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Abstract 

Whereas extended reach drilling is an option, drilling optimization is important as it saves rig time and 

operational expenditure, hence, maximizes profit. Limited weight on bit, inclined, and horizontal hole 
cleaning and wellbore stability are common problems in extended reach wells. The rate of penetration 
plays a key role in optimizing the drilling process, and some attempts have been made towards 
obtaining a mathematical rate of penetration model for a vertical well. In this work, the Bourgoyne and 
Young model was modified to account for drilling parameters in extended reach drilling such as bit 
hydraulics, hole cleaning, and cuttings transport. Drilling optimization techniques were then applied to 

optimize controllable parameters during the drilling operation to obtain a maximal rate of penetration.  

The proposed model from this modification was derived from multiple regression analysis using the 
method of least squares and selected field data. The model was validated using field data, and 
sensitivity analysis were performed. The rotary speed and weight on bit showed a linear relationship 
with the rate of penetration. An R-squared value of 98.68% and a mean square error of 1.0555% 
showed that the proposed model exhibits a reasonable accuracy in the determination of the penetration 
rate for an extended reach well.  

Keywords: Extended reach drilling; Modeling, Multiple regression analysis; Optimization; Rate of penetration. 

 

1. Introduction  

A hydrocarbon prospect is pinpointed with the aid of geological studies and seismic evalu-

ations. But the most effective way to ascertain the presence of oil or gas in the prospect is to 

drill a borehole. Drilling is arguably the most expensive portion of the entire exploration and 

production process [1]. The oil and gas industry gives a lot of focus on the optimization of the 

drilling process such that oilfield development is carried out in cost-efficient means [2]. Various 

methods have been developed over time to access hydrocarbon prospects at the subsurface, 

and these methods have evolved in technicality as accessing these prospects become even 

more difficult. One of such methods is the Extended Reach Drilling (ERD). Extended reach 

wells may be very long (measured depth) and quite shallow vertically, or relatively short and 

very shallow vertically - and everything in the middle. The long reach wells are drilled to far-

off reservoirs to cut down on the required infrastructural and operational resources for reser-

voir access. The relatively short reach wells are drilled in very shallow reservoirs to allow for 

the necessary reservoir inflow area [3]. 

Drilling extended-reach wells can be costly and technically demanding. However, they can 

add significant value to drilling activities by eliminating the need for costly subsea equipment 

and pipelines. Present industry challenges are greatly affecting drilling operations and total 

expenditure. Companies without accurate, well-timed, and integrated information may find it 

difficult to optimize well production, make use of a central archive of data for historical and 

real-time analysis, or achieve efficient field production monitoring and enhancement leading 

to below-par performance. The whole idea of optimization is to make use of one or more well 
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records as a basis for the calculation and application of optimum techniques to subsequent 

wells, so as to reduce drilling costs for subsequent drilled wells. With the progress of the 

drilling operation in a new area, the drilling crew becomes familiar with the area, and the 

drilling process can be optimized to reduce the cost of drilling subsequent wells [4]. Rate of 

Penetration is a key parameter controlling drilling/rig time; therefore, optimization of the rate 

of penetration will significantly cut down the cost of drilling activities as well as the time to 

reach the target depth. Optimization of drilling operation can be achieved by increasing the 

rate of penetration [5], and hence, the time to reach target depth. A high rate of penetration 

in safe and stable drilling conditions is the key focus and objective of the optimization process. 

However, in an Extended Reach Drilling process, parameters such as hole cleaning have 

significant effects on the Rate of Penetration. Efficient cuttings transport is a key problem 

when drilling an extended reach well with a horizontal and highly inclined section, and must, 

therefore, be taken into account in any analysis of the drilling process. 

1.1. Extended reach wells 

There is no globally accepted definition for extended reach wells, and therefore, it remains 

a debatable subject till date. As a result of this, there exist various definitions of extended 

reach wells.  Extended reach wells can be commonly described in terms of two distinct ratios, 

the Unwrapped Reach Ratio and the Depth Ratio [6]. The ratio of the along-hole departure to 

the true vertical depth (TVD) at measured depth is known as the Unwrapped Reach Ratio. At 

ratios greater than 2, the well is said to be an extended-reach well. The Depth Ratio, however, 

is the ratio of the measured depth (MD) of the well to its True Vertical Depth. Furthermore, if 

the ratio is greater than 2, the well is said to be an extended-reach well. In the early 1980s, 

Mobil Oil Company first made use of this term for directional wells in which the ratio of the 

horizontal departure (HD) attained at measured depth (MD) to the true vertical depth (TVD) 

is greater than or equal to two [7]. 

1.2. Factors affecting the rate of penetration 

The advancement of a drilled borehole is attributed to the failure of the rock beneath the 

drill bit and the removal of the resulting debris by the drilling fluid. Rock failure depends upon 

a bit tooth penetrating the formation when using a roller-cone bit [8]. Obviously, the drilling 

rate should depend on several factors. These factors are; 

i. Bit type 

ii. Formation characteristics 

iii. Operating conditions (Weight on the bit and Rotary speed) 

iv. Bit tooth wear 

v. Bit Hydraulics  

vi. Drilling fluid properties 

There are three models most commonly used in the prediction of the rate of penetration in 

vertical wells; (i) Galle and Woods, (ii) Maurer, and (iii) Bourgoyne and Young. 

The breakthrough in drilling technology, as regards the optimization process was pioneered 

by Galle and Woods [9]. They made the following assumptions; that only two parameters 

(weight on bit and rotary speed) affect the rate of penetration and that the other variables 

such as drilling fluid properties, bit hydraulics, etc., were properly selected. Similarly, a model 

for determining the drilling rate for roller-cone bits from rock cratering mechanisms was de-

veloped [10]. This model holds only when all of the rock debris is being removed from the 

bottom of the wellbore, a condition known as “perfect hole cleaning”. Also, multiple regression 

analysis techniques by the use of detailed drilling data to derive a mathematical model capable 

of determining the drilling rate, based on various parameters such as formation depth, for-

mation strength, formation compaction, the pressure differential across the bottom hole, bit 

diameter and bit weight, rotary speed, bit wear, and bit hydraulics have been utilized [11]. 

Other mathematical models were also developed to determine the best constant weight on 

bit, rotary speed, and optimum hydraulics for a single bit run so as to attain the lowest possible 

cost per foot. The method also predicts the drilling time as well as the wear on the bit. The 
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most widely accepted (dominant) model in the drilling industry that makes use of drilling 

models for drilling rate prediction is the Bourgoyne and Young Model (BYM). It is one of the 

most comprehensive models. The rate of penetration model is given as Equation (1); 
𝑑𝐷

𝑑𝑡
= 𝑒𝑥𝑝(𝑎1 + ∑ 𝑎𝑗𝑥𝑗)8

𝑗=2                (1) 

where D =depth and t=time. 

1.3. Cuttings transport and hole cleaning in extended reach drilling 

The removal and transportation of rock cuttings from the bottomhole to the surface is a 

major function of drilling fluids [12].  Inefficient hole cleaning in drilling extended reach wells 

causes some costly problems such as slow rate of penetration, premature bit wear, formation 

fracture, high torque, and drag, and stuck pipe. Studies on cuttings transport have gone on 

since the 1940s, and the terminal velocity for single phase drilling fluids was the main focus 

of previous investigations. The terminal velocity was sufficient to address some hole problems 

because most of the wells were vertical. Studies were later changed to experimental ap-

proaches and mechanistic models, with the growing interest in directional and horizontal wells, 

whose objective was to describe the cuttings transport phenomenon for all inclination angles [13-14]. 

Cuttings transport in extended reach wells is far more critical than that of vertical wells. 

There are two main challenges faced in extended reach wells that are not present in vertical 

wells. One such challenge is the existence of a bed of cuttings on the low side of the borehole. 

The other challenge is the sliding nature of the cuttings within the wellbore. At inclination 

angles of 40o-60o, the bed of cuttings may become unstable due to its tendency to backslide. 

An unstable cuttings bed puts the drill string at risk, especially whenever mud circulation stops 
[14-15]. Another problem is the inefficient transport of cuttings, which creates excessive drag 

and torque (drag is the frictional force caused by pipe movement while torque is a measure 

of the force causing pipe rotation in the wellbore). This brought about the introduction of three 

other parameters: 

i. Dimensionless cuttings bed area, 
𝐴𝑏𝑒𝑑

𝐴𝑤𝑒𝑙𝑙
 

ii. Dimensionless velocity, 
𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 

iii. Annular cuttings concentration,𝐶𝑐 

The cuttings bed height is believed to be of great importance to the overall hole cleaning 

performance and the success of the entire drilling operation. The area of the cuttings bed 𝐴𝑏𝑒𝑑 

can be expressed as a dimensionless function as Equation (2): 
𝐴𝑏𝑒𝑑

𝐴𝑤𝑒𝑙𝑙
= 𝑘1(𝐶𝑐)𝑘2(𝑁𝑅𝑒)𝑘3(𝑁𝑓𝑟)

𝑘4
             (2) 

where 𝐶𝑐  is the annular cuttings concentration; 𝑁𝑅𝑒  is the Reynolds number and 𝑁𝑓𝑟  is the 

Froude number [13]. 

The cuttings transport ratio is used to estimate the cuttings transport efficiency and is given 

as Equation (3): 
𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
                     (3) 

where 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 is the actual annular fluid velocity and 𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is the critical fluid velocity; a func-

tion of cuttings slips and lift velocity. 

The annular cuttings concentration is defined by Equation (4); 

𝐶𝑐 =
𝑁𝑒𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑐𝑢𝑡𝑡𝑖𝑛𝑔𝑠

𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑙𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒
             (4) 

Higher cuttings transport ratios indicate a relatively lower cuttings concentration in the 

borehole [16]. 

Smaller cuttings result in greater annular cuttings concentrations than larger cuttings in a 

horizontal annular section and are more difficult to transport in horizontal wells than in vertical 

wells. They also stick easily to the pipe due to their cohesive effects and are more difficult to 

free once stuck. Therefore, smaller cuttings would require a much higher fluid velocity to 

continue the forward movement and erode the cuttings bed [17]. 
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1.4. Optimization 

The basic application of drilling optimization is to obtain the highest degree of efficiency 

possible under certain specific conditions, with the aim of achieving the greatest or least pos-

sible outcome of an objective function. Therefore, the optimization process involves the crea-

tion of an objective function, detection of controllable variables, both independent and de-

pendent, and several technological and technical constraints. 

The drilling optimization process is designed to optimize controllable drilling variables, in-

cluding weight on bit and bit rotary speed, so as to obtain the highest possible rate of pene-

tration since the drillability of the rock decreases with increasing hole depth [4]. 

2. Materials and method 

2.1. Selection and normalization of relevant field data 

Relevant field data was sourced for and stored in an excel file. These sourced data were 

then converted to their normalized values (standard field units) for easier manipulation. The 

obtained data include depth (TVD and Measured depth), weight on bit, equivalent circulating 

density, rotary speed, pore pressure, bit tooth wear fraction, rate of penetration, cuttings 

concentration, flow rate, mud viscosity and so on. A data file was then created for use in 

multiple regression analysis. 

2.2. Research approach 

2.2.1. Multiple regression analysis 

For the purpose of this work, the method of least squares was applied (in place of Bourgoyne 

and Young’s matrices approach) using the Multiple Regression Technique. The MS Excel (ver-

sion 2010) application was used to determine the regression coefficients of the proposed rate 

of penetration model. The use of regression analysis of past drilling data in the evaluation of 

constants in a rate of penetration equation is quite popular. Nevertheless, the majority of the 

past works in this field have been limited due to the difficulty in obtaining large volumes of 

accurate field data, and as a result of this, the effects of most of the drilling parameters were 

overlooked. 

For a dependent variable (y) and a set of independent variables (𝑥𝑖), the multiple regression 

model provides a prediction of y from 𝑥𝑖 of the form (Equation 5), 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + ⋯ + 𝛽𝑘𝑥𝑘 + 𝜀           (5) 

In regression analysis, MS Excel (version 2010) computes the statistics for a line using the 

"least squares" method. It determines a straight line that best fits the acquired data, and then 

returns an array that best describes the line. Theoretically, a regression analysis model calcu-

lates for the dispersion of data points based on the sum of squares.  The goal of the model is 

to obtain the least possible sum of squares and draw a line of best fit. 

2.3. Development of the proposed model 

As proven by Bourgoyne and Young, the effects of bit weight, compaction, rotary speed, 

tooth wear, etc. on penetration rate are not dependent on one another, and the compound 

effect can be given as Equation (6): 

𝑅 =
𝑑𝐷

𝑑𝑡
= (𝑓1)(𝑓2)(𝑓3)(𝑓4) … (𝑓𝑛)             (6) 

where (𝑓1)(𝑓2)(𝑓3)(𝑓4) etc., represent functional relations between the rate of penetration and 

the various drilling parameters. The functional relations used for the proposed model were 

based on field studies and objectives of the study. For a roller cutter bit, these functional 

relations are defined as Equations (7) to (14); 

𝑓1 = 𝑒𝑎1                     (7) 

𝑓2 = 𝑒𝑎2(10,000−𝐷)                  (8) 

𝑓3 = 𝑒𝑎3𝐷0.69(𝑔𝑝−9.0)                 (9) 

𝑓4 = 𝑒𝑎4𝐷(𝑔𝑝−𝑝𝑐)                  (10) 
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𝑓5 = 𝑒

𝑙𝑛[

𝑊
𝑑𝑏

−(
𝑊
𝑑𝑏

)
𝑡

4−(
𝑊
𝑑𝑏

)
𝑡

]

𝑎5

                 (11) 

𝑓6 = 𝑒
𝑙𝑛(

𝑁

100
)

𝑎6

                   (12) 

𝑓7 = 𝑒−𝑎7ℎ                    (13) 

𝑓8 = 𝑒
𝑙𝑛(

𝜌𝑄

350𝜇𝑑𝑛
)

𝑎8

                  (14) 

Considering the effects of hole cleaning and cuttings transport in high angle extended reach 

wells, three extra functional relations were introduced into the proposed model to account for 

these effects. These are given as Equations (15) to (17); 

𝑓9 = 𝑒
𝑙𝑛(

𝐴𝑏𝑒𝑑
𝐴𝑤𝑒𝑙𝑙

)
𝑎9

                  (15) 

𝑓10 = 𝑒
𝑙𝑛(

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

)
𝑎10

                 (16) 

𝑓11 = 𝑒𝑙𝑛(𝐶𝑐)𝑎11
                  (17) 

The proposed model can then be combined into a giant expression which combines each of 

the variables, which is shown as Equation (18). This is a rather unmanageable equation, how-

ever, so it is recommended to look at each of the terms independently (Equations (15) to 

(17)) and then combine them at the end of the calculation. 

The combination of the above equations gives Equation (18): 

𝑅 =
𝑑𝐷

𝑑𝑡
= 𝑒𝑥𝑝 (𝑎1 + 𝑎2(10,000 − 𝐷) + 𝑎3𝐷0.69(𝑔𝑝 − 9.0) + 𝑎4𝐷(𝑔𝑝 − 𝑝𝑐) + 𝑎5𝑙𝑛 [

𝑊

𝑑𝑏
−(

𝑊

𝑑𝑏
)

𝑡

4−(
𝑊

𝑑𝑏
)

𝑡

] +

𝑎6𝑙𝑛 (
𝑁

100
) − 𝑎7ℎ + 𝑎8𝑙𝑛 (

𝜌𝑄

350𝜇𝑑𝑛
) + 𝑎9𝑙𝑛 (

𝐴𝑏𝑒𝑑

𝐴𝑤𝑒𝑙𝑙
) + 𝑎10𝑙𝑛 (

𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
) + 𝑎11𝑙𝑛(𝐶𝑐)) (18) 

The proposed model equation is very wordy but depends on the accuracy of the factors 𝑎1 

– 𝑎11 to be able to model drilling performance. The above equation is then converted into a 

straight line equation so as to fit into the multiple regression equation (Appendix 1.0). A mul-

tiple regression analysis was performed on the drilling data using the multiple regression 

equation to find appropriate values for these regression coefficients. 

2.4. Model validation 

Initially, the proposed model was validated by carrying out multiple regression analysis 

with the same field data used by [11] in their analysis. The regression constants for both models 

were obtained and compared to ensure the accuracy of the proposed model. The following 

results were obtained; 

Table 1: Comparison of regression coefficients 

Coefficients 𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7 𝑎8 𝑎9 𝑎10 𝑎11 

B & Y Model 3.78 0.00017 0.0002 0.000043 0.43 0.21 0.41 0.16 - - - 
Proposed model 3.76 0.000175 0.0002 0.000043 0.42 0.18 0.41 0.16 - - - 

Table 2. The minimum ranges recommended for regression analysis [15]  

Parameters Minimum range Parameters Minimum range 

X_2 2000 X_7 0.20 
X_3 15000 X_8 0.50 
X_4 15000 X_9 0.50 
X_5 0.40 X_10 1.7 
X_6 0.50 X_11 4.5 
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A comparison of the results shown in Table 1 indicates that the proposed model and method 

determines the regression coefficients with a reasonable level of accuracy based on the num-

ber of data points which depends on Equation (18) and the range of the values of the available 

drilling parameters as shown in Tables 2 and 3. 

Table 3. The minimum number of data points recommended for the multiple regression analysis [15]  

Number of 

parameters 

Minimum number 

of data points 

Number of pa-

rameters 

Minimum number 

of data points 

11 45 6 20 
10 40 5 15 
9 35 4 10 

8 30 3 7 

7 25 2 5 

2.5. Sensitivity analysis 

The proposed model was subjected to sensitivity analysis by varying the rate of penetra-

tion with the various drilling parameters. Some of the plots are shown in Figure 1. 

 

Figure 1. Sensitivity analysis plot of ROP vs. Weight on Bit (left) and ROP vs. Rotary Speed (right) 

Figure 1 shows a direct proportionality relationship between the rate of penetration and 

both weight on bit and rotary speed. Sensitivity analysis of other parameters exhibited jagged 

plots and was therefore not included.   

3. Results and discussion 

3.1. Results 

The proposed model was initially validated by comparing with the Bourgoyne and Young 

model, and predicting the rate of penetration using field data available [11]. The results ob-

tained are shown in Figures 2 and 3; 

 

Figure 2. Comparison of regression coefficients of Bourgoyne and Young's model and proposed model 
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Figure 3. Calculated ROP values (Bourgoyne and Young's model and proposed model) vs. observed 
ROP values 

Figure 3 shows a very close relationship between the regression constants of Bourgoyne 

and Young’s model and the proposed model, as seen in their nearly equal values. This is 

because the Bourgoyne and Young’s model was used as the reference for this study. However, 

the proposed model was observed to predict the rate of penetration values at a slightly higher 

level of accuracy than the Bourgoyne and Young’s Model. This is seen in the values of the 

correlation coefficient and mean square error. The coefficient of correlation (Figure 3) for 

Bourgoyne and Young’s model was obtained as 0.9467, and that of the proposed model as 

0.9500. 

The Mean Square Error for both models was obtained from the following correlation (Equa-

tion (19)); 

𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝐸𝑟𝑟𝑜𝑟 (𝑀𝑆𝑞𝐸) =
1

𝑛
∑ (ln 𝑅𝑂𝑃𝑐𝑎𝑙𝑐 − ln 𝑅𝑂𝑃𝑎𝑐𝑡𝑢𝑎𝑙)2𝑛

𝑖=1     (19) 

From Equation (19), the obtained mean square error for the B&Y model was 0.027748, and 

that of the proposed model was 0.027199, as shown in Figure 4. 

 

Figure 4. Comparison of correlation coefficient and Mean square error for both models 

On validation of the model, the model was applied to a depth interval representative of a 

single formation. The regression variables were obtained and substituted in the proposed rate 

of penetration model using the selected drilling data for the model. Multiple regression analysis 

was then applied to obtain regression coefficients. The following results were obtained; 
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Table 4. Calculated regression variables and statistical analysis values for depth 6000-8066 ft 

Coefficients Values Coefficients Values 

a_1 7.815348 a_7 1.454594 
a_2 -0.00019 a_8 0.411157 
a_3 -0.00145 a_9 2.653928 
a_4 -0.000045 a_10 0.000236 
a_5 0.527414 a_11 0.012582 

a_6 -0.19537   
Multiple R 0.999554   
Adjusted R square 0.986803   
Standard error 0.109414   

From Table 4, the very high value of Multiple R indicates a very strong relationship between 

the dependent variable (rate of penetration) and the independent variables (drilling parame-

ters) as previously established by authors. The coefficient of determination, Adjusted R 

squared, indicates that 98.68% of the dependent variables are explained by the independent 

variables, that is, 98.68% of our values fit the regression analysis model. A low standard error 

also indicates a greater precision of the regression analysis. 

On the determination of the regression constants, the rate of penetration can then be cal-

culated at various drilling conditions. This was done using the selected field data initially used 

for the comparison of both models (depth interval of 6000 to 8066ft). 

The regression index of correlation, G, checks the persistence of Multiple Regression Anal-

ysis. It may be defined by Equation (20); 

𝐺 = √1.0 −
∑[ln 𝑅𝑂𝑃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−ln 𝑅𝑂𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑]2

∑[ln 𝑅𝑂𝑃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−ln(𝑅𝑂𝑃)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]
2           (20) 

The regression index of correlation was obtained as 0.96226 using Equation (20). This 

value of the correlation index is high and thus shows that the proposed model is a good model. 

The Mean Square Error obtained was 0.010555, which indicates a high accuracy. 

 

Figure 5. Plot of Actual ROP values and proposed model values 

3.2. Optimization of the rate of penetration 

After obtaining the regression coefficients and validating the proposed model, the rate of 

penetration must be optimized in line with the objective of the study. For this purpose, MSEx-

cel Solver, as previously tested and presented for optimization, was utilized to iterate input 

parameters (regression variables) [18]. Excel solver iterates changing variables so as to mini-

mize, maximize, or maintain the value of an objective function (rate of penetration). The only 

input parameters that are modified are the controllable mechanical parameters (Weight on Bit 
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and Rotary speed). The Solver was run with the purpose of maximizing the value of the rate 

of penetration.  Upper and lower limits (constraints) were also included in the constraints for 

the solver, thereby keeping them in prescribed ranges. The program continues iterating until 

there are no more changes in which the variables can increase the rate of penetration value. 

At this point, the determined value of ROP is the optimum value under normal drilling condi-

tions. Figure 5 shows the results. For a particular data range, MS Excel Solver (version 2010) 

was applied, and the optimum rate of penetration was obtained as 38.235ft/hr. 

4. Conclusion and recommendation 

4.1 . Conclusion 

A robust model was developed using multiple regression analysis and successfully applied 

to obtain an authentic solution to predict the rate of penetration for roller cone bits in an 

extended reach well. The model serves as an efficient tool in the determination of the effects 

of the drilling parameters on the penetration rate under several technological constraints. The 

proposed model was tested on field data, and acceptable results were obtained. The rate of 

penetration was then optimized using MS Excel Solver (version 2010). It obtained maximal 

values of ROP by varying alterable regression variables such as weight on bit and rotary speed, 

under various realistic constraints. From the analysis, it could be concluded that after taking 

hole cleaning parameters in extended reach wells into consideration, the rate of penetration 

can be predicted with reasonable accuracy using the proposed model, and the optimal rate of 

penetration values can be obtained by varying controllable mechanical parameters. Also, the 

method of least squares in regression analysis is observed to be more accurate than matrix 

regression utilized by Bourgoyne and Young. Similarly, the drillability, depth, and rock 

strengths are observed to be the main parameters controlling the rate of penetration, and 

parameters have less significant effects ranked according to their relationships with the pen-

etration rate. Finally, an increase in the weight on bit and rotary speed produced a corre-

sponding increase in the rate of penetration. 

4.2. Recommendation 

It should be considered that the use of accurate and detailed drilling data to carry out 

analysis, predictions, and drilling optimization, so as to obtain meaningful results is funda-

mental. Moreso, the cost of drilling can be considered for the optimization of the rate of pen-

etration in future works. Also, instead of using all acquired data points, a reduced number of 

data points representative of an existing data trend should be used as it would give much 

more accurate results in analysis. Lastly, wellbore inclination angles may be accounted for in 

the study to improve the accuracy of results.  

APPENDIX 1. 

Derivation of Multiple Regression Equation 

 𝑅 =
𝑑𝐷

𝑑𝑡
= 𝐸𝑥𝑝 (𝑎1 + 𝑎2(10,000 − 𝐷) + 𝑎3𝐷0.69(𝑔𝑝 − 9.0) + 𝑎4𝐷(𝑔𝑝 − 𝑝𝑐) + 𝑎5𝑙𝑛 [

𝑊

𝑑𝑏
−(

𝑊

𝑑𝑏
)

𝑡

4−(
𝑊

𝑑𝑏
)

𝑡

] + 𝑎6𝑙𝑛 (
𝑁

100
) − 𝑎7ℎ +

𝑎8𝑙𝑛 (
𝜌𝑄

350𝜇𝑑𝑛
) + 𝑎9𝑙𝑛 (

𝐴𝑏𝑒𝑑

𝐴𝑤𝑒𝑙𝑙
) + 𝑎10𝑙𝑛 (

𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝑉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
) + 𝑎11𝑙𝑛(𝐶𝑐))              1.0a 

Substituting the variables in the Equation (1.0a) with corresponding x-values gives Equation (1.0b); 

 𝑅 =
𝑑𝐷

𝑑𝑡
= 𝐸𝑥𝑝(𝑎1 + 𝑎2𝑋2 + 𝑎3𝑋3 + 𝑎4𝑋4 + 𝑎5𝑋5 + 𝑎6𝑋6 + 𝑎7𝑋7 + 𝑎8𝑋8 + 𝑎9𝑋9 + 𝑎10𝑋10 + 𝑎11𝑋11)  1.0b 

Taking the Natural logarithm of both sides of Equation (1.0b) gives Equation (1.0c); 

ln
𝑑𝐷

𝑑𝑡
= 𝑎1 + 𝑎2𝑋2 + 𝑎3𝑋3 + 𝑎4𝑋4 + 𝑎5𝑋5 + 𝑎6𝑋6 + 𝑎7𝑋7 + 𝑎8𝑋8 + 𝑎9𝑋9 + 𝑎10𝑋10 + 𝑎11𝑋11     1.0c 
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