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ABSTRACT 

Full Name : Mohammed Ali Marrie Al-Hasani Al-Malki 

Thesis Title : Real-Time Advisory Hole Cleaning Model 

Major Field : Petroleum Engineering 

Date of Degree : November 23, 2021 

 

As drilling in unconventional resources become more complex, effective hole-cleaning becomes 

more challenging. Inefficient hole cleaning may lead to high nonproductive time (NPT) due to lost 

circulation, excessive overpull while tripping, slow rate of penetration (ROP), excessive bit wear 

and stuck pipe. There are several parameters utilized to monitor hole-cleaning conditions: ROP, 

Equivalent Circulating Density (ECD), Plastic Viscosity (PV), Yield Point (YP), inclination and 

average particle size. The parameters of highest impact are mud weight, annular velocity, 

inclination and drilling fluid rheology. This paper presents an innovative model to optimize hole 

cleaning efficiently and account for changes in formation lithology, mud rheology, mud weight, 

annular velocity and average cutting sizes. It is capable of evaluating the hole cleaning by reporting 

and allowing the immediate intervention required to optimize and control drilling process 

efficiency. 

A user-friendly interface developed to automate the process, collect the real-time data, 

analyze the data, display charts of the results, and report the most dominating parameters values. 

The model can take the rheological and density data autonomously from a Density and Rheology 

Unit (DRU) in addition to the influential parameters that affect the hole cleaning factor (HCF).  It 

was applied on several wells having same formation characteristic, mud type, well design and well 

trajectory profile. It has classification range of cuttings carrying index (CCI) = [0, 1.5]. The hole 
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cleaning condition is within the acceptable limit when HCF is greater than 1. HCF indicates a poor 

hole cleaning condition when HCF falls within the range = [0.5, 1] and therefore a corrective action 

is required. If HCF is less than 0.5, it indicates that a problem will happen. The developed 

application provides a chart for the depth divided into regions: problem, critical, and clean 

conditions. 

The model is validated using real-time data for 12 wells. HCF estimated values from real-

time and historical data reflected the actual well condition. These outputs are useful to optimize 

the hole-cleaning by adjusting mud properties in accordance with the changing downhole 

conditions and the mechanical parameters (ROP, GPM and RPM). 

This system is the first deployment of its kind in unconventional resources that is able to 

improve hole cleaning efficiency in real-time. It has proven to enhance hole cleaning in real-time 

through the estimation of the HCF instantly for the current bit depth readings. It models the annular 

velocity based on the cutting and slip velocities and corrects the inclination, cutting size, and the 

mud weight using specific correction factors. This novel approach can serve a step toward the 

development of a fully automated drilling hydraulics system. 

 

 

 

 

 

 

 

  



 

XV 

 

  

 ملخص الرسالة 

 

 : محمد علي مرعي الحساني المالكي الاسم الكامل 

 

 لآبار البترولية ا  لتنظيف حفرفي الوقت الحقيقي نموذج إستشاري رياضي عنوان الرسالة: 

 

 هندسة بترول  التخصص: 

 

 2020ديسمبر  : العلميةتاريخ الدرجة  

 

يصبح التنظيف الفعال للحفر أكثر صعوبة. قد يؤدي  تعقيداً،ظرًا لأن الحفر في الموارد غير التقليدية أصبح أكثر ن

والسحب المفرط أثناء   الضائع،( بسبب التدوير NPTالتنظيف غير الفعال للفتحة إلى ارتفاع وقت عدم الإنتاج )

والأنابيب العالقة. هناك العديد من المعلمات  للثقب،والتآكل المفرط  (،ROPومعدل الاختراق البطيء ) التعثر،

 (،PVاللزوجة البلاستيكية ) (،ECDكثافة التدوير المكافئة ) ،ROPمة لمراقبة ظروف تنظيف الفتحات: المستخد

حجم الجسيمات. المعلمات ذات التأثير الأعلى هي وزن الطين والسرعة الحلقيّة  الميل ومتوسط  (،YPنقطة الغلة )

لتحسين تنظيف الفتحات بكفاءة ومراعاة التغيرات  والميل وريولوجيا سائل الحفر. يقدم هذا البحث نموذجًا مبتكرًا 

أحجام القطع. إنه قادر على تقييم  ومتوسط    الحلقية،والسرعة    الطين،ووزن    الطين،وريولوجيا    الصخور،في تشكيل  

 تنظيف الحفرة من خلال الإبلاغ والسماح بالتدخل الفوري المطلوب لتحسين كفاءة عملية الحفر والتحكم فيها. 

 

وعرض الرسوم   البيانات،وتحليل    الفعلي،وجمع البيانات في الوقت    العملية،تم تطوير واجهة سهلة الاستخدام لأتمتة  

والإبلاغ عن قيم المعلمات الأكثر سيطرة. يمكن أن يأخذ النموذج بيانات الانسيابية والكثافة بشكل  للنتائج، البيانية

( بالإضافة إلى المعلمات المؤثرة التي تؤثر على عامل تنظيف الحفرة  DRUمستقل من وحدة الكثافة والريولوجيا )

(HCF تم تطبيقه على عدة آبار لها نفس خصائص التكوين .)  ونوع الطين وتصميم البئر وملف مسار البئر. لديها
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[. تكون حالة تنظيف الحفرة ضمن الحد المقبول عندما يكون 0، 1.5= ] (CCI)مجموعة تصنيفات تحمل مؤشر 

HCF    يشير 1أكبر من .HCF    إلى حالة تنظيف حفرة سيئة عندما يقعHCF  [ = وبالتالي 1  ،0.5ضمن النطاق ]

فهذا يشير إلى حدوث مشكلة. يوفر التطبيق المطور   ،0.5أقل من    HCFحي. إذا كانت قيمة  يلزم اتخاذ إجراء تصحي

 مخططًا للعمق مقسمًا إلى مناطق: مشكلة وظروف حرجة ونظيفة. 

 

من بيانات  HCFبئراً. تعكس القيم المقدرة لـ  12تم التحقق من صحة النموذج باستخدام بيانات الوقت الحقيقي لـ 

الوقت الحقيقي والبيانات التاريخية حالة البئر الفعلية. هذه المخرجات مفيدة لتحسين تنظيف الحفرة عن طريق ضبط 

 (.RPMو GPMو ROPعلمات الميكانيكية )خصائص الطين وفقًا لظروف قاع البئر المتغيرة والم

 

هذا النظام هو أول نشر من نوعه في الموارد غير التقليدية القادرة على تحسين كفاءة تنظيف الفتحات في الوقت 

على الفور لقراءات عمق البت  HCFالفعلي. لقد ثبت أنه يعزز تنظيف الفتحة في الوقت الفعلي من خلال تقدير 

نزلاق ويصحح الميل وحجم القطع ووزن الطين الحالية. يصمم السرعة الحلقية بناءً على سرعات القطع والا 

باستخدام عوامل تصحيح محددة. يمكن أن يخدم هذا النهج الجديد خطوة نحو تطوير نظام هيدروليكي حفر آلي 

 بالكامل.
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1 CHAPTER 1 

INTRODUCTION 

Cuttings transport and efficient hole cleaning remains a vital challenge when planning and 

drilling vertical, deviated, high angle and extended reach wells. Optimization of cuttings transport 

depends on so many factors such as; hole angle, cutting size, drill string rotation, drill pipe 

eccentricity, optimization of bit hydraulics, etc. As to date, most existing hole cleaning models and 

charts have been derived for wells with angles greater than 25 degrees, these models use charts 

developed from the original physical based model. Hole cleaning in vertical holes have been 

evaluated by calculating the carrying capacity and most hole cleaning charts do not apply to near 

vertical and vertical wells. 

As the world’s energy demand continues to increase, more extended reach wells, ultra-

deep and highly deviated wells are being drilled to meet this energy demand. However, one of the 

biggest challenges in highly deviated and extended reach wells is the problem of hole cleaning 

during drilling. Poor hole cleaning can result to a number of drilling problems including: stuck 

pipe, possible hole pack-off, excessive Equivalent Circulating Densities (ECD), formation break 

down and cuttings accumulation. The key to a successful hole cleaning relies upon integrating 

optimum drilling fluid properties with best drilling practices.  

In the fields, charts have been developed which can be used to predict hole cleaning in 

wells with deviation greater than 25 degrees; previously, hole cleaning in vertical and near vertical 

wells have been predicted by calculating the carrying capacity index (CCI). 
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Optimal hole cleaning refers to the efficient removal of drill cuttings during drilling. 

However, for this condition to hold, many factors must be in place. To efficiently transport cuttings 

out of the hole, the transporting medium (drilling fluid) must be able to suspend the solid particles. 

In addition, there must be enough energy in the form of motion to push the solids out of the hole. 

Many studies have been conducted to identify some of the factors affecting hole cleaning. The 

basic medium for cuttings transport during drilling is via the circulation fluid better known as the 

drilling fluid. Cuttings suspension and transport is one of the most important properties to be 

considered when selecting the drilling fluid. 

 

Many factors affect the ability of the drilling fluid to efficiently transport cuttings to the 

surface and provide optimal hole cleaning. Some of such factors includes: 

1. Cutting size 

2. Drill pipe eccentricity 

3. Cutting density and mud weight 

4. Hole size and hole-angle 

5. Rheology of circulation fluid 

6. Drill pipe rotation 

7. Multi-phase flow effect 

8. Hole-cleaning pills 

9. Rate of penetration (ROP) 

10. Cuttings transport ratio 

11. Cuttings bed properties 

12. Key elements of the proposed study are described in the following sections. 
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1.1 Research Objectives 

The motivation behind this research is to acquire an efficient hole cleaning that relies upon 

implementing perfect drilling mud rheology and applying the best drilling practices. The main 

objectives of this Proposal are: 

1. Apply the HCF model on different hole sections (vertical/Horizontal) 

2. Apply Real-Time Rheology and Density measurements to proactively avoid wellbore 

instability problems (pipe sticking, tight hole, …) 

3. Develop a GUI to be used in cyber chair on the rig site 
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2 CHAPTER 2 

LITERATURE REVIEW 

While drilling a well, small rock fragments are generated and more of these fragments accumulate 

as the hole becomes deeper. These cuttings are removed from the wellbore by using the drilling 

fluid which consists of a continuous phase (oil or water), weighting agents (e.g. barite) and some 

viscosifying agents (e.g. bentonite). 

 

Pigott (1941) studied cutting transport and identified the parameters that affects the 

carrying capacity of mud. Williams and Bruce (1951) tried to estimate the minimum annular 

velocity capable of removing the cuttings from the hole. Several experimental studies later focused 

on understanding and identifying the parameters influencing the hole cleaning efficiency.  

 

 Newitt et al. (1961) calculated the cuttings concentration in the annulus based on 𝐴𝑣, 𝑉𝑐  

and 𝑉𝑠 to estimate the transport ratio (𝑅𝑡). The ratio is strongly dependent on the thickness of the 

mud. His model did not include drilling fluid rheology parameters. The equations below represent 

his model. 

 

 

 𝑠 = −
1

2
(

𝐴𝑣

𝐴𝑠
− 1) + √

1

4
(

𝐴𝑣

𝑉𝑠
− 1) + (

𝐴𝑣

𝑉𝑠
)

2
𝑉𝑐

(
𝑄

7.48)
⁄  Eq. 1 
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 𝑉𝑎𝑛𝑛 =
24.5 × 𝑄

𝐻2 − 𝑂𝐷2
 Eq. 2 

 

 𝑉𝑐 =
𝑅𝑂𝑃

60
(

𝜋

4
×

𝐻2

144
) Eq. 3 

 

 𝑉𝑠 = 𝐴𝑣 × (1 − 𝑅𝑡) Eq. 4 

 

 

 𝑉𝑎𝑛𝑛 − 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐴𝑣 × (1 + 𝑠
𝑉𝑠

𝐴𝑣
) Eq. 5 

  

Where 𝑠 = 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛; % 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 < 5%, 𝑉𝑎𝑛𝑛 = 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 – 𝑓𝑝𝑚, 

𝑉𝑐 = 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 − 𝑓𝑝𝑚,𝑉𝑠 = 𝑠𝑙𝑖𝑝 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 −  𝑓𝑝𝑚, 𝑉𝑎𝑛𝑛 − 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 −  𝑓𝑝𝑚,𝑅𝑂𝑃 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛,𝐻 = ℎ𝑜𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 –  𝑖𝑛, 

𝑂𝐷 = 𝐷𝑟𝑖𝑙𝑙 𝑝𝑖𝑝𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 – 𝑖𝑛,𝑅𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑖𝑜 − %, 𝐴𝑣 = annular velocity 

 

 Hopkin (1967) tested more than 2000 dynamic particles carrying tests with 8 feet and 4½” 

diameter vertical tubes with 13 kinds of drilling mud and 52 particles of different shapes and sizes. 

He estimated slip velocity after measuring the yield point of drilling fluid. Based on the graph the 

slip velocity of each fluid can be found based the measured yield point. His Tests are made in the 

labs and there were no Field Trails. 
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Sifferman et al. (1974) conducted cuttings transport test in full scale annuli for three mud 

systems having low, medium, and high rheological properties. His model did not include drilling 

fluid rheology parameters and it handles Vertical Flow Regime. He defined transport ratio as: 

 

𝑅𝑡 =  
𝑉𝑓  −  𝑉𝑠

𝑉𝑓
 Eq. 6 

Where 𝑉𝑓 = 𝑀𝑢𝑑 𝑎𝑛𝑛𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 – 𝑓𝑝𝑚, 𝑉𝑠 = 𝑠𝑜𝑙𝑖𝑑 𝑓𝑟𝑒𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 –  𝑓𝑝𝑚, 

𝑅𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑖𝑜 − % 

 

 

 

 

 

 

Figure 2-1: Slip Velocity vs. Yield Point 
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Okrajni and Azar (1986) studies the effect of laminar flow domination on cuttings transport 

in low-angle wells (LAW) 0° - 45°. they found out that effect of turbulent flow predominates in 

high angle wells (HAW) 55° - 90°. they reported turbulent and laminar flow generally have similar 

effects in intermediate angle wells (IAW) 45° - 55°. They also reported that higher yield-

point/plastic-viscosity (YP/PV) ratio can provide better cuttings transport in laminar flow. Their 

results showed that the effect of mud yield value is significant in LAW and it is negligible in HAW. 

mud yield value and YP/PV ratio have significant effects on the lower annular fluid velocities. The 

cuttings transport was generally not affected by the mud rheological properties in turbulent flow. 

They finally could be able to prove that annular cuttings concentration (vol%) is the dominant 

parameter when assessing drilling-fluid cuttings transport for different well regimes. 

 

Figure 2-2: Apparatus used by Sifferman et al. (1974) 
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Beds of cuttings form in high angle well regimes wellbores during drilling. bottom-hole assembly 

elements such as drill bit and stabilizers excavate and plow the cuttings remains during the drill 

string is axial movement along the wellbore. This in turn will form plugs of cuttings causing high 

over pulls, loss of circulation, back reaming, and stuck pipe. In order to avoid or reduce these hole 

problems occurrence, the driller needs to minimize the accumulation of the cuttings bed formed 

during the drilling process Rasi (1994). 

Luo et al. (1994) developed hole cleaning charts for various hole sizes based on the original 

hole cleaning model for use at the rig-site to evaluate the hole cleaning requirement of a deviated 

well. These charts were derived by assuming a set typical drilling conditions for BP's operating 

areas in North Sea. 

Guild et al. (1995) developed a directional-well drilling program for hole cleaning in the 

field over the course of three extended reach wells. This hole cleaning program aims to increase 

rig crew awareness of down-hole conditions. It involves the following steps: 1) Observation of 

torque and drag parameters on rigsite. 2) Observation of the rate of cuttings returned over the 

shaker. 3) Observation of the volume of the active mud system. They concluded that observation 

of these parameters can help make a good estimation of the hole condition during the drilling. 

Hemphill and Larsen (1996) conducted an experimental study to evaluate the efficiency of 

(water/oil) based muds for cleaning the inclined wellbore at different fluid velocities. Their results 

showed that they have the same efficiency provided that they have equivalent rheological and flow 

– velocity profiles. They concluded that the fluid velocity is major effecting factor to hole cleaning. 

The other parameters including mud density and flow index (n) have varying effect to cuttings 

transport efficiency based on certain hole angle ranges. 
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 Kenny (1996) conducted a study on the mud properties of extended reach well. He was 

able to find out the physical and chemical properties of the ester-based mud system (EBM) which 

can make it efficient transport cuttings and suspend the weighting materials. The EBM is proved 

to be efficient enough due to its fluid rheological properties combined with mud velocity 

effectively removed drilled cuttings in the 12 ¼ and 8 ½ hole sections intervals. 

 

Lim and Chukwu (1996) conducted experiments on the unbalanced jet force from the bit 

nozzles can enhance the cutting transportation. The unbalanced jet force is capable of migrating 

the cuttings from the flow region under the bit up to the annulus. Their work proved that a drill bit 

with a combination of different bit nozzles sizes can help achieve a better transportation of cuttings.  

Naegel et al. (1998) used Cuttings Flow Meters (CFM) to measure and record the cuttings size in 

real-time environment at the outlet of the shale shakers. This measurement enhances the changes 

in the hole cleaning quality with time and its current status. Measuring the cuttings size will help 

optimize the drilling parameters such as mud flow rate and circulation, bit rate of penetration and 

reaming time. 

Li and Walker (1999) conducted 600 tests using their own newly developed computer 

program for predicting cuttings transport in the multi-phase system (gas, liquid and cuttings). Their 

study involved conducting tests on the sensitivity of cuttings bed height with respect to liquid/gas 

volume flow rate ratio and other drilling parameters and fluid properties. Their results from their 

analysis indicated that: 

i) The ratio of the circulation liquid impacts the cuttings transport significantly 

ii) the in-situ liquid velocity is the most significant factor for cuttings transport 

iii) The hole cleaning time inversely proportional to fluid circulation rate. 



 

10 

 

  

 Hemphill and Pogue (1999) determined the areas of inadequate cleaning using simulations 

of cleaning efficiency at several points in the annulus. This modeling of hole cleaning simulations 

should take into account the drilling parameters and downhole conditions.  

  

 

Adari et al. (2000) determined the major factors that influences the cutting transport depending on 

the simplicity of their control in the field and they summarized them in Figure 1. Kjøsnes et al. 

(2003) used a designed WBM system with low viscosity and low gel strength drilling fluid to 

improve the drilling performance and reduce the drilling time was reduced by roughly 50% in 

comparision with old practices. Robinson (2004) developed a new term called the Carrying 

Capacity Index (CCI) to describe the hole cleaning in vertical hole: 

𝐶𝐶𝐼 =  
𝑀𝑊 × 𝐾 × 𝐴𝑣

400,000
 

This model did not include drillability 

𝑀𝑊: 𝑚𝑢𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 

𝐴𝑣:  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑟𝑖𝑙𝑙 𝑐𝑢𝑡𝑡𝑖𝑛𝑔′𝑠 𝑠𝑙𝑖𝑝 −  𝑓𝑝𝑚 

Figure 2-3: Key variable controlling cutting transport, Adari et al. 

(2000). 
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𝐾: 𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥,  𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑝 

𝐾 =  511(1−𝑛)(𝑃𝑉 − 𝑌𝑃) 

𝑃𝑉: 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 − 𝑐𝑝 

𝑌𝑖𝑒𝑙𝑑 𝑃𝑜𝑖𝑛𝑡: (𝑙𝑏/100𝑓𝑡2  ) 

𝑛 = 3.32 log((2𝑃𝑉 + 𝑌𝑃)/(𝑃𝑉 + 𝑌𝑃)) 

Ravi and Hemphill (2006) stated that drill pipe rotation has a major impact on improving 

hole cleaning, especially when the pipe is eccentric and provided that flow is not axial in order to 

reach efficient hole cleaning. 

Zhou (2008) proposed a new modal for cuttings transport. He combined hydraulic 

equations, turbulent boundary layer theory and particle transport mechanism. The model can 

predict the annular velocity and the bed thickness in high angle well geometry. His simulation 

results showed that the bed thickness is significantly impacted by the liquid phase flow rate and in 

turn it affects cuttings transport efficiency. 

Ozbayoglu et al. (2010) conducted several experiments using Buckingham-π theorem to 

estimate the critical fluid flow velocity which can prevent cuttings beds. The drill pipe was in 

eccentric while conducting the experiments and recording the cuttings bed thicknesses. There were 

five different stations along the tested section. The proposed equation can achieve prediction with 

an accuracy of about ± 15%.  

Salehi and Malekzadeh (2011) proposed a model that combined the Larson’s model with 

Moore’s correlation. The new model aims to find the optimum flow rate for achieving high ROP 

and hole cleaning in well regimes. Their results showed better selection drilling parameters 

including the flow rate, reducing drilling torque, increasing ROP and monitoring the hole 

condition. 
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Ogunrinde and Dosunmu (2012) proposed a new model for hole cleaning in intermediate 

and high angle regime wells. The model will determine the minimum flow rate and ROP for 

achieving low cost drilling operations in addition to monitoring the level of equivalent circulation 

density which can lead to loss of circulation. They validated their model using field data and 

showed the effect of ROP on the cuttings concentration in the annulus and helped to optimize the 

drilling operations. 

 

2.1 Drilling Parameters Affecting Hole-Cleaning Efficiency Sensitivity 

This subsection is about the effects of different parameters on the cutting transport efficiency. 

 

2.1.1 Effect of Inclination 

Tomren et al. (1986) did experimental work and they showed that the cutting concentration 

when at low angle regime well does affect the hole cleaning efficiency. Their results showed that 

at low angle regime wells, the cuttings bed forms at low flow rates. The cuttings bed tends to slide 

downwards at intermediate angle regimes. At high angle regimes, cuttings build up on one side of 

the annulus as a result of the drill pipe rotation. This rotation causes the tangential movement of 

the cuttings bed. Their results proved that the higher the inclination angle of the well, the more the 

cuttings buildup and therefore, there is a need for higher flow rates in order to safely clean the 

hole. 
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2.1.2 Effects of Pipe Eccentricity in the Hole 

Results showed that different eccentricities do not have significant effects on the behavior 

of cuttings in vertical holes. However, at High Angle Regimes, the cuttings tend to disappear when 

the drill pipe is co-centered with zero-eccentricity (Tomren et al. 1986). 

 

2.1.3 Effect of Mud Rheology and Density 

Experimental investigations on the effect of the mud rheology on the hole cleaning by 

Hussaini and Azar (1983), Okranji and Azar (1986) and Azar (1990) showed that the carrying 

capacity of the mud increases by increasing the ratio between the yield point (YP) and the plastic 

viscosity (μp). They also showed that the lower the viscosity of the mud, the more effective hole 

cleaning is. Moreover, the lower the mud viscosity is, the higher the tendency of the cuttings to 

roll (Ford et al., 1990). In addition, at the same mud rheology, increasing the mud weight has slight 

or no effect on hole cleaning (Azar, 1990). 

 

2.1.4 Effect of Flow Rate 

Several studies showed that the cuttings beds height decreases when the flow rates and the 

annular velocity increase Tomren et al. (1986), Li and Walker (1999), Hyun et al. (2001) and Ravi 

and Hemphill (2006). 

 

2.1.5 Effect of Pipe Rotation (RPM) and Rate of Penetration (ROP) 

The rotation speed (RPM) proved to be more effective in high-angle regime wells. As the 

ROP increases, The demand for hole cleaning hydraulic requirements increases (Tomren et al. 

1986; Sanchez et al. 1999). 
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2.2 Problem Statement 

Many studies conducted to understand problems related to hole cleaning which have 

proposed good models to achieve HCF. Laboratory studies showed that drilling a well at an 

intermediate or high angle regimes lead to problems in cuttings removal efficiency. However, these 

models are poor due to the lack of the experimental evaluation in the field and they were theory-

based models. The key to achieve hole cleaning is by selecting an effective drilling-fluid and 

combine it with the best drilling implementations and exercises on the rig site. Hydraulics of the 

rig and hole cleaning outrun estimating the surface pressure of the pump and the size of jet nozzle 

which impact significantly the bit performance. They are considered to be precautionary actions 

to plan a well to eliminate the potential problems before they occur. The efficiency of hole cleaning 

has been estimated using the carrying capacity index (CCI) in vertical wells. The driller has to 

evaluate the cuttings size, the annulus size, flow patterns and downhole fluid properties with a high 

fidelity in addition to using CCI. All the previous studies lack the use of real-time data to estimate 

HCF. Therefore, the proposed model will utilize the real-time data available within Saudi Aramco 

to develop a model which can predict the HCF efficiently.  

There are several parameters that have direct impact on hole cleaning process including 

Mud Weight (MW) which affects the contributes to the buoyancy of drilled cuttings and affects 

the hole cleaning efficiency. The equivalent circulating density (ECD) which accounts for the sum 

of hydrostatic pressure of a fluid column and frictional pressure loss above that point. Optimal 

ECD assessment prevents fracturing the weakest formations and avoid the loss of circulation. This 

optimization depends on establishing accurate assessment of annular pressure losses. Cuttings 

Transport (CT) which depends on the lifting capacity and energy given to the drilling fluid. 

Crushed rock surface by the bit teeth has to be immediately moved up to the surface. The faster 
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the cuttings are transported, the more efficient the drilling mud. If the cuttings are not transported 

immediately from the hole and grounded up beneath the drill bit, they will result in tiny chips 

which will increase the fluid plastic viscosity. Flow Type and Rate must be taken into account to 

prevent the turbulent flow within the wellbore especially at the bottom of the hole around the drill 

collars and bottom-hole assembly to avoid the erosion in the wellbore. The driller has to maintain 

efficient hole cleaning throughout all wellbore sections drilled. The deficiency of transporting the 

accumulated cuttings up to the surface can result in the following problems: 

• Insufficient hole cleaning resulting in a reduced ROP 

• Cutting-beds buildup in deviated wells 

• Increasing ECD 

• Quality drop of mud properties and wellbore 

• Excessive overpull on trips 

• Hole pack-off, stuck pipe and high rotary torque 

• Poor cement jobs 

• Affecting the fluid properties: density, viscosity, and gelling effects 

 

2.3 Vertical and Deviated Wells Hole-Cleaning Differences 

Hole-cleaning differs between vertical, deviated and horizontal wells. The major forces 

that opposes the transport of the cuttings is gravity which changes the direction of settling for them. 

In case of vertical wells, the gravity forces are acting directly opposite to the cuttings movement 

throughout the well trajectory. However, it has a perpendicular action towards the cuttings 

movement direction in horizontal wells and angular action in case of deviated wells. The gravity 

force has more impacts on the cuttings in the deviated and horizontal wells where it can enable the 
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movement of cuttings from the flowing mud in the annulus to the bottom of the hole. This quick 

settling of the cuttings is a result of the velocity which is equal to zero at the bottom of the hole. 

Therefore, it is hard to get these cuttings back into motion unless there is an additional hydraulic 

energy exerted by the fluid or an extra mechanical energy such as the rotation of the drill string. 

 

2.4 Robinson’s Cuttings Carrying Index (CCI) for Vertical Wells 

In drilling several wells with a wide range of drilling techniques and types, and the studies 

resulted from these wells showed that mud weight, viscosity and annular velocity were the most 

important factors. Changes in Mud weight affected the lifting force to move the cuttings up in the 

annulus via increasing the buoyancy force which decreases the effective weight of the cuttings as 

mud weight increases. As the annular velocity increases, it will pass on more kinetic energy to the 

cuttings to the lift them throughout the annulus up to the surface. The higher the velocity, the 

higher the shear forces required for transporting the cuttings whether the fluid viscosity is high or 

low. Thirdly, viscosity has a major effect on CCI. The drilled solids have a major impact on the 

properties of the drilling fluid which control the CCI in Low Angle Regime (LAR) wells and near 

LAR wells up to 35 degrees. Their effects are related to the Yield Point term (YP) and the viscosity 

that is intensified by solids particles in the mud via the Plastic Viscosity term (PV). After studying 

hundreds of wells, Dr. Robinson noted that when multiplying the mud weight (MW) by the annular 

velocity (AV) and viscosity (K), the result was around 400000 or greater while the well is not 

likely to have any activity for hole cleaning. The criterion was lately fine-tuned and defined as the 

Cuttings Carrying Index (CCI).  
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𝐶𝐶𝐼 =  
𝑀𝑊 × 𝐴𝑉 × 𝐾

400,000
 Eq. 7 

 

Where the desired value for 𝐶𝐶𝐼 is 1.0. The K viscosity can be derived from the utilized model at 

the field which is running either but in this case, the viscosity from power-law rheological model 

is selected by Dr. Robinson.  

𝑛 = 3.322 × log (
(2 × 𝑃𝑉 × 𝑌𝑃)

(𝑃𝑉 + 𝑌𝑃)
)  Eq. 8 

or 

𝑛 = 3.322 × log (
(𝐹𝑎𝑛𝑛600)

(𝐹𝑎𝑛𝑛300)
)  Eq. 9 

And 

𝐾 =  (511)(1−𝑛) × (𝑃𝑉 + 𝑌𝑃) Eq. 10 
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where 𝐾 is the equivalent viscosity. Therefore, viscosity has the primary factor for the added 

weighing materials and as the solids contents of the mud increase (increasing PV) will decrease 

the value of  𝐾 viscosity and the efficiency of that mud required to clean the hole. These effects 

can be illustrated by the following assumption: 

Any mud will have a limited cuttings transport performance (CTP) and the velocity was found to 

have a high significant impact on CTP. Therefore, at any given velocity and any type of mud, there 

is a limited quantity of solids that it can physically carry in the annulus to the surface. A high 

viscosity mud possibly possesses a higher cuttings transport ability when it is compared to a lower 

viscosity mud. If there are excessive amounts of solids in the mud, they will drop to the lower side 

of the hole. It has to be noted that the ability of transporting solids to the surface is limited even in 

Barite or 

other 

weighing 

Clays & 

Chemicals 

Low-gravity 

Drill cuttings 

Available 

 

 

 
15 

50 

25 

10 

Figure 2-4: Solid Contents Effect on Mud Lifting Capability 
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spite of increasing the pump rate. Densification of drilling mud measures the hydrostatic pressure, 

solid content of unweighted muds and ensures that sufficient hydrostatic pressure for the borehole 

safety. Assume that the barrel in Figure 2-4 is capable to carry an amount of 100 lbs of solids. If 

the mud weight is increased, almost 50 % of the potential suspension capacity will be utilized due 

to using the barite to achieve the target density. Another 25 % is used by clays and viscosifiers 

which will improve the suspension of solids and emulsion stability. They will ensure that the barite 

will stay in suspension mode and have initial gel strength. There is still 15 % of the suspension 

potential that can be utilized by the low-gravity drill cuttings. The remaining 10 % is for the new 

cuttings that are generated under the bit (Mark S. Ramsey, P. E., 2019). Cuttings-beds build-up 

during drilling operations and experience forces either due to gravity or due to centrifugal motion. 

Due to gravity settling, the Rock Cuttings excavated by the drill bit will tend to fall down to the 

bottom of the hole forming beddings if the viscosity is too low. In order to have a good Hole 

Cleaning Factor (HCF) in the Low Angle Regime (LAR), the fluid lifting forces has to be to high 

enough to avoid the cuttings slippage. For the Intermediate Angle Regime (IAR), the fluid lifting 

forces has to be high enough to avoid cuttings avalanching. On the other hand, high HCF can be 

achieved in the High Angle Regimes (HAR), the fluid shearing forces must prevent the cuttings 

rolling within the hole. 

The settling drill cuttings can cause bridges and fill that lead to stuck-pipe or lost circulation. There 

is a need for fluids which have higher shear-thinning and elevated viscosities that are efficient for 

hole cleaning.  Higher annular velocities can improve the cuttings transport. Higher density fluids 

help clean the hole efficiently while their annular velocities are low due to increasing the buoyancy 

forces acting on the cuttings. In case of HAR, higher rotary speeds will create helical flow around 
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the drill string that will cause the drill cuttings to move into higher transport regions of the annulus. 

Higher rotary speeds can efficiently increase hole-cleaning in HAR and horizontal wells.  
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3 CHAPTER 3 

MATERIALS AND METHODOLOGY 

3.1 Proposed Hole Cleaning Model for Directional Wells 

An application has been developed to implement the model below and calculate the Hole 

Cleaning Efficiency using the below equations: 

 

An application has been developed to implement the model below and calculate the Hole 

Cleaning Efficiency using the below equations: 

 

𝐶𝐶𝐼 =  
𝑘 × 𝐴𝑉 × 𝑀𝑤𝑡

400000
 Eq. 11 

𝑘 =  (𝑃𝑉 + 𝑌𝑃)(511)1−𝑛 Eq. 12 

AV: Annulus velocity 

PV: Drilling fluid plastic viscosity (cP) 

YP: Drilling fluid yield point (lb/100ft2) 

n: Flow behavior index which is a function of PV and YP as in Eq. 13. 

 

 

𝑛 = 3.322 log (
2𝑃𝑉 + 𝑌𝑃

𝑃𝑉 + 𝑌𝑃
) Eq. 13 

After Substituting Eq. 12 and Eq. 13 into Eq. 11 will yield: 

 𝐶𝐶𝐼 =  
(𝑃𝑉 + 𝑌𝑃)(511)1−[3.322 log(

2𝑃𝑉+𝑌𝑃
𝑃𝑉+𝑌𝑃

)]
× 𝐴𝑉 × 𝑀𝑤𝑡

400000
 Eq. 14 
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The Annulus velocity (AV) is defined as the minimum vertical velocity 𝑉𝑚𝑖𝑛  required to lift the cuttings while 

pumping expressed in Eq. 15. 

𝐴𝑉 =  𝑉𝑚𝑖𝑛 =  𝑉𝑐𝑢𝑡 + 𝑉𝑠𝑙𝑖𝑝  Eq. 15 

𝑉𝑐𝑢𝑡: Cuttings velocity in (ft/min) 

𝑉𝑠𝑙𝑖𝑝 : Slip velocity in (ft/min) 
 

𝑉𝑐𝑢𝑡  and 𝑉𝑠𝑙𝑖𝑝   are defined as: 

  

𝑉𝑐𝑢𝑡 =  
𝑅𝑂𝑃

36 [1 − (
𝐷𝑝𝑖𝑝𝑒

𝐷ℎ𝑜𝑙𝑒
)

2

] × 0.01778 𝑅𝑂𝑃 + 0.505

 

Eq. 16 

 𝑉𝑠𝑙𝑖𝑝 =  (𝐶𝑎𝑛𝑔)(𝐶𝑠𝑖𝑧𝑒)(𝐶𝑚𝑤𝑡) 𝑉̅𝑠𝑙𝑖𝑝 Eq. 17 

 𝐷𝑝𝑖𝑝𝑒: Drill pipe size (in.) 

𝐷ℎ𝑜𝑙𝑒: Drilled hole size (in.) 

𝐶𝑎𝑛𝑔: correction factors for the effects of hole inclination 

𝐶𝑠𝑖𝑧𝑒: correction factors for the effects of particle size 

𝐶𝑚𝑤𝑡: are correction factors for the effects of mud weight on the slip velocity 

 

𝑉̅𝑠𝑙𝑖𝑝  is defined in Eq. 17: 

 𝑉̅𝑠𝑙𝑖𝑝 =  0.00516 𝜇𝑎 + 3.006 Eq. 18 

 
𝜇𝑎: drilling fluid apparent viscosity 

 
 

Larsen (1990) defined the correction factors 𝐶𝑎𝑛𝑔, 𝐶𝑠𝑖𝑧𝑒 , and 𝐶𝑚𝑤𝑡 as: 

 𝐶𝑎𝑛𝑔 =  0.0342 𝜃𝑎𝑛𝑔 − 0.000233 𝜃𝑎𝑛𝑔
2 − 0.213 Eq. 19 

 𝐶𝑠𝑖𝑧𝑒 =  −1.04 𝐷50𝑐𝑢𝑡 + 1.286 Eq. 20 

 𝐶𝑚𝑤𝑡 = 1 − 0.0333 (𝑀𝑚𝑡 − 8.7) Eq. 21 
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 𝜃𝑎𝑛𝑔: Hole inclination in (degrees), 

 𝐷50𝑐𝑢𝑡: Average particle size in (microns or 𝜇𝑚) collected with 50% efficiency. For 

example cut diameter = 0.2 microns (𝜇𝑚). This measurement means 50% of 0.2 (𝜇𝑚) could 

be captured and 50% already passed through the scrubber. The efficiency of collecting for 

any particles larger than the cutting size is greater than 50%. However, for smaller particles, 

it will be definitely less. Average Particle Size (APS) is defined as the range of the average 

of the particle size. For example, if APS range = [10, 15], this means that APS = 12.5 

microns. (AP-40; Hesketh-79)  

 

The mud weight (Mwt) in Eq. 11 and Eq. 21 is replaced by ECD in the annulus (ECD), and the values in Eq. 15 

to Eq. 21 and then substitute them into Eq. 11, the 𝐻𝐶𝐹 is defined as:  

 𝐻𝐶𝐹 =  
𝑋 [𝑌 + 𝑍] 𝐸𝐶𝐷

6666.7
 Eq. 22 

 
𝑋 =  (𝑃𝑉 + 𝑌𝑃)(511)1−[3.322 log(

2𝑃𝑉+𝑌𝑃
𝑃𝑉+𝑌𝑃

)]
 

Eq. 23 

 
𝑌 =  

𝑅𝑂𝑃

36 [1 − (
𝐷𝑝𝑖𝑝𝑒

𝐷ℎ𝑜𝑙𝑒
)

2

] × 0.01778 𝑅𝑂𝑃 + 0.505

 
Eq. 24 

 𝑍 = (0.00516 𝜇𝑎 + 3.006)(0.0342 𝜃𝑎𝑛𝑔 − 0.000233 𝜃𝑎𝑛𝑔
2 − 0.213)(−1.04 𝐷50𝑐𝑢𝑡

+ 1.286)(1 − 0.0333 [𝐸𝐶𝐷 − 8.7]) 

Eq. 25 
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3.2 Study Methodology 

A new developed model and will be applied on several wells, which have already utilized. The 

data is delivered through equipment, which can automatically measure the fluid density, and the 

rheology using DRU for different wells in Saudi Arabia Fields. Some of these wells have stuck-

pipe problems due to different reasons, by using the application implemented in Figure 3-1. The 

data inputs were mainly from the Real-Time drilling data platform at Saudi Aramco. The validation 

will involve more wells in addition to the current validated wells based on the new problems 

reported from Drilling Technical Department. This model will take the following drilling 

parameters as input: 

• Depth of the well(ft) 

• Rate of Penetration (ft/hr) 

• Mud Weight (ppg) 

Figure 3-1: Hole Cleaning Efficiency Analysis Application 
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• Equivalent Circulating Density (ppg) 

• Inclination (degrees) 

• Funnel Viscosity (cP) 

• Hole Inclination (Degrees) 

• Average Cutting Size (D 50% cutting) (mm) 

• Diameter of Pipe(inch) 

• Diameter of Hole(inch) 

• Plastic Viscosity (cP) 

• Yield Point (lb/100 ft2) 
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The Hole-Efficiency results are indicators of the hole quality at the current depth. The hole quality 

involves the mud ability to carry and suspend the cuttings compared to the amount of cuttings 

settling in the hole either the mud is in the circulation state or the pump is down: 

1. Cuttings flow patterns 

2. Fully suspended cuttings in case of vertical wells 

3. Fully suspended cuttings and either (non)symmetric in horizontal wells 

Available Real-Time Data 

 

Check Well Real-
Time Data

READ RT/Rheology 
Parameters YP and 

PV

Calculate CCI and 
HCF

Adjust ROP based 
on HCF

Figure 3-2: Real-Time HCF Workflow 
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4. Stationary/Moving Beds in horizontal wells 

 

The study involved different wells with different locations and configurations. Their configuration 

involved different flow regimes: 

1. Low Angle Regime (0 – 40 deg) 

2. Intermediate Angle (40 – 60 deg) 

3. High Angle (60 – 90 deg) 

 

The study involved analyzing the HCF for the wells in the below table: 

Table 3-1: Well with Stuck-pipe Incidents 

Location Well Oil/Gas BITDEPTH HOLE DEPTH TIME LOCAL 

Onshore WELL-E_1 OIL 11675.79 11969.01 7/9/2019 2:28 

Onshore WELL-D_4 GAS 16229.53 16881.99 8/2/2019 3:30 

Offshore WELL-F_1 OIL 6045.73 6045.73 8/1/2019 8:09 

Onshore WELL-C GAS 3663.15 3677.75 8/9/2019 5:31 

Onshore WELL-B GAS 13544.43 13876.46 8/13/2019 15:43 

Offshore WELL-A OIL 5339.49 6350 8/16/2019 23:49 

Offshore WELL-H_2 OIL 11739.3 14208 8/24/2019 12:57 

Offshore WELL-G OIL 11309.76 11350.03 9/5/2019 14:05 
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3.3 Future Development 

If the drilling rig is not equipped with DRU, the application will utilize Artificial Intelligence 

model to predict the rheological parameters including Yield Point (YP), Plastic Viscosity (PV) 

based on the available Real-Time measurements from the nearby wells within the same field. 
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4 CHAPTER 4 

RESULTS AND DISCUSSION  

4.1 WELLS WITH REAL-TIME DRILLING PARAMETERS/ RIG-SITE 

RHEOLOGY DATA 

Study Results (Rig-site Collected Data/ Real-Time Drilling Parameters). The model has been 

applied to 9 wells which have stuck-pipe problems due to different reasons. This section illustrates 

the HCF results for these wells.  

4.1.1 WELL-A 

WELL-A is an observation/evaluation directional well. It is a single-lateral well with a total 

measured depth of 12279 ft. The well faced total losses at 6292 ft at the day before the stuck-pipe 

incident. The drilling stopped to cure the losses by pumping lost-circulation materials (LCM) into 

the formation in order to restore the circulation. The drilling continued with total losses to 6350 ft 

to open losses zone. There was a pipe stuck reported in 8/16/2019 23:49 at depth of 5335 ft. While 

drilling with 12 1/4" RSS BHA, experienced total losses at 6292 ft. The drillstring was packed off 

while back reaming at 5335 ft. DP is parted and lateral is plugged. The hole cleaning efficiency 

system has showed number of indications in Figure 4-2 and the hole was bad due to: 

1- High ROP and the well reached 6550 ft within 14 days. 

2- Total losses before the stuck which leads to low HCF values between [0.5, 1].    
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Table 4-1: Well-A Specifications 

Hole Type Phase Mud 

System 

Footage HCE PV YP HCF Remarks 

Single 

Lateral 

(40-60 

deg) 

12.25 Water-

based 

4480-6394 

ft 

0-1 29 23-24 0-1 String got stuck 

while working 

on pack-off  
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Figure 4-1: Trajectory and Deviation Survey Data for Well-A 
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4.1.2 WELL-B_1 

WELL-B_1 is a single lateral producer. There was a pipe stuck 8/13/2019 15:43 at 13541 ft. While 

back reaming, 8-3/8”, RSS BHA became stuck. They pumped acid pills & worked pipe free. The 

hole cleaning efficiency system have showed number of indications in Figure 4-4:   

1- High Fluctuation in ROP which led to low HCF between 10000 and 11000 ft depth. 

2- High PV and YP which increased the mud carrying capacity and increased the HCF to 

reach 1 after the depth 11000 ft. 

 

 

 

Figure 4-2: Applying HCF Model on the target Interval for Well-A 
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Table 4-2: Well-B_1 Specifications 

Hole Type Phase Mud 

System 

Footage HCE PV YP HCF Remarks 

single 

lateral 

producer 

8-3/8” Water-based 10310-13541 

ft 

0-1 29 24-

25 

1 String got stuck while 

working on pack-off  
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Figure 4-3: Trajectory and Deviation Survey Data for Well-B_1 
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4.1.3 WELL-C 

WELL-C is a single lateral producer. While back reaming, 12 1/4 in, RSS BHA became stuck at 

depth 3670 ft while working to clear tight hole and excess torque. They pumped acid pills & 

worked pipe free. The stuck pipe incident happened frequently between 8/14/2019 and 9/20/2020 

at 3667 ft. The results of the hole cleaning efficiency system in Figure 4-5 has shown number of 

indications: 

1- The fluctuating pattern of HCF: [0, 0.5] in Figure 4-5 was expected due to the drilling in 

the minimum stress direction which typically can lead to: 

a. Stuck pipe 

b. Wellbore breakout 

c. Loss of circulation 

 

Figure 4-4: Applying HCE Model on the target Interval for Well-B_1 
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2- At shallow depths, they pumped high viscosity mud to sweep the hole while they were 

drilling. 

3- Low ROP since the hole is very tight starting from the depth 2145 ft. 

4- Between 2300 and 3677 since there were partial losses to cure the losses and later regain 

of the circulation. 

5- The hole packed off at 3677 ft and led to stuck pipe. 

 

 

 

  

Table 4-3: Well-C Specifications 

Hole Type Phase Mud System Footage HCE PV YP HCF Remarks 

single lateral 

producer 

8-3/8 Water-based 10310-13541 

ft 

0-1 29 24-25 1 String got stuck 

while working 

on pack-off  
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Figure 4-5: Applying HCF Model on the target Interval for Well-C 
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Figure 4-6: Trajectory and Deviation Survey Data for Well-C 
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4.1.4 WELL-D_4 

WELL-D_4 is a single lateral producer. The well needed a workover job to replace the old 

completion with a new one. While back reaming, 12 1/4 in, RSS BHA became stuck at depth 

16248 ft while working to clear tight hole and excess torque. They pumped acid pills and worked 

pipe free. The string stalled at a depth of 16248 ft with no rotation and unable to move freely 

neither up nor down. There was a need to make full circulation to free the stuck pipe while mixing 

the glycol pills. The results of the hole cleaning efficiency system in Figure 4-7 has shown number 

of indications: 

 

1- Two stuck pipe incidents happened at 8/11/2019 4:14 AM and 7/28/2019 5:00 AM while 

drilling the 5-7/8 hole which started earlier in 7/9/2019. Both incidents were differential 

stuck and there was no pipe rotation.  

  

Table 4-4: Incidents Details for Well-D_4 

Stuck Pipe Incident Date Incident Depth (ft) 

7/28/2019 16258 

8/11/2019 16881 

 

2- The fluctuating pattern of HCF: [0.5, 1] in Figure 4-7 was expected due to torqueing, and 

rotating: 

a. Lowering the hydrostatic pressure in the wellbore using low density mud. 

b. Displacing the hole several time with GLYCOL/104 PCF OBM while working 

string in tension and compression (JAR starts firing). 

c. The mud cake had low-lubricity 

d. Excessive embedded pipe length in mud cake (delay of time in freeing operations) 
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Table 4-5: Well-D_4 Specifications 

Hole Type Phase Mud 

System 

Footage HCE PV YP HCF Remarks 

Multi-lateral 

producer 

5-7/8 Water-based 16881.99 ft 0.5-1 29 24-25 1 String got 

stuck while 

working on 

pack-off  

 

 

Two pipestucks, ROP dropped  

Used low density mud, JAR Start 

Figure 4-7: Applying HCE Model on the target Interval for Well-D_4 
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Figure 4-8: Trajectory and Deviation Survey Data for Well-D_4 
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4.1.5 WELL-E_1 

WELL-E_1 is a new oil-producer drilled as a dual-lateral ESP producer. The real-time data covers 

a period from 6/30/2019 to 7/9/2019. While circulation and ream up, the torque was increased and 

the string was stalled in 7/9/2019 at 2:28 a.m. The well faced frequent stuck-pipe incidents: 

 

1- Two stuck pipe incidents happened: 

a.  The first one was in 7/9/2019 and the second one was in 8/1/2019 while drilling 

the 6-1/8” hole which started earlier in 6/18/2019. Both incidents were differential 

stuck of the BHA and there was no pipe rotation. The string stalled at 11680 ft.  

  

Table 4-6:  Incidents Details for Well-E_1 

Stuck Pipe Incident Date Incident Depth (ft) 

7/9/2019 - 8/1/2019 11680 

7/28/2019 16881 

 

2- Constant HCF pattern: [1] in Figure 4-9 was expected due to: 

a. Sweeping the hole with 10/20 BBLS LV/WT pills every stand drilled 

b. Lowering the hydrostatic pressure in the wellbore using low density mud. 

c. After removing the stuck pipe, the hole was swept with viscos sun sweep pills and 

circulate three bottoms up from the metal junk: 99 kg. 
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Table 4-7: Well-E_1 Specifications 

Hole Type Phase Mud 

System 

Footage HCE PV YP HCF Remarks 

Multi-lateral 

producer 

6-1/8 Water-based 11969.01 ft 0-1 29 24-25 1 String got 

stuck while 

working on 

pack-off  

 

 

 

Figure 4-9: Applying HCF Model on the target Interval for Well-E_1 
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Figure 4-10: Trajectory and Deviation Survey Data for Well-E_1 
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4.1.6 WELL-F_1 

WELL-F_1 is a new multi-lateral producer. While washing up, 8 ½” hole, RSS BHA became 

stuck. The driller handled the stuck pipe by applying jarring with no success. DP is parted and left 

fish in the hole. Cement plug is positioned and well is sidetracked. The driller took 75000 LB 

overpull before stopping the string movement and he exceeded the maximum overpull limit. The 

pipe stuck incident happened in 8/1/2019 8:09 am while drilling the 8-1/2’ section which started 

earlier in 7/24/2019. The results of the hole cleaning efficiency system in Figure 4-11 has shown 

number of indications: 

1- Stuck pipe incident happened:  

Table 4-8: Incidents Details for Well-F_1 

  

2- Constant HCF pattern: [1] in Figure 4-11 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating with 650 GPM & 60 

RPM starting from 6948 ft for every joint drilled. 

3- HCF starts dropping below 6000 ft since they drill continuously from 5020 ft to 6045 ft 

without cleaning the hole where the stuck pipe happened. 

 

 

 

 

Stuck Pipe Incident Date Incident Depth (ft) 

8/1/2019 11680 
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Table 4-9: Well-F_1 Specifications 

Hole Type Phase Mud 

System 

Footage HCE PV YP HCF Remarks 

Multi-lateral 

producer 

8-1/2 Water-

based 

6045.73 ft 0-1 29 24-25 1 While washing up for 

connection driller took 75 

klbs overpull before 

stopping string movement. 

Exceeded max overpull 

limit of 25-30 klbs 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11: Applying HCF Model on the target Interval for Well-F_1 
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Figure 4-12: Trajectory and Deviation Survey Data for Well-F_1 
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4.1.7 WELL-G_1 

WELL-G is a single lateral horizontal producer. The horizontal hole section will be equipped with 

5-1/2" ICDs/SWELL packers string across the target zones. The Well was shut-in due to gain 

during flow check. After opening the well, the driller found the well to be differentially stuck. 

They conducted a scraper run during the completion work. The driller backed off the drill string 

at 5708 ft to free the pipe and run in hole 4” drill pipe to screw in the string and work on the stuck 

pipe till got free. The incident happened in 9/5/2019 at 14:05. The results of the hole cleaning 

efficiency system in Figure 4-14 has shown several indications: 

1- Stuck pipe incident happened:  

Table 4-10: Incidents Details for Well-G_1 

Stuck Pipe Incident Date Incident Depth (ft) 

9/6/2019 11313 

2- Constant HCF pattern: [1] in Figure 4-14 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating starting from 6200 ft. 

b. Drilling the 6-1/8” horizontal section started at 8739 ft with BKR/ RSS/ MWD/ 

TRIPPLE COMBO, take survey and sweep the hole every stand.  

3- HCF starts dropping below 9500 ft and 10300 ft since the hole was tight. 

4- The well had a stuck pipe incident at 11313 ft due to differential sticking.  

5- HCF increased to one since they pumped high weight sweep, circulate hole clean below 

10300 ft.  
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Table 4-11: Well-G_1 Specifications 

 

  

 

 

 

 

 

Hole Type Phase Mud 

System 

Footage HCF PV YP Remarks 

single-lateral 

producer 

5-1/2 Water-

based 

6045.73 ft 0.5-1 43 20-21 While washing up for 

connection driller took 75 

klbs overpull before 

stopping string movement. 

Exceeded max overpull 

limit of 25-30 klbs 
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Figure 4-13: Trajectory and Deviation Survey Data for Well-G_1 
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4.1.8 WELL-H_2 

WELL-H_2 is planned to be drilled vertically as a pilot hole with possible side-track. The data was 

limited for this well. The hole cleaning model was applied on the interval between 13785 ft and 

16027 ft. The results of the hole cleaning efficiency system in Figure 4-15 has shown number of 

indications: 

1- Stuck pipe incidents happened:  

Table 4-12: Incidents Details for Well-H_2 

Stuck Pipe Incident Date Incident Depth (ft) 

5/19/2020 13717 

4/13/2020 - 6/12/2020 15653 

2- Fluctuating HCF pattern: [0.5,1] in Figure 4-15 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating starting from 13710 ft. 

Figure 4-14: Applying HCF Model on the target Interval for Well-G_1 



 

52 

 

  

b. Drilling the 5-7/8” horizontal section started at 13610 ft with 5-7/8 RSS ASSY.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-15: Applying HCF Model on the target Interval for Well-H_2 
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Figure 4-16: Trajectory and Deviation Survey Data for Well-H_2 
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4.2 WELLS WITH REAL-TIME DRILLING PARAMETERS/ REAL-

TIME RHEOLOGY DATA 

The model has been applied to 12 wells that have real-time data and targeting the same formation 

group. They utilized almost the same mud window and ECD.  

 

4.2.1 WELL-I_1 

WELL-I_1 is a Gas Evaluation/Delineation well. The real-time data for this well were picked for 

a 6-day period. The real time data covers the period starting from 04/05/2018 to 04/11/2018 for 

six days. At the beginning of the week, the drilling started at depth 12500 ft. After the drill bit 

reaches 12600 ft, the hole has been displaced with a 140 PCF MICRO-MAX mud at a rate of 600 

GPM and 3200 psi to clean the hole. The drilling continued with a 12” hole up to 12700 ft.  Then, 

drilling the 12” hole continued with back ream stand and performing sticking tendency-pull test 

before connection until the drilling reached a depth of 14244 ft. The results of the hole cleaning 

efficiency system in Figure 4-18 has shown number of indications: 

1- Fluctuating HCF pattern: [0,1] in Figure 4-18 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating starting from 13710 ft. 

b. Drilling the 5-7/8” horizontal section started at 13610 ft with 5-7/8 RSS ASSY. 

Table 4-13: Incidents Details for Well-I_1 

Date Depth (ft) 

4/4/2018 – 4/11/2018 12577-14056 
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Figure 4-17: Trajectory and Deviation Survey Data for Well-I_1 
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4.2.2 WELL-J 

The results of the hole cleaning efficiency system in Figure 4-18 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Constant HCF: [1] in Figure 4-18 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating starting from 11216 ft 

for every 45 ft drilled. 

b. Drilling the 8-3/8” horizontal section started at 11216 ft with SLB MWD/PWD and 

PBL at 150 GPM.  

Table 4-14: Incident Details for Well-J 

Date Depth (ft) 

3/26/2016 – 4/17/2018 11432-12073 

 

 

 

12577 ft 

13615-1924 ft 

14056 ft 

12855 ft 

Figure 4-18: Applying HCF Model on the target Interval for Well-I_1 
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4.2.3 WELL-J_1 

WELL-J is a new vertical well drilled with the real-time data covers the period from 11/6/2017 to 

11/9/2017. During this period, they were drilling 8-3/8” hole and then conducting stick-tendency 

tests starting from the depth 12060 ft prior to connection. Then, the drilling continued to the depth 

12380 with MPD 145 PCF MICROMAX mud. Starting at that depth, the drilling continued with 

153.5 PCF ECD and performed another stick tendency test prior to connection and it reached the 

depth 12685 ft. They circulated to clean the hole until they clean the shakers while maintaining 

153.5 PCF ECD. There were no losses during circulation. The circulation continued with 152 PCF 

kill mud until mud weight in/out is 152 PCF. The drilling continued from 12685 ft for a 5-7/8” 

hole up to the depth 12810. During this interval they were circulating and cleaning the well with 

mud weight which was cut from 152 PCF to 110 PCF MAXBRIDGE WBM. The circulation 

continued until the mud in/out was 110 PCF. The results of the hole cleaning efficiency system in 

Figure 4-19: Applying HCF Model on the target Interval for Well-J 
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Figure 4-20 has shown number of indications when applied on the interval and dates on the table 

mentioned below: 

1- Constant HCF: [1] in Figure 4-20 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating starting from 11216 ft 

for every 45 ft drilled. The drilling stopped at 12810 ft due to some issues with 

IBOP.  

Table 4-15: Incident Details for Well-J_1 

Date Depth (ft) 

11/6/2017 – 11/9/2017 11891-12685 
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Figure 4-21: Trajectory and Deviation Survey Data for Well-J_1 

Figure 4-20: Applying HCF Model on the target Interval for Well-J_1 
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4.2.4 WELL-K 

It is a vertical new well. The real-time data was covering one-day period during 3/21/2017. During 

this period, they were circulating the hole and conducted pore pressure tests. They were drilling 

12” hole and performing a sticking tendency test to measure the likelihood of mud to produce the 

stuck pipe situation. They used 145 PCF MICROMAX mud to maintain 150 PCF ECD using MPD 

system and continued drilling the 12” hole until they reached 11633 ft. 

 

The results of the hole cleaning efficiency system in Figure 4-22 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Constant HCF: [1] in Figure 4-22 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight during the drilling process. 

Figure 4-22: Applying HCF Model on the target Interval for Well-K 
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Table 4-16: Incidents Details for Well-K 

Date Depth (ft) 

21/3/2017 11593-11623 

 

4.2.5 WELL-L 

It is a new vertical well. The real-time data was covering one-day period during 12/14/2016. 

During this period, they were circulating while transferring mud. They continued drilling 12” hole 

and maintaining 155.5 PCF at 450 GPM until they reached 12496 ft. The results of the hole 

cleaning efficiency system in Figure 4-24 has shown number of indications when applied on the 

interval and dates on the table mentioned below: 

Figure 4-23: Trajectory and Deviation Survey Data for Well-K 
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1- Constant HCF: [1] in Figure 4-24 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight during the drilling process. 

Table 4-17: Incidents Details for Well-L 

Date Depth (ft) 

14/12/2016 12504-12525 

 

 

Figure 4-24: Applying HCF Model on the target Interval for Well-L 
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Figure 4-25: Trajectory and Deviation Survey Data for Well-L 
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Figure 4-26: Trajectory and Deviation Survey Data for Well-L 
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4.2.6 WELL-M 

WELL-M is a new vertical well. The real-time data was covering the period from 11/19/2016 to 

12/13/2016. During this period, they were circulating cleaning the hole using 145 PCF mud. There 

were mud losses reported at depth 12775 ft in 12/6/2016 and operation continued after pumping 

BAKER LCM to cure the losses using WFD MPD system holding a constant SBP 500 psi and 154 

PCF ECD. They continued drilling 8-3/8” hole and maintaining 155.5 PCF until they reached 

13120 ft. 

 

The results of the hole cleaning efficiency system in Figure 4-27 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Fluctuating HCF: [0,1] in Figure 4-27 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight until they reach 12300 

b. Losses reported between 12300 ft and 13120 ft which led to the bad hole cleaning 

and led to low HCF values. 

Table 4-18: Incidents Details for Well-M 

Date Depth (ft) 

19/11/2016 – 13/12/2016 11707-13120 
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Figure 4-28: Trajectory and Deviation Survey Data for Well-M 

Figure 4-27: Applying HCF Model on the target Interval for Well-M 
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4.2.7 WELL-N 

WELL-N is a new vertical well. The real-time data was covering the period from 5/26/2016 to 

6/2/2016. During this period, they were drilling the 8-3/8” hole using 140-145 PCF mud and 153 

PCF ECD. They continued drilling 8-3/8” hole and maintaining 155.5 PCF until they reached 

12370 ft. 

 

The results of the hole cleaning efficiency system in Figure 4-29 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Fluctuating HCF: [0,1] in Figure 4-29 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight until they reach 12300 but there were issues encountered due to influxes 

which affected the mud rheology.   

 

Table 4-19: Incidents Details for Well-N 

Date Depth (ft) 

26/5/2016 – 2/6/2016 11695-12370 
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Figure 4-29: Applying HCF Model on the target Interval for Well-N 
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4.2.8 WELL-O 

WELL-O is a new vertical well. The real-time data was covering the period from 8/27/2017 to 

09/20/2017. During this period, they were drilling the 12” hole using 145-150 PCF MICROMAX 

mud. They continued drilling 8-3/8” hole and maintaining 155.5 PCF starting from 11768 ft until 

they reached 12583 ft. 

Figure 4-30: Trajectory and Deviation Survey Data for Well-N 
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The results of the hole cleaning efficiency system in Figure 4-31 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Fluctuating HCF: [0,1] in Figure 4-31 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight until they reach 12000 ft. 

b. Several issues encountered to stop the drilling for more than 16 hours at 12318 ft 

which led to HCF: [0]   

 

Table 4-20: Incidents Details for Well-O 

Date Depth (ft) 

27/8/2016 – 20/9/2016 11768-12583 

 

 

Figure 4-31: Applying HCF Model on the target Interval for Well-O 
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Figure 4-32: Trajectory and Deviation Survey Data for Well-O 
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4.2.9 WELL-P 

WELL-P is a new vertical well. The real-time data was covering the period from 11/17/2017 to 

12/05/2017. During this period, they were drilling the 12” hole using 145-150 PCF MICROMAX 

mud. They continued drilling 12” hole and maintaining 145 PCF starting from 11580 ft until they 

reached 13150 ft. 

 

The results of the hole cleaning efficiency system in Figure 4-33 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Fluctuating HCF: [0,1] in Figure 4-33 was expected due to: 

a. Dynamic Losses encountered at 11580 ft which led to HCF: [0]   

b. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight starting from 11600 ft until they reach 13000 ft. 

c. HCF dropped to zero due to sticking of drill pipe reported at 13150 ft 

Table 4-21: Incidents Details for Well-P 

Date Depth (ft) 

17/11/2017 – 5/12/2017 11767-13150 
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Figure 4-33: Applying HCF Model on the target Interval for Well-P 
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4.2.10 WELL-Q 

WELL-Q is a new vertical well. The real-time data was covering the period from 11/10/2016 to 

11/29/2016. During this period, they were drilling the 12” hole using 145-150 PCF mud from 

11325 ft until they reach the depth of 12790 ft. 

 

Figure 4-34: Trajectory and Deviation Survey Data for Well-P 
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The results of the hole cleaning efficiency system in Figure 4-35 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Constant HCF: [1] in Figure 4-35 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight starting from 11325 ft until they reach 12790 ft. 

Table 4-22: Incidents Details for Well-Q 

Date Depth (ft) 

11/10/2016 – 11/29/2016 11325-12786 

 

4.2.11 WELL-R 

WELL-R is a new vertical well. The real-time data was covering the period from 4/23/2017 to 

5/3/2017. During this period, they were drilling the 12” hole using 145-150 PCF mud and 153 PCF 

ECD from 12025 ft until they reach the depth of 12730 ft. 

 

Figure 4-35: Applying HCF Model on the target Interval for Well-Q 
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The results of the hole cleaning efficiency system in Figure 4-37 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Fluctuating HCF: [0,1] in Figure 4-37 was expected due to: 

a. Losses observed at 12228 ft (6-8 BBLS/HR), at 12337 ft (26-360 BBL/HR), at 

12342 ft and (pumped 200 BBLs with 100% loss). 

Table 4-23: Incidents Details for Well-R 

Date Depth (ft) 

4/23/2017 – 5/3/2016 12025-12730 



 

77 

 

  

 

 

 

 

 

Figure 4-36: Trajectory and Deviation Survey Data for Well-R 
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4.2.12 WELL-S 

WELL-S is a new vertical well. The real-time data was covering the period from 11/3/2016 to 

11/5/2016. During this period, they were drilling the 8-3/8” hole using 145-150 PCF mud and 153-

154 PCF ECD from 12313 ft until they reach the depth of 12577 ft. 

 

The results of the hole cleaning efficiency system in Figure 4-38 has shown number of indications 

when applied on the interval and dates on the table mentioned below: 

1- Constant HCF: [1] in Figure 4-38 was expected due to: 

a. Continuous pump sweeps and clean hole while circulating and maintaining the mud 

weight starting from 11325 ft until they reach 12790 ft. 

Table 4-24: Incidents Details for Well-S 

Date Depth (ft) 

11/3/2016 – 11/5/2016 12402-12566 

Figure 4-37: Applying HCF Model on the target Interval for Well-R 
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Figure 4-39: Trajectory and Deviation Survey Data for Well-S 

Figure 4-38: Applying HCF Model on the target Interval for Well-S 
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5 CHAPTER 5 

CONCLUSIONS 

The model has been applied to two datasets. The first dataset has 8 wells having partial real-time 

data and rig-site collected rheology data. The second dataset has 12 wells that have real-time 

rheology data and the wells were drilled under MPD operations.  

 

The first data set has enormous amount of data points and several stuck-pipe incidents 

while drilling these wells. The model was predictive in four wells and was able to report bad hole 

before the incidents happened. The model showed good performance among the wells within the 

first dataset and indicated the bad hole cleaning within the intervals having incidents either these 

problems related to hole cleaning or related to different issues. 

 

While applying the model on the second dataset, the model was able to indicated bad hole 

cleaning for the intervals, which had losses problems although the number of points was low due 

to the partial losses of the data during transmission from the rig to the real-time databases in 

Dhahran. 

 

For both datasets, the model was able to capture the physics within the drilled holes. It 

showed the fluctuation in the HCF while drilling to help identify the cause of the bad hole. It was 

able to identify the relation between the HCF values and the hole cleaning efficiency and the 

transport of the cuttings efficiency to the surface.  
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