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Abstract. Notches have been used as water flow measuring devices for many years. They are usually 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. However, they have not been used to measure the flow rate of non-Newtonian fluids from tanks. This is mainly due to the fact that viscous properties of these fluids are complex. The aim of this research was to measure the flow rate of non-Newtonian fluids flowing from a tank using a rectangular notch. The Flow Process Research Centre laboratory was used to perform the test work. Water tests were carried out for calibration of the notch. Different concentrations of Carboxymethyl Cellullose (CMC) solution and kaolin and bentonite suspensions were prepared and used as model non-Newtonian fluids. The rheology was measured with an in-line tube viscometer linked to the flume rig. Flow depth was determined using digital depth gauges and flow rate measurements were recorded using magnetic flow meters. From these experiments, the coefficients of discharge (Cd) values and non-Newtonian Reynolds numbers for each fluid and concentration were calculated. The Cd values versus the two commonly used definitions of the Reynolds number ReH and ReMR numbers for each fluid and concentration was plotted. The results indicated that the flow regime spanned both laminar and turbulent flow conditions. The higher concentrations of the fluids were in laminar flow and the Cd values became constant for the lower concentrations aligning with the values obtained for water. More work will be done to establish correlations to predict the flow rate of these complex fluids using a notch.
KEY WORDS: rectangular notch, non-Newtonian, rheology, coefficient of discharge, Reynolds number, laminar, turbulent.

NOTATIONS
	b
	notch width (m)

	Cd
	coefficient of discharge 

	g
	acceleration due to gravity  (m/s2)

	h
	fluid height (m)

	k
	fluid consistency index (Pa.sn)

	k’
	apparent fluid consistency index (Pa.sn)

	n
	flow behaviour index

	n’
	apparent flow behaviour index

	Q
	flow rate (m3/s)

	Re
	Reynolds number

	ReH
	Haldenwang et al (2002) Reynolds  number (Eqn. 4)

	ReMR
	Metzner and Reed Reynolds number (Eqn. 7)

	Rh
	hydraulic radius (m)

	V
	velocity (m/s)

	(
	density (kg/m3)

	τy
	yield stress (Pa)

	(
	Viscosity (Pa.s)


1.INTRODUCTION

A rectangular notch is the oldest and also perhaps the most popular device used to measure the flow rate of water because of its simplicity. It is a cut that is perpendicular to direction of flow of a channel, with the notch having a horizontal base and vertical sides as shown in Figure 1.
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Fig.1. Rectangular sharp crested notch design and installation (Replogle, 2006)

The Cd value of a notch depends on the total head above the crest, Weber number, Reynolds number and surface tension (Lenz, 1943). The rectangular notch is useful in measurement of high flow rates, (Ackers et al., 1978).

The discharge equations below explain derivation of Kindsvater and Carter rectangular notch equation (USBR, 1997; Bos, 1989; Ackers et al., 1978):
Discharge over the notch is found by integration as shown in Equation 1
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Taking into account the contraction of the stream as it passes through the notch, Cd value is introduced and equation 2 becomes
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(3)
Haldenwang et al. (2007) investigated the relationship between Cd and total head for three concentrations each of kaolin and bentonite suspensions for rectangular and V notches. However, the relationship between Cd values and Reynolds number over sharp crested notches has not been investigated for non-Newtonian fluids but there has been some work done in open channels and orifices establishing Cd and Reynolds number relationships. 

Haldenwang et al. (2002) proposed a Reynolds (ReH) number for open channel flow based on the Herschel-Bulkley theoretical model adapted from the work done by Slatter (1994) for the pipe Reynolds number and this is given in equation 4
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(4)
This equation reverts to the Newtonian Reynolds number as shown below
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(5)
According to Horton (1907), the theorem that stated that an orifice becomes a notch when the water level falls below its upper boundary was developed by Torricelli (1643) and experimentally confirmed by Marriotte (1685).  
Therefore the research by Dziubin’ski and Marcinkowski (2006) 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 was considered. They used an equation developed by Metzner and Reed (1955) to compute the Reynolds number of CMC solutions as per Equation 6.  Figure 2 shows results obtained by Dziubiński and Marcinkowski (2006) for different concentration of CMC solution.
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For open channel flow equation 5 would be
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with 
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Fig.2. Discharge coefficient versus generalized Reynolds number ReMR 
for selected L/d values. (Dziubin’ski and Marcinkowiski 2006)
Ntamba (2011) conducted a similar research using short square-edged orifice plates for water (Newtonian fluid), CMC solution, kaolin and bentonite suspensions (non-Newtonian fluids).  Figure 3 illustrates Ntamba’s (2011) results.

Both authors concluded that discharge coefficient of both viscous Newtonian fluids and non-Newtonian fluids increased with an increasing Reynolds number at the laminar flow and became constant at turbulent flow. 
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Fig.3. Discharge coefficient data for square-edged orifice plate
with equivalent diameter ratio β = 0.7 (Ntamba, 2011)
2. EXPERIMENTAL PROCEDURE
2.1APPARATUS
A flume rig 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 was used.  Magnetic flow meters were fitted to the tube viscometer. Rectangular notch, and three depth gauges were assembled at the inlet tank.  Data acquisition unit and a computer were used to capture and process data.

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. It had an electric mixer attached to it which could be controlled to produce varying mixing speeds. This mixer was mainly used to mix water with powdery materials to form a suspension or slurry and to avoid settlement of suspensions.  
A positive displacement pump was used to pump fluids from the mixing tank to an in-line tube viscometer.  

The system consisted of a heat exchanger which helped regulate the fluid temperature before entering the in-line tube viscometer. The tube viscometer consisted of 13, 28 and 80 mm diameter tubes. The tube viscometer was used to measure the rheological properties of the fluids.
Each pipe had two pressure tapping points situated at the centre. Pressure tapping points were connected to flushing pods which were fitted to two differential pressure transducers cells (DPT). There was high DPT cell and low DPT cell. They were used to establish differential change in pressure between tapping points along each pipe. A mass flow meter was attached to a 13 mm diameter pipe to measure density, flow rate and temperature of the fluid in the system. Magnetic flow meters were fitted to each tube to regulate and measure the flow rate of the fluid that was being pumped from a mixing tank through a rig. The fluid flowed from an in-line tube viscometer through a pipe to a 900 by 900 mm square tank. A rectangular notch with a breadth (b) of 123.4 mm was attached to the outlet of the tank to determine the Cd values and head of the notch for a tested fluid. 10 m long by 300 mm wide flume connected the outlet of the tank and the mixing tank. Figure 4 illustrates the above equipment. 
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Fig. 4 Tube viscometer and flume rig (Haldenwang 2003)
There were three electronic depth gauges fitted to the inlet tank. Two gauges were connected a distance away from the notch crest to record the heights which were used to compute the Cd values. The third gauge was fitted on top of the crest and the height above the notch crest was used to calculate the Reynolds number. 

A data acquisition unit was used to capture data from DPT cells, flow meters and depth gauges. 

Water test were carried out for calibration of notches. Kaolin (5.5%, 6.7%, 8.2%, 10.9%, 12.6%, 14.6%, 15.3% and 16%), CMC (1.7%, 4.6%, 6.2%, 7.3% and 8.4%) and bentonite (4.2%, 5.2% and 6%), were prepared and tested. These selected material exhibit power-law, yield pseudo-plastic and Bingham fluid behaviour respectively.

3. RESULTS AND DISCUSSIONS
Equation 3 was used to calculate the Cd values for all the fluids. The Haldenwang et al, (2002) equation (Eq 4.) was used to compute the ReH for all non-Newtonian fluids and the Metzner and Reed (1955) equation was used for calculating of of CMC solution ReMR. In order to calculate the Reynolds number the fluids rheological parameters were obtained using the tube viscometer data. The rheological parameters of all fluids tested in this work are given in Table 1.







Table 1
Rheological parameters obtained from tube viscometer
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4.2 1.15 0.003 1

5.2 2.29 0.004 1

6.0 4.88 0.004 1

5.5 0.246 0.029 0.645

6.7 0.601 0.045 0.596

8.2 1.50 0.099 0.517

10.9 2.60 0.129 0.542

12.6 5.20 0.158 0.527

14.6 9.90 0.208 0.536

15.3 10.4 0.219 0.531

16.0 15.8 0.259 0.500

1.7 0.024 0.747

4.6 0.213 0.763

6.2 0.646 0.710

7.3 2.974 0.611

8.4 3.423 0.609

CMC

Bentonite

Kaolin


In addition to obtaining the rheology for each fluid and different concentrations, the flow rate and depth measurements through rectangular notch were done. The Reynolds number and Cd values were computed and plotted as shown in Figure 5. 
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Fig.5. Comparison of CMC solution, kaolin and bentonite suspensions to correlate Cd
Figure 5 shows that the high concentrations of power-law fluids (kaolin and CMC) are in laminar flow and maintained an average slope of 0.4243. At low concentration and for Bingham plastic fluid (bentonite) the Cd values become constant and aligned with the water Cd values at an average Cd value of 0.6291. This indicates the turbulent region. The transition region is seen to end at Re of 280. Similar behaviour was obtained from Dziubiński and Marcinkowiski (2006) and Ntamba (2011) results for flow rate measurement of both Newtonian and Non-Newtonian fluids through orifices. There is no significant difference for the ReH and ReMR numbers for flow of the CMC solutions in the present case.

4. CONCLUSIONS
The flow rate measurement of non-Newtonian fluids using a rectangular notch was conducted. The equation used for calculating the Cd values of Newtonian fluids was also used to compute Cd values of non-Newtonian fluids. In laminar flow the relationship between Cd –Re was 0.055Re0.4243, transition occurred at Re = 280 and in turbulent flow the Cd value was found to be 0.6291 which is independent of the Reynolds number. Computation of Reynolds number for all fluids is illustrated and the results analysed based on previous work done on orifices, since there is no similar work done on notches. The results obtained affirm the statement made by Horton (1907), that there is a similarity between an orifice and a notch. Further research will be done to predict the flow rate for non-Newtonian fluids using notches.
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