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Abstract 

The dimensionless analysis is applied to pipeline transportation of Kaolin suspensions. Experimental data were obtained for flow through pipes of 

different diameters. The rheological properties of materials under study were characterized by the Hershel–Bulkley equation. The method of 

constructing the modified Reynolds number, Rem for visco-plastic materials was discussed. It was shown that in a wide range of the Reynolds 

number (up to five decimal orders) the experimental data is well fitted by the standard f = 16/Rem dependence up to the laminar-to-turbulent transition 

point. The transition point (critical Reynolds number, Re∗ ) is a linear function of the pipe diameter. At Rem > Re∗ , the f(Rem) becomes dependent 
m m 

upon pipe diameter. Using the Re∗ value as a scaling factor, it is possible to construct a universal dependence of f Re∗ versus Rem/Re∗ , which is 
m m m 

valid for the entire range of velocities and pipe diameters under study. In the laminar-to-turbulent transition zone this dependence approaches the 

asymptote f Re∗  
= 14 and the pressure gradient becomes a quadratic function of average velocity. 
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1. Introduction 

 
Pipeline transportation of various visco-plastic materials 

(such as coal and clay suspensions, mud and wastes) is widely 

used in various technological applications. Via rheological char- 

acterization of visco-plastic materials it is possible to determine 

the flow rate, Q, versus pressure drop, P, dependence using the 

standard procedure of the balance equation integration. It would 

therefore be useful to propose the generalized dimensionless Q 

versus   P dependence. 

The dependences of flow rate, Q, versus pressure gradi- 

ent, P, in the flow of Newtonian liquids through pipes of 

radius R (or diameter D) are described by the well known 
Hagen–Poiseuille equation by means of the friction factor, f, 

The modification of the Reynolds number for any non- 

Newtonian liquid can be introduced in accordance with a corre- 

sponding rheological equation of state. 

For the yield of pseudo-plastic fluids the rheological proper- 

ties can be characterized using the Hershel–Bulkley rheological 

equation: 

σ = σY + Kγ̇ n (2) 

and the flow characteristic (8V/D) can be used as the represen- 

tative shear rate [1–3]. 

The modified Reynolds number for a visco-plastic medium 

can be written as [4]: 

8ρV 2 

as a function of the Reynolds number, Re. 
In these coordinates, the Hagen–Poiseuille law is presented 

Rem  = 

σY + K(8V/D)n (3)
 

in the standard form: 
 

f = 
16 
Re 

 

 
 

∗ Corresponding author. 

E- mail address: masalovai@cput.ac.za (I. Masalova). 
1  Present address: Profsoyuzna y 98-5-92, Moscow 117485, Russia. 

 
 

(1) 

The principal aim of this work is to attempt the construction of 
dimensionless dependence f(Rem) for yield pseudo-plastic fluids 

and to treat experimental data within the frames of the univer- 
sal f = 16/(Re) dependence. This approach may be valuable for 
practical applications in the design of pipeline transportation of 
visco-plastic media. 

Kaolin slurries were used as a reference material. It is worth 

mentioning that this material was used for intensive studies of 

flow of multi-component by several authors (see, e.g. [5,6]). 
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Table 1 

Kaolin slurry properties 
 

 

Kaolin concentration (%) Density (kg/m3) 
 

 

6 1099 

8 1132 

10 1165 
 

 

 

 
2. Experimental 

 

Experiments were performed for Kaolin slurries with the fol- 

lowing properties in Table 1. 

The flow curves of Kaolin dispersions were measured using a 

rotational stress-controlled rheometer MCR-300 (Paar Phys- 

ica, Germany) with a sandblasted concentric-cylinder measuring 

unit and a bob with conic bottom. 

Pumping trial experiments were carried out by means of a 

tube viscometer, which consists of a 100 mm, 30 bar, progressive 

cavity positive displacement pump with a variable speed drive. 

The tubes are parallel and have diameters of 13, 28 and 80 mm, 

respectively. Each pipe has an in-line magnetic flow meter. 

 
3. Results and discussion 

 

 

 

 
 

Fig. 1. Pipe diameter dependence on the critical Reynolds number. 

 

The critical Re∗ values (Eq. (3)) calculated from experimen- tal 

data are presented in Table 3. 

Linear extrapolation of D(Re∗ ) to D = 0 (see Fig. 1) gives a 

limiting value of Re∗  close to
m 

This is relatively close 
to the standard value of Re which corresponds to a laminar-to- 

turbulent transition. 

The straight line in Fig. 1 can be fitted by means of a function: 

Re∗ = 2000 + 31D (5) 

The flow properties of Kaolin dispersions for three con- 

centrations of solid component were fitted through the 

Hershel–Bulkley equation. 

The coefficients of the Herschel–Bulkley model are listed in 

Table 2. 

The Reynolds number, Rem, was calculated using Eq. (3). All 

experimental data obtained from the pipe trial experiment pro- 
vide very good scaling in the laminar region of flow for the nine 
diverse sets of data (three different concentrations of Kaolin and 
three different pipe diameters). However, it must be noted that 
at high enough values of Rem, f(Rem) deviates from the straight 

line (f = 16/Re) toward higher values of the friction factor. 

The increase in the friction factor in comparison with lami- 

nar values is typical for the transition from laminar-to-turbulent 

flow. We have ascertained that the critical value of the Reynolds 

where diameter D is expressed in mm. 

The introduction of the critical Reynolds number Re∗ as a 

normalizing factor allows us to quantify the general scaling 

dependence between the coefficient of friction and Rem cover- 

ing, within the laminar domain as well as within the transient 

zone. 
The next step involves a consideration of the dependence of 
f Re∗ on the reduced Reynolds number Rem/Re∗ , which is 

m m 

presented in Figs. 2 and 3. 
As can be clearly observed in Figs. 2 and 3, all experimental 

points lie on the single curve (up to Rem/Re∗ 
= 3) which covers 

the laminar and turbulent flow regions. It is, moreover, evident 
that an asymptote exists for the dependence under discussion 

and that this asymptote is described by a simple dependence: 

number Re∗ , at which deviations from f= 16/Re are observed, 

depends on pipe diameter. 

f Re∗ = 14 (6) 

Hence, there is no general correlation for all points at Rem > This means that in the transitional zone one can expect the 

Re∗ in f versus the Rem coordinates. It is, however, interesting dependence of pressure gradient on average velocity to be of 

to mention that three different groups of experimental points are 

observed. Each of them unites data for different content of solid 

quadratic form. At higher values of Rem (directly from the defi- 
nition of f and Eq. (5)) the pressure gradient can be expressed as 

particles, which relate to different rheological parameters used 

to describe their flow properties. The greater the diameter of the 

pipe the higher the Re∗ values are. This is illustrated in Fig. 1. 

 P  
= k 

L 

ρV̄  2 

R2 (7) 

m 
 

 
Table 2 

Coefficients of the Herschel–Bulkley model for the materials under study 

where k is a constant. 

 
Table 3 

The critical Reynolds number values as a function of pipe diameter 
 

 

Re∗ 

 
 

2300 

3000 

4500 
 

 

Concentration (%) σY (Pa) K (Pa sn) n  D (mm) 

6 6.5 0.16 0.515  13 

8 13 0.3 0.495  28 

10 16 1.6 0.360  80 
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Fig. 2. Generalized dependence of the friction factor on the Reynolds number. 

Tube diameters: 80 mm (1–3), 28 mm (4–6) and 13 mm (7–9). Concentration of 

Kaolin: 6% (3, 6 and 9), 8% (2, 5 and 8) and 10% (1, 4 and 7). 

 

 
 

Fig. 3. Enlarged portion of Fig. 2 related to the transient zone. Tube diameters: 

80 mm (1–3), 28 mm (4–6) and 13 mm (7–9). Concentration of Kaolin: 6% (3, 

6 and 9), 8% (2, 5 and 8) and 10% (1, 4 and 7). 

 

At the same time, it is possible to assume that at very high 

velocities the effect of jamming would take place, as was repeat- 

edly observed during high shear rate experiments with suspen- 

sions of different types (see, e.g. [5,6]). 

 

In conclusion, it is sensible to mention that the choice of a 
rheological equation for fitting the flow curve is not cru- 
cial, as was described in our paper [7]. In fact, the generalized 

f(Rem) dependence is true for different fitting equations includ- 

ing the fitting of experimental data through the power law and 
Bingham equations. The Hershel–Bulkley approximation is the 
most general, however. The same is true for the transient f ver- 
sus Rem dependence because the influence of the yield part 

of a flow curve is insignificant at high velocities (high shear 
rates). 
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