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Abstract 

As drilling optimization becomes the major concern of the drilling engineer and the mud 

specialist, there is therefore need to properly evaluate key success factors that ultimately 

affects the success of drilling operations. This research work examined the effects of fluid 

rheology and cuttings size on cuttings transportation in vertical wells. To achieve that, an 

experiment was conducted on two samples of fresh oil-based mud (A and B) of different 

rheology and two drilled cuttings sample (A and B) of sizes 400µm and 1000µm obtained 

from Anieze North field after sieve analysis. The drilled cuttings samples(A and B) were 

comingled with the mud(A and B) and their rheology (viscosity, density, plastic viscosity, 

yield point and gel strength) and cuttings transport parameters (slip velocity, transport 

velocity, transport ratio and transport efficiency) were checked at different temperatures. The 

cuttings transport parameters generated with the test models (Moore, Chien et al, and 

Zeidler) reveal that drilled cuttings of smaller size are easily transported than those of larger 

size. It was also observed that temperature has remarkable effects on rheology and slip 

velocity. Hence, slip velocity increases with temperature, while rheological values decrease 

with temperature. As a recommendation arising from the results of this investigation, a lower 

cuttings size should be ensured in a low viscous fluid for an efficient hole-cleaning. Apart 

from the aforementioned factors for efficient transportation of drilled cuttings, drilling bit 

configuration which is major determinant of the size of cuttings should be properly examined 

before selection for any drilling operation. 

 

Keywords: Cuttings Size, Cuttings Transport, Mud Rheology, Slip Velocity, Temperature 

 

1. INTRODUCTION 

A critical look into some research works regarding cutting transportation, fluid viscosity, 

cutting shape and size, cutting concentration, yield point, gel strength, etc., demonstrate the 

efficiency of cutting transportation depends on the properties (rheology) of the drilling fluid 

and cuttings mesh size. Cuttings removal and wellbore challenges presents the mud engineer 

with the major challenges in both vertical and deviated wells. In drilling operations, cutting 

transport is a major factor that determines the success of the operation. As viewed by 
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Pilelivari et al (1991), in their presentation on the overview of the development in cutting 

transportation over the years, they focused on pioneering experimental studies performed 

between 1986 and 1991. At the end of their review, a conclusive guideline was presented for 

efficient hole cleaning. Belavadi and Chukwu (1994) in their quest to understand the 

parameters that affects cuttings transportation constructed a simulation and observed cuttings 

transport in the annulus. A graphical correlation of a dimensionless form versus vertical ratio 

of the data collected from the simulation was presented. It was deduced from the analysis that 

density difference ratio between the drilling fluid and drilled cuttings affects cuttings 

transport majorly. They came to the conclusion that increase in the fluid flow rate would 

increase cuttings transport performance in the annulus, and at low drilling fluid density, the 

above effect is neglected when cuttings have large diameter. They also concluded that small 

size cuttings transport can be increase with high drilling fluid density and drill pipe rotation. 

 

With a focus on the understanding of the phenomena involved in eroding the cutting been 

deposited on the lower side of the annular suction, Martins and Costapinto (1996) showed in 

their experimental program, a set correlation base on the results for the prediction of bed 

height and critical flow rate during the correlation of a horizontal well. It was observed from 

their experimental result that fluid yield point (YP) was significant only in the erosion of 

eccentric annuli. An additional research was required to ascertain more accurate 

interpretation of fluid rheological effects.  

 

Sanchez et al (1997) in their research itemized some of the factors that affect hole-cleaning as 

fluid viscosity, drilled cuttings features, drill string rotation, ROP, annular drilling fluid 

velocity and hole inclination. They also observed that there exist limitation of all these factors 

affecting hole cleaning. They concluded that careful planning and consideration of all those 

variables were needful, and that hole cleaning of a deviated well was a major challenge 

hence, the need to address the issue in the research and methodology before the presentation 

of a universal hole cleaning solution. 

 

Yu et al (2004) trying to be outstanding in proffering solution to inefficient lifting of cuttings 

by drilling fluid used chemical surfactant in addition to air bubble added to cuttings at the 

surface to improve cutting transport capacity in horizontal wellbore. The aim of their 

experiment was to ascertain the effects of chemical surfactant on the attachment of air bubble 

to cuttings transport. Their study revealed that the use of some chemical surfactant could 
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increase the strength of the attachment between the air bubble and the cuttings particles. It 

concluded that this method could improve cuttings transport in horizontal wells. 

It is imperative to note that deviating a well horizontally or directionally while drilling is 

always a solution to bypass the obstructions on the drilling pathway to reach the desired or 

targeted zone for the economic exploitation of oil and gas reserves but the importance of 

cleaning a vertical well cannot be overemphasized (Cameron, 2001; Ali et al., 2012). 

Tie et al (2014) affirmed that to determine and overcome hole-cleaning challenges in a 

drilling operation, hole cleaning detect method should be deployed. Detect methods such as 

flow rate control method, chemical method and mechanical methods are used to combat hole 

cleaning problems in horizontal and vertical well drilling. During the process of drilling, 

cutting beds are often formed at more than 30o inclination. The beds so formed are prone to 

slide along an inclination of 30o and 60o in the wellbore thereby causing stuck pipe, reduce 

weight on bit that results in reduced ROP, outrageous drill pipe wear, extra cost for special 

mud additives and transient hole blockage heading to lost circulation. 

 

Several methods such as flow rate method, fluid chemical composition control method, mud 

additives control method and mechanical control method have proved efficient in removing 

drill cuttings from the well. Savin (1985) showed that the unbearable effects of high flow 

velocities can be overcome by injecting in the the annulus, a slug or slugs in their series with 

a shear thickening time. According to Zhang et al (1999), hole cleaning are closely achieved 

for fluid flow at a velocity of 32-35liters/second and 60liters/second in a hard formation 

wellbore. In Tie et al (2014) studies, it is shown that increase in fluid velocity has been a 

well-known solution to cutting transportation since it is capable of decreasing cutting 

concentration and height of cutting bed accumulation at different angles of a horizontal well 

where cuttings are either formed or settled.  

Okrajni et al (1986) in their experiment disclosed that a higher fluid yield pointertion in his 

model that  (YP) and YP/PV values provides better cuttings transport in laminar flow 

scenario whereas in turbulent flow scenarios, cuttings transport is not affected by mud 

rheology. In Naraghi (1998) work, he made a strong assertion that if phosphate and sulphate 

is pumped down a drill string as a slug, it will coat the cutting that accumulates in the well. 

Such will enable them to be removed from the wellbore alongside, the drilling fluid.  Ali et al 

(2012) concluded in their research that increasing the plastic viscosity of the drilling fluid is 

one of the solutions to ensure an effective hole-cleaning operation. The amount of recovered 
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cuttings is remarkably enhanced when plastic viscosity is increased. They also disclosed that 

while increasing the viscosity of a mud, care must be taken to ensure the viscosity is not 

excessively increased to avert it adverse effects on the expected overall result. However, in a 

model developed by Tie et al (2014), they disclosed a procedure that allows a low viscosity 

fluid with drill cuttings suspension capable of a high viscous fluid which is easily pumpable. 

 

Several fluid additives have been introduced over the years to control cutting beds formation. 

As recorded by Wang et al (2013), the various control methods introduced to control cuttings 

bed formation has effects on fluid rheology. Rheological properties such as YP/PV, n, and gel 

strength are properties enhance fluid transport ability of drilled cuttings. Fortunately or 

unfortunately as the case might be, some of the methods are not efficient enough to stop 

cuttings bed formation. Incidentally, Wang et.al (2013), disclosed that fibre sweep can be 

used for effective borehole cleaning and reduction in cuttings bed formation in both vertical 

and horizontal wells. 

 

In certain cases, cuttings removal tools (CRT) have been deployed as mechanical control 

equipment with certain limitations 

  

2. RESEARCH METHODOLOGY 

In this study, three drill cuttings transport efficiency models (Moore, Chien and Zeidler 

models) were incorporated with an experimental laboratory results (gotten at the Department 

of Petroleum Engineering Laboratory, University of Port Harcourt, Nigeria) and a 

commercial Crystal Ball ® simulator via Monte Carlo Simulation technique. Sensitivity runs 

were made with the simulator in order to determine the effects of optimizing parameters for 

continuous and effective drill cuttings transportation out of the hole. 

 

2.1 Experimental Sample Specification 

This research work analyzes two unique samples of drilling mud and drill cuttings. These 

samples were formulated to represent different test scenarios of different mud mixtures. The 

test samples are briefly described below: 

 Mud Sample (A): Freshly prepared OBM 

 Mud Sample (B): Freshly prepared OBM 
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 Drill Cuttings Sample (A): A 400µm drill cuttings from Anieze North Field, Niger 

Delta 

 Drill Cuttings Sample (B): A 1000µm drill cuttings from Anieze North Field, Niger 

Delta 

Special mud mixtures were formulated from the above samples by adding about 10% by 

weight of the drill cuttings samples in order to generate the following test scenarios 

 Mud Sample (A) +  Drill Cuttings Sample (A) 

 Mud Sample (A) +  Drill Cuttings Sample (B) 

 Mud Sample (B)  + Drill Cuttings Sample (A) 

 Mud Sample (B)  + Drill Cuttings Sample (B) 

 

2.2 The Cuttings Transport Efficiency Models 

 The Moore’s Model 

For the calculation of slip velocity as demonstrated by Moore (1974), the apparent viscosity 

of the fluid was obtained by equating the annular frictional pressure loss equation for the 

power law and Newtonian fluid models. 

By definition, the apparent viscosity (which constitute a key parameter in mud rheological 

models) is defined as follows  

n
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Reynolds Number is calculated using apparent viscosity as follows: 

NRe = 
a

sslf dV



928
       (2) 

For Reynolds number greater than 300 (fully turbulent), the slip velocity can be calculated as: 

Vslip
 

= 
a
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

 
54.1         (3) 
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For Reynolds number of 3 or less (fully laminar), when flow is considered to be laminar with 

straight line plots of frictional factor given as 

F =
eNR

40
        (4) 

The slip velocity equation becomes: 

Vslip
 

=  fs

a

sd



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2

87.82         (5) 

For intermediate Reynolds numbers of greater than 3 and less than 300, the dash line 

approximation for friction factor is given by 

F = 
eNR

22
         (6) 

 

For the above relation, the equation for slip velocity becomes 

Vslip
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The Transport ratio ( TF ) is defined as follows:  

a
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Transport efficiency (FTe) 

FTe = 
a

T

V

V
x 100          

 (10) 

 The Chein et al  Model 

For settling velocity in a rotary drilling operation, two empirical correlations are presented, 

one for determination of the settling velocity and the other a simplified version for the 

turbulent slip regime. For mixtures of water and bentonite, Chein (2012) proposed that the 
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plastic viscosity can be used as apparent viscosity, while for polymer type drilling fluids; the 

apparent viscosity is calculated as thus:  

a

sy

a
V

dT
300         

 (11)  

Where a = apparent viscosity, µp= plastic viscosity (pv), yT  = yield stress (ys) or yield 

point (yp) and ds = diameter of drill string. 

Settling velocity or slip velocity is the velocity at which the solid particles sink down through 

liquid. The empirical equation tried to correlate factors such as cutting size, cutting density, 

mud weight, and viscosity of the mud to settling viscosity 

The empirical equation for settling velocity, Vslip is given as 
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Where Vslip= slip velocity, a = apparent viscosity, f = density of fluid, cd = diameter of 

cuttings,  

All correlations are given in field units and c is cutting density. 

Transport ratio ( TF ) is defined as follows: 

a
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Transport efficiency (FTe) 
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FTe = 
a

T

V

V
x 100          

 (15) 

 Zeidler Slip Velocity Correlation 

Zeidler (1972) performed cuttings transport experimental study and generated a slip velocity 

correlation equation. The study shows that the pipe rotation and drilling muds produces 

changes in recovery fractions. From the study, the following relations were obtained to 

determine the settling velocity (Vs) of the drilled particles in a Newtonian fluid. 
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Where 

Vs= slip velocity, s = density of solid, l = density of fluid, egd  = equivalent diameter, 

NReP = Reynolds Number,  = apparent viscosity. 

The particle velocity relative to the surface called the transport velocity ( TV ) is given as 

slipaT VVV 
         

 (26) 

Transport ratio ( TF ) is defined as follows: 
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Transport efficiency (FTe) 

FTe = 

a

T

V

V
x 100          

 (28) 

In the Zeidler‘s relation, all values are in cgs units. From this relation, the dependence of 

settling velocity on viscosity is seen to decrease with increasing Reynolds Numbers. This 

indicates that the form drags becomes more predominant and the viscous drag becomes less 

significant with increasing Reynolds numbers.  

In the above models, the model input mud flow rate (340gpm) were calculated from field data 

based on Bourgoyne, (1991) minimum and maximum flow rate equations. 

 

3. RESULTS AND DISCUSSION 

The various fluid sampling systems used in this work is presented in Tables (1-2) for the 

different cuttings transport models. The behavior of the various transport parameters at 

different temperature ranges is clearly shown for each test scenario and cuttings transport 

model.  

 

3.1 The Variation of Transport Parameters with Mud Rheology 

This section presents the variation of transport properties with certain fluid rheological 

parameters. Parameters studied include the Plastic Viscosity, Yield point and Gel strength. 

These properties impact the ―transportability‖ of a fluid system in distinct manners and to 

varying degrees. This is clearly visible in the Fig 1-18 below. 

Table 1: Rheological and Transport Parameters of Fluid Systems 1 and 2 

Models Cuttings A + Mud A Cuttings B + Mud A 



72 
 

 

African Journal of Engineering and Environment Research Vol.1(1) 2020 -  ISSN: 2635-2974 

 

 
 

 

 
 

 

  

 

Table 2: Rheological and Transport Parameters of Fluid Systems 3 and 4 

Mod

els 

Cuttings A + Mud B Cuttings B + Mud B 

 

  

Moore 

Zeidler 

Moore 

Chien 
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Fig 1: Variation of Plastic viscosity, Yield 

Point and Slip Velocity with Temperature 

for system of Mud A and Cuttings A 

Fig 2: Variation of Plastic viscosity, Yield Point 

and Slip Velocity with Temperature for system 

of Mud B and Cuttings A 

  

Fig 3: Variation of Plastic viscosity, Yield Fig 4: Variation of Plastic viscosity, Yield Point 

Chien 

Zeidler 
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Point and Slip Velocity with Temperature 

for system of Mud A and Cuttings B 

and Slip Velocity with Temperature for system 

of Mud B and Cuttings B 

  

Fig 5: Variation of Plastic viscosity, Yield 

Point and Transport Efficiency with 

Temperature for system of Mud A and 

Cuttings B 

Fig 6: Variation of Plastic viscosity, Yield Point 

and Transport Efficiency with Temperature for 

system of Mud B and Cuttings B 

 
 

Fig 7: Variation of Plastic viscosity, Yield 

Point and Transport Efficiency with 

Temperature for system of Mud A and 

Cuttings B 

Fig 8: Variation of Plastic viscosity, Yield Point 

and Transport Efficiency with Temperature for 

system of Mud B and Cuttings B 
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Fig 9: Variation of Slip Velocity with 

Yield point for system of Mud A and 

Cuttings A 

Fig 10: Variation of Slip Velocity with Yield 

point for system of Mud B and Cuttings A 

  

Fig 11: Variation of Slip Velocity and 

yield point for system of Mud A and 

Cuttings B 

Fig 12: Variation of Slip Velocity and yield 

point for system of Mud A and Cuttings B 

  

Fig 13: Variation of Gel strength and Slip 

Velocity for system of Mud A and 

Cuttings A 

Fig 14: Variation of Gel strength and Slip 

Velocity for system of Mud B and Cuttings A 
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Fig 15: Variation of Gel strength and Slip 

Velocity for system of Mud A and 

Cuttings B 

Fig 16: Variation of Gel strength and Slip 

Velocity for system of Mud B and Cuttings B 

 
 

Fig 17: Variation of plastic viscosity and 

Slip Velocity for system of Mud A and 

Cuttings B 

Fig 18: Variation of plastic viscosity and Slip 

Velocity for system of Mud B and Cuttings B 

 

From Figure (1) above, it can be seen that the yield point and plastic viscosity decreases with 

increasing temperature and in laminar, fluid rheology contribute immensely to the efficiency 

in cuttings transportation. In Becker et al (1999), it was concluded that the mud rheology 

considerably affect cuttings transport positively in the laminar flow regime in vertical 

wellbore, while it has no significant effect on the cuttings transport when the flow regime was 

turbulent. Though there‘s more marked variation for the plastic viscosity than there is for the 

yield point. It is also observed that the slip velocity increases as these rheological properties 

decrease. However, there appears to be greater corresponding change in the results obtained 

from the Zeidler model than those obtained from the Chien and Moore models for each 

Plastic viscosity variation. As such, it can be postulated that the Slip velocity computed with 
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the Zeidler model is characterized by a strong negative correlation with Plastic Viscosity. 

From Figures (1-4), there is less variation in the slip velocity calculated with the Chien and 

Moore models with plastic viscosity, with the Moore model results appearing most resistive 

to change. The yield point on the other hand, appears to be less variant. Similar but reversed 

trends are observed in the Figure (5-8) for transport efficiency. The variation trend for each of 

these rheological parameters with slip velocity are isolated and depicted in the ensuring plots.  

Figure (13-16) shows that the slip velocity decreased with increasing gel strength. This 

implies that stronger gels impede cuttings slippage.  However, for these mud systems, the 

impact of gel strength is a lot lower than would be desirable. Consequently, a mud engineer 

cannot rely solely on improving gel strength to stop cuttings slippage for the mud system 

being studied. The generality of this is not ascertained herein this study.  

Similar observations and analyses can be reached for the other three fluid systems as shown 

in the figures. A striking feature of Figure (17-18) is the very similar changes in the slip 

velocity from Zeidler model with Plastic viscosity. Both plots appear to change by the exact 

same manner showing a very strong dependence of Zeidler slip velocity on the Plastic 

viscosity. This would imply that plastic viscosity measurements be carefully performed when 

the Zeidler model is proposed for Cuttings Slip and transport analysis.  

3.2 Variation of Transport Parameters with Temperature  

The results obtained from the computation of cuttings transport parameters [slip velocity, 

transport efficiency etc.] are presented in this section. The computations are done using the 

Moore, Chien and Zeidler models for slip velocity. 

  

Fig 19: Variation of Slip Velocity with 

Temperature for system of Mud A and 

Fig 20: Variation of Slip Velocity with 

Temperature for system of Mud B and 



78 
 

 

African Journal of Engineering and Environment Research Vol.1(1) 2020 -  ISSN: 2635-2974 

Cuttings A Cuttings A 

 
 

Fig 21: Variation of Slip Velocity with 

Temperature for system of Mud A and 

Cuttings B 

Fig 22: Variation of Slip Velocity with 

Temperature for system of Mud B and 

Cuttings B 

 

The effect of temperature variation on the cuttings slip velocity for the fluid system 

composed of Mud A and Cuttings A is presented in Fig (19). The trend observed indicates an 

increase in slip velocity with temperature. This would imply that the slippage of cuttings 

through the mud increases with an increase in mud temperature. This can be attributed to the 

simultaneous reduction in mud viscosity associated and other rheological parameters with 

increasing temperature. Consequently, these less viscous fluid systems have less internal 

friction needed to carry cuttings to the surface, resulting in the increased slip velocity. It can 

also be seen that there is less discrepancy between the values obtained using the Moore and 

Chien models, both of which shows relatively larger differences when compared to Zeidler 

model results.  

Similar observations are made for the fluid composed of Mud B and Cuttings A. this is 

illustrated in Fig (20). For the fluid systems containing Cuttings B, a higher slip velocity was 

observed. This reflects an increase in cuttings slippage through the mud. Furthermore, it is 

also a direct corollary of the lower density of the Cuttings B relative to that of Cuttings A [SG 

of B = 2.463, S.G. of A = 2.525]. This leads to a correspondingly lower density for the 

composite fluid system. 

3.3 Validation of Model Results 

The sensitivity was measured using two parameters: the contribution to variance and the rank 

correlation coefficient for the first fluid system comprised of Mud A and Cuttings as a case 

study. The summary results of the sensitivity run were based on the five cuttings transport 

parameters selected and are presented in the Table (5) below. 
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Table 5: Results of Sensitivity of Slip Velocity to Cuttings Properties and Fluid Rheology 

Assumptions Contribution To Variance (%) Rank Correlation 

Moore Chien Zeidler Moore Chien Zeidler 

Size of Cuttings (µm) 93.65 91.47 91.46 0.9562 0.9594 0.9562 

Specific gravity (SG) 6.11 6.35 7.76 0.2785 0.2527 0.2785 

Mud Weight (ppg) 0.09 1.79 0.64 -0.0802 -0.1344 -0.0802 

Plastic Viscosity (cp) 0.08 0.35 0.08 -0.0275 -0.0593 -0.0275 

Q (gpm) 0.07 0.03 0.06 0.0253 0.0187 0.02534 

 

 

4. CONCLUSION 

For this work, the effect of mud rheology and cuttings size on cutting transportation in 

vertical wells has been evaluated using cuttings samples gotten from a Niger-Delta field 

called Anieze North field and operated by Sterling Global limited. This work integrates 

experimental measurement with the use of existing formulations to test and study the 

behaviour of two different fluids rheology on the transportation of two different cuttings 

samples of 400um and 1000um at 10% concentration. The analysis of results generated can 

be summarized as follows: 

1. Rheology of mud has a major role in the efficient transport of cuttings for a laminar 

flow pattern. To ensure an efficient hole cleaning, there is the need to maintain a high 

viscosity in laminar flow. 

2. The downhole temperature reduces fluid rheology which in turn, reduces the carrying 

capacity of the fluid. 

3. The result of the simulation and the sensitivity analysis showed that the greater the 

cuttings size, the more the slip velocity and the less the transport efficiency. It also 

showed that the efficiency of the cuttings transport is dependent on the design of the 

drilling fluid in relation to the cuttings sizes. 
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APPENDIX 

List of Nomenclatures 

 F = Frictional Factor  

 FT = transport ratio 

 FTe = transport efficiency 

 OBM = Oil Based Mud 

 n  =  fluid behavior index 

 K= Consistency index 

  d1 = diameter of the string, in 

 d2 = diameter of the annulus, in  

 ROP = Rate of penetration, (ft/h), (m/h) 

 V = Flow velocity, (ft/min), (m/s)  

 TV = transport velocity 

 Va = Average velocity in annulus, (ft/min), (m/s)  

 Vcrit = Critical viscosity, (ft/min, ), (m/s)  

 Vs = Vslip= Slip velocity of cuttings, (ft/min), (m/s)   

 YP = Yield point, (lbf/100 ft2), (Pa)  

 fluid layers, (ft/min), (m/s)  

 μ = Fluid viscosity, (cP), (Pa*s)  

 μa = Apparent Viscosity, (cP), (Pa*s)  

 µp= plastic viscosity (pv), 

 ρ = 
f = Fluid density, (lbm/gal), (kg/m3)  

 ρc = s  = Density of cuttings, (lbm/gal), (kg/m3), (g/cm3)  

 


