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Abstract 
 

The determination of pressure losses in the drill pipe and annulus with a very high degree of precision and accuracy is sacrosanct for proper 

pump operating conditions and correct bit nozzle sizes for maximum jet impact and forestalling of possible kicks and eventual blow outs 

during drilling operation. The two major uncertainties in pump pressure estimation that are being addressed in this research work are the 

flow behavior index (n) and the consistency index factor (k). It is in this light that the accuracy of various rheological models in predicting 

pump pressure losses as well as the uncertainties associated with each model was investigated. 

 In order to come by with a decisive conclusion, two synthetic based drilling fluids were used to form synthetic muds known as sample A 

and B respectively. Inference from results shows that the Newtonian model underestimated the pump pressure by 78.27% for sample A 

and 82.961% by for sample B. While the Bingham plastic model overestimated the total pump pressure by 100.70% for sample A and 

48.17% for sample B. Three different power law rheological model approaches were used to obtain the flow behavior index and consistency 

factor of the drilling fluids. For the power law rheological model approaches, an underestimation error of 23.5743% was encountered for 

the Formular method for sample A while the proposed consistency index averaging method reduces the error to 14.9306%. The Graphical 

method showed a reasonable degree of accuracy with underestimation error of 5.6435%. Sample B showed an underestimation error of 

47.8234% by using the power law formula method while the Consistency averaging method reduced the error to 20.7508. The graphical 

method showed an underestimation error of 0.4318%. 
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1. Introduction 

Extremely large fluid pressures are generated in the well bore and 

tubular pipe strings by the presence of drilling mud or cement as a 

result of the following three well conditions. These are static con-

dition in which both the well fluid and the central pipe string are at 

rest, a circulating operation in which fluids are being pumped down 

the central pipe string and up the annulus and lastly a tripping op-

eration in which a central pipe string is being moved up or down 

through the fluid. 

These pressure losses must be accurately measured and quantified 

because accurate estimation of the frictional pressure losses for 

non-Newtonian drilling fluids inside the annulus is quite important 

for determination of pump rates and selection of mud pump system 

during drilling operation [1] 

However, modelling pressure losses resulting from fluid circulation 

and tripping operation are complicated by the non-Newtonian be-

havior of drilling muds and cement [2]. 

This non-Newtonian fluid behavior arises when the fluid viscosity 

is not constant but varies with the shear stress and prevailing shear 

rate or history [3]. The vivid description of this behavior has been 

explained by different rheologists [4-9] 

In order to establish the relationship between flow pressure and 

flow rate, two fundamental flow regimes namely laminar flow and 

turbulent flow must be understood. While the former prevails at low 

flow velocity with orderly flow, the latter is predominant at high 

velocity with a disordered flow. 

In a bid to address the complexity associated with pressure estima-

tions during drilling operations, various researchers have developed 

empirical and theoretical models for predicting pressure losses [10-

11]. 

1.1. Materials and method 

Two synthetic based drilling fluids were used to prepare synthetic 

based mud samples known as A and B respectively with the same 

mud components and composition. Sample A consist of Poly-alpha 

olefins (PAO) synthetic oil which was synthesized by the polymer-

ization of ethylene. While sample B consist of Trans esterified Palm 

Kernel Oil (PKO). 

1.2. Drilling fluid rheological models 

The two basic models for describing the rheology of fluids are  

1) The Newtonian model 

2) The non- Newtonian model 

1) The Newtonian model 

The Newtonian model assumes that shear stress (τ) is directly pro-

portional to the shear rate  (γ) and the constant of proportional-

ity is the fluid viscosity (µ). 

Pressure Estimation in Newtonian model 

a) For flow through the drill pipe 
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VP = 

0.408q

Dp
2  
Ft
sec⁄                                                                        (1) 

 

NRe =
928 DpVpρ

µa
                                                                            (2) 

 

Where µa = R300                                                                         (3) 

 

For laminal flow 

NRe  < 2,100                                                                                (4) 

 

fp = 
16

NRe
                                                                                       (5) 

 

For turbulent flow 

 

fp = 
0.0791

NRe
0.25                                                                                   (6) 

 

[
dp

dL
] =  

fpVp
2ρ

25.81Dp
                                                                              (7) 

 

b) For Annular flow 

 

va = 
0.408q

d2
2− d1

2 (Ft/sec)                                                                   (8) 

 

 NRe =
757(d2−d1) Vaρ

µa
                                                                    (9) 

 

[
dp

dL
] =  

faVa
2ρ

25.81(d2−d1)
                                                                     (10) 

2. The non-Newtonian model 

Various non-Newtonian models used to characterize the behavior 

of drilling fluids includes but not limited to the following: 

a)  Bingham Plastic model 

b)  Power Law model 

c)  Hershel Buckley Model 

d) Bingham Plastic Model 

Fluids that follows Bingham’s Plastic model, unlike a Newtonian 

fluid will not yield and begin to shear until a stress s applied that is 

large enough to break down the cohesive forces between the fluid 

particles. 

Mathematically, for Bingham Plastic fluid,  

 

τ = τy + µpy                                                                              (11) 

 

 µp =  θ600 − θ300                                                                     (12) 

 

τy = θ300 − µp                                                                         (13) 

 

Pressure Estimation in Bingham Plastic model 

a) For flow through the drill pipe  

 

𝑉𝑃 =  
0.408𝑞

𝐷𝑝
2  
𝐹𝑡

𝑠𝑒𝑐⁄                                                                     (14) 

 

µ𝑎 = µ𝑝 + 
5𝜏𝑦𝐷𝑝

𝑉𝑝
                                                                       (15) 

 

𝑁𝑅𝑒 =
928 𝐷𝑝𝑉𝑝𝜌

µ𝑎
                                                                          (16) 

 

𝑓𝑝 =  
16

𝑁𝑅𝑒
                                                                                     (17) 

 

[
𝑑𝑝

𝑑𝐿
] =  

𝑓𝑝𝑉𝑝
2𝜌

25.81𝐷𝑝
                                                                            (18) 

 

b) For Annular flow 

 

 𝑣𝑎 = 
0.408𝑞

𝑑2
2− 𝑑1

2  (𝑓𝑡/𝑠𝑒𝑐)                                                            (19) 

 

 µ𝒂 = µ𝒑 + 
𝟓𝝉𝒚(𝒅𝟐−𝒅𝟏)

𝑽𝒂
                                                                 (20) 

 

𝑁𝑅𝑒 =
757(𝑑2−𝑑1) 𝑉𝑎𝜌

µ𝑎
                                                                  (21) 

 

𝑓𝑝 =  
0.0791

𝑁𝑅𝑒
0.25                                                                                (22) 

 

[
𝒅𝒑

𝒅𝑳
] =  

𝒇𝒂𝑽𝒂
𝟐𝝆

𝟐𝟓.𝟖𝟏(𝒅𝟐−𝒅𝟏)
                                                                     (23) 

 

a) Power Law model 

The power law model is expressed as: 

 

𝜏 = 𝑘𝛾𝑛                                                                                       (24) 

 

Where n is the fluid flow behaviour index which indicates the ten-

dency of a fluid to shear thin and it is dimensionless, and k is the 

consistency coefficient which serves as the viscosity index of the 

system and the unit is lb/100ft2.sn When n < 1, the fluid is shear 

thinning and when n > 1, the fluid is shear thickening [12]. 

The parameters k and n can be determined from a plot of log𝝉 ver-

sus log γ and the resulting straight line’s intercept is log k and the 

slope is n. 

It can also be determined from the following equations. 

 

𝑛 = 3.32 𝑙𝑜𝑔 (
𝜃600

𝜃300
)                                                                   (25) 

 

𝑘 =
𝜏

𝛾𝑛
=

𝜃600

1022𝑛
  Or 𝐾 = 

510 𝑅300

511𝑛
 in (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2 )            (27) 

 

Pressure Estimation in POWER LAW MODEL 

 

a) For flow through the drill pipe  

 

𝑉𝑃 =  
0.408𝑞

𝐷𝑝
2  
𝐹𝑡

𝑠𝑒𝑐⁄                                                                   (28) 

 

𝑁𝑅𝑒 =
89100𝜌𝑉𝑝

2−𝑛

𝑘
 [
0.0416𝐷𝑝

3+
1

𝑛

]

𝑛

                                                   (29) 

 

[
𝑑𝑝

𝑑𝐿
] =

𝑘𝑉𝑝
𝑛 [3+

1

𝑛
]
𝑛

144000𝐷𝑝1+𝑛
                                                                     (30) 

 

For laminar region, 

 

𝑁𝑅𝑒  ≤ 3470 − 1370𝑛                                                              (31) 

 

For turbulent region, 

 

𝑁𝑅𝑒  ≥ 4270 − 1370𝑛                                                               (32) 

 

b) For annular flow 

 

𝑣𝑎 =  
0.408𝑞

𝑑2
2− 𝑑1

2 (Ft/sec)                                                                (33) 

 

𝑁𝑅𝑒 =
109000𝜌𝑉𝑎

2−𝑛

𝑘
 [
0.0208 (𝑑2−𝑑1 ) 

2+
1

𝑛

]

𝑛

                                        (34) 

 

[
𝑑𝑝

𝑑𝐿
] =

𝑘𝑉𝑎
𝑛 [2+

1

𝑛
]
𝑛

144000(𝑑2−𝑑1)
1+𝑛                                                              (35) 

 

b) The Hershel- Buckley Model  

It is an extension of the Bingham Plastic model to include shear rate 

dependence. Mathematically, it is expressed as: 

 

𝜏 = 𝜏𝑂𝐻 + 𝑘𝐻𝛾
𝑛𝐻                                                                       (36) 
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Where γ is the shear rate (s-1), τ is the shear stress (Pa), nH is the 

flow behaviour index (dimensionless), kH is the consistency index 

and τoH is the yield stress. 

A plot of log (τ – τoH) versus log (γ) will result in a straight line 

with intercept log kh and slope nH respectively. 

Pressure Estimation in HERSHEL- BUCKLEY MODEL 

 

(a) For flow through the drill pipe  

 

𝑉𝑃 =  
0.408𝑞

𝐷𝑝
2  
𝐹𝑡

𝑠𝑒𝑐⁄                                                                     (37) 

 

𝑁𝑅𝑒 = [
2(3𝑛+1)

𝑛
]  {

𝜌𝑉𝑝
2−𝑛(

𝐷𝑝

2
)
𝑛

𝜏𝑜(
𝐷𝑝

2𝑉𝑝
)
𝑛

+𝑘[
3𝑛+1

𝑛𝐶𝑐
]
𝑛}                                          (38) 

 

𝑁𝑅𝑒𝑐 = [
4(3𝑛+1

𝑛𝑦
]

1

1−𝑧
                                                                    (39) 

 

𝑦 =  
𝑙𝑜𝑔𝑛+3.93

50
                                                                             (40) 

 

𝑧 =  
1.75−𝑙𝑜𝑔𝑛

7
                                                                             (41) 

 

𝐶𝑐 = 1 − [
1

2𝑛+1
] 

{
 
 

 
 

𝜏𝑜

𝜏𝑜+𝑘[
(3𝑛+1)𝑞

𝑛𝜋((
𝐷𝑝
2
)
3]

𝑛

}
 
 

 
 

                                            (42) 

 

[
𝑑𝑝

𝑑𝐿
] =

4𝑘

14400𝐷𝑝
{(
𝜏𝑜

𝑘
) + ([

3𝑛+1

𝑛𝐶𝑐
] [

8𝑞

𝜋𝐷𝑃
3])

𝑛
}                                (43) 

 

For Annular Flow 

 

𝑣𝑎 =  
0.408𝑞

𝑑2
2− 𝑑1

2 (Ft/sec)                                                                (44) 

 

𝑁𝑅𝑒 = [
4(2𝑛+1)

𝑛
]  {

𝜌𝑉𝑎
2−𝑛(

𝑑2−𝑑1
2

)
𝑛

𝜏𝑜(
𝑑2−𝑑1
2𝑉𝑎

)
𝑛
+𝑘[

2(2𝑛+1)

𝑛𝐶𝑎
]
𝑛}                                      (45) 

 

𝑁𝑅𝑒𝑐 = [
8(2𝑛+1

𝑛𝑦
]

1

1−𝑧
                                                                    (46) 

 

[
𝑑𝑝

𝑑𝐿
] =

4𝑘

14400(𝑑2−𝑑1)
{(
𝜏𝑜

𝑘
) + ([

16(2𝑛+1)

𝑛𝐶𝑎 (𝑑2−𝑑1)
] [

𝑞

𝜋(𝑑2
2−𝑑1

2)
])
𝑛
}      (47) 

 

𝐶𝑎 = 1 − [
1

𝑛+1
] 

{
  
 

  
 

𝜏𝑜

𝜏𝑜+𝑘

[
 
 
 
 

[
2(2𝑛+1)

𝑛(
𝑑2
2 −

𝑑1
2

]+ [
𝑞

𝜋[
𝑑2
2

2
−
𝑑1
2

2
] 

]

]
 
 
 
 
𝑛

}
  
 

  
 

                          (48) 

 

∆𝑃 = [
𝑑𝑝

𝑑𝐿
] ∆𝐿                                                                            (49) 

 

Pressure loss in the bit. 

 

∆𝑃 = 
156𝜌𝑞2

[𝐷𝑁1
2+ 𝐷𝑁2

2+𝐷𝑁3
2]
2                                                             (50) 

3. Results and discussion 

3.1. Sample A flow behaviour analysis 

The result from direct viscometer readings for Mud Sample A is 

presented in table 1 below  

 

Table 1: Viscometer Readings for SAMPLE A 

Speed (RPM) Dial Reading(lb/100ft2) Shear rate (s-1) 

600 78 1022 
300 53 511 

   

200 41 340.60 
100 28 170.30 

60 19 102.18 

30 14 51.09 
6 10 10.22 

3 8 5.11 

Note: Mud Density Is 9.50ppg 

3.1.1. Model parameters determination for sample A using the 

power law model 

a) Using power law rheology equation  

The flow behavior index is estimated by using equation 25 as 

0.5572 and the consistency factor is obtained by using equation 27 

as 1.64146 (𝑙𝑏/100𝑓𝑡2𝑠𝑛) or 0.837mpasnor 837 (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/
𝑓𝑡2). 

b) Using Graphical Method. 

The power law rheological model parameters (n and k) were ob-

tained by a plot of log τ versus log γ as shown in Figure. 1 below 

which gives a straight line with slope n and intercept log k.  

 

 
Fig. 1: Power Law Rheogram for Sample A. 

 

Hence, from Figure 1, n is 0.4616 and k is 2.7638 (𝑙𝑏/100𝑓𝑡2𝑠𝑛) 
or 1.4095mpasn or 1409.5 (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2). 
(c) Consistency Index Averaging. 

The result of each consistency index at the corresponding values of 

shear rate and shear stress as calculated by equation 26 is given in 

Table 2 below. 

 
Table 2: Consistency Index at the Corresponding Values of Shear Rate 
and Shear Stress for Sample A 

Speed 

(RPM

) 

Stress(lb/100ft2

) 

shear 

rate 

(s-1) 

 n 
k

 (
𝒍𝒃

𝟏𝟎𝟎𝒇𝒕𝟐𝒔𝒏
) 

K 
(mpasn) 

600 78 1022 
0.557

2 
1.641453 

0.83714

1 

300 53 511 
0.557
2 

1.641133 
0.83697
8 

200 41 340.6 
0.557

2 
1.591538 

0.81168

5 

100 28 170.3 
0.557

2 
1.599283 

0.81563

4 

60 19 
102.1
8 

0.557
2 

1.442563 
0.73570
7 

30 14 51.09 
0.557

2 
1.564023 

0.79765

2 

6 10 
10.21

8 

0.557

2 
2.738932 

1.39685

6 

 3 6 5.109 
0.557
2 

2.418057 
1.23320
9 

 

y = 0.4616x + 0.4415
R² = 0.9709

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4

lo
g 

τ

log 𝛾
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From table 2, Average K is 1.8296(𝑙𝑏/100𝑓𝑡2𝑠𝑛) or 0.9331 

mpasn or 933 (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2) . 

3.1.2. Hershel-buckley model 

The flow behaviour index (𝑛𝐻) and consistency index (𝑘𝐻) were 

obtained by a plot of log (τ – τoH) against log γ which gives a straight 

line as shown in Figure 2. 

 
Fig. 2: Hershel-Buckley Rheogram for SAMPLE A. 

 

From Figure 2, 𝑛𝐻 is 0.6564 and 𝑘𝐻 is 0.7320 (𝑙𝑏/100𝑓𝑡2𝑠𝑛)  

3.2. Sample B flow behaviour analysis 

Similarly, the result from direct viscometer readings for Mud Sam-

ple B is presented in table 3 below  

 
Table 3: Viscometer Readings for SAMPLE B 

Speed (RPM) Dial Reading(lb/100ft2) Shear rate (s-1) 

600 88 1022 

300 57 511 
200 46 340.60 

100 32 170.30 

60 24.50 102.18 
30 17 51.09 

6 13 10.22 

3 10 5.11 

Note: Mud Density Is 10.00ppg 

3.2.1. Model parameters determination for sample B using the 

power law model 

a) Using power law rheology equation  

The flow behavior index is estimated by using equation 25 as 

0.6265 and the consistency factor is obtained by using equation 27 

as 1.1456(𝑙𝑏/100𝑓𝑡2𝑠𝑛) or 0.584.277mpasnor 

584.277(𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2) 
b) Using Graphical Method. 

The power law rheological model parameters (n and k) were ob-

tained by a plot of log τ versus log γ as shown in Figure.3 below 

which gives a straight line with slope n and intercept log k.  

 

 
Fig. 3: Power Law Rheogram for Sample B 

 

Hence, from Figure 3, n is 0.3963 and k is 4.5899 (𝑙𝑏/100𝑓𝑡2𝑠𝑛) 
or 0.23408 mpasn or 2340.8  (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2) . 

c) Consistency Index Averaging. 

The result of each consistency index at the corresponding values of 

shear rate and shear stress as calculated by equation 27 is given in 

Table 4 below.  

 
Table 4: Consistency Index at the Corresponding Values of Shear Rate and 
Shear Stress for Sample B  

Spee

d 

(RP
M 

Stress(lb/100ft2

) 

shear 
rate 

(s-1) 

n 
k

 (
𝒍𝒃

𝟏𝟎𝟎𝒇𝒕𝟐𝒔𝒏
) 

K 

(mpasn) 

600 88 1022 
0.626

5 
1.145676 

0.58429

5 

300 57 511 
0.626

5 
1.145643 

0.58427

8 

200 46 340.6 
0.626
5 

1.192083 
0.60796
2 

100 32 170.3 
0.626

5 
1.280248 

0.65292

6 

60 24.5 
102.1

8 

0.626

5 
1.34989 

0.68844

4 

30 17 51.09 
0.626
5 

1.446027 
0.73747
4 

6 13 
10.21

8 

0.626

5 
3.030928 

1.54577

3 

3 10 5.109 
0.626

5 
3.599379 

1.83568

3 

 

From Table 4,the Average K is 1.7737(𝑙𝑏/100𝑓𝑡2𝑠𝑛) or 0.9046 

mpasn or 904.6 (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/𝑓𝑡2) . 

3.2.2. Hershel-buckley model 

The flow behaviour index (𝑛𝐻) and consistency index (𝑘𝐻) were 

obtained by a plot of log (τ – τoH) against log γ which gives a straight 

line as shown in Figure 4. 

 

 
Fig. 4: Hershel-Buckley Rheogram for SAMPLE B 

 

y = 0.6564x - 0.1355
R² = 0.984

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4

lo
g(

τ−
 τ
𝑜
𝐻

)

log 𝛾

y = 0.3963x + 0.6618
R² = 0.9566

0

0.5

1

1.5

2

2.5

0 1 2 3 4

lo
gτ

log 𝛾

y = 0.7294x - 0.3065
R² = 0.9918

0

0.5

1

1.5

2

0 1 2 3 4

lo
g(

τ−
 τ
𝑜
𝐻

)

log 𝛾



698 International Journal of Engineering & Technology 

 
From Figure 4, 𝑛_𝐻   is 0.7294 and 𝑘𝐻 is 0.4937 (𝑙𝑏/100𝑓𝑡2𝑠𝑛)  
N/A: NOT APPLICABLE, AVG= AVERAGING  

From table 5, the Herschel Buckley rheological model has a flow 

behavior index of 0.6564 for SAMPLE A and 0.7294 for sample B 

which indicates that the fluid is shear thinning but with a higher 

degree of shear thinning ability in sample A because it has lesser 

value of flow behavior index. The same scenario is experienced in 

power law model with sample A being more shear thinning than 

sample B. 

3.3. Flow behaviour characteristics analysis 

From table 6, for Newtonian model, the flow in sample A is more 

laminar than flow in sample B. In addition, for Bingham plastic 

model, a more laminar flow is experienced in sample A than sample 

B. This is largely due to different base fluid properties of each sam-

ple most especially, the viscosity. From table 7, the power law 

model Reynolds number N_RE obtained by using the formula ap-

proach is more than the formula and consistency-averaging ap-

proaches for mud flow through the pipe for the two mud samples. 

This translates to the fact that the formula approach falsely repre-

sents a lesser laminar flow than the other two approaches (Graphical 

and Consistency index averaging). Table 8 represents mud flow be-

havior characteristics in the annulus. The Newtonian model as-

sumed a less laminar flow than the Herschel –Buckley and Bingham 

plastic model for the two mud samples.  

N/A: NOT APPLICABLE, AVG= AVERAGING  

From table 9, it can be deduced that the power law rheological 

model through formular approach showed that the flow is less lam-

inar inside the annulus than the graphical and consistency index av-

eraging approach. 

3.4. Pressure analyses 

The data from [13] as shown in appendix A, were used to validate 

the pressure analysis. The pressure losses inside the pipe flow, bit 

and annulus for the mud samples A and B are shown in table 10. It 

can be inferred that more pressure is lost in the drill pipe than in the 

annulus. The lowest pressure loss was experienced in the bit for all 

the mud samples. 

Also, From Table 10, The Bingham plastic rheological model 

showed the highest values of pressure losses for flow through the 

pipe and the annulus for the two mud samples. While the Newto-

nian model showed the least values of pressure losses for flow 

through the pipe and annulus for the mud samples. 

3.5. Model pressure performance analysis 

According to [14-16], the Herschel Buckley is the most accurate in 

describing rheological behavior of drilling muds, Hence, the degree 

of deviation of pressure losses for each model was measured by 

comparing with pressure losses predicted by Herschel Buckley 

model for the mud samples. 

 
Table 5: Summary of Non-Newtonian Rheological Parameters 

Rheological Model 
Flow Behaviour 
Index (N) 

Consistency Factor (𝑙𝑏/
100𝑓𝑡2𝑠𝑛) (K) 

Consistency Factor 

(𝐾) (𝑑𝑦𝑛𝑒. 𝑠𝑒𝑐𝑛/
𝑓𝑡2) 

Yield Stress 

(𝜏) 𝑙𝑏/
100𝑓𝑡2 

Plastic Viscousity (µ𝑝) 

𝑙𝑏/100𝑓𝑡2 

Sample A      

Bingham Plastic 
Model 

N/A N/A N/A 28 25 

Herschel 

Buckley 
Model 

0.6564 0.7320 373.30 6.00 25 

Power Law Model      

Formular 
Approach 

0.5572 1.6414 837 28 25 

Graphical Approach 0.4616 2.7638 1409.5 28 25 

Consistency 
Index Avg 

0.5572 1.866 933.1 28 25 

Sample B      

Bingham Plastic 
Model 

N/A N/A N/A 26 31 

Herschel 

Buckley 
Model 

0.7294 0.4937 251.787 10 31 

Power Law Model      
Formular 

Approach 
0.6265 1.1456 584.277 26 31 

Graphical 
Approach 

0.3963 4.5899 2340.831 26 31 

Consistency 

Index Avg 
0.6265 1.7737 904.60 26 31 

 
Table 6: Flow Behavior Characteristics of Mud Flow through the Drill Pipe 

Rheological Model 
Pipe Velocity 

𝑉𝑃(Ft/Sec) 

Reynolds 

Number 𝑁𝑅𝐸 
𝑁𝑅𝐸 Critical Constant Critical 𝑁𝑅𝐸 Flow Regime 

Fanning Fric-

tion Factor  

Sample A       
Newtonian 

Model 
2.015 1378.26  N/A > 2100 Laminar 0.01161 

Bingham Plastic 
Model 

2.015 236  N/A  > 2100 Laminar 0.0676 

Herschel 

Buckley 
Model 

2.015 151.772  0.566  1931 Laminar - 

Sample B       

Newtonian 
Model 

2.015 1476.25 N/A > 2100 Laminar 0.0108 

Bingham Plastic 

Model 
2.015 261.75 N/A > 2100 Laminar 0.0611 

Herschel 

Buckley 

Model 

2.015 133.025 0.7764  1721.18 Laminar ------------- 
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Table 7: Flow Behaviour Characteristics of Mud Flow through the Drill Pipe for Different Power Law Model Approaches 

Power Law Model 
Pipe Veloc-

ity 𝑉𝑃(Ft/Sec 

Reynolds 

Number 𝑁𝑅𝐸 
Laminar Critical 𝑁𝑅𝐸  

Turbulent Critical 

𝑁𝑅𝐸 
Flow Regime 

Sample A      
Formular 

Approach 
2.015 456.08 2706.636 3506.636 Laminar 

Graphical 
Approach 

2.015 381.524 2837.608 3637.608 Laminar 

Consistency 

Index Avg 
2.015 409.08 2706.636 3506.636 Laminar 

Sample B      

Formular 

Approach 
2.015 537.388 2611.695 3411.695 Laminar 

Graphical 

Approach 
2.015 306 2927.07 3727.07 Laminar 

Consistency 
Index Avg 

2.015 347.046 2611.695 3411.695 Laminar 

 

Table 8: Flow Behavior Characteristic of Mud Flow through the Annulus 

Rheological Model 
Pipe Velocity 

𝑉𝑎(Ft/Sec) 

Reynolds Number 

𝑁𝑅𝐸 

𝑁𝑅𝐸 Critical Con-

stant 

Critical 

𝑁𝑅𝐸 

Flow Re-

gime 

Fanning Friction Fac-

tor  

Sample A       
Newtonian 

Model 
0.4547 352  N/A > 2100 Laminar 0.0454 

Bingham Plastic 
Model 

0.4547 10.4715  N/A  > 2100 Laminar 1.528 

Herschel 

Buckley 
Model 

0.4547 18.140  0.6391  3610.63 Laminar - 

Sample B       

Newtonian 
Model 

0.4547 344.872 N/A > 2100 Laminar 0.0108 

Bingham Plastic 

Model 
0.4547 11.8150 N/A > 2100 Laminar 0.0611 

Herschel 

Buckley 
Model 

0.4547 14.0395 0.5615  3109.88 Laminar - 

 
Table 9: Flow Behavior Characteristic of Mud Flow through the Annulus for Different Power Law Model Approaches 

Power Law Model 
Pipe Velocity 

𝑉𝑃(Ft/Sec 

Reynolds 

Number 𝑁𝑅𝐸 
Laminar Critical 𝑁𝑅𝐸  

Turbulent Critical 

𝑁𝑅𝐸 
Flow Regime 

Sample A      

Formular 

Approach 
0.4547 57.5819 2706.636 3506.636 Laminar 

Graphical 

Approach 
0.4547 42.304 2837.608 3637.608 Laminar 

Consistency 
Index Avg 

0.4547 51.650 2706.636 3506.636 Laminar 

Sample B      

Formular 
Approach 

0.4547 74.632 2611.695 3411.695 Laminar 

Graphical 

Approach 
0.4547 31.1074 2927.07 3727.07 Laminar 

Consistency 

Index Avg 
0.4547 48.206 2611.695 3411.695 Laminar 

 
Table 10: Pressure Analyses 

Rheological Model  Pipe Flow  Annular Flow Bit Nozzle Total Pressure 

Sample A Pressure Gradient[
𝑑𝑃

𝑑𝐿
] (Psi/Ft) 

Pressure 

Loss(∆𝑝𝑑𝑠) 
(Psi) 

Pressure Gradient[
𝑑𝑃

𝑑𝐿
] 

(Psi/Ft) 

Pressure 

Loss(∆𝑝𝑎) 
(Psi) 

Pressure 

Loss(∆𝑝𝑏) 
(Psi) 

Pump Pressure 

(∆𝑃𝑇)(Psi) 

Newtonian 

 
0.003855 47.960 0.0006051 7.5272 2.6790 58.1662 

Bingham Plastic 0.0224 278.656 0.02036 253.28 2.6790 534.615 

Herschel 

Buckley 
0.1453 180.7532 0.006664 82.894 2.6790 266.380 

Power Law       

Formular 

Approach 
0.01163 144.662 0.004521 56.2419 2.6790 203.5828 

Graphical 

Approach 
0.01390 172.916 0.006154 76.556 2.6790 252.15 

Consistency 
Index Avg 

0.01296 161.24 0.005039 62.688 2.6790 226.6078 

Sample B Pressure Gradient   [
𝑑𝑃

𝑑𝐿
] (Psi/Ft) 

Pressure 

Loss(∆𝑝𝑑𝑠) 
(Psi) 

Pressure Gradient[
𝑑𝑃

𝑑𝐿
] 

(Psi/Ft) 

Pressure 

Loss(∆𝑝𝑎) 
(Psi) 

Pressure 

Loss(∆𝑝𝑏) 
(Psi) 

Pump Pressure 

(∆𝑃𝑇)(Psi) 

Newtonian 0.003789 47.133 0.000651 8.095 2.82 58.048 
Bingham Plastic 0.02136 265.712 0.0190 236.29 2.82 504.831 

Herschel 0.01470 182.902 0.01245 154.95 2.82 340.672 
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Buckley 

Power Law       

Formular 

Approach 
0.0104 129.241 0.003673 45.69 2.82 177.751 

Graphical 
Approach 

0.018228 226.759 0.008812 109.622 2.82 339.201 

Consistency 

Index Avg 
0.01608 200.0352 0.005399 67.16 2.82 26.98 

 

 

 
Table 11: Percentage Error in Pump Pressure for Each Rheological Model 

Model 

Mud Sample 
Newtonian Bingham Plastic Plrm Formular Plrm Graphical Plrm K Avg 

Sample A −78.273 +100.70 −23.5743 −5.6435 −14.9306 

Sample B −82.961 +48.1868 −47.8234 −0.4318 −20.7508 

 

 
Fig. 5: Percentage Error in Pump Pressure for Each Rheological Model. 

 

From table 11 and figure 5, the Newtonian model underestimated 

the pump pressure by 78.27% for sample A and 82.961% by for 

sample B. While the Bingham plastic model overestimated the total 

pump pressure by 100. 70% for sample A and 48.17% for sample 

B. The result obtained from the Bingham plastic model is in agree-

ment with the work of [17] where it was recorded that the model 

overestimates pressure losses. For the power law rheological model 

approaches for sample A, an underestimation error of 23.5743% 

was encountered for the Formular method while the proposed con-

sistency index averaging method reduces the error to 14.9306%. 

The Graphical method showed a reasonable degree of accuracy 

with underestimation error of 5.6435%. Similarly, from Table 11 

and Figure 5, sample B showed an underestimation error of 

47.8234% by using the power law formular method while the Con-

sistency averaging method reduced the error to 20.7508%. The 

graphical method showed an underestimation error of 0.4318%.  

 

Fig. 6: Relative Contribution of Drill Pipe and Annulus Pressure Errors to 
the Total Pump Pressure Error for Sample A. 

 

 
Fig. 7: Relative Contribution of Drill Pipe and Annulus Pressure Errors to 
the Total Pump Pressure Error for Sample B. 

 

 
Fig. 8: Percentage Contribution of Drill Pipe and Annulus Pressure Errors 
to the Total Pump Pressure Error for Sample A. 

 

 
Fig. 9: Percentage Contribution of Drill Pipe and Annulus Pressure Errors 

to the Total Pump Pressure Error for Sample B. 
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From figure 6 and 8, it can be deduced that larger error was contrib-

uted by drill pipe from Newtonian, Power law formula method and 

Graphical method while the annulus contributed a relatively larger 

error to total pump pressure error from Bingham plastic and con-

sistency index averaging method. A reverse scenario was observed 

for sample B as shown in Figure7 and 9. 

4. Conclusion 

The following conclusions can be drawn from experimentation and 

model performance analysis. 

• The Newtonian model underestimated the pump pressure by 

78.27% for sample A and 82.961% for sample B. 

• The Bingham plastic model overestimated the total pump 

pressure by 100.70% for sample A and 48.17% for sample B.  

• The power law rheological model formular approach under-

estimated the pump pressure by 23.5743% for sample A and 

47.8234% for sample B. 

• The proposed consistency index averaging method of power 

law model reduces the formular method error to 14.9306% 

for sample A and 20.7508% for sample B.  

• The Graphical method showed a reasonable degree of accu-

racy with underestimation error of 5.6435%. and 0.4318% for 

sample A and B respectively. 
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Appendix A 

Data from White and Zamora (1997) 

Drillpipe-5 in. 19.5 S-135 w/4.5 

IF (675in.x 3in. connection) 

D1= 5 in, Dp =4.5 in 

Casing 11 7/8 in.x10.711 in.,  

D2=10.711 in. 

Length of well= 12440ft 

q1=100 GPM 

Bit: 10 5/8 in. w/3: 28/32 in. jets 

∆Ps=0 
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