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ABSTRACT 

Unlike Newtonian open channel flow, not much work has been done to study the flow behaviour of non-Newtonian fluids in open channels. A scarcity 
of water worldwide has forced design engineers to increase the solid concentrations when designing flumes. With this increase in concentration, the 
fluids become more non-Newtonian in behaviour. Very little data have been available to test some of the design protocols that have been proposed by 
various authors (Kozicki and Tiu, 1967; Wilson, 1991; De Kee et al., 1990). Limited amount of data have been published by some authors (Coussot, 
1994; Naik, 1983) to test their own protocols. Haldenwang (2003) at the Flow Process Research Centre of the Cape Peninsula University of Technology 
created a large experimental database for non-Newtonian open channel flow. The experiments were carried out in three rectangular tilting flumes of 
different widths varying from 75 to 300 mm. The tests were conducted on three fluids: bentonite and kaolin suspensions and carboxymethylcellulose 
solutions, all at various concentrations. Rheological characterisation of the fluids were conducted in an inline tube viscometer with three different 
diameter tubes. This paper will describe the methodology behind how the data were obtained for the database. It is hoped that the database will be of 
use to researchers working in the area of non-Newtonian open channel flow. 

 
RÉSUMÉ 

Contrairement à l’écoulement newtonien, peu de choses ont été faites pour étudier l’écoulement des fluides non-Newtoniens dans les canaux à surface 
libre. Une pénurie d’eau dans le monde entier a forcé les ingénieurs d’études à augmenter les concentrations en matières solides lors de la conception 
des canalisations. Avec cette augmentation de concentration, les fluides tendent vers un comportement Non-Newtonien. Il y a très peu de données 
disponibles pour tester certains protocoles de conception qui ont été proposés par divers auteurs (Kozicki and Tiu, 1967; Wilson, 1991; De Kee 
et al., 1990). Un nombre limité de données ont été éditées par quelques auteurs (Coussot, 1994; Naik, 1983) pour examiner leurs propres protocoles. 
Haldenwang (2003) au Centre de Recherches des Processus d’Ecoulement de l’Université de Technologie de Cape Peninsula a créé une grande base 
de données expérimentales pour les écoulements non-Newtoniens en canal. Les expériences ont été effectuées dans trois canalisations rectangulaires 
inclinées, de différentes largeurs variant de 75 à 300 millimètres. Les essais ont été effectués sur trois fluides : suspensions de bentonite et de kaolin et 
solutions de carboxyméthylcellulose, toutes à de diverses concentrations. La caractérisation rhéologique était menée dans un tube viscosimètre intégré 
avec trois tubes de différents diamètre. Cet article décrira la méthodologie de la façon dont les données ont été obtenues pour la base de données. On 
espère que celle-ci sera utile aux chercheurs travaillant dans le secteur des écoulements non-Newtoniens en canal. 
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1 Introduction 

 
Open channels, flumes or launders are used in the mining industry 

to transport non-Newtonian slurries to tailing areas. The design 

of these flumes is not straightforward mainly due to the changes 

in the material properties affecting the rheology, which in turn 

has an effect on the flow depth. 

During the past few years at the Flow Process Research Centre at 

the Cape Peninsula University of Technology, extensive tests 

have been carried out in three different rectangular shaped flumes 

using a range of Newtonian and non-Newtonian fluids. 

The objective of this paper is to present the data which have 

been gathered for the research and to make it available to other 

researchers who have an interest in non-Newtonian open chan- 

nel flow. The work on laminar flow of non-Newtonian slurries 

in rectangular shaped flumes has been reported by Haldenwang 

et al. (2002). In addition some of the general observations from 

the study are summarised. 
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2 Literature 

 
2.1  Newtonian open channel flow 

One way of presenting open channel flow data is in the form of 

a Moody chart, where the friction factor is plotted against the 

Reynolds number (Chow, 1959). This enables one to see whether 

the flow is laminar, transitional or turbulent. 

On the Moody chart for pipe flow (Chanson, 1999), the transi- 

tion range lies between Reynolds number 2000 and 4000. Here, 

the Reynolds number is defined as: 

This Reynolds number is based on the assumption that the rhe- 

ological behaviour can be described by the Herschel–Bulkley or 

yield-pseudoplastic model given by, 

τ = τy + Kγ̇  
n. (9) 

It should be noted that this Reynolds number collapses to 

Reynolds numbers for fluids exhibiting power law behaviour 

(τy = 0), Bingham plastic behaviour (n = 1) and Newtonian 

behaviour (τy = 0, n = 1 and K = µ). Note that the factor of 8 

in Eq. (8) is included to ensure that the Reynolds number resolves 

to the standard Newtonian form. 

Re = 
ρVDe 

µ 

with the Fanning friction factor as: 

f = 
2τav 

 

(1) 
The friction factor is defined by Eq. (6). 

 

3 Experimental procedure 

V 2ρ 
(2) 

The relationship between friction factor and Reynolds number in 

laminar pipe flow for a Newtonian fluid is: 

f = 
16 

. (3) 
Re 

Plotting the Fanning friction factor against the Reynolds number 

on a log–log plot as in the Moody chart, there will be straight line 

of slope −1 for the laminar flow region. 

It is convenient to define the friction factor for open channel 

flow as for pipe flow (Douglass et al., 1985). Therefore, substi- 

tuting the equivalent diameter De, with four times the hydraulic 

radius Rh in Eq. (1), the Reynolds number becomes: 

The flume tests were conducted in a 10-m long tilting flume 

designed and built by the Flow Process Research Centre at the 

Cape Peninsula University of Technology. The flume can be 

hydraulically tilted up to 5◦ from the horizontal. The 300-mm 

wide flume can be partitioned to a width of 150 mm. Some tests 

were also conducted in a 5 m by 75 mm wide rectangular tilting 

flume. The flow was provided by a 100-mm progressive cavity, 

positive displacement pump as well as by a Warman 4 × 3 cen- 

trifugal slurry pump. The maximum flow rate achieved was 45 l/s. 

Flow depths were measured with digital depth gauges fitted at 

the 5 and 6 m positions from the entrance of the 10 m flume. A 

previous study by Haldenwang (2003) has shown that the opti- 

mal positions for depth measurements are at these positions. The 
difference in fluid height between these two points is minimal and 

Re = 
ρV · 4Rh 

µ 

Noting 

(4) the flow in this region can therefore be taken to be steady flow. 

The accuracy of the flow depth measurements were estimated to 

be less than 5% (Haldenwang, 2003). 
The flumes were connected with pipes to an inline tube vis- 

τav = ρgRh sin θ (5) 

the Fanning friction factor is given by 

f = 
2τav  

= 
2Rh g sin θ 

cometer (with three tubes of different diameters, namely 13, 28 

and 80 mm). Each tube was fitted with a magnetic flow meter 

and differential pressure gauges to measure pressure drop across 

V 2ρ 
V 2 

(6) a fixed length. From these measurements, the pseudo shear rate 

(8V/D) and average wall shear stress data can be calculated. 
For turbulent pipe flow several expressions are available. One 

such expression is the relationship between friction factor and 

Reynolds number developed by Blasius for smooth pipes. When 

the diameter is substituted by the hydraulic radius (De = 4Rh) 

in the definition of the Reynolds number, the pipe flow formula 

can be used for open channel flow (Chow, 1959): 

f = 
0.079 

. (7) 

Re0.25 

The Blasius formula is applicable for Reynolds numbers from 

2 × 103 to 106. 

 
 

2.2  Non-Newtonian open channel flow 

For non-Newtonian open channel flow, the following Reynolds 

The pipe wall shear stress combined error was calculated to be 

less than 5% and the pseudo shear rate error less than 0.5% 

(Haldenwang, 2003). These data were then transformed by the 

Rabinowitsch–Mooney method to evaluate the true shear rate. 

The flow curves were checked for wall slip. 

Curve fits to various rheological models were then made from 

which values of the model parameters were obtained from the 

corrected viscometric data (Chhabra and Richardson, 1999). The 

kaolin slurry was characterized as having a yield-pseudoplastic 

behaviour, the carboxymethylcellulose (CMC) as a shear thin- 

ning fluid and the bentonite as a Bingham fluid. The shear stress 

range was over a similar range as that of the flume data. The 

maximum concentration by volume of the kaolin tested was 10% 

with a slurry density of 1166 kg/m3. The bentonite was tested up 
3 

number was presented by Haldenwang et al. (2002): to a concentration of 6% with a slurry density of 1034 kg/m and 

 
Re2(YPP) = 

 

8ρV 2 
 

 

τy + K(2V/Rh)n
 

 

(8) 

the maximum CMC solution was 4% at a density of 1023 kg/m3. 

The flume tests consisted of measuring the flow rate with the 

magnetic flow meters and the flow depth with the digital depth 
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gauges, for various channel slopes from 1◦ to 5◦. All the instru- 

ments were linked to a PC via a data-logger. The calibrated inputs 

were entered on a spreadsheet and then plotted as a Moody chart. 

This enabled one to observe deviations instantaneously. For each 

shape, sets of flow data were collected for various concentra- 

tions, slopes and flow rates as well as tube viscometer data for 

each concentration set. This large database was then used to test 

the accuracy of different open channel flow models (Haldenwang, 

2003). 
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4 Results 

 
The data showed up some very interesting empirical observations 

0.001  
1 10 100 1000 10000 

Re (Reynolds number) 

     16/Re      Blasius equation    Re2(YPP) 

which are summarized below: 

• In laminar flow the 16/Re line was used to collapse the different 

laminar flow data (Figs 1, 2 and 4). 

• For low concentrations (up to 5% for kaolin, 2% for CMC 

and 3% for bentonite), the sudden increase in friction factor 

in the transition region of Re = 2000 to 8000 was observed 

similar to that of water (Fig. 1). This sudden increase was 

difficult to establish as there were intermittent turbulent surface 

instabilities occurring which created an irregular surface. As 

the frequency of these irregularities on the surface increased 

with an increase in flow rate, a point was reached where the 

flow height was measured on top of the irregularities, which 

then signalled the sudden increase in friction factor to full 

turbulence. 

• A distinct difference between pipe flow and open channel flow 

became evident when a deviation from the 16/Re lines was 

observed for more viscous fluids at lower Reynolds numbers 

than the classical transition region around Re = 2000. (Fig. 2). 

• The more viscous the fluid became, the smoother the transition 

region became, and the lower the Reynolds number was where 

the deviation from the 16/Re line occurred. 

• It appears from experimental evidence that the critical 

Reynolds number cannot be fixed to a classically narrow region 

but occurred over a much wider range of Reynolds number, 

depending on the viscous characteristics of the fluid. 

Figure 2  6% bentonite suspension flowing in a 300 mm flume. 

 

• This phenomenon was the same for three very different rheo- 

logically classified fluids, namely CMC, bentonite and kaolin. 

The first is a pseudoplastic and the latter two are both fluids 

with a so-called yield stress. 

• Transition cannot be accurately determined from the Moody 

chart  only.  For  a  possible  approach,  see  Haldenwang 

et al. (2004). 

An example of a typical set of results is presented. Figure 3 

gives the flow curve for the 6% kaolin suspension whereas Table 1 

summarizes the derived rheological data. The Moody chart is 

depicted in Fig. 4 together with the raw flume data given in 

Table 2. 
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Figure 3  Flow curve for 6% kaolin suspension. 

 

Table 1 6% kaolin suspension 
 

 

Slurry properties Value 
 

 

0.01 

 
 
 

 
0.001 

100 1000 10000 100000 

Re (Reynolds number) 

16/Re Blasius equation    Re2(YPP) 

Solids relative density 2.65 

Slurry relative density 1.099 

Volumetric concentration 6% 

Yield stress, τy 4.78 Pa 

Fluid consistency index, K 0.0986 Pa sn
 

Flow behaviour index, n 0.583 

Apparent viscosity at 100 s−1 0.084 Pa s 
−1 

Figure 1  1% CMC solution flowing in a 150 mm flume. 
Apparent viscosity at 500 s 0.021 Pa s 
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Table 2 (Continued) 

Slope flume (◦) Flow, Q (l/s−1) Depth, h (m) 

4 20.863 0.0505 

4 15.319 0.0401 

4 10.420 0.0312 

4 8.437 0.0270 

4 4.938 0.0204 

4 3.553 0.0176 

4 1.882 0.0157 

5 0.103 0.0101 

5 0.311 0.0106 

5 0.677 0.0115 

5 1.121 0.0120 

Figure 4  Moody chart for 6% kaolin suspension flowing in a 150 mm 

flume. 

 

 

 
Table 2 Flume data: 6% kaolin suspension flowing in a 150 mm 

flume [density kg/m3: 1099; τy (Pa): 6.840; K (Pa sn): 0.148; 

n: 0.517] 
 

 

Slope flume (◦) Flow, Q (L · s−1) Depth, h (m) 

5 1.760 0.0129 

5 3.319 0.0152 

5 5.171 0.0183 

5 8.465 0.0231 

5 11.234 0.0289 

5 15.531 0.0361 

5 19.757 0.0429 

5 23.953 0.0496   

 

The rest of the database is available in PDF format on the web- 

site of the Flow Process Research Centre of the Cape Peninsula 

university of Technology at: 

http://www.cput.ac.za/flowpro/rectangularflumedata_april2005 

 

 
5 Conclusions 

 
As far as can be ascertained it is the first time that a complete 

database containing flow data generated for non-Newtonian open 

channel flow has been published. Although there are strong sim- 

ilarities in laminar and turbulent flow, it is evident from the 

empirical observations of flow behaviour that transitional flow is 

fundamentally different from that of, e.g. water. It is hoped that 

these data will be of benefit to students and researchers who do not 

have access to experimental data of such nature and magnitude. 

 

 
Notation 

 
D = Pipe diameter (m) 

De = Equivalent diameter (m) 

f = Fanning friction factor 

h = Height of fluid in flume (m) 

K = Fluid consistency index (Pa sn) 

n = Flow behaviour index 

Re2(YPP) = Reynolds number, Eq. (7) 

Rh = Hydraulic radius (m) 

V = Average velocity (m/s) 

θ = Angle of flume from the horizontal (◦) 

µ = Dynamic viscosity (Pa s) 

ρ = Density (kg/m3) 

τav = Average shear stress (Pa) 

τy =Yield stress (Pa) 

F
a
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1 0.959 0.0532 

1 1.855 0.0617 

1 3.063 0.0711 

1 5.174 0.0822 

1 7.062 0.0899 

1 11.537 0.1067 

1 15.652 0.1213 

1 24.013 0.1466 

1 19.897 0.1348 

2 1.099 0.0275 

2 0.705 0.0270 

2 0.446 0.0256 

2 0.097 0.0225 

2 19.946 0.0732 

2 23.999 0.0824 

2 15.429 0.0614 

2 10.472 0.0472 

2 7.334 0.0390 

2 4.948 0.0342 

2 1.821 0.0249 

3 0.264 0.0171 

3 0.406 0.0175 

3 0.685 0.0180 

3 1.038 0.0186 

3 1.738 0.0196 

3 5.349 0.0259 

3 8.496 0.0329 

3 14.852 0.0469 

3 17.981 0.0534 

3 20.799 0.0591 

3 23.960 0.0656 

4 1.129 0.0146 

4 0.699 0.0139 

4 0.370 0.0130 

4 0.087 0.0117 

4 23.972 0.0574 

 

http://www.cput.ac.za/flowpro/rectangularflumedata_april2005
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