
Parameter Optimization in Oil Well Drilling 
Operation

Ali Darwesh

Petroleum Engineering

Department of Civil, Environmental and Natural Resources Engineering
Division of Geosciences and Environmental Engineering

ISSN 1402-1544
ISBN 978-91-7790-392-5 (print)
ISBN 978-91-7790-393-2 (pdf)

Luleå University of Technology 2020

DOCTORAL T H E S I S

A
li D

arw
esh   Param

eter O
ptim

ization in O
il W

ell D
rilling O

peration

!

! 	1



1 
 
 

Thesis for the Degree of Doctor of Philosophy 

 

 

 

 

 

 

 

  

 

  

  

Parameter Optimization in Oil Well Drilling 

Operation 
  

 

 

 

 

 

 

 

 

 

 

Ali K. Darwesh 

  

 

 

 

 

 

 

 

 

 

  

  

Exploration Geophysics 
Division of Geoscience and Environmental Engineering 

Department of Civil, Environmental and Natural Recourses Engineering 

Luleå University of Technology 

   

  
March 2020 



Printed by Luleå University of Technology, Graphic Production 2020

ISSN 1402-1544 
ISBN 978-91-7790-392-5 (print)
ISBN 978-91-7790-393-2 (pdf)

Luleå 2020

www.ltu.se

Printed by Luleå University of Technology, Graphic Production 2020

ISSN 1402-1757 
ISBN 978-91-7790-508-0 (print)
ISBN 978-91-7790-509-7 (pdf)

Luleå 2020

www.ltu.se

© Erik Sandberg, 2020

2

Cover image: Picture of oil well drilling rig (GW-9) during operation in the wintertime. Iraq, 

Kurdistan, Bazian oil block, Bn-1 oil well.  

  

Printed by the Luleå University of Technology, graphic production 2020

ISSN: 978-91-7790-392-5

ISBN: 978-91-7790-393-2

Luleå 2020.

www.ltu.se

2 

 

Cover image: Picture of oil well drilling rig (GW-9) during operation in the wintertime. Iraq, 

Kurdistan, Bazian oil block, Bn-1 oil well. 

Printed by the Luleå University of Technology, graphic production 2020

ISSN: 978-91-7790-392-5

ISBN: 978-91-7790-393-2

Luleå 2020.

www.ltu.se 



3 
 
 

Abstract 

In the beginning of 2005, the ministry of natural resources in the Kurdistan region of Iraq divided 

its territory into more than 50 oil blocks based on geological setting. These oil blocks were awarded 

later to different international oil companies for oil investments based on Production Sharing 

Contracts (PSCs). A new oil-exporting pipe was also established from the region to the Jaihan port 

in Turkey at the Mediterranean Sea. 

This study is related to the oil well drilling operations in one of these oil blocks in northern Iraq 

which is referred as the Bazian oil block. Drilling operations in the nearby oil blocks (Taq Taq and 

Miran) were started earlier and the drilling data of those oil blocks were used as offset data in the 

drilling program of the Bazian block. High similarities were expected between these oil blocks with 

respect to lithology of the formations, oil well drilling techniques, and operation problems. By 2009 

over twenty oil wells were drilled in the Taq Taq oil block and it is becoming one of the most 

important oil fields in the Kurdistan region. In the Miran oil block, exploration for oil and gas started 

in early 2008, and three oil wells were completed and started to produce crude oil. By the end of 

2009, the geological and geophysical surveys in Bazian block were finished and the drilling operation 

started on October 1st the same year. 

This study (Parameter Optimization in Oil Well Drilling Operation) was recommended and 

sponsored by the Kurdistan Regional Governorate (KRG) aiming towards more optimized drilling 

in the future in the same oil block. Parameters like weight on bit, string rotation and rate of 

penetration for the future drilling operation in the Bazian oil block with more optimized values 

were predicted. This study was started by collecting detailed operational data from different sources 

during the operations of drilling the Bazian well Bn-1. Among many sources of data, Mud Logging 

Unit (MLU) data were selected for this study, as it was the most complete data set from the surface 

to the final drilled depth. This thesis contains the work of five published papers in the evaluation of 

the drilling operation at different intervals for the key well. Parameters for achieving the optimal 

penetration rate were predicted for the future operations. 

The first paper (Evaluation of Limestone Interval in the Drilled Surface Section of Bn-1 Oil Well) 

was on the evaluation of the drilling operation in the surface section from 9 m to 480 m. The highly 

fractured Pila Spi formation was studied for its controllable parameters like Weight on Bit (WOB), 
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drill string rotation (RPM) and the used torque. High loss of circulation and environmental effects 

were studied. Optimum drilling fluid, drilling technique, and drilling parameters were proposed for 

the future drilling operation. 

In the second paper (Kicks Controlling Techniques Efficiency in Term of Time) recorded data were 

analyzed to manage the drilling operation during the critical times in terms of controlling the Bottom 

Hole Pressure (BHP). Productive and none productive times were analyzed through the study of 

the drilling and tripping operations.  Change in the drilling technique was proposed by modifying 

the drilling fluid. Drilling fluid as a first barrier to control formation pressure and well kicks were 

studied for their rheological properties. During the drilling operations two techniques, circulating 

techniques and non-circulating methods, were implemented to control the BHP. Both methods 

have been implemented to control kicks in the Bn-1 oil well and wells in other oil blocks in the 

region. The process of drilling design and casing setting points have been studied based on the 

utilization of accurate values of formation pressure. Data of formation pressures were used to design 

safe mud weights to overcome and prevent well kicks. The emphasis has been placed on the practical 

utilization of the kicks pressure near the reservoir. The presented relationships help in better 

understanding of the lithological columns and reduce possible hole problems during the kick 

appearance. Optimum casing setting point of the intermediate section was proposed for future 

operations. 

The third paper (Time Optimizing near the Pay Zone) was on the drilling operation inside the cap 

rock. Time managing was studied for surface preparation facilities, subsurface expected pressure 

control time, and the best technique to control the Bottom Hole Pressure (BHP). Well controlling 

techniques in oil and gas drilling operations are used to control BHP and avoid any fluid influx from 

formation to the well. Time consumed to control the formation pressure will range between a few 

hours to many days. This paper also discussed the hydrostatic pressure distribution and changes near 

the pay zone for the Bazian (Bn-1) oil well. Increasing linearly drilling fluid properties such as density 

and viscosity with time will help the engineer to better interpret sampling of the lithological columns 

and reduce possible hole problems. 

Paper number four (Wiper Trips Effect on Wellbore Instability Using Net Rising Velocity Methods) 

was on the effect of wiper trips operations to control parameters during the operations in two drilled 
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shale formations, the Tanjero and Shiranish formations. Wiper trips were evaluated based on the 

lifting capacity of the cutting in the drilling fluid. This paper discussed the wiper trip effects on well 

instability in shale formations. The problematic shale interval sections were studied with respect to 

the time spent on the wiper trip operations. Lifting efficiency and well wall instability are 

continuously changing with time. Detailed drilling operation, formation heterogeneity, rheological 

and filtration characteristics of the proposed polymer water-based mud were discussed. The physical 

and chemical properties of the drilled formation and drilling fluid were also studied. 

Wiper trips were analyzed based on recorded history in relationship with the controllable parameters. 

Two calculation models have been implemented to find the net rising cutting particle velocity in 

the annular. The relation between the net rising velocity and wiper trips were analyzed with support 

of results from laboratory works. Strong relationships were found between the wiper trip effects and 

lithology types of the penetrated shale. A modified drilling program was proposed in relationship to 

the casing setting point and drilling fluid properties that make the operations more optimized. 

The fifth paper (Controllable drilling parameter optimization for roller cone and polycrystalline 

diamond bits) predicts optimized Rate of Penetration (ROP), WOB and the string rotation (RPM 

– rotation per minute) for the entire drilled well. The most used empirical Bourgoyne and Young 

model (BYM) for roller cone bits were used in the optimization process. This model describes the 

effect of eight parameters in one mathematical equation. The BYM was adjusted to be applicable 

for other types of drilling bits like polycrystalline diamond compacts (PDC) bits. Controllable 

parameters like WOB, RPM and ROP were clustered based on changes in Bottom Hole Assembly 

(BHA) and lithology before running the model. 

The implemented clustering and averaging method for the collected data in short lithological 

intervals were used to eliminate the effect of noisy data and to overcome the lithology homogeneity 

assumption used in other previous studies. A simpler model were introduced instead to optimize the 

string rotation. 

Multiple regression techniques were used in each cluster to determine optimized controllable drilling 

parameters. Optimized ROP, WOB, and RPM were predicted for future drilling operations. A 

clear relationship was found between the formation lithology and the controllable parameters in 

each cluster. 
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1.0 INTRODUCTION 

1.1 Oil in Iraq  

Evidence of humans using oil and gas extends far back to the ancient Greeks, but only since the 

early 1900s has oil and gas played an important role in our daily lives. Today, oil and gas provide 

more than half of the world’s need for energy (IEA Oil Information, 2018). Oil and gas were and 

still are significant to Iraq’s economy and politics (Garland et al., 2010). According to the 

International Energy Agency (IEA) report (IEA Oil Information, 2018) the total proven crude oil 

reserves in Iraq are about 143 billion barrels with wide variation in its API quality from 22o (heavy) 

to 35o (medium to light). The IEA estimates that Iraq can produce over 3 million barrels of crude 

oil per day (bpd) after 2018. Figure 1 shows a part of the production history of Iraq’s oil from 1985 

to 2018 (IEA Oil Information, 2018). Continuous political instability situations were always behind 

the fluctuation in the production quantity. After 2005 the production in many newly discovered oil 

blocks started, especially in the Kurdistan Region and this resulted in observable increase in annual 

production again. Between the years 2003 to 2006, the Kurdistan region was divided by the regional 

governorate into more than 50 oil blocks for oil investments based on geological setting. With the 

increase of drilling activities in the newly discovered oil blocks, the need for more optimized drilling 

operation becomes crucial.  

 
Figure 1: Crude oil production information in Iraq (IEA Oil Information, 2018) 

0

50000

100000

150000

200000

250000

1985 1990 1995 2000 2005 2010 2015 2020

P
ro

d
u

ct
io

n

year

Units:  thousand tonnes Crude oil



14 
 
 

 

During the last decades considerable technological advances in oil well drilling rigs, drilling operation 

techniques and management were introduced on the ground. Besides this, many mathematical 

models were introduced to combine the subsurface controllable drilling parameters toward more 

optimized drilling operation. Considerable drilling cost reductions were achieved through the use 

of those models and advanced technologies. 

In general, the first drilled oil well in any block (wildcat well/or exploration well) takes more time 

and cost. Later on, more optimized operation will develop with the increase of operator’s 

familiarities with the drilling operation site and drilling technique (Azar & Samuel, 2007). 

Familiarity of the operator’s companies will increase subsequently due to similarities of the drilling 

operation technique, geological aspects, environment and drilling requirements in a specific oil 

block. The distance between the drilled oil wells and thereby spatial variation in penetrated lithology 

are critical factors influencing how fast familiarity can be obtained. The optimization process can be 

done through different methods and for different parameters. Controllable drilling parameters, crew 

experience and the use of advanced technology are the most important parameters that affect the 

drilling operations. Controllable parameters like WOB, Drill string rotation (RPM) and Rate of 

Penetration (ROP) constitute the core of this study. The efficiency of the optimization process 

depends mainly on the quantity and quality of the collected data. 

After 2005, the Kurdistan region became an open area for international oil companies’ investments. 

More than 50 oil blocks were awarded to those companies. Drilling operations began in many oil 

blocks and the cooperation between those companies started with cooperation with the Ministry of 

Natural Resources (MNR) in the Kurdistan region. Cooperation were based on data exchange to 

facilitate more optimized drilling operations. Due to the lack of drilling data from before 2005, the 

cooperation processes were at a low level. In general, drilling optimization through the introduction 

of better tools and equipment, and by applying new techniques and methods were and are still 

crucial to more productive operations. Many international oil companies like ExxonMobil, Chevron 

and Gazprom came to the region with their best oil well drilling technology for the investments in 

this sector.  
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The cooperation on optimization for the drilling operations in this region has been crucial when 

the number of drilled wells became more than 200 wells in total. The sections below summarizes 

the most related research on parameter optimizations that have been conducted in Iraq.  

1.2 Literature Review 

Application of mathematical optimization models is considered as one of the methods in minimizing 

the drilling cost. Better understanding and analyses of the effective parameters helps in selecting the 

best models in this manner. Through the work of numerous investigators, the drilling parameters 

have been classified as controllable and uncontrollable parameters. The controllable parameters like 

weight on bit, drill string rotational speed, bit type and size, bit hydraulics, and drilling mud type 

and mud properties. Uncontrollable parameters are like well location, water availability, lithology 

and rock properties, depth and bottom hole temperature, pressure conditions. Sometimes the lowest 

drilling cost is not just the result of increasing one or two parameters alone. Understanding the 

principal mechanisms of these parameters and the physical processes helps to improve the drilling 

operation. Many theoretical relationships and empirical correlations based on both field and 

laboratory measurements appeared after 1950. The basic three drilling parameters rate-weight-rotary 

speed relationships were fundamental in the earliest drilling optimization models. According to these 

basic relationships, drilling rate was associated to the product of weight on bit and rotary speed. The 

basic form of the ROP models has remained unchanged over the years although modifications have 

been incorporated to include the effects of other parameters like hydraulic system, drilling fluids and 

bit types.  

Preselecting the magnitude of drilling parameters to increase the drilled footage in a reduced time 

have been studied by many authors. The basic idea of optimized drilling is to use the recorded data 

of the first well as a basis for calculations and to apply optimum techniques to the second and third 

wells in order to improve the drilling efficiency. Many drilling models have been presented to 

predict the ROP during drilling operations like (Bourgoyne Jr & Young Jr, 1974a; Cunningham, 

1978; Galle & Woods, 1960; Young Jr, 1969). In general, mathematical drilling models were 

introduced to predict and control drilling process and minimize drilling cost. Most of the successful 

applications in drilling models include the following basic parameters: ROP, rate of bit tooth-wear, 

and the rate of bit bearing-wear. Through these parameters the rotating time and footage drilled are 

predicted. Thus, they are representing the heart of most models in optimization of the drilling 
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operation. The general form of the cost per foot model was expressed as in equation 1(Lyons, Carter, 

& Lapeyrouse, 2015): 

CPF =
𝐶𝑏+𝐶𝑟(𝑇𝑓+𝑇𝑟)

𝐹𝑓
        (1) 

where CPF is the drilling cost per foot, 𝐹𝑓 drilled footage, 𝐶𝑏 is the bit cost, 𝐶𝑟 is the rig cost, 𝑇𝑓 is 

the trip time and 𝑇𝑟 is the rotating time.  

In the section below, a short review is provided with respect to some of the most popular models 

preceding the Bourgoyne & Young model (BYM) as well as the BYM. The same symbology as 

used in the original papers are written in some of the equations below. 

(Galle & Woods, 1960) presented an empirical model to shows the effect of WOB, N (=ROP), and 

bit tooth wear rate 
𝑑𝐹

𝑑𝑡
 as in equation 2. They also presented the concept of bit dullness through 

developing two other equations for tooth wear rate as in equation 3 and bearing wear rate 
𝑑𝐵

𝑑𝑡
 as in 

equation 4. 

𝑑𝐹

𝑑𝑡
= 𝐶𝑓

𝑟∙𝑊𝑘

𝑎𝑝
         (2) 

where a, r and k are lithological constants depending on the type of the drilled formation (hard or 

soft), 𝐶𝑓 is the formation drillability factor, p= 0 to 1.0 based on the bit type. 

𝑑𝐹

𝑑𝑡
=

𝑖

𝐴𝑓 ∙𝑎∙𝑚
         (3) 

where 𝐴𝑓 is the rock abrasiveness index. Galle and Woods (1960) defined i and m as follows: 

𝑖 = 𝑁 + 0.00004348 ∙ 𝑁3 

𝑚 = 1359.1 − 714.19 ∙ 𝑙𝑜𝑔(𝑊𝑛) 

For calculation purposes all functions of WOB are normalized to a specific roller bit size of 7 7/8 

inch size (W=WOB; subscript n refers to normalized value; N=RPM):  

𝑊𝑛 =
7.875𝑊

𝑑
          

 𝑚𝑛 =
𝑚

714.19
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𝑑𝐵

𝑑𝑡
=

𝑁

𝑆∙𝐿
         (4) 

where the symbol L is tabulated as a decreasing function with increasing bit weight, d is bit diameter. 

(Young Jr, 1969)  derived a mathematical drilling model that described the ROP 
𝑑𝐹

𝑑𝑡
 in terms of 

WOB, N, and the degree of bit tooth wear 
𝑑𝐻

𝑑𝑡
 as in equations 5, 6 and 7 bellow: 

𝑑𝐹

𝑑𝑡
=

𝐾(𝑊−𝑀)𝑁ᵞ

1+𝐶2∙𝐻
        (5) 

where K, M, γ and C2 have to be calculated experimentally in the drilled formation using five spot 

drilling rate tests, and 𝐻 is normalized tooth height in the range 0 to 1.  

𝑑𝐻

𝑑𝑡
=

𝐴𝑓 (𝑃`∙𝑁+𝑄∙𝑁3)

(𝐷2−𝐷1∙𝑊)(1+𝐶1∙𝐻)
        (6) 

where P`, Q, C1, C2 and D2 are listed according to the drilling bit type and size. 

𝑑𝐵

𝑑𝑡
=

1

𝑏
𝑁 ∙ 𝑊𝜎         (7) 

where the weight exponent 𝜎 relates bearing wear rate to WOB and 𝑏 is the bit bearing constant. 

A value of 𝜎 = 1.5 was observed for common drilling fluids.  

(Moore,1974) suggested a mathematical drilling model showing the effect of WOB, rotary speed 

and bit dullness on ROP and presented two models for a ROP equation (8) and Bit life equation 

(9): 

𝑑𝐹

𝑑𝑡
=

𝐾𝑁𝛾𝑊

1+𝐾`𝐻
         (8) 

𝐿𝑖 =
𝐾"

𝑁𝑊𝑏         (9) 

where the 
𝑑𝐹

𝑑𝑇
 is the rate of penetration in ft/hr, W is the weight on bit in pounds, N is the string 

rotation speed in rpm, constants K` and γ have to be determined from field operations. Li is the bit 

life in hours, exponent b is a function of drilling fluid type in the range from 1.0 to 3.0 depending 

on the abrasiveness characteristics of the fluid in contact with the bearings. 𝐻 is normalized tooth 

height. 
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Bourgoyne & Young (Bourgoyne Jr & Young Jr, 1974b) developed a mathematical drilling model 

on penetration rate to show the effects of eight of the most effective parameters like formation 

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

weight and diameter, rotary speed, bit wear, and bit hydraulics. Each model parameter is expressed 

as a separate equation which is a function of e.g. depth, mud density, bit type etc. Modeling is done 

by estimating coefficients to each parameter for obtaining optimum ROP. The terminology with 

respect to parameters and coefficient differs from the terminology typically used in inverse problem 

theory (Aster, Borchers, & Thurber, 2018) where parameters are the estimated quantities. In the 

BYM the parameters are instead part of the chosen and assumed conceptual or generalized model. 

Many other works have been done in Iraq and all over the world to optimize the ROP in the last 

ten years using the BYM and other models as referred below. The BYM is described in more details 

below, since this constitute a key model for the present study. 

(Abdulwahhab, Hamoudi, & Hanna, 2017) published the first research on drilling parameters 

optimization in the Kurdistan region in northern Iraq. They used the Simmons technique 

(Simmons, 1986) to compute and analyze WOB, RPM, Bit Running Time (Tb) and the Drilled 

Footage (F). Their research was to optimize each of WOB, RPM, ROP, and Bit Hydraulics 

parameters. They showed that the drilling fluid density was the major factor in determining the 

future bit codes in accordance with the International Association of Drilling Contractor (IADC) 

standard.  

Authors (Al-Haleem, Al-Razzaq, Dabbaj, & Hadi, 2016; Ayad A. Al-Haleem, Abdul-Aali Al-

Dabbaj, 2016)  proposed a complete drilling program based on previously drilled wells in West 

Qurna and Halfaya oil fields, southern Iraq. They studied many effective factors leading to more 

optimal hole cleaning during the drilling process. Many studies have been done on cutting lifting 

efficiency and hole cleaning for the vertical and inclined operation. Both Ayad A. Al-Haleem and 

Abd Al-Razzaq established a formula to calculate the carrying capacity index for optimum hole 

cleaning (Al-Haleem et al., 2016). 

Work to decrease non-productive time (NPT) with respect to Loss of Circulations (LOC) was also 

another topic for optimizing the drilling operations. (Alkinani et al., 2019) worked on decreasing 
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the LOC through collecting data of more than 1000 oil wells in the Basra oil field in southern Iraq. 

They proposed a new approach to guide the decision-makers that may lead to a significant reduction 

in NPT related to LOC. A Decision Tree Analysis (DTA) were recommend as the best technique 

to control the problem of LOC in developing a strategy for the treatments of each type of LOC. 

Authors (Arabjamaloei & Shadizadeh, 2011) worked on collected field data from Ahwaz oil field in 

southern Iran, proposing a model to increase the ROP. Their proposed model was based on artificial 

neural networks (ANNs) to predict the ROP in the Ahwaz oil field. They proposed their model to 

be used in the shelly formations of the Pabdeh and Gurpi formations in all Iranian oil fields. They 

recommended their model for other oil fields with similar shale formations in the Middle East such 

as the Jaddia, Aaliji and Shiranish formations in Iraq. Jaddia, and Aaliji formations are equivalent to 

the Pabdeh formation and the Shiranish formation equivalent to the Gurpi formation.  

Hassan Abdul Hadi (Hadi, 2015)  modelled ROP for one of the Iraqi oil field with aid of mud 

logging data. He selected the data of Umm Radhuma formation for his works. The data include 

WOB, RPM, mud pump flow rate Q and mud weight in a statistical approach to improve the ROP 

model. As a result, an empirical linear ROP model has been developed with good fit when 

compared with actual data. 

Lummus (Lummus, 1970) gave an overview of the developments on drilling optimization with a 

sub-division as provided in Table 1.  

Table 1-Rotary drilling development (Lummus, 1970) 

Period Date Development 

Conception 1900-1920 Rotary drilling principle, 1900 (Spindle top) 

Rotary bits, 1908 (Hughes) 

Casing and cementing, 1904-1910 (Halliburton) 

Drilling mud, 1914-1916 (National Lead Co.) 

Development 1920-1948 More powerful rigs 

Better bits 

Improved cementing 

Specialized muds 

Scientific 1948-1968 Expanded drilling research 

Better understanding of hydraulic principles 

Significant bit improvements 

Optimized drilling 

Improved mud technology 

Automation 1968- Full automation of rig and mud handling 

"Closed-Loop" computer operation of the rig 

Control of drilling variables 

Complete planning of well drilling from spud to production 



20 
 
 

 

Almost all research papers that have been published on drilling parameters optimization were on 

roller cone bits. Many mathematical models have been introduced and implemented with different 

techniques to study the effectiveness of drilling parameters. Methods like multiple regression 

techniques were used by some researchers to determine and predict the optimal ROP. This 

technique was introduced first by Bourgoyne and Young in 1974 for studying the effect of eight 

parameters together in one model to optimize the rate of penetration (Bourgoyne Jr & Young Jr, 

1974). Bourgoyne and Young proposed the use of a linear model (BYM) in finding the optimum 

ROP. The BYM was one of the best and most popular models used in the optimizations of the 

drilling operations. However, there were many other types of research such as done by Galle and 

Woods and others (Galle & Woods, 1963). They tried to find the best WOB and RPM that gives 

lower cost through a graph relationship. Their study was only on the milled tooth bit and resulted 

in a model for calculating the rate of tooth wear for roller cone bits. Later on, many developments 

were introduced on the BYM in terms of penetration rate optimization such as done by Eren Tuna 

in 2010 (Eren & Ozbayoglu, 2010). Tuna proposed a real-time concept of optimization with transfer 

of recorded drilling parameters to the main analyzing center and with feedback of optimized drilling 

parameters to the driller at the same time.  

Compared to the mentioned advances to the data analysis on roller cone bits, there is limited research 

on Polycrystalline Diamond Compact bits (PDC). Nowadays, in most of the drilling operations, 

different types of drilling bits like PDC and roller cone bits are in use in the same location. Finding 

the best model to enable us to analyze and handle other bit types is essential. This study is a step 

forward in using the BYM in a wider range for roller cone and PDC drilling bits together. In this 

study the MLU data from the drilled oil well Bn-1 was optimized for both drilling bit types. 

The BYM is considered as one of the best models compared to previous models to find the optimum 

WOB, RPM, and ROP. Through this model and the applied regression technique, the drilling data 

are divided into intervals of a minimum of 30 data points to get reliable values for the eight unknown 

drilling parameters of the model. Since 1974 and up to date many researchers considered the BYM 

in optimizing the controllable parameters like WOB and string rotation RPM. Here we have 
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divided the research on the BYM into three main approaches depending on the scope of studies and 

for describing the contribution from each separately as shown in Figure 2: 

A. Multiple regression approach 

B. Alternative mathematical solutions 

C. Accuracy improvements 

 
Figure 2: Optimization history of the BYM model 

 

A. Multiple regression approach 

The multiple regression approach involves the use of the BYM with eight terms and multiple 

regression for a specific oil and gas block.  

Emad A. Al-Betairi (Al-Betairi, Moussa, & Al-Otaibi, 1988) applied the BYM to optimize drilling 

operations through multiple regressions using data collected from previously drilled wells in the 

Persian Gulf. They used the SAS statistical software package to determine the eight unknown 

coefficients of the model and the use of a correlation matrix to analyze linear dependencies between 

parameters. The regression analysis was carried out for each well separately and five out of eight 

coefficients were determined to have negative values. They considered the BYM valid for this area. 

The usage of the SAS package in their research was considered as an innovation, but they used only 
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17 data points instead of at least 30 points as was proposed by Bourgoyne & Young. This lack of 

data is considered as one of the main reasons for the presence of multi-collinearity in their works. 

Sonny Irawan and Irwan Anwar (Irawan & Anwar, 2014) applied the BYM to determine optimum 

WOB using data taken from Kinabalu East-1 well in Malaysia as a case study. Multiple regression 

was applied to find eight unknown coefficients of the BYM. Limited data points (25 points) were 

used, optimum WOB determined and the Drillsim500 software was used for verification purposes. 

Actual ROP data were plotted against the predicted ROP with big differences between the two 

curves for the first eight points and with distances being closer for other points. Only 25 data points 

from one well were used which led coefficients to be out of range for the BYM. Only WOB was 

optimized without consideration of RPM or the drilling bit wear. 

Masoud Cheraghi Seifabad and Peyman Ehteshami (Seifabad & Ehteshami, 2013) applied the 

BYM for the Ahvaz field in Iran using data collected from fifty oil wells to offer a suitable empirical 

model for this area to speed up the ROP in four geological formations. They introduced a model 

for the Ahvaz field to predict optimum ROP, WOB and RPM. They applied the BYM together 

with multiple regression. Acceptable results were achieved due to a large number of data points 

obtained from 50 wells. Moreover, a wide range of data points allowed them to eliminate bit type 

effect (as it is ignored in the model) through using similar bits for each geological formation. 

Kutas (Kutas et al., 2015) applied the BYM for salty layers in both Brazil and in the Atlantic Ocean 

close to shores of Angola. Excel 2010 and Oracle Crystal Ball Version 11.2.2 software were used 

together with field data to determine the coefficients of the BYM. Then coefficients were 

recomputed using the mentioned software targeting R-squared (coefficient of determination) equal 

to one for best possible fitting to actual field ROP data while keeping normalization factors 

unchangeable. They also estimated the model coefficients based on minimizing the relative error 

instead of maximizing R2. The relative error approach had better performance than the approach 

targeting maxim R2. The BYM was applied, under harsh situation for both pre-salt layers for high-

pressure high-temperature wells but without any adjustments to the conceptual model to match the 

specific condition.  

D. T. Maulana and B. T. H. Marbun (Maulana & Marbun, 2015) used the BYM without any 

model parameter adjustments. Additionally they applied a specific energy parameter for six 
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geothermal wells at an altered Andesite Breccia lithology located in Indonesia to find the optimum 

bit type. The penetrated lithology were divided into soft and hard intervals. Thus, one bit for each 

interval was selected as an optimum bit for future operations. The eight unknown coefficients ai of 

the BYM were determined using multiple regressions and the results of a1, a3, a7 and a8 were negative 

values while a5 and a6 were positive. They targeted to determine optimum WOB and RPM. There 

were difficulties to get more data due to the limitation of drilled wells in the study area. Optimum 

WOB and RPM were determined through the BYM for two bits types only, but they concluded 

that future modifications to the BYM is needed. 

Mahmood Bataee (Bataee, Kamyab, & Ashena, 2010) conducted a study for the Shadegan field 

southern Iran in the Asmari formation as the main reservoir and many other formations. The study 

considered three different hole size sections 17 ½ inch, 12 ¼ inch and 8 ½ inch holes and three 

different ROP models: Bingham, BYM and Warren models (Adam T. Bourgoyne Jr., Martin E 

Chenevert, 1986; Rabia, 1985; Warren, 1987). The Bingham model shows poor results in all 

sections due to neglecting the depth effect. The Warren model showed better results for the 8 ½ 

inch section while BYM showed good result in the 12 ¼ inch section and acceptable result for the 

8 ½ inch section. PDC bits data have been used in both Bingham and Warren models; while the 

BYM is not fit to PDC bits. 

To summarize, the multiple regression approach is sometimes applied regardless that the assumptions 

inherent in the conceptual BYM are not fulfilled.    

 

B. Alternative mathematical solutions 

The BYM was applied by many researchers with alternative methods to determine the eight 

coefficients to overcome data limitation constrains. These works sequentially complement each 

other, like the work of:  

Bahari et al. (Bahari, M. H., Bahari, & Moradi, 2011), Linear least-squares data fitting, non-linear 

squares data fitting with the Gauss-Newton method and non-linear square data fitting with the trust-

region method were used to find the eight coefficient of  the BYM. They used nine drilled wells in 

the Khangiran gas field in Iran and applied the mentioned methodologies in order to overcome data 

limitations for coefficients estimation. The data of the selected nine wells were divided for each 
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formation individually based on lithology. The ROP optimizing software was written using 

MATLAB and then the eight unknown coefficients were computed for the four mentioned models 

and in each formation (Bahari, A. & Baradaran Seyed, 2007). They showed meaningful results 

despite the lower accuracy. Moreover, they applied four different mathematical methods that led to 

more strong verifications of the results. 

Nejati et al. (Nejati, MH Bahari A Bahari F & Vosoughi-V, ) used the data of the same area and 

the BYM was applied as it is (with multiple regressions). The estimation of the eight coefficients 

gave negative values or zero which physically is meaningless. Genetic algorithms were applied to 

find out optimum unknown coefficients. They continued looking for more improvement through 

comparison of field data and mathematical optimization. Field data were used in three stages to 

consider cost, specific energy and ROP as formation correlations. The cost, specific energy and 

ROP have been plotted against depth to consider optimum controllable parameters for points that 

have the lowest specific energy, lowest cost per foot and highest ROP. They used the BYM and a 

Matlab based program with a genetic algorithm. On the other hand, they used the BYM only for 

intervals drilled by tricone bits, without considering other intervals that were drilled by PDC bits. 

Bahari (Bahari et al., 2011) used the same study data and the BYM with a genetic algorithm for 

calculating the model coefficients in order to get coefficients having physical meaning. They 

proposed a general regression neural network (GRNN) to expose the unknown complex 

relationship between ROP and eight functions and obtained high accuracy of the estimated ROP. 

To summarize, the application of alternative mathematical methods for determining the coefficients 

have proved valuable in certain cases. 

C. Accuracy improvements approach 

Some emphases have been put on improvements that can be achieved by adding additional drilling 

parameters to increase the BYM accuracy.  

Reza Ettehadi Osgouei (Osgouei & Özbayoğlu, 2007) developed a model from the BYM 

through adding three more terms to the BYM to improve and enhance the model for roller and 

PDC bits for inclined wells. The additional terms are related to hole cleaning. Data from several 

directional offshore drilled wells in the Persian Gulf were used with multiple regression for vertical, 
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buildup and horizontal sections. Eleven unknown coefficients and optimum WOB, RPM and cost 

were determined in dolomite and anhydrite formations. The main concern was to use multiple 

regressions together with limited data points which led to high errors.   

E. Tuna (Eren & Ozbayoglu, 2010) did his research on accuracy improvements also. He applied 

the BYM on three offshore directional oil wells in the Mediterranean Sea. In his model real field 

data were transferred between rig site and headquarter (through a macro code in excel written using 

visual basic language) were proposed to minimize the cost and drilling problems as well. Although 

the data transfer process was not used in the real application, he highlighted that this technique can 

be used widely in the future. In his work the WOB was corrected due to inclination. Lastly, 

regressions were applied to find the eight coefficients of the BYM.     

In summary, this approach used for improving the accuracy by adding more terms to the BYM and 

adjusting some terms in the original model has provided better results. 

Recently many works have been done with collected field data for specific operations in different 

drilled sections. In those studies, the ROP is evaluated by using the drilling parameters like the 

WOB, RPM and mud pump flow data. Drilling operations like wiper trips, kick controlling method 

and drilling time for previously drilled wells are evaluated (Darwesh, Ali, Rasmussen, & Al-Ansari, 

2016; Darwesh, Ali K. & Rashid, 2014a; Darwesh, Ali K., Maack Rasmussen, & Al-Ansari, 2017; 

Darwesh, Ali K., Rasmussen, & Al-Ansari, 2017; Darwesh, Ali K., Rasmussen, & Al-Ansari, 2018). 

However, very limited work is published on other topics of the drilling operation, like works done 

to have optimum bid arrangements and contracts (Ghandi & Lin Lawell, 2017). 

In the Kurdistan region, the MNR collaborates continuously with all international oil companies in 

the data collection of all oil and gas activity operations to optimize the future operations (Kurdistan 

Regional Government, 2019). The collaborations between these international companies helped in 

optimizing drilling operations and sometimes made them work as one working team. Therefore, a 

high degree of cooperation was recommended by the MNR. With all cooperation still, there are 

many challenges and complications toward more optimal operations. Complications in identifying 

all effective parameters in one model make the selection of the best optimization model difficult 

(Adam T. Bourgoyne Jr., Martin E Chenevert, 1986).  
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In this study, the BYM was adjusted for optimizing the drilling operations in the Kurdistan region 

oil blocks. The BYM was adjusted for PDC drill bits which was implemented successfully with 

roller cone bits previously. Field data were collected and clustered in short specific intervals based 

on lithology and Bottom Hole Assembly (BHA) changes before determining the optimum 

coefficient for the BYM. The adjusted model was implemented on each cluster separately in finding 

the optimum value of the coefficients for the BYM. Optimal ROP was found and then the WOB 

and RPM were predicted in each cluster for their optimal values for the future drilling operations. 

The issue of formation homogeneity and the effect of the noisy data were minimized through the 

data averaging and clustering method. A new model was used to find the optimum string rotation 

(RPM) using the torque and bit diameter variation with depth. A strong relationship found between 

lithology and the controllable parameters in each cluster was found. The adjusted BYM was within 

acceptable limits of error for PDC and roller cone bits. More optimized WOB, RPM, and ROP 

were predicted for the future operations. 

2.0 OIL DISCOVERY IN IRAQ 

Over 150 years ago, oil seepage was seen at the ground near Kirkuk city northern Iraq (Zedalis, 

2009). During the 20th century, oil had become a highly valued product traded to the international 

market and played an important role for Iraq’s economy. Oil exploration in Iraq began in the early 

20th century when a British businessman William Knox D’Arcy was granted a concession during the 

falling of the Ottoman Empire to explore oil fields in Iraq and Iran in 1901 (Zedalis, 2009). After 

failing to find oil, D’Arcy worked with several oil companies until he started working with the 

Turkish Petroleum Company (TPC). In 1927 oil was discovered in Baba Gurgur, just north of 

Kirkuk city (Daniel, 1991) . From that year 1927 until now the exploration, drilling, and production 

activities were continuously affected by the degree of political stability and security in all Middle 

East. For example, the Iraqi oil industry was booming by 1980 with oil production of 3.4 million 

bpd while the production came down to 750000 bpd in 1988 due to the eight-year war between 

Iraq and Iran. The oil production now is about 3 million bpd and there is a plan to increase the 

production to more than 4 million bpd by 2020 (Anaz, 2012; Jaffe, 2007; United States General 

Accounting Office, 2008). 
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2.1 KURDISTAN REGION OF IRAQ 

The Kurdistan region is located in northern and northeastern of Iraq as shown in Figure 3. Before 

1991 there were no oil exploration activities in this region due to political issues (Global, 2015). 

After 2004 international oil companies began their investigation in the region for oil and gas and 

many significant development occurred in the Kurdistan region as can be seen in Figure 4. By the 

end of 2018, more than 200 oil wells have been drilled with the total oil production rate of 

450000 bpd. The recoverable reserves in this region were estimated to be more than 15 billion 

barrels of oil (Mackertich & Samarrai, 2015). 

The Kurdistan region was divided into more than 50 oil blocks by MNR and later on, these blocks 

were awarded to international oil companies for investments under the Product Sharing Contracts 

(PSC) with KRG. Figures 4 shows the oil companies arrival to the region with the main events in 

the oil exploration activities from 2004 to the end 2014. After the adoption of the new governorate 

in Iraq in early 2005, the drilling operations started in most of those oil blocks. Many oil blocks 

became productive oil fields like Taq Taq, Tawke and Miran, and this number is in continuous 

increase with time. 

 

Figure 3: Kurdistan region location in red color (Wikipedia, ) 
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Figure 4:  Main significant events in oil potential development in the Kurdistan region of Iraq (Oil Search, 2014) 

 

3.0 Petroleum Geology  

3.1 Geology 

The structural geology of Iraq is closely related to the Zagros Fold-and-Thrust Belt between Iraq 

and Iran. This thrust and belt formed due to the collision and subduction of two continental plates, 

Arabian and Iranian plates (Fouad, Saffa FA, 2014). The Zagros Fold-and-Thrust Belt forms the 

northern and northeastern margins of the Arabian Plate (Alavi, 2004). Iraq is located to the west of 

the Zagros Fold-and-Thrust Belt. Over 50 years ago, and based on structural complexity, Iraq was 

subdivided into different structural zones, from the southwest of Iraq to the northeast (Zagros fold-

and-thrust Belt) as unfolded, folded (low and high) and nappe zones (Dunnington, 2005). Figure 5 

shows sediment ages in a schematic geological cross-section from NE to SW inside the Kurdistan 

region to the Zagros Fold-and-Thrust Belt. The structures become more complex and overturning 

intensity of the folds increases toward the N and NE of Iraq. The study area for this research lies 

between low and high folded zones. The Mountain Front as shown in Figure 5 is separating the 

high and low folded zone. The Zagros Fold-and-Thrust Belt trend continues for about 150 km 
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within the Kurdistan region before disappearing out to the northeast of Erbil city in northern Iraq 

(Jassim & Goff, 2006). The majority of the structures appear to have a NW-SE trend. Toward the 

NW as in the Tawke oil field, it was notable that some structures do not appear to follow the 

mentioned general trend and instead have an east-west trend. The length of outcropping lithological 

units generally ranges from 15 to 40 km and width of 2 to 5 km. Parasitic folds are frequently visible 

at outcrops, reflecting the deformation during the fold growth, as shown in Figure 6.  

   

 
Figure 5: Schematic cross-section through the Kurdistan region (Mackertich & Samarrai, 2015) 

 

Further to the northeast and close to the main thrust, there is evidence of overturned structures and 

a number of wells encountered repeated sections as they passed through a large reverse fault (GENEL 

ENERGY INTERNATIONAL LTD, 2017). The majority of wells in the Kurdistan region, 

particularly in the northern part of the region, are drilled on clearly visible anticline structures. The 

High Folded Zone contains a large number of folds with different shapes and sizes, but with higher 

amplitudes and shorter wavelengths when compared to those of the Low Folded Zone (Fouad, SF, 

2012). 
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Early oil discoveries in Kurdistan were made in sediments of Cenozoic and Cretaceous age in (Chia 

Surkh, Tawke, Taq Taq, Chemchemal, Kor Mor and Pulkhana) structures. The first exploration 

well in all Middle East countries was drilled in 1901 on the Chia Surkh structure close to the Iranian 

border as shown in Figure 6. Many drilling operations were progressed to deeper targets and resulted 

in discoveries in Jurassic and Triassic formations also. A limited number of wells were drilled in the 

Middle East through the Triassic formations and reached the Permian targets. The Upper Permian 

carbonates of the Chia Zairi Formation were first penetrated in the Ber Bahr-1 exploration well in 

the north part of the Kurdistan region near Dahok city (Aqrawi, Goff, Horbury, & Sadooni, 2010). 

According to many geological studies, Sargelu Formation in the middle Jurassic and the Naukalkan 

Formation in the upper Jurassic are important target reservoirs in the Mesopotamian Basin and 

Zagros fold belt (Pitman, Steinshouer, & Lewan, 2004). 

  

 
Figure 6 Parasitic folds are frequently visible at outcrop reflecting possible deformation during fold growth (Geo ExPro, 2013) 
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3.2 Exploration Activities 

The Taq Taq oil field is the oldest oil field in the Kurdistan region of Iraq under the authority of 

KRG. The first oil well drilled in 1960 on this structure is Taq Taq-1 and penetrated the Upper 

Cretaceous Shiranish Formation. Then in 1978, Taq Taq-1 was deepened to the Chia Gara 

formation in the Lower Jurassic. In the same year, oil testing progressed in many formations within 

the Cretaceous formations. Later on, in 1979 Taq Taq-2 was drilled to Eocene in the Pila Spi 

Formation. In 1994 the KRG finished the completion works for Taq Taq-1 and Taq Taq-2 and the 

production was started for the first time in the Kurdistan region. 

From 2002 to 2003 there were a limited PSCs, and all these contracts were signed on existing 

discoveries with KRG due to technical and political restrictions. Later and after 2004, the Genel 

Energy Company signed the first PSC with KRG for more explorations, developments, and 

production for the Taq Taq oil field. Figure 7 shows the KRG map of oil blocks in the Kurdistan 

region map and nominally at least there is one surface structure per each oil block oil. The first new 

exploratory drilling was undertaken by the Norwegian company DNO (Det Norske Oljeselskap 

AS) for drilling their first exploration oil well on the Tawke structure. By June 2006 the first oil 

well drilling operation was completed in Tawke oil field near Dahok city to a total depth over 

3100 m and to reach the Jurassic formations with oil production rate of 5000 bpd from a Cenozoic 

limestones reservoir (Harstad, Bang, & Chalabi, 2010). 
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Figure 7:  Oil blocks in the Kurdistan region of Iraq and studied area in yellow color, K27 is the Taq Taq field and K34 is Miran 

oil field (Darwesh et al., 2017). The insert Table and block with labels in yellow shows the corner points of the Bazian Block 

boundary. 

 

In the same year a new exploration oil well Taq Taq-4 was spudded by the newly formed Taq Taq 

Operating Company (TTOPCO). The oil production rate was 29,600 bpd from three different 

reservoirs in three different formations in Cretaceous (Mackertich & Samarrai, 2015). By early 2011 

forty-three oil blocks were awarded to international oil companies under PSC’s as shown in Table 

2. The highlighted oil block locates in our study area. 
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Table 2: Licensing oil blocks in Kurdistan Region 2004 to 2009 (Kurdistan Regional Government, 2019)  
Phase I Early 2006 Phase II Late 2007 Phase III Mid-2008 

1. Tawke (DNO) 

2. Taq Taq (Genel Enerji / Addax) 

3. Bina Bawi (Petoil / Prime) 

4. Dohuk (DNO) 

5. Shakal (Petoil / Prime) 

6. Barwanoor (Western Zagros) 

7. Erbil (DNO) 

8. Sarta (Reliance) 

 

8. Ain Sifni (Hunt Oil) 

9. Miran (Heritage) 

10. Shaikan (Gulf Keystone) 

11. Sangaw North (Sterling Energy) 

12. Rovi and Sarta (Reliance) 

13. Akri-Bijeel (MOL) 

14. Hawler (Norbest) 

15. Mala Omar  (OMV) 

16. Shorish (OMV) 

16. Sindi Amedi (Perenco) 

17. Kor Mor (Dana Gas / Crescent Pet.) 

18. Atrush (Aspect Energy) 

19. Bazian (KNOC) 

20. Sarsang (Hillwood) 

21. Chemchemal (Dana Gas / Crescent Pet.) 

22. Block 39 (Talisman) 

23. Kurdamir (Western Zagros) 

24. Qara Dagh (Niko/Vast/Groundstar) 

25. Qush Tapa ( KNOC) 

26. Sangaw South (KNOC) 

Phase IIII Mid-2009 Phase IIII-2010 Phase V-2011 

27. Arbat (Shamaran) 

28. Baranan (Talisman) 

29. Barda Rash (Komet) 

30. Ber Bahr (Genel Energy) 

31. Sheikh Adi (GKP) 

32. Central Dohuk (Murphy/Petroquest ) 

33. Harir (Marathon) 

34. Safen (Marathon) 

35. Sulevani (Petroquest) 

36. Piramagrun (Repsol ) 

37. Pulkhana (PitOil) 

38. Qala Dze (Repsol) 

39. Shakrok (Hess/Petroceltic) 

40. Taza (Oil Search/Shamaran ) 

41. Topkhana (Talisman ) 

42. Dinarta (Dinarta – HESS) 

43. Garmian (Western Zagros) 

 

While many companies came to search for oil, there were many others focusing on gas and associated 

liquids. In early 2007, Dana Gas entered into an agreements with the KRG to develop, process and 

transport natural and condensate gas from the Kor Mor gas field in the southern part of the Kurdistan 

region to many electrical power plants in the region and to Turkey (Kurdistan Regional 

Government, 2019). 

3.2.1 Wells Depth 

The majority of oil wells in Kurdistan were drilled to depths ranges between 3000 m to 4500 m. A 

few wells from a total of 10 oil wells drilled to deeper than 5000 m and penetrated the Triassic 

sequence and reached the Permian. Moveable hydrocarbons were encountered at shallow depths of 

350 m in the Tawke Field and in deep wells over 4000 m as in the Sarqala oil field south of 

Sulaymaniyah city (Kurdistan Regional Government, 2019). The average needed time to drill each 

exploration oil well ranges between 6 months to more than one year. Many difficulties were 

recorded in the drilling operation like weather problems, drilling fluid losses in fractured formations 

and difficulties in drilling through the shale formation (Lower Fars) which is often over pressured. 

3.2.2 Pressure Regimes  

Complications due to variations in the reservoir pressure regimes from the north to the south part 

of the Kurdistan region were encountered. In the northern part, Cenozoic strata are mostly absent 
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over many of the drilled structures. Typically the standard casing programs have been designed to 

isolate different pressure regimes in Cretaceous and Jurassic formations. In the southern part of the 

Kurdistan region, thick Cenozoic sediments are present (and are often the target). The pressure 

regimes are often more complex, and abnormal in some oil fields, for example, in the Sarqala-1 oil 

well the recorded pore pressures were over 17.5 ppg mud weight below Lower Fars and Qara Dagh-

1 well-encountered pressures of 15 ppg in the Shiranish Formation at a depth of 3500 m (Blanchard, 

2008; Mills, 2016). 

3.2.3 Operation Cost 

All drilling operations in the Kurdistan region are onshore operations and undertaken in the last 

decade, the well costs varied considerably. A few wells cost exceeded 120 M US$ while some have 

as little as 7 M US$. The drilling rigs of 1500 horsepower (HP) typically remained at the rate of 

30000–35000 US$ per day. More drilling familiarity and experience lead operations cost to decrease 

with time. Drilling cost in the Taq Taq oil field varied from the highest value as 18.5 M US$ to as 

little as of 3.7 M US$. Oil well drilling operations cost for the first seven oil wells in Taq Taq was 

12.3 M US$, while it was 6.9 M US$ for the last six oil wells (Mackertich & Samarrai, 2015). 

3.2.4 Oil Water Contact (OWC) 

Many complexities exist in terms of reservoir fluid distributions across reservoir structures. In the 

Taq Taq oil field, for example, different OWC were observed, as in the western flank of the reservoir 

structure OWC was 60 m deeper than that seen in the eastern flank. These variations in OWC were 

corroborated by wireline pressure data, log and flow test data (Mackertich & Samarrai, 2015). 

3.2.5 Reservoirs 

Almost all hydrocarbon discoveries in Kurdistan were made in carbonate reservoirs ranging from 

the Upper Triassic to the Upper Miocene age. Comprehensive descriptions of reservoir units in Iraq 

and the Kurdistan region are found in Al-Aqrawi et al. and Van Bellen et al. (Aqrawi et al., 2010; 

Blanchard, 2008; Congrès géologique international Commission de stratigraphie, van Bellen, 

Dunnington, R Wetzel, & Morton, 1959; Geo ExPro, 2013; Harstad et al., 2010; Mills, 2016). Up 

to date, there are no hydrocarbon discoveries in Paleozoic strata within the Kurdistan region. 

Cretaceous reservoirs were proven to be highly productive with significant volumes of oil 

production as in both Tawke and Taq Taq fields within primary reservoirs. In all cases, these 
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reservoirs comprise low-porosity limestone and dolomite, which are highly fractured. In the Taq 

Taq oil field, the Shiranish and the Kometan formations matrix porosities are in the range of 0.03, 

with the unit fractures permeability’s in the range of 200 to 10000 mD. These reservoirs form single-

porosity and single-permeability systems. Aggregate well test rates from these intervals range from 

16570 to 19180 bopd in the Taq Taq-8 oil well. The underlying Qamchuqa Formation was with 

higher matrix porosity of 0.08 and similarly high fracture permeability. These reservoir units form a 

dual-porosity and single-permeability system. In the Taq Taq-4 well aggregate flow rates of 

12920 bopd were achieved during the test (Mackertich & Samarrai, 2015). In the Taq Taq oil field, 

the Pila Spi formation has thickness ranging between 110 to 130 m and it is considered as a minor 

reservoir, with the production rate of 2150 bopd and low oil quality (Garland et al., 2010). 

4.0 Studied area 

The key well of this study is Bn-1 which is located in the northern part for the study area in the 

Bazian block. The data from the drilling operations of both the Taq Taq oil field and the Miran oil 

field were used as offset data in setting the drilling program for the Bn-1 drilling operation. There 

were 23 drilled oil wells in the Taq Taq oil field, while there were 4 oil wells in the Miran fields. 

The Bazian block is located between the Taq Taq oil field and the Miran oil field and geologically 

on the transition between low and high folded zones. The Taq Taq oil field is located towards the 

northwest and the Miran oil field towards the southeast of the key well. The Taq Taq oil field is 

located in the low folded zone while Miran in the high folded zone, Figures 5 and 7. The Taq Taq 

oil field is covered by a 2 D seismic survey in 2005 and a 3 D seismic survey in 2006 done by the 

Canadian company Terra Seis International Company, while the other two fields are covered only 

by a 2 D seismic survey. The deepest well in the Taq Taq field is Taq Taq-22 and was drilled to 

depth of 4613 m penetrating to the Kurra Chine Formation in Triassic. This well was subsequently 

sidetracked and put on production as a Cretaceous formation producer. 

Four oil-bearing zones were discovered in the Taq Taq field through Taq Taq-1 oil well, like Pila 

Spi formation in Eocene and in three other reservoirs in the Upper Cretaceous as Shiranish, 

Kometan, and Qamchuqa formations. Only the last three oil-bearing zones remained targets in both 

Bazian and Miran oil blocks. The oil in Pila Spi formation contains relatively heavy oil with an API 

gravity of 25.7 degrees while the Cretaceous reservoirs contain high quality lighter oil with API 

gravity of 48.5 degrees and a very low gas-oil ratio (Garland et al., 2010).  
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4.1 Pila Spi Formation 

The Eocene age Pila Spi formation is a regionally productive reservoir in the Taq Taq oil field. Pila 

Spi formation in the Taq Taq field has roughly a thickness ranging from 50 m to 100 m and consists 

mainly of limestone and dolomites (GENEL ENERGY INTERNATIONAL LTD, 2017). In 

contrary, the thickness of this formation is more than 130 m in the Bazian block with no production 

and this formation is totally absent in the Miran oil field (Darwesh, Ali K. & Rashid, 2014b). 

4.2 Shiranish Formation 

The Shiranish formation in Cretaceous is a regionally developed hydrocarbon-bearing reservoir in 

both Taq Taq and Bazian. The gross formation thickness is in the range of 250 m to 300 m and 

consists mainly of shelly limestone– wackestone and packstone in an argillaceous matrix. The upper 

part of the formation consists mainly of marly limestone. The reservoir properties were estimated 

based on the wireline log and the available core data. Previous studies concluded that the majority 

of the Shiranish Formation is tight and lacks any matrix porosity. Seal rocks for the Shiranish and 

the lower formations are provided by clastic and carbonates layers from the Kolosh formation 

(GENEL ENERGY INTERNATIONAL LTD, 2017). 

4.3 Kometan Formation 

The Cretaceous Kometan formation is a regionally developed tight carbonate formation. It consists 

mainly of light brown to white, pyritic, highly glauconitic limestone and dolomites. The carbonates 

are generally very clean with a shale volume less than 15 percent. The reservoir properties were 

estimated based on the wireline log and core data. The average porosity was in the range from 0.05 

to 0.15 in the permeable dolomitic zones (GENEL ENERGY INTERNATIONAL LTD, 2017). 

The intervals with only original matrix porosity are almost impermeable. 

4.4 Qamchuqa Formation 

The Qamchuqa formation is a regionally developed oil-bearing formation and deposited in a shallow 

marine environment. It is composed of dolomite and limestone rocks. The upper 100 m to 150 m 

consists mostly of dolomite, which is progressively replaced by limestone with depth. The maximum 

penetrated thickness of the Qamchuqa formation was 582 m in the Taq Taq-1 oil well and the net 

oil-saturated thickness was 80.6 m (GENEL ENERGY INTERNATIONAL LTD, 2017). The 

reservoir was interpreted to be a simple anticline and contains oil underlain by water.  
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5.0 Key Well 

5.1 Well Summary 

Figure 8 shows the key well location (Bn-1) for this study in the Bazian oil block, northern Iraq. 

This well was drilled to assess the accumulation of hydrocarbons in the northern part of the Bazian 

block by the Korea National Oil Corporation (KNOC). 

The primary reservoir targets in this block were Cretaceous formations consisting of limestone 

(Shiranish, Kometan, and Qamchuqa formations). The secondary target was the Lower Jurassic and 

Upper Triassic formations. For the well to achieve their objectives of penetrating and evaluating the 

hydrocarbon potential of the Jurassic and Triassic formations, it has to enter the Triassic Kurra Chine 

formation. 

Bn-1 is a vertical well with the elevation of 1,086.6 m above the main sea level (AMSL). Based on 

offset wells data from TTOPCO oil wells Taq Taq -1 to Taq Taq -11, Kewa Charmala (KC-1), 

Miran-1, the drilling program was prepared and approved to be in a total of Authorization for 

Expenditure (AFE) 35 M US$ and time of roughly 120 days. The nearest drilled well from the Bn-

1 was KC-1, which is located 10 km to the west of the Bn-1. Then comes Miran oil block with a 

distance of 17 km to the east and the Taq Taq oil block 47.9 km to the northwest as in Figure 8. 

 

Figure 8 A:  The Bazian anticline and syncline and the key well location on the crest of the Bazian anticline location shown in 

yellow color. Figure 8 B is a part of Kurdistan region oil blocks showing the Bazian, Miran, Kewa Charmala and Taq Taq oil 

blocks and Taq Taq anticline in green color (Korea National Oil Corporation, KNOC, 2009).  
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5.2 Well Drilling Objectives 

The objectives behind the drilling operations of Bn-1 oil well were to: 

1. Penetrate the exploration targets within given tolerance. 
2. Drill each hole section in such a manner that the programmed wireline logs can be obtained 

and evaluated. 

3. Provide wellbores with acceptable truthfulness and zonal isolation to carry out any required 
drill stem testing. 

4. Recover the drilled cuttings and other required geological data. 
5. Conduct a safe operational program ensuring zero loss-time and incidents. 

6. Conduct operations in an environmentally responsible manner to minimize the impact on 
the local environment. 

5.3 Stratigraphy 

The drilling course of Bn-1well penetrated the described lithology shown in Table 3 from the 

surface to the final depth at 3715 m. The total penetrated depth consists of twenty-one geological 

formations from different geological ages. During the drilling operations of Bn-1 oil well different 

lithology, flow media, pressure regime, and hole problems were encountered. The main drilling 

operations problems were partial to total Loss of Circulations (LOC) in the surface section, fishing 

and sidetracking in the intermediate section. Those problems caused a big time-shifting in the main 

drilling program. In the liner and open-hole sections, main problems were in identifying the top of 

the penetrated formations due to the tight thickness and lithology similarities in some formations. 

The shortage in the quantity of the offset data also left negative consequences on the overall drilling 

process. 
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Table 3 – Formation tops and thicknesses 

 

Age 

 

Formation Lithology Thickness(m) TVD BDF (m) 
Depth MSL 

(m) 

  Pila Spi Dolomitic Lst. 128 9 -1087 

Eocene Gercus Marl, conglomerate 110 137 -959 

  Khurmala Lst. 84 247 -849 

Paleocene Sinjar Lst. 110 331 -765 

  Kolosh Claystone, siltstone, sandstone, shale  270 441 -655 

  
Aliji 

 Claystone, siltstone, sandstone, 

shale, Lst. 
963 711 -385 

  Tanjero Claystone, marly Lst., Lst. 100 1674 578 

Cretaceous Shiranish Lst.,claystone 455 1774 678 

  Kometan Lst., dolomite,  116 2229 1133 

  Qamchuqa Lst., dolomite 535 2345 1249 

  Lower 

Sarmord 
Lst., dolomite 172 2880 1784 

  Chia Gara Lst., dolomite 52 3052 1956 

  Barsarin Lst., dolomite, claystone 87 3104 2008 

Jurassic Naokelekan Lst., dolomite 31 3191 2095 

  Sargelu Lst., claystone  67 3222 2126 

  Alan Lst., claystone 19 3289 2193 

  Mus Lst., claystone 113 3308 2212 

  Adaiyah Claystone, Lst., 68 3421 2325 

  Buthma Claystone, Lst., 70 3489 2393 

  Baluti Claystone, Lst., shale 81 3559 2463 

Triassic Kurra Chine Claystone, Lst., shale 75 3640 2544 

  TD     3715 2619 

6.0 Operation Summary 

The operations summary for the drilled sections is shown in Figure 9 for four of the sections as 

described below: 

Conductor Section  

This section was drilled with a 33 inch roller cone bit and cased with 30 inch casing pipes to its 

measured depth 17.5 m below the drilling floor (BDF). The conductor section setting point was on 

the top of the Pila Spi formation. No difficulty or drilling problems were recorded in drilling this 

section.  

Surface Section (SS)  

This section was drilled with roller cone bit 26 inch from 17.5 m to the planned depth at 467 m 

BDF and cased directly with 20 inch casing pipes. This section was composed of a column of 
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fractured carbonates and unconsolidated Pila Spi, Cercus, Khurmala, Sinjar and a part of Kolosh 

formations. The main drilling problem was partial to total LOC. 

Intermediate Section (IS)  

This section was drilled with a 17.5 inch PDC bit from 467 m to its total depth of 1196 m BDF 

and cased with 13 ⅜ inch casing pipes. This section was composed of the Kolosh and Aliji 

formations. The setting point of the casing pipe was in the Tanjero formation at 1196 m BDF. 

Tanjero formation was the last formation above the reservoir and was considered the regional cap 

rock in the Cretaceous reservoirs. Seismic interpretation resulted in that the thickness of Tanjero 

formation to be about 100 m. However, only 50 m of Tanjiro formation was drilled to ensure 

sufficient shoe strength for the setting point of the intermediate casing. Kolosh, Aliji, and Tanjero 

formations are comprised mainly of shale and shelly limestone. The dominant drilling operation 

problems recorded in this section were shale swelling, well packing and bridging. 

Intermediate Section (IS)  

This section was drilled with 8 ½ inch PDC pilot bit from 13 3/8 inch shoe to the depth of 1772 m 

BDF to penetrate Shiranish and reach the top of the Qamchuqa formation. Drilling started from the 

Tanjero formation (mostly clay) to Shiranish and Kometan (mostly limestone). The Shiranish and 

Kometan are fractured and fissured limestone due to folding and faulting. The Shiranish formation 

was the main upper reservoir section. The subsurface team gained 30 m cores in this section. The 

8 ½ inches BHA was occupied with both Measuring While Drilling (MWD) and Logging While 

Drilling (LWD) equipment to locate hydrocarbon horizons and to identify the most suitable areas 

for coring and perforation. The section was opened later with 12 ¼ inch PDC bit to its drilled depth 

at 1774 m and cased with 9 5/8 inch casing pipes. 

Liner (Production) Section (LS)  

Drilled with 8 ½ inch PDC bit and was cased with 7 inch Liner pipe to a depth of 3640 m. The 

8 ½ inch BHA contained both MWD and LWD equipment to locate hydrocarbon horizons and 

coring intervals. 
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Open Hole Section (OHS)  

This section was drilled with the PDC bit size 6 inch from 7-inch shoe at 3640 m to the final depth 

at 3715 m to reach the top Triassic age and penetrating the Kura Chine formation. It was a big 

challenge to continue the drilling operations with that size of drilling bit and to that depth. 

 

Drilling Casing pipes  m                       Formation 

Hammering Conductor 30"  10                       Pila Spi 

     137    26”                   Gercus 

  Surface S  247      20”                 Khurmala 

     331                       Sinjar 

     441                       Kolosh 

26" RB 20"  467                         

  Intermediate S                            

     711                       Aliji 

                               

17.5" PDC Bit 13 3/8"  1196            8.5"             

  Intermediate S                              

      1674                       Tanjero 

8.5" PDC Bit 7" Liner                7"             

      1774                       Shiranish 

 Bn1ST1   1860                         

     2229                         Kometan 

      2345                       Qamchuqa 

                               

       2280                       Sarmord 

      3052                        Chia Gara 

 12 1/4" PDC Bit                               

 8.5" PDC Bit Liner shoe                             

6" Open Hole   3640            6"           Kura Chine 

      3715                         

                                

Figure 9: Sketch of Bn-1 well design and penetrated formations. Bn1ST1 refers to the first sidetracking operation. 

 

 

The drilling operation penetrated the Cretaceous formations of Lower Sarmord carbonate, Chia 

Gara, Gotnia limestone and Sargelu shale formations. However, the H2S gas started to appear in 

Triassic formations with the ratio over 25% as was observed and recorded in the offset wells in Taq 

Taq oil block also. Upon completion, the well was abandoned. 
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7.0 Used Drilling Data 

Table 4 below shows a part of the MLU data from the surface to the final depth at 3715 m. The 

total recorded operations time was 256 days, and this was more than double the planned program 

time. From the table, the most important data for this study were ROP, WOB, RPM and Flow 

Rate. 

Table 4: Part of the collected data from the MLU, Bn-1 well, Bazian oil block, Kurdistan region, Iraq 

 

8.0 Parameters Affecting ROP 

In general, there are two groups of parameters affecting the drilling operation process; controllable 

and uncontrollable parameters: 

Controllable parameters like the WOB, RPM, hydraulics, and pump flow rate which the drilling 

team can control directly or indirectly. The second group contains all parameters related to 

formation properties which are out of control directly like formation properties and pressure 

regimes. We need to adopt the drilling operations to these parameters accordingly. In general, there 

are strong relationships between the ROP and both groups of parameters. ROP will increase with 

a decrease in Equivalent Circulating Density (ECD), WOB, RPM, etc. The ECD is the parameter 

that have the most effect on the cutting lifting capacity and the cutting bedding. Factors like the 

viscosity and gel strength of the drilling fluid, cutting size, type of mudflow, bit type, and annular 

size will also leave their effect on the drilling operations, and we can control or play with them 

accordingly (Graham & Muench, 1959). There are difficulties in understanding the mechanism of 

all those parameters together at the same time due to complex interrelationships between them. 

DEPTH WOH WOB SPP RPM DHRPM Torque ROP SPM1 SPM2 Flow Returns Mud_Pit1 Mud_Pit2 Mud_Pit3 Mud_Pit4 Mud_Pit5 Mud_Pit6 TT Temp_in Mw_in Cond_in Mw_out Cond_out Temp_out Mud_Pit7 Mud_Pit8

Meter Tons Tons PSI RPM RPM KNm Mtr/Hr SPM SPM Gln/Min % Bbls Bbls Bbls Bbls Bbls Bbls Bbls Deg °C ppg Mmhos ppg Mmhos Deg°C Bbls Bbls

10 21.9 2.0 56.3 70 0 12.8 8.9 42 40 396.2 24.8 191.5 129.6 116.7 100.8 75.2 64.1 54.2 24.5 8.50 5426.3 8.5 5563.2 24.6 159.8 64.8

11 23.3 0.7 61.1 78 0 8.6 82.2 36 34 338.2 23.6 214.5 107.1 111.2 93.9 74.9 64.0 58.6 24.8 8.50 5462.4 8.5 5589.6 25.0 171.3 48.5

12 20.9 2.8 74.5 82 0 7.3 91.6 40 42 396.2 22.6 211.5 107.1 111.2 93.9 74.9 64.0 58.6 25.0 8.50 5562.4 8.5 5826.3 25.0 171.3 48.5

13 22.1 2.0 70.5 88 0 10.6 65.3 40 42 396.2 22.6 211.5 107.1 111.2 93.9 74.9 64.0 58.6 25.0 8.50 5546.2 8.5 5645.3 25.2 171.3 48.5

14 21.3 2.7 68.2 91 0 10.5 25.0 29 41 338.2 21.2 212.8 106.6 111.8 94.1 75.0 63.7 57.7 25.2 8.50 5463.9 8.5 5627.3 25.3 173.7 55.1

15 22.1 2.0 61.1 110 0 14.3 10.5 25 43 328.6 25.5 203.9 107.1 111.6 93.6 74.2 64.0 58.2 25.6 8.50 5736.8 8.5 5968.3 25.6 173.9 61.3

16 21.0 3.0 56.8 111 0 10.7 80.0 26 48 357.5 23.5 205.6 106.9 111.1 93.8 75.7 63.7 58.2 25.6 8.50 6125.4 8.5 6236.5 25.8 173.5 62.1

17 21.0 3.1 45.4 111 0 16.5 49.2 31 46 372.0 23.9 205.9 107.9 112.8 92.5 74.1 64.2 58.3 25.9 8.50 6258.2 8.5 6358.2 26.0 173.7 62.2

18 17.3 6.8 61.1 112 0 25.1 17.4 23 46 333.4 25.4 202.7 107.0 109.8 92.3 74.5 63.6 59.2 26.2 8.50 6025.4 8.5 6158.3 26.2 173.5 63.4

19 22.3 1.7 52.5 111 0 3.8 2.9 40 42 396.2 24.1 205.1 107.1 112.5 93.0 74.2 62.1 58.4 26.7 8.50 6006.3 8.5 6125.4 27.0 172.9 63.4

20 20.9 3.1 48.3 112 0 6.0 1.3 37 44 391.4 21.4 206.2 108.1 112.6 92.9 73.6 62.8 57.9 27.1 8.50 5862.3 8.5 6025.4 27.3 171.5 76.7

21 23.0 1.0 56.8 91 0 7.6 0.3 34 50 405.9 26.4 197.1 109.2 105.4 92.9 73.2 28.6 46.1 27.2 8.50 5869.3 8.5 5968.3 27.4 168.4 81.6

22 23.7 3.0 67.2 101 0 9.3 0.2 34 36 338.2 23.5 192.7 110.3 105.4 93.2 72.7 28.6 46.1 27.2 8.50 5962.3 8.5 6023.5 27.4 176.4 80.3

23 21.2 4.8 138.9 113 0 6.9 0.7 84 96 966.4 34.7 197.7 110.5 110.2 89.6 73.5 65.7 46.5 27.4 8.50 5748.4 8.5 5869.3 27.5 175.9 78.6

24 24.1 4.0 123.5 114 0 19.8 0.42 82 84 891.3 32.2 200.1 42.2 111.6 90.6 74.0 66.4 47.6 28.4 8.50 5869.2 8.5 5968.3 28.6 174.7 79.1

25 27.1 1.0 171.8 113 0 11.0 0.56 82 89 918.1 31.8 156.8 41.5 110.6 72.0 62.0 63.3 47.6 29.1 8.50 5563.3 8.5 5869.3 29.2 166.1 63.7

26 25.7 2.4 59.6 114 0 5.0 0.55 82 89 918.1 31.5 189.9 41.2 110.4 85.3 71.8 68.1 44.8 29.0 8.50 5869.2 8.5 5968.2 29.0 125.4 63.1

27 25.9 2.2 350.7 112 0 26.0 7.47 60 62 655.0 28.4 194.4 41.4 111.1 85.8 68.6 74.2 46.5 28.3 8.50 5426.4 8.5 5769.3 29.0 158.6 68.4
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9.0 Methodology 

The research started with monitoring and collecting the field data from the drilling operations within 

three oil blocks in the Kurdistan region. The collected data were prepared as displayed in Table 3. 

On-site living and monitoring started on July 2009 and took over 15 months. The onsite living 

started with the rig mobilization to the rig site restoration during the course for drilling operations 

of Bn-1. 

Geological data, MLU data, logging data, mud and fluid data, and drilling data were collected 

continuously through their daily reports. MLU data were selected to be the main source for this 

study because it was the most complete dataset from the surface to the final drilled depth of the well. 

However, other data were obtained to support MLU data for validation and comparison. 

Different sections of the key well have been studied separately for their drilling operation and 

documented in five published papers of this PhD study. The selected BYM has been successfully 

used worldwide for roller cone bits in many locations. This model originally was conducted for 

roller cone bits and was in need to be adjusted for PDC bits which were the dominant bit types 

used in the Kurdistan operations. In this study, a new model was introduced and used to calculate 

the optimum drill string rotation based on the recorded torque and bit diameter size. Drilling 

Formulas (DF) were used in calculating parameters like ECD, Reynold number, pressure gradients, 

and many other parameters. Regression techniques were used in calculating the coefficients of the 

BYM. To overcome the effect or eliminate the effect of noisy data to their minimum rate, the 

process of averaging and clustering was implemented on each 10 m data interval from the surface to 

the final depth at 3715 m. The averaging process was done on controllable data of WOB, RPM, 

ROP and Torque. Figure 10 shows the main methodology steps schematically. The predicted cost 

and time for the drilling operations are supposed to reduce by 10% on average after the 

implementation of the BYM (Eren & Ozbayoglu, 2010). 
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Figure 10: Methodology flow chart 

 

9.1 Bourgoyne and Young Model (BYM) 

The BYM is one of the best models in finding the optimal rate of penetration ROP (Eren & 

Ozbayoglu, 2010). This model describes the effect of the eight most effective parameters in one 

equation and evaluates the ROP based on regression analysis of the collected data from previously 

drilled wells. The BYM constitutes the core of this study and needed adjustments were performed 

to the bit weight parameter to suit modeling of the PDC bits also. Equation 10 shows the general 

form of the BYM for roller cone bits in which the ROP is a function of eight effective drilling 

parameters in the oil well drilling operation (Bourgoyne Jr & Young Jr, 1974). Table 5 shows all 

the needed equations to calculate each parameter for both bit types of roller cone and PDC bits. 

The detailed calculations of these parameters are available in paper number 5. 
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∂f

∂t
= e

(a1+∑ ajxj
8
j=2 )

        (10) 

where 

∂f

∂t
 is the rate of penetration (ft /hrs) 

aj are coefficients of the model and calculated by means of multiple regression 

xj are drilling parameters calculated with their respective equations, x2 to x8. x1 is equal to 1 

for every observation. Paper 5 describes the calculation procedure for each parameter. 

 

Table 5: Drilling parameter equations used in the ROP model for both Roller and PDC bits. 
No. Parameter  Equation Roller Cone Bits PDC Bits Corrected Equations 

1 Formation strength ƒ₁ = 𝑒𝑎₁𝑥₁ x1=1 x1=1 

2 Formation depth ƒ₂ = 𝑒𝑎₂𝑥₂ x₂ = 10000 – D x₂ = 10000 – D 

3 Formation compaction ƒ₃ = 𝑒𝑎₃𝑥₃ x₃= D0.69 (gp– 12.5) x₃= D0.69 (gp– 12.5) 

4 Pressure differential at bottom of 

the hole 

ƒ₄ = 𝑒𝑎₄𝑥₄ x₄= D (gp – ECD) x₄= D (gp – ECD)      𝑎𝑛𝑑      𝐸𝐶𝐷 =
Pan

0.052 hy
+ 𝑀𝑤 

5 Bit diameter and bit weight ƒ₅ = 𝑒𝑎₅𝑥₅ 
x₅ =  ln  ⦋ 

(
𝑤

𝑑
)−(

𝑤

𝑑
)𝑡

4−(
𝑤

𝑑
)𝑡

  ⦌ 
x₅ =  ln  ⦋ 

𝐶𝑟 ∗ 𝑊𝑂𝐵𝑎 − 0.942 ∗ 𝛥𝑃𝑏 (
𝑑 − 1

𝑑
)

𝑊𝑂𝐵𝑐
  ⦌ 

𝛥𝑃𝑏 =  
𝑞² ∗ 𝜌

12031 ∗ 𝐴𝑛²
 

6 Rotary speed ƒ₆ = 𝑒𝑎₆𝑥₆ 
x₆ = 𝑙𝑛 (

𝑁

100
) x₆ = 𝑙𝑛 (

𝑁

160
) 

7 Bit wear ƒ₇ = 𝑒𝑎₇𝑥₇ 𝑥₇ = −ℎ 𝑥₇ = −ℎ 

8 Bit hydraulics ƒ₈ = 𝑒𝑎₈𝑥₈ 
x₈ =

𝐻𝑃/𝐴𝑏

2
 x₈ =

𝐻𝑃/𝐴𝑏

2
 

 

where, 

gp : Pore pressure gradient in units of ppg. 

D: depth in ft. 

Numbers of 10000 and 12.5 have been chosen to normalize the effect of depth and pore 

pressure. 

ECD: Equivalent Circulating mud Density at the bottom hole in ppg. 

w/d: weight on bit (WOB) per inch of bit diameter, 1000lb/in. 

(w/d)t: Threshold weight on bit (WOB) per inch of bit diameter. 

The number 4 is the normalized weight on a bit divided on 1000 lb per bit diameter in an 

inch.  

Cr is the weight split between the 12¼” drill bit and 13½” under-reamer; in case there is no 

under-reamer it will equal to 1. 
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WOBc is the chosen normalized WOB value for PDC bits is 800 lbs/in.  

The coefficient 0.942 appeared to be too high, probably due to hydraulic friction losses, 

therefore, it was reduced by 0.02 in paper 5. 

WOBa is the measured weight on the surface in lbf. 

d is the drill bit size in inch. 

N: Rotations per minute (RPM) 

100 and 160 are normalization numbers for roller and PDC bits. 

h: the fractional tooth height that has been worn away over 8. 

Ab: Bit area 

ΔPb: bit pressure drop in psi 

HP: Hydraulic power (hp) and HP=(ΔPb/Ab)/1714 

Pan: Annulus frictional pressure loss in psi   

hy: Depth in ft 

MW: Mud weight in ppg 

9.2 Bit weight adjustments for the BYM 

Generally, there are two main groups of drilling bits: roller and polycrystalline diamond bits PDC 

as shown in Figure 11. PDC bits can be a synthetic diamond or impregnated natural diamonds. The 

PDC bit breaks the rock through shearing, while the diamond bits through the grinding process. 

PDC bits like all other fixed cutter bits does not have any moving or rotating parts as in roller cone 

bits. These bits consist of many fixed blades that are integral to rotation as one unit part of the 

drilling string (Belozerov, 2015). PDC bits were the dominant bit type used in the drilling operations 

in the course of Bn-1 sections below the surface section. Dmitriy Belozerovs corrections (Belozerov, 

2015) were used to calculate x5, x6, and x7 in the BYM. Later on, the corrected values of x5, x6, and 

x7 were used in the original BYM for PDC bits. 

Adjustments were applied on the bit weight x5 to suit PDC bits before running the regression 

analysis, and both bit weight and bit diameter were adjusted. Dmitriy Belozerov adjustments were 

based on the relationship between mechanical and critical weights on the PDC bit, as seen in 

equations (11), (12) and (13) to find x5: 
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x₅ =  ln  ⦋ 
𝐶𝑟∙(

𝑤

𝑑
)−0.942∙𝛥𝑃𝑏(

𝑑−1

𝑑
)

(
𝑤

𝑑
)

𝑐

  ⦌    (11) 

x₅ =  ln  ⦋ 
𝐶𝑟∙𝑊𝑂𝐵𝑎−0.942∙𝛥𝑃𝑏(

𝑑−1

𝑑
)

𝑊𝑂𝐵𝑐
  ⦌    (12) 

𝛥𝑃𝑏 =  
𝑞²∙𝜌

12031∙𝐴𝑛²
       (13) 

where Cr is the weight split between the 12¼ inch drill bit and 13½ inch under-reamer; in case of 

no under-reamer, it will equal to 1. (
𝑤

𝑑
)

𝑐
 = 800 lbs/inch is the chosen value to normalize WOB 

for PDC bits. The coefficient 0.942 was high, probably due to hydraulic friction losses. Therefore, 

it was reduced by 0.02 in the calculations. WOBa is the measured weight on the surface in lbf. An is 

the nozzle total flow area in a square inch and q is the mud pump flow in units of mph. 

 

Figure 11: PDC and Roller Cone bits used in Bn-1 (Karadzhova, 2014) 

 

9.2.1 Threshold Bit Weight  

Threshold Bit Weight (w/d)t is the minimum WOB applied on the drilling bit to start the rock 

breakage. Threshold Bit Weight can normally be determined through the Drill-off Tests during the 

drilling operations (Adam, Millheim, Chenevert, & Young, 1991). For this study, the threshold 

weight was determined through the relationship plot between WOB and the depth. The minimum 

WOB that caused drilling progression is considered as Threshold Weight in that cluster specifically. 

Table 6 shows the Threshold Weight that resulted from the relationship plot for each cluster. 
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Table 6:  Threshold weight for each cluster 
 

Lithology No. Formation 

Cluster Interval 

⦋ft⦌ Hole Diameter ⦋in⦌ 
⦋W/d⦌t 1000 

lb/in 

 

Clustering base 

1 Pila Spi 32 – 450 

26 

Surface section 

0.0577 Geological Fm. 

2 Gercus 450 – 808 0.131 Geological Fm. 

3 Khurmala 808 – 1082 0.585 Geological Fm. 

4 Sinjar 1082 – 1444 0.681 Geological Fm. 

5 Kolosh 

1444 – 1496 0.592 Bit Change 

1496-1575 0.427 Bit Change 

1575-2326 
17.5 

Intermediate section 

0.257 Bit size change 

6 Aliji 

2326 – 3445 0.20 Bit change 

3445- 3930 0.137 Bit change 

3930 - 5489 
12.25 

Production section 

0.196 Bit and Fm. change 

7 Upper Shiranish 
5489 – 6033 0.359 Bit change 

6033 - 6375 0.433 Bit size change 

8 Lower Shiranish 
6375 – 6670 

8.5 
Liner section 

0.18 Bit change 

6670 - 7477 0.259 Geological Fm. 

9 Kometan 7477 – 7795 0.376 Geological Fm. 

10 Qamchuqa/Sarmord 

7795 - 8179 0.047 Bit change 

8179 - 10253 0.047 Bit change 

10253 -11552 0.047 Bit change 

11 Qamchuqa/Sarmord 
11552 -11926 6 

Open hole 

0.067 Bit size change 

11926 -12480 0.050 TVD 

 

9.2.2 Effect of The Rotary Speed  

The coefficient a₆ in the BYM represents the effect of rotary speed and the parameter x₆ assumes 

that the penetration rate is directly proportional to the rotation speed of the drill bit. Penetration 

rate usually will not increase with the increase of rotary speed all the time (Bourgoyne Jr & Young 

Jr, 1974). At some higher values of rotary speed, ROP will decrease due to an increase of drilled 

cutting (Warren, 1987). The normalizing value to equalize the rotary speed function to 1 was taken 

to be an appropriate magnitude based on the actual rotation of the bit in a specific operating 

environment. For that the normalized value for both types of drilling bits was taken to 100 and 160 

for roller cone and PDC bits as shown in Table 5. 

9.2.3 Teeth Wear 

During the drilling operations, the penetration rate decreases with the increase of bit teeth wear 

(Adam et al., 1991). Reduction in penetration rate for tungsten carbide insert TCI and PDC bits 

are not as severe as for milled tooth (MT) roller cone bits (Gatlin, 1960). During the use of TCI 

bits, the ROP does not vary significantly with tooth wear. Thus; the tooth wear exponent for TCI 

bits a₇x₇ was considered to be zero which means that 𝑒𝑎₇𝑥₇ will be equal to 1. In the course of 

drilling of Bn-1, TCI and PDC bits were dominant bits types that were used in the drilling 

operations. For that, the effect of tooth wear hf was set to be 1/8 instead of zero as a worse dull case 
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based on previous field works (Belozerov, 2015). Finally and based on BHA changes due to bit 

types, the whole penetrated depth was partitioned into 20 main clusters as shown in Table 6 above. 

Tables 7 and 8 show all the calculated parameters x1 to x8 and the needed data for running the BYM 

in each cluster. Multiple linear regression techniques were conducted using the original and adjusted 

parameters for the same BYM. Optimal coefficient a1 through a8 were estimted in each cluster with 

details as shown in paper 5  

Table 7:  calculations of needed variables 

 

 

Table 8:  Calculated parameters for BYM  

Depth 
(m) 

x1 x2 x3 x4 x5 x6 x7 x8 LN 
(ROP) 

10.0 1.0 12467.2 -44.5 0.0 -3.2 0.0 0.0 -2.1 5.0 

11.0 1.0 12463.9 -47.5 0.0 -3.2 0.0 0.0 -2.3 4.9 

12.0 1.0 12460.6 -50.4 0.0 -3.3 0.0 0.0 -2.1 4.7 

13.0 1.0 12457.3 -53.3 0.0 -3.2 0.0 0.0 -2.1 4.4 

14.0 1.0 12454.1 -56.1 0.0 -3.1 0.1 0.0 -2.0 4.1 

15.0 1.0 12450.8 -58.8 0.0 -3.0 0.1 0.0 -1.8 4.0 

16.0 1.0 12447.5 -61.5 0.0 -3.1 0.1 0.0 -1.5 3.9 

17.0 1.0 12444.2 -64.1 0.0 -3.1 0.1 0.0 -1.2 3.2 

18.0 1.0 12440.9 -66.7 0.0 -3.1 0.1 0.0 -1.3 2.3 

19.0 1.0 12437.7 -69.3 0.0 -3.3 0.1 0.0 -1.0 2.0 

20.0 1.0 12434.4 -71.7 0.0 -3.3 0.1 0.0 -0.9 2.0 

21.0 1.0 12431.1 -74.2 0.0 -3.4 0.1 0.0 -0.8 2.0 

22.0 1.0 12427.8 -76.6 0.0 -3.2 0.1 0.0 -0.9 2.1 

23.0 1.0 12424.5 -79.0 -0.1 -3.4 0.1 0.0 0.2 2.2 

24.0 1.0 12421.3 -81.4 -0.1 -3.5 0.1 0.0 0.0 2.3 

25.0 1.0 12418.0 -83.7 -0.1 -3.8 0.1 0.0 -0.1 2.4 

26.0 1.0 12414.7 -86.0 -0.1 -3.8 0.1 0.0 -0.3 2.5 

27.0 1.0 12411.4 -88.3 -0.1 -4.0 0.1 0.0 -0.8 2.6 

28.0 1.0 12408.1 -90.5 -0.1 -4.1 0.1 0.0 -0.9 2.5 

29.0 1.0 12404.9 -92.7 -0.1 -4.3 0.1 0.0 -1.0 2.4 

30.0 1.0 12401.6 -94.9 -0.1 -4.7 0.1 0.0 -1.2 2.4 

31.0 1.0 12398.3 -97.1 -0.1 -4.6 0.1 0.0 -1.5 2.5 

32.0 1.0 12395.0 -103.4 0.0 -5.4 0.1 0.0 -2.0 2.4 

33.0 1.0 12391.7 -105.7 0.0 -5.3 0.1 0.0 -2.0 2.4 

34.0 1.0 12388.5 -107.9 0.0 -7.7 0.1 0.0 -2.2 2.3 

35.0 1.0 12385.2 -110.0 0.0 -7.1 0.1 0.0 -2.4 2.3 

DEPTH Depth WOB WOB WOB 1000Ib RPM RPM ROP ROP ROP Torque Flow
Flow Av 

10 Mw_in Dh Bit no. Velocity Pan
ECD

hf 

assumed
TFA ΔPb  (psi) HP Ab  Av.  w/d (w/d)t tb

Meter ft Tons 1000 Ib Av 10m RPM Av 10 Mtr/Hr ft/hr Av  10 KNm Gln/Min GPM
ppg in Type ft/min psi

ppg
1/8= 

0.125
sq.in

(Q^2.Mw)/(1203

TFA^2)

bit area 

(si)

1000 

Ib/in

1000 

Ib/in
Hours

10 32.81 2.6 5.7 6.6 90 98 8.9 29.0 142.0 12.8 396.2 365.3 8.5 26.00 1 -TCI 15.0 0.0004 8.5003 0.0003 1.325 536.996 124.128 530.660 0.253 0.092 0.258

11 36.09 3.3 7.3 6.7 78 101 82.2 269.6 139.5 8.6 338.2 364.8 8.5 26.00 1 -TCI 12.8 0.0004 8.5002 0.0006 1.325 535.575 105.687 530.660 0.257 0.092 0.516

12 39.37 2.8 6.2 6.3 82 102 91.6 300.3 112.6 7.3 396.2 371.6 8.5 26.00 1 -TCI 15.0 0.0005 8.5003 0.0009 1.325 555.619 128.433 530.660 0.243 0.092 0.774

13 42.65 2.0 4.4 6.3 88 104 65.3 214.0 82.7 10.6 396.2 365.8 8.5 26.00 1 -TCI 15.0 0.0006 8.5003 0.0012 1.325 538.409 124.455 530.660 0.244 0.092 1.032

14 45.93 2.7 6.0 7.0 91 106 25.0 82.0 61.5 10.5 338.2 422.8 8.5 26.00 1 -TCI 12.8 0.0004 8.5002 0.0015 1.325 719.380 141.958 530.660 0.268 0.092 1.290

15 49.21 2.0 4.3 7.2 110 109 10.5 34.3 53.4 14.3 328.6 478.1 8.5 26.00 1 -TCI 12.5 0.0005 8.5002 0.0018 1.325 919.896 176.337 530.660 0.279 0.092 1.548

16 52.49 3.0 6.6 7.1 111 109 80.0 262.4 50.2 10.7 357.5 537.0 8.5 26.00 1 -TCI 13.6 0.0006 8.5002 0.0021 1.325 1160.763 242.137 530.660 0.274 0.092 1.806

17 55.77 3.1 6.7 7.0 111 109 49.2 161.3 24.1 16.5 372.0 593.1 8.5 26.00 1 -TCI 14.1 0.0007 8.5002 0.0024 1.325 1415.736 307.306 530.660 0.269 0.092 2.064

18 59.06 6.8 14.9 6.8 112 109 17.4 57.0 10.5 25.1 333.4 621.4 8.5 26.00 1 -TCI 12.6 0.0006 8.5002 0.0027 1.325 1554.056 302.284 530.660 0.261 0.092 2.322

19 62.34 1.7 3.7 6.0 111 110 2.9 9.6 7.2 3.8 396.2 662.2 8.5 26.00 1 -TCI 15.0 0.0008 8.5003 0.0030 1.325 1764.577 407.887 530.660 0.230 0.092 2.580

20 65.62 3.1 6.8 6.3 112 110 1.3 4.3 7.2 6.0 391.4 693.9 8.5 26.00 1 -TCI 14.8 0.0009 8.5003 0.0033 1.325 1938.071 442.524 530.660 0.243 0.092 2.838

21 68.90 1.6 3.5 5.9 91 110 0.3 1.1 7.1 7.6 405.9 723.0 8.5 26.00 1 -TCI 15.4 0.0010 8.5003 0.0036 1.325 2103.740 498.153 530.660 0.226 0.092 3.096

22 72.18 3.0 6.5 6.3 101 113 0.2 0.8 8.5 9.3 338.2 745.8 8.5 26.00 1 -TCI 12.8 0.0007 8.5002 0.0039 1.325 2238.331 441.659 530.660 0.244 0.092 3.354

23 75.46 4.8 10.6 5.9 113 114 0.7 2.3 9.2 6.9 966.4 757.0 8.5 26.00 1 -TCI 36.7 0.0060 8.5015 0.0042 1.325 2306.549 1300.549 530.660 0.226 0.092 3.612

24 78.74 4.0 8.8 5.4 114 114 0.42 1.4 10.3 19.8 891.3 708.7 8.5 26.00 1 -TCI 33.8 0.0053 8.5013 0.0045 1.325 2021.494 1051.178 530.660 0.209 0.092 3.870

25 82.02 1.4 3.1 4.7 113 115 0.56 1.8 11.4 11.0 918.1 664.2 8.5 26.00 1 -TCI 34.8 0.0059 8.5014 0.0048 1.325 1775.259 950.938 530.660 0.181 0.092 4.128

26 85.30 2.4 5.3 4.6 114 115 0.55 1.8 12.4 5.0 918.1 609.9 8.5 26.00 1 -TCI 34.8 0.0061 8.5014 0.0051 1.325 1497.187 801.986 530.660 0.176 0.092 4.386

27 88.58 2.2 4.8 4.3 112 115 7.47 24.5 13.3 26.0 655.0 545.0 8.5 26.00 1 -TCI 24.9 0.0033 8.5007 0.0054 1.325 1195.225 456.775 530.660 0.165 0.092 4.644

28 91.86 3.1 6.7 4.0 114 116 7.47 24.5 12.0 20.6 740.9 507.4 8.5 26.00 1 -TCI 28.1 0.0043 8.5009 0.0057 1.325 1036.043 447.859 530.660 0.154 0.092 4.902
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10.0 RESULTS & DISCUSSION 

Paper 1 

This paper is related to the negative effects of the loss of circulations (LOC) that occured in the 

surface sections. In general there are three types of LOC during the drilling operations based on the 

penetrated lithology as described below: 

1. Loss in highly permeable unconsolidated formations such as sand, gravel, some shale beds 

and reef deposits, in most cases they are partial LOC.  

2. Vugular and cavernous formations such as reefs, limestone, chalk and dolomite formations; 

this type can vary from partial to total LOC. 

3. Fissures or fractures. In most cases they will result in total LOC and they are the most time 

consuming and cost inflating events in the drilling.  

The usual LOC treatment is pumping a high concentration of Loss Circulating Materials (LCM) 

that includes one of or a combination of granular, lamellar, and fibrous materials. These materials 

can be mixed with either drilling fluids or cement slurries. LCM could leave ineffective effects on 

the groundwater, and the pumped LCM could be lost into the formation also. Flexible bridging 

materials (fibrous materials) are recommended to form nets over the fractures and minimize or 

prevent the loss of drilling fluids or cement slurries into the formations. Fibers with cement provide 

a fibrous-net situation to help cement filter cake development and prevent losses into fractures, 

fissures or highly permeable zones. 

The recorded parameters Torque and RPM were plotted with depth for the whole penetrated 

formations in the surface section. The plot shows clearly high torque fluctuations in the lower part 

of the Pila Spi formation compared to the upper part indicating that the Pila Spi formation is not a 

homogenous formation. The Pila Spi interval started from 9 m down to 138 m in Bn-1. The upper 

part of the Pila Spi formation was with more bedded and higher original porosity, while the lower 

part was with less secondary porosity. Figure 12 shows high torque fluctuations record in the upper 

part compared with the lower part in the same formation.  

The variation in the total loss of circulation also was another indicator of highly fractured layers in 

the lower part of the Pila Spi formation compared to the upper part of the same formation. The 
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lower part of the Pila Spi formation was drilled only with fresh water due to total LOC, while this 

loss was less in the upper part of Pila Spi formation. Groundwater pollutions were recorded up to 

7 km on one side of the drilled well (west of the well only) during the drilling course. The pollution 

flow direction was parallel with the bedding directions of the Pila Spi formation layers. 

 
Figure 12 Parameter relationship and fluctuation with depth (Darwesh et al., 2016; Darwesh & Rashid, 2014) 

 

 

Due to the high variations in the lithology formation of the surface section, there were difficulties 

in designing BHA to suit all the penetrated intervals for the surface section. In this case, using more 

optimized WOB, RPM, drilling fluid can be the best alternative to overcome this big variation in 

the formation lithology. As an alternative suggestion, the clustering technique was proposed to 

overcome these lithological variations. Casing While Drilling (CWD) technique is also proposed, 

which can reduce the nonproductive time (NPT) in the surface section. This technique was 

implemented on water well drilling operations to drill down to depth of 250 m in many places. 

With CWD the casing and the drilling will be performed simultaneously without doing wiper trips, 

reaming and bit changing. In the case of Bn-1, there were more than 200 hours spent on bit 

changing, tripping, reaming and back reaming (Korean National Oil Corporation, KNOC, 2009a). 

This CWD technique can reduce NPT operation hours from 309 to 109. Another advantage of this 

technique is that CWD uses freshwater as a circulation fluid instead of drilling mud. For that, CWD 

can aid the area environmentally also, by eliminating the pollution of the groundwater (Darwesh et 

al., 2016). 
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Paper 2 

This paper discusses the variations in the lithology within the 12¼ inch production section and how 

we can improve the operations by drilling the section with two different BHA. There, the upper 

part of the intermediate section was Kolosh and Aliji formations with a high percentage of clay while 

the lower part was Shiranish formation with a low percentage of clay. The results supported previous 

researchers works (Saad Z. Jassim and Jeremy C.) (Jassim & Goff, 2006). Hole problems in the upper 

part were mainly due to chemical interactions between drilling fluid and a high percentage of clay. 

Problems of tight spots and bridges were all due to the chemical reaction between Water-Based 

Mud (WBM) and formation clay. The problems in the lower part were mostly mechanical 

instabilities due to the high percentage of limestone. Problems like well pack-off and bridge were 

more dominant in this part (Korean National Oil Corporation, KNOC, 2009). The casing setting 

point of the surface section was inside Aliji formation. Due to this, the Aliji formation became split 

into two parts between both intermediate and production sections (see Figure 9). The Aliji 

formation contains a higher percentage of clay than Tanjero and Shiranish (Jassim & Goff, 2006). 

All the field and laboratory tests enabled us to realize that the density between 11-12 ppg can give 

a very good over-balanced drilling operation in drilling the upper part and 14-15 ppg for the lower 

part as shown in Figure 13. 
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Figure 13 Lithology differences in the upper and lower part of the Intermediate section 

 

Net Rising Velocity (NRV) was calculated with two models to evaluate the effectiveness of the 

wiper trip operations. The calculated NRV was positive in both models indicating that the wiper 

trips were useless and unnecessary. The final positive result showed that the fluid properties and the 

flow rate were within acceptable values to carry out drilling cuttings to the surface before and after 

the fluid improvements (Darwesh et al., 2018). All the consumed time on the wiper trips operations 

affected negatively and reduced the drilling performance (Korea National Oil Corporation, KNOC, 

2009). The well wall instability was another problem in the upper part due to the high percentage 

of the shale and claystone. Well instability caused the BHA stuck, downhole tools fishing, loss of 

equipment and sidetracking also. 

Paper 3  

The time used on kick controlling techniques were studied for the section before penetrating the 

first hydrocarbon target in the Shiranish formation. The operation to control the kicks with different 
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methods took in total 5 days (Darwesh et al., 2017). Similar scenarios were followed to control the 

kicks in many other oil blocks in the Kurdistan region. In the drilling operation of Bn-1 there was 

LOC in the upper part of the production section (8.5-12¼ inch) and then kicks during the slide 

mode drill below 3630 m. Pumping of LCM in the upper part of the production section was done 

to control the depleted intervals. Sudden and continuous increase in the pit volume occured after 

3630 m as an indicator that the second target almost reached the Qamchuqa formations (Darwesh, 

AK, 2014). During the well kicking the normal and standard action is to shut-in the well and start 

monitoring the pressure. After shut-in the well comes the decision to choose the most suitable 

technique to control the well (Gatlin, 1960). Here, the Driller Technique was used to control BHP 

and the well was controlled after seven circulation stages. Laboratory analysis on the drilling fluids 

resulted in that the water-based Polymerized mud of 12 ppg can control LOC and kicking also. So 

for future operations, preparation of polymer water-based mud is crucial before penetrating the 

LOC interval. For that, preparation to deal with two different pressure regimes is important for 

future operations without losing valuable drilling fluid and time near the hydrocarbon zone. Figure 

14 shows all seven circulations stages that were done to control the well with the driller technique.  

 
Figures 14 shows the seven stages of circulation that were needed to control the well with the driller technique, DPP is the drill pipe 

pressure in psi, CP is casing pressure in psi, SPM is the pump speed in strock per minute and (Korean National Oil Corporation, 

KNOC, 2009)  
 

A total of 72 hours were spent to control the bottom hole kicks and this time was too much 

compared with the standard controlling time (Korean National Oil Corporation, KNOC, 2009). 

The consumed time was related to the use of different controlling techniques before controlling the 
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well kicks. Thus selecting the best well controlling method is very important before entering the 

kicking intervals. Selecting the best controlling method can prevent any skin damage to the reservoir 

and also lead to more production later. Based on the field and laboratory results, the homogenous 

increase in the density from 9.5 to 12.2 ppg before entering the target zone can be the best alternative 

to control BHP during penetration of both Shiranish-Qamchuqa formations. Driller Method and 

proposed drilling fluid (500 psi above hydrostatic pressure) were proposed for the future drilling 

operations to balance the pore pressure Pp as in the equation below:   

                     Pp = 0.052·density·Depth + 500 psi 

Paper 4 

Operations time spent near the pay zone was evaluated for all surface and sub-surface preparations. 

As was proved in previous studies, the BYM can minimize the expenditure by 10% on average of 

all the allocated money for the drilling operation (Eren & Ozbayoglu, 2010). There was a lot of 

time spent near the pay zone to control the well pressure. In general, the time consumed to control 

the formation of fluid pressure will range between a few hours to many days (Adam T. Bourgoyne 

Jr., Martin E Chenevert, 1986; Khodja et al., 2010). When the drilling operations come to be near 

the pay zone, all the attention goes to concentrate on the well pressure and how we can control the 

BHP. Other subjects like operational team wellness, experience and surface facilities are also very 

important. Figure 15 shows a part of the wellhead diagram and surface controlling net equipment 

of Bn-1 to manage the BHP. 
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Figure 15 Bn-1 oil well shutting diagram (Darwesh et al., 2017) 

  

The Kolosh and Aliji formations had abnormal pressure of 12 ppg and there were indicators that 

these formations are tectonically stressed. This is similar to the nearby KC-1 well (Garland et al., 

2010). Due to similarities in folding and faulting the same situation was expected for Bn-1 also 

(Korean National Oil Corporation, KNOC, 2009b). In Bn-1, both pore pressure and hydrostatic 

pressure trend had a small difference to the end of the Cretaceous formation. After penetrating the 

Cretaceous formations the overpressured zone started to appear. Between the Intermediate casings 

setting depth at 1196 m to the setting point of production casing at 1839 m, there were many 

overpressured intervals as shown in Figure 16 of caliper logging recorded data. These results show 

that and there were difficulties in setting the casing pipes to more than 1839 m also. 
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Figure 16 Drilling, logging and casing of the production section sketch where CSG is the casing setting point  

 

Paper 5 

In this paper, optimal WOB, RPM and ROP were calculated through clustering based on the 

lithology and BHA changes. Data averaging, variables calculation and regression methods were 

implemented on each cluster to find the optimum coefficients of the selected model and then the 

optimal ROP was found using the BYM. The empirical BYM was originally introduced and 

implemented for roller cone bits only. Drilling operation in Kurdistan oil blocks was performed 

with the use of different drilling bits types like PDC bits in most cases and other drilling bit types. 

For that reason, the BYM was in need to be adjusted before being used to calculate the optimum 

controllable drilling parameters. According to the BYM there are eight parameters on the 

penetration rate. For that these parameters need to be adjusted for other bit-type due to the big 

difference in cutting mechanism for different drilling bite types.  

In this study, the BYM was adjusted to suit both Roller Bit (RB) and PDC bits for the same well. 

A new model was established to find optimum RPM. A clear dependence was found between the 

formation lithology and the controllable parameters in each cluster. The results were within 

acceptable limits between the maximum and minimum real field recorded values of controllable 

drilling parameters. Figure 10 shows the main methodology steps in calculating optimal WOB, 

RPM and ROP. Figure 17 shows all the penetrated lithology in different geological formations 

during the drilling operations for Bn-1 oil well. 
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Figure 17 Stratigraphy and formations penetrated in Bn-1 

 

The BYM was first introduced for roller cone bits as shown in equation 10 (Eren & Ozbayoglu, 

2010). For that the model was in need to be adjusted for fixed cutter bits like PDC bits.  

Fixed cutter bits do not have any moving or rotating parts as in roller cone bits. These bits consist 

of many fixed blades that rotate as one unit as an integral part of the drilling bits (Belozerov, 2015). 

In paper number 5, the model was adjusted to the weight and drill string rotation to suit PDC bits. 

This type of drilling bits constitutes the main components in directional and steerable drilling 
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systems. Conventional steerable systems comprise a rotating motor with some degree of stabilization 

and a bend near the bit. The bend provides a tilt and bit offset, which defines the design geometry 

of the motor system and the resulting Build Up Rate (BUR). The system is considered steerable if 

the motor can be used in both the slide and rotate modes. In the sliding mode, the bit is turned by 

the motor alone. Since there is no drill string rotation, the tool face, defined by the orientation of 

the bend, should ideally be held constant allowing a deviated path to be drilled in the desired 

direction. In the rotate mode, however, the entire drill string is rotated which allows a relatively 

straight path to be drilled. As inclination and horizontal departure increase, the frictional drag on 

the drill string becomes larger. Eventually, the transfer of weight to the bit face becomes inefficient, 

especially in the sliding mode. Sliding is more difficult than rotating because the magnitudes and 

directions of the dynamic and static friction forces are different for the two operations. At typical 

penetration rates the majority of the motion in the rotate mode is tangential. Since there is no 

rotation in the sliding mode, all frictional forces oppose the axial progression of the drill string. This 

typically leads to the inconsistent transmission of weight to the bit due to axial “stick-slip” during 

which thousands of pounds of weight are suddenly applied to the bit. Depending on the 

aggressiveness of the bit, sudden increases in bit load can result in significant increases in bit torque 

and large changes in WOB produce only slight increases in torque for roller cone bits. For PDC bits 

the same variation in WOB can be more than double the torque (Adam T. Bourgoyne Jr., Martin 

E Chenevert, 1986). This makes tool face control extremely difficult and causes motor stalling. 

The whole penetrated depth was partitioned into 20 clusters and only the first 467m of the well was 

drilled with the roller cone bits. The rest was drilled with PDC bits. The threshold weight was 

determined through plotting relationship between WOB with the depth in each cluster. The 

minimum value of WOB in each cluster interval was considered as a threshold. Drilling Formula 

(DF) was used to calculate each of ECD, annular pressure and pore pressure. Microsoft Excel was 

used to calculate variables (x1 to x8) as shown in Appendix B, in paper 5. The regression was used 

to estimate coefficients a1 to a8 for each cluster. The optimum values of both WOB and RPM will 

lie somewhere between the minimum and the maximum recorded value (Bourgoyne Jr & Young 

Jr, 1974; Eren & Ozbayoglu, 2010). Based on that assumption the optimum values have been 

calculated.  
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The main objectives in paper number 5 were to find optimal values for parameters of WOB, RPM, 

and ROP for future drilling operations. The second objective was to adjust the BYM to be 

applicable for all drilling bit types. In all 23 oil wells in the three oil blocks the PDC bits were the 

dominant bit type used in drilling operations. The third objective was to introduce more applicable 

and a more simple equation to find the optimum string rotation RPM. All of these objectives were 

achieved successfully. The effects of all eight constant coefficients a1 to a8 are shown in Figure 18.   

 

 

 

 
Figure 18 Range values of coefficients a1 to a8 (Figure 10, paper 5) 
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The stability of the optimum ROP (red line) and the recorded ROP (black line) are shown in 

Figure 19. The relationship between log10 (ROP) and the depth shows and proves that the drilling 

was optimized to more economical operation. 

 
Figure 19 Modeled and original recorded ROP for Bn-1 

  

Finally, operation optimization is a continuous process, and it is strongly related to the number of 

drilled oil wells in a specific oil block. WOB, RPM and ROP parameters were optimized for both 

roller cone and PDC bits. Introducing the new model to calculate drill string rotation RPM has 

been conducted. Homogeneity assumption and the effect of noisy data were eliminated through an 

averaging and clustering technique for the field data that always contain noise.  

11.0 CONCLUSION 

 Pila Spi formation is not a pure homogenous formation for all of its thickness from 9 m to 

138 m 

 Bn-1 can be considered as a key well in the Bazian block and similar areas. 
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 Kolosh, Aliji and Tanjero formations in the intermediate section of Bn-1 were the most 

problematic formations due to the high percentage of claystone and shale content.  

 NPT was increased due to a lot of time consumed in wiper trips operations and increased 

the risk of hole problems like shale swelling, packing off and bridging. 

 Different pressure regimes penetrated before entering the second target (Qamchuqa 

formation). 

 A 12 ppg polymer water base mud was the best alternative to control LOC and well kick in 

the Shiranish formation. 

 Driller technique plus 500 psi to the hydrostatic pressure can be used above the target or 

after drilling the 50 m of Tanjero formation to control the kicks. 

 Eight more effective parameters on the drilling operations have been studied with the BYM 

for roller cone bits and the same model was successfully adjusted to suit the PDC also. 

 A new method was introduced to determine the threshold weight by plotting the 

relationship of WOB with the depth for each cluster. 

 A new model was conducted to calculate optimal drill string rotation as a function of only 

two variables, torque and bit diameter.  

 More optimized values of WOB, N, ROP were predicted for the future operation in the 

Bazian oil block. 

 Operation optimization is a continuous process, and it is strongly related to the number of 

drilled wells in a specific oil block. 

 The alternative drilling program can be proposed based on geological similarities of the 

drilled formations and drilling parameter similarities. 
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Abstract 
The first exploration oil well in any oil block consumes in general more time and cost than the 
other wells in the same block. Evaluating the drilled wells serves to improve the future operations. 
This paper evaluates the drilled surface section through real field data for the first exploration oil 
well drilled in one of the oil blocks, in Kurdistan north of Iraq. The surface section of the well was 
drilled with the conventional method to penetrate many different geological formations with tight 
intervals. Drilling efficiency and the difficulties encountered are discussed and explained using 
various data sources. All daily drilling reports concerning a specific interval were studied. This in-
cludes weight on bit, string rotation, mud pump flow and penetration rate. Evaluation was carried 
out by analyzing the used controllable drilling parameters with the formations features. Penetra-
tion of the Pila Spi formation (Middle Eocene) was the most difficult formation in the drilled sec-
tion. Microsoft Office 365 Pro Plus used in making graphs and Excel tables. Evaluations showed 
that the conventional technology used left many negative effects, like increase in None Productive 
Time NPT, cost and ground water pollution. Simultaneous Casing Drilling method proposed as an 
alternative method for the future campaign. 

 
Keywords 
Oil Exploration, Drilling, Casing, Torque, Penetration Rate, Formation, Spud 

 
 

1. Introduction 
The factors which affect the rate of penetrations are exceedingly numerous and certainly are not completely un-
derstood [1]. For that we see nowadays both evaluations and optimization of drilling process are in dynamic 
change based on new findings. Different methods from different disciplines are being used in drilling activities 
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in order to obtain a safe, environmental friendly and cost effective well construction [2]. Evaluating those me-
thods in any oil block is the key of success for future operations. This will start with collecting data, before, 
during and after the drilling campaign for each individual drilled well till we reach the decision to start the pro-
duction. Based on the continuous flow of drilling data, our drilling program also has to be updated inside the 
main frame of the campaign program. This continuous updating will have to decrease with the increase of the 
numbers of drilled wells, leading to a linear increase in drilling rate and more optimized drilling parameters. 
Rate of penetration (ROP), weight on bit (WOB) and drill string rotation speed in round per minute (RPM) are 
the most controllable parameters in this evaluation [3]. (ROP) as one of the major key parameters that we can 
controls the time to reach the pay zone. Hence optimization of rate of penetration will greatly reduce drilling 
operations costs as the time to reach target depth will be reduced [4].  

Finding the relation between the mentioned three parameters will serve future operations. Rate of penetration 
represents the amount of formation that has been drilled in time unit, and has a strong relation with both WOB 
and RPM. WOB is the weight of that part of the Bottom Hole Assembly (BHA) that is located exactly below the 
neutral the point in the drill string.  

The main components of BHA are drill collars (DC) and stabilizers. Drill collars are used to provide weight 
for use at the bit and at the same time keep the drill pipe in tension [3]. In order to prevent the well trajectory of 
the drilling path and drilling string from buckling, the neutral point has to be somewhere within the BHA com-
ponents during the drilling operation all the time. Based on the location of neutral point, we have to deal with 
both WOB and RPM in an acceptable range considering all the technical and operational limitation. Some of 
these limitations are related to the drill string components manufactures and some others to the drilling rig itself 
and the environment of operation. Here we can mention some of the main factors like the used drill bit, forma-
tion drilled, drilling fluid properties, and depth of the well, bit teeth wear and bit hydraulics [5].  

The main goal of this study is to evaluate the relation between most effective parameters in drilling the Bn-1 
exploration oil well in the Bazian Block. This exploration oil well was drilled in the Bazian area of Kurdistan, 
north of Iraq. The well pad is located at 1082 m above sea level on the edge of the Bazian mountain ridge. A 4.9 
km long graded road connects the well site location to the Aghjalar-Takiya main road.  

The block covers a wide area in between main three big cities Sulaimani, Kirkuk and Hawler Figure 1. This 
oil block is one of the 30 oil blocks that have been awarded to international oil companies in November 2008, it 
was the first exploration oil well in this block and the drilling was spudded on October 1st 2009. The block con-
tains one big sub district (Aghjalar) and about 20 villages. The total population inside the boundary of the block 
reaches to more than 12,000 persons. The people in this block are 90% depending on winter rain and ground 
water for their agriculture watering and consumption.  

Investigation and geophysical survey in the block begin on Dec, 2008 and finished seven months later. Drilling 
was started on the top of Bazian anticline structure, located at latitude 35˚42'39.35"N and longitude 44˚54'33.08"E.  

Two joints of conductor pipes of 30 inches’ diameter have been lowered for the first 12m before spud date.  
 

 
Figure 1. Location of Bn-1 [6]. 
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The first BHA consisted of a 26 inches’ roller cone bit, and total length of 108.53 m of Drill collar, Stabilizers 
and some accessories as given in Table 1. 

The below mentioned BHA was used to drill the first section (surface section) to depth of 480 m using water 
based mud with different additives to improve mud reology. Figure 2 shows a part of the circulating system and 
additives on site. The surface section of the well was cased with 20 inch, grade K-55 casing to a depth of 467 m. 
Based on the offset data of nearby oil fields, like 23 oil wells in TaqTaqon the west of the block and 5 oil wells 
in Meran oil fields to the east of the block, the lithological components of the surface section was about clear. 
But the exact depth to top of each formation was not known. Because of that there was a preparation for the sur-
face section to reach 700 m approximately, penetrating different types of geological formation.  

2. Methodology 
The evaluation of penetrating Pila Spi formation (M. Eocene) in this paper was performed as in below points  

 
Table 1. BHA#1 components [7]-[9]. 

Item Qty OD (") ID (") Length (m) 

26" 1 26  0.55 

NBS/F 1 9.5 3 2.3 

Shock Sub 1 9.5 3 4.07 

26" Str Stab 1 26 3 2.25 

NMDC 1 9.5 3.25 9.45 

26" Str Stab 1 26 3 3.13 

NMDC 1 9.5 3 9.45 

9" DC 1 9 2.83 8.68 

9" DC 1 9 2.83 8.78 
9" DC 1 9 2.83 8.88 
9" DC 1 9 2.83 8.85 

XO 1 9.5 2 7/8 1.09 
8" DC 1 8 2.88 8.87 

8" Drilling Jar 1 8  5.78 
8" DC 1 8 2.88 8.81 
8" DC 1 8 2.88 8.83 
8" DC 1 8 2.88 8.81 

Total BHA Length    108.53 m 
 

 
Figure 2. Circulating system and some drilling mud additives on site.  
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and methodology flowchart in Figure 3:  
1) Collecting daily drilling reports for the used drilling parameters like (WOB, RPM and ROP) and geological 

information related to real thickness of the formation or top to each formation. 
2) Correlating Pila Spi formation thickness info data of three previous oil wells drilled in TaqTaq oil field and 

Pila Spi outcrops on the surface (near the top of Haibat Sultan Mountain to North West of Bazian block) 
with what have been drilled in Bn-1, Bazian Block.  

3) Studying the lithology of Pila Spi formation and its relation with drilling parameters based on the most mod-
ern geological study, especially thickness, hardness variations, porosity and compatibility with depth. 

4) Study of the main drilling parameters like weight on bit, rotary speed and drilling torque during the penetra-
tion Pila Spi formation in Bn-1. 

5) Using MS-office and SOM software programs in finding relations between the main drilling controllable 
parameters and drawing. 

6) Study and evaluating ROP based on Productive and none-productive time analysis. 
7) Proposing more productive drilling method. 
8) Studying the reason of water pollution around Bn-1. 

3. Campaign Discussion 
3.1. Drilling Operation 
Pila Spi was the first formation of the surface section started after drilling 10 m of recent deposit. The actual 
depth to the top of Pila Spi formation was not determined exactly. Drilling continued to penetrate all the surface  

 

 
Figure 3. Methodology flowchart. 
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section formations. Actual thicknesses with top of the formations of surface section based on real drilling data 
and Mud Logging Unit (MLU) and drill cutting are determined and listed in Table 2. 

From Table 2 we can observe that there are five different formations with different physical and geological 
properties from the surface to 440 m depth, for that we can say we have tight thickness geological formations. 
The real thickness of Pila Spi formation based on drilling reports in this location was 137.5 m, Measured Depth 
from Rotary Table (MDRT) and the rest 303 m comprises the other four formations thicknesses. From the be-
ginning till finishing the drilling of the surface section, there was a lot of drilling problem. The main drilling 
problems were Loss of Circulation (LOC), packing and bridging, difficult because of big differences in physical 
and chemical properties of these formations. Table 3 contains the most important information related to the used 
drilling mud used with 26-inch bit in the first day of the drilling operation. 

3.2. Geological Information 
Pila Spi formation (M. Eocene), in its type section consists of two parts: The upper part of Pila Spi formation is 
composed of well-bedded, bituminous, chalky, and crystalline dolostone, with bands of white chalky marl with 
cherty nodules, especially towards the top. In the supplementary type section, dolomitic and chalky dolostone, 
with few dolomitized bands, chert intercalations, with traces of sub-ooliths and rare concentrations of gastropod 
debris, form the bulk of the formation [10]. The lower part shows well beddedhard, whitish, porous with vi-
treous, bituminous, or white, poorly fossiliferous dolomatic limestone with algal or shell section [11]. The lower 
part of the Pila Spi Formation is characterized by fractured red and brecciated dolomitic limestone, with dissolu-
tion cavities. The formation is underlain by the reddish claystones of the Gercus Formation (Lower. Eocene), 
and overlain by the brecciated unit of the unconformity zone, which separates the Pila Spi Formation from the 
clastic – carbonate strata of the Fatha (Lower Fars) Formation (M. Eocene). The sub-surface lithological cha-
racteristics and thickness of the Pila Spi formation in the area of Bazian block can be predicted through the cor-
relation with TaqTaq oil wells and Pila Spi formation out crop on the Haibat Sultan Mountain. Figure 4 shows 
correlations of TaqTaq oil wells TT (2, 3, 4 and 5) with its out crop on the surface on Haibat Sultan Mountain. 
Formation thicknesses of the surface section after drilling are showed in Table 2. Through correlating all these 
data; the real data from the drilling campaign of Bn-1 we can predict the thickness of Pila Spi in all area locate 
between the three angles bigger area. The angle of that area is Bazian Block through Bn-1 oil well, Haibat Sul-
tan mountain through its out crops and TaqTaq oil field through 23 oil wells.  

Pila Spi formation can be recognized as a white milky chalky limestone or dolomitic limestone and very low 
or no primary porosity. Generally, the thickness of Pila Spi formation ranges between (40 - 150) m depending 
on the amount of the layer’s dip. Statigraphicaly the Pila Spi formation located between Gercus formation and 
Lower Fars formation as can be seen in its out crop on Haibat Sultan Mountain Figure 4 and Figure 5.  

 
Table 2. Surface section formations of Bn-1. 

Formation Prognosed Depth  
(m MDRT) 

Actual Depth  
(m MDRT) 

Prognosed Depth  
(m TVD) 

Actual Depth  
(m TVD) 

TVD ± to Prognosis  
(m) Basis for Pick 

Pila Spi 9.15 … 9.15 … … … 

Gercus 117.05 137.5 117.05 137.5 +20.45 Wireline 

Khurmala 224.95 246 224.95 246 +21.05 Wireline 

Sinjar 322.05 330 322.05 330 +7.95 Wireline 

Kolosh 429.95 440 429.95 440 +10.05 Wireline/ROP 

 
Table 3. Mud information for drilling surface section ([7]-[9]). 

Time: 14:00 PV (cP): 5 Filter Cake (mm): 1 PH: 10.00 

Location: Active YP: 27 Sand (%): 0.1 Pm (ml): 1.20 

Wt. In (ppg): 8.5 Gels 600/300: 37/32 C. Solid (%): 4 Pf (ml): 0.30 

Wt. Out (ppg): 8.5 Gels 200/100: 27/24 LGS (% by vol): 4 Mf (ml): 0.70 
Temp. In (F): Gels 6/3: 7/5 Wtr. (% by vol): 96 Chloride (mg/l): 200 

Temp. Out (F): API FI (ml/30m): 6.0 MBT (ppb eq): 16 Total Hard (mg/l): 60 
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Figure 4. Lithological correlation of the Pila Spi Formation thickness across the Taq Taq oil wells and its surface out crop on 
Haibat Sultan Mountain ([11]). 

 

 
Figure 5. Scarp slop showing lithology and sequence stratigraphy of Haibat Sultan Mountain ([5]). 
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3.3. Drilling Parameters 
The time spent for drilling the surface section includes the summation of drilling, casing and cementing time up 
to the date of starting the drilling of the next section. The successful operation means completing those men-
tioned activities in planned time. Completing the operation on time can serve the environment also, beside of 
reducing the cost economically. Evaluating the drilling operation through the use of field data can serve to im-
prove future operations in the same area or operations in similar geological conditions in any other place. Ana-
lyzing porosity and permeability of the formations that is penetrated is also crucial in minimizing the negative 
effect of uncontrollable drilling mud or cement to pollute ground water aquifers. Minimizing Non Productive 
Time (NPT), for the drill string and decreasing waiting time is very important. In the drilling business, all none 
rotating bit time is considered as none productive time. NPT will increase with any none drilling operation like 
reaming, pulling out of the hole, logging, or any other none drilling work. On the surface, there will be also 
some expected and unexpected operations that can increase NPT like any accident and maintenance after the 
spud date. 

In case of Bn-1 drilling operation, partial mud loss began one day after the spud and increased to total loss 
during the third day. Figure 6 shows the lithology description from the cutting obtained in the returned mud for 
the times when circulation was on. The rocks were dolomitic limestone from 10 m to 30 m depth. Due to the to-
tal loss other intervals were not described through the sampling process. Blind drilling continued until the end of 
the surface section at depth of 480 m (Figure 6). 

NPT as one of the important data have been recorded in Table 4. NPT in the second day of the drilling opera-
tion based on daily drilling report as an example was 7.75 hours. Based on the same analyzing principle all daily 
drilling reports were analyzed in Table 5. The total bit rotating hours for 19 daily drilling reports for the surface 
section was 147 hours which represent total productive time, while the total NPT was 309 hours. The first day 
NPT was 15.5 hours with productive time of 8.5 hours, and so on for the rest of the days mentioned in Table 5. 

The relationship between Weight of Bit (WOB), Rotary Speed (RPM), Torque and Rate of Penetration (ROP) 
with the True Vertical Depth (TVD) is illustrated in Figure 6 and Figure 7. From Figure 7 we can observe that 
the maximum value for torque was recorded during penetration of the last part of Pila Spi formation near the 
top. Generally, the drilling will be hard and need more torque in limestone fractured intervals, while the mini-
mum string rotation was recorded when the torque was at maximum value during Pila Spi formation penetration. 
There is a clear resistance or torque increase for drilling operation with fluctuate rate of WOB by the driller as 
the normal response during the increase of torque Figure 7. The rate of penetration was not affected during the 
variation of torque and RPM parameters. The maximum torque value was recorded during the penetrating of Pi-
la Spi formation. After penetrating the Pila Spi formation the drilling parameters returned back to an almost 
constant range. Total loss of mud circulation was from the third day of the drilling process and the NPT was in-
creasing (Table 4) due to increase of hole problems. Most of increased NPT was from reaming and back ream-
ing as was mentioned in the daily drilling reports. The overall NPT was 1.554 times the PT for this section. The 
total NPT for drilling 480 m and PT was 309 hours in 19 days. The drilling productivity was low and the cumu-
lative cost was increasing rapidly. Improving efficiency can be achieved through the effective management of 
effort to improve productivity. The old adage “time is money” applies here with results showing up as lower 
drilling costs per foot and cost per well. Drillers and producers rely on five basic strategies to increase produc-
tivity and lower the costs: 1) Minimizing NPT, 2) Working Faster, 3) Working Smarter, 4) Making Better Deci-
sions, and 5) Tailoring Rig Design for the specific Purpose [12]. 

The above discussion can be pointed as below:  
1) Due to the fact that Pila Spi formation is composed of highly fractured rocks, most of the ground water in the 

area around Bn-1 location is polluted with drilling mud with harmful additives. From Figure 6 we can 
clearly see that the drilling resistance (Torque) increased within Pila Spi formation from 0 - 100 m and the 
total loss of drilling mud beyond that depth. 

2) During the drilling operation time of 147 hours, at least there were 63,000 bbl of circulated mud (Q = 300 
GPM) lost in Pila Spi formation and caused the ground water pollution in the area. Change of the color of 
the water from water springs around Bn-1 oil well after the mud loss was directly evident. 

3) All changes mentioned in the above points concerning water wells and springs took place on the west side of 
the Bn-1, as the structure dip was in that direction. The situation returned back to what it was before after fi-
nishing the cementing operation for the drilled section. 
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4) The drilling efficiency for surface section was very low based on NPT analyses, which was 1.554 times 
more than PT, and raised the cost to be more than expected.  

5) Stable drilling parameters, with no string vibration record indicated that the neutral point of the drill string 
was all the time inside BHA (BHA weight was 19.5 tons) components. 

 

 

 
Figure 6. Mud log data for the surface section ([7]-[9]). 
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6) Decrease of RPM to 70 rpm, with unstable high torque (90 kNm) during penetrating of the Pila Spi forma-
tion, with no increase in WOB indicates that the interval was highly fractured and brittle.  

7) Constant WOB with high increase in torque indicate that the parameters were not well optimized to give 
maximum efficiency in drilling production. 

8) Based on point 6 above there is a probability of shifted neutral point to somewhere above the BHA and this 
could lead to buckling or increase of inclination of the well.  

4. Conclusions 
The drilling operation indicates that Pila Spi formation is not a homogenous formation for all its thickness of 
137.5 m in Bn-1. The upper part of the formation is more bedded and has less secondary porosity compared with 
the lower part which has more fractures and cavities. For that we observe the increase of mud loss with the depth 
that leads also to ground water pollution. Ground water pollution probability is high and will follow the dip of  

 
Table 4. Second day drilling activities. 

No. 24 hours Activities NPT  
Hours 

Cumulative  
NPT 

1 0 - 3:30 POOH and make BHA #2 also 26" 3.5 3.5 

2 3:30 - 4:30 Ream the well from 21 m to 21 m 1.0 4.5 

3 4:30 - 13:30 Drill to 26 m 0 4.5 

4 13:30 - 14:15 %100 loss , spot 50 bbl LCM, circulation back 0.75 5.25 

5 14:15 - 16:00 Drill to 28 m 0 5.25 

6 16:00 - 18:00 Again %100 loss, spot 100 bbl, loss continued 1 6.25 

7 18:00 - 19:30 Make up string stabilizer and 1 × 9"DC, filling section tank with fresh water 1.5 7.75 

8 19:30 - 00:00 Drill to 42 m with total loss, swept hole with 50 bbls LCM. (Drilling w/300gpm - total 
losses of 750 bbls mud. Had returns up to 85% off and on during drilling 0 7.75 

 
Table 5. Time analyzing for Pila Spi Pentration. 

No. Day PT (h) Cumulative PT (h) NPT (h) Cumulative NPT (h) Depth (m) 

1 01-Oct-09 8.5 8.5 15.5 15.5 23.1 

2 02-Oct-09 16.25 24.75 7.75 23.25 42 

3 03-Oct-09 18.75 43.5 5.25 28.5 105 

4 04-Oct-09 6.5 50 17.5 46 126 

5 05-Oct-09 21.5 71.5 2.5 48.5 206 

6 06-Oct-09 21 92.5 3 51.5 281 

7 07-Oct-09 20.75 113.25 3.25 54.75 356 

8 08-Oct-09 14.75 128 9.25 64 407 

9 09-Oct-09 14.5 142.5 9.5 73.5 469 

10 10-Oct-09 3.5 146 20.5 94 480 

11 11-Oct-09 0 146 24 118 480 

12 12-Oct-09 0 146 24 142 480 

13 13-Oct-09 0 146 24 166 480 

14 14-Oct-09 0 146 24 190 480 

15 15-Oct-09 0 146 24 214 480 

16 16-Oct-09 0 146 24 238 480 

17 17-Oct-09 0 146 24 262 480 

18 18-Oct-09 0 146 24 286 480 

19 19-Oct-09 1 147 23 309 480 
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Figure 7. Drilling parameter changes with depth, (a) without smoothing and (b) with smoothing to one order. 

 
beds in the area. 

Drilling problems probability is higher in the lower part of Pila Spi formation compared to the upper part be-
cause of brittle features in the lower part. Optimizing drilling parameters like WOB, RPM and Mud pump flow 
rate Q can be set for both parts of the formation (Upper and Lower) as two different sets of parameters. 

To reduce NPT in the overall operation, casing while drilling can be considered as an alternative option to 
conventional drilling. With this technique there will be no need to wiper trips, reaming and bit changing also. 
This will help to save more than 200 hours (NPT) from 309 hours spending on wiper trips, reaming and bit 
changing, so with the new drilling technology we can enhance the efficiency and decrease the cost up to 40%. 
Using CWD with fresh water can be considered for future operation and it can serve the area environmentally 
and decrease pollution. 

References 
[1] Gatlin, C. (1960) Drilling and Well Completions. Department of Petroleum Engineering, University of Texas, Texas. 
[2] Eren, T. (2010) Real-Time-Optimization of Drilling Parameters during Drilling Operations. 
[3] Rabia, H. (2002) Well Engineering & Construction. Entrac Consulting Limited, London. 
[4] Alum, M.A. and Egbon, F. (2011) Semi-Analytical Models on the Effect of Drilling Fluid Properties on Rate of Pene-

tration (ROP). Nigeria Annual International Conference and Exhibition, 30 July-3 August 2011, Abuja.  
http://dx.doi.org/10.2118/150806-MS 

[5] Bourgoyne Jr., A.T., Chenevert, M.E., Milheim, K.K. and Young Jr., F.S. (1986) Applied Drilling Engineering. Socie-
ty of Petroleum Engineers, Richardson, TX. 

[6] ShaMaran (2012) Total to Acquire ShaMaran Taza Oil Field in Kurdistan. 
http://www.2b1stconsulting.com/total-in-the-race-to-kurdistan-with-exxonmobil-and-chevron/ 

[7] Korea National Oil Corporation, KNOC (2009) MLU Data (No. MLOG 0-627). KNOC, Kurdistan.  
[8] Korea National Oil Corporation, KNOC (2009) Daily Drilling Reports (Drilling Report No. 3). KNOC, Kurdistan.  
[9] Korean National Oil Corporation, KNOC (2009) Daily Geological Report (Geological on Site Report No. 21). KNOC, 

Kurdistan. 
[10] Jassim, S.Z. and Goff, J. (2006) Geology of Iraq. Printed in the Czech Republic: Dolin, Hlavin 2732, Prague and Mo-

ravian Museum Zelny trh 6, Brno, Czech Republic, 2006. 
[11] Othman, D.H. and Al-Qayim, B.A. (2010) Lithofacies Association, Dolomitization, and Potentiality of the Pila Spi 

Formation, Taq Taq Oil Field, Kurdistan Region, Ne Iraq. Iraqi Bulletin of Geology and Mining, 6, 95-114.  
[12] Cochener, J. (2010) Quantifying Drilling Efficiency. Office of Integrated Analysis and Forecasting US Energy. 



 

 

 
Submit or recommend next manuscript to SCIRP and we will provide best service for you: 
Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc. 
A wide selection of journals (inclusive of 9 subjects, more than 200 journals) 
Providing 24-hour high-quality service 
User-friendly online submission system 
Fair and swift peer-review system 
Efficient typesetting and proofreading procedure 
Display of the result of downloads and visits, as well as the number of cited articles 
Maximum dissemination of your research work 

Submit your manuscript at: http://papersubmission.scirp.org/  





 

 

 

 

 

 

Paper 2 

 

 

 

 

 

 

 

Kicks Controlling Techniques Efficiency in Term 

of Time 

 





Engineering, 2017, 9, 482-492 
http://www.scirp.org/journal/eng 

ISSN Online: 1947-394X 
ISSN Print: 1947-3931 

DOI: 10.4236/eng.2017.95028  May 27, 2017 

 
 
 

Kicks Controlling Techniques Efficiency in 
Term of Time 

Ali K. Darwesh, Thorkild Maack Rasmussen, Nadhir Al-Ansari 

Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, Luleå, Sweden 

  
 
 

Abstract 
Kicks are the result of under balance drilling operation. Time consumed to 
control the kicks will be different in depending on the controlling technique. 
Drilling fluid considered as a first barrier to control formation pressure and 
well kicks. Any advance in drilling fluids leads to more controlled operation in 
term of time. This paper will follow the general increasing profile of pressure 
before entering the reservoir. Both methods of well controlling technique; 
circulating techniques and non-circulating have been implemented in many 
oil blocks. The process of designing and casing selection, setting depth and 
many other issues is predominately dependent on the utilization of accurate 
values of formation pressure. Formation pressures used to design safe mud 
weights to overcome fracturing the formation and prevent well kicks. Hence 
the emphasis has been placed on the practical utilization of kicks pressure 
near the reservoir. The presented relationships will help the engineer to better 
understand lithological columns and reduce potential hole problems during 
the kick appearance. Selecting the best well controlling practical method can 
lead to not harming the reservoir and more production later. Changes in some 
drilling fluid properties have been proposed with increasing the depth without 
damaging the reservoir. Suggestions in relation to the casing setting point of 
the intermediate section are also proposed. Standard equations with proper 
modification for gases and safety margin have been proposed for the future 
drilling operation in oil fields above the reservoir. 
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1. Introduction 

A simple definition of the kicks is unscheduled entry of formation fluid(s) into 
the wellbore [1]. This will happen because the pressure inside the wellbore is 
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lower than the formation pore pressure (in a permeable formation). Kicks can 
lead to what called blow out of the well if not controlled in time manner opera-
tion [2]. Over all kicks can happen when there will be disturbs to the pressure 
balance between the hydrostatic pressure of our drilling mud and the formation 
pressure. A kick or blowout may result from one of the following [3]:  

1) Mud weight less than formation pore pressure 
2) Failure to keep the hole full while tripping 
3) Swabbing while tripping 
4) Lost circulation 
5) Mud cut by gas, water or oil 
The ability of the industry to predict formation pressures has improved in re-

cent years and is sophisticated [4]. While in some cases, the mud weight re-
quirements are not known for some intervals to control kicks. Kurdistan was a 
closed area for oil investments in past before 1991. After 2003 many exploration 
oil wells have been drilled in more than 52 oil blocks that have been awarded to 
oil operators [5]. There were and still a use of very high and latest techniques to 
predict pore pressure while drilling, but still controlling the BHP and well kicks 
an important subject with challenge. Well control circulating techniques were 
the first and most proper responses to changes in formation pressures. Circulat-
ing well control techniques include driller’s method, wait and weight, concurrent 
and reverse circulation. 

Advances in well controlling systems came to appear in term of non-circu- 
lating well control techniques like volumetric method (Lubricate and Bleed) and 
Bullheading methods [3]. Well control methods aim to safely control the change 
in BHP and eliminating all their negative effects on the drilling operation. Cir-
culating and none circulating well control methods are often referred to as “con-
stant bottom hole” methods as they keep Bottom Hole Pressure (BHP) equal or 
little higher than Formation Pressure (FP) preventing additional influx of fluids 
that leads to kicks. 

All methods in circulating technique use the same procedures and only differ 
when and if a kill weight fluid will be circulated [6]. In general, most of the wells 
cannot be killed by one circulation due to inefficient fluid displacement in the 
annulus, for that the operation timing is almost important. 

BHP and surface pressures may be a combination of several types of pressure 
like Formation Pressure (FP), Hydrostatic Pressure (HP), circulating friction 
pressure and choke pressure [7]. Since FP, HP and circulating friction are fairly 
constant during the initial stages of well control; the only way to change pressure 
is by choke manipulation. Decreasing the pressures will be by opening the choke 
orifice size slightly and closing the choke orifice size to increase pressures. 
Choke adjustments must be made to maintain proper circulating pressure. The 
choke adjustments depend on the frictional properties of different fluids that are 
circulating especially the viscosity and the density [3]. If these parameters are 
changed, a drastic change in choke pressure can occur. Such is the case when gas 
begins to exit across the choke. 



A. K. Darwesh et al. 
 

484 

A “rule of thumb” of two seconds per 1000 feet of well length is typically re-
quired to transit a pressure pulse in a drilling fluid as a lag time. So, lag time will 
increase with the depth. This point is very important if additional adjustments 
are made on the choke. Accurate and proper documentation is a very important 
aspect during the well control [8]. Recorded data will prevent any confusion 
about the pressures changes than to rely on memory. Offset data and newly 
records can be much valuable with the increase of the number of the drilled 
wells in the same block or nearby. 

2. Well Control Techniques 

In general they are two groups, circulating and none circulating techniques. 
Figure 1 shows the most popular kick control methods. During the kick ap-
pearances, the first step will be shutting the well in and start inspect if there are 
any leaks in BOP/manifolds, etc. Second step will be recording the Static Initial 
Drill Pipe Pressure (SIDPP), Static Initial casing Pipe Pressure (SICP) until 
pressures stabilize and record pit gain. The third step obviously depends on the 
killing method that the decision has been made on. Then circulation will start 
with holding choke (casing) pressure at its SICP value and SLOWLY bring 
pump up to Kill Rate Speed. Once pump is at kill speed, and casing pressure is at 
its SICP value, we have to record the circulating (pump) pressure. This pressure 
is called the Initial Circulating Pressure, ICP and must be held until the kill fluid 
will be pumped. 
• ICP = SIDPP + KRP 

ICP = initial circulating pressure (psi) 
SIDPP = Static Initial Drill Pipe Pressure (psi) 
KRP = Killing Rate Pressure (psi) 
This ICP will be the needed pressure to circulate a well at a given rate and 

prevent the well from flowing or kicking [7]. In case of this value does not agree 
with calculated values a quick decision must be made on the shutting pressure if 
it is correct or not or could be inaccurate due to gas migration. Gauges and 
pump efficiency also must be inspected weather they are working correctly or 
not or sometimes our calculations are not right. Try again if there were any 
shortages starting with shutting in the well. 
 

 
Figure 1. Well control techniques [9]. 
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3. Used Techniques 

Three well control techniques have been used during the operation of the case 
study, which they were:  

1) Driller’s Method 
When there will be an indication of the kicks the driller starts to use this me-

thod as a first response. It is easy to implement and can be used to control wells 
with high migration rates that may result in shut-in well problems [9]. This me-
thod is also useful when there will some limitation on site to our operation like 
no enough weighting material, personnel and/or equipment. 

2) Wait and Weight (Engineer) Method 
This method kills the kick faster and keeps wellbore and surface pressures 

lower than any other method [3]. This method gives better results compared 
with the driller method with needs of good mixing facilities and drilling crews. 
Calculation of the killing fluid density will be the first work then circulating that 
killing mud. For that this method called Wait and Weight or Engineer method. 

3) Volumetric Method of Well Control 
It is the way of allowing controlled expansion of gas during migration. It rep-

laces volume with pressure (or vice versa) to maintain BHP is equal to, or a little 
higher than FP. This method will be used to control the well until a circulating 
method can be implemented. Volumetric methods can be used in situations like 
plugged string, string is out of the hole, or pumps are not working and many 
other situations [7]. One of the basic scientific principles must be understood 
before using the volumetric method is Boyle’s Law—shows the pressure/volume 
relationship for gas. It states that if gas can expand, pressure within the gas will 
decrease. This is the same concept used by the volumetric method in that it al-
lows gas to expand by bleeding off an estimated fluid volume at surface, which 
results in decreasing of wellbore pressures. 

P1 V1 = P2 V2 Boyle’s Law 

4. Kurdistan Operations 

After 2003 many oil blocks have been awarded to the oil companies to start their 
investments. Up to date than 50 oil blocks have been awarded to oil operators in 
Kurdistan, north of Iraq Figure 2 shows some oil blocks that have been awarded 
[10]. One of these blocks is Bazian block. Bazian (Bn-1) was the first exploration 
oil well that was spudded in 2009 and finished in 2010. 

5. Data Collections 

Bn-1 was the first exploration oil well in Bazian block, in general the area were 
closed and there were no helpful offset data in relate to the FP or FG [12]. Dur-
ing the drilling operation there were a restrict instruction on data collection. A 
lot of data have been recorded, but the most important used data in this paper 
were drilling data, survey data and mud data Figure 3 show an example of some 
data in one figure. Size and length of all the drilled sections are figured in Figure 
4 and Table 1. 
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Figure 2. Oil blocks in Kurdistan region-Iraq [11]. 
 

 
Figure 3. Drilling, survey and mud data [13]. 

 
Beside all the above collected data there were an accurate calculations for pore 

pressure for different penetrated geological formations till the target which was 
in Qamchuqa formation as it is clear in Table 2 below. 

6. Well Control Operation 

Here we study and discuss the drilling operation to control the well kicks in term  
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Figure 4. Drilled sections in Bn-1. 

 
Table 1. Drilled sections data [12]. 

CASING DATA 

LOT: 15.7 ppg @ MD 
1839 m/TVD 1837 m 

Last BOP Test 31.Jan.2010 
Next BOP Test is 
Next Casing Test 

21.Feb.10 

21.Feb.10 

OD (in) ID (in) MD (m) TVD (m) WT (Ib/ft) Grade Burst (Psi) Collapse (Psi) Tensile (kIbs) 

30 27 17.5 17.5 453.15 X52    

20 18.73 467 467 133 K55 3060 1493 2100 

13 3/8 12.415 1196 1196 68 L80 5020 2260 1556 

9 5/8 8.861 1839 1837 47 L80 6870 4760 1086 

 
Table 2. Calculated pore pressure Bn-1. 

Formation Depth (m) TVD RTE Pore Pressure (ppg) EMW Temperature (C) 

Gercus 137.5 - 246 8.3 - 8.6 38 - 40 

Khurmala 246 - 330 8.6 40 - 42 

Sinjar 330 - 440 8.6 42 - 45 

Kolosh 440 - 710 8.6 45 - 51 

Aliji 710 - 1673 8.6 51 - 72 

Upper Shiranish 1673 - 1943 8.6 72 - 78 

Lower Shiranish 1943 - 2279 8.6 78 - 86 

Kometan 2279 - 2376 8.6 86 - 88 

Qamchuqa/Sarmord 2376 - 3635 8.6 - 9.1 88 - 116 

Qamchuqa/Sarmord 3635 - 3803 10.2 - 10.7 116 - 121 

 
of time in Bn-1 as a case study. During the drilling operation, there was a lot of 
time spend to control the BHP. The total of about 5 days with a full operation 
was spent to control the well. Similar scenario or worse happened in many other 
oil blocks in Kurdistan. There was an indication of Loss of Circulation (LOC) in 
the upper part of the production section after 2800 m and then kicks during the 
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sliding drilling from 3630 m down. First pumping of Loss Circulating Materials 
(LCM) was at the upper part of the production section as a reaction of LOC. Af-
ter that was an increase in pit volume up to 10 bbls [13]. The normal standard 
action was shut-in the well and monitoring the pressure started. 

Seven circulation stages with different mud properties and pumping a lot of 
LCM to control LOC the well was not controlled totally. The main changes were 
in the mud density starting from 8.6 ppg and going to reach 12.1 ppg at the se-
venth circulation stage during the implementation of Driller Technique. Engi-
neer and Volumetric Techniques also have been implemented to control the 
well. Figures 5-7 show some stages of circulation to control the well with the 
first kick control technique. 

Figure 5 shows all the seven circulations starting from 8:25 February 12, 2010, 
as we can observe that the pressure are going to fluctuate with a very big differ-
ence in drill pipe pressure and casing pressure. Circulation No. 7 was the last at-
tempt in use of Driller method but still there is no certain confidence that the 
well have been controlled. 

As can be seen there were two problems at the same time loss of circulation 
and kicks. This situation has been shown in the Figure 6 in yellow color we still  
 

 
Figure 5. Summary of seven circulations attempt to control the kicks with Driller method. 
 

 
Figure 6. Circulations No. 3 in attempt to control the kicks with Driller method. 
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there is some loss. 
Directly after the Driller Method, Volumetric Methods were implemented 

starting with increasing the mud density from 9.3 ppg to 12.1 ppg to control the 
well and reach the situation of SIDPP and SICP to be zero psi [12]. Changes in 
the drill pipe pressure and casing pressure during February 15 and 16, 2010 for 
about 30 hours are shown in Figure 8 and Figure 9. 

 

 
Figure 7. Circulations No. 7 in attempt to control the kicks with Driller method. 
 

 
Figure 8. Volumetric attempt to control the kicks. 
 

 
Figure 9. Volumetric attempt to control the kicks. 
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The process of well controlling took 5 days and this was a high cost and in-
creased the Non-Production Time (NPT) also. Table 3 shows the total time 
spent in different well control techniques to control the kicks. 

7. Discussion 

Driller’s Method was first implemented in the case study well. The crew pro-
ceeded immediately to displace the gas influx. The required calculations were 
made on the kill-weight. Circulating the kill mud was not easily displaced and 
the drilling operation was resumed very slowly. One of the most disadvantages 
of the Driller’s Method is that at least two circulations are required to control the 
well. In our case there were seven circulations which took a lot of time. After 
Driller method there were a decision to start implementing the Wait and Weight 
(Engineer Method) which is slightly more complicated but offers some distinct 
advantages. The most main advantages of the Engineer Method are the well will 
be killed in half the time [3]. The use modern mud-mixing facilities permit ba-
rite to be mixed at high rates, to make the time required to weight up the suction 
is minimized and kill rate reached quickly in the term of the time. The primary 
disadvantage in this method is the potential for errors and problems while dis-
placing the kill-weight mud to the bit [9]. In Driller’s Method, the procedure can 
be stopped and started easily. While stopping and starting when using the Wait 
and Weight Method (Engineer Method) is not as easy, especially during the pe-
riod that the kill-weight mud is being displaced to the bit. With taking all con-
siderations, the Wait and Weight Method is the preferred technique compared 
with the driller method. 

Here in Bn-1 different controlling method have been used due to uncertainty 
about which one is the most suitable one. Within upper part of the near the Pay 
Zone Interval there were LOC and within the lower part there were kick prob-
lem. Any improvements on the drilling fluid properties give different results on 
upper and lower part of the section. 

8. Conclusions 

There are many well controlling methods; each has its advantages or disadvan-
tages in a particular location or drilling operation situation. In our case study 
extending the setting point of the production casing pipes to deeper setting point 
between 2300 m to 2500 m in Shiranish formation will isolate the problematic 
interval more and more. Application of the Wait and Weight Method may even  
 
Table 3. Time spend to control the kicks. 

Kick Control Method Date (From) Date (To) Total Hours 

Driller Method 11, Feb. 2010 13, Feb. 2010 51 

Wait and Wait 13, Feb. 2010 15, Feb. 2010 47 

Volumetric 15, Feb. 2010 16, Feb. 2010 31 

   129 hours* 
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give us higher shoe pressures if the drill pipe pressure schedule is not calculated 
and followed properly. 

Drilling near the target zone and the liner section in Shiranish formation with 
new mud system of liner increase of density, viscosity and gel strength makes the 
drilling operation more free problematic operation. Most of the times there will 
be difficulty in following properly some methods like W&W. The Driller’s Me-
thod is not also a preferred method all the times. Drilling the near pay zone in-
terval with increased mud density, viscosity and gel strength without waiting for 
kick indication will result in saving more time and cost. Drilling long intervals 
with different geological properties above the target makes the kick controlling 
more difficult. Any decrease in NPT means more production and optimized op-
eration economically. Any decrease in NPT means more friendly environmental 
operation in the area in term of pollution. 

9. Future Operations 

Avoid using one fluid system in drilling loss interval and pressured interval to-
gether. Using the Driller Method with implementing the equation of hydrostatic 
pressure plus a safety margin of 500 psi will serve the operation of drilling in 
term of time above the target. This means that Pore pressure (Pp) will be:  

Pp 0.052 density Depth 500= ∗ ∗ +  
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Abstract 
Well control techniques are used in oil and gas drilling operations to control 
bottom hole pressure and avoid any fluid influx from formation to the well. 
These techniques are highly important near the pay zone in term of time. 
Controlling formation fluid pressure and thereby the formations behavior in a 
predictable fashion will help toward more optimized environmental friendly 
drilling operation. Time consumed to control the formation fluid pressure will 
range between few hours to many days. This paper discusses hydrostatic 
pressure distribution and changes near the pay zone for one oil blocks in Kur-
distan, in the northern part of Iraq. Obtaining homogeneous increase in some 
drilling fluid properties will help the engineer to better interpret sampling of 
the lithological columns and reduce potential hole problems and operation 
time. 
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1. Introduction 

Implementing well control circulating techniques are the first and most proper 
responses to changes in pressures downhole. Driller method and Wait and wait 
method are the most popular Circulating well control techniques after those 
come concurrent and reverse circulation methods [1]. 

Further advances in well-controlling systems appeared in term of non-circulating 
well control techniques like volumetric method and Bull heading methods. Up 
to date, all the evaluations for the controlling methods are based on faster and 
easier one to have sufficient weight to maintain hydrostatic pressure control by 
keeping bottom hole pressure (BHP) greater than formation pressure (FP); i.e. 
BHP ≥ FP to prevent kicks [2].  

The worst kind of kicks is gas kicks when the gas influx ignored or not de-
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tected on time. Gas will migrate to the borehole and then to the surface to make 
serious problems in most cases. Expanding uncontrolled, displacing fluid from 
the well leads to further reducing Hydrostatic Pressure (HP) and allowing more 
kick fluid to enter the circulating path. Gas kicks will expand quickly giving 
personal little and valuable time to think and react towards controlling the 
problem. Gas behavior and immiscibility depend on the type of fluid in use, 
pressure, temperature, pH, and the amount of time that the gas is exposed to the 
drilling mud. The volume that gas can occupy is related to the pressure in the 
gas (Boyle’s Law). If a gas is NOT allowed to expand, pressure stays constant ex-
cept for changes in temperature. 

There are serious consequences of allowing a well to get out of hand. Loss of 
human life, natural resources spell, environmental pollution and rig equipment 
damage are among the main losses we can face them when the well will be out of 
control, Figure 1 shows one of uncontrolled Bottom Hole Pressure (BHP) situa-
tion [3]. 

Through close monitoring all operational related parameters, we can get indi-
cations of gas kicks. Based on the type of the parameters that have been moni-
tored the next step will be evaluated to overcome the problem in term of time. 
So acting in time to changes in drilling fluid, fluid flow, pump pressure and 
speed, string rotation and pit gains needs quite close monitoring [4]. Kicks will 
develop mostly to well blow out, which means that we have very low-density 
mud to make a balance between the hydrostatic pressure and the formation 
pressure. There are many indicator events that make the crew be ready and start 
account the time for problem appear and solve it at a time, like these indicators: 

1) Trip tank volume (gain) start to increase. 
2) Mud flow rate speed increase. 
3) Unstable drilling rate in short intervals. 
4) The decrease of and pipe pressure. 

 

 
Figure 1. Well blowout [3]. 
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5) The gas bubble starts to appear. 
6) Continuous flows after shut down. 
7) The sudden increase of total hook load. 
Besides of all the above-mentioned indicators, there are also many other 

shared operational events that may be in sometimes be an indicator for gas in-
flux or kicks. In most cases, the gas influx cannot be killed in by one circulation. 
Inefficient hydrostatic pressure and fluid displacement in the annulus make the 
controlling process more difficult with the increase in depth. For that the con-
trolling the well within one circulation in most cases is impossible, and the dy-
namic controlling process will implement. Still, the most important point during 
the appearance of the first indicator remains to shut in the well directly for 
pressure reading. Then the normal routine steps will be keeping and increasing 
pumping rate, increase mud density 0.2 ppg to 0.4 ppg per circulation, check for 
flow after each complete circulation finally if still flowing, repeating the process.  

For optimum operation, timing is important to modify mud properties with a 
safety margin. The aim of all modifications in the drilling fluid system is to re-
duce the numbers of mud circulation towards controlling the influx.  

For a better understanding of time optimizing, we must know that the bottom 
hole and surface pressures are a summation of all exist pressures that are active 
in time. So, the bottom hole pressure is a combination of several types of pres-
sures like FP, hydrostatic pressure (HP), circulating friction pressure and choke 
pressure. In general formation pressure (FP), hydrostatic pressure (HP) and cir-
culating friction are constant during the initial stages of well control; the only 
way to change pressure will be by choke manipulation. Choke adjustments de-
pend on the frictional properties of different fluids that go through it like the type 
of fluid, the rate of fluid flow, fluid density, fluid viscosity and gel strength. The 
two-main controlling the borehole pressure are circulating and non-circulating 
methods. 

2. Circulation Methods 

Most of the time is going to be spending near the pay zone to control the bore-
hole pressure. When a kick occurs, the first action or response comes will be 
shutting the well-in and begin recording Static Initial Drill Pipe Pressure 
(SIDPP) and Static Initial Casing Pipe Pressure (SICP), until pressures stabilize, 
followed by the recording of pit gain. Depending on the killing method, we may 
begin with weighting-up mud in pits. The most purpose behind the weighting is 
to return the hydrostatic pressure balance between BHP and the formation 
pressure. Importance of the time optimizing starts with and when the new mud 
will be ready to circulate, hold choke (casing) pressure at its SICP value and 
slowly bring pump up to Kill Rate Speed (KRS). This pressure is the Initial Cir-
culating Pressure (ICP) and must be held by adjusting the Kill Rate Pressure 
(KRP) until when/if kill fluid will be pumped. So, the original static drill pipe 
pressure (SIDPP) and the killing rate (KRP) will be our initial casing or annular 
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pressure ICP.  
In general, there are six types of well-controlling methods, some of them are 

considered as circulating methods and the other as non-circulating methods. 
Circulating techniques are like Driller, Engineer (Wait and Wait) and Reserve 
Circulation Methods. None circulating techniques are like Concurrent, Volume-
tric and Bullhead Methods [3]. 

Driller’s Method is the most common and easier method to implement in 
killing gas kicks with high migration rates that may result in shut-in problems. 
This method used to remove kicks that are swabbed in during a trip out of the 
hole. It is also good to be used when not enough weighting material is available 
or when there is some shortage of personnel and/or equipment [5]. More time to 
kill the well is needed in this method rather than other methods. This method is 
not considered as an environmentally friendly due to the increase of pollution 
time also. 

Wait and Weight method kills the kick faster and keeps wellbore and surface 
pressures lower and stable than any other method. This method requires good 
mixing facilities, full crews, and more supervision than most other methods. The 
first calculation that has to be done in this method is killing fluid density calcu-
lation. Fluid weight is increased before circulation begins. In this method also 
there are also many challenges in getting accurate data to make the crew success 
in killing the well in the first circulation.  

Volumetric Method is a way of allowing controlled expansion of gas during 
migration. It controls volume with pressure (or vice versa) to maintain bottom 
hole pressure (BHP) equal or a little higher than FP.  

3. Data Collection 

After 2003 international oil companies started to work in more than 50 oil 
blocks in Kurdistan, North of Iraq. One of these blocks is Bazian block the red 
color in Figure 2. Bazian-1(Bn-1) was spudded in 2009 and finished in 2010 [6].  

Our case study is Bn-1 which was the first exploration oil well in Bazian block, 
there were no helpful offset data in relating to the Formation Pressure (FP) or 
Fracture Gradient (FG). Collected drilling operation data for this study was 
concentrated on the real field data related to the drilling, survey, and mud data. 
The nearest wells drilled in the area were KC1 and Meran West on west and east 
of Bn-1 as. Oil wells drilled in TaqTaq oil field to the northwest of Bn-1 were 
about far from the key study as can be seen in Figure 3. In general, KC1 and 
Miran West didn’t make a quite enough offset data due to some differences in 
the structural geology in the area. The main previously drilled sections informa-
tion like drilled section size and casing setting depth are presented in Table 1. 
All the drilled sections of 30”, 20” and 13 3/8” were also not easy and were out of 
the plan. Problems like Loss of Circulations (LOC) in 20” section and fishing in 
13 3/8” were dominant in the drilling operation. Because of those problems, a lot 
of time has been spent before we reach the section 9 5/8” in which there were  
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Figure 2. Oil blocks in Kurdistan region—Iraq. 

 

 
Figure 3. Nearby oil wells to Bn-1. 
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Table 1. Drilled sections data. 

Casing sizes (in) Interval Length (m) 

OD ID MD TVD 

30 27 17.5 17.5 

20 18.7 467 467 

13 3/8 12.4 1196 1195 

9 5/8 8.6 1839 1837 

 
also many problems like bridging and tight spotting which led to fishing and 
side trucking also in this section. 

All daily drilling data reports, geological daily reports, and Mud Logging Unit 
(MLU) data, with close monitoring, has been performed for 9 5/8” section. The 
nearest oil well from the Bn-1 was KC it was dry, but the wells to the east were 
productive and the probability to face the gas zone was high.  

4. Geological Prognosis 

The Prognosis of formation thickness and top of formations is collected based 
on the drilled wells as bench marks and geological surveys. Stratigraphic column 
established as in Table 2 with the lithology and some more information. There 
was a good matching between what we had drilled and what we had collected 
from the drilling operation. Based on the Drilling and geological data indications 
the primary reservoir targets were expected to be in Shiranish, Kometan and 
Qamchuqalimestones. The secondary target will be the lower Jurassic and Upper 
Triassic. The drilling situation was the leader in most cases with all these data as 
in most exploration wells in the world. 

5. Drilling Fluid Program 

Although no information on pore and fracture pressure was available an attempt 
was made to design a conservative drilling fluid program with information ga-
thered from offset data. 

The Kolosh and Aliji formations have shown to be tectonically stressed as in 
the nearby KC-1 well and make a potential that this will be the case in Bn-1 also 
due to similarities in folding and faulting [9]. 

The pore pressure follows the normal hydrostatic pressure profile at least to 
the bottom of the Cretaceous.  

The Jurassic and Triassic formation may be slightly over-pressured. Limited 
borehole information is available due to the lack of well penetrating this deep 
[10]. 

6. Formation Pressure Calculation 

This information was not available in advance as an offset data. Calculations  
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Table 2. Formation tops and thicknesses. 

Age Formation Lithology 
TVT TVDBDF DepthMSL 

(m) (m) (m) 

Eocene 
PilaSpi Limestone 108 9 −1087 

Gercus Marl, conglomerate 108 117 −979 

Paleocene 

Khurmala Limestone 97 225 −871 

Sinjar Limestone 108 322 −774 

Kolosh Shale 270 430 −666 

Aliji Shale 324 699 −397 

Cretaceous 

Tanjero Shale 108 1023 −73 

Shiranish Limestone 411 1131 36 

Kometan Limestone 103 1542 446 

Qamchuqa Limestone 565 1644 548 

Lower Sarmord Limestone 172 2209 1113 

Chia Gara Limestone 43 2381 1285 

Jurassic 

Barsarin Limestone 60 2424 1328 

Naokelekan Limestone 17 2484 1388 

Sargelu Limestone 69 2501 1405 

Alan Anhydrite 17 2570 1474 

Mus Limestone 129 2587 1491 

Adaiyah Anhydrite 86 2716 1620 

Buthma Dolomite 86 2801 1705 

Triassic 

Baluti Shale 86 2887 1791 

Kurra Chine Limestone 86 2973 1877 

TD   3059 1963 

 
have been done to provide these data prior to start the drilling process. Accurate 
calculations for pore pressure for different penetrated geological formations till 
the target which was in Qamchuqa formation have been done using the Hydros-
tatic Pressure (HP) below. 

(HP) = Mud weight (PPG) × 0.052 × TVD (ft)            (1) 

Also through the below triangle relation, we can emphasize the relationship of 
the hydrostatic pressure to the mud weight and the depth. 

Different Formation Pressure (FP) have been calculated based on the hydros-
tatic pressure and Shut In pressure 

After get Shut In Drill Pipe Pressure from the following relationship; 

(FP) = (HP) + Shut-In Drill Pipe Pressure (SIDPP)         (2) 
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Table 3. Calculated Pore Pressure Bn-1. 

Formations Interval (m) Equivalent mud Density (ppg) 

Gercus to Kometan 137.5 - 2376 8.6 

Qamchuqa-Sarmord 2376 - 3635 10.2 

 

 
 

The result of the calculation was as below in Table 3. 

7. Operation Review 

In this paper, we discuss the time optimizing of the drilling operation near the 
pay zone in Bn-1 oil well as a case study. Many problems accrued to all the other 
drilled intervals, like LOC, fishing, and sidetracking. The main problem in the 
production section was how we can able to control the well due to the gas influx. 

All the needed surface preparation has been made to control the well on the 
surface in case of an expected increase of BHP near the pay zone as in Figure 4. 
During the drilling operation, there was a lot of time spend to control the BHP 
due to the gas influx. The total of about 5 days with a full operation was spent to 
control the well. A similar scenario happened in many other oil blocks in Kur-
distan. During the normal drilling operation from 2200 m down, there was an 
indication of Loss of Circulation (LOC) as was expected before from the prog-
noses information as shown in Figure 5. A lot of Loss Circulating Materials 
(LCM) was pumped in the upper part of the production section at 2200 m as the 
first reaction of LOC problem. The LOC made became a serious problem after 
the sliding drilling operation at 3630 m when the gain pit increased in volume of 
10 bbls in a very short time which was the kicks. Shut in the well was the first 
response from the operation team and the driller. After that pit volume in-
creased up to 10 bbls [7]. Shut-in the well and monitoring the pressure started as 
shown in Figure 4. 

After seven circulation stages of using the driller method which took almost 
51 hours the problem not controlled. In this section, there were pumping a lot of 
LCM to control LOC in the upper part and weighting of mud in the lower part 
to control the pressure. The increase of mud density from 8.6 ppg to 12.1 ppg li-
nearly and change to other controlling techniques like Wait and Wait and Vo-
lumetric Method has been implemented to control the well. All the pressure 
changes of Drill Pipe Pressure (DDP), Circulation Pressure (CP), Pumping Rate  
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Figure 4. Bn-1 on-site surface preparation to control BH. 
 

 
Figure 5. Expected LOC Interval. 
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in Stroke per Minute (SPM) and Loss Rate have been recorded with the spent 
time in hours. Figure 6 and Figure 7 show some stages of circulation to control 
records using the driller and volumetric methods respectively. 

Driller and Volumetric Methods were implemented starting with increasing 
the mud density from 8.6 ppg to 12.1 ppg to control the well and reach the situa-
tion of SIDPP and SICP to be zero psi [8]. Due to the continuous increase in gas 
influx, the difference between the DDP and CP was very big. As in Figure 5, we 
can observe that when we increase the density from the 9.3 ppg to 9.5 ppg the 
gap between DDP and CP goes to increase in the state to decrease. The process 
of well controlling took 5 days and this was a high cost and increased the 
Non-Production Time (NPT) and environmental pollution also. 

 

 
Figure 6. Well control parameters in the 1st circulation. 
 

 
Figure 7. Volumetric attempt to control the kicks. 
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8. Operation Time 

The drilling operation time spent to control the well was five days. Loss of Cir-
culation (LOC) was dominant in the upper part of the production section after 
2200 m and then kicks during the sliding drilling from 3630 m down. Pumping 
of Loss Circulating Materials (LCM) was pumped at the upper part of the section 
and an increase in pit volume up to 10 bbls [11].  

After seven circulation stages with different mud properties and pumping a 
lot of LCM to control LOC the well was not controlled totally [8]. Three differ-
ent techniques have been implemented with a dramatic change in the mud den-
sity from th 8.6 pp to 12.1 ppg. Engineer and Volumetric Techniques also have 
been implemented to control the well. Figure 6 and Figure 7 show some stages 
of circulation to control the well using Driller and Wait and Wait for control 
technique. 

Total controlling time was 5 days which leads to increase the cost and NPT 
overall. Table 4 shows the total time spent in implementing different Well Con-
trol Techniques to control the kicks. 

9. Results 

There are many well-controlling methods; each has its advantages or disadvan-
tages in a location or drilling operation situation. Extending the setting point of 
the production casing pipes to deeper setting point between 3200 m to 3500 m in 
Shiranish formation will isolate the problematic interval more and more. Appli-
cation of the Wait and Weight Method may even give us higher shoe pressures if 
the drill pipe pressure schedule is not calculated and followed properly.  

Drilling near the pay zone and the liner section in Shiranish formation with 
new mud system of homogeneous increase of density, viscosity and gel strength 
makes the drilling operation safer and without a problem.  

10. Conclusions 

It is preferred that the hydrostatic pressure trend be in the middle between over-
burden pressure and pore pressure when the drilling operation be near the pay 
zone. The optimized operation can be reached when we put some safety margin 
on our overbalanced drilling operation depending on the amount of pore pres-
sure. Performing some operations like reaming in and out and losing time in 
preparing drilling fluid will make the operation cost to increase exponentially  

 
Table 4. Time spent to control the kicks. 

Control Method Date (from) Date (to) Spent Time (hours) 

Driller Feb. 11, 2010 Feb. 13, 2010 51 

Wait and Wait Feb. 13, 2010 Feb. 15, 2010 47 

Volumetric Feb. 15, 2010 Feb. 16, 2010 31 

 129 Total 
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when the formations near the pay zone contain more clay or shale. 
Drilling long intervals with different geological properties above the pay zone 

make the fluid invasion controlling more difficult. Leaving the well-controlling 
decision until problems occur makes the operation cost much higher. Uncer-
tainty in selections between well controlling methods also leads to more loss of 
valuable time. Low experience level of drilling personnel, limited field practice 
with well control methods are significant problems also.  
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Abstract:

Background:

This paper discusses the wiper trip effects on well instability in shale formations.

Objectives:

Problematic shale interval sections have been studied for the time spent on the wiper trip operations. Lifting efficiency and well wall
instability  change  with  the  time  analyzed.  Detailed  drilling  operation,  formation  heterogeneity,  rheological  and  filtration
characteristics of polymer water-based mud are discussed. Physical and chemical properties of the drilled formation and drilling fluid
are also studied.

Materials and Methods:

Wiper trips are analyzed using a typical drawing program to find the relations between the most controllable parameters. For that,
two calculation models have been implemented to find the net rising cutting particles velocity in the annular. The relation between
the net rising velocity and wiper trips is analyzed. Laboratory works have been done to support the findings of field work.

Results:

Strong relations have been found between the wiper trip impacts and lithology types of the penetrated shale.

Conclusion:

A modified drilling program is proposed in relation to changes in casing setting depth and drilling fluid properties that make the
operations more efficient in cost and time.

Keywords: Wiper trip, Well drilling, Well instability, Drilling fluid, Lithology, Shale formation.

1. INTRODUCTION

In general, wiper trips can be short or long for cleaning purpose or for making the wall more smooth and stable. A
short trip is an action or some operation for tripping out / or in the drill string to a certain planned depth inside the open
hole  section.  Performing  a  short  trip  helps  to  remove  the  cutting  bed  and  to  improve  the  smoothness  of  the  wall.
Sometimes a  short  trip  can be  done when there  is  a  long sliding section via  a  mud motor.  It  is  beneficial  to  do so
because sliding with the mud motor creates a lot of cutting beds that are not effectively removed.

A long wiper trip is a similar action as a short trip, but the trip is longer. Typically, the drill string is pulled out from
the open section and then is tripped back in the hole to the previous depth. This type of  wiper  trip  can  remove  a lot of

*  Address  correspondence  to  this  authors  at  the  Department  of  Civil,  Environmental  and  Natural  Resources  Engineering,  Luleå  University  of
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cutting beds. However, these trips take additional rig time. Not only time is spent, but also there is the risk of creating
other problems as wellbore instability, formation damage, etc. Hole condition, torque, drag and field experience will
dictate whether you need to do either a short trip or long wiper trip.

Drilling  fluid  is  one  of  the  most  important  elements  of  any  drilling  operation  for  hydrocarbon  exploration  [1].
Penetrating different types of formations need very close attention to the design of the drilling fluid for minimizing
drilling problems and cost. Drilling fluid is the only system in the well construction that keeps us in continuous contact
with the wellbore. The extent to which drilling mud properties must be controlled varies with the geologic condition [2].
A properly designed drilling fluid performs several essential functions during its circulation from the surface to the
bottom of the well and up again to the surface [3]. The most important functions are to clean the well from the drilled
cuttings and maintain wellbore stability. Wellbore instability may be due to chemical reactions of the drilling fluid with
the drilled formations or due to mechanical issues. Many studies have been done on both the chemical and mechanical
factors separately and in combination . Chenevert has studied mechanical properties of shale after hydration since the
1960s [4]. There are also many studies combining both of these factors [4 - 6].

Through  controlling  the  wall  stability,  many  operational  problems  toward  more  optimized  drilling  can  be
eliminated. In general, the primary objective of any cost control program is to maintain a low daily estimate of total
expenditures for the entire drilling operation [7]. Cost of the drilling fluid ranges between10% to 20% of the total cost
of a well drilling operation. For that, drilling fluid performance can affect overall well construction costs in several
ways through the wellbore instability which is the largest source of well problems [3].

At  the  beginning  of  the  1950s,  many  soil  mechanic  experts  were  interested  in  the  shale  swelling,  which  are
important for maintaining wellbore stability during drilling, especially in water-sensitive formations. It is reported that
shale accounts 75% of all formations drilled by the oil and gas industry, and 90% of wellbore stability problems occur
in shale formations [5,  6],  [8,  9].  The first  and most  element in controlling wellbore instability is  the drilling fluid
passing through the  (i)  transport  drill,  cutting of  the  hole  and separation of  cuttings  from the  drilling fluids  on the
surface, (ii) formation a thin filter cake on the walls of the wellbore and preventing the inflow of drilling fluids into the
formations and (iii) inhibiting the inflow of formation fluids into the wellbore [10]. Due to the swelling problems, a
bridge, pack-off and tight spots will accrue. Several works focused on the selection of drilling fluid for a specific clay
formation [11 - 13]. More recent studies on shale - fluid interactions suggest a new approach to Water-Based Muds
(WBM)  designs  [14,  15].  Consideration  is  given  to  maintain  borehole  stabilization  in  reactive  shale  by  reducing
hydration (swelling) and/or clay dispersion. Most of the laboratory works were also done on analyzing the effect of
additives on different types of drilling muds. Besides all the advances and developments in the rheological properties,
still, there are some operational works like wiper trips that need more consideration and later analysis. In general, the
purpose of wiper trips and reaming is to give smoother and clean well before casing running. Wiper trips and reaming
can be combined with the use of the most suitable drilling mud [16]. Wiper trips can also increase the reactivity of shale
formations by disturbing filter cake situation in the previously drilled intervals.

In Kurdistan, most of the well instabilities accrue in shale formations. Formations of Kolosh, Aliji and Tanjiro are
the  most  problematic  formations  in  drilled  wells.  Problems  of  clay  dispersion  or  shale  swelling  that  lead  to  well
collapse,  tight  spots  and  pack-off  are  dominant  problems  of  chemical  reactions  of  drilling  fluid  with  penetrated
formations. Well instability for the other formations beneath theses like Shiranish, Kometan and Qamchuqa is due to
mechanical instability. Wiper trips can give positive results in some formations which mostly contain limestone and
negative results in other shale formations.

Daily drilling operations and most wiper trips in clay formations for more than 26 wells drilled in Taq Taq oil field,
Bazian block and Meran block in Kurdistan, north of Iraq have been collected. Shale formations were the main sources
of well drilling operation problems. Section 12 ¼´´ of well Bazian no. 1 (Bn-1) was selected as a key interval to be
monitored closely for this study. The operation reports of drilling, mud circulating system, fluid additives, casing and
cementing  operations  data  were  all  collected  for  the  12  ¼´´  section.  Following  of  all  the  wellbore  problems  and
recording  drilling  parameters  during  wiper  trips,  monitoring  the  effect  of  drilling  fluids  additives  effects  on  the
rheological properties and its relation to wellbore stability was conducted . Data obtained from drilling and geological
daily reports were analyzed to find out the effect and role of the changes in mud rheological properties. Two different
calculation methods have been implemented for calculating the net rising velocity of the drilled cutting. Analyses of the
cutting  and  coring  samples  were  performed  in  Koya  University  laboratory  for  the  rheological  effect  in  the  drilled
section.
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2. KEY WELL BN-1 LOCATION

Kurdistan region in Iraq lies within the northern part of the Zagros Folded Belt and is estimated to contain about 45
billion barrels (bbls) of Iraq’s 115 billion barrels of oil reserves, making Iraq the sixth largest oil reserve in the world
[17, 18]. Tectonically, the area of this study is complex and located in the unstable platform of the Arabian plate [18].
The studied key well Bn-1 is located at the border between Low Folded Zone and High Folded Zone [19]. Bn-1 is
located in the middle of three oil blocks Taq Taq, Miran and Bazian. 26 oil wells have been investigated for the effect
of wiper trips operations. The Bn-1 well pad is located 1082 m above sea level on the edge of the Bazian mountain
ridge [20] (Fig. 1).

Fig. (1). Studied location.

3. METHODOLOGY

3.1. Stratigraphy

Table 1 shows the top formations from the surface to the final True Vertical Depth (TVD) down to the Shiranish
formation  at  1800  m.  The  green  highlighted  formations  in  Paleocene  and  Cretaceous  are  representing  the  12  ¼´´
section. These formations contain a high percentage of clay and marl. The detailed lithological description was based on
collecting cutting samples after every 5 m of drilling continuously from the Mud Logging Unit (MLU). The primary
reservoir targets were Shiranish, Kometan and Qamchuqa limestones of Cretaceous age. The secondary target was in
the lower Jurassic and Upper Triassic.

Table 1. List of penetrated formations stratigraphically from the surface to bottom.

Age Formation Fm. Lithology TOP. Fm. MD [m]

Eocene
Pila Spi Limestone 9.2
Gercus Marl, Conglomerate 137,5

Paleocene

Khurmala Limestone 246
Sinjar Limestone 330
Kolosh Shale 440

Aliji Shale 710

Cretaceous
Tanjero Shale 1673

Shiranish Limestone, Shale 1800

3.2. Sub-Surface Information

The most important petroleum systems in Iraq are the Jurassic, Cretaceous, and Tertiary Petroleum Systems. Bn-1
was the first exploration oil well in Bazian block penetrated the Tertiary System to TVD of 3833m, so there was a very
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little  information  on  the  pore  and  fracture  pressure  gradients.  Due  to  the  shortage  in  prognosis  information,  a
conservative drilling fluid program was designed based on little information gathered from offset data, especially wells
drilled in west and east oil fields in Taq Taq and Miran, respectively. There were some indications that the Kolosh and
Aliji formations are tectonically stressed as in the nearby Kewa Charmala no. 1 (KC-1) oil well 7 km west of Bn-1 and
there was a potential that this is the case in Bn-1 also due to similarities in folding and faulting.

The Jurassic and Triassic formations may be slightly over-pressured. Limited well information was available due to
the lack of oil wells penetrated to this depth in all Middle East. Heavy mud losses were expected which will affect
Logging While Drilling (LWD) data transmission. The main properties of the prepared WBM-Polymer before drilling
were 11 ppg, Yield Point Yp of 20-25 lb/100 ft and pH of 9.5-10.

Geologically, the low and high folded zones are characterized by harmonic folds. Cretaceous or older rocks are
exposed in their cores; Paleogene and Neogene rocks form the adjacent synclines. The amplitude of the folds increases
towards  the  NE  until  the  anticlines  override  each  other  due  to  thrusting  with  the  elimination  of  the  intervening
synclines. In the north of Iraq along the Turkish border, Paleozoic to Cretaceous rocks are exposed in the cores of tight
anticlines bounded by thrust faults [18].

3.3. Reservoirs

The Tertiary oil is migrated from deeper reservoirs. The folds in high and low folds Zones grow mainly during the
Pliocene. Two types of oil are contained within the Tertiary reservoirs, these are high API gravity oils in NE Iraq and
low API  gravity  oils  in  the  Mosul  High  of  N Iraq.  Since  the  Tertiary  and  Late  Cretaceous  sources  in  NE Iraq  are
immature to early mature, the light oil (37 API) in Kirkuk field must have migrated from deeper source rocks through
fractures [18].

3.4. Interval Summary

The 8 ½´´pilot, Bottom Hole Assembly (BHA) was used to drill from the setting depth of 13 3/8´´ casing shoe at
1109 m down to 1843 m as a final True Vertical Depth (TVD) to penetrate Aliji, Tanjero and Shiranish formations,
respectively. Losses while drilling were expected. In total thirty-meter, cores were planned to be taken periodically
when instructed by the subsurface team.

Measuring and Logging While Drilling (MWD and LWD) were used to locate horizons with hydrocarbon content
and to identify areas most suitable for coring. Incidences of stuck pipe and differential sticking in the offset wells were
recorded in the formations of Kolosh, Aliji, and also Shiranish. All the 8 ½´´drilling BHA contain a straight mud motor
to convert the drilling mode, in case the well deviates from the vertical and/or parameters shall be adjusted to correct the
path. If the deviation cannot be corrected with the current BHA, it shall be replaced with a directional BHA. Black oil
of around 45°API gravity with some associated gas was expected to be found in this section.

3.5. Section Operation Data

Running in Hole (RIH) 8 ½´´BHA started on November 11, 2009, after the drilled intermediate section as in Table
2, to drill down to 1436 m in the two days, with 525 gpm, 45 rpm, Weight On Bit (WOB) 2-4 tons, torque 3-4 kft.lbf,
Stand Pipe Pressure (SPP) 1950 psi and 11 ppg with some minor problems on the surface, all are fixed on time (Table
2).

Table 2. Conductor, first and second section of Bn-1.

Casing OD [´´] Casing ID [´´] Depth MD [m] Depth TVD [m] WT [lbs/ft] Grade Sections
30 27 17.5 17.5 453 X-52 Conductor
20 18.73 467 467 133 K-55 Surface

13 3/8 12.415 1196 1196 68 L-80 Intermediate

On November 13, 2009, the drilling reached the depth of 1658 m with the indications of some hole problems like
tight spots, so the back reaming to 1212 m has been processed. After these tight spot indications, the decision was to
start with wiper trips up and down at every drill stand once prior to each connection. At the depth 1780 m there was a
deviation from the vertical drilling start to appear in azimuth 248º with 0.76º dog leg severity. To solve that, the drilling
mode changed to slide drilling instead of conventional for the intervals of 1844.3 m to 1847.3 m, 1869 m to 1872 m and
1895.6 m to 1898.6 m. On November 14, 2009, the drilling reached to 1920 m, with 480 gpm, 11 ppg, 45 rpm and SPP
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2300 psi. The drilling continued for the next day to its Total Depth (TD) of 2097 m, with 510 gpm, 45 rpm and SPP =
2500 psi. MWD survey was taken as required for checking the deviation & sliding to the trajectory in control till TD.

To overcome tight spots, hole pack off and other hole instability problems, the decision was to Pool Out of Hole
(POOH) and lower a slick 8 ½´´BHA for more wiper trips on November 17, 2009. The mentioned BHA went down on
elevators from 1196 m to 1220 m only. After experiencing tight hole, Top Drive System (TDS) was connected and
started reaming down from 1220 m to 1547 m, with mud pump discharge 550 gpm, mud density 11 ppg, string rotation
80  rpm and  stand  pipe  pressure  1400  psi.  No  significant  losses  were  recorded  and  a  moderate  amount  of  cuttings
observed coming back over shakers.

From November 18, 2009, up to the end of December 2009, there was no significant production in drilling. All the
operations were going around solving the instability of the well that leads to the stuck of logging tools and then to
making a side track as summarized in Table 3.

Table 3. Bn-1 operations from Nov 18 to Dec 31, 2009.

Date Operation Results
Nov 13, 2009 Drilling to the depth of 1870 m Well instability problems and deviation start to walk
Nov 14, 2009 Drilling to the depth of 1920 m Well instability problems

Nov 15 to 17, 2009 Wiper trip and reaming and change BHA Well instability problems

Nov18, 19 and 20 2009 Increase mud weight to 12 ppg mud and wiper trips,
Loss Circulating Materials (LCM) commenced. Problems in well stability not solved

Nov 20, 2009 Rig up Super Combo and start Run # 1 for logging Logging performed from 1473 m upward only due to that
bridge

Nov 20 to Nov 30 2016 Run # 2,3 and 4
Wiper trips and reaming Problems in well stability not solved and in increase

Nov 30; 2009 Fishing of wire line logging tools failed
Dec 1, 2009 Opening the well to 12 ¼´´ to 1750 m top of the fish

Dec 2,3 and 4 2009 Fishing operating, wiper trips and reaming Fishing failed
Hole problems not solved

Dec 5 Start side tracking and drilling to 1929 m with 12 ¼´´ BHA
Dec 5 to Dec 10 Ream and wiper trips Hole problems not solved

Dec 11, 2009 First, run of casing 9  5/8´´ Failed at 1318 m due to the bridge.
Dec 12 to Dec 31 To attempts of casing running, many wiper trips and reaming Casing failed. Well instability problems not solved

3.6. Wiper Trip Records

After  the  first  unsuccessful  casing-running  and  POOH  all  casing  back  to  the  surface,  the  first  long  wiper  trip
commenced as shown in Fig. (2). The most problematic interval 1600 m to 2000 m, was mostly composed of clay and
marl from the formations of Tanjero and Shiranish.

Fig. (2). Wiper trip from1600 m to 2000 m up and down on December 9 and 10, 2009 in hours.
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Here, a symmetric profile between tripping down and tripping up in terms of parameters Weight on Hook (WOH)
and Torque can be observed. Both parameters are in the same value range during wiper trip down and up. The wide
ranges  of  these  two  parameters  are  indicators  of  hard  reaming  and  well  instability.  The  main  reason  could  be  the
formations that are tectonically stressed like KC-1 well which is about 7 km west of Bn-1. Continues cutting on the
shakers and high values of WOH and Torque are strong indicators which indicate that there is a continuous collapse due
to unbalanced pressure or the interval is under stress [1] (Fig. 3). Forces acting in the formation, push the wall of the
hole inward which leads to collapse if not stabilized with mud [16].

Fig. (3). Under stress formation due to unbalanced hydrostatic pressures.

Figs.  (4-8)  show more records  of  long wiper  trips  after  some improvements  in  the  drilling fluid  properties  like
density and viscosity. In comparing Fig. (4) with the first part of Fig. (7), the improvements in torque and WHO can be
observed easily, as was mentioned in pervious researches [5], [21].

Fig. (4). Wiper trip down from 1700 m to 2000 m, December 16, 2009, in hours.
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Figs. (5A, 6, 7 and 8) represent more long wiper trips after each change in fluid properties. Figs. (4 and 5) represent
a complete wiper trip up and down at two different times to show the time effect. In Fig. (5), after seven days and many
improvements on mud properties, the situation which is about the same in terms of the value of the high range of WHO
and the torque can be observed. Hole instability increased with the time, despite some improvements in the drilling fluid
properties which is the main reasons to the long-time gap between the first penetrating time to the casing time [22].

Fig. (5A). Wiper trip up from 2000 m to 1700 m, December 17, 2009, in hours.

Fig. (5B). Wiper trip down from 1700 m to 2000 m, December 17, 2009, in hours.

Fig. (6). Wiper trip from 1760 m down to 2000 m, December 22 and 23, 2009 in hours.
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Fig. (7). Wiper trip from 1700 m down to 2000 m, December 24 and 25, 2009 in hours. Vertical violet, blue and orange lines show
time of increase mud density.

Time-effectiveness  is  clearer  in  the  wiper  trips  records  in  Figs.  (6,  7  and  8),  where  both  parameters  WOH and
Torque remained at about the same values with significant improvement with an increase of the fluid density from 11
ppg to 14.5 ppg. Replacing the reaming 8 ½´´ BHA with 12 ¼´´, BHA had been decided prior to run the casing as soon
as possible.

The increase in the mud density gradually from 11 ppg to 14.5 ppg gave a relatively good result in controlling well
instability in the lower part. Increasing the density caused the hydrostatic pressure to be increased also and overcome
the dominant problems like bridge and packing-off to some extent. This supported the expectation that the lower part
problems are different from the upper part problems in this section in term of well instability. Mechanical instability
begins  with  penetrating  Shiranish  or  from  somewhere  in  the  transition  interval  between  Tanjero  and  Shiranish
formations.

On December  31,  2009,  reaming and  washing  were  performed using  14.5  ppg drilling  mud without  significant
resistance  to  1945  m  [23].  January  1,  2010,  the  third  attempt  of  casing  operation  commenced  successfully.  Using
waterbush in the last attempt of RIH casing made the casing pipes to rotate by TDS (Top Drive System) and pass the
bridged intervals  to a depth till  1843 m. Casing operation was bridged at  1843 m with no ability to lower more or
POOH. Parameters used in running the casing were, WOH from 16 to 40-ton, rotation 10 rpm, mud flow 40 spm and
14.5 ppg WBM-Polymer. This depth became the setting depth of 9 5/8´´ casing.

Fig. (8). Wiper trip from 2000 m up to 1760 m, December 25, 2009, in hours.

4. NET RISING CALCULATIONS

Net rising calculations are used here to verify and check the validation of  the wiper  trips  operations before the
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casing-running. For that, if the cutting increased with the wiper trip operations, this will be a strong indicator for other
problems that cannot be solved with the wiper trips [24]. In this case, rapid improvement of parameters like flow rate,
annular velocity, pipe rotation, ROP, mud weight (density), mud rheology and cutting size/shape should be performed.
These parameters directly affect the standpipe pressure and frictional pressure down the hole [25]. The first and most
effective parameter in this relation is the mud density. Through the mud density, there will  be a high possibility to
return pressure balance between the formation pressure and hydrostatic pressure and thereby, prevent settling more
cutting down the hole. To find out the effect of wiper trips in Bn-1 on improving the drilling operations, we will start
with the calculation of cutting slip velocity [26].

In general, there are two methods to calculate cutting slip velocity [27]. If the net rising velocity is positive, it means
that the drilling fluid properties and the flow rate are with accepted values to carry out cutting to the surface. In this
case, the wiper trips will leave a positive effect on the operations. On the other hand, if net rise velocity is negative, it
means that the flow rate and fluid properties are NOT accepted to carry out the cuttings [28]. In this case, all the effects
with wiper trips operations without any other improvement are useless.

The first method depends mostly on the real field data using equations (1 - 3) below:

The annular velocity Av is provided by equation (1):

(1)

Where, Av is an annular velocity in ft/min. Q is the flow rate or Triplex Pump Output in gpm (gallon per minute),
Dh is the diameter of the hole in inch and Dp is the diameter of drill pipe in inch.

The cutting slip velocity Vs is given in equation (2):

(2)

Where Vs is the cutting slip velocity in ft/min, Pv is the plastic viscosity in centipoise, Mw is mud weight in ppg., Ds
is the diameter of cutting in inch and Mws is cutting density in ppg.

The net rise velocity Nv is given by equation (3):

(3)

The general formula for getting Q in units of gpm is given in equation (4):

(4)

Where, SPM is Stroke per minute, R is the liner size (inch) and Ls is the stroke length (inch).

Calculation of the pump output Q in gpm before and after modification of mud properties gives 441.9 gpm and
368.2  gpm,  respectively  by  using  equation  (4),  where  a  Ls=6.5  inch  and  SPM=90  before  and  SPM=75  after
modification.  Input  data  for  the  equations  above  are  given  in  Table  4.

Table 4. Wiper trip data before and after drilling fluid improvement method no.1. Dh refers to hole diameter, Dp to outside
drill-pipe diameter, Pv plastic viscosity and Ds is average cutting diameter.

Wiper Trips when the drilling fluid properties not improved on 9.12.2009
Q (gpm) Dh (in) Dp (OD) inch Pv (cps) Mw (ppg) Mws (ppg) Ds (in)

441 12 ¼`` 5 25 12 20 0.2
Wiper Trips when the drilling fluid properties not improved on 9.12.2009

368 12 ¼`` 5 34 14.5 35 0.1

The  net  rising  velocity  is  estimated  to  Nv  =  55  ft/min  and  38.67  ft/min  before  and  after  mud  modification,
respectively. The increase in hydrostatic pressure by changing the mud properties prevents wall collapse and increases
wall stability at the same time as a positive velocity is maintained. Thus, wiper trip was not necessary.

The second method for calculating the net rising velocity is quite different from the first method [27]. However, it is

Av =
24.5𝑄

𝐷ℎ2−𝐷𝑝2       

Vs = 0.45 (𝑃𝑣/(𝑀𝑤 𝐷𝑠) ) [(
36800𝐷𝑠

(
𝑃𝑣

𝑀𝑤.𝐷𝑠
)

2
)  (

𝑀𝑤𝑠

𝑀𝑤
− 1) + 1 − 1]1/2     

Nv= Av – Vs  

Q = 0.009683982 * SPM* ∗ 𝑅 2 * Ls  
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still a straight forward calculation. The cutting slip viscosity in centipoise is given by equation (5):

(5)

Where n is the power law exponent given by equation (6)

(6)

Where, θ600 is a value at 600 viscometer dial reading and is a value at 300 viscometer dial reading.

The fluid consistency K is given by equation (7)

(7)

The annular velocity Av is calculated by equation no. (1) and the slip velocity (Vs) in ft/min from equation (8):

(8)

The net rise velocity is again calculated from equation (3) above. Input data for the equations above are given in
Table 5.

Table 5. Wiper trip data before and after drilling fluid improvement, method no. 2

Wiper Trips when the drilling fluid properties not improved on 9.12.2009

θ300 θ600 Q
(gpm) Hole Diameter (in) Drillpipe (OD) inch MW (ppg) Ds

(in)
Mws
ppg

54 79 441 12 ¼`` 5 12 0.2 20
Wiper Trips when the drilling fluid properties not improved on 9.12.2009

68 102 368 12 ¼`` 5 14.5 0.1 35

The  net  rising  velocity  is  estimated  to  Nv  =  76.3  ft/min  and  63.7  ft/min  before  and  after  mud  modification,
respectively. The estimated flow rate is good for hole cleaning because the annular velocity is more than cutting slip
velocity.

5. RESULTS

Koya University laboratories were used in preparing many WBM-polymer drilling fluids with different densities,
pH and other rheological parameters. High Pressure - High Temperature (HPHT) filtration tests were performed and a
Viscosity-Gel meter (VG) was used to find rheological properties based on the Bingham-Plastic model equations.

The  drilled  12  1/4''  section  can  be  divided  into  two  parts.  The  upper  part  is  composed  of  Kolosh  and  Aliji
formations  that  contain  a  high  percentage  of  clay  and  the  lower  part  is  mostly  limestone  of  the  Shiranish
formation with a low percentage of clay and this was indicated by previous researchers like Saad Z. Jassim and
Jeremy C. Goff also [29].
Hole problems in the upper part are mainly caused by chemical interactions between drilling fluid and a high
percentage  of  clay  like  problems  of  tight  spots  and  bridges.  The  problems  in  the  lower  part  are  mostly
mechanical instabilities due to the high percentage of limestone which can be solved through the increase of
mud density. Problems like well pack-off and bridge were more dominant in this part [23].
Casing setting point of surface section locates inside the Aliji formation making the formation of two parts and a
weak setting point as been shown in Fig. (11).
Mud logging records unit and cutting sampling matched the lithological description. The lithological description
of the penetrated formations Aliji, Tanjero and Shiranish is presented in Table (6). The Aliji formation contains
a  higher  percentage  of  clay  than  Tanjero  and  Shiranish.  The  last  two  formations  are  composed  mainly  of
fractured marly limestone with some clay beds.

𝜇 = (
2.4 𝐴𝑣

𝐷ℎ−𝐷𝑝
𝑥

2𝑛+1

3𝑛
)𝑛 𝑥 (

200𝐾(𝐷ℎ−𝐷𝑝)

𝐴𝑣
)  

𝑉𝑠 =  
     175 .  𝐷𝑠 .  (𝑀𝑤𝑠−𝑀𝑤) 0.667

 𝑀𝑤0.333  .   𝜇0.333  

𝐾 =  
𝜃300

511𝑛  

𝑛 = 3.23 log (
𝜃600

𝜃300
) 
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Table 6. General Lithological cutting description.

Interval Formation [m]
Lithology Drilling Parameters

Marl [%] Siltstone [%] Limestones [%] WOB [ton] MW [ppg] SPP [psi] Pump Discharge [gpm]
1200 – 1255 Aliji - Tanjero 80 - 90 10 - 15 5 -10 2-12 11.0 2075 520

1255 – 1320 Tanjero 30 - 40 10 - 15 30 - 40 3-6 11.0 1950 520
1320 – 1660 Tanjero 40 - 50 15 - 20 10 - 20 1-6 11.00 1950 480

1660 – 1855 Tanjero - Shiranish 15 - 20 10 - 15 70 - 90 3 - 18 12.00 3036 768
1855 – 1995 Shiranish 20 - 25 5 -10 60 - 75 2 - 10 12.00 2970 742

Fig. (9). Part of MLU data of Bn-1 oil well [30].
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All the field and laboratory tests enabled us to realize that the density between 11-12 ppg can give a very good
over-balanced drilling operation in drilling the upper part of 12 ¼´´ section and 14-15 ppg for the lower part.
Polymers like PAC and PHPA optimize mud rheological properties. Table 7 and Fig. (10) show the laboratory
results of Equivalent Mud Density (EMD) for each of the penetrated formations in the 12 ¼´´ section.

Table 7. Calculated Formation Pressure in Bn-1 side tracking 1.

Formation Depth [m] TVD Pore Pressure [ppg] Temperature [°C]
Kolosh 440 – 710 11 45 – 51
Aaliji 710 – 1673 12 51 – 72

Upper Shiranish 1673 – 1943 14.4 72 – 78
Lower Shiranish 1943 – 2279 14 78- 86

Drilling performance reduced due to long time and high cost consumed for the wiper trips operations towards
solving the well instability [30].
Instability  of  shale  formation caused the stuck of  BHA, downhole tools  fishing,  loss  of  equipment  and side
tracking operations.
High chemical reactivity of the shale resulted in poor hole logging, inability to the land casing on the planned
setting point and poor cementing conditions/jobs. Essentially increase in nonproductive time and increase in
total drilling cost.

Fig. (10). Bn- Lab calculated pressure and equivalent mud weight EMW with depth.
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Fig. (11). Drilled sections in Bn-1 Side Track 1

CONCLUSION

Little  over  balanced  mud  property  can  sustain  well  stability  in  the  upper  part  of  12  ¼´´  section  where  the
chemical reactions are the main causes of drilling hole problems.
Based on the positive results of the calculated net rising velocity, the lower part of the section is tectonically
stressed and composed mainly of limestone. Wiper trips in tectonically stressed sections will be the waste of
time if we do not return the over balance situation.
Wiper trips in the upper part of 8 ½´´ section will leave a positive effect and negative effect on the lower part of
the section.
PHPA (partially hydrolyzed polyacrylamide) improves rheological properties like viscosity and gel strength and
makes a thin gelatin barrier covering borehole wall. These improvements decrease the invasion of the formation
and clay dispersion also.
Changing the drilling program for the surface section in Fig. (11) to drill and case all Aliji formation with the
surface section will help to overcome many challenges and difficulty in the intermediate section.
Wiper trips with homogenous improve in drilling fluid properties can give positive effects in solving problems
in the 12 ¼´´section.
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Abstract
Oil well drilling data from 23 oil wells in northern Iraq are analyzed and optimized controllable drilling parameters are 
found. The most widely used Bourgoyne and Young (BY) penetration rate model have been chosen for roller cone bits, and 
parameters were extracted to adjust for other bit types. In this regard, the collected data from real drilling operation have 
initially been averaged in short clusters based on changes in both lithology and bottom hole assemblies. The averaging was 
performed to overcome the issues related to noisy data negative effect and the lithological homogeneity assumption. Second, 
the Dmitriy Belozerov modifications for polycrystalline diamond bits compacts have been utilized to correct the model to 
the bit weight. The drilling formulas were used to calculate other required parameters for the BYM. Third, threshold weight 
for each cluster was determined through the relationship between bit weight and depth instead of the usual Drill of Test. 
Fourth, coefficients of the BYM were calculated for each cluster using multilinear regression. Fifth, a new model was devel-
oped to find the optimum drill string rotation based on changes in torque and bit diameter with depth. The above-developed 
approach has been implemented successfully on 23 oil wells field data to find optimum penetration rate, weight on bit and 
string rotation.

Keywords Bourgoyne and Young model · Clustering · Drilling · Multiple linear regression · Optimization

Introduction

Oil well drilling technique is the process of making a safe 
vertical or inclined cased hole (Rabia 2002). An experienced 
team of qualified personnel, drilling program, and powerful 
drilling rig are the main basic requirements to perform a 
drilling operation (Azar and Samuel 2007). Reduction in 
cost and/or time without compromising safety is key topics 
for optimized drilling performance. Optimization in drill-
ing operations started with the first attempt to drill in 1900 
(Eren and Ozbayoglu 2010). The process of optimization 
was slow in the beginning and became quicker with scien-
tific and technological developments. Despite all advances, 
however, still, there are challenges in understanding the 
overall drilling operation process. These challenges pushed 
researchers to continue their work to identify and model 

drilling processes and to study further the main parameters 
that affect oil well operations (Darley 1969; Khodja et al. 
2010). From 1920 to date, many parameters have been stud-
ied in different models. Bourgoyne and Young (BY) was one 
of these models used in optimizing the controllable drilling 
parameters. This model was conducted in 1974 for eight 
parameters in one equation for optimal rate of penetration 
(ROP) in roller cone bits (Bourgoyne et al. 1986; Bourgoyne 
and Young 1974; Caenn et al. 2011; Eckel 1968; Eren and 
Ozbayoglu 2010). Other researchers used charts, relation-
ship between a set of parameters in their works (Bingham 
1965; Gatlin 1960; Maurer 1962; Warren 1987). Computer 
programs were developed in different areas to find opti-
mal weight on bit (WOB) and rotation per minute (RPM) 
(Barragan et al. 1997; Bourgoyne and Young 1974; Coelho 
et al. 2005; Galle and Woods 1963). Lummus, for example, 
studied the optimization process through analysis of mud 
hydraulic properties (Lummus 1971). Different mathemati-
cal models implemented to optimize WOB, RPM, and bit 
hydraulics (Bourgoyne et al. 1986; Graham and Muench 
1959; Speer 1958). Borehole cleaning, lifting capacity, bit 
types, and hydraulic parameters have been studied by many 
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researchers in seeking more optimized operations (Garnier 
and Van Lingen 1959; Maurer 1962; Naganawa 2012). Many 
researchers focused on regression analysis and empirical 
correlation in their works to reduce the drilling time (Duk-
let and Bates 1980).

Despite all advances still, the need for more optimized 
operational is crucial. Recently, the BYM has been studied 
by Eren Tuna (Eren and Ozbayoglu 2010). He studied the 
real-time optimization of ROP using regression analysis to 
find the BYM coefficients. Tuna used the data of two wells 
to optimize the controllable parameters of a third well. In 
fact, many other researchers considered the BYM as one of 
the best drilling optimization models because it is based on 
a statistical analysis of past drilling parameters, like WOB 
and RPM. The BYM has been successfully implemented 
in different locations on roller cone bits (Elahifar et al. 
2012; Eren and Ozbayoglu 2011; Irawan and Anwar 2014; 
Miyora et al. 2015). Nevertheless, this model needs sub-
stantial adjustments before using it on other types of drilling 
bits like fixed cutter bits. Recently, Christensen, Inc. and 
Shell Oil Co. used the corrected BYM for polycrystalline 
diamond (PDC) bits to optimize the penetration rate (Duk-
let and Bates 1980). In almost all drilling operations, the 
operator uses different types of drilling bits (roller cone and 
fixed cutter bits) in the same well. Thus, using the BYM 
with corrections expands the applicability of the model. In 
this paper, field data from the Bazian oil block in northern 
Iraq are used with the original model in the upper intervals 
where the roller cone bits are used. A corrected BYM was 
used in other intervals where the PDC bits were used in the 
drilling operations. The drilled sections were partitioned into 
20 clusters based on bottom hole assemblies (BHA) and the 
lithology changes. Roller cone bits were mainly used in drill-
ing the upper clusters, while, PDC bits were used in the 
other clusters. Optimized WOB, RPM, and ROP parameters 
were predicted for future operations in the same geological 
setting.

Methodology

In this study, the drilling operations of 23 oil wells were 
monitored in three different oil blocks in northern Iraq. 
The three oil blocks were Taq Taq, Bazian, and Miran. The 
Bn-1 oil well located in the Bazian block was selected to be 
a key well for this study. This oil well has been monitored 
closely to collect all the operational data starting from the 
civil works to the site restoration. Appendix Table 7 shows 
a part of the field data from the mud logging unit (MLU) 
that were collected and used in this study. A set of data for 
each meter from the surface to the final depth at 3715 m 
has been collected from different sources. The MLU data 

were selected because it was the most continuous and com-
plete data set.

The collected data of WOB, RPM, ROP, and torque were 
averaged in short intervals of 10 m to reduce the effects 
of noisy data and homogeneity assumptions. Then, the 
collected data have been divided into 20 clusters based 
on lithology and bottom hole assembly (BHA) changes 
as shown in Fig. 1. The needed parameters for the BYM 
were determined from standard drilling formula (DF) cal-
culations. Parameters such as equivalent circulation density 
(ECD), bottom hole pressure (BHP), Reynold number, pore 
pressure gradient (Pg) and annular pressure were calcu-
lated through the DF. The BYM contains the effect of eight 
variables of drillability, normal and abnormal compaction, 
pressure difference, bit weight, string rotation, bit wear, and 
bit hydraulics. The eight effective operational parameters 
(x1–x8) of the BYM were calculated through specific equa-
tions (Bourgoyne and Young 1974), as in Appendix Table 8. 
Multiple linear regression techniques were used to compute 
optimum coefficients (a1–a8), as Appendix Table 6. Based 
on the relationship between RPM, bit diameter and torque 
with depth, a new model was derived to calculate optimum 
RPM. The new model is a function of only two parameters 
(Torque and Bit diameter). The main methodology steps are 
illustrated in Fig. 1.

Well profile

The drilling operation in Bn-1 oil well was spudded on 
October 2009 and finished in 256 days after penetrating the 
Triassic rocks at a total depth of 3715 m (Korea National 
Oil Corporation, KNOC 2009). The final casing setting 
depth was with the 7-in. liner at 3640 m (Korean National 
Oil Corporation, KNOC 2009). Figure 2 shows penetrated 
formations, casing size and setting depth for all the drilled 
sections from the surface with 30-in. conductor pipe ended 
to the 6-in. casing for and Open Hole Section at 3715 m. 
The geological stratigraphy showed alternation of different 
geological formations from the surface to the final depth 
(Darwesh 2014). Figure 3 shows 20 different geological 
formations starting from Eocene–Pila Spi formation to Tri-
assic–Kura Chine formation. The actual drilling time spent 
on all the operating activities was more than the planned 
time due to drilling problems and shortage in the offset data 
(Darwesh 2014).

The surface section is characterized by hard, highly frac-
tured and abrasive formations which cause excessive vibra-
tions of the drill string and a total loss in the drilling fluid. 
Swelling and packing off were the problems in the inter-
mediate section. Problems of tight spots and bridges were 
encountered also in this section. The production and liner 
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section showed a good drillability but with frequent loss of 
circulation and problems of fishing and sidetracking.

The rate of penetration (ROP) model

The BYM (1974) is a linear relationship between the pene-
tration rate and a set of eight effective parameters x1–x8. This 
model was based on the statistical synthesis of the collected 
data from the previously drilled wells. This model considers 
the following eight effects:

• Formation strength
• Formation depth
• Formation compaction
• The pressure differential across the bottom of the hole
• Bit diameter and weight on bit
• Rotary speed
• Bit wear
• Bit hydraulics

First, the model was introduced for roller cone bits, as 
shown in Eq. 1 (Adam et al. 1991).

where �f
�t

 is the rate of penetration (ft./h), aj are the coeffi-
cients of the model and xj the eight drilling parameters and 
explained below.

Effect of formation strength

This effect is represented by coefficient a1 in the BYM and 
it is inversely proportional to the natural logarithm of the 
square of the drillability. The less value for this coefficient 
means less ROP. The coefficient also includes the effects 
of parameters not mathematically modeled, such as the 
effect of drilled cuttings in terms of size, type, quantity 
or any other effects (Bourgoyne and Young 1974). Other 
factors such as drilling fluid properties, solid content, the 
efficiency of the equipment/material, crew experience, and 
service companies’ efficiency could be included under this 
function or as separate coefficients in future considera-
tions. Equation 2 defines the formation of strength related 
effects with the same units of ROP.

(1)�f

�t
= e

�
a1+

8∑
j=2

ajxj

�

(2)f1 = ea1

Fig. 1  Methodology flowchart
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where f1 is the rate of penetration (ft./h) and the a1 is a 
dimensionless coefficient for the formation strength.

Effect of formation compaction

Equations 3 and 4 define the effect of normal and abnormal 
formation compaction. These effects are represented by 
coefficients a2 and a3.

where f2 and f3 are the rate of penetration (ft./h) and the a2 
and a3 are dimensionless coefficients for the effect of normal 
and abnormal formation compaction

(3)f2 = ea2x2

(4)f3 = ea3x3

The normal compaction parameter x2 assumes an expo-
nential decrease in ROP with depth, while the abnormal 
compaction effect on penetration rate x3 assumes an expo-
nential increase in ROP with the pore pressure gradient 
(Bourgoyne and Young 1974). Equations 5 and 6 show the 
effect of formation compaction in BYM.

where gp the pore pressure gradient in units of ppg, D is 
depth in ft. and the numbers 10,000 and 12.5 have been 
chosen to normalize the effect of depth and pore pressure.

(5)x2 = 10000−D

(6)x3 = D0.69(gp− 12.5)

Fig. 2  Drilled and cased sec-
tions for Bn-1 oil well. Nonlin-
ear depth scale used
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Effect of bottom hole pressure differential

Coefficient a4 in Eq. 7 represents the effect of pressure dif-
ferential on ROP. The penetration rate will reduce with the 
decrease in the bottom hole pressure difference. Whenever 
the pressure differential between mud hydrostatic pressure 
and the formation pressure is zero, this effect will be equal 
to 1 (Bourgoyne and Young 1974).

where f4 is the rate of penetration (ft./h) and the a4 is a 
dimensionless coefficient for the effect of bottom hole pres-
sure differential, ECD is equivalent circulating mud density 
at the bottom hole in units of ppg.

(7)f4 = ea4x4

(8)x4 = D(gp−ECD)

Effect of bit diameter and weight on bit, (w/d)

The bit weight and bit diameter are considered to have a direct 
effect on the ROP. The constant a5 in Eq. 9 represents the effect 
of WOB and bit diameter on the penetration rate. The param-
eter x5 assumes that the ROP is directly proportional to 

(
w

d

)a5
 

(Bourgoyne and Young 1974).

where f5 is the rate of penetration (ft./h) and the a5 is a 
dimensionless coefficient for the effect of Bit Diameter and 
Weight on Bit, w/d is the WOB per inch of bit diameter in 

(9)f5 = ea5x5

(10)x5 = ln

⎡⎢⎢⎢⎣

�
w

d
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Fig. 3  Geological stratigraphy 
and formations penetrated in 
Bn-1
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units of 1000 lb/in., (w/d)t is the threshold WOB per inch of 
bit diameter. The number 4 is the normalized weight on bit 
in units of 1000 lb per bit diameter in an inch.

Fix cutter bits like polycrystalline diamond bit (PDC) was 
used widely in the drilling of Bn-1 and many other wells. 
This type of bit showed high performance in drilling soft-
shale formations. Adding some special design features in 
recent years made this type of bits more effective in drilling 
medium-to-hard formations also (Belozerov 2015).

The PDC bit breaks the rock through shearing, and they 
do not have any moving or rotating parts as in roller cone 
bits. PDC bits consist of many fixed blades that are integral 
with rotation as a single unit of the drilling string (Beloze-
rov 2015). Figure 4 shows the main differences between the 
roller cone and PDC bits.

Adjustments were applied on the x5 to suit PDC bits 
before running the regression analysis, and both bit weight 
and bit diameter were adjusted. Belozerov (2015) adjust-
ments were selected to adjust the effect of bit weight param-
eter. Dmitriy Belozerov adjustments were based on the 
relationship between mechanical and critical weights on the 
PDC bit, as seen in Eqs. 11, 12 and 13 to find x5.

where Cr is the dimensionless weight split between the 12¼″ 
drill bit and 13½″ under-reamer; in case of no under-reamer 

(11)x5 = ln

⎡⎢⎢⎢⎣

Cr ⋅

�
w

d

�
− 0.942 ⋅ ΔPb

�
d−1

d

�
�

w

d

�
c

⎤⎥⎥⎥⎦

(12)x5 = ln

⎡⎢⎢⎢⎣

Cr ⋅WOBa − 0.942 ⋅ ΔPb

�
d−1

d

�

WOBc

⎤⎥⎥⎥⎦

(13)ΔPb =
q2 ⋅ �

12031 ⋅ A2
n

it will equal to 1. WOBc = 800 lbs/in. is the chosen weight 
to normalize WOB value for PDC bits. The coefficient 
0.942 was high, probably due to hydraulic friction losses, 
and therefore, it was reduced by 0.02 in this paper. WOBa is 
the measured weight on the surface in l bf. An is the nozzle 
total flow area in a square inch and q is the mud pump flow 
in units of mph.

The minimum needed WOB to start the drilling pro-
cess (threshold weight) was found through the relationship 
between the ROP and the WOB as in Fig. 5. This force can 
be determined on-site by drill-off tests for each formation 
during the drilling operation by plotting the ROP as a func-
tion of WOB per bit diameter and then extrapolating back to 
a zero-drilling rate (Bourgoyne et al. 1986). In Fig. 5 before 
point (a) there is no record of ROP with the applied WOB, 
but then a linear relationship appears between the points (a, 
b and c). Subsequently, the relationship is nonlinear from 
(c) to the (d). After point (d), any increase in the WOB will 
not give an increase in the ROP (24). Thus, point (a) is the 
threshold value of that specific formation and drilling bit.

In this study, the threshold weight was determined 
through the plotted relationship between WOB and the depth 
in each cluster separately. Figure 6 shows the relationship 
between the applied weight and the depth in the first cluster 
(Pila Spi formation—Eocene). The minimum weight of 0.7 

Fig. 4  Main features of PDC and roller cone bits used in Bn-1 (Karadzhova 2014)

Fig. 5  Weight on bit and rate of penetration relationship (Ahmed 
et al. 2018)
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ton was recorded for the mentioned formation. Later, this 
weight was converted to (weight/drilling bit diameter) as 
shown in Table 1.

The same procedure was performed to determine other 
threshold weight for all other clusters.

Effect of rotary speed N

The effect of the rotary speed (N) described by the coef-
ficient a6 and the parameter x6 . It is assumed that the ROP 
is directly proportional to the rotation speed of the bit. 
Based on the Dmitriy Belozerov model (Belozerov 2015), 

the normalizing value to equalize the rotary speed function 
differs between roller cone bits and PDC bits. ROP usu-
ally increases linearly with the rotary speed at low values 
of rotary speed, but this effect will change at high rota-
tion speeds into a nonlinear relationship (Bourgoyne and 
Young 1974). At higher values of rotary speed, the ROP will 
decrease due to an increase in drilled cutting and a decrease 
in lifting capacity (Warren 1987). This effect is modeled 
in Eqs. 14, 15 and 16 below for roller cone and PDC bits 
(Adam et al. 1991) (Belozerov 2015):

(14)f6 = ea6x6

Fig. 6  Weight on bit versus 
depth for the first cluster (Pila 
Spi) formation
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Table 1  Bn-1 clustering intervals and threshold weight

Cluster no. Lithology no Formation Interval (ft.) Hole diameter (in.) (w/d)t (1000 lb/in.) Clustering base

1 1 Pila Spi 32–450 26
Surface section

0.0577 Geological Fm.
2 2 Gercus 450–808 0.131 Geological Fm.
3 3 Khurmala 808–1082 0.585 Geological Fm.
4 4 Sinjar 1082–1444 0.681 Geological Fm.
5 5 Kolosh 1444–1496 0.592 Bit change
6 1496–1575 0.427 Bit change
7 1575–2326 17.5

Intermediate section
0.257 Bit size change

8 6 Aliji 2326–3445 0.20 Bit change
9 3445–3930 0.137 Bit change
10 3930–5489 12.25

Production section
0.196 Bit and Fm. change

11 7 Upper Shiranish 5489–6033 0.359 Bit change
12 6033–6375 0.433 Bit size change
13 8 Lower Shiranish 6375–6670 8.5

Liner section
0.18 Bit change

14 6670–7477 0.259 Geological Fm.
15 9 Kometan 7477–7795 0.376 Geological Fm.
16 10 Qamchuqa 7795–8179 0.047 Bit change
17 8179–10,253 0.047 Bit change
18 10,253–11,552 0.047 Bit change
19 11 Qamchuqa/Sarmord 11,552–11,926 6

Open hole
0.067 Bit size change

20 11,926–12,480 0.050 TVD
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where f6 is the rate of penetration (ft./h), N = rotations per 
minute (RPM), numbers 100 and 160 are normalization fac-
tors for roller cone and PDC bits.

Effect of tooth wear

The coefficient a7 represents the effect of tooth wear on pen-
etration rate. ROP decreases with the increase in bit teeth 
wear. Reductions in ROP for tungsten carbide insert (TCI) 
roller cone bits and PDC bits are not as severe as for milled 
tooth (MT) roller bits (Gatlin 1960). During the use of TCI 
and PDC bits, the ROP does not vary significantly with tooth 
wear. Thus, the tooth wear exponent for TCI roller bits a7x7 
in Eq. 17 becomes zero and this means that ea7x7 becomes 
equal to 1 (Bourgoyne and Young 1974). In the drilling of 
Bn-1, the TCI and PDC were dominantly used below 500 m 
and the effect of tooth wear (hf) has set to (1/8) as an alter-
native of zero. The value of 1/8 was selected to justify the 
worse dull case below the casing shoe, with a linear increase 
from zero to 8/8 to 1/8 (Belozerov 2015). The linear increase 
of wear in TCI and PDC bits is preferred compared to the 
nonlinear relation as in MT bits.

where f7 is the rate of penetration (ft./h), hf is the fractional 
tooth height that has been worn away over 8.

Effect of bit hydraulics

The coefficient a8 in Eq. 19 represents the coefficient for 
the effect of the bit hydraulics on ROP. The effect of the 
bit hydraulics x8 assumes that the ROP is proportional to 
a Reynolds number or jet impact force (Bourgoyne et al. 
1986).

The Reynolds number gives the effect of the drilling bit 
jetting action at the bottom of the hole, which promotes bet-
ter cleaning of bits teeth. Through Eqs. 20 and 21, this effect 
can be determined and be normalized to 2.0 hp/in. chosen 
for the hydraulic horsepower.

(15)x6 = ln
(

N

100

)
For roller cone bits

(16)x6 = ln
(

N

160

)
For PDC bits

(17)f7 = ea7x7

(18)x7 = −hf

(19)f8 = ea8x8

(20)x8 =
Hp∕Ab

2

where f8 is the rate of penetration (ft./h), Ab = bit area square 
inch, ΔPb = bit pressure drops [psi] and Hp = Hydraulic 
horsepower [hp].

The previous Eqs. 2–21 are used to calculate x1 to x8, and 
the coefficients a1 to a8 from multiple regression and thereby 
the optimum WOB and RPM can be determined.

Clustering and threshold weight 
determination

Based on the BHA and lithology changes, the whole pen-
etrated depth was partitioned into 20 clusters, as shown in 
Table 1. The total of 11 geological formations was recorded 
from the surface to the final depth. In the upperpart of the 
well, four geological formations have been drilled with the 
same bit but they are treated as individual clusters. In some 
geological formations, different drilling bits were used and 
each interval is treated as one cluster.

Instability problems such as shales swelling, cavings, 
tight spots, and eventual loss of circulations were encoun-
tered during the drilling operation (Darwesh 2014). These 
problems caused an increase in drilled cuttings and therefore 
increased pore pressure and annular density (Guo and Liu 
2011). Equation 22 was used to calculate the ECD that was 
increased due to the weight of drill cuttings in the annulus 
(Skalle 2011). This equation takes into account the frictional 
loss due to the circulation of the drilling fluid (Aadnoy 2011; 
Lyons and Plisga 2011).

where ECD is equivalent circulating density in units of ppg, 
Pan is Annulus frictional pressure loss in units of psi, h is 
depth in ft and MW is mud weight in ppg.

A linear regression method which contains more than one 
variable is called a multiple regression (MLR) (Montgom-
ery and Runger 2010). MLR was conducted for each cluster 
to calculate a1 to a8 for the BYM and the results attached 
and shown in Appendix Table 6. Based on the chosen rig, 
personal and bottom hole assemblies (BHA) selection, the 
optimum values WOB have been calculated using Eq. 23.

where a5 and a6 can be obtained from the regression analy-
ses. Table 2 contains parameters of the bit wear model as 
described by (BY references), where (w/d)m is the maximum 
weight on bit diameter and H1, H2 and H3 are coefficients 

(21)PH =
ΔPb∕Ab

1714

(22)ECD =
Pan

0.052h
+Mw

(23)[
w∕d

]
opt

=

a5H1

(
w

d

)
m
−
(

w

d

)
t

a5H1 − a6
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provided by the International Association of Drilling Con-
tractors (IADC). All the results were in an acceptable range 
(Bourgoyne et al. 1986; Eren and Ozbayoglu 2010) between 
the recorded minimum and the maximum value of WOB. For 
example, the required values for the coefficients and varia-
bles in the first cluster drilled with bit size 17½ in., TCI type 
5 (Pila Spi formation) were a5 = 0.08576, a6 = −17.76926, 
(w/d)m = 3, (w/d)t = 0.0920 and H1 = 1.5. The same principle 
was applied to find the optimum WOB in other clusters, as 
shown in Appendix Table 8.

Finding optimum string rotation N

A nonlinear Eq. 31 resulted from the relationship of the 
RPM, Torque and Bit diameters trend lines with the depth 
in calculating optimal RPM as shown in Fig. 7. We assume 
that the trend lines described by Eqs. 24, 25 and 26 with 
respect to depth D for RPM, Torque and Bit diameters rep-
resent their optimum values.

(24)RPMopt = 574.53D−0.351
0

The coefficients in Eqs. 24, 25 and 26 are based on the 
actual collected data and we seek to find the optimum RPM 
as a function of Torque and Bit diameter. The depth values 
in Eqs. 25 and 26 are given by

Connecting Eqs. 24, 27 and 28 by using the depth conver-
sion D0 = (D1 + D2)∕2 gives

and

The averaged depth D0 represents a choice of adding the 
same weight to the selectable bit diameter and the Torque 
parameter which mainly is controlled by the drilled forma-
tion. Equation 31 can be approximated further by fitting a 
trend line by trial and error to get a relation between opti-
mum RPM with torque Tq and bit diameter Bd:

The new equation is easy to implement and contains only 
two variables, torque and bit diameter to the power of 1.4. 
Equation 31 matched all the drilled sections in 23 drilled 
wells in the 3 different oil blocks.

(25)Tqopt = −0.0009D1 + 10.119

(26)Bdopt = 225.56D−0.406
2

(27)D1 =
10.119 − Tqopt

0.0009

(28)D2 =

(
Bdopt

225.56

)−2.46

(29)RPMopt = 574.53D−0.351
0

(30)
RPMopt = 574.53

[
5621.6 + 555.55Tq + (0.0022167Bd)−2.46

]−0.351

(31)RPM = Tq + Bd1.4

Table 2  Tooth wears parameters recommended by Bourgoyne and 
Young (Bourgoyne et al. 1986)

Tooth wear parameters recommended by Bourgoyne and Young (8)

Bit class H
1

H
2

H
3

(w/d)m

1-1 to 1-2 1.9 7.0 1.0 7.0
1-3 to 1-4 1.8 6.0 0.8 8.0
2-1 to 2-2 1.8 5.0 0.6 8.5
2 to 3 1.76 4.0 0.48 9.0
3 to 1 1.7 3.0 0.36 10.0
3 to 2 1.65 2.0 0.26 10.0
3 to 3 1.6 2.0 0.20 10.0
4 to 1 1.50 2.0 0.18 10.0
Insert 1.5 1 0.02 See Table 3 below

Table 3  Maximum 
recommended WOB by Estes 
(Eren and Ozbayoglu 2010)

Maximum design weight on bit 1000 lb/in. (after Estes)

Bit size inch Bit class MT Bit class TCI

1-1 1-2 1-3 1-4 2-1 to 2-2 2-3 3 4 5 6 7 8 9

6 1/8 5.6 6 6.6 6.9 7.9
6¾ 5.7 6.1 6.6 7.1 7.2 8.5 3.1 4.4 4.5 5.2 4
7 7/8 6 6.2 6.6 7 7.5 7.6 8.7 9.4 3.5 4.5 5 5.7 4.5
8 3/4 6.2 6.5 6.8 7.2 7.8 8 9.5 10 3.7 5.1 5.2 5.8 4.7
9 7/8 6.5 6.7 7.1 7 7.6 7.7 8.9 3.6 5.1 5.1 5.9 4.6
10 5/8 6,.4 7 8.8 3.5 5 5 5.8 4.5
12¼ 5.9 6.1 6.4 6.7 7.3 7.4 8.5 3.5 4.9 4.9 5.6 4.4
14¾–15 5.3 5.8 6.3 7.4 3.4 4.7 4.8 5.4 4.3
17½ 5 5.7 7 3 4.2 4.2 4.8 3.8
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Results and discussion

The ROP optimization leads to the cost reduction, together 
with elimination of hole problems. It has been reported that 
drilling optimization should be based on the accumulated 
and statistically processed empirical data rather than work-
ing with implicit relations. All drilling parameters effecting 
ROP are not fully comprehended and there are difficulties to 
gather them in one model. For that reason, accurate mathe-
matical model for ROP process has not so far been achieved. 
Many optimizations models have been considered and lead 
to reductions in drilling cost and decreasing operations prob-
lems. The BYM is one of the most and widely used model 
that has been implemented successfully among those mod-
els. BYM is one of the most important drilling optimization 
models because it is based on statistical synthesis of the past 
drilling parameters. This model is considered to be the most 
suitable method in drilling optimization, and it is considered 
as one of the complete drilling models in use of the industry 
for roller-cone type of bits. Through the BYM and the col-
lected data, the optimum WOB, N and ROP were estimated.

Computer network kept the data flow directly from the 
different data source to the MLU on site. The multiple 
regression technique is used to linearly model the relation-
ship between the dependent ROP and the eight independent 
parameters. Through the analysis of the drilling parameters 
in each cluster, a relation between the drilling parameters 
and ROP trend or depth were determined separately also. 
Many researchers worked on BYM in the past decades. 
Based on the scope and directions of the researches on BYM, 
it is possible to divide the researchers into three groups:

First group applied BYM as it is together with data limi-
tation in different locations looking to make it suitable for 
specific area neglecting difference in conditions compar-
ing to the original model condition. As a result, it has less 
contribution to model development (Al-Betairi et al. 1988; 
Bataee et al. 2010; Irawan and Anwar 2014; Kutas et al. 
2015; Seifabad and Ehteshami 2013). The second group 
used to apply the BYM with different mathematical methods 
to eliminate and overcome data limitation constrain (Bahari 
and Baradaran Seyed 2007; Bahari et al. 2011; Nejati and 
Vosoughi). Some methods proved its success and others 
show its limitations. (Genetic a logarithm method is best of 
alternative method as it gives realistic and within arrange 
coefficients.) This paper will be under the work of third 
group. The third group has the best contributions to develop 
the BYM through considering additional drilling parameters. 
Modifying and reducing some drilling parameters together 
with high accuracy made the BYM applicable in a wider 
range (Bourgoyne et al. 1986; Eren and Ozbayoglu 2011; 
Osgouei and Özbayoğlu 2007).
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Regardless of dividing the researchers, it is observed that 
all researches looking for alternative solution to overcome 
data limitation and neglecting to look for rooms of improve-
ment for multiple regression techniques. Most of researches 
applications used only tri-cone bits as original proposed 
model and there is a lack of verifications as it is signifi-
cantly depending on statistical hypothesis tests together with 
absence of numerical simulation applications.

In this paper, the original BYM was used in the upperpart 
of the well down to 470 m where the roller cone bit was 
used in the drilling operation without any need to weight 
and bit adjustment. The same model was used for the lower 
part after adjusting the model for the weight and bit type. 
The model has been successfully implemented on each of 
20 clusters. Working on a small cluster was helpful in over-
coming the effect heterogeny and the averaging process to 
eliminate the effect of noisy data. Some of the coefficients 

Table 5  Proposed drilling sections in more harmonic situations

Formations Lithology Interval (m) Sections drilled in Bn-1 Cluster no. Proposed 
drilling sec-
tions

Pila Spi 9.2–137.5 Surface 1, 2, 3 amd 4 Surface
Gercus 137.5–246
Khurmala 246–330
Sinjar 330–440
Kolosh 440–456 5, 6,7,8, 9, and 10 Intermediate

456–710 Intermediate
Aaliji 710–1050

1050–1673 Production
Upper Shiranish 1673–1839 11,12, 13 and 14 Production

1839–1943 Liner
Lower Shiranish 1943–2279
Kometan 2279–2376 15,16,17,18,19, and 20 Liner
Qamchuqa/Sarmord 2376–3635
Qamchuqa/Sarmord 3635–3795
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yy == 222255,,5566xx-0,406

0

20

40

60

80

100

120

140

0 500 1000 1500 2000 2500 3000 3500 4000

RP
M
,T
oToT
rq
ue

,D
h

Depth m

VVaaVaVVaV rriiaabblleess ooff RRPPMM, TTooToTToT rrqquuee aanndd HHoollee ddiiaammeetteerr wwiitthh tthhee ddeepptthh RRPPMM1100 m average

TToorrqquuee kkNNmm

DDhh iin

PPoowweerr ((RRPPMM 1100mm aavveerraaggee))

LLiinear ((TToToT rque kkNNm))

PPoowweerr ((DDhh iinn))

Fig. 7  Relationship between variables RPM, WOB, and bit diameter with depth
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showed negative values in some specific intervals. Those 
negative values are clear indications that the effect of those 
parameters was insignificant.

Then, the original model was implemented directly to 
find the optimal WOB, while the adjusted model was used 
for clusters below 470 m. The new model (Eq. 31) was used 
to find the optimal RPM for the entire drilled well. This 
new model was implemented successfully on 23 drilled 
wells in the three oil blocks (Bazian, Taq Taq and Miran). 
The recorded and the predicted optimal values of ROP are 
shown in Fig. 8 and clearly indicate that the ROP has been 
optimized.

Optimized values that resulted from the work will help 
in performing drilling operation in the future. "Appendix 1" 
lists all the optimum predicted values of WOB, RPM, and 
ROP. The effects of all eight coefficients a1 to a8 are shown 
in Fig. 9 for the total drilled depth in Bn-1.

The effects of coefficients a1 to a8 have been summarized 
in Table 4 in order to provide a qualitative description and 
relation to lithologies. For example, from Fig. 9 and Table 4, 
it is observed that the drillability  a1 in cluster 10 was low 
compared to cluster 11 to indicate the hardness of Qamchuqa 
formation. The effect of compaction was high in cluster 10 
compared to cluster 11 due to the different pressure regime 
between these two clusters. The effect of pressure differ-
ences was high in clusters 7 and 8 and this was due to the use 
of high-density fluid that was used to control the swelling 
and other hole problems caused by shale in clusters 7 and 8. 
Upper clusters 1, 2, 3, 4 and lower clusters 10 and 11 drilled 
were with underbalanced drilling fluid due to presence of 
fractures and cavities. In general, there was a good control 
on parameters RPM, teeth wear and hydraulic effects (a6, a7, 
and a8) as they were positive range in most cases.

The efficiency of the clustering method is more visible 
through the drawing of the relationship between the depth 
and log (ROP) as shown in Fig. 8. The optimized ROP val-
ues are more stable compared with the original ROP in black 
color. After the completion of Bn-1, and based on the lithol-
ogy similarity, we can observe that:

1. There is a high similarity between clusters 1, 2, 3, 4 and 
it will be more productive if they are drilled as a surface 
section as shown in Table 5. It will be easier if the clus-
ters 5 to 10 are drilled as the intermediate section due to 
lithology similarity.

2. Production section can extend down to the top of the 
Kometan formation.

Conclusions

The new model to calculate the RPM is much easier than the 
complex models used in previous studies.

Optimization is a continuous process and the operation 
will be improved with the increase in the number of drilled 
in the specific area.

The BYM can be implemented successfully for PDC bits 
like roller cone bits after adjustments. A new procedure suc-
cessfully introduced to find the threshold weight through 
instead of drill of test.

Noisy data and homogeneity assumptions eliminated 
through the averaging and clustering. Controllable param-
eters WOB, RPM, and ROP have been optimized for future 
operations.

Fig. 8  Modeled and original 
ROP for Bn-1

0 500 1000 1500 2000 2500 3000 3500 4000
Depth (m)

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Lo
g 

(R
O

P)

Modeled & Original ROP

O. ROP
M. ROP



Journal of Petroleum Exploration and Production Technology 

1 3

-3000000

-2500000

-2000000

-1500000

-1000000

-500000

0

500000

1000000

1500000

2000000

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)
a1 Drillability

-7000

-6000

-5000

-4000

-3000

-2000

-1000

0

1000

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

depth (m)
a2 Normal compac�on

-16000

-14000

-12000

-10000

-8000

-6000

-4000

-2000

0

2000

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)
a3 Abnornal compac�on

-14

-12

-10

-8

-6

-4

-2

0

2

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)
a4 Pressure differen�al at bo�om of hole

-3

-2

-2

-1

-1

0

1

1

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)

a5 WOB effect

-20

-15

-10

-5

0

5

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)
a6 Effect of rotary speed

-15000000

-10000000

-5000000

0

5000000

10000000

15000000

20000000

25000000

30000000

0 500 1000 1500 2000 2500 3000 3500 4000

a 
va

lu
e 

ra
ng

e

Depth (m)
a7 Effect of teeth wear

-4

-2

0

2

4

6

0 500 1000 1500 2000 2500 3000 3500 4000a 
va

lu
e 

ra
ng

e

Depth (m)
a8 Effect of hydraulic

Fig. 9  Range values of coefficient constant a1 to a8



 Journal of Petroleum Exploration and Production Technology

1 3

Acknowledgements I (Ali K. Darwesh) would like to acknowledge and 
express my appreciations for the guidance to Shara Ahmed from the Kurd-
istan Regional Governorate (KGR), Sulaimaniyah library in Iraq, who has 
been continuously available for support and comments. I would also like 
to thank the Korean National Oil Corporation (KNOC) and the Ministry 
of national resources in KRG, for the valuable well data provision.

Funding Funding was provided by Luleå Tekniska Universitet (Grant 
No. 147120).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Glossary

Symbol Unit Description

a1 Dimension less Formation strength parameter 
coefficient

a2 Dimension less Normal compaction coefficient
a3 Dimension less Under-compaction coefficient
a4 Dimension less Pressure differential coefficient
a5 Dimension less Bit weight coefficient
a6 Dimension less Rotary speed coefficient
a7 Dimension less Tooth wear coefficient
a8 Dimension less Hydraulic coefficient
Cb USD Bit cost
Cr USD Daily rig rate
D [L], ft (m) Depth of borehole
db [L], in (mm) Diameter of the bit
dn [L], in (mm) Bit nozzle diameter
f1 ft/h Rate of penetration considering 

formation strength function
f2 ft/h Rate of penetration considering 

formation normal compac-
tion function

f3 ft/h Rate of penetration consider-
ing formation compaction 
function

f4 ft/h Rate of penetration consider-
ing pressure differential of 
hole bottom function

Symbol Unit Description

f5 ft/h Rate of penetration consider-
ing bit diameter and weight 
function

f6 ft/h Rate of penetration consider-
ing rotary speed function

f7 ft/h Rate of penetration consider-
ing tooth wear function

f8 ft/h Rate of penetration consider-
ing hydraulic function

gp [M/L3], ppg (sg) Pore pressure gradient of the 
formation

h Dimension less Bit tooth dullness, fractional 
tooth height worn away

H1, H2 Dimension less Constants for tooth geometry 
of bit types

N [T-1], rpm (–) Rotary speed
Q, q [L3/T], gpm (l/m) Volumetric flow rate
ROP [L/T], ft/h (m/h) Rate of penetration
tb [T], h Bit drilling time
tc [T], h Drill pipe connection time
tt [T], h Round trip time
WOB [ML/T2], 1000 lbf (N) Weight on bit
w/d [M/T2], 1000 lbf/in. (N/m) Weight on bit per inch of bit 

diameter
(w/d)max [M/T2], 1000 lbf/in. (N/m) Bit weight per diameter where 

teeth fails instantaneously
(w/d)t [M/T2], 1000 lbf/in. (N/m) Threshold bit weight at which 

the bit starts to drill
ρ [M/T3], ppg (kg/m3) Drilling fluid’s density
ECD [M/L3], ppg (sg) Equivalent circulating mud 

density at the hole bottom
μ [M/LT], cp (Pa s) Apparent viscosity at 

10,000 s−1

BYM Dimension less Bourgoyne and Young
IADC Dimension less International association of 

drilling contractors
MD [L], ft (m) Measured depth
MW [M/L3], ppg (sg) Mud weight (density)
RPM [T−1], rpm (–) Revolution per minute
SPP [M/(LT2)], psi (Pa) Standpipe pressure
TD [L], ft (m) Total depth
TVD [L], ft (m) True vertical depth

Appendix 1

See Table 6.
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Appendix 2: Data processing steps

Tables 7 and 8 show examples of the two processing steps 
involved. The first step involves averaging in 10-meter 

intervals for noise removal. The second step is the calcula-
tions of the eight parameters of the model.

Table 6  Multiple regression analysis result for coefficient values

Cluster Interval (ft) a1 a2 a3 a4 a5 a6 a7 a8

From To

1 33 351 − 300 0.029 − 0.049 − 7.1284 0.086 − 17.769 31.0 − 0.36
354 449 579 − 0.057 − 1.324 0.7360 0.646 0.597 6999.4 0.11

2 453 807 6 − 0.004 − 0.225 − 11.7905 − 0.627 − 11.979 911.8 − 1.94
3 810 1082 − 1693 0.141 0.370 − 1.7209 − 0.046 2.479 − 2890.5 − 0.51
4 1086 1443 518 − 0.040 0.123 − 1.1540 − 0.147 0.732 − 2.0 − 0.55
5 1446 1496 − 334 0.020 − 0.191 1.1957 0.003 − 2.031 88.6 0.52
6 1499 1578 − 92,852 8.533 4.034 0.0091 − 0.030 − 1.355 − 18,771.3 0.01
7 1575 2326 − 1 0.000 − 0.003 − 0.0170 0.059 0.581 − 4.4 1.23
8 2326 3444 15 − 0.001 0.006 0.0058 − 0.085 − 0.479 − 3.8 0.30
9 3445 3930 − 27 0.001 − 0.015 − 0.0256 0.153 1.742 14.0 − 0.89
10 3930 5489 9 0.000 0.000 − 0.0009 − 0.031 3.052 3.2 − 0.08
11 5490 6032 − 1899 0.127 − 1.778 0.0006 0.037 1.158 2.4 0.10
12 6033 6375 952 0.451 6.480 0.0033 0.047 0.059 − 4917.9 3.83
13 6376 6583 − 9934 2.159 6.963 − 0.0009 0.013 − 0.482 − 14,387.5 − 1.49

6586 6670 237,856 − 15.363 227.184 − 0.0017 0.018 − 0.402 − 61.8 − 1.38
14 6671 7477 − 16 0.003 0.001 0.0002 − 0.072 − 0.234 − 32.8 1.62
15 7478 7567 63,794 2.762 58.149 0.0002 − 0.021 − 14.578 − 117,186.1 − 0.79

7570 7795 5 0.000 − 0.003 − 0.0001 0.130 0.334 27.3 − 1.28
16 7796 8179 47 − 0.005 0.006 − 0.0004 0.000 0.401 82.5 − 1.37
17 8180 8551 28 − 0.007 0.001 0.0002 − 0.056 − 0.171 112.9 0.78

8554 9863 8 0.000 − 0.001 − 0.0002 0.002 0.571 23.5 − 1.38
9866 10,060 − 2,311,108 521.321 − 34.351 0.0001 − 0.252 2.944 − 8,475,415.9 0.63

10,063 10,191 3827 0.705 4.019 0.0001 0.362 0.580 − 20,471.5 1.64
10,194 10,253 − 1,214,370 520.020 602.984 − 0.0002 0.579 − 0.211 − 9,857,148.5 − 0.99

18 10,253 10,716 − 4370 − 1.184 − 3.540 − 0.0003 0.051 2.122 18,105.0 − 3.18
10,719 11,011 − 31 0.015 0.001 0.0003 − 0.377 0.224 − 169.4 2.56
11,014 11,551 10 − 0.005 − 0.004 0.0000 − 0.055 0.804 74.3 0.25

19 11,552 11,925 25 − 0.017 0.000 0.0000 0.017 2.061 78.3 3.17
20 11,926 11,985 1,692,668 − 6320.170 − 13,529.655 0.0000 − 2.203 − 0.057 26,961,763.1 4.13

11,988 12,143 − 145,599 8.129 − 433.769 0.0000 − 0.299 − 0.377 − 4.7 − 1.67
12,162 28,857 − 18,129 9.991 − 41.522 0.0000 − 0.014 3.771 − 10,078.0 5.24
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