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ABSTRACT

The prediction of head losses in a pipe system is very important because head losses
affect the performance of fluid machinery such as pumps. In a pipe system, two kinds of
losses are observed: major losses and minor losses. In Newtonian and non-Newtonian
flow, major losses are those that are due to friction in straight pipes and minor losses are
those that are due to pipe_ﬁttings such as contractions, expansions, bends and valves.
Minor losses must be accurately predicted in a pipe system because they are not
negligible and can sometimes outweigh major losses (Edwards et al., 1985). There is
presently little data for the prediction of non-Newtonian head losses in pipe fittings in the

literature and little consensus amongst researchers (Pienaar er al, 2004).

In the case of diaphragm valves, usually, only one loss coefficient value is given in
turbulent flow or in laminar flow with no reference to a specific size of the valve,
assuming geometrical similarity that would lead to dynamic similarity. However, no one
has done a systematic study of various sizes of diaphragm valves from the same
manufacturer to establish if this is true. This could be the main reason for discrepancies
found in the literature (Hooper, 1981; Perry & Chilton, 1973; Miller, 1978 and Pienaar ef
al., 2004). This work addresses this issue.

A literature review on the flow of Newtonian and non-Newtonian fluids has been
presented. The wofk of Hooper (1981) on diaphragm valves and the works of Edwards et
al., (1985), Banerjee et al, (1994) and Turian et al., (1997) for non-Newtonian fluids in
globe and gate valves were found to be relevant to this work. An experimental facility
referred to as the Valve fest rig was built and commissioned. Diaphragm valves of 40, 50,
65, 80, 100 millimetre nominal bore diameters from the same manufacturer were used.
The tests were carried out on these valves in the fully open position. Seven different
Newtonian and non-Newtonian materials were tested in each valve. The experimental

results are presented in the form of valve loss coefficient (k,) against the Slatter Reynolds

number (Rej3).
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Loss coefficients obtained in this investigation confirmed the general qualitative trend
rgiv.en in the literature that in laminar flow the loss coefficient increases significantly with
the decreases of Reynolds number and is a hyperbolic function of Reynolds number. In
turbulent flow, the loss coefficient is constant, for any type of fluid, Newtonian or non-
Newtonian. It also confirms the general theory that in fittings in general and valves in
particular, the transition from laminar to turbulent occurs earlier than in straight pipes.
This work also shows that the Slatter Reynolds number is a useful tool and compared to
other Reynolds numbers (the Newtonian Reynolds number and the Metzner and Reed
generalised Reynolds number), can be used for design purposes. From our analysis, it
was established that geometric and dynamic similarity was not achieved in the diaphragm

valves tested.
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NOMENCLATURE

Symbol Description Unit
a acceleration m/s*

cross sectional area m”
Cy laminar flow valve loss coefficient -
D internal pipe diameter m
E sum of mean error squared -
f Fanning friction factor -
2 gravitational acceleration m/s?
H head m
I intercept -
K fluid consistency index Pas"
K’ apparent fluid consistency index Pa.s"
k - hydraulic roughness . m
Kfin fitting loss coefficient -
k, valve loss coefficient -
L pipe length m
Le equivalent length m
M mass kg
m - slope -
N number of data points -
n flow behaviour index -
n’ 7 apparent flow behaviour index -
p pressure or static pressure Pa
Q volumetric flow rate m/s
R radius 7 m
Re ' Reynolds number -
Reit Critical Reynolds number at the transition -
Remr Metzner & Reed Reynolds number -
Re; Slatter Reynolds number -
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T correlation coefficient -

radius from the centre line -

y

t time S

u point velocity m/s
A% average velocity m/s
z elevation from datum m
o3 kinetic energy correction factor -

¥ shear rate st
A difference -

T} dynamic viscosity Pas
B’ apparent or secant viscosity Pas
P . fluid or shury density kgm™
t shear stress Pa
To ' wall shear stress Pa
Ty yield stress Pa
c standard deviation -
Subscripts

0 A at the wall i

calc calculated

Uus upstream

DS downstrewam

fitt fitting

v valve

obs observed
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

The prediction of head losses in a pipe system is very important because head losses
affect the performance of fluid machinery such as pumps. In a pipe system, two kinds of
losses are observed: major losses and minor losses. In Newtonian and non-Newtonian
flow, major losses are those that are due to friction in straight pipes and minor losses are
those that are due to pipe fittings such as contractions, expansions, bends and valves.
Minor losses must be accurately predicted in a pipe system because they are not
neghgible and can sometimes outweigh major losses (Edwards et al, 1985). There is
presently little data for the prediction of non-Newtonian head losses in pipe fittings in the
literature and little consensus among researchers (Pienaar et al., 2004).

In the case of diaphragm valves, usually, only one loss coefficient value is given in
turbulent flow or in laminar flow with no reference to a specific size of the valve,
assuming geometrical similarity that would lead to dynamic similarity. However, no 6ne
has done a systematic study of various sizes of diaphragm valves from the same
manufacturer to establish if this is true. This could be the main reason for discrepancies
found in the literature (Hooper, 1981; Perry & Chilton, 1973; Miller, 1978 and Pienaar et
al., 2004). This work addresses this issue.

This investigaﬁon gives loss coefficients data for diaphragm valves and analyses dynamic
similarities of diaphragm valves, using the hydraulic gi'ade line (HGL) approach, in the
different flow regimes. The diaphragm valve is used owing to its imporfaﬁéé and wide
usage in the industry dealing with slurries (Brown & Heywood, 1991). This work also
contributes to the commissioning, optimisation and verification of the reliability of the

new state-of-the-art valve test rig.

1.2 STATEMENT OF RESEARCH PROBLEM

There is no experimental loss coefficient data available for a range of diaphragm valves
of different sizes from the same manufacturer for both Newtonian and non-Newtonian

fluids in laminar, transitional and turbulent flow regimes.
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1.3 OBJECTIVES OF THE STUDY

The objectives of this study were:

» To commission the Valve test rig.

e To determine the loss coefficients for diaphragm valves of 40, 50, 65, 80 and 100
millimetre nominal bore diameter, in laminar, transitional and turbulent flow for both
Newtonian and non-Newtonian fluids using the valve test rig.

» To evaluate dypamic similarity.

1.4 RESEARCH DESIGN AND METHODOLOGY

The experimental teéts were carried out in the slurry laboratory of the Flow Process
Research Centre at the Cape Peninsula University of Technology in Cape Town using the
Valve test rig.

Diaphragm valves of 40, 50, 65, 80, 100 millimeire nominal bore diameter were used.
The tests were carried out on these valves in the fully open position.

Different materials at different concentrations were used: water and glycerine (100% and
75% volume concentrations) as Newtonian fluids and carboxyl methyl cellulose
(CMC)(5% and 8% weight concentrations) and kaolin slurries (10% and 13% volume
concentrations) as non-Newtonian materials,

These materials were rheologically characterised by tube viscometry. The hydraulic
grade line (HGL) approach was used to determine the valve loss coefficients. In this later
approach, each test section as it will be explained later, consisted of two removable pipes
of the same diameter in series joined by a diaphragm valve. On each pipe, upstream and
downstream of the valve were tapping points where the static pressure drop was
measured along the test section. The results for each test were presented in the form of

valve loss coefficient (ky) against the Slatter Reynolds number (Re3).

1.5 DELINEATION

This work was limited to Newtonian and non-Newtonian fluids flowing through
diaphragm valves in laminar, transitional and turbulent flow regimes. Only national
trading company (NATCO) diaphragm valves were investigated in the fully open
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position. These 5 diaphragm valves were tested in the fully open position only due to
time factor and also due to the workload as one of the objectives of this work was to
commission the test rig.

Fluids, which have time-dependent and settling behaviour, were not investigated.

1.6 IMPORTANCE AND BENEFITS

This work provides loss coefficients data in laminar, transitional and turbulent flow
regimes for non-Newtonian slurries flowing through 5 different sizes diaphragm valves
from the same manufacturer. This data can be used directly for practical plant design. It
also provides a dynamic similarity study and contributes to the commissioning,

optimisation and verification of the reliability of the new Valve test rig.
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, fundamental concepts on fluid classification and fluid rheological
characterisation are presented. The relevant theory on fluid flow in straight pipes, pipe
fittings and valves is also presented. Both of these are presented in laminar and turbulent
flow regimes, with the emphasis on non-Newtonian fluids. The need for an in-depth
understanding of the flow phenomena of non-Newtonian fluids through valves is very
important in this work, especially through diaphragm valves. This explains the emphasis
on flow through diaphragm valves. The theory on dynamic similarity of geometrically

similar valves is also presented and its application for non-Newtonian flow in valves.

2.2 CLASSIFICATION OF FLUIDS

Generally fluids are classified according to the way they respond to externally applied
pressure or to the effects produced on them by the action of shear stress. In this
investigation all the fluids tested are assumed to be incompressible fluids and the effects
produced by the action of a shear stress is of high interest (Chhabra & Richardson, 1999).
These fluids include single-phase liquids, solutions, and pseudo-homogenous mixtures
such as slurries that may be treated as a continuum if they are stable (Govier & Aziz,
1972)

In general, fluids belong to one of the three main categories: Newtonian fluids, non-

Newtonian fluids and settling slurries (Brown & Heywood, 1991).

2.2.1 Newtonian Fluids

A Newtonian fluid is one in which an infinitesimal shear stress will initiate flow and for

which the shear stress is directly proportional to the shear rate.
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The flow curve of a Newtonian fluid at a certain temperature and pressure is a straight

line passing through the origin. The slope of the flow curve is constant and is the
viscosity of the fluid (Chhabra & Richardson, 1999).

The Newtonian fluid flow curve equation is:
T=UyY 2.1)
where py is the Newtonian viscosity.

Some common examples of Newtonian fluids are: water, mineral oil, glycerine and

glycerine-water mixture. Figure 2.1 illustrates the flow curve of a Newtonian fluid.

1

Hn

Shear stress [Pa]

Shear rate [1/s]

Figure 2. 1 Newtonian fluid flow curve

2.2.2 Non-Newtonian Fluids

A fluid is said to be non—Newtonian when the relationship between the shear stress and

shear rate is non-linear or does not pass through the origin (Chhabra & Richardson,

1999). Non-Newtonian fluids are classified into three main categories:

* Time independent non-Newtonian fluids (pseudoplastic, dilatant, Bingham plastic and
yield pseudoplastic fluids)

» Time dependent non-Newtonian fluids (thixotropic and rtheopectic fluids) and

s Viscoelastic fluids.
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Time dependant non-Newtonian fluids and viscoelastic fluids are not in the scope of this

investigation.

2.2.3 Time Independent Non-Newtonian Fluids

Time independent non-Newtonian fluids are fluids for which the shear rate at any point is
determined only by the value of the shear stress at that point at that instant (Chhabra &
Richards.on, 1999).
_The constitutive equation of time independent fluids can be written as:
T = f1,.) (22)
or its inverse form:
T =11, 2.3)
Time independent non-Newtonian fluids are classified into three main categories:
e Pseudoplastic or shear thinning fluids
= Dilatant or shear thickening fluids and
e Viscoplastic fluids (Bingham plastic and yield pseudoplastic)

2.2.3.1 Pseudoplastic or Shear Thinning Fluids

Pseudoplastic or shear thinning fluids are time independent non-Newtonian fluids in
which the apparent viscosity decreases with increasing shear rate (Chhabra &
Richardson, 1999). For these fluids, an infinitesimal shear stress will initiate flow, the
flow curve passes through the origin.

Generally these fluids are modelled using the power law model equation, which is a two

T=Ki" 2.4)

parameter equation:

where K is the fluid consistency index in Pa.s" and n is the flow behaviour index or

power law exponent and n < 1.
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2.2.3.2 Dilatant or Shear Thickening Fluids

Dilatant or shear thickening fluids are time independent non-Newtonian fluids in which
the apparent viscosity increases with increasing shear rate. In this case, as for
pseudoplastic fluids, an infinitesimal shear stress will initiate flow, the flow curve passes
through the origin.

Generally these fluids are also modelled using the power law model equation (2.4).

But in this case the flow behaviour index or power law exponent n is greater than one (n
>1).

2.2.3.3 Viscoplastic Fiunids

Viscoplastic fluids are fluids characterised by a yield stress (1), which must first be
exceeded before the fluid deforms or flows (Chhabra & Richardson, 1999).

Such materials will deform elastically when the applied shear stress is lesser than the
yield stress. In this category they are classified Bingham plastic fluids and yield
pseudoplastic fluids.

e Bingham Plastic Fluids (BP)

Bingham plastic fluids are fluids that require a non-zero shear stress in order to initiate a
significant flow. The flow curve of Bingham plastic fluids does not pass through the
origin and there is a linear relationship between shear stress in excess of the yield stress
and -tha resulting shear rate (Chhabra & Richardson, 1999).
The Bingham plastic model is described by a two parameter equation:

=1+ g | 2.5)

Where tyg is the Bingham yield stress and pg is the Bingham plastic viscosity.

e Yield Pseudoplastic Fluids (YPP)

Yield pseudoplastic fluids are fluids that require a non-zero shear stress in order to
initiate flow. In yleld pseudoplastic fluids the increase in shear stress with shear rate in

excess of the yield stress decreases with increasing shear rate (Chhabra & Richardson,

1999).
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The flow curve does not pass through the origin and is non-linear.
Yield pseudoplastic fluids can be modelled using the Herschel-Bulkley equation, this
model is a three parameter equation:

T="T,p +KY" (2.6)
where Typp is the Herschel-Bulkley yield stress K is the flnid consistency index and n the

flow behaviour index.

2.2.4 Time Dependent Non-Newtonian Fluids

Time dependent non-Newtonian fluids are fluids that have an apparent viscosity that
varies with the shear rate and the time of application of the shear rate (Chhabra &
Richardson, 1999).

Time dependent non-Newtontan fluids are also classified into two categories:

Thixotropic and rheopectic.

2.2.4.1 Thixothropic Fluids

Thixothropic fluids are fluids when sheared at constant shear rate, their apparent viscosity
decreases with the time of shearing (Chhabra & Richardson, 1999).

2.2.4.2 Rheopectic Fluids

A fluid is said to be rheopectic when its apparent viscosity increases with time of
shearing. Figure 2.2 illustrates the flow curves of different non-Newtonian fluids as

classified above.
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Figure 2. 2 Non-Newtonian fluids flow curves (Paterson & Cooke, 1999)
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2.2.4.3 Settling Slurries

Settling slurries are solutions or pseudo-homogeneous mixtures where particles in
suspension settle very quickly relatively to their residence time in the pipeline (Brown &
Heywood, 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)

2.2.5 Rheology

2.2.5.1 Definition

Rheology is defined as the viscous characteristics of a fluid or homogeneous solid-liquid

mixture (Chhabra & Slatter, 2002).

2.2.5.2 Rheological Models

Various rheological models may describe the viscous characteristic of fluids. In this
investigation the following models were used:

e The Newtonian model

¢ The Pseudoplastic model or Oswald-de-Waele model

¢ The Bingham plastic model and

e The Herschel-Bulkley or yield pseudoplastic model.

2.2.5.3 Rheological Characterisation

Rheological characterisation in the context of this work is the choice of a convenient
theological model that fit better the experimental data. The choice of a suitable
theological model is very important in the characterisation of non-Newtonian fluids and

there is divided opinions on which rheological model to use in the literature to model

laminar flow.
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The choice of models is in fact extremely important not only for rheological
characterisation in laminar flow but even more important in turbulent flow predictions
(Hanks & Ricks, 1975). The reason for this is that the data is usually extrapolated
(Thomas & Wilson, 1987) to much higher shear stresses for turbulent flow predictions
than can be measured in laminar flow, even in small diameters (Shook & Rocco, 1991).
Table 2.1 gives different rheological model available in the literature, showing the depth
of the field of Rheology.
Table 2. 1 Rheological Models available in the literature. (Chhabra &

Richardson, 1985)
Fluid model Constitutive equation Number of | Parameters
Parameters
Newtonian ( du] 1 u
T=p ——
dr
Bingham plastic 2 dK
R ) =
-
Casson d 2 Ty and ple
" e
s _
e-function du 2 Lo and m
M= p expl m 7
Oswald de Waele du ' 2 Kandn
or power-law T= [— d_)
(pseudoplastic) d
Ellis H, 3 Lo,0t and Ty
. H=— %7
1+( 7 )
T2
Herschel-Bulkley du Y 3 T, nand K
or T= Ty + K['—‘g‘-‘) .
Yield pseudoplastic d
Carreau - R "T-‘ -4 K, Ho, Aandn
Bl |y, [ ,1[_ d_u_))
Hobe dr
Cross y "T-‘ 4 U, Ho, Aand
2=t |, ( ,1[_ _’iD
Hoth., dr

Cross and Carreaun models are mainly used for polymer solutions, zero shear viscosity is

usually associated with very low flow, shear rate 107 s (Malkin, 1994).
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For suspensions, yield psendoplastic, Bingham plastic and power law models are more
appropriate (Malkin, 1994). Also becanse the effects produced by the action of a shear
stress is of high interest in pipe flow (Chhabra & Richardson, 1999), these equations are

also used in this work because, in pipe flow the shear rate is directly calculated.

2.2.5.4 The Yield Pseudoplastic Model

The yield pseudoplastic model will be used in this work to characterise all fluids as it is
explained in section 2.3.8. The yield pseudoplastic model (YPP) incorporates the features
of all models used in this work: The rheogram curvature of the pseudoplastic model and
the yield stress for the Bingham plastic.
The yield pseudoplastic model is very sensitive to small variations in the rheological
parameters and requires a sufficient amount of good laminar data to ensure
reproducibility of the model to different data sets (Johnson, 1982).
The constitutive equation of the yield pseudoplastic model is given by equation (2.6):

| T= T+ Ki (2.6)
This equation is a three parameters equation:
e The yield stress (tyus)
o The fluid flow behaviour index (n)
¢ The fluid consistency index (K) |
Rheometry or viscometry deals with the establishment of a relationship between shear
stress and shear rate. This is required to establish the rheological parameters such as Tyug,

K, and n, which are used for the specific fluid.
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23 FLOW IN STRAIGHT PIPES

2.3.1 Shear Stress Distribution in a Straight Pipe

The shear stress distribution in a pipe is given by the relationship:

o Bor
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 (2.7) becomes:

@.7)

ApD
= - 2-8
o 4L (2:5)

where D 1s the pipe diameter.
2.3.2 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-Wetsbach formula (Massey, 1970):

2
=ﬂ[v_) 29
D {2¢g
Where f is the Fanning friction factor defined as (Massey, 1970):
f=2ﬁ (2.10)
pV
The velocity V is obtained from the continuity equation and is given by:
_Q 2.11)

A

Equations (2.7), (2.8), (2.9), (2.10) and (2.11) 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,

1970).
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2.3.3 Newtonian Transition from Laminar to Turbulent and Reynolds
Number

There are two types of flow: laminar or streamline flow and the turbulent flow. Laminar

flow occurs at lower velocities, the fluid particles are moving in straight lines, but the

velocity with which the particles move along one line is not the same as along another

line (Massey, 1970).

In turbulent flow, the path of individual fluid particles are not straight anymore but are

sinuous, intertwining and crossing each other in a disorderly manner so that a mixing of

the fluid takes place (Massey, 1970).

Experimental work has shown that the transition from laminar to turbulent flow happens

at some fixed value of a dimensionless group called Reynolds number (Massey, 1970).

The Reynolds number is the ratio of the inertial to viscous forces and is given for

Newtonian fluids by:

pvVD
T

Re = (2.12)

where p is the fluid density, V the fluid velocity, D the pipe diameter and p the fluid
viscosity. '

The general accepted point of transition from laminar to turbulent flow is Re=2100. But
the transition can happen at a Reynolds number higher than 2100 or lower than 2100
depending on the vibrating nature of the surroundings (Massey, 1970).

2.3.4 Newtonian Laminar Flow in Straight Pipes

2.3.4.1 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, 1970):

T
u= Q R2 _rz 2.13
2pR ( ) ( )
u 1s maximum for r=0 and is:
L (2.14)
2p
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And the mean velocity is:
u
V== 2,15
5 (2.15)
R
v=lo (2.16)
4p

2.3.4.2 Hagen-Poiseuille Formula

For an incompressible Newtonian fluid in laminar flow, the Hagen-Poiseuille formula is

(Massey, 1970):

Q=— 2.17)

2.3.4.3 Friction Factor

In general the friction factor is determined using equation (2.10). 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):

16
=22 2.18
Re (2.18)

2.3.5 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 f)ressure fluctuate on
a continuous and random basis.

Turbulent flow is very complex and a consistent mathematical analysis is not yet done
and predictions are obtained empirically from experiments (Massey, 1970).

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 and White equation (Massey,
1970):

1 k 1,26
L grog X L 2.19
N g[:mn RleJ &)
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It must be noted that the Moody diagram presents the friction factor f vs. Re and is a
useful tool when it comes to the friction factor determination.

Fig 2.3 gives the Moody diagram.

In a case of a smooth pipe and for Reynolds numbers between 3000 and 100000, the
Blasius equation is used to determine the friction factor (Massey, 1970).

£ 0.079
(Re)o.zs

(2.20)
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2.3.6 Non-Newtonian Flow in Straight Pipes

The fundamental relationships (2.7), (2.8), (2.9), (2.10) and (2.11) on the shear rate,
energy loss in pipes and velocity are also valid for non-Newtonian fluids as stated earlier

i sections 2.3.1 and 2.3.2.

2.3.7 Non —Newtonian Transition from Laminar to Turbulent Flow and Non-
Newtonian Reynolds Numbers

In this section, the different criteria for the determination of flow regime for non-
Newtonian fluids are presented.

In non-Newtonian flow as in Newtonian flow there are also two kinds of flow: laminar
and turbulent. Many criteria have been established for the determination of the nature of
flow. 'A-l'though this inveétigation uses the Slatter Reynolds number, other non-Newtonian
Reynolds numbers and criteria relevant to this work are also presented. The Slatter
Reynolds number is favoured because it can describe the behaviour of a2 wide range of

non-Newtonian fluids (Chhabra & Slatter, 2002).

2.3.7.1 Newtonian Approximation

In the Newtonian approximation method, in order to evaluate the transition from laminar
to turbulent flow, the Newtonian Reynolds number is used but because a non-Newtonian
fluid has a variable viscosity, the apparent or secant viscosity is used and in equation

(2.12) the term viscosity p is replaced by ' the apparent or secant viscosity and equation

{2.12) becomes:

Re, =2vD (2:21)

Newt ?

with the apparent viscosity:

— 2.22)
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d
where: [— Eu:( is the velocity gradient at the pipe wall.

2.3.7.2 Metzner & Reed Generalised Reynolds Number

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 (Metzner & Reed, 1955). This may be
expressed as:
DAP 8VY'

== K(FJ (2.23)
where in the most general case K’ and n’ are not constants, but vary with §V/D. Thus on
logarithmic plot of t, versus 8V/D, Equation (2.23) 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:

2
Rey = —PY 2.24)

3

This relation may be rewritten after transformation as:

B p VZvn'Dn'

Re,n = , 2.2
MR 8[! -1 Kl ( 5)

In practice, n' is the tangent of the double logarithmic plot of 1, versus (8V/D) at any
particular value of 1, or 8V/D . Log K is the intercépt on the y-axis.

o = -dlogn,) ) (2.26)

gV
d(Log-Bﬁ)
It has been found experimentally that for many fluids K’ and n’ are constant over any
range of 1, 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’ characterises the degree of non-Newtonian

behaviour for a given fluid. The greater the departure of n’ from unity the more non-
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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).

For power law fluids or pseudoplastic models:

K = KFH al 1] and n=n’ 2.27)
4n
Thus (2.25) becomes:
2-n 2
Rey, =— PV D 228)

For a Bingham plastic fluid (Skelland, 1967):

T
p=1-2% 2.29)

3T,

r__ n "
- T{E[l -4/3(x i) +1/3(x /7,)* le (2.30)

For yield pseudoplastic fluids, no relationship has been derived for yield pseudoplastic

fluids and this has been done as part of this work. It has been demonstrated in this work
that (see Appendix 5):

' 1
. =“3+(1+H) T, 27, (1+n)(z, +2nt, +n1,)
n (t,-t,) (1+n}(I+2n)t, --Ty)z +2Ty(To‘T,)(1+ﬂ)(1+3n)+ri(1+2n)(1+3n)
(23D
and ) i

° ! 1+3n 1+2n l+n

+n —_ —_ 2
K= 28 ('co—ry)li[(r" Ty)Z+2""(t° T”)+ Y || Y232
Kot
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2.3.7.3 Slatter Reynolds Number

The Slatter Reynolds number takes directly in to account the yield stress of non-
Newtonian fluids but other non-Newtonian Reynolds numbers do not take directly into
account the yield stress. An unsheared core is formed in laminar pipe flow of a fluid with
a yield stress. 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 (Shook et al,
2002).

The Slatter Reynolds number is given by:

2
Re, = — 2P Vam " (2.33)
T, + K(SV"‘“‘ J
shear
For 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:
1:3"
Tig =—R (2.34)
TO
The sheared diameter is:
Dy =D-D,,, (2.35)
where: D, =2, (2.36)
The mean velocity of the annulus is:
. Q ° A
V== 23
- (2.37)
where Q,, =Q-Q,,, ) (2.38)
and Q. = Uy, -AL, (2.39)

Where uyu, is given by equation (2.41) in section 2.3.8.
The transitional value of the Slatter Reynolds number from laminar to turbulent flow in
straight pipes is Re;= 2100 (Shook et al, 2002).
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The Slatter Reynolds number can accommodate different rheological models: the
Newtonian model, the power law model, the Bingham plastic model and the yield

pseudoplastic model, as it will be demonstrated in this investigation.

2.3.7.4 Intersection and Deviation Methods

e [ntersection Method

This is a practical method. It uses the intersection of the laminar and turbulent flow loci
to predict the critical point.

The degree of accuracy of this method depends on the turbulent flow model used and this
method is also incompatible with Newtonian fluids (Chhabra & Slatter, 2002)

o  Deviation Method

This method uses the point from which data starts deviating from the laminar flow line to
define the transition region and that deviation happens before the intersection.

This method is relevant for this study because in most cases, the transition from laminar
to turbulent regime in pipe fittings and valves occurs earlier than in straight pipe flow

(Picnaar et al., 2001) and can be detected using the deviation or intersection method.

2.3.8 Non —Newtonian Laminar Flow in Straight Pipes

The following rheological relationship can be accommodated in the yield pseudoplastic
model equation (2.6):
Yield dilatant  {t, >0 and n>1)

Bingham plastic {r, >0 andn=1)
Dilatant (t, =0andn > 1)
Newtonian {r, =0andn=1)
Pseudoplastic  {r, =0 andn <1)

In laminar flow, the velocity distribution of a yield pseudoplastic fluid is for R > r> rpjye:
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R n n+l n+l
u=-— |:(1:0 —ry)T —(’C—‘L’y)_T:l (2.40)
- n+l
Kot
When 0 <r <rpyg the fluidd moves as a plug at a uniform plug velocity upjyg:
R n n+l
U = —1———(t, ~ 7, )5 (2.41)
- n+l
K,
The volumetric discharge Q and the average velocity are obtained from the relation:

2

32Q:ﬂzﬂ“(to_Ty)“Tn[(to-—ry)z+21:y(ro—ty)+ T, }(2.42)

D’ D Kiﬁ 1+3n 1+2n 1+n

[+

With 1, as defined by equation (2.8) and V=Q/A equation (2.11)

Fora Newtdniaﬁ fluid K=p and n=1, equation (2.42) becomes:
T, = 2.43
A (2.43)
. . . .,. 8V
Equation (2.43) shows that wall shear rate at pipe wall for a Newtontan fluid is o For

) ., 8V .. A
non-Newtonian fluid — is called the pseudo shear rate or nominal shear rate. The plot

of 1, versus SFV is called the pseudo-shear diagram. It is of great importance in non-

Newtonian fluid flow in general and in this investigation in particular.

2.3.8.1 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:
,_.E‘}i] 8V 3n+l (2.44)
dre], D} 4n

(2.26)

n’ is calculated as:
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The coefficient n is obtained as the slope of a double logarithmic plot of t, versus 8V/D.
In the case the rheological parameters of the fluid are known (ty, K and n), n’ can be
obtained directly using relations (2.27) for pseudoplastic fluids, (2.29) for Bingham
plastic fluids and (2.31) for yield pseudoplastic fluids. |

2.3.8.2 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
Re,m

f= (2.45)

with f given by equation (2.10).

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

stress:

£ = 2;; (2.46)
P Vi

In this case the transition is éonsidered to occur when fn, equals 16/2100.

2.4 RHEOLOGICAL CHARACTERISATION

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 viscometry was used because the experimental test loop
could also be used as an in-line tube viscometer having a range of 5 different pipe

diameters. . -

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 that is in the gap between the bob and
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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 is 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 &
Slatter, 2002)

Tube viscometry

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 ps.eudoplastic theology (2.6):

32Q_8V _ 4n (’fo _Tyﬁi‘{(ﬁ _T}')z + 2r, (To _Ty)+ Ti } (2.42)

D> D Kl3 1+3n 1+2n  l+n
l’l;-c0

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 by eye. A realistic value of T, is set according to
the data as the ordinate intercept. The value of 1, is then adjusted until the error function

is minimised. The error function E is the root square of difference between observed data

H5). 5.,

E=
N-1 247)

and calculated as:

and K value for minimum error K, is given by:
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25
z(r{(-)z 2fog) @ L

Ky =1/ (2.48)

i=1 1+3n 1+2n 1+n

Errors in tube viscometry:

e  Wall slip: this effect occurs when the layers of particles near the wall are more dilute
than the bulk flow (Heywood & Richardson, 1978). 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. Their laminar flow data should
coincide if there is no wall slip. If they do not coincide then the slip velocity must be
calculated for each tube and deducted from the measured mean velocity (Heywood &
Richardson, 1978). |

. Entrance and exit losses: it is important that the entrance and exit losses in the tubes
that are used are minimised. This is possible by making sure that the flow is fully

developed before differential pressure readings are taken.
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2.5 FLOW IN PIPE FITTINGS AND VALVES

In this section, the relevant theory on Newtonian and non-Newtonian losses in pipe

fittings and valves is given in both laminar and turbulent flow regimes.

2.5.1 Classification of Fittings

Fittings are generally classified in one of the categories below:

e Branching fittings, e.g.: tees, crosses, side outlet elbows, etc.

» Reducing or expending fittings: in which there is a change in the cross section
of the pipe e.g.: contraction, expansion, etc.

e Deflecting fittings in which there is a change in the direction of flow e.g.: bends,
elbows, return bends and

e Combined or hybrid fittings are a combination of the aforementioned e.g. valves.
Other fittings do not offer any resistance to flow such as couplings and unions. (Crane

Co., 1981)

2.5.2 Determination of Newtonian and Non-Newtonian Losses Across Pipe
Fittings and Valves

2.5.2.1 Losses Across Fittings

The Bemnoulli formula gives the macroscopic mechanical energy balance for a pipe

system and gives the total head loss in the system and is used in the determination of

different losses in the system (Massey, 1970).

The Bernoulli formula for a system of t_wo pipes in series connected by a fitting, can be

written as follows:

’ 2 2 i
Zl+u_|y.1_+&_=zz+%+p—z+Hl+Hﬁn+H2 (2.49)
2g  pg pg  pg

where z is the elevation of the datum, o is the kinetic energy correction factor, p is the
static pressure and, H the head loss. _
Subscripts 1 and 2 are for upstream and downstream pipes respectively.

Hg: is the fitting head loss in metres and is predicted using the formula (Massey, 1970):
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V2
Hey = kpe — (2.50)
2g
For a valve it is written:
VZ
H, =k, — (2.51)
2¢g

where kgy or ky 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 1s no fitting and when the real fitting is installed (Miller, 1978). This is
shown graphically on Figure 2.4 for a valve.

2g
Kge = Hpe v (2.52)
L)
Apgy
= _“Pan 2.53
finr I/2pV2 ( )

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

If the length of the fitting is excluded, kgy is called kg and is obtained by the equation
(Turian et al, 1997): '

1 p VI 4Af
k, .= —Ap— —(L +L 2.54
gross pvzl: P 2 D( u d):l ( )

] 2
If the length of the fitting is included, kg is called ke and is obtained by the equation

(Turian et al, 1997):

1 pV2af, -
K == I:—AP—T“B(Lu'f‘Lﬁn +Ld)} (255)
2

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

physical length. The length of the test valve was included in all calculations in this work.
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Static Pressure gradient
without valve

Static Pressure gradient
with valve

Static pressure [Pa]

—— — T — — ] e —
. -"

Distance [m]

Figure 2. 4 Definition of the loss coefficient (Miller, 1978)

2.6 FLOW IN VALVES

2.6.1 Definition of Valves

In the industry generally valves are used to isolate, regulate or direct the flow (Lahlou,
2002). From an engineering perspeciive, a valve is a contraction followed by an

expansion (Mc Neil & Morris, 1995).

2.6.2 Classification of Valves

According to their resistance to fluid flow, valves are classified either as low resistance
valves or high resistance valves. Low resistance valves are those in which there is only a
change in the flow cross section and high resistance valves are those where there are both
changes in the flow cross section and direction (Crane Co., 1981).

In the industry dealing with non-Newtonian fluids or‘slurries, valves are used mostly for
isolation purposes and rarely for regulating or throttling. However in applications such as

polymer processing, valves are used as throttling devices (Mc Neil & Morris, 1995).
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It 1s not possible to do any systematic classification, duc to the great variety of valve
designs. However, there are five basic valve designs: gate, ball, plug, butterfly,
diaphragm and pinch (Heywood, 1999). There are designs intended for a particular
application or that combine certain features of other valves for improved performance.
These are known as hybrid valves.

According to their mode of operation, valves can be classified as: manual valves, check
valves, pressure relieve valves and control valves (Lahlou, 2002).

Diaphragm valves are the objects of this study and a thorough description is given in
section 2.6.3 due to their wide usage in the slurry industry and in the mineral processing
industry (Brown & Heywood, 1991)

The selection of the right valve in a piping system is crucial because poor selection can
lead to problems: excessive high initial and maintenance costs, downtime, leakage, poor
performance, dangerous vibration and excessive noise. Many variables are to be
considered when doing a slurry valve selection. Slurry valve selection is complex and is
not in the scope of this investigation. However the first rule is to avoid the need for
valves whenever possible. The need for a valve must be carefully scrutinised. It must also
be said that high resistance valves in general are unsuitable for shurry service (Brown &

Heywood, 1991).

2.6.3 Diaphragm Valves

The diaphragm valve has a valve body assembly with a single flexible diaphragm, which
1solates the actuating mechanism from the flowing fluid.

There are two basics des;gns the weir or dam and stralght through types.

The body can be manufactured from cast iron, bronze, gunmetal or stainless steel. It can
be lined with various elastomers, polymers or glass for highly corrosive and/or abrasive
applications.

Diaphragms are in elastomeric material or polytetrafluoroethylene (PTFE) with an
elastomer backing. Because the diaphragm isolates the moving parts in the bonnet from
the flowing fluid, the bonnet assembly can be manufactured from cast iron or plastic—

coated materials. Cast iron is used for most applications. This is because it renders the
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valve suitable for handling aggressive fluids including those containing suspended solids
as well as clean fluid applications (AEA Technology, 1996).

Diaphragm valves can normally operate within a wide temperature range depending on
the valve material choice. The application of both types is limited to about 10 bars
maximum (lower in large valves) with temperatures and products limited by the
diaphragm and optional body linings (typically 100 °C).

The weir or dam type diaphragm valve (Figure 2.5) has a body with a transverse weir
above which a flexible diaphragm is mounted. Tight closure of the diaphragm valve is
obtained when the diaphragm is screwed down by means of a hand wheel, pneumatic or
electric actuator until it touches the weir.

The movement of the diaphragm, even from the fully open to the fully closed position, is
relatively short; the result is a long diaphragm life and low maintenance. This type of
valve is suitable for throttling applications and is by definition a high resistance valve

because there are changes in both the diameter of the cross section and the flow direction.

The straight-through type diaphragm valve (Figure 2.6) may have a parallel or tapered
bore through the body. A wedge-shaped diaphragm completes the closure. The method of
sealing requires a longer diaphragm movement, which tends to result in a shorter
diaphragm life.

The full bore opening offers mimmum resistance to flow in the open position and this
valve is by definition a low resistance valve because there is change only in the cross

section diameter. However, the material choice for the diaphragm is much more limited.

The advantages of the diaphragm valve reside in the fact that the operating mechanism,
called the compressor, is above the diaphragm, not in contact with the flowing fluid. Its
unlined solid—alloy bodies are relatively less expensive than those of some other types of
valves because of the smaller metal mass.

No packing is required. The interior is very smooth and can be easily cleaned.

As limitations, larger sizes of this valve become more difficult and expensive to produce.

The valve leaks upon the failure of the diaphragm due, for instance, to excessive cycling.
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Diaphragm valves are particularly suitable for less arduous slurry service (Brown &
Heywood, 1991). With particularly abrasive slurries, the weir type may be subject to
erosive wear and the passage constriction is some times undesirable with large particle
slurries.

The straight-through type is better suited for use with high solids content, coarse
patticles, high viscosity and low pressure, low temperature abrasive slurry systems. It can
be found in the brewing, chemical processing, dairy, food, minerals processing, paper and

pulp, power generation and water industries (AEA Technology, 1996).
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Figure 2. 5 The weir or dam type diaphragm valve
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Figure 2. 6 The straight-through type diaphragm valve
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2.6.4 Newtonian and non-Newtonian flow in valves

2.6.4.1 Pressure Drop in Valves

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

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

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

3. The pressure drop in the downstream pipe in excess of that which would normally

occur if there were no valve in the line. This effect may be comparatively large.
2.6.4.2 Valve Loss Coefficient

Friction losses for valves are obtained using equation (2.51) where
k, is the valve loss coefficient or resistance coefficient and is defined as the number of
velocity heads lost due to a valve.
The head loss is independent of the Reynolds number for turbulent flow through valves,
because inertia forces dominate. It is clear that the loss coefficient in turbulent flow is
independent of the Reynolds number. In laminar flow the valve loss coefficient is
Reynolds number dependent and in laminar flow is defined as Cv ,the laminar flow valve
loss coefficient(Pienaar ef al., 2001):

C=ky.Re (2.56)
The loss coefficient is usually presented as a function of the Reynolds number. The loss
coefficient is on the y-axis and the Reynolds number on the x-axis on logarithmic scale.
In laminar flow the loss coefficient is a hyperbolic function of the Reynolds number and
it increases significantly as the Reynolds number decreases. Figure 2.7 gives a typical

presentation of k, vs Re.
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Figure 2. 7 Typical representation of k, vs. Re for a fitting (Pienaar ef al, 2001)

Figure 2.7 shows the transition from laminar to turbulent flow. Some authors define it as
the intersection of the laminar loss coefficient and turbulent loss coefficient loci and
others as a point where the experimental data start to deviate from the laminar flow line

(Pienaar et al, 2001).
Determination of the laminar valve loss coefficient.
The laminar loss coefficient in equation (2.56) is determined from experimental data in

the laminar flow region by the least square method.

It is obtained by minimising the logarithmic least square:
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. C ?
memumZ(LogR—;—Logkwgbs] (2.57)

Mecthodology

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) and Baudouin, (2003) adopted the hydraulic grade line approach
for the determination of loss coefficients, the first for 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
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 to the valve plane 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 ef al. (1994) used U-tube manometers containing mercury beneath water
connected to pressure tappings. Baudouin (2003) used point pressure transducers and

differential pressure cells connected to pressure tapings.

Turian et al., (1997) and Pienaar (1998) used the total pressure method to determine the
loss coefficient through fittings andr 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 or valve. Thus knowing
the losses in the straight pipe portions one can deduct the fitting or valve loss.

This investigation adopted the hydraulic grade line approach because the experimental
loop used was specially designed to accommodate this approach.

The technique for the determination of the valve pressﬁre drop by the hydraulic grade line
approach is explained in Figure 2.8 below and will be explained in detail later in chapter

4 (4.4.1).
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Distance [m]

Figure 2. 8 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 lJaw and are straight lines.
The coordinates of the point upstream of the test valve plane which is the y- axis in this
case, are used to calculate, by linear regression the stope m; and intercept I; of the line
upstream of the valve. The coordinates of the points downstream of the valve are used to
calculate also by linear regression, the slope m; and intercept I, 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 are
parallel, m; and m, are equal and the pressure drop due to the test valve is given by:
Apy =1, -1, (2.58)

And using equation (2.51):
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__2p, (2.59)
Y 1/2pV? ’
1 -1
k, = (11 z) (2.60)
LoV
P

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-Weisbar_:h formula, equation (2.9) to equation (2.51):
Le) k
)
The drawback of this methed 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 leﬁgth method requires consideration of all these factors
(Hooper, 1981).
It has been shown using dimenstonal 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):

’ k,=fn (Re, geometric ratios) (2.62)
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).

2.6.4.3 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 coeflicient.
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However there is no agreement on the definition of a flow coefficient in terms of SI units.
In the USA and UK the flow coefficient in use is designated by Cyawe and in other
- European countries by Kyave and are defined as:

Chratve 15 the rate of flow of water, in either US or UK gallons per fninute, at 60°F, at a
pressure drop of one pound per square inch across the valve.

Kyawve is the rate of flow of water in cubic metres per hour at a pressure drop of one

kilogram force per square centimetre across the valve (Crane Co., 1981).
p A
C.pe =0.0694 Q [——— (in US gallons 2.63
v wa Ap(999) ( g ) (2.63)

Q is the flow rate in litres per min.

p is the density of the fluid in kg/m’

where;

Ap is pressure gradient in bar.

It must be said that Cyap. 15 generally a fixed value for a specific type and size of a valve
regardless of the operating conditions. In practice however this is true in the turbulent
flow regime only where k, is not a function of Reynolds number (Jadallah, 1980).

2.6.4.4 Previous work on losses in valves

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 different
types of valves tested found in the literature are presented in Table 2.2 and for diaphragm
valves in turbulent flow in Table 2.3.

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

» Edwards er al., (1985), tested a range of Newtonian and non-Newtonian fluid flow
through gate, and globe valves of 25 and 50 millimetres fully opened. They found that
it is possible to present the data as a relationship between the loss coefficient and a
generalised Reynolds number. They observed that in the lamipar flow region, the loss

coefficient is inversely proportional to the Reynolds number and can be obtained as:
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C
k, == 2.64
Re (2.64)

This is the same as equation (2.56). At higher Reynolds numbers a rapid transition is

observed to a region in which the loss coefficient becomes constant, at about
Re=130. Inthe case of gate valves, for various test fluids and for the two sizes used,
the data falls together, and the analysis of experimental data gave the correlation:

2
k, =23 (2.65)
Re

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

For 25 millimetres valve: Re <12

1460

k,= = (2.66)
Re> 12 ky=122 (2.67)
For a 50 millimetres valve: Re <15
k, = 384 (2.68)
Re
Re>15 k=254 (2.69)

- Baneg:ee et al., (1994), presented experimental data on the pressure drop across 12.5
millimetres 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.
Three effects were studied:

1. The effect of pressure drop across the valve by plotting static pressure against
length for a designated fluid.

2. The effect of the valve opening on pressure drop across the valve 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.
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3. The effect of the non-Newtonian characteristics on pressure across the valves by
plotting pressure drop across the valve 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

v

f(Re,a) (2.70)

The functional relationships developed using the above equation through

multivariable linear regression analysis were as follows:

Correlation for globe valve: -

A\f’z — 8'266Re—0.061i0.0]3a—0.797i0.030 (2.71)
p
After plotting this the values of %)2 predicted using the equation above and the

experimental values, the correlation coefficient and variance of estimate are

- 0.9496 and 1.326 x107.

Correlation for gate valve:

pAVIJZ = 1 -905Re—0.[9710,046a—1.98710,09f (2‘72)

Ap

After plotting this the values of = predicted using the equation above and the

experixﬁental values, the correlation coefficient and variance of estimate are
0.9344 and 1.106 x10™.

»  Turan ef al., (1997), determined losses for the flow of concentrated slurries of laterite
and gypsum solutions through 25 and 50 millimetres 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,
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The following correlations were obtained:

For thé 25 millimetres gate valve the transition from laminar to turbulent flow was
~observed between Re=100 and Re=1000 and k,=320/Re and after the transition, in

turbulent flow, k,=0,797.

For the 50 millimetres gate valve the transition from laminar to turbulent flow was

]

observed between Re=1000 and Re=10000 and k,=320/Re for the laminar region and
after the transition, in turbulent flow, k,=0,168.

For the 25 millimetres 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 millimetres globe valve also the transition was observed earlier for Re<100
and the correlation obtained was k,=6,719.

e 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:

Kl

Car

K=

1
— 2.73
+Kw[1+ D) ( )

where: K;'is K for the fitting at Reyr=1,K _ is K for a large fitting at Reygr= o0 and D the
pipe internal diameter. He found that: 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.

e Pienaar et al., (2004) tested a 40 mm nominal bore diameter diaphragm valve over a
Reynolds number range of 1 to 50000 using various Newtonian and non-Newtonian fluids

and obtained Cv=1000 and kv=2.3.

e Miller, (1978) classified the valve Joss coefficients in three classes:
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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 whose 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.

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 below for both weir and
straight through diaphragm valves (Figure 2.9)

In 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. 9 Loss coefficient vs. valve opening (Miller, 1978)
Table 2. 2 Valves (Pienaar et al., 2001)
TYPE SIZE [mm] REFERENCE C,
25 Turian e al., 1998
50 Turian et af., 1998 320
25 Edwards ez al., 1985 273
Gate 50 Edwards et al., 1985 273
25 Turian et af., 1998
50 Turian et al., 1998
25 Edwards er a/., 1985 1460
Globe 50 Edwards et al., 1985 384
3-way plug - Steffe ef al., 1984
Check valves
Balt _
Horizontal lift
Bronze disc swing Kittredge & Rowley,
Composition disc swing 12.5 1957
Diaphragm - Hooper, 1981 1000
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Table 2. 3 Loss coefficients for turbulent flow through diaphragm valves (Perry
& Chilton, 1973)

Operating mode Loss coefficient, k,
Open 23
¥ open 2.6
2 open 43
Y4 open 21

Non-Newtonian Losses Through Diaphragm Valves
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2.7 DYNAMIC SIMILARITY

In this section, the theory related to the establishment of dynamic similarity and its

= application to the flow of non-Newtonian fluids flow in valves is presented.

2.7.1 Geometric Similarity

Geometric similarity is similarity of shape (Massey, 1970) and is the first requirement for
the establishment of physical similarity. If two systems are geometrically similar the ratio
of any length in one system to the corresponding length in the other system is everywhere
the same and this ratio is called the scale factor.

Geometric similarity exists between a model and a prototype if the ratios of all

correspondihg dimensions in model and prototype are equal (Giles, 1977):

Lmodel L

=L or ==L, (2.74)
Lprotulype Lp
2
and Pwoset _ Lo —12, =12 (2.75)
A I T
protatype prototype

2.7.2 Kinematic Similarity '

Kinematic similarity is similarity of motion (Massey, 1970). This implies first, geometric
similarity and then similarity of time intervals in the motion.

Kinematic similarity exists between a model and a prototype if the paths of homologous
moviﬁg particles are geometrically similar and if the ratios of the velocities of
homologous particles are equal (Giles, 1977):

L,IT,

Velocity ratio: Vo =—-0 = L (2.76)
v, LT, T,"
2
Acceleration ratio: 2% = L“‘/T'; =L 2.77)
a, LJT; T
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3 3
Discharge ratio: Q = L;‘/T‘" = L (2.78)
< P Lp/Tp Lr

2.7.3 Dynamic Similarity

Dynamic stmilarity is similarity of forces (Massey, 1970). Dynamic similarity exists
between geometrically and kinematically similar systems if the ratios of all homogenous

forces in model and prototype are the same.

In the case of a fluid flowing in a closed conduit, as in this investigation, in a pipe, the
dominant forces are the viscous ar_ld inertial forces, other forces like the pressure force,
the surface tension force are negligible and do not affect the flow.

The only interesting ratio in this case is the ratio;

Inertial force | _pVi

y = which for a Newtonian pipe flow is the Reynolds number Re and
Viscous force' n

is in this casé, equation (2.12):
_pVD
K

Thus two flows passing geometrically similar boundaries are dynamically similar if the

Re (2.12)

only forces affecting those flows are only viscous, pressure and inertia forces, if the
magnitude ratio of inertia and viscous forces at corresponding points are the same. Since
this ratio is proportional to the Reynolds number, two systems are dynamically similar
when the ReYnolds number of the two systems based on corresponding characteristic

lengths and velocity are the same for the two flows (Massey, 1978).

2.7.4 The Application of Dynamic similarity for Non-Newtonian Fluid Flows
in Valves

If only one kind of forces are dominant, apart from inertia and pressure forces, then
complete dynamic similarity is achieved simply by making the values of the appropriate
dimensionless parameter the same for model and prototype, in this case the Reynolds

number (Massey, 1978).
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For the case of a Newtonian fluid, the Reynolds number is easily obtained and is used to
establish dynamic similarity, but for non-Newtonian fluids, the task is not simple because
of other parameters like the yield stress and the rheogram curvature, which must be well
established.

For the flow of non-Newtonian fluids in valves, viscous forces are dominant and forces
due to weight and surface tension do not play a role. The dimensionless group known as
the Reynolds number is of prime importance and two systems are dynamically similar if
their Reynolds numbers are the same. Unlike the Newtonian model, where the rheology
1s characterised by only one parameter the viscosity, the non-Newtonian model is
characterised by threc parameters: the yield stress, the fluid consistency index and the
flow behaviour index. The Slatter Reynoids number accounts specifically for the yield
stress together with the other two parameters and can be used to establish dynamic
similarity (Slatter & Pienaar, 1999).

To conclude, two non-Newtonian flows in geometrically similar valves are similar if their
Slatter Reynolds numbers are the same.

As said earlier, the first requirement for physical similarity is geometric similarity, thus
this similarity establishment will be carried on the same type of valves from the same

manufacturer otherwise it will be meaningless (Slatter & Pienaar, 1999).

2.8 CONCLUSION

Far from being comprehensive, this chapter attempts to present the necessai‘y theory on
Newtonian and non-Neﬁrtonian fluid flow in straight pipes, pipe fittings and valves, but
with an emphasis on non-Newtonian rnﬁterials flowing in valves especially in diaphragm
valves.

From the literature review, it was found that data on diaphrélgm valves are scarce. Perry
& Chilton (1973) give some values of the loss coefficient in diaphragm valves for
Newtonian fluids in turbulent flow. Miller (1978) gives a graph of k, vs opening of the
valve for the determination of an approximate loss coefficient in turbulent flow. Hooper
(1981) presents loss coefficient data for a dam or weir type diaphragm valve in the
laminar and turbulent flow regimes. Pienaar et al. (2004) present data for one size

diaphragm valve in both laminar and turbulent flow.
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As said earlier, the work of Edwards et af. (1985), Banerjee ef al. (1994), and Turian ef
- al. (1978), are all based on gate and globe valves, not on diaphragm valves. However,

they are relevant to this work by their methodology and mode of presentation of results.

2.9 RESEARCH ASPECT IDENTIFIED

After the completion of the literature review it has been obvious that there is a need for
much more data on loss coefficients through diaphragm valves for both Newtonian and
non-Newtonian fluids and there 1s also a need to evaluate existing data. Data on
diaphragm valves are scarce and are only approximations. Hooper (1981); Miller (1978)
and Perry & Chilton (1973) give the [oss coefficient without specifying the dimension of
the valve. Hooper (1981) gives the laminar loss coefficient C, and the loss coefficient in
turbulent tflow. Perry & Chilton (1973) and Miller (1978) give only the loss coefficient in
turbulent flow for Newtonian fluids. Miller classifies loss coefficients in diaphragm
valves as class 3 data, i.e. data from less reliable sources. Data from other type of valves
has been converted to apply to diaphragm valves and about which there is little or no
information to predict the effects of departing from the conditions under which they were
derived (Miller, 1978).

It also became apparent that there is a need to define experimental procedures in the
determination of loss coefficients in valves because the value of the loss coefficient is

dependent on the experimental procedure used and defimitions (Chhabra & Slatter, 2002).
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CHAPTER 3
EXPERIMENTAL WORK

3.1 INTRODUCTION

This chapter describes the experimental test loop. It also provides an in-depth geometric
analysis of the type of diaphragm valve tested. The description and calibration of the
mstrumentation used in the test work, the experimental procedure of the test work, the
description of all materials tested and the general theory on errors are also given. Raw
results from experimental tests are also presented.

The experimental test loop used is the new Valve test rig. After the construction of the
test loop and the calibration of the different instrumentations, commissioning was
successfully done by running water tests in all the pipes, followed by tests with non-

Newtoman slurries.

3.2 DESCRIPTION OF THE TEST LOOP

The test loop used is the new state-of-the-art Valve test rig. The Valve test rig 1s 22m
long and 2,6m high. It consists of a storage and mixing tank of 1,75 m® with a header or
weigh tank of 500 litres on top. The fluid is forced in the test loop by a positive
displacement pump. Before reaching the test sections, the fluid passes a surge damper,
then through a heat exchanger. The fluid passes through two magnetic flow meters in
parallel; one for the lines of 50 and 63 millimetre outside diameters and the other one for
the lines of 75, 90 and 110 millimetre outside diameters. The test section consists of 6
lines of 50, 63, 75, 90 and twol 10 millimetre outside diameters respectively. At every
entry of a test line there is a diaphragm control valve to direct the fluid. The flmd exits all
test lines through a manifold. For each test line there are two pipes of 10 metres long

joined in series by a diaphragm valve. Figure 3.1 gives a schematic diagram of the Valve

test nig.
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Figure 3. 1 Schematic diagram of the Valve test rig
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33 INSTRUMENTATION

This section describes the instruments connected to the test loop when running different

- tests in order to collect experimental data.

3.3.1 Pipes and Valves

The pipes used for the test loop were all PVC pipes clear or non-clear with negligible
roughness.

The valves used for determining the loss coefficient are the NATCO straight-through
diaphragm valves of 40, 50, 65, 80 and 100 millimetre nominal bore diameter and are low
resistance valves.

Table 3.1 gives the outside diameters (OD) or nominal diameter of the six test lines and
their internal diameters (ID) as were determined experimentally. The experimental

method for the determination of ID is explained later in this Chapter 3 (3.5.12.1).

Table 3. 1 Nominal and internal dimension of pipes and valves.

Qutside Diameter Internal Diameter Valve Dimension
Test Line Number [mm] [mm] [mm]
1 (Top) 50 4212 40

2 (2nd Top) 63 52.8 50

3 (3rd Top) 75 63.08 65

4 (4th Tap) 90 80.43 80
5 (2nd Bottom) 110 99.11 100

6 (Bottom) 110 97.17 100

Figure 3.2 gives an external view of the diaphragm valve used and Fig.3.3 shows the way
these diaphragm valves were connected to pipes, Fig.3.4 shows the internal structure of
the diaphragm valves at the fully open position.
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Figure 3. 3 Connection of diaphragm valves with pipes.
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Figure 3. 4 Internal structure of the valve in the fully open position.

The diaphragm valves tested are also characterised by some internal dimensions
characteristics that are: Cross section dimensions (Width & Depth), Diaphragm
dimension (Height, width, Per rev) and bore dimension (A, B and C.). Figure 3.5 gives
such approximate dimensions for an 80 mm nominal bore diameter diaphragm valve. The
diaphragm valve manufacturer supplied the information given in Table 3.2 and Figure
3.5. It is obvious that the dimensions are not always exactly the same for each nominal

bore size valve. They are within a certain tolerance as specified by the manufacturer.
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Cross secuional area
of flow through valve

Width
112mm
Diaphragm dimnsions
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-

>

Internal dimensions of the bare

Figure 3. 5 Internal dimension of the 80 mm nominal bore diaphragm valve.

Table 3.2 gives such dimensions (in mm) for all 5 sizes of diaphragm valve tested and
Table 3.3 gives such dimensions for all 5 sizes in a dimensionless form, dividing all
dimensions of a given valve by the nominal bore size.

Table 3. 2 Internal dimensions of diaphragm valves tested

Bore size| Cross section area Diaphragm Dimension Bore dimension
Depth Width Height | Width Per Rev A 8 C
40 35.26 4278 36.00 | 47.38 3.00 26.18 45.02 65.34
50 46.65 6426 | 47.00 | 66.34 4.50 36.26 66.71 81.00

65 62.42 90.82 63.00 9214 | 5.00 40.00 88.00 125.00
80 68.92 112.00 69.00 § 114.20 5.70 4226 111.00 140.50

100 74.72 12446 | 75.00 | 129.92 650 |~6214 | 12800 150.40

Table 3.3 Dimensionless Internal dimensions of diaphragm valves tested

Bore size| Cross seclion area Diaphragm Dimension Bare dimension
Depth Width | Height | Width | Per Rev A B c
1 0.88 1.07 0.90 1.18 0.08 0.65 1.13 1.63
1 0.93 1.29 0.94 1.33 0.09 0.73 1.33 1.62
1 0.96 1.40 0.57 1.42 0.08 0.62 1.35 1.92
1 0.86 1.40 0.86 1.43 0.07 0.53 1.39 1.76
1 0.75 1.24 0.75 1.30 0.07 0.62 1.28 1.50
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From these data, a geometric similarity analysis was done based on the fact that
geometric similarity exist between a model and a prototype if the ratios of all

~ corresponding dimensions in model and prototype are equal:

Lmodel — L

- (2.74)

ratio
prototype

Taking every size as a prototype and comparing with all other sizes and also by analysing
the dimensionless sizes of the diaphragm valves tested, it was found that no geometric
similarity could be observed between the 5 sizes of diaphragm valves used.

From Fig.3.4, it can be observed that the type of diaphragm valves used has a tapered or
narrowed bore through the body of the valve. The full bore opening is characterised by an
obstruction of the diaphragm through the opening and the size of the obstruction varies
from size to size and 1s respectively 4.74, 3.35, 2.58, 11.03, 25.28 millimetres for the 40,
50, 65, 80 and 100 millimetres bore nominal diameter. And the scale factor of the height
of the obstruction on the nominal bore diameter is 0.12, 0.067, 0.04, 0.14, (.25 for the 40,
50, 65, 80 and 100 millimetres bore nominal diameter. Once again, no geometric

similarity was found. All dimensions above mentioned are tabulated in Table 3.4.

Table 3.4 Obstruction size and scale ration for the diaphragm valves tested

Bore size | Obstruction size| Obstruction/Bore size
A0 4.74 0.12
50 3.32 0.07
65 2.58 0.04
80 11.03 0.14
100 25.28 0.25
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3.3.2 Pressure lines, pressure lines board, tappings and pods

Nylon tubes of 3 mm internal diameter were used as pressure lines. They were connected
< to the test section by tappings via pods and the pressure lines board (PLB) to pressure
transducers. _

Each test line had tappings at various positions from which the experimenter could
choose according to the type of the experimental test to be run.

The pressure line board (PLB) as designed by the author of this investigation, is a
hydraulic circuit that allows to select points where the static pressure can be read off. It is
also used to set the technique to be used while running the experimental tests. As it will
be explained later in this chapter there were six techniques using the PLLB and the nine
point pressure transducers and two differential pressure transducers to run experimental
tests on the Valve test rig: automatic mode (AM), manual single (MS), manual all (MA),
American standard method (ASM), straight pipe test (SPT), HGL DP Cell mode. The
PLB is a very useful tool and consists of a circuit of nylon tubes and ball valves on a
perspex board. The nylon tubes are classified in four pressure lines (PL1, 2, 3 and 4) and
the ball valves in: deviation valves (D), isolation valves (I), exit valves (E), bypass valves
(B) and connecting valves (C). Deviation valves allow to isolate the PLB and to work in
automatic mode with all the pressure transducers at the same time. The isolation valves
allow to separate two or more given tappings from other tappings. The exit valves allow
to isolate a given tapping from the other tappings. The bypass valves allow to isolate a
pressure iine and the Connecting valves allow to connect a given PL to a pressure
transducer. Figure 3.6 gives a schematic diagram of the pressure lines board and Figure
3.7 gives the connection of the PLB (the rectangular central part) to the test line and to

pressure transducers.
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Test il‘-'\']:l r;
; @. [
Ve

Figure 3. 7 Connection of the PL.B (the rectangular central part) to pods and

pressure transducers.
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3.3.3 Pressure Transducers

Two kinds of pressure transducers were used:

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

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

At the time of the completion of this investigation, the Valve test rig had nine PPT and

two DP Cells in operation. The nine PPT’s have a range span of 130 kPa and are mostly

used to run the tests in: automatic mode, manual mode, manual mode all. The two DP

Cells, has the range span of 130 kPa and 6 kPa respectively. They are mostly used to run

test in the HGL DP cell mode, Straight pipe test and American standard Method. These

pressure transducers are connected to the PLB by means of nylon tubes as shown in

Figure 3.7 and to the data acquisition unit (DAU) by means of electrical cables.

Included in Appendix 1 is a picture of the pressure transducers used (point pressure

transducer and differential pressure transducer).

3.3.4 The Hand Held Communicator

The type of hand held communicator (HHC) used is the FXW 10 AY1- A3. It 15 a
portable instrument with many features and is used for the zeroing, calibration, change of
unit, range setting, span and damping time setting of both the differential pressure
transducef (DPT or DP Cell) and the point pressure transducer (PPT). The hand held
communicator is also a display unit of pressure transducers and the two instruments are
twins as one cannot be used successfully without the other.

Included in Appendix 1 is shown the picture of the hand held communicator.

3.3.5 The data acquisition unit or data logger

The data acquisition unit used is the model HP 34970A, which is equipped with many
channels and it converts electrical signals from pressure transducers, temperature sensors,
flow meters and load cell connected to it into digital signals that are logged to the

computer.

Non-Newtonian Losses Through Diaphragm Valves DM Kazadt



X

Chapter 3: Expenimental work 3.11

Included in Appendix 1 is the picture of the Data Acquisition Unit.

3.3.6 Computer and Software

A Celeron 300 was used for data capturing and processing. Test programs were written in

Visual Basic 6. The data capturing, analysis and processing was done in Microsoft Excel.

3.3.7 Flow meters

Two magnetic flow meters were used during test work and they were both mounted
vertically:

e A Krohne IFC 010D of 50 millimetre internal diameter

s A Safmag 100A2NESSRO0032 of 110 millimetre internal diameter.

Include in Appendix 1is the pictureé of the flow meters.

3.3.8 Tank and Mixer

The 1.75 m* storage tank was fitted with a mixer of the type SEW EURODRIVE ARF 57
DT 90L4 with power of 3 kW. It also has on top a header or weight tank of 500 litre
capacity for the calibration of flow meters and flow rate determination in the flow region
where the flow meter reading becomes inaccurate.

Included in Appendix 1 is the picture of the mixing tank and the weight tank on top.

3.3.9 Pump

The pump used is an Orbit reversible positive displacement pump of the type B4001 CI
EN8 NIT with a power of 5,5 kW, with a helical rotor. This pump is fitted with a variable
speed drive, which allows shifting the speed of rotation of the pump rotor.

Included in Appendix 1 is the picture of the Pump used.

3.3.10 Manometers

Two U-tube manometers were used for calibration of the pressure transducers:
-A mercury- water manometer was used for the calibration of higher pressure ranges.

-A water air manometer was used to calibrate lower pressure ranges.
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3.3.11 Pressure Gauges

Digital pressure gauges were used mostly to verify the pressure readings of the hand held
communicator and that of the computer programme output after the calibration

coeflicients have been included.

3.3.12 Temperature probes

The temperature of the slurry was measured at two positions in the Valve test rig using
temperature probes. The first position was: at the end of the heat exchanger and the
second at the mainstream flow exit. Both temperature probes were linked to the data
acquisition unit that reads the temperature in degrees Celsius. As the data acquisition

reads the temperature directly, no signal calibration was required.

3.4 EXPERIMENTAL PROCEDURE

3.4.1 Calibration

The calibration of the instruments was done for two major reasons: firstly in order to get

reliable results and secondly in order to transform the electrical signal from the

instruments in a digital signal to be read to the computer workstation. The computer

program needs some calibration constants called signal calibration.

3.4.1.1 DP Cells

Two DP Cells weré used during the test works. One of the range span of 130 kPa and
another of the range span of 6 kPa. -
The calibration of the differential pressure transducers was done in the following manner:

-Prior to everything, the DP Cell is manually zeroed and than electronically zeroed with
the Hand Held Communicator when there is no external pressure applied to both sides of
the DP Cell.

-Than the DP Cell is connected to the manometer so that the high and low sides are

respectively connected to the high and low side of the U-tube manometer
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-All the air bubbles are flushed from the lines using the main water supply connected to
pressure lines of the DP Cell.

-A differential pressure within the range limit is set up in the U-tube manometer.

-The differential pressure is read digitally using the Hand Held Communicator at the
same time the DP Cell DC voltage output is read from the Data logger.

-The differential pressure is than decreased uniformly in 5 parts and the previous step is
repeated until the equilibrium is attained.

The calibration line is obtained by performing a linear regression on the pressure
difference and the transducer DC voltage output. The coefficient of correlation R? should
be at least 0.999. Figure 3.8 shows an example of the calibration regression lines of the

DP cell of 6 kPa span range for two ranges.

e 7000
: = -
..g 6000 - y= 1524.8x 1496.8
8 R =0.9999
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Figure 3. 8 Calibration regression lines of the DP cell of 6kPa span range
showing calibration regression lines for 0-6kPa r;mge and 0-1kPa range

3.4.1.2 Point pressure transducer

The calibration of the Point Pressure Transducer was done in the same way as for the DP
Cell described above with the only difference being that the pressure line of the PPT was
connected to the high side of the U-tube manometer. The differential pressure was read

between the higher meniscus and the centre line of the PPT. Figure 3.9 gives an example
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of the calibration line of a PPT of 130 kPa in the range of 0 to 40kPa. Table 3.3 gives the

calibration constants for different transducers.
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Figure 3. 9 Calibration i'egression line of a Point pressure transducer of 130 kPa
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Table 3. 3 Calibration constants for different transducers

PPT |RANGE Ax B R?
1 0-40 10010.35x -10046 1
0-130 32476.02x -32544 I
2 0-40 9950.038x -9980 1
0-130 32382x -32498 1
3 0-40 9986.15x -9996.4 1
0-130 32783.99x -32303 1
4 0-40 9990.15x -9994.7 1
0-130 32419x 32478 1
5 0-40 9962.22x -10046 1
0-130 32413.23x -32484 1
6 0-40 9975.65x -9985.6 1
0-130 32435x% -32475 1
7 0-40 9973.85x -9987.4 1
0-130 32542.59x -32542 1
8 0-40 9971.99x -10002 1
0-130 32422.77x -32516 1
9 -0-40 9987.98x -9992 .4 1
0-130 32457 46x -32422 1
3.4.1.3 Load Cell

The load cell that supports the header or weigh tank is depicted in Appendix 1. It is used
to weigh the fluid diverted from the mainstream flow. To calibrate it, the fluid is weighed
in a container using an electronic scale. The fluid is then poured in the weigh tank, and the
container is weighed again to take the difference in masses. Once the difference in mass
between the container with fluid and the empty container is taken, the voltage output is
recorded. For every increase in load, the increase in voltage is recorded.

The recorded values of the increase in load are plotted against the recorded values of the

corresponding voltage as shown in Figure 3.10. A linear regression of the plot will give
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the relationship between the load and the corresponding voltage. This is then entered in
the program to be used to calculate the flow rate.

500

450 1

y =40043x - 80.718
350 R? =0.9994

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Voltage [mV]

¢ Mass vs Voltage — Linear regression line

Figure 3. 10 Calibration regression line of Load Cell

3.4.1.4 Flow meter

The materials tested Varjr in chemical composition and concentration, so each material is
tested over the flow rates used by diverting the flow into the weigh tank. The flow meters
that measure the flow ratés are, according to the manufacturers, accurate for slurries. To
confirm this, each flow meter is calibrated with each slurry concentration that will be
tested.

The calibration procedure is as follows:
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For each flow meter the flow rate range is divided into 12 different flow rates over the
whole rahge that the flow meter can measure. Each flow rate is then weighed with time in
the weigh tank. The data logger continuously samples the change in weight with time, and
from these readings the average flow rate is calculated. The sampling period varies from
120 s for low flow rates to 12 s for the high flow rates. This is repeated for all the flow
rates.

The flow rates versus voltages are then plotted and the straight-line regression gives the
relationship between flow rate and volts as well as the error fit. Figure 3.11 gives a typical

calibration regression line for a flow meter.

35

y =0.7454x - 0.7403
31 R=1

N
wn

Flow rate [l/s]
[0}

--
v
L

0.5

Voltage [volt]

Figure 3. 11 Calibration regression line for the Krohne flow meter
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3.4.2 Experimental Test Method (Valve Pressure Drop Test and Straight Pipe
Test or Tube Viscometry)

The valve test rig is a versatile instrument and is a miniature pipeline. Two principal
types of tests may be conducted on the valve test rig: the viscometry test or straight pipe
test and the valve pressure drop test. These tests may be conducted simultaneously or
separately.

The rheology or straight pipe test consists of measuring the pressure drop in the straight
pipe sections at different flow rates whereas the valve pressure drop test consists of
measuring the pressure drop incurred by the test valve at different flow rates.

Generally, there are two approaches to measure the valve pressure drop: The hydraulic
grade line (HGL) approach and the total pressure drop approach. In the context of this
investigation, as said earlier, the hydraulic grade line approach was used. Because the
valve test rig was specially designed for that approach. This approach can be applied in
an automatic mode or a manual mode depending on flow conditions as follows:

In automatic mode, all the pressure readings are taken simultaneously using all the nine
transducers and every transducer reads a pressure on one tapping.

The HGL automatic mode 1s selected when the static pressure in the test section is high
enough so that different PPT’s can measure accurately the pressure gradient along the test
section. This condition is likely to happen when testing small diameters (50, 63 and 75
millimetres OD) or bigger diameters at higher flow rates (90, 110 millimetres OD) or
testing very dense materials.

The HGL manual mode is the technique in which, one transducer is used to read the static
pressure drop at each tapping at a time and this technique is facilitated by the PLB. This
technique is selected when the pressure drops between different pressure tapings on the
test section are small and can be measured accurately by 0116 Point Pressure Transducer
(PPT) at a time. This condition is likely to occur when testing bigger pipes (90 and 110
millimetres OD) or very light materials.

DP Cell mode: this mode is also manual and consists of measuring the HGL but using a
'DP Cell this mode is also applicable on bigger pipes. Using the PLB, the high side of the
DP Cell is connected to the first pod and the low side to the other pods, one by one. The
DP Cell mode is also used for the straight pipe test or rheology test.
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The American standard method (ASM): this method uses two DP cells at the same time
to measure pressure gradients between 10 diameters and 20 diameters upstream and
downstream of the valve.

The HGL automatic and ASM may be conducted by one operator whereas the HGL
manual and the DP Cell mode require at least two operators.

The operating procedures of the modes cited above are explained in the sections below,

3.4.2.1 Main stream flow

The core of any technique selected is the same, as it requires having a flow of the slurry

tested on the test section. This flow is called the mainstream flow. The mainstream flow

is set by following this procedure (Figure 3.12)

e Make sure the pump ‘by—pass valve is open to direct the flow back to the tank.

e Switch on the pump, this allows the slurry to mix

o Choose the test line (pipe diameter) to be tested

e Choose the correct route leading to the test line by using control valves 1A or 1B on
Figure 3.12. If 1A is chosen then 2A or 2B can be selected.

If 1B is chosen then either 2C, 2D, 2E or 2F can be selected.

Start closing the by-pass valve so that the mainstream flow is established in the selected

pipe at the required flow rate.

The flow rate can be regulated by throttling fhe by-pass valve of the pump or by using the

variable speed control.
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Test valves

Figure 3. 12 Over view of the Valve test- rig direction valves. Valves (1&2) are

on-off valves to direct the mainstream fiow

3.4.2.2 HGL automatic mode

The automatic mode on the Valve test rig is achieved by setting the ball valves on the
Pressure Lines Board (Figure 3.6) as follows:

The exit valves: E1, E2, E3, E4, ES, E6, E7, E8 and E9 are closed. The deviation valves:
D1, D2, D3, D4, D5, D6, D7, D8 and D9 are opened. The pressures coming from all nine
tappings and pods are directed straight to the PPT. _

In this mode the static pressures are read for all the tapping points simultaneously to

obtain the pressure gradient upstream and downstream the test valve.

3.4.2.3 HGL manual mode

The manual mode on the Valve test rig can be conducted by using only one PPT:
s Onthe PLB (Figure 3.6), the exit valves: Elis open to read the pressure on taping 1
e E2to E9 are closed.
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The deviation valves: D1to D9 are closed. The isolation valves (I1, I2 [3and 14) are
also open

The by-pass ball valves (B1, B2, B3, B4, B5and B6) are closed, also closed are all the
connecting ball valves C except C1.

Cl is connected to a pressure transducer.

Take the reading.

Close valve E1 and open E2

Read the pressure, close E2 and open E3

Continue this procedure until valve E9 is open.

3.4.2.4 DP Cell mode

This procedure is used in three ways:

The straight pipe test

e The hydraulic grade line and

The American standard method

34.2.4.1 Straight pipe test

The straight pipe test can be done simultaneously downstream and upstream of the test-

valve and the procedure 1s as follows.

1.

Choose the straight pipe sections in which the pressure drop will be measured,
upstream and downstream of the test valve and record the tapping distance
respectively. ) X

On the pressure lines board (Figure 3.6) close the isolating valve 11 (or I2), I3 and 14
(or I5)

Open the valves E according to the test sections chosen, deviation valves D and other
E must be closed

Close the bypass valve B2, B4, B5 and B6

5. Use the pressure lines PL-1 and PL-2 to measure the pressure drop upstream of the

test valve by opening the connecting valves C1 and C2
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6. 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

7. Use the pressure lines PL-3 and P1-4 to measure the pressure drop downstream of the
test valve by opening the connecting valves C3 and C4.

8. Ensure that the pressure line PL-3 is connected to the High side of the DP Cell and
PL-4 to the Low side of the DP Cell.

3.4.2.4.2 The hydraulic grade line

The HGL in this case 1s done using a DP Cell by isolating the first pod from the others

and by opening the pods (pressure tappings) one after another and recording the pressure

gradient. The procedure is the same as the straight pipe test described above up to step 8

then proceeds:

9. Open the isolating valve I3

10. Open the respectively E2, take the reading, close E2 and open E3 and continue up to
E9

11. Change the flow rate and repeat step 10.

3.4.2.5 The American standard method

N
)
=]

< 10D ] 10D 1\—/l< lob JloD
AP AP1 . 4 AP AP2
ST D ¢ .
N\
AP,
«—»
/‘\
31D

Figure 3. 13 DP Cells position in the American Standard Method
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In this procedure two DP Cells are used. The DP Cells are connected as shown in Figure
3.13. The tapping points for the first DP Cell are placed respectively at 10D upstream and
downstream of the test valve and the tapping points for the second DP Cell are placed
respectively 20D upstream and downstream from the test valve.

The procedure is the same as the straight pipe test described earlier.

3.5 EXPERIMENTAL ERRORS

Absolute accuracy in measuring or counting does not always happen, 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.

3.5.1 Error Theory

There are three types of error: Gross errors, systematic errors and random errors.

3.5.2 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)

3.5.3 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:

o Natural (temperature, pressure, humidity, etc.) i

» Instrumental (calibration, graduation, range, etc.)

. Pérsonal (poor sight of the experimenter, inability of the experimenter to take correct
reading, etc.) size (Barry, 1991).

In this work, systematic errors are not taken into account. Precautions were taken to

- prevent these errors from occurring: e.g. checking the calibration of instruments by

another instrument not related to the instrument in use or independent calibration and also

by checking the reproducibility of results.
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3.5.4 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.

3.5.5 Precision and Accuracy

Precision and accuracy are terms that refer to the quality of data.

Accuracy distinguishes systematic errors, highly accurate measurements have minimal
systematic error (Benziger & Aksay, 1999).

Precision distinguishes random errors. Precision is a gauge of the variation of repeated

measurements. Precise measurements have minimal random error.

3.5.6 Evaluation of Errors

3.5.6.1 Single error: abselute and relative error

The absolute error is the difference between the true value of any number or quantity and
the value obtained or used for that 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 then:

X=AtAA 3.1)
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 division of the instrument, the smallest value detected by the instrument
(Barry, 1991). AA is calculated from the standard deviation of a set of repeated
measurements as well. The absolute error for A at 99,9% confidence interval is given by
the equation:
' A4 =329 (322)

If a 95% confidence level is considered, then the absolute error may be approximated by:
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Ad=2c (3.3)

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

AA
0A = — 3.4
, (34)

3.5.6.2 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 variable errors (mean
quadratic value of the independents 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:
AXY axXV(nY(AnY
(X] "Z[an)(i)[nj :3)

Where X is the computed result
AX is the computed result absolute error
n are the independent variables involved

An are the independent variables absolute errors.

3.5.7 Error in Measurable Variables

3.5.8 Axial Distance - -

The axial distances or tapping point distances are measured using a measuring tape

graduated in millimetres. The absolute error of the measurement is 0,001 m.

3.5.9 Weight

- The weights of all the samples were measured using the balance in gramme. The absolute

error on measurements 1s 0,001 kg.
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3.5.10 Flow Rate

The flow meters used are accurate to 0,001 Vs, which can be assumed as absolute error.

3.5.11 Pressure

The pressure transducers used are accurate at 0,25%. Care should be taken in calibration
so that a correlation coefficient must be 0,999. Such calibration can rise to an average

error of 0,35% (Baudouin, 2003).

3.5.12 Error in derived variables

In this section the different equations used in the determination of all derived variables

are given. The application of the equation (3.5) to all the equations is also given.

3.5.12.1 Pipe internal diameter

The pipe internal diameter was determined weighing a mass of water (M, ,) into a
known length of pipe (L). The pipe diameter is then calculated using the formula:

My
TPy, ol

D= (3.6)

The highest expected error in calculating the pipe diameter is obtained by applying the
equation (3.5) to equation (3.6) and that yields:

AM ?
AD 1 [ 2Mupo | [ﬁ) G.7)
D 2\ My, L

The highest expected error and experimental errors on the measurements of the five

diameters of the valve test rig is given in the Table 3.4:
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Table 3. 4 Expected Highest errors and experimental errors in the

measurements of the Valve test- rig pipe diameters

Pipe | Nominal Diameter OD | Mass-average Length Highest Expected Experimental
osition [mm] [ke} fmm] Error [%] Error [%]
Top 50 0.0421] 1000 2.38 0.63
2nd Top 63 0.0528( 1000 1.90 0.32
3rd Top 75 006311 1000 1.59 0.45
4th 'l;Op 90 0.0804] 1000 1.25 0.22
2"
Bottom 110 0.0991] 1000 1.01 0.36
Bottom 110 0.0972] 1000 1.03 0.37

3.5.12.2 Velocity

The velocity 1n a pipe is determined from the continuity equation (2.11):

Q and A are respectively, the flow rate and the cross section area of the pipe.

The application of equation (3.6) to equation (3.11) yields the highest expected error on

AV, J[é@] +4[.;59] 38
VvV Q D

the velocity given by:

3.5.12.3 Pseudo shear rate

The pseudo shear rate is determined using the relation (2.43):

I
D

The application of equation (3.5) to (2.43) gives the expected highest error of the pseudo

Yo

shear rate and it yields:

Afe _y [ﬂ} . {EJ (3.9)
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3.5.12.4 Wall shear stress

The shear stress is determined from the relation (2.8):

APD
T, =——
41,
The application of equation (3.5) to (2.8) gives the expected highest error of the shear
stress and that yields:
2 2 2
AT, 4 (A(AP) + AD) e (3.10)
T, AP D L
3.5.12.5 Viscosity

The rheological characterisation was done most of the time with a correlation coefficient
of at least 99%. Thus the error in viscosity or other rheological parameters did not exceed

1%.
3.5.12.6 Reynolds number

The Reynolds numbers errors in this work are evaluated on the Newtonian Reynolds

number Re equation (2.12):

Re:E.YE
, _ n
Application of equation (3.6) to (2.12) yield:
AR apY (AQY VAD 2 (ApY
SNSRI +(—] + 2H (3.11)
Re p Q D M

3.5.12.7 The valve loss coefficient

The valve loss coefficient is obtained from the equation (2.51):
. ' 2
i
2g
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or the pressure loss due to a valve is related to the head loss by:

AP, =pgH,
then:
Kk, = IAPV
ZpV?
5P

Ak, Y (aaR)Y (apY (AQY . (ADY
( K, J =( AP, J +(_;J +4(*Q—J +16(HJ (3.12)

In order to determine different quantities entering in the determination of experimental
errors, valve pressure drop tests for clear water were run in the Valve test rig, for all the
five pipe diameters. The technique consisted of keeping the output of the pump constant
and taking 100 runs reading. The data was analysed statistically by determining the
following quantities: mean value, average deviation, spread, median value. Equations
(3.2) and (3.3) were used to calculate the absolute error and Equation (3.4) to calculate
the relative error. For the variables: velocity, pseudo shear rate, shear stress, Reynolds
number, valve loss coefficient and valve pressure drop (AP,.).

From the data above mentioned can then be calculated the highest expected errors of each
of the above variables mentioned using equations (3.8) to (3.12) and the actual errors of
the valve test rig. The highest expected errors and actual errors of the valve test rig are
given in tables 3.5, 3.6, 3.7 and 3.8.

Figure 3.14 illustrates the variation of normalised principal tests parameters for the line of
142,12 mm diameter.

On the x-axis is the name of the test and on the y-axis every parameter divided by its
average value for the test described above. It can be seen that the wall shear stress and
the valve loss coefficient present bigger variations than other parameters and eventually
bigger errors.

In Tables 3.5, 3.6, 3.7, and 3.8, all the errors are calculated at 99% confidence level.
These errors give the degree of confidence of a variable, the smaller the error, the more

precise is the variable and the bigger the error, the less precise is the variable.
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Figure 3. 14 Comparison of variation of principal parameters of the Valve test
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Table 3. S Highest expected error in measurable variables of the Valve test rig:

_Average Velacity (V)

oD | ID Pseudo shear rate, 8V/D Wall Shear Stree(T, ) Raynolds number (Re)
[rom] | [mm] [Vs] [s”] __[Pa] -
50 | 42 1.895 1,597 11.802 1.549
63 | 53 0.668 0.740 0.372 0.372
75 | 63 17.557 17.562 17.539 17.539
90 | BO 1.788 2.026 21.910 1.747
110 | o7 1.208 1.350 16.679 1.129
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Table 3. 6 Highest Expected errors of the Valve loss coefficient

Yalve Dimension Laoss Coefficient (k,) B
[mm]
40 12.38
50 11.16
65 40.80
80 22.20
100 16.88

In Table 3.6 the diaphragm valve of 65 mm nominal bore diameter has the highest

expected error on the valve loss coefficient (k,) compared to the other valves. The

standard deviation, the spread and the average deviation of the variables studied (average

velocity (V), pseudoshear rate (8V/D), wall shear stress (t,) and Reynolds number (Re)

are higher than in any other line).
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Table 3. 7 Errors of the Valve test rig

0D ID |Reynolds number (Re) | PseudoShear Rate (BV/D) | Average Velocity (V) Wall Shear Stress(to)
[mm] [m] - [1/8] [m/s) [Pa]

50 42 0.532 0.532 0.532 45,786

B3 53 0.169 0.169 0.169 7.259

75 B3 3016 2.894 2.871 6.443

o0 80 1.469 1.469 1.4689 28810

110 a7 0,766 0,791 0.781 6.900

Yiom [eusmadxy ¢ wideq)
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Table 3. 8 Errors of the Valve loss coefficient

Loss Coefficient (ky)
Valve Dimension Error [%]
[sm] -

40 8.841

50 9.594
60 18.316
80 20.389
100 13.252

3.5.12.8 Shurry Relative Density

The Relative Density Test was done on the tested fluid by collecting a sample of the fluid

under test.

The test was performed as followed:

a) Three clean, dry volumetric flasks were weighed respectively (M)

b) The fluid was poured in those flasks to approximately half the volume and weighed
respectively (Mz)

c) Water was added up to the graduated mark of the flasks, and weighed respectively
(M;). The flasks had to be shaken gently to remove any air bulbs.

d) The flasks were emptied and rinsed with water and alcohol to dry. Afterwards they

 were filled completely with water and weighed respectively (Ms).
Calculations

Mass of fluid: Mp-M; )

Mass of water filling the {lask Ms-M,

Mass of water filling the space left by the fluid: M3-M;

Mass of water having a volume equal to that of the fluid (Ms-M)-(M3-Mz)

therefore:
_ Mz - Ml
(M4 - MI) - (M3 - Mz)

(3.13)
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The arithmetic mean of the values obtained from the three flasks was taken as the actual
RD.

The mass was measured with an electronic balance accurate to 0,001 g, which is an

absolute error of 10 kg.

3.6 MATERIALS TESTED

3.6.1 Introduction

The different materials tested were: water, glycerine, CMC and kaolin. The materials
tested were selected in a way to represent different characteristics needed in this
investigation. Water and glycerine being Newtonian fluids and CMC and kaolin non-
Newtonian fluids, with CMC presenting pseudoplastic behaviour and kaolin yield
pseudoplastic behaviour.

Fluids were selected that exhibit Newtonian, pseudoplastic and yield pseudoplastic
behaviour to demonstrate that dynamic similarity can be obtained at the same Reynolds
number provided that the Reynolds number correctly accounts for the viscous properties

of the fluid.

3.6.2 Water

Water was used as a standard liquid, to commission the experimental test loop, to
establish its credibility, accuracy and precision, because of its well-known properties and
availability.

Tap water was used in both straight pipe tests and the valve_pressure drop test (hydraulic
grade line). _

The water straight pipe results were correlated to the Colebrook & White equation {2.19).
Graphs for different pipe sizes are presented in Appendix 2. Figure 3.15 gives a typical
graph in linear coordinates and Figure 3.16 in logarithmic coordinates for the pipe of
42.12 mm ID (50 mm OD).
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The valve pressure drop tests were also conducted and results were compared to the

resulis found in the literature. These results are presented in Appendix 6. Figure 3.17

gives a typical valve pressure drop test for water.
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Figure 3. 15 Comparison of water test results with Colebrook & White equation
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Figure 3. 16 Comparison of water test results with Colebrook & White equation

in double logarithmic scale
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_ Figure 3. 17 Typical valve pressure drop curve of water in a2 40 mm Diaphragm
valve (V=1.79 m/s and Re;=75753.99)

3.6.3 Carboxyi Methyl Cellulose Solution (CMC)

The CMC used in the test work is supplied in a powder form by Protea Chemicals and is
dissolved in tap water to make a solution. CMC is widely used in industries as paper glue,
protective colloid and resin emulsion (Pienaar, 1999). The powder was slowly dissolved
in water and mechanically mixed using an agitator and care was taken to avoid the
formation of large lumps. Mass concentration of 5 and 8% were tested.

Figure 3.18 gives a typical straight pipe test for CMC and Figure 3.19 gives typical valve
pressure drop curve for CMC.
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Figure 3. 18 Straight pipe test of CMC 5% in three pipe diameters
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Figure 3. 19 Typical valve pressure drop curve of CMC 5% in a 40 mm nominal

bore Diaphragm valve (V=3.04 m/s and Re;=0.042)

3.6.4 Kaolin Slurry

The kaolin used in the preparation of kaolin suspensions is also supplied in powder form
by Serina Kaolin (Pty) Ltd, and is mined in the Fish Hoek area near Cape Town. It is
dissolved in tap water to obtain kaolin shurries. Volumetric concentrations of 10% and
13% were tested. Table 3.9 and 3.10 give the physical and chemical properties of dry
kaoiin and Figure 3.20 gives the particle size distribution (PSD) graph for kaolin powder.
Figure 3.21 gives typical straight pipe tests curve for kaolin and Figure 3.22 gives typical

valve pressure drop curve for kaolin.
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Table 3. 9 Physical properties of dry kaolin

Physical Properties

Typical

1

Abrasiveness (Einlehner tester)

35 g/m?

2

Particle Size Distribution:

below 20 micron

100%

12 micron

94%

10 micron

90%

6 micron

80%

4 micron

70%

3 micron

60%

2 micron

48%

Reflectance Minimum (Elrepho)

83%

pH Value

5

Residue (Screen 45 um)

Max 0,20%

Specific gravity of kaolin mineral

2,60

1| &N | da e

Moisture:

Powder

0-1%

Pellets

8-12%

01l absorption of powder

45 - 50%

Bulk density of powder in bags

0,7g/cc

Table 3. 10 Chemical properties of dry kaolin.

Chemical Analysis Typical %
S10; 46,00%
AlO3 38,00%
F6203 0,85%
Ti0, 0,58%
Ca0 0,10%
MgO 0,18%
K,0 1,00%
Na,O 0,20%
1.0.1 13,10%

Non-Newtonian Losses Through Diaphragm Valves
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Figure 3. 20 Particle Size Distribution (PSD) Graph for kaolin powder
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Figure 3. 21 Straight pipe test for kaolin 10% in three pipes diameters.
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Figure 3. 22 Typical valve pressure drop curve of kaolin 13% in 2 65 mm
Diaphragm valve (V=0.029m/s and Re;=4.30)

3.7 CONCLUSION

In this chapter the experimental test loop, the valve test rig, has been described.

The diaphragm valve used has also been analysed and it has been established that there
are no geometric similarities among the 5 sizes of the diaphragm valve tested.
E-xpefimental prbcedures (C'alibratidn and expérimental tests procedures) have been
explained. _ ]
Experimental errors have been quantified.

The materials tested have been described and raw experimental tests results of these
materials have been presented and will be analysed in the next chapter.

Water test results in straight pipes have been correlated to the Colebrook & White
equation and are within 20% error lirnits. |

In cbnclusion, the valve test rig has been shown to be a reliable tool for valve pressure

drop tests and for tube viscometry.
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- CHAPTER 4
ANALYSIS OF RESULTS

4.1 INTRODUCTION

In this chapter, the analysis of experimental results is explained and presented: This
includes the rheological characterisation of materials tested and the presentation of loss
coefficients in laminar, transitional and turbulent flow regimes. The study of the effect of

the choice of the Reynolds number on the loss coefficient is also done.

4.2 RHEOLOGICAL CHARACTERISATION

Two types of materials were tested: Newtonian fluids and non-Newtonian fluids. In this
section, the determination of theological parameters of these materials is presented.

In this investigation, rheological characterisation was done using tube viscometry. The
effect of entrance and exit losses during tube viscometry was avoided by doing the
straight pipe test in the region of fully developed flow (50 diameters after the entrance
and 50 diameters after the test valve). The wall slip was evaluated by doing straight pipe

test in pipes of three different diameters and the no-slip condition was confirmed.

4.2.1 Newtonian fluids

Newtonian materials tested were: water, 100% and 75% volume concentrations of
glycerine.
The Newtonian model fitting was done to determine the viscosity of the two

concentrations of glycerine.

The flow curve of a Newtonian fluid is a straight line and the slope of the straight line
gives the viscosity of the fluid: Considering the laminar flow data (z,, 8V/D) of the flmid
through a straight pipe, using excel, a straight line trend passing through the origin is
fitted and the slope of the straight line gives the Newtonian viscosity of the fluid pn.

An example of such a fit ( Figure 4.1) gives the flow curve of glycerine 100%. Table 4.1
and Table 4.2 gives the properties of glycerine 100% and 75% tested.
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Figure 4. 1 Flow curve of Glycerine 100% at an average temperature of 21 °C

Table 4. 1 Properties of glycerine 100% tested

Date : u [Pa.s] R Density [kg/m3] Temperature [°C)
23/11/2004 0.842 1 1270 21
24/11/2004 . 0.843 0.9997 1270 - 20
25/11/2004 0.344 0.9977 1270 20

Non-Newtonian Losses Through Diaphragm Valves DM Kazadi
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Table 4. 2 Properties of glycerine 75% tested

Date piPa.s] R’ |Density [kg/m’]{Temperature [°C]
01/12/2004 0.0196 0.7639 1197.2 21
30/11/2004 0.0184  ]0.9041 1197.2 22

4.2.2 Non-Newtonian fluids

Non-Newtonian materials tested were: 10% and 13% volumetric concentrations of
kaolin, 5% and 8% mass concentration of CMC.

All concentration of CMC were characterised as pseudoplastic fluids and those of kaolin
as yield pseudoplastic fluids. The Rabinowitsch-Mooney method was not used for
rheological characterisation for non-Newtonian fluids in this work. In this work, an in-
depth investigation on the calculation of n” and K” was done. It was observed that when
using the classical method of calculating n” by fitting a polynomial equation to the double
logarithmic plot of T, vs. $V/D, if the multiple regression correlation coefficient (R? ) of
the fit is between 1 and 0.98 the percentage error was acceptable. Below 0.98, the error
increased, resulting in higher errors for the calculation of the true shear rate using the
Rabinowitch-Mooney relation. An equation was derived for calculating K’ and n’ for

yield pseudoplastic fluids. The derivation is given in Appendix 5.
4.2.2.1 Fitting the pseudoplastic model

All concentrations of CMC were characterised as pseudoplastic fluids: The laminar data
from a straight pipe test were plotted on linear scale and using excel, a power law trend
curve was fitted to the data to give the constant n’ (apparent flow behaviour index) and

K’ (apparent fluid consis'tency index) because for non-NewT(_)nian fluids:

svY"
=K'| — 2.23
k(%Y -
To obtain n, for a Pseudoplastic fluid: n =n’ and
K = K(h hl 1] 227
4n
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4.4

Figure 4.2 gives an example of a fit of the pseudoplastic model for a CMC 5% solution

based on three pipes tested on the same day confirming that no slip existed at the pipe
wall. Table 4.3 and Table 4.4 gives the properties of CMC 5% and CMC 8% tested. It is
clear that the fluid behaviour changed daily and the rheology was tested each day and

used for calculations. Using the rheology of the previous day could lead to errors on the

f-Re graph of up to 6 % in the calculation of the friction factor (f). The reason for

changes in the rheology did not form part of this investigation. An effort was however

made to accurately account for the changes.

]

30

[y
Lh
I

Wall Shear Stress [Pa
w o oS

y = 0305707

<=

200

300 400

Pseudo shear rate 8V/D [1/s]

( ¢ 4210mmID W 528mmID X 63.08 mmID =—Power law model ]

Figure 4. 2 Flow curve of CMC 5%

Table 4. 3 Fluid properties of CMC 5% tested

22/10/2004

1029

030410723 0.9993

2/11/2004

1028.2

0.1481.036| 0.9914

3/11/2004

1024

0.442] 0.67 0.9937

Table 4. 4 Fluid properties of CMC 8% tested

500
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Density
Date [ke/m’] K n R?
5/11/2004 1040 5.252 | 0.799 0.9976
9/11/2004 1037.5 5.252 | 0.790 0.9667
"11/11/2004 1040 6.434 | 0.503 (0.9948
12/11/2004 1040 5.908 | 0.799 0.9984

4.2.2.2 Fitting the Yield Pseudoplastic model

All kaolin suspension concentrations were characterised as yield pseudoplastic fluids.
The method of characterisation was explained in chapter 2 (2.4).

Figure 4.3 gives an example of a flow curve of a kaolin suspension of 10%. Table 4.5
and Table 4.6 gives the properties of kaolin 10% and kaolin 13% tested. E in Tables 4.5
and Table 4.6 is the root mean square error of the fit function and is given by equation

2.47.
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Figure 4. 3 Flow curve of kaolin 13 %

Table 4. 5 Fluids properties of Kaolin 10% tested

Density
kg/m’] | < [Pa] K[Pa.s"] n E
1172.4 10.7 2.2 0.32 11.30
1163.4 94 2.2 032 8.46
Table 4. 6 Fluids properties of Kaolin 13% tested
Density
[kg/m’] 1, [Pa] K [Pa.s"] n E
1214 33 0.8 0.5 2.48
1214 30 1.37 0.5 9.25

Non-Newtonian Losses Through Diaphragm Valves
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4.3 FLOW IN STRAIGHT PIPES

In the laminar flow regime, in straight pipes, the well-known f - Re relation relates the

friction factor f and the Reynolds number:

For Newtonian fluids:
16
= — 2.18
Re (2.18)
For non-Newtonian {luids;
16 (2.45)
Rer
2
and f=—27o  DAP (2.10)
pvV. 2pVL

In this investigation, experimental results for straight pipe sections for both Newtonian
and non-Newtonian fluids were obtained from the same experiments from which the data
for the valve loss coefficient was obtained.

Because the Slatter Reynolds number takes into account the yield stress and can
accommodate any rheological model, this Reynolds number was used in the relation f-Re
(2.18) and (2.45)

A plot of the Fanning friction factor (f) against the Slatter Reynolds number (Re;) for
both the Newtonian and non-Newtonian fluids tested is shown in Figure 4.4. In Figure
4.4 it can be observed that the experimental results of this work, fall within £20% of the

calculated theoretical line.
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Figure 4. 4 Comparison of experimental values of the friction factor in laminar

flow for different fluids in straight pipe of diameter 42.12 mm ID pipe.

Such an agreement indicates the validity and degree of accuracy of the experimental
technique and equipment used in this investigation and was used as the first criteria in the
validation of experimental results.
In the turbulent flow regime, in straight pipes, the well-known Blasius equation relates
the friction factor f and the Reynolds number:

0.079
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In this case also the Slatter Reynolds number was used. This also gives a first good
degree of validity of experimental results in turbulent flow. For water in turbulent flow in
straight pipes, as said in chapter 3, the experimental data were compared with the
Colebrook &White equation:

1 k 1,26
— =-4log} —— + == 2.19
Jf [3,71) ReJf ] 1)
It must be noted that for Newtonian fluids the Slatter Reynolds number reverts to the

Newtonian Reynolds number and that was observed during calculations made on the

experimental results on Newtonian fluids.

4.4 LOSS COEFFICIENTS

4.4.1 Procedure for calculating the valve loss coefficient

The following steps were followed in the calculation of the valve loss coefficient as
illustrated on Figure 2.8 (After the establishment of the appropriate f-Re relationship as
defined above):

* Measurement of static pressures at different points upstream and down stream of the
test valve (In total 9 points were used, 4 points upstream and 5 points downstream of
the test valve)

e (Calculation of the shear stress in the two pipes upstream and downstream of the test
valve in regions of fully developed flow (50 diameters of the entrance length of the pipe
upstream the test valve and 50 diameters of the exit length of the pipe downstream the
test valve), 6 points were used to calculate the shear stress, 3 points upstream and 3
points downstream respectively of the test valve, all in regions of fully developed flow
as defined above. The 3 points close to the test valve, 1 point upstream and 2 points
downstream were discarded because they are in the region of influence of the fitting
(valve). The shear stress in the two pipes upstream and downstream is calculated using
the following equation: ‘

. :ApD

T (2.8)
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e The friction factor was calculated using the relation:

— 2TD
pv?

(2.10)

In lamminar flow, the above friction factor was compared to:

16
- 2.18
Re 19
and in turbulent flow to the Blasius equation:

0079
(Re)ﬂli

» The valve pressure loss is obtained as an extrapolation to the test valve plane of the

£ (2.20)

pressure gradients measured in the fully developed flow regions upstream and
downstream of the test valve. The slope and intercept upstream and downstream of the
test valve (in the regions of fully developed flow) are calculated (in this case using
Excel). Six points were used to calculate the slopes and intercepts, 3 points upstream
and 3 points downstream respectively of the test valve, all in the region of fully
developed flow as explained above. It must be established that the slopes upstream
(SUS or m;) and downstream (SDS or m;) are parallel, thus the difference of the
intercepts upstream (IUS or I;) and downstream (IDS or L) yields the pressure drop due
to the valve (Ap,):
Apy =1 —.I,,_ (2.58)
The slopes m; and m; can be visually parallel but there 15 always a percentage error

I "M+ 100 ) and it was observed that for a percentage

I

difference involved (% Error =

error of up to 20 %, the slopes m; and m; were still parallel and that was retained as a
cut-off value. For errors greater than 20% negative pressure drop were observed in
extreme cases. The percentage error in this case varies from materials to materials for
fluids like CMC and glycerine the peréentage error was always less than 10%. For water
and kaolin this was not always the case and one had to be careful when observing the

data because many points deviated from 20% and had to be discarded.
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s Calculation of the valve loss coefficient from the relation:
Ap

k, = 1_" (2.59)
—pV?
> p
which yields:
I, -1
k, = ( ! 2) (2.60)
l \TE
2
Distance [m ] >

Figure 2. 10 Diagram illustrating the calculation of valve loss coefficient
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4.4.2 Graphical presentation of the valve loss coefficient Kk, versus Reynolds
number

It is customary in fluid mechanics to represent experimental da‘;a of loss coefficient on a
graph k, versus Reynolds number (Edwards et al, 1985; Turian et al, 1997; Pienaar,
1998).

In this investigation, the Slatter Reynolds number (Re;) is used to make such
representation. It was very difficult to identify the tranmsition by deviation for the
diaphragm valves. The intersection method was therefore used to obtain the point of

transition.

4.4.2.1 Diaphragm Valve of 40 millimetres nominal bore diameter

For the 40 millimetres diaphragm valve the loss coefficient in laminar flow C, = 1200. In
turbulent flow the loss coefficient is constant and an average of k, = 7.96 (0.226 standard
deviation) was calculated. The range of Reynolds numbers is between 1 and 100000.
The transition by intersection of the laminar and turbulent loci is calculated at Re; =
150.75. The loss coefficient data are presented in Figure 4.5.

4.4.2.2 Diaphragm valve of 50 millimetres nominal bore diameter

For the 50 millimetres diaphragm valve the loss coefficient in laminar flow C, = 946. In
turbulent flow the loss coefficient is constant and an average of k, =2.53 (0.209 standard
deviation) was calculated. The range of Reynolds numbers is between 1 and 100000,

The transition by intersection of the laminar and turbulent loci is calculated at Re; =

373.9. The loss coefficient data are presented in Figure 4.6. )
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4.4.2.3 Diaphragm valve of 65 millimetres nominal bore diameter

For the 65 millimetres diaphragm valve the loss coefficient in laminar flow C, = 555. In
turbulent flow the loss coefficient is constant and an average of k, =1.21(0.121 standard
deviation) was calculated. The range of Reynolds numbers is between 1 and 100000.
The intersection of the laminar and turbulent loci is calculated at Re; = 633. The loss
coefficient data are presented in Figure 4.7.

4.4.2.4 Diaphragm valve of 80 millimetres nominal bore diameter

For the 80 millimetres diaphragm valve the loss coefficient in laminar flow C, = 515.14. 1
turbulent flow the loss coefficient is constant and an average of k, =2.54 (0.116 standard
deviation) was calculated. The range of Reynolds numbers is between 0.1 and 100000.

The intersection of the laminar and turbulent loci is calculated at Re; = 202.76. The loss

coefficient data are presented in Figure 4.8.

4425 Diaphragm valve of 100 millimetres nominal bore diameter

For the 100 millimetres diaphragm valve the loss coefficient in laminar flow C, = 69. In
turbulent flow the loss coefficient is constant and an average of k, =1.3 (0.155 standard
deviation) was calculated. The range of Reynolds numbers is between 0.05 and 100000.

The intersection of the laminar and turbulent Ioci is calculated at Res= 53. The loss

coefﬁcient data are presented in Figure 4.9.
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Table 4. 7 Summary of C, and k, values obtained in this work

Valve dimension
[mm] Cy ky
40 1200 7.96
50 946 2.53
65 555 1.21
80 515 2.54
100 69 1.30

4.5 EFFECT OF REYNOLDS NUMBER ON THE VALVE LOSS COEFFICIENT

In this analysis, other Reynolds numbers are used to predict the laminar loss coefficient
and to predict the laminar-turbulent transition in valves for individual fluids of given
characteristics. The Reynolds numbers used are the Newtonian Reynolds number and the
Metzner and Reed generalised Reynolds number. The results are than compared to the
results obtained using the Slatter Reynolds number.

Thc Newtonian Reynolds number is generally used when the fluid has Newtonian
behaviour and the Metzner and Reed generalised Reynolds number is used for fluids
exhibiting non-Newtonian behaviour especially pseudoplastic fluids.

In comparison with the Slatter Reynolds number (Re3), the Newtonian Reynolds number
gives the same result as Re; and the prediction of the laminar loss coefficient and the
transition region, using the two Reynolds numbers is the same and that was experienced
with water, 75 and 100% Glycerine. In this case the Slatter Reynolds number reverts to
the Newtonian Reynolds number.

In the case of the Metzner and Reed generalised Reynolds number, this Reynolds number
was used for pseudoplastic fluids and yield pseudoplastic fluids using relations (2.27) and
(2.31) and 2.32) in section 2.3.7.2. For pseudoplastic fluids, the Metzner and Reed
generalised Reynolds number predicts a lower loss coefficient than the Slatter Reynolds
number and even the transition using the Metzner and Reed generalised Reynolds number
is earlier than the transition predicted using the Slatter Reynolds number. This is
illustrated on the Fig.4.10 for the loss coefficient of a 5% CMC solution in a diaphragm

valve of 50 millimetres nominal bore diameter.
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From Figure 4.10 the difference between the prediction of the laminar valve loss
coefficient (C,) and the transition from laminar to turbulent flow values, is 10.89%
greater when the Slatter Reynolds number is used than when the Metzner and Reed
generalised Reynolds number is used for this pseudoplastic material.

10000
1000
kv=512/Reyg
2 100
10 1
1 v T T T T
0.1 1 10 100 1000 10000 100000
Re3
¢  kvwvsRe3 ¢ lovvs ReMR kv Calc Re3
= = kv CalcReMR = kv average turb

Figure 4. 10 Comparison of loss coefficient using Re; and Reyg for a

pseudoplastic fluid. -

In the case of yield pseudoplastic fluids, the Slatter Reynolds number gives also a higher
loss coefficient than the Metzner and Reed generalised Reynolds number. The prediction
of the transition is earlier with the Metzner and Reed Reynolds number, which is

illustrated on Figure 4.11.
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Figure 4.11.shows the difference in the prediction of the laminar loss coefficient. In this
case it is about 6 % greater using Slatter Reynolds number than when using the Metzner
and Reed generalised Reynolds number.

The essence of this analysis is not to determine which Reynolds number better predicts
the laminar loss coefficient or the transition, and is beyond the scope of this investigation
and could be a subject of future investigations. This analysis showed that the Slatter
Reynolds number can be used for design purposes for Newtonian, pseudoplastic and
yield pseudoplastic fluids.
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Figure 4. 11 Comparison of loss coefficient using Re; and Reyg for a yield

pseudoplastic fluid.

4.6 CONCLUSION

The rheological characterisation of all materials tested has been presented.

Flow in straight pipes has been analysed and compared to theoretical models for friction

factors.

Loss coefficient values in laminar flow, transition and turbulent regimes have been
calculated in diaphragm valves of 40, 50,_ 65, 80 and 100 millimetres nominal bore

diameters.
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The effect of the choice of the Reynolds number has been established and it has been
shown that the Slatter Reynolds number is a very useful tool and can be used for design

purpose when dealing with non-Newtonian material.
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CHAPTER 5
DISCUSSION AND EVALUATION OF RESULTS

5.1 INTRODUCTION

In order to evaluate, the objectives of this investigation, the subject of discussion are:
e The literature review
» The experimental test loop
e The experimental method
+» Matenals tested
» Rheological characterisation
» Loss coefficients

e Comparison with literature and originality of this work

5.2 THE LITERATURE REVIEW

An in-depth literature review has been done in this investigation from both a theoretical and
practical engineering point of view to establish the need for the investigation. Thus giving
to the reader a comprehensive overview of valves in general and diaphragm valves in
particular.

It has been established after review of the open literature that data on non-Newtonian loss
coefficients through diaphragm valves are scarce. Most of the data on non-Newtonian loss
coefficients through valves are on gate and globe valves and were only relevant to this
investigation by their methodology.

Some work on fluid flow through diaphragm valves was found in the literature, on
qualitative and quantitativé analysis of Newtonian loss coefﬁcients in diaphragm valves
(Hooper, 1981). The work of 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.

The drawback of Hooper’s work is the fact that there is no valve dimension specification,
assuming geometric similarity. This work investigated the assumption of geometric

similarity by testing several sizes of valves from the same manufacturer.
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5.3 EXPERIMENTAL TEST LOOP

The expenmental test loop used is the new state-of-the-art valve test rig. The valve test rig
was designed and built at the Cape Peninsula University of Technology. The valve test rig
has 5 diaphragm valves ranging from 40 to 100 mm nominal bore diameter. It is fitted with
multiple transducers. It can accommodate other types of valves as well as contraction and
expansions with minor modifications. From a practical point of view, viscometry tests as
well as tests for the determination of loss coefficients for many types and dimension of
valves can be performed on the valve test rig.

The Valve test rig is a plant in miniature and experimental values obtained for loss
coefficients on this test loop are reliable because it simulates what happens in industry
when a fluid is being pumped from one point to another. For that reason values obtained for
valve loss coefficients from this test loop can be used for design purposes for 100% open
NATCO diaphragm valves.

The Valve test rig as it is presenﬂy built can perform beyond its present capabilities, but is

limited by instrumentation capabilities.

5.4 PUMP AND INSTRUMENTATION

The main components of the valve test rig when running tests are the pump, the flow meters

and the pressure transducers.

The pump used is a progressive cavity positive displacement (PDD) pump and the main
drawback was that the flow rate was pulsating and it could not deliver very high flow rates

due to power limitations.

The difficulties experienced on the Valve test rig were most of the time due to the limitation
of the instrumentation mentioned above: materials with low viscosities could not be tested
within a very large range of Reynolds number in bigger pipes, due to very low pressure
drops between tapping points even in small pipe diameters and could be tested only at very
high flow rates, because of the limitation of the PPT and DP Cells ranges.
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Materials with very high viscosity could not be tested in smaller pipe diameters due to the
limitation of the pump power. In bigger pipe diameters where pressure drops between
tapping points were very small, the PPT and DP Cells limitation was a problem but also the

pump power not allowing to reach very high flow rates.

5.5 THE EXPERIMENTAL METHOD

The experimental method used is the hydraulic grade line approach. This method is
expensive compared to the total pressure method because of the number of pressure
transducers {in this case nine) is needed, compared to 1 differential pressure transducer in
the case of the total pressure method. The approach was used because the Valve test rig was
especially built to accommodate this method. The positive fact about this method is the fact
that the frictional losses are actually measured in the straight pipes and need not to be
estimated. In the calculation of the valve loss coefficient; it does use only the definition of
loss coefficient given by Miller (1978)(Figure 2.4).

The difficulties observed at this point were the fact that with low viscosity materials like
water, the two slopes of pressure gradients upstream and downstream the test valve in
regions of fully developed flow were not always parallel.

In some cases with very viscous materials, especially in bigger pipes, the slope of the two
pressure gradient upstream and downstream of the test valve were not always parallel and
in some cases, the intercept of the pressure gradient downstream was bigger than that of the
pressure drop gradient line upstream of the test valve. The difference in the upstream and
downstream slopes may be due to the slight differences obtained in the actual internal

diameter of the pipes during the manufaétm’ing process.

5.6 MATERIALS TESTED

The materials tested were selected to represent different characteristics needed in this

investigation. Water and glycerine were selected as Newtonian fluids and CMC and kaolin
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as non-Newtonian fluids. CMC presents pseudoplastic behaviour and kaolin yield
pseudbplastic behaviour.

Water was used to obtain very high flow rates thus very high Slatter Reynolds numbers,
Glycerine 100% was used to obtain valve loss coefficients in laminar flow for Newtonian
fluid and Glycerine 75% to obtain data for loss coefficients in the transition region and the
early turbulent flow for Newtonian fluids.

CMC and kaolin were used because of their well-known non-Newtonian rheological
behaviour, being pseudoplastic and yield pseudoplastic materials respectively. High

concentrations ensured that sufficient data could be obtained in laminar flow.

5.7 RHEOLOGICAL CHARACTERISATION

Rheological characterisation was done by tube viscometry test. Glycerine 75% and 100%
were characterised as Newtonian fluids, CMC 5% and 8% were characterised as
pseudoplastic fluids and kaolin 10 and 13% were characterised as yield pseudoplastic
fluids.

Rheological characterisation is not easy and is beyond the scope of this work and is used in
this investigation as a stepping-stone. Rheological characterisation is said to be a stepping-
stone because, it is used in this case to determine rheological parameters which are used to
verify some correlations in straight pipes (2.20) and (2.45) and not used for an in-depth

study of rheological behaviour based on the physical or chemical basis of the sturries.

5.8 LOSS COEFFICIENTS

Loss coefficients obtained in this investigation confirmed the general qualitative trend
given in the literature that in laminar flow the loss coefficient increases significantly with
decreasing Reynolds number and in turbulent flow, the loss coefficient is constant. This is
true for any type of fluid, both Newtonian or non-Newtonian. '
The transition from laminar to turbulent flow by deviation, for all the valves sizes starts at
Reynolds number between 10 and 100 and confirms the general theory that in fittings in
general and valves in particular the transition occurs earlier than in straight pipes.
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For all the diaphragm valves diameter, the transition region where there is transition by
intersection, goes from 10 to 1000 Slatter Reynolds number and in that region the flow is
very unstable and the value of the valve loss coefficient is fluctuating.

The transition by intersection for the different valves sizes is given in Table 5.1 below.

Table 5. 1 Transition by intersection for the different valves.

Valve norminal Transition
bore diameter Reynolds
fmm] number
40 150.75
50 373.9
65 | 633
80 202.75
100 53

5.9 COMPARISON WITH LITERATURE AND ORIGINALITY OF THIS WORK

Values found in the literature on diaphragm valves in fully open position are as follows:
Holoper'(1981): C,=1000 and k,=2

Miller (1978): k0.8

Perry & Chilton (1973): k,=2.3

From the literature, it can be seen that little data on non-Newtonian and Newtonian losses
are found in the literature and these data are scattered.

The work of Hooper, Miller and Perry & Chilton do not specify the dimensions of the
diaphragm valves tested. This work investigated and addressed this issue. Table 5.2
compares values of diaphragm valve loss coefficients from the literature to this work.

A comparison of values of the valve loss coefficients of this work to that from the literature

in the turbulent region is given in Figure 5.1.
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Table 5. 2 Comparison of loss coefficients of this work with literature.
Perry &
This werk Hooper Miller Chilton
Valve dimension
[mm] Cy k, C, ky C, ky C, k,
40 1200 7.96
50 946] 2.53
65 555 121} 1000 2 - 0.8 - 23
30 515 2.54
100 69 13

It can be seen that the value of the valve loss coefficient given by Hooper in laminar flow is

more or less equal to that found in this work for the valve dimension of 50 mm in laminar

flow. And Perry & Chilton’s value for turbulent flow coincides with the value found in this

work for the valves of 50 and 80 mm nominal bore diameters in turbulent flow.

The value of the valve loss coefficient given by Miller in turbulent flow does not coincide

with any loss coefficient value in this work and is under predicting the loss coefficient. This

confirms the need that studies should be carried out with a range of diaphragm valves of

different sizes and that the details of the valve should be supplied together with the loss

coefficient details.
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Figure 5. 1 Comparison of this work turbulent flow valve loss coefficients to

valve loss coefficients found in the literature
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5.10 SIMILARITIES ANALYSIS

Although geometric similarity was not achieved for the type of valves tested, a dynamic
similarity analysis was done on experimental data obtained for the 5 valves sizes, to
establish if any analytical relationship could be established between the size of the valve
and the loss coefficients in laminar and turbulent flow regimes.
According to 2.7.4 two systems geometrically similar are dynamically similar if their
Reynolds numbers are the same. Also Turian et al, (1997) suggested that because it has
been found using dimensional analysis that k, for incompressible Newtonian fluids is a
dimensionless function of Reynolds number (Re) and of dimensionless geometric ratios
characteristics of the valve:

ky~=Mm(Re, geometric ratios) (2.62)

Thus the valve loss coefficient k, 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. Around these two assurptions above mentioned will
gravitate the similarity analysis.

As shown on Figure 5.2, for the laminar loss coefficient (Cv), there is a big variation of
the laminar valve loss coefficient as a function of the valve dimension. This variation is
almost linear, the laminar valve loss coefficient is a function of the valve size, and the
laminar valve loss coefficient increases with the decrease of size and vice versa. Figure
5.3 gives diaphragm valve loss coefficients for CMC 8% in laminar flow. But for
turbulent flow there is no big variation of valve loss coefficient with size, and the values
of valve loss coefficients are random but close beside the 40 mm valve and follow the
trend given on Figure 5.2. Figure 5.4 gives the values of different valve loss coefficient
obtained in turbulent flow

Both in turbulent and laminar flows, dynamic similarity is not achieved because of lack
of geometric similarities.

In conclusion, it has been established that dynamic similarity is not achieved with the
diaphragm valves studied as opposed to other type of valves in the literature. In general,
valves of different sizes and from different manufacturers, although apparently similar,

are not always geometrically similar. For instance, in small sizes, one valve body may be
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offered with a variety of end connection sizes and in some cases a valve of one nominal

size may be available with several seat sizes. Also in this specific case of diaphragm

valves studied, dynamic similarity is not achieved as in other types of valves. This could

be due to the fact that the internal lining of the valve is in rubber and is inserted manually

compared to globe valves for example where the internal part of the valve is machined

from metal to exact repeatable dimensions.

Valve Diameter [mm]
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—— Cv variation - - T - - kv turb variation
Figure 5. 2 Variation of loss coefficient in laminar and turbulent flow
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Figure 5. 3 Diaphragm valve loss coefficients for CMC 8% in laminar flow

12
10 1 ¢ . o
.
8 * :’. ¢ .‘g‘zs ‘3:
* *
Z 6
4-
"0 g8 Aol |« % X
2 o0 ?’3 % 3 EE?( XA'%x
':' ’ﬁ’*é;ﬁ* WO A Ba A Bp ARAA
A
0 20000 40000 60000 80000 100000 120000 140000 160000
Re3

¢ 40 mm valve O 50 mm valve A 65 mm valve X 80 mm valve X 100 mm valve

Figure 5. 4 Diaphragm valves loss coefficients for water in turbulent flow
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5.11 CONCLUSION

It has been shown that there is lack of data on diaphragm valves in the literature and the
available data in the literature are scattered.

The experimental test Ioop has also been discussed and proved to be reliable and accurate.
The experimental method has been discussed and evaluated.

The instrumentation has been described and evaluated.

Materials tested have been discussed and their use justified.

The diaphragm valve loss coefficients and the rheological characterisation has been
discussed and evaluated.

A similarity analysis has been done and it has been established that dynamic similarity is

not achieved with the diaphragm valves studied and possible reasons for this were given.
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CHAPTER 6
SUMMARY, CONTRIBUTIONS AND RECOMMENDATIONS

6.1 INTRODUCTION

The literature review, the experimental method, as well as the analysis of results and
discussion and evaluation of results have been presented.
In this chapter the contributions of this work will be summarised and some

recommendations proposed.

6.2 SUMMARY

This investigation was concerned with the evaluation of valve loss coefficients in
diaphragm valves when non-Newtonian materials flow through the valve in laminar,
transitional and turbulent flow. Qualitative and quantitative data on non-Newtonian
~ losses in diaphragm valves is scarce.

An experimental test loop referred to as the Valve test rig was designed, built,
commissioned and optimised. The Valve test ng was fitted with five diaphragm valves of
40, 50, 65, 80, and 100 millimetre nominal bore diameters. Vartous Newtonian (water
and glycerine) and non-Newtonian fluids (CMC and kaolin slurries of various
concentrations) were rheologically characterised and the valve loss coefficients were
determined using the HGL approach.

The results were presented as plots of valve loés coefficient versus Reynolds number.

Loss coefficients for laminar, transitional and turbulent flow were determined for all five

valves.
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6.3 CONTRIBUTIONS

The present investigation has confirmed the general theory on valve loss coefficients in
laminar, transitional and turbulent flow and in particular:
¢ It has confirmed that the loss coefficient in laminar flow increases significantly with
decreasing Reynolds number and is a hyperbolic function of the Reynolds number:
k,= C,
Re (2.56)

» This investigation has also confirmed that in turbulent flow, the valve loss coefficient

is essentially constant and is independent of the Reynolds number.

Further more this investigation has:

* Confirmed that the transition from turbulent flow to laminar flow occurs earlier in
valves than in straight pipes. | |

» Highlighted the usefulness of the Slatter Reynolds number for both Newtonian and
non-Newtonian fluids for the first time.

e Produced quantitative data on loss coefficients through diaphragm valves (Table 4.7)
for use by slurries pipeline design engineers.

e Highlighted the need that studies should be carried out with a range of diaphragm
valves to establish if geometric similarity is achieved and subsequently to establish
dynamic similarity.

s Highlighted the need to invesﬁgate the internal details of the valve with the
corresponding loss coefficient details and not to conclude at first sight that geometric

and dynamic similarities are achieved.
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Table 4.7 Summary of C, and k, values obtained

Valve dimension

[mm] C, ky
40 1200 7.96
50 946 2.53
65 555 1.21
30 515 2.54
100 69 1.30

6.4 RECOMMENDATIONS

The following recommendations are suggested:

o Further experimental test work must be done on the determination of valve loss
coefficients in general and diaphragm valve loss coefficients in particular.

e The determination of valve loss coefficients should be done for different valve
openings (fully open, % open, % open and % open) for different types of materials.
But for a refinement in the research, fluids of the same characteristics (Newtonian,
pseudoplastic, yield pseudoplastic and Bingham plastic) should be tested and
evaluated separately. -

& Further study on geometrically similar valves in general and diaphragm valves in
particular from other manufacturers should be done.

s The two experimental methods: the Hydraulic grade line approach and the Total
pressuxé method shouid be doﬁé on the Valve test- rig, evaluated and then discussed.

o Further market research on the available fluid flow instrumentation should be done so

that instruments with very large capabilities can be identified.
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Table 57 HGL Test for kaolin 13%
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APPENDIX 1
PHOTOGRAPHS OF THE EXPERIMENTAL
TEST LOOP AND INSTRUMENTATION
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Photograph 2. Diaphragm valves connected to pipes
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Photograph 3. Diaphragm valves, pipes, Point Pressure Transducers and
Differential Pressure Cell
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Photograph 5. Differential Pressure Celis
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Photograph 7. Hand Held Communicator
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Photograph 8. Data Acquisition Unit
Photograph 9.. PC and Data Acquisition Unit
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Photograph 11. Safinag magnetic flow meter
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Photograph 13. Weigh tank with Load cell
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Photograph 14. Orbit PD pump
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APPENDIX 2
COMPARISON OF WATER TEST RESULTS
WITH COLEBROOK & WHITE EQUATION
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APPENDIX 3
~ RHEOGRAMS OF FLUIDS TESTED
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GLYCERINE 100%
| SLURRY PROPERTIES
Date 22/11/2004
Slurry Relative Density|1270 kg/m’
Volume Concentration | 100%
Viscosity 0.842 Pa.s
Temperature 25.5°C
21
80 y =0.8422x
R*=1
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£ w
Ea
P
E 30
20
10
0
a 20 40 &0 8o 100
Psendoshear rate [1/s]
[:O' Experimental data =====Newtonian Fit ]
Figure 5 Rheogram Glycerine 100%
Non-Newtonian Losses Through Diaphragm Valves DM Kazadi
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GLYCERINE 100%

SLURRY PROPERTIES
Date 19/11/2004
Slurry Relative Density|1252.61 kg/m’
Volume Concentration 100%
Viscosity 0.175 Pa.s
Temperature 27°C

B o8 ¥ &

Wall shear stress [Pa|
(2]
(=

o 50 00 150 200 250

Pseudoshear rate [1/s]

r ¢ Experimental data ——Newtontan ﬂ_ti

Figure 6 Rheogram Glycerine 100%
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GLYCERINE 100%

SLURRY PROPERTIES
Date 25/11/2004
Slurry Relative Density|1256 kg/m’
Volume Concentration | 100%
Viscosity 0.693 Pa.s
Temperature 22°C

50

Wall shear stress [Pa]
] 3

n
=1

o I 20 30 40 50 60 70
Pscudoshear rate [1/s]

¢ Experimental data ==Newicnian ﬁt—!

Figure 7 Rheogram Glycerine 100%
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GLYCERINE 75%

SLURRY PROPERTIES
Date 1/12/2004
Slurry Relative Density|1197.2 kg/m’
Volume Concentration 75%
Viscosity 0.0196 Pa.s

Temperature 21°C

35

o I
in ~ n

Wall shear stress {Pa]

a5

o 2 « & &0 100 120
Pseudoshear rate [1/5]

¢ Experimental Data — Newtonian fit

Figure 8 Rheogram Glycerine 75%
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GLYCERINE 75%

SLURRY PROPERTIES

Date 30/11/2004

Slurry Relative Density|1197.2 kg/m?

Volume Concentration 75%

Viscosity 0.0184 Pa.s

Temperature 21°C

Wall shear stress [Pa
o o
& =]

o
-

y=0018x
R?=0904 o

. a 10 20 30 49 50
Pseudoshear rate [1/s]
L ¢ Experimental Data —— Newtonian fit
Figure 9 Rheogram Glycerine 75%
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CMC 5%

SLURRY PROPERTIES
Date 22/10/2004

Slurry Relative Density |1029 kg/m’
Mass Concentration 5%

Fluid Consistency Index|0.304 Pa.s"
Flow Behaviour Index 0.723

30
25
0.2195x" 737
R =0.9993
. 20
3 .
=
2 s
3
E
10
5 -
Q- T ¥ T T T Y T v d
0 50 100 150 200 250 300 350 400 450 500
Nominal Shear Rate, 8V/D [1/s}
+ Exprimental Data o 42.12mm US
A 4212 mm DS —=Power Law Fit

Figure 10 Rheogram CMC 5%
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CMC 5%

SLURRY PROPERTIES
Date 26/10/2004

Slurry Relative Density {1026.5 kg/m®
Mass Concentration 5%
Fluid Consistency Index| 0.472 Pa.s"
Flow Behaviour Index 0.742

25
20 -
£ .
@ 151 y=0.3226x"7"
£ R =0.9937
3
= 101
=
5 -
0 g , : — —
0 50 100 150 200 250
® Experimental Data ¢ 4212 mm A 52.8 mm — Power Law fit 2

Figure 11 Rheogram CMC 5%
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CMC 5%

SLURRY PROPERTIES
Date 2/11/2004

Slurry Relative Density {1028.2 gg/m3
Mass Concentration 5%

Fluid Consistency Index; 1.095 Pa.s"
Flow Behaviour Index 0.798

7
6 4
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5
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b
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=
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¢ ExperimentalData {1 42.12mm A 52 8 mm =Power Law fit

Figure 12 Rheogram CMC 5%
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CMC 8%
SLURRY PROPERTIES
Date 12/11/2004
Slurry Relative Density | 1040 kg/m®
Mass Concentration 8%
Fluid Consistency Index | 5.908 Pa.s"
Flow Behaviour Index 0.6147
Fal
y =3.5524"51%
® R?=0.9976 %
—_ 50
£
£o
%
% 2
10
° (1] T 20 30 40 50 650 50 20 100
3V/D [15s)
& LExperimental data X 42,12 mm A 528 mm = Power Law Fit

Figure 13 Rheogram CMC 8%

Non-Newtonian Losses Through Diaphragm Valves

DM Kazad:i
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CMC 8%

SLURRY PROPERTIES

Date 08/11/2004

Slurry Relative Density |[1037.5 kg/m’

Mass Concentration

8%

Fluid Consistency Index

8.68 Pa.s"

Flow Behaviour Index

0.54

Wall shear Stress [Paj

y = 4.9524x%%%

R®=0.9984

o 540 10t

150

200

250

SV/D [1/s]

O Experimental Data X 4212 mm

A 528

—Power Law Fit

Figure 14 Rheogram CMC 8%

Non—Néwtonian Losses Through Diaphragm Valves
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CMC 8%
SLURRY PROPERTIES
Date 10/11/2004
Slurry Relative Density |1044 kg/m’
Mass Concentration 8%
Fluid Consistency Index |10.29 Pa.s"
Flow Behaviour Index 0.53
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Figure 15 Rheogram CMC 8%
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KAOLIN 10%

SLURRY PROPERTIES
Date 20/08/2004

Shurry Relative Density |1163.4kg/m’
Mass Concentration 10%

Yield stress 10 Pa

Fluid Consistency Index| 3.15 Pas”
Flow Behaviour Index 0.240

25 4

20 1

I35 1

Wall shear stress

10 4

0 100 200 300 400 500 600
Pseudoshear rate [8V/D]

o Experimental data —YPPFit X 4212 mm X 52.8 mm

Figure 16 Rheogram Kkaolin 10%
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KAOLIN 10%
SLURRY PROPERTIES
Date 11/08/2004
Slurry Relative Density |1172.4ke/m’
Mass Concentration 10%
Yield stress 10.7 Pa
Fluid Consistency Index| 2.2 Pas"
Flow Behaviour Index 0.32
30
25 4 és
— 20 -
=2
:‘E 15
% 10
5 -
0 - : . : - -
0 20 40 60 80 100 140 160
8V/D [Us]
A Experimental data —YPP Fit O 42.12 mm X 52.8mm
Figure 17 Rheogram kaolin 10%
Non-Newtonian Losses Through Diaphragm Valves DM Kazadi
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KAOLIN 13%

SLURRY PROPERTIES
Date 30/09/2004
Slurry Relative Density |1214 kg/m’
Mass Concentration 13 %
Yield stress 35 Pa
Fluid Consistency Index | 0.8 Pa.s"
Flow Behaviour Index 0.5

70—

50 1
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[
o

Wall shear Stress|Pa)

20 7

10 4

0- . —_ : - ‘ . -

0 50 100 150 200 250 300 350 400 450 500
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LO Experimental Data =—7Y PP model Fitting A& 42.12mm X 528 mm

Figure 18 Rheogram kaolin 13%
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KAOLIN 13%

SLURRY PROPERTIES
Date 07/10/2004
Slurry Relative Density |1210.2 kg/m’
Mass Concentration 13 %
Yield stress 35 Pa
Fluid Consistency Index| 0.55Pa.s"
Flow Behaviour Index 0.5
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r ¢ Experimental data —YPP Fit A 4212 mm X 52.8mm

Figure 19 Rheogram kaolin 13%
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APPENDIX 4
COMPARISON OF EXPERIMENTAL VALUES
OF THE FRICTION FACTOR TO THE
THEORETICAL VALUES FOR DIFFERENT
FLUIDS IN STRAIGHT PIPE (f - Re GRAPHS)
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- Figure 20 Comparison of experimental values of the friction factor with the
theoretical line for different fluids in straight pipe of Diameter 52.8 mm ID pipe
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X CMCs% A CMC 8% ¢  Kaohn 10% X Kaolin 13%

Figure 21 Comparison of experimental values of the friction factor with the
theoretical line for different fluids in straight pipe of Diameter 63.08 mm ID pipe
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Figure 22 Comparison of experimental values of the friction factor with the
theoretical line for different fluids in straight pipe of Diameter 80.43 mm ID pipe
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Figure 23 Comparison of experimental values of the friction factor with the
theoretical line for different fluids in straight pipe of Diameter 97.17 mm 1D pipe
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APPENDIX 5
Calculation of the apparent fluid consistency
index (K°) and the apparent flow behaviour index
(n’) for a yield pseudoplastic fluid
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It has been demonstrated that for the laminar flow of any given time independent fluid,

8V/D is some function of 1, only. This may be expressed as (Metzner & Reed, 1955):

v, = K’[——_) @)

To derive the relationship between K’ and n’ and the parameters characterising the

Herschel — Bulkley model (1, K and n). It must be proceeded as follows:

For a yield Pseudoplastic fluid:

2

32Q_8V:i(rﬂ_ry)“%,:(ru_ryy+2Ty(to"1:y)+ Ty } (2.42)

D’ D 1

D o 1+3n 1+2n  l+n
H-EQ

(2.42) In logarithmic form:

(‘CO-’Ey)Z+2Ty(T°—'Ty)+ "C: :l

Log(%J = Logdn — lLogK —3Logz, + l—irlLog(To ~Y )+ Log[
n n

1+3n 1+2n l+n

(1)

Differentiating (1) with respect to d (Logt, ):
d{LOg{ (To '—;ry)z + “?‘Ty (Io _Ty) 5 Ti }}
d(Log8V/D) _ —3d(Logr,)  1+ndLog(t,—T,) 1+3n 1+2n  I+n
d(Logt,) d(Logz,) n d(Logr,) ] d(Logz,)

(2)

By definition:
o = ALogt,) (2.26)

"~ d(Log8V/D)
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d(TQ_Ty) dl:(ro_ty)z +2Ty(ra_ry)+ Ti

1 3+(1+nj (t,—1,) 1+3n 1+2n I+n | 4

==- + T

n n de, ('co —-:y)z N ZTYE— tj+ ’ci dr,
o 1+3n 1+2n I+n

r

noT,-T, [(TQ_T,,)Z+2T,(TQ—T,,)+ ti }d‘co

q (tn—ry)2 vd 2t (t,—1,)
1 l+n = 143n 1+2n T
—=-3+ L+ 2

=]

1+3n 1+2n l+n

2t (1+ +2
l‘=h3+1+n L T, (1+n)t, +2nt, +n1,)

n n t,-1, (L+n)(1+2n)(t, —t,)° + 27, (1, — 1, )(1+0)(1+3n) + 5 (1+ 2n)(1 + 3n)
n = !
3+I+n T, 2t (1+n)z, +2nt, +1n1,)
n T,-T, (1+n)(1+2n)(rn—ty)2+2ry(ru —ry)(l+n)(1+3n)+r§(1+2n)(1+3n)
Knowing that (2.23):

> )
8v
)

8V/D is obtained from (2.42) thus:

K'= o : @)
4n (r . )HTE (ro—'ry)z 2ry(ro~—ry) T,
Kita ° 1+3n 1+2n l+n
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| APPENDIX 6
DIAPHRAGM VALVE LOSS COEFFICIENTS
DATA
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Table 3 HGL Test for water
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Table 4 HGL Test for water
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Table 5§ HGL Test for water

Yamal ditame 451 547 ans 1 oam 0se’ 298 4108 75 956
Vb plant i g
o i Pod] o3 Badd Poif Puif Fod 7 L Fai¥ Avetage Fow rate

L Pa P P P Fa Fa [N fa Pa [
Vil Trme Disphraga ) 197 986 ZTARAS) | NS | MNAIE | IaHes | IGBEA | LsTMeW | 1®KIs | lenan 1745
Fubre dimansionfmn] 3 2710 261 TN | RETIR | S 17433 784 16400 543 15419 453 1EH7 5% 13093 313 EELY
Yabre sosthex: Open 3 DHLI8 RS | LIGFR | M0 | JELIG | 60T | isSeiel | 1BEaw | 1ZnisE FEL]
Uipe apter (el 528 T4 344 LTHH | DOWIE | AT 17365 361 1647565 13T T 1BEEN 12743926 EEL]
Biaieai Trpe: Wew | 271,080 RInA? | NWIMT | XGIETE | MSSEG | LBEMS | WTSEE | EEsm | 1BW4k EE]
Dempryiig=' | w0 AU ST 2EEa | ANLWS | DTS 15526 381 WIMIE VOIS Ee | e | LAmIane 339
= 1301 frgs] gz | UMS4S | aumET | 16557 | LGNSR | isSsl [ US| ise T 334
: TEHA4T BT | 2emMT | AmTn 1650415 | 1606750 X5l | [ean | iSIIN 1346

nleLla A®s | ;oes4m | 1MesT | eantes | 1S0K6 | wram | et [ 1EARES 180

219039 261950 | TWIMI | Xy | memsse | 1GANS | 151y | ImisAM | IBGEL 317
299292 eS8 | WMISN P oaTm | sfE s | 1Se14d | Iana W7 | SASD | 1NGET 37K

) AJS AT | W30 | 19STEN | O 1aSmON | SSEES | jesy | 1%5STM | 1wsism 11%

- 21258 65§ ARSI | 299098 | 1S5M 156 | ledmles | Lseiiasl 8655 | 13mIm6 | 10855 111
AT A0155% | FNBIF | 196579 | I6IcADRs | lBiEEN g | 13 1268153 115

) 1067630 X4 | WME4R | O maey | emen® | UMM | @SS | ime | 10iar 1058

210E7.746 AN | TERAH | 15142066 | 1amad | L%12a% | WA | IS | ITEmE 1083

M481 06 ATk | 0WIss | 1masil | e | LeTiE? | WN0Im [ 13 | 1NEms 2540

AA9s BT HIHES | M4BT | 1809256 | 1Amay | I93ER | (SI0T | I8 | IMI5ET2 2540

#7805 07 | Zeomz | WS | aeear | 28s0 | isessil | eMlia | 1wmEm 331

AR AT ARG ISATSOEDS| MBALIET| M7 7MIl MEDSSWS]  IST MGH]  1BSSTIT| 7RSS 325

WG] HVIO6T] A IWRI| MITTH] 2emardl  MEN gis|  (msale] 19miizmi| I%adlsl 128

2395.5%63 | SSILEAEE]  ISWINMS|  MTLIEHT LSMITEN]  XRINNY  1IseT)  lssis]  1mimas 1148

e I T N T e 0 e e s T 1147

T 0is|  PEEMATTS)  BITSMAH]  Jaliama] ImASSEl|  NTEATOT]  IO3ssed] W45 179DIDE 1158

B0t 1560]  BETada] 06T aaeissasda] 20401 007R1]  MeM BT 15Tds I8N 18ES1 00T  I7S4SSIIM 1078

Hl7ANE) 2ms 6t T8I RTM| MaxesTisE| TS 8| ME9MNS|  19ISEINI  18aM 87 IS T

B A0G] SIS MT0TS| sasee| aIGAITH METessse|  immnany) RS S| 1217 IR

DN TSEIOAG  DERImS XONRI0M|  AmssTiee Ispe Tl 19 ovz]  LESTER 175538847 FEid]

B THS]  DMSITIT]  2865SNs4T IHMNR] 35w 198563457]  19M3TETIN LESISATIBA{ A0S 244id 2500

TS B3| T YMRSL|  ZARISINS:  ZMUTENT]  a0seBzieBAl  I9RSOONYIS| toTvBsEsdE  1ESeR M| 153 2499

TS5 JEXITTR|  ZNUTSAIT)  INSSS08T}  XDSidedal 1RSI NI SNTme 18300 1801951s12 i1

NGIMET| DA AT ATIAGIT]  \GOIRTY| TS TEGA| 2SM0TESIS  MeSTETE 31310 20

] TrrRassl  PWINN MNNIANl] 2Remsl| OSBBASHT| ZSIETRGAS]  MEISIST] 31015625 1569

Table 6 HGL Test for water

rad Gt 454 | A% 451 098 19 [ 18 158
] o Fike e ]

T Bl Pl i3 Boid Fl§ Pal$ Tod? i Podf | A Powm
T | n R n % B B h % % Wl
Tin e Tuphege PR | DA | WEOD | OGS | (URED | 6058 | lMmYE | WUSIT | WD 198
Ve bmerromfun} 3 CTTRT | aeeis | DS | sl | mosn | L | lSee | D60 | 1508 1%
[T ™ TR | I | U0SM | (988 | 6AEr | LBMAN | 1o0sd | w0AW | ITM R
Fige Do [} w | W | TAMEE | DNOM | MOwas | NG | DRE | IwmeSw | IRMD | lenae g
Ml Tpe W | | WXI9 | D | D89 | a0 | 2onzo | MBIGOA | 0wSs | 1R | A 138l
Deniplig' | m | T | D | DR | AMEIS | J5HE0 | MO0 | Amin | e | 182 7M1
x (] WA | B0 | Ui | WD | Dord | IR | mnrio) | sl | o 1

Non-Newtonian Losses Through Diaphragm Valves DM Kazadi



Appendix 47

Table 7 HGL Test for water
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Table 9 HGL Test for water
[Azial dstaerss 4413 | ams | a8l -l 0.1 390 s | A 9o |
[Fabn plame )
Podl Pod? Podd Foid Pod § Pb Pod? Pod§ Foid vz ow it
YUES Pe B P Pa Fa Pa Fa Fa Fa [Us]
b Type: Dizgleragm X061 | 7ien | 2498 | XOGAlRS | LAY | METIE) | MemA9 | IMILGR | I6U9IE 5505
[ ——— P BN | B | BIIIT | XA | 27035 | 601D | 41058 | 1R | 16i0Ea 5704
Vilve position: Open TWEST42 | WST0E | AT | BN | Zemss? | BT | wemied | s | 157389 5348
[y —— T4 T2 M8 | MM | TLTIEN | XGTH | 21503 | 29%61 | 24119 | AN | 23661 538
Material Trpe: Waler | 4205 | 3107043 | Tes45E2 | 675 | TNIOAE | D0NI96S | 26n7m8 | 28USI43 [ 27RTT a7
Dersity ke | 100 TUTTOE | 35656 | Me10S | 33497 | 2WNAE | AT | 260354 | EBLEL | %A &
2 Pas] 061 LLSAT | TR | IMESON | II0NIES | IS | RN | w83 | sy | isusm 1o
T amirmm | 3seu | ISR | 0150 | ZieET | 04T | MR | 0% | 2en 1106
i IUTSAS | TWes4TS | 1815406 | 3003 [ Eee3 [ 2enesiB | mmess | 0160 | I5som 127
NTR45L | ATSIN | maDi: | TMMOL | TNSTH0 ¢ EIZ49 | 1saTie 11T
B0 | =ew | mmr | s | aeersa | asstast [ asssie 5509
] BRI | BIBIAGE | 2% | WMEDE] | 20463 | 1HIZS | 15040 504
BN | Bensn | wWNes | 151257 | %3735 | 168 | 4T 5060
Table 10 HGL Test for water
- kol distaores 5050 1] =T T A I 1T A T i
T g 0 T
Foil Foi2 Poi3 Fodt Pod§ Fod§ Pod? Poi Pod hveraee Fowrate
i &, &, &2, ARy o8, &7, &, &,
S Ba |23 Pa Fa Ba 3] |3 Fa B ]
Vale Type: Digplragm [Tl 16651 | w8 | 243 | w7 | omiss | HETE | 138§ 1M SE
Vaboe el em] e L am 157 | A5 | mms | mess | osoen | losam | oLeesn | oslsd 543
Vabre pasibor Opex 0200 166250 | 253 | a3 | wems | 1082186 | nsoms | 14 | 1w 1887
Fipe Dismetar [rml: 7117 ) 000 Bl | mns | mrse | weess | vmsm | loosam | LMER § 15828 B
Materal Troee Water 0008 ton | B3 | sl | el | 1042963 | nimow | noexs i 1mams £049
Densityligin' iom 0060 MAE | o0 | 35an | e g W3 | i | LIRS | légesTs £l
2 [Fas) ] [Ty D120 | w59 | 438sEl | 1SS | 31T | 11Em | 1w | 2% T4
(] ONTE | O2SH | 41648 | NMeP | LW | 1s@as | sl | nnms 138
0000 1R | 28T | TEID | 09w | L8130 | 29w | 1406000 | IEMA 4%
] 16314 | TS | TMsm | 100737t | 11319 | LiTSIm [ 113 | 18LSES £436
) 00 17180 | 6780 | w8sls | taen | smMT | 1043216 | LieseF | ISB% ST
B oom 10200 | TR | Ba7m | e9gd | xS | osw | 1mmil | sam2 5813
800 1en | Al | ms | esms | gasm | o%ax | uonw [ 1mm g
4om lwm | e | 2eem | eme | 78w [ ssoiw | omes | nmum 575
0000 el § usT | xexms [ slemm | masm [ mests | oeesm | 1i7sw 4330
[ A% 1 L | Isa3a | 7 | 08006 | sssn | 7S [ 0457 4554
""" oo B0 85201 1M | % | osewr | somn | sesm | saaw 408
o 100 67545 51028 152564 | as2we | SigRM | suml | AR | MId4m 4152
0000 o | w#l | IBAT | mols | o4ase | amem | osmiss [ egams 169
- - .00 35 S1EES 169 LR EEERETEE ] 2T
ST 0000 E9 145 0477 mas | %69 | M 1 W | eum 278
Non-Newtonian Losses Through Diaphragm Valves DM Kazadi



Appendix 49
Table 11 HGL Test for Glycerine 100%
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Table 12 HGL Test for Glycerine 100%
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Table 13 HGL Test for Glycerine 100%

S374 382 2281 131 1257 3m2 3666 7566 9663
i
Podl Pad 2 Pod 3 Ped 4 Ped S Foik Fod 7 Pod 8 Fod & Average Flow nte
Temparaboe &8, AR, AP, AP, a2, AP, AP, [ AP,
L1 LA ) [N ) Pa Fa Fa Pu Fa Fu i
ViimTrpe | 2000 AA5E1 | 63068 | Tos4 TS | WSTAAT0 | [oTU6M6 1 16Ta6 4 | (BBA5 050 | diegs 0254
Fabre dimemsinalren]. 4000 s | s TOI1866 | IMTS2 | pjede QM8 | 16113467 | 12565668 | Ji0E9 SIS 0%
Falve position: 100 DRy | 75491 | 7298445 | iCSTIT06 | L;137i | 16STI0S0 | IFMAD6A | 1585 T 0302
Pipe Diameler [mr): [l 483777 | SuaTT | THUITS | 10743 | 156005 | 1667ia%0 | 96085 | Jseany 0297
Mareral Type: a0m BTy | §1iBs0l | 84486 | 12408567 | l97siad | 129396 | 203RL | 548t 0344
Desity(ugt’ | 0.008 429163 | 6503933 | SMTAGS | 13360 | L4GMISQ | 157948] | 206105 | TAs6 4 0353
#fas] aom 3140637 &80 737 BRANAT) | 1053556 | 1578062 | 201086 | 350051 | MEFI4ela 0360
D.0m 0457 | ATIAS] | BREETI | 1ANTH | (SASTR | 72971 | ZWISIM | 18185) 0363
[ JIBSIE | TH2663 | WZZTR | 13T | L&7e1432 | 2166176 | M9TEEN | 6.1 0382
0.0 275004 | O3S | 9358 | 1380IPE | (aeI057 | J1S87EN | 26876303 | wEzebAsl D381
T om SA126L § JITL8ET | 926006 | 13663872 | I&4626i3 | 214943 | 00WAST | woxml o778
0.0 5315455 ! TGN | eS6 TS0 [ 150185 | 16479900 | ZITEAL | 24434166 | IT984.146 037
0.00 s | MO | wETET? | 135l | imes a7 | 2iB17I2 ) A6s | fissan? FEEE]
0.000 SFL31E | 1594 | wim st | 1amList | (72642 | 0SS | 257066 | walEs 0%7
K 300 MTIEL | WI0E | WAOASS | 14305 | (TALIT | DOTIESR | 2510592 | SALAM G
i 0.0 BN | YA | (0170 | LEMAl | |TEeaR | DIETT | MBI EE | 3R0s sl 0410
0.00 G413 | TS | 10624478 | 147AI0 | 1omDIBLL | Z05TEL | 2ekse M | FRI T3 0407
N 0.0m 075 | Bwdel | imu Mt [l | a7 7el | 2SS6TM | 35Wia) | ImA0E 0441
oo BN | BT | 16847135 | 1A0R313 [ 194aS072 | 24512695 | 2e6a04m | 125MAN 0440
0.0m S0z | #5559 ) (L1245 | L6307 | |TW7I688 | 2560548 | Besedl | TN D451
0.0 S6MAT: | ST | 11076767 | 15X445 | 195314289 | 2543SBNT | ZIASH | YIS1453 0447
0 EX0I | RMIAET | L1SWED | 17 AMGES 4 | 26659566 | ATINALE | WS576B0 0447
0.0 6318081 | BAW48E | Li475917 | 17044458 | 05eded | 26556686 | 0747430 | 4861584 0.468
oo o8N | ST | LITeA91 | 1Bl | Zioeds | ZMLLADA | IHO065 | Jessledl [ETE]
[EL] #6445 | g754355 | 10657525 | 13805719 | VTN | X324 27 | Tm6004 | masid6l 0915
o b [T F6M515 | 10275710 | 17892415 | \97G986 | Z37o4082 | MESITM | IMASS | ASESS 0342
00 TR43508 | 107794 | 1706051 | 19808213 | Dpse428 | MENBag | 3HHTR | 4mIzes 05%
5T TSI | IOVSERL | LITTLTST | X4eiedl | 24665258 | JIT6SEL | JEEMEIT | 81456883 055
0.0 BLATSIL | IDABSTH4 | iF71S686 | M0AW9S4 | Je01RT2 | Ii6AA7I | 3632373 | 4159668 0353
200 BT | UATE | 1497634 | 2163550 | 275047 | TTA6M | EAMEET | 4MEe 0392
[Tir] BSM4004 | [1I9698 | 4610545 | ZI6MAW | 25185795 | THOLIST | IMEO0S | 4A20248d 0391
; [T FAm | 10790 | LEIDEAM | Z40SE7F7 | B05697 | JUSIOST | 43I0 | 018N Gésa
) G5 e85 ET | 12034740 | £5355T) | 24087137 | 942285 | J7489254 | ALTAAT | 497656 0658
o 1] SB4TI97 | 138LA1S | US5A66 | 2546456 | Xnvanl | BSN3M | 45Ol | SIITITE [
0000 SE37I37 | LBSZeM | \OTTE | JSTHIT | MMASE | BAAS004 | 4SSRTRI | Sieldces 0679
000 10390.777 | 14138246 | 1E0SO5LS | Z7ME301 | 31BHAS2 | 42793280 | 4SFNOT4 [ s&mL s 374
) 0000 GRS | 1346046 | 17661 564 | 27467699 | 149535 | 42041290 | 45719891 | S5e5080 0713
) [T UL [ 1556385 | IBG7TTB0G | 20T6865 | 3850016 | 46443989 | 5M36391 | &nam 0807
0.000 112678 | 179438 | 19917001 | 26545 | 35865066 | 458BH.516 | SM2721l | AMB0TH 0806
] I3 [ isrem | oIS | INWSM | BS6L2T | SIS4TTA | SIS0 | ATRA6] (7]
[ IS5 | 1SIITIF | LO3LBMD | TNIANG0 | w9TAaEa | 51804 | HOISM | EOMITS 0892
700 13645513 | Uoer a4l | ZMe5523 | SSU4TIS | 42060 | WES1DD | 63195805 § 7167658 034y
- o.00 373530 | 190 | 242062 | 3508097 | 420664 § S424TT | 6B1e 105 | Namm 0348
900 V4166266 | 18771703 | 24297358 | 366719 | saléM2 | STOSISB4 | 6STHOAE | 7AS7IS2 0550
0 \INEIT | BHLER | MUTLP9E | J6NESIE | 43801438 | S4290LE | 6XO9BM | 41463 0581
0.0m 1443871 | 19T 945 | 2430870 | 3840215 | 421935 | SN | &Taised | 78051414 1280
0.000 ST | I9ESTAT | ISWUTS] | WIMM2 | 661891 | BaNTII | @A | Tesll =)
000 HESHE | 13T | 293057 | 3RS0 | asasamy | 0495 | 5ranals | vermmg 1015
[y ISBASTHM | 151MA.69% | 2¢543ES) | 37558 | 43SSEOR | BASSARY | 67614 1M | Iseaasld 1010
000 48584 | AATTOM4 | MBI | 0ASLED | TREE? | 63H23W | TEMZS | GSTISR 1050
0.00 |10 | 20619.781 | ae7aa4el | 40775293 | 4mser|3 | £3120516 | 7275203 | aR14W) | 028
0.00 ISP | JBTTI9 | 2055524 | A3LMAZE | Siie M43 | GeAT2ESE | TASSAR | ErLWL 1153
0.0 LS6574C6 | 20744 643 | ZE0S4.FBS | ADGI2549 | SI6B2ADZ | GAAGRRAT | 76367484 | R694.258 LI4T
[ 16284438 | Ti7557 | 2521085 | MSTISH | Sii79 | 69978516 | 7SS4l | SIMSAL 1150
0.0 162584 | GATLTT | ITAAS | a5l | Seevoee | B3Il | AN | EEwSes 1186
0.000 15846540 | LIASIS | 86007 | MIGED | sn0zn3 | EBSITS02 | TSOT04 | eaTil? 11m
0008 16STISTT | DRl | WOW.I6E | 44714815 | US040 | BEMIIE | M1 | eviem 1178
000 16RI6 40 | Toh61168 | XMBRTT | ASSISETE | Sa6Avead | T06i3422 | 81310288 | §197053 1206
0.0 [T 5E4 | DS AA | D643 | ASUBTES | SatERe38 | TURGATI | S | 7ML 123
008 \TISA5E0 | D196 | FOSIIER | 46S0ET! | SenidZd | judinw | sumeam | sue.rrs 1236
9000 VTS (17 | TeegE | XGASFSE | 4AEMMT | 5601009 | TIFISHL | BIBEANN | 30953TS 1%
aqa ITINETS | 2366918 | TEEAQR] | AMAIAN | S&18.797 | A3 | MIDIE | IWIGIE 125
0.00 VTBA0I0 | 2267 | WRSISEh | 4TmesE | SS1AR | TREAIT | BeM2M | 9%:BIA 1257
0000 IMGSEG | JHBS143 | J197717 | 4ede | SHGARARD | MSEIIEN | 8901 | Jiussm 1276
- 0.00 TP AIe | #135332 | T41L561 | 48175314 | STEL 719 | MEASH | BWMIM | S6EIS.S8 1774
.00 16120 316 | M54l | 12384072 | SOISTOP | AIZ47S] | TTS07C70 | B9L4IA | 101052336 1319
5.00 18455528 | 25108443 | 258900 | SQITIALT | S0m4 865 | TMSERE | BO0A1IA | 1937547 1323
) .00 WIALEH | BMIAOIS | 644611 | SEEIIE8 | 67as4.398_| THR6R | 0/ J5 | 113578531 1426
20m DS IeE | BITE | WesddT] | S6T59E | SUW0R98 | BATSTHA | 9479 | 11313470 1484
900 TANLI86 | mM W | WT0T | 6Z953B | Tee865 | D0 | LSRR AT | 1MaTRADS 1625
L] D766 | LTH361 | Huisl | G913 | MIF2000 | 55194655 | 10501 &R [ 12079018 1628
1000 TNE | JAMGA | AMB01Z | S49SLI0 | TAITAIZ | 9605 | 134600 26t | 129871 155 |.683
[ TRTS AL | THIIAYN | $4M 20| 6N | Tas il | W09 | L4M0ITE | 1568 162
&0a TXiMaz | IS4 | 0659 | GSUEAEL | TEMID | SRS | 1HTHILL | LSeRTH i 636
000 TNMCHIE | 12071 192 | MSI0SE2 | S4IH0 | 7ieM2r) | 5965675 | 143423 | 12574s 668 1 672
.00 JOEIRY | S9ase | BOMUE | SN0 | FIeSSH | FUMSeed | [OSSSLON | 113005773 [

Non-Newtonian Losses Through Diaphragm Valves DM Kazadi




Appendix 52

Table 14 HGL Test for Glycerine 100%
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Table 15 HGL Test for Glycerine 100%
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Table 16 HGL Test for Glycerine 75%
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Table 17 HGL Test for Glycerine 75%
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Table 18 HGL Test for Glycerine 75%
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Table 19 HGL Test for Glycerine 75%

) kral e 441 430 24 13 | o e bl 14! 93%
P 2w 0

Temewe T Rt Poil Fad} Potd Pk Fod§ Pl ] Foid Fodd s Fow e
iy P2 R [ [ Iy [ [ P Fa ]
i T Dagrgn | | Hmemms qE | s | ma ¥R L Tl 17914 U L BlAIY ]
Viire fnemcirntrer] [ ) BT | dl3d | w | BOMIM | miidls | TR | OIS | X027 { B0 T4
Taime gt D EE | ¥WI9 | B | TSI | 1ol | WSRIN | TERM] | BGANZ | By [
Bie Dieter s} a4 - QT | BTAM | BIAD | TewM i DI | Tl | DmM) | BAE | @M 540
ol Tree G ™) ) WY ) WA ) W | BMID | AL ] NELM | peE | WO | e 519
Dessitvliga | 11928 o B | FeR | TS | WL | TSRS | GIREW | TSR | BMISS | W% ]
#T] || Bem ) wEmT [ RO | RS | mEamy | OO0 | Bes | me0ln | #msd 1]
) : DPUB ;P OMUTE | WS | TR | Gbeas | oxemwm | R | w0 | Bl 1%
BIEL | SO0 | MOSER | TR | DMES | N1 | EWAS | WAl | ZeEN 3%
RS | meld | WIS | NS0 | X% | NI | B4 | BUMAS | RIAMM 1343
) WY | AR ) IR [ NNIW | WNar | BN | Bl | B0 | BISS 1%
Frak] R | e | nm | Ewes | k4w AR | B RN 3410
TS | oAl [ W | WS | I | Bedss | moss | meed | B0 250

Table 20 HGL Test for Glycerine 75%
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Table 21 HGL Test for CMC 5%
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RNIL&Ta | TIB0T.044 | 6952448 | GTiS4 RG | ASITASA5 | 4LSALTN | 4262560 | w47 | 29798270 2699
TII2a5 | TATIE | 659330 | 67206616 | AS906] | 410770 § W210.T0 | XE8L248 | ILSA 157
EXIZS04 | FAGTT | T3 | GEl0602 | 4514058 | 408184 | MSISAN | 595230l | 854S 2800
BIFISERE | TSONI7YT | TAIOO3L | 694335a5 | 4357992 | A0S | ASSISN | O (41 | 206 T2 1201
B4416557 | BU2447 | MIWESE | TITTIONE | 45536340 | 425073 | 4798082 | Wam4Rs 3 29551701 2392
B4IS 53 | B474220 | Te219477 | 71546437 | 4683815 | 4240564 | WI9256) | WIEITHE | 199e053 2891
WIN7321S | ERZTI7M | TAGBIE | MI27dZ1 | 47336560 | 43143430 | 15095625 | XOEI025 | 2936800 300
A160055 | EI9ESiE | TRNTSS | 791015 | 47163535 | 42851753 | MalSOSS | X0asesl | IS S 3590
SETOSEE | SN2 | TROM TR | 1517434 | 47641 TH | AW2TE | Vzas2ll | 303Wis | 209030 A
SATNGE | SAZIES4T | TMIRTE TASG) S | 474161T7 | ATLOSS45 | J5ap4Bl6 | 0IIE4d | 25508209 3693
) F1557055 | 81251016 | B0EM 754 | THZIAI3 | eS| 2B | 3551900 | NZAGE | 1%5 %8 EF]
PR8I | 37063484 | BO24T5BA | 7470014 | 43245844 | 43415086 | 13549771 | 09N 627 | 25B16.057 3201
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Table 22 HGL Test for CMC 5%

e | aE | | am | ooen U im | ams ) sos | wm | e

| Badl Bodd Pudd Podj Pod § Ped7 Podd Pod® Aveiy Few s
L0 |3 Ba Ba Py [N R Pa R Ba ]
Valve Twpe: Diagphragrm MOLIT | BFLLT | B9 | RISITM | 05475 | 4IBSH | %8R | NS | I9EIS 2824
Falre Eremiefe] [ SOSlE ; NIMT | KM | e TH | SIS0 | 4T | TOAAE | QIR | ZEREl 283
Valre posthon Open ) 100674727 | 953537 | Bpe9sle | Balslale | smaans | 4Ty | mowoaed ) aaesTM | 2S0SY 3058
Pipe Diapuster [mn]: 4212 | lO0A A | 93STAERD | STTRIT | BMME TS | SSBME ) AMETR | TSR | NETE | BIAM 0%
Matarial Type: CNC 3% [OSH1438 | 998X | g0 9 | #7536 0% | smansd | 487348 | B 1® | mises | e 3n 3178
Dumty-'_ldm‘]: 102¢ _1I]¢'J‘36359 BINIT | 99RA | BN | SR | 4500 | HI0ESS | Tessn | BT 3257
Ty aom (3505266 | 128044813 | LIS201TH ¢ LIS4EZ0L | SB[ 4026713 | el1%13 | wmsios | 2em8% 43
K ke 1) _— IXIGes | 120097 | UBST | NBEI0 | w3n | T | «m0T | BITIRS | 3788 4237
i 07 : i ] .

Table 23 HGI. Test for CMC 5%

7 e T TS | T )
[P sce 0 :

Pedl | P2 | Pod | Rt | PedS | Polf | Pedd | Bdd | PBol§ | AweipFowmh
Y120 1 13 Bk By h I} B ;1 B [}
Vi T Dghras | e | 4sRA9: | a6 | o0eS | Tseom | 300 | Im0ss | weTA | Zenall 16
Vilve bmezcionlm} [ WL | %7 | e | s | BTy | TSR | N | BIOE | H00W m
Vabe gt Tpm  mess | S | T | ouIS0 | JSL0A | BB16D | TN | BAN | BEHAS B
e Dirster e} 28 SN | CMeS ST | 4B | 4DTOE | A | BT | MM | B | TN 29
Witerd Type: CHC SWALT | NOBSY | (71N | GM0TD | IS | ¥R | JGMEN | mum: | SR 14
Densipli’ | 10 SRURIE | WEIE | GSIL0TT | AMTLIH | D0V | BIOAE | TG | DIAT | KA 1
Y 120 ST | AR | Szmem | oesmom | oz | omEus | T | mem | msums 1811
K 044 WHI% | 6BIen | 6o | STRem | i | s | Biem | 1sL | mms) 54
I 051 MW | S0%L0 | 6l | sEmm | el | soman | wmm | s | smes 56

| e [ emesn | eelos [ slSet) | s | 4R | R0 | 1007 { LB 5

- UYL | STRLIT | MBI | GUSLIE) | MSIT | G | WISAM | T | wne 578
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Table 24 HGL Test for CMC 5%

’ e % distances £ 358 am | am 1291 302 ] sees 7566 9669
: Valve plase a
Fod | od 2 Fad 3 Dod 4 Pod § Fadg [ Fodd Pad3 rerage Fiow rate
A, AP, AP, 2E, A7, 47, ap, AP, ap,

Hnuaed Pa Pa Fa Fa Fa Fa Fa Pa Pa [
Vabve Type: Biaplragm L7ELY) | IMCSAT0 | 23T IE | 297R05CT | 35166516 | 05279 | @ sll | eG4 24577 107 [I5]
Fabve e = LIE9T | 29B02W | 2356100 | IRTISS] | 75153606 | EOAAE | MDA IH | M5 TG 1 AL A [Fr]
Vabreposion: ] Cpee | 2By | 25609563 | 29540R85 | 25468354 [ 75302972 | 255913 | 499943 | eH3 762 | ae7al Dt 0536
Fipe Diamater {mm]: 24 L. | EBSlES7 | 2SEMIGI0 | 2T TSH | TWARAEE | 250664 | 25655 | 20005 338 | 4ETEZBL | GATII6A 003
Materiad Trpe: CHC %, 0888 | MEHFT) | 2747598 | 247D | 25467506 | ZiI05 79 | Z50R9 625 | MGH A | #IO00 0451
Demciyfrghe'): 155 | 215250 | 2EEIHS | ey iet | WIS | THII4 | JIMTH | Wl | Fedm | W LT fibix]
Ty ] | comem | e | 29s99 | 25Te393 | assTaorm | asmom | wimam | demsam | aewsess 0064
W 0442 HIMIG | 2TIT | Vewrwcy | 2L | 25%T453 | IMmB7ez | HieS w7 | deomuw | Mmese ()]
n 047 264B94B8 | 2EIE4109 | 2641689 | 2N %6Y | 256345 | 2TWLpA | w006 | 2memes | aaln 0.681
: 62250 | M1WIT) | 2015064 | IGLEMN | 254852 | JASITE | 25AMS00 | 203N | 4A124W 0631

TR0 | ETITIS | 24OPR260 | MMIONDM | JWTOTZ | 61456 | I5HACT | 1306593 F METI 1 0im

EHEAATT | MIDS0M | METAM | JAIEISIA | oaos MY | JHIIME | 250 TW | J6799 | J4BTIAM D.i0e

: MNP | NAdeE | 2008 | 0699 | misa3s | TR | 156016 | 2518065 | MBETEET 5131
20510 | 26T | 25080 | aeMed2d | 20D 09 | 7505 | @SN IW | 251006 | 1467 250 EEET]

M | I0EA0E | 4F2684 | 26512193 | 2eceeSoM | 29718 | 1534 | 206646 | MeST0N0 0156

- WEETTY | TEIET | H@s3Ten | 25606840 1 26240507 | IS790m | asas Tl | Ini)idee | aese s 0168
BETIEM | B4 4) | TRETNT | TIIW 667 | IWIEL | wEImT | D6EH | 1vHaMT | Meesi1Tl 0285

2821951 | W1es127 | 2menag | Tsetedd | 26980577 | 65600033 | g5 IS | 15503 | MsEIZET [

Z4EPS | BOBES | oM 3N | IO | pausy | MEids | ks | SIS | 2 ns [ET]

BRI | 2WERSHE | EMNIY | GOMAN | JTN2S4L | Hedi 0 | AKSI6E | 154sXO | 2017048 147

HINTH | FossT. | mueasd | THOITH | IO | MT6EM | 1%sreE | 066471 B.ad!

WO | XS81735 | HWBTA | 720 | IIA I | HIA e | ImEnL | seeNTT Bz

25511Y | BHIDIN ] XYY | Jms0s0 | P57 | mulam | 2sw06ss7 | 25106430 5521

TATTOE | WiMA0 | HU0IOA) | I8iEI4E0 | ITTAIAR | 6515054 | 2611053 | 2910681 0322

ATTIOR | NIH IR | ZASIS | gmeenmys | TSI | #7535 | rmssald | BISIAS 0431

AVEEED | WASIT | Bes3E | meied] | TONOE | wom e | RedT | BISae7 5]

676541 | INiN488 | IORASR | 2970552 | BT | TOKTH | P4 IE4 | 2200816 0764

6615 | N0565A | AMMAGR | MOWAI | BI3ME | 165554 | MIMOT | iR 0.766

M6 | NS | AW6729 | 57MI4 | BRLLGEY | ZNLIF4 | 26279406 | ISMEMG 087

TIB2T | NTE0E | UGG | winam | W8l | T0el | Xl | Boeis [l

TEEN | NgTIee | IIMTH | wmEIaM | Beisé | T¥AZA | ¥I0TA | 2251T [EH

N6 56 | Ngsiess | F14BIEE | HEULSS | 4T | IPEs T | Ml | LoSslme aslo

T41217 | BemAm | NewamE | el e | SAING | 00 | acmrers | 22ne 0583

THe | Tl sm | 39533 | WS | F1e952 1 Zime Tl | 2amei | 15203606 0553

TR | W9734s2 | 397a7l | 516789 | D003 | ZrnesEl | 50l ] adn 1 686

TARSE | TS | MBI | DIOEM | 24610 | FTALESS | MeTI5 | 253081 [

FECEe] 19351 | TSedSe7 | WSelids | HTHO5IE | 27908006 | 26631 727 | aSIRAAL 1131

WSS | TR0R | TETLIM | qmizin | H70ame | (N6 %5 | BA6TIS | DSa4 965 1173

34941270 | MOHS14S | SHPATRS | 31RG0SS | MN09955 | 28121 A3 | 26757400 | I5EASES 128

AT | MHIGH | THPSER | J1gSAIS | WGTisd | moea il | ariigri | AT S [EH

373840 | WM SEI | 157848 | 31573910 | Fawasy) | 2236330 | MAwTis | 2sussles 1363

466715 | WS 1R | TUISINT | IKITH | JO554 | BRIGE | MM IE | HOSE 138

WEA ] | I9Trvm | JAHGM | SIS | TEIIAS | meIEN | 20WEM | I4AS18 1473

W0s655 | JNAG0EE | WOT25I | JI0W0S | TMEIR5 | BM6E ] | doHaOBe | IW36.760 1473

HESI 094 | 35671326 | WABLSM | 3018373 | AKAA0TL | 9607916 | MG | Twas 1M 1572

EETI TS | BT IH | MNE0D | RIS | TSRS | BEW40 | ImAIHZ | IMTEIT 1572
T4 | I | I0A51T | IOALG | JIH7ed | ZEITSE_| IVSIEF | ZASiTet 1 €87

TTIIAG | W | JWIPEND | :ARLT | 9iX44z | mAR0n | Tnmes | sl 1 688

TTEAE | 700 | 39461590 | 3%7sT | 12600 | mvreed | Famwom | assasanl 1763

ITEIAE] | MR | IWOSZES | IMTSONE | NNBNT | WyIisA | Ta7ia0l b assmsed 1T

T | HTHT0 | BTLHE | JINES | JETIET | D645 | TRELER | 255.la i 863

HOE5285 | Mosael | I6ES0Z | 9IS | NEITERE | HMITH | TRTRIEL | 23524l 1843
WALE T | JITTREE] | W06 | TIISE0 | JLGETIEZ | ML | IR6ATE | s 1953

AT Tg | Wrlse | TATIGAS | MOEsE | TINIE4Y | HHOSM | S | ESIH | 1SHLGW 156]

A5 | 056307 | Ir9seas2 | 6522516 | TRoU00R | IAITPAST | 52416 | 2e0S | 25564135 2

H5341E | HlAsME | T950T | WSULITR | 16473 | Te0rwd | swlad | P4ssee | 1157010 2021

- ALSHEAED § 4IZNLOSS | WS IR0 | WMWY | ol | TRNLeN | SMEN | 26 Foawsaant 2345

: ASSI3711 | MIA7AI6 | ADGSEAD | A6l 564 | 9079180 | A0 | 2WEAN | TT5II% [ 1%813M 2349

i ATGHBEGS | #ATIAUS | 4370258 | IS SF | 36518010 | MZSB7HY | MeA 3L | 236 | 15803644 241
ATITE | WIEIAST | 4275918 | M5 215 | 36540 | W50 | AEAIE) | Z5EME | asdsaa 287

T 45452015 | 45al7840 | AADBGADD | 4212408 [ T7204908 | W20 | JIGI3EZ2 | ZWT3615 | 2585153 3047

- B 96356 | 45704770 | MDAGE0S | 42095402 | J7215480 | MEWRTES | 3105760 | BM05W | I1BMHS | 3066
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Table 25 HGL Test for CMC 5%

B dirtemrw 9735 3855 2588 57 ogEr | is 8427 3472 1nem
Valve plam ]
Iadi i 2 Ped Pod 4 Pod § Pods Bed 7 Sod B Podd Aveng Fiownate
£ Pa Pa Pa Pu P £ Pa Ps 2]
NireType | Dupbmen | 52811 | BIW2G7 | XINTEM | 5371268 | aSH 64 | ZTTIZ2 54T | 26652645 | I95T6R9 | 2502549 1310
Vive Ementme{zm]. &5 BlGps | 3630 | Twao0g | T4WIT | o09eels | Paedaz | DS | duwiee | 2498 1668
Vilre govimpn Opn P THTI0AT | IMEISEl | OIS | SINEDS | FoTM34) | A 705 | DTS | 2emisges | M ml [ELd
PByeDucwterfmm] | 6308 MBI | T3 SE | NigTEIl | X504 | R0 | 200 | IS8 | 2637345 | anSesm 171
Muzmal Tyge: CHIC 3 MITSIA | REIND | TN | NG | ooaRse0 | IIIIT | M3 | M25% | dd3ign 5]
Demsityfgen’ | mss |} PN | TATIN | g7 60 | Ned40B | WS | SESTE | TENIR | M5 | IWALAM 2110
5 .01 153457 | BSI30 | I | xeman | mewem | w04z | mmsen | xmiee | 2emses 224
K nerz | 36TIRTST | MESEES | 3013353 | Toendms | IS0 | F0A0437 | e | e st | asssam 1602
n il TIEI5T62 | STERTY | WMISI7I | WISTS | NIs4189 | ealasT | 2samrx9 | 27n4sss | 2578087 2842
JEINB0S | MO | 35T wE | BT | AEWED | AP MF | BA4TR | i3l ie | mausn 1014
WHIIF | HOGAT | INSPEY | BHIIS | 3TN | Wm0 T | Seside | Zamesd | 2Alasa 102 1
IRT46TI | I2BISH | ISTIIFIE | MISSFIE | IZ29516 | S0lei51 | mraessd | 2a13sa2 | 2s8s1o4l 315
WIETH | El4las | VEES | MOS0 | Tl | R sl | arad)l | Hasis | e 11
INOVE | 148 [ MITOT | MIBZI | Jpar X0 | NINIGT { (M7 | IamIer | IENEE i3
WV | WEDRT | 3155480 | WITHILG | 16 g | LML | BTMNT | TSI | 125318 FETE]
MOS8 | ITER Y | IMNTH | 34613 | Tome s | ANlwl | DI U0 | LS00 [ 1EEaie 3546
#OT6156 | 19823164 | I0S0Z8S | 195i7.BE3 | TILSEOE | SINSIee | DM | Di6Rier | H00IR 354
MM | WOESos | IS5 | sndeds] | Jwild | WER.GTe | meAs | IIAld | s 3l 3740
AEM1247 | SETPEIT | TREO0T | MIDL908 | 7S 5H | SI9TIABA | PMLTST | TIT6S.1ER | ARAA] 3750
HIFISER] | WITRIGE | WIWIE | MAFIOM_| WOSUST | TLSGA0S | H6SELS | ImMI4IZ | 26154148 FER)
10425 | 26T | XSSO | IE25AN | JGTEHE | TUI2Mg | KAWL | IBIICK | MAICHEE 35T
AXA2TZT | AQIASEET | I9TIST | IMES I | MEmSEl | 185595 | BmAa0 | s e | 13438 4135
42950357 | MHMAE | BITAA | TASEE | MelIag: | JaM6A1l | DRI | DNSSaes | sl 2Tt [
#108719 | 4I15B66% | 40163565 | MIBRAST | MIm013s | INGE5) | WSO TH | Hgmiass | EINSE 4352
M0I8T | 407eIR | 40602885 | BIY0HZ | I5IP0 | TEMEL | WiAI6S | WAMiEA | 2120 [E0
44759 | £(654440 | MORMEIT2 | WRTAESE | 335LTIT2 § JMMTIM | JDNLAE | IO9TE | MNBYD (5%
A4T334TT | SISHTE | MIGISIZ | WIIRITE | 36212 | JNISIFIS | WMISST | Bl | 3WAT 454l
44875377 | amea T | Uil | W0selse | TSERTR | TMA1 9G] | WATSEST | a2z | 2479978 4506
4516247 | 47063438 | AL0WOM | IW55422 | IR | IWI3WE | WB6RE | BADTE | M40 600 $613
177 | 73T | AoG6e | BEMOZT | dekaas: | TERMI | W0IS9 | DHElI0E | 6469 2% +458
AGI71375 | 4I/5EA36 | ATTIOI6 | FUSEM | 600 | I5R0NE | WELIE | AL | 1sisi 14l 3802
AEESI651 | ALIT] | 42351543 | AOI0SHTT | e 115 | 015040 { Wsasl | ADIS40 | S5E15H e ]
ABEALE0T | 4326500 | 42X6a9 | SOLTLI7d | 36613883 | 3H2DE | WeSA TN | Zwidls | ZSEldie 3035
A7S63281 | 43567008 | 42314560 | SO196.387 | TANTT | 212953 | 91141 | BRTINA | 6621844 53 ]
47428355 | e3572045 | 42554457 | 4865005 | GRS | BH2.E5 | AT | zEzr | wemel 5246
+8126633 4705189 43553 363 4131203 1532 678 FKIF T 31180728 20054851 26753.135 SALS
<EMEES | M6I8.7I5 | 43576637 | 412838 | TeA371 | MTOwS | S05504 | 976317 | 16689541 SAZ
SSIHEIT | 40535 | MBI N0 | (MES | Jenml | weedaw | 3o0we | DSl | #msh $5iE
APEEI8 | 45448392 | 4199047 | 42004837 { I7RSI847 | M9064E4 | I4BABI0 | RLOL0IS | TTALL S.607
4T | 46062574 | WATIS426 | 42611979 | 3BiZEIT6 | IWISAS | SISSIN | DRI | mIR SBOY
) A96TLBA0 | 459751T2 | W4GE1Js6 | 428227 | IENTG38 | 315142707 | 3186258 | mampod | esorail 5798
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Table 26 HGL Test for CMC 5%

Axidl distand 5413 -4 508 -1610 -1.209 a7 3.507 3877 9461 3956
Valve pline 4
Pod ! Pod 2 Pod3 Podd Pod § Pod & Pod 7 Fod 8 Pod% | Averae Flow rate
— e, 4, ar, ar, APy AR, an, 4Py ar,
N2 Pa Pa Pa Pa Pa Pa Pa Pa Pa [Is]
E?ilv: Type: Duaph L Q.000 20576 | R3IJ2R | 741644 | 1134375 | IHAST0 | 1F130M | 2295481 | 2921 21 0354
Valvr dirmnsion/mm]: 80 . | oo0c 200252 | 374021 | 708487 | 1l0ESsl | 1543748 | 1899.73 | 2189153 | 2382.088 0844
éVﬂn nersition Jpen - 0.000 188313 | 351214 ; 68376 | IDAESRG | 470111 | 1764034 | 212087 | 51915 0.752
‘Bipe Diamster {avn}: 80.43 a.000 194937 | 330583 1 &74793 | 1040676 | 1503520 | 1805434 | D978 | 2285.143 0.769
Material Type: CHMCS% [ 0.0 174703 ) 312362 | 621418 | 918824 | 1303283 | 1564121 | 1860006 | 2028 214 0680
Demity[kgfm’ T g3 | 4.000 172258 | 311387 | 614596 | #2177l | 1315270 | 1$77.1%6 | 1880051 | 2053 345 0.585
1, 6.000 0000 155.172 IT143 | 5955 | E23QIL | BISIOLS | 1431425 | 1634611 | 1841401 004
K logy [ | 0bm 178301 | 3m976 | 5313941 866417 | 1211020 | 1447390 | 1895554 | 1830 0.554
= 0738 o 1.000 151048 | 267302 | 511618 TIRS33 | 1044.587 | 1276399 | 1511427 | 1560033 0.502
: 0003 152213 | 2N994 | 512334 | 762513 | 1065872 | 1272719 | 1513934 | 1855210 0.500
1,000 130875 223847 | 434887 | EYI768 | SILOSE | 1100849 [ 1785684 | 142643 0.421
0.000 135694 | 225078 | 425233 829429 | 904475 | 1057595 | 1258648 | 143740 0430
a0m 111 631 185738 | 367984 529640 | 7303 829 509 | 1073243 [ 11R0.642 0.335
0.0m 112.685 189276 | 3s4218 SZTE64 | 1S6ET2 o963 | 1058851 | 116518624 0326
0.0 83.894 162800 | 3164313 459039 | 533914 | Tr23N0 | 921528 | 99203 0234
0.00 9185 161433 | 320341 453055 | 652307 | 767845 | 960420 | 975801 021
0000 52,376 g3093 174050 2450 18930 416477 | 488840 | 343224 812
0.000 50.847 §2.149 162680 232375 | W8.115 416723 | 497318 | 3532530 .124
0.000 31558 42589 98721 120 512 152.633 235.180 | 780.29% | 293.508 0085
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Table 27 HGL Test for CMC 5%

jprialdistard 6813 | 4809 | 3st | 1200 | omr | oasm | sem | sesl | usse

. - Pedl : Pod3 | Podd | Poi8 | PodS | Podf | Fod] | FodB | FPodd | Averss Fawme
ZINYANE Pa Pa Pa Pa Pa Pa Pa Pa Fa [lh]
Vale Type: Digkmgm | l27sn09m | 27013 | 27108 549 | 26750847 | 26415450 | 2536 727 | 25639367 | 25900963 | 25110433 | o3
Valvr Emmmiofoen] | 80 27481211 | 27268813 | 27110.078 | 26747 068 | 26404 748 | 25530 771 | 25674 438 | 2533211 | 2sizaome | oeea
.Va!.v-gpus‘iﬁﬂﬂ-‘ COpen L 22492051 | 27262439 | T7143.297 | 26761 9637 | 26395875 | 25970 686 | 25667543 | 25324 85 | 25136313 0842
Pipe Dismeter freml: | 8043 ZI675352 | 27404 839 | 27241 447 | 26881574 | 26489518 | 25955508 | 25701 523 | 29964 969 | 25140695 | 0914
Maturial Type: CMCs | [ 29624810 [ 77412 %49 | 27266598 | 26886 054 | 26450954 | 25015.258 | 25706 654 | 25759510 [ 25129968 | 0903
Demsitylhgter' | 1027 T1591.055 | 77669 590 | 27573 658 | 27192496 | 2657309 | 26172465 | 25804 436 | 25443 535 | 25100 289 1069
y 0000 | TIERN [ 2MFLELL | 275223 | 27120 879 | 26679 136 | 26168765 | 25817 ALZ | 25434667 | 25138758 1089
K 0.558 . [ 28159783 | 27878 121 | 2769074 | 77265 69 | 24767615 | 26203730 | 25867211 | 23878.084 | 25207113 1133
n ogln | [emie0yrr ) avees en | 21665 578 | 27203 576 | 26746895 | 26229717 | 2587536 | 25962478 § 25212777 113
- 28422105 | 28152859 | 77977738 | 27477 0%n | 26921898 | 26781260 | 259wz 013 | 25579393 § 25259.510 133
2320 73 | 28126378 | 27621990 | 27470679 | 26959.395 | 26368 930 | 25977606 | 2557 136 | 25255 762 1533
28631 078 | 2R 54 | 28194.299 | 27628 225 | 79071047 | 26461 524, | 26018 076 | 25593 723 | 25295 034 1363
28558 666 | 2347496 | JR05RAT2 | 7653 475 | 270TH18 | 26454078 | 26019 906 | 255858 [ 227 1m | 1346
) o 28404450 | 28097907 | 37898 326 | 27452736 | 26940861 | 26725004 | 25963207 | 23536 695 | 15256 680 1.267
28758766 | 2846679 | 28204 863 | 27722373 | 27129113 | 26509.531 | 26084 364 | 25608621 | 22978 Lalg
L i 28768457 | 28440750 | 28195 699 | 27721197 | 27126264 | 264893401 | 26075705 | 25601577 | 25708422 1413
20022420 | 28671855 | 28459.574 | 27990 B4 | 27294 48 | 26621 595 | 26187900 | 25667621 | 25993 55 1503

29052.791 | 28677994 | 2R455.504 | TR LN | 27290179 | 26525734 | 26176791 1 2567607 | 25318 545 1,506
2T2A7E | 29820 £0% | 28523 50 | IS0S0.35) { 27355824 | 26693355 | 25221908 | 25701703 | 35379.8 1638
| 2503760 | 28857.57€ | 2BSTS.961 | 28009 514 | 27357.162 § 26703 520 | 26248.685 | 25718992 | 25377 M3 1632
| 29430255 | 29010.045 | 28749467 | 28730 1072 | 27482918 | 26788 389 | 26314350 | 25759 370 | 25406 818 1722
20402 145 | 25023 570 | 26787639 | 28720654 | 27485848 | 26794.199 | 26304 973 | 2575877} | 25415764 1724
29699 301 | 26357 686 | 29117.100 | 28515393 | 27704 363 | 26539320 | 26432540 | 25857 520 | 25443394 L3
D73047 7 25732 162 | 29055 333 | 28480.130 § 27692.766 | 26758434 | 26430057 | 25838 871 | 25T 48 1884
| 29818.580 { 25385073 | 29053076 | 2R5182]9 | 276TR 844 | 26350807 | 26421 508 | 25835 554 | 25475 584 1910
1 28TRA17 ) 29351 05 ) 29082154 | 28306 340 | I7703.235 | 25971 520 | 26434 150 | 25535 809 | 2476 195 1503
M013.188 | 29589 547 | 29296 650 | 28662835 | 27809.3R5 | T4 247 | 26504 583 | 25844 534 | 25512.803 1957
29597 424 | 295651 553 | 29247211 1 ZR634 609 | 27809996 | F7005.588 | 26500565 | 25879 541 | 25506887 1571
30554.000 | 3010) 460 § 29772 Sed | 29121771 § 28113430 | 27232180 | 26651 450 | 25972557 | 25551768 2.207
30514438 { 3T100.848 [ 29803.148 | 29136.069 | ZAI1R0641 { 27220418 | 26638 533 | 25997584 | 25543.668 2203
IIB06.777 | 30326242 | 29993260 | 293165088 | 2836842 | T72E0 7Y | 26733422 | 26026.137 | 25642.771 1380
HA12. 29 | U2 E57 | 29555.002 1 PFILS S | 28225615 | 27310400 | 25723082 | 28047543 | 25635.854 2373
31426.021 | 30853439 | 30478.750 | 25754 668 ¢ 28550000 | 27538961 | 26919.008 | 28122014 | 25706 584 2645
31336530 | 30874.873 | 30473.04] | 297R1.597 | 28553643 | 27554 14} | 26501 29 | 26115037 | 25726.119 2643
31988585 | 31407.842 | 300£9.651 | 30151 408 | 28814209 | 27768 463 | 27093 861 | 26252.20% | 25764551 s
31930584 | 31376 039 | 31058 081 ; 30254 362 | 28843.572 | 27757879 | 22073656 | 26309.954 | 25794 307 2525
32175166 | 31599301 § 31214379 | 30404953 | 290) 5574 § 27850131 } 77120 577 | 28273 09 | 25823 (80 3082
32181.158 | 71549.828 | 31235350 | 30417396 | 20032902 | 27877.584 | I7202.447 | 26354 377 | 25845078 o8y
| 32566.547 | 31855398 | 1561388 | 30725961 | 25224.291 | 20043441 | 27285.504 | 26389.270 | 25914.53§ 3278
32995070 | 32012 861 ¢ 31581 736 { 3724227 | 29152426 | 28010617 | 27268 952 | 25401 8E7 | 25889 100 32N
Frr74 00 | 32269453 | 31748313 | 30526 451 | 9276727 | 28056142 | 27TIMITI6 | 26466 FAT | 2552711 3393
J2818.469 | 12234.58] | 31737.153 | 30881 027 | 29295049 | 2811328 | 17352410 | 26450363 | 2551335) 340]
THTII08 | 32802 152 | 32264 698 | 31375.902 [ 29663406 | 28335 11| | 27530838 | 26591 600 | 25097 613 3715
J54541 | 72776580 | 32320182 | 31380.174 § 29614 TRI | 28351094 | 27497 148 | 26570977 | 25047 249 3713
I3720.793 | 3A0I6.33F | T2598.066 | JLAF5TTI | 29797373 | 28489.055 § 77631 MBS | 26658 811 | 26045 8RS 3 B43
33645012 | 33019.883 | 32543.742 | 31615848 | 25342.11] | 28434 280 | Z7840.098 | 2562037 | 26087 596 3852
34148.548 | 73478355 | 32568.553 | 32076.816 | 30107630 | 28617709 | 27804.037 | 26755840 | 26116174 4067
3413441 | I3463.668 | 32981 174 | 32051109 | IP126 0§ | 28E23052 | 27I78IN) | 267]4. 7T | 26174 258 407}
F4BAZI03 | 4123195 [ 33642836 | T2625.058 | 044546 | BIVEISS | 27971076 | 26651121 | 263T] 648 4307
39219 | 34150475 | 33622211 | 32586305 | 0469 088 | 28931 982 | 28030979 | 26547416 | 26727 304 4326
AST09.242 | TGTARER | 34408 730 | 33314 020 | 30906990 | 29260 #75 | 28251 A81 | 27125482 | 25431 37 4657
AS758.191 | 34972692 | 343R0351 | 11914297 | F05E8.98 | 29250605 | 28253 240 | ATIOSEY] | 6426 104 4 580
36150801 | ASE29A73 | 4991 08 | T3AHS654 | J1281 897 | 20432 396 | 28578155 | 27350.785 | 25540208 4988
36357359 | 35552000 | 34993.75¢ | 33755730 | 31286569 | 2433353 | 2A4R3 A5 | 27236.153 | 26516.002 4987
FA142.50] } 38127449 | 35732387 | 34511 434 | 31702258 | 29752.654 | 208721 035 | 27446 556 | 26648 588 5377
FITTTIYA I 363005 1 I5TI6ITZ | M546.012 | 31656.207 | 29755.727 | 28656 770 | 27431 520 | 26682 263 5.2
37912387 | IREL3 | 36377834 | 15148.035 | J2029971 | 29936 894 | JR9422Y] | 27588430 | 26790318 3457
V7341 602 [ 37048543 [ 35200 781 | 35106395 | 22072928 | 30000.06¢ | 28889 456 | 27573113 [ 26760979 5.653

: 9401553 | T7S52436 | IERET I | I5I52I05 | T299 %65 | H254.128 | 29076 990 | 27710070 | 26888 563 5898
i 38381195 | 37575848 | 36910.183 | 35586.230 | 32327213 | 0168.258 | 29076 M9 { 27726 685 | 26092518 5897
38979 594 | 18112414 | 37401 457 | 36047801 | 3267240 | 30621 678 | 29281 209 | 27857332 [ 26977 613 5.159
"{38TR0.711 | 38103648 | 37371406 | 36060.559 | 32677957 | 30410.156 | 29251 918 | 27811305 | 26987381 5165
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Table 28 HGL Test for CMC 5%

] tria distars | 500 | asa | s ] e ] o ] 2sm ] asw | sem | esn
Valve plane [i]
___ Fod ] Fod 2 Pod 3 Podt ol § Pod§ Pod7 | PodB Foi§ | Average Flow rate

: - 27, 2, Ap, AP, 2P, o5, A7, A, 2,

mmm-s Pa Pa Pa Pa Pa Pa Pa Pa i (]
Valre Type: Displragm | i 0.000 102535 | 165350 | 275908 [ 419955 | S4339¢ | £81.907 | 785099 | 1084335 0854
Valve fiversionloen | 10D [ 0000 | 102477 § 1e2267 | 275362 | stz 3 557267 | 676241 | 955895 | 10842 0892

Fafve paitio: Oper ol ooor | usT® | 19155 | N0SH | 48s3ee | sig8r | wrved | 493818 | 12S1MI 1066

‘Pipe Dizmeter[mel | F717 | gom ;o174 | a3sso | oasz7e0 | sesso) | esemip | mmess? | se1zes | 135€475 1210

‘Material Type: cucsa| | oono | taEeM | zipesy | 42402 | se6Ees | 693008 | 864265 | ysLS49 | 1377450 1208
Densitylkef' | 102 o comn | 1tsms | 27133 | 334262 | sz i esasm [ s43e0 | ssm | 1Mzms 1150
1, am | | oom | 1e2mee | zsam ¥ wsane | sea7m | meses | sweTn | o2 | kTR L 296
x 113 00m § 143414 | DBse7 | 367004 | S22 | TASIT1 | 544152 | 041763 | 1485917 1295

i o7 | 0o | 14730 § 7wBs0 | 391405 | sleT0 | 791442 | 992111 | 10meD14 | LSBT 266 1407

: 00 | 1sman ) assan | 41033 | ef0T ;8366 | 1047745 | 1185888 | 1663736 1.489
G000 | 1635853 | 25788 | 408578 | 654805 | BAQI7L | 1OTTI24 | 11474EL | 1661142 | 428
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Table 29 HGL Test for CMC 5%

Jaxid ditaces| 5090 | s | aso | g | omo | Tasm | as | osan | ssu
Valve glane o
I . Fod | Pod 2 Ped 3 Pod 4 Pod § Pod b Pod 7 Pod B Fod ¢ A verage Flow ryte
- ) aF, 45, ar, 88 4P, &P, &P, 4p,
- 29N 2004 Ps Fa Fa Pa Pa By Fa Pa Pa {51
. ¥alve Tyne: Diapk 3,000 93.489 170807 509} 430 521 551000 628 109 757319 110% 431 0508
. Falve Eimepsiorfme]: | 100 oo b mow Fowvews | imess | miwm | amser | 5sSe19 | 6ae4s7 | 7s5ams | 108300 0907
Valve position: Crpen . 0000 126 688 191 258 07182 43E 504 620877 715396 FTIAZ6 1217240 1021
EPipe Diazmetar [mm]: §7.17 0o0g 123044 152391 310.432 454 539 520232 695457 830,780 1227848 1022
Material Type: CHEC % 0000 | 129345 | 199672 | 24765 | 50733 | stas | 16527 | 95528 | tasexms 1082
‘Demsitylegfee' I e | | woo | iame | iesoes | 8% | wuaw | eses2 | 72072 | esiss | 17vRn 1081
Ty 0.000 e 111 0] 71m 225 148 I35 454 555507 7313012 808265 925,505 1418905 1.225
K 1.130 0.000 135.557 predoit] 333,396 SS4.164 7125984 BT 1000890 | 1443 822 1224
x 1.734 i g 143 645 211312 IR0 435 593.109 74l 451 8E0.351 1046 548 | 1484 951 1307
: ] : 0000 | 1s8mem | Zsi3s0 | ass00e | s7e96 | Mases | 843747 | 103ts43 | 1481 12713
0,000 183,083 24215 £9.51 T76.828 F62.255 1095550 | I340807 | 1937244 1. 768
0 193877 304 494 482071 761748 w2221 1098 561 | 1328497 | 1931389 1.764
0000 204.150 334 004 437467 875 126 1105383 § 1258501 | 1517005 | 2168075 2012
0.002 202689 329 470 535158 §75.185 1104055 | 1233718 | 1507782 | 2172588 2011
1.006 236143 381 648 S10.817 1028317 | 1274916 | (433320 | 174798% § 252474a 276
0.000 1 557 38838 19,894 1024945 | 1279070 | 1422933 | 1765537 | 251670C 2398
0030 271117 432 639 L) B%)) 1217100 | 1503365 | 1689248 | 2045081 | 2951818 2512
oo | 265725 | 43m8e3 | 7maedl | 121873 | 10393 | 1685380 | Mersel | 917908 2511
EL] 210719 &77078 754 387 1363555 | 1691413 | 1897.10B | 2308652 | 3244 340 3310
000 7414 473 629 763903 1363058 | 1581595 | 1873825 | 2275931 | 3221728 3314
0000 327G 484 527.897 838481 1573903 | 1975516 | 22059853 | 2631538 1 IN2135¢ 3827
Qo0 | 332591 | 531171 | 546406 | 1601SAR | 1953343 | 2198458 | 265681 | 3Tavome 3877
0.0 362171 584 896 945 482 189970 | 2259777 | 25138483 | 3037891 | 4271024 4235
ez 367.631 15817 944 515 1830072 | 2261117 | 2526994 | 045917 | 4253732 4237
0000 | w761 | 614297 | W97 | 194a2M | 2445885 | 701 | mrssel | aS0Es) 4355
oo | yo7es | s158m3 | eses0 | 193asa | 2043285 | 2mzssn [ mrsaw [ assesa 4567
000 a8 &7 (%K) 1072802 | 2072368 + 2574109 | 2856518 | 3449408 | 4790 148 4 308
000 | 71088 | 638375 | 1036972 | 7034054 § 2563773 | 2861415 | 343366 | 47904 4500
oom | 352 | esemey | 1owsee |23 | ammasr [wssss | swnss | siaaed soT
0000 | 420547 | &x0sel | 1073200 | 21as5352 | zrnoms | w2ams | e | s0iares 5087
000 | 416551 | 667817 | 1050091 | 2204463 | 2er47es | A0MIAL | 3714316 | 51990146 5215
OB00 | 421543 | ST0.6T0 | 1090405 | 2195455 | 2800765 | 31047359 | 3706624 | 51446 5201
oo | 42517 | &334z | 11730Ds | 229934 | 29946l | 2eea | wmaed | Smnlsl 5468
0000 434208 627071 1125428 | 2297009 | 2524172 | 3253068 | 3889631 | 5364341 5455
OB | 417486 | TEt | 1494 | 795315 | 6198 | 78590 | aoe3sez | ss62Ew 5 654
oom | 4070 | 7ma97 | 1453l | 239420 | w40848 | 2054 | atee1s | ssens 5668
QUM | SLAET | 81570 | 1329417 | 302550 | AT 6L | 4229573 | M38436 | 676 1002
0.000 444 378 7537113 1211.898 | 2542435 @ J371 800 | 3589454 | 449771 | £065713 & 22§
000 | #79.768 | TaiS43 | 1299.527 | 2901954 | 3645342 | 00177 | 4795899 | 6736359 6711
Q.000 276.45% 459 154 745474 1207487 | 1611284 | 1835425 | 2206917 | 3187418 2549
D000 | 356762 | Sals | 954502 | 1852578 | 2271586 | 2555064 | Ws2a6l | e32iam 4178
0000 | 104999 | 186437 | 13096 | esme | Ses702 | 623952 | 767494 | L1Z264g 0255
0.000 7524 160.174 254 388 413171 SH 466 604.397 41671 1079 605 0436
0.000 76405 134 342 270 7040 447 297 513157 521 985 £ 477 3.594
oom | #6813 | 132580 | 217508 | 197 | #0295 | s01.95 | 618268 | 897538 0788
0 | @em | l05iz | 191150 | zmees2 | ool | 41219 | smoos | 7Eievs 05
000 % TH 109 855 184962 2831918 365954 415531 hiapls 744 860 0595
OO0 | 38784 | 8937 | 1530l | 27476 | NLIEY | 18809 | 4p1e0 | 63236 0.504
0000 | 6449l | 90218 | ISTISS | T3E | 07308 | MT4E § 4Tl | 675 0521
000 | S6607 | Tz | 1807 | 14M9 | 27612 | D12 | s9ma | saser 04e2
OO | 64306 | fem | 118231 | 1erssy | 2e0e3 | 772076 | e | 4m2m16 037
0000 | sa7ss | 65385 | 115636 | 170626 | 220537 | 2550 | 3106 | 45157 0397
o ] 0000 § 44785 | 35776 | 7amwe | 94m86 | 130306 | L5043 | 122380 | 284%0 0.281
T T oom | 1w | ADssm | 6660 | 976 | 125676 | [T { (75745 | T5476S 0777
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Table 30 HGL Test for CMC 8%

|Axial distancss | 652 -4 568 -1.9%0 a3 | s 2585 55 3075 9973
Valve plae a
Pod } Pod 2 Pod 3 Pod ¢ Pod § Peib Fod 7 Fed 2 Fod$ avetay Fownte |
) N [23) [ bp, a8, AP, A7, AP, AF, AP,
it LI2004 Fa Fa Fa Pa Fa Fa Pa Fa Fa flist
Vabve Type: Diaphragm 0.0 BOM4 00 ¢ W0SS2ST | BEI4951 | 41355367 | 426215 | 66367360 | TIOMOEIE | BERTRIM o0in
Valve dimension[i} | 40 0.000 ME26TL | Z3E8458 | 29TASHIS | SL19BI42 | 49TTR43T | mEAISSI8 | 76555172 | 86308023 0.535
Valoe posibos: Oz 0300 9570 53 | 2435355 | 50051364 | 16503 | ageesgnl | 69378 | T3 | STHMGLS 0552
Dipe Diemeter oo}, | #2812 | 2000 HSOIE | 2279416 | 0224135 | AIGS2AT | 49SGETTY | 6T®I 1L | 7MI1B350 | @78:iS87S 0.554
Materal Type: CMC 8% T 10805 835 | 2932120) § 12967010 | 4513998 | TT4AAST | Y0947 | BAsES2SE | MTIIET [
-Denutylkghm’ J: 1040 ) 0.000 \OZ0765 | 2505965 | TS0 | 4353200 | MO0 | TIM5SRE | BUSEMI | MBI 0835
1y n.0m o 5000 10836512 | 2930129 | TMELTIC | 45570895 | 1EHSSL | mMlIT | ssossvmy | srolRmes 0565
K 3382 o o 10X7088 | 297507 | 33357727 | a1 | s 7a | mamrad | asgmase | 97aonso 056
n a7 a0 10942 92 | 275620 | 391373 | 4gwesss | sro7smny | o000 | 90a01 25 | 100BSB B4 [iRzr]
0000 10778 941 | 36731486 | M3R1.125 | 47940887 | SBIGESLY | Tiv96 297 | 89553613 | 102271 B44 078
101 LiSel 232 | 89mS340 | F726B910 | 53728452 | SUSTUB63 | BAWEIIZ | $1953.47 | 1095250 0.850
0.00e 12130375 | 29706217 | I7261556 | 3310469 | 62032773 | 842715 | Fial7078 | 109619.009 0.8l
0000 122754 | TWE3 | WIHAI66 | S40074l0 | 6495412 | &731 578 | LNSS3641 | 133599863 0571
0900 12599315 | 25673530 | BRI445 | SICAE | &489537] | S7D6R0 | LOMGSLATE | LINHLLTL 0572
0.000 113487 | JOTASAE | WE9E9S | 5760 | EmEl7 | 50088853 | LOWSAH | LGTA AR 1024
0.000 12099820 | O2SA | I9Ia4.130 | S5 Ba0 | S69G6L | mOiAR30 | 1WA TS | LIGT6 250 i)
0,000 12613.723 | 231573793 [ 4I0AS762 | 38873016 | 713094 | 54553133 | OM799797 | 122920 008 Li14
o - 5om lassi 740 | 3451023 | 41662387 | SE717813 | 70L6LTIL [ 74s47.09 | LOBETT36 | 122008 043 1164
o o om 124550 | 360348 | @S540 | amesn)s | mSE30w | gum )02 | Hassery | 126356 477 1347
) 0.060 12466977 | 32398972 | 41380035 | SI0NS 54 | T286175] | 9769 250 | 1197571555 | 1451414 123
0000 13283417 | MIBT316 | 4405646l | 6544967 | TREDIEG | 10439397F | LEGH0.IT | iMG23 969 1351
) B - 0.600 132837350 | MIOS207 | 44005898 | GS492117 | TTIS65%4 | 104953% | LISS99.579 | 135163 L34 139
0.000 13477750 | M533910 | 409737 | EMISgle | BUC273%; | 107156570 | LZWSI472 | 138398 636 1452
0000 19363350 | Ja661414 | 43019791 | 66596788 | 79Er6Zm | IPWLIAL | LX0S8ST0 | LoF2sn 1449

Table 31 HGL Test for CMC 8%

licial Etarres| 258 452 | 13, 061 i) dems T Tams | ems 95718
{Valve pline ] [
Pod | Pod 2 P 3 Pod 4 Pod 3 Pod Fod 7 Pod3d Fod § Aversgs Flow zate
, _ &, &, &, a5, 2, &, &, &, &7,
1241172004 Pa Pa Fa Pa Pa Pa Pa Pa Pa 5]
Valve Trpe Diagh ) 1.000 052255 | 24980283 | 1600000 | 4%98566 | 51672480 | 60451343 | BO6o 336 | FAIBSTT 0.663
Valve timemutmw]; | 40 7.000 §01023 | 480247 | 32000000 | 4rmedyz | SIOSISLY | 0] 54 | BUET734 | 90599813 065
Fabve positinm Open | 0.000 §LBS12 | 753227 [ IRTSISE] | IS0 | 461935) | ITESIE] | TIMSEER | ROSEATHM (K
‘Pipe Dizmetar [} | 4212 m 0.0 F655£67 | 2IT5E4 | 8373250 | I205A) | AGSITSNI | £WTSSD | BIasST | 8826367 [
Material Type: CHC®%| aoen BAEIR; | 2007208 | 16954579 | A%9362 | #1SA3800 | SeeATTE7 | GBpMIOSS | 76752164 956
’ 0.000 BUT7488 | 19849180 | 25723385 | A48T | 43545693 | SPMISA2 | EBEA9T7 | J53B01% a3le
0,006 MR | IMUAL | B5HIN | Toms | WINIE | S9sess | S1TH368 | SEN4es 049
0.00¢ TITSI0 | 1823965 | 292470 | Ioe0t3: | omises | smimes | exegies | &395m D441
000 59890t | 17555828 | 21005913 | 25475454 | 35412406 | «B07R6T | SBDTZSES | S95656F 037
.00 £354.186 | 170630 | 21628547 | MI064 | 15941539 | 48312051 | 556465 | 6276291 [EQ]
2000 Sea 6] | 1S53i9%4 | 197MOM4 | 2659R0mY | 2036181 | 531021 | 566076 | 379742 5]
TN 84367 | 1481045 | 5563058 | 2049 | 145167 | 4WIFSK | SrAlTes | S SA [EIE]
200 S | 1258129 | 16476568 | ZzseAle0 | 2T4SS61 | RGE62L | 42405176 | 47994538 [F<]
T.000 DTIS86_| 121147 | 16477355 | 22547377 | ZV0A0DI0 | 3665425 | 42464357 | 48123617 124
0000 WE20 | 10538357 | 4015ak] | 192533w | DI8408 § 313481 | 36231039 | 40921734 D182
0060 WSIZ675 | 21637 | 140928 | 19203057 | 2312173 | 31355932 | 645035 | 40883906 0183
1.000 T65865 | 7755351 | 9OMER0 | (350688 | 1411843 | TANT.OOZ ¢ ZSSIAMED ¢ DITET I 0103
0,50 91068 | 7163507 | 9958373 | 13585854 | 16341795 | 20097.248 { 2616447 | 26804 563 0104
[T L0843 | SIZ093 | 64784M | 85a8573 | L0G93301 | 14361536 | 16602979 | LBE4L 005+
0000 T | SiTeEn | 6N6TI] | fmasiia | LO0SSELIS | 4MLTM | 1esm7e | (8718678 005
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il dictaness

Table 32 HGL Test for CMC 8%

-6574 |

356

228 | 1o 1257 a1z 5 668 7666 9.659
[¥aire plara g
Bod | Pod2 Fod 3 Pod4 Pois Poi6 Pod 7 Pod g Foif | Average Fowmate
_ 4, L A AR, 9, AP, AF, £, Ap,

18112004 Pa Pa Pa D Fa P Pa Fa Ps 3

Falve Type: Disphy 0000 § 20605293 | 27726 764 | 37637359 | 52186058 | £1573.742 | B2219.867 | 95354514 108765445 2390

Vabve dvemsione]: | 50 0900 ) 347403 | 7609483 | 10535610 | 13822507 | 17119534 | 22015395 § 29724 450 | 29225084 0259

; Valve pasition: Opex el _Dooo | eosasE3 | M2 S79 | 1158e 163 | 15254943 | 1ERATMS | 26459424 | 29299 587 | 2114 081 0307

Pipe Diameter [mm]. | 528 0000 | é087.4:9 | 838765 11641 576 | 15248.552 | 18789 597 | 2420 145 | 29224 647 | 72009 867 0307

{Material Type: CHC 8% soor | 7750865 | 10465762 | 14928514 § 1920794 | 3577096 | 30504 586 | 35466457 | 40308 958 0453

Density(ugim' ], 10375 0000 ¢ 7739520 | 10860180 | 14889371 | 19218087 | 3636656 | 30310.809 | 35492433 | 60172752 D252

Ty 0.000 0000 | 828932 [ 11190489 | 15709969 | 20493 275 | 25716781 | 32563188 | 37221 398 | 47788.782 0.504

K 5257 i 0000 | 3165892 | 11142940 } 15830.169 | 20475070 | 25184803 | 32405037 | 37867998 [ 4mmsnam 0.504

n 0.7% 0000 | 2845511 | 11693601 | 16641 416 | 21517721 | 26419.408 | 34387840 | 39748.188 | 4507433 .52

oo | #5251t | 117224693 | 18634602 | 21524260 | 26470090 | 34297262 | 35834159 | 45040853 0.551

oom  t 9579515 | 12316496 | 17393 991 | 23766 597 § Zvmme 263 [ 3e417701 [ 41881254 | 4792738 0604

0po0 | 9801194 12962030 | 17408719 | 22756 736 | ZrevR06a | 36326 366 | 41909.543 § 47505414 0403

0ppa | 1073241 | 19665977 § 19113400 | 25218398 | 0902807 | 40852734 | 46429175 | 52695.066 0721

opg | 1eten3n | 1363503 [ 10073271 [ 25154 058 | apmae 710 | eomin3ns | es3ee0 | sas80.4m 0722

eond | 11645781 | 14545813 | 20448436 | 2717800 | 33196 876 | 4396 184 | 4582172 | 56632977 0817

0000 [ 107998t | 14835629 | 20457.026 | 27125143 | 30162 566 | 43718625 | 49845363 | 56559 13 DELY

0500 | 12235168 | 15610.143 | 21820.615 | 29100 771 { 35364 522 | 46900256 | 57081796 | s0a 563 0917

0000 § 2407229 | 15617432 | 21890.561 | 28904 417 | 35413.633 | #6636.853 | 53154361 | GU4 855 0917

0000 | 11881747 | 1666518 [ 22060084 | 31691 170 | F7w30.285 | au719.997 | 6662250 | 64508574 1036

0000 | 12077824 ¥ 18655480 | 22981 am) | T1667 313 | 37854 541 | 48556213 [ 56861.508 | 64525488 L038

0.000 | 12303.140 } 17319.553 | 73861 529 | 32807 148 | 39325547 | 50681016 | 59162355 | 6670156 1116

DG [ 12362598 | 17200.900 | Z3228.e94 | 32763157 | 39365352 | S0SEA.727 | S9141.910 | 67189 408 1.117

000C | 12697.330 | 18141 155 | 24884 223 | 33393 703 [ 41368170 | 53309995 | 61950453 | 70351 439 1213

0occ | 129REael | 1816306 | 26543082 | 34402 75 | 41294 583 | sI265:073 | 62000055 | 0295227 1221

0000} 12991105 | L2079.338 | 24367 725 | 34080779 | $1085.086 | 53262219 | 61631378 | 70048955 1297

0000 | 12872145 | 1810536 ] 24663863 | 34171 677 | 41089 465 | 53360.855 | 51663598 { 70116281 1258

aooa [ 134323984 | 18872563 | 29799979 | 35687 516 | 42956762 | 55729.543 | 64444 793 | 73046508 140

a0o0 | 13395255 | 19777927 | 25719.184 | 25468750 | 47758.670 | 55942441 | 647miAas | 7064 T 1398

G000 | 18184034 | 19613889 | 26944008 | 37174820 ea775.543 | sB012195 | 67182545 | 76287391 L51%

0000 | 19049.575 | 19601930 | 26856 135 | 37110398 | s#6v8 992 | 58060039 | 67047703 | 78159875 t51e

0000 | 14827414 | 20413948 | 27950 163 | 38609 215 | e6616 148 | 50406 105 | sv9a0164 | 75317286 16

0000 | 14834 115 | 20460701 | 2776559 | 3845023 | 48879277 | 60530445 | 70012454 | 9818989 1520

1000 | 15548244 } 21009557 | 28750801 | 39734 295 | 48058 £37 | 62551 586 | T2U06.508 | 81900.203 170

0000 | LST5272a | 21076465 | 28874 445 | 39684070 | 48122711 | 62295797 | TAWAS06 | B1903T19 L103

0pm | L5ax3ges | 21745443 1 20943915 | 81201 158 | 49658 852 | s4Tas 577 [ 7a5e03a5 | sa854.500 1810

D000 [ 13872385 | 21871076 | 29939949 [ 41062758 | 49651.293 [ 64320577 § 74767.316 | 85834.148 1806

0000 § 16321 556 | 22494025 | 30740954 | 42380375 | 51188 648 | 66652141 { 76011 138 | §In64.859 1858

0000 | 16676215 | 22426299 | 0671639 | 42447316 | 51293586 | 66472063 | TIUT2.347 | 87457.063 1296

0000 | 16971 104 | 23504972 | 33090 vag | #an134¢) | 50653 555 | £5842.584 | a0428.695 | 91282703 2046

a000 | L8217 814 | 2360508k | 72025 B77 | 44387 293 | 3605 012 | 69630584 | 050813 | 91473383 2046

ueoc | 7427197 | 24015863 | 228057 [#s3as 410 [ w014 609 | 71208215 § 82357 609 [ 938176m3 2128

0po0 | 17677922 | 23016881 | T2636°ME | 4314710 | 54683716 | TL051T | 22187.297 | 938442 2125

GO0 | 18620292 [ 24927592 | SE5NI2 | 47050379 | 57163922 | 74104945 | 85754672 | 9T369.195 2282

G000 | 18225240 | 24957273 | 34034.406 | 47148 320 | 57089 988 | 74027625 | 85649258 [ 972257 225

0000 | 19814 555 | 24807105 | T4 617 | 46837526 | 6T2B 043 | 73667736 | 85230361 | 957391 2m

0000 | 1933735 | 25605943 | 3896 043 | 48343730 | 52428 ez | 75009242 | w2117 | wem0a4TT 2404

0000 ] 19434 539 | 25579604 | 34864 035 | 48178 548 | 8584 £25 | 7S99E.156 | 67505461 | 99809 648 1402

0000 | 19567836 | 26225158 | 35718453 | 49406 738 | 39921 434 | T7856.572 | 89902461 (102172672 2514

0800 | 20674872 | 25945773 | 35699.195 | 49269553 | 59299 449 | T7925.579 | 99918.500 | 102238 445 7313

000 | 20000150 | 26660127 | 36286.777 | 50412 16G § 61233474 | 79571188 | S1765.375 {104217.851 2612

| oo | 1985378 [ 26691 109 [ 26363994 | so3me 4ns | 61220 328 | 79371594 | PL709.00 (104155373 2410

0000 | 20261543 | 27901 272 | 37476297 | 51626.652 | 62781 78S | 81249311 | 64259.555 | 106814 188 2751

Dop  § 2747763 | 27357330 | T2 353 | 51512 445 | 62590 728 | 8123789 | 94518.506 [105573.813 27)

OO | 20318457 | 62709 | 37659 382 | S20TAOIC | 6339% 156 | 82289 732 | 95069452 | 107855 430 2793

0png | 21725848 | 27581635 | 3752887 | $218L031 § 63509715 | 82266600 | 95178.336 [108258.445 1795

are | 21m15.02 | 28736530 | 78545695 | 57358770 | 6e94sRss [ 84211 56 | 97398008 (110716 898 2819

’ o 1000 | 20414979 | 26245002 | 38479.307 | $TI63317 | 65204.105 | 84259695 | 67591 |Limslagms| 20m

G000 | 2L677002S | 20941834 | 39420121 | 4675504 | 66465070 { 86229.805 | 59528352 | 11738 531 348

DOOT | 20046 T3 | 28942 554 | 39297883 | S6M 45 | 65466 172 | 86200539 | 99624 1773 (113182070 3037

0700 | 208328 | 2926016 | 4m2e8 969 | 59913732 | 68134 495 | 88302422 102095 .213{ 116025 342 a7

D0 | 21097182 | 29539479 | 40204906 | 55964 496 | 681al 797 | 69394 se1 (102209 143 [116143.125 3167

0000 | 21785456 | 20936 210 | 40R6&.746 | 6829 €0 | £93153.664 | 89TIF 902 |103745.727 [ 118138 422 3,208

. GO0 | 21880145 | 30038244 | 40983426 | SE6TLYL0S | 69162406 | 89662367 | 113990953 [ 117862563 3.192
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Appendix 67
Table 33 HGL Test for CMC 8%
Axial Gistonres| 6974 1 885 | 285 | osw | oewr  asm | 6421 | esm | w0am
Vaive plane a
Podl Fod?2 Podd Pod4 Pud § Pad§ Pod 7 PodB Pod9 | Average Flow mte
ap, ap, ap, 2P, 28, 2P, AF, 4B, AP,
11172004 Pa Pa Pa Ta Pa Pa Pa Pa Pa [Hs]
Fabve Type: Diaphragm 0000 : 7652967 | S£54.114 | 14524323 | 18977 877 | 23260.1273 | 30438 50¢ | 34720316 | 196547 0300
Valve dimermionfmml {65 0000 | 7334447 | 9537080 | 4470827 | 19975294 | 23254.727 | 30302.996 { M&16.758 | 9512758 4800
Walve position: Open 0.000 7399683 | 9593782 | 15385593 | 20141 250 ; 25158973 | IZT35.600 | 1SS 641 | 82167617 0526
Proe Diameter {ren]: | £208 1.069 TS BFF | 10191791 1 [4674.006 | 20296 627 | 24541949 | 12178887 | 39374191 { 42128 639 0928
Materal Type: CMC 8% 0.000 BS54 097 | 10965667 | 16258.208 | 25240 588 | 27751104 | 35245375 | al3s4 023 | e6114.117 1053
Demitylkgfmt T 1037.5 000 _§ 2480470 | 11530.145 | 16852217 | 29988 758 | 28677.742 | 36716625 | 42393332 | 47907 50 1071
Ty: 2,000 0000 | 8715008 | B1308.776 | 14326356 | 22565.010 | 26542291 | 0742833 | 42151871 | aB0as.617 1183
K 5292 0063 | 903152 ) 10996.116 | 16304350 | 22875473 | 28383.910 | 3625102 | 420w 520 [ 47592 698 1183
L8 1730 0000 | 1030286 | 12800000 | ISSO0000 | 259es 437 | 31172434 | 39910863 | 43800 637 | 51651588 (=)
: - - 0000 | 9645434 | 17118278 | 18FF0EDG | 25005456 | 3045180 | 2209 660 | 45256438 | 51676 248 1335
0000 | 99541 | 13543530 | 18922203 | 24658 790 | 31296611 | 40035152 [ 46281 108 | 52568 50g 1433
0000 | 0377018 | 1L643.161 | 17445.184 | 24566 725 | 0904043 | 40450050 | 46472.453 | $2342.121 1431
2000 I048226¢ | 14050834 | 20950.098 | 28331 029 | T84 449 | 42969 501 | 49677223 | 35907 420 1 58%
9000 | 10892395 [ 14362157 | 20872029 | 29153041 | IIN2A0 | 47319363 | 49578.050 | 56206 727 1.587
0o | 16633650 [ 13799799 | 208541217 § 77731 215 | 373012 | 44294 945 | so7en 398 | s7ses0om 1681
OO0 | 10709887 | 14042 871 | 20023691 | 28205 152 [ 34126705 | 44091012 [ 51244250 § STR40.TOY 1682
N GODO | 16512736 | 13703315 | 19655.645 | 28510 420 | 35336549 | 45008 480 | 52289 805 § se528.141 1770
: 0000 | \OSTI777 | 13670957 | 21276215 | 28588 816 | 15635574 | 5659552 [ 53134266 | seE19 90 1773
0000 | 11259798 | 14204271 | 21935.100 | 26744 152 | 36464 425 | €4B9E 402 | 54244254 | 61724 148 1873
3 0000 | 11973453 | 14400070 | 22000520 | 30027205 | I8545.520 | 47555045 | S4sm3802 | $1265.977 LE78
i o000 | 107047304 | LT366 499 | 27839 012 | 29351 385 | 36008 110 | 46577177 | ST75.088 | 0720176 2037
B 0000 | 120Me 379 | 1SIT7.5T7 | 21999330 | 30750297 | 37469418 | 47900567 | 84999559 | 63198.577 1172
0.000 | 13121910 | 15508 025 | 22780.299 § 30478 184 | 36528472 | 48511601 | 36122853 § 63616394 1258
~ 0000 | 13511120 | 16833145 | 21985947 1 39562 012 | 38388 137 | 48707277 | 6193008 | £3726.78) 21258
) B i 0008 | L1947.200 | 15696167 | 22515445 | 31341 197 | 38083.137 | a52813 | STim2594 | 65079.78% 2350
o 008 | 12206848 | 16612311 | 21145607 | 30649428 1 921R 460 | 49879938 | 57036672 | 64885.5%0 2349
0000 | 12320312 | 16411256 | 25053162 | T3506.109 | 40497426 | S7216.676 | 60043555 | 68117673 2537
) o o 0000 | 12226973 | 15848 758 | 24459995 | 32970344 | 40500.043 | 52243 340 | 60202.750 | 6825376 2540
) B 0000 | 12091650 [ 17284611 | 24759008 | 34705711 | 42650820 | 54542125 | 63047450 § 71004 598 2764
0000 | 13506683 | Ll sas | 24745088 | aazamt | 42745402 | 54137404 | 63447879 { T0RTAIDS 2766
000 | $4306.860 | 7S04 | 2866 530 { 1148 406 | 43040137 | 56491 230 | 65047.754 | THOZ. 750 1936
i 00§ 14117478 | 17292087 | 26581 164 | 35754 305 | 44391 598 | 56864.270 | 64534074 | 73223855 2530
H o 0000 § 14741060 | 17512412 [ 77350085 | 36945.164 | 45268377 § SEP17.844 | 57400453 | TET3R506 3129
: om0 {13591 209 | 18515955 | 26911309 | 77908128 | 46677965 | 59521 680 § §7998.148 | T7360.773 ERE:
0000 | 12406300 | 19065077 | 27735225 | 37630191 | 45536055 | S9178.082 § 67242781 | 7740 414 1118
B ] oopa [1a253241 | 18893795 | 27957029 | 19255379 | 48424215 | 62660.918 | 71507 502 | B1268 789 1336
| _oooo | 14128.817 | 19377 164 | 27950.107 | 38458 656 | 48308.838 | 62475471 | TI600.528 | 81145.797 1350
aoo0 | 1027370 | 19977006 | 25052 256 | 40267.867 | 49269.953 | 63808.082 | T4124.707 | 82914 594 3.541
0000 | 15724432 | 20183754 | 27218848 | 40896 671 | 49700426 | 64009204 | TI770.773 | 83226623 15713
0000 | v7056.170 | 20500 973 [ 31080021 | 41477418 § 51652328 § £5594.961 | 75372478 | 85595.141 3725
0000 | 15448370 [ 20086525 | 31409.664 | 41455480 | SO783.07¢ 1 65696742 | 75561905 | BE278.402 1773
0000 | 16426090 [ 21716408 | 32055434 | 47254281 | 53019.691 | 69773.180 | 78495422 | 89551344 3980
o000 | 16557 €77 | 679061 § F0577143 | 4755092 | 53270.180 | 65400.0m | 78505445 | o4l 789 3983
gn0 | 17092883 | 222173 3275092 | e4lz4.164 | 54663105 [ 70746031 | S0095.633 | 919414 4164
0000 | 17023097 | 20837017 4 31767.021 | #3095 656 | S4800.438 | £94B07) | B06273414 | F1054.8%8 4162
0000 | 17405258 | 31855779 1 33847348 | 45999513 | 5576£.285 | 72148.531 | 53677.844 | G4481.180 4287
0000 §)7¢21 523 | 23343301 ) 33166203 | 4588710 | 56157015 § 72337070 | $2800.953 | 54305789 4400
oo {18189 590 | 23368 307 | 34217.840 | 4785 895 | 59210840 | 73972477 | 85392352 | 7060 588 4548
0000 17711 208 | 23274 260 | 34046.738 | 45480 573 | 57400.520 | 73280180 | 35678.273 | 97133454 4641
nom | 17957008 | 23876 229 | 36049 344 | 47613077 | 59384500 [ 7578238 | 22017414 | 9PESLIE 43892
00m | 18273.143 | 29996 270 | 25377320 | 47969 539 | 53398.277 | 15307977 | 877R9.602 | 95463.443 4 895
0000 | 18506.135 | 24275254 | 36706 750 | 49157 426 | 61472008 | 78067.25¢ | 89426.000 3101419531 5043
000 | teses344 { 24597635 | 45691215 § 48054117 [ 60926.770 | 77002109 | 90320.789 [101743.78] 5042
Qo000 | 18893369 § 25474 457 | 36772184 | 49450.978 | 62385492 | 80218719 | Sls7I554 | 102871 083 5351
0000 19407 264 | 24785 3875 | IIM01 273 | 49993972 | 62375809 | T9264.5 | BI902977 (102437 609 5272
g000 | 19244.113 | 24530 236 | 37076 371 | 51096 965 | 63546219 | 81788.125 | 93474.155 (105603219 5.485
00 | 195362 | 25611750 | 77eme s | 52136 297 | 62617363 | 80133.047 | 93479528 {105025.414 5.483
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Appendix 68

Table 34 HGL Test for CMC 8%

|ﬂ, 2413 | «pos | asw | ae | omr | asw | sem ssst | 9w
Valve plare 8
Buil Foid Fod3 Fod 4 Pod 5 P& Pad? Pot 8 Fod9 | Svarage Tow rate
Ba Pa Pa Pa Ba Pa Pa Pa Pa )
a0 1047852 | 1626475 | 2759068 | MEQ2IL | 5266199 | 6426 €a0 | 7585735 | 8335050 0188
0400 I0E5 208 | 1617539 | 79424604 | 4034258 | 5385365 | ssgz1e2 | 792224 | psoe 299 0.164
0.000 1178958 | 1886460 | 13133521 | 4711.050 | &642.85% | y8aS7on | SIEITIE | 1omeasiL 9.277
0.om 1220372 | 1878740 | T320519 | 4555085 | 5572 860 | 9IS FAS | SIEDSIT_| (Q2ISIGL oI
0.0m 1374822 | 06e 93y | e005217 | $7:9087 | 00487 | piazass | 11089370 | 1278892 0322
o000 1420452 | 2362746 | QLS040 | 5726396 | 8065076 | 9380535 | 11371902 | 12era 339 o
0.000 LA38.789 | 25387 | 400217 | 6591786 | S40I0TF | JIDESHDS | 1344808 | 10489430 0.4
0 00 VPOME | 2568.654 | €SBEOL | 4673590 | ou7.s52 | 13140186 | LTS %2 | 1asT3 061 9.4
0.000 L72L 615 | HIL 370 | snan?ed | TI03604 | 10303747 | 1457969 | L4ses 113 | 15ome sis o3z
0.0m 1740837 | 2837649 | 5062040 | TIEEBS7 | 10778455 | 12194437 | 14311051 | 15940395 05D
0000 | 2101956 | 339980 | 124 638 | 8514578 | 17737 746 | Lases £97 | L725LI2L | IRGI0 iS4 0.476
0000 ] 2038833 | 3349433 | 5559385 | BS07732 | 125 040 | lasge £B7 | 17194736 | I5es1 512 0676
0800 | 2116412 | Mee0ar | e1gA 08 | #sesals | 17756675 | 15108 Sa5 | 17945.7H | 19T 936 0715
L 0800 | 2070344 | WNxs3 | 5135747 | BI 75 | 1% 009 | L | 1 rome onk [ 1sesspea o727
000} 2251861 | Waa7m | T 9395 675 | 13511 379 | 1GRS .72 | 1908 746 | 20914279 Ceig
0200 3 204409 | 375140 | 6533810 | 9455010 | 13973826 | 16014225 | 1904727 | med 289 o805
0.0m 1013481 | 1395678 | 172615 | Fmamy | 4554577 1 Mc6 4TS | ESIB608 | ML ¢l
oom 1016489 | 1374577 | 2399011 | 36487 | 4550939 | 3497500 | 6510014 7129 B0 Glls
0.000 76312 | 93635 | \STS.RI2 | 2156936 | 256410 | 3531439 | 4184516 | 4531538 cass
0.000 7420 | 93ms | 1578054 | 240504 | 2956543 | 52 TN | 4184692 | 4544 088 0.047
B 0000 ) 2070613 | 3624000 ] SS4£08 | FI31800 | LTUIM | 15811440 | 1B A5 | 0706 652 2792
0.000 LI | 3675465 | 63685994 | 9471239 [ 13361651 | tseaaony | 1esenle | 20792182 0.77%
0.000 | 2673485 ; 4365540 | 7659408 ! HIORSITE | 25606.THI | 125339 221 | FATMACZ | 24215 166 1007
} GO | 2SSO4FS | 4235101 | 7623008 | HOWOS00 | 15562 W79 | 18475 68 | 22024791 | 24139.108 1.004
0000 | 2917204 | 473397 | B576.500 | E2325.009 | 17498027 | ET7.067 | 24805504 | 27177.290 1252
.0m) 2950334 4724 120 593,421 12393 473 | 173635445 | 20795 476 | 24806 498 | Y7105 D00 123
GO | 2972705 | 4572938 | 5548400 | 17965.056 | 18424318 | 21950 2w | 26057308 | s .018 1408
- GO0 | 3074100 | 4939457 | EPTIISI | 13967667 | LBITIIQ | Reaas s | D638 RIS | omig) St Lag?
0000 | 38357 | 228 ise | osmial | 1wmvany | 1968485 | 23072063 § 2786L11T | 304 561 1567
e 000 | FGEI71 | 34850 | 9391 573 | 19776.099 | L9610 0A2 | 232¢0.484 | 27674171 | 30490 575 1571
0 ong L9337 | STOT MY | W18 745 | 14830.864 | 21085.305 | 24994 303 | XTIS T4 | 32607 406 1789
an00 | 3617071 | 5575197 | woews 290 | La7hassn | 2100675 | 250094 | 25774608 | 3rTad sse L 7g
00 | 3573949 | soss8es | 1708682 | L5414 990 | 21904080 § 26036781 | 31083177 [ 3401291 13w
0000 | 3673656 | 5735543 | 10671446 } 15T 02 [ 21850.020 | 26113916 | I094357T | 15 902 1 54
Qa00  { 3439 Y23 | 6366007 | (1299.095 [ 15348937 [ 13760 418 | 27474 368 | IZTIT758 | I%565 307 2i50
0000 | 3759735 | 62609 | 11297066 | 1631711 | U094 B30 | I7379.315 | I2704.15E | 35858 633 Zls
0000 § 36B6591 | 6361242 | LISTO.ZF | 14815.648 | 273952.004 | 2ea8 263 | TTMR G | 36839 246 2t
= _ a.0m ITWSET | 364593 | L1503 | 1579059 | 23788434 | 28903504 | IR R6T | 36020020 3173
o | 0000 o wenias | seszon? | 7RSS | 17307 748 | 24451978 | 20075064 | 34T@) 074 | 38051 518 241
0.000 4012182 | S46E545 | 11951251 | 17437519 { 24526199 | 29217457 § 34659 480 | THLO2 456 1477
oom | wxees | sstvaig [1m7aese | 176 i3 | zewwinea | 29rsa.0m2 | 35777273 | 3moee 625 252
0000 | IRS5EY | £629973 ) 121.0.806 | 17643 158 | 25014 950 | 29605053 | 3515965 | R7717.090 2518
om0 | 4563304 | To0a0s | 12671867 | 1964 266 | 26373388 | s 561 | 318179 | sovzom 278
B 0000 43738517 | 6901 L4 | 17709.362 | LZ999.0<F | 25156 356 | F1245.740 | 77086 5T4 | 40832516 202
) aD00 | 432327 | TIS4GER | UEN0 45D | 19343320 | 7SS 00 | Tav3e eI | 36T 172 | 42448154 305
opos | 43510% | 7187335 | 13193914 | 1540900 | 27475.152 | 72591 242 | 9663 54 | 42573352 IS
B A0 | 4297712 | 7412792 { 1354858 | 19949 577 | 2ma5.295 | Tasi4.1ee | 3941890 | 43T ate 3l
0000 | 42785972 | 717153 | 1358e.m0 | 1990410 | 29636 177 | 55489855 | 39891 473 | 44002 09 3.195
000 | a4g2813 | 7545146 | 17717842 { 2184 355 | 78416 297 | TI9W0 052 | 4036L4TT | A4151.496 s
0000 | aeda676 | 7523841 ) 1374337 | 20312285 | 2B653.467 | 39093355 | AD4TR 176 [ 44337 44k 3IAM
000 4517.164 | 7839715 | 14317330 | XRIFET7 | 2913029 | 895932 | S1611541 | 4566) £25 3455
00D | 4529425 | 7R19480 | 14172167 | 20290 887 | 20489 775 | 34058748 | 41585 BOS | 45087 762 3465
000 ) 4535333 | 7527540 | 14557 664 | 20457.627 | 20745 B4 | 3064 567 | 42835578 | 47010 B 1645
) oo | «sezemz | 2000311 | 1easieo0 | 2159 977 | a0 510 | 3612925 | 4Z9T1I7T | 47076 957 363
oom | «58p002 | 8267571 | 14502890 | 22w 350 | 31515502 | 37344 730 | 44496703 | 4ETT4 IS 3.884
A o0m | 4v@1147 | 271359 ) 193961 | 22603 T4 | JL450861 | 37e04 o8 | 4£510.793 | 43798 BOS EE
T oom [ 173413 | senaass | 15e037t4 | 29000818 | 32392929 | 3as16.549 | 45759125 | sozrzasz 4113
0.0m 5774757 | 8980350 [ 1351089 | 20sn wze | 32850528 | 39265108 | 45044316 | sam sus 409
0o 1 S0z | BT78.ES | 16080 236 | 24137 746 | 33745949 | 40092 352 | 47837469 | 57371 988 4Kl
0000 ; S§32.593 | BO2¢753 | 15946.150 | 24080.738 | T395 500 | 40146 02 | 4TI7I 574 | 52624 551 4416
o 0000 | 6139952 | SCHSOs0 | 1648861 | 2002 629 | 35219.08T | 41346734 | 49691555 | 34250 965 A S0
: 0000 | siSLsen | 9109919 | L64SS 625 | 25051 854 | I5064 773 | 41457 770 | 4PASL4E9 | 54296 043 4752
000 | S423.7°8 | $049.582 | 16810.961 | 25419.453 | 35348 664 | 42041 085 | 30275227 | 55350074 4903
0.000 $317.287 | 9200457 ( 18832967 | 2979 633 | 35622707 | 42154047 | S2EF.76L | 55106555 A833
0.0m 497554 | 5412302 | 17455428 | 26381 311 | akssmenr | s3rmaoar | so213a¢ | smoi2 0t S.izg
oo | ssesyel | ¥R 749 [ sTI090t | 26216043 | 36046 070 | 47009 4t | SISESSZY | TTITT L6 p¥.o]]
.00 SHI2 S78 | 9634004 | 17841 992 | T7E9426 | 37930055 | 45171973 | SMI9 734 | 58643 164 5451
B Y $561.869 | 9786.507 [ 11959.109 | TIZMIS3S | IP008.266 | 2994 291 | ST62 570 | 58637746 3430
oom_ ; 5528170 | 9563506 | 19235998 | TIRLI 590 | 371608 | ASTTT 602 | SEATH.0B6 | S9TI BOZ 5661
) ) U000 | 5676476 | SETONTS | LGOSY.6A6 | ZIHEGA4] | TMTI0M0L | 4557645 | TP | Wen6 678 5643
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Table 35 HGL Test for CMC 8%

5050 § 3%+ | -3se2 | -loap 700 2502 It soin 9511
- o

- Foi L Pod 2 Pad 3 Podd Pod § Pod § Pod 7 Pod B Fod9 | Averscy Flow rate

.Ellllm Pa Pa Pa Pa Pa Pa Pa Pa Pa s}

Valie Type: Displuagn] {65451 531 | 56460970 | 64759 535 | §1284.05) | 56906621 | 13075 500 | SL034 534 | 46540152 | 6419172 5759

Valve dimersionfme]: | 100 | | 69420781 | 65267 884 | 64194 285 | 51138976 | 56549098 | 52851 461 | SOREC 023 | 46684.28) | 36354 047 5307

“Yalwe position: 0 o | 29026 340 | 28800.000 | 2869 557 | 29415795 | mmosas9 | 2rrosgm8 | 27625 549 | 27290.406 | 25450412 0.051

Pipe Dimster [mm, | 9717 | 25029 117 | 28783.010 { 28669.715 | 29428 803 | 280¢2.932 | 27802.188 | 276512 | 27289 825 | 25989 303 0.045

Material Type cMgw [ | 70638344 | 30330000 | H27967 | 29784.500 | 29294 193 | 28864 998 | 78617 238 | 28143 156 | 27007 697 D089

‘Demsitylkgra’ 1 en | 0657197 | 30292670 | 30115668 | 29784 184 | 20311.135 | 28878254 | 28665 636 | 28135.461 | 27014 126 0104

T oo | | 3zoo04 | 3i7es.7 | 3lasosel | Alizsaie | s0aesann | 29955506 | 29651254 | 29005352 | 2709 ana 0i7s

K 43 ] PT99I301 | TIRVISTD | 33014609 | 402398 | 71727070 | 31049 448 | 30574071 | 25505 742 | 28081 027 0256

n; osm | I367 318 | 39365363 | TM0.582 | T2450.458 | 31679977 | 31001 887 | 30630 678 | 25865 071 | 28006 662 0252

: : 35615133 | I5005.480 | 34561 4 | I9889 617 | 32965387 | 22059521 | 317921 262 | W2 835 | RW57277 0368

.. B . 35605718 | 34884 243 | 3406 507 | IFRaI 074 | 32929953 § J2119.447 | JIA7I SRS | HI753.189 | 28548902 0354
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Table 36 HGL. Test for kaolin 10%
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Table 39 HGL Test for kaolin 10%
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Table 44 HGL Test for kaolin 10%
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Table 46 HGL Test for kaolin 10%
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Table 48 HGL Test for kaolin 10%
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Table 50 HGL Test for kaolin 13%
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Table 51 HGL Test for kaolin 13%
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Table 53 HGL Test for kaolin 13%
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Table 55 HGL Test for kaolin 13%
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Table 57 HGL Test for kaolin 13%
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