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R0 = ROP at zero overbalance,

pbh = bottomhole pressure in the borehole,

pf = formation fluid pressure, and

m = the slope of the line.

If the expression for overbalance is expressed in terms of equivalent circulating
mud density (ECD)ρc and pore pressure gradient gp, it gets

(pbh − pf ) = 0, 052D(ρc − gp).

Putting this expression into Equation 6.2 yields

log
R

R0
= −0, 052mD(ρc − gp) = 0, 052mD(gp − ρc)

Bourgoyne and Young chose to replace the constants (0,052m) with the coefficient
a4, so the final expression relating changes in mud density or pore pressure to ROP
is

log
R

R0
= a4D(gp − ρc) (6.3)

Figure 6.7: Field measurement of the effect of overbalance on penetration rate
in shale [37].
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Figure 6.8: Exponential relation between ROP and overbalance for rolling
cutter bits [37].

6.1.4 Operating Conditions

Two of the most important parameters on ROP are the bit weight and rotary
speed. The characteristic plot of ROP against bit weight obtained when holding
all other variables constant is shown in Figure 6.9. As the figure shows, penetration
is not initiated until the threshold bit weight has been reached (point a). When
penetration starts it increases quickly with increasing values of bit weight (segment
ab). At moderate rates of bit weight, a linear curve can be observed (segment bc).
When the bit weight gets to a certain level, any increase in bit weight will only
increase the ROP slightly (segment cd). In extreme levels of bit weight, the ROP
can actually decrease. This is called bit floundering. This halt or decrease in ROP
is usually due to poor bottomhole cleaning at high rates of cutting generation or
to a complete penetration of the cutting element into the hole bottom.

Figure 6.9: The response of ROP to increasing bit weight [37].
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Figure 6.10: The response of ROP to increasing rotary speed [37].

The characteristic plot of ROP against rotary speed obtained when holding all
other variables constant is shown in Figure 6.10. At low values of rotary speed, the
ROP normally increases linearly (segment ab). At high values of rotary speed the
ROP decreases (segment bc). This decrease is also explained by poor bottomhole
cleaning.

Maurer [46] could derive a theoretical equation for rolling cutter bits connecting
ROP to bit weight, rotary speed, bit size, and rock strength. The experiments were
done with single tooth impact, and the following observations were found; (1) The
crater volume is equivalent to the square of the depth of cutter penetration, and
(2) the depth of cutter penetration is inversely proportional to the rock strength.
Note that this equation assumes perfect bottomhole cleaning and incomplete bit
tooth penetration.

The ROP, R, is given by

R = K

S2

(
W

db
− (W0

db
)t
)2
N (6.4)

Where

K = constant of proportionality,

S = compressive strength of the rock,

W = bit weight,

W0 = threshold bit weight
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db = bit diameter, and

N = rotary speed.

By using experimental data acquired at low values of bit weight and rotary speed,
the theoretical equation of Maurer can be confirmed. This is equivalent to segment
ab in Figure 6.9 and 6.10. When the bit weight is increased to a moderate value,
the weight exponent is actually closer to a value of one than the predicted value of
two given by Equation 6.4. When the bit weight reaches high values, the weight
exponent usually is less than one. Based on the substantial laboratory and field
data, Bingham [39] proposed the following equation

R = K
(
W

db

)a5

N (6.5)

K is still the constant of proportionality that takes into account rock strength,
and a5 represent the bit weight exponent.

Bingham chose to assume the threshold bit weight to be negligible in this equation.
He also used a constant rotary speed exponent of one, despite some of his data
showed behavior comparable to that described in segment bc in Fig 6.10. The bit
weight exponent must be found experimentally for the existing conditions.

Young [47] developed a computerized system in which both bit weight and rotary
speed could be varied. These two parameters were systematically changed when
a new lithology was encountered. The bit weight and rotary speed exponent were
automatically computed from the ROP response. The results obtained for the bit
weight exponent value is between 0,6 and 2,0 and 0,4 to 0,9 for the rotary speed
exponent.

Measuring ROP from bit weight and rotary speed can be difficult as lithology
changes frequently. Often the lithology change before the test is complete, and
this will give inaccurate results. To overcome this problem a drilloff test can be
executed. Drilloff tests are performed by applying a large WOB, lock the brakes
while keeping the rotary speed constant and monitoring the reduction in bit weight.
The next step is to calculate the amount the drillstring has stretched as the as the
bit weight decreased and the hook load increased. This is done by using Hooke’s
law of elasticity. By following this procedure the response in ROP to change in
bit weight can be determined over a short depth interval.
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Hooke’s law says that the change in stress is directly proportional to the change
in strain.

∆σ = E∆ε (6.6)

In a drillstring, the stress change is equal to the change in axial tension (bit weight)
divided by the cross-sectional area of the drillpipe. The change in strain equals
the change in drillpipe length per unit length. This gives

∆W
AS

= E
∆L
L

Solving for ∆L gives

∆L = L

EAS
∆W

By dividing this equation by the time elapsed to drill off the bit weight ∆W we
get the average ROP given for the change in bit weight.

R = ∆W
∆t = L

EAS

∆W
∆t

Approximately 5 % of the total length of range two drillpipes consist of tool joints,
which in essence does not contribute to the length change in the pipe, due to a
larger cross-sectional area. Therefor the L in the equation is replaced by 0,95L.
This gives the final equation

R = 0, 95 L

EAS

∆W
∆t (6.7)

Note that the length change in drill collars is small enough to be neglected.

6.1.5 Bit Tooth Wear

Gradually as bits are used, they tend to drill slower due to tooth wear. The tooth
length of milled tooth rolling cutter bits is continually shrunk by abrasion and
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chipping. Even though the bit teeth are designed to have a self-sharpening type of
tooth wear, this does not compensate for the reduction in tooth length. A method
to reduce the tooth wear is to use tungsten carbide insert-type rolling cutter bits.
The teeth of these bits fail by breaking instead of wear and tear, and often the
entire tooth breaks of. This also applies for diamond bits, which fail from tooth
breakage or loss of diamonds from the matrix. Since the milled tooth bits wear
quicker than insert bits, unless a large number of teeth break of, the reduction in
ROP is larger for these bits.

Several mathematical models have been proposed by different authors for calcu-
lating the effect tooth wear has on ROP for rolling-cutter bits. Galle and Woods
[48] suggested this model

R ∝
(

1
0, 928125h2 + 6h+ 1

)a
7

(6.8)

where h represents the tooth height that has been worn down, and a7 is an expo-
nent with the recommended value of 0,5.

Bourgoyne and Young [45] proposed another model that is similar but simpler

R ∝ e−a7h (6.9)

The a7 exponent in this equation is supposed to be determined based on ROP
declination and bit wear observations previously made when drilling in similar
conditions.

6.1.6 Bit Hydraulics

In 1953, the jet-type rolling cutter bits was introduced. By improving the jetting
action at the bit, and thereby improving the bottomhole cleaning and the bit teeth
cleaning, the jet-bit made a significant increase in ROP. Eckel could prove that
when the discharge ends of the jets are close to the formation this will provide
the most effective jetting action [49]. This occurs when using extended-nozzle bits
that bring the jet closer to the bottom of the hole. Pratt [50] found in his studies
that the ROP would be increased by 15 - 40 % by using extended-nozzle bits. To
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prevent bit balling, a center jet is necessary when using the extended-nozzle bits.
Figure 6.11 shows a drawing of an extended-nozzle bit.

The flounder point of the bit is thought to be affected by the level of hydraulics
achieved at the bit. When the ROP and bit weight is small, there is not much need
for hydraulics for hole cleaning. However, as the ROP and the generated level of
cutting’s increases, eventually a flounder point is reached where the generation of
cuttings is larger than the rate of removal. The higher the level of hydraulics, the
more WOB can be used before this floundering point occurs. Figure 6.12 shows
hypothetical relationship between ROP and bit hydraulics.

As mentioned earlier, Eckel has studied the effect of hydraulics on ROP, working
with microbits in a laboratory drilling machine. When applying constant WOB
and rotary speed, he could show that ROP could be related to a Reynold’s number
group given by

NRe = K
ρ vd

µa
(6.10)

K = a scaling constant,

ρ = drilling density,

v = flow rate,

d = nozzle diameter, and

µa = apparent viscosity of drilling fluid at 10000 seconds−1.

As there are shear rates present in the bit nozzle, the shear rate of 10000 seconds−1

was chosen to represent these. Eckel chose to use a constant value of 1/1976 for
the scaling constant K to get a suitable range of the Reynold’s number, but this
value seems somewhat arbitrary.

When Eckel experimented with increasing the Reynold’s number, the ROP in-
creased as shown in Figure 6.13. When the bit weight was increased, Eckel found
that the correlation curve was moved upwards as shown in Figure 6.14

Even though the correlation shown in Figure 6.13 and 6.14 is quite convincing,
Eckel’s results have not been widely used in practice. When developing correlations
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Figure 6.11: Conceptual drawing of a extended-nozzle bit [50].

Figure 6.12: Expected relationship between bit hydraulics and penetration
rate [37].

between ROP and bit hydraulics, jet impact force and hydraulic horsepower are
more often used compared to Eckel’s jet Reynold’s number group. During Tibbitts’
[51] full-scale laboratory drilling experiment under simulated borehole conditions,
he found that the jet impact force, hydraulic horsepower and jet Reynold’s number
group all gave equal results when used to correlate the ROP to the effect of jet bit
hydraulics. These results, obtained in Mancos shale with a 7 7/8" Smith F3 bit
are shown in Figure 6.15, 6.16 and 6.17.
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Figure 6.13: Penetration rates as a function of bit Reynold’s number [37].

Figure 6.14: Observed effect of bit weight and bit Reynold’s number on pen-
etration rate [37].

Figure 6.15: Observed correlation using jet impact force as hydraulics param-
eter on penetration rate in Mancos shale under simulated borehole conditions

[37].
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Figure 6.16: Observed correlation using Reynold’s number function as hy-
draulics parameter on penetration rate in Mancos shale under simulated bore-

hole conditions [37].

Figure 6.17: Observed correlation using jet hydraulic horsepower as hydraulics
parameter on penetration rate in Mancos shale under simulated borehole con-

ditions [37].

6.1.7 Penetration Rate Equation

How the parameters, discussed in this chapter, affect ROP is complex, and there-
fore, are they only partially understood. As a result, there has still not been
developed a completely accurate mathematical model of the rotary drilling pro-
cess. However, there have been many attempts to create a arithmetical model
that can take into account the known relationship between the different param-
eters. These models have been applied by using formal optimization methods to
solve the problem of selecting the best rotary speed and bit weight to achieve
as low as possible cost per foot drilled. There has been reported [45], [47], [48]
several successful applications of these approximate mathematical models, which
have resulted in significant reductions in drilling cost.
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Some bits are designed to give a maximum penetration per revolution, in partic-
ular, diamond bits and other types of drag bits. If the conditions are perfect, the
bit weight and torque are such that the bit keeps feeding into the formation at
the design cutting rate. For a given penetration of the cutting element into the
formation, the ROP of a drag bit is given by

R = LpenbeN (6.11)

Lpe = effective penetration of each cutting element,

nbe = effective number of blades, and

N = rotary speed.

There has been developed theoretical equations for the effective number of blades
nbe and for the efficient penetration Lpe by Peterson [52]. To be able to derive the
equations, Peterson used a simplified model which assumes the following:

• The face of the bit is flat and perpendicular to the axis of the hole.

• The diamond in each bit is aligned as a helix as shown in Figure 6.18a.

• The stones have a spherical shape as shown in Figure 6.18b.

• The diamonds are spaced so that the cross-sectional area removed per stone
is a maximum for the design depth of penetration.

• The bit is operated at the design depth of penetration.

• There is perfect bottom hole cleaning provided by the bit hydraulics.

Under these conditions, the equations for effective penetration Lpe and the effective
number of blade’s nbe yields

Lpe = 0, 67Lp (6.12)

and
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nbe = 1, 92
(
Cc
sd

)
db
√
dbLp − L2

p (6.13)

where

Cc = concentration of diamond cutters, carats/in2,

Lp = actual depth of penetration of each stone, in.,

db = bit diameter, in.,

dc = average diameter of the face stone cutters, in., and

sd = diamond size, carats/stone.

To find the bit weight required to acquire the design penetration Lp, a formation
property named the formation resistance, rf , is used to compute the bit weight.
To be able to penetrate the rock with the stone, the formation strength needs to
be overcome. The pressure needed to do so is the formation resistance, given by

rf = We

Adt
(6.14)

where Adt is the total diamond area in contact with the formation, and We is the
effective weight applied to the bit when including the hydraulic pumpoff forces. In
order to calculate the formation resistance, the observed ROP for a bit operated
in the formation of interest needs to be used.

The contact area for a spherical stone as shown in Figure 6.18b is given by

Adt = π2 d2
b

4

(
Cc
sd

)
(dcLp − L2

p) (6.15)
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Figure 6.18: Diamond bit stone layout assumed in penetration rate equation
[37].

When ROP models have been suggested, the approach has been to assume that
the effects of the different parameters effecting ROP are all independent of each
other and that the combined effect can be computed with an equation like this

R = (f1)(f2)(f3)(f4)...(fn) (6.16)

where f1, f2, f3, f4, etc., is the functional relationship between the different drilling
parameters and ROP. The operational relations are normally based on trends
observed in laboratory or field studies. To find empirical mathematical equations,
some authors have chosen to define the functional relation graphically and others
have used curve fitting techniques.

Bourgoyne and Young [45] have presented what is probably the most complete
mathematical drilling model used for rolling cutter bits. Their model involves
using eight different functions to model the effect of most of the drilling parameters
discussed. The Bourgoyne-Young is defined by Equation 6.16 combined with these
functional relations

f1 = exp2,303a1 = K (6.17)

f2 = exp2,303a2(10000−D) (6.18)



Chapter 6. Rate of Penetration Modelling 91

f3 = exp2,303a3D0,69(gp−9,0) (6.19)

f4 = exp2,303a4D(gp−pc) (6.20)

f5 =

(
W
db

)
−
(
W
db

)
t

4−
(
W
db

)
t

a5

(6.21)

f6 =
(
N

60

)a6

(6.22)

f7 = exp−a7h (6.23)

f8 =
(
Fj

1000

)a8

(6.24)

where

D = true vertical well depth, ft,

gp = pore pressure gradient, lbm/gal,

ρc = equivalent circulating density,

(W/db)t = threshold bit weight per inch of bit diameter, 1000 lbf/in.,

h = fractional tooth dullness,

Fj = hydraulic impact force beneath the bit, lbf, and

a1 to a8 = constants that must be chosen based on local drilling conditions.

To acquire the constants a1 through a8 detailed drilling data obtained in the area
must be used for computation. In addition to drilling optimization calculations,
this drilling model can be used to detect changes in formation pore pressure, but
how to do this will not be presented in this report.
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The effects of formation strength and bit type on ROP are represented by the
function f1. This function includes the effect of drilling variables such as type
of mud, solids content, etc., which are not included in the drilling model. For
computing the values of a1 through a8 Bourgoyne and Young [45] suggested using
a multiple regression technique. The exponential expression for f1 is useful when
applying this multiple regression technique. The reason for the coefficient "2,303"
is to allow the constant a1 to be defined easily in terms of the common logarithm
of an observed ROP.

The compaction effect on ROP is modeled by the functions f2 and f3. Here f2

takes into account the rock strength increase due to normal compaction of the
formation with depth. The f3 function represents the effect of under-compaction
that can occur in abnormally pressured formations. The product of f2f3 is equal
to 1,0 when the pore pressure gradient equivalent to 9,0 lbm/gal and a depth of
10000 ft.

The effect of overbalance in the borehole on ROP is modeled by the function f4.
If the formation pressure is identical to the borehole pressure in the well – i.e.,
there is no overbalance, then the value of f4 is equal to zero.

The functions f5 and f6 represent the effect of bit weight and rotary speed on
ROP. If the bit weight (W/db) is 4000 lbf/in. of bit diameter subsequently f5 has
a value of 1,0 and if the rotary speed is 60 rpm, then f6 is equal to 1,0. The reason
for this is so that the product of f2f6 would have a value close to 1,0 for the most
common drilling conditions. Where the formation is soft, the threshold bit weight
is small and can be ignored. In harder formations, the threshold bit weight can
be estimated from drilloff tests performed at low bit weight. The upper limit of
the function f5 corresponds to the bit flounder point, which must be established
from drilloff tests. The constants a5 and a6 can in addition be established from a
drilloff test. The reported values of a5 range between 0,4 to 2,0 and the values of
a6 is between 0,4 to 1,0.

The effect of tooth wear on ROP is modeled by the function f7. To estimate
the value of a7, the ROP measurements taken in a related formation at similar
bit operating conditions, at the start and at the end of a bit run is used. If the
tooth wear is nonexistent, then the value of f7 is equal to 1,0. This is often the
case when operating with tungsten carbide insert bits at moderate bit weight and
rotary speed. The bit wear is then insignificant, and the f7 term can be neglected.
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For a7 the typical values’ ranges from 0,3 to 1,5. Note that this is for milled tooth
bits.

The effect of bit hydraulics on ROP is modeled by the function f8. The hydraulic
parameter used is jet impact force, with a normalized value for f8 of 1,0 at 1000
lbf. As seen in Figure 6.15, 6.16 and 6.17 the choice of hydraulic impact force is
random. By using the bit hydraulic horsepower or nozzle Reynold’s number, the
results would be similar as to jet impact force. The normal values for a8 range
between 0,3 to 0,6.

When applying this method and these equations it is wise to select the best average
value for the values of a2 through a8 for the formation types in the depth interval
of interest. The value of f1 varies with the strength of the formation that is being
drilled. The term f1 is usually called the drillability of the formation because it
is expressed in the same units as ROP. If the drilling is performed in a normally
compacted formation, with a new bit, there is zero overbalance, the bit weight
is 4000 lbf/in., the rotary speed is 60 rpm, and at a depth of 10000 ft, then the
drillability would be numerically equal to the ROP that would be observed in the
given formation type. By using drilling data collected in previous wells in an area,
it is possible to compute the drillability of various formations.

6.2 Procedure

Bourgoyne and Young’s drilling model uses eight different parameters for modelling
the ROP. These are (1) depth [ft], (2) actual ROP [ft/hr], (3) WOB [lbf], (4)
rotary speed of the bit [rpm], (5) tooth wear, (6) jet impact force [lbf], (7) ECD
[lbm/gal], and (8) the pore pressure gradient [lbm/gal]. All of these parameters
must be acquired from drilling data. When these parameters have been obtained,
there are four steps to follow before the modelling is complete.

Step 1 - Choose Data Points. Since the ROP model by Bourgoyne and Young
takes into account eight variables, this gives eight equations with eight unknowns,
a1−a8. This requires at least eight independent equations to be able to find these
unknowns, which again requires eight distinctive data points from the drilling data.
However, in order to increase the accuracy of the model, Bourgoyne and Young
suggested a minimum number of data points to be used, depending on how many
variables that are used [45], see Table 6.1. Bourgoyne and Young also suggested a
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minimum range for the variables used, as seen in Table 6.2. It is not stated what
these ranges are based upon.

Table 6.1: Recommended minimum number of data points relative to the
number of parameter [45].

Number of independent variables Minimum number of data points
8 30
7 25
6 20
5 15
4 10
3 7
2 4

Table 6.2: Recommended minimum data range for the independent variables
[45].

Variable Recommended minimum data range
x2 2000
x3 15000
x4 15000
x5 0,40
x6 0,50
x7 0,20
x8 0,50

Step 2 - Calculate the x-variables. The x-variables x2, x3, ..., x8 and ln(ROP )
can be calculated when the data points from the drilling data have been selected.
The x-variables are given by:

x2 = 10.000−D (6.25)

x3 = D0,69(gp − 9, 0) (6.26)

x4 = D(gp − ρc) (6.27)
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x5 = ln(
(W
db

)− (W
db

)t
4− (W

db
)t

) (6.28)

x6 = ln(N60) (6.29)

x7 = −h (6.30)

x8 = ln( Fj
1000) (6.31)

ln(ROP ) = ln(ActualROP ) (6.32)

These x-variables model the following:

• x2 and x3 - the effect of compaction.

• x4 - the effect of differential pressure.

• x5 - the effect of bit weight and bit diameter.

• x6 - the effect of rotary speed of the drillstring.

• x7 - the effect of bit tooth wear.

• x8 - the effect of bit hydraulics

These variables must be calculated for all the chosen data points. If any of the
xn-variables are basically constant, Bourgoyne and Young recommended that the
corresponding regression constants, an, should be estimated from previous studies.
The regression analysis is performed for the remaining constants [45].

Step 3 - Perform Multiple Regression. When all the xn-variables have been
calculated, the next step is to find the coefficients a1 - a8 using multiple linear
regressions on the x-variables. There are several methods for doing this, but in
this thesis, the LINEST function in Excel is used. This function calculates the
statistics for a line by using the "least squares" method to calculate a straight
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line, that best fits the data, and returns an array which describes the line [54].
Bourgoyne and Young suggested that the a-coefficients obtained should be within
a given boundary. These boundaries are presented in Table 6.3. These boundaries
are based on reported ranges for the coefficients from various formations in different
areas, and average values of them. The reliability of the predictor system will be
increased if these boundaries are used.

The linear regression method will sometimes deliver values for the a-coefficients
that are outside these suggested boundaries. This is because this regression
method does not handle bound constraints [55]. If the obtained a-coefficients are
negative or zero, these results are mathematically correct, but physically meaning-
less. If a a-coefficient is negative, this means that if the variable that the coefficient
represents is increased, then the ROP will decrease. In most cases, this will be
illogical. This will be discussed in further detail later in Chapter 8.

The multiple linear regression equations for obtaining the a-coefficients is given
by:

x2,n + x3,n + x4,n + x5,n + x6,n + x7,n + x8,n = ln(ROPn) (6.33)

Table 6.3: Recommended bounds for the an-coefficients [45].

Coefficient Lower bound Upper bound
a1 0,5 1,9
a2 0,000001 0,0005
a3 0,000001 0,0009
a4 0,000001 0,0001
a5 0,5 2
a6 0,4 1
a7 0,3 1,5
a8 0,3 0,6

Step 4 - Estimate the ROP. When the a-coefficients have been obtained, the
last step is to calculate the estimated ROP. This is done by:

ln(Est.ROP ) = a1 + a2x2 + a3x3 + a4x4 + a5x5 + a6x6 + a7x7 + a8x8 (6.34)



Chapter 6. Rate of Penetration Modelling 97

Est.ROP = exp(ln(Est.ROP )) (6.35)

This method for calculating the estimated ROP differs slightly from the method
presented earlier in this chapter by avoiding the calculations of the functions f1 -
f8. This method calculates the estimated ROP directly from the obtained a- and
x-values. The result is exactly the same, it just makes the calculation simpler.





Chapter 7

Results

7.1 ROP Modelling Using Drilling Data from
Salt

The Bourgoyne and Young drilling model was chosen for modelling the ROP.
This is one of the most important optimization methods because it is based on
statistical analysis of past drilling parameters [53] from previously drilled wells.
It then uses multiple regressions to analyze the effect that several independent
variables (x1, x2, etc.) has on a dependent variable (y). The objective of the ROP
modelling attempt was to determine which parameters have the greatest impact
on ROP when drilling in salt formations.

7.1.1 Incomplete Drilling Data

The drilling data provided to the author was from a salt section in one single
deepwater well. Some of the variables that are used in Bourgoyne and Young’s
drilling model were missing in these drilling data. These absent variables were:

Tooth wear. Since the tooth wear variables were missing, this value was assumed
to be zero for all depths. The x7-variable is therefore excluded from all calculations.

Jet impact force. Although the jet impact force was missing in the drilling
data, it was possible to calculate an estimated value for this variable using other
variables that were included in the drilling data. The jet impact force is given by:

99
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Fj = 0, 01823Cdq
√
ρ∆pb (7.1)

where

Fj = jet impact force, lbf,
Cd = discharge coefficient,
q = flow rate, gpm,
ρ = mud density, lbm/gal,
∆pb = pressure drop across the bit, lb/in2.

Eckel and Bielstein [56] found, through experiments with bit nozzles, that the
discharge coefficient, Cd, can be as high as 0,98, but they recommended a value of
0,95 as a more practical limit. In this report 0,95 will be used.

The bit pressure drop, ∆pb, can be estimated from the standpipe pressure. It is
fair to assume that ∆pb is half of the standpipe pressure given in the drilling data.
Typically, 50 % of the pump pressure is lost in the drillbit, and the remaining 50 %
is lost to friction in the drillstring and annulus [57]. This justifies this assumption.

Pore pressure gradient. The change in pore pressure is minimal in short inter-
vals, so the pore pressure was assumed to be constant throughout the interval.

Threshold bit weight. This parameter is included in the x5-variable, but was
assumed to be zero for all data points. This is justified by the UCS of salt being
relatively low, and therefore, are high values of WOB not needed in order to be
able to penetrate salt formations.

7.1.2 First ROP Modelling Attempt

The drilling data provided contained 10.703 data points. These were obtained
when drilling in deepwater salt formations using a 12-1/4" PDC bit with 14-3/4"
reamer. Several of the data were incomplete or contained errors, so in order to
increase the accuracy of the regression, a filter was set up to remove the fault
values. Extreme values were also unwanted, as they may represent a short interval
which does not reflect the section as a whole. The filter criterion was:
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• ROP between 10 and 100 ft/hr.

• Rotary speed between 100 and 200 rpm.

• WOB above 1000 klb.

After putting on this filter, 4442 data points remained. The obtained range for
the remaining data points are presented in Table 7.1. It can be seen that the
range for x3, x5, and x6 is below the recommended minimum value. The values
acquired for the coefficients a1 to a8 after performing the regression are presented
in Table 7.2. Here only one (a5) of the coefficients was within the recommended
boundaries. The resulting r2-value was 0,101.

Table 7.1: Recommended minimum range vs. obtained range.

Variable Minimum range recommended Obtained range
x2 2000 2298,25
x3 15000 31,54
x4 15000 17354,44
x5 0,40 0,13
x6 0,50 0,21
x8 0,50 1,62

Table 7.2: Recommended bounds for the a-coefficients vs. obtained value.

Coefficient Lower bound Upper bound Obtained value
a1 0,50 1,90 286,48
a2 0,000001 0,0005 -0,0166
a3 0,000001 0,0009 1,22
a4 0,000001 0,0001 -0,000042
a5 0,50 2,0 1,49
a6 0,40 1,0 -0,22
a8 0,30 0,60 -0,009

7.1.3 Troubleshooting

The dataset was divided into five subsets in an attempt to find out why several of
the a-coefficients were of unphysical value. The parameter that varied the most in
the drilling data was the actual ROP. In addition, this is the dependent variable.
Therefore, this parameter was chosen as the basis when dividing the dataset into
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subsets. The average value for ROP in the drilling data was 45 ft/hr, hence the
filtration criterion was:

• 10<ROP<30

• 40<ROP<50

• 30<ROP<60

• 20<ROP<80

• 80<ROP<100

The resulting ranges, a-coefficients and r2 values, after calculating the x-variables
and the a-coefficients for the different subsets, are presented in Table 7.3 and 7.4.

Table 7.3: Range obtained for the different subsets.

Dataset x2 x3 x4 x5 x6 x8
10<ROP<30 2271,17 31,17 16691,11 0,12 0,21 1,14
40<ROP<50 2294,47 31,49 17281,51 0,12 0,21 1,25
30<ROP<60 2297,15 31,53 17289,10 0,13 0,21 1,30
20<ROP<80 2298,25 31,54 17297,13 0,13 0,21 1,62
80<ROP<100 2283,00 31,34 17244,58 0,10 0,21 1,03

Table 7.4: The a-coefficients and r2-values obtained for the different subsets.

Dataset a1 a2 a3 a4 a5 a6 a8 r2

10<ROP<30 184,65 -0,011 0,802 -0,0000050 4,94 -0,23 0,0084 0,032
40<ROP<50 28,43 -0,0014 0,105 -0,000002 0,116 -0,057 0,012 0,013
30<ROP<60 86,04 -0,0049 0,350 0,0000008 -0,142 -0,049 0,013 0,090
20<ROP<80 139,84 -0,0080 0,580 -0,000023 -1,153 -0,066 0,039 0,095
80<ROP<100 1,148 0,00038 -0,017 -0,000017 0,125 -0,298 -0,072 0,123

7.1.4 Second Attempt - Locking Variables

Another effort was made in order to increase the accuracy of the model. The next
act was to lock some parameters to one, so they would not affect the outcome of
the regression. This was performed on the subsets 10<ROP<100, 20<ROP<80,
and 30<ROP<60 to cover both large and small specters of ROP. It was decided
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that the most logical variables to lock were the ones with the least variation in
the parameters. The variables and their parameters are shown in Equation 6.25
to 6.31. The parameter variations in the different variables are shown in Table
7.5. Clearly, the pore pressure and ECD have the least variation. Therefore, all
variables containing these parameters will be locked to one. In addition, since
depth is a parameter that cannot be adjusted in order to increase ROP, it was
also locked to one. The remaining parameters that will be used in the regression
are WOB, rotary speed, and jet impact force, in the variables x5, x6, and x8,
respectively. The resulting a-coefficients and r2-values are presented in Table 7.6,
and the resulting S and p-values for the different a-coefficients are presented in
Table 7.7.

Table 7.5: The difference between the maximum and minimum value in each
parameter.

Dataset Depth WOB rpm Jet force ECD Pore pres.
(-) (%) (%) (%) (%) (%) (%)

10<ROP<100 13,4 12,3 18,9 80,2 1,8 0,0
20<ROP<80 13,3 9,7 18,6 64,4 1,6 0,0
30<ROP<60 13,4 12,0 18,9 72,8 1,7 0,0

Table 7.6: The a-coefficients and r2-values obtained for the different subsets
with locked variables.

Dataset a1 a5 a6 a8 r2

10<ROP<100 -6,01 4,26 0,31 0,014 0,072
20<ROP<80 -2,10 2,83 0,22 0,04 0,064
30<ROP<60 0,46 1,65 0,10 0,014 0,064

Table 7.7: S and p-values obtained for the a-coefficients in the different subsets
using locked variables.

30<ROP<60 20<ROP<80 10<ROP<100
Coeff. S P-value Coeff. S P-value Coeff. S P-value
a1 0,31 0,14 a1 0,45 0,00 a1 0,82 0,00
a5 0,14 0,00 a5 0,20 0,00 a5 0,26 0,00
a6 0,09 0,24 a6 0,12 0,07 a6 0,15 0,05
a8 0,02 0,57 a8 0,04 0,26 a8 0,05 0,77
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7.1.5 Other Parameters Affecting ROP

The probability that there are parameters affecting ROP, which are not taken into
account in Bourgoyne and Young’s drilling model, is high. An attempt was made
in order to see if this was the case for this modelling attempt. The ROP ranged
from 10 to 100 ft/hr in the drilling data, so it was checked if this large difference
in ROP could be explained by one of the drilling parameters being highly different
for the high ROPs, compared to the low ROPs. The average parameter values
in the interval 10<ROP<30 and 80<ROP<100 was compared against each other.
The result is presented in Table 7.8.

Table 7.8: Difference in the parameters average value, for high and low ROP.

Dataset ROP Depth WOB rpm Jet force ECD Pore pres.
(-) (ft/hr) (ft) (1000 lbf/in) (-) (lbf) (ppg) (ppg)

80<ROP<100 86,9 15830,9 26,2 158,6 3192,8 15,88 8,60
10<ROP<30 20,9 16042,0 26,4 159,4 3087,9 15,90 8,60
Difference (%) 75,95 1,32 0,69 0,49 3,29 0,14 0,0

7.2 Modelling Attempt to Verify Results

To check if the results acquired from modelling with drilling data from salt for-
mations were meaningful, another modelling attempt was carried out. This time
using data obtained from the tests performed by Pessier and Damschen [34] in
Carthage marble. The data were extracted from the graphs in Figure 5.4, and 5.6.
This modelling attempt will be performed using only data for WOB and rpm, and
for four different bit types. These bit types are (1) roller-cone, (2) PDC, (3) blade
leading hybrid bit, and (4) cone leading hybrid bit. The aim of this experiment
was to see if the same results were obtained, in terms of which parameter that af-
fects ROP most, compared to the results obtained in Chapter 7.1.4. The attempt
will be conducted in the following manner:

1. Extract the data for WOB and rpm from the graphs, for all four bits.

2. Calculate the variables x5 and x6 using Equation 6.28 and 6.29.

3. Perform regression to find a1 and a5 for WOB, and a1 and a6 for rpm.
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4. Use the obtained a5 and a6-coefficients together with the average value for
a1 from the two regressions.

5. Perform a new combined regression using the a5-coefficient obtained from
the WOB regression, and the a6-coefficient obtained from the rpm regression,
together with the average value for a1 from the two regressions.

7.2.1 Verifying Results

The obtained results for the a-coefficients, standard error, and p-values are pre-
sented in Table 7.9, 7.10, 7.11, and 7.12. The r2 value was one in all four regres-
sions.

Table 7.9: The a-coefficients, S, and p-values obtained for the roller-cone bit.

Roller-cone bit
Coefficient Coefficient value Standard error P-value

a1 2,54 0,00 0,00
a5 1,22 0,00 0,00
a6 0,12 0,00 0,00

Table 7.10: The a-coefficients, S, and p-values obtained for the PDC bit.

PDC bit
Coefficient Coefficient value Standard error P-value

a1 4,13 0,00 0,00
a5 1,89 0,00 0,00
a6 0,95 0,00 0,00

Table 7.11: The a-coefficients, S, and p-values obtained for the blade leading
hybrid bit.

Blade leading hybrid bit
Coefficient Coefficient value Standard error P-value

a1 3,89 0,00 0,00
a5 1,65 0,00 0,00
a6 0,96 0,00 0,00
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Table 7.12: The a-coefficients, S, and p-values obtained for the cone leading
hybrid bit.

Cone leading hybrid bit
Coefficient Coefficient value Standard error P-value

a1 3,45 0,00 0,00
a5 1,41 0,00 0,00
a6 0,93 0,00 0,00

7.3 ROP Increase Due to Parameter Increase

Using the a-coefficients obtained in the second modelling attempt in Chapter 7.1.4,
an effort was made in order to find the parameter/ROP correlation. This was done
simply by finding the average value of the a-coefficients in Table 7.6. These mean
values are presented in Table 7.13.

Table 7.13: Average values for the a-coefficients obtained using locked vari-
ables.

Coefficient Avg. value
a5 2,91
a6 0,21
a8 0,023



Chapter 8

Discussion

In this chapter, challenges regarding drilling in salt formations and how to over-
come these challenges will be discussed, in addition to the benefits of two new
drillbit technologies. Further, the results from the modelling attempts are re-
viewed.

8.1 Drilling in Salt

Salt possesses characteristics that distinguish it from ordinary rocks, and that
makes drilling in these formations a challenge. Several potential risks lie within
and/or around salt sections. In order to perform safe and successful drilling op-
erations in these sections, knowledge of these risk is essential and must be imple-
mented when planning each well.

8.1.1 Challenges of Drilling in Salt

When drilling in salt sections, it is salt’s unique characteristics, which create the
difficulties encountered. After burial, salt sheets maintain a relatively low density
compared to the surrounding formations. This is because these formations around
the salt will increase in density over time as overburden is added. As a result
of salt’s density being lower than of the surrounding formations, the salt will
rise if the overlying sediments offer little resistance [2]. The rise of salt creates
a difficult rubble zone at the salt’s base and sides. When exiting the salt, well
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control becomes a challenge. This is because the existence and extent of natural
fractures are difficult to predict, in addition to the pore pressure and fracture
gradients. When salt bodies undergo large lateral movement, complex near salt
sediment deformation can be created, making nearby formations highly fractured,
faulted and overturned. In these areas wellbore instability, losses and rubble zones
are a challenge.

Drilling through the salt presents a unique challenge in itself. When subjected to
constant stress, salt will deform/creep significantly as a function of time, physical
properties and loading conditions. This feature makes salt able to flow into the
wellbore and replace the volume removed by the bit. This is especially a problem
at elevated temperatures as this increases salt creep rate [2]. If the invasion occurs
fast enough it can cause a stuck-pipe situation, and the well might have to be
abandoned or sidetracked. To overcome this problem, it is essential to find the
appropriate mud weight that will stop salt from creeping into the wellbore.

When subjected to water, salt can dissolute. If this occurs while drilling, hole
enlargement can be a problem. To overcome this problem, several inhibitors have
been developed to supersaturate salt muds. Another solution to this problem is
to use oil based muds, although this has its negative effects, such as increased
reaming time. Cementing casing strings across large salt formations has proven
to be a challenge, due to salt dissolution. It is therefore, important to use cement
slurries that are salt saturated to prevent this problem [2]. However, when the salt
concentration is high in cement slurries, it makes mixing difficult and the cement
can become over-retarded. With time, cement failure may eventually occur due
to ion exchange between calcium and magnesium. Several chemical solutions have
been proposed to rectify this problem, but the authors’ favorite is to let salt creep
around the casing. The need for cement jobs can thereby be avoided. However,
this requires a highly uniform hole to avoid non-uniform casing loads, which may
be difficult to achieve.

Shock and vibration are another problem that must be faced when drilling in
salt. This can become acute if shock and vibration levels get too high. This
can be attributable to inappropriate drilling-fluid design, poor tool selection and
BHA design, ratty or laminated salt intervals, salt creep, and suboptimal drilling
parameters (especially WOB and rotary speed) [2]. Vibration can cause tool twist-
off or failure, leading to expensive fishing or additional trips. Vibration can also
be caused by overly aggressive bits and a poor matched bit-reamer combination.
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Often the bit and reamer are up to 90 ft apart, so it is possible that the bits
are drilling salt while the reamer is drilling an inclusion. This will lead to one
component drilling faster than the other, which can lead to poor weight transfer
who manifests into shock and vibration.

Attaining drilling targets have proven to be a challenge when drilling in salt. This
is because modelling the base of salt is very difficult. Seismic waves travels through
salt at a higher velocity than the surrounding layer, causing poor survey images
below or near salt. In addition, the salt may be structurally complex. Considerable
error margin is caused by this when estimating pore pressure and other properties
of the sub-salt formations.

Pressure traps inside the salt can cause a kick while drilling. These high pressures
are associated with seams or inclusions. Even though these flow volumes are usu-
ally small, the pressure may be sufficiently elevated to cause well control problems.
If these high pressure zones can be detected by seismic, the recommended measure
is to set casing so that mud weight can be used to counteract these influxes.

8.1.2 New Drillbit Technology

In Chapter 5, two brand new and modern drillbit technologies were presented.
These bits are Baker Hughes Kymera Hybrid drillbit, and Schlumberger’s CDE
PDC Stinger bit. The author believes these bits can help overcome many of today’s
salt drilling challenges. This is based on the properties of these two drillbits.

Currently, the preferred drillbit when drilling in salt is a common PDC bit. As
mentioned before, ROP is an important factor in order to drill successfully in
salt formations. Compared to the roller-cone bit, the PDC is superior in terms
of achievable ROP. However, the aggressiveness of the PDC has proven to be a
problem in these formations, and large shock and vibrations may occur due to this.
Both the Kymera and Stinger bit has proven to reduce the downhole vibrations and
drill smoother than a common PDC bit [34], [35], [36]. This is a great advantage
when it comes to improving wellbore measurements, and reducing the stress on
the BHA. Increasing the reliability of the downhole equipment may make it easier
for drillers to improve the accuracy of models through inclusions, reducing the
pore pressure uncertainty when exiting the salt, and locate targets while drilling.
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One important parameter in order to increase ROP when drilling is WOB. When
drilling with PDC bits, stick-slip can occur when the WOB becomes excessively
large. As the Kymera and the Stinger bit are able to drill smoother than conven-
tional PDC bits [34], [35], [36], the chance of stick-slip is reduced. This may again
allow an increase in WOB without experiencing stick-slip, and thereby increase
ROP.

Reamers are often used when drilling salt formations in order to increase the
wellbore diameter. This will give the drillers more time to drill to target, pull
out of hole, and run casing. A problem that may occur when using reamers in
non-homogeneous formations is that the bit and reamer may drill in different
formations. As the ROP may vary between formations, this can result in the bit
out-drilling the reamer, or vice versa, and thereby result in a poor weight transfer.
This can, in turn, result in large shock and vibration levels, which may damage
the BHA components. If the ROP can be increased sufficiently when drilling with
the Kymera or the Stinger bit, the need for reamers may be reduced or eliminated.

Tests performed with the Kymera, and the Stinger bit has shown that these bits
have an improved bit life [34], [35], [36]. By increasing the bit life, longer sections
can be drilled; NPT is reduced and the operations can be performed in a shorter
amount of time. This may reduce the chance of borehole closure as sections can
be drilled quicker, in addition to reducing the operation’s cost.

As mentioned in the previous subsection, cementing can be an issue in salt for-
mations. The author believes that one of the best solutions to this problem is to
eliminate the need for cementing completely. Since salt can creep, it will close
around the casing by itself after some time. This requires a uniform borehole
so the loads will be equally distributed across the casing, preventing deformation
and/or collapse of the casing. Both the Kymera and the Stinger bit has proven
in tests, to deliver more consistent hole diameters and improved borehole quality
compared to both PDC and roller-cone bits. The author believes that these bits
would greatly increase the possibility of eliminating the cement job, and allow the
casing to be held in place by the salt itself. If successful, this would not only in-
crease the safety by eliminating poor cement jobs, it would also save the operator
the cost of the whole cementing process.

The Stinger bit has one unique ability that the Kymera bit does not possess. Due
to the conical diamond element’s characteristics, the resulting cuttings from the
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Stinger bit are larger than standard cuttings [36]. This may provide better rock
characterization, which can be an advantage for determining wellbore position in
the stratigraphic column.

8.2 Rate of Penetration Modelling in Salt

8.2.1 Regression Output Statistics Explained

a-coefficients. The coefficients obtained after performing a regression, represents
the mean change in the response for one unit of change in the predictor. This
is while holding the other predictors in the model constant [58]. E.g. if the a5-
coefficient is 2,5 after performing a linear regression, it means that if a5 is increased
with one unit, then the response variable (in this case ROP) will increase with
an average of 2,5 units. This statistical control that the regression provides is
important. This is because the role of one variable is isolated from all the others
in the model [59].

r2 (R-squared). Whether the r2-value can be used to interpret the results of the
regression or not, depends on the objective for the linear regression [58]. Is the
goal to describe the relationship between the predictors and response variable, or
is it to predict the response variable?

• r2 used to interpret the relationship between the predictors and re-
sponse variable. If the goal of the regression is to determine how changes
in the predictors relate to changes in the response variable, then r2 are irrele-
vant. The r2-value does not affect how to interpret the relationship between
the response variable and predictors, if the regression model is correctly spec-
ified [58]. A low r2 do not change the meaning of the coefficients or negate
a significant predictor. Therefore, this meaning of the r2-value will not be
discussed in further detail later in this report.

• r2 used to predict the response variable. When the goal of the regres-
sion is to produce precise predictions for the response variable, r2 become
valuable. This is because predictions are not as simple as a single predicted
value, and because a margin of error is included [58]. Low values for r2 in-
dicate that the model has more error and can warn of imprecise predictions.
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The Standard Error of the Regression (S). The standard error of the re-
gression, also known as the standard error of the estimate, represents the average
distance that the observed values fall from the regression line [60]. Using the units
of the response variable, it tells how wrong the regression model is on average.
The smaller the values the better, because this means that the observations are
close to the fitted line. S can be used to asses the precision of the predictions.

P-value. The p-value tests, for each term, the null hypothesis that the coefficient
is equal to zero (that it has no effect). If the p-value is below 0,05, it indicates
that the null hypothesis can be rejected. Changes in the predictor’s value are
related to changes in the response variable. Therefore, if the predictor has a low
p-value, it is likely to be a meaningful addition to the model [59]. Conversely, if
the p-value is large (insignificant) for a predictor, it suggests that changes in the
response are not associated with changes in the predictor. The coefficient p-values
are often used to determine which terms to keep in the regression model and which
to remove.

8.2.2 First Modelling Attempt

The aim of this study was to determine which parameters have the greatest impact
on the ROP in salt. Therefore, a modeling experiment was conducted, as described
in Chapter 7, using data from a previously drilled well in salt formation. In this
first attempt only the drilling data with ROP between 10 and 100 ft/hr were used.

a-coefficients. As seen in Table 7.2 the only a-coefficient within the recommended
boundaries was a5. In addition, four out of seven a-coefficients were negative. As
explained above, when a coefficient is negative, it means that if the variable in
which the coefficient represents is increased, the dependent variable (y) will de-
crease. This applies if all the other variables are held constant. This can of course
be correct in some situations, as long as these negative a-coefficients give meaning-
ful results. However, in this modelling attempt, the negative coefficients are not
meaningful; they are of unphysical values. E.g. the a6-coefficient which represents
the x6-variable, which takes into account the rotary speed of the drillstring. In
the result of the regression, the a6-coefficient was negative (-0,22), so if the ro-
tary speed of the drillstring was increased with one unit, the resulting ROP would
decrease with -0,22 ft/hr, if all other parameters were held constant. From the
theory presented in Chapter 6, clearly the rotary speed of the drillstring is one of
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the parameters that increases ROP the most, and therefore, it is illogical that this
parameter should affect the ROP in a negative manner. The result is accordingly,
not meaningful.

r2-values. The coefficient of determination indicates that this dataset cannot
predict the response variable. The r2-value was only 0,101, which indicates that
the prediction of ROP is imprecise.

The standard error of the regression and the p-values will not be discussed in this
first modelling attempt as the unphysical a-coefficients were enough to conclude
that this modelling attempt was unsuccessful.

There are strong indications that the parameters used in this first modelling at-
tempt, were not varied enough to give a good result. The initial indications are
shown in Table 7.1. Here, 50 % of the variables are below the minimum range
recommended by Bourgoyne and Young. Another indication that the variation in
the drilling data was too small, is presented in Table 7.5. It can be seen in the first
row that the variation in ECD is quite low. In the pore pressure, the variation
is non-existing, because this value was assumed to be constant throughout the
dataset.

8.2.3 Troubleshooting

The dataset used in the initial modelling attempt was divided into five subsets
in order to find out why the attempt was unsuccessful. The reason for breaking
the dataset into five subsets is because when the range is large, unwanted data,
which is impossible to model using this method, may be included. Changes in the
formation, or the use of a different bit are examples of data that are not included
in Bourgoyne and Young’s model. It is, however, important not to use too small
ranges, as this may result in loss of data that may be of interest.

x-variable range. It can be seen in Table 7.3, that the differences in range be-
tween the five intervals of ROP are of insignificant value. This is a clear indication
that the variation throughout the dataset is too small, regardless of interval.

a-coefficients. As seen in Table 7.4, several of the a-coefficients are of unphysical
value (negative value). The only coefficient that was consistent for all spectra
of ROP was a6, which was negative. Again this indicates that there is too little
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variation in the input variables. It also indicates that there are other parameters,
which are not taken into account in Bourgoyne and Young’s drilling model, but
which affects the ROP in the provided drilling data.

r2-value. To be able to predict the response variable, it is important that the
coefficient of determination is good. Table 7.4 shows that this is not achieved in
any of the subsets. The highest r2-value obtained was for the subset using ROP
between 80 and 100, where the acquired value was 0,123. As mention above, one
is the best achievable result, while zero is the worst. A low r2 indicate that the
model has imprecise predictions. This confirms that these datasets cannot be used
to predict ROP.

8.2.4 Second Attempt with Locked Variables

Since the first modelling attempt was unsuccessful, and the test with five subsets
showed that the parameter variation is too small, the next attempt was to lock
some of the variables to one. By doing so, these variables could not affect the
result of the regression. The specters of ROP used in this test was 30<ROP<60,
20<ROP<80, and 10<ROP<100.

a-coefficients. As seen in Table 7.6 the resulting values for the coefficients a5,
a6, and a8 are positive, and therefore, physical. This applies to all three specters
of ROP. In addition, the rankings of the values for these coefficients are consistent
for all three datasets. a5 is greatest, a6 is second largest, and a8 is smallest. This
means that in these datasets, using only three variables, WOB affects ROP the
most, before rpm, and jet impact force the least. This result coincides with the
theory regarding in which degree parameters affect ROP. The result is, therefore,
meaningful and intuitive.

Table 7.6 shows that the a1-coefficient is negative for the specters 10<ROP<100
and 20<ROP<80. The a1-coefficient is also known as the y intercept, which
basically means this is the value at which the fitted line will cross the y-axis.
This coefficient is often described as the mean response value, when all predictor
variables are set to zero. This is mathematically correct, but a zero setting for
all predictors in a model is often a meaningless combination. If all predictors
cannot be zero, a meaningful interpretation of the a1-coefficient is impossible. In
addition, even if it is possible for all the predictor variables to be zero, the data
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point might be outside the range of the observed data [61]. From Figure 8.1, 8.2,
and 8.3 clearly setting the predictor variables to be zero, are outside the range of
the observed data in this modelling attempt.

Using a regression model to make a prediction for a data point that is outside
the data range should not be done. This is because the relationship between the
variables might change. The value for a1 is a prediction for the response value
if all predictor variables are zero. If the data are not collected for this all-zero
ranges, then the value of a1 cannot be trusted. The relationship for the observed
data can be locally linear, but beyond that it might change. This explains why
the regression constant might have a meaningless value [61]. It should be said
that even though a zero setting for all predictors is plausible, and if the data are
collected within the all-zero ranges, the a1 might still be meaningless. This is
because it serves as a garbage bin for any bias that is not accounted for by the
terms of the model. It is important to use this coefficient in the regression model
since it guarantees that the residuals have a mean of zero. In addition, if it is not
added, the regression line is forced to go through the origin. If the fitted line does
not naturally go through the origin, the regression coefficients and predictions will
be biased, if a1 is not included. Based on the foregoing, it must not be placed too
much emphasis on the meaning of a1.

r2-value. The coefficient of determination is poor for all three specters of ROP,
as seen in Table 7.6. This is not unexpected, as 50 % of the parameters (depth,
ECD, pore pressure, and bit tooth wear) used in Bourgoyne and Young’s model are
missing in this altered model. This means that these regression results cannot be
used to predict ROP. However, since the main goal is to interpret the relationship
between the predictors and the response variable, these poor r2-values do not have
to be taken into consideration.

The Standard Error of the Regression (S). As seen in Table 7.7, the standard
error of the regression is best for a8 in all three spectra of ROP. This means that
the a8-coefficient is closest to the fitted line. This could be explained by the
range for jet impact force, which a8 represents, being larger than for the other
two parameters, as seen in Table 7.5. The a8-coefficient for 30<ROP<60 is the
only parameter in which the value for S falls within a sufficiently narrow 95 %
prediction interval (<(0,05/2)). This is an indication that the variation in the
data is too small and that the model needs to be more precise.
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P-value. The p-value has to be smaller than 0,05 to indicate that changes in the
predictor’s value are related to changes in the response variable. As seen in Table
7.7 the a5-coefficient is consistently 0,00 for all three spectra of ROP, which argue
that this parameter has the largest impact on ROP. The a5-coefficient represent
WOB, so this observation agrees well with the theory. a6 are consistently the
second-lowest p-value, and for 10<ROP<100 it equals 0,05. This indicates that
of the three parameters taken into the model, this is the one who affects ROP the
second most. In addition, it indicates that changes in ROP are related to changes
in rotary speed, which a6 represents. Again, this agrees well with the theory. The
p-values for jet impact force, a8 are large, saying that this parameter does not
affect changes in ROP in this model.

Based on the above-mentioned results from the regression, clearly locking the
parameters with the least variation had a positive effect on the outcome of the
a-coefficients. Although the datasets cannot be used to model ROP, they say
something about how the parameters affect ROP individually. From the obtained
results, the author interprets that the parameters affecting ROP the most when
drilling in salt, from greatest to smallest, is in the following order:

1. Weight on bit

2. Rotary speed of the drillstring

3. Jet impact force

Note that the jet impact force is included, although the p-value suggested that
this parameter had no effect on changes in ROP. Based on the theory presented
in Chapter 6.1.6, clearly bit hydraulics will have an impact on ROP. The author,
therefore, chose to include the jet impact force in his findings.
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Figure 8.1: Parameter range for the specter 30<ROP<60.

Figure 8.2: Parameter range for the specter 20<ROP<80.

Figure 8.3: Parameter range for the specter 10<ROP<100.
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8.2.5 Other Parameters Affecting ROP

Because of the low r2-values obtained in both modelling attempts, and the poor
S and p-values obtained in the second attempt, it was suspected that there were
other parameters affecting ROP that was not taken into the model. The bad
results of these regression output statistics indicate that the correlation between
the actual ROP, and the modeled ROP is insufficient. This was tested by checking
if the difference in high and low values of ROP could be explained by one of the
parameters (used in the model) was highly different between the ROP-spectra.
Two intervals of ROP on the opposite side of the scale were chosen for this test,
10<ROP<30, and 80<ROP<100. The differences found between the parameter’s
mean values in these two ranges are presented in Table 7.8. As seen, there is an
insignificant difference between the average values in the parameters, compared to
the large difference in ROP. This implies that there are other parameters affecting
ROP, which are not taken into account in the model used and, therefore, explains
the poor results obtained when predicting the response variable.

8.3 Modelling Attempt to Verify Results

In this modelling attempt, using the drilling data obtained by Pessier and Damschen
[34], it emerges that the same results are obtained as in the second attempt with
locked variables. Table 7.9, 7.10, 7.11, and 7.12 reveals that for all four bit types,
WOB (a5) affects ROP more than rotary speed (a6). Note that all values for the
standard error, S, and for the p-values equals 0,00. This suggests that the observed
values coincide perfectly with the regression line. This is supported by r2 being
one in all four regressions. This result is, therefore, to be trusted, and gives reason
to rely on the parameter relationship obtained using the drilling data from salt.

The results obtained in this modelling attempt agrees well with the theory regard-
ing the relationship between ROP, and the combination of bit aggressiveness and
WOB. The magnitude of a5 is in the identical order as the aggressiveness of the
bits. It is greatest for the PDC bit, followed by the blade leading hybrid bit, the
cone leading hybrid bit, and then the roller-cone bit.
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8.3.1 How to Increase the ROP in Salt

In the modelling attempt using data from a salt formation, it was found that
the parameter that affects ROP the most was WOB, before rotary speed, and jet
impact force, in that order. This result was supported by the modelling attempt
using drilling data from Carthage marble. The results showed in both cases that
WOB had a greater impact on ROP than the rotary speed. Based on the results
from these two modelling attempts, to increase ROP when drilling in salt, the best
parameter to increase is WOB, before rpm and jet impact force.

8.3.2 Limitations to Parameter Increase

WOB, the rotary speed and jet impact force cannot be increased indefinitely.
Certain limitations exist, which needs to be taken into consideration.

Limitation to WOB:

• Rig hook load capacity. The derrick and hoisting systems on drillrigs/-
drillships presents a limitation to the WOB available, by having a maximum
hook load capacity. The WOB can never exceed the hook load capacity,
as this is the highest weight of the drillstring that the rig/ship can han-
dle. However, the hook load capacity of modern drillrigs/drillships surpasses
1.000 tonnes, which should be sufficient in almost any scenario.

• Buckling. When subjected to a vertical compression load, drillpipes tend
to fail by buckling, as they have a low resistance to any applied bending
moments [37]. Buckling can occur in the lower portion of the pipe if the
drillpipe is confined by a wellbore or casing, and is subjected to a compression
load on the bottom that is less than the hook load. These buckling forces
are resisted by the moment of inertia of the pipe, but for long and slender
drillpipes this moment of inertia is small and often negligible. Drilling when
the drillstring is in a buckled condition will fatigue the tool joints quickly
and lead to failure. Buckling tendency can be avoided, to some extent, by
using enough heavy walled drill collars in the lower section of the drillstring.

• Stick-slip. By applying too much WOB, the friction between the drillbit
and the formation can get excessively high, causing the bit to "stick." This
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will lead to a reduced, or complete stop in rotation. When this occurs, the
energy stored in the drillstring will accumulate and be stored as several turns
of twist in the string. When the energy level gets to a certain point, it will
overcome the friction force and be released. The string will then spin out of
control and create destructive vibrations.

• Bit tooth strength. If the drillbit is subjected to high WOB, excessive
torque will increase tooth wear and may lead to broken or chipped cutter-
s/inserts, and bit failure. Recommendations for maximum allowable WOB
will be delivered by the bit supplier.

• Shocks and vibrations. Shock and vibration can occur when too much
WOB is applied. It can be in the form of axial vibration (bounce), and
torsional vibration (stick-slip). This can be destructive and lead to BHA
failure, twistoffs, bit failure, and tool failure.

• Bit floundering. When extreme levels of WOB are applied, a decrease in
penetration rate can be observed. This is usually due to poor bottomhole
cleaning at high rates of cutting generation [37].

Limitation to rpm.

• Bit damage. Too high rotary speed can lead to broken teeth and, in worst
case, bit failure. Recommendations for maximum allowable rpm will be
delivered by the bit supplier.

• Shocks and vibrations. Bit and/or BHA whirl can be caused by excessive
rpm. This can cause BHA failure, overgauged hole, broken PDC blades, wear
on stabilizers, and damaged cutters/inserts.

• Rig capacity. On drilling rigs/ships, the top drive is the limiting factor.
The best top drives are capable of rotary speeds up to 280 rpm. However,
the most common maximum rotary speeds for top drives are plus/minus 200
rpm.

Limitations to jet impact force.

• Surface operating pressure. The surface operating pressure is the max-
imum pump pressure capacity of the mud pump. The newest and largest
mud pumps can handle pressures up to 7500 psi.
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• Pump hydraulic horsepower. The pump hydraulic horsepower is the
power available in a positive displacement mud pump. The largest mud
pumps are equipped with approximately 1600 horsepowers.

8.3.3 ROP/Parameter Increase Correlation

A simple attempt was made in order to answer how much ROP can be increased
by adjusting the parameters affecting it. The a-coefficients describe the change of
the dependent variable with one-unit change in the independent variables. This
was used to find the increase in ROP due to altering the parameters. This was
done by calculating the average values for the a5, a6, and a8 coefficients obtained
in the second modelling attempt. These values are presented in Table 7.13.

Increase in ROP due to WOB. The unit used for WOB in this modelling
attempt was 1000 lbf/inch. From the resulting average value for a5, increasing
WOB with one unit, or 1000 lbf/inch, should result in an increase in ROP by
2,91 ft/hr. This result does seem realistic, considering that salt formations are
relatively soft. The mean value for WOB in the used dataset was 26,5 (1000
lbf/in). If the circumstances allowed a 10 % increase in WOB, this would have
resulted in 7,7 ft/hr increase in ROP. The difference between the smallest and
largest value for WOB in the dataset was 12,3 %.

Increase in ROP due to rotary speed. The results in Table 7.13 shows that
increasing the rotary speed by one rpm should increase the ROP by 0,21 ft/hr.
The author believes that this result also seems realistic. The average value for
rotary speed in the drilling data was 160,1 rpm. If this value was increased to
the most common rotary speed limitation for top drives of 200 rpm, the resulting
increase in ROP would be 8,4 ft/hr.

Increase in ROP due to jet impact force. The unit used for jet impact force
was lbf. Increasing the jet impact force with one lbf should, according to the
acquired result, increase ROP by 0,023 ft/hr. The author believes this result is
too large to be realistic. This is based on the fact that the difference between the
smallest and largest value of jet impact force in the drilling data was 4386,9 lbf.
Increasing the jet impact force with 4386,9 lbf should then result in 100,9 ft/hr
increase in ROP, which is unrealistic. In addition, the high p-values obtained for
jet impact force (see Table 7.7) indicates that this parameter is insignificant for the
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predictor. The author, therefore, believes that the result for jet impact force/ROP
increase correlation are invalid.

8.3.4 Comparison of ROP in Salt vs. Marble

Two modelling attempts have been carried out in which meaningful results for the
a-coefficients have been obtained. One attempt was using data from salt drilling,
and the second using data from drilling in marble. To get a better understanding
of the ROP/parameter interaction when drilling in salt, these two results were
compared to see if any significant difference was found. It should be mentioned
that these data were obtained under completely different conditions, one being a
deepwater well and the other a simulated laboratory experiment.

The results of four different bit types were obtained from the modelling attempt in
Carthage marble. However, since a PDC bit was used to drill the salt formation,
only the results from the PDC bit (Table 7.10) were used. These results were
compared to the average values for the a-coefficients presented in Table 7.13. As
seen in Table 8.1 the effect of increasing WOB is 35,1 % greater in salt than in
Carthage marble. Increasing the rotary speed will have 77,9 % more effect in
Carthage marble compared to salt.

This observed difference in the effect of WOB might be due to the UCS of Carthage
marble being five times larger than in salt (15.000 psi in Carthage marble vs. 3.000
psi in salt). The higher UCS, the more WOB is required to overcome the threshold
bit weight. In addition, Maurer [46] found in his experiments that the depth of
cutter penetration is inversely proportional to the rock strength. This may also
describe the better ROP response in low UCS rocks.

An explanation for the rotary speed response being lower in salt than in Carthage
marble could be due to salt creep. Excessive rotary speed in salt is known to cause
downhole vibrations, which will decrease ROP.
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As mentioned above, the drilling data used in these modelling attempts were
obtained under various conditions, therefore, the differences in these results should
not be emphasized too greatly. The most important result from these two tests is
that the order of which the parameters affect ROP is similar. This is an indication
that the results obtained in the salt modelling attempt, may be used to predict
which parameters affect ROP the most.

Table 8.1: a-coefficients obtained in salt vs. Carthage marble.

Coefficient Avg. value Salt Salt Difference (%)
a5 2,91 1,89 35,1
a6 0,21 0,95 77,9





Chapter 9

Conclusion

The following conclusions were drawn based on the presented theory and the mod-
elling results:

• Geomechanical risks related to drilling in salt formations:

– Tectonically instable areas around the salt. Thrust faulting stress
regimes may occur where the minimum horizontal stress is close to the
overburden stress, and the maximum horizontal stress surpasses the
overburden stress. This occurs due to active lateral salt deformation.

– Rubble zones or depressions near the salt. This may occur if the neigh-
boring rock is not able to withstand the imposed stresses developed
from salt emplacement of fluid migration.

– Recumbent beds. Salt movement can make nearby formations over-
turned and highly fractured and faulted.

– Squeezing sediments entrapped in salt seams or occurring as inclusions
within the salt. The pore pressure in these sediments may be high, and
the sediment itself may be highly plasticized.

– Casing loading from deformable salt. Creep rate is governed by the
temperature of the salt, and the stress difference between the overbur-
den stress and the borehole pressure. Changes in one of these may
cause a non-uniform casing load, leading to casing collapse.

– Drilling in tight-hole conditions, due to salt flow.

125
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• Pore pressure risks related to drilling in salt:

– High pressure zones, found in seams or inclusions within salt, or above
the salt in carapace sediments. These zones occur if higher pressured
sediments were forced upwards by the underlying salt, and have not
been "bled-off".

– Pore pressure uncertainty when exiting the salt, due to poor seismic
imaging.

• Recommendations when drilling in salt:

– RSS are the best option for drilling salt. This is based on the improve-
ments seen in ROP, directional control and hole quality.

– To increase ROP over extended salt intervals, use RSS in combination
with motors, as these deliver higher torque and rpm at the bit.

– Define salt exits as targets, plan salt exits across a tangent section, and
at a flat or low dipping area of the salt base. This is to ensure that the
well exits the salt in an area least susceptible to problems.

– Plan a low DLS (< 2,0◦/100 ft). This is to make sure that the assembly
still has enough capability to drill the desired trajectory, even when
steering is required to counteract salt tendency.

– Avoid the use of drilling jars in hole sections larger than 18". This is
because jars represents a weak point in the drillstring. In addition,
stuck-pipe problems are rare in these large hole sizes.

– If under-reamers are used, make sure these are matched with the bit,
to avoid shocks from a poor bit-reamer combination.

– When entering and exiting salt, monitor and control the drilling param-
eters until both the under-reamer and the bit are in the same formation.
This is to avoid shock and vibration related problems.

– Use real-time monitoring of the drilling parameters in salt. This is to
increase BHA life and optimizing drilling performance. This can be
done either at the rig-site or from remote centers.

• New drillbit technology:

– By reducing the shock and vibration levels while drilling, the Kymera
and the Stinger bit can improve borehole quality, improve BHA tool
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reliability, increase ROP by being able to increase WOB and rpm, and
improve bit and BHA life.

– The Stinger bit provides better rock characterization as the cutting size
is increased.

• Parameter effect on ROP:

– It was found that of the three parameters used in this modeling attempt,
they affect ROP in the following order:

1. WOB

2. Rotary speed of the drillstring

3. Jet impact force





Chapter 10

Future Work

Based on the uncertainty of the findings in this thesis, the author recommends that
further research is performed to validate the results. Both Bourgoyne and Young’s
model and the multiple linear regression method should suffice for obtaining valid
results. However, they both depend on a good variation in the drilling data. It is
not necessary to use data from just one single well. Data from several wells in the
same formation can be used, if available. This may increase variation and improve
the accuracy of the model. A suggestion for increasing the data quality is to make
sure that all the parameters needed are included in the drilling data. This can be
achieved by planning the modelling attempt ahead of drilling a well. It is then
known which parameters which must be measured and recorded.

It would be interesting to perform tests in salt formations, using the new drillbit
technology presented in this paper. The author strongly believes that this tech-
nology will be of great benefit when drilling in salt. A suggestion for further work
is to test and see if these new drillbits are able to improve ROP when drilling in
salt formations. This can be performed either as a laboratory or a field study.
To achieve the most realistic results, the author recommends a field study. This
is because the performance of the Kymera and the Stinger bit can be directly
compared to conventional bits. The author also recommends performing studies
on borehole quality when using these bits in salt formations. The author believes
that the need for cement jobs may be reduced, by utilizing the salt creep tendency
to hold the casing in place. This can only be achieved in high-quality boreholes.
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