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ABSTRACT 

 
Notches, particularly rectangular and V shaped are the cheapest and most common 

devices used to measure the flow rate of water in open channels. However, they have not 

been used to measure the flow rate of non-Newtonian fluids. These viscous fluids behave 

differently from water. It is difficult to predict the flow rate of such fluids during 

transportation in open channels due to their complex viscous properties. The aim of this 

work was to explore the possibility of extending the application of especially rectangular 

and V-shaped notches to non-Newtonian fluids. The tests reported in this document were 

carried out in the Flow Process and Rheology Centre laboratory. Notches fitted to the 

entrance of a 10 m flume and an in-line tube viscometer were calibrated using water. The 

in-line tube viscometer with 13 and 28 mm diameter tubes was used to determine the 

fluid rheology. Flow depth was determined using digital depth gauges and flow rate 

measurements using magnetic flow meters. Three different non-Newtonian fluids, 

namely, aqueous solutions of Carboxymethyl Cellulose (CMC) and water-based 

suspensions of kaolin and bentonite were used as model non-Newtonian test fluids. From 

these the coefficient of discharge (Cd) values and appropriate non-Newtonian Reynolds 

numbers for each fluid and concentration were calculated. The experimental values of the 

coefficient of discharge (Cd) were plotted against three different definitions of the 

Reynolds number. Under laminar flow conditions, the discharge coefficient exhibited a 

typical dependence on the Reynolds number with slopes of ~0.43-0.44 for rectangular 

and V notches respectively. The discharge coefficient was nearly constant in the 

turbulent flow regime. Single composite power-law functions were used to correlate the 

Cd-Re relationship for each of the two notch shapes used. Using these correlations, the 

Cd values could be predicted to within ±5% for the rectangular and V notches. This is the 

first time that such a prediction has been done for a range of non-Newtonian fluids 

through sharp crested notches. The research will benefit the mining and food processing 

industries where high concentrations of non-Newtonian fluids are transported to either 

disposal sites or during processing.  
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GLOSSARY 

 

Constants 

Symbol Meaning (units) 

A area (m
2
) 

B channel width (m) 

 b notch width (m) 

C Coefficient of discharge Lenz (1943) Eq 2.23  

Cd coefficient of discharge  

Cdpre predicted coefficient of discharge 

Ce Shen’s coefficient of discharge 

Cv concentration by volume 

D pipe diameter (m) 

Dh hydraulic diameter (m) 

Dshear  diameter of the sheared part of fluid in pipe (m) 

F force (N) 

f  Darcy friction factor 

g acceleration due to gravity  (m/s
2
) 

H flow height at intermediate position measured from notch crest to water level (m) 

h fluid height (m) 

he effective energy head  

Hmax maximum fluid height (m) 

k fluid consistency index (Pa.s
n
) 

k′ apparent fluid consistency index (Pa.s
n
) 

Kb factor which caters for the effect of viscosity and surface tension 

Kh factor which caters for the effect of viscosity and surface tension (0.001 m) 

ks roughness height 

LSE log standard error 

M Mass flow rate (kg/s) 

n flow behaviour index 

n′ apparent flow behaviour index 

P height between the notch crest and the channel floor (m) 

P Pressure (Pa) 

Pw Wetted Perimeter (m) 

Q flow rate (m
3
/s) 

Qplug flow rate of plug (m
3
/s) 

Qpre predicted flow rate (m
3
/s) 

R pipe radius (m)  

Rplug plug radius (m)  
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R
2 

coefficient of determination  

Rd relative density 

Re Reynolds number (Eq. 2.39) 

Reb 
Reynolds number based on L=b, where b is the top width of the flow area at the 
notch setion for different heads h in the case of multi-slit V-notch (Eq. 2.35) 

ReH Haldenwang et al. (2002) Reynolds  number (Eq. 2.38) 

ReMR Metzner and Reed Reynolds number (Eq. 2.40) 

ReR Ramamurthy et al. (2013) notch Reynolds number (Eq. 2.34)  

Re3 Slatter Reynolds number (Eq. 2.47) 

Rh hydraulic radius (m) 

V velocity (m/s) 

Vann velocity in the annular region (m/s) 

We Weber number 

  

  

Greek letters 

Symbol Meaning (units) 

 density (kg/m
3
)  

wτ  wall shear stress (Pa)  

 surface tension (N/m)  

 V notch inclusive angle (degrees)  

 coefficient of discharge  

yτ  yield stress (Pa)  

γ  shear rate (1/s) 
 
 

 

µ viscosity (Pa.s)  

   

 

 
Terms and concepts 
 

Term Explanation 

Coefficient of discharge The ratio of the actual discharge to the theoretical discharge 

Crest The edge or surface over which the liquid passes 

Flume Artificial open channel that carries liquids, slurries or tailings  

Head Height above the crest of the notch 

Laminar flow Viscous fluids dominate the flow behaviour and the fluid particles are moving 

in smooth paths 

Nappe The curved jet of water, which falls over a notch 

 

Newtonian fluid 

A fluid whose flow curve (
wτ  vs γ ) is linear and passes through the origin 

(Chhabra and Richardson, 2008) 
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Non-Newtonian fluid 

A fluid whose flow curve (
wτ  vs γ ) is not linear and does not pass through 

the origin  

Orifice A thin plate with a hole in it that is used to measure the flow rate of fluids 

Reynolds Number The ratio of inertial to viscous forces 

Rheology The science of deformation and flow of materials 

Transition Region between laminar and turbulent flow 

Turbulent flow Region where inertial forces are more dominant than viscous forces and 

fluid particles move in irregular paths  

Viscosity The resistance of fluids to flow 

Weber number Ratio between fluid inertia and surface tension  

Weir or Notch An obstruction that is used to measure the flow rate by means of overflow 

Yield stress Stress at which a material begins to deform plastically 
 

  

  

  

http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Plasticity_(physics)
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CHAPTER ONE  
INTRODUCTION 

 
1.1 Introduction  
 

The study of notches using water has been explored for a long time and references include 

the work done by Torricelli in 1643 (Horton, 1907). Since then notches have been used to 

measure the flow rate of water and other Newtonian fluids.  Nonetheless, there has not been 

much research done on the flow measurement of non-Newtonian fluids using notches. It 

could be because of the complexity of these fluids’ viscous characteristics. This makes it 

difficult to predict their flow rate during transportation in open channels. Therefore, there was 

a need to determine the accuracy of notches in measuring the flow rate of non-Newtonian 

fluids. 

 

1.2 Background to the problem 
 

Weirs are hydraulic structures placed across open channels and rivers, with an opening to 

regulate and measure the flow rate of a liquid (Replogle, 2006). There is no difference 

between a notch and weir except that the former is a small structure which has sharp edges. 

Notches are normally used in laboratories, water-supply systems and test wells to gauge 

small compensation flows and effluents of clean water or water containing only dissolved 

pollutants (Douglas et al, 1985; Ackers et al, 1978). The parameters obtained in flow rate 

measurements of water using notches are used to calculate the coefficient of discharge (Cd), 

which is a constant for water.  

 
Lenz (1943) provided proof that notches can be used for fluids other than water when 

studying the flow of oil through V-notches.  However, both water and oil are Newtonian 

fluids.  

 
The flow behaviour of non-Newtonian fluids is very different from that of Newtonian fluids. 

Except for limited work published by Haldenwang et al. (2007) establishing the relationship 

between Cd and total head for different concentrations of kaolin and bentonite suspensions 

for rectangular and V-notches, notches have not been used to measure the flow of non-

Newtonian fluids.   

 

1.3 The research problem 
 

Various hydraulic structures such as orifices and notches are used to measure the flow rate 

of Newtonian fluids in open channels and overflow from tanks. Very little research has been 

done on the use of notches to measure the flow rate of non-Newtonian fluids. It is difficult to 
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predict the flow rate of these fluids due to their complex viscous properties. Therefore, there 

is a need to determine the accuracy of notches in measuring the flow rate of non-Newtonian 

fluids and this work aims to fill this gap in the literature. 

 

1.4 Research question 
 

Can sharp crested notches be used to accurately measure the flow rate of non-Newtonian 

fluids? 

 

1.5 The specific need 
 

This research is needed in the mining industry for flow rate measurement of highly 

concentrated mine tailings during their transportation from a tank and in an open channel.  

This work will also benefit the chemical, food processing, and civil engineering industries 

where non-Newtonian solutions and suspensions are regularly transported in open channels 

and where flow measurements are required.   

 

1.6 Aims and objectives 
 

The aim of this work was to establish the possibility of flow rate measurement of non-

Newtonian fluids through rectangular and V-shaped notches. 

 

In order to achieve this, the following objectives were met: 

 

 Determine the Cd values of V and rectangular notches using water for calibration 

 Calculate the Cd values for concentrations of  4.15%, 5.14% and 7% bentonite 

suspensions 

 Calculate the Cd values for concentrations of 1.73% , 4.63%, 6.2%,7.3% and 

8.35% CMC solutions  

 Calculate the Cd values for concentrations of 5.48%, 6.71%, 8.23%, 10.91%, 

12.62%, 14.64%, 15.31%  and 16% kaolin suspensions 

 Establish a correlation between Cd values and Reynolds number for the non-

Newtonian fluids 

 Obtain a logistic dose response model for each notch shape. 

 

1.7 Delineation 
 

This study does not cover the flow rate measurement through trapezoidal notch and circular 

notch nor will it deal with time dependent fluids. 
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1.8 Context of the research 
 

This research is within the Civil Engineering (Water Engineering) discipline.   

 

1.9 Methodology 
 

Fluid flow rate measurements were carried out using rectangular and V-notches. The 

information obtained was used to calculate Cd values of Newtonian and non-Newtonian 

fluids using equations provided by Ackers et al. (1978) for Newtonian fluids.  

 

Rheology measurements for non-Newtonian fluids were conducted using an in-line tube 

viscometer.  The rheological characteristics obtained were used to calculate the Haldenwang 

et al, (2002) Reynolds number ReH for all non-Newtonian fluids which were used in this 

research. The Cd values versus ReH numbers for each fluid and concentration were plotted 

for each notch. The Metzner and Reed Reynolds (ReMR) number was used for comparison 

with the ReH Reynolds number for CMC solutions. The relationship between ReH and Cd 

values was established and a predictive model for each notch shape was obtained using a 

double power law correlation. 

 

1.10 Organisation of dissertation 
 

1.10.1 Literature review – Chapter 2 
 

Literature pertaining to flow rate measurement of Newtonian fluids using notches has been 

extensively discussed in this chapter. However, little has been written on the flow rate 

measurement of non-Newtonian fluids using notches accept Haldenwang et al., (2007) 

research due to limited studies done. Horton (1907) indicated that the use of notches to 

measure the flow is similar to the flow rate measurement using partially filled orifices. 

Therefore the flow of Newtonian and non-Newtonian fluids over orifices has been 

considered. This chapter includes the research done for rheological characterisation of these 

fluids, which were used to calculate the Reynolds number (Re). The Reynolds number used 

was one developed for non-Newtonian open channel flow.  

 

1.10.2 Research Method – Chapter 3 
 

The detail of each component of the equipment which has been used to carry out relative 

density, flow rate and rheology measurements is described in this chapter.  The calibration 

procedures for tube viscometer and notches with the results obtained are also outlined. 
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Testing procedures for flow rate measurement using notches and rheology measurement 

using an inline tube viscometer are explained.  

 

1.10.3 Results and Analysis – Chapter 4 
 

The results obtained from the measurements done are presented in this chapter.  The 

rheology and flow rate measurement results for each notch and each concentration are 

discussed.  

 

1.10.4 Model Prediction – Chapter 5 
 

This chapter explains the prediction of single composite equations for rectangular and V-

notches. Error margins of the predicted compared to the measured values of the flow rates 

are presented. 

 

1.10.5 Discussion – Chapter 6 
 

The results obtained are discussed with reference to the available literature. The focus starts 

from the calibration of the equipment, the influence of the notch geometry on the Cd values 

obtained and the effect of rheological parameters on the Reynolds number used (ReH). 

These analysis and results helped to develop a new model for flow rate measurement of 

non-Newtonian fluids using notches. 

 
1.10.6 Conclusions and Recommendations – Chapter 7 
 

This chapter summarises the findings obtained from this research and describe how the 

research question has been answered. The conclusions are drawn and recommendations 

for future studies are made. 
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CHAPTER TWO  
LITERATURE REVIEW 

 

 
2.1 Introduction  
 

Weirs and notches are the cheapest and most common devices which have been 

successfully used to measure the flow rate of water in open channels. The fully contracted 

rectangular and V-notches are frequently used  in open channels and overflow tanks, but 

other types such as circular, parabolic and compound notches are mostly used for special 

applications (Ackers et al., 1978). There has not been much research done on flow 

measurement of fluids using notches other than water and oil (Ackers et al., 1978; Lenz, 

1943) and for non-Newtonian suspensions by Haldenwang et al., 2007. This research can 

benefit mining industries as they generally transport non-Newtonian fluids and fine particle 

slurries to disposal sites in open channels (Guang et al., 2009). The food processing, 

chemical and waste water industries also transport concentrated suspensions (Haldenwang, 

2003). 

 

While there is extensive literature available for flow measurement of water using sharp 

crested notches done by researchers such as, Chow, 1959; Chaudhry 1993; Borghei et al., 

1999 and Finnermore & Frannzini, 2002 there has not been much done for non-Newtonian 

fluids. 

 

2.2 Notches 

 
 

The notch crest is a sharp metal plate surface over which the liquid passes. The edges of 

the notch plates in contact with the flowing medium should be sharp and cut so as to form an 

angle of 45° to the direction of flow. Notches are mounted accurately at right angles to the 

direction of flow and with the upper edge horizontal. The mounting can be carried out by one 

of the following methods, care being taken to ensure tight seals against the walls and the 

bed of the channel (Bouveng, 1969): 

 The notch is mounted between rails or bolts. For temporary installations it will 

often suffice to bolt strong strips to each channel wall (the water pressure will 

normally be great enough to keep the notch in position), and to seal with machine 

felt, foam rubber or foam plastic. The sealing material is chosen with regard to 

the properties of the flowing medium. This alternative is to be preferred. 

 The notch, which shall be made slightly wider than the channel, is forced into 

position, care being taken to avoid damaging the edges. 
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 The notch can be secured with wooden wedges, but this method entails problems 

in sealing.  

 

The fully contracted notches have a number of features in common which are outlined by 

Replogle 2006; ASTM 1993; Douglass 1985 & Bouveng, 1969. 

 

The water surface must be far enough below the notch crest to allow for aeration and that 

stream of water is called a nappe. When the nappe is aerated the flow is referred to as free 

or critical. When the downstream water level rises to the point where air does not flow freely 

beneath the nappe, it is not ventilated and the discharge rate may be inaccurate because of 

the low pressure beneath the nappe. The relationship between the discharge over the notch 

and water level towards the notch crest is known. This means that the discharge may be 

found by observing the approach channel water level and this depth is referred to as the 

head. The head measurements must be at a minimum distance of 3-4 times the expected 

maximum flow height. To ensure an adequate steady flow at the notch, the upstream part of 

the channel should have a straight portion with a length that is at least 10 times its width. To 

reduce turbulence, a grating or guide baffles can be inserted before the notch. The notch 

should be easily accessible for cleaning.  

 

2.3 Bernoulli equation 
 

The flow of an incompressible liquid depends on pressure, velocity, acceleration due to 

gravity and density. Ackers et al. (1978) derived equations for flow measurement of water 

over notches based on the Bernoulli equation (Eq. 2.1).   

 

2

1

2

2

1

1

2

1
h+

ρg

p
+

2g

v
=h+

ρg

p
+

2g

v
       (2.1) 

 
 

Figure 2.1 shows installation, flow requirements and Bernoulli’s parameters for a fully 

contracted sharp crested notch. 
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Figure 2.1: Flow over thin-plate notch (Replogle 2006; Chadwick et al., 2004 and Chow, 
1959) 

 

Consider a particle of fluid moving from a position 1 some distance away from the notch to a 

position on top of the notch crest in Fig. 2.1. Assuming that there is no energy loss and the 

cross-sectional area of the approach channel is much larger than the notch, the fluid in the 

vertical plane will be relatively at rest. Therefore the total head (H) of all the points relative to 

the datum will be the same. Pressure at points 1 and on top of the notch crest is assumed to 

be 0 because the fluid is exposed to atmospheric pressure. Therefore Eq. 2.1 becomes 

2g

v
+h=H

2

1

1          (2.2) 

and 

h=h-H 1          (2.3) 

Thus 

2g

v
=h

2

1
         (2.4) 

 

The Bernoulli equation is used to derive flow rate equations for notches where the coefficient 

of discharge (Cd) is part of the equation. The Cd value is normally defined as a function of the 

applicable dimensionless factors based on experimental data from a laboratory (Aydin et al., 

2011). Ackers et al. (1978) showed that Cd is reliant on total head (H), Reynolds number 
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(Re) and Weber number (We). Kindsvater and Carter (1957) illustrated that the flow over 

notches depends on the width of the notch; width of approach channel; crest height of the 

notch above the head; measured head related to notch crest; specific weight; density; 

dynamic viscosity and surface tension of the fluid. Furthermore, Barr (1910) and Mitra & 

Mazudar (2004) experimentally confirmed that Cd depends on total head. Lenz (1943) 

mentioned that for water, surface tension and velocity of approach have an impact on the 

relationship between Cd values and the head, which confirms the dependence of Cd values 

on Reynolds and Weber numbers. The surface tension effects are of the same order for 

rectangular and V notches. However, the cross sectional area of a V-notch is small when 

compared to the channel cross section. As a result, the velocity of approach effect for the V-

notch is much smaller than for the rectangular notch. On the other hand, Afzalimehr & 

Bagheri (2009) suggested that the effects of viscosity, surface tension, relative boundary 

roughness and crest geometry are insignificant for sharp crested notches when the 

boundary material is smooth, the crest has a standard geometry, the overflow depth is at 

least 50 to 70 mm and the channel width is at least 300 mm.  

 

2.4 Velocity of approach 
 

Horton (1907) extensively discussed the effect of velocity of approach for flow rate 

measurement of water using notches. The equations derived for notch discharge have to 

accommodate the velocity of approach, hence the introduction of Cd values to the formulae 

Fig. 2.2 shows the threads of the water in the cross section of the channel of approach to a 

notch with different velocities. When the velocity of the water in the leading channel is nearly 

uniform, the Cd in the discharge formula will be smaller. The fitting of stilling racks or baffles 

inside the approaching channel calms the velocity to be nearly uniform. 

 

 

Figure 2.2 Distribution of velocities boundary (Horton, 1907) 

 

The velocity distribution is the same for any kind of sharp crested notch.   
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2.5 Rectangular notch 
 

The rectangular notch is the oldest type of notch in use and is useful in measurement of high 

flow rates (Ackers et al., 1978). It is a cut that is perpendicular to the direction of flow of a 

channel, with the notch having a horizontal base and vertical sides (Fig. 2.3). According to 

Replogle (2006) Fig. 2.3 illustrates configuration of contracted sharp crested notch and it has 

been previously published by Thomson (1876). During the flow of water through a 

rectangular notch the cross-section of the stream changes as the depth increases and that 

causes the Cd value to vary (Ackers et al., 1978). The equations for computing the flow rate 

are discussed in the following sections.  

 

Figure 2.3 Rectangular Sharp Crested Weir Design (Replogle, 2006; Aydin, 2011) 

 

2.5.1 Rectangular notch Equation 
 

There are several formulae developed for calculating the discharge over rectangular notches 

by different researchers (Kindsvater & Carter, 1957 and Rehbock, 1929). However, the 

Kindsvater & Carter (1957) equation is highly recommended in ASTM 1993, USBR 1997 and 

ISO 1980 documents and by Acker et al., 1978.  It has the ability to cover much small 

notches down to 0.03 m wide, with heads ranging from 0.05 to 0.2 m (ASTM 1993; USBR 

1997; ISO, 1980 and Ackers et al., 1978).     

The Cd value for a rectangular notch is determined from the discharge equation derived by 

Kindsvater and Carter (Ackers et al., 1978; Bos, 1989 and USBR, 1997): 

 


H

0
bdh2ghQ            (2.5) 
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After integration, Eq. 2.5 becomes 

 

23bh2g
3

2
Q          (2.6) 

 

The Cd value is introduced in Eq. 2.7, when taking into account the contraction of the stream 

as it passes through the notch. 

  

23

d bh2g
3

2
CQ           (2.7) 

 

2
3

hbd )K )(h K  (b2g
3

2
CQ            (2.8)  

 

Catering for the dimensionless variables, such as viscosity and surface tension Eq. 2.7 gives 

the following limits of applications (ASTM, 1993) 

 

H/P ≤ 2, H ≥ 0.003 m, B ≥ 0.15 m and P ≥ 0.1 m, Kb and Kh are factors which cater for the 

effect of viscosity and surface tension. Kindsvater and Carter (1957) provided the 

information shown in Fig. 2.4 (ISO 1980) where from the Kb values can be read off for ratios 

of b/B. 

 

 

 

Figure 2.4 Kb values for a rectangular notch (after Georgia Institute of Technology) (LMNO 
Engineering, 1999-2007; ISO, 1980) 
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Figure 2.5 shows the coefficient of discharge (Cd) values for ratios h/P and b/B, also derived 

by Kindsvater & Carter (1959) with LMNO fit (LMNO Engineering, 1999-2007) which 

indicates the fit accuracy of the equation.  

 

 

Figure 2.5 Cd as a function of the ratios b/B and h/P, (after Georgia Institute of Technology) 
(LMNO Engineering,1999-2007; ISO 1980) 

 

2.5.2 Design and Installation 
 

The installation guidelines and applicability of the rectangular notch equation are as follows 

(Replogle, 2006; ASTM, 1993; USBR, 1997 and ISO, 1980): 

 The value of (b-B) must be greater than 4Hmax 

 The opening of the notch should be between 1 and 2 mm thick.  If the thickness 

of the notch is more than 2 mm, the downstream verge of the crest should be 

bevelled at an angle greater than 450 so that the water does not adhere to the 

downstream face of the notch 

 The notch width should be at least 0.15 m  

 The measured head should be greater than 0.03 m and 

 The water surface downstream of the notch should be at least 0.06 m below the 

notch crest.  
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2.6 V-Notch 
 

A V-notch is a symmetrical triangular excision from a thin-plate with top downwards as 

shown in Fig. 2.6 (Replogle 2006). Its advantage lies in the ability to measure low discharge 

accurately and to cover a wide range of flows, even small ones. The popular angle sizes of 

the notch are 90, 60 and 45 degrees. According to Ackers et al. (1978) the following 

researchers studied the flow rate measurement of water using a V-notch (Numachi et al., 

1940; Greve, 1932; Cone, 1916; Yarnall, 1912; Barr, 1910; Shen, 1960 and Thomson, 1876 

& 1861). 

 

θ

2Hmax

Hmax

2Hmax

dh

 

 

Figure 2.6 geometry of V-notch (Replogle, 2006, Ackers et al., 1978) 

 

The basic principle of V-notch is that the water level above the bottom of the V; referred to 

as head (h) is directly related to the discharge (Bergmann, 1963).   

 

2.6.1 V-notch equation  

 

The basic equation used to analyse the V-notch experimental data is as follows (Shen, 

1960):  
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Figure 2.7 V-notch basic equation ( Ackers et al., 1978) 

 

( ) ( ) ( )dy2
θtany-H2×2gy×C=dQ d      (2.9) 

Therefore 

 ( ) ( )dy y-yH2
θtan×2g×C=Q ∫

H   

0    

3
2

d      (2.10)  

 

After integration, Eq. 2.10 yields: 

  2
5

d H 2g
2

θ
tan

15

8
C=Q        (2.11) 

 

However, the flow of water over the V-notch should be defined by the following quantities: 

the mass flow rate; the elevation of the upstream water surface relative to the vertex of the 

notch, acceleration due to gravity; fluid viscosity; surface tension of fluid; angle of notch and 

mass density of fluid (Ackers et al., 1978).  

The Buckingham π-theorem can be used to articulate the above variables to dimensionless 

ratios which explains their functional relationship: 
















hσ

gM
;

hμ

M
θ;

ghρh

M
12
        (2.12) 

 

Reverting to the conventional volumetric flow rate Q, the above may be converted to  
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σ/ρ

gh
;

ρμ

ghh
θ;hg=Q

2

1
2

5

φ        (2.13) 

Where 

 WeRe;C 1d          (2.14) 

 

The Weber number was not incorporated in this work. 
 

Taking note of the limitations on the proximity of bed and walls, the present state of 

knowledge on the flow of water through V-notches can be expressed by Shen’s equation 

which was used by Kindsvater and Carter (1957), and has been standardised by USBR 

(1997), ASTM (1993) and ISO (1980) to be. 

 

  25

h1e khg
2

θ
tanC2

15

8
Q 








       (2.15) 

Where Kh is a theoretical vertical displacement of the vertex which is given as: 

  

h1e khh           (2.16) 

 

Kh may be read from Fig. 2.7 which represents the head correction factor and verifies Shen’s 

conclusion regarding the variation of Ce with θ. 

 

 

Figure 2.8 V-notch: values of Kh vs notch angle (LMNO Engineering,1999-2007; ASTM, 
1993; USBR, 1997; BSI, 1966) 
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For water at temperatures from 5 to 30° C the effective coefficient of discharge (Ce) for a 

fully contracted V-notch as a function of the notch angle θ is illustrated in Fig. 2.9.  

 

 

 

Figure 2.9 V-notch: Relationship of Ce and notch angle (LMNO Engineering, 1999-2007; 
ASTM, 1993; USBR, 1997; BSI, 1966) 

 

2.6.2 Design and Installation 
 

The explanation of design, installation and conditions for using V-notches is outlined below 

(Replogle, 2006; USBR, 1997; Ackers et al., 1978): 

 The minimum distance of the sides of the notch from the channel banks and the 

minimum distance from the crest of the pool bottom should be at least twice the 

maximum expected head on the notch. 

 The notch should be between 0.8 to 2 mm thick or if it is not then the downstream 

edge of the notch should be chamfered at a recommended angle of 60° so that 

the water does not cling to the downstream side of the notch. 

 The water depth should be gauged at a distance of at least 4H upstream of the 

notch. 

 

The conditions for full contraction of V-notches are as follows (ASTM, 1993): H/P ≤ 0.4; P ≥ 

0.45 m; B ≥ 0.9 m and 0.05 m ≤ H ≤ 0.38 m 

The limiting conditions are (ASTM, 1993; ISO, 1980; BSI, 1965): H/P ≤ 1.2; H/B ≤ 0.4; P ≥ 

0.1 m; B ≥ 0.6 m and 0.05 m ≤ H ≤ 0.6 m. 
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2.7 Fluid properties 
 

Fluids can generally be classified as Newtonian and Non-Newtonian which can be 

rheologically classified. This is discussed in the following sections.  

 

2.7.1 Measurement of rheological parameters of the fluids 
 

Rheology is the study of the deformation and flow of matter. The Rheogram (relationship 

between shear stress and shear rate) of these fluids are shown in Fig. 2.10.  

 

 

 

Figure 2.10 Qualitative flow curves for different types of non-Newtonian fluids (Chhabra and 
Richardson 2008) 

 

A viscometer is a device for measuring the viscous properties or rheology of fluids. The 

following viscometers can be used to carry out viscosity measurements: capillary 

viscometers (Cai et al., 2005), rotating viscometers (Madan & Mazumdar, 2004), and falling 

ball or needle viscometers (Caetano et al., 2004 and Wilhelm et al., 1998).  

 

The capillary or tube viscometer has been used for decades and remains the most 

commonly used device for measuring rheological properties for Newtonian and non-

Newtonian fluids. This is because of its simplicity and accuracy (Macosko, 1993; Mezger 
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2006; and Chhabra & Richardson 2008). Steffe (1996) stated that data obtained from a tube 

viscometer are pressure drop and volumetric flow rate which have to be transformed into 

shear stress and shear rate. The results obtained are used to form a flow curve and the fluid 

parameters can be determined.   

 

2.7.2 Viscosity 
 

Fluid flow has internal friction that opposes any dynamic change in its motion, and is referred 

to viscosity. Furthermore, viscosity is described as the ratio of the shearing stress to the 

shearing rate in steady-state flow according to Newton’s law which is defined by Eq. 2.17 

(Bird, 2002 and Kestin, 1988).         

   

Viscous fluids are characterised either as Newtonian or non-Newtonian.  

 

The apparent viscosity of fluids is expressed as: 

 



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
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μ          (2.17) 

 

and for pseudoplastic and dilitant fluids, it is given by: 
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2.7.3 Yield Stress 
 

The yield stress is considered as a true material property by many researchers (Nguyen and 

Boger, 1983, Kelessidis et al., 2006), even though its existence has been debated over 

many years (Barnes 1999 and 1985). It is the measure of the strength of a structure formed 

by dispersed solid particles which causes the material to flow. According to Stokes & Telford 

(2004) and Cheng (1986) the yield stress is characterised as a time dependent property 

(Kelessidis et al., 2007). 

 

2.7.4 Newtonian fluids 
 

Classification of fluids is based on the relationship between shear stress and shear rate. 

Myles (2003), Chhabra and Richardson (2008) and Kobo (2009) define a Newtonian fluid as 
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a liquid which has a linear relationship between the applied shear stress and shear rate, 

such as water and cooking oil. Figure 2.11 illustrates a fluid between two parallel plates 

under steady state conditions. Force F is applied to the fluid as shown, so the fluid is 

subjected to shear, which is balanced by an equal and opposite internal frictional force in the 

fluid. 

 

Figure 2.11 Schematic representation of unidirectional shearing flow (Chhabra and 
Richardson, 2008) 

 

For flow of a Newtonian fluid in laminar and incompressible conditions, the shear stress will 

be equivalent to the product of the shear rate and the viscosity of the fluid medium. 

Therefore, the shear rate may be articulated as the velocity gradient in the direction at right 

angles to that of the shear force as given in Eq. 2.19 (Chhabra & Richardson, 2008).  

 

yx
x

yx γμ
dy

dV
μτ

A

F
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






        (2.19) 

 
 

2.7.5 Non-Newtonian fluids 
 

Non-Newtonian fluids have a complex behaviour, which does not result in a linear 

relationship between shear stress and shear rate (Metzner & Reed, 1955; Malkin & Isayev, 

2006; Chhabra & Richardson, 2008) and therefore they do not obey Newton’s law of 

viscosity. They are categorised into three groups which are time-independent, time 

dependent and visco-elastic fluids (Rashaida, 2005; Chhabra & Richardson, 2008). Non-

Newtonian fluids are characterised by different rheological models (Myles, 2003; Malkin & 

Isayev, 2006), some of which are the Bingham plastic, pseudoplastic and yield-

pseudoplastic or Herschel-Bulkely models. For this work only time independent fluids were 

considered. 
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2.7.6 Time-Independent fluids 
 

According to Skelland (1967), the nominal viscosity of a time-independent non-Newtonian 

fluid is reliant on the shear rate. The flow behaviour is characterised as shear thinning, shear 

thickening, or viscoplastic depending on the apparent viscosity fluctuations with shear rate.   

 
 

2.7.7 Shear thinning fluids 
 

Chhabra and Richardson (2008) define pseudoplastic behaviour of a fluid as that which does 

not need a yield stress for it to start shearing. Shear stress and shear rate can be plotted on 

double logarithmic scale in order to depict more easily their relationship. For a shear-thinning 

fluid the correlation is estimated by a straight line which is a power law relationship (Chhabra 

& Richardson, 2008 and de Waele, 1923). Shear stress is expressed as follows: 

 

n

dz

dv
kτ 








          (2.20) 

 

When n < 1, the fluid is pseudoplastic (shear thinning) or when n > 1, the fluid is known as 

dilatant (shear thickening) and when n = 1, the fluid is Newtonian and k = µ. 

 

The Herschel–Bulkley model (Herschel & Bulkley, 1926) for the yield-pseudoplastic 

behaviour (Slatter, 1994) can be formulated as: 

  

n

y
dy

du
Kττ 








                 (2.21) 

 

2.7.8 Viscoplastic fluids 
 

Viscoplastic fluids require initial stress to initiate shearing. This means the fluid behaves like 

a solid below a certain critical shear stress. However, the material flows like a fluid once that 

shear stress value is exceeded. Bingham plastics are classified as viscoplastic fluids and 

once they start to flow they exhibit a linear relationship between shear stress and shear rate 

(Rashaida, 2005).  The Bingham plastic model is expressed in Eq. 2.22 as: 
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         (2.22)  

       

2.8 Research on sharp crested notches 
   

The research on notches started prior to 1850 for water.  According to Horton (1907) the 

East Indian engineers developed an equation for sharp crested notches. The maximum Cd 

value obtained was 0.654 and decreased slowly as the head increased.  

 

The V-notches with angles not exceeding 90° were used to measure the flow rate of fuel oil 

(oil A) and dustproofing oil (oil G) at room temperature (Lenz, 1943). A tank used was 1.1 m 

wide with the notch vertex about 1 m above the floor and the crest thickness was 0.8 mm. 

The following empirical equation was used to compute the experimental coefficients (C). 

This was proof that notches could be used to measure the flow rate of viscous liquids. 

mn WeRe

B
+0.56=C         (2.23) 

 

The values B, n, and m are functions of the angle of notch and may be calculated from the 

following equations 

( )0.80

2
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+0.475 =B        (2.24) 
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 Limitations to be observed are:  

    We > 300 

    
75.0

2

θ
tan300Re











  

    28o < θ < 90o 

    µ/ρ= V < 1.4 cm2/s 

    σ < 73 dynes/cm2 



21 
 

If values of Re and We are large, the term α/Re, We becomes small; if this term is less than 

0.21, Eq. 2.23 should be replaced by the limiting value, Cd = 0.438. 

 

Lenz (1943) discovered that there was an increase in the Cd value with an increase in 

viscosity as shown in Fig 2.12. The broken line at low heads of oil A at 70° indicates the 

extension of Eq. 2.23 beyond its range of usefulness. The dots represent Yarnall (1912) 

data. 

 

 

 

Figure 2.12 The effect of surface tension and viscosity of a V-notch coeficient  C 
values(Lenz,1943) 

 

Haldenwang et al. (2007) investigated the relationship between Cd and total head for 

different concentrations of kaolin and bentonite suspensions for rectangular and V-notches. 

The results presented in Figs 2.13, 2.14 2.15 and 2.16 show that there was a significant 

increase in Cd values with increase in concentration for rectangular and V notches. It was 

also mentioned that the curvatures from the data exist because of laminar conditions at low 

flow rates and the linear behaviour indicates the fully turbulent conditions.  
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Figure 2.13 Cd values for kaolin suspension in a rectangular notch (Haldenwang et al., 2007) 

 
 

 

 

Figure 2.14 Cd values for kaolin suspension in a V-notch (Haldenwang et al., 2007) 
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Figure 2.15 Cd values for bentonite suspension in rectangular notch (Haldenwang et al., 
2007) 

 

 
 

Figure 2.16 Cd values for bentonite suspension in V-notch (Haldenwang et al., 2007) 

 

Haldenwang et al. (2007) attempted to determine a relationship between the discharge 

coefficients and yield stress for non-Newtonian fluids as shown in Fig 2.17. Results showed 

that with an increase in concentration and yield stress, there was an increase in Cd values. 
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Figure 2.17 Relationship between Cd and yield stress for rectangular and V notches and all 
concentrations (Haldenwang et al., 2007) 

 

The Cd values of non-Newtonian fluids were compared to constant Cd value for water for 

both rectangular and V-notches in order to predict discharge coefficient of non-Newtonian 

fluids. Equations 2.29 and 2.30 for rectangular and V notches were formulated.  

  

Rectangular notch Cd(yield stress) prediction equation 

( ) ( ) ywaterdfluid stress yieldd
0.0267τ+C=C       (2.29) 

 

V-notch Cd(yield stress) prediction equation  

( ) ( ) ywaterdfluid stress yieldd
0.0127τ+C=C       (2.30) 

 

2.9 Reynolds number: Previous work  
 
 

Research has been done on flow rate measurement of water using notches but there is little 

research available on the flow rate measurement of non-Newtonian fluids using the same 

devices. Therefore the work done in open channels and orifices establishing coefficient of 

discharge and Reynolds number relationships was considered. 
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2.9.1 Previous research using notches 
 

Arvanaghi and Oskuei (2013) investigated the effect of Reynolds number on notch discharge 

coefficients for water using experimental data as shown in Fig. 2.18. However the notches 

used were without end contractions. The results obtained show that the Cd values were at a 

fixed value of 0.7 when Re > 20000. 

 

 

Figure 2.18 Experimental Cd vs. Re (Arvanaghi and Oskuei, 2013) 

 

Ramamurthy et al. (2013) conducted a study on the flow rate measurement of water through 

multi-slit rectangular and V-notches. They analysed their results based on the Reynolds 

number-Cd relationship and concluded that at large Reynolds number, Cd attains the value of 

0.61 as shown in Fig. 2.19. They used the following equation to calculate the Cd values: 

 

0.12

R

d
Re

9.71
+0.575=C         (2.31) 

Where 

 
ν

2RV
=Re h

R         (2.32) 

and 



VL
Reb           (2.33) 

h2R=L          (2.34) 

and 
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A

P
=R w

h          (2.35) 

 

 

 

Figure 2.19 Cd versus ReR for rectangular and V-shaped multislit notches (Ramamurthy et al., 
2013) 

 

2.9.2 Previous research in open channels 

In a study done by Burger et al. (2010) the effect of open channel (rectangular, semi-circular, 

triangular and trapezoidal) shape on the friction factor-Reynolds number relationship for 

laminar flow of non-Newtonian fluids was determined. They concluded that for open channel 

flow of non-Newtonian fluids  the laminar flow friction factor versus Reynolds number  can be 

expressed as f = K/Re. This conclusion corresponds with findings of Straub et al. (1958), 

Lansford and Robertson (1958) and Chow (1959) for laminar flow of Newtonian fluids in 

open channels with different cross-sections.   

 

Haldenwang et al. (2002) developed an equation to define the Reynolds number (ReH) in an 

open channel based on the yield-pseudoplastic or Herschel-Bulkley theoretical model 

adapted from the work done by Slatter (1994) for the pipe flow. This is given in Eq. 2.36. 

 

n

h
y

2

H

R

2v
kτ

ρ8v
Re













         (2.36) 

 

For Newtonian Reynolds number, Eq. 2.36 reverts to 
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μ

ρv4R
=Re

h
         (2.37) 

 

2.9.3 Previous research using orifices 

Torricelli (1643) developed the theorem that stated that an orifice becomes a notch when it is 

not at its full capacity (Horton, 1907). Therefore the research on the discharge measurement 

of Newtonian and non-Newtonian fluids using orifices was considered for comparison 

purpose in this work. 

 

Dziubiński and Marcinkowski (2006) carried out research on the discharge of water, ethylene 

glycol and water solutions of starch syrup (Newtonian fluids), and CMC solution (non-

Newtonian fluid) from tanks using an orifice. They used an equation developed by Metzner 

and Reed (1955) to compute Re for CMC solution as per Eq. 2.38.  

 

( ) )( 1nn

nn2

MR
84n/1+3nk

ρdv
=Re        (2.38) 

 

For open channel flow equation 2.38 would be 

n'

h

'

2

MR

R

2ν
k

ρ8ν
Re











         (2.39) 

with  

n

4n

13n
kk' 







 
  and n=n’ 

 

The discharge coefficient of Newtonian fluids and CMC solutions were plotted against 

Reynolds number as shown in Figs. 2.20 and 2.21. It was found that the discharge 

coefficient () of both Newtonian fluids and CMC solutions increased with an increasing 

Reynolds number for the laminar flow region and became constant in the turbulent flow 

region. The discharge coefficient of Newtonian fluids was 0.62 and became constant at Re > 

100. The experimental points at Re < 10 were approximated by the curves that are 

described by the power equation: 

 

  
CbRe          (2.40) 
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The constants b and c depend on the orifice geometry and for this study c is close to 0.5. 

Therefore the coefficient of discharge becomes 

 

ReB'          (2.41) 

 

Coefficient B’ depends on the ratio of orifice length to diameter L/d. As a result B’ is 

approximated by: 

 

3A

21
'

d

L
AAB 








         (2.42) 

 

The coefficients A1, A2, and A3 were obtained by correlating experimental data from Fig. 

2.20. Thus the coefficient of discharge correlation equation at the flow for Newtonian fluids 

from tanks through a small cylindrical orifice was established to be: 

 

Re
d

L
0.07560.186

0.333
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






       (2.43) 

 

 

 

Figure 2.20 Dependence of discharge coefficient on Reynolds number for Newtonian fluids 
(Dziubiński and Marcinkowiski 2006) 
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The discharge coefficient values obtained experimentally and those calculated from Eq. 2.43 

were compared and the mean relative error of the description of experimental data was 

equal to 7.1% as shown in Fig. 2.21. 

 

 

 

Figure 2.21 Comparison of Discharge coefficient of Newtonian liquids obtained 
experimentally and calculated from Eq. 2.45 (Dziubiński and Marcinkowiski 2006) 

 

The discharge coefficient for non-Newtonian fluids was calculated as a function of the 

generalised Metzner-Reed Reynolds number ReMR (Eq. 2.38). The discharge coefficient 

increases with increasing Reynolds number and becomes constant at ReMR > 100. The 

average coefficient of discharge obtained is 0.67 (Fig 2.22). For the Reynolds number ReMR 

< 100, the experimental data are described as in the case of discharge of Newtonian liquids 

from tanks. The equation obtained for the discharge coefficient is as follows: 

 

0.426

MR

0.48

Re
d

L
0.01640.101
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






       (2.44) 
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Figure 2.22 Discharge coefficient versus generalised Reynolds number ReMR for selected 
L/d values for CMC solutions (Dziubiński and Marcinkowiski 2006) 

 

Figure 2.23 presents a comparison of discharge coefficient obtained experimentally and that 

calculated from Eq. 2.44. The mean relative error was equal to 5.7%. 

 

  

 

Figure 2.23 Comparison of discharge coefficient of non-Newtonian liquids obtained 
experimentally and calculated from Eq. 2.44 (Dziubiński and Marcinkowiski 2006) 
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Ntamba (2011) conducted similar research using short square-edged orifice plates for water 

(Newtonian fluid), CMC solution, kaolin and bentonite suspensions (non-Newtonian fluids). 

Similar behaviour of the fluids is observed when comparing Ntamba (2011) results with the 

Dziubiński and Marcinkowski (2006) results. The transition zone occurs at Reynolds number 

1000, and the average coefficient of discharge in the turbulent region is constant at a value 

of about 0.64.  

 

Figure 2.24 shows results of flow rate measurement obtained by Ntamba (2011) for the flow 

rate measurement of water, CMC solution, kaolin and bentonite suspensions through short 

square-edged orifice plates. He used the Slatter (1994) Reynolds number denoted as Re3.  

 

 
n

shear

ann
y

2
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3
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V8ρ
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
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With velocity in the annular region Vann and diameter of sheared part of fluid in pipe Dshear  
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Figure 2.24 Discharge coefficient data for square-edged orifice plate with equivalent 
diameter ratio β = 0.7 (Ntamba, 2011) 
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This finding confirmed results of similar studies carried out by Troskolanski (1954), Prosnak 

(1970) and Kiljanski (1993) for Newtonian fluids. More studies were done by Merrit (1967) 

where he established the relationship between the discharge coefficient and the square root 

of the Reynolds number. It was observed that Cd is a non-linear function of the Reynolds 

number and is constant at a value of 0.61 for large values of Reynolds number. Borutzky et 

al. (2002) used the Merrit (1967) correlation to develop an orifice flow model for energy 

losses in laminar and turbulent flow conditions (Fig 2.25).  

 

 

 

Figure 2.25 Discharge coefficient versus the square root of the Reynolds number 

(Merritt, 1967) 

 

Ackers et al. (1978) theoretically illustrated that Cd is a function of Reynolds number. The 

relationship between Reynolds number and discharge coefficient was used to analyse the 

flow of both Newtonian and non-Newtonian fluids in open channels and orifices. No research 

has been done for full contracted notches using the Reynolds number and Cd relationship.  

 

2.10 Data analysis           
 

A single composite equation could be derived to predict the range of friction factors for liquid 

flow rates using the method described by Patankar et al. (2002). Equation 2.48 can be 

obtained by fitting data with a logistic dose response curve to a data set.  
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Where f1 and f2 are power laws defined as 

 

1b
11 Reaf            (2.49) 

and 

2b
22 Reaf           (2.50) 

 

The data can be fitted with power law correlations in the laminar and turbulent regions in 

order to obtain the parameters a1, a2, b1 and b2. Equation 2.48 is then fitted to all the data 

points to obtain parameters c, d and t using the non-linear optimisation method of Microsoft 

Excel solver minimising the residual mean square values. According to Patankar et al. 

(2002), a single composite equation infers that correlations in the entire range could be 

represented by power laws connected by transitions. Authors such as Garcia et al. (2003) 

used this technique to find the correlations for power law and composite power law friction 

factor for laminar and turbulent gas-liquid flow in horizontal pipelines. Haldenwang et al. 

(2012) used this to predict sludge pipe flow pressure drop friction factor-Reynolds number 

correlations based on different non-Newtonian Reynolds numbers. 

 

2.11 Conclusion 
 

The literature shows that the study of notches as flow measuring devices for Newtonian 

fluids has been much researched and little has been done for non-Newtonian fluids. 

Rectangular and V-notches are considered the simplest and most common hydraulic 

devices used for flow rate measurement.  For each of these two types of sharp-crested 

notches, Kindsvater and Carter (1957) equations are presented and are used in this study. 

The Cd graphs needed for use with these equations are also discussed. ASTM (1993) 

outlined the set of conditions under which the equations can be used for rectangular and V 

notches.  Most studies report on a correlation between Cd and h, but there is no explicit 

recognition that the correlation is evidence of the combined effects of viscosity and surface 

tension.    

 

On the other hand, Lenz (1943) isolated the effects of viscosity and surface tension for flow 

of oil over V-notches.  He found that the Cd values increased with increasing viscosity. 

Haldenwang et al, (2007) attempted to isolate and evaluate the influence of rheological 
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properties of non-Newtonian fluids through rectangular and V-notches and proposed a 

relationship between Cd and yield stress. But the relationship does not include all rheological 

parameters of the tested fluids. It was concluded that as the concentration and yield stress 

increased the Cd values also increased.  

 

Since there is not much research done on the flow rate measurement of non-Newtonian 

fluids over notches, other flow measuring devices are considered for comparison purpose 

and to obtain the formulae used. The Reynolds numbers used are ReH for open channels 

developed by Haldenwang et al. (2002) and the ReMR Metzner and Reed (1955) for pipe flow 

but adapted for open channel flow.   In the studies of orifices Cd values are correlated to 

Reynolds number (Merrit, 1967; Dziubiński & Marcinkowski, 2006 and Ntamba, 2011). In 

order to obtain the Reynolds number for non-Newtonian fluids, rheological parameters of the 

fluids must be known. The models used to characterise non-Newtonian fluids for this study 

are Bingham plastic, pseodoplastic and yield-pseudoplastic or Herschel-Bulkly. 

 

The data analysis method described by Patankar et al. (2002) where a single composite 

equation is used is discussed. The method entails fitting of data to a logistic dose response 

curve to predict the range of friction factors for liquid flow rates. This technique was used by 

authors such as Garcia et al. (2003) and Haldenwang et al. (2012).  

 

From the above it is clear that there is no model available to predict the Cd values for non-

Newtonian fluids. As a result it is necessary to study the flow rate measurement of non-

Newtonian fluids through notches and develop the model that can be used to predict the Cd 

values. 
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CHAPTER THREE 
RESEARCH METHOD 

 
 

3.1      Introduction 

 
This chapter describes the equipment used and practical procedures followed to obtain data 

and methods used to process the data. The facilities in the Flow Process Research Centre 

slurry laboratory were used to conduct all experiments. A flume rig was used to conduct all 

the tests. It comprised of a mixing tank, positive displacement pump, centrifugal pump, in-

line tube viscometer, 900 by 900 mm square tank, and a 10 m long flume.  Flow meters were 

fitted to the tube viscometer. V and rectangular notches, and three depth gauges were 

assembled at the inlet tank.  A data acquisition unit and a computer were used to capture 

and process data. Water was used for in-line tube viscometer and notch calibration. Different 

concentrations of kaolin suspensions (yield pseudo-plastic behaviour), CMC solutions 

(power law behaviour) and bentonite suspensions (Bingham plastic behaviour) were 

prepared and tested.  

 

3.2 Equipment 
 

3.2.1 Mixing tank and an electric mixer 
 

The mixing tank had a capacity of 2000 litres. It was used as a main storage unit for all 

fluids. It was connected to the rest of the rig by pipe fittings and valves. An electric mixer was 

attached to the tank which could be controlled to produce varying mixing speeds (Fig. 3.1). 

This mixer was mainly used to mix water with the powdery materials to form a suspension or 

slurry and to avoid settlement of suspensions. The fluids were pumped from the mixing tank 

using a progressive cavity positive displacement pump.   

 

3.2.2 Pump 
 

The progressive cavity positive displacement pump was a 100 mm 30 bar pump driven by a 

17 kW motor and regulated by a variable speed drive capable of delivering approximately 25 

l/s of water. The pump was used to circulate the fluids from the mixing tank through the in-

line tube viscometer to the flume.  

 

3.2.3 An in-line tube viscometer and flow meters 
 

The fluid was pumped from the mixing tank to an in-line tube viscometer (Fig 3.1). The in-

line tube viscometer was used because it enabled the real time properties of the measured 

fluids. The system consisted of a heat exchanger to regulate the fluid temperature before 
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entering an in-line tube viscometer. The tube viscometer comprised of 13, 28 and 80 mm 

diameter tubes and was used to determine the rheological properties of the test fluids. The 

entry length to the differential pressure transducers was at least 50 mm pipe diameters to 

ensure that flow was fully developed. Flushing pods were connected at the centre of each 

pipe by means of two pressure tapping points. The flushing pods were connected to high (0-

30 kPa and low (0-4 kPa differential Fuji pressure transducers cells (DPT’s). They 

established the differential change in pressure between tapping points along each pipe. The 

temperature, density and flow rate were measured by a mass flow meter connected to the 

13 mm diameter pipe. Each pipe had a Krohne magnetic flow meter to measure the flow rate 

of the fluids pumped through the rig.  From the in-line tube viscometer the fluid was pumped 

to a 900 by 900 mm square tank at the entrance to the flume. The test rig and calibration 

procedure is described in detail by Haldenwang (2003). Haldenwang (2003) designed and 

assembled this flume rig to be used for research purposes.  

 

 

 

Figure 3.1 Mixing tank, pump and tube viscometer (Haldenwang 2003) 

 

3.2.4 Inlet tank, depth gauges and notches 
 

The fluid flowed from an in-line tube viscometer through a pipe to a 900 by 900 by 1500 mm 

high tank. The tank had baffles inside to calm the velocity of approach of the test fluids.  A 

10 m long by 300 mm wide flume connected the outlet of the tank and the mixing tank (Fig. 

3.2). 
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Figure 3.2 Inlet tank (Haldenwang, 2003) 

 

There were three vernier electronic depth gauges fitted to the tank. Two digital depth gauges 

were fitted to the tank to measure the height above the notch in order to establish the head 

and Cd values. The gauges were fitted 300 and 600 mm away from the notch crest 

respectively. Those recorded depths were used to compute Cd values. The third gauge was 

fitted on top of the notch crest and the height recorded was used to calculate Reynolds 

number (see Fig 3.2). The digital depth gauges were connected electronically to the PC via 

an RS232 interface.  

 

All notches were constructed from thin brass plate and are fully contracted. The edges of the 

notch plates are sharp and chamfered at an angle of 45o to the direction of flow. The notches 

were temporarily mounted at the outlet of the tank between bolts with foam rubber sealing. 

The notches used comprised of the following dimensions: a rectangular notch with the crest 

width of 0.1234 m (b) and 0.150 m height above the notch crest  and a 45° V notch with 

0.130 m width and 0.150 m height above the crest. Table 3.1 shows a comparison of the 

ASTM (1993) limitations to the notches used. 
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Table 3.1 Limitations of the rectangular and V-notches geometry  

 

 Rectangular notch  V-notch 

ASTM (1993) 
conditions 

Rect. Notch ASTM (1993) 
conditions 

V-Notch 

H/P ≤ 2 0.1 <  0.2 H/P ≤ 0.4, 0.1 ˂ 0.4 

H ≥ 0.03 m 0.15 m ˃ 0.03 m P ≥ 0.45 m 1.5 m ˃ 0.45 m 

b ≥ 0.15 m 0.1234 m ˂ 0.15 m B ≥ 0.9 m 0.130 m ˂ 0.9 m 

P ≥ 0.1 m 1.5 m ˃ 0.1 m 0.05 m ≤ H ≤ 0.38 m 0.05 m < 0.15 m ˂ 0.38 m 

  With the following 
limitations 

 

  H/P ≤ 1.2 0.1 ˂ 1.2 

  H/B ≤ 0.4, P ≥ 0.1 m 1.15 ˂ 0.4, 1.5 m ˃ 0.1 m 

  B ≥ 0.6 m 0.13 ˃ 0.6 m 

  0.05 m ≤ H ≤ 0.6 m 0.05 m ˂ 0.15 m ˂ 0.6 m 

 

Most of the notches geometric design parameters are within the design limits stated by 

ASTM (1993) except the widths of rectangular and V-notches. A 10 m long by 300 mm wide 

flume was connected to the outlet of the tank and the mixing tank.   

 

3.2.5 Data acquisition unit and computer 
 

An HP data acquisition unit and a standard computer were used to capture data from DPT’s, 

flow meters and depth gauges.  

 

3.3 Materials used 
 

Water tests were carried out for calibration of the notches. Different concentrations of 

Carboxymethyl Cellullose (CMC) solutions and kaolin and bentonite suspensions were 

tested. CMC is a white powder which when mixed with water produces a polymer solution 

used as an industrial coagulating agent.  Kaolin is a dry white powder which is mixed with 

tap water to obtain a suspension at a desired concentration. Bentonite is natural clay which 

is mixed with water to form a bentonite suspension.  As these materials exhibit some time 

dependent behaviour they had to be pre-sheared for a considerable time. 

 

3.4 Experimental procedures 
 

This section explains experimental procedures used to obtain data. It describes the methods 

followed to calibrate an in line tube viscometer and notches.  Materials used had to be 

prepared before being test and that preparation procedure is outlined. In order to obtain Cd 

values and Reynolds numbers for all test fluids the flow rate and flow depth had to be 

measured. Therefore the gauging procedure for these variables is also discussed.  
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3.4.1 Calibration of in line tube viscometer 
 

Clear water test were conducted for calibration purpose for the 13 and 28 mm diameter 

pipes. 

The pressure drop readings were recorded for each pipe over a fixed straight length (1 m). 

From the data obtained, the Darcy-Weisbach expression for friction head was used to 

determine shear stress (Haldenwang, 2003) as 
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By substituting equation 3.1 to 3.2, equation 3.2 becomes 
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The shear stress was plotted against velocity and compared to the Colebrook and White 

(1937) Eq. 3.4. According to Chadwick et al. (2004) the Colebrook and White (1937) 

equation conglomerates experimental results of studies of turbulent flow in smooth and 

rough pipes.  As a result it has been used for flow through turbulent region for commercial 

pipes and an effective roughness could be experimentally established for a specific pipe. 
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        (3.4) 

 

Below is the procedure used to carry out an in-line tube viscometer calibration.  
 

 Pump clear water through 13, 28 and 80 mm diameter pipes.  

 Leave water running through 13 mm pipe and close 28 and 80 mm pipes  

 Connect the pipe to differential pressure transducers via two pressure tappings 

which are connected to two flushing pods. 

 Flush the pods to ensure that there is no entrapped air on the connection pipes 

between transducers and 13 mm pipe. 

 Open the tappings from the 13 mm pipe. 
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 Open the rheology Excel program on the personal computer 

 Choose 13 mm pipe and type of material being tested (water) 

 Capture data starting with low flow rates and compare the data with the 

Colebrook and White (1937) (Eq. 3.4). 

 Repeat the same procedure for the 28 mm diameter pipe. 

 

Figures 3.3 and 3.4 show the comparison of the experimentally acquired shear stress with 

that of the calculated shear stress using the Colebrook and White (1937) Eq. 3.4 for 13 mm 

and 28 mm tubes used in this work. Water data for all the pipes collapse within ±10% from 

Colebrook and White (1937) prediction. This indicated that both flow rate and pressure drop 

measurements were within accepted values. The k-values for 13 and 28 mm diameter tubes 

were 1 µm and 3 µm for 80 mm diameter tube.  

 
 

 
 

Figure 3.3 Clear water data vs Colebrook-White (1937) prediction, 13 mm diameter pipe 
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Figure 3.4 Clear water data vs Colebrook-White (1937) prediction, 28 mm diameter pipe 

 

 
3.4.2 Calibration of notches 
 

Rectangular and V-notches were calibrated and data obtained was graphically presented 

and compared to Replogle (2006) data. The following procedure explains the how the 

notches were calibrated.  

 Lower the flume to the level position 

 Pump water and allow it to flow over the notch 

 Switch off the pump, close the valve that feeds the water to the inlet tank and 

allow water to overflow through the notch until it is level with the notch crest 

 Open flume Excel programme on the personal computer 

 Choose relevant material, type of notch, and dimensions 

 Adjust depth gauges to the level of the water and zero them 

 Increase the flow rate for the water to form a nape 

 Adjust the depth gauges to the level of the water 

 Capture data using computer  

 Increase the flow rate to  a predetermined value and readjust the depth gauges to 

the water level and capture data 

 Repeat the same procedure until the flow reaches the highest level of the notch 

crest 
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The Cd values were calculated using Eqs. 2.7 and 2.11 for rectangular and V-notches 

respectively. The results obtained for rectangular notch are presented in Appendix D. The Cd 

values obtained were plotted against the head and compared to the existing data (Replogle 

2006) to verify the validity of the calibration results as shown in Fig. 3.5. The present data fall 

within ±5% of his values. 

 

 

 

Figure 3.5 Rectangular notch water test results compared to Replogle (2006) experimental 
data 

 

Figure 3.6 indicates relationship between the flow rate and Eq. 2.6 to obtain the mean 

representative Cd values for the notch. The mean representative Cd value of 0.59 is in 

agreement with the value of 0.57 reported by Replogle (2006). 
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Figure 3.6 Rectangular notch average Cd values as compared to Replogle (2006) 
experimental data 

  

V-notch results are presented in appendix H and were compared to 45° V-notch data 

obtained from Replogle (2006), as shown in Fig. 3.7. In this case 82% of the present data 

falls within +5% of that reported by Replogle (2006). However the average Cd values differ 

significantly, these being 0.58 (Replongle, 2006) and 0.62 in the present case, Fig 3.8. The 

Replogle (2006) coefficient of discharge is similar to the one given in Fig. 2.7 for 45° V-notch 

(ASTM, 2002; USBR, 1997; BSI, 1966).   

 

 

Figure 3.7 V-notch water test results compared to Replogle (2006) experimental data 
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Figure 3.8 V-notch average Cd value as compared to Replogle (2006) experimental data  

 
 

3.5 Preparation of slurries 
 

The slurries tested needed to be prepared before carrying out rheology, flow rate and depth 

measurements. This was because materials used were in a solid (powder) form. The slurries 

preparation method is explained below: 

 

 Calculate the total volume of the flume rig system. 

 For kaolin calculate the amount of powder based on percentage volume/volume 

100×2.65×
mixtotalvolume

solidsdryvolume
=%v/v      (3.5) 

 For bentonite and CMC calculate the amount of powder to be used using 

percentage of weight/weight 

100×
mixtotalmass

solidsdrymass
=%w/w       (3.6) 

 Gradually add powder to the water in the mixing tank. 

 Ensure that an electric mixer is switched on.  

 Leave the mixture for 5 days to thoroughly mix. 

 Circulate the mixture on the system. 



45 
 

 Read off the relative density on the mass flow meter and carry out the relative 

density test to verify the mass flow meter readings. Use those results to find the 

percentage of the slurry obtained. 

 Carry out rheology test and flow rate measurement using notches.  

 Dilute the material to obtain the desired concentration and repeat all the tests. 

 After completing the test for one material, discharge the material and thoroughly 

clean the rig. 

 Mix another material and repeat the testing procedure 

 

3.6 Rheology test 
 

After material preparation the mixtures would be ready for testing.  Similar to calibration of 

the in-line tube viscometer, pressure drop and flow rate readings were measured. Velocity 

was calculated and the true shear rate at the wall of tube viscometer obtained. For 

Newtonian fluids true shear rate is expressed in Eq. 3.7 and is used as the apparent shear 

rate at the wall for non-Newtonian fluids.  

D

8V
γ           (3.7) 

Eq. 3.8 illustrates how true shear rate could be obtained using Rabinowitsch-Mooney 

relation where n’ is expressed as: 

 











D

8v
logd

logτd
n' 0         (3.8) 

 

Therefore the true shear rate at the wall for a non-Newtonian fluid is expressed as follows 

 








 










'

'

4n

13n

D

8V
γ         (3.9) 

 

Where the slope n' may differ with the apparent shear rate. For shear-thinning fluid (n' < 1), 

the nominal shear rate at the wall is lower than the true shear rate, with the contrary applying 

near the centre of the tube (Laun, 1983).  

  

When the rheological parameters are known, then k’ and n’ which are used for pseudoplastic 

fluids can be calculated, the relation could be calculated using the following equation: 
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n
'

4n

13n
kk 







 
          (3.10) 

and  

nn'       
  

The following procedure was used to carry out the rheology characterisation for CMC 

solution, kaolin and bentonite suspensions. 

 

 Pump the slurry through 13, 28 and 80 mm diameter pipes.  

 Leave the fluid running through 13 mm pipe and close 28 and 80 mm pipe.  

 Connect the pipe to differential pressure transducers via two pressure tapings 

which are connected to two flushing pods. 

 Flush the pods to ensure that there is no entrapped air on the connection pipes 

between transducers and 13 mm pipe. 

 Open the tapings from the 13 mm pipe. 

 Open the Rheology Excel program on the personal computer. 

 Choose 13 mm pipe and insert type and percentage of material being tested.  

 Capture data starting with low flow rates. 

 Repeat this procedure for 28 mm pipe.  

 Process data using Rabinowitsch-Mooney relation.  

 
 

3.7 Flow rate and depth measurement  
 

The information obtained from the Rabinowitsch-Mooney relation is recorded in the flow rate 

and flow depth measurements Excel sheet, as it was part of variables used to calculate the 

Reynolds number. Thereafter the flow rate and depth measurements were gauged as 

explained below: 

 

 Immediately after completing rheology test start the flow rate measurement test. 

 Ensure that the right notch is fitted to the outlet tank. 

 Allow the slurry to pump through the rig for 30 minutes. 

 Open the flume program and insert the type, concentration and relative density of 

material, notch type, and open an excel sheet to capture data. 

 Close 28 mm and 80 mm pipe and adjust the flow rate to be just at the crest of 

the notch. 

 Switch off the pump and close the valve leading to the inlet tank. 

 Allow the slurry to flow over the notch until there is not more flow. 

 Adjust the depth gauges to be at the surface of the medium and zero them. 
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 Re-open the closed valve and switch on the pump. 

 Adjust the flow rate to a predetermined value. 

 Adjust the flow electronic depth gauges to the surface of the slurry. 

 Capture the readings in the computer, preferably two iterations for reading 

verification. 

 Adjust the rate of flow to the next predetermined increment and capture data until 

the maximum allowable flow rate for specific pipe is reached. 

 Repeat the above procedures for 28 mm and 80 mm pipes. 

 Change the notch and repeat the above procedure for all notches. 

 Dilute the slurry to the lower percentage and repeat the testing procedure until all 

concentrations are tested. 

 
 

3.8 Processing of data 
 

This section explains how the data obtained was processed and analysed. It outlines the 

interpretation of calibration results for the in-line tube viscometer and notches. The 

processing of flow rate and depth data is also illustrated. Error analysis for the equipment 

and the results obtained is explained.  

 

3.8.1 In-line tube viscometer calibration 
 

Clear water tests were conducted in all three pipes of the tube viscometer. The pressure 

drop readings were alternatively taken for each pipe over a fixed straight length and plotted 

against the Colebrook and White equation (Eq. 3.4).  

 

3.8.2 Rheology 
 

The programme used the average flow rate to automatically calculate the pseudo shear rate 

and the differential pressure to obtain the wall shear stress. This data was automatically 

exported to graphically display wall shear stress against shear rate. The graphical 

illustrations of pseudo shear diagrams are presented in Chapter 4. The pseudo shear rates 

were first changed to true shear rates using the Rabinowitsch-Mooney relation. The shear 

stresses and shear rates were used to calculate yield stress, consistency indices and 

consistency coefficient. These parameters were used to calculate the appropriate Reynolds 

number of the fluids. Figures 3.7, 3.8 and 3.9 show pseudo shear diagrams for 8.35% CMC 

solution, 6.71% kaolin and 4.15% bentonite suspensions respectively. The pseudo shear 

diagrams of all concentrations of CMC solution, kaolin and bentonite suspensions are 

presented in chapter 4. 
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Figure 3.9 pseudo shear diagram for 8.35%w/w CMC solution 

 

 

 

Figure 3.10 pseudo shear diagram for 6.71% kaolin suspension 
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Figure 3.11 pseudo shear diagram for 4.15% bentonite suspension  

 

3.8.3 Notches calibration and non-Newtonian fluids flow rate measurement  
 

For calibration of the notches and flow rate measurement of all fluids, flow height (h) in meter 

above the notch crest from each depth gauge and flow rate (Q) readings in l/s were 

captured. The flow heights read from depth gauges situated upstream of the notch were 

used to calculate Cd values using Eqs. 2.7 for the rectangular notch and 2.11 for the V- 

notch. The depths recorded at the notch crest were used to calculate the Reynolds numbers. 

For notch calibration Cd values and corresponding flow heights were exported to a 

spreadsheet where the Cd values were plotted against the height of flow above the notch 

crest. These data was compared to data obtained from Replogle (2006). The Cd values were 

plotted against the Reynolds numbers obtained above the notch crest. 

 

The similarity of Cd values at the same Reynolds numbers of all fluids for each notch was 

established. This was achieved by determining the slope and interception of each fluid and 

concentration data. The accuracy of sharp crested notches in measuring the flow rate of 

non-Newtonian fluids depended on the comparison of the results obtained. Thereafter a 

predictive model for each notch shape was obtained.  

 

 

 



50 
 

3.8.4 Predictive model 
 

The predictive model for each notch shape was established using a method explained by 

Patankar et al. (2002). 

 Obtain parameters a1, b1, a2 and b2 from Cd and Re power law relation. a1  and b1 

are acquired from laminar flow data and a2 and b2 from turbulent  

 Compute f1 and f2 (equations 2.49 and 2.50) for each data point  

 Fit all the data points to Eq. 2.48 to get parameters c, d and t as explained by 

Patankar et al. (2002) and attain the predictive Cd values for each data point 

 Plot the Cd values and predicted Cd values against Re 

 Establish a single composite equation for each notch 

 

3.9 Error Analysis 
 

There are different kinds of errors in experimental work such as gross errors, systematic 

errors; random errors and computational errors (Benziger and Aksay, 1999). Some 

quantities like Reynolds numbers and discharge coefficients are calculated from different 

variables such as discharge velocity with their subsequent errors. Procedure for calculating 

such errors uses a root mean square approach, Eq. 3.11. 
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The flow velocity encountered within the notch is calculated from the flow rate measured by 

the magnetic flow meters and the cross-sectional area of the notch. For the rectangular and 

V-notch: 
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The highest expected error for rectangular notch is calculated from Eq 3.14 
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 And the highest expected error for V-notch is calculated from Eq 3.15 
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The results obtained are shown graphically in figs 3.12 and 3.13 for rectangular and V 

notches respectively. 

 

 
 

Figure 3.12 Combined errors for rectangular notch average velocity 

  

 
 

Figure 3.13 Combined errors for V-notch average velocity 

  

The summary of the combined errors for the notches’ average velocity are as follow: 
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Notch type    Measurement errors %
V

ΔV
 

Rectangular notch    0.043% 

V-notch     0.026% 

 

Haldenwang (2012) referred to the Lazarus and Nielson (1978) explanation of assessing the 

accuracy of variables such as Reynolds number, and discharge coefficients by computing 

coefficient of determination (R2) and log standard error (LES). These are essential for 

comparing the performance of the different Reynolds numbers correlations in predicting 

discharge coefficients.   
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       (3.17) 

 

Bouveng (1969) stated that under practical conditions flow measurement using notches can 

be carried out to an accuracy of ±10%. The assumption would be that the turbulence can be 

reduced; the notch and the depth gauges are kept free from sediment and there is a free fall. 

These conditions require the speed of water immediately upstream of the notch to be close 

to zero. The error due to speed of the water would be: 

 

2gD2h2h1           (3.18) 

 
 
 

3.9.1 Error in tube viscometer 
 

More than one diameter tubes must be used to account for wall slip errors. The apparent slip 

occurs when the viscosity near the wall reduces because of the diluted layer of particles at 

that section of the wall as compared to the bulk flow. If there is no wall slip the data on the 

laminar flow regions of the tube will coincide. If they do not coincide the slip velocity must be 

computed for each tube and deducted from the measured mean velocity (Chhabra & 

Richardson, 1999). 
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3.9.2 Accuracy of the equipment used 
 

The flow meters and differential pressure transducers were calibrated and the accuracy of 

the flow rate measurements was thoroughly investigated by Haldenwang (2003).  

 

Flow meters 

 

According to Haldenwang (2003), Heywood et al.  (1993) evaluated numerous magnetic flow 

meters. They recommended that the output should be influenced by the velocity profile since 

the magnetic flux lines can never be exactly parallel.      

 

The calibration of flow meters were carried out using a 500 litre weigh tank suspended over 

the mixing tank with one end swivelling while the other end was connected to the roof with a 

load cell. The materials tested differed in concentration and chemical composition. Therefore 

each material and concentration was tested for a range of flow rates by diverting the flow 

into the weigh tank. The flow rate was divided into about 12 different flow rates for each flow 

meter. The flow rate was measured with time in the weigh tank while the data logger 

continuously sampled the change in weight with time. The average flow rate was calculated 

from the readings obtained. The sampling period ranged from 120 seconds for low flow rates 

to 12 seconds for the high flow rates. The relationship between the flow rate and volts 

obtained were expressed graphically on Fig 3.14. This is a typical test results for 28 mm 

magnetic flow meter calibrations. 

 

 

Figure 3.14 28 mm magnetic flow meter calibration for 6% kaolin (Haldenwang, 2003) 
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Haldenwang (2003) experienced difficulty for 80 mm magnetic flow meter calibration 

because the higher flow rates filled the tank in a short time. There were also vibrations due 

to the high impact of the inflow on the tank and frame which caused inaccurate results. 

Therefore the calibration results obtained for various concentrations of kaolin suspension 

(3%, 4.5%, 6%, and 10%) for 80 mm flow meter were compared to the water calibration 

results. It was found that at the very low flow rates the voltage was low and the deviations 

were significant. The flow rates resulted in less than 2% deviation. It was concluded that 

there was no increase in deviation with increase in concentration. Therefore the accuracy of 

the magnetic flow meters was not influenced by the effect of density and higher viscosity of 

the slurries.  

 

The following results were obtained from the manufacturers for 80 mm flow meter 

calibration. It was calibrated at a flow rate of 8.33 l/s. 

 

At 98% of the range  -0.08% deviation  0.0065 l/s 

At 45% of the range  -0.06% deviation  0.0022 l/s 

At 21% of the range  +0.32% deviation  0.0056 l/s              

 

The maximum error was concluded to be 4% provided that the 80 mm flow meter was not 

used below 2 l/s and the 28 mm not less than 0.4 l/s.   

 

Digital depth gauges 

 

The standard vernier was used to calibrate the depth gauges. It was held against the depth 

electronic gauge and depths over the range of measurements were checked. The digital 

depth readings were directly transmitted to the PC in mm. The depth gauges were accurate 

to 0.0001 m (Haldenwang, 2003).  

 

3.9.3 Repeatability of measurements 
 

There were measures taken to minimise random errors during the experiments. In order to 

ensure that the depth gauges were at the same datum, the valve fitted between the feeding 

pipes and the inlet tank was closed. The fluid was allowed to flow over the notch until it was 

at the same level with the notch crest. When there was no more fluid flowing over the notch 

the depth gauges were adjusted to the top of the fluid and zeroed. Measurements were also 

repeated. Two readings were recorded when conducting rheology tests and two flow rate 
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measurements were taken at the same flow height when carrying out flow rate measurement 

tests. The relative density tests were carried out and compared to the relative density value 

read from the mass flow meter.   

 

Correlation coefficient was computed in order to compare the performance of Re correlation 

in predicting Cd values (Eqs. 3.16).  

 
3.10 Conclusion 
 
This chapter has introduced and discussed the facility, equipment and materials as suitable 

methodology for this study. The procedures which have been followed to obtain rheology 

parameters, Cd values and Reynolds numbers are also discussed. The literature has been 

used for comparison of calibration results obtained for in line tube viscometer and notches. 

The methods used for analysis of the results and the prediction of the model are outlined 

including discussion on error analysis. 

 

The Flow Process Research Centre laboratory was used to conduct all the experiments. The 

testing equipment was the flume rig and it comprised of various instruments. Mixing tank 

was used as storage and an electric mixer was fitted to it to mix the powder with water. The 

positive displacement pump was used to initiate the flow through the system. The fluids were 

pumped to an in-line tube viscometer which was used to measure rheology. The DPT cells 

were fitted to the in-line tube viscometer to measure pressure between the two tappings. 

Mass flow and magnetic flow meters were attached to the in-line tube viscometer. The mass 

flow meter measured temperature, density and flow rate of the fluids while magnetic flow 

meters measured flow rate. The tube viscometer was connected to the inlet tank by a pipe. 

The notches and electronic depth gauges were attached to the tank. The two depth gauges 

measured the head and one measured the height above the notch crest. Rectangular and V 

notches were used and their geometric design and installation parameters were compared to 

the limits stated by ASTM (1993). The parameters were within the limits. 

 

Materials tested were various concentrations of CMC solution, kaolin and bentonite 

suspensions. 

 

The in-line tube viscometer was calibrated and the data obtained was compared to 

Colebrook and White (1937) equation. The results were within +10% from Colebrook and 

white prediction. Notches were also calibrated and their Cd values were compared to 

Replogle (2006) results. The results were within +5% from Replogle (2006) values. The 
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average Cd values obtained for rectangular and V-notches were 0.59 and 0.62 respectively 

while the average Cd values for Replogle (2006) were 0.57 and 0.58. 

 

The procedure for obtaining rheological parameters was explained and Rabinowitsch-

Mooney relation was used to process the data. The procedure for carrying out the flow rate 

measurement test was also explained. The method used to process the data in order to 

obtain Cd values and Reynolds number was illustrated as well as method explained by 

Patankar et al. (2002) to predict the model. 

 

The chapter also discussed error calculations. Measurement errors for flow velocity for 

rectangular and V-notches amounted to 0.043% and 0.026% respectively by using the root 

mean square approach. The maximum errors for flow meters were concluded to be 4% 

(Haldenwang, 2003). 
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CHAPTER FOUR 
RESULTS AND ANALYSIS  

 
4.1 Introduction  
 

The results obtained during the experimental work are illustrated in this chapter. The tests 

were carried out for all percentage volume concentrations of kaolin suspensions, percentage 

mass concentrations of bentonite suspensions and CMC solution. The results entail density, 

rheology and flow rate measurement data.  

 

4.2 Rheology and relative density results 
 

The tube viscometer was used to perform rheology tests using both the 13 mm and 28 mm 

pipes. Data obtained for each fluid and concentration is presented graphically. The 

rheological fitting parameters were obtained from the interpretation of data using the 

Rabinowitsch-Mooney relation to change the apparent shear rate to true shear rate and then 

determining the most relevant rheological parameter for the different fluids. For power law 

fluids (Eq. 2.20), yield pseudoplastic (Eq. 2.21) and Bingham (Eq. 2.22) 

 

4.2.1 Kaolin 

Eight concentrations of kaolin suspensions were prepared and tested separately. Figure 4.1 

is the flow curve for 5.5% by volume kaolin suspension. The data for 6.7; 8.2; 10.9; 12.6; 

14.6; 15.3; and 16% are shown in appendix A.  

 

 

 

Figure 4.1 Flow curve for 5.5% v/v kaolin suspension 
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Rheological parameters of the test fluids were obtained from the in-line viscometer data. The 

yield-pseudoplastic model was used to characterise the fluids, (See Eq. 2.21) 

 

 nyw γkττ          (2.21)  

 

The equation reverts to the Bingham equation with n=1 and to the power-law equation when 

the yield stress 0τ y   

       

Figure 4.2 displays the rheological results of all kaolin suspensions after application of the 

Rabinowitsch-Mooney relationship using yield-pseudoplastic (YYP) model fitting, Eq. 2.21. 

 

 

 

Figure 4.2 Kaolin suspensions flow curves characterised by yield-pseudoplastic model 

 

4.2.2 Bentonite 

Figure. 4.3 depicts the pseudo shear diagram computed for 4.2% by mass bentonite 

suspension. Appendix B shows the diagrams for 5.2% and 6% bentonite suspensions.  
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Figure 4.3 bentonite 4.2%w/w rheology results 

 

 

Bingham plastic model fitting was used to characterise the rheology results for bentonite, Eq. 

2.22. Fig. 4.4 displays the flow curves for the three concentrations of bentonite tested.  

 

 

 

Figure 4.4 Bentonite suspensions flow curves characterised by Bingham plastic model fitting 
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4.2.3 CMC 

The pseudo shear diagram for 1.7% by mass CMC solution are given in Fig. 4.5 while the 

graphs for  4.2%, 6.2%, 7.3% and 8.4% are shown in appendix C. 

 

 

Figure 4.5 CMC 1.7%w/w rheology results 

 

Power law model fitting was used to characterise the solutions and the flow curves are 

shown in Fig. 4.6.  

 

 

 

Figure 4.6 CMC solutions characterised by   pseudo plastic model fitting 
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Rheological characteristics of the non-Newtonian fluids tested are presented in Table 4.1. 

Kaolin and bentonite yield stresses and consistency indexes increased with increasing 

concentration of the fluids. Fluid consistency indexes for CMC also increased with the 

increase in concentration. The information in the table has been used to calculate the 

Reynolds numbers. 

 

Table 4.1 Rheology parameters obtained from tube viscometer 

  

Sample Concentration (%) Density (kg/m3) ԏy  (Pa.) K (Pa.sn) n 

CMC 
(%w/w) 

1,7 
4,6 
6,2 
7,3 
8,4 

1010,4 
1026,2 
1034,9 
1041,3 
1048,1 

- 
- 
- 
- 
- 

0,024 
0,213 
0,646 
2,974 
3,423 

0,747 
0,763 
0,710 
0,611 
0,609 

Bentonite 
(%w/w) 

 

4,2 
5,2 
6,0 

1025,2 
1031,2 
1036,5 

1,15 
2,29 
4,88 

0,003 
0,004 
0.004 

1,000 
1,000 
1,000 

Kaolin 
(%v/v) 

5,5 
6,7 
8,2 
10,9 
12,6 
14,6 
15,3 
16,0 

1090,4 
1110,7 
1135,7 
1180,1 
1208,2 
1241,6 
1252,6 
1264,3 

0,25 
0,60 
1,50 
2,60 
5,20 
9,90 
10,40 
15,80 

0,029 
0,045 
0,099 
0,129 
0,158 
0,209 
0,219 
0,259 

0,645 
0,596 
0,517 
0,542 
0,527 
0,536 
0,531 
0,500 

 
 

4.3 Flow rate measurement over notches 
 

The flow rate and depth measurements through rectangular and V-notches were done after 

completion of the rheological characterisation. To ensure that the rheology did not change 

during testing the characterisation was repeated at the end of each test. 

 

4.3.1 Relationship between Cd and yield stress 

 

Available literature shows an extensive research done on the flow rate measurement of 

water using notches and results analysis are based on the relationship between Cd and 

head.  Similarly Haldenwang et al. (2007) investigated the relationship between Cd and head 

for various concentrations of kaolin and bentonite suspensions for rectangular and V 

notches. Therefore the same has been done for this research and Figs 4.7, 4.8, 4.9 and 4.10 

illustrate the relationship between Cd and head. Only fluids that exhibited yield stress (kaolin 

and bentonite suspensions) and concentrations that are in the turbulent region are analysed. 
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Figure 4.7 Relationship for Cd values vs head for kaolin suspension in rectangular notch 

 
  

 
  

Figure 4.8 Relationship for Cd values vs head for bentonite suspension in rectangular notch 
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Figure 4.9 Relationship for Cd values vs head for kaolin suspension in V-notch 

 
 

 
 

Figure 4.10 Relationship for Cd values vs head for bentonite suspension for V-notch 

 

According to Haldenwang et al. (2007) results there was an increase in Cd values with 

increase in concentration for rectangular and V notches. The maximum concentration10%v/v 

kaolin and the yield stress obtained was +20 Pa. However the same behaviour could not be 

obtained with the current results. This could be because of change of material properties. 

The maximum concentration tested was 15%v/v kaolin at yield stress of +10 Pa. In order to 

investigate the relationship between the Cd and yield stress, representative Cd values for the 

whole range of data had to be established using eq. 2.7 for the rectangular notch and 2.11 
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for V-notch. For the rectangular notch flow rate (Q) and 2

3

bh2g
3

2
 were plotted on co-

ordinate axes (Figs 4.11 and 4.12) for a series of slurry concentrations. The slope of the 

best-fit line through the each data set was taken as the representative Cd value for that 

concentration.   

 

 

Figure 4.11 kaolin suspensions’ average Cd values for rectangular notch  

 

 
 

Figure 4.12 bentonite suspensions’ average Cd values for rectangular notch 
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For the V-notch, a similar derivation was used, the horizontal axis in this case 

being 2
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Figure 4.13 kaolin suspensions’ average Cd values for V-notch 

 
 

 

Figure 4.14 bentonite suspensions’ average Cd values for V-notch 
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Haldenwang et al. (2007) determined the relationship between the Cd values and yield stress 

values for the non-Newtonian fluids tested. Their results showed that with an increase in 

concentration and yield stress, there was an increase in Cd values but the same cannot be 

said for this research as shown in Fig 4.15. 

 

 

 

Figure 4.15 Relationship between Cd and yield stress for rectangular and V notches for 
concentrations in the turbulent region 

 

Haldenwang et al. (2007) compared the Cd values for non-Newtonian fluids to constant Cd 

value of water for both rectangular and V-notches in order to predict discharge coefficient of 

non-Newtonian fluids. The same was done for this research and equations 4.1 and 4.2 were 

determined for rectangular and V-notches. The similarity between Haldenwang et al. (2007) 

equations with this study Cd equations is that the water Cd values for rectangular and V 

notches coincide with the ones in the equations.  

 

Rectangular notch Cd(yield stress) prediction equation 

( ) ( ) ywaterdfluid stress yieldd
0.0018τ - C=C       (4.1) 

 

V-notch Cd(yield stress) prediction equation  

( ) ( ) ywaterdfluid stress yeildd
0.0034τ-C=C       (4.2) 
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4.3.2 Reynolds number 

 

The Reynolds number obtained for all non-Newtonain fluids was calculated from 

Haldenwang et al. (2002) equation 2.36. For the sake of comparison, the Metzner and Reed 

(1955) Reynolds number was also used (Eq. 2.38) for the CMC solutions.  

 

4.3.3 Rectangular notch 

 

Appendices E and F show the results obtained for flow rate measurement of each 

concentration of kaolin and bentonite suspensions through the rectangular notch. CMC 

solution results are presented in Appendix G.  The results obtained for the rectangular notch 

indicate that high concentrations of kaolin suspensions and CMC solutions are in the laminar 

regime with an average slope of 0.42 (Fig. 4.16). The Cd values increased with increasing 

Reynolds number. The lower concentrations have an average Cd of 0.60, aligning with the 

water results which are in the turbulent region.  The transition point is at a Re of 

approximately 280. The difference between the plots obtained using the ReH and ReMR for 

the CMC solutions is not very explicit and can hardly be seen on Fig 4.16. The ReMR data 

points were not included for obtaining the correlations. 

 

 
 
 

Figure 4.16 Cd values for rectangular notch (CMC solution, kaolin and bentonite 
suspensions) 
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4.3.4 V-notch 

 
V-notch results for kaolin and bentonite suspensions are given in appendices I and J 

respectively while the CMC solution results are in appendix K. Similar behaviour was 

observed for the V-notch with an average slope of 0.439 in the laminar flow region and an 

average Cd value of 0.61 aligning with water Cd values in the turbulent region. The transition 

occurred at a Re value of approximately 100 (Fig 4.17). Similar to rectangular notch there is 

very little difference between ReH and ReMR (Fig 4.17). The ReMR data points were not 

included for obtaining the correlations. 

 

 

 

Figure 4.17 Cd values for V notch (CMC solution, kaolin and bentonite suspensions) 

 
 

4.4 Conclusion 
 

Rheological parameters of the test fluids obtained from the in-line tube viscometer data have 

been presented in this chapter.  Bingham Plastic, pseudoplastic and yield-pseudoplastic 

models were used to characterise the fluids. The parameters obtained were used to 

determine the Cd-yield stress relationship and Reynolds numbers. The results showed that 

the Cd values did not increase with increasing concentration of the fluids nor yield stress. 

The average Cd values of the fluids are equal to the water Cd value.  The Haldenwang et al. 

(2002) Reynolds number was used for all non-Newtonian fluids and Metzner and Reed 

(1955) Reynolds number was used for the CMC solution for comparison purpose. The Cd 

values for all fluids were calculated using equations that are normally used for Newtonian 
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fluids. The Reynolds number and Cd values have been presented graphically. They indicate 

that the data obtained with the relatively high concentrations of kaolin suspensions and CMC 

solutions are in the laminar flow regime. The Cd-Re plot exhibited an average slope of 0.42 

and 0.44 for rectangular and V notches respectively. The turbulent region is encountered 

with low concentrations and for bentonite suspensions and, under these conditions; the Cd 

values become constant aligning with the water results. In this  regime, the representative Cd 

value for the rectangular notch is 0.60 and the transition region is at an Re of approximately 

280 while for the V notch the representative Cd value was 0.61 and transition occurred at a 

Re value of 100. Furthermore, there is no significant difference between the plots obtained 

using the ReH and ReMR for the CMC solutions considering that the log-log scale has been 

used.  
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CHAPTER FIVE  
 MODEL PREDICTION FOR Cd 

 

5.1 Introduction 
 

This chapter includes the prediction of a single composite equation for the rectangular and 

V-notches. This is done by fitting data with a logistic dose response curve to a set of data for 

each notch. The model has been explained by Patankar et al. (2002). The Haldenwang et. al 

(2002)  version of the Reynolds number (ReH) has been used. 

  

5.2 Single composite equation 
 
 

Applying a single composite equation (Eq. 2.48) to the data obtained for the rectangular 

notch f1 becomes 0.055Re0.4243 and f2 is 0.60. After minimising the sum of squares of the 

residuals, Eq. 2.48 takes the form of Eq. 5.1.  
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dpre
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Re
1

0.5900.056Re
0.590C     (5.1) 

 

Figure 5.1 shows the adequacy of the fit of the present results via Eq. 5.1.  

 

 

 

Figure 5.1 Logistic dose response curve for rectangular notch results 
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Transition for the rectangular notch occurred at Re = 280. Equation 5.1 was used to 

calculate the predicted Cd values in order to determine the predicted flow rate using Eq.5.2. 

 

2
3

dprePre bh2g
3

2
CQ          (5.2) 

 

The correlation coefficient approach was used to calculate the deviation between the 

predicted discharge and the actual discharge. The flow rates could be predicted to within +/-

5% when compared to the actual flow rate (Fig. 5.2). 

 

 

Figure 5.2 Comparison between the actual and predicted flow rates through rectangular 
notch 

 

A single composite equation was also derived for the V-notch using the same procedure as 

for the rectangular notch. The fitting parameters f1 and f2 were 0.096Re0.439 and 0.61 

respectively. Figure 5.3 shows the relationship between the predicted Cd values and 

Reynolds number. Equation 5.3 was established and transition is at Re = 100. 
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Figure 5.3 Logistic dose response curve for V notch results 
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The V-notch predicted flow rate values were calculated using Eq. 5.4 and plotted against the 

actual flow rates.  Similar to the rectangular notch the error margin is 5% as shown in Fig. 

5.4.  
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Figure 5.4 Comparison between the actual and predicted flow rates through V notch 

  

2
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tan
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8
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
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5.3 Conclusion 
 

The single composite equation was applied to the data obtained for the notches and 

predicted Cd values and flow rates obtained.  After an application of the single composite 

equation the laminar flow relationship between Cd–Re for rectangular notch became 

0.56Re0.40 and 0.12Re0.38
 for the V-notch. The transition for rectangular and V-notches 

occurred at Re = 280 and 100 respectively. The Cd values were independent of Reynolds 

number in the turbulent flow. They maintained an average constant value of 0.59 for 

rectangular and V notches. The log standard error approach was used to calculate errors for 

discharge velocity values because they depend on other variables (Eq. 3.16). The error 

margins for rectangular and V-notches were 5%.  

  

 
 
 

 
 
 
 
 
 



74 
 

CHAPTER SIX   
 DISCUSSION 

 
 

6.1 Introduction 
 

In this chapter the results are discussed and compared to the literature. Since there is not 

much work found on the flow rate measurement of non-Newtonian fluids using notches the 

discussion is supported by the literature on flow rate measurement of Newtonian fluids 

through notches, and discharge through orifices for both Newtonian and non-Newtonian 

fluids. 

 
 

6.2 Calibration 
 
The experimental shear stress obtained from calibration of an in-line tube viscometer for 13 

and 28 mm diameter pipes were found to be within ±10% deviation compared to calculated 

shear stress from the Colebrook and White (1937) prediction. This is in line with work done 

by researchers in the same research group. 

 

The mean representative Cd values obtained for the rectangular notch was 0.59. The data is 

within ±5% when compared to Replogle (2006) data.  The mean representative Cd value 

presented by Replogle (2006) is 0.57. On the other hand V-notch mean best-fit experimental 

Cd value is 0.62 while Replogle (2006) obtained mean representative Cd value of 0.58. Thus 

only 82% of the results are inside +5% margins. This could be because of potential 

measurement error at the small heads. 

 

6.3  Notch Design 
 

The literature shows that the Kindsvater and Carter (1957) equation can be applied to 

smaller notches down to 0.03 m wide, with heads ranging from 0.05 to 0.2 m (ASTM 1993, 

USBR 1993; ISO, 1980 and Ackers et al., 1978). The data published by Replogle (2006) 

have a minimum head of 0.06 m and the smallest width of the notch used was 0.3 m wide.  

In this study rectangular notch was 0.1234 m wide and the measured heights ranged from 

+0.01 to +0.1 m when considering flow rate measurements for all tested fluids. The minimum 

and maximum heads measured for the V-notch were +0.03 and +0.1 m respectively. The 

minimum head measurements achieved in this work for both rectangular and V notches was 

lower than the limits specified in the literature.  Ackers et al. (1978) commented that the V-

notch has the ability to cover a wide range of flows, even small ones. However, the 

rectangular notch covered much smaller flow rates than V-notch in this study.  
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6.4 Cd-yield stress relationship  
 

Haldenwang et al. (2007) determined the relationship for the Cd and yield stress as shown in 

Fig. 2.16. They concluded that the Cd values increased with increasing concentration and 

yield stress. Equations were established for rectangular and V-notch as given in Eqs. 2.31 

and 2.32. However, those equations did not incorporate all rheological parameters of the 

tested fluids. The same concept was used to analysis the present data. The Cd values were 

found to be almost constant regardless the concentration or yield stress. But the maximum 

concentration tested and yield stress found by Haldenwang et al. (2007) were 10%v/v kaolin 

at +20 Pa while for this research it was 15%v/v kaolin at +10 Pa. Therefore the difference 

could be due to the variance in material rheological properties which has been observed with 

different batches by various researches conducted in the unit.  

 

6.5 Cd-Re relationship  
 
It has been stated that the flow of liquids depends on velocity; flow rate; width of the notch; 

crest height of the notch above mean bed level; measured head related to notch crest; 

dynamic viscosity of fluid and the density. Thus the Cd depends on Reynolds number. This 

statement was based on theoretical and experimental analysis by the following authors: Barr 

(1910); Lenz (1943); Kindsvater & Carter (1957); Ackers et al. (1978); Mitra & Mazudar 

(2004); Afzalimehr & Bagheri (2009) and Aydin et al. (2011). In order to determine Reynolds 

numbers, geometric parameters of the notches had to be known, density of fluids and 

rheological parameters were measured. This confirms the dependence of fluid flow 

behaviour of fluids through notches on Reynolds number.  

 

One of the findings of this work is that high concentrations of kaolin suspension and CMC 

solutions are in laminar flow region and the low concentration, bentonite suspension and 

water are at turbulent condition for rectangular and V notches. This confirms an observation 

of the results obtained by Dziubiński and Marcinkowski (2006) where high concentrations of 

starch syrup (Fig. 2.20) and CMC solution (Fig 2.22) are found in the laminar section while 

turbulent region consists of low concentrations of both fluids, ethylene glycol and water. 

Ntamba’s (2011) results also show similar behaviour where high concentrations of kaolin 

suspension and CMC solution are at laminar area and low concentrations of kaolin, 

bentonite and water are found in turbulent region.   
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The data published by Dziubiński and Marcinkowski (2006) for CMC solution and Newtonian 

fluids data indicates that at Re < 10 (laminar region). The results were described by the 

power law equation:  

   

 
CbRe          (2.43) 

 

This is in agreement with the expression used by Patankar et al. (2002) model prediction 

where 

 1b

11 Reaf            (2.51) 

 

And f1 is found to be 0.055Re0.4243 and 0.096Re0.439 for rectangular and V notches 

respectively before applying a single composite equation.   

 

Dziubiński and Marcinkowski’s (2006) average Cd values in the turbulent regions are 0.62 

and 0.67 for Newtonian fluids and CMC solution. The research done by Ntamba (2011) on 

flow rate measurement of non-Newtonian fluids through short square-edged orifice plates 

confirms Dziubiński and Marcinkowski’s (2006) work and the average Cd value obtained in 

turbulent region is 0.64. Furthermore, Merrit (1967) achieved an average Cd value of 0.61 at 

turbulent flow when establishing the relationship between the discharge coefficient and the 

square root of the Reynolds number. The average Cd values attained in the turbulent region 

for rectangular notch before application of single composite equation are 0.60 and 0.61 for 

rectangular and V-notches. These studies all had constant Cd values in the turbulent region. 

 

The transition zones are encountered at different Reynolds number for different researches. 

The effect of the type and geometry of hydraulic equipment used could influence the 

transition region. Rectangular notch transition occurred at an Re of 280 while for the V-notch  

at an Re value of 100.  

 

For comparison purposes ReMR was used to calculate the Reynolds number for the CMC 

solutions. There was very little difference between ReMR and ReH. 

 

6.6 Model prediction 
 

The literature indicates that Borutzky et al. (2002) developed an orifice model for energy 

losses in laminar and turbulent flow conditions using the Merrit (1967) data. The observed 

behaviour of that model (Fig. 2.25) shows similarity with predicted models for rectangular 

and V-notches (Figs 5.1 and 5.3).  
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After an application of a single composite equation the slopes in laminar flow for rectangular 

and V-notches are 0.40 and 0.38 respectively. The difference between the two slopes is very 

little. The average Cd value is 0.59 for rectangular notch and transition occurred at Re 280 

while V notch average Cd value is 0.59 and transition happened at Re 100.  

 
 
6.7 Error Analysis 

 
The error margins have been evaluated using the correlation coefficient for flow rate 

measurement results of rectangular and V-notches. The comparison was between the actual 

and predicted discharges and the error was within ±5%. This error margin is in agreement 

with the mean relative errors obtained by Dziubiński and Marcinkowski (2006) for flow of 

Newtonian fluids and CMC solution through orifices and they were 7.1% and 5.7% 

respectively. It also confirms Bouveng (1969) statement that flow rate measurement using 

notches can be carried out to an accuracy of +10%.  

 
 

6.8 Conclusion 
 
Water tests were conducted in the in-line tube viscometer for the different pipes for 

calibration purposes. When comparing the data with the Colebrook and white (1937) 

prediction, they were found to be within ±10% deviation.  

 

Rectangular and V notches calibration results were compared to Replogle (2006) data. The 

data for rectangular notch was within ±5% while for V-notch, 18% of the data was outside 

the ±5% margins. The minimum measured heads for both rectangular and V notches in this 

work were lower than the specified limits from the literature. 

 

The Cd-yield stress relationship was established for rectangular and V notches. The mean 

representative Cd values were almost constant at all concentrations and yield stresses. In 

the work published by Haldenwang et al.  (2007)  Cd values increased with increasing 

concentration and yield stress which could be due to the variation in rheological properties 

for different material batches.  

 

The results obtained for flow rate measurement of Newtonian and non-Newtonian fluids 

through orifices indicate the dependence of Cd on Re in laminar flow. The Cd values 

increased with an increasing Reynolds number. They become constant in the turbulent 

region and are independent of Reynolds number. Similar behaviour has been observed for 
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flow rate measurement of non-Newtonian fluids through rectangular and V-notches. This 

confirms the statement made by Horton (1907) that orifices behave similar to notches when 

they are not at full capacity.  

 

Transition zones were different for research on notches. Reynolds numbers (ReMR and ReH) 

for CMC solution did not differ much. The predicted discharge is within 5% of the actual 

discharge for rectangular and V-notches.  
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CHAPTER SEVEN  
CONCLUSION AND RECOMMENDATIONS 

 
7.1       Introduction  
 

This chapter presents a summary of work done to accomplish the research on flow rate 

measurement of non-Newtonian fluids through rectangular and V notches. It restates the 

objective and outlines the literature used. The findings are summarised with their 

implications and significance. It also entails recommendations for further work.  

 
 

7.2 Summary 
 

This study shows the possibility of using notches to measure the flow rate of non-Newtonian 

fluids provided that rheological behaviour and parameters of these fluids are known. This 

was achieved by establishing the relationship between the coefficient of discharge (Cd) and 

an appropriate Reynolds number values for all the fluids using both a rectangular and a V- 

notch. Equations used to calculate Cd values were obtained from the studies done for flow 

rate measurement of water over notches proposed by Kindsvater and Carter (1957). The 

Reynolds numbers used were those proposed by Haldenwang et al., (2002) and Metzner 

and Reed (1955) for open channel flow. Literature pertaining to orifices was used for 

comparison purposes. This is because there is very limited literature found on the flow of 

non-Newtonian fluids through notches. Bingham plastic, pseudoplastic and yield-

pseudoplastic models were used to determine rheological parameters of the test fluids. The 

non-Newtonian fluids tested were Carboxymethyl Cellulose (CMC) solutions and kaolin and 

bentonite suspensions. A modified flume rig was used to conduct all the experiments. An in-

line tube viscometer was used to measure the rheological parameters of the fluids. Those 

parameters were used to calculate the appropriate Reynolds number ReH and ReMR. The Cd 

values were plotted against the Reynolds numbers. Results obtained indicate that the Cd 

values were totally dependent of Reynolds number in the laminar region and independent of 

Reynolds number and maintaining constant Cd values in the turbulent flow region similar to 

that of water. A single composite power-law model was used to correlate the Cd and 

Reynolds number relationship for rectangular and V-notches of the whole flow regime from 

laminar to turbulent. The discussion of the results was based on flow measurement of 

Newtonian fluids using notches, open channel flow and flow of non-Newtonian fluids through 

orifices.  
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7.3 Findings 
 

After an application of the single composite equation the laminar flow relationship between 

Cd–Re for rectangular notch became 0.056Re0.40 and 0.12Re0.38 for the V-notch. The 

transition for rectangular and V-notches occurred at Re = 280 and 100 respectively. The Cd 

values were independent of Reynolds number in the turbulent flow. They maintained a mean 

representative constant value of 0.59 for both rectangular and V-notches. The error margins 

were within 5% for both notches.  

 

The relationship between Cd values and yield stress for non-Newtonian fluids was carried 

out. The analysis was based on fluids that were on the turbulent region. The Cd values did 

not increase with increasing concentration or yield stress but they were somewhat constant, 

while in the work published by Haldenwang et al. (2007), Cd values increased with 

increasing concentration and yield stress. This method did not include all rheological 

parameters. As a result Cd-Re relationship was found to be a more appropriate approach. 

  

The results of this research are supported by the literature on the flow rate measurement of 

fluids through orifices. Similar behaviour of flow rate measurement of non-Newtonian fluids 

through notches was observed by Ntamba (2011) and Dziubiński and Marcinkowiski (2006) 

for flow of Newtonian and non-Newtonian fluids through orifices. The model developed by 

Borutzky et al. (2002) also showed similar behaviour to the single composite model used in 

this work. There is no obvious difference for the ReH and ReMR numbers for flow of the CMC 

solutions for rectangular and V-notches. An implication of this is the possibility that 

rectangular and V-notches can be used to measure the flow rate of non-Newtonian fluids.  

For the first time an attempt has been made to predict the flow rate of non-Newtonian fluids 

using a rectangular and a V-notch. 

 

This research will benefit mining, food processing, waste water treatment and chemical 

processing industries to opt for notches as a simple flow rate measuring device in tanks and 

open channels during transportation and processing of non-Newtonian fluids.  

 

The findings of this work have been published in the ASCE journal of Hydraulic Engineering.  

Khahledi M, Haldenwang R and Chhabra R (2015). Flow rate measurement of non-

Newtonian fluids through sharp crested notches. J.Hydraul.Eng.,141(1,04014067).   
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7.4 Recommendations 
 

The database for flow rate measurement of non-Newtonian fluids using notches can be 

extended by using shapes other than rectangular and V-notches i.e. half-round or trapezoid. 

It is also recommended that other non-Newtonian fluids be tested. This will extend an 

opportunity to develop more predictions for Cd in terms of an appropriate Reynolds number 

as obtained for rectangular and V notches in this work. The effect of scale up is also a 

possible area for future research as only one size each of the V and rectangular notches 

were tested in this work.   
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APPENDICES 

 
APPENDIX A: Kaolin rheology results 

 

 
 
 

Figure 4.18 kaolin 6.7%v/v rheology result 

 

 

 
 

Figure 4.19 kaolin 8.2%v/v rheology results 

 
 

 



89 
 

 
 
 

Figure 4.20 kaolin 10.9%v/v rheology results 

 

 

  

Figure 4.21 kaolin 12.6%v/v rheology results 
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Figure 4.22 kaolin 14.6%v/v rheology results 

 

 

 

 

 

Figure 4.23 kaolin 15.3%v/v rheology results 
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Figure 4.24 kaolin 16%v/v rheology results 
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APPENDIX B: Bentonite rheology results 

 

 
 

 

Figure 4.25 bentonite 5.1%w/w rheology results 

 

 

 

 

Figure 4.26 bentonite 6%w/w rheology results 
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APPENDIX C: CMC rheology results 

 

 
 

 

Figure 4.27 CMC 4.6%w/w rheology results 

 
 

 

 
 

Figure 4.28 CMC 6.2%w/w rheology results 
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Figure 4.29 CMC 7.3%w/w rheology results 

 

 

 

  

Figure 4.30 CMC 8.4%w/w rheology results 

 
 
 
 
 



95 
 

APPENDIX D: Rectangular notch water calibration results (Water) 
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Table 3.2 Water calibration results (Rectangular notch) 
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APPENDIX E: Rectangular notch flow rate measurement results (Kaolin suspension) 
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Table 4.2 Flow rate measurement of kaolin 5.48% through rectangular notch  
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Table 4.3 Flow rate measurement of kaolin 6.71% through rectangular notch 
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Table 4.4 Flow rate measurement of kaolin 8.23% through rectangular notch 
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Table 4.5 Flow rate measurement of kaolin 10.91% through rectangular notch 
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Table 4.6 Flow rate measurement of kaolin 14.64% through rectangular notch 
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Table 4.7 Flow rate measurement of kaolin 15.31% through rectangular notch 
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Table 4.8 Flow rate measurement of kaolin 16% through rectangular notch 
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APPENDIX F: Rectangular notch flow rate measurement results (Bentonite 
suspension) 
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Table 4.9 Flow rate measurement of bentonite 4.15% through rectangular notch 
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Table 4.10 Flow rate measurement of bentonite 5.14% through rectangular notch 
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Table 4.11 Flow rate measurement of bentonite 6% through rectangular notch 
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APPENDIX G: Rectangular notch flow rate measurement results (CMC solution) 
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Table 4.12 Flow rate measurement of CMC 1.73% through rectangular notch 
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Table 4.13 Flow rate measurement of CMC 4.63% through rectangular notch 
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Table 4.14 Flow rate measurement of CMC 6.2% through rectangular notch 
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Table 4.15 Flow rate measurement of CMC 7.3% through rectangular notch 
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Table 4.16 Flow rate measurement of CMC 8.35% through rectangular notch 



163 
 

R
e
c
ta

n
g
u
la

r 
N

o
tc

h
 (

C
M

C
 8

,3
5
%

)

Y
ie

ld
 s

tr
e
s
s
 (

P
a
)=

0

D
e
n
s
it
y
 (

k
g
/m

3
)=

1
0
4
8

n
'=

n
 =

0
,6

0
9

k
 (

P
a
.s

n
)=

3
,4

2

B
(m

)=
0
,1

2
3
4

g
 (

m
/s

2
)=

9
,8

1
3

k
'(
P

a
.s

n
)=

3
,7

5

F
lo

w
G

a
u
g
e
1

G
a
u
g
e
2

G
a
u
g
e
3

G
a
u
g
e
 A

vg
.

F
lo

w
W

e
tt

e
d
 

P
e
ri
m

e
te

r
A

re
a

H
y
d
ra

u
lic

 

R
a
d
iu

s
V

e
lo

c
it
y

R
e
y
n
o
ld

s
 

N
u
m

b
e
r

R
e
y
n
o
ld

s
 

N
u
m

b
e
r

C
d
1

C
d
2

C
d
a
vg

(l
/s

)
m

m
m

m
m

3
/s

m
m

2
m

m
/s

R
e

H
R

e
M

R

3
,0

6
0
,0

7
0
3

0
,0

7
0
7

0
,0

5
8
8

0
,0

7
0
5

0
,0

0
3
0
6

0
,2

4
1

0
,0

0
7
2
5

0
,1

2
0

0
,4

2
1

1
3
3

1
2
1

0
,4

5
0

0
,4

4
6

0
,4

4
8

3
,0

5
0
,0

7
0
3

0
,0

7
0
7

0
,0

5
8
8

0
,0

7
0
5

0
,0

0
3
0
5

0
,2

4
1

0
,0

0
7
2
5

0
,1

2
0

0
,4

2
0

1
3
2

1
2
1

0
,4

4
8

0
,4

4
4

0
,4

4
6

2
,5

5
0
,0

6
3
4

0
,0

6
3
5

0
,0

5
1
4

0
,0

6
3
5

0
,0

0
2
5
5

0
,2

2
6

0
,0

0
6
3
4

0
,1

1
2

0
,4

0
1

1
1
9

1
0
9

0
,4

3
7

0
,4

3
7

0
,4

3
7

2
,5

5
0
,0

6
3
4

0
,0

6
3
5

0
,0

5
1
4

0
,0

6
3
5

0
,0

0
2
5
5

0
,2

2
6

0
,0

0
6
3
4

0
,1

1
2

0
,4

0
1

1
1
9

1
0
9

0
,4

3
7

0
,4

3
6

0
,4

3
7

2
,0

1
0
,0

5
5
2

0
,0

5
5
7

0
,0

4
3
4

0
,0

5
5
4

0
,0

0
2
0
1

0
,2

1
0

0
,0

0
5
3
5

0
,1

0
2

0
,3

7
6

1
0
3

9
3
,8

0
,4

2
7

0
,4

2
0

0
,4

2
4

2
,0

1
0
,0

5
5
2

0
,0

5
5
7

0
,0

4
3
4

0
,0

5
5
4

0
,0

0
2
0
1

0
,2

1
0

0
,0

0
5
3
5

0
,1

0
2

0
,3

7
6

1
0
3

9
3
,7

0
,4

2
7

0
,4

2
0

0
,4

2
3

1
,4

7
0
,0

4
6
2

0
,0

4
6
7

0
,0

3
4
5

0
,0

4
6
5

0
,0

0
1
4
7

0
,1

9
2

0
,0

0
4
2
6

0
,0

8
8
5

0
,3

4
6

8
3
,8

7
6
,5

0
,4

0
7

0
,4

0
0

0
,4

0
4

1
,4

7
0
,0

4
6
2

0
,0

4
6
7

0
,0

3
4
5

0
,0

4
6
5

0
,0

0
1
4
7

0
,1

9
2

0
,0

0
4
2
6

0
,0

8
8
5

0
,3

4
6

8
3
,7

7
6
,5

0
,4

0
7

0
,4

0
0

0
,4

0
3

6
,0

8
0
,1

0
6
0

0
,1

0
7
6

0
,0

9
0
7

0
,1

0
6
8

0
,0

0
6
0
8

0
,3

0
5

0
,0

1
1
2

0
,1

4
7

0
,5

4
3

2
1
4

1
9
5

0
,4

8
3

0
,4

7
2

0
,4

7
8

6
,0

8
0
,1

0
6
0

0
,1

0
7
6

0
,0

9
0
7

0
,1

0
6
8

0
,0

0
6
0
8

0
,3

0
5

0
,0

1
1
2

0
,1

4
7

0
,5

4
3

2
1
4

1
9
5

0
,4

8
3

0
,4

7
2

0
,4

7
8

5
,5

7
0
,1

0
1
7

0
,1

0
2
8

0
,0

9
0
0

0
,1

0
2
3

0
,0

0
5
5
7

0
,3

0
3

0
,0

1
1
1

0
,1

4
6

0
,5

0
1

1
9
1

1
7
4

0
,4

7
1

0
,4

6
3

0
,4

6
7

5
,5

8
0
,1

0
1
7

0
,1

0
2
8

0
,0

9
0
0

0
,1

0
2
3

0
,0

0
5
5
8

0
,2

9
3

0
,0

1
0
4

0
,1

4
3

0
,5

3
4

2
0
5

1
8
7

0
,4

7
2

0
,4

6
4

0
,4

6
8

5
,0

6
0
,0

9
6
0

0
,0

9
6
8

0
,0

8
4
6

0
,0

9
6
4

0
,0

0
5
0
6

0
,2

9
3

0
,0

1
0
4

0
,1

4
3

0
,4

8
4

1
7
9

1
6
3

0
,4

6
6

0
,4

6
1

0
,4

6
4

5
,0

5
0
,0

9
6
0

0
,0

9
6
8

0
,0

8
4
6

0
,0

9
6
4

0
,0

0
5
0
5

0
,2

9
3

0
,0

1
0
4

0
,1

4
3

0
,4

8
4

1
7
9

1
6
3

0
,4

6
6

0
,4

6
1

0
,4

6
3

 



164 
 

R
e
c
ta

n
g
u
la

r 
N

o
tc

h
 (

C
M

C
 8

,3
5
%

)

Y
ie

ld
 s

tr
e
s
s
 (

P
a
)=

0

D
e
n
s
it
y
 (

k
g
/m

3
)=

1
0
4
8

n
'=

n
 =

0
,6

0
9

k
 (

P
a
.s

n
)=

3
,4

2

B
(m

)=
0
,1

2
3
4

g
 (

m
/s

2
)=

9
,8

1
3

k
'(
P

a
.s

n
)=

3
,7

5

F
lo

w
G

a
u
g
e
1

G
a
u
g
e
2

G
a
u
g
e
3

G
a
u
g
e
 A

vg
.

F
lo

w
W

e
tt

e
d
 

P
e
ri
m

e
te

r
A

re
a

H
y
d
ra

u
lic

 

R
a
d
iu

s
V

e
lo

c
it
y

R
e
y
n
o
ld

s
 

N
u
m

b
e
r

R
e
y
n
o
ld

s
 

N
u
m

b
e
r

C
d
1

C
d
2

C
d
a
vg

(l
/s

)
m

m
m

m
m

3
/s

m
m

2
m

m
/s

R
e

H
R

e
M

R

4
,5

1
0
,0

8
9
8

0
,0

9
0
7

0
,0

7
8
3

0
,0

9
0
3

0
,0

0
4
5
1

0
,2

8
0

0
,0

0
9
6
6

0
,1

3
8

0
,4

6
7

1
6
7

1
5
2

0
,4

5
9

0
,4

5
3

0
,4

5
6

4
,5

1
0
,0

8
9
8

0
,0

9
0
7

0
,0

7
8
3

0
,0

9
0
3

0
,0

0
4
5
1

0
,2

8
0

0
,0

0
9
6
6

0
,1

3
8

0
,4

6
7

1
6
7

1
5
2

0
,4

6
0

0
,4

5
4

0
,4

5
7

4
,0

3
0
,0

8
4
2

0
,0

8
4
7

0
,0

7
2
1

0
,0

8
4
5

0
,0

0
4
0
3

0
,2

6
8

0
,0

0
8
9
0

0
,1

3
3

0
,4

5
2

1
5
6

1
4
2

0
,4

5
2

0
,4

4
8

0
,4

5
0

4
,0

3
0
,0

8
4
2

0
,0

8
4
7

0
,0

7
2
1

0
,0

8
4
5

0
,0

0
4
0
3

0
,2

6
8

0
,0

0
8
9
0

0
,1

3
3

0
,4

5
2

1
5
6

1
4
2

0
,4

5
2

0
,4

4
8

0
,4

5
0

3
,5

2
0
,0

7
7
6

0
,0

7
7
9

0
,0

6
6
0

0
,0

7
7
8

0
,0

0
3
5
2

0
,2

5
5

0
,0

0
8
1
4

0
,1

2
8

0
,4

3
2

1
4
2

1
3
0

0
,4

4
6

0
,4

4
3

0
,4

4
5

3
,5

2
0
,0

7
7
6

0
,0

7
7
9

0
,0

6
6
0

0
,0

7
7
8

0
,0

0
3
5
2

0
,2

5
5

0
,0

0
8
1
4

0
,1

2
8

0
,4

3
2

1
4
3

1
3
0

0
,4

4
6

0
,4

4
3

0
,4

4
5

 



165 
 

APPENDIX H: V-notch water calibration results 
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Table 3.3 V-notch calibration results (Water) 
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APPENDIX I: V-notch flow rate measurement results (Kaolin suspension) 
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Table 4.17 Flow rate measurement of kaolin 5.48% through V-notch 



171 
 

V
-N

o
tc

h
 (

K
a
o
lin

 5
,4

8
%

)

Y
ie

ld
 s

tr
e
s
s
 (

P
a
)=

0
,2

4
6

k
 (

P
a
.s

n
)=

0
,0

2
9
4

n
=

0
,6

4
5

T
a
n
(ϑ

/2
)=

0
,4

1
4

g
 (

m
/s

2
)=

9
,8

1
3

C
o
s
(ϑ

/2
)=

0
,9

2
4

D
e
n
s
it
y
 (

k
g
/m

3
)=

1
0
9
0

F
lo

w
G

a
u
g
e
1

G
a
u
g
e
2

G
a
u
g
e
3

G
a
u
g
e
 A

vg
.

F
lo

w

W
e
tt

e
d
 

P
e
ri
m

e
te

r
A

re
a

H
y
d
ra

u
lic

 

R
a
d
iu

s
V

e
lo

c
it
y
 R

e
y
n
o
ld

s
 

n
u
m

b
e
r

C
d
1

C
d
2

C
d
a
vg

(l
/s

)
m

m
m

m
m

3
/s

m
m

2
m

m
/s

R
e

H

0
,2

5
0
,0

4
4
4

0
,0

4
4
3

0
,0

3
9
6

0
,0

4
4
3

0
,0

0
0
2
5
4

0
,0

8
5
6

0
,0

0
1
3
0

0
,0

6
0
5

0
,1

9
6

9
6
9

0
,6

2
5

0
,6

2
6

0
,6

2
6

0
,2

6
0
,0

4
4
4

0
,0

4
4
3

0
,0

3
9
6

0
,0

4
4
3

0
,0

0
0
2
5
5

0
,0

8
5
6

0
,0

0
1
3
0

0
,0

6
0
5

0
,1

9
7

9
8
0

0
,6

2
9

0
,6

3
0

0
,6

3
0

0
,4

1
0
,0

5
4
3

0
,0

5
4
4

0
,0

4
8
8

0
,0

5
4
4

0
,0

0
0
4
0
9

0
,1

0
6

0
,0

0
1
9
7

0
,0

7
4
7

0
,2

0
7

1
1
1
7

0
,6

0
8

0
,6

0
6

0
,6

0
7

0
,4

1
0
,0

5
4
3

0
,0

5
4
4

0
,0

4
8
8

0
,0

5
4
4

0
,0

0
0
4
0
6

0
,1

0
6

0
,0

0
1
9
7

0
,0

7
4
7

0
,2

0
5

1
1
0
0

0
,6

0
2

0
,6

0
1

0
,6

0
2

0
,6

3
0
,0

6
5
1

0
,0

6
5
2

0
,0

5
8
2

0
,0

6
5
2

0
,0

0
0
6
2
8

0
,1

2
6

0
,0

0
2
8
0

0
,0

8
9
0

0
,2

2
4

1
3
2
6

0
,5

9
2

0
,5

9
0

0
,5

9
1

0
,6

3
0
,0

6
5
1

0
,0

6
5
2

0
,0

5
8
2

0
,0

6
5
2

0
,0

0
0
6
2
9

0
,1

2
6

0
,0

0
2
8
0

0
,0

8
9
0

0
,2

2
4

1
3
3
2

0
,5

9
4

0
,5

9
2

0
,5

9
3

0
,8

4
0
,0

7
3
2

0
,0

7
3
0

0
,0

6
5
9

0
,0

7
3
1

0
,0

0
0
8
3
5

0
,1

4
3

0
,0

0
3
6
0

0
,1

0
1

0
,2

3
2

1
4
4
6

0
,5

8
9

0
,5

9
2

0
,5

9
0

0
,8

4
0
,0

7
3
2

0
,0

7
3
0

0
,0

6
5
9

0
,0

7
3
1

0
,0

0
0
8
3
6

0
,1

4
3

0
,0

0
3
6
0

0
,1

0
1

0
,2

3
3

1
4
5
0

0
,5

9
0

0
,5

9
2

0
,5

9
1

1
,0

6
0
,0

8
0
6

0
,0

8
0
5

0
,0

7
2
8

0
,0

8
0
6

0
,0

0
1
0
6

0
,1

5
8

0
,0

0
4
3
9

0
,1

1
1

0
,2

4
1

1
5
7
4

0
,5

8
6

0
,5

8
8

0
,5

8
7

1
,0

6
0
,0

8
0
6

0
,0

8
0
5

0
,0

7
2
8

0
,0

8
0
6

0
,0

0
1
0
6

0
,1

5
8

0
,0

0
4
3
9

0
,1

1
1

0
,2

4
1

1
5
7
1

0
,5

8
6

0
,5

8
8

0
,5

8
7

1
,2

5
0
,0

8
6
0

0
,0

8
6
0

0
,0

7
8
2

0
,0

8
6
0

0
,0

0
1
2
5

0
,1

6
9

0
,0

0
5
0
6

0
,1

2
0

0
,2

4
7

1
6
6
4

0
,5

8
9

0
,5

8
9

0
,5

8
9

1
,2

5
0
,0

8
6
0

0
,0

8
6
0

0
,0

7
8
2

0
,0

8
6
0

0
,0

0
1
2
5

0
,1

6
9

0
,0

0
5
0
6

0
,1

2
0

0
,2

4
6

1
6
5
5

0
,5

8
7

0
,5

8
8

0
,5

8
8

 



172 
 

V
-N

o
tc

h
 (

K
a
o
lin

 5
,4

8
%

)

Y
ie

ld
 s

tr
e
s
s
 (

P
a
)=

0
,2

4
6

k
 (

P
a
.s

n
)=

0
,0

2
9
4

n
=

0
,6

4
5

T
a
n
(ϑ

/2
)=

0
,4

1
4

g
 (

m
/s

2
)=

9
,8

1
3

C
o
s
(ϑ

/2
)=

0
,9

2
4

D
e
n
s
it
y
 (

k
g
/m

3
)=

1
0
9
0

F
lo

w
G

a
u
g
e
1

G
a
u
g
e
2

G
a
u
g
e
3

G
a
u
g
e
 A

vg
.

F
lo

w

W
e
tt

e
d
 

P
e
ri
m

e
te

r
A

re
a

H
y
d
ra

u
lic

 

R
a
d
iu

s
V

e
lo

c
it
y
 R

e
y
n
o
ld

s
 

n
u
m

b
e
r

C
d
1

C
d
2

C
d
a
vg

(l
/s

)
m

m
m

m
m

3
/s

m
m

2
m

m
/s

R
e

H

1
,6

6
0
,0

9
6
6

0
,0

9
6
6

0
,0

8
8
3

0
,0

9
6
6

0
,0

0
1
6
6

0
,1

9
1

0
,0

0
6
4
5

0
,1

3
5

0
,2

5
7

1
8
2
6

0
,5

8
6

0
,5

8
5

0
,5

8
6

1
,6

6
0
,0

9
6
6

0
,0

9
6
6

0
,0

8
8
3

0
,0

9
6
6

0
,0

0
1
6
6

0
,1

9
1

0
,0

0
6
4
5

0
,1

3
5

0
,2

5
7

1
8
2
4

0
,5

8
5

0
,5

8
5

0
,5

8
5

1
,4

4
0
,0

9
1
3

0
,0

9
1
4

0
,0

8
3
4

0
,0

9
1
4

0
,0

0
1
4
4

0
,1

8
0

0
,0

0
5
7
6

0
,1

2
8

0
,2

5
0

1
7
2
2

0
,5

8
5

0
,5

8
4

0
,5

8
4

1
,4

5
0
,0

9
1
3

0
,0

9
1
4

0
,0

8
3
4

0
,0

9
1
4

0
,0

0
1
4
5

0
,1

8
0

0
,0

0
5
7
6

0
,1

2
8

0
,2

5
2

1
7
4
1

0
,5

8
8

0
,5

8
7

0
,5

8
8

2
,0

3
0
,1

0
4
6

0
,1

0
4
8

0
,0

9
5
2

0
,1

0
4
7

0
,0

0
2
0
3

0
,2

0
6

0
,0

0
7
5
0

0
,1

4
6

0
,2

7
0

2
0
1
9

0
,5

8
5

0
,5

8
3

0
,5

8
4

2
,0

3
0
,1

0
4
6

0
,1

0
4
8

0
,0

9
5
2

0
,1

0
4
7

0
,0

0
2
0
3

0
,2

0
6

0
,0

0
7
5
0

0
,1

4
6

0
,2

7
1

2
0
3
4

0
,5

8
7

0
,5

8
5

0
,5

8
6

2
,2

5
0
,1

0
8
9

0
,1

0
9
1

0
,0

9
9
2

0
,1

0
9
0

0
,0

0
2
2
5

0
,2

1
5

0
,0

0
8
1
5

0
,1

5
2

0
,2

7
7

2
1
2
5

0
,5

8
8

0
,5

8
5

0
,5

8
7

2
,2

5
0
,1

0
8
9

0
,1

0
9
1

0
,0

9
9
2

0
,1

0
9
0

0
,0

0
2
2
5

0
,2

1
5

0
,0

0
8
1
5

0
,1

5
2

0
,2

7
7

2
1
2
5

0
,5

8
8

0
,5

8
5

0
,5

8
7

2
,4

2
0
,1

1
2
2

0
,1

1
2
2

0
,1

0
2
1

0
,1

1
2
2

0
,0

0
2
4
2

0
,2

2
1

0
,0

0
8
6
3

0
,1

5
6

0
,2

8
0

2
1
8
8

0
,5

8
7

0
,5

8
7

0
,5

8
7

2
,4

1
0
,1

1
2
2

0
,1

1
2
2

0
,1

0
2
1

0
,1

1
2
2

0
,0

0
2
4
1

0
,2

2
1

0
,0

0
8
6
3

0
,1

5
6

0
,2

7
9

2
1
7
0

0
,5

8
5

0
,5

8
5

0
,5

8
5

2
,6

1
0
,1

1
5
9

0
,1

1
6
0

0
,1

0
5
8

0
,1

1
6
0

0
,0

0
2
6
1

0
,2

2
9

0
,0

0
9
2
7

0
,1

6
2

0
,2

8
1

2
2
1
0

0
,5

8
2

0
,5

8
2

0
,5

8
2

2
,6

1
0
,1

1
5
9

0
,1

1
6
0

0
,1

0
5
8

0
,1

1
6
0

0
,0

0
2
6
1

0
,2

2
9

0
,0

0
9
2
7

0
,1

6
2

0
,2

8
1

2
2
1
0

0
,5

8
2

0
,5

8
2

0
,5

8
2

1
,8

1
0
,0

9
9
9

0
,1

0
0
0

0
,0

9
1
4

0
,0

9
9
9

0
,0

0
1
8
1

0
,1

9
8

0
,0

0
6
9
2

0
,1

4
0

0
,2

6
1

1
8
8
6

0
,5

8
5

0
,5

8
4

0
,5

8
5

1
,8

0
0
,0

9
9
9

0
,1

0
0
0

0
,0

9
1
4

0
,0

9
9
9

0
,0

0
1
8
0

0
,1

9
8

0
,0

0
6
9
2

0
,1

4
0

0
,2

6
0

1
8
7
0

0
,5

8
3

0
,5

8
2

0
,5

8
2

 



173 
 

Table 4.18 Flow rate measurement of kaolin 6.71% through V-notch 
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Table 4.19 Flow rate measurement of kaolin 8.32% through V-notch 
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Table 4.20 Flow rate measurement of kaolin 10.91% through V-notch  
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Table 4.21 Flow rate measurement of kaolin 12.62% through V-notch 
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Table 4.22 Flow rate measurement of kaolin 14.64% through V-notch 
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Table 4.23 Flow rate measurement of kaolin 15.31% through V-notch 
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Table 4.24 Flow rate measurement of kaolin 16% through V-notch 
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APPENDIX J: V-notch flow rate measurement results (Bentonite suspension) 
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Table 4.25 Flow rate measurement of bentonite 4.14% through V-notch 
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Table 4.26 Flow rate measurement of bentonite 5.14% through V-notch 
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Table 4.27 Flow rate measurement of bentonite 6% through V-notch 
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APPENDIX K: V-notch flow rate measurement results (CMC solution) 
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Table 4.28 Flow rate measurement of CMC 1.73% through V-notch 
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Table 4.29 Flow rate measurement of CMC 4.63% through V-notch 
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Table 4.30 Flow rate measurement of CMC 6.2% through V-notch 
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Table 4.31 Flow rate measurement of CMC 7.3% through V-notch 
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Table 4.32 Flow rate measurement of CMC 8.35% through V-notch 
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