, psi

Tw = wall shear stress in lb/ftZ.

In Table 6, shear stresses acting on the borehole wall
against drill collars and the drill pipe are given, which shows
relatively low values of no significant effect.

The range of shear stress for an 8.75-in. hole is from 10
to 5 lb/ft2 against the collar and roughly about 3 lb/ft2
against the pipe.

Annular pressure losses against the pipe and collars
correlated with the Caliper log are presented in Figures 16
and 17 for well Nos. 2 and 3, respectively.

Annular pressure losses are presented also for the case
of gage hole in Figures 18 and 19. No correlation has been

found between annular pressure losses and hole enlargement.
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TABLE (6)

WELL NO (2)

Tw Tw

Hole size AP/1000 ft AP/1000 ft 1b/ft>  1b/ft>
Depth 1 2 1 2
2500 10 3.9 1.4 3.4 1.925
2720 13 0.7 0.4 1.14 0.3
2990 11 1.8 0.7 2.025 1.14
3005 15 0.3 0.2 0.64 0.5
3600 11.5 1.2 0.6 1.5 1.0
3620 13.5 0.5 0.3 0.8 0.7
4650 8.0 48 6 18 5.3
4750 9.25 8 2.3 5.5 2.7
4830 8.3 28.3 4.6 12.7 4.4
5000 9.75 4.9 1.6 4.0 2.1
5580 9.0 13.2 3.7 8.2 4.2
5770 8.0 54 7 20.2 6.1
5800 11.5 1.3 0.6 1.6 1.0
5870  10.0 4.1 1.4 3.6 2.0
6500 12.00 1.0 0.5 1.4 0.9

(1) Against collar

(2) Against Pipe
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PRESSURE SURGES VERSUS ENLARGEMENT

53

Pressure surge can be generated as a result of one or a

combination of the following effects:

1. Friction between the mud and the pipe because of

pipe movement

2. 1Inertia force because of acceleration or decelera=~-

tion of the mud in the annulus due to initiating or

terminating pipe movement, or circulaticn, respectively

3. Breaking of the thixotropic gel of the mud when initia-

ing or terminating pipe movement or circulation

4. Bit balling or a stabilizer when pulling the drill

string out of the hole.
The pressure surges are of three types:
1. Viscous drag
2. Thixtropic gel

3. Inertia surge,

The magnitude of the pressure surges can be predicted

by those equations given by Burkhardt (30). Table 7 shows

the thixtropic gel pressure surge as a function of hole
Table 8 shows the inertia pressure surge.

In the calculation of viscous-drag pressure surge,
pipe velocity is required, but it is not available. For

sake of solution, a range of pipe velocity is assumed.

size.

the

the

The

trip time is known, which is the total time consumed for
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TABLE (7)

Thixotropic gel pressure surge (psi) for WELL NO (3)

Gel HOLE SIZE (INCHES)
Depth Strength2 8.75 9.0 10
1b/100 ft
2502 2 90.0 9.5 8.5
5371 5 48 45 42
5791 5 52 50 45
6712 4 47 46 42
7916 2 27 27 24
8157 2 28 27 25
8893 5 77 75 68
9347 8 130 126 115
9538 8 132 129 117

10506 3 54 43 48
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TABLE (8)

Inertia pressure surge* (psi) for WELL NO (3)

Mud HOLE SIZE
Depth Weight 8.75 9.0 10.0
1lb/gal
2502 9.5 47 42 29
5371 9.5 60 55 40
5791 9.6 63 57 42
6712 10.4 73 67 49
7916 10.5 80 73 54
8157 10.5 82 75 55
8893 10.5 85 78 58
9347 10.6 89 81 60
9538 10.7 91 83 62
10506 10.6 95 87 65

* acceleration is assumed 4 ft/secz. In fact the
acceleration is not fixed, but is dependent on rig

power, depth, etc.
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pulling out the string plus the time consumed for making sur-
face connections. The range of time used in pulling out the
"string is proposed to be 0.3 to 0.6 total trip time.

The calculations were carried out for well No. 3 for
the time ranges, hole sizes, and depths (see Table 9). No
correlation between pressure surges and hole enlargement can
be seen.

The results of surge analysis can be summarized as
follows:

1. No correlation has been found between hole enlarge-

ment and pressure surges,

2. The pressure required to break the thixtropic gel is a

function of mud gel, depth, and hole geometry. It is

in the order of 100 psi, depending on the previous factors.

3. Inertia pressure surge in the order of 80 psi.

4. The viscous drag pressure surge is in the same order of

magnitude with the inertia and thixtropic pressure surge.

HYDRAULIC EFFECT OF DRILL STRING VERSUS ENLARGEMENT

A rotating body immersed in a liquid experiences a vis-
cous drag or retarding force. The amount of viscous drag is
a function of the speed of rotation of the body. Based on
the above theory (or a fact), the rotation of the drill
string and its motion, whatever it is, will induce an effect

on the liquid surrounding it.
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TABLE (9)
Vicous-drag pressure surge (psi) for WELL NO (3)

A-Hole size = 8.75; Time Factor = 0.31

Trip 3 Collar Pipe

Depth Time, hrs. Laminar Turb. Laminar Turb, Ps?
2502 6.25 9 0.3 4 0.5 12.6
5371 2.25 12.5 20.2 bh.9 12.9 73
5791 4.5 10.5 6.7 b,y 4.3 28
6712 3.5 11.0 15.7 4.1 10.0 70
7916 5.25 8.3 9.2 3.4 5.8 48
8157 6.25 10.1 7.1 4.3 4.5 Lo
8893 7.25 12.5 6.6 5.3 b2 51
9347 6.25 30.1 11.8 12.4 7.5 125
9538 8.25 17.7 6.7 7.5 b.2 77
10506 5.75 14.1 15.5 5.3 9.8 106

(1) Time factor means the proportion of time corsumed in

pulling out the string.

(2) The surge pressure 1is calculated using the higher value
of pressure surge from Laminar or Turbulent flow.

(3) Total trip time, hours, for pulling out of hole and
running in with new bit,.
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TABLE 9B
(continued)

TIME FACTOR

Depth 0.3 0.4 0.5 0.6

2502 12.6 12.4 12.3 12.2
5371 73 43 30 26
3791 29 27 27 26
6712 70 42 30 26
7916 48 30 27 26
8157 40 37 36 35
8893 51 50 48 48
9347 125 120 116 114
9538 77 ‘74 73 72
10506 106 65 53 51

Viscous-drag pressure surge (psi) as a function of time
factor. '

Hole size = 8.75
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TABLE 9C

C-Hole size = 10.0

TIME FACTOR

Depth 0.3 0.4 0.5
2502 8.4 8.3 .2
5371 49 30 20
5791 19 19 18
6712 47 28 19
7916 32 19 19
8157 26 26 25
8893 36 35 34
9347 86 83 81
9538 53 52 51

10506 72 43 36

Q
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17
19
25
34
80
51
35
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The flow of mud in the annulus is not completely verti-
cal, but it is close to being a spiral. The reason for that
'is that there is a horizontal velocity component made by:

1. Rotational motion of the drilling string

2., The drill string circumferential motion .

The above assumption of drill string circumferential
motion is not necessairly true; there are a lot of uncertaint-
ies concerning the drill string condition in the well bore.

From the previous discussion, there are two velocity
components (see Figure 20); that is:

1. Vertical

2. Horizontal.

The two components should be added as vectors to find
the resultant velocity. The question that may be asked is:
How do you find the horizontal component of the velocity?

The problem cannot easily be solved without simplifying
assumptions. The solution of this problem is required to
find the actual shear rate in the annulus and then the shear
stress at the wall df the hole. Let us assume:

1. The drill string is in the center of the well bore.

2. The hole is vertical and cylindrical in shape.

3. The problem can be simulated with a rotational vis-
cometer model (see Figure 21).

Let us considex Figure 21, in ﬁhich we assume similarity

with the drill string rotating in the hole. The bob of radius
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Annular velocities component

Vh

v, vertical velocity

resultant horizontal velocity

vy horizontal velocity due to pipe rotation

V., horizontal velocity due to pipe circum-

2 ferential rotation

<

resultant velocity of the vertical and
horizontal components
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Figure 21:

The viscometer model
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(Rb) rotating with angular velocity () is simulating the
drill string. The outer cylinder of inside radius of (Rc)
‘represents or simulafes the borehole.

The theory behind all the rotational viscometer is that
the torque at one of the boundaries is measured; this torque is
caused by rotation of the other boundary. In the case of a
V-G meter viscometer, the outer cylinder is rotating while
the torque is measured at the.bob. Torque is a result of
shear stress of the fluid acting on the surface area of the
bob. For steady-state conditions, the observed moment is
constant.

The moment in the fluid at any two radii in the gap may
be equated. When this is done for the two boundaries, a

relationship is obtained (28):

_ 2. _ 2
M= SbZan h = SCZWRC h

Then

Sb/Sc = Rc2/Rb? .

It is clearly shown that tﬁe ratio of the stresses varies
with the inverse square of the radii.
Where

Sb, Sc are shear stress at the bob and outer cylinder,
respectively.

M = torque measured
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For a fluid obeying simple power law model, the shear

stress-shear rate relationship is as follows:

s =k (<IH"
where
S = shear stress
%% = shear rate

K,n = constants
The equation which relates the angular velocity (Q) to
shear stress at the bob (Sb), K and n, and Rb/Rc is as fol-

lows (28) :

n

0 = (n/2) Ys /k (1 - (Ro/Re) /™

The application of this model for the drilling condition
is as follows:

1. Rb and Rc correspond to the pipe and the hole radius,
respectively. Flow behavior index (n) and consistency index
(K) of the drilling mud are known. The rotational viscometer
angular velocity (Q) corresponds to the drill string
angular velocity. The shear stress (sb) at the drill string
wall can be calculated from the above equation.

2. The shear stress at the borehole wall can be calcul-

ated from the proportionality:

2,2
Sb/sc = R /Rb .
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A set of calculations have been carried out which show

quantitatively the shear stress at the wall of the hole.

In Table 10 are the results for well No. 3. Summarizing

the results of the previous analysis gives:

l.

The

The actual shear rate of mud in the annulus is
larger than that due to vertical velocity in the
annulus; this is caused by pipe rotation around
itself and its motion in the borehole.

Under the assumption stated, the shear stress at
the wall of the hole is calculated for well No. 3
which shows that the shear stress due to pipe
rotation is very small and it is in the order of
1 x 107% psi which can be of negligible effect.
shear stress at the wall is a function of:

Mud rheology |

Pipe angular velocity

Hole size.

Additional shear stress acting on the wall because
of the assumed circumferential velocity can be
found if pipe circumferential velocity is known

or assumed.
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TABLE (10)
Well No (3)

Hydraulic shear stress at wall of the hole produced by pipe
movement.

1b/£e2
Shear Stress
Depth RPM PV/YP Hole Size at Wall of the Hole

(1) (2)
5371 100 5/4 8.75 0.0144 0.0048
9.5 0.011 0.004
10.0 0.009 0.0036
5791 90 5/4 8.75 0.0135 0.0045
9.5 0.0103 0.0037
10.0 0.0088 0.0033
9347 50 14/11 8.75 0.0254 0.0084
9.5 0.0194 0.007
10.0 0.0166 0.0062
9538 50 9/5 8.75 0.0188 0.0035
9.5 0.0167 0.0029
10.0 0.0156 0.0025

(1) Against collars.

(2) Against drill pipe.
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BEHAVIOR OF DRILL STRING

INTRODUCTION

The effect of drill string behavior on the borehole wall
is recognized as a factor in hole enlargement (11, 4, 17).
Because of uncertainties of drill string behavior that are
encountered under dynamic conditions, it is difficult to
generalize any solution to the problem.

The records studied from tests made by ESSO Production
Research Company (11) confirm and give quantitative values
to many phenomena which have been observed gqualitatively,
or which have been indicated by existing evidence. Phenomena
that were observed in some cases are:

1. Irregular bit rotation

2. Torque fluctuation

3. Bit bouncing

4. Bit weight fluctuation

5. Large losses of rotary horsepower along the drill
string.

It is not a surprise if 90 percent of the horsepower trans-
mitted to the drill string at the surface will be lost in the
string through the friction between the hole and the string.
The difference between surface torque when the bit is off
bottom and surface torque when the bit is on bottom does not

mean that this difference is the torque consumed at the bit
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because when the bit is on bottom, the drill collar will
buckle and torque energy will be lost in friction between
"the wall of the hole and the collars, as well as in friction
in the unbuckled string. In actual practice, maximizing tor-
que energy on the rock beneath the bit means maximizing the
drag friction forces of the drill string on the wall of the
hole.

To study the drag forces between the drill string and
the wall of the hole, the subject will be divided into two
topics:

1. Behavior of the drill string below the neutral point
of bending

2. Behavior of the drill string above the neutral point
of bending.

The neutral point of bending (NPB) is defined as the location
within the drill string of an imaginary plane perpendicular
to the longitudinal axis of the pipe where the sum of the
moments acting on the pipe vanish. The neutral point of ten-
sion or compression (NPT) is defined as location of an imagi-
nary plane where the sums of the axial forces vanish (see
Figure 22).

The following possible flexure of a drill string is given
below (after Mitchell (9)):

1. The drill string is straight, which requires that there

is no weight on the bit (bit off bottom), and drilling
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buckled
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D
% drillbit welght

Neutral points os bending and tension

Figure 22:
(after Mitchell)
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fluid density is less than the drill string and its
content, which is the case in most drilling practice
(Figure 23a). To clarify this, consider a rod of
wood of low density flexible enough to be bent or
buckled; if the rod is immersed in water, the buoyant
force tends to bend the rod, and if the force is
sufficiently large, it will buckle the rod.

2. When a weight is applied on the bit less than the
critical weight on the bit for first-order buékling,
the drill collars will bend and the drill pipes are
straight (Figure 23b).

3. The drill collars are buckled and the drill pipe
is straight (Figure 23c).

4, Only the lower portion of the drill collars and the
lower portion of the drill pipes are buckled, which
causes the NPB to be located in the drill pipe (Fig. 234).

5. Both the drill collars and the lower portion of the
drill pipes are buckled, which locates the NPB again
in the drill pipe (Figure 23e).

6. If the drill collars are abnormally short, the drill
collars may be bent, but not buckled, and the drill

pipe buckled (Figure 23f).

DRAG FORCES IMPOSED BY THE DRILL STRING ABOVE THE NEUTRAL
POINT OF BENDING (NPB)

The portion of the drill string between NPB and NPT is
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(after Mitchell)
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in compression, but it is not bent due to this compression.
Above the NPT, drill pipes are subjected to tensile force in-
creasincg along the drill pipe as we go up to the surface. The
force is at the maximum at the surface and equal to the hookload.
The hookload can be calculated as follows:
HL=Bx(prW +chWx) - WOB

P
where

fas]
e
i

hookload in pounds

B = buoyant factor, unitless

Lp = length of drill pipe, feet

Wp.= linear density of pipe, pounds per foot

Lc = length of collars, feet

Wc = linear density of collars, in pounds per foot

WOB = weight on bit, pounds.
Then, tensile force at any depth within the drill pipe can
be calculated as follows:

T=HL - D x W
P

where D is the depth in feet. The behavior of the drill pipe
above the NPB is not well known, but it is believed it is
contacting the walls of the hole andAit is not centered in the
borehole. The assumption that best describes the condition of
the drill pipe in the hole, which is most likely to be possible
and most prevalent, is that the drill pipe is lying on the wall

of the hole in a helical shape (see Figures 24a, b, c). There
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are two principal movements of the drill pipe, realized as
follows:
1. Rotational movement around the pipe itself, which
is the rotary speed at the surface and close to it
at depth, denoted as Vp in Figure 25.
2. Circumferential velocity, Vh’ around the side of
the wall of the hole.
The circumferential velocity, Vh’ is not known. There are
many factors which govern this velocity; it is not investi-
gated yet and needs to be discussed and investigated. 1In
the author's opinion, these factors are the most effective
factors which govern the drill pipe circumferential velocity;
1. Friction between the drill pipe and the wall of
the hole. The friction in turn is controlled by
mud cake thickness and the normal force applied on
the wall of the hole.
2. Tension in the drill pipe
3. Size of the hole.
Obviously, the drill pipe Vi velocity is less or equal to
the linear velocity of a wheel of diameter (Dp) and rotational
velocity (Vp).
The slippage between pipe and hole, which determines
the pipe circumferential velocity Vh from known rotational

velocity Vp, can be assumed within a reasonable range.
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Possible pipe shape in the hole

Figure 24:
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Figure 24 (b): Top view cross section through C-D
Figure 24 (c): Top view cross section through A-B
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Figure 25: Pipe movements in the hole
R pipe radius
R
\"
v

hole radius

circumferential pipe velocity

o T M= N o

pipe rotational velocity
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If the drill pipe is rotating at a rotational speed

(RPM) , circumferential velocity V., can be written as follows:

h

Vp = (21R, RPM/60) S

where
vy = circumferential velocity ft/sec
RPM = revolution per minute of the drill pipe
R_ = radius of the tool joint, feet
S = slippage factor which ranges from zero to one
S = 0 if there is no circumferential movement; S = 1.0 if
there is no slippage occurring between pipe and hole, so Vi
will be equal to a wheel velocity of radius R, and rotational
velocity (RPM).
However, there is a possibility that the drill pipe will

remain rotating about its axis without making circumferential

rotation.

CALCULATION OF INERTIA FORCE

According to the assumption of drill pipe motion around
the hole axis, this motion will generate inertia force due
to the mass of drill pipe and its content rotating in a cir-

cular motion of mean radius given by:
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where R.m is the mean radius. The inertia force (or the so-
called centrifugal force) is proportional to angular velocity,
"radius of motion, and mass as follows:

2

]

i
QR
»
wr:

where

F = the inertia force in pound force

M = mass of the rotating body, pounds

g = gravitational constant 32.17

V = velocity, ft/sec

R = radius of motion, feet.

Of course, the drill pipe will contact the wall of the hole
through the tool joints.

Figure 26 illustrates the model proposed in which the
tool joints in contact with the wall of the hole and the pipe
in between represents the possible deflection of the pipe.

In this case, the deflection is large enough that it will
contact the wall of the hole.

The outside diameter of the tool joint varies with the
type of tool joint and degree of wear. If we assume the out-
side diameter of the tool joint to be 6 in., the amount of
deflection required to touch the side of the borehole is

0.75 in. for a 4 1/2-in. drill pipe.
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Pipe deflection between tool joints

Figure 26:
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The deflection of the drill pipe is controlled by these
factors:

1. Torsion

2. Location (concentrated or uniform distribution of
the lateral force

3. Tension

4. Type of support on the ends.

The problem was modeled with a beam of uniform cross
section subjected to axial tension or compression in addition
to the transverse load. Axial tension tends to straighten the
beam and thus reduce the bending moment produced by the trans-
verse load. Axial compression has an opposite effect and may
greatly increase the maximum bending moment and deflection.
Both axial compression and tension exist above the NPB.

These assumptions are made to calculate the amount of
deflection:

1. The inertia forces which are acting as a transverse
load on the drill pipe are uniformly distributed along
the length of the pipe, although there is slight
difference of its magnitude in case of deflected
pipe because the maximum deflection is at the middle
of the pipe; hehce, the radius of rotation will be
larger.

2. Effects of axial tension or compression are considered.
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3. Effect of torsion is neglected.

4. The effect of shear forces due to hydraulic pressure
losses outside and inside the pipe (which is very
small) is neglected.

5. Vertical and straight hole

6. The effect of weight of the pipe. between two joints
is neglected (pipe length is assumed to be 30 ft).
Figure 27 shows a beam subjected to axial force (P)
and uniform load on the entire length simply supported
at the left and right ends,

The maximum deflection occurs at the middle of the drill

pipe and can be calculated from this equation (10):

2.2 _
-w 1 KL L
Y = { - - 1} at X = =
max K2P cos(Kg) 8 2

where
P = axial compression (negative sign if tension) pounds

w = unit load (pounds per linear inch)

Y = deflection in inches

K = (P/EI)l/z

E = modulus of elasticity of pipe material = 30 x 106
psi

. . . 4
I = area moment of inertia, in

_m 4 4
I = ¥ (0D” - ID")

OD,ID are the outside and inside diameters, respec-
tively, in inches

L = length of the pipe, in inches.
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Obviously, the maximum deflection of the pipe is limited in
the bore hole, which is taken as 0.75 in.

In case the inertia force is great enough to deflect
the pipe until it touches the wall of the holes, then at the
point of tangency there is a force acting on the hole wall.

Figure 28 illustrates a beam subjected to concentrated
load at the middle, and to axial compression. The maximum
deflection will be at the middle and can be calculated from

the following equation (10):

<

]
rr
u
fo

max 2KP

at x = &
where

W = concentrated load, pounds.

If the deflection is greater than 0.75 in., the equiva-
lent concentrated force W, which can cause such deflection,
can be calculated; also, the (W) that causes a deflection of
0.75 in. can be calculated. The difference between the two
forces represents the force on the wall of the hole. In
Tables 11 and 12 are a list of the results.

The calculations of inertia force, deflection, and force
on the formation due to deflected pipe were calculated for
different hole depths. At each depth, several points along

the depth were taken.
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Figure 28:

A beam subjected to axial load and concen-
trated transverse force
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TABLE 11
Inertia Forces and Pipe Deflections
RPM = 150
Hole Size = 11 in.

Mud Weight = 10.5 ppg
Weight on Bit = 25,000 1lbs

A - Hole Depth = 5,000 ft

85

Lbs Interval Depth
Inertia 2000"° 3000"' 4000°
Slippage Force A* B* A B A B
0.2 63 0.06 0 0.11 0 0.34 0
0.3 142 0.13 0 0.24 0 0.764 1.7
0.4 253 0.24 0 0.43 0 1.358 74
0.5 396 0.37 0 0.67 0 2.12 168
0.6 570 0.53 0 0.97 80 3.0 282
0.7 776 0.73 0 1.33 205 4.16 417
0.8 1014 0.95 120 1.73 350 5.43 573
0.9 1283 1.20 272 2.19 514 6.87 750
1.0 1584 1.48 441 2.70 680 8.49 947
*A column is the deflection (maximum in inches.
B column is the force imposed by the drill pipe on the wall
of the hole when they are in contact.
B - Hole Depth = 7,000 ft
Lbs Interval Depth
Inertia 2000 3000" 4000
Slippage Force A B A B A B
0.2 63 0.03 0 0.04 0 0.07 0
0.3 142 0.07 0 0.1 0 0.16 0
0.4 253 0.12 0 0.18 0 0.28 0
0.5 396 0.20 0 0.28 0 0.44 0
0.6 570 0.28 0 0.40 0 0.63 0
0.7 776 0.38 0 0.5 0 0.86 56
0.8 1014 0.5 0 0.71 0 1.12 193
0.9 1283 0.63 0 0.89 112 1.42 348
1.0 1584 0.78 35 1.10 274 1.75 522



ER-2444

TABLE 12
Inertia Forces and Pipe Deflections
RPM = 60
Hole Size = 11 in.
Mud Weight = 10.5 ppg
‘Weight on Bit = 25,000 1lbs

A - Hole Depth = 5,000 ft

Lbs Interval Depths
Inertia 2000" 3000"° 4000"'
Slippage Force A B A B A B
0.2 10 0.01 0 0.02 0 0.05 0
0.3 23 0.02 0 0.04 0 0.12 0
0.4 40 0.04 0 0.07 0 0.22 0
0.5 63 0.06 0 0.11 0 0.34 0
0.6 91 0.09 0 0.16 0 0.49 0
0.7 124 0.12 0 0.21 0 0.67 0
0.8 162 0.15 0 0.28 0 0.87 15
0.9 205 0.19 0 0.35 0 1.1 43
1.0 253 0.24 0 0.43 0 1.36 74

B - Hole Depth = 7,000 ft

Lbs Interval Depths
Inertia 2000 3000 4000°
Slippage Force A B A B A B
0.2 10 0.005 0 0.007 0 0.011 0
0.3 23 0.01 0 0.016 0 0.025 0
0.4 40 0.02 0 0.03 0 0.045 0
0.5 63 0.03 0 0.044 0 0.07 0
0.6 91 0.045 0 0.064 0 0.10 0
0.7 124 0.06 0 0.087 0 0.137 0
0.8 162 0.08 0 0.113 0 0.18 0
0.9 205 0.10 0 0.143 0 0.227 0
1.0 253 0.125 0 0.177 0 0.28 0
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Based on the previous analysis, the following conclusions

are made:

1. TInertia force due to assumed circumferential motion
of the drill pipe can be very significant. It may
have a value of between 0 and 1,580 pounds.

2. Under the assumption made, the conditions at which the
drill pipe contacts the wall of the hole between the
tool joints have been defined. The calculations show
the drill pipe will touch the wall of the hole in
some cases, as shown in the tables.

3. The maximum deflection of the pipe occurs at the mid-
dle length between two joints. The maximum deflection
decreases with the increase in the tension.

4. The higher the inertia force, the higher the maximum
deflection if the other conditions are the same. If
the inertia force is high enough to cause a maximum
deflection just about 0.75 in., the pipe between the
tool joints will contact the wall of the hole; further,
inertia force will cause the pipe at the contact point
(in the middle between two joints) to impose a force on

the wall. The amount of this force has been calculated.

INCLINED HOLE

For a constant inclination borehole, the drill pipe will

lie on the low side of the borehole (see Figure 29).
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Figure 29:

Drill string in inclined hole
(after Mitchell)
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The normal force due to the weight component of the drill
string on the wall of the hole is given by the following

equation (9):

F.=B xsin® xW_x L
N P
where
FN = reactionary force of the wall of the hole on the
wall of the string, pound force
B = buoyant factor
L = length of a section of the string, feet
W_ = linear weight, pound/foot

8 = deflection or inclination angle from vertical.
If the string in the inclined hole is still producing
circumferential velocity (rotation), the inertia force can

be added to the gravity force.

DOG-LEG HOLE
Dog-leg severity may be defined as the change in hole
deviation in degree per one hundred feet of well-bore length.

Dog-leg severity expressed in degrees per 100 feet is:

=P, = ¢ 0, = @ —' /2
DLS = 100 EH)Z + (Mg——_———) Sln ¢)2_s
2 1 2

where

DLS = degrees per 100 feet

¢ inclination angle, degree
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o) horizontal angle, degree

M drilled hole, feet.

As a comparison (17) (which is typical of the Four Eyes
Field), the force imposed by 6,000 ft of 4 1/2-in. drill pipe
(100,000-1b tension) hanging in a dog-leg of 1/2 degrees 100
ft,is the same as that of 4 1/2-in. drill pipe in a uniformly
inclined 30-deg. hole. These factors are important to be
noticed:

1. Degree of severity of the dog-leg

2. Tension in the drill string

3. Type of dog-leg; that is, if it is abrupt or gradual
and long dog-leg '

4. Wear occurring between the hole wall and the drill
string in two cases:

a. Rotation of the drilling string
b. Tripping in and out of the hole.
Consider Figure 30,which shows a section of pipe A0 in

a dog-leg curve and subjected to a constant tension (T).
Let B stand for the average hole inclination and Q for the
weight in fluid per unit length of the pipe. Let O be the
origin point and SO be the shear at 0. Finally, let CO be
the curvation of the pipe at O.

The bending moment at any point along the pipe is given

by (12):
X
EICO + SOX + TY - ,/’ (Q sing) X dx
0
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Y
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Qsing
T—R= £ -X
So
Figure 30: Pipe section 2

(after Lubinski)
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where E is the Young's modulus of steel and I is the moment
of inertia.

The bending moment at any point along the pipe is

2 .
equal to EI g—%. The solution of the equation is given by
dx
(12):
y = L ¢ : q 2
= —5 (co-q) (cosh kx-1) + co (EI sinh kx - kx) + 3 (kx)
k
where
= L
k= g1
_ _1 Q sinB
q‘kz T EI

The following procedure was followed to calculate the
force between the drill string and the wall of the hole in a
dog-leg. The equation used is taken from the work of Lubin-
ski (12):.

The curvature is related to dog-leg severity as follows:
C = 0/68755

where

C

curvature in radian/in.
@ = dog-leg severity degree/1l00 ft
The hole curvature (C) is related to the pipe curvature

(CO) as follows:

—= _ =~ TANH(KL)
C co =
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where

C

C-q
CO = Co-q
K and g are defined previously
L = half the length of the pipe joint (15 £ft), in.
C and Co are the hole and pipe curvature, respectively,

radian/in. Then, the force (So) can be found as follows:
S =S xXxXKxExT1I

where

S = CO TANH(KL).
So, for known hole dog-leg severity, pipe tension, and other
pipe specifications, the reaction force (So) can be calcul-
ated using the forementioned equations. Calculations were
carried out for well No. 2 for the following conditions:

1. When bit was on the bottom

2. When bit was off the bottom
The above were considered at different depths; that is, dif-
ferent tensions. Different dog-leg severities were assumed
in each case. Results are shown in Table 13.

Based on the previous analysis, the following conclusions
are made:

1. The force imposed on the wall of the hole by the drill

string (So) is very significant. Table 13 shows the
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TABLE (13)

Force on the wall of the hole by
tool joint in a dog-leg hole

» Well No (2)
A - Total depth 10,000

1 - Bit off bottom

Force So in a dog-leg of:

fgervel  Tension o5
2000 149875 1166 1944 2722
3000 133275 1036 1727 2418
4000 116675 905 1509 2113
5000 100075 775 1292 1809
6000 83475 645 1075 1505
7000 66875 514 857 1200
8000 50275 384 640 896

2 - Bit on bottom, weight on bit = 50,000 1b.

i -7 .
Force SO in a dog-leg of:

TDepth . iber 30 507
2000 99875 773 1289 1805
3000 83275 643 1072 1501
4000 66675 513 855 1197
5000 50075 382 637 892.7
6000 33475 252 420 588
7000 16875 121.7 202 283

8000 275 8.8 14 20
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TABLE (13)

B - Total depth 8000 ft.

1 - Bit off bottom

Force S in a dog-leg of:

Interval Tension

Depth Lbs. 3° 5° 7°
2000 122000 947 1580 2211
3000 105400 817 1362 1907
4000 88800 686 1144 1602
5000 72200 556 927 1298
6000 55600 426 710 994

2 - Bit on bottom, weight on bit = 50,000 lbs.

Force So in a dog-leg of:

Depth  Ther 30 . 1°
2000 72000 555 924 1294
3000 55400 424 707 990
4000 38800 294 490 686
5000 22200 163 272 381

6000 5600 33 55 77
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magnitude of this force for different cases stated.

These forces are between the drill pipe and the wall

of the hole. This force is primarily a function of

dog-leg severity and tension in the pipe, it may reach

+ 3000 1lbs, and can be as low as 10 1lbs.

2. Reaction force (SO) increased

by more than two times

where the dog-leg severity changed from 3° to 7°/100

ft when all the other conditions were the same.

BEHAVIOR OF DRILL STRING BELOW NPB

The drill string is straight when
and there is sufficiently small weight
weight increases, a so-called critical
reached at which the drill string will

the wall of the hole at a point called

the hole is straight
on the bit. As the
value of weight is
buckle and contact

the point of tangency.

If the weight is further increased, a second critical

weight is reached at which the drill string will buckle again;

this is called second-order buckling.

A further increase in

weight on the bit will cause another buckle, and so on.

At the point of tangency, the string rubs against the

wall of the hole and this may cuase enlargement in a soft

formation. The rubbing effect will increase with the

increase in the force that the string presses-exerts on the

hole.
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There are two questions of vital importance:

1. What are the critical weights on the bit when the

buckling is occurring?

2. What is the magnitude of the force between the

buckled pipe and the wail of tte hole?

The answer to these two questions are given by Lubinski
(11) . According to Lubinski, buckling of the first and second
orders occurs when the neutral point is located at 1.94 and
3.75 dimensionless units, respectively, above the bit. The
neutral point is defined here as that portion of the string
above the bit whose weight in mud is equal to the weight on
the bit. The length in feet of one dimensionless unit is

given as follows (1l1l):

w = fEI
P
where
m = length of one dimensionless unit, feet
I = moment of inertia of the pipe cross section area
_m 4 4
I =gz (OD IDY)
OD = the outside diameter of the pipe in inches
ID = the inside diameter in inches
P = weight of unit length in mud.

The weight in lbs of one dimensionless unit in mud is

‘equal to:
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mx P = %/EIPZ;

then, the critical weights are:

W= 1594 m P for first-order buckling.

W= 3.75 m P for second-order buckling.
and the corresponding critical lengths are 1.94 m and 3.75 m,
respectively. Example calculation:

For 6 3/4 in. OD, collars,

2 1/2 in. ID.

Mud weight = 10.5 ppg

Collar weight per ft in mud = 90 1lbs = 7.5 lbs/in.

I =" (6.75% - 2.5% = 100 in?
53

E = 30 x 10° psi
3 3

o \/30x%05x100 737 in.

Length of one dimensionless unit = 61.4 ft
Critical load = 1.94 m P = 1.94 x 61.4 x 90 = 10720 1lbs.

1.94 x 61.4

Critical length

120 ft

Second-order buckling load = 3.75 x 90 x 61.4 = 2072Q lbs.

230 ft.

Second-order buckling length
Considering Table 14, the following conclusions can be
drawn:
1. The critical weight on the bit is around 10,000 1lbs
and 21,000 lbs for first-order and second-order

buckling, respectively.
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2. Collars are éoing to buckle more than two times because
the weight on the bit exceeded the critical weight.
The force on the wall of the hole along the buckled
string (collars) is a function of:
1. Hole diameter; the larger the hole the greater the

force.

2. Order of buckling: As the order of buckling in-
creases force on the wall will be increased.

3. Depth or location along the buckled length. The
power point of tangency imposes more force than the
upper points.

It is more convenient to say that the larger "apparent

hole radius", the greater is the force. The apparent hole
radius means the maximum possible deflection of the string in

a hole of a certain size, which can be calculated as follows:
R=1/2 (OD - ID)

where

R = apparent hole radius. OD, ID are the outside and
inside diameters, respectively.

Lubinski proved that the force (F) applied by the
buckled drill string on the wall of the hole may be expressed

as follows:

F = fpR
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where
P = weight in mud per unit length in lbs/ft
R = apparent radius, ft
f is a coefficient which depends on the distance in
dimensionless units between the bit and the neutral
point. This distance is proportional to the weight
on the bit.

Lubinski (11) showed that for a second-order buckling:
F = 2.7 pR.

According to that, the force on the wall when the second
buckle contacts the wall is in the order of 50-1b force for
the prevalent cases. Of course, the magnitude of (f) will
be greater for a greater order of buckling, and consequently,
the force will be greater.

It is obvious that 50 lbs is not a great force; however,
if the formation has a tendency to cave, this force may cause
the cave to grow faster and, in turn, this force will increase

with the diameter of the cave.



ER-2444 102

VIBRATION OF DRILL STRING

Three types of vibration may exist:

1. Axial or longitudinal

2. Torsional or angular

3. Lateral.

Those three types may occur at one time. This problem is
complicated with many practical difficulties, such as hole
depth, crookedness of the hole, type of drilling fluid being
used (e.g., mud or air), nature of buckling in drill collars,
and other factors which may vary from hole to hole.

The cause of vibration in the drill string is due to
(self) excitation originating in drill string motion and pump
pressure fluctuation. It is expected that the drill string
will be subjected to substantial damping because of the pos-
sibility of rubbing between the pipe and the wall and mud
outside the pipe.

Down hole measurements (15) indicated the quantitative
values of many phenomena which are a result of drill-string
vibration. There is periodic fluctuation of the weight on a
bit of about 2,000 lbs to about 13,000 lbs, with the bit ap-
parently jumping off bottom. Measured rotary speed at bit
and actual surface rotary speed showed irregﬁlarity in bit

rotation, which is a feature of torsional vibration.
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Our concern is the lateral vibration. The problem is
highly non-linear in nature (16) due to non-uniformity of
drill string, inelasticity of the wall of the hole, etc.

A sample section of the pipe, which vibrates between
two nodal points simply supported at the two ends, is shown
in Figure 31. The impact is considered as a time-~dependent
force acting laterally on the pipe. The lateral vibration
of the drill string and the associated lateral impact force
acting on the wall of the hole are very important factors to
be considered. The discussion and quantitative analysis of

this problem is beyond the scope of this report.
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EFFECT OF MUD ON SHALE STABILITY IN FOUR EYES FIELD

The current drilling fluid being used is the conventional
salt-starch system. Hole enlargement has not been alleviated
or prevented by the usage of this type of mud.

Lummus (25) discussed the development of a new mud system
introduced in the Williston basin in late 1969. This mud
was used to drill wells in northeastern Montana and north-
western North Dakota. Lummus found that the shale sloughing
is almost eliminated by using this new mud system and the
following:

1. Lower rotary speeds in the upper hole sections

2. Controlled trip time to prevent hydraulic fracturing

3. Adequate but not excessive hydraulics

4. Gilsonite for stabilization.

This new drilling fluid was described by McDaniel and
Lummus (24): (The basic clay-free drilling fluid system con-
tains the base mix, together with asbestos to control viscos-
ity, gilsonite and natural organic polymer for hole stability,
energizer to wet and suspend the gilsonite, and a selective
flocculant to remove drilled solids.)

The authors (24) also described the application and the
advantages as follows:

1. Drill surface hole with clear water

2. Use asbestos to improve hole cleaning
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3. Use gilsonite for hole stabilization

4. Make complete system with base mix

5. Adjust treatment as dictated by hole conditions

6. Maintain solid at lowest level possible.

Advantages: Extensive laboratory and field tests indi-
cate that the advantages of this drilling-fluid system are
greater hole stability, reduced water cost, improved hydrau-
lics, higher temperature stability, reduced hydration of shale
cuttings, decreased loss of circulation, less formation dam-
age, and reduced probability of wall sticking (24).

To the best of available data to this author, the clay-
free mud was not used in the Four Eyes Field; also, there is
no available information about the usage potential of this
mud in Williston Basin now or in the future.

Shale can take water by one or two of these phenomena:

1. Absorption (surface hydration mechanism)

2. Absorption by osmosis
and causes:

1. Swelling of shale

2. Reduction of shale strength

3. Induction of thermal stresses by cooling.

Darley (18) made laboratory investigations of borehole in-

stability and the following mechanisms are observed:
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1. Three particular failure mechanisms were established;

allowance must be made for field application:

a.

When water-base muds are used to drill montc-
morillonitic shales, water will be absorbed by
the surface hydration mechanism. The resulting
volume expansion will cause the older less dis-
persible montmorillonitic shales to crack and
cave in hard fragments in the younger dispersible
montmorillonitic shales; additional water will

be absorbed by osmosis and the volume expansion
will be much greater, but the resulting deforma-
tion will be plastic.

When b;ittle shales are permitted by aqueous
filtrate, the resulting volume change and, conse-
quently, the tendency for hole to constrict, is
negligible; however, the shale is destabilized

by hydration of the fracture surfaces, cleavage
planes, and parting. Hole enlargement then
occurs because of fluid erosion and mechanical
action of the drill string.

Yield or fracture of shales may result due to

hoop stress around the hole.

2. Increasing borehole pressure (which is equivalent

to raising mud density in a drilling well) from ]00
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psi to 500 psi did not restrict swelling, and the

terminal hole size was the same in both cases.

Circulating clear liquid througb the hole caused

severe erosion.

Diesel o0il provided a good stable condition, since

there could be no hydration of shale.

Filter cake aided in reducing filtration to shale

and thus will help to provide better stability.

Reduction of filter loss, other conditions remaining

the same, always reduced the rate of enlargement.

Use of a special asphalt emulsion that prevents the

filtratés' penetration by cooling the wall of the

hole with asphalt, completely prevented enlargement.

Field experience (19) indicated that asphalt emul-

sion was unsuitable for the following conditions:

a. Soft dispersible shales. The amount of fines
generated was so large that the asphalt lost in
coating them was excessive.

b. Caving shales. The asphalt coating did not
inhibit caving shale. To this author's understand-
ing, the reason behind failure of asphalt to
provide shale inhibition for "caving shale" is
that caving shale is a result of underground
stresses, and in this case, coating the wall of

the hole with this material will not be successful.
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The asphaltic additives are still used for the purpose
of shale inhibition in Williston Basin. Asphaltic additives
can serve as a good lubricant and reduce drag between the
drill string and the wall of the hole.

Kelly (20) classified shales according to their charac-
teristics with the recommended drilling fluid (see Table 15).
The following are descriptions of each class, taken from
Kelly's paper: |

Class A:

Soft and pliable and have few if any fractures. Since
there is no significant fracturing, filtration loss will be
a minimum, and its effect on shear strength of the formation
would be minimum. This type shale may be drilled by an in-
hibited water-base mud, that is, calcium chloride, gypsun,
sea water, or salt-saturated type. Experience indicates that
this class would be drilled with oil-phase mud, which would
provide the greatest well-bore stability.

Class B:

Hard, fractured, calcium montmorillonitric shales should
be drilled with fresh-water mud containing less than 10,000
ppm sodium chloride and less than 100 ppm of calcium or mag-
nesium, and fluid loss less than 5 cc/30 min. If the frac-
tures are numerous and close together, the degree of swelling
due to base exchange could be extensive enough to make the

well bore unstable.
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Troublesome shales can be classed like this

Characteristics

Soft, pliable, with few fractures. Com-
L posed of moderate to forge amounts
==4 of colcium or sodium montmorillonite.

Recommended
drilling flvid

Oil-phose mud. l

Hard, fractured, containing lorge
amounts of calcium montmorillonite.

Freshmher mud.

Hord, brittle, highly fractured. Com-
posed primarily of sodium montmorillo-
nite.

Inhibited woter-
bose mud.

Hard, fractured. Contain primarily kao-
, lin, illite, chlorite, or a mixture.

Freshwater mud.

Table 15:

(After Kelly)2°

110
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Class C:

Hard, brittle, highly fractured. When fresh water
comeé into cortact with this shale, the shale will hydrate
and swell and could cause the shale to break off and slough
into the hole causing hole enlargement. A highly-inhibited,
low filter-loss water-base mud may be used.

Class D:

A fresh water mud should provide better plugging of
the fine fracture and better plastering of the well bore.
Low-water loss, fresh-water mud treated with ferrochrome
ligrosulfonate, caustic soda to a pH of 9.0 to 9.5 and an
asphalitic material for well-bore lubrication and better
sealing of fine fractures in the shale.

Now, the problem faced is to define the types of shale
in the Four Eyes stratigraphic column. There are possibly
different classes available. However, Caliper logs show
two sections enlarged up to 13-15-in. in well Nos. 2 and 3,
and certain sections are enlarged up to 10-11 in. The above
two distinct hole enlargements may be caused by two different
mechanisms. The following mechanisms are possible for the
Four Eyes Field:

l. In well No. 2, the intervals 2,700-2,900 ft and

3,600-3,800 ft are enlarged to 13 and 13.5-in.,

respectively. 1In well No. 3, the intervals 2,600~
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3,000 £t and 3,680-3,880 ft are enlarged to 14.5
and 13.5-in., respectively. Shales in these inter-
vals are possibly brittle shales,highly fractured,
and may fit one or more of the classes B or D.

When these shales are permitted by aqueous filtrate,
the shale is destabilized by hydration of the frac-
ture surfaces and/or cleavage planes. Hole enlarge-
ment will be produced by shale sloughing.

Shale sections shich show hole size in the range of
10-11 in. probably contain few fractures, if any,
and may fit into Class A. Hole enlargements in
these sections may be produced by both fluid ero-

sion and mechanical action of the drill string.



ER-2444 113

EFFECT OF MUD ON SALT FORMATIONS IN FOUR EYES FIELD

A salt-saturated mud system is being used to drill salt
formations in Four Eyes Field. Although salt-saturated mud
is used, there is hole enlargement accompanying each salt
section, which is indicated clearly by Caliper logs.

Periodic salinity determination is usually determined
by filtrating the chloride ion. Maintaining a free salt in
the mud system at the surface is believed to adequately
measure that the mud is saturated; this is not true, as we
will see later. The disadvantages of this procedure are (26):

1. There is no simple accurate way to determine when

the salt surplus is adequate,

2. Free salt is abrasive and may cause wear in pumps

and the drill string.

Because of the temperature variation between surface
and down hole, the mud temperature will vary as follows: The
lowest temperature of the mud will be in the surface mud tanks,
and the highest will be near the bottom of the hole.

Saturation of NaCL in the mud will differ due to temp-
erature changes. The temperature variation with the accom-
panying change in salt saturation of mud at various borehole
depths in the Williston Basin is shown in Figure 32, which is

given by Daniel (26).



ER-2444 114

Here's how . wd properties change during circulation
o

/

: Borehole temperature, “F. Salt seturation, ppm NaClx 103
Mud cuttings and | |y 0 S0 100 150 200 250 265 270 275 280 285 290
salt to pits. - ; I ; - -
YL N\ : : :
| . 1y ' \\ \<(irculcn’ng .
4 1
4 \
2k S \ N e e
: \ .
i b
Y SR VR W N N
- 7 Static \ \ i
s 4 Dok Geothermale—\ ~ i A U P
= 1] :
- 4 . \J
= sl L _ uneegted\ - f' |
) . . 7 '] e Salt
a , ‘ ' 6 1b stabilizer
6 N ST - AN b= 1 NaCl/bbi s -
L ‘ \ per cytle—
; " \—
el Salt ! \
8 —_ I U \ e — J
Ay sl san . \
9 — . | —— - \ o —
0 L

-

Figure 32: Temperature and salt saturation profile
(after Daniel) 2



ER-2444 115

With a temperature change from 120 F° to 170 Fo, the
mud required to 6,500 feet (about 1,000 bbls at 7 bbl/min)
would dissolve about 2.6 1b of formation salt per barrel of
mud with each circulation. Assuming salt saturation exists
at 120°F, and all free salt is removed, then the mud would
theoretically drop more than a ton of salt per cycle. This
would enlarge a 100-ft net salt section from a bore diameter
of 8.75 to 20 in. Other factors, such as physical contact
time with the salt and saturation proximity in the mud, tend
to reduce the actual dissolving rate. Salt stabilizer was
used (26) to stabilize salt in the mud. The effect of salt
stabilizer is marked reduction in salt precipitation of
super-saturated brine; moreover, when a treated but unsat-
urated brine contacts a salt-bearing formation, the dissolu-
tion rate of this salt is lowered considerably. The above
discussion clarifies why there is hole enlargement in salt
sections, although a salt-saturated mud is being used.

Using oil-base mud will solve the probelm in the salt
section, but the major disadvantage of oil-base mud is that
if there is no enlargement in salts, the salts will move
(flow) plastically toward the well bore, causing stuck pipe
trouble; and in the best conditions, tight hole is encountered
and reaming the hole is necessary (see Figure 33). The risk

of stuck pipe when tripping out of the hole is great.
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Enlargement in salt sections is desired to eliminate stuck
pipe or tight hole risk, but excessive enlargement is not

desired.
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CASING FAILURE IN ENLARGED HOLES

Casing failure in salt formations were experienced in
the basin. Hole enlargement and plastic flow of salt is the
primary cause of failure. Failure to displace mud from these
enlargements during the cementation process will result in
inadequate cementation. This should be considered a cement=-
ing problem rather than a casing design problem.

An open bore hole through salt at depths greater than
3,000 ft will tend to close, and cemented casings will be
subjected to a pressure approximately equal to the overburden
stress. This assumption is not bad since it is in agreement
with field experience (27). The casing-failure history in
the salt sections of the Cedar Creek anticline, Montana,
pressure test work, and squeeze-cementing experience, were
analyzed to deterﬁine the relation between fracture initia-
tion and overburden pressure. -The results (27) support the
assumption that a hydrostatic state of stress (or horizontal
stresses) approximately equal to the overburden exist in the
rock salt.

Casing is most likely subjected to a non-uniform loading
due to irregular hole shape, and incomplete cement fill in
the annulus. Non-uniform loading on the casing can cause:

1. Shearing of the casing (Figure 34)

2. Bending of the casing

3. Collapses.
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It is necessary to centralize the casing in the hole to have
better cementation; for this reason, centralizers should be

placed at the bottom and the top of each salt section.
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CONCLUSIONS

l. For an assumed average hole diameter of 10.5 in.,
the flow regime throughout the annulus is close to
the laminar flow.

2. No correlations were found between hole enlargements
and annular pressure losses or jet impact force or
surge pressure.

3. Hydraulic stress acting on the wall of the hole
created by the rotating drill string is very small.

4. The inertia force of the drill strong can be signi-
ficant. The inertia force of 4 1/2 in., 16.6 1lb/ft
drill pipe rotating in an 1ll-in. hole with 150 RPM is
1,584 1bs for a 30-ft pipe if there is no slippage
between the pipe and the wall of the hole.

5. The drill pipe between tool joints may contact the
wall of the hole. Some conditions at which the
contact occurs were stated.

6. Dog-leg severity contributes to hole enlargement.
The force imposed on the wall of the hole by the
drill string in a dog-leg hole may approach 3,000
lbs. and can be as low as 10 lbs in typical drilling
conditions.

7. Hole enlargement in salt sections may be caused by
the dissolution of the salt formation by unsaturated

drilling mud.
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RECOMMENDATIONS FOR FURTHER STUDIES

Quantitative analysis of the drag forces between the
drill string and the wall of the hole need further investiga-
tion. Quantitétive results will help the understanding of:

1. The wear in the drill string

2. Hole enlargement problems.
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