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Abstract. Existing problems of orifice, nozzle and venturi flow meters are predominantly attributable to their limited range of flow measurement (mainly in turbulent flow), the permanent pressure drop produced in the pipeline, and their sensitivity to upstream installation effects. In order to improve some of these insufficiencies, contracting-diverging (C-D) tubes were manufactured, consisting of symmetrical converging and diverging cones at various angles and diameter ratio. The tests were conducted on the multipurpose test rig on the slurry laboratory at Cape Peninsula University of Technology. The results are presented in terms of the discharge coefficient as a function of the Reynolds number on semi-log graphs. An increased application range of Reynolds number from102 to 106 with a discharge coefficient of 0.96 – 0.99 were found compared  to the classical venturi tube ISO 5161 with a  measurement range of 105 to 106 with a discharge coefficient value of 0.995. This work provides a simple geometrical differential pressure flow meter for industrial application, in response to an increased need for flow measurements of viscous fluids using differential pressure flow meters.
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INTRODUCTION

Over the past six decades, the importance of flow measurement in the industry has grown, not just because it was widespread use, but also because of its application in manufacturing process. Throughout these years, performance requirements have become more stringent with unrelenting pressure for improved reliability, accuracy, linearity, repeatability and rangeability (Crabtree, 2009). Unless very high accuracy is required, or unless the application makes a nonintrusive device essential, the differential pressure should be considered. Despite the predictions of its demise, there is little doubt that the differential pressure flow meter will remain a common method of flow measurement for many years to come (Webster, 1999).

One of the major advantages of the orifice plate, venturi tube, or nozzle is that the measurement uncertainty can be predicted without the need for calibration, if it is manufactured and installed in accordance with one of the international standards covering these devices. And the main disadvantage of these devices is their limited range, the permanent pressure drop they produce in the pipeline (which can result in higher pumping costs), and their sensitivity to the installation effect (which can be minimised using straight lengths of pipe before and after the flow meter) (Webster, 1999). 

DIFFERENTIAL PRESSURE FLOW METERS

Differential pressure flow meters include orifice plates, venturi tubes, nozzles etc.  consist of two basic elements (Webster, 1999): A restriction to cause a pressure drop in the flow known as “a differential producer” and a device to measure the pressure drop across this restriction such as “a differential pressure transducer”. The operation of the flow meters are based on the observations made by Bernoulli in the 18th century  that  revealed that if an annular restriction is placed in a pipeline, the velocity of the fluid through the restriction is increased. The increase in velocity at the restriction causes the static pressure to decrease at this section, and a pressure difference is created across the element. The difference between the pressure upstream and pressure downstream of this obstruction is related to the rate of fluid flowing through the restriction and therefore through the pipe. 

PERFORMANCE STATEMENTS

Measures of flow meter element performance represent the difference between how an ideal flow meter would perform and how the real flow meter actually performs. Repeatability is the maximum deviation between measurements under the same conditions and with the same measuring instrument. This also refers to how stable the measurement will be over time (Spitzer, 2005). The accuracy of a flow meter is the ability to produce an output that corresponds to its characteristic curve, in other word it is the maximum deviation of a known measurement from a known standard or true value (Spitzer, 2005). Linearity is the ability of the relationship between the actual flow rate and the flow meter output often called the characteristic curve of the flow meter, to approximate a linear relationship (Spitzer, 2005).
DISCHARGE COEFFICIENT
DEFINITION
The actual flow rate of a fluid through a differential pressure flow meter has proven to be somewhat different from the theoretical value calculated in an ideal equation. Therefore, in actual practice, when high accuracy has been required it has been proven to be necessary to multiply the theoretical flow rate by an empirically coefficient called the discharge coefficient (Cd ) which is determined by the use of flow calibration (a physical measurement of the amount of fluid passing through a tube over a specified period of time) in order to establish the actual flow rate of fluid through a differential meter (Halmi, 1985). The discharge coefficient compensates for the effects of the Reynolds number as the fluid velocity changes, the effects of  energy losses in the device and the effects of shear forces produced by the fluid as it passes the taps causing the formation of vortices therein  (Halmi, 1985).

DETERMINATION OF DISCHARGE COEFFICIENT
Application of the conservation of mass, for incompressible flow across the cross-sections between the cross section at the inlet and at the throat, and the Bernoulli equation, the discharge coefficient can be determined by Eq (1)
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The ratio of throat diameter, d, to the diameter of the pipe, D, is called diameter ratio and denoted by β (Arun et al., 2010). The pressure drop in the converging section is denoted as PC, At is the area at the throat, Q is the flow rate and ( the density of the fluid.

The discharge coefficient is often presented as a function of Reynolds number.
A Reynolds number (Remod) modified by Slatter (1996) that can be used for Newtonian fluids, power-law and Herschel–Bulkley fluids is given by 
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where Remod is the Reynolds number, Vann is the average velocity in annulus, Dshear is the sheared diameter , (y is the yield stress, K is the fluid consistency index and n is the flow behaviour index.
RECENT WORK
Literature shows that the use of venturi flow meters can be extended to various applications such as gas flows (Reader-Harris et al., 2001) and gas-solid two-phase flow (Wu and Xie, 2008) if the venturi tube design is optimised.

Reader-Harris and co-authors (2001) opted for a change in the converging angle only and evaluated its effect on the discharge coefficient. The convergent angles selected in addition to the standard angle of 21° were either 10.5° or 31.5° and diameter ratios from 0.4 to 0.75. They found that the discharge coefficients of the venturi tubes with
a convergent angle of 10.5° and 31.5° were smaller than those with the standard angle. The larger convergent angles gave less repeatable results than ones with the standard convergent angle. In contrast, they obtained better discharge coefficients with the smaller angle for gas flows. 
Wu and Xei (2008) studied the mass flow rate of pulverised coal in power plant pipelines through venturi tubes. The venturi geometries were optimised in order to improve the measurement precision of venturi flow meters for dilute turbulent solid-gas two-phase flows and ensure stable measurements using existing differential manometers.

The authors established four groups of parameters according to the principle of optimisation after analysing the results as followed:

· The throat to inlet diameter ratio, β, has the greatest impact on differential pressure changes. If β is too large, the objective functions and measurement accuracy will not meet the requirement; however, if β is too small, the total pressure loss will increase and break restrictive conditions.

· The value of the length of contraction has little effect on differential pressure changes but it has a significant impact on pressure loss.
· It was found that an appropriate increase in the length of the throat can improve the linear dependence relation of differential pressure and mass flow rate of the mixture and ensure more stable and reliable measurements.

Miller and co-authors conducted a study to evaluate the effects of an emulsion mixture through a venturi flow meter (Miller et al., 2009). The primary focus of the study was to determine the effect of viscosity on the discharge coefficient for heavy oil fluid flows with viscosity ranging from 0.003 to 0.3 Pa.s. The Reynolds numbers varied between 400 and 24000. The authors derived Eq (3) that could be used to evaluate the discharge coefficient where A and B are constants based on experimental work and the viscosity of fluids.
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There is still significant uncertainty with the values of A and B depending on the viscosity of the fluid being used. The authors were able to determine that the resulting relative errors for Re>2000, ranged from 2 to 4%, while the uncertainty grew from 400<Re<2000 to as much as 6%. 

A venturi tube design for extending the constant behaviour of the discharge coefficient to lower Reynolds numbers were not addressed for viscous flows. In order to improve these insufficiencies, a flow meter consisting of symmetrical converging-diverging cones, where the throat is simply the annular section between the two cones, was  manufactured with various angles  and diameter ratios.
EXPERIMENTAL PROCEDURE

The experimental rig consists of five lines of PVC pipes with diameters ranging from 46mm to 100mm internal diameter (ID). Each line is 25m long, to allow a fully developed flow before and after each fitting. Test fluids were mixed in a 1.7m3 rubber-lined mixing tank. The fluids were circulated in a continuous loop using a positive displacement pump. The system was controlled by a heat exchanger, which was used to maintain the slurry temperature. The heat exchanger was followed by two valves coupled in parallel that directed the flow either to the top part of the rig (which contained smaller pipes 52, 63 and  2 x 46 mm) or the lower part (which contained the larger pipe,  100mmID).Each of the two routes was fitted with a flow meter (a KROHNE of 40 mm ID [5 l/s] and a SAFMAG of 100 mm ID [80 l/s]). After the flow meter, the fluids could enter any of the five test sections. An on/off diaphragm valve was situated at both ends of each tests pipe for isolation, so that only one line was tested at a time. After a fluid passed through a test section it was collected via a common pipe and directed to the mixing tank. Another KROHNE flow meter [11 l/s] of 65 mm ID was installed on common pipe to ensure accurate flow rate measurements over a wide range. At the outlet, it was possible to divert the fluid through a weigh tank used for calibration purposes. The PPT was used to measure the static pressure at a given point in the line test. The pressure gradients were measured with a pressure transducers of the type PHPWO1V1-AKAYY-OY [GP] version 25.0 Fuji Electric with maximum range of 500 kPa and a precision of 0.25%. The output of this instrument was a DC current ranging from 4 to 20 mA, proportional to the pressure applied. The range and span of this instrument was adjusted by handheld communicator (HHC). The Differential Pressure Transducers (DP cell) were used to measure the difference of static pressure between two points. Two DP cells of the type IKKW53VI-AKCYYAA [DP], version 25.0 Fuji Electric, were used to measure differential pressures.  The maximum ranges were 6kPa and 130 kPa respectively. They had the same characteristics as the PPT, i.e. a precision of 0.25%, and could be adjusted with a handheld communicator (HHC). A detailed description and drawing of the test rig is given by Ntamba Ntamba and Fester (2012). The typical design of the CD tube, with dimensions for ( = 0.6 and cone angle of 15(, and the classical venturi tube is given in Fig. 1.
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Fig. 1 Detailed drawing of CD and venturi tubes
Water tests were conducted in both the CD tube and the classical venturi flow meter. The discharge coefficient was determined for the CD tube and the classical venturi flow meter using water, CMC 2%, CMC 6% and the fly ash slurries. The rheological parameters are presented in Table 1. The fluid densities ranged from 1013 -1119 kg/m3. 

Table 1

Rheological parameters obtained from tube viscometer

	
	Density (kg/m3)
	(y
	K
(Pa.sn)
	n

	CMC 2%
	1013
	0
	0.016
	0.790

	CMC + XG
	1015
	0
	0.113
	0.712

	CMC 6%
	1031
	0
	2.203
	0.594

	Fly ash 4%
	1050
	0
	0.009
	1

	Fly ash 7%
	1119
	0
	0.041
	1


RESULTS AND DISCUSSIONS
The effect of converging and diverging cone angles and diameter ratio on the discharge coefficient is presented in Fig. 2. The discharge coefficient increased with decreasing cone angle at the same diameter ratio. For the same cone angle, the discharge coefficient increased with decreasing diameter ratio. The CD tube with (=0.6 and a 15( cone angle gave constant Cd results over the largest Reynolds number range. This configuration was therefore selected to be compared with the classical venturi tube. 
[image: image6.emf]
Fig. 2 Discharge coefficients obtained for CD tubes with different cone angle
and diameter ratio for various fluids

Figures 3 and 4 show the discharge coefficient as a function of Reynolds number for the venturi and CD tube respectively. The Reynolds number range for water obtained in both the venturi and the CD tube ranges from 20 000 to 200 000.

The dependence of Cd on the Reynolds number is evident from both the experimental results obtained in this work and the Cd values specified for the venturi tube. The venturi flow meter shows excellent repeatability for the various test sets. In contrast to this, the Cd values obtained for the CD tube is independent of the Reynolds number over this range. The one set of results obtained in 2012 shows an average Cd of 0.96 and the results obtained in 2013 shows a Cd of 0.99, which indicate that the CD tube is sensitive to installation effects. It is, however, very clear in both sets that Cd is independent of the Reynolds number. 

The performance of the venturi flow meter at Reynolds numbers less than 20 000 remains Reynolds number dependent for power-law fluids and fly ash. The CD tube performance remained Reynolds number independent to a Reynolds number of 1000, after which it showed a decrease with Reynolds number. A sudden drop in the Cd values is obtained for the CMC 6% solution from 0.99 at Re = 800 to 0.88 at Re = 200. Due to lack of results for fly ash, it is not certain if this reduction is due to the specific fluid properties or if the performance will drop for any fluid in this Reynolds number range.

The percentage uncertainty obtained for water results with the classical venturi tube was well within the standard limits below 2.5%. A maximum of 4% was obtained with CMC 6% at Reynolds numbers lower than 2000. This is in agreement with that obtained by Miller et al. (2009). The percentage uncertainty for water results obtained with the CD tube was in most cases higher than that of the classical venture, but within the limit of 2.5%. The highest uncertainty of 5.7% was obtained with fly ash and CMC 2%.
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Fig. 3 Discharge coefficients obtained with venturi
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Fig. 4 Discharge coefficients obtained with CD tube
CONCLUSIONS

The performance of a simple CD tube was compared with a classical venturi flow meter  to evaluate the performance over a wide range of Reynolds numbers from 300 to 200 000 using water, polymeric solutions and particulate slurries. The CD tube flow meter can be used over a wider range of Reynolds numbers where Cd remains independent of the Reynolds number 3 orders of magnitude lower than that which can be achieved with the classical venturi flow meter. The CD tube, however, suffers from installation effects and this issue will be addressed in future research.  
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