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ABSTRACT

The prediction of the energy losses when designing pipeline and pumping systems requires
accurate loss coefficient data. But the loss coefficient data found in the open literature was not
adequate for predicting the loss coefficient for Saunders straight-through diaphragm valves.

As more accurate loss coefficient data to enable more efficient pipeline designs are scarce in
the open literature, it is problematic to predict the head loss due to the pipeline fittings, and
particularly for diaphragm valves. Most of the data given in the literature are for turbulent flow
based on water. Due to water shortages mining operations are forced to increase their solids
concentrations and to operate in laminar flow (Slatter, 2002). Consequently there is a need to
determine loss coefficient data in laminar flow for valves used in these industries to ensure
energy efficient designs (Pienaar et al., 2001; 2004) or if needed, to derive a new correlation to
predict losses through Saunders diaphragm valves.

However, a systematic study of various sizes of diaphragm valves of different manufacturers to
ascertain, if the same loss coefficient can be applied, has never been done. Therefore a
comparison will be made between the data produced in this work and the existing correlations.

The objective of this research was to determine loss coefficient data in laminar, transitional and
turbulent flow for the Saunders type straight-through diaphragm valves ranging from 40 mm to
100 mm in the fully open, 75 %, 50 % and 25 % open positions, using a range of Newtonian and
non-Newtonian fluids. The test work was conducted on the valve test rig in the Flow Process
Research Centre at the Cape Peninsula University of Technology.

This work investigated only Newtonian and time independent homogeneous non-Newtonian
fluids or slurries flowing through Saunders straight-through diaphragm valves in the turbulent,
transitional and laminar regimes.

Weir-type Saunders valves and time-dependent fluid behaviour were not investigated in this
study.
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The results for each test are presented in the form of valve loss coefficient (kvave) against
Reynolds number (Re).

This thesis adds new loss coefficient data to the open literature, and a new correlation, which
will be useful for designing pipelines in industries, as well as contributing to the academic
debate in this discipline.
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NOMENCLATURE

SYMBOL DESCRIPTION UNITS
¥ Shear rate s

a Effect of partial opening and change in Reynolds number

Ao Nominal turbulent loss coefficient

0 Valve opening position

o Standard deviation

X Population mean or average

%C, Volumetric percentage of the slurry

v Kinematic viscosity m?/s
P Density of the fluid kg/m®
w Dynamic viscosity of the fluid Pa.s
T Shear stress Pa

Ty Yield stress Pa

P Static pressure Pa
AP Total pressure loss Pa

A Cross section area of the pipe m?
C, Laminar flow valve loss coefficient constant

D Pipe diameter m

E Total energy per unit mass J/kg
F Friction loss coefficient

g Gravitational acceleration m/s?
G Elasticity modulus

H Total head of the system m

k Pipe roughness

Ky Loss coefficient of the valve

K Fluid consistency index Pa.s"
K’ Apparent fluid consistency index Pa.s"
L The length of the pipe m

Le Equivalent length m

m Mass of a substance kg
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my Slope

z

Size of population

n Flow behaviour index

n’ Apparent flow behaviour index

p Pressure (static) Pa

Q Volumetric flow rate m®%/s

r Plug radius m

R Pipe radius m

RD Relative density

Re Reynolds number

Rewr Metzner-Reed Reynolds number for pseudo plastic fluids

Res Slatter’s Reynolds number for yield pseudo plastic and Bingham
plastic fluids

T Time S

U Point velocity m/s

Vv Mean velocity m/s

X Data point in a population

Z Height of the pie centre-line above datum m

€ Pipe wall roughness m

SUBSCRIPT DEFINITION

1 First point of measurement

2 Second point of measurement
3 Third point of measurement
Ann Annulus

B Bingham

HB Herschel-Buckley

Liq Liquid

O Pipe wall

W Water

o0 Infinite
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CHAPTER1 INTRODUCTION

1.1 INTRODUCTION

Accurate loss coefficient data to enable more efficient pipeline designs for non-Newtonian fluids
are scarce in the open literature, making it difficult to predict the head loss due to the pipeline
fittings, and particularly for diaphragm valves. Most of the data given in the literature are for
turbulent flow based on water. Due to water shortages, mining operations are forced to increase
their solids concentrations, so that they are now forced to operate in laminar flow (Slatter, 2002).
As a consequence there is a need to determine loss coefficient data in laminar flow for valves
used in these industries to ensure energy efficient designs (Pienaar et al., 2001; 2006).
However, a systematic study of various sizes of diaphragm valves of different manufacturers to
ascertain if the same loss coefficient can be applied has not yet been done.

The objective of this project is to produce a data base of loss coefficient data for Saunders
valves for various diameters and openings. A comparison of the results with those obtained
previously for Natco diaphragm valves will be conducted to evaluate the effect of valves
produced by different manufacturers. This will provide input data to enable more efficient
pipeline plant designs.

1.2 STATEMENT OF RESEARCH PROBLEM

The prediction of the energy losses when designing pipeline and pumping systems requires
accurate loss coefficient data. However, there is a lack of sufficient laminar loss coefficient data
of non-Newtonian fluids through straight-through diaphragm valves, as well as a need for a

complete comparison of loss coefficient data between valves from two different manufacturers.
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1.3 AIM AND OBJECTIVES

The objective of this work was:

» To experimentally determine the loss coefficient of Saunders diaphragm valves at

different opening positions, for a range of Newtonian and non-Newtonian materials.

» To compare the loss coefficient data for fully, 75 %, 50 %, and 25 % open valve position
between Natco and Saunders diaphragm valves.

» To evaluate existing correlations for predicting losses through straight-through
diaphragm valves and, if needed, to derive a correlation for predicting losses in
Saunders valves.

1.4 METHODOLOGY

In order to achieve the objectives, the following was done:

A literature review of related topics on flows of both Newtonian and non-Newtonian fluids
through pipe fittings was conducted.

The losses through Saunders diaphragm valves of 40 mm, 50 mm, 65 mm, 80 mm and 100 mm
bore diameter at fully, 75 %, 50 % and 25 % open was measured using the valve test rig in the
slurry lab at the Cape Peninsula University of Technology. The five straight pipes could also be
used for the determination of the rheology. The valve test rig has been commissioned and the
data obtained proved to be reliable (Kazadi, 2005).

Water, a Newtonian fluid, was used for the calibration of the valve test rig and non-Newtonian
fluids (carboxymethylcellulose and kaolin at three different concentrations) were used.

The results for each test are presented in the form of valve loss coefficient (kyave) against
Reynolds number (Re).
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Correlations were evaluated and, a new correlation was derived to predict losses through
Saunders diaphragm valves.

1.5 SCOPE

This work investigates only Newtonian and time-independent homogeneous non-Newtonian
fluids or slurries flowing through Saunders straight-through diaphragm valves in the turbulent,
transitional and laminar regimes.

Weir-type Saunders valves and time-dependent fluid behaviour were not investigated in this
thesis.

1.6 IMPORTANCE AND BENEFITS

This thesis adds loss coefficient data to the open literature, which will be useful for designing
pipelines in industries, as well as contributing to the academic debate in this discipline.
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CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

This chapter reviews the theory and literature relevant to Newtonian and non-Newtonian fitting
losses. The definition, description, purposes of the fittings and its impact on pipeline design is
described. An overview of the methodology used to measure the additional losses in the fittings
is also given.

Some rheological models used by many researchers are outlined. The behaviour of Newtonian
fluids through valves is reviewed and the current methods to predict non-Newtonian laminar flow
through valves are discussed.

2.2 PURPOSE OF FITTINGS

Fittings in piping and tubing systems have five main functions (Franck et al., 2001):
» Changing the direction of the flow

Providing branch connections

Changing the sizes of lines

Closing lines

YV V V VY

Connecting lines

2.3 DEFINITION AND CLASSIFICATION OF PIPE FITTINGS

Crane (1999) classified fittings in different types such as deflecting, branching, reducing and
expanding.

Deflecting fittings are part of those which change the direction of the flow, such as bends,
elbows, etc., while tees, crosses and side outlet elbows may be called branching fittings.
Reducing or expanding fittings are those which change the area of the fluid passageway
(Crane, 1999).

Franck et al. (2001) defined a valve as any device by which the flow may be started, stopped, or
regulated by a movable part that opens or obstructs passage.
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Those that exhibit a straight-through flow would fall in the low resistance class. On the other
hand, those that cause a change in flow path direction would fall in the high resistance class
(Crane, 1999).

In general, valves are differentiated according to their design features such as sliders, cocks
and flaps. However, in practice, they are often distinguished according to their function, type
and function, or combined construction type-function and material (Myles, 2000).

2.4 TYPES OF VALVES

There are many kind of valves, but in the context of this investigation the straight-through
diaphragm type will be studied. However, other types of valves that can be encountered will be
described briefly in the section below.

Gate valves, closed or opened. They can be used for long periods on a variety of water, gas
and chemical duties with a sure satisfactory operation when needed. Erosion can arise from
attempting fine control or throttling. High lift valves are needed for installation and maintenance,
for high stem and service with heavy solids in suspension could be troublesome, possibly
creating seat wear and shut-off problems (Myles, 2000).

Globe valves are not suitable for handling virulent sluggish and as ideal steam valves. They are
used with other modifications as both stop and control valves. They can be found in both globe
type body or angled versions in a range of materials (Myles, 2000).

Ball valves are suitable for wide choice of materials and size range, and for high pressure and
high temperature in isolation, or combined with other valves. Where other valves, they are
useful for abrasive duties, sterility, coagulating fluids and throttling applications (Myles, 2000).
The 90° to 270° plug valves are available with either taper or parallel plugs. They offer a very full
capacity and streamlined flow in the open position. For effective operation, lubricant under
pressure is injected between the plug face and body seat. Pressure loss is minimal and high
pressure easily handled with both liquids and gases (Myles, 2000).

Butterfly valves are excellent for systems requiring a lightweight compact unit which is good for
on-off and regulation work. Large and heavy solids services should be avoided, as should too
rapid disc operation, seeing that there is a possibility of induced pressure surge and water
hammer (Myles, 2000).

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves A Mume Kabwe



Chapter 2: Literature review 7

Pinch valves are probably the simplest and most cost efficient valves available. Basically they
comprise of a rubber hose or sleeve which is clamped in a pipeline and pinched or squeezed to
stop or control the flow. In the fully open position the valve is similar to a straight-through
rubber-lined pipe. They are used mainly where abrasion, sewerage, solids handling and/or
corrosion is a factor (Myles, 2000).

Diaphragm valves are equally suited to on-off plus throttling, pressure and high vacuum, air or
hazardous chemicals. The maintenance is practically nil. It has set flow characteristics, but the
expansive coverage provided is such that almost every industry has absorbed it somewhere into
the process (Myles, 2000).

Table 2.1 shows common types of valves, a sectional view and their mode of closure (Myles,
2000).

Table 2.1: Type of valves (Myles, 2000).

NAME SECTIONAL VIEW TYPE OF CLOSURE
..J*l_
Gate valve WI
—8—
1"'Lr
Globe valve g
Ball valve
o
R4
Plug valve
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NAME

SECTIONAL VIEW

TYPE OF CLOSURE

Butterfly valve

Diaphragm valve

Pinch Valve

2.5 DIAPHRAGM VALVES

2.5.1 Advantages of diaphragm valves

Diaphragm valves offer distinct advantages in applications where absolute 100 % sealing is
required, and where the line fluid cannot be contaminated by the ingress of the atmosphere.
Even when slurries are being handled, or solids are present in the liquids, leak-tightness is
assured, due to the ability of the diaphragm to engulf particles on closure, and release them

downstream when the valve is again opened.

Diaphragm valves provide an equally effective shut-off with gases under pressure, or vacuum.
There is no need for any gland-packing devices for the stem, as the diaphragm provides total

sealing between the medium and atmosphere.
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2.5.2 Features of diaphragm valves

There are three basic components in a diaphragm valve, namely, the body, the bonnet, and the

diaphragm. Additional features can be summarised as follows:

>

YV VvV

YV V VYV V

The diaphragm, which is the only component which needs to be replaced, can be
replaced without the need to dismantle the body from the pipeline.

Contamination-free performance and smooth flow characteristics are ensured through
the pocket-less design.

Appropriate selection of diaphragm materials permits handling of a wide range of media.
The valve can be mounted in any position and can be supplied with offset flange drilling
to suit.

Operation can be by handwheel or linear actuator.

Opened, closed, or intermediate positions are indicated.

Mechanical locking arrangements are available.

The valve may, in certain applications, be used for throttling.

Types of diaphragm valves

Two types of diaphragm valves are available, namely: the straight-through type diaphragm valve

and the weir or dam-type diaphragm valve shown respectively in details in Figures 2.1 and 2.2.

Material Specification
Part No | Component Material
1 Hand wheel pin Spring steel
2 Hand wheel Cast iron
3 Stem Stainless steel
4 Bonnet Cast iron
5 Compressor Cast iron
6 Studs/bolts & nuts Carbon steel
7 Diaphragm Rubber
8 Body Cast iron

Figure 2.1: The straight-through type diaphragm valve (Saunders valves, 2007).
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The straight-through type diaphragm valves are suitable for slurries or suspensions and fluids

which coagulate and powders where pigging or rodding is needed. They are available with

flanged or screwed bodies (Myles, 2000).

Material Specification

Part No Component Material
1 Hand wheel pin Spring steel
2 Hand wheel Cast iron
3 Stem Stainless steel
4 Bonnet Cast iron
5 Compressor pin Cast iron
6 Thrust disc Spring steel
7 Compressor Polyacetal
8 Studs/bolts & nuts Carbon steel
9 Diaphragm Rubber
10 Body Cast iron

Figure 2.2: The weir- or dam-type diaphragm valve (Saunders valves, 2007).

The body incorporates an internal weir which reduces diaphragm travel and allows for precise

throttling control. They are available with either flanges or with screwed socket (Myles, 2000).

The weir-type diaphragm valves are suitable for less viscous fluids.

2.6 IMPACT OF FITTINGS

The so-called minor losses outweigh the ordinary friction loss in short pipes (Massey, 1990).

The losses invariably arise from sudden changes of velocity (either in magnitude or direction).

These changes generate large-scale turbulence in which energy is dissipated as heat (Massey,

1990).
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2.7 FLOWS IN STRAIGHT PIPES

2.7.1 Shear stress distribution in a straight pipe

With regard to the flow of an incompressible fluid in a closed conduit, such a pipe is subject to
inertia forces and viscous forces (Massey, 1990). Due to these forces, one is able to distinguish
two different types of flow, namely the laminar and the turbulent flow. Laminar flow may occur in
many situations. It occurs at velocities low enough for forces due to viscosity to predominate
over inertia forces. Turbulent flow is subject to random fluctuating components that are
superimposed on the main flow, and these hap-hazard movements are unpredictable (Massey,
1990).

Velocity distribution Stress distribution

] O Y

Figure 2.3: Velocity and shear stress distribution (Slatter, 1994)

The shear stress distribution, illustrated in Figure 2.3, in a pipe is given by the relationship:

Apr .
T=—— Equation 2.1
2L
where Ap is the pressure gradient in the portion of a straight pipe of length L and the radial
distance r (Chhabra & Richardson, 1999)
At the pipe wall Equation 2.1 becomes:
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ApD .
T, =—— Equation 2.2
4L

2.7.2 Energy loss in straight pipe

When a fluid flows in a straight pipe the dissipation of energy manifests itself as head loss and
can be calculated using the Darcy-Weisbach formula (Massey, 1990):

2
AH = ﬂ V— Equation 2.3
D |\ 2¢g

Where f is the fanning friction factor defined as (Massey, 1990):

2T, .
f=—>7 Equation 2.4
pV

The velocity V is obtained from Equation 2.5 and is given by:

V= g Equation 2.5

A

Equations 2.1 — 2.5 do not depend on the nature of the fluid (Newtonian or non-Newtonian), or
on the nature of the flow (laminar or turbulent). They depend on the homogeneity of the fluid
and on the development of the flow (Massey, 1990).

2.7.3 Newtonian laminar flow in straight pipes

2.7.3.1 Velocity distribution

The velocity distribution in a pipe in laminar flow (if there is no slip or hold-up effect at the pipe
wall) is (Massey, 1990):
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To 2 2 .
u= R —r"), Equation 2.6
ZRH( ) q

where u is maximum for r =0 and is:

. R .
Upax = > ’ Equation 2.7
2p
u_ .
and the mean velocity is: V= % Equation 2.8
T R
V== Equation 2.9
4p

2.7.3.2 Friction factor

In general the friction factor is determined using equation 2.4. The friction factor is generally a
function of both the Reynolds number and the pipe wall roughness. In Newtonian laminar flow,
the pipe wall roughness has no effect on the friction factor and the friction factor is given by
(Massey, 1970):

f=— Equation 2.10

2.7.4 Newtonian turbulent flow in straight pipes

Turbulent flow is a flow characterised by large, random, swirling or eddy motions. Particle path
cross and velocity (both direction and magnitude), and pressure fluctuate on a continuous and
random basis. Turbulent flow is very complex and a consistent mathematical analysis has not
yet been done. Predictions are obtained empirically from experiments (Massey, 1990).
The friction factor in turbulent flow is a function of the Reynolds number and the pipe wall
roughness k. It can be obtained using the Colebrook & White equation (Massey, 1990):
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Equation 2.11

L = —410g|:L+ 1’26 j|

Jf 37D Revf

It must be noted that the Moody diagram presents the friction factor f versus Re and is a useful
tool when it comes to the friction factor determination. Figure 2.4 gives the Moody diagram. In
case of a smooth pipe and for Reynolds numbers between 3000 and 100000, the Blasius

equation is used to determine the friction factor (Massey, 1990).

0.079 .
f=—"— Equation 2.12

(Re )0.25
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Figure 2.4: Moody diagram (Massey, 1990)
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The fundamental relationships given in Equations 2.1 - 2.5 on the shear rate, energy loss in
pipes and velocity are also valid for non-Newtonian fluids, as stated earlier in sections 1 & 2.

2.7.5 Non-Newtonian laminar flow in straight pipes

The following rheological relationship can be accommodated in the yield pseudoplastic model
Equation 2.59 (Chhabra & Richardson, 1999).

Yield dilatant (1, >0 andn >1)
Bingham plastic (t, >0 andn =1)
Dilatant (1, =0 andn >1)

Newtonian (t, =0 andn =1)

vV Vv VYV V V

Pseudoplastic (1, =0 andn <1)

In laminar flow, the velocity distribution of a yield pseudoplastic fluid is forR >r>r ;

u= lf nil[(ro—ry)n:—(r—ty)lf} Equation 2.13

Krt

o

when O<r<r

e the fluid moves as a plug at a uniform plug velocity Upig

The volumetric discharge Q and the average velocity are obtained from the relation (Slatter,
1994):

32Q 8V _ 4n (To —ry)lTn (Ti+;y) + zryl(:_"z Ty)_|_ 1:_y Equation 2.14
n n n

D> D 1
Krt)

With 1, as defined by Equation 2.2 and V = Q/A (Equation 2.5)

For a Newtonian fluid T, = 0, K= p and n = 1, Equation 2.14 becomes:

T, = MF Equation 2.15
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. , .. 8V .
Equation 2.15 shows that wall shear rate at pipe wall for a Newtonian fluid is o It is of great

importance in non-Newtonian fluid flow in general, and in this investigation in particular.

2.7.5.1 The Rabinowitsch-Mooney relation

The true shear rate can be obtained from the pseudo shear rate of a non-Newtonian fluid, by
multiplying the pseudo shear rate by the Rabinowitsch-Mooney relation (Rabinowitsch, 1929):

_d_u :8_V 3+l Equation 2.16
dr|, D[ 4n’
'= M Equation 2.17
dl Lo 8v
8 D

In case the rheological parameters of the fluid are known (t,, K and n), K" and n’ can be

obtained directly using relations (2.18) and (2.19) for pseudoplastic fluids, and (2.20) and (2.21)
for yield pseudoplastic fluids (Kazadi, 2005).

K'= K( S0+ 1) Equation 2.18

4n
n=n' Equation 2.19

n'= !
B ; (1+n) =, 2t,(1+n)lt, + 201, +n1,)
-3+ +

n (ro -1, ) (1+n)(1+ 2n)(ro -1, )2 +2t, (TO -1, )(1 +n)(1+3n)+ ri (1+2n)(1+3n)
Equation 2.20

T
K'= = Equation 2.21
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2.7.5.2 Metzner & Reed generalised Reynolds nhumber

It has been demonstrated that for laminar pipe flow of any given time independent fluid that
8V/D is some unique function of t, only. According to Metzner & Reed (1955), this may be

expressed as:

T, = Dap _ K,(S_Vj Equation 2.22
4L D

In most cases K’ and n’ are not constants, but vary with 8V/D. Thus on logarithmic plot of t,

versus 8V/D, Equation 2.22 is simply the equation of the tangent to the curve at a given value of
8V/D, n’ being the slope of this tangent and K’ its intercept on the ordinate at 8V/D equal to unity
(Skelland, 1967).

Metzner & Reed (1955) developed a generalised Reynolds number from the considerations
above as:

8V?
Re, =—— P Equation 2.23

(8VY'
(%)
D
This relation may be rewritten after transformation as:

B pV 2-n' D n'

Reyr = Y Equation 2.24

In practice, n’ is the tangent of the double logarithmic plot of t, versus (8V/D) at any particular
value of 1, or 8V/D. Log K’ is the intercept on the y-axis.

It has been found experimentally that for many fluids K’ (Equation 2.18) and n’ (Equation 2.19)

are constant over any range of t, or 8V/D for which the power law is valid. This is not the case

in general (the log-log plot is not always a straight line) and care must be taken to ensure that
the range of application is narrow. The quantity n’ characterizes the degree of non-Newtonian
behaviour for a given fluid. The greater the departure of n’ from unity, the more non-Newtonian
is the fluid. The quantity K’ is a measure of the consistency of the fluid; the larger the value of K’
the thicker or less mobile is the fluid (Metzner & Reed, 1955).

Thus (2.23) becomes:
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Equation 2.25

For a Bingham plastic fluid (Skelland, 1967):

4ry
n'= 1—3— Equation 2.26
TO

2.7.5.3 Slatter Reynolds nhumber

The Slatter Reynolds number takes directly into account the yield stress of non-Newtonian
fluids. Slatter has proposed a Reynolds number which seeks to express the ratio of inertial
forces to viscous shear forces in the sheared portion of the flow (Chhabra and Richardson,
1999).

The Slatter Reynolds number is given by:

8V,
Re, = ann P Equation 2.27

8V, )
T, + K =
D shear

For a fluid with a yield stress there is a plug flow at the centre of the pipe in laminar flow, and

the radius of the plug is:

I.plug = _yR Equation 2.28
TO
The shear diameter is:
Dshear = D - Dplug Equation 2.29
D, . =2r Equation 2.30

plug plug
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The mean velocity of the annulus is:

Vann = Qﬂﬂﬂ Equation 2.31
Aann
Qann = Q - Qplug Equation 2.32
Qplug = uplug ‘Aplug Equation 2.33
_ R n ( )n;fl .
Ypng =7 T "y Equation 2.34
Krt,

The transitional value of the Slatter Reynolds number from laminar to turbulent flow in straight
pipes is Re, =2100 ( Lazarus & Slatter, 1988).

2.7.5.4 Friction factor for non-Newtonian fluids

In the case of inelastic non-Newtonian fluids, the Fanning friction factor in laminar flow is given
by (Chhabra & Richardson, 1999):

£ 16
Reyr

Equation 2.35

Slatter (1999) also developed a friction factor for non-Newtonian fluids with a yield stress:

21

o

fann = V2 Equation 2.36
p

ann

In this case the transition is considered to occur when f,,, equals 0.008.
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2.8 FLOW IN PIPE FITTINGS

The Bernoulli formula gives the macroscopic mechanical energy balance for a pipe system, as
well as the total head loss in the system, and is used in the determination of different losses in
the system (Massey, 1990).

The Bernoulli formula for a system of two pipes in series connected by a fitting can be written as
follows:

2 2
a,V P a,V, P
z,+—4—1+-"L=z,+22+-2+H +H

+H, Equation 2.37
2g  pg 2 pg

fitt

Where z is the elevation of the datum, a is the kinetic energy correction factor, P is the static
pressure, and H the head loss.

Subscripts 1 and 2 refer to the upstream and downstream pipes respectively.

Hsy is the fitting head loss in metres and is predicted using the formula (Massey, 1990):

V2
Hg, = kﬁn 2_ Equation 2.38
For a valve it is written
V2
H,=k,—, Equation 2.39
2g

where kg and k, is the fitting or valve head loss coefficient, and is defined as the non-
dimensionalised difference in overall pressure between the ends of two long, straight pipes
when there is no fitting, and when the real fitting is installed (Miller, 1990). This is shown

graphically on Figure 2.5 for a valve.

2
kﬁn =Hg, _gz Equation 2.40
A/
A
K 1 Pro Equation 2.41
—pV?
> p

The loss coefficient can be calculated in two ways, by including or excluding the length of the
fitting.

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves A Mume Kabwe



Chapter 2: Literature review 22

If the length of the fitting is excluded, ki is called kqoss @and is obtained by the equation (Turian
et al., 1997):

2
kgross = |:_ Ap - p\zl 4-;;(Lu + Ld )j| Equation 2.42

If the length of the fitting is included, ki is called ke and is obtained by the equation (Turian et
al., 1997):

| V2 4f .
knet = pV2 |:_ Ap_ 2 S(Lu +Lfm +Ld ):| Equatlon 2.43
2

With the exception of abrupt contractions and expansions, all other fittings have a physical

length.
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Figure 2.5: Definition of the loss coefficient (Miller, 1990)
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2.9 NEWTONIAN AND NON-NEWTONIAN FLOW IN VALVES

2.9.1 Pressure drop in valves

The loss of pressure due to a valve consists of three parts (Turian et al., 1997):

The pressure drop within the valve itself is due to the viscous stresses that cause internal
friction and separate flows.

The pressure drop in the upstream pipe is in excess of that which would normally occur if there
were no valve in the line. This effect is small.

The pressure drop in the downstream pipe is in excess of that which would normally occur if
there were no valve in the line. This effect may be comparatively large.

2.9.2 Valve loss coefficient

Friction losses for valves are obtained using Equation 2.39 where k, is the valve loss coefficient
and is defined as the number of velocity heads lost due to a valve.

The head loss is independent of the Reynolds number. In laminar flow the valve loss coefficient
is Reynolds number dependent and in laminar flow is defined as C,, the laminar flow valve loss
coefficient constant (Pienaar et al., 2004):

C, =k, .Re Equation 2.44
The loss coefficient is usually presented as a function of the Reynolds number. Figure 2.6 gives

a typical presentation of k, versus Re.

The laminar flow valve loss coefficient in Equation 2.44 is determined from experimental data in
the laminar flow region by the least square method.
It is obtained by minimizing the logarithmic least square error:

C 2
Minimumz (Log R—V —Logk j Equation 2.45
e
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Figure 2.6: Typical representation of k, vs. Re for a fitting (Pienaar et al., 2001)

Figure 2.6 shows also the transition from laminar to turbulent flow for a range of Newtonian and
non-Newtonian fluids. Some authors define it as the intersection of the laminar loss coefficient
and turbulent loss coefficient loci, while others refer to it as a point where the experimental data
start to deviate from the laminar flow line (Pienaar et al., 2001).

2.9.3 Methodology to determine loss coefficient

Generally, there are two methods used in the determination of valves or fittings loss coefficient:
the hydraulic grade line (HGL) approach and the total pressure method. Banerjee et al., (1994),
Kazadi (2005) and Baudouin (2003) adopted the hydraulic grade line approach for the
determination of loss coefficients. The first two authors used it to determine loss coefficients in
valves and the latter for loss coefficients in sudden contractions. It consists of measuring and

plotting the static pressure gradients upstream and downstream of the valve in the region of fully
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developed flow, far from the valve plan, to avoid disturbance of the flow due to the presence of
the valve.

The valve pressure loss is obtained as an extrapolation of the pressure gradients measured in
the fully developed flow regions, upstream and downstream of the valve.

To measure static pressure at different points upstream and downstream of the valve, Banerjee
et al., (1994) used U-tube manometers containing mercury, beneath water, connected to
pressure tappings. Baudouin (2003) and Kazadi (2005) used point pressure transducers and
differential pressure cells connected to pressure tappings.

Turian et al., (1997) and Pienaar (1998) used the total pressure method to determine the loss
coefficient through fittings and valves. Two pipes in series were joined by a fitting or valve. The
method consists of measuring the pressure gradient between two points in the region of fully
developed flow in straight pipes around the fitting and valve. Thus knowing the losses in the
straight pipe portions one can deduct the fitting or valve loss.

P [Pa]

Figure 2.7: Diagram illustrating the calculation of valve loss coefficient

On a graph, static pressure (P) vs. axial distance (X) points of coordinates (P;, X;) are plotted
from the experimental data. For the two pipes upstream and downstream of the test valve, the
curves of static pressure drops follow a linear law and are straight lines as shown on Figure 2.7.
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The coordinates of the points upstream of the test valve plane, which is the y-axis in this case,
are used to calculate by linear regression the slope m; and intercept P, of the line upstream.
The coordinates of the points downstream of the valve are used to calculate, also by linear
regression, the slope m, and intercept P, of the line downstream of the valve.

In the case of valves, the pipes upstream and downstream of the test valve have the same
diameters, the two hydraulic grade lines upstream and downstream of the test valve have the
same slopes, my; and m, are equal and the pressure drop due to the test valve is given by:

Ap, =P —-P, Equation 2.46
And using Equation 2.41:
A
k, = 1& Equation 2.47
—pV?
2
P -P
k, ( 11 :) Equation 2.48
—oV?
’ p

2.9.4 Equivalent length

Alternatively, the valve loss coefficient can be expressed in terms of the equivalent length of
straight pipe of the same diameter and having the same loss as the valve. The equivalent length
is expressed in numbers of pipe diameters, (Le/D) and is obtained by equating the Darcy-
Weisbach formula, Equations 2.3 and 2.39 (Hooper, 1981):

Le) k, .
— = Equation 2.49

D) 4f
The drawback of this method is the fact that the equivalent length for a given fitting is not
constant, but depends on Reynolds number and roughness, as well as size and geometry.
Therefore, the use of equivalent length methods requires consideration of all these factors
(Hooper, 1981).
It has been shown using dimensional analysis that k, for incompressible Newtonian fluids is a

dimensionless function of Re and of dimensionless geometric ratios characteristic of the valve
(Turian et al., 1997):
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k, = fn(Re, geometric ratios) Equation 2.50

This relation suggests that the resistance coefficient is the same for all sizes of a given type of
valve provided dynamic similarity is enforced for instance equality of Reynolds number and
geometric similarity are maintained (Turian et al., 1997).

2.9.5 Flow coefficient

In some branches of the valve industry, particularly for control valves, the capacity of the valve
is expressed in terms of a flow coefficient.

However, there is no agreement on the definition of a flow coefficient in terms of Sl units. In the
USA and UK the flow coefficient in use is designated by C,.ve and in other European countries
by Kvave and are defined as:

Cuane is the rate of flow of water, in either US or UK gallons per minute, at 60°F, at a pressure
drop of one pound per square inch across the valve.

Kiave is the rate of flow of water in cubic metres per hour at a pressure drop of one kilogram
force per square centimeter across the valve (Crane Co, 1999)

- 0.0694Q |—P Equation 2.51

C valve
Ap(999)

where:

Q is the flow rate in litres per min

p is the density of the fluid in kg/m®
Ap is pressure gradient in bar

2.10 CLASSIFICATION OF FLUIDS

Either external applied pressure or effects produced under the action of a shear stress may play
a major role in the classification of fluids (Chhabra & Richardson, 1999). We can encounter
‘compressible’ and ‘incompressible’ fluids, but in this thesis all the fluids tested are assumed to
be incompressible. The flow characteristics of single phase liquids, solutions and pseudo-

homogeneous mixtures (such as slurries, emulsions, gas-liquid dispersions) which may be
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treated as a continuum if they are stable in the absence of turbulent eddies are considered,
depending on their response to externally imposed shearing action.

In general fluids belong to one of the two main categories, namely Newtonian fluids or non-
Newtonian fluids.

2.10.1 Newtonian fluids

One of the fundamental concepts in rheology is an idea of a Newtonian (or Newton-Stokes)
liquid. This is the simplest linear liquid where the linear relationships between components of
stress and rate of deformation tensors exist (Malkin, 1994). The coefficient for this linear
relationship is viscosity (or Newtonian viscosity), and according to the definition, viscosity of
Newtonian liquids is a material characteristic of a liquid which does not depend on conditions of
flow, namely the stresses or rates of deformation.

Thus, the complete definition of a Newtonian fluid is that it not only possesses a constant
viscosity, but also when the shear stress is plotted against the shear rate, the result for a
Newtonian fluid is shown in Figure 2.8 and is a straight line going through the origin of the
coordinates. Note that graphs plotting shear stress versus shear rate are called rheograms.
Physically, the shear rate is the velocity gradient or the rate of angular deformation of the fluid
(Liu, 2003).

Mathematically, a Newtonian fluid can be represented as follows:

T=W,Y Equation 2.52

where t the shear stress, y, is the viscosity and y the shear rate.

Figure 2.8 illustrates the general flow curve of a Newtonian fluid.
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Figure 2.8: Rheogram of a Newtonian fluid

The slope of the straight line in any rheogram of a Newtonian fluid represents the viscosity (or
more specifically, the dynamic viscosity) of the fluid. The higher the viscosity of a fluid, the
steeper the slope in the rheogram becomes (Liu, 2003), as given in Figure 2.9.
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Figure 2.9: Rheogram of various Newtonian fluids
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2.10.2 Non-Newtonian fluids

Many real liquids are non-Newtonian. It means that their apparent coefficient of viscosity,
determined as a ratio of shear stress to shear rate of deformations, depends on conditions of
flow (Malkin, 1994). A non-Newtonian fluid is one of which the flow curve (shear stress versus
shear rate) is non-linear or does not pass through the origin. It means that the apparent
viscosity is not a constant at given temperature and pressure, but is dependent on flow
conditions such as flow geometry, shear rate, etc., and sometimes even on the kinematic history
of the fluid element under consideration.

2.10.3 Classification of non-Newtonian fluids

Non-Newtonian fluids may be conveniently grouped into three general classes. Even though in
those most real materials, they often exhibit a combination of two or even all the three types of
non-Newtonian features. Generally, it is, however, possible to identify the dominant non-
Newtonian characteristic and to take this as the basis for the subsequent process calculation
(Chhabra & Richardson, 1999). In this work, only the time-independent non-Newtonian fluids will
be considered, but few explanations will be given for the time-dependent fluids and the visco-
elastic fluids.

2.10.4 Time-independent non-Newtonian fluids

Time-independent non-Newtonian fluids are fluids of which the rate of shear at any point is
determined only by the value of the shear stress at that point at that instant.

The constitutive relation of the time independent non-Newtonian fluid can be described as
follows (Chhabra & Richardson, 1999):

Vo = f(t yx ) Equation 2.53
Or its inverse form,

Tyx = fl (Y yx) Equation 2.54
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These fluids may be further subdivided into three types:

2.10.4.1 Pseudoplastic or shear thinning fluids

This type of time-independent non-Newtonian fluid is characterised by a shear rate which
increases with decreasing of the apparent viscosity. This common type of fluid behaviour
observed is pseudoplasticity or shear-thinning (Chhabra & Richardson, 1999).

2.10.4.2 Dilatant or shear thickening fluids

Dilatant fluids are similar to pseudoplastic fluids in that they exhibit no yield stress, but their
shear rate increases with increasing apparent viscosity; thus these fluids are also called shear-
thickening (Chhabra & Richardson, 1999). This phenomenon is due to the fact that at high shear
rates, the material expands or dilates slightly so that there is no longer sufficient liquid to fill the
increased void space and facilitate direct solid-solid contacts which result in increased friction
and higher shear stress. This mechanism causes the apparent viscosity to rise rapidly with

increasing shear rate.

2.10.4.3 Viscoplastic fluids

This type of fluid behaviour is characterised by the existence of a yield stress which must be
exceeded before the fluid will flow or deform, but strictly speaking, it is virtually impossible to
ascertain whether any real material has a true yield stress or not (Chhabra & Richardson, 1999).
Nevertheless, the concept of yield stress has proved to be convenient in practice. Conversely,
such a material will deform elastically (or flow en masse like a rigid body) when the externally
applied stress is smaller than the yield stress (Chhabra & Richardson, 1999). It is very important
to note that a viscoplastic material also displays an apparent viscosity, which decreases with
increasing shear rate for yield pseudoplastic fluids only, and is constant for Bingham plastic
fluids. The flow curve may be linear or not, but will not pass through the origin.

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves A Mume Kabwe



Chapter 2: Literature review 32

a) Bingham plastic fluids (BP)

This is a fluid with a linear flow curve with a yield stress (Chhabra & Richardson, 1999). It is also
characterised by a constant plastic viscosity (the slope of the shear stress versus the shear rate
curve) and a yield stress.

b) Yield pseudoplastic fluids (YPP)

A yield pseudoplastic fluid possesses a yield stress as well as a non-linear flow curve on linear
coordinates (Chhabra & Richardson, 1999).

2.10.5 Time dependent non-Newtonian fluids

Practically speaking, apparent viscosity may depend not only on the shear rate, but also on the
time for which the fluid has been subjected to shearing (Chhabra & Richardson, 1999). When
certain materials are sheared at a constant rate following a long period of rest, their apparent
viscosities gradually become less as the internal structure of the material is progressively
broken down. This can be divided further in two different groups.

2.10.5.1 Thixothropic fluids

When a material is sheared at a constant rate and its apparent viscosity decreases with the time
of shearing, this fluid s called thixothropic fluid (Chhabra & Richardson, 1999).

2.10.5.2 Rheopectic fluids

Also referred to as the negative thixotropy, the rheopectic fluids are related to fluids for which
the apparent viscosity increases with time of shearing (Chhabra & Richardson, 1999).
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2.10.5.3 Visco-elastic fluids

In the Newtonian fluid the shearing stress is proportional to the rate of shear. Many substances
show both elastic and viscous effects under appropriate circumstances. The substance is said
to be visco-elastic.

At the other extreme, when a perfect solid is deformed elastically, it regains its original form on
removal of the stress. In the classical theory of elasticity, the stress in a sheared body is directly
proportional to the strain. For tension, Hooke’s law applies and the coefficient of proportionality
is known as Young’s modulus, G:

T, = —Gd—X = G(ny ) Equation 2.55

Where dx is the shear displacement of two elements separated by a distance dy.
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2.10.6 Settling slurries

They are solutions or pseudo-homogeneous mixtures where particles in suspension settle very
quickly, relative to their residence time in the pipeline (Heywood & Brown, 1991) or a mixture in
which solid and liquid phases are separated and the liquid properties are generally considered
to be unaltered by the presence of solids. Particles are supported by turbulent mixing and
antiparticle collisions (Paterson & Cooke, 1999).

2.11 RHEOLOGY

Rheology (from the Greek “rheos”: flow and “logos”: knowledge) is the science of flow
phenomena. Malkin (1994) defined rheology as a science dealing with materials having
properties not described by models of Newton-Stokes and Hooke. It is a negative statement.
The positive statement says that rheology studies materials having properties described by any
relationship between force and deformation (Malkin, 1994). In this sense, the Newton-Stokes
and Hooke laws limit cases formally lying on the border of rheology. Within the context of this
work, rheology is defined as the viscous characteristic of a fluid or homogeneous solid-liquid
mixture (Chhabra & Richardson, 1999).

The science of rheology as it is known today, owes its origin to Sir Isaac Newton who postulated
the relationship between the shear stress and shear rate in a fluid as follows (Barr, 1931):-

“The resistance which arises from the lack of slipperiness originating in a fluid — other things
being equal — is proportional to the velocity by which the parts of the fluid are being separated
from each other.”

2.11.1 Rheological properties and laws of non-Newtonian fluids

The viscosity defined by Newton’s law of viscosity is the only one rheological parameter for
Newtonian fluids. However, non-Newtonian fluids have two or three rheological parameters,
defined by the following laws.
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2.11.1.1 Power-law fluids

The relationship between shear stress and the velocity gradient, for certain non-Newtonian
fluids can be expressed satisfactorily with the following power laws:

t=K| — Equation 2.56
dy
From which
d n-1
= K(—u] Equation 2.57
dy

Equation 2.56 is applicable to pseudoplastic fluids when n < 1, dilatant fluids when n > 1, and
Newtonian fluids when n = 1. From Equation 2.56, the two rheological properties of
pseudoplastic and dilatant fluids that can be represented by the equation are the coefficient K
and the power n. The constant K is usually referred to as the consistency index or power-law
coefficient, whereas the constant n is referred to as the flow-behaviour index, or power-law
exponent. The constant p in Equation 2.57 is the apparent viscosity, which reduces to the

dynamic viscosity when the fluid is Newtonian (n =1) (Liu, 2003).

2.11.1.2 Bingham fluids

For any Bingham plastic fluid (or Bingham fluids, for short), the following law holds:

du .
T=T, +l— Equation 2.58
dy

Where 1, is the yield stress; and p is the coefficient of rigidity, or simply the rigidity of the fluid.

2.11.1.3 Yield fluids

For yield pseudoplastic fluids and yield dilatant fluids, the following law can be used:
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This is the combination of Equation 2.56 and 2.58. The exponent n in Equation (2.57) is bigger

than one for yield dilatant fluids, and less than one for yield pseudoplastic fluids. When n=1,

=1, + K(d—uj
dy

Equation 2.59

Equation (2.59) reduces to Equation (2.58), which is for Bingham fluids.

2.11.1.4 Other non-Newtonian fluids

There are many other laws proposed in the literature for various types of non-Newtonian fluids.

They will not be discussed here, but they are represented in the Table 2.2 below:

Table 2.2: Rheological models (Chhabra & Richardson, 1985)

Fluid Model Constitutive equation Number of | Parameters
Parameter
L_l
2
Carreau HTHe _ J{;{_d_un 4 He, Mo, A @nd n
HoH.. dy
du
Casson Vo= ¢ uc(_d_YJ 2 1, and
n—1
_ 2
Cross HTH, 1+(7»(—d—ujj 4 Hw, Mo, A @nd n
Mol dy
= EXp| m _d_ll
e-function H = HoeXP dy 2 Mo and m
W= Ho
Ellis ! 3 Mo, & and Ty
T
I+ —
LB
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2.11.2 Choice of rheological model

Many rheological models have been presented and can be used.

The rheological characterisation of non-Newtonian fluids is not easy (Chhabra & Richardson,
1999), and can be done using a rheometer or a tube viscometer. In the context of this
investigation, tube viscometer was used because the experimental test loop could also be used
as an in-line tube viscometer having a range of five different pipe diameters.

2.11.2.1 Rotational viscometry

The instrument used to measure viscous properties of non-Newtonian fluids in this case is
known as a rheometer. The rheometer usually consists of a concentric bob and cup, one of
which is rotated to produce shear in the test fluid located in the gap between the bob and the
cup. The shear stress is determined by measuring the applied torque on one of the elements.
The rheometer is a very sophisticated instrument and capable of measuring the full range of
rheological phenomena. The rheometers can be found using one of the many geometries,
among others: concentric cylinders, cone and plate, parallel disks. And the main measurements
are angular velocity and applied torque. The software connected to these instruments converts
these signals into shear rate and shear stress (Chhabra & Richardson, 1999).

2.11.2.2 Tube viscometer

In a tube viscometer the test fluid flows at a controlled, measured rate through a tube of known
diameter and the pressure drop over a known length of the tube is measured.

Data from tube viscometer yields a series of coordinates of pseudo shear rate and wall shear
stresses (8V/D, 1,). These data must be processed in order to give the required rheology.

Assuming a yield pseudoplastic rheology

D> D 1
Krt,

_ 2 _ 2
32 _8V _ 4n (ro—ry)lT (T" Ty) +21y(r° Ty)+ %y Equation 2.14
1+3n 1+2n I+n
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The following technique was used (Slatter, 1994):

A pseudo shear diagram was plotted using the pseudo shear rate (8V/D) as abscissa and shear
stress (DAp/4L) as ordinate. Data points in laminar flow only from all tubes are used. The best
curve is fitted to the data. A realistic value of 1, is then adjusted until the error function is
minimised. The error function E is the root square difference between observed data and

3w -]

E= Equation 2.60
N-1

calculated as:

And K value for minimum error Ky, is given by:

1
K. =— = Equation 2.61

2%(81371/8

1

N 1+n|:(TO—Ty)2+2Ty(TO_Ty)+ ‘ci }

1+3n 1+ 2n 1+n

» The wall slip effect occurs when the layers of particles near the wall are more diluted
than the bulk flow (Heywood & Brown, 1991). As a result, the viscosity near the wall will
be reduced and apparent slip will occur. Chhabra & Richardson (1999) warn that serious
errors could occur when the wall slip is not accounted for. To account for the wall slip,
more than one diameter tube should be tested. The laminar flow data should coincide for
all pipe diameters if there is no wall slip. If they do not coincide, the slip velocity must be
calculated for each tube and deducted from the measured mean velocity (Heywood &
Brown, 1991).

» Entrance and exit losses: it is important that the entrance and exit losses in tubes that
are used are minimised. This is possible by making sure that the flow is fully developed
before differential pressure readings are taken, usually at least 50 pipe diameter is
allowed.
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2.12 PREVIOUS WORK ON LOSSES IN FITTINGS

Substantial work has been done on the prediction of minor losses in pipe systems. In this

section a brief review of work relevant to this investigation is presented.

The work of Edwards et al., (1985), Banerjee et al., (1994) and Turian et al., (1978) are all
based on gate and globe valves, not on diaphragm valves. They are relevant to this work
because of the methodology and presentation of results.

Kittredge and Rowley (1957) had quite correctly noted the existence of a critical Reynolds
number below 1000 for valves and fittings. For valves, fittings, and bends in turbulent flow, the
friction coefficient’s relative independence of Reynolds number is expected and attributable to
the turbulence normal to the pipe flow. They concluded that the increasing friction coefficient
with decreasing Reynolds number in laminar flow is characterised by the disappearance of
induced turbulence and reported the losses for bends at low Reynolds number which are less
than those caused by an equal length of straight pipe.

Miller (1990) classified the valve loss coefficients in three classes:

Class 1 or definitive loss coefficients: Loss coefficients in this class are based on experimental
data usually from two or more sources or from research programmes, which have been
crosschecked against other work. The loss coefficients are considered definitive.

In practice, the loss coefficients in class 1 are usually not directly applicable, because of the
severe restraints imposed on inlet and outlet conditions and geometrical accuracy.

Class 2 or adequate loss coefficient for design purposes: Experimentally derived loss
coefficients from isolated research programmes where no detailed crosschecking is possible
against other sources.

Estimated loss coefficients from two or more research programmes of which the results do not
agree with what could be expected to be the experimental accuracy.

Loss coefficients from Class 1 converted to apply outside the strict limitations imposed in class 1
coefficients and for which experimental information is available to predict the effects of departing

from class 1 conditions.
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Class 3 or suggested loss coefficient: Experimentally derived values from less reliable sources.
Loss coefficients from class 1 and 2 converted to apply outside their range of application and

about which there is little or no information to predict the effects of departing from the conditions
under which they were derived.

Loss coefficients in diaphragm valves are classified as class 3 and are given in turbulent flow.
These loss coefficients can be obtained from the Figure 2.11 for both weir and straight-through
diaphragm valves.

In the fully open position in turbulent flow, the loss coefficient is approximately 0.8 for the
straight-through diaphragm valve.
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Figure 2.11: Loss coefficient vs. valve opening (Miller, 1990)

Miller (1990) represented the general shape of loss coefficient Reynolds number curves in the
laminar to turbulent transition region as shown in Figure 2.12. It is evident that the laminar to

turbulent transition region is the most complex flow region of internal flow.
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Figure 2.12: Trends in loss coefficients in the laminar to turbulent transition region

The Technical Paper published by Crane Co (1981) since 1957, reflected the latest design
information available for valves and fittings, especially for gate, globe, angle, angle lift check
and stop check valves and those data were obtained by experimental investigation.

Hooper (1981), using the two-K method, defined a dimensionless factor K as the excess head
loss in a pipe fitting, expressed in velocity heads. K does not depend on the roughness of the
fitting (or attached pipe) or the size of the system, but is a function of the Reynolds number and

the exact geometry of the fitting and is given by:

K= K + Kw(l +lj Equation 2.62

€ MR D
where: K; is K for the fitting at Reyr = 1, K. is K for a large fitting at Reyr = < and D the pipe
internal diameter in inches. He found K; = 1000 and K.. = 2 for a dam or weir type diaphragm
valve. Doing the analogy with the definition in this study, it can be said that C, = 1000 and k, =
2.
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Table 2.3: Loss coefficients of different types of valves, published by Hooper (1981)

Loss coefficient o
Valve type Loss coefficient, k,
constant, C,
Globe, standard 1500 4
Globe, angle or Y-type 1000
Diaphragm, dam type 1000
Butterfly 800 0.25

Steffe et al., (1984) determined the friction loss coefficient for apple sauce flowing under laminar
condition through a tee, a plug valve and an elbow. The experimental investigation indicated
that friction loss coefficients increase significantly for a decreasing value of generalised
Reynolds number in laminar flow regime. The recommendations for estimating the pressure loss

which are found in the laminar flow of pseudoplastics through valves and fittings were given.

Edwards et al., (1985) presented head loss charts for a range of Newtonian and non-Newtonian
fluids for gate and globe valves of 25 and 50 mm useful for design purposes. They have tested
a range of Newtonian and non-Newtonian fluids flowing through gate and globe valves of 25
and 50 mm, fully opened. The data were presented as a relationship between the loss
coefficient and a generalised Reynolds number. It has been observed that in the laminar flow
region, the loss coefficient in inversely proportional to the Reynolds number and can be
obtained as given in Equation 2.39:

At higher Reynolds numbers a rapid transition is observed to a region in which the loss
coefficient becomes constant, at about Re = 300. In the case of gate valves, for various test
fluids and for the two sizes used, the data fall together, and the analysis of experimental data
gave the correlation:

_213

k,6 =
Re

Equation 2.63

For globe valves the data for the two dimensions do not fall together. The transition from laminar
flow is very rapid and occurs at low Reynolds number of about 10. For the particular design of
globe valves tested, in the fully open transition, the following correlations were obtained:

For 25 mm valve:
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1460 .
Re <12 k, = Equation 2.64
Re
Re > 12 k, =122 Equation 2.65
For a 50 mm valve:
384
Re< 15 k, =— Equation 2.66
Re
Re > 15 k,=25.4 Equation 2.67

Banerjee et al., (1994) presented experimental data on the pressure drop across 12.5 mm globe
and gate valves in the horizontal plane for pseudoplastic fluids in laminar flow. They used
generalised correlations in terms of various physical and dynamic variables for the prediction of
the frictional pressure drop for each valve.

The effect of pressure drop across the valve can be obtained by plotting static pressure against
length for a designated fluid

The effect of the valve opening on pressure drop across the valve can be obtained by plotting
pressure drop against volumetric flow rate at different opening position: The pressure drop
increases with an increase in volumetric flow rate for a constant opening. As the opening
became smaller, the curve became steeper.

The effect of the non-Newtonian characteristic on pressure drop across the valve was obtained
by plotting pressure drop against the volumetric flow rate for different concentration of slurries.
At a particular opening of the valve, the pressure drop decreases as the flow behaviour index
increases.

The dimensional analysis of the experimental data, suggested the following relationship:

Ap
pV?

= f(Re,a) Equation 2.68

a is the valve opening coefficient
The functional relationships developed by using the above equation through multivariable linear
regression analysis, were as follows:

Correlation for globe valve:

Ap _
pV?

8'266Re—0.061i0.013a—0.797i0.030 Equation 2.69
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Ap

VZ

After plotting this, the values of predicted using the equation above and the experimental

values, the correlation coefficient and variance of estimate are 0.9496 and 1.326x102.
Correlation for gate valve:

Ap

Vz — 1.905Re—0.19710.046a—1.98710.091 Equation 2.70
p

Ap

VZ

After plotting this, the values of predicted using the equation above and the experimental

values, the correlation coefficient and variance of estimate are 0.9344 and 1.106 x 1072

Mc Neil & Morris (1995) generated the energy loss coefficient under laminar conditions for both
Newtonian and non-Newtonian fluids through nozzles and derived an approximation for flow in

laminar, transition and turbulent flow in a range of fittings.

Turian et al., (1997) determined losses for the flow of concentrated slurries of laterite and
gypsum solutions through 25 and 50 mm globe and gate valves. The loss coefficients were
found to be inversely proportional to the generalised Reynolds number for laminar flow and to
approach constant asymptotic values for turbulent flow, through gate and globe valves.

The following correlations were obtained:

For the 25 mm gate valve the transition from laminar to turbulent flow was observed between

Re = 100 and Re = 1000 and k, =% for the laminar region and after the transition, in
e

turbulent flow, k, = 0.797.
For the 50 mm gate valve the transition from laminar to turbulent flow was observed between

Re = 1000 and Re = 10000 and k, :@ for the laminar region and after the transition, in

Re
turbulent flow, k, = 0.168.
For the 25 mm globe valve, the transition from laminar to turbulent flow was observed earlier for
Re < 100 and the correlation obtained was k, = 10.039 for turbulent flow.
For the 50 mm globe valve also the transition was observed earlier for Re < 100 and the
correlation obtained was k, = 6.719.
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Pienaar et al., (2004) reported the discrepancies found in the literature and provided additional
loss coefficient data for three different sizes of globe valve and a rubber-lined diaphragm valve.

Kazadi (2005) presented loss coefficient data for Natco diaphragm valves at fully open position
and without any comparison with different manufacturers. He also confirmed the theory that in
fittings in general, and valves in particular, the transition from laminar to turbulent occurs earlier
than in straight pipes, and showed that the Slatter Reynolds number is a useful tool that can
also be used for design purposes.

Fester et al., (2007) tested a 40 mm nominal bore diameter diaphragm valve over a Reynolds
number range from 1 to 50000 using various Newtonian and non-Newtonian fluids and obtained
C, = 1000 and k, = 2.

Table 2.4 shows the review of frictional pressure losses for flow of non-Newtonian fluids through

Table 2.4: Available valve loss coefficient data in the open literature (Pienaar et al., 2004)

Type Size [mm] Reference C,
Gate 25 Turian et al., 1998
50 Turian et al., 1998 320
25 Edwards et al., 1985 273
50 Edwards et al., 1985 273
Globe 25 Turian et al., 1998
50 Turian et al., 1998
25 Edwards et al., 1985 1460
50 Edwards et al., 1985 384
3-way plug - Steffe et al., 1984
Check valves
Ball
Horizontal lift 12.5 Kittredge & Rowley,
Bronze disc swing 1957

Composition  disc

swing

Diaphragm - Hooper, 1981 1000
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various valve sizes. Edwards et al., (1985) found the same laminar loss coefficient for various
valve sizes and almost similar to that found by Turian et al., (1998) for the 50 mm gate valve.
For globe valves, however, Edwards et al., (1985) found different laminar loss coefficient for
various valve sizes. And finally, Hooper (1981) found a laminar loss coefficient through
diaphragm valves of 1000 for unknown pipe sizes.

Table 2.5: Loss coefficients for turbulent flow through diaphragm valves (Perry & Chilton, 1997)

Operating mode Loss coefficient, k,
Open 2.3
% Open 2.6
2 Open 4.3
4 Open 21

The Engineering Science Data Unit (ESDU) estimates the loss coefficient of various types of

diaphragm valves, at fully open position, using the Figure 2.13
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Figure 2.13: C,: for diaphragm valves (ESDU, 2004)
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For a partially open valve, which is at %4, 2 and "4 open position, the loss coefficient of the
diaphragm valve, as estimated by the ESDU, is determined by the following equation:

C, =C;, X0, Xa, Equation 2.71

where a; and a, are given by the graphs in Figure 2.14 and Figure 2.15, which incorporates the
effect of partial opening and change in Reynolds number (ESDU, 2004).
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Figure 2.14: Approximate effect of partial opening, diaphragm valves (ESDU, 2004)

Figure 2.14 illustrates the approximate effect of partial opening for weir-type and straight-
through diaphragm valves, where pattern 1 is related to the weir-type diaphragm valves and
pattern 3 is related to the straight-through diaphragm valves.
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Kazadi (2005) found the loss coefficient of Natco diaphragm valves in the fully open position to
have the following loss coefficients (Table 2.6):

Table 2.6: Loss coefficients of different sizes of Natco diaphragm valves (Kazadi, 2005)

) Loss coefficient o
Valve bore size (mm) Loss coefficient, k,
constant, C,
40 1200 7.96
50 946 2.53
65 555 1.21
80 515 2.54
100 69 1.30
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In 2007, Fester et al., have also derived an equation (Equation 5.2) that can predict the loss
coefficient for both laminar and turbulent flow only for the fully opening position for straight-
through diaphragm valves.

Equation 2.72

Table 2.7: Comparison of loss coefficient data for Natco and Saunders valves (Fester et al., 2007)

Valve Position Saunders valve Natco valve % Difference

Opening (%) (65 mm bore (65 mm bore
diameter) diameter)

Cuane Ky Cuaive kv Cuaive kv

25 3887 321 3511 62.9 11 49

50 1086 5.9 2133 15.5 49 62

75 587 2.2 522 2.8 12 24

100 205 0.6 766 1.3 73 52

Finally in 2008 Mbiya developed a two-constant model to predict the pressure loss through the
straight-through diaphragm valves from Natco valves which can be summarised by the following
equations:

1006
" Re

S

k

Equation 2.73

38.6 g,

k,= D1.24\/§ 2 +9_2

Equation 2.74

While testing the Natco diaphragm valves, Mbiya (2008) compared his results to the ESDU
model and concluded that the ESDU model worked well with the 40 mm valve in the fully
opened position, and in the closure position with other valve sizes. This is why Equation 2.74
was derived by Mbiya (2008).
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2.13 CONCLUSION

Perry et al. (1997) and Miller (1990) provide loss coefficients for diaphragm valves at various
openings, but discrepancies exist between the two sets. There is a need to determine loss
coefficient data for non-Newtonian fluids in diaphragm valves to ensure energy efficient designs
(Pienaar et al., 2001; 2006). In 2004 ESDU published graphs to predict the loss coefficient in
straight-through and weir diaphragm valves. Mbiya (2008), while testing the Natco diaphragm
valves, compared his results to the ESDU model and concluded that the ESDU model worked
well with the 40 mm valve in the fully opened position, and in the closure position with other
valve sizes. In 2008 Mbiya established the two-constant model to predict losses in diaphragm
valves from one manufacturer. No study has been done to ascertain if the same loss coefficient
can be applied for diaphragm valves produced by different manufacturers.

2.14 RESEARCH TOPICS IDENTIFIED

The research topics identified from the literature is the determination of loss coefficient data
through diaphragm valves from a different manufacturer, to establish if existing correlations can
be used to estimate the loss coefficient value.

This work will be based on Newtonian and non-Newtonian fluids or slurries flowing through
Saunders diaphragm valves in the turbulent, transitional and laminar regimes. Newtonian fluids
will be used to calibrate the valve test rig. Only time-independent fluid behaviour will be
investigated throughout this thesis. It also important to define experimental procedures in the
determination of loss coefficients in valves, because the value of the loss coefficient depends on
the experimental procedure used and definitions (Chhabra & Slatter, 2001).
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CHAPTER3 EXPERIMENTAL WORK

3.1 INTRODUCTION

The details of the valve test rig and how it was used to gather loss coefficient data are described
in this chapter. The test rig was already built and commissioned by Kazadi (2005); only the
previous set of fittings were removed and replaced in order to provide another set of loss
coefficient data in both turbulent and laminar flow for Saunders diaphragm valves.

Non-Newtonian slurries were tested in pipes of outside diameter (OD) ranging from 50 mm to
110 mm. An important aspect of the experiments is that the same slurry was used for each test
set. A test set is a set of tests using different pipe diameters, but the same slurry.

3.2 DESCRIPTION OF VALVE TEST RIG

The experimental rig consists of six lines of PVC pipes with diameters ranging from 50 mm to
110 mm OD. Each line is 25 m long and contains a test diaphragm valve. This length was
chosen to allow a fully developed flow before and after each test valve.

Test fluids were mixed in a 1.7 m® mixing tank. The tank was rubber-lined to avoid chemical
reactions of fluid with metal. The fluids were circulated in a continuous loop, as follows: From
the storage tank, fluids were pumped out with a positive displacement pump before passing
through a heat exchanger. The heat exchanger was followed by two valves coupled in parallel
that directed the flow either to the high part of the rig (which contained smaller pipe 42 mm and
50 mm ID) or the lower part (which contained bigger pipes, 2 x 63 mm, 80 mm and 100 mm ID).
Each of the two routes was fitted with a flow meter. After the flow meters the fluids could enter
any of the 6 test sections. An on/off valve was situated at the beginning of each line for isolation,
so that only one line was tested at a time. After a fluid had passed a test section it was collected
via a common pipe and directed to the mixing tank. At the outlet it was possible to send the fluid
through a weigh tank used for calibration purposes.

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves A Mume Kabwe



Chapter 3: Experimental work 54

A schematic representation of the valve test rig is illustrated in Figure 3.1
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Figure 3.1: Schematic representation of the valve test rig
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3.3 INSTRUMENTATION

This section presents all the instruments connected to the rig or used in order to collect
experimental data.

3.3.1 Pressure transducers

Point pressure transducers and differential pressure transducers were used.

The Point Pressure Transducer (PPT) was used to measure the static pressure at a given point
in the line test.

The pressure gradients were measured with a set of point pressure transducers selected from
14 point pressure transducers of the type PHPWO1V1-AKAYY-OY [GP] version 25.0 Fuji
Electric. Nine of these instruments had a maximum range of 130 kPa with a precision of 0.25 %,
while five others had a maximum range of 500 kPa. The output of these instruments was a DC
current ranging from 4 to 20 mA, proportional to the pressure applied. The range and span of
these instruments were adjusted by a handheld communicator (HHC).

The Differential Pressure Transducer (DP Cell) was used to measure the difference of static
pressure between two points.

Two DP cells of the type IKKW35VI-AKCYYAA [DP], version 25.0 Fuji Electric, were used to
measure differential pressures. The maximum ranges were 6 kPa and 130 kPa respectively.
They had the same characteristics as the PTT, i.e. a precision of 0.25 %, and could be adjusted

with a handheld communicator.

3.3.2 The handheld communicator (HHC)

A Fuji electric handheld communicator, type FXY 10AY A3, was used. This portable instrument
was connected to the PPT or DP cell to change parameters such as: data display, range, span,
time constant, units, calibration, etc. It was mainly used to change the ranges and to calibrate
the transducers.
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3.3.3 Data acquisition unit

A Hewlett Packard (HP) data acquisition unit (DAU) of the type HP 34970A was connected to a
computer. This instrument received, through various channels, analogue signals from different
parts of the rig (DP cell, PTT, temperature probes, load cell) and converted them to digital
signals compatible with a PC.

3.3.4 Computer

All processes were controlled by a central PC, a Celeron 300. This was coupled with the DAU
as an interface and was used to capture and process the experimental data automatically. Test
programs were written in Visual Basic 6. The computation of the data was made using pre-
programmed Microsoft Excel spreadsheets.

3.3.5 Flow meters

Two magnetic flow meters were used during test work and were mounted vertically
» A Krohne IFC 010D of 50 mm internal diameter
» A Safmag 100A2NESSR0032 of 110 mm internal diameter

3.3.6 Pumps

A progressive cavity positive displacement pump, driven by a 5.5 kW electric motor, was used
to circulate the fluid in the test loop. It had a maximum capacity of 11 I/s (39.6 mh). A
connection to another rig was made in order to have a higher flow rate, so that sufficient
pressure drop could be obtained in bigger pipes when pumping water. This rig had two
centrifugal pumps, of 80 I/s and 140 I/s (288 m®h and 504 m®h) maximum flow rate, and they
were driven by a 45 kW and a 90 kW electric motor respectively.
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3.3.7 Weigh tank and load cell

The weigh tank, similar to the bucket and stopwatch method, was used to determine the mass
slurry distribution between the two vessels. The operation of the weigh tank is quite simple. The
output voltage of the load cell varies linearly with the applied force, and is proportional to the
input voltage. The resistors are connected to a power supply which is connected to the DAU.
The input voltage divided by the output voltage gives a non-dimensional load cell reading which
is independent of the input voltage. An accurate calibration of the load cell is essential and the
procedure is given in section 3.4.1.1

3.3.8 Heat exchanger

A double pipe heat exchanger was installed at the inlet of the rig to keep the test fluids at a

constant temperature.

3.3.9 Temperature probes

Two temperature probes were installed to measure the temperature before and after a fluid had
entered a test section. It is located at the exit point of the heat exchanger and before the
diversion point between the weigh tank and the mixing tank. This information was used to
regulate the temperature of the test fluid, using the heat exchanger, and by either reducing or

increasing the flow rate of water.

3.3.10 Mixer

A mixer, driven by a 3 kW electrical motor, was fitted to the storage tank to mix the test fluids at
the preparation stage. At times, the mixer was run during a test to keep the fluid particles
suspended.
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3.3.11 Valves board

A switchboard made of small ball valves, as shown in Figure 3.2, was used to select a particular
test section and direct their pressure readings to specific pressure transducers, so that different

test modes could be possible.
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Figure 3.2: Pressure lines board of the valve test rig

Figure 3.2 gives a schematic presentation the connection of pressure lines on the valves board.
These pressure lines were made of nylon tubes of 3 mm internal diameter and filled with water.
Deviation valves (D1, D2, ..., D9) were on-off valves giving access to pressure transducers.
Pressures lines [(PL1, ..., PL4) and (1,2, ...,9)] were connected to the test sections’ pressure
tappings via pods filled with water. The purpose of the pods was to collect any solid particles
that might come from the test fluid, preventing it from entering the pressure lines. Each pod had
a valve on top and at the bottom. The top valve was for flushing away any air bubbles and the

bottom valve was used for flushing away any solids particles.
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3.4 EXPERIMENTAL PROCEDURES

This section describes the procedure used to collect the experimental data. It consists of the
calibration of transducers, load cell and flow meters, measuring the pipe internal diameter,
setting the valve positions, measuring the density, running tests to measure the viscous
properties of fluids and running tests to measure valve loss coefficients.

3.4.1 Calibration procedures

The aim of the calibration was twofold: firstly, to ensure that the measuring instrument readings
were valid (normally this is done by double checking the measurement with other devices), and
secondly, to ensure that the readings appearing on the PC via the DAU were as close as
possible to actual readings.

3.4.1.1 Load cell

To calibrate the weigh tank, it should be empty. It must be ensured that nothing disturbs the
tank. The calibration procedure was as follows:

» Switch on the computer and load the calibration program.
» Select channel 118 on the DAU, assigned to capture the voltage induced on the load
cell.
> Divert the water flow into the weigh tank and fill it to a certain level.
> Re-direct the water to the mixing tank.
> Record the voltage indicated on the DAU and use the bucket to collect all water from the
weigh tank, and weigh it on the portable scale.
> Repeat the exercise for 4 to 5 different water levels and record both the voltage and the
weight.
» Plot the weight versus the voltage and determine the slope and the intercept of the linear
relationship.
The linear relationship of the weight versus the voltage for load cell calibration is given in Figure
3.3
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Figure 3.3: Load cell calibration line

3.4.1.2 Flow meter

The calibration procedure was a follows:

» Open the computer programme and select channel 113 on the DAU for the Khrone flow
meter.

» Choose the time interval at which the weight of the tank should be recorded by the
computer programme.

» Pump the water through the rig and close valve VR07 and the VR16 to divert the flow

through the Khrone flow meter and the weigh tank.

Close the valve at the bottom of the weigh tank to accumulate water in the tank.

Start the computer programme. Stop it when the tank is almost full.

Record the voltage reading on the DAU.

Empty the weigh tank by opening the valve at the bottom of the tank.

YV V. V V V

Vary the speed of the pump to change the flow rate of water though the rig.
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> Repeat step 4 to 7 to record another set of data.

A\

Repeat the procedure to acquire at least 5 sets of data at differing flow rates.
> Follow the same procedure to calibrate the Safmag flow meter. Water flow was diverted
through the Safmag flow meter by first opening valve VR07 and closing valve VR06.

The mass flow rate through the flow meter was determined as the ratio of the recorded mass of
the weigh tank to the time it took to fill it. It was converted to the volumetric flow rate by dividing
the ratio with the density of water at its recorded temperature. .

The linear relationship of the flow rate versus the voltage for Khrone flow meter calibration is
given in Figure 3.4.
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Figure 3.4: Khrone flow meter calibration constants
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Figure 3.5: Safmag flow meter calibration constants

3.4.1.3 Transducer

The point pressure and differential pressure transducers were calibrated using equipment called
the Handheld Communicator. Using water, a known pressure was applied directly to the
transducers.

The calibration procedure was as follows:

» Open the calibration computer program and switch on the DAU to channel 101.

v

Open the transducer’s cap and set it to zero.

» Open the pipe valves leading to the transducers and expose them to the atmosphere, to
release any pressure induced by the system.

» Connect the Handheld Communicator to the transducers and switch it on.

» Set the Handheld Communicator to the desired pressure range, either 0-40 kPa or 0-130
kPa, and set it on data recording mode.

» Read the pressure recorded by the Handheld Communicator and the voltage recorded
by the DAU. This was considered as the zero mark.

» Apply pressure on the transducers and record both the pressure and the voltage reading

on the Handheld Communicator and the DAU, respectively.
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» Continue to increase the pressure on the transducers, recording the pressure and
voltage readings to acquire at least 6 different readings.

» Plot the pressure readings against the voltage reading to determine the linear
relationship between them. The slope and the intercept of this linear relationship were
used to relate the pressure applied by the test fluid in the rig to the voltage recorded by
the DAU.

The linear relationship of the pressure versus the voltage for point pressure transducers
calibration is given in Figure 3.6:
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Figure 3.6: Calibration curve of the Point Pressure Transducer

The calibration of the DP cell was conducted in a similar manner to the procedure used to
calibrate the point pressure transducers. The only difference was the channel used on the DAU
to record the voltage produced by the pressure in the system. Channel 115 and 116 of the DAU
were used to calibrate the DC cells for a pressure drop range of 6 kPa and 130 kPa
respectively. The linear relationship of the pressure versus the voltage for the 130 kPa
differential pressure transducers calibration is given in Figure 3.8
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Figure 3.8: Calibration curve of the 130 kPa DP cell
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3.4.2 Fluid relative density

The slurry density (p) and the relative density were determined carefully for each fluid tested, by
performing the followings steps:

» Three clean, dry 250 ml volumetric flasks were weighed (M;).

> A slurry sample was taken from a tapping in the pipe wall of any of the 5 pipes and was
weighed (M,).

» The volumetric flasks were filled to the 250 ml level with clear water and weighed again
(Ms).

» The volumetric flasks were emptied, filled with clear water and weighed again (M,).

> The relative density S, defined as S,,= p/ pw

RD — Mass of fluid B M, -M,
Mass of equal volume of water (M .~ M, )— (M3 - Mz)

Equation 3.1

3.4.3 Valve test procedures

In general, the operation of the valve test rig was as follows:

Switch on the computer and open the desired programme of test operation, i.e. the HGL manual
mode, automatic mode, DP cell mode or the straight pipe test.
In case of testing a particular slurry, switch on the mixer to mix the slurry evenly.

» Open fully the by-pass valve positioned immediately after the pump, to ensure that there
is no build-up of pressure in the rig if the wrong valves or no valves are open.
Switch on the pump and set it at the desired speed to achieve a certain flow rate.
Open all the diaphragm valves in the system to circulate the test fluid left in the rig.
Close the bypass valve and let the rig run for an hour to thoroughly mix the test fluid.

YV V VYV V

To conduct a test on the 42 mm and 50 mm ID pipes, ensure that valve VR08 is open
and close valve VRO7. Then choose either the 42 mm ID pipe or the 50 mm ID pipe by
closing either VR01 or VR02.

» To conduct a test on the 63 mm ID, 80 mm ID or the 100 mm ID pipes, open valve VR07
and close VRO08.
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» Select the desired pipe among the four pipes fed through VRO7 by opening or closing
the appropriate valves among VR03, VR04, VR05 and VRO06.

» Choose the desired pressure tappings on the test pipes and record their distances from
the valve in the appropriate columns on the computer programme.

» Flush the pressure pods and the pressure line board and fill them with tap water,
ensuring that there are no bubbles in the tubes.

» Open the valves of the tappings leading to the pressure pods.

» Use the Handheld Communicator to determine the pressure range to be used during the
test.

» Set the computer programme to the determined pressure range and the chosen pipe
diameter, and indicate the type of fluid to be tested.

» Open the appropriate valves on the pressure lines board and start the test.

» Take a sample of the fluid and conduct rheology and RD tests, and record the
information on the computer programme.

» Increase the flow rate of the fluid by increasing or decreasing the pump speed.

The test liquid was circulated from the tank by means of a positive displacement pump to the
test section. The flow rate was controlled by a by-pass valve and measured with two different
flow meters. The liquid discharge from the test section was returned to the liquid storage tank.
The test section is 25 m long and comprised a horizontal upstream straight pipe, a diaphragm
valve and a downstream straight pipe. The test section was provided with pressure taps at
various points of the upstream and downstream sections of the pipe. The static pressure at
different points was measured by means of point pressure transducers or differential pressure
transducers mode. Different pipe diameters ranging from 40 mm to 100 mm bore diameter of
Saunders diaphragm valves were used in this experimental investigation. All the valves were
positioned horizontally. Under steady state conditions the liquid flow rates were recorded at
various flow rates. The percentage openings of the valves used in the experiment were full,
75%, 50% and 25% open. The fluids were maintained at a temperature between 25°C and 30°C
while using the positive displacement pump.
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The following steps were used to compute the loss coefficient as illustrated on Figure 2.7.

P [Pa]
//

Figure 2.7: Diagram illustrating the calculation of valve loss coefficient

The measurement of static pressure at different points upstream and downstream of the test
valve were taken. (In total nine points were used, four upstream and five downstream of the test

valve.)

The calculation of the shear stress in the two pipes upstream and downstream of the test valve
was done in the regions of fully developed flow. Six points are used to calculate the shear stress
(three points upstream and three points downstream respectively) of the test valve, all in regions
of fully developed flow as defined above. The three points close to the test valve, one point
upstream and two points downstream, are discarded because they are in the region of influence
of the valve. The shear stress in the two pipes upstream and downstream is calculated using
the Equation 2.2.
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3.4.4 Pressure tapping

The setting of the pressure pods and the pressure transducers of the Valve Test Rig are as

shown in Figure 3.9.

t“;ﬁ_’h{ﬂ
B
S e — P — [ilt]
Prisame
tap
] -
pods
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F:f—i_ M= \
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Figure 3.9: Valve test rig pressure lines

Pressure is transferred from the fluid within the test pipe to the pressure transducers through the
water-filled pods. The pressure is converted into a voltage signal, detected and captured by the
DAU.

3.4.5 Single point pressure transducers mode (manual mode)

The manual mode of the Valve Test Rig was conducted in two ways, namely, by reading the
static pressure at one tapping point using all the nine point pressure transducers, or by using
only one point pressure transducer. Using all nine transducers, the setting of the ball valves on
the Pressure Lines Board (Figure 3.2) was as follows, referring to Figure 3.9.
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» The exit valves: E1 was opened to read the pressure on tapping 1.

A\

E2 to E9 were closed.

A\

Deviation valves (D1 to D9) were opened. The isolation valves (I1, 12 and 13) were
closed.

The bypass ball valves (B1 to B5) and the connecting valves (C1 to C4) were closed.
Take the reading (all the transducers should read the same pressure).

Close valve E1 and open E2.

Read the pressure, close E2 and open ES3.

YV V V V V

Continue this procedure until valve E9 is open.

At the completion of the process all nine point pressure transducers will record each one
Pressure Grade line separately. The procedure of conducting the test, using only a one-point
pressure transducer, was as follows:

The exit valve E1 is open to read the pressure on tapping 1.
E2 to E9 are closed.
The deviation valves (D1 to D9) are closed. The isolation valves are open.

YV V VYV V

The bypass valves (B1 to B6) are closed, also closed are the connecting ball valves
except C1.

C1 is connected to the point pressure transducer 1.

Record the pressure reading.

Close valve E1 and open E2.

Read the pressure, close E2 and open E3.

V V V V V

Continue the procedure until E9 is open.

3.4.6 Straight pipe test

The straight pipe test can be conducted simultaneously on the downstream and upstream legs
of the Valve Test Rig. The procedure is as follows referring to Figures 3.2 and 3.9:

» Choose the straight pipe section on which the pressure drop will be measured and
record the tapping distance.
» On the Pressure Lines Board close the isolating valve 11, I3 and 14.
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» Open the valves E according to the test sections chosen. All deviation valves and the
other E valves must be closed.

» Close the bypass valve B2, B4, B5, and B6.

» Use the pressure line PL-1 and PL-2 to measure the pressure drop upstream of the test
valve by opening the connecting valves C1 and C2.

» Ensure that the pressure line PL-1 is connected to the High side of the DP cell and PL-2
to the Low side of the DP cell.

» Use the pressure line PL-3 and PL-4 to measure the pressure drop downstream of the
test valve by opening the connecting valves C3 and C4.

3.4.7 Differential pressure transducers mode

The pressure grade line was determined using the DP cell for reading high pressures. This was
achieved by isolating the first pod from the others and opening the pressure taps, from the
second pod to the ninth pod, one after another and reading the pressure gradient. The
procedure is the same as the straight pipe test described above, up to the 6" step. It continues
as follows:

Open the isolating valve I3.
Open the respective E2, and take the reading.
Close E2 and open E3, and continue until E9 is open.

YV V V V

Change the flow rate and repeat step 2 and 3

3.5 VALVES TESTED

The valves tested in this study were the straight-through type, i.e. without a weir. These valves
are suitable for slurry applications. A schematic diagram and a photograph of one these valves
are shown in Figure 3.10 and Figure 3.11, respectively. They consist of two principal parts, the
bonnet and the base, which are separated by a paraboloidal-shaped flexible rubber band (the
diaphragm). The bonnet consists of a hand-wheel and the spindle, which together drive the
diaphragm down across the flow area to obstruct the flow.
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Bonnet ——— Spindle

Flow {
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Figure 3.10: Schematic diagram of a Saunders diaphragm valve

Figure 3.11: Photograph of a Saunders diaphragm valve
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Five diaphragm valves (from Saunders Valves supplied by DFC, South Africa) have been tested
for the purpose of this thesis. Other valves from a different manufacturer (from Natco Valves)
have already been tested (Mbiya 2008). The external dimensions of the Saunders valves are
shown in Table 3.1

Table 3.1: External dimensions of Saunders valves

Nominal bore A B C Safe working
Pressure
mm mm [ mm [ mm kPa
40 83 | 121 | 159 700
50 140 | 181 | 191 700
65 165 | 200 | 216 700
80 197 | 245 | 254 700
100 254 | 267 | 305 700

dl A »
; ; Y
B
N I
v
- C »

3.5.1 Internal Dimension of Valves

The valves’ internal dimensions were measured after they had been unscrewed. A schematic
diagram of the inside dimensions of the valves is shown in Figure 3.12.
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Figure 3.12: Internal dimension of the 80 mm bore diaphragm Natco valve (Pienaar et al., 2006)

The internal measured dimensions for all the Saunders valves tested are shown in Table 3.2.

Table 3.2: Internal dimensions of the diaphragm valves

Bore size Cross section Diaphragm dimensions (mm) Bore dimensions
area (mm) (mm)
Depth | Width | Height | Width Per Rev A B C
40 35.26 42.78 | 36.00 47.38 3.44 28.20 54.06 90.04
50 46.65 | 64.26 | 47.00 | 66.34 3.88 35.26 | 67.15 133.4
65 62.42 | 90.82 | 63.00 | 92.14 3.64 51.98 | 82.36 152.5
80 68.92 | 112.00 | 69.00 | 114.20 2.98 58.64 118.5 171.4
100 74.72 | 124.46 75.00 | 129.92 2.78 59.56 126.7 262.6

A close look at the values given in Table 3.2 showed that the measured values also did not

portray a systematic geometrical similarity. However, some dimensions such as the depth of the

cross sectional area and the height of the diaphragm proved a close correlation with the bore

dimensions.
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3.5.2 The gravity test

In this test, about 3 m® of water was stored in a tank (from another rig) as shown in Figure 3.13.
The test valve was connected at the end of the exit pipe so that water flowed freely by gravity
when the valve was opened. The test valve was causing the major obstruction to the flow of
water; therefore the flow depended on the discharge coefficient of the valve and the level of
water in the storage tank.

N
D

Water

Diaphragm valve

Figure 3.13: Gravity flow system used to determine the valve positions

The procedure was as follows:

Open the computer program that records the mass of water within the weigh tank.
Fill the weigh tank with water.
Set the valve at fully opened position.

YV V V V

Select the time interval, for which the mass of water was to be recorded, ideally at 1-sec.

intervals.

v

Start the program to record the mass of water in the tank every second.

v

Open the valve at the bottom of the weigh tank to allow water to run through the valve,
recording the change in mass simultaneously.

» Stop the computer programme once the tank is emptied.
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Close the valve, at the bottom of the tank, and refill it.

Set the valve position by revolving the hand-wheel once (first revolution), towards the
closing position.

Repeat steps 4 to 8.

Set the valve position by revolving the hand-wheel once more. This was a second
revolution, towards the closing position.

Repeat steps 4 to 8.

Conduct the experiment until the valve is fully closed.

3.5.3 Valves opening setting

To determine the valve position, i.e. the Y4, 2, and % open positions, a gravity flow system was

implemented. By running water through the valve at different settings, the desired valve

positions could be identified. To determine the 2 open mark, for instance, the mark was

determined by counting the number of revolutions of the hand-wheel at which the ratio of water

flow rate at that mark, and the flow rate when the valve is fully open, was fifty per cent (50%).

The procedure was as follows:

YV V V V

Y Vv

A\

Open the computer programme that records the mass of water within the weigh tank.

Fill the weigh tank with water.

Set the valve at fully open mode.

Select the time interval at which the mass of water is to be recorded; ideally at 1-second
intervals.

Start the programme to record the mass of water in the tank every second.

Open the valve at the bottom of the weigh tank to allow water to run through the valve,
recording the change in mass simultaneously.

Stop the computer programme once the tank is empty.

Close the valve, at the bottom of the tank, and refill it with water.

Set the valve position by revolving the hand-wheel once, first revolution, en route for the
closing position.

Repeat step 4 to 8.

Set the valve position by revolving the hand-wheel once, second revolution, en route for
the closing position.
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» Repeat step 4 to 8.
» Conduct the experiment until the valve is fully closed.

Figure 3.14 gives the percentage delivery of the 40 mm to 100 mm bore size range after each
revolution, from a fully open to fully closed position. The graph was used to determine the 75%,
50% and 25% delivery positions, which were regarded as the 4, 2 and % open positions. Note
that the graph curves are not all smooth, and that the valve setting was changed from fully open
to fully closed positions. The number of revolutions to obtain the desired valve opening are
given in Table 3.3.

100%
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—e—40 mm Bore —=—50 mm Bore A 80 mm Bore 100 mm Bore

Figure 3.14: Percentage flow delivery at different valve positions
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Table 3.3: Valve position

Number of revolutions to obtain the
desired valve opening
Valve bore size Pipe outer diameter 75% Open | 50% Open | 25% Open
40 mm 50 mm 4.5 5.5 7.8
50 mm 63 mm 6.5 8 9.25
80 mm 90 mm 13.75 15.25 18
100 mm 110 mm 8.75 10 11.75

3.6 MATERIAL/FLUID TESTED

In order to perform the tests, the Newtonian fluid (water) was used for the calibration of the
valve test rig and non-Newtonian fluids (carboxymethylcellulose and kaolin at three different
concentrations) will be tested to derive and to provide loss coefficient data to the open literature,
which will be useful for designing pipelines in industries, as well as contributing to the academic
discourse and debate in this discipline.

3.6.1 Water

Water was tested in straight pipes to establish credibility, accuracy and precision of the valve
test rig. The typical properties of water are as follows: A pH of 9 with a total alkalinity of 35 mg/I
as CaCOj; and an ionic strength of less than 0.01 molar scale (Haldenwang, 2003).

3.6.2 Carboxyl methyl cellulose (CMC)

The CMC was obtained in granular form, which easily dissolves in water at a low concentration.
Municipal tap water was used for this research work. Solutions of CMC are stable between pH
of 2 and 10. Below pH 2, precipitation of the solids occurs, and above pH 10 the ‘viscosity’
decreases rapidly. The pH of the solutions tested for this study was pH 9.0 at 20 °C.
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CMC is used in drilling mud, in detergents as a soil-suspending agent, in resin emulsion paints,
adhesives, printing inks, as protective colloid in general and as a stabilizer in foods. The flow
properties of the CMC solutions proved to be constant throughout the test work. The
concentrations tested were 5% by mass. At a high concentration, dissolution of the CMC in
water deteriorated and required long periods of mixing time to achieve homogeneous solutions.

3.6.3 Kaolin

The kaolin used in the preparation of kaolin suspensions is supplied by Serina Kaolin (Pty) Ltd,
and was mined in the Fish Hoek area near Cape Town. Pellets of kaolin clay were mixed with
tap water in preparation of the slurry to be tested. A mixer, in the mixing tank was used to mix
the solution thoroughly. The kaolin slurry was mixed in volumetric concentration of 10% and
13%.

3.7 EXPERIMENTAL ERRORS

Absolute accuracy in measuring is not always achieved, unless the data are discrete numbers.
It is important to be able to determine the margins of error which may be found in a set of data,
and to know how they are affected by various arithmetic processes such as addition,
multiplication, root extraction, etc., (Benzinger & Aksay, 1999).

There are three types of error: Gross errors, systematic errors and random errors (Benzinger &
Aksay, 1999).

3.7.1 Gross errors

Gross errors are due to blunders, equipment failure and power failure. A gross error is
immediate cause for rejection of a measurement (Benzinger & Aksay, 1999).
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3.7.2 Systematic or cumulative errors

Systematic errors result in a constant bias in an experimental measurement. Systematic errors
are those that are due to known conditions. These conditions might be:
» Natural (temperature, pressure, humidity, etc.)
» Instrumental (calibration, graduation, range, etc.)
» Personal (poor sight of the experimenter, inability of the experimenter to take correct
reading, etc.) size (Barry, 1991).

In this work precautions were taken to prevent those errors occurring: e.g. checking the
calibration of instruments by another instrument not related to the instrument, or independent
calibration, and also by checking the reproducibility of the results.

3.7.3 Random errors

Random errors are those that are due to chance variation. Most experiments proceed with
minor variations that change from event to event and follow no systematic trend. The same
quantity may be measured many times, giving close but not identical results. The fluctuations in
the measurement are assumed to be random and lead to a distribution of values (Barry, 1991).

3.7.4 Evaluation of errors

The absolute error is the difference between the true value of any number or quantity and the
value obtained or used for that the number or quantity in a given circumstance. If the true value
of a number or quantity is X, the value obtained or used for that number or quantity is A, and the
absolute error is AA than:

X=ATAA Equation 3.2

This means that X is comprised between A — AA and A + AA. AA is called the maximum error or
absolute error. If X is a quantity, AA is expressed in the same unit. AA is here the smallest
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division of the instrument, and the smallest value detected by the instrument (Barry, 1991). AA
is calculated from the standard deviation of a set repeated measurement as well. The absolute
error for A at 99,9% confidence interval is given by the equation:

AA = 3.290 Equation 3.3

where o is the standard deviation
If at 95% confidence level is considered, then the absolute error may be approximated by:

AA =20 Equation 3.4

The relative or percentage error of a number or quantity is calculated by:

0A =— Equation 3.5

3.7.5 Combined errors

When a variable is a result of a computation of other variables with their subsequent errors, the
resulting error is the combination of the independent variables errors (mean quadratic value of
the independent errors). If a variable X is a function of n other variables, i.e., X = F (A, B, C...
N), the expected highest error (Brinckworth, 1968) can be calculated from:

[AYXJZ _ ZG_@T%)Z(%T Equation 3.6
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3.8 ERROR OF MEASURABLE VARIABLES

3.8.1 Axial distance

The axial distances were measured using a measuring tape divided up in mm. The absolute

error on measurements was 0.001 m.

3.8.2 Weight

The mass of all samples was measured using the weigh scale graduated in grams. The
absolute error on measurements was 0.001 kg.

3.8.3 Flow rate

The flow meters used are accurate to 0.001 I/s, which can be assumed as the absolute error.

3.8.4 Pressure

The pressure transducers used are accurate at 0.25%. Care should be taken in calibration to
obtain a correlation coefficient of 0.999. Such calibration can rise to an average of 0.35%
(Baudouin, 2003).

3.8.5 Error of derived variables

3.8.5.1 Pipe diameter

The combined error of the diameter of the Valve Test Rig pipes was determined using the
following equation:
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D= |—— Equation 3.7

The highest expected error in calculating the pipe diameter is obtained by applying the
Equations 3.6 and 3.7, and that yields:

2
AM ’
A_D:il —__ 10 +(£j Equation 3.8
D 2\ My, L

The highest expected error and experimental errors on the measurements of the five diameters
of the Valve Test Rig are given in Table 3.4.

Table 3.4: Expected highest error and experimental errors in the measurements of the valve test

rig pipe diameters

Nominal .
_ Average _ Highest

Pipe outer _ Length | Experimental

N _ internal expected error
position diameter _ (mm) error (%)
diameter (mm) (%)
(mm)

Top 50 421 5000 0.63 2.38
2" Top 63 52.8 5000 0.32 1.90
3" Top 75 63.1 5000 0.45 1.59
4" Top 90 80.4 5000 0.22 1.25

2nd
75 63.1 5000 0.36 1.01
bottom
Bottom 110 97.2 5000 0.37 1.03
3.8.5.2 Velocity

The velocity in a pipe is determined Equation 2.5. Q and A respectively, the flow rate and the
cross section area of the pipe. The application of the Equation 3.6 to the Equation 2.5 yields the
highest expected error on the velocity given by:
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ﬂ = i\/(&j + 4[£J Equation 3.9
Q D

The pseudo shear rate is determined using the Equation 2.14

8V .
=— Equation 3.10

Yo D
The application of the Equation 3.6 to 2.14 gives the expected higher error on the pseudo shear
rate and it yields:

2 2
Ad
'YO = i\/(AQj + S(A—Dj Equation 3.11
Vo Q D

3.8.5.3 Wall shear stress errors

The combined error of the wall shear stress of the slurries tested in the Valve Test Rig pipes
was determined using the following equation:

_ APD
° 4L
The application of the Equation 3.6 to 2.2 gives the expected highest error on the shear stress
and that yields:
A, A(AP)Y (ADY (ALY _
—> == + +| — Equation 3.12
T, AP D L

3.8.5.4 Reynolds number

The Reynolds number errors in this work are evaluated for the Slatter Reynolds number Re;
(Equation 2.27)

8V,

Reg = -
8V
(2]
D shear
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Application of Equation 3.6 to 2.27 yields

2 2 2 2 2
ARe, _ [ Ap 4 AQ N AL 495 AD N AAP -
Re, p Q L D P Equation 3.13

3.8.5.5 The valve loss coefficient

The valve loss coefficient is obtained from the Equation 2.38

2
-k, Y
2g
Or the pressure loss due to the valve is related to the head loss by:
AP, =pgH,
Then:
K, = 1AP
—pV?
’ p
2 2 2 2 2
Ak A(AP
| = ( V) + Ap +4 AQ +16(£j Equation 3.14
k, AP, p Q D

A sample of 25 readings at constant flow rate were collected to evaluate the accuracy and
precision of the rig in capturing data relevant to loss coefficient determination. The shear stress
was determined from the pressure gradient. The average mean and standard deviation were
determined. The error incurred in calculating the wall shear stress was determined as the ratio

of the standard deviation and the average mean.

Table 3.5 to Table 3.9 show the statistical analysis for the absolute errors for different pipes. It
can be seen that the loss coefficient absolute error for the 25 % opening position is higher than

for the other opening positions.
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Table 3.5: Absolute error for 40 mm bore diameter

Opening position |Fluid AQ Ap A(AP,) AD Ak, ARe

25 % Open Kaolin 10% 0.080 3.750 4126 0.265 15.26 42.92

50 % Open Kaolin 10% 0.022 3.750 1527 0.265 1.622 18.33

75 % Open Kaolin 10% 0.062 3.750 2343 0.265 1.539 76.63

100 % Open Kaolin 10% 0.026 3.750 1186 0.265 0.696 64.89

Table 3.6: Absolute error for 50 mm bore diameter

Opening position |Fluid AQ Ap A(AP,) AD Ak, ARe

25 % Open Kaolin 10% 0.022 3.75 1812 0.169 1.480 27.86

50 % Open Kaolin 10% 0.060 3.75 1274 0.169 0.647 42.47

75 % Open Kaolin 10% 0.036 3.75 1064 0.169 0.817 28.21

100 % Open Kaolin 10% 0.011 3.75 575.8 0.169 0.578 13.95

Table 3.7: Absolute error for 65 mm bore diameter

Opening position [Fluid AQ Ap A(AP,) AD Ak, ARe

25 % Open Kaolin 10% 0.026 3.75 1793 0.284 1.170 47.81

50 % Open Kaolin 10% 0.026 3.75 1255 0.284 1.173 41.54

75 % Open Kaolin 10% 0.026 3.75 816.3 0.284 0.391 32.32

100 % Open Kaolin 10% 0.033 3.75 498.0 0.284 0.230 41.04
Table 3.8: Absolute error for 80 mm bore diameter

Opening position |Fluid AQ Ap A(AP,) AD Ak, ARe

25 % Open Kaolin 10% 0.040 3.75 626 0.177 1.529 19.72

50 % Open Kaolin 10% 0.032 3.75 863 0.177 2.218 11.61

75 % Open Kaolin 10% 0.046 3.75 285 0.177 0.773 9.256

100 % Open Kaolin 10% 0.073 3.75 559 0.177 0.578 27.97
Table 3.9: Absolute error for 100 mm bore diameter

Opening position |Fluid AQ Ap A(APy) AD Ak, ARe

25 % Open Kaolin 10% 0.058 3.75 4731 0.360 2.365 21.16

50 % Open Kaolin 10% 0.134 3.75 1296 0.360 3.538 78.02

75 % Open Kaolin 10% 0.061 3.75 819.9 0.360 1.960 46.00

100 % Open Kaolin 10% 0.128 3.75 215.8 0.360 0.537 22.49
Table 3.10: Mean value for 40 mm bore diameter

Opening position |Fluid Flow Rate o AP, D k, Re

25 % Open Kaolin 10% 1.311 1169 36972 4210 71.65 336.5

50 % Open Kaolin 10% 1.859 1169 40039 42.10 38.50 627.3

75 % Open Kaolin 10% 2.147 1169 12698 4210 9.144 805.0

100 % Open Kaolin 10% 2.399 1169 4283 42.10 2.470 963.1
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The mean value for the loss coefficient has been presented in Table 3.10 to Table 3.14. This

proved the qualitative trend that as the opening position decreases, the loss coefficient
increases as well.

Table 3.11: Mean value for 50 mm bore diameter

Opening position |Fluid Flow Rate p AP, D K, Re

25 % Open Kaolin 10% 3.262 1169 30520 52.8 23.53 933.6

50 % Open Kaolin 10% 3.408 1169 13132 52.8 9.266 1003

75 % Open Kaolin 10% 3.352 1169 4790 52.8 3.496 972.6

100 % Open Kaolin 10% 2.845 1169 1188 52.8 1.203 718.2
Table 3.12: Mean value for 65 mm bore diameter

Opening position |Fluid Flow Rate o AP, D K, Re

25 % Open Kaolin 10% 5.245 1169 31856 63.1 19.34 1199

50 % Open Kaolin 10% 4127 1169 4505 63.1 4.417 764.7

75 % Open Kaolin 10% 6.090 1169 4304 63.1 1.939 1544

100 % Open Kaolin 10% 6.069 1169 471.8 63.1 0.214 1541
Table 3.13: Mean value for 80 mm bore diameter

Opening position |Fluid Flow Rate p AP, D ky Re

25 % Open Kaolin 10% 4.858 1169 46111 80.4 86.26 482.9

50 % Open Kaolin 10% 4.228 1169 13341 80.4 32.95 376.2

75 % Open Kaolin 10% 4.379 1169 2376 80.4 5.471 404.8

100 % Open Kaolin 10% 6.461 1169 4141 80.4 0.451 701.4
Table 3.14: Mean value for 100 mm bore diameter

Opening position |Fluid Flow Rate o AP, D ky Re

25 % Open Kaolin 10% 5.475 1169 27769 97.2 87.13 302.9

50 % Open Kaolin 10% 6.284 1169 10905 97.2 25.99 402.6

75 % Open Kaolin 10% 6.267 1169 3193 97.2 7.645 403.9

100 % Open Kaolin 10% 5.267 1169 80.94 97.2 0.431 235.2

Mbiya (2003) has derived the relative or percentage error for the loss coefficient and it can be
seen that the experimental loss coefficients relative errors are almost the same with the
calculated ones using the Equation 3.13. The relative error increases as the opening position
increases as well.
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Table 3.15 to 3.19 show the experimental relative error compared to the relative error using

Equation 3.13.

Table 3.15: Relative or percentage error for 40 mm bore diameter

Opening position Fluid AQ/Q Aplp |A(AP,)/AP,] AD/D (Ak,/k,)Exp | ARe/Re | (Ak,/k,)Calc
25 % Open Kaolin 10% 6.102] 0.003 11.16 0.629 21.29 12.76 16.73
50 % Open Kaolin 10% 1.183| 0.003 3.814 0.629 4.214 2.921 5.147
75 % Open Kaolin 10% 2.888] 0.003 18.45 0.629 16.83 9.519 19.50
100 % Open Kaolin 10% 1.084] 0.003 27.68 0.629 28.18 6.738 27.88
Table 3.16: Relative or percentage error for 50 mm bore diameter
Opening position Fluid AQ/Q Aplp | A(AP,)/AP, ] AD/D | (Ak/k,)Exp| ARe/Re | (Ak./k,)Calc
25 % Open Kaolin 10% 0.674| 0.003 5.937 0.32 6.291 2.984 6.221
50 % Open Kaolin 10% 1.761] 0.003 9.701 0.32 6.983 4.236 10.40
75 % Open Kaolin 10% 1.074] 0.003 22.22 0.32 23.37 2.901 22.36
100 % Open Kaolin 10% 0.387| 0.003 48.48 0.32 48.05 1.942 48.51
Table 3.17: Relative or percentage error for 65 mm bore diameter
Opening position Fluid AQ/Q Ap/p |A(AP,)/AP,| AD/D |(Ak,/k,)Exp| ARe/Re |(Ak,/k,)Calc
25 % Open kaolin 10% 0.496( 0.003 5.628 0.45 6.049 3.988 5.992
50 % Open kaolin 10% 0.630| 0.003 27.86 0.45 26.56 5.432 27.94
75 % Open kaolin 10% 0.427( 0.003 18.97 0.45 20.17 2.093 19.07
100 % Open kaolin 10% 0.544| 0.003 105.5 0.45 107.5 2.664 105.6
Table 3.18: Relative or percentage error for 80 mm bore diameter
Opening position Fluid AQ/Q Aplp | A(AP,)/AP, | AD/D (Ak,/k,)Exp | ARe/Re | (Ak,/k,)Calc
25 % Open Kaolin 10% 0.823] 0.003 1.357 0.22 1.773 4.084 2.308
50 % Open Kaolin 10% 0.757| 0.003 6.468 0.22 6.732 3.086 6.700
75 % Open Kaolin 10% 1.050| 0.003 12.00 0.22 1413 2.286 12.21
100 % Open Kaolin 10% 1.130| 0.003 135.1 0.22 128.2 3.988 135.1
Table 3.19: Relative or percentage error for 100 mm bore diameter
Opening position Fluid AQ/Q Aplp | A(AP,)/AP,| AD/D |(Ak/k,)Exp| ARe/Re [ (Ak/k,)Calc
25 % Open Kaolin 10% 1.059 0.003 1.704 0.37 2.714 6.986 3.096
50 % Open Kaolin 10% 2.132 0.003 11.89 0.37 13.62 19.38 12.72
75 % Open Kaolin 10% 0.973 0.003 25.67 0.37 25.64 11.39 25.79
100 % Open Kaolin 10% 2.430 0.003 266.6 0.37 124.6 9.565 266.6
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3.9 CONCLUSION

The experimental equipment has been described. It is reliable and can be used to measure the
loss coefficient through different fittings, in this case in particular, through Saunders diaphragm

valves.

The diaphragm valve has also been described and the detailed external and internal dimensions
have been provided.

The basic operation used to provide useful data of loss coefficient for different purposes has
been outlined. The results will be presented in the next chapter where the loss coefficient will be
plotted against the Slatter Reynolds number.

The materials tested, as well as their particular purposes, have been described. The water test
results will be correlated to the Colebrook & White equation and the Rheological
characterisation of the non-Newtonian fluids will also be presented in Chapter 4.

The relative error Equation 3.14 derived by Mbiya (2003) has been evaluated and it was shown
to be successful, because it can be used to predict the percentage error for the loss coefficient.
The difference in percentage between the experimental loss coefficient relative error and the

calculated ones is very small.
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CHAPTER 4 ANALYSIS OF RESULTS

4.1 INTRODUCTION

The purpose of this work was to measure pressure losses in Saunders straight-through
diaphragm valves.

Firstly, Newtonian fluid (water) was tested through five pipes of different size and the plot of the
velocity against the wall shear stress was correlated to the Colebrook & White equation to
ascertain the accuracy and the credibility of the equipment.

Secondly, the rheological characterisation was done for each non-Newtonian fluid used,
applying the rheology test. It consists of using the data points in laminar flow from the test data
of (7o, 8V/D) to obtain the rheological constants t,, K and n (Slatter, 1994).

Finally, the laminar and turbulent loss coefficients were calculated, based on the pressure drop
through the diaphragm valves, and they were then correlated to the Reynolds number.

Thus, the objective of this chapter is

> to present the water test results;
» to present the rheological constants obtained for the fluids under evaluation;
» to present the correlation of loss coefficient with Reynolds number.

4.2 STRAIGHT PIPE RESULTS

The results obtained in the straight pipe section will be presented here for both water and non-
Newtonian fluids. The straight pipe results are important for establishing credibility of the test rig,
as well as for the rheological characterisation of non-Newtonian fluids.

4.2.1 Water

The water test was conducted in the straight pipes to establish the credibility and accuracy of
the test equipment.
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A plot of the Fanning friction factor (f) against the Reynolds number (Re) for water for the 50
mm OD pipe is shown in Figure 4.1.

0.1

w0011

0.001

7, 7, 2, 2,
% %, %, %,
2 % 2
Re (4
——f laminar f turbulent < fExp.US
+ fExp.DS x  fExp US 40 mm 50% water + fExp DS 40 mm 50% water
x  fExp US 40 mm 75% water f Exp DS 40 mm 75% water x  fExp US 40 mm 100% water
+ fExp DS 40 mm 100% water ~ ------ Lower boundary ~ ------ Lower boundary turb
— - - — Upper boundary laminar Upper boundary turbulent
50 mm OD

Figure 4.1: Friction factor for 50 mm OD for different opening positions

We can see that 80 % of the data fall within +/- 10 % of the calculated line for the small pipes in
Figure 4.1. Such an agreement indicates the validity and degree of accuracy of the experimental
technique and equipment used in this experimental investigation.

From Equation 2.5, we have calculated the velocity that was plotted against the shear stresses.
Figure 4.2 shows a comparison of experimental results with the Colebrook & White equation
(Equation 2.11) for all the pipes tested. The surface roughness (k) of all the pipes was less than
20 ym, as specified for smooth pipes. The results obtained from different pipes revealed an
experimental error of 5 % in the 50 mm, 63 mm and 90 mm outside diameter (OD); 10 % in the
75 mm and 15 % in the 110 mm outside diameter (OD) pipes. The friction was determined using
Colebrook & White equation (Equation 2.11) and the shear stress (t,) was subsequently
determined using Equation 2.4

A summary of the results are given in Table 4.1.
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Table 4.1: Surface roughness for various pipe sizes

Nominal Diameter

Internal diameter

Surface roughness

Percentage error

(mm) (mm) (um) (%)
40 42.12 0.5 4
50 50 4 1
65 63 20 4
80 80 20 4
100 100 0.5 9

The pipe roughness was determined by measuring the pressure drop across a known length of

pipe and by comparing it with the Colebrook & White equation (Equation 2.11) (King, 2002)
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Figure 4.2: Comparison of water tests with Colebrook & White equation for all pipe sizes.
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4.2.2 Non-Newtonian fluids

The non-Newtonian fluids selected were kaolin suspensions and CMC solutions that typically
display yield pseudoplastic and pseudoplastic behaviour (Fester et al., 2007). Rheological
constants obtained for non-Newtonian fluids will be presented in this work namely 6%, 10% and
13% volume concentration of kaolin, as well as 5% mass concentration of CMC.

The objective of this section is to explain how the fluids under evaluation were characterised

and how the different models were fitted to determine the rheological constantst,, K and n for

yield pseudoplastic or K and n for pseudoplastic where 1, equals zero.

4.2.2.1 Fitting the pseudoplastic model

The pseudoplastic model or power law was used to model the flow behaviour of CMC and was
fitted to the laminar shear stress and shear rate data from all straight pipes to determine K and

n.

A power law trend curve was fitted to the wall shear stress (t,) and pseudo shear rate (8V/D)

data to obtain the constant n' (apparent flow behaviour index) and K’ (apparent fluid consistency
index).

An example of the pseudoplastic model fit is given in Figure 4.3 for a 5 % CMC solution.
Table 4.2 gives the rheological constants used in this work for CMC 5 %.
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Figure 4.3: Pseudo-shear diagram for straight pipe test of CMC 5 %

Table 4.2: Rheological characteristic of CMC 5 %

Density (kg/m°) Concentration (%) K (Pa/s") n’

1026.8 5% 1.542 0.645

4.2.2.2 Fitting the yield pseudoplastic model

The yield pseudoplastic model was used to determine the flow behaviour of kaolin, and fitted to

the laminar shear stress and shear rate data from all straight pipes to determinet , K and n.

An example of the yield pseudoplastic model fit is given in Figure 4.4 for kaolin in suspension at
three different concentrations. Table 4.3 gives the different rheological constants used in this

work for kaolin 6 %, 10 % and 13 %. The yield stress (1, ) was increasing with increasing slurry

concentration. K and n were obtained using Equations 2.60 and 2.61.
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Figure 4.4: Straight pipe test of 6 %, 10 % and 13 % Kaolin slurry

Table 4.3: Rheological characteristics of Kaolin 6 %, 10 % and 13 % slurry

Density Concentration Ty K’ n’
(kg/m°) (%) (Pa) (Pas")

1103.6 6% 3.071 2.038 0.264
1169.4 10% 8.965 7.098 0.175
1215.5 13% 18.97 16.14 0.242

4.3 DIAPHRAGM VALVE LOSS COEFFICIENT

The objective of this work was to measure the diaphragm valve loss coefficient that should be

correlated to the Reynolds number for further analysis.
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4.3.1 Graphical presentation of k, versus Reynolds number

In order to analyse the experimental loss coefficient data, they will be plotted on a graph versus
Reynolds number, as it is customary in the field of fluid mechanics (Edwards et al., 1985; Turian
et al., 1997; Pienaar, 1998; Kazadi, 2005; Mbiya, 2008).

In this work, the Slatter Reynolds (Res) was used to make such representation.

4.3.1.1 Loss coefficients for 40 mm bore valve

Figures 4.5 to 4.9 show the correlation between the loss coefficient using Equation 2.52 and the
Reynolds number ranging from 1 to 100000 for the 40 mm to 100 mm bore diameter.

The turbulent flow occurs earlier at Reynolds around 1000 in pipe fittings, as can be seen in
Figures 4.5 to 4.9, and the loss coefficients are given below for different opening positions.
However, not all the fluids tested could reach the turbulent flow for different opening positions
due to safety conditions under which we could operate the rig.

» Fully open (k, = 2.68)
» 75 % open (k, = 8.15)
» 50 % open (k, = 32.82)
» 25 % open (k, = 68.79)

The unpredictable transition region from Reynolds number 10 up to 1000 depended on the type
of fluids tested and the opening position, as can been seen in Figure 4.5. The transition is not
smooth for the fully open position. This could be because of the interaction between the
secondary flow and the core region that tends to delay the onset of turbulence to well above
Reynolds number at which straight pipe flow could become turbulent.

In laminar flow for Reynolds number less than 10, although this is not the case for all the
opening positions, there is a similar trend for different fluids tested and at different opening
positions. In this region, the viscous forces overcome the inertia forces and the plot of the loss
coefficients and ratio of forces coincide and the loss coefficient is typical to a hyperbolic
relationship.
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Figure 4.5: Loss coefficient data of the 40 mm bore Saunders diaphragm valve at all opening

positions.

4.3.1.2 Loss coefficients for 50 mm bore valve

Fully open (k, = 1.60)
75 % open (k, = 3.88)
50 % open (k, = 10.25)
25 % open (k, = 28.46)
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Figure 4.6: Loss coefficient data of the 50 mm bore Saunders diaphragm valve at all opening

positions.

4.3.1.3 Loss coefficients for 65 mm bore valve

YV V VYV V

Fully open (k, = 0.57)
75 % open (k, = 1.77)
(ky = 3.63)
(ky = 22.43)

50 % open
25 % open
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Figure 4.7: Loss coefficient data of the 65 mm bore Saunders diaphragm valve at all opening

positions.

4.3.1.4 Loss coefficients for 80 mm bore valve

Fully open (k, = 0.46)
75 % open (k, = 4.27)
50 % open (k, = 18.86)
25 % open (k, = 88.79)
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Figure 4.8: Loss coefficient data of the 80 mm bore Saunders diaphragm valve at all opening

positions.

4.3.1.5 Loss coefficients for 100 mm bore valve
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Figure 4.9: Loss coefficient data of the 100 mm bore Saunders diaphragm valve at all opening

positions.

The procedure followed to calculate the loss coefficient and loss coefficient constant data have
been highlighted in chapter 2. The results obtained from the straight pipe test to ascertain the
reliability of the equipment have also been presented in this chapter.

Figure 4.10 represents different graphs for different pipe sizes at various opening positions.
There was good agreement between the results found for different slurries and with the
turbulent loss coefficient for small pipe size (40 mm and 50 mm bore diameter). As the bore
diameter increases, there is a lot of scatter in the results, especially in the transition zone for the
65 mm, 80 mm and 100 mm bore diameter.
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Figure 4.10: Typical loss coefficient versus Reynolds humber plot obtained for all pipe sizes

Table 4.4 shows the loss coefficient data for different straight-through diaphragm valves ranging

from 40 mm bore diameter to 100 mm bore diameter at different opening positions, from 100 %
open to 25 % open.
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Table 4.4: Loss coefficients of the 40, 50, 65, 80 and 100 mm bore valve
Valve position
(%) 25 50 75 100
Bore diameter Ky Stdev Ky Stdev Ky Stdev Ky Stdev
(mm)
40 68.79 | £11.20 | 32.82 | +7.88 8.15 +0.98 2.68 +0.24
50 28.46 | #8.70 | 10.25 | £2.50 3.88 +0.24 1.60 +0.10
65 22.43 | £1.85 3.63 +0.30 1.77 +0.18 0.57 +0.36
80 88.79 | 15.41 18.86 | +3.53 4.27 +0.20 0.46 +0.26
100 7226 | +8.92 | 17.84 | £2.83 4.75 +0.35 1.04 +0.40

The scatter of results are prominent in the larger valves (65, 80 and 100 mm) in the fully open

positions where the pressure drop was similar to the pressure drop encountered within the

pipes.
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4.4 CONCLUSION

In conclusion, this chapter outlined the results obtained from the valve test rig. Water tests in
straight pipes have been done to ascertain the credibility of the equipment. Thus the plot of the
shear stresses versus the velocities has been correlated to the Colebrook & White equation, as
shown in Figure 4.2. This illustrated the efficiency of the system.

Rheological characteristics of the different materials tested have been measured using tube
viscometer. In this work the pseudoplastic and the yield pseudoplastic model have been used
for CMC and kaolin respectively.

Finally, the loss coefficient through Saunders diaphragm valves ranging from 40 to 100 mm
nominal bore diameters at various opening positions have been calculated in laminar and
turbulent flow. Figure 4.10 shows that in turbulent flow, the loss coefficient depends on the size
of the valve; meanwhile, in laminar flow the laminar loss coefficients converge together for

different pipe sizes and are equal to 1000, which is well explained in Chapter 5.
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CHAPTER 5 DISCUSSION AND EVALUATION OF RESULTS

5.1 INTRODUCTION

In this chapter the comparison between the Saunders diaphragm valve loss coefficients
obtained in this work and those found in the literature are presented. Due to the discrepancies
found, a new correlation was developed and is presented here. This new correlation offers
advantages over those in the literature for smaller diameter valves. As the objective of this work
is to provide the laminar and turbulent loss coefficients, this section will essentially focus on the

» Comparison of the experimental data with the open literature
> New correlation for determining the loss coefficient for Saunders diaphragm valves.

The experimental work is compared to results from Miller (1990) and Perry & Chilton (1997), as
well as correlations developed by Hooper (1981), ESDU (2004) and Mbiya (2008).

5.2 COMPARISON WITH LITERATURE

One of the important objectives of this work is to compare the results obtained from this
experimental investigation to the data found in the open literature in general., The nominal bore
diameter of the Saunders diaphragm valves is identical to the Natco valves used by Mbiya
(2008), ranging from 40 mm to 100 mm. The sizes for which loss coefficients are valid were not
given by Miller (1990), Hooper (1981) and Perry & Chilton (1997).
The relative errors were calculated for Re < 10 and Re > 10000. The following details from the
literature review were used for comparison, namely:

» Miller (1990) using Figure 2.11
Hooper (1981) using Equation 2.62
Perry & Chilton (1997) using Table 2.5
ESDU (2004) using Equation 2.71
Mbiya (2008) using Equation 2.74

YV V V V
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5.2.1 Laminar (viscous) flow (Re < 10)

Figures 5.1 to 5.5 show that C, is equal to 1000 in laminar flow, the loss coefficient predicted by
Hooper (1981) is in good agreement with the results obtained from this work, within +/- 60 %
experimental error. The laminar loss coefficient was valid for all different diameters used in this
experimental investigation ranging from 40 mm to 100 mm, as well as at different opening

positions. The same was found by Mbiya (2008) for laminar flow in Natco diaphragm valves.

5.2.2 Turbulent flow Re >10000

5.2.2.1 Comparison between literature and new data for 40 mm bore diameter valve

For Re > 10000, Figure 5.1 shows the following with regard to the 40 mm bore diameter at

various openings:

a) Fully open (100 %)

The loss coefficients for straight-through Saunders diaphragm valves are within 25 % and 14 %
error respectively to those predicted by Hooper (1981) and Perry & Chilton (1997). The loss
coefficients predicted by ESDU (2004) and those found in the work published by Mbiya (2008)
are higher than those found in this experimental investigation of about 199 % and 202 % error
respectively. The loss coefficients obtained by Miller (1990) are 70 % less than those found in
this work.

For 10 < Re < 1000, the loss coefficients of Saunders diaphragm valves are lower than those
predicted by Mbiya (2008) in all the opening position, except for the 50 % where they are
identical.

b) 75 % open

Mbiya (2008) found higher loss coefficients of 121 % error than those seen in the Saunders
diaphragm valves.
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Miller (1990), Hooper (1981) and Perry & Chilton (1997) obtained lower loss coefficients than
those found in this work, of about 90 %, 75 % and 68 % error respectively. The loss coefficients
predicted by the ESDU (2004) are within -2 % error to those found in this work.

c) 50 % open

The loss coefficients found by Mbiya (2008) and in this work are within 7 % error while Miller
(1990), Hooper (1981) and Perry & Chilton (1997) and the ESDU (2004) found lower loss
coefficients than those obtained in this experimental investigation of -96 %, -94 %, -87 % and -
66 % error respectively.

d) 25 % open
The loss coefficients obtained from this work are lower than those found by Mbiya (2008) and
higher than those obtained by Miller (1990), Hooper (1981) and Perry & Chilton (1997) and the
ESDU (2004).
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Figure 5.1: Comparison between Saunders diaphragm valves and literature for 40 mm bore
diameter
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5.2.2.2 Comparison between literature and new data for 50 mm bore diameter valve

For Re > 10, Figure 5.2 shows for the 50 mm bore diameter at various openings that:

a) Fully open (100 %)

The loss coefficients for straight-through Saunders diaphragm valves are within 25 %,

44 % and 56 % error to those predicted respectively by Hooper (1981), Perry & Chilton (1997)
and Mbiya (2008).

The loss coefficients predicted by ESDU (2004) are higher than those found in this experimental
investigation of 400 % error.

The loss coefficients obtained by Miller (1990) are lower than found in this work of -50 % error.
For 10 < Re < 1000, the loss coefficients of Saunders diaphragm valves are lower than those
predicted by Mbiya (2008) in all the opening position, except for the 50 % where they are
identical.,

b) 75 % open

Mbiya (2008) found loss coefficients of 109 % error compared to those seen in the Saunders
diaphragm valves, while Hooper (1981) obtained loss coefficients of -48 % error compared to
those found in this work.

Perry & Chilton (1997) obtained loss coefficients within -33 % error compared to those found in
this work. The ESDU (2004) found loss coefficients of about 106 % error than those provided by
this work.

c) 50 % open

The loss coefficients found by Mbiya (2008) and ESDU (2004) are within 144 % and 9 % error
to those found in this work, and those found by Perry & Chilton (1997) are within -58 % error to
those obtained in this experimental investigation. The loss coefficients in the Saunders
diaphragm valves are higher than those predicted by Hooper (1981) and Miller (1990), with an
error of -80 % and -88 % respectively.
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d) 25 % open

The loss coefficients obtained from this work are lower than those found by Mbiya (2008) and
ESDU (2004), and higher than those obtained by Miller (1990) and Hooper (1981), while they
are within -26 % error to those found by Perry & Chilton (1997).
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Figure 5.2: Comparison between Saunders diaphragm valves and literature for 50 mm bore
diameter

5.2.2.3 Comparison between literature and new data for 65 mm bore diameter valve

For Re > 10, Figure 5.3 shows for the 65 mm bore diameter at various openings that:

a) Fully open (100 %)

The loss coefficients for straight-through Saunders diaphragm valves are within 40 % and 111
% to those predicted respectively by Miller (1990) and Mbiya (2008).
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The loss coefficients obtained by Hooper (1981), Perry & Chilton (1997) and the ESDU (2004)
are within 251 %, 304 % and 1286 % error to those found in this work.

For 10 < Re < 1000, the loss coefficients of Saunders diaphragm valves are lower than those
predicted by Mbiya (2008) in all the opening positions.

b) 75 % open

Mbiya (2008), Hooper (1981) and Perry & Chilton (1997) found loss coefficients of 58 %, 13 %
and 47 % error respectively to those seen in the Saunders diaphragm valves.
Miller (1990) obtained loss coefficients of -55 % error to those found in this work and the ESDU

(2004) found loss coefficients of 346 % error to those found in the Saunders diaphragm valves.

c) 50 % open

The loss coefficients found by Perry & Chilton (1997) and in this work are within 18 % error
while for those found by Miller (1990) and Hooper (1981) are within -67 % and -45 % error to
those respectively obtained in this experimental investigation.

The loss coefficients found from this work are within 341 % and 205 % to those found by Mbiya
(2008) and the ESDU (2004) respectively.

d) 25 % open

The loss coefficients obtained from this work are within 181 % and 76 % error respectively to
those found by Mbiya (2008), and the ESDU (2004). Perry & Chilton, Miller (1990) and Hooper
(1981) predicted loss coefficients within -6 %, -82 % and -91 % respectively to those obtained in
this work.
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Figure 5.3: Comparison between Saunders diaphragm valves and literature for 65 mm bore

diameter

5.2.2.4 Comparison between literature and new data for 80 mm bore diameter valve

For Re > 10, Figure 5.4 shows for the 80 mm bore diameter at various openings that:

a) Fully open (100 %)

The loss coefficients for straight-through Saunders diaphragm valves are within 74 % error to

those predicted by Miller (1990).

The loss coefficients obtained by Hooper (1981), Perry & Chilton (1997), the ESDU (2004) and
Mbiya (2008) are within 335 %, 400 %, 1422 % and 443 % error respectively to those found in

this work.

For 10 < Re < 1000, the loss coefficients of Saunders diaphragm valves are identical to those

predicted by Mbiya (2008) for all the opening positions.
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b) 75 % open

Mbiya (2008) found loss coefficients of 59 % error to those obtained in the Saunders diaphragm
valves.

Miller (1990) obtained loss coefficients of -81 % error to those found in this work.

The loss coefficients predicted by the ESDU (2004) are within 72 % to those found in the
Saunders diaphragm valves, while those obtained by Hooper (1981) and Perry & Chilton (1997)
are within -53 % and -39 % error to those found in this work.

c) 50 % open

The loss coefficients found by Mbiya (2008) and the ESDU (2004) are within -5 % and -48 %
error to those obtained in this work, while for Perry & Chilton (1997), Hooper (1981) and Miller
(1990); the loss coefficients are within -77 %, -89 % and -94 % error to those found in this

experimental investigation respectively.
d) 25 % open
The loss coefficients obtained from this work are respectively within -25 %, -95 %, -98 %, -76 %

and -61 % error to those found by Mbiya (2008), Miller (1990), Hooper (1981), the ESDU (2004)
and Perry & Chilton (1997).
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Figure 5.4: Comparison between Saunders diaphragm valves and literature for 80 mm bore
diameter

5.2.2.5 Comparison between literature and new data for 100 mm bore diameter valve

For Re > 10, Figure 5.5 and Table 5.1 show for the 100 mm bore diameter at various openings
that:

a) Fully open 100 %

The loss coefficients for straight-through Saunders diaphragm valves are respectively within 92
%, 121 % and 35 % error to those predicted by Hooper (1981), Perry & Chilton (1997) and
Mbiya (2008).

The loss coefficients predicted by ESDU (2004) are within 592 % error to those found in this
experimental investigation.

The loss coefficients obtained by Miller (1990) are within -23 % error to those found in this work.
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For 10 < Re < 1000, the loss coefficients of Saunders diaphragm valves are identical to those
predicted by Mbiya (2008) in all the opening position.

b) 75 %

Mbiya (2008), Hooper (1981) and Perry & Chilton (1997) found loss coefficients of 111 %, -58 %
and -45 % error respectively to those obtained in the Saunders diaphragm valves, while the
ESDU (2004) obtained loss coefficients of 52 % error to those found in this experimental
investigation. Miller (1990) obtained loss coefficients of -83 % error to those found in this work.

¢) 50 %

The loss coefficients found by Hooper (1981), Miller (1990), Perry & Chilton (1997) and Mbiya
(2008) are within -89 %, -93 %, -76 % and 63 % to those obtained in this work respectively,
while those found by the ESDU (2004) are within -43 % to those obtained in this experimental

investigation.
d) 25 %
The loss coefficients obtained from this work are respectively within 38 %, -94 %, -97 %, -50 %

and -71 % to those found by Mbiya (2008), Miller (1990), Hooper (1981), the ESDU (2004) and
Perry & Chilton (1997).
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Figure 5.5: Comparison between Saunders diaphragm valves and literature for 100 mm bore

diameter

Table 5.1 illustrates numerical discrepancies between the data found in the open literature and

the data obtained from this work. The relative error was calculated using Equation 3.5 between

the loss coefficients found in this work and those found in the literature in the turbulent regime.

The positive error means that the results in literature were higher than those obtained for this

work, and the negative error means that it was lower.
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Table 5.1: Percentage error: Comparison of literature and this work

Bore Opening
diameter | position | Miller | Hooper | Perry & ESDU | Mbiya
(mm) (%) Chilton
25 -94% | -97% -69% -42% | 207%
40 50 -96% | -94% -87% -66% 7%
75 -90% | -75% -68% -2% 121%
100 -70% | -25% -14% 199% | 202%
25 -86% -93% -26% 41% 199%
50 50 -88% | -80% -58% 9% 144%
75 -79% -48% -33% 106% | 109%
100 -50% 25% 44% 400% 56%
25 -82% | -91% -6% 76% | 181%
65 50 -67% | -45% 18% 205% | 341%
75 -55% 13% 47% 346% | 58%
100 40% 251% 304% 1286% | 111%
25 -95% -98% -76% -61% -25%
80 50 -94% -89% -17% -48% -5%
75 -81% -53% -39% 72% 59%
100 74% | 335% 400% 1422% | 443%
25 -94% | -97% -71% -50% | 38%
100 50 -93% | -89% -76% -43% | 63%
75 -83% -58% -45% 52% 111%
100 -23% 92% 121% 592% 35%

In conclusion we can say that:

None of the data found in the open literature or the commercially available model from ESDU
(2004) performed well over the wide range of conditions tested in this work, i.e. Reynolds
number, valve opening position and valve size.

Mbiya (2008) derived a two-constant model to predict the loss coefficients for diaphragm valves
using Natco diaphragm valves. The model has been extended to this work as recommended by
Mbiya (2008) to predict the loss coefficient for Saunders diaphragm valves. It was found that the
two-constant model (Mbiya, 2008) performed well for 100 % open valves, but failed to predict
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well over the range of different valve opening positions for different valve sizes, as can be seen
in Figures 5.6 to 5.8. It consistently overpredicted the loss coefficient in the fully turbulent
regime, indicating that Natco valves gave higher resistance than Saunders valves.

The ESDU (2004) model, because of its poor prediction over the wide range of size diameter
and openings position, will not be discussed in the next section.

However, Mbiya’s model will be closely compared again to the results found from this work by

using the A, values obtained for Saunders valves in this work.

5.3 APPLICATION OF TWO-CONSTANT MODEL (MBIYA, 2008) TO SAUNDERS VALVES

The two-constant model requires the Aq for fully open or 25 % open, and these were provided
for use with this model. The Aq provided was for Natco valves tested.

As shown in the previous section large errors were obtained compared with Saunders results,
clearly indicating that Natco valves show higher resistance than Saunders valves.

To evaluate the wider applicability of this model, the Aq values for Saunders valves are then
substituted and the model is evaluated again against the experimental results obtained in this

work.
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Figure 5.6: Comparison between the Saunders diaphragm valves for the 40 mm bore diameter at

different opening positions and two-constant model (Mbiya, 2008) using Agsaunders-

In turbulent flow, Figure 5.6 shows reasonable agreement between the data obtained in the
experimental investigation and Mbiya’s Model for the 40 mm bore diameter at different opening
positions, except for the 100 % open. However, Figures 5.7 and 5.8 show how the model

performance deteriorates with increasing valve diameter and valve opening.
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Figure 5.7: Comparison between the Saunders diaphragm valves for the 80 mm bore diameter at

different opening positions and two-constant model (Mbiya, 2008) using Agsaunders-
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Figure 5.8: Comparison between the Saunders diaphragm valves for the 100 mm bore diameter at

different opening positions and two-constant model (Mbiya, 2008) using Agsaunders-

Mbiya’s (2008) correlation failed to predict well and did not clearly specify for which pipe size the

Aq of the fully open should be used or not. This is why a simpler correlation based on the

experimental work conducted in this experimental investigation is proposed, which will be

described in the next section. Table 5.2 shows the deviation between Mbiya’s correlation and

the data found in this work. This proved that Mbiya’s model does not provide a good prediction

of the pressure losses through Saunders straight-through diaphragm valves.
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Table 5.2: Loss coefficient error for the two-constant model application

Application of
two-constant
Bore diameter Opening model with
(mm) position (%) Saunders Ao
(Mbiya)
25 -29%
40 50 -63%
75 -33%
100 14%
25 6%
50 50 -26%
75 -13%
100 18%
25 -44%
65 50 -14%
75 -22%
100 37%
25 -89%
80 50 -87%
75 -74%
100 35%
25 -74%
100 50 -74%
75 -59%
100 12%
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5.4 CORRELATION OF THE LOSS COEFFICIENT TO THE REYNOLDS NUMBER

The lack of adequate correlation to predict the losses through Saunders diaphragm valves
necessitated the development of a new correlation for the prediction of the loss coefficients
through Saunders valves, as shown in Figures 5.12 to 5.16.

The purpose of this section is to present the derivation of the new correlation and comparison
with the experimental data. The correlation will be plotted against the Slatter Reynolds number
for the analysis.

5.4.1 Laminar (viscous) flow Re < 10
The first term still holds as the laminar flow equation shown in Figure 5.9. For Re < 10, the loss

coefficient k, is only a function of Re and can be predicted using C, = 1000 as given by Hooper
(1981).

C, .
k, = Equation 5.1
Re
10000 -
1000 +
i 100 +
|
10
1 T T 1
0.1 1 10 100
Re
m 100 e 75 A 50 x 25 Cv 1000

Figure 5.9: 40 mm bore diameter at various opening positions
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It can be seen on Figure 5.9 that the laminar loss coefficient C, does not depend on the valve
size or opening positions, but is dependent on the Reynolds number only.
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Figure 5.10: k, versus Re less than 10 for different pipe sizes at different opening positions

5.4.2 Turbulent flow

In the turbulent regime, the loss coefficient becomes a constant and does not depend on the
Reynolds number (Turian et al., 1998). It does, however, depend on the opening position of the
valve.

The analysis of loss coefficients in turbulent flow has proceeded from the following initial

assumptions:
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» The loss coefficient in turbulent flow is constant and depends on the opening position of
the valve (0).
» The loss coefficient depends on the bore diameter of the valve

A\ 4

The length of the valve has been neglected.
> The valve friction has not been taken into account

Hooper (1981) derived a two-K method (Equation 2.62) to predict the loss coefficient through
the dam diaphragm valve from laminar to turbulent for only the fully open position. A minimum
value of 2 was found for the turbulent loss coefficient and 1000 for the laminar loss coefficient at
Reynolds number equals to 1.

In 2007 Fester et al., derived an equation (Equation 2.72) that can predict the loss coefficient for
both laminar and turbulent flow only for the fully opening position for straight-through diaphragm

valves.

k, =—+12, Equation 2.72

The new correlation builds and extends the latter model to include different opening positions. A
relationship between the turbulent loss coefficient Aq and the valve opening 6 was derived.
Figure 5.11 shows that the plot of the opening position against the loss coefficient follows a
power law trend for different bore diameter size. Due to the fact that the power law coefficient is
more or less equal to the loss coefficient for the fully open position, an average power constant
of 2.5 has been calculated and taken into consideration from different bore diameter size to
predict the turbulent loss coefficient for different bore diameter size and the coefficient is similar
to the loss coefficient at fully open position as seen in Table 5.3.
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Figure 5.11: Plot of opening position against the turbulent loss coefficient for various pipe sizes
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Table 5.3: Power law fit for turbulent loss coefficient for various pipe sizes

Nominal bore diameter Power law Power law R?
trend constant
40 3.82 2.30 0.91
v = 92.30
30 1.96 2.03 0.97
kV = 92.03
65 0.67 2.55 0.99
kV = 62.55
80 0.91 3.58 0.92
kV = 63.58
100 1.56 2.95 0.95
kV = 92.95
Mean average 2.50
Standard deviation 0.35

Benziger (1999) stated that all the R® above 0.90 represents good fits of experimental data.

Table 5.4 gives us the power law trend for the prediction of the loss coefficient for different

opening positions as well as the power law constant used in this work.
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Table 5.4: General power law fit for turbulent loss coefficient

Power law Average Standard
deviation
A
k, =55
0 2.5 0.35

It can be seen in Figure 5.11 that the coefficient is almost similar to the experimental loss
coefficient at 100 % open position, and the latter is a function of the opening position.

1000 = A, .
, = +—=5 Equation 5.2
Re, 0~

S

k

Finally Equation 5.2 represents the relationship to predict the loss coefficients at different
opening positions from laminar to turbulent flow.

The new correlation (Equation 5.2) will be applied for Saunders straight-through diaphragm
valves ranging from 40 mm to 100 mm in the fully, 75 %, 50 % and 25 % open position.

5.5 COMPARISON BETWEEN THE EXISTING MODELS AND THE NEW CORRELATION

The new correlation (Equation 5.2) derived as part of this work has firstly been compared to the
experimental data obtained from this thesis, and then to literature.

Figure 5.12 shows a good agreement between the data obtained in the experimental
investigation and the new correlation derived from this work for the 40 mm bore diameter at
different opening positions except for the 50 % open.
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Figure 5.12: Comparison between the Saunders diaphragm valves for the 40 mm at different

opening positions and the new correlation

Figure 5.13 shows a good agreement between the data obtained in the experimental
investigation and the new correlation derived from this work for the 50 mm bore diameter at

different opening positions, except for the 25 % open.
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Figure 5.13: Comparison between the Saunders diaphragm valves for the 50 mm bore diameter at

different opening positions and the new correlation

Figure 5.14 shows a good agreement between the data obtained in the experimental
investigation and the new correlation derived from this work for the 65 mm bore diameter at
different opening positions.
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Figure 5.14: Comparison between the Saunders diaphragm valves for the 65 mm bore diameter at

different opening positions and the new correlation

Figure 5.15 shows a poor agreement between the data obtained in the experimental
investigation and the new correlation derived from this work for the 80 mm bore diameter at
different opening positions except for the 100 % open. This poor prediction is due to the fact that

the results have errors of above 40 %.
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Figure 5.15: Comparison between the Saunders diaphragm valves for the 80 mm bore diameter at
different opening positions and the new correlation

Figure 5.16 shows a poor agreement between the data obtained in the experimental
investigation and the new correlation derived from this work for the 100 mm bore diameter at

different opening positions except for the 100 % open.
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Figure 5.16: Comparison between the Saunders diaphragm valves for the 100 mm bore diameter at

different opening positions and the new correlation

Table 5.5 llustrates the discrepancies between the new correlation compared to the
experimental results in literature. It is noticeable that the error obtained for the new correlation is
in most cases lower than those obtained using the existing correlations in literature.
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Table 5.5: Loss coefficient error for the new correlation

Bore Opening Miller | Hooper | Perry | ESDU | Mbiya New
diameter position & correlation
(mm) (%) Chilton

40 25 -94% | -97% -69% -42% | 207% -39%
50 -96% | -94% -87% -66% 7% -68%

75 -90% | -75% -68% -2% 121% -42%

100 -70% | -25% -14% | 199% | 202% 0%

50 25 -86% | -93% -26% 41% | 199% 46%
50 -88% | -80% -58% 9% 144% -20%

75 -79% | -48% -33% | 106% | 109% -5%

100 -50% 25% 44% 400% | 56% 6%
65 25 -82% | -91% -6% 76% | 181% 40%
50 -67% | -45% 18% 205% | 341% 17%

75 -55% 13% 47% 346% | 58% -25%

100 40% | 251% | 304% | 1286% | 111% 2%

80 25 -95% | -98% -76% -61% | -25% -40%
50 -94% | -89% -77% -48% -5% -74%

75 -81% | -53% -39% 72% 59% -71%

100 74% | 335% | 400% | 1422% | 443% 2%
100 25 -94% | -97% -71% -50% | 38% 354%
50 -93% | -89% -76% -43% | 63% 4%

75 -83% | -58% -45% 52% | 111% -28%

100 -23% 92% 121% | 592% | 35% 1%
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5.6 CONCLUSION

The objective of this research was to determine the loss coefficient data in laminar, transitional
and turbulent flow for the Saunders type straight-through diaphragm valves ranging from 40 mm
to 100 mm in the fully, 75 %, 50 % and 25 % open positions, using a range of Newtonian and
non-Newtonian fluids. After the comparison of the data obtained from this work was done with
the existing models, it was seen that there was a lack of good prediction within the wide range
of conditions i.e. valve opening position, valve size and Reynolds number. Due to the fact stated
in the previous sentence, a new correlation has been derived to predict the loss coefficients for
Saunders diaphragm valves. The correlation shows a good agreement with the experimental
results and can be used to predict the loss coefficient in both turbulent and laminar flow. The
test work has been conducted on the valve test rig in the Institute of Material and Science
Technology at the Cape Peninsula University of Technology. The experimental results have
been compared to the data found in the open literature. In laminar flow, the loss coefficients are
similar, and Equation 5.2 can be used to predict the laminar and turbulent loss coefficients.

The main outcome of this project is the establishment of a new correlation of loss coefficient for
Saunders valves for various diameters and openings. This will provide input data to enable
more efficient pipeline plant designs.
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CHAPTER6 CONCLUSIONS AND RECOMMENDATIONS

6.1 INTRODUCTION

Due to water scarcity and the new water law, mining operations are obliged to increase their
solids concentrations and are now faced with the reality of laminar flow operation (Slatter,
2002). Consequently there was a need to ascertain which loss coefficient data in laminar flow
for the control valves (Diaphragm valves) can be used in industry, to ensure energy efficient
designs (Pienaar et al., 2001; 2004).

The head losses in the valves can outweigh the head losses in straight pipes for short piping
circuits (Massey, 1990). This diaphragm valve is used for pipe flow regulation in industry, but
the data found in the open literature are for unknown valve sizes, except for the work produced
by Fester et al., (2007) and Mbiya (2008). This section will give a summary of the work done,
specifically for Saunders valves, the main contribution and recommendation for future research.

6.2 SUMMARY

A range of straight-through diaphragm valves (Saunders), from 40 mm bore diameter to 100
mm bore diameter, have been mounted horizontally and tested at different opening positions of
fully, 75 %, 50 % and 25 % open positions in the Flow Process Research Centre at the Cape
Peninsula University of Technology. Loss coefficient data were derived for laminar, transitional
and turbulent flow in these valves.
The experimental data were compared with data and correlations in the literature, such as Perry
& Chilton (1997), Miller (1990), Hooper (1981), the ESDU (2004) and Mbiya (2008). The work of
Mbiya (2008) was found pertinent as it dealt with the same sizes of Natco valves. Evaluation of
this work revealed three important points:
» In laminar flow, the laminar flow coefficient was the same
» For turbulent flow, Natco valves showed higher resistance to flow than Saunders valves
and
» The same loss coefficients could not be used for to determine pressure losses for
transitional and turbulent data for valves produced by different manufacturers.
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This model could predict well for fully open position and failed to predict well for different
opening positions.

Therefore a new correlation has been developed, based on the work done by Fester et al., in
2007 (Equation 2.72), which was for fully open position. And in this work, the relationship has
been extended to account different opening positions.

The nominal turbulent coefficient (Aq) for fully open position is provided in Table 6.1 to be used
with Equation 5.2

A
k, = 11200 +eTQs Equation 5.2
. :

Table 6.1:Nominal turbulent coefficient (Ag) for fully open position for various pipe sizes

Bore diameter (mm) Loss coefficient (Aq)
40 2.68
50 1.60
65 0.57
80 0.46
100 1.04

6.3 CONTRIBUTIONS

This thesis added loss coefficient data to the open literature and a design correlation for
straight-through diaphragm valves, which will be useful for designing pipelines in industries and
design correlation for straight-through Saunders valves, as well as contributing to the academic
discourse and debate in this discipline.

The loss coefficient data found in this work was orders of magnitude lower than those for the
Natco valves. Therefore, it is clear that the same loss coefficients could not be used in the
turbulent flow for two different manufacturers, but in laminar flow the laminar loss coefficient

found by Hooper (1981) and in this work are also similar to the one found by Mbiya (2008).
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6.4 CONCLUSION

A new correlation has been derived to predict the loss coefficients for straight-through Saunders

diaphragm valves at various openings from laminar to turbulent regimes.

6.5 RECOMMENDATIONS

At the end of this experimental investigation, the following is recommended:

» Further tests should be done to verify whether the loss coefficient for other
manufacturers will differ to the existing loss coefficient found for Saunders and Natco
valves using the same approach.

» The horizontal position of the valves should be changed either in a vertical or inclined
position to ascertain if the loss coefficient found in this work will remain the same.

» The reason for discrepancies between Sanders and Natco valves should be investigated

based on a micro-scale investigation using CFD and UVP.
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APPENDICES: HYDRAULIC GRADE LINE TEST RESULTS
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Appendix 1: CMC 5 % in 40 mm valve, 25 % open
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Appendix 2: Kaolin 6 % in 40 mm valve, 25 % open
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Appendix 3: Kaolin 10 % in 40 mm valve, 25 % open
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Appendix 4: Kaolin 13 % in 40 mm valve, 25 % open
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Appendix 5: Water in 40 mm valve, 25 % open
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Appendix 6: CMC 5 % in 40 mm valve, 50 % open
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Appendices

Appendix 7: Kaolin 6 % in 40 mm valve, 50 % open
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Appendix 8: Kaolin 10 % in 40 mm valve, 50 % open
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Appendix 9: Kaolin 13 % in 40 mm valve, 50 % open
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Appendix 10: Water in 40 mm valve, 50 % open
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Appendix 11: CMC 5 % in 40 mm valve, 75 % open
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Appendix 12: Kaolin 6 % in 40 mm valve, 75 % open
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Appendix 13: Kaolin 10 % in 40 mm valve, 75 % open
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Appendix 14: Kaolin 13 % in 40 mm valve, 75 % open
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Appendix 15: Water in 40 mm valve, 75 % open
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Appendix 16: CMC 5 % in 40 mm valve, 100 % open
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Appendix 17: Kaolin 6 % in 40 mm valve, 100 % open

wr Brl SIELl [TV Bo5e TiLoE TiBEY o ¥EEDD ZoLrD e ey oF uny
L 689 kL BISLH 15650 B FEES s [ 028/8 %L GO0aF BE uny
G 1L EESH 2zal FIVFE BEET TV £5505 51495 9¥EDD 3 [5G §¢ uny
3 VoL EEE 15091 PhLEL gatae ocier SiiGw EI5IS ZoE55 St [ ¥ uny
BE ZIE) QisLE [\ILETS JO0ET LR CRIER PiLEY ALALS JEERS BLE VELF EC umy
ED 105L BIEH S52h 8LLE 068rZ TB06T BRLIF BFIY 0E005 B E 23 e umy
53 ET] BRall IZEsh ROLE OPLEE FIOLE BPZEE EZGPF SEPLF S0t 3 ot umy
GFE ¥oEL FEELL OLivt 21802 LELEZ LBE5E BRlEE GLOEYF 1808F CE £ Jis BZ umy
e T30 TEECH ¥FYGL o Tacre GRIFE [HES TEEDY VSOEF £ [ Bz umy
B8 ZIvie Zoert I0ZLk [ WSEKE [ BHSE VOIBE EEOIF 02 1753 8z umy
BEC TEshh FBEF GALLL 1T [ SOEEE B6LST ZOFBE ([ THe SiiT §7 uny
v SEaLL GHERL BELLL 16022 BFERE EFF2E TouiE BESIT SEIBE [} 0LEL ¥Z uny
Y ALl [y TROLL BHiat 1Zare FiEEe [ 1Z8L% COTEE K3 503 £z uny
3 2551 F=T 8602 EEE BEBLZ 02058 BI58T SrrOY £5rer [ T zz uny
e B D BFEIZ B¥E57 CR00T Z0S¥PE (=3 0Z86E CrelY va T E=) oz umy
BT 12151 095 TEFLE D005 B9LE BALVE CRVT S0I0F (7543 T BaL gL umy
BT firal GOBEIL | EEGME 12082 BCZT | IEDNE E045E 0GIBE | ZIElF B oGl i uny
B FEESE 0688 TOSIZ ZhsE SBBLE EOEEE I3 TIFBE SEH0F Tt 10T+ 51 Uny
251 EBEHL SIERL SiFlLE ZE08L LELEE DEFEE LE08E FEERE E0L0F gt BOEL SLumy
al'l FEVOL fa88l :a LBI5Z GRLLE EEGZE EOL¥FE LIGIE ER/BE g1t 0oLl Elumy
D 0555+ 1964 IZvie EFBSE YERLZ L60ZE [EE53 EHELE BZZHE e 5016 b uny
SET 501 =D [EH T255¢ FTH 1911E VELLE VLFGE OFBLE BT o769 gumy
90 [0 B BEB0C TEERE RIS [ B9a0E VIBEE CFBSE 929 G082 Funy
500 0061 BrRL BT [T 12692 11962 vILIE THOKE BZIOE vy [EH funy
L0 62501 Zawl VZB0L BELVE BAEAL GEE0L [ ALkt BIEEE TiF Tz } ung
7] Tedl Teal Ted) Tedl Tedl Ted) Tedl Ted] Tedl
] spod 2pad Lpod 9pod spad ¥ pod tpod zpod +pod ™y Toy #uny
alfieioay
TC 9 [ ]] T4 EC6 ¥EEL [ B r Lt 0 Julsesueisia
[ T16L SERl =) £552 ¥SEL Eiia £40L Earl- TarTiau0l S2aUESID PasELCITUAIE-UON %] pagees sbuRY |
aumyd aajep <0l ‘paen Ldd
CIEE Si0E 09 SEOT 8010 (¥iag DER'I- g5 BvZo SEUEE|P |EpOy valo u
BE0 2 ™
LIDE 1
%o TUGHERUSIUET
06 ¥h SEBLY 6020 73 GE0k T wBilsueg
wt Ul +U] TLvul uiL 455 UIoE adAL [euagEn
IEE6EI000 YT Tl imeweng odig
—n__._-n_i_ uadd uopjsod aajep
w00 | ujuosuswip saEy
wihenydeg edf| oajep
gy fg auop AL | J00LLIL ‘g

USG0 % 001 ‘SAJEA LI G UL % § LYOEY

uado 9% 00| ‘OAjeA WL O U1 9% g UIjOBY

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



166

Appendices

Appendix 18: Kaolin 10 % in 40 mm valve, 100 % open
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Appendix 19: Kaolin 13 % in 40 mm valve, 100 % open

uado %, 00} ‘eafeA W pp Ut %, £} wjoey

uado % Q01 'SAIBA WW O Ul % €| uljoey

800 oLz G8LIZ 900bE 1160% Z8¥ZG £1000 72088 €C08L (LT 8108 Ve 92 uny
[1%Y] Sovie 14414 SEEVE L8asy 2C605 19185 ¥1629 GHEEL LI6L 960} 0k L7 uny
[5) BEZ2C L0508 11068 WSvs 11619 11201 16091 Saven 609r6 £E5L 06F 7z uny
€20 09LET ZHie 33-134 0E08s GriS9 B0ISL ¥ZELE 0cers SElE0l [3{-13 Lid] L uny
10 VSEEC STHEE 3 62909 75189 1981 00258 16266 [EIZA D @8 9h umy
620 [ 61288 [ epI19 Ge10L 60008 1098 666001 9h00} | 1019 00 i uny
E¥o Z0LET B26EE rLosy 597E9 FPOZL 6rZZ8 068 GBSE0E PeYEL L 186 4413 £ uny
0 VovEL 8207E ¥60S¥ VEEE9 SHOCL (74 Zvi68 L¥6E0L TyvELL TS El 1591 Zpuny
&G0 ZEBET BEOFE 6599k 5¥859 €287 15858 £0LER 255201 YEIBL) LET i34 §uny
980 F6CrT ST65E 99LeF 10860 DL68L 65906 08086 | OoGchh 02SSTH 174) 0555 g uny
Bl | (ed) (ed] Ted] Ted] Ted) (eg) (ed) (ed) ed)
[4] 6pod B pod Lpod 9 pog § pod ¥ pod § pod Tpod I pod ™ K] #uny
abimiany
6191 6Z L Sz ek 7068 <627 8195 [(X%3 el [}
§9EC L6k B €169 €552 15 oL ir 9901 LIv- ToU] $83UEISIP POS][EUOISUBILIP-UON €0 _pejojes sbuey |
sueid BAEA SOF 'pasn 1dd
5166 5100 P09 589 9.0 50 1081 B Y- 6129 SOURSIP (oY L0 u
[T B
1681 ]
%EL TUOfELa0N0D
9166 9EL'S 610 LY TSIz T uysusq
] () T+l [ %EL “odR JepeTEN |
unoe
IEEBEIO0D | 2hep00 uimotuelg odig
Fufeary uedQ “uopsod anEq |
v00 | [wjuoisuawp anep
. | wBedeig Tadky anjEn
IUEpLiaY 7 SWNW Fa auop 15aL LooZiLzy ‘ajeQ

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



168

Appendix 20: Water in 40 mm valve, 100 % open
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Appendix 21: CMC 5 % in 50 mm valve, 25% open
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Appendix 22: Kaolin 6 % in 50 mm valve, 25 % open

uado ¥ 5T ‘aAen unu gg U| %, § UlIDEY

AT LG}Z) 188EL 20851 5918k Zibge | , zeoes 98L0L 98ELL ASOE. FElE Lz 12 uny
13 T8k 1B¥EL 55261 ZOLEL G002 £0621 DE0FL OFESL 1510 800¢ 1562 0z uny
¥a0 [ 5066+ EHE 0ESET 9OrT [ Z3P0E SI0LE PEEES okee §iFk 61 uny
£ ZZZE) £BFOZT 10222 yazrT BTPSZ Z60ZE VOEEE 196EE 0Z29E - EEd TELL gl uny
¥T aZ564 ¥IB0Z 28522 AZI¥T vi652 DZOFE LZIGE LDBSE £008E TG 5L [ Lhuny
¥ L £8.81 18002 21t GL8ET LBV 0iare 218G BI03E Z0B8E (T3 'Ly 9 uny
[ 1GLEL 10502 08122 (4 B655L 16218 SHERE VZ0BE WELY e §E05 §huny
I 588l SB20Z 90612 £L0FE SUEGT LBBEE A ZE0Zk 05ZhY 61E e i uny
502 688l [H [[H [ET G5PSE Zzher SELEY R IEHLY grze | T8EL g1 uny
¥ e 1881 SEZ0Z CIELT SHLFE | LFSE cEary DELSY 8059% D BL'08 6668 Thuny
Jix L6GFL 5E01 81081 1LE0E SOLIE [ BEBSY BZC ZELEY 05 0& 1901 bl uny
E9T [ e BEBLL 6920C G LISty [ SHgEY 10125 % 0F 16LL 0l uny
EFZ EX £6551 EEELL JEI PEELE 15805 SEIZS Wits SZr5% IVOE ek §umy
[ oot G ¥ [T 1586H [ I 52095 60635 ZIEES L0 alsl gumy
3 030¥4 9TLsH aiell 16261 1aiz 286815 - | 4028 £0405 o¥8Z9 5€ 0C glal Luny
(3 Fiovh 08956 ¥ELL 16864 LT SEFED ] BARED £6E59 SB0E 8EiL 8 uny
BF e OFEEl [ [ BI86) GFBIZ £IES0 BrG.9 88589 [ 66 0€ [ suny
60% =T B 16951 [T 91502 2654 £hiBl 08008 50528 08'8Z sl puny
GA3 9IGH LI5EY L EED VE0Z [ EE] ZIEFD 26618 £6 BT L6az £ umy
G BIS11 BISEl 16551 FLi8E BZL0Z GLIEE [ BraS6 15/86 26 hE [15H zumy
5% GEELL FEE} 16E5 1 selel GSE0Z [ [ GEZIE 15666 2662 Ak } uny
[snl {edl Ted) Ted] Ted] (ed) {ed] (ed) Tedl (ed)
3] 6Pod gpod Lpod §pod §pod ¥ pod £ pod Z Pod I pod k] ] # uny
afiseny
D LD B 956 LE8 L P6LS 4l BFOE 0 Talfseaueysig
EET 051 T ¥'is (]34 LIvl- 0ZEr [, ¥l “{arT1au] 38U |p PAsHEUO|SUNUIP-UON 0810 ‘papajes ebuey
sueidenrer | 601 03 101 pash Ldd
1966 [ §56'5 ZWOE [ 08L 0 WL o5 & FIST SUMEP [y ¥az0 ]
8E0°CT M
LT ki)
900 UORRUEIU0D
[ S6LF §0Z 0 SBLE GEOkE T uBsusg
] ()] (+uju ufy %9 Lir0E) adfy jepaen
VISR 12000 82500 [w] o adid
[wleary [ TUORIE0d JAIEA
500 | lwjuoisuswip anep
[ wBEaudEg TedK] aaEp
afuosis 5 owny fqeuopisa| | LODEVTI 3jeg

uado 9, GZ ‘9AJBA WW 0G Ul % 9 uljoey|

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



1
W ¥Z0 ] GEaE ¥EUG DGLE B0LLT EES HEVBC D0SEE ¥IG5E 6 08 Zs £Z uny

w0 24T ZBLTH ¥ZE5H ¥SZIT T6IrC DF56L VB2E BEEVE S0L0¥ 55i8 el Tz uny
850 Y506 2R9Z1 Lesal GEEEE S99 SErLE EPEFE ER¥SE ZELLY HPS L8 bz uny
90 1686 BOECH EEPLI [ 00692 TGP O6ELE” TriBE [ 5E 9E & 0z uny
60 019 TEICH [ TIEeT 9IELT Thrat TLEET [ TVTay 4G €60 4 uny
STl 5166 TO5EL tozer BIEVT T FHZEE L6EZF BELPY ZEELS BIC Lvil 9 uny
I 7200} o08E GESEl YBLVZ gLiez FIELY BIbrr wolr [53 161 SEL Lhuny
74! L0} D Ti6al [ZESE ITH6T Fasar Ovier TERES 80265 90°LE 96+ 9} uny
o) 1Ze0 CEPRL B506+ 0095 ¥0GEL [66ar ¥ 1aive 1zale B05¢E oFz g4 uny
9z CEED SZaRL GBI 18182 GLIOE 0zzrs V1S 6Z109 SIELe IT5C [T i uny
05T 550} [T 15002 OELST 0S80% V585 €599 1529 B0EHL T562 [ £huny
B 58808 e9z51 L1202 OFOLZ 10LIE 5009 SOEVE - | 10049 B60VL 00 [ Zh uny

m 23 TiB0E TOEaT FHZOZ [(TIVE SEZIT 06629 ] 18268 EIVaL 6 1T 925 L uny

o 3 TZ0H 1995 LFS02 rLT AR 91659 99569 TIVEL ZI¥EL £r9L 519 0} uny

o 12t BZZHL BOE5 L 65802 (73 Z08IE alve9 BLELL LPBFL ar0ze KL Tl & uny

2 e (G 1091 [T71¥4 ez WIIE TS0EL 06587 18E6L 18658 SEVE Sl guny

1o} £9E ELLLE g5¥al LBELZ FIreZ ZI62E S LR OriLe GEGSR UL Sie Luny

o ETE3 §FBI1 (O]} 081z 0868C VAEZT BONEL ZZale 0LFE VEEZE %4 8.8 uny

Py 6T SHIZH .69 SE6IT SEZET 5996 B621E 6¥558 GLERE 0C196 50T 956 § uny

> W0 TRELL BLOLT 81022 BZEET £196E Zhech SEEEd T02Z6 61266 BTEL o0+ yuny

© Yy 1IEE) BIEL 1ETET SI96Z TI0VE 806 EEGY (Y] [ Iiee ) £ uny

> i (=Y BT L¥SEL 15662 ZIEVE ] 0.816 T6EVE 285201 K0T BaLl Zuny

1S 13 03LTH TLLL TVeEL SaT0e VEErT Litee VI 62666 CFER0L Ya 0z [ b uny

£ Tsal [wdl [C¥1] (ed) (ed} [ed} (ed] (ed] Ted) {ed)

o -] & Pod ¥ Pod Lpod 8 Pod 5 pod *pod T Pod 7 pod I Pod ] KT #uny

0 abuaay

- TS OF 0 ES ok 965 6 N ¥6L5 EAg SO 0 E ]

S wast 1061 CET! ¥0.5 08 JTTE oZer B S¥ZI- Tariliou] seouRs|p pISIRUCUBLIIP-UON 0Ei “pagoajes sbuT

o~ sueid aAjEA | 601 OF [0} pesn ldd

o 966 8562 8565 HCE =D 08. 0 3 56" WSS e (XY S0 u

- 9601 B

= L B

3 Sk UOHENIAIU0D

m BIEEL 009 E¥LD 0.5 VEEIL T Vajsuag

. ] Ug et (X [ Sl e Pepsre

™ LR0EY

N

X ¥I56012000 82500 ] spuwniq adig

S luleary | wdow ToMed SATA

m 500 | Wjuomuswp sAEA

o wilesndeq iedh] anjeps

M- AUCS|S 7 SNy g auap 1581 LO0ZMPLA ‘mEQ

Appendices

uado % GE ‘eajeA W gg uj % 0k LRy

uado %, GZ ‘SA/BA WW QG Ul % O} Uljoe)

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



172

Appendices

Appendix 24: Kaolin 13 % in 50 mm valve, 25 % open
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Appendix 25: Water in 40 mm valve, 50 % open
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Appendix 26: CMC 5 % in 50 mm valve, 50 % open
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Appendix 27: Kaolin 6 % in 50 mm valve, 50 % open
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Appendix 28: Kaolin 10 % in 50 mm valve, 50 % open
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Appendix 29: Kaolin 13 % in 50 mm valve, 50 % open
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Appendix 30: Water in 50 mm valve, 50 % open

060 1iee 96VEL 08GeC 660E7 I 1Z6WC 6O6FZ V052 15152 [ 17607 i uny
5l ¥z [ 18182 S20FE Zve 9B5R STL%C B 8017 [ SEe0r " ghuny
[} [ €897 [ SkTrT verve IvilT 6T 15087 BT F{YT} 92087 Thny
0T SPVEL SBLEL B [ SFBPE IT56T £5162 ¥966C Pavoe 906 FOV09 bhuny
FraA 9E68L IGEBL ai6L BLE0Z ¥8L0Z 2000T 68292 #8592 pTATE4 [3:F] #0.49 01 uny
%2 €8} ShYBL T O¥BEh 70907 [E3 (313 €8LZ COLZ VIIBE 6] 6051 guny
K [ e 86000 85602 1113 L1582 ¥988T 0L26e 6108 8L 52610 guny
X 6168+ L1951 V8z0z iz 18812 SEG6T B0L0¢ ¥F50¢ SLFIE 0tL 1£88 Luny

.Jvm_n 91681 LZlBL 160 BA9LE LIEZT BPELE o061E POPZE 195EE (¥4 00ZL6 uny
[ ] 0186+ ¥0L02 ¥20e2 ¥Z82C 10Et $59¢C S1zre 8055¢ WL 10E¥04 suny
e 76001 1E86+ 09602 0BVZZ i BLISE vigse 9159E 0R6.% 569 £ puny
3 16881 SZ00T toriz 92922 [T LE0LE [ I558F 0800F 189 09811 guny
¥y 8881 56402 FEELT E6ZEC BArPE | OFEE BEZOF el rZeZy [11¥3 EBESTE Tuny
g 18281 12607 P 52962 3615C T34 CISEr BLEVT Trear €02 [ L uny

T Ted) Ted] fd] | (edl Ted] Tedl Ted] Tedl Tedl
[ Delenay | gpod 8P0d 1pod 3pod §pod ¥pod tpod ZPod ] K T wuny
(5T} VLT vl E) (G ¥8LS TEe T BFOE ] Tulseumsia
Z000 T20l B ¥0lS 09EC vl g B899 SHIL- [aNTia] SeaUmsip pas|FuojsUAP-UON 0610 “papajas sbuey
sueid aAlBA | 60} 1 10} o8N 1dd
1508 9850 9959 ZI0E 5Tt 08l 0 4% 9%5¢- VST SRUBEP [EXY ' u
19080000 N
0 H
%00} FUONERURSUO)
1908000 0 z ] T 16152566 T unysueg |
i Ui+ Ti+uju uk [ aEm | “odi [ [eparen
95684000 #2500 Twl saeweg odid
Tufeary oy i
500 | 1
- [ wheidern |
BN Aq eUopise | S0OZOLL

uado %, 0 ‘SAlRA WA 05 L) JBJEM

uado % 0G ‘SAJBA W (G Ul Jajep

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



179

Appendices

uado ¥, §. "SMEA WW 05 Ul % § DND

ZE'L £ ﬁn E D80FE ZEEOF EGGER 10605 G96E5 ¥oras L9629 800 L'¥0L g uny
el £0562 LYEOE bhiSE 1512y BYESY 5665 orsis £8E09 BL7L9 192 (A1) phuny
L VEL5Z 18018 £058t Rlasad 5681 obiLs PELLG 02069 LIIZL [i-x4 ENE ELuny
56} £885C 2SS IE FSZLE £085F E8F05 EP008 Rt ] E05.L9 61994 ehd 6281 Z1 uny
S 917 £6657 S20¢E zs08t sE6oy 05025 9LvZ3 ¥1699 1890L 59862 Sk €502 L uny
o GeEZ BELDZ 9i¥IE ELEEE £918F ELGES [§74] OHE6S ZrvEl 6LI28 0 | '628 Q) uny
o 55T 52602 BPOEE 2516 19668 29¥GE 9ipl0 COEZL $EE0L £9.99 LA £'95T 6 uny
2 1T 56592 869EE 1eL0¥ 62815 267L5 [ 0LFoL ¥9900 ¥716 oy 162 g umy
0 ZI'E 174 EIEVE SOLLY $LTES BBLES Bivi 09508 15258 96696 0E'r 9JEE Luny
N Ve Z580Z PROGE PEELP BG5S G029 LIBEL PREYE BLE68 SLEE0L EFF 0Z8E guny
& 89E 81T 9595E SLLbY 00895 9019 06v2Z8 seie8 €oeve DBOOL Ly 9ELY_ §uny
> G8'E Z8TLE B9L5E [4 i1 00645 LSS ErPSE S0LI6 Ogtls 960011 i:4d £ror b uny
m 60F LO0RLC SGEOE LBLSK V5165 0iZLs 04288 LECSE 368001 T9ZrLE f4:h 4 igk g umy
> ZE¥ 0842 ZIZIE Zroay 11508 L5169 DB3LE BEREE Z08F0L BL06EL 806 1 ¥25 Tumy
m k4 B48LT ZiriE SZTLY _Oh..ﬁm E8F0L FOSHE SE0Z0L L2901 BLIEZL Z9G 1086 } uny
£ fan) (td) (ed) (eq) (xa) (xd) (ea) ] (sd) [ _
o Dafusay | epod gpod 1pod 9 Pod 5004 ¥pod £Pod zpod Lpogd " *od # uny|
0 ¥i'Ll ¥lLGE ¥LEL 9856 LER'Z ¥6.LG EBZ ¥ _wl—é.m 1] g
c T00Z zzo E¥eL YOS 08'€Z v orer 895 SVl Tanl1ov) seoumsip us__zo.._!sism_ 0el0]_
.|° auujd sajep &0l 9 10}
o/ L1501 2958 9959 ZLOE i 08L 0~ LeZ'Z- 9TEE- Pi6'a SANWSIP BP0y a0
Lo 7v5 |
(&) 0000
= %8
o 156} 0552 2680 0551 99701
- W U L+u) (L+ulu uij %5 NI
™
X vo6681Z000] 82500
T [wleaiy’ uedQ %
c
o 500
Q wheydeq
mAu. awnpy Aq suop 1881 200621

usdo 9, G/ ‘SAjeA W 0G Ul % § OWD

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



% SIE BLBLL SOBEL SCrSl (1458 2061 28052 LBOIT SZoRE ELL0E ¥ [244] gL Uy
1 0 LEELE VOE BEGFL 00441 LELEL (A1 0502 L96LT SHA0E 14 80EL L1 uny
g0e £5ELL £GIEL FLLGE Loadt LOEBL 6582 BH5LZ 2087 GBGLE EE¥ 35¥4 #luny
EE JLAL] LE5LL GavEL SEbsk | bsids PLBSE EL6OE 260497 PBAOE i1l 4491 ghuny
e 1506 grpLL vIFEL £8401 B0FLL ‘Laogz LA 18282 SBZLE gk gLl ¥luny
ME 856 garll L6EEL ¥algl LBl £445T [14:714 0LERET BSEIE SEY 1961 £ ung
0Le 2156 ZLELL BEFEL EOES) FrOEL 24414 IBLST ¥LPBE SEZZE oEy 0802 zhuny
we SZ56 wirll 25rEl EFiaL BERLL 90942 Z5L8T G262 LOBZE akr L1444 b Uny
e 4OGB _ZESLL FBPEL Blesl Zrial LT EDIEE B6Z0E ZHLEE 6ZF 0EZE oluny
a0 [ GBLLL FiSEL voral ABZAL 44514 SHIT 04L0E L0BEE L) 4 ROYE §uny
c ("4 £0a8 LgLLL LZBEL ZBE31 5081 LLEBT BEE0E 1902 B8 ISE ELy 1552 Buny
W. [d ) BELE BLgkLE agatl L1E81 aLL81 SZSEE or0E G5BLE ELIvE 8OE Piz: 4 L umy
o SEF ¥ELE Zedih Z8EL £980L ] 0E16Z BOELE 3143 88E5E YEE 08LZ g uny
X A4 60 EZLLL 585t 16851 L] 8862 LLLLE EBEE 8555E 8Lt 2. A § uny
o) i 4 oee | ewinl LISEL ZEOLE GEGEL SZHE 1981E OFeZE ovrEE BLE L¥EE o Funy
7, -4 d ¥L96 Z0BLL SEECL 50881 9G0BL $RZ0E $TOZE OLEEE EOERE 96 E 7062 guny
W. 214 Zieg 00kL FFZEL Z2981 LBk BPEOE FOEZE IGLEE [ Z8E 8108 zuny
W ¥ 0226 B82LL LIEE) 62591 ¥LIBE FL0LE ZLZE ¥LLEE OvssE EE¥ ZE0E | uny
£ [sal (eal (ed) (e} [=g) led) {=d) (ed) (eg) (ed)
£ pefuaiy |  aped i pod 2pod apod 9 pod »pod £pod zpod i pod "y | # uny
o £50) £FL £5'TL 9956 VEB L FBLS S6LF gr0't [ Juilsasumsig
1 88k L 051 x4 ¥O'LS 08 EZ LL¥)- 02 £ B S¥EIL- :[arlvou| seaUIS|p PRSIEUOIBUSLIE-UON o0 ipejdaEe -_EL
£ sueyd auey S0H pasn ._..m
R 1966 BEE L 2565 ZW0E 15T} [FTAg 182 T PSS sooumsIp 0y LA .
© B0 2 L
m | o ) iy
m %4 uojjenussLaY
4 08'FL GOLY 8020 SBLE BE0LY [ B s
N wl it +a) {ysuipu we | %9 Wory s__n.—_.__am
™
..MI“ POGEEIZ00 0 8z50°0) _?__.i!..ﬁl&L
[= [ uleang uedl) suoisod aaje,
W 500 Jujuojsusunp sajep
M- _ i whesydeyy add )
ayuos(s § s Aq EEEL LO0TEVY iajeq)

Appendices

usdo ¥, G ‘SAEA WA 0F LY ¥, § UOTY

uado 9, G/ ‘SAJEA LU QG Ul % 9 UIIOEY

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



181

Appendices

uado %, §2 "an|eA WU OF W % D) WIOEH

520 vare 90811 eesal | es0c bBEET BELIZ 81608 BOZE [ 8195 8025 6 uny
0 1688 szrzl [ 70022 zeest 50962 9EVZE LySPE Z6P0F vo8l L8l g1 uny
m %60 596 VWEEL 60BL) velgz . | o0miE [ 1825¢ SaLIE \ziry 61 5549 9} uny
o sl pieol \gevl 58161 BEIST |  @ls6e B5E Zrise gLy seley 0% zezz £ uny
o [T v¥0L Z60¥1 Zags) 12182 12008 T8LLE 8090V Lhiey 50205 59 5982 73 uny
% BET BEBOE £66Y1 20002 Z1892 EEL0E GLOBE 000Z% GOgvy FGBLS L4 G9LE L uny
o vz 1180} 06251 Zve0e 15212 ¥oiic S500¥ EELEY 6597 18965 oz F¥E) oL uny
~ T %0111 EEVSL £L10C 11512 VISIE 83017 [T 20027 120¥% €5 1215 guny
n [ 19011 bLIS) BYi0z 2617 VEOZE DLOEY £9597 Z6687 52495 6l F 499 guny
W. Byt 16EL L 220} 512 16v82 Szze BLLYY viaLy £090§ 98085 6 0.8s Luny
5 89t S0LIL 979 1012 19862 orice 91.5¢ [ Wwezs 71965 STy 56ve gumy
S 6t ozl 05691 VB0ZT 9/762 L8568 0240t 98t05 borES 62909 8Lt 1201 g uny
£ 1y 12811 T sover_ | ozsee L0941 621§ £2685 00023 _SIE 201 puny
£ 05 [T 1oLt 80822 20862 6ZLYE SE68Y 5/9e5 6955 56669 [ SELL £ uny
55v £6¢21 SOrLL 9g922 12208 [ [ %5175 EEZLS 08159 e 62zl Zuny
m [T 20521 ! 56972 8550 o0avE 69805 19LvS 56615 Bobea 56 1E 3 uny
pl tsnl (ed) (za) (ea) (ed) (ed) (ea) (ed) {¢d) (vd) |
= Doy | §Pod 8pod Lpod 3pod $Pod ¥ pod £pod 7pod L pod F oy # uny|
NS £ €5yl €521 9856 V8L ¥eLS £62Y e0e 0 Twjssoursia
o 9881 1051 5Tl vous | ogez 1y 0z e 8L9% Shei “[arl 1501 S2oUEISID Pas|[EUOISUSWIP-UON 0ELD) ‘pepejes 0buEYy
= uwd sAlRA| 60 01 101 :peen 1dd
- 1956 856, 9565 zI0t i521 8L 1622 925 - viST SoSuRISIp [BIXY] sLL0 B
= 8604 B
% 5968 )
X %0L “UoyeUaIueD)|
v BiELL w9 | w0 | @S ¥61L [ uBiliaisusqg
% o i | Gsum | u %01 UIOEX sadA feuoien
=X ¥05681.200 0 82500 ] Jejawielg adid
.m [ w)eany| usd( % uopsod salEp
[9] 500 [wiuoisusunp arlep
Q whsydeq tedh) anjen
M. AUOSIS g sunpy Aq suop 1se1|  /oozivLe g

uado % G/ ‘@AfeA Wi QG Ul % O} Ulloey

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



182

Appendices

Appendix 34: Kaolin 13 % in 50 mm valve, 75 % open
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Appendix 35: Water in 50 mm valve, 75 % open
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Appendix 36: CMC 5 % in 50 mm valve, 100 % open
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Appendix 37: Kaolin 6 % in 50 mm valve, 100 % open
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Appendix 38: Kaolin 10 % in 50 mm valve, 100 % open
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Appendix 39: Kaolin 13 % in 50 mm valve, 100 % open
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Appendix 40: Water in 50 mm valve, 100 % open
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Appendix 41: CMC 5 % in 65 mm valve, 25% open
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Appendix 42: Kaolin 6 % in 65 mm valve, 25 % open
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Appendix 43: Kaolin 10 % in 65 mm valve, 25 % open
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Appendix 44: Kaolin 13 % in 65 mm valve, 25 % open
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Appendices

Appendix 45: Water in 65 mm valve, 50 % open
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Appendix 46: CMC 5 % in 65 mm valve, 50 % open
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Appendix 47: Kaolin 6 % in 65 mm valve, 50 % open
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Appendix 48: Kaolin 10 % in 65 mm valve, 50 % open
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Appendix 49: Kaolin 13 % in 65 mm valve, 50 % open
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Appendix 50: Water in 65 mm valve, 50 % open
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Appendix 51: CMC 5 % in 65 mm valve, 75 % open
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Appendix 53: Kaolin 10 % in 65 mm valve, 75 % open
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Appendix 54: Kaolin 13 % in 65 mm valve, 75 % open
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Appendix 55: Water in 65 mm valve, 75 % open
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Appendix 56: CMC 5 % in 65 mm valve, 100 % open
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Appendix 57: Kaolin 6 % in 65 mm valve, 100 % open
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Appendix 58: Kaolin 10 % in 65 mm valve, 100 % open
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Appendix 59: Kaolin 13 % in 65 mm valve, 100 % open
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Appendix 60: Water in 65 mm valve, 100 % open

[

ZIT6T

0v552 0Z8.T VOLOE SOVVE 1695E 9Z68E 06117 ¥[S0 £v8./61 €1 uny
[} 1052 (A 80202 ¥SOIE 6862E 0ZE8e 05iip 968EY 215 ZIv 0 815907 zZh uny
ELkE 62567 G660 BPBZE 0S9vE 8r29E €052k £B8GY 1806 61E25 6820 [23 b uny
65 b} 9ZEIE Z68ZE BEOSE 20/ L0BEE 025y 56005 190¥S 02815 550 YO00¥Z 0L uny
[ 75268 BOOSE 0ZLIE RSZ0 az6LY 10206 [ ©E068 C6EED €CE0 15895C suny
19EL Z8I5E VOB.E 5690F 859EF SE0oY 11555 6C109 66459 5790L 0050 ¥ZoviT guny
[ £008C 900 (g BT Eiad 12609 ¥¥BS9 IVELL £00.1 Zov 0 Zav6ae Luny
oSk 75507 Ovzer rragy 9/905 LIVES 10559 SIGLL 6008, ElG ) IG650E guny
£6'5H VGEEr S885y LIE0S SZ0VS 60Z.5 €080L 10811 951v8 0916 15V 0 SEPLZE guny
189k g 1Z56F 9ZLYS 52085 66029 OEZLL SvZce [ 582001 8950 ZEFOPE yuny
Z9Lb 1006 8EZES 96115 01529 52999 SG5E8 €206 Z6V004 19060+ YIS0 ¥9G5E guny
Ev el 89225 619G 20819 65119 79611 §9968 8E966 1£8804 9/6111 SIP0 6202.€ zuny
8161 69755 9¥E65 56059 BLLIL 9965L 80196 [ 661911 vZS9Ch vEv 0 90188 1 uny
Tsl Ted] (ed) {ed] (ed] “{ed) {ed] “Ted) Ted) Ted)
) &pod g pod Lpod 9 pod & pod ¥ pod € pod zZpod | pod £l oy #uny
aBesany
EID 630} ZI6'6 V68 196 L 1509 680 % 8802 0 Tulssoveisig
0Ll BOZ9 859 0Z1le 59GL S8 ¥l b5 ov il 9011~ —Tanlsun sesuesip pesieuoisuap-uoy [%) ‘pajoalos ebuey
sueid sAlEA | 60 1 LOF posn | dd
] 858 ¥ 916€ 9€6 2 96+ 1860 |t le60- SBeET RV [ SSOUESIP jeXy ! £ '
1600 Bl
] N
%00} ‘UORRAUBINCD
1000 T 50 T 18666 TumiRsusg |
o [{E) Tr+uju ufl BEM | edAL [epaien |
[ L91SZIE000 B0E90°0 [w] seppureqg adig
| [wlessy uedg ‘uopisod eajep
$50°0 | -Twuojsuawip eaep |
[ whewdelg | zadk] oAep,
[ swniy Aqauopsel | vz/11/9002 aea

usdo 9%, D01 'eAIBA WW GO Ul JBIBM

uado 9 QL ‘SAJeA W GO Ul JSJBAA

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



210

Appendices

Appendix 61: CMC 5 % in 80 mm valve, 25% open
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Appendix 62: Kaolin 6 % in 80 mm valve, 25 % open
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Appendix 63: Kaolin 10 % in 80 mm valve, 25 % open
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Appendix 64: Kaolin 13 % in 80 mm valve, 25 % open
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Appendix 65: Water in 80 mm valve, 25 % open
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Appendix 68: Kaolin 10 % in 80 mm valve, 50 % open
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Appendix 69: Kaolin 13 % in 80 mm valve, 50 % open
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Appendix 70: Water in 80 mm valve, 50 % open
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Appendix 71: CMC 5 % in 80 mm valve, 75 % open
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Appendix 72: Kaolin 6 % in 80 mm valve, 75 % open
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Appendix 75: Water in 80 mm valve, 75 % open
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Appendix 76: Kaolin 6 % in 80 mm valve, 100 % open
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Appendix 79: Water in 80 mm valve, 100 % open
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Appendix 81: Kaolin 6 % in 100 mm valve, 25 % open
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Appendix 82: Kaolin 10 % in 100 mm valve, 25 % open
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Appendix 83: Kaolin 13 % in 100 mm valve, 25 % open

Uado %, 57 "SAIRA UKL OO | % £ UNDEN

0i'L I [ GCHE ZECOP SLILY ¥Z00¥ 99225 1255 095E5 I [T 1z uny
06 L D8SSE BLIGE SEARE 80P [ ks ziges £98%5 [ 5L GHGE sz uny
0 b BOLSE L50LE ZFFEE SEB0F GLEZH ENS LPLES ] 2ETRE oAtk FO'GL §T Uny
gL e LPOCE BSOJE ZPPEE FEOLE [ PEGIG 25055 VEESS Thi0G B IEL VG ¥ Uy
IE ZTESE ZELLE ZHAGE ZEELY LBFIF 5881 04285 SpEg 24503 060k BEBL £Z uny
5E 2 EOSE OEELE GHGHE HEELY 99y FOZES FO8ES SOEES BPLEE SEEL . BFPE I uny
i SALEE BOSLE ZBBEE Zraly FELEF O85ES ESLLG SOL09 bLazs L EEL 5L b uny
14 FEEGE SLOLE BLIGE BlELF BLOZK FEEES PLLLS L0509 526D 5L ST oz uny
%z [T BEZLE FOBSE Ik [ (= 9gLLs FELOD 04dZ8 £ L0k BT B uny
Fif 4 6ZL8E Fin#i BOEOF EREZY SEBZF EBIFS BOLRG £P9Le b LR 926 £58L §uny
[ 7§ [ LESIE [ BIELF LBOEr L05HS 81985 #7819 PRIFD ¥k 15T Bhuny
82 GEEeE BELLE BErr SE0Zr ORZEY GEGS SLEDS SOLFS FATE: ] 2801 25 2E 3} uny
WE EE [ [ \azzr SIFER 16195 BED0R 5AGER Eree] ETHE 8L ¥ gl uny
92E SO0LE raiee Ligor . Epsir (5 S [t Tt G0 FERES 201 . WEE ¥l uny
SZE IS 19588 gy 15.2 FEgER 12885 ELRES 859 ELSRS L'26 488 £ uny
gYe ZHELE 55508 LS0EF Srazr [ 44 i) pel ] ol HEBLL 1]} i Tl uny
|__6re [ [ LFELY 10LER oFry 00929 LBba ZI¥ED LZELE Lok &2'5k Li uhy
ZLE f98iE ETH BLILF FLEEF FFESE BLI¥D ] ] LG E¥LL ZVEE ok Uy
BLE ISLE Z5LEE ZHELY OZEER BELSY FLEse ShLES S6LL S0EL ZLoL 85 6 & uny
ESE LLbEE FEEEE S¥IEF SERER BRISH [T 0EZLL ZERFL VBESL 5801 LEGE puny
266 SEBLE BEFEE YZOEW ZZ0Fr LFESE [T BELLL SESL SEgas L'BOL £1°65 Luny
ElF LEERE BERGE EBLER Vol FEPSH 96560 GFYEL PES9L 18IEL L9k I609% §uny
(4% 4 BOZEE DEDST SLDEK Sk LGk ZZERS EFZEL ) 0BG L FaLL 808 §uny
[ 344 BLEIE E0beL 4 Ll LPESY GERE0 Privl SBLLL GTe08 ] L] Fumy
[ DERLE BEBEE SELTY Bl SRaEy Evi0d 11578 Sl FEZ0d koL ZEPY funy
11 FRERE EE06T 0LEZy Frr LEPGF PPSEL 1508L £LI08 #00€8 £501 FLEL Tuny
[£13 OG0RE DeRE BERTY [Tl Irack [ poLaL POELE 0Z5E8 504 [ } uny
[snl {ed) (ed) {ed) [ed) [ed) [=d) {=d) {va) {ed)
Dobuasy | gpod 8 pod 1pod 8 pod g pod ¥ pad £ pod 2 pod L pod ] oy #umy
S00L 2508 E508 R0 1529 LSy BO0'E BA6 0 0 wjssaumsig
0E 8k £0'9E S48E GGl L 0204 al'gz- el G Tl 16 larilw [P=UoN CELD) ‘paares abiuny
oue|d sApEp S04 (pasn Ldd
BEPE IS E 205 sl 004’0 [ TG T TEG b L 55 RRIUTEIP A7y ] u
Ll 8k B
A6 EL )
wEl UDPRINAIUDD
L8166 IELS el | ety | Sg1EL [ uyBylyeusg
i L+l [T T | %EL LBy Ay [y sy
SELGHPLODD LLIBOD ] sepoueng edid |
[ wileany usdy % uomeed anEA
3] Twluorsusunp anen
: wieiydeig rodi ] majep
WEpURH 3 aWwni fg alopisal]  JODTLLITL _.E_-|ﬂ_

uado 9, GZ "OAJBA WL 00 U1 9% €1 Uljoey

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



235

Appendices

90 olgle oisze BEPIVE 1285¢ ¥8.9¢ 8890F (14234 9E19F ociey 1651 $80
90 L0/1¢€ £9.2¢ L59vE 9865€ 6Y89¢ 1080F VL9tV ¥zosy 9518v €601 ¥80
190 ySeze 0Z9EE 82€5¢ 8.0.¢ 6L18¢ 1862 60ESY 0908Y 12605 P09L 754
190 (47243 298¢€¢ 88Y5E o9LLe 61€8¢ {4744 8025¥ 65S.Y L1805 £659 | X4
980 12€EE (44443 8859¢ 8808¢ 6v26¢ ¥88eY 820L% 0L€0S LO¥ES QEly 99¢C
980 99£€€ 12gve £899¢ 1928¢ 68E6E 818EY 2889 £596¥ 08825 [4°1:14 10€
9l 266€€ S6¥GE 0b2L€ 9288¢ 2200v L5¥Sh 1948% ev6ls 22958 979l STy
9l 2oLve SObSE 189/€ $0S6€ 6520 e144%14 $006¥ 09615 12855 4134 11584
€5} 989 0v65E £028¢ 6066€ S90LY iy 89605 LEGES 11915 Li8) 90
€51 759rE Gl0s€ ZEEBE 18/6¢ 124704 9Ly EvY0S 9LEES 168.5 1651 86'G
oL} 1z1se ¥5£9¢ 1258¢ 0GE0Y (V4434 £006% 6122 €105S 91285 9¥9l 86721

$g uny
g uny
9g uny
geé uny
ye uny
£ uny
e uny
Le uny
0g uny
sz uny
87 uny

A Mume Kabwe

Non-Newtonian Loss Coefficients for Saunders Diaphragm Valves



236

Appendices

Appendix 84: Water in 100 mm valve, 50 % open
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Appendix 86: Kaolin 6 % in 100 mm valve, 50 % open
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Appendix 87: Kaolin 10 % in 100 mm valve, 50 % open
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Appendix 88: Kaolin 13 % in 100 mm valve, 50 % open
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Appendix 89: Water in 100 mm valve, 50 % open
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Appendix 90: CMC 5 % in 100 mm valve, 75 % open
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Appendix 91: Kaolin 6 % in 100 mm valve, 75 % open
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Appendix 92: Kaolin 10 % in 100 mm valve, 75 % open
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Appendix 93: Kaolin 13 % in 100 mm valve, 75 % open
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Appendix 94: Water in 100 mm valve, 75 % open
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Appendix 95: CMC 5 % in 100 mm valve, 100 % open
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Appendix 96: Kaolin 6 % in 100 mm valve, 100 % open
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Appendix 97: Kaolin 10 % in 100 mm valve, 100 % open
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Appendix 99: Water in 100 mm valve, 100 % open
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