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Abstract 
Vertical or straight hole drilling that usually has less than 30 degree still is uti-
lized to drilling operations in conventional and even in unconventional re-
sources in nowadays worldwide for increasing recovery i.e. higher rate of pe-
netration where there are kind of challenges that demand investigation of this 
type of drilling. One key challenge is efficient hole cleaning or cuttings re-
moval which can lead to issues related to hole problems and consequently 
problems such as high over pull margins and stuck pipe may occur. Further-
more, inappropriate use of drilling fluid properties at different stages of drill-
ing operation causes the hole to collapse due the accumulation of cuttings in 
the annulus as well as at the wellbore. The present study introduces an analyt-
ical and a numerical model for a vertical well that can be used to optimize 
drilling operations. The transport velocity i.e. the ration of the annular veloci-
ty and slip velocity is so vital in hole cleaning. Inefficient hole cleaning may 
lead to problems such as, slow drilling rates which increase drilling time and 
costs. For a vertical well, as addressed in the literature, the proper hole clean-
ing is basically dependent on drilling hydraulics or mud rheology liked rilling 
fluid density, viscosity and thixotropy or gel strength. Based on the proposed 
predictions of the above-mentioned parameters that are significant to avoid 
formation damage while drilling a vertical hole. The present article analysis 
the data related to efficient drilling operations, hole cleaning for a vertical well 
and the results revealed that mud rheology, density, transport velocity, pipe 
rotation and the depth of the well are the controlling factors that influence 
hole cleaning. 
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1. Introduction 

Nowadays; the enhancement of drilling technology is a challenging topic, more 
specifically when it addresses the economical point of view that, horizontal 
drilling provides more access to the reservoirs and more oil is produced com-
pared to conventional drilling. Generally; as the horizontal wellbores get longer 
and/or the inclination angle becomes greater, the percentage of cuttings concen-
tration at the wellbore increases.  

In horizontal segment of the wellbore, cuttings accumulate horizontally; thus, 
the fluid velocity has a reduced horizontal constituent. The percentage of cut-
tings increases with time at a specific horizontal section. Therefore, less distance 
will be available for the cuttings to be transferred and eventually hit the borehole 
wall. Inefficient hole cleaning and formation of beds lead to problems such as: 
premature bit wear, high torque and drag, stuck pipe and eventually an increase 
in rotation time and cost. Field data [1] confirm that hole cleaning is still a major 
problem on most directional wells and many vertical wells, despite significant 
progress made in drilling fluids, tools, and field practices, along with over 30 
years of university and industry research, the more serious hole-cleaning prob-
lems can occur when potential risks are underestimated. Mohammadsalehi and 
Malekzadeh [2] presented a detailed combination of Larsen’s model and Moore's 
correlation to predict and calculate the minimum flow rate for cuttings removal 
for all range of inclinations namely from 0˚ to 90˚. The resultant flow rate is 
compared with flow rate that maximizes the bit horsepower or bit jet impact 
force. If the flow rate for cuttings removal is less than the optimized flow rate, 
the latter is selected. But if the flow rate for cuttings removal is higher than the op-
timized flowrate, then drilling fluid rheological properties should be changed until 
the optimized flow rate becomes higher than the flow rate for cuttings removal. 

Rate of penetration was predicted by applying different bit designs, types and 
drilling operational parameters versus depth in combination with the apparent 
rock strength log [3]. 

Continuity equation, Navier-Stoke equations, and the power law of non- 
Newtonian viscosity model were adopted by [4] to establish the mathematical 
model of the cutting transport process in the annulus of the well. The computa-
tional fluid dynamic technique is used to solve the governing equations by using 
FLUENT commercial code. The specifications of the particles, the pumping head 
and feeding conditions were obtained from a drilling site in Sudan. 

A 3D incompressible non-Newtonian drilling mud flow in a drilling model of 
a vertical well is considered by [5] for numerical simulations under steady flow 
conditions and the investigation is limited only to laminar flow at Reynolds 
number based on the hydraulic diameter of the annular space of Re = 1150. 

[6] conducted experiments using multiphase flow loop under a wide range of 
air and water flow rates while introducing cuttings into the annulus with several 
different amounts. Data has been collected for steady state conditions, i.e. liquid, 
gas and cuttings injection rates are stabilized. Collection data include flow rates 
of liquid and gas phases, frictional pressure drop inside the test section, local 
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pressures at different locations in the flow loop. [7] addressed a new drill pipe 
design integrating hydro-mechanical features in each tool joint has been devel-
oped to overcome limitations of mechanical hole cleaning devices (MCDs) in 
smaller diameter holes, and to extend the applications of hydro -clean drill pipe 
to ERD (Extended Reach Drilling) well. [8] conducted several cuttings transport 
experiments, using a large-scale flow-loop apparatus and field measurement of 
annular pressure, using PWD (pressure while drilling) in a geothermal direc-
tional well recently drilled in Japan. Numerical simulation for the targeted long 
extended-reach geothermal well with a total depth 3000 m, horizontal departure 
of 2500 m, and maximum hole inclination angle of 70˚ was performed using a 
transient hydraulics simulator. [9] explained the effect of the cuttings bed prop-
erties on hole cleaning in detail and demonstrated how the drilling operations 
were improved compared to earlier drilling operations using conventional drill-
ing fluids. From drilling operations in North Sea fields, it is shown how the total 
drilling progress is improved. [10] developed a transient cuttings-transport 
model by integrating closure laws for cuttings transport into a transient drilling 
model. Their model accounts for both fluid transport and drill-string mechanics 
and how this model was used to monitor two different drilling operations in the 
North Sea (one using conventional drilling and one using managed-pressure 
drilling (MPD)). [11] carried out flow-loop experiments to evaluate and com-
pare sweep efficiencies of the fiber sweep [0.47% Xanthan gum (XG) and 0.04% 
synthetic fiber] and the base fluid (0.47% XG). Equilibrium bed heights were 
measured at different sweep flow rates in horizontal and inclined configurations. 
[12] described and modeled a simple and more reliable artificial neural network 
(ANN) for various borehole conditions using some critical parameters asso-
ciated with foam velocity, foam quality, hole geometry, subsurface condition 
(pressure and temperature) and pipe rotation. The average absolute percent rel-
ative error (AAPE) between the experimental cuttings concentration and ANN 
model is less than 6%, and using MLR, AAPE is less than 9%. Learned lesson by 
[13] was that in a hole-cleaning situation, increasing fluid rheology moderately 
could lead to a reduction in equivalent circulating density (ECD). The applica-
tion was also a good example of hole-cleaning monitoring. By carefully analyz-
ing the cuttings shape and size and by comparing real-time ECD measurements 
with calculated ECDs, it was possible to quickly detect inefficient hole cleaning. 
It is advisable by [14] to study the behavior of cuttings transport under different 
conditions. In general, experimental observations and CFD simulations are main 
methods to analyze the effects of cutting parameters, fluid parameters and oper-
ational parameters on hole cleaning. The correlations and models are applied to 
predict the number of cuttings and the critical velocity in the annulus. The ex-
isting problems and characteristics of these correlations and models were sum-
marized by [15]. Theoretical models and correlations mainly applied to calculate 
cuttings bed height, critical velocity to provide the guidance for the design of 
hydraulic parameters and the effects of flow rate, inclination, mud rheology, drill 
pipe rotation and other factors on hole cleaning, in addition, CFD simulations 
was applied [16]. 
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[17] cuttings transport simulations were carried out for inclinations from 45˚ 
to 90˚, for pipe rotation speeds from 80 to 240 rotation per minute, and for flow 
rates from 30 to 50 Liters per second. Annular cuttings volume, pressure drop, 
and cuttings distribution are recorded simultaneously within the simulation 
proceeding.  

In real time drilling, mud properties in any type of wells rather are complex 
with numerous parameters. However, a simplified model was created by [18] as 
a pre-requisite to understand these complex flow behaviors. 

If the flow rate for cuttings removal is less than the optimized flow rate, the 
latter is selected. The general and main objective for any oil and gas is to max-
imize oil production safely and economically. One way to achieve that is to in-
crease the penetration rate through the proper choice of the bit nozzles. Moreo-
ver, understanding the whole parameters that affect and control hole cleaning 
for a vertical well is beneficial, therefore a usable is achieved. Table 1 represents 
some of the measured and calculated the velocity values for different fluid types. 
A series of simplified hole cleaning charts have been developed by [19] which 
enabled the optimum hole cleaning parameters to be determined at the rig site, 
as well as mathematical model of the cuttings transport with foam in vertical 
wells has been developed and numerically solved. [20] demonstrated the effec-
tivity of results, parameters such as drilling torque, mud returned along the cut-
tings on the shale shaker and the occurrence of problems associated with poor 
hole cleaning. Hole cleaning is a major topic in drilling operations, therefore pa-
rameters that affect hole cleaning must be investigated. These parameters at the 
wellbore will include drilling rate, angle of inclination, pipe rotation, yield point, 
plastic viscosity, cutting size, rate, etc. Based on the importance of the parame-
ters sensitivity analysis was conducted and the result in maintaining the carrying 
capacity of the drilling fluid is achieved. Moreover, to attain further studies of 
the cutting accumulations at the wellbore, a real-time drilling data should be ob-
tained, hence proper analysis will be achieved. 

Vertical Cutting Slip Velocity (VCSV): 
The cutting slip velocity can be modeled and calculated as: 

( )1 1

0.25
2
j j

Dj a
j j j

tv A
v v

x A A A+ −

= =
+ +

                 (1) 

 
Table 1. Fluid type and slip velocities, (Iyoho’s laboratory data), cutting size 1/4 inch. 

Fluid 
Slip Velocity (ft/sec) 

Measured Calculated 

Water 0.85 0.90 

Low-viscosity bentonite 0.70 0.80 

High-viscosity bentonite 0.35 0.40 

Carpal polymer 0.45 0.45 
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In Equation (1), the Formation Flow (F) was ignored. where Δx and Δt are the 
distance between the nodes and the time increment respectively. The values of 
Δx = element length, 50 and Δt = time step, 25 minutes are used in the present 
study. It is found that these values are small enough to generate accurate results. 

2. Results and Discussions 

The main point of this study is to investigate the cutting accumulations in a ver-
tical well at the wellbore to minimize hole problems that might occur while 
drilling. A comparison results between the analytical and numerical approaches 
presented, where hole problems are mainly associated with the accumulation of 
cuttings at the wellbore, thus is a function of the physical properties of drilling 
mud. Figure 1 presents the relationship between flow rate which is the most 
dominant factor in hole cleaning and the cutting concentration, as it is visible, 
where the relationship is inversely proportional. Yield point against cutting 
concentration is shown in Figure 2. Yield point is one of the deciding parameter 
for the cuttings either to slip or be suspended because of the transport velocity 
which is the ratio of the annular velocity to the slip velocity related to water 
based mud or oil based mud, another parameter is the gel strength effect, and 
that is essential property especially when there is a pump failure and drilling op-
erations stops. It is seen that the cutting concentration increases as the yield 
point decreases. Yield point is a force to carry or lift the cuttings from the well-
bore to the surface. Figure 3 depicts the relationship between the plastic viscosi-
ty and the cutting concentrations, it is also clear from this plot that, cutting con-
centration increases with an increase in the plastic viscosity, which is an indirect 
relation to the yield point. 

Figure 4 presents the numerical result of the cuttings concentrations against 
depth at different rate of penetration. It is evident that the rate of penetration 
increases and cutting concentration increases and it is not a depth dependent. 
Figure 5 presents the cuttings concentrations against time. The cutting concen- 
 

 
Figure 1. Flowrate against cuttings concentration, analytical model. 
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Figure 2. Yield-point against cutting concentration, analytical model. 
 

 
Figure 3. Plastic viscosity against cutting concentration, analytical model. 
 

 
Figure 4. Depth against cutting concentration at various rate of penetration. 
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tration is plotted against the depth at different mud weights as it is shown in 
Figure 6, the results indicate that the behavior looks the same and the model is 
not dependent on the value of the mud weight, however this might be a good 
sign for hole cleaning. Figure 7 represents the relationship between flowrate rate 
and the percentage of cutting concentrations at different plastic viscosities by 
using a numerical model. Finally, as it is plotted in Figure 8, the relationship 
between the cuttings concentrations versus time at different flowrates. The result 
showed that as the time increases along the flowrate there is a decrease in cutting 
concentration, therefore this might be again a good indication of the hole clean-
ing. 
 

 
Figure 5. Cutting concentration against time. 
 

 
Figure 6. Cutting concentration against time at various mud weight, numerical analysis. 
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Figure 7. Flowrate against cutting concentration at various plastic viscosities, numerical 
analysis. 
 

 
Figure 8. Time against cutting concentration at various flowrates, numerical analysis. 

3. Conclusion 

In this study, hole cleaning is carried out to investigate the effect of different pa-
rameters related to the cutting concentrations/accumulation for a vertical well 
and therefore is analyzed analytically and numerically, the parameters include, 
flow rate, yield point, plastic viscosity and depth of the well. The results are gen-
erated and comparison is carried out between the analytical and numerical ap-
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proaches. Numerical results showed that at high flow rates, cutting concentra-
tion decreases as a function of time in addition, cutting concentrations increases 
with depth as a result, the rate of penetration increases and that indicates a good 
drilling performance. Moreover, cuttings concentrations are inversely propor-
tional with time.  
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Nomenclature 

Re: Reynolds number 
Cp: Plastic viscosity (centipoise) 
Yp: Yield point (pound per hundred feet square) 
ROP: Rate of penetration (feet per minute) 
MW: Mud weight (pound per gallon) 
q: Flow rate (gallon per minute) 
D: depth (feet) 
t: time (minute) 
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