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ABSTRACT
Faculty of Engineering and Applied Science
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The influence of \?iscosity on turbine flow meter
calibration curves

by Ali Fakouhi

The sensitivity of the turbine flow meter to changes in fluid viscosity puts in question
claims of accuracy (19%) and repeatability (.2%). The present results show that the output
signal is a function of flow-rate and fluid viscosity. A theoretical model applicable to all |
groups of turbine meter, which explicitly involves fluid viscosity, has been produced,
which can be applied to the fluid dynamic characteristics of the turbine flow meter. The
Euler turbine equation with modifications to allow for the effect of tip clearance and fluid
viscosity has been applied in this work.

Viscosity and flow rate dependence have been considered term by term in the main
turbine equation. Experiment leads to a division into two groups, firstly calibration curves
produced from helically bladed rotors which have a lower degree of sensitivity with respect
to fluid viscosity, and secondly those of constant blade angle rotors which are more sensitive
to changes in fluid viscosity.

Fiuid dynamic characteristics of the\ﬁp clearance flow are discussed as well as the
effect of fluid viscosity on the flow pattern in this area. A theoretical model has been made
to calculate the tip clearance flow. Also a semi-empirical calculation is shown to predict
the calibration curve for a given fluid viscosity according to the design of turbine meter.
However, for a particular design and a known calibration curve some suggestions are made
of possible improvements in the calibration performance, for instance by optimising tip
clearance and bearing friction. The term by term calculation of the main turbine equation
allows the prediction of improved insensitivity to the effect of fluid viscosity for certain

changes of meter geometry.
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CHAPTER 1 INTRODUCTION

1. Background
Over the past few years, the applications of turbine flow meters have increased rapidly.

The main advantage of the turbine flow meter is its accuracy, about 1% over a wide range,
its repeatability (.2%) and its physical size and the simplicity of its electronic system, which
gives a digital oufput reading. However, the sccuracy is questionable without calibration of
the flow meter, especially when the fluid viscosity is different from the fluid which was
originally used to calibrate the meter after manufacture. The minimum range of the turbine
meter is mainly dependent on the viscosity of the fluid. This means that, using the same
turbine meter, the transition from the non-inear to the linear part of the meter calibration
curve moves toward high flow rates for increasing fluid viscosities (Fig. 12). Flow measure-
ments with a furbine meter when the variation of the meter coefficient with changing fluid
viscosity is known makes it possible to have an error in the measurement less than the 1%
limitation. Therefore every meter should be individually calibrated, and at least 30 points on
the calibration curve should be measured for each fluid of different viscosity which will be
metered if there is not a precalculated calibration curve available. In this way linearity and
repeatability are established. Any flow meter will be affected to some degree by a change

in the viscosity of the fluid being measured. Although this problem can sometimes be over-
come by using the drag of an external load on the meter to comypensate for viscosity, a more
accurate correction against the variable viscosity effect on the turbine flow meter is
obtained by an investigation of blade geometry and performance. As a result of this invest-
igation, it can be shown that various shaped calibration curves result for different viscosities.
This indicates that the output is a function of both volumetric flow and viscosity, hence the
turbine flow meter calibration data should include fluid viscosity. Each meter has an ideal
continuous calibration curve or characteristic. Deviations from this curve mean that the
meter is affected by several parameters, which include fluid viscosity, size and shape of the
turbine meter blade, and bearing friction torque.

This research investigates these parameters and particularly the effect that the viscosity
of the fluid has on the calibration curve. These parameters affect the turbine meter’s main
equation (eq. 5.19). The main problem in this research was to establish the influence of
fluid viscosity in the turbine equation. This has been done by dividing the M.T.E. (main
turbine equation) into several terms and studying the viscosity effect on each of these terms.

In order to understand the variation in the calibration curve of 3 turbine flow meter

s



due to changes in the fluid viscosity, it was necessary to start with a general equation,
which could be applied for fluid dynamic characteristics of turbine flow meters and then
improve it by including viscosity terms in the equation. TAN showed that for all meters

the main turbine equation is (MTE}

no B C
— A e 1.0

Q Q

TAN’s (Ref. 86) experiments were mostly carried out on specially made research
meters. He used water (approx. 20°C) as the test fluid and showed in his theory that there
are two main groups of meters; as far as general behaviour is concerned, helical bladed
rotors and constant blade angle rotors. TAN proved that helical blade rotors are less
sensitive to the effect of tip clearance, inlet swirl, and velocity profile.

This research will study the effect of fluid viscosity on all hydrodynamic and geo-
metrical components in the above equation. In order to understand the modified compon-
ents, the terms in the above equation are studied separately. The value of A (Term 1) is
the ideal magnitude (if the viscosity of test fluid is close to the viscosity of water) of -g-
in a turbine flow meter, with negligible values for Terms 2 and 3 of the above equation.

The value of “A” should be calculated for known viscosity, however,

A= f{})’ CL} CD: 358$) (1'2)
The hydrodynamic parameters are dependent on the fluid viscosity, so that

Cy= 11 () {1.3)

Cp= £ @) (1.3a)

5*: fg(f}) {i.4}

Term 1 can now be expressed as
A= fwp (1.5)
Term 2 {-%}, is much more complicated.? The value of B will change with changes in
tip clearance ggometry, and u/U. Also this term will change its sign if the angle of attack
at the tip becomes negative. TAN showed the importance of the geometry of the tip
clearance. He changed the size of the tip clearance by turning down the rotor blades. In
this research tﬁe hydrodynamic effects of the tip clearance flow are investigated. Term

2 B also a function of the following hydrodynamic components:

B = £ (CLo, 7 Qo) (1.6)

; This equation has been presented in different form in g later chapter {egs. 5.15, 5.19, 5.20, 10.1)
Concerned with tip clearance geometry (leakage), stated in eg. 1,10

s
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Suppose the terms Cy, —, and Q, are some function of viscosity as follows

U
Cp =L 1.7
— =7 (1.8)
U s(v) .
Q e = £y (v, tip clearance geometry, ) (1.9)
Then term 2 of main turbine equation is
B = fs(», B, tip clearance geometry) (1.10)
C ,
The Term 3 is o where:!
C= fg (L’, Td, Tbear) (1-1})

The main interest of this research is to modify TAN’s theory to allow to vary viscosity.
By writing the hydrodynamic parameters as functions of fluid viscosity or Reynolds
number, and substituting them into the M.T.E., the M.T.E. can be used for any fluid
viscosity. ' ’ -
The above will lead to a change in the M.T.E. A decision was made to select several
different commercial meters, because TAN carried out most of his work on ‘research’
meters and has shown that his theory is applicable for meters operating in the low fluid
viscosity range. (The difference between research and commercial turbine meters® has been
explained in chapter 4.1.4). The investigation on commercial meters will also be more useful
for practical applications of flow meters and of general use in established theory. Although
there were a large number of experiments carried out on commercial meters by turbine
meter producers (Ref. 15, 32), significant results were only produced from extensive invest-
igation of research meters, and some inaccuracy in previous results (Salami’s experiments,
Ref. 97), were discovered. These inaccuracies will be discussed with suggestions as to their

causes later in this work (Chapter 3).

1.1 Preliminary Review of the Existing Turbine Meter theoretical models and their

Limitations

Although the turbine meter is an apparently simple axial machine, there is no ’existing
theory which can be applied for estimaﬁng the whole range of the calibration curve of a
turbine meter.

The hydrodynamic behaviour of the turbine meter is not completely understood. The
significant characteristics of turbine meters are still to be analyséd in detail, only then may
a theory applicable for the whole operational range be derived. The meter coefficient

! This term is concerned with bearing friction torque as md;cated ineg. 1.11
2 See Table 9.1 page 93



{number of pulses per unit volume of fluid) can be calculated in a very simple way if ideal
conditions are assumed. The ideal condition are those which neglect factors such as bearing
friction and assume uniform flow through the meter annulus and no slip. Hence the flow rate
is given by

I 4N (rﬁ-rh}‘t}

Q = arp?L.n[l—[—1% —
Ty nTe° cOSf

(1.12)

The meter coefficient can be calculated from the above approximate equation. This equation
is based on incompressible and bubble free flow conditions: it does not show the dependence
of hydrodynamic forces and viscosity influence on the turbine blades. The rotor angular
velocity is proportional to the fluid velocity or flow rate. Some theoretical models have
been developed to explain the experimental results obtained from flow measurement
through a turbine meter. For each of the theoretical models some assumptions have been
made to simplify the calculations. In practice most of those assumptions are not justified
because such ideal conditions are never realistic. According to the Hochreiters model (Ref.
24), the calibration curve should be linear throughout the flow range, which means the
same meter coefficient is assumed at all flow rates, and even for zero flow rate. The calcula-
tion of the calibration curve for this model will never be near the achieved experimental
results, Lee and Karlby (Ref. 36), derived their model from the Euler turbine equation and
calculated the mechanical torque acting on the turbine blade. They assumed that the non-
fluid forces (bearing friction, retarding force due to magnetic pick up), are negligible. This
assumption cannot be true because these forces maintain a significant part of the Term 3
especially in the range of low flow rate of the M.T.E. and are occasionally useful for
viscosity compensations. Another assumption of Lee and Karlby was that the angle of
attack, a, is very small, so that there is no possibility of laminar separation of flow on the
turbine blade. The skin friction is part of the total fluid friction. According to the experi-
mental and theoretical calculation of this research and of the previous work (Ref. 86),

the angle of attack, «, on the helical blade is much smaller than on the constant blade

angle (Fig. 87). The results of the experiments of the present research show that the helical
blade (Figs. 6 and 22) is not affected significantly by viscosity in comparison with the
constant blade angle (Figs. 9, 12 and 12a). Lee and Kariby assumed that by keeping the
value of Tpy and T, .4, as low as possible, the value of the meter coefficient would not
vary by more than a small allowable quantity over a wide range of flow rates, not even

when the viscosity is increased. This assumption could not be proved by the results of



the author’s investigation, nor by Tan’s result (Ref. 86) because of the effect of tip
clearance, and of the viscous flow on the velocity distribution curve, the deviation

angle, 8 * and on the drag coefficient, Cpy, which all affect the three terms of the main
turbine equation. Term 1 depends on the flow rate, and has a magnitude 44 to 83 times
Term 2, and 20 to 180 times Term 3, from very high to very low flow ranges. Any change
in Term 1 of the main turbine equation affects the calibration curve much more than a
change in any of the other terms. However, the effect of viscosity on the last two terms
determines the minimum operating flow rate in a turbine meter of small size and low
capacity.

The calculation of the hydrodynamic torque is complicated because of the effect of
the axial velocity distribution curve in upstream position of the blade and its variation
with viscosity changes. In general, the turbine blades are influenced by the hydrodynamic
torque and the bearing torque, which are in turn affected by viscosity changes. Lee and
Karlby divided the turbine flow meters range into three different zones, laminar, transition

and turbulent.

1.1.I  The magnitude of skin friction coefficient for the laminar zone, or the region of

low Reynolds’ number

Lee and Karlby used the relation between skin friction drag and Reynolds’ number
for a flat or thin symmetrical aerofoil in two dimensional flow. This relationship obeys
the Blasius law

o B
£ Re”2
blad

The secondary effects which include the three dimensional flow effects, the cascade effects,

(1.13)

the rotating effects, and the pressure effect, will make the above relationship considerably
different. Iee and Karlby (Ref. 36), assumed that these effects could be minimised by a

well-designed meter.

1.1.2 The magnitude of skin friction coefficient for the transition zone

The region is the one between fully laminar and fully {urbuient flow over the blades.
The boundary layer of the turbine blade is laminar at the front or upstream edge of the
blade, becoming turbulent further downstream. The position of the transition point can
be determined from its distance from the leading edge and will depend on the intensity

of the turbulence in the external flow. According to Prandt-Schiichting for flat plate at



zero incidence, the value of skin friction drag coefficient can be calculated from the value

of drag for turbulent flow subtracted from the value for transition flow:

B*
Cp= B __tam 1.1
' Tturb T Re (1.14)
blade

The position of the transition point (distance from leading edge) depends on the
intensity of turbulence and will be defined by the value of Reynolds number based on the

above mentioned distance. B:‘ can be defined as follows:

rans
B*
B* = Bﬁt . €
trans  Cturb T s (1.142)
crit.

'1.1.3 The magnitude of skin friction coefficient for fully turbulent flow, or region of

high Reynolds number

‘For high Reynolds’s number, the boundary layer is fully turbulent, the blade surface
cannot be considered hydraulically smooth. The skin friction drak becomes a function of

the square of the velocity and the drag coefficient is independent of the Reynolds’ number

D

C (1.15)
f l/z.sz.Zc(rtmrh).p '

Lee and Karlby assumed that T hech for a well-designed meter is negligible and the hydro-
dynamic torque consists of a resistive torque due to the skin friction drag in the turbine.
cascade, and to all secondary fluid drags (expression for the drag coefficient due to kinetic

energy in the secondary flow). The skin friction drag coefficient

Ce = Bfurb = const. (1.16)

and the overall secondary drag coefficient

D
= S (1.17)

. sz 2c(rt — )P

Cs

With substitution of (1.15) and (1.17) into (7.18)

w tan @ K
a= | _ .C,1-KC - (1.18)
Q A, Nsind ,




The value of Cy depends on the operational Reynolds’ number and

Neflr, —1,0} sin 4
= t h m (1.19)

Tm- B, " cos? 8 -
The assumption that the skin friction drag coefficient attains a constant value for fully turbulent
flow cannot be accepted because this coefficient also depends on the angle of attack. The

drag coefficient is constant up to a certain value of « and above this value the coefficient

starts to increase. This increase happens in fully turbulent flow. H. Schiichting (Ref. 66)

found that the relation between Crand Reynolds’ number in the transition zone, making

an allowance for initial laminar length and the Prand-Schlichting formula is

o - 0.255 A (1.20)
f log Re2-58 - Re -~
{(1.21)

A" = Reiritical {Cfmrb - C{Iam}

The velocity distribution in the meter annulus becomes “peakier” when the viscosity
is increased (Fig. 53). The error' magnitude also increases with increasing viscosity. In
general, the fluids with higher viscosities tend fo have 3 larger deviation from the normal
operational meter coefficient at high Reynolds” number than the fluids with lower vis-
cosities. Up to a certain viscosity, as the flow rate is increased, the calibration curve shows
a hump, which according to Lee and Karlby occuss at the change over from laminar to
turbulent flow. However, the author’s research has found that the hump is due to the
compensation of the three terms of the M.T.E. A turbine meter with a large hub ratio
should be less sensitive to Reynolds’ number or viscosity increases because the velocity
distiibution will always be flat. A close analysis of Lee and Karlby’s theory shows that
calibration curves can be divided into two regions — linear for high Reynolds’ number
and non-inear for low Reynolds’ number. These two regions are connécted via a transition
section which, for the same meter, moves towards the higher flow rates when the viscosity
is increased. The applicability of the properties of a single aerofoil is doubtful for use in
a rotating {urbiﬁe blade, unless the following effects are considered:

{a} the effect of the rotor blades on each other (interference)

(b} the effect between the turbine blade and hub (eascade secondary vortices)
{c} the edge effect of rotating turbine blade and the turbine cascade

(d) the centrifugal forces on the blade boundary layers due to the rotation.

1 pDevigtion of meter coefficient from m.c. at high Reynolds number
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(e} the variation in Reynold’s number with blade radius.

The effect of Reynolds’ number or viscosity on the M.T.E. may also be seen by sub-
stituting (1.20) in (1,18). The fact that a decrease of Reynolds’ number with an increase
in the value of fluid viscosity increases the term outside the square brackets, i.e. an
increase in the fluid viscosity leads to a rise in the deviation from the normal operational
meter coefficient. The larger the fluid viscosity the greater the value of deviation. The
effect of the tip clearance has not been shown in any cennection to fluid viscosity.

In addition the value of A”in equation (1.20) depends on the position of the transi-
tion point, which depends on the Reynolds’ number. According to this model the shape
of the calibration curves depend only on the state of the boundary layer on the turbine
blades. According to Lee and Karlby’s model, the boundary laver is turbulent in the region
of high flow rate and where the calibration curve is flat. In the region of low flow rate the
boundary layer should be laminar and the transition region will connect the non-inear and
the linear parts. Six experimental points are required to calculate the three different
operational zones, two in each zone. According to Lee and Karlby, the laminar and
transition zones will intersect so that the calibration curve does not exhibit a2 hump as shown
experimentally (Fig. 26). Therefore, Lee and Karlby’s sharp intersection between the linear
(high flow rate) and non-linear (low flow rate) regions of the theoretical calibration curve
cannot be applied to the calibration curve obtained experimentally which shows g hump in
the mid-range flow rate. They paid very little attention to the effects of viscosity and tip
clearance which are according to Tan and the present author’s approach, the reasons for the
creation and disappearance of the hump in the calibration curve.

1.1.4 The Effect of Variation of Tip Clearance on Turbine Flow Meter Calibration Curve

Tan demonstrated in his experiment that by increasing the tip clearance by turning
down the rotor, the measured calibration curves showed an increasing hump between the
linear and non-linear sections. The hump has been produced as a result of the tip clearance
flow and not as explained by Lee and Karlby as a result of the boundary layers condition.

However, the leakage theory has been demonstrated in Tan’s model, which point
out the significance of the tip clearance. According to Tan’s theory and experimental
results, increasing the tip clearance of a constant blade angle research meter reduces the
operating range of the calibration curve, by moving the threshold of the linear region to
a higher flow rate, and thus increasing the non-linear region. Tan showed that the volum-

etric value of the tip clearance is independent of the flow conditions. The author has

1 (ritical Reynolds number



found that the flow condition in the tip clearance depends entirely on the angle of attack
and on viscosity changes. The angle of attack determines the direction of the flow, which
can be co- or counter-directional to the main flow. In this research the flow in the tip
clearance of the helically bladed rotor is found to be always in the same direction as the
main flow. This is not the case in the constant blade angle rotor.

Tan has proved that changing the tip clearance will change the leakage facior, k, and
leakage ratio, g, which in turn control the shape of the calibration curve in the lower flow
range. These factors are purely empirical values and are constant if the test fluid is water or]
has a viscosity very close to the viscosity of water. From this research it is shown that the
k and g factors cannot remain constant for high fluid viscosities. The author has replaced k
and g with empirical equation which can be used for the chosen fluid viscosity. This will
be discussed in greater detail in Chapter 2.3 and App. 1. According to Tan’s theory the
meter coefficient consiSts.of the pulses per unit volume flow travelling through the rotor
(-S?i multiplied by the ratio® of Qr/ Q. Tan’s model n/ Q, consists of three terms, T, t0 Tj.
He calculated these values by fitting the best possible curve to the M.T.E.* He used the least
squares method and took two experimental points to find the leakage factor k and the’
leakage ratio, g. This is purely empirical and only applicable for water. The author replaces
these terms with a viscosity dependent function. The same is done for the hydrodynamic
components like local velocity, u, the deviation angle, 8%, and the velocity angle, 6, so that
the Terms T, , T,, T3, are calculated theoretically. Instead of taking the leakage factor and
leakage ratio into consideration, the author has developed an alternative model for calcul-
ating the volumetric efficiency Qr/Q, This is purely a theoretical model and replaces Tan’s
emnpirical approach (Chapter 6).

According to Salami’s model the shape of the calibration curve depends on the upsiream
velocity profile. He fails to explain the existance of the hump, and also there is no ‘explana-
tion of tip clearance flow and its significance in his theory. Salami’s (Ref. 97) experiments
on research turbine meters were carried out on meters with photocell pick ups. There is
some discrepancy in his experimental results, which is described in Chapter 3.

Therefore the theory based on his experimental results is doubtful i.e. Salami’s model
does not explain theoretically the existance of the hump on the calibration curve nor does
he investigate the effect of tip clearance size and flow, and the effect of increasing viscosity.

1.1.5 The Axial and Tangential force Produced on Turbine Blades

Comolet (Ref. 6) derived a main turbine equation which is in general very similar to

! Eq. s.11
? $q.688=1-g+k/Q
3 The MTE could be stated using eq. 5.20 andfor eq. 1.1



those derived by Tan (Ref. 86) and Lee and Karlby (Ref. 36).

Comolet (Ref, 6) neglected the effect of tip clearance. According to Tan’s turbine
equation, (Ref. 86) shows that the amount of flow going through the tip clearance is not
" negligible and has a large influence on the rotational speed at low flow rates. This effect
will be discussed later. Comolet (Ref. 6) has also analysed the influence of the hub.on the
axial forces.

Taking account of tip clearance produced a basic improvement in the turbine meter
general equation. Comolet’s equation (Ref. 6) consisted of calculating the axial, dA, and
tangential, dT, forces on the blade, which gives (see Fig. 3) (with the assumption that «
is very small).

g—-6 =20

The value of de on the blade element is as follows:

p.c.Vy? . -
= (CL cosf}m—-CD sind )r.dr (1.22)
2

According to Gerston’s cascade measurement (Ref. 17) the value of Cp, (a correction for

de = r.dR

his experimental data has been suggested in Chapter 5.2 to allow for Reynolds’ number effect),
is given by

) 4\}H*+t

Cp = (1.23)

c
With the assumption that the flow on the boundary layer past the blade leading edge is

turbulent, the displacement thickness is given by:

sy*  0.046

¢ - Reu5

w

And, (assuming that o & 0 which can be applied for helical bladed rotor), momentum

(1.24)

thickness by:

VH*  0.036

= (1.25)
c ReI/5

thus

- Yttt 0144 ¢ (126)
= = +— :
D c Ree'z c '
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C — + —) (1.27)
L ReV-2 ¢ Reﬁ'z c
In order to study the axial forces, and their influence on the blades and the hub, the
forces are calculated assuming that the axial fluid velocity is constant in the blade area,
and that « is very small,
A =L N e 2y (1 sy
== . Cc . I H — e — .
Folades o , Do To To ! o g
Comolet regarded the hub as a flat plate (length W and width 2n1y,). The blades are

perpendicular to this plate and according to Schlichting, the inter-action of the flow in

the root gives a factor of: (¢ is the corner effect between hub and turbine blade)

0.0052 )
= - 54 (1.29)
[1.89 + 1.62 log ( ¢ ] N 00052 (1.30)
= [1.89+1.62log (——— )] = —rr )
Dhub ks cos ) Re&é

The Comolet model is applicable only where the tip clearance effect may be neglected
and where o 0. Meter type B approximates to this situation and, since its Reynolds’
number is close to that of the standard type, it may be considered to act in the manner of
the Comolet model. But in the case of constant bladed angle rotors, « is large and can increase
up to 12 % at which value it has a large influence on Cp and Cp, and will affect all three
terms of ghe M.T.E. Also the tip clearance flow is significant and cannot be neglected.
Neglecting the tip clearance effect, as Comolet does, introduces an unacceptable error into

the M.T.E. Also Comolet did not consider the effect of viscosity on the calibration curve.

It



CHAPTER 2. AIM OF RESEARCH

The experimental results in the present research show that for constant (Fig. 9)

and helical blade angle rotors (Fig. 6) the meter coefficient n/Q is affected by Reynolds’
number through the variation in dynamic viscosity over the whole range of the turbine
meter calibration curve. In order to appreciate the reason for this it has been necessary

to examine the turbine equation divided into three parts as follows:
Ferm 1l Term 2 Term 3

n B C

[P— e A"i‘““““ .

Q Q Q

This is similar to the equations of Comolet (Ref. 6), Kalkhof (Ref. 32}, Lee and Karlby

(Ref. 36) and that of Tan (Ref. 86) which is the only one to include the term B/Q which
is related fo tip leakage losses.

Each of three terms on the RHS is a complex combination of turbine meter and fluid
characteristics, as discussed in later Chapters. A change of any of these terms will affect the
meter calibration curve in a particular way. In order to understand the effect of viscosity
it is necessary to consider the following points:

2.1 The physical meaning and the significant parameter in the different terms of MTE

n .
Term 1. The ideal! value of the turbine meter coefficient { »—é} is equal to the Term 1 of

the above equation:

This could be the case when the fluid velocity is proportional to the rotational speed
(Eq. 7.20) and/or the values of B/Q plus C/Q? to compensate the drop in the value of A,
which occurs by increasing the value of fluid viscosity {see Fig. 62), for helically bladed
rotor. For the constant bladed rotor the above can happen only in the high flowrate
with the condition of small value of B/Q and C/Q? (see Fig. 81a, 82).

“A” is dominant in the above equation and depends mainly on deviation angle § ¥,
1ift and drag coefficient ’CL and Cpy and velocity distribution, which change with increasing
fluid viscosity.
Tern 2. E: this term, which was proposed by Tan (Ref. 86) to cover the effect of tip-
clearance and leakage, is a function of fluid viscosity and the leakage factor k (see App. D)
The drag coefficient and the velocity profile in the meter annulus are affected by an increase
of fluid viscosity which will change the magnitude of this term. Tan (Ref. 86) has shown
' The ideal vaiue of A could not be achieved for the meters used in this research

12



the effect of tip clearance on this term (Fig. 25

Term 3. % : this term depends mainly on the total torque acting on the turbine blades

{Egs. 7.15). Td (Eq. 7.8) and Thear {eq. 7.23) depend on fluid viscosity. {"?bm” Tmecﬁ}
The above three terms have been calculated in this research and also a comparison

between the experimental and the theoretical results has been made, which led o

satisfactory agreement.

2.2 The effect of Balance, Compensation or Reduction of the three terms of the main

turbine equation upon the calibration curve

1t is desirable that the sum of three theoretically calculated terms in the M.T.E. shall
give good agreement to experimental values of n/Q, since the relative magnitude of the
three terms can then be compsnsated for changes in viscosity or other variables. Knowledge
of the variation in the three terms can then be used to produce the geometry which '
will give a constant meter coefficient over the widest possible range of flow for fluids of
high viscosity. Reduction of the Term 2 or 3 separately has the following resulis on the
calibration curves:
1. A reduction in Term 2 due to a decrease in tip clearance or an increase in viscosity’
causes a drop in the meter coefficient at low flow rate (Fig. 16). This pushes the lowest
reliable range of the turbine meter towards the higher flow rates and the working range
becomes smaller.
2. A reduction in Term 3, by balancing the mechanical {eq.7.21) and hydrodynamical
%{}3@&83 (eq. 7.15), or the effect of fluid viscosity on Term 2 which causes a hump on the
calibration curve (Fig, 9, 12 v =12, 21,47 8¢

The experimental results have shown (Figs. 6 and 22) that the turbine meter with
helical blades (Fig. 11) is less sensitive to the effect of fluid viscosity than that witha
constant blade angle rotor (Fig. 10). The reason for this advantage might be one of the
following points:
I. The angle of attack &, is smal] for the helical blades in comparison with the constant
blade angle rotor (Ref. 86). Thus the hydrodynamic torque is small and hence will reduce
Term 3. Also the tip clearance flow is co-directed with the main flow. Therefore, the
variation in fluid viscosity affects mainly Term | which will be compensated with Term 2
and the calibration curve will be flat. The increase of fluid viscosity would not change the
shape of the calibration curve greatly when the other Term 3 is negligible or has a compen-
sating effect with the other two terms.

Y Constant blade angle roior

13



2. The velocity distribution over the blade area contributes fowards a uniform force
acting on the blade which does nof change its magnitude with increasing fluid viscosity.
(Equation 1.28). Besides there is no negative lift because the angle of attack is small and
positive.

It was essential to predict theoretically the calibration curve obtained from numerical
calculations of the magnitude of the hydrodynamic components with changing féziéd
viscosity. The above components are lift coefficient, C 1 drag coefficient, Cpy, angle of
attack, «, velocity angle, 6, and angle of deviation, 5 *. Changes in turbine meter geometry
such as blade angle, 8, hub and tip clearance ratio, blade chord and thickness, and rotor
bearing types (plain or ball bearing) will be made and their effect on the above components

evaluated.

2.3 The theoretical leakase model based on tip clearance hydrodynamic behaviours

The main turbine equation introduced in Chapter 1 (eq. 1.1) has been derived by
Lee and Karlby and altered by Tan to include the effect of tip clearance.
Tan developed his theory after adjusting the M.T.E. to fit his experimental resulfs.
This research has modified Tan’s theory to make allowance for the effect of fluid viscosity
on M.T.E. (Tan restricted his experiments to water only). The author has divided the M.T.E.
into Z main parts (eq. 5.15) which are: =
a)  The ratio of angular velocity to the flow through the rotor is (n/ Q). The nf{,}z {eg. 5.10)
has been calculated for type B turbine flow meters (representative of helically bladed angle
rotor) and type C (representative of constant bladed angle rotor). T1, T, , Ts had to be
precalculated {egs. 5.12, 5.13, 5.14) in order to determine ﬁ;"{}r (eq.5.11). T, T, and 15
vary with fluid viscosity and consequently the number of pulses produced by them will
vary. The theoretical and the experimental values of the meter coefficient of n/Q for varying
{iuid viscosity are shown in figures 88-89.
b) Q/Qis influenced by the leakage or tip clearance flow which affects the calibration
curve. Three different methods have been introduced in this work to calculate i}zj Q.
1} The leakage method based on calculations of g (leakage ratio) and k (leakage
factor) as a function of flow rate and fluid viscosity {chapter 8 app. I).
2} Displacement and momentum thickness based on boundary layer theory
{Chapter 5.1)
3) The calculation of energy losses at the tip of the blade, based on the flow
conditions in the tip clearance area (turbine flow meter volumetric efficiency,

{Chapter 6).



When the experimental calibration curve has been determined the empirical values
of A,B Cleq. 1.1}, 2 k,T,, T, and T5 {eq. 5.20) can be obiained by using the method
of least squares (App. I}

There is good agreement between experimental results.and calculated values for the
helical blade rotor and notsuch 2 good agreement for the constant blade angle
rotor, This is not only because of leakage affecting the tip clearance flow. Any disturbance
in the tip clearance flow will aiso affect n,!!{}r therefore, n/Q. The calculation of this
volumetric ratio QI/ Q, (for uniform flow), is performed by integrating the flow through

the blades from the blade hub to the blade tip and from the blade hub to the turbine casing

respectively.

Q Q,
— =(1-=)

Q

The value of QC (eq. 5.17a) is the tip clearance flow and can be determined by the calculation

™
o

of boundary layer thickness using Gersten’s theory (eq. 5.16) which is described in chapter
5. Alternatively a more complicated method of this calculation is to apply the momentum
equation in the turbine meter cascade and calculate the Q. value by finding the energy
losses in the turbine meter tip clearance {chapter 6).

The determination of the ng{} ratio based on the volumetric efficiency of the turbine
meter, can be used when there is not a good agreement between the empirical leakage method

and the experimental resulis.
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CHAPTER 3 AN ANALYSIS OF THE PREVIQUS EXPERIMENTS ON
THE EFFECT OF THE FLUID VISCOSITY ON THE TURBINE
METER CALIBRATION CURVE

At the beginning of this research programme there were three different experimental

results available from the former researchers which may be divided into the following groups:

3.1 The experimental result on the research Turbine meter with Photocell pick-up

To explore the effect of viscosity on the research flow meter (Fig. 21) was the aim of
Salami’s research programme.’

He worked on research turbine meters having a photocell pickup (Ref. 65). The
reflected light beams on the turbine blade tip which came from a bulb attached to the
turbine meter casing, were picked up from a photocell, which was placed close to the light.
The pulses were counted in a counter with 100 mV threshold.

As some of the pulses were not countable because of this low amplitude there was
a counting error, which led to inaccuracy in the megsurement. In Figs. 21, 37, the result of
missed pulses can be seen; they do not have a dot under the very weak pulses. Another
effect at high flow rate for photo-cell pick ups is that because of the large number of pulses,
a certain number of pulses may join together and the Schmidt-trigger cannot separate them
for counting. In this ressarch work, these effecis have been discovered by instaliinga
magnetic pick up on the research meter with the photocell pick up (Fig. 34). The pulses
produced from the magnetic pick up of this meter (Fig. 39) are harmonic in shape compared
with pulses produced from photo cell pick up for the same rotor (Figs. 36, 37). The above
mentioned magnetic pick up on the research meter made it possible to check the number of
the missing pulses, which were lost during counting with photo cell pick ups.

This can be seen in Fig. 20; the calibration curves were plotted once just by using the
photo cell pick-up and another time by using the magnetic pick-up. It can be discovered that
from a flow rate of 4 1b/sec.? upwards a certain number of pulses are missing, but the
measurement was difficult for low flow rates in the case of the magnetic pick-up because
of the low speed of the blades passing the magnetic field.

The results of the present research have shown that the maximum gradient (the slope
of non-linear part), of the calibration curve (n/Q against Q) for low flow rates will decrease,
with an increase in the fluid viscosity. The calibration curves for fluids of higher viscosity
than water rise with Q at slower rate than that for water but reaches a higher saturation
(asymptotic) level after intersecting the curve for water, which gave a similar calibration

Salami used only | photo cell pick-up, therefore he received less pulses/rev.
2 Q= 4Ibfsec = 1.816 litre/sec

16



curve to the commercial meter with a constant blade angle (Fig. 19). Salami’s results

with missing pulses due to the photo cell pick up {Fig. 21) can be compared with the
present results (Fig. 20} obtained by installing the magnetic pick up on the sbove meter.
The similarity between the resgarch meter (Fig. 19) and the commercial meter (Figs. 9, 12,
12a) can be seen in a comparison 6f the calibration curves of these two groups of research
and commerical turbine meters (Salami’s results: two different calibration curves for
commercial and research meter, Figs. 21, 28). The above two groups of meters have similar
geometrical devices with small bearing friction and constant blade angle.

If the tip clearance from one blade is larger than for the other two in the research meter
the reflected light beam from the blade tip will almost disappear and does not reach the
photo cell because the viscous fluid (see chapter 4 for fluid being used), is not sufficiently
transparent. This is one of the reasons for having some pulses of very small amplitude. The
second reason is because of the different elecirical resistances of the bulbs and their position
relative to the blade tip. There were 4 photo cells installed on the research meter each of
them collected the reflected light beam from a 6 volt bulb. The reason for having 4 photo
cell pairs was to have as many pulses as possible. This could be realised either by increasing
the number of blades or alternatively increasing the number of pick ups. This affects the
brightness of the beam, and may be the reason for having two different shapes of calibration
curve for the constant blade angle rotor in the research turbine meter with photo cell pick-
up (fig. 16), and the commercial meter and the same shape of blades with a magnetic pick-
up (Fig. 12).

From the previous research, the number of pulses per unit volume for viscous flow was
always less than the number of pulses per unit volume for water (Fig. 16). In current
research programme, where a double check of accuracy was possible with the additional
magnetic pick-up, the number of pulses per unit volume were above those of water from a
certain flow rate (Fig. 190

3.2 The effect of the fluid viscosity on the calibration curve of 3 turbine meter obtained

using a magnetic pick up

The magnetic pick up has some fundamental inherent characteristics, such as producing
a magnetic field which can cause a reduction in rotational speed.

The lower rotational speed causes a weakness in the pulses produced. The number of
pulses per unit volume can drop below the pulses produced by photocell pick up. (Fig. 20).

The experimental results in Salami’s research on g commercial meter, which have



magnetic pickup, have been obtained for an Eiliott 1% ins. turbine meter. The experimental
result can be seen in Fig. 28. In order to explain these results the author has discovered
that Salami has worked in just a very small operational region. If was not possible to carry
out tests at a very high and very low flow rates because of the following reasons:
(a) the pressure in the test line increased to the highest allowable extent of 70 psi, (4.83 bar)
because head loss over the filter (Fig. 1) was verv high. The results for the commerdial
meter were not complete because with an increase in viscosity there was a rapid pressure-
rise (over 70 psi) across the main pump in the test line. The results for high flow rates for
fluids with high viscosity could not therefore be achieved because the pump pressure control
switch operated and cut off the power. The second resiriction in his results was the Umit
ation of the counter to (100 mV). Any pulses with a2 weaker amplitude could not be
counted. Thus Salami has missed the turbulent zone, which was the end of the non-linear
and the beginning of the linear part of calibration curves for the research meter. Only the
humps in his curves could therefore be seen.

For fluids with high viscosities, high Reynolds’ number and large flow rates could be
achieved in the author’s research programme by bypassing the filter in circuit, thus avoid-
ing a large pressure drop. The second limitation was avoided by counting the pulses with
g counter having Jower limitation threshold, or by amplifying the pulses’ amplitude. The
results of these improvements can be seen in Fig. 9 and 12). The blades Reynolds’ number
in Salami’s results was between 20 and 20.10° and the Reynolds’ number in the meter
annulus was between 53 and 61.10°. The discontinuity in the calibration curve was prob-
ably because of the switch over from two to four photocell pick-up readings. Salami assumed
that this was the result of a changeover in the flow from laminar to transiation zone. Sglami’s
experiments were carried out almost at low Reynolds’ numbers (blade range Re < 10°).
Salami did not check the influence of tip clearance on his results,

3.3 The experimental result in Tan’s research programme on a research meter

The experiments carried out in Tan’s research programme, were with water. He
proved that the flow going through tip clearance is not negligibly small and this achieve-
ment improved the M.T.E. Because of the cleanness of water {{est fluid}, Tan did not
miss any pulses, so that his experimental results were reliable. The commercial use of
turbine flow meters dictated an investigation not only with water, but aiso with fluids
of different viscosities, to make the commercial range of turbine flow meters mose

reliable. That is the reason for completing the M.T.E. with hydrodynamic components



which change with different fiuid viscosity, which has been done in the present research.

3.4 The experimental results in the Lee agnd Karlby research programme on a commercial

meter

Lee and Karlby used a large turbine meter {16 ins. diameter helically twisted blade
rotor). They achieved for high flow rates and low fluid viscosity the linear zone of the
clibration curve, and the non<linear part of the calibration curve for high Tluid viscosily
and low flow rate on one calibration curve, i.e. they connected the two different test
fluid viscosities on one calibration curve. Effectively, they were two different calibration
curves which cover each other on high flow rates and divide into two different parts in the
non-linear part of the calibration curve. This can be seen in the previous report’ (Fig 26).
They maintained that the viscosity caused the hump on the calibration curve. But asa
result of this research it is proved that the creation and disappearance of the hump is due
to the influence of Term 2, and Term 3 of the M.T.E. The balance of these terms leads
to the disappearance of the hump on the calibration curve, although the viscosity was
very high and the meter was not viscosity compensated with an external load. Lee and
Karlby have no Term 2 in their equation.

Lee and Karlby's experiments covered three different zones — laminar {(pipe Re =
50-4000), transition (4000-9000) and turbulent (9000-10%). The non-linear part of their
results was connected to the linear part with a hump between them. The existence of the
hump was due to fluid viscosity (Ref. 36), corresponding to Lee and Karlby’s theory.

Tan has proved that this hump is due to tip clearance. The experimental results in this
research have shown that the hump exists up to a certain viscosity at which the values
of Terms two and three will balance each other, and the hump will disappear. The meter
calibration curve has been compensated for by providing the turbine meter with an
external Ioad which causes the hump to disappear sometimes on the calibration curve
(Fig. 26). ’

Tan’s experiments were in fully turbulent flow. The general aspects of his observation
on the effects of tip clearance on the calibration curve were significant, because of his
explanation of the existence of the hump on the calibration curves due to the large gap
between the rotor tip and the casing was more logical than that of Lee and K arlby (Ref.
36). Also for tutbulent flow, increasing the tip clearance increases the Term 2 of the main
turbine equation (5. 20}, so that the number of pulses per unit volume increases by having
a meter with larger tip clearance. Lee and K arlby assumed the hump in the calibration

! author'sInterim Report No. ME/75/18 published in Gctober 75 in Department of Medhanics]l Enginsering
University of Southampton
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curve was due to the changeover from non-linear (laminar) to the linear (turbulent) part
of meter calibration curve, Tan’s tests were mostly carried out in the region of high
Reynolds’ number, therefore he has not investigated the influence of drag and drag
coefficient at low Reynolds’ numbers, His general equation camrbe applied for transition
and turbulent zone. Tan’s experiments were generally with rotors % ins., % ins and 1% ins.
hub diameter : pipe Revnolds® number varied from 25000-250000. In rotor upstream
position the Reynolds’ number was between 14300 and 22900 and the blades Reynoids’
number was 8400-25300. Among the four research meters were two constant blade angle and
two helical blade rotors.. The rate of increase in meter coefficient with an increase iny
is smaller for helical blade rotors than for constant blade angle rotors. (Fig 9 for turbine
meter with constant bladed angle rotor and Fig. 22 for helically bladed rotor). That could
be the result of having no negative lift in the helical blade rotors. The angle of attack, o,
is positive and small for the whole operation range. The discontinuity in the meter calibra-
tion curve can be seen in Tan’s work, which was discussed earlier. Tan suggested this
was the result of an increase in the angle of attack and stalling and unstalling phenomena.
Another viscosity experiment has been done by Fischer and Porter (Fig. 31-32)
which was demonstrated in Paper 2-17-207 (Ref. 15). Their results are similar to those of
Salami’s (Fig. 27). The calibration curves in that paper are made for viscosities between

1 and 80 ¢St
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CHAPTER 4. DESCRIPTION OF THE RIG

In this chapter the calibration rig will be briefly described. The schematic and control

diagrams can be seen in Figs. 1 — 2. The main pump (positive displacement pump) driven
by a 25 hp motor and an infinitely variable hydraulic transmission (Fig. 42), circulates
fluid from the sump around the rig (Fig. 41). The flow passes through a filter and a bypass
into a 10-inch (254 mm) diameter, 40 ft. (12192 mm) long pipe which contracts into a
conical section. This is then connected to the 26 f1. {7925 mm) long test length, where
the turbine-meter can be installed. At the end of the test length there are two pressure
regulating valves. These motor-driven valves control the pressure in the test length (Fig 47).
A fine control valve with a smaller valve-seat and slower driving motor, is instafled for
fine pressure and flow rate adjustment. For very low flow rates, this valve was brought into
operation. The pump could provide any flow rate by varying the drive until the required
pump speed or turbine frequency was obtained. The flow converges gradually from [0 ins.
(254 mm) to 2 ins (50.8 mm)or 1% ins (38.1 mm) pipes through a conical section.
During normal operation, the pump pressure is set for 68-72 psi (4.68-4.96 bar). This
high pressure is necessary to prevent air bubbles in the test lsngth and cavitation within
the meter. The water flows finally through the diverter, either to the sump or to the
weigh-tank, depending on the diverter position. The weigh-tank (Fig. 46} is situated on
a weighing machine, which is capable of weighing up to 2000 1b (908 kg) within one ounce.
After the pump is started, the water begins to flow through the 10 ins. pips, and
test length, and through the diverter back to the sump. The meter is situated in the test
fength. The viscosity of the fluid is changed by dissolving powdered Celacol D 450 in it.
The weigh-tank and fluid contents are weighed. The scale of the weighing machine
can be preset to stop the flow into the tank at any required weight up to 1900 1b. (862.6
kg) by the activation of a photo-cell. The time for the collection of the required amount
of fluid can be recorded using a timer counter to.the nearest millisecond. Before the start
of the measurement and after the required weight has been collected, the weigh-tank is
weighed. The difference from the initial weight gives the weight of fluid collection. This collected
amount, divided by the time taken, gives the measured flow-rate. The pulses divided by
the flow-rate gives the meter coefficient. To begin the measurement, the timer counter is
started manually and is stopped automatically by the photo-cell on the lever arm, when
the required fluid has been collected. A direct reading viscometer, with concentric

cylinders is used to measure the viscosity. During the test the solution temperature i
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taken at regular intervals and their mean gives the test temperature. The viscosity of fluid
is also checked regulariy using the direct reading viscometer contraves (Rheometer 15, 30)
to ensure that it has not changed appreciably.

The celaco! solution was found to be Newtonian up to viscosity 400 ¢St. A steady
rise in room femperature did not change the viscosity of the solution significantly so

that an extra correction factor was not needed.

4.1 Instrumentation

The liquid used for the experiments is collected in a sump, measuring 2 m. x 1.80 m.
% .80 m. and containing 450 gallons {1700 litres) of Hauid when full The main pump
(Fig. 42} sucks the liquid through a 3 ins. (76.2 mm) diameter steel pipe and discharges
to a 10 ins. (254 mm) pipe through either the diaphragm valve or via the self cleaning
filter (Fig. 43). The pressure of the pump is measured and controlled by a pressure
switch at the end of the test length. The pressure switch will cut off the pump when a
certain preadjusted pressure has been reached. The pressure loss will change when the
filter is in-line, depending on the viscosity of the liguid, in order to produce a uniform
flow. The flow can be diverted either into the sump or into the weighing tank after passing
through a right angled brass bend and 2 way fish-tail diverter. The flow diverter is for
directing the fluid into the sump or for diverting it into the weigh tank while the experi-
mental points have to be taken (FPig. 44). A small pump (Fig. 49) can transfer the fluid
from the weighing tank into the sump. Air vent valves are situated at the highest point
of the 10 ins. (254 mm) pipe and connected together by a plastic transparent pipe. As
an extra precaution to check for the presence of air bubbles, a perspex pipe is situated
in the actual test length of the system. The perspex pipe connects the 2 vent discharges
into the sump. The test length used for measuring are in 2 sizes, 1% ins. (38.1 mm) and
2 ins. (50.8 mm) diameter.

4.1.1  Control Pansls (Fig. 40)

£ z

The control panel is self explanatory. The speed control is interlocked with the main
drive motor. Limiting switches are fitted for pressure conirol of the test length and the
speed of the main pump. For circulating the flow, the diverter must always be in the sump
position, when the panel is first switched on. There are 2 warning lights (fitted to the

pressure and temperature gauge, of the main pump). These will light up if any excessive
After the

disturbance in pressure or temperature occur, and will shut down the pump.



disconnect the system if the pressure or temperature is still ocut of allowable limit.

4.1.2 The Main Pump

The main pump is driven by a 25 hp motor, through a Kopp speed variator (Fig.

42). A toothed pick-up wheel is fitted on the output shaft of the Kopp variator, with a
magnetic pick-up to count the rev/min. The limitation output is set for 300 =
2600 rev/min with a constant input speed of 1480. The speed of the pump is adjustable
to the nearest 1 rev/min with an extra push button switch on the panel. By controlling
the line pressure, the maximum and minimum flow rates obiained are 21 and 0.1 1b/sec.
(9.53 and 0.0454 kg/sec). In comparison to the lowest achieved flow rate (0.2 1b/sec,
0.0908 kg/sec) in the previous research, the present modified rig is improved at lower
flow rates (0.1 Ib/sec, 0.0454 kg/sec). This has been achieved by fitting a fine adjustment
valve in the fest line. For very low flow rates the main valve is shut down and the line
pressure is adjusted by diverting the flow and using the fine adjustment valve (Fig. 47). The
relief valve on the main pump is set for 78 Ibg/in® (5.38 bar) to protect the pump against
excessive pressure. There is also an equivalent switch on the main pump set for recomm-
ended temperature.
4.1.3 Test Length

The flow converges from 10 ins. (254 mm) pipe into 2 ins (50.8 mm) or 1% ins (38.1
mim) diameter test length. A conical section is fitted to connect the 10 ins pipe to the
test length. The test length diameter was always equivalent to the size of the turbine meter
in use. The contraction of the 10 ins (254 mm) pipe to the test length diameter was
necessary to achieve an almost uniform flow over the whole test length. The test length
was made in several pieces ranging from 6 ins to 96 ins (152.4 to 2438.4 mm) to allow
more meters to be tested in the length for double checking purposes and also for changing
the position of the turbing meters over the whole test length.
4.1.4 E‘m%égzs meters

Two types of turbine meter bodies were used during these experiments, one with a
perspex body designed by the author (Fig. 33) and a magnetic pick-up. Two holes were
bored in the upstream and downstream positions of the meter for L.D.A. velocity measure-
ment. The holes were for sending the lasér beam through the meter’s body. In the other
meter, specially designed for the rig, a light from a 6 volt bulb is directed at the blade
tips, which are painted white to reflect better. The reflected light beam was picked up by

a photo electric cell and amplified by a pre-amplifier with a gain of 100. The light bulb



together with the photoelectric were all in one unit, mounted at the window on the
meter's body (Fig. 34, 35}. The output signal is converted into square waves (in a schmidt
{rigger set) and then counted by a timer. Four photo cells situated at each end of a pair
of diameters of the turbine casing at right angles to each other. The rotors of the research
meters have 3 blades; theréfore, there are 12 pulses obtained for each revolution (Fig.
36, 37). For commercial meters a magnetic pick-up is used to count the rotational speed.
{The output signal is shown in Fig. 39).
4.1.5 Control valves

Two motor driving valves were fitted parallel to each other, after the test length
(Fig. 47). They are used for controlling the line pressure. One driving valve, with a bigger
(2 ins (50.8 mm} } seat and faster motor was used for rough adjustment and the other with
a smaller seat (%ins (19 mm ) ) and slower motor, for fine adjustment. By having the smaller
valve in operation it was possible to achieve an experimental point at a very low flow rate
(0.1 Ib/sec, 0.0454 kg/sec) with reasonable repeatability. Also it was possible with the fine
adjustment valve to drive the meter at a certain rotational speed with an accuracy to the
nearest of 1 pulse/sec. The valves are operated by a two-way motor. They can be operated from
the panel, having two sets of limitation lights, and an indicator on the valves to show the

position of the seats.

iverter {Fig, 44) and then either

o

x. 463, depending on its position. The diverter is

into the sump or the weigh tank

actuated by 2 pull-type solenoids, one on each side of it (Fig. 2). Depending on which

gised the flow is directed either to the weighing tank or the sump.

-t

solenoid has been enern
A metal strip, painted black, is attached to the diverter. This strip blocks the light beam
directed onto the photocell, when the liquid flows into the sump. The push button for
starfing the experiment {(situated on the control panel) will change the position of the
diverter into the weigh tank. Thus the strip will allow the light beam to fall on the photo-
cell and so produce a signal which triggers a timer counter. After the preset amount of
liquid has been collected, the diverter will go back to the original position, blocking the
light beam and stopping the time counter.

E

4.1.7 Sump Tank

The sump tank has a capacity of 700 gallons (2646 litres) and is connected to 2
ervoirs. The first one consists of 3 bins connected together for preparing the viscous



fluid (Fig. 48). The celicol powder is mixed with water, gradually thickening it. By adding
this thick liquid to the sump the viscosity can be increased gradually.

To decrease the fluid viscosity there is a tank with a capacity of 500 gallons (2270
litres). A part of the sump liquid can be pumped away into another tank and the remainder
diluted with water. Therefore, it is possible to run the experiment at every required
viscosity.

4.1.8 Weigh Tank

The weigh tank has a capacity of approximately 2000 Ib (908 kg). The weigh tank
(Fig. 46) rests on the weighing machine without touching the ground (Fig 46). High and
Iow level controllers are fitted inside the tank. The high level control prevents any over-
flow, by automatically switching the diverter into the sump. The low level control is a
control for transfer pump while it is emptying the weigh tank for starting the new experi-
ment. If the “low level” is reached a control switch operates the 3-way solenoid valve to
a position, such that the fluid will circulate in the pump only, profecting it against running
dry.

4.19 Weighing Machine
The weighing machine (Fig. 46) can measure up to 2000 Ib (908 kg) of fluid with an

accuracy of = 1 ounce (28.375 grams). The maximum weight of lquid used for any one
experiment could not be more than 1300 16 because of the tank weight and the “low level”
fluid amount. Before and imme diately after each experiment the weight of fluid is measured
and subtracted from the initial weight to calculate the exact weight of fluid used in the
experiment. The required value could be set on the weighing machine. Initially, the arm

of the weighing machine blocks the light beam going to a photo electric cell (Fig. 46),
which is connected to a time counter. The time counter will stop immediately on reaching
the required amount of fluid collection, as the weighing machine arm will 1ift and the light
beam can be picked up by the photo electric cell. (The light beam on the photo cell will

also activate the solenoid and the diverter will come back to the SUMP position). The
weighing machine is calibrated every two months with standard weights. These standard
weights are adjusted by the Weights and Measures Department to within +10 grains
{0.6479 grams).

4.2 Velocity Measurement Using Laser Doppler Anemometry

The velocity distribution over the turbine blade annulus, the angle of attagk, «,

and the deviation angle § ¥, and the velocity angle 8, upstream and downstream of the rotor,

1 13001b = 590 litres
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are the unknown parameters which affect the main furbine equation and the drag 2

lift coefficients, which will be discussed later. This factor made it necessary to use a method
for velocity measurement which does not distusb the flow as 2 pitot tube does. The Laser
anemometer has been developed recently to measure velocities. The frequency of laser

e test

fength, in the upstream and

radiation scattered by a small particle moving in th
downstream positions of turbine rotor, varies in a manner dependent on the velocity and
the scattering geometry (the Doppler effect) and can therefore be used for local velocity
measurement. Thus for a given fluid velocity (Ref 93}
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v = Vs
A

g = geattering angle of the *mas&r;é region
u = velocity (m/s)

A = wave length

vy = frequency of pre shift

i = refractive index of measuring medium

v = frequency of Doppler shift

50-52}. The scattered radiation

A laser beam is focussed onto a

is collected through a slit at an angle of @ s the reference beam.

beam and the main b issed at the point in the turbine meter

The reference

tube in the upst
ing the

rsection point, defin

measurement region ( ¢ 50 pm). The anemometer,

mounted on the bed of a2 milling machine, is adjusted so that the measuring volume

traverses the flow from the inside casing to the hub. This measurement has been done for
the axial velocity components. The results for the axial velocity component are measured.
The corresponding calculation of 8, @ and & ™ must also
point between the hub and the casing of the turbine meter. For this purpose perspex

turbine mat and downstream




calibration curve. Any liquid can be used, provided it does not attack the rig. The meter
can be placed at any required position along the test length. By adjusting the frequency
output or pump speed the flow meter can be set to any required flow rate. The time
for collection of the liquid can be chosen between 50 sec. for the highest flow rate 22
Ib/sec (9.988 kg/sec) and any longer time depending on the chosen flow rate and the
capacity of the weigh tank (maximum 1300 1b, 590.2 kg It was initially decided to vary
the viscosity by the use of Methocel powder. This provided a certain number of difficulties,
such as the non-Newtonian properties of the fluid. At higher concentration it was also
difficult to mix a uniform solution even if the liquid was heated. Therefore, the Celacol
D450 was finally chosen because of its Newtonian properties and the ease of cold water
mixing. The mized Celacol D450 liquid was also uniform (the same viscosity) all over the
sump. The efficiency drop in the main pump with viscosity increase is corrected by reduc-
ing the line pressure (opening the by-pass valve (Fig. 43} ). . All the controls are operated
from the panel The experimenter has to take two weighing machine readings at the
beginning and the end of any experiment. The rotational speed which varies approximately
linearly with the flow rate, can be recorded in 3 different wavs:
a} continuous reading of the frequency counter, which shows the produced pulses to the
nearest 0.1 Hz. The lowest achieved frequency was the number of blades passing a
photo cell or magnetic pick up per second. In the case of rotors with 3 blades, this

desirable for the required

was sometimes down to 3 pulses

accuracy;

b) reading the total number of pulses produced to find 1 experimental point on the
calibration curve. The electrical noise produced by the flow diverter in changing its
position from SUMP to weigh tank and back causes disturbance in the counter for
the initial and end value, giving a false reading. These noise error pulses cannot be
distinguished from the number of real pulses in the total?

¢} reading the fime interval for 1000 pulses and taking the average value. The time can be

measured 10 the nearest millisecond and the disturbances can be cut off by ignoring

the disturbed values of the §

4.4 The Modification of the Test Ris to achiove more acourate Experimental Results for

viscous fluids in the present research.

The calibration rig has been modified by the present author to achieve more relidble

results. The aims of improvement were to avoid miscounting and to attempt a wider
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operational range for every meter. Another attempt at improvement was to introduce
a double frequency checking. This made it possible to discover the miscounting of puises
in two different ways:

cell pick-up were checked in
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a} the pulses produced by the research
number with a magnetic pick-up instalied on the same meter;

int the commercial meter

b}  the number of pulses produced by the magnetic pi
was checked with the number of pulses produced by a second turbine meter in the
same test line for the same flow rate.

All the pulses producéd from the magnetic and photocell pick-ups were amplified;
this was easier in the case of the commercial meter because of the harmonic shape of the

pulses produced by the magnetic pick-up (Fig. 39). In the case of the resea reter with

photocell pick-up this procedure was because of the weak amplitude
- of the pulses, which were the same size as the noise level (Fig. 36). The amplification

in this case led to 2

reflection of the light beam on the passing blades but partly by the noise. The magnetic
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blade. In the case of the research meter with a three-bladed rotor, the pulses produced
were very close to each other. This leads to miscounting because of the overlap of some
of the pulses and the Schmidt trigger recorded two pulses for one. In this research
programme, the four photocell pick-ups were changed over to two photocell pick-ups to
extend the distance of pulses from each other to overcome the danger of overlapping.
The number of turbine flow meters for this research programme was increased fron

two (as in Salami’s experiments) to six (Table 9.1). This was significant for the study

of the effect of viscosity on turbine flow meters with different geometrical devices.
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The angle of attack is
g = o @rﬁ
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The rotation speed of the rotor can be solved from the above equation (Appendix 1) which

o
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The flow through the rotor is

r N - A d
N.t o APpj.ge AT
Q=mro* Uy [ - =) [ (07— 2 )—(ry? sy  APblade | 4T
f m o T 0 N éﬁmn‘ AX 12
(5.9)
The pulses per unit volume of flow through the rotor is given by:
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Equation (5.10) can also be written in the following form:
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The values of A(p), Bv), C{v), E(v) are defined in Appendix L. The total number of pulses

per unit volume or meter coefficient will be

= i (5.15)
Q Q Q

The flow through the rotor can be calculated using equation (5.11) by having the value of
axial fluid velocity, u, lift and drag coefficient {CL, Cp) and the deviation, & * taken from
Rhoden’s measurement in the same range of blade Reynolds’ number (Ref. 96). The volum-
etric ratio of flow through the rotor divided by the meter annulus flow can be either
determined empirically by taking Tan’s leakage theory (Ref. 86) and extending it to cover
changes due to the variation in the fluid viscosity (Fig. 65, 84). The leakage ratio, g, (Fig.
64, 82) and the leakage factor, k (Fig. 66, 84) have been empirically determined for
different fluid visocisites. These values have been calculated using the least square method
for different blade Reynolds’ number (Fig. 66, 84, 85). Thus Tan’s function 1 — g + k/Q
has been determined for different fluid viscosities. The values of T, , T, , T3 {(equations
5.12, 5.13, 5.14) have been calculated (see Appendix I), Thus values which are determined
for different fluid viscosities (Fig. 58, 59, 61} can be combined with the Tan’s leakage
model for different fluid viscosities. Thus the calibration can be determined for any fluid
viscosity if the leakage factor k and g are determined. This method is a semi-empirical
way to evaluate the turbine meter equation. This method will have a correction effect on
the calibration curves and can be considered as correction leakage factor for the flow
through the turbine meter rotor. Alternatively, there is 3n0theé‘ theoretical model to eval-
uate this correction which is based on volumetric efficiency. !

The second part of equation 5.15 (Q/Q) introduces the volumetric efficiency ofa
turbine flow meter. The volumetric efficiency can also be calculated by subiracting the
tip cleararnice flow QC from the total turbine meter passage flow, Q. Thus the tip clear

ance fow needs to be known.

5.1 The evaluation of tip clearance flow due to the growth of the boundary layer thickness

at the tip of the turbine blades.

A first approximation for the total volumetric flow through the turbine meter annulus
can be made adding an integration of the flow between the hub and the blade. tip, to an
integration of the flow between the tip and the meter casing (the tip clearance flow). The

actual flow rate is the fluid which passes the turbine flow meter rotor plus outside

33



effects such as the boundary layer effect and the tip clearance flow. Experimental results
have been used as a semi-empirical calculation to evaluate the growth of the boundary
layer thickness. The boundary layer thickness should be calculated at the blade trailing
edge in order to evaluate the significance of the boundary layer effects on the calibration
curve. For the determination of energy losses due to the boundary layer it is sufficient
to know the values of the displacement and momentum thicknesses, which are according

to Gersten (Ref. 17), displacement thickness

K
—ITTC (5.16)

2
Repiade

8%
H

and the momentum thickness is

. K
Y = —5—¢ (5.17)

-2
Reylade

The constant factor, K has been checked in the present experimental result. The author’s
approach is more realistic and makes the equations (5.16, 5.17) more accurate in practice.
The experimental conditions in Gersten’s Experiment are not comparable with those of
this research {higher Reynolds’ number and different blade shape). The consideration to
make Gersten’s equation more applicable for this research was as follows:  The blades
Reynolds’ number at the peak of the hump in the calibration curve represents the maximum
number of pulses per unit volume. The hump in the curve gméuaﬂy moves towards the
higher flow rate and disappears completely above a certain fluid viscosity (Fig. 12). The
creation and disappearance of the hump are caused by the existence of a co-directional tip
clearance flow.  This statement is valid for both helically and constant blade angle rotors
because the effect of viscosity will change the calibration curve of all groups of meter on
the same way but different degree of intensity. A reduction of the tip clearance flow tends
to flatten the hump until it disappears completely. The same effect can be achieved by
decreasing the tip clearance. This was proved in Tan’s experimental and theoretical resulis
{see Fig. 25).

At a position where there is no tip clearance flow, the displacement thickness is equal
to the size of tip clearance. The boundary layer thickness is for zero tip clearance flow
exactly the size of tip clearance. For this case the n/Q is equal to ﬁi@r or the flow through

the meter annulus is passing only the blade area. Also, the Reynolds’ number can be



calculated for this point. Therefore the K value can be calculated for any turbine meter.
When a sheared flow (tip clearance and main flow) is turned through an angle, the vorticity
vector, which is initially normal to the flow direction, will have a component along the main
flow. The value of the constant factor (}Z), (E?L) in equations 5.16 & 5.17 can b’é caicuiéteé
for any turbine meter. Although the boundary laver near the turbine meter casing can cause
unusual conditions, the principles of turbulent boundary layer can be applied to this
situation with the addition of the above mentioned modification.

The actual value of the tip clearance flow will contribute to some extent to improve
agreement between the calculated and empirical resuits;When sheared flow is turned
through-an angle, the vorticity vector, which was initially normal to the direction of flow,
will give a component along the main flow and may be applied to the wall boundary layer.

The boundary layer thickness can be calculated accurately for flow with low swirl,
but a change in the axial fluid velocity will affect the calculation to a large extent.

At high swirl, the calculation will be unreliable. The change of the blade force in
the boundary layer region may also have a significant effect on the calculation of the
boundary layer thickness, The development of the boundary layer is also dependent on the
non-symmetrical and three dimensional nature of the flow. The evaluation of the change
in the sutlet velocity angle near to the tip clearance can be made using the secondary flow
theory for a rotating cascade. A recalculation of the flow shows that the effect of boundary
layer on the main flow is not great, but taking them into consideration will improve the
agreement between the experimental results and the theoretical calculation. A shear force
is exerted on the blade tip in the direction of rotation by the fluid in the tip clearance.

The change in this force is small when there is a change in velocity profile across the blade
between the hub and turbine meter casing. The simplicity of tip clearance flow for a
helically bladed rotor is because these meters have a co-directed tip clearance flow relative
to main flow with a negligible boundary layer thickness due to operation at high Reynolds
number region and 2 smooth turbine meter casing. In case of constant blade angle rotors
which operate at a greater angle of incidence which has a marked effect on the pressure
distributions aeross the blade tip. The shape of this pressure distribution determines the
direction of the flow around the blade tip.

The velocity profile across the annulus up and down stream of the blade can be
divided into the mainstream and the tip clearance regions, (boundary layer region) provided

that the shear in the mainflow is not too large. In the earlier research work the tip clear-
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ance flow has either been neglected or considered purely co-axial without being affected
in any way by the blade rotation and the pressure distribution across its tip (Ref. 86).
The volumetric calculation of the tip clearance flow with the assumption of co-axial
direction to the main flow is only acceptable for fluids with a viscosity close to that of
water. For higher fluid viscosities the calculation of the tip clearance flow is much more
complicated for the following three reasons:

a) The boundary layer effect:

The main turbine equation (5.15) should include the growth of boundary layer thick-
ness on the turbine meter hub, blades surface and blade tip (or tip clearance area), which
will increase with the fluid viscosity. Alternatively the tip clearance flow can be calculated
from the pressure distribution on both sides of the blade which contains the sffect of
increasing fiuid viscosity.

b} The rotational effect:

The blade tip flow will have a three dimensional flow characteristic. (Fig. 5¢). This
rotational effect is more emphasised if the calculation is based on volumetric efficiency
as explained in the next chapter.
¢} The pressure distribution effects:

According to the simplified theory (Ref. 86), the volumetric integration of tip
clearance flow will always be a positive value. According to the experimental results and
empirical calculation of Term 2 in the MTE, this term will approach zero for certain
fluid viscosities and eventually become negative. This means the tip clearance flow is
directed against the main flow through rotor (Fig. 79). The number of blades has no side
effect in regard to solidarity of the rotor because the commercial meters have only
relatively small numbers of blades (6 to 8). Therefore, the solidity of the rotor blade
cannot be significant in practice in altering the flow regime through the tip clearance
area.

A change in the value of tip clearance flow will cause 2 variation in the magnitude
of the flow through the rotor. A reduction in Q c increases the numerical value of the
empirical calculation of Qr' The direction of the flow in the tip clearance is determined
by the pressure distribution across the blade tip. The boundary layer thickness and
drag coefficient increase when operating in the range of low Reynolds” number. The
velocity profile inside the tip clearance can be calculated theoretically in 3-dimensional

flow conditions which are caused by rotational effects of the turbine rotor. The velocity
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components are, u, v, w, and r is the radius of the turbine rotor with angular velocity
and v is the kinematic viscosity (Appendix 111). The tip clearance flow in regard to the

growth of boundary layer is:

Ty u Iy u
Q=U [/ 2nr—dr-U / 2rr — dr (5.17a)
ft U f(}h(sx U
Therefore
2 {%3‘—?3} (o ? —1,%)
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5% 366% 106,
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To achieve good accuracy in the calculation of QC it is necessary to check that the
velocity component in the circumferential direction is negligible, otherwise the calculation
based on equation 5.16 should be carried out to obtain the absolute velocity component
in the tip clearance and hence fo calculate the theoretical value of the ©Q c The calculation
of Q{: (equation5.17b)is based on the displacement thickness 8y in the axial direction
and is one method of calculating the second term of equation 5.15. Two alternative
methods will be described in the next chapter which are:

a) The empirical method based on leakage theory,
b} The theoretical method based on volumetric efficiency.

5.2 The calculation of the main turbine equation (M.T.E.)

The calculation of the MTE has been carried out for different fluid viscosities to
predict the calibration curves, and fluid viscosity effects on the above curves.! These
effects can be investigated theoretically on the main turbine equation and its three terms.

The calculation is as follows:

The flow through the meter annulus was divided into the flow through the blades

Q?, and through the tip clearance QC.

oo,
[y
o
0
S’

= +
Q =Q.+Q,
' Fig6,9,12, 12a, 22
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S (5.19)
Q Q
Qc’ as explained in Chapter 5.1, can be calculated either by using the semi-empirical
teakage theory or using a purely theoretical method, which will be described in Chapier 6.
The leakage method first used in Tan’s theory is used to give the best possible fit to the
calibration curve for water as the test fluid. According to his theory Ty, T, and T; were
constant values for a certain flow rate. Using equation 5.11 multiplied by the leakage

correction factor, 1 — g+ k/Q, he' determined his Main Turbine Equation as follows :

n Tk Ts(l-g)
—=T,0-g)~-T.(I-g+— - (5.20)
Q Q’

Tan used his experimental points to determine the values of the leakage factor k and
the leakage ratio g using the least squares method. In this work, Tan’s method has been
modified to be more theoretical, by calculating equation 5.11 separately. T, Ty, T3
have been calculated. The hydrodynamic components used in this calculation were
functions of fluid viscosity, so that T, , T,, T3 were also functions of fluid viscosity.
According to equation 5.11, the number of pulses produced by the flow through the
turbine rotor is dependent on the determination of the value of T, to T3, so that n/Qr
can be calculated for any fluid viscosity. Also the value of the leakage factor and leakage
ratio have been calculated empirically (Appendix I) (Figs. 64, 66, 82, 83, 84). Therefore,
equation 5,15 is known for all fluid viscosities.

The calculation of the meter coefficient has been made in the following manner:

a) Thevalues of T;, T, , T; in equations (5.12), (5.13), (5.14) respectively were
calculated using a computer program. For calculating the flow through the turbine rotor,
Q,, the volumetric flow rate was integrated from 1y, tory, and in a similar way the calcula-
tion of the flow through the tip clearance, the volume of the flow was integrated from

T, to rg, The integration of Q, was carried out in 10 steps, and that of QC in 5 steps. For
the calculation of Q,, the blade Reynolds’ number is determined, also the displacement
and momentum thicknesses in order to evaluate the boundary layer thickness in {he axial
and radial directions, and the velocity distribution in the tp clearance area (Appendix
IIT). The value of the tip clearance flow is then calculated using equation 5.16. The
displacement thickness in the rotational direction is neglected in this equation.

b}  The values of CE} and CE have been taken from equations (6.35) and (6.36). The

t Tan ignored some of the terms as negligible
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method of calculation is éescribéé in Chapter 6.
¢)  The values of (u/U) have been taken from Laser Doppler Anemometry measurements
up to a viscosity of 47 cSt. The velocity profile for viscosity 47 ¢St upwards was calculated
using equation (5.1). The results show good agreement throughout the viscosity range.
For fluids with very low viscosities close to that of water, Tan’s empirical approach, using
the power law equation (Ref. 86, equation 4.7) shows good agreement between his
experimental results and his proposed equation (Ref. 86).

The determination of the velocity profile using Laser Doppler anemometry has been
explained in Chapter 4.2,
d) The deviation angle, §%, as a function of blade Reynolds’ number can be either taken
from the Graphs in Rhoden’s calculations (Ref. 96) which varies between 1° and 3°
depending on the Reynolds’ number. Alternatively, through momentum considerations,
the friction is the cause of the pressure drop and flow deviation to the cascade in the

downstream direction, so that: (Ref. 17)

25; +t
A= m? (5.21)
8 COs
79
g% = ;‘f (5.22)
CO8

For small deviation angles § % (1 10 3 degrees)

¥
[
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Coss*=1 {5.

According to Fig, 3

p=8%+(0 +v) (5.24)
cosf =cos(fo ty)—58%sin (0, +y) (5.26)
ity s A

a= 0.092 c Re, + ¢ {5.27)
fat i

24% - AF? 2.560 Re,

— = (5.28)
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by assumption that A** =~ ( and for
b=12.56 Re,™%? (5.29)
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= = = (5.31)
1 —-A*  cosB(l— 2a/cosB) cosf —2a ¢
2{ac + ab)
cosf = (5.3
b.s
with substitution of the equation 5.26 into 5.32
2{ac + ab)
cos (Bg +¢)w5*sin(69+gp}=mg—m {(5.33
. S
2{ac+ ab)
E*=cotg by +9) ————— {5.34

ssin{6y +9)

The cross-section of the turbine blade is a parallelogram, which can be made similar

to an aerofoil by rounding the leading corners and one of the trailing corners (assumption).

The maximum length for the above aero-
foil would be: ¢’=c+ tcosp

The above assumption will enlarge the angle of attack by

t cosp (5.35)
c

E::

In the case of very thin turbine blades, the value of ¢ is very small and the change
in o due to e would be negligible. However, this assumption could lead to theoretical
results for relatively thick turbine blades because of the increase of & caused by e # 0.
This assumption will make the calculated value of the hydrodynamic torque larger than

the actual value.
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' CHAPTER 6
THE VISCOSITY EFFECT ON THE HYDRODYNAMIC PARAMETERS AND THE
TIP CLEARANCE LOSSES

The total energy losses in the turbine rotor are divided into losses arising from the

existence of the boundary laver and the mixing losses in the wake flow, (the bearing friction
is included). The mixing losses may be determined by solving the momentum equation
between the blade trailing edge and a point far downstream, where the wake is completely
uniform. For the evaluation of energy losses due to the boundary layer it is sufficient to
know the value of the momentum thickness and the displacement thickness (egs. 5.16 and
5.17). The second term in the MTE which takes the tip clearance flow into account shows
reasonable agreement between experiment which is an indirect way of examining of tip
flow, and theory in the simple case of co-directional flow {where the tip clearance flow

is in the same direction as the flow through the rotor blades). An acceptable empirical
method (leakage model) has been formulated to predict the calibration curve for the
counter-directional flow. The angle of attack, «, is small and positive in the helically bladed
rotor. This angle can be much larger or even negative for a constant angle bladed rotor
 depending on the flow condition. The magnitude and the sign of this angle will affect the
pressure distribution at the blade tip and will determine the direction of the flow in the
tip ciearance.

There is a co-directional flow in the tip clearance and turbine blades for positive

angles of attack and a counter-directional for negative angles of attack. Apart from term

2 there were no major difficulties in calculating the other terms of the MTE, which show
good agreement between the values based on experimental results and those based on
theoretical calculation. The calculation of the different terms in the MTE made it
necessary to determine the effect of fluid viscosity on the hydrodynamic component
involved in T;, T, and T;. Also in order to understand more about the fluid dynamic
flow conditions in the tip clearance area it was essential to consider the tip clearance
losses and to approach the real tip clearance volumetric values.

6.1 The Effect of Fluid Viscosity on Drag and Lift Coefficient

The thickness of the boundary layer, 8, increases from the leading edge of the turbine
blade to the trailing edge. It increases with increasing viscosity of the fluid and even for
tow viscosity the shearing stress is an important factor because of the large velocity

gradient in the boundary layer. The frictional force within this zone is much greater than
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outside it. According to Prandtl’s boundary layer theory only a thin zone of fluid

field close to the walls takes the friction forces. The rest of the fluid field will be governed
by potential flow (i.e. for incompzessible fluid in regard to the Navier stock’s equation, the
velocity vector is the gradient of the potential ¢. Therefore the friction term will disappear
in the mentioned equation). Thus, the theory associated with fluids of low viscosity is less
complex. The turbine cascade has a boundary layer thickness which is small and therefore
avoids creating separation on the blade. The losses in the flow through the cascade depend
upon the geometry of the cascade, the blade angle, the angle of attack, «, and angle of
deviation, § *. The coaxial cylindrical geometry may be transferred to a parallel plane
geometry so that the turbine blades may be observed in a two-dimensional cascade. (Fig. 3).
The boundary layer thickness over the blade is very small because the pressure drop
predominates and therefore there is only a small separation (Turbine Cascade). The loss
coefficient, Cy ., increases for a small blade spacing ratio (more blades) so that the loss
coefficient for small deflections is proportional to the number of the blades.

The blade Reynolds’ number similarly affects the loss coefficient in the cascade and
the drag on a single aerofoil because in both cases the influence of Reynolds’ number is
via the boundary layer. In general the turbine cascade has a larger deviation and smaller
loss coefficient relative to the pump cascade (Ref. 66).

The loss coefficient is affected by blade Reynolds number, the pressure distribution
over the blade area in a turbine flow meter is such that no substantial flow separation is
produced so the losses are only those of the boundary layer. The variation of losses is, in
this case, like the change of drag coefficient of a flat plate at zero incidence, so that for
laminar flow it is in proportion to Re™ and for turbulent flow it is in proportion to Ke“if’% .
Re number depends on blade chord length, axial velocity and viscosity. The value of
Ciosg 18 also dﬁp?i’%ﬁﬁﬁ? on the position of the transition point, which moves on the blade
by increasing the Reynolds number, The drag over the blade area in the cascade is important
for theoretical calculation of the pressure distribution over the blade. The pressure drop
over the cascade has a significant influence on the friction and also leads to separation in
the flow. For estimating the fluid friction in the cascade it may be considered that the
frictional forces are in the boundary layer near the wall. The rest of the flow field is
considered as frictionless potential flow.

The losses in the cascade are as follows:

(a) From the boundary layer on the blade (and also pressure drop on the contour



of the blade).
(b} From mixing in the wake flow behind the cascade on the trailing edge of the
blade.
The change in velocity in both magnitude and direction, and the pressure drop coniribute
to the energy loss of the flow. By means of the flow through the cassade the fluid force

is transferred to the turbine blade {Kmta-ﬁoukews%yk,

I'=s.v, {(6.1a)
L=p.U.T {6.2a)
= gil{tan f, — tan ai} {(6.2a)

In comparison with ideal frictionless flow the influsnce of the friction increases the

magnitude of ¥V, and the value of Cy given by

>

1
Cp =2 ~; cog? 0 p(tan 65— tan 6;)
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By flowing around each side of the profile the boundary layer produces a disturbed
section at the trailing edge by turbulent or laminar mixing. The profile friction is the
reason for energy losses which are in the form of kinetic energy. This means that the

velocity changes ifs magnitude and direction due to the influence of friction

DcosB 6.2)
& s vt rs ,2
Ploss $ {
4 : v . C N (6.3}
= £ Sy . — s
Ploss 2 1 D7 cosp ’

The calculation of the laminar or turbulent boundary layer from the leading to trailing
edge of the blade is necessary to estimate the value of the losses in the boundary layer.
The mixing losses may be calculated from the blade trailing edge to the place behind

the wake flow, where the flow is completely uniform. For calculating the energy losses

it is enough to determine the displacement thickness, 5% and the momentum thickness,
i
'
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From the assumption that the boundary layer on the blade leading edge is turbulent it

follows that the displacement thickness (Ref. 17) on the blade fnailing edge in downstream

position is

i 0.046

5 = . c (6.6)

i/5

Reb’a{de

and the momentum thickness is

. 0.036 6
= ) .7y
VH " c {6.7)

Chnde

The Momentum Observation shows {Ref. 66) that friction is the cause of the pressure drop
and deviation of flow from the cascade downstream direction so that the dimensionless

displacement A ™ and momenium thickness #* will be:

* . 0.2
25§‘rt 3,092&.?»,0&58%? )
Ak = - (6.8)
s cosp 5C0s8f
s 5 0.2
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A* = 1.280 Rey . +—— (6.10)
scosf
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Because of displacement influence of the boundary laver the stream velocity in the piain
blade trailing edge is larger than the velocity at a great distance downstream where the
wake flow becomes uniform
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At this place, the pressure is smaller (far downstream the pressure is larger), so that from
the Bernoulli equation it follows that

1

P
= paig—— V.24 [ = 1] (6.13)
Po oid =75 Void (1_ A%y

The momentum equation in the y-direction (see fig. 4} is
Fi v
p sind ;4 cos b g j/ vi{yYd(—) = p sin 84c08 §,5v,° (6.14)
S

Th

dividing by p?mz and rearranging LHS it follows
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The velocity caiculated from potential theory at the blade trailing edge is larger due to
displacement {and the pressure smaller) than for a distance further downstream position

where the flow becomes uniform
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g0 ;9 (1 — 6% —A*)= tg80, (1 —A*)? (6.22)

cotg 6 (I—6% —A%)
__.....i,?}.gi = =y (ﬁ:j:}}
cotg 04 (1 — A%
Momentum eq. in x-direction is (see Fig. 4)
pcos? 6 54 / v (y) — + Py =PVo® cos*fp + Po (6.24)
s
™
Paid P I—g* - A%
Zoid Tm o 9 st 6 g [ —————— — 1] (6.25)
ff 2, o1 {} - &*}2
2 vOId \
Poid Po A% A %2
——— = 2cos? 0 ;4 {X*-«i)wzm (6.26)
5 Yoid

The pressure magnitude at the blade trailing edge is obeying the Bernoulli equation

1 (6.27)

b
Pm = Poid ‘"5 Vzoid [ (1—A*)

The potential theoretical magnitude from potential theory is

Poid— p ZAF — A%
oi m —2(x —1)cos’0 4y (6.283
£, .
5 Void (1 —a%)y

So the pressure loss equals the energy loss, Ag, which is

p p R
Bg = Poid *%-—; viid — (Po -%*—; Vi) (6.29)

The total non dimensional energy losses are as follows:

Ag I .
= ] — 1] = 2(x — D cos* 0 mjg— (x* 1) sin® 0 534 (6.30)

i
PVoid  (1—A%)

|

24 L4 w2 gin? .
\/COS 0 i X7 sin® 0 444 {6.31)
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Ag = Cioeg ~2—— Vo2 sin? 0, (6.32)
Vox = Vo €080 (6.33)
The cascade loss coefficient is

1 IAF AHZ
G = — — 20> —D)—(x*~—1) tan 6 ;4 (6.34)
foss cos* 0 g (1— A% oid

5
Cp = Cus — u:;s:“:’?m (6.35)

2itand .. — tan 6,1
cL = Cp- oid ’ (6.36)

C mpeeid
C%Gss cos 93'1?

For low angle of attack, o, Cy increases linearly and Cpy is constant. At higher values
near the stall of a, Cy will start to decrease whilst Cp increases. The C}:}’{CL ratio should

be small initially,

tan O,
, = x (6.373
fan gsié
I —0% A%
Y (6.38)
I —-24%

With substitution of the above two relations into the equations 6.34, 6.35 and 6.36, the
value of 59, ’{‘ij and Cé{}ss could be calculated. These values will be substituted in equation
7.24. The relation between the turbine driving torque and viscosity can be calculated.
Equations 6.34, 6.35 and 6.36, show the effect of viscosity on Cp and Cy which will
change the T; and T, in the main turbine equation from a constant value (for one fluid)
to a variable value, which changes the shape of the meter calibration curve. These factors
are constant according to Tan (Ref. 86) for the particular case of one liquid at temperature
between 17--21° C. T, will not be affected as much because it is much smaller than T,
and T, and the lift and drag coefficients influence this term indirectly (velocity distribution
will change with increase in fluid viscosity ). For the reasons to be discussed later, variation
of the fluid viscosity will affect the first two terms of the main turbine equation more

than the third. The derived equations 6.34, 6.35 and 6.36 show the theoretical depend-
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ence of Cpy and € on Reynolds number or on fluid viscosity. The gradient of the turbine
meter calibration curve for low flow rate (or in the laminar flow region) will decrease with
increasing viscosity. According to Lee and Karlby the change over from the non-linear
(laminar zone) to the linear part (turbulent zone) on the turbine meter calibration curve
represents the transition zone. For the maximum point of the hump® of the calibration curve
which is a point in the transition zone, the calculated value of the blade Reynolds’
number was almost constant (Re = 10%) for all calibration curves with varying viscosities
fromy =1 — 71 ¢St (Figure 12). The disappearance of the hump for blades Reynolds’
number Re = 10° introduced the possibility of finding a more applicable value (eq. 5.16
and 5.17) than that suggested by Gersten? (Ref. 17) ). In changing from the large gradient
non-linear section of the calibration characteristics to the constant section, the meter
coefficient fraverses a hump. All the calibration curves for different viscosities had 2
maximum between the laminar and turbulent zones, in which the above calculation

has been made. The existence of these humps could be the result of having a large tip-
clearance (0.016 ins., 0.4064 mm), for the turbine meter. This is shown in the calculation
by the balance between relative values of T,, T, and T3 and the MTE. The increase of
viscosity will also raise the calibration curve for high flow rates in viscous fluids. This is
the result of the increase of the deviation angle, 8 *, drag coefficient, Cp, and the change
of velocity distribution over the blade area which affects Term 1 of the main turbine meter
equation. However, for high viscosities the hump in the calibration curve disappears at a
certain viscosity, when Terms 1, 2 and 3 compensate each other (in contrast the Lee and
Karlby theory would not explain the disappearance of the hump}. The effect of the

fluid viscosity on the different terms of MTE is described in chapter 8.

6.2 The Tip Clearance Losses due to Leakage Flow

It would appear that an ideal turbine meter characteristic may be best achieved when
the tip clearance is small in order to minimise the tip clearance losses. According to this,
one should design a rotor, where the blade tips almost rubbed on the casing. Tan has shown
that an optimum case (widest flow range) occurs at an intermediate tip clearance and
further decrease in tip clearance causes a fall in the value of meter coefficient at lower
flows which decreases the operational range together with a loss of measurement
repeatability in this region. Tan did calibrate a few turbine flow meters with turned-
down rotors, giving his calibration curves for tip clearances {the size of the rotor diameter

was 2 ins. (50.8 mm) }, from 0.0007 to 0.03 ins (0. 1778 to 0.762 mm). One could find

1 the value of Reynolds number can be calculated by taking the data out of mentioned Fig. 12
2 Eq.6.6 and 6.7
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out from his experimental resulits that the calibration with a clearance of 0.022 ins
(0.5588 mm) had the widest operational range. However, in the case of furbine meters
there will always be a problem in evaluating the leakage amount and direction. This
chapter gives an cutline of the effect of the tip clearance on the main flow structure.
An attempt is made to calculate the tip clearance flow and ifs effects on the main
turbine equation. The tip clearance flow will have influence on the following components:
(1) The change of average lift by unloading the blade at the tip

(2) The induced drag by the formation of tip vortices

(3) The flow outlet angle near the tip

{4y The increase of the losses at the outlet (mixing)

(5) The separation caused by the passage secondary flow.

The tip clearance losses also depend on the blade Reynolds’ number, space/chord
ratio, tip clearance/chord ratio, the aspect ratio, the blade loading, the amount of
vorticity.

The experimental part of the research has shown that the effect of the mechanics of
the tip clearance flow is not always detrimental to the turbine flow meter calibration
curve when the fluid-viscosity is increased. In the case of a turbine flow meter with 2
helically bladed rotor the tip clearance flow will have a compensation effect on the
calibration curve with an increase of fluid viscosity (Figure 62). For the small tip
clearance the pressure difference was ratained for a viscous flow and some of the bound
vorticity could be carried across the blade tip (Ref. 99). The &ffect of viscosity on the
diffusion of bound vorticity is significant at the blade tip. The losses in the turbine flow
meter are mainly the profile loss, the losses due to the tip clearance drag and the
secondary losses, Wolff (Ref, 98) (for turbine incompressible flow) looked into the
overall losses associated with tip clearance and discovered they were independent of
aspect ratio for large blade heights, but they increased with deflection and pressure rise
(reverse flow for constant blade angle rotor) across the blades. The tip clearance flow
has an effect on the lift force of the blades and, because of induced drag, causes the
change in pressure distribution.

Mellor (Ref. 100) noted that over a rotor the change in displacement thickness and
hence viscous dissipation of the work done in the boundary layer was related to the tip
effects. He suggested that the passage efficiency will be based on the tip clearance and on

the displacement thickness on the turbine hub. The boundary layer thickness will become
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larger with the increase in clearance/chord ratio. The volumetric efficiency based on

displacement thickness proposed by Mellor was

6, +8.

t hubx  _ s
ng = 1t Tmbro_ o (6.39)

To — Iy

Smith (Ref, 101) found that the losses are not as big as they appear in the above
equation, because Mellor did not consider the change in the tangential force in the
boundary layer and in the tip clearance. This force is smaller in the tip clearance area
than in the rotor passage area. Therefore, the work input info the tip clearance area is
reduced and the efficiency loss in the above equation is not as large as shown in the
above equation. To produce a theoretical structure for the calculation of the tip clearance
losses one should either take the above equation or use Tan’s leakage model or try to
determine the drag induced by tip clearance flow. Therefore if is advisable to divide the
leakage into categories and produce an efficiency model of each one.

These categories can be explained as follows:

a)  Due to the lack of any hydrodynamical forces in the tip clearance area the blade
force cannot accelerate the flow outside the blade area or the fluid in the tip
clearance and this causes energy losses. The volumetric efficiency can be calculated
by estimating for the displacement thickness,

b) This model is the leakage loss for the case of normal flow in the tip clearance caused
by the pressure differences across the blade. The tip clearance loss will be associated
with the flux of kinetic energy.

Verra (Ref. 102) determined empirically a loss coefficient which was demonstrated

in the following equation:

e

Cp = 113¢, — ¢! ¢ (6.40)

5
X

b

where Cy is the contraction factor in the tip clearance and ¢ is the mixing length.

¢} In the case of a helically bladed rotor the shed vortex in the tip clearance will be
almost linear across the blade passage. Therefore, in order to estimate the rotor
efficiency and to calculate the meter coeflficient for different fluid viscosities it is
essential to calculate or measure the pressure difference across the furbine meter

blades in the rotor passage in the upstream and downstream positions.
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6.3 The Theory of Tip Clearance Flow

When fluid flows through the turbine meter cascade, it produces a pressure difference
Ap across the blades. The turbine meter is analogous to an axial flow machine and the
above pfessures are those from the pressure and suction sides of the turbine blade.

The pressure distribution depends on the magnitude of the following components:

a)  Skin friction drag, which depends on the Reynolds number of the blades

b) Pressure drag dependent on the blade shape

¢)  The angle of attack, o, determined by relative fluid velocity at the blade tip

d} Flow rate, Q, a function of axial fluid velocity

e} Angular velocity of the rotor, dependent on bearing friction force, hydrodynamic
force ordriving force.

The existence of the flow through the tip clearance depends entirely on the pressure
difference across the blade at the tip. The energy necessary to maintain the flow through
the tip clearance will be taken from the pressure difference at the tip across the thickness
of the turbine blade.

In the case of an inviscid fluid, the velocity profile in the inlet and outlet of the tip
clearance is the same since there is no drag in the tip clearance, and it follows that the
pressure at these places will remain constant, The significant energy in the flow through
the clearance will be kinetic energy of the fluid. In the case of real fluid the total energy
necessary to maintain the flow through the gap is the sum of the energy loss for overcoming
the drag in the tip clearance and the kinetic energy mentioned for an inviscid fluid.

In the case of frictionless fluid this pressure difference will be balanced due to
existence of the tip clearance flow. In the case of real fluid the available pressure energy
from Ap will be transformed into kinetic energy in the tip clearance flow less the drag
losses which will be dissipated as heat energy. The pressure equalisation at the tip of the
turbine blade will affect the pressure distribution on the whole blade surface. Not only
the overpressure on the pressure side of the turbine blade but also the under pressure on
the suction side of the blade will be reduced towards the turbine blade tip. This change
in the pressure distribution on the blade surface caused by the tip clearance flow wiil be
reduced with an increase in the tip clearance drag. A small tip clearance (large contraction
effect) will result in a small variation in local pressure profile close to the blade tip
and vice versa. The force on the turbine rotor is due to the interaction between the

turbine blades and fluid flow. It depends on the pressure and velocity distribution on the
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turbine blade surface. The tip clearance flow will affect the load or power on the blades
in such a way that a large increase in the power of the blade or a larger flow rate will be
equivalent to a reduction in the tip clearance drag relatively. The above affect can be
achieved by a change in the tip clearance geometry or modification of the blade shape
to minimise the tip clearance effect. The above changes can balance the clearance flow
effects on the turbine blade power. The fluid velocity within boundary layer is always
less than that of the main flow.

The value of the angle of incidence «, can be kept constant for a constant velocity
profile over the blade span (from hub to tip). When the angle of incidence is positive
the second term of the MTE is added to the first term, but for negative angles of incidence
it is subtracted from the first term. For certain values of Term 1 and 2 there is 2 compen-
sation effect with Term 3 allowing the flow meter to have a linear calibration characteristic
over the required operational range. The value of the angle of attack can be reduced by
having a blade with a helical pitch distribution. The helical pitch can be chosen to
approach the optimum value of this angle for which the angle of attack «, is very small
and remains positive for the whole operational range. The influence of this is shown for
a constant blade angle rotor (Fig. 5S¢ (1)) with a large angle of incidence, a, which
can vary from a large positive value (see chapter 8) to a large negative value. This is
dependent on the large variation in axial fluid velocity. Also the variation in « for a
helically bladed rotor (Fig. 5¢(ii) ) is important for the value of lift and drag coefficients
and therefore for the magnitude of T, and T,. The angle of attack was small and positive
in the helically bladed rotor. Therefore, the values of Cy, and Cpy were not much affecfed
by the fluid viscosity and the tip clearance flow would not change direction from the main
flow through the turbine blades (Fig. 5¢(iD) ).

The change in the angle of attack for Q constant and changing the viscosity orv
constant and changing the flow rate, is entirely dependent on the magnitude of the axial
fluid velocity. Therefore, the magnitude of « is dependent on the operational range of
a meter. The flow meters with a large increase in u and blade Reynolds’ number will have
a large increase in the value of a.

6.4 The Pressure Distribution and Momentum Equation in the Tip Clearance

For the fluid flow in the tip clearance close to the blade tip the absolute velocity is
¢, the tip rotational velocity is 4w ,, and the relative velocity is v as shown in figure 5c.

The tip clearance velocity v over the blade is given by the vector equation:
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VEVte—r.wy (6.41)

For simplification, v’ will be assumed perpendicular to the turbine blade chord. Rotor
tip velocity determines the value of the normal component v sin «a of the relative velocity,
v. The direction of rotation determines the direction of v sin «. The v' component
(produced by Ap*) can in the case of a constant angle bladed rotor be in the opposite
direction to v sin « (depending on the sign of the angle of attack). A negative angle of
attack causes a reverse flow through the tip clearance. In the case of a helically bladed
rotor v'is in the same direction as v sin a.

The tip clearance losses written as: (with ¢ as tip clearance coefficient)
— =¢ - (6.42}

is a function of blade thickness, tip clearance Reynolds number, and the product of the
tip clearance size (1, — ry) and the blade chord multiplied by the number of blades. The
rotor tip velocity should be taken info consideration because it determines the direction
of velooity components. The energy (expressed as a fall in head) loss associated with the

tip clearance flow is:

Ap A p* v
- I,

0 v 2g

This is the sum of the tip clearance losses due to drag {pressure head),
Y

kinetic energy for a frictionless fluid. The kinetic energy of a real fluid is greater than

that of an inviscid fluid of the same flow rate. The reduction in the pressure difference

on the blade tip due to the existence of the tip clearance flow can be calculated by taking

the coefficient, [, instead of ¢ {v,, instead of v’} which gives the following equation:
Ap* v, 2
P Iy
—m P e (6,44}
Y g

For infinite clearance (ro—r; = )¢ > 0 and Ap*> 0. For (rp— 1)) = O

¢
lim {—3} = 1 and Ap¥=Ap (6.46)

§‘~—>% f"“i‘
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Therefore the velocity distribution in the clearance is not only dependent on the
pressure distribution on the tip but also depends on the geometry of the tip clearance
(blade chord and thickness) or {. Due to the tip clearance flow there can be a reduction
of the over-pressure on the pressure side and decrease in the underpressure on the suction
side of the blade towards the blade tip. The streamline of the relative flow on the pressure
side will be diverted towards the clearance and on the suction side will move away from
the clearance. Therefore, there can be unsteady flow created downstream of the blade
which can produce a vortex in the main flow close to the blade tip. The pressure loss
coefficient of clearance can be approximately claculated by the following equation:

Pryp™ Payyp _ Piyp=Pagp 1 QC

. | — - 1? (6.47)
vv?/2g Y 2g  wl2r(ro—1p ]

B 1 / 28 (01 4, — Payyp)
A= (6.48)
VT v

_ t v
T =t = (6.49)
ccosp (v'+vsin «)?

Figure 6.1 The reverse flow characteristic in the tip clearance area and the position of pressure
tapping

Turbine casing

O 1 2 , 3
The tip clearance is a region of no energy flux due to mechanical means except
the kinetic energy produced by drag in the tip clearance area. In this area the flow is

either co-directional with the main flow or back-flow occurs. The direction of tip clear-

ance flow depends on the velocity triangle as explained earlier. If v’ is larger than v sin «,
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then there is back flow through the clearance. This occurs when there are negative angles

of attack, «. If main flow and tip clearance flow are co-directional there will be a pressurs

balance at the blade tip. The fluid flows in the tip clearance will reach the blade downstream

pressure with a delav. The maximum value of pressure differences will be:

pvy?

BPp T Pryp— Prp = APppge S (6.50)

with vy =v, =uand v, =v,. The boundary layer growth on the blade is relatively small

for turbine cascade (Ref. 66). The pressure downstream of the rotor is given by:

o b
e P i z e ; 2z s <
Pijorg = Prigg = P3 T 5 Voo T Payp™ > Vi (6.51)
The tip clearance outlet pressure is equal to p, tip OT P2y, = Py (depends on tip clearance
flow direction) and the velocity v and the flow condition for the first approximation

with zero loss

oo o
TV HtDig, T Dsgy T Pay, TV (6.52)
7 2
o P e
ooV o= APpge T V47 (6.53)
. P 5 - s
AP/ = V17 =% (6 54)
from equation (6.53)
v “Pugde )
e = 4 3 {%«ig}
Vi £ v, 2
e
Thus
v =Sy, 2 +1) (6.56)
The tip clearance area is
Ag = ??(?@2»5%2} {6.57)
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Q =VAyg =V —1)n (6.58)

or
Q. =vi Vi + 1Ay (6.59)

The ratio of tip clearance flow to the turbine meter annulus flow will be:

QC Vi I +§-
—_— =y (6.60)

Q Yo

The flow rate through the rotor is given by:
Q =vi.A—(v +v) Ayg= Yo . A, (6.61)
Q. Vv 1+%
=y =
Q; T+ (I+/ 140

For the flow in the cross section 0, 1, 3 the momentum equation can be applied between

(6.62)

1 and 3 (with T as axial thrust):

T—- A, (p3—p) =0 (6.63)
Using the momentum equation for the corss section between 0 and 1:{vo =Vs)

AgP1 = Po) = —Ay (Do~ D1y, ) =p Vol Ay —pVi P Ap — pv? A (6.64)

By using the same equation between 1 and 3

T~ Ay (03D gy) = pVo® Ay — pVi? AL —~pv2 Agp (6.65)

Po = P3 =Poy 1~ Ps tota™ AProtal (6.66)

Piyip~ P2yip = Piiota™ P2 tom1 = APoude (6.67)

P3 ot = P2 tota (6.68)

Ap* = Apbhﬁe - Aptotal = Pigota ~Potota (6.69)

AP* = (b1 - o)+ (2 vi2=Z w2 (6.70)
e 2 2 ~

Because of the tip clearance flow (which changes direction depending on the sign

of the angle of incidence), and the momentum interaction between this flow and the main
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flow upstream of the blade the static pressure downstream of.the blade may be reduced

i

to Ap*/ APy 4.

. p P
Aa.Ap"““—*A&(p}ﬁp‘po}nhAa =) V;z“-Aa.._... Vol =

2

p o Al o _ ¢
AT v A At 2 R -y A, (6.71)

2 -3 -3

“ a “ a ,

AP APyade Ap*
—— = (6.72)
9%2 p v o v
2 2 2

T = -0 (2 - o —_— ] (6.73)
L2 T
5 Yi Y

The flow through cross section 1 is

Vi s Ay (v FV) A=V A

cé a

v, v A —
2 s+ = o g+ 15 Dy 6.7

vy v, Aa
APphde 1 1
— =g, = S (6.7
Aj o=y 1+ 1+¢
b & L (10} Voi
il I+72
{
From equations 6.71 and 6.75 it follows
Ap* Vgt v?
=1 +— [2(1 =¢)=1] +— .y’ (6.77)
o) , v, ? ‘ v, ?
5 Vi
L
From equations 6.75 and 6.56 it follows:
Ap* - .
— = el [~V 1+0) 02 [2- 20— 1] + (1 + D)o’ (6.78)
E
Ap* S o
— =1+ -+ 2V 10 0?1 - 201 + (1 + D)@ (6.79)
e
A

In case of reverse flow the discharse head will be

multiplied by an index of Ap *jgf%}g de 57
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Ap*
e
- The hydrodynamic power transferred from the fluid to the rotor is:

Mpiade Npage = ADpjage - Q = APyiade(Qe + Q)

Q.
- Nijade = APypge (1+-5) Q;

MTHade
T
Qy =v.Ay=v, \/I+?.w(r02—rt2)
Qr = A'a Yo
Qe Acg iV 147
Qr A'a Vo

From equation 6.74 and 6.75 it follows:

_92 3/ 1+f o’

Q% 1-A+V/iRw —g

V‘I+?.<p’

Mpiade N piade = APprge [ I a +m}:)w,(1 ___HO,)“LI 1 Q

The hydrodynamic power transferred from the rotor to the fluid is:

APpiade .
Tp pressure efficiency
AP
Qr e
My = —— volumetric efficiency
Q
= QIAIE blade .
Meg = 7. clearance losses
QAptotal
_ % APppge S
CQ - W T - p » v
QI‘ + QC Aptotai
Neg = 1 APhiage
(1 + QC) Aptotal
Q
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From equations 6.54 and 6.80 and 6.72

ADpu1

_ ¢ — _
s S S-SV TR (122001040 (699)
SV

From equations 6.91, 6.85 and 6.93 it follows that:

i §

??Cg: /i-?:’f i,'f?:,‘ -

I3 _ _
1+ — F—1—-[ 1201+ 1+ ) (1-20 )1+ Yo'l
1—(1+/ 140) ¢ 1o 2
(6.94)
The normal component in the velocity triangle ie. v, is given by:

v, = vtvsina (6.95)
Ap* vy v

- =¥ = (6.96)
v 2g 2g

77
¢ =1 — (6.97)

&'+ v sina)?

6.5 The Calculation of the Volumetric Efficiency of the Turbine Rotor

As explained earlier, in the case of 3 turbine flow meter with a constant blade angle
rotor the-angle of attack will be positive up to a certain value of viscosity or Reynolds’
number. This will change its sign with increasing viscosity (o < 0, {'< ¢). If vsine = —v’
then there will be no tip clearance flow (Figure Sc(i) ). For lv sin al > v’ the tip clearance
flow will change its direction, i.e. the flow will be towards the pressure side of the tip.
Therefore the variation in the flow in the tip clearance due to a change in viscosity will
be determined by the shape of the blade and the installation arrangement, e.g. straightness,
sharp edges, or the eccentricity of the bearing. The latter will change the tip clearance
flow pattern. Therefore, the clearance coefficients, ¢, cannot be kept constant over the

blade tip. The tip clearance circulation is as follows:

At Ap S
Peg =/ a0~ / — dr (6.98)
4 . AL z I+¢
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When the tip clearance approaches infinity, { ® 0and o™ O (Ship’s propeller case). When
the tip clearance iszero F g =T, . J layer > the boundary layer thickness will be zero.
Inthe case of real fluids ¢ > 0 and O0< T o < T'inge- [F the drag increases the values of

Popand 'y . will be approximately the same.

Turbine casing
by va

= Distribution of the axial
component of the induced
velocity
b= I —T
cl
¢= Distribution of the
circulation

Turbine Hub

Fig. 6.2 The distribution of thercirculation and its reduction I — ', due to the swirl
produced by tip clearance flow.

The tip clearance tangential circulation will increase towards the blade tip so that
I' — I' p will decrease. The change or reduction in the circulation effect is dependent on
the distance from the tip and from the blade shape. In the case of zero clearance the value

of hydrodynamic torque affecting the turbine blade will be:

T, C
"{é = N.p, / / v.r dl dr with zero clearance (6.99)
E‘h §
y Iy -, c
Tg=N.o J Joovrg— Vp) . T g AT yith clearance (6.100)
I’ﬁ @

The hydrodynamic torque for a rotor in a turbine cascade with a given size of tip clearance

will be:

Zn w Tt Tt
Tg=%UNwp [C (= - ) / rr-cC
d ~ L L L ;j I‘f/ S /

h Th

W

tan 9;3’;
tr dri (6.101)
cOs f cos §m

The tip clearance efficiency 7 cg» Will be
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I-(I+/ 1+ )" 11—y Z
(6.102)
Forg? =~ (
T.. -
di {(I+9¢ i
o= L (6.103)
Ty & -1 @
From equation 6.48 it follows:
_ i t
i‘ = o §'~««——-—.—.._ {6¢}G4§
Td i c.cosf
I — o (} '?"‘“:}
Tai v
From equations 6.97 and 6.104 it follows:
¢ cosp v'?
T4 i (v +vsina)?
t01-== (1+=)]
di ¢
Equation 6.103 may be substituted into equation 6.105
c.cosf (v +vsina)? ,
¢ = {6.106)
_ Tq i
t.v? [l —— (1+—)]
Tgi ¢
From equation 6.7 and 6.9 it follows
- Vi _ (b1 44— P2 tip 216 (ro — re) 17 (6.107)
{(v'+vsina)? o
7 &
v sina
=1 ] (1 +——) (6.108)
v

The solution for v’ (in rotational direction) could be obtained from the velocity profile



between turbine blade tip and a moving flat surface (turbine casing). The boundary

condition will be:
I = Ig v'=0 (6.109)

r o= v = fiw (6.110)

The velocity profile according to Schlichting (Ref. 66) will be:

 rpe—r ? Ap To—T  Io—T
v = L e, - — [1— - 1 ENGRENY
To — Ty 2n AX rg— Ty To— Tt

With substitution of 6.111 into 6.108 it follows:

To

4p i s Ip—T
Qc blade L2ty . (1, "“‘t}' I +vsina)/ | / DT wy dr

E , . o "’ft
2 ¢ '

/r(} 2

f Ie” A fp— T To—1

_ o 2o "Bpladel T T (6.112)
- In  Ax I — Ty Tg — Tt

The value of QCE can be calculated by me&éséng the pressure loss over the turbine
rotor. This theoretical model together with the basic turbine equation can be used to
calculate the number of pulses produced by flow through the turbine rotor (eq. 5.11).
This gives a theoretical main turbine equation, which should be applicable for the calcula-
tion of the calibration curve for any fluid viscosity in the required operational flow range.
In the case of negative values of o the theoretical value of Q. changes the direction of flow
in the tip clearance. Also the effect of fluid viscosity (which will change the velocity
profile in the tip clearance) will alter the flow in the gap between the blades and turbine
casing. The derivation of the second term of equation 5.15, which is the volumetric
efficiency is the aim of the theoretical calculation of tip clearance flow described in this
chapter. Although this part has been empirically calculated in the present research, the
author has also tried to present a theoretical leakage model as an alternative to the
empirical leakage model used previously. The conversion of the MTE to this theory means

that Q. {eq. 6.112) should be substituted into the following equation

n T . I
= (T, =T, —=2) (1 & ) (6.113)
Q Q Q

Using the equation, 6.69, 6.85, 6.42, 6.96, and 6.112, one can determine { , v and v sin & and v, respectively.
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6.6 The Pressure Loss across the Turbine Blade

For the calculation of tip clearance flow, as has been shown in the last sub-chapter,
the AD, 1,40 (pressure drop across the turbine blade) should be calculated for meters with
different blade shapes.

There is a contraction and divergence of the flow when the fluid enters and leaves
the rotor hub, thus there is also the same effect for the flow in the blade inlet and outlet.
Therefore, there is an acceleration and deceleration due to the change in the cross-
sectional area of the rotor hub and turbine blade. Thus the losses, as explained earlier,
will b e the mixing losses and the energy losses for rotor motion. 1t depends entirely
on the magnitude of the different terms of the MTE (Chapter 8), whether or not it is
desirable fo keep the head loss small. The energy loss connected with the retarding torque
is unchangeable once the size of the hub and the blade shape have been fixed. The only
external change will be varying the size of the shaft diameter and the tip clearance size
to have a belter compensation effect between the different terms of the MTE. The same
statement can be applied to the losses due o the change in area of the hub and also in
" the blade inlet and outlet. The mixing losses can be corrected if necessary by changing
the size of the hub, the number of blades, the design of the rotor supporter and the flow
straightener, and alteration to the inside casing (the peripheral edges to fix the rotor
supporter). Any changes in area should be as gradual as possible to aveid disturbances in
the flow. The commercial meters used for the experiment are one with a helically bladed
rotor {flow meter type B) and one with a constant blade angle rotor.

The pressure tapping was far distant upstream, just before the turbine blade (.lins
(2.54 mm) in front of the blade), just inside the blade area (.1 ins (2.54 mm) from the
blade edge in the leading edge), just before the blade outlet (L1 ins (2.54 mm) from the
blade edge from the trailing edge), and immediately outside of the blade (.1 ins (2.54 mm)
away from the blade trailing edge. Each of the tapping pressures were a combination of
the average of 3 connections at 120° to each other on one plane. The pressure drop across
the blade has been measured by averaging in a chamber the pressure in each plane for diff-
erent flow rates. The pressure change due to the contraction and expansion effects were
measured by installing a hub the same size in place of the turbine rotor, The pressure
measurement was taken according to the Figs. 45 and 6.1 in the planes “0” and “3”
where the upstream and downstream taps were situated. Apart from that the blade inlet

and outlet pressures were measured with the tapping located just before and after the



blade inlet and outlet (.1 ins before blade inlet .1 ins after the blade outlet; see Fig.
45, location “1”” and “27). Also 2 other tappings were installed the same distance from the
blade edge immediately after the blade inlet ““1 i and close to blade outlet “257. Thus

the pressure difference across the blade is given by

Ap’aiade = P~ P20
The hub losses are due to area contraction and expansion when the flow enters the
meter annulus and leaves it respectively, which causes an acceleration and deceleration
in the flow. Bernoulli’s equation can be applied to the accelerated flow (due to hub)
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The same equation can be applied between “2” and “3” in which the flow is slowed

down. Thus
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The pressure loss due to the existence of the hub will be the sum of the losses from

the plane “0” 1o “37.
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Applying the Bernoulli equation between “i;” and “2g” gives the Head loss on the

turbine blade
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The axial force acting on element at radius dr (Ref. 86)
Cy sina tan b C .
Ay g, (2rr—N.O) dr = ¥4 p.N.W. u? [ —= m D ] dr
cosﬁm cos g cos 8 cos 8?&
6.1173
The mean value for relative velocity angle is given by
2rrn tan@ — 5 %)
tan g . = + (6.118}
u 2

According to the theoretical model for driving forque the relation between the mean

velocity angle, 9 > and axial velocity can be expressed as follows (Ref. 62)

Yo,
e
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sin o tan 9
————— = (tanf —tan6,) . tan 6 (6.1

Ccos 8m cos 3



with substitution of equation 6.118in 6,119

sina tan 6 tan? (8 — &%) (wrn)?

(6.120)

cos 0, cos 4 i

The drag coefficient has been assumed to be constant along the blade (Ref. 86), therefore

by substituting equation (6.120) into equation (6.117)

y o N.W c / Tt tan (5%
BPhpade = 72 Ay /) e ar
Iy ;I; %
/ Qrr—N.O) u . dr
™
PRY) 't Cp.utdr
- (g / 7t n? u? 2 dr+ D ] (6.121)
/ < cos f m ©0s 5

The pressure loss at the blade tip will be substituted in Q- The head loss across the
turbine flow meter with a constant blade angle rotor is larger than for the helical bladed
rotor, This is because the angle of attack is larger in a constant blade angle rotor, there-
fore the outlet velocity angle, 6, is larger, and the outlet swirl will be larger also. Tan has
realised that the constant blade angle rotors have a larger blade loss. He proved this assump-
tion by measuring the blade loss for constant and helical bladed rotors with an otherwise
equivalent geometrical device. The total head loss is the pressure drop across the plane
“0” and 3", when the rotor is in operation. The commercial meters (Type A, B) have
a substantially larger head loss compared with the research meter (6.7 times greater Ref.
86), therefore the commercial turbine meters can be optimized in regard to their head loss,
if the magnitude of T, to Ts shows a significant change (less viscosity sensitivity with the
variation in fotal head loss). The pressure recovery, due to flow deceleration as the fluid
leaves the rotor can be calculated by the same method, applying the Bernoulli-eq. between
the plane “2” and “3”. A large change in area or a bearing supporter with excessively
thick vanes will reduce the pressure recovery. One should sub-divide the blade loss and
installation losses (Type C) into two different categories with regard to viscosity sensitivity
{the supporter edges). Although larger installations losses due to abrupt change in area and
thicker bearing support vanes will cause less repeatability in calibration curves, larger blade
losses will not affect the meter in the same way. The constant blade angle rotor with a
greater blade loss is more sensitive to the viscosity effect. The blade loss increases with the

increase in the number of blades, bearing torque and hub/tip ratio.
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CHAPTER 7
A THEORETICAL MODEL FOR THE RESULTANT TORQUE IN A TURBINE FLOW

METER

In order to study the forces acting on the blades, of turbine flow meters, it is necessary
to find out, theoretically, the total torque with respect to the blade number, blade angle
and hub ratic. A relationship between meter coefficient and flow rate can be obtained
with respect to the blade forces or to the total forque. The magnitude of the resultant
torque depends on the hydrodynamic torque, (the resuliant torque due to hydrodynamic
loads) which is a function of viscosity, reduced by the mechanical torque (the torque
produced by mechanical friction). The vector sum of the torque arising from the lift of the
blades and the torque arising from the drag of the blades produces a resultant hydrodynamic
torque. Consider an annular differential area element of thickness dr and radius r if dT4

is the elemental driving torque:

é’?é = N,r{dL cos b, —dDsind,) {7.1}
The angular momentum approach to calculate the driving torque is an alternative method
to the same equation as that arising from aerofoil theory. The results are approximately
the same if a certain number of assumptions are accepted. The aim of this research is to
find a theoretical model with the minimum assumptions. Although these assumptions
simplify the theory, they presuppose an ideal flow condition, which is not always the case.

A turbine meter consists of a rotor with a turbine-like blade in which a permanent
magnet® is embedded so that in many ways a turbine meter is similar to an axial-flow turbine.
The outer case is made of non-magnetic stainless steel on which an inductive pick-up is
instalied. When the rotor passes the coil, an electrical impulse is generated, which imposes
an almost constant load on the rotor. The Euler turbine equation applies here i.e. that
flow produces a fluid force or torque on the turbine blade, which is proportional to the
flow rate and the rate of change of whirl in the circumferential direction. An investigation
of Reynolds’ number and its relation to the hydrodynamic parameters {i@i Ls S* u/U; ...
of the turbine meter is necessary to find out the meter behaviour for fluids with different

viscosities. As the angular velocity of the rotor is approximately proportional to the axial
fluid velocity or the flow rate, the inlet velocity distribution is important for its influence
on the rotational speed and thus the accuracy of the measurement.

The velocity profile depends on the inlet pipe Reynolds’ number. This is one of the

Turbine meter used in this research
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reasons for different calibration curves for the same meter using fluids of different vis-
cosities. For fluids with a high viscosity and a low Reynolds number, there is a large
deviation from the normal operational value (i.e. average number of pulses per unit volume
at high flow rate).

The rotor speed depends on the geometrical properties of the meter and decreases
when the viscosity is increased. There is a linear meter characteristic during the operation
at high Reynolds number. The external load on the meter is mechanical, the “mechanical”
torque being the journal friction torque (bearing friction). The bearing torque is a function
of viscosity, rotational speed of the rotor, and the mechanical coefficient of friction, u.
The magnetic load due to the magnetic pick-up was for the meters used in this research,
negligible.

The influence of viscosity, in the laminar and the tzansition zones, upon skin friction
coefficient and hence on the hydrodynamic drag, is the cause of a large deviation from the
average meter coefficient.

By definition, the forces acting upon the turbine blade are given by (see Fig. 3)

dL :C}d%vm%.éf (1.2)
D =Cp.2.v2c.dr (7.3)
a = gegivm{: h (1.2}

The mean velocity angle, 8 s with respect {o the axis, is responsible for the relation
between actual lift and drag forces on the blade element. An increase of the angle of attack,
@, leads to an increase in lift and a small increase of drag coefficient up to a certain point.
After this point the drag increases rapidly with a slightly decreasing lift coefficient. The

clation between lift and drag also varies with the viscosity and rotational speed of the
turbine rotor.

For an angle of attack up to 25 degree Rubin et al. (Ref. 62) from their work of

C {(7.4)

LT G sin o
A good agreement between calculated and the experimental values for water support

the evidence for this assumption. Substituting this with (7.2) and (7.3) in equation (7.1):
ciksing B Cptand

cé'i"éﬁ%é,;saé‘vfg%ﬁi?,;gé?é ] {7.5)
co8 §m cosff  cosf, cosf

i 731 e s .1 PR T - . - - . v < LY. s 10753
! Suggested lift coctficient by F. Weinig: Die stroemung un die Schaufel von stroemung machinen J.A. Barth Munchen 1933
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sina in 3 8 tan 0 (7.6)
= sinf — cosp tan 7.
cos b m
or
sin o ro 2rign ,
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with substitution of (7.7 in (7.5} and assuming that CS is independent of a, then
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The second term of equation (7.8) is as follows (Ref. 62):
It tane w o —1y? W, R
Cp [ m e 22 (A y 2Ry (L
/ cos B cosd DYy 3 U 5
M D m b 3 -
I‘é} B
(7.9}

From equations (7.8) and (7.9) it can be seen that the magnitude of the hydrodynamic
torque depends on the totfal area of the blade, the hub ratio and the blade angle and the
fluid viscosity.

The dynamic behaviour of the turbine meter rotor is a function of the rotational

movement of the rotor as a result of the law of angular momentum:

dT, =7 . w (7.10)

The constant number of pulses for each particular flow rate means that angular
rotor acceleration must be zero, therefore the sum of all torques acting on the turbine
rotor should be zero (expedmentally observed of ideal case or for very high flow rates).
These torgues consist of those which force the rotor to move and those opposing motion.
The fluid flows almost axially into the turbine cascade and because of the blade angle
will be deflected (Chapter 9) onto the rotor blade. Assuming that the fluid is in a cylindrical
shell of radius r, thickness dr, between leading and trailing edges of the turbine meter

blade the Huler equation is:
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dT, . = p.rnve.dQ (7.113
It is assumed that the flow entering the cascade is swirl free. At the turbine outlet

it can be observed {(Fig. 3) that the magnitude of the component of the swirl velocity is:

Ve =U€anémwrm.w3 (7.123
U Ve ,
n = t3§1&m--5——~« {(7.13)
I 2nr
m m

with the assumption that tip clearance is small compared with the length of the blade.
As a result of swirl free flow coming into the turbine cascade, the velocity component

across the blade in the axial direction remains constant:’

T oen = Qoo iy Ve —Ty (7.14)
where

T‘mtai = Tﬁ - Tm ech (7.15)
so that - T

v, = —meeh o d (7.16)

g Q . rm 1Y Q E"m
oo %‘;&n m - T4 _ EFTL@LM (7.17)
O éﬁ‘rms 41{‘1}; o 07 4?725{; .p. Q7

In the above equation, term one depends on meter performance (Term One) and
term two and term three are fluid and non-fluid forces. The turbine equation in the
presented form of Lee and Karlby should be completed for the effect of tip clearance.
This equation is justified when the above effect is negligible. ’?m ocn 18 mainly a function
of bearing friction and depends on rotor speed and fluid viscosity (eq. 7.23).

According to Lee and Karlby (Ref. 36), the magnitude of the mechanical torque
is small but in a later discussion it can be seen that this torque is important for its
influence on the third term of the main turbine equation, which can be useful for com-
pensating the viscosity influence. The assumption that the non-fluid forces should be
kept negligibly small is not necessarily valid because these forces could be used as an

external load on the turbine for reducing the influence of viscosity.

Taking 1 and §m in equation 7.172 and 7.13 is only calculation of the mean value
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7.1 The Calculation of the Total Torque Produced by Rotational and Retarding or

Brake Forces

The rotational torque acting on the blade for a constant rotational speed is the only
angular momentum, which acts in rotational direction T (produced by hydrodynamic
fiuid forces). The retarding or brake torque ’?bmke is produced by the sum of all torgues
in the opposing direction ie. all peripheral forces, which have an anti-movement sense.
These are fluid drag component force and the bearing friction. The net torque is the
difference between the rotational torque and the brake or retarding torgue. The magnitude
of the retarding forces should be calculated because of the effect of viscosity on them.
The above torques affect the driving rotational torque of the main turbine equation.
7.1.1 The Calculation of the Hydrodynamic Torque

The calculation of the torque produced by forces in the rotational direction is

according to the force diagram, see Fig. 3, and by substitution of the eq. 7.12 intc 7.11.

The resultant torque produced by hydrodynamic forces is given by

vt u tané. dA, Zrn
Tr=p.1p UL A [tang, | — (=P —~» —F ——
A r, U tan b, Ag ]
[ r _u dA_ “ / ’
J i?}‘% ‘g (7.18)
A, m a

The above expression is the Euler angular momentum equation in terms of normalised

dimensions. The area integrals are a function of Reynolds’ number, so that

R2rrn

1 (7.19)

’?T z§rm@2 faaézﬂiaﬁ&mw -

It can be proved from the above equation that for high Reynolds’ number the rotational
speed is proportional to fluid velocity or flow rate.

For high Reynolds’ number T = 0 (bearing friction is negligible).

I 2nrn .
e {81 5?@ = constant = .
H ’ U
xand ¥ are constant for high Reynolds’ number.

7.2 The Calculation of Brake Torque Produced by Retarding Forces

The resisting torque is the sum of all the friction.forces acting on the turbine blade in

the peripheral direction. The friction forces consist of fluid drag and bearing friction.



7.2.1 The Calculation of the Torque caused by Journal Bearing Friction

The shaft of the turbine rotor takes up an eccentric position within the bearing
clearance under the influence of the rotor weight which it carries. The amount of eccen-
tricity adjusts itself until the load has been balanced by the pressure created because
of the existence of viscous fluid in the shaft clearance. The pressure produced and the load
capacity of the turbine bearing depends upon shaft eccentricity and rotational speed of
the turbine rotor. The load capacity is also related to the fluid viscosity and the size of
shaft clearance. The viscosity should be assumed to remain constant as the test {luid
passes the load area maintaining isotherm condition.

Although the fluid viscosity will vary with temperature and pressure, this can be
taken into the calculation for a specific condition. The error arising, when no allowance
is made for viscosity changes due to variation in pressure or temperature will be minimised
by calculating the viscosity at the mean temperature (Ref. 943a). The power loss which
has been applied to the journal bearing in order to overcome the bearing friction is shown
in Fig. 63. It appears to be difficult or even impossible to calculate the bearing torque
under the operating condition for different size and type of bearing, therefore the
calculation must be semi-empirical.

The bearing friction torque is a function of the load due to rotor weight, the hydro-
dynamic forces on the shaft and the rotational speed of the rotor. The Petrov equation

is applied for the plain bearing running concentrically (Ref. 95)

R3L* p? ,
'E’bear = p E"“’““:’““;‘o“‘é} 10.44 (7.2
o 10

The above equation is a relatively good approximation for a lightly loaded bearing. More
accurate analysis is based on an approximation proposed by Reynolds and Sommerfeld
for a bearing with eccentricity ratio of &* = ¢gfc*.

if the friction coefficient is defined by

I+ e*2
1 (7.22

[

ok
g o= —
R Je*

The bearing friction torque is

RrR? e*

T, = 24 nnrnl*[— ] = € (7.23)
beat o*2 (2 +e* )1 + c#)2

The above equation should be calculated in order fo illustrate the influence of the fluid



Fig. 7.1 The displacement
of the turbine rotor shaft
e from the bearing
centre line under the
action of the applied
rotor weight w for
the case of heavily
loaded rotor
{Turbine flow meter
Type A and B)

w

viscosity on the bearing friction. Kalkhof (Ref. 32) assumed that the torque due to the
bearing friction is approximately constant by neglectipg the effect of variation in fluid
viscosity.

However, Sommerfeld and Reynolds (Eq. 7.23) showed that for constant fluid
temperature the bearing friction torque varies in proportion to fluid viscosity. It is
reasonable to assume that most of the heat generated in the bearing will be carried away
by the fluid and consequently a constant temperature condition may be deemed to exist
in the rotor bearing, The commercial meters are mostly manufactured with plain bearings
which make the calculation easier because the load distribution over the shaft is nearly
uniform. The calculation for‘baﬂ bearings is more complicated and the agreement
between calculated and experiment is not good. The magnitude of bearing torque in the
research meter (ball bearing) was significant to determine the value of Term 3 and
compare it with the other two terms. The calculation of Term 3 in these meters has not
been taken into consideration because this investigation was principally concerned with
the commercial meter. The commercial turbine meter had either a relatively heavy rotor
(Fig. 11) and large shaft diameter (rotor weight = 50 gram shaft diameter =5 mm) or
relatively light rotor (Fig. 10) and small shaft diameter (rotor weight = 10 gram shaft
diameter = 1.5 mm). The bearing torque has been calculated for turbine flow meter type
A (see chapter 9 and Table 9.1) according to equation (7.23) (see Appendix II and Fig.

71} for different fluid viscosities. The same calculation has been done for a lightly loaded
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rbine meter with the Petrov approach (Fig. 86) which has proved to be a good approx-
imation for the above meters. The bearing torque ratio of these two different rotors (helically
and constant bladed) has been plofted in Fig. 72. It shows that for lower rotational speed
or low flow rate the ratic can increase up to 30 times. The higher the fluid viscosity the
larger the ratic. The effect of fluid viscosity on the flow meters becomes iess significant
for higher rotational speeds or higher flow rates. It is essential to find out how far the
bearing torque has a viscosity compensation effect.

In such a case instead of applying an external load, the visocity of the fluid could

increase the bearing torque. That makes unnecessary the existence of an external brake
such as used by Lee and Karlby (which causes a disturbance in the flow) because a larger
bearing torgue will siow down the rotor and minimize the viscosity effect. Term 3 of
the main turbine equation (eq. 5.20) contains the hydrodynamic torque and bearing
friction torque so that the total torque is the hydrodynamic torque less the bearing friction
torque. The rate of increase of bearing friction torque with respect to viscosity in turbine
flow meter types A and B (Fig. 71) is much greater than with turbine flow meters type
C and E (Fig. 86). At 1000 rpm for the turbine flow meter type A, for viscosity increase
from 21 ¢St to 170 ¢St, the bearing friction torque will rise by about 43,72%. For a
meter type C under the same conditions the increase will be 10,63%. For a meter type A
the ratio of Term 3 for viscosity 47 ¢St to that for water is 2.85. The equivalent ratio
for type Cis 7.69. Therefore the increase in Term 3 for the meter type C in changing
from water to viscous fluid (v = 47 ¢51) is 2.57 times greater than with meter type A.
Although for meter type C {with a smaller shaft and hence a smaller "i‘b eaf}, the bearing
friction torque increases more rapidly with viscosity, this steeper g
used to decrease the viscosity effect in the first and second terms (Figs. 81a, b). The
bearing torque exhibits a quite different behaviour in meter type A and B. Terms 1 and
2 compensate each other to g certain extent and the net effect will be a balance with the
Term 3, so that in this case the bearing friction has a compensation effect (Fig. 62).
Generally speaking one cannot say that the value of bearing friction always has a viscosity
compensation effect. The usefulness of the bearing friction does however depend on the
particular behaviour of the first two terms of the MTE.

7.2.2 The Calculation of Torque caused by Fluid Drag

This term is an important parameter for the calculation of the total torque because

of the influence of the fluid viscosity. The viscosity increase affects the inlet velocity



distribution (see Fig. 53} and also Cp, which has been described in Chapter 6. The fluid

drag torque is as follows:

o { r u  tané m dA
TD =— U, N.W. (rtu rh)rm 5 CD e () —— —2 (7.24)
2 Aa L U coséd m A

The above corresponds to the second term of the hydrodynamic torque on the turbine

blade {eq.7.5) 1.e.

Tp =p .1, .U R A, (7.25)
for equilibrium
Tr = Tpue (7.26)
with substitution of (7.18)and (7.25) intc (7.26)
X RA
©a Nt0n $Ay The (7.27)
Q Ty R NrpA, Rp . Q?

The above equation is similar to the main turbine equation derived by Lee and Karlby
(Ref. 36). The equation 7.27 should be corrected for the effect of tip clearance because
it assumes zero clearance. The viscosity effect has already been considered in this equation
with the factors ®, N, R which are functions of fluid Vis'cosity and blade Reynolds
number.

The first term in equation 7.27 is large in comparison with terms 2 and 3 in the equation
which are respectively viscosity and bearing friction torque dependent terms. For

rw
—2 = ( the value of the fluid velocity, for which the rotor starts to rotate is

U

Ro-p Ty -A(— .tand  —— —&) (7.28)

In the equation 7.27 the first 2 terms are dependent upon Reynolds’ number and are much

larger than term 3 from 7.27.

3 KA
3 % Aa

The eq. 7.29 shows the first 2 terms of equation 7.27 which are functions of Reynolds

number and vary with fluid viscosity (Fig. 29).
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7.3 The Determination of the Deviation of the Meter coefficient from “Normal Opera-

tional Value” and its Relation to Reynolds’ number.

The value of the deviation of the meter coefficient from the ‘normal operational
value’ (number of pulses per unit volume at high Reynolds numbers) is a function of
Reynolds Number or viscosity. The driving torqﬁe is characterized by the flow rate at
which the rotor starts to move. The effect of Reynolds number leads to a certain calibra-
tion curve for each kind of turbine meter. The main turbine equation, described in
Chapter 5, the deviation can be calculated for different values of fluid viscosity. The
influence of viscosity, which is a part of the Reynolds’ number, on the deviation of a
turbine meter is large in the laminar and transition zones and less for turbulent flow.

With substitution of equations (7.28) and (7.29) into (7.27)

row Ry @0 U

{n_.._a:@{}_*..ﬁ. ”_3(_2)23 {73(})
U % ¢ U

T U

Mm% sy ] - (73D
U U

For each rotor size, shape and turbine geometry, ¢ will exhibit a characteristic variation
with Reynolds number which is similar to the relation between meter coefficient and flow
rate.
W,
The normal operational value ¢ = E— , is defined as the asymptotic value of ¢ at
high Reynolds’ number. The corresponding proportional deviation in each point to the

. , r.w . . . . .
above value is then defined as: (“ﬁﬁ =g certain meter coefficient in which zero error is

assumed}.
fwa
g€ = — 1 (7.32)
W%
u
U,
S [1—8(—) ]
U
e = 1 {7.33)
o
U
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¢ = (7.34)
rw*®
a
U
e=¢[1—~5(9ﬁ))2]-} ' (7.35)
Q

The starting flow rate value corresponding to equation (7.28) is a function of fluid

density and Reynolds number or viscosity.

_ Tbear . Ag )
Q = [->=!’L_a (7.36)
&9 8. fm @0
¢ (Re)
Q = / ‘ (7.37)
N P
substitution of 7.37 in 7.35
¥ (Re) : ,
e = ¢ [l - ] (7.38%
p Q°
Wo=L8 (7.39)

The transition region (see Fig. 30) moves towards higher flow rates as the viscosity
increases. The reliable range (as defined by that region with e < 0.5% is therefore confined
to higher flow rates as the viscosity is increased). The value of ¥ (Re) is approximately

constant (physikalische Bundesanstalt in W. Gemmany) so that the equation (7.38) becomes

e = ¢ (1 «(g(-)ﬁ I-1 (7.40)
Q

For high Reynolds’ number (Re > 10°) (see Fig. 29, 30) the value of ¢ is independent of
Reynolds’ number. As the Reynolds’ number decreases the valué of ¢ increases up to the
laminar operational zone. In this zone the value of ¢ decreases again, because of increase of
Cp, which is itself caused by the decrease in Reynolds’ number (Ref. 32). The increasing of
viscosity reduces the operational range of the turbine meter, because of ¢(Re) at low flow
rates. Therefore, the turbine meter should be viscosity compensated at low Reynolds’
number by an external load (Ref. 36), if the Term 1 and 2 are appropriate (see chapter 8).
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CHAPTER §
THE EFFECT OF FLUID VISCOSITY ON THE DIFFERENT TERMS OF
THE MAIN TURBINE EQUATION

As described in Chapter 5, in order to find the magnitude of the three terms in the

MTE (eq. 5.20) and the variation of these terms with fluid viscosity (Figs. 58 to 62 for
turbine meter type B and Figs. 77, 78 and 79 for turbine meter type (), it was necessary
t o know the effect of fluid viscosity on hydrodynamic parameters. The effect of fluid
viscosity has been investigated for two groups of flow meters with different blade shapes.
(Table 9.1). '

(a)} Turbine flow meter with helically bladed rotor (Type A, B).

(b) Turbine flow meter with constant blade angle bladed rotor (Type C, D, E).

The Term 1 of MTE can be subdivided into the following components:

TERM I=T,(I—g) - T, (1—g) (8.1)
T, and T, can either be calculated as independent components corresponding to equations
(5.12) and (5.13) so that the flow through the turbine rotor (eq. 5.11) can be calculated, or
alternatively one can detér‘mine Term 1 of equation 5.20 with the influence of leakage ratio.
T, and T, are calculated for a meter of type B (Fig. 54, 55) either as a function of flow
rate or as a function of fluid viscosity (Figs. 58 and 59). The same calculation has been
done for a meter of type Cin which the meter coefficient is either plotted against the flow
rate (Fig. 73 and 74) or against fluid viscosity (Figs. 77 and 78). The values of T; and T,
have been plotted against viscosity change in the range 1 to 170 ¢St. Test fluids with
viscosities of 1, 21,47, 71 and 170 ¢St have been used. The meters type B and C were
representative for the group (a) (with helically bladed rotor) and group (b) (with constant
blade angle rotor). The experimental and the theoretical results for the two groups of
meter should be analysed separately to find how the fluid viscosity affects the terms of
MTE and how the effect of viscosity can be reduced. Therefore one should consider the
variation of each individual term in MTE with changes in fluid viscosity to understand
the hydrodynamic importance of them and the extent they can influence the calibration
curve for the test fluid viscosity, in order to appreciate the applicability of a chosen meter
for the given purpose. This research has divided the turbine flow meters into the previously
mentioned groups a and b because of their different geometrical parameters (different
blade shapes, different sizes in the rotor shaft and weight, group a being heavier than group

b). These differences led to different flow characteristics and different responses to the
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change in the fluid viscosity.

The variation of the different terms in MTE can be categorised as follows:

1)  The first term of the MTE varies with viscosity as shown in Figs. 62 and 81a.
" Forthe group b meters with constant angle blade angle rotors there is an approximately
constant increase in the value of Term 1, which ends in a roughly parabolic shape for high
viscosity (Fig 81a). The graphs are drawn for different fluid viscosities by keeping the
flow rate constant. It can be seen that an increase in viscosity causes a steady rise in Term
1 of the MTE, but the effect on Term 2 and Term 3 and their balance determines the
gradient of the calibration curve for low flow rates, and later the creating and disappearance
of the hump on the calibration curve. For a flow meter of type B, with a helically bladed
rotor, the first part of Term 1, i.e. T; = f(Q, »), has been calculated and plotted against
flow rate (Fig. 54) and fluid viscosity (Fig. 58). T is influenced by axial fluid velocity,
blade angle, deviation angle, 8%, and 1ift coefficient Cr. The second part of the Term 1,
T, , (with a retarding effect on T, ), can be considered separately when calculating the flow
through the rotor according to equation 5.10 or as Term 1 in the MTE. T, has been cal-
culated and plotted against flow rate Q (Fig. 55 for a turbine meter with a helical bladed
rotor) and (Fig. 73) for a turbine meter with constant angle bladed rotor). T, has been
plotted against the fluid viscosity for helically bladed rotor (Fig. 59) and constant angle
bladed rotor (Fig. 78).

2} The value of Term 2 is a combination of the effect of viscosity on the tip clear
ance flow and tip clearance size. Increasing the value of tip clearance size creates a hump on

the calibration curve even for a fluid with a low viscosity (water). Term 2 of the MTE has
T,k

a compensation effect on term 1 especially on T, . This term is ( } demonstrating the

effect of tip clearance flow on the MTE. Term 2 has been plotted against the flow rate
for different fluid viscosities (Fig. 56 for helically bladed angle rotor) and (Fig. 75 for
constant bladed angle rotor). Also Term 2 as a function of {luid viscosity has been plotted
for different flow rates for helically bladed rotor (Fig. 60) and those of a constant bladed
angle rotor (Fig. 79). This term behaves quite differently for the two different types of
rotor with respect to the fluid viscosity.

Term 2 in the MTE is significant because it decreases the sensitivity of a turbine meter
to fluid viscosity in the case of a constant angle bladed rotor. However, this compensation
effect is not sufficient to produce a calibration curve acceptable for various viscosity

ranges (Fig. 81a, b). This compensation effect is sufficient in the case of helically bladed
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angle rotors and the variation due to the increase of fluid viscosity will be reduced
to an acceptable minimum change in calibration curve (Fig. 62).

As explained, the viscosity increase caused a variation in the value of QC oron Term
2 in the main turbine equation. This variation causes an increase in Term 2 up to a certain
viscosity and the decrease of it after passing a maximum (v = 20 ¢St). The above is the
explanation of creating a hump and its increase up to a certain viscosity from which it
starts to decrease and disappear by a certain viscosity (Fig. 79 v = 60 ¢S8t), and the tip clear
ance flow is by this viscosity approximately zero. Term 2 could become negative for con-
tinuing increase in viscosity. The negative value of Term 2 signifies the existence of a
reverse {low in the tip clearance area. After Term 2 becomes negative the Term 2 and 3
reducing the calibration curve together in the same direction which will push down the
calibration curve.

3) Term 3, shows the effect of driving and retarding forces acting on the turbine
blades. This term is relatively small in comparison to the other two terms of MTE, but
it is essential to consider its influence upon the MTE, especially in the range of low flow
rates, in which this term starts to increase. This term has been plotted against the flow
rate for different fluid viscosities (Fig. 57 for helically bladed rotors) and (Fig. 76 for
constant blade-angle rotors). Also Term 3 as a function of fluid viscosity has been plotted
for different flow rates for a helically bladed rotor (Fig. 61) and for a constant bladed
angle rotor (Fig. 80).

The value of Term 3 is dependent on the magnitude of hydrodynamic and bearing
torque. The value of this term was very small for the constant blade angle rotor because
of small bearing torque. The constant bladed angle rotors cannot be well matched to the
fluid flow direction over the radius of blades unlike helical biade rotors. Therefore,
the axial width must be kept small. Due to the above reason the constant bladed angle
rotors are lighter and the bearing is not loaded due to the weight of the rotor as much
as it is in helically-bladed rotors. This term is much bigger in the helical bladed rotor
{a rotor having a large bearing torque). The helical bladed rotor has the advantage of a
better balance between Term (1 + 2) and Term 3 in the MTE (see Chapter SW."EM.ZQZ) 50 that
the effect of viscosity is minimal. The balance between Term (1 + 2) and Term 3 in the
MTE for the constant blade angle rotors produces a hump in the meter coefficient at
Iow flow rates and up to a certain viscosity, (above this viscosity Term 2 changes sign and

Term 2 + 3) is then subtracted from Term 1.
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If the theoretical relationship between CD, CL, &%, % » Q for different fluid
viscosities is known, the variation of the calibration curve with the increase of fluid
viscosity can be calculated. Also the value of T, should decrease' at much lower
viscosities by optimising the geometrical device to approach a meter with wider
operational range.

The helical bladed rotor used in this research programme had a large bearing
friction and is less sensitive to the effect of viscosity for reason given in sub chapter
8.1 and 8.2.

The bearing friction of helical rotors was roughly 28 times that for the constant
blade angle rotors. The bearing friction forces have the effect of a retarding torque on
the tested helically bladed totor, which is identical to an external load and is viscosity
compensated.

Commercial turbine meter used in this research with helically bladed rotor have a
blade chord approximately 4 times larger than the otherwise identical constant blade
angle rotors. This is the reason that for the same fluid velocity and viscosity, the blade
Reyrnolds number could be 4 times larger for a helical blade rotor than for a constant
blade angle rotor. A high Reynolds number means that the rate of change in CL with
blades Reynolds number is much smaller for helically bladed rotors, and thersfore the
rotor has a constant hydrodynamic torque. This torque varies for constant blade angle
rotors which is one of the reasons for a greater variation in the calibration curve.

The tip clearance of the constant blade angle rotor (Type C) is 1.327 times bigger
than a flow meter of type A. Smaller tip clearance has the same effect as having a larger
Tyear OF an external load, which was, as explained, viscosity compensated.

8.1 The Sensitivity of a helical bladed angle rotor with increasing fluid viscosity

The characteristics of a helical bladed rotor (group a) which will be discussed in
this chapter, is quite different from that of the constant blade angle rotor {group b).
Even helically-bladed rotors with different helical pitches, operating in the same fluid
have slightly different meter coefficients {see MTE Term 1). One could consider a
certain number of turbine rotors that are identical in all respects but that of helical
pitch to identify the rotor with the optimum helical pitch, defined as that being the
least sensitive to different fluid viscosities.

The helical bladed rotor is not very sensitive to the effect of tip clearance?® flow

(Figure 6, 22). The increase of tip clearance does not change the meter coefficient as

1 S . . .
This will flatten the calibration curve for low flow rate
The tip dearance did not change the calibration curve significantly g lower Q
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much as for the constant blade angle rotor. This has been observed in Tan’s
experimental results: Tan’s experiments were carried out for water in the range of
high Reynolds number (Re = 100 to 150.10%). Increasing the fluid viscosity will
reduce the Reynolds number. The above Reynolds numbers in the operational range
were nearly twice those of the éonstant blade-angle rotor. The operation in range
of higher Reynolds numbers will reduce the effect of the change in velocity profile
in turbine meter with the increase in viscosity. To identify the difference between
the two groups of meters, the following points should be considered:

(a) The change in the local axial fluid velocity is smaller, this keeps the
variation of ®i’ , and u, and Ve on a smaller scale, because of the larger Re numbers
in the operational range for the helically bladed rotor. (The local axial velocity u, is
almost constant. Even for higher fluid viscosity the Reynolds numbers are high enough
to keep u close to the average value).

The local axial fluid velocity, u, is slightly larger on the rotor hub and will
not change from the blade tip towards the hub because of a more turbulent shape of
velocity profile. This is due to operation in higher blades Reynolds number for this
group of meters (Type A and B). (For Q = 9.8159 Ib/sec. u = 2.7915 m/s, Hel. Pitch
L = 395967, frequency = 210 f/sec. v = 0.1806 m/s, 2zrn = 4.1893 m/s, @i = 56.28°,
B =56.28",8=5752° x=1.24°). )

cgt} 5* (degree) Ve (m/s) u (m/s) ®; = degree  a= degree
water 0.09 0.1806 2.7915 56.28 1.24

21 0.11 0.1579 2.7791 56.44 1.08

47 0.13 0.1331 2.7654 56.57 0.95

71 0.138 0.1123 2.7529 56.69 0.83

170 141 0.0758 2.7299 56.91 0.61

Table 8.1  The variation of deviation angle § *, axial fluid velocity u, velocity inlet angle
©; and angle of attack, o, for different fluid viscosity, », in helically bladed angle rotor

(Type B).
&% is smaller in the helically bladed rotor because of higher biades Reynolds numbers

{Ref. 96) and u is larger so that :

Ve = u tan (§-8*) - 2nrn

is larger. The change in §* and u are not the only factors contributing to an increased
swirl Vo- The blade angle, 8, will also incrﬁége from the hub io the blade tip by a

factor of 2.37 thereby increasing ve by the same factor.
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This angle in helicaily bladed rotors depends on helical pitch. The increase of
blade angle from the hub to the tip of the blade also contributes fo slightly larger
term 1 and 2 in helically bladed rotors. The reduction in u, caused by fluid viscosity
increases, results in the small rise of the velocity inlet angle @i. This small change will
reduce the angle of attack for higher fluid viscosity, but will remain positive also for
higher fluid viscosity. This is the reason for co-directional flow through the meter
annulus and for tip clearance. The value of term 2 will rise with the increase in fluid
viscosity as the flow becomes more steady. The meter’s operational range will be.
reduced because of the rise in the value of T, with the fluid viscosity increase.

The meter calibration curve will tend to flatten as the value of Term 2 =
(T,-k/Q) rises, thus producing a wider operational range, at low flow rates.

(b} The tip clearance flow will not be affected by boundary laver thickness in the
case of a good instaliation condition (iLe. no leading edges or any disturbance which can
cause swirl in the flow). The operations were carried out in a relatively higher Reynolds
numbers range in comparison with the constant blade-angle (Helically bladed angle
rotors blades Reynolds number = 150 x 10* to .9 x 10* and constant blade angle rotors
blades Reynolds number = 12 x 10* to 0.07 x 10* for viscosity between water and 170
¢St). The boundary layer thickness is relatively small and it can be neglected for
Reynolds number in the above operational range.

(c) The contribution of drag in helically bladed rotors depends mostly on the
pressure drag, which would not vary significantly with changes in Reynolds number or
viscosity increases (for helically bladed rotors for viscosities from water to 170 cSt: the
drag will be doubled for the same flow rate Q = 4 Ib/sec (1.81 litre/sec) and for the
same viscosity increase the drag will increase to 8 times the initial value). This is the
result of having much thicker blades in helically bladed rotors (blade thickness = 0.031
inches (\787mm) ) compared with the constant blade angle rotor (blade thickness = 0.015
inches (.381mm) ). The thicker blades will cause more kinetic energy losses in the turbine
cascade outlet because of the wake in the flow and the mixing losses in the cascade outlet,

(d) The total torque acting on the turbine blade is the driving torque less the
bearing friction torque. The total torque will increase by a factor of 2.58, from v = 21, to
v = 170 c8t. At the same time the bearing friction torque will increase by a factor of 1.44
for the same change in viscosity. The bearing friction torque in the case of a helically

bladed rotor has been calculated for a heavily loaded bearing and takes the eccentricity
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and the weight of the rotor into consideration. For a vertically mounted meter the
above consideration remains the same except the bearing friction reduces because the
load will be carried only on lower side of the shaft, on which the rotor is standing. This
kind of installation will affect the shaft eventually only in one point (at the ball end of
the shaft) but it might exert side ways loading on the shaft in same configuration. The
total torque for constant blade-angle rotors will increase for the viscosity range 21 to
170 ¢S5t by a factor of 19, and therefore the helically bladed rotors are less sensitive to
the change in viscosity. The total torque for helically bladed rotors at a viscosity of 21
¢St is 7.36 times the total torque for a constant blade-angle rotor. Increasing the fluid
viscosity to 170 cSt will increase the level of the total torque of a constant blade angle
rotor to the same level as a helically bladed rotor.

8.1.1 'The effect of the fluid viscosity upon Term 1 in the MTE for a helically bladed

rofor

As mentioned earlier the term 1 is sub~dividedinto two parts (eq. 8.1). This sub-
division is necessary to calculate the flow through the rotor only. The first part of term
I which is T, = f(Q, v) is shown as a function of flow rate for different fluid viscosities
(Figure 54), and the viscosity dependency of these meters (Type B) are demonstrated
for different flowrates (Figure 58). The increase in T, for a specific fluid viscosity is
small for the whole operational range of flow rate. For this group of meters T, has a
non-linear part up to flow rate of 4 Ib/sec (1.81 litre/secy which gradually becomes
linear. The increase in T, in the range of flow rates 0.5 Ib/sec to 22 Ib/sec (.23 litre/sec
to 9.98 litre/sec) does not exceed the pulses per volume boundaries (see Fig. 58). The
increase in T, was 1.89% for water : 2.1% for viscosity 47 ¢St and 2.25% for » = 170 cSt.
The values of T, against different fluid viscosities have been plotted in Figure 58. The
increase in T, relative to water for Q = 6 Ib/sec (2.72 litre/sec) was for v = 21 ¢St .94%
for v = 47 ¢St was 3.23% and for » = 170 ¢St was 85%. The gradient of the curves against
the fluid viscosity are relatively large in spite of small increase of T, for different flow
rates (Figure 58).
8.1.2 The effect of fluid viscosity upon the Term 2 in the MTE for a helically bladed

rotor

The Term 2 which demonstrates the influence of the tip clearance flow is not only
dependent on the geometry or the size of the tip clearance but also on the tip clearance

flow condition and hydrodynamic component affecting these conditions. (i.e. the
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pressure distribution across the blade, the velocity distribution in the tip clearance area
and the angle of attack, «). The change in the hydrodynamic components, which is due
to viscosity variation, affects the amount and direction of the flow through the tip
clearance areca. The flow through the tip clearance has been explained in detail in
chapter 6.

The term 2:(?_}5} has been plotted as a function of flow rate for different fluid
viscosities (Figure 5?} and as a function of fluid viscosity for different flow rates (Figure
60). The increase in this term with the decrease of flow rate Q is largely because of
in the denominator. The leakage factor k is approximately constant with change in flow
rate (Figure 66), because the change in Reynolds number duse {o change in the flow rate
used is almost negligible compared to the Reynolds number change due to the viscosity
changes © . The second component, which causes a change in the value of Term 2, is
T; which as has been explained in the section 8.2.1 does not change much with Q.

8.1.3 The effect of fluid viscosity upon the Term 3 in the MTE for a helically bladed

rotor

Term 3 includes the hydrodynamic and retarding forces acting on the turbine blades.
These forces have been described in detail in chapter 7.

Ts, which is the term 3 without the influence of leakage ratio has been theorstically
and empirically calculated (Figure 61). There was a good agreement between the
theoretical and the experimental results. The increase in this term for high flow rates is
negligible. The fluid viscosities up to 50 ¢St, which is the usual range for meters used in
industry (Ref. 32), the rise of this term is small, less than % pulse per unit voh;me. In
the range of low flow rates and because it will be divided by Q?, Term 3 is becoming
larger. This term is most significant in the region of very small flow rates (2 to 4 ib/sec
(.908 to 1.816 litre/sec), see Figure 57). The increase in Tbearéng' for helically bladed
rotors (heavily loaded rotors with larger shaft diameter) as 2 function of fluid viscosity
is demonstrated in Figure 71. The calculation of bearing torque is described in chapter 7
and appendix II. The slope of the curves of Thear = [ (v) is much larger than for those
with constant blade angle rotor (Figure 86).

Term 3 has a compensation effect in helically bladed rotor meters because of the
characteristics of the other terms (Figure 62). Therefore this term can only be
introduced as the viscosity compensating term under certain conditions. The degree of

compensation effected by varying term 3 will clearly be dependent on the change of
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magnitude with fluid viscosity which can make the combination of term 1 + 2. Term 3
will be quite inadequate as a compensation mechanism. The change in bearing torque
for meters with this condition will not contribute very much to reduce the viscosity

" effect on the calibration curve.

8.1.4 The effect of fluid viscosity on leakage factor, k, leakage ratio, g, and

correction leakage factor for a helically bladed angle rotor.

The leakage factor, k, and leakage ratio, g, have been plotted against the blade
Reynolds number (Figure 66). The change in k over the operating flow rate range is
negligible. The gradientof g=f (Rey,qe) Will become steeper with increasing fluid
viscosity. The operational Reynolds number range is larger for lower fluid viscosities.
(Flow rate range 6 to 18 Ib/sec. (2.72 to 8.172 litre/sec) ). There was a rise in the value
of the leakage factor, k, with increasing fluid viscosity. The leakage ratio, g, will drop
with an increase in the flow rate. The gradient of the slope of calibration curve increases
with an increase in the value of fluid viscosity. The decrease in the value of g with
increasing viscosity is much smaller if the flow rate remains constant and high. Moving
to the right along the dotted line (Figure 66), means an increase in the value of (%é )
and moving on the full line upwards means reducing speed of the rotor. The speed
reduction for lower Reynolds number range and higher fluid viscosity is greater. This
means that there is a higher volumetric efficiency for lower fluid viscosity.

This increasing of efficiency is an advantage of helically bladed rotors, caused by
the equivalent flow direction through the tip clearance and the flow through the rozar,-
This behaviour is completely different in the case of constant blade-angle rotors because
of the much more complex tip clearance flow (Figures 79, 81a, b).

8.2 The Sensitivity of Constant Blade Angle Rotors with increasing fluid viscosity

According to the experimental results of previous research (Ref 86), the increase
in the tip clearance will cause a gradual rise in the turbine meter calibration curve in
the overall operational range for water. The calibration curve for low flow rates will
rise to a certain meter coefficient corresponding to the optimized tip clearance. The
turbine meter with the optimized tip clearance has the widest operational range. Further
increase in the tip clearance will create a hump on the calibration curve. For the flow
meters of type C and D the precalculated optimized size of the tip clearance was
approximately coincident with the clearance measured on the meter (0.0146 inches).

The above optimization has been made only for low fluid viscosities or water. The
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increasing fluid viscosity means a reduction in the blade Reynolds number or the
movement of the flow condition from turbulent towards laminar flow Repiade =
120 x 10° for water to Repiage = 730 for » = 170 cSt). the decrease in Reynolds
number will reduce the load affecting the turbine blades. This reduction will cause
a more co-directional type of flow between the main and the tip clearance flow,
which will raise the value of the méter coefficient to a cerfain viscosity; {according
to the results of the present research this particular value is about » = 21 ¢St).

The calibration curve will rise up to the above mentioned viscosity for low
flowrates because of the increase in the Term 2 = (T,-k/Q). Further increase in the
fluid viscosity will increase the boundary layer thickness which will effectively reduce
the relative effect of tip clearance and the tip clearance flow. This will force down
the calibration curve because of the decrease in the value of k. The above term has
been reduced for v = 47 ¢St to the viscosity level of water. The change in angle of
attack, from a positive value (o = 3.98° for water) to a negative value (o = 4.5° to

—6.84° for very high fluid viscosity (v = 71 to 170 ¢St), will change the sign of the
term LiX in the same sense. This sign change in Term 2 will affect the calibration
curve. The Term 2 which is normally added to term one of the MTE (Figure 5Ci)
will be subtracted for all viscosities above a certain value, which will effectively lower
the calibration curve. This will reduce the range of the turbine meter for low flow
rates so rapidly that the reading will suddenly drop to an unreliable value.

The operation of the constant blade-angle rotor for lower Reynolds number
has the Tollowing characteristics :

(a) As the velocity profile changes from a flat shape for lower fluid viscosity to
a parabolic one for higher fluid viscosity, the value of local axial velocity u will
gradually start to decrease, which causes an increase in the inlet fluid velocity angle,
©5. (©; will change from 26.0 degrees in water to 36.8 degrees (Meter Type C) in a
viscosity of 170 cSt). With this increase in ®;, and negligible swirl the angular velocity
will not be reduced significantly. The deviation angle will decrease at the same time so
that VS remains constant and negligible. The increase in the value of inlet velocity
angle will reduce the angle of attack. A further increase in u moves the angle of attack
to a negative vaiue, which changes the sign of Term 2.

{(b) The blade angle, 8, is smaller in comparison with the helically bladed rotor

so that T, and T, are smaller. (The ratio T, ,/meter coefficient, and T, /meter
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coefficient are, for fest fluid water, 1.2? and .3103 for helically bladed rotor and | and
0165 for constant blade-angle rotor, respecticely). The variation of Term 2 which has a
quite different behaviour from that of the helically bladed rotor. T, cannot compensate
for the effect of fluid viscosity and is larger than that of rotors with helical blades.

(¢) The bearing torque was small for the constant blade angle rotor under test.
The rotor could be considered as lightly loaded. The calculation of the bearing torque
can be carried out using the Petrov approximation. The bearing torque was nearly
constant for meters of type C and D over the whole viscosity range up to 170 cSt.

The total torque (for v = 170 ¢St) which consists of the driving torque less the
bearing friction torque, was approximately equal for the tested helical and constant
blade-angle rotors so that the following conclusion can be justified:

While the bearing friction torque in the tested helical bladed rotors rose by a
factor of 1.44 (from » = 21 to » = 170) the total torque remained constant for the
same viscosity range. Therefore the driving torque increases more rapidly at higher fluid
viscosities.

(d) The blades used in the tested constant blade angle rotor were half as thick as
used in the helically bladed rotor so that the pressure drag caused by wake in the flow
of the blades trailing edge is negligible. The drag will be in this case more dependent on
skin friction drag, which is Reynolds number (or viscosity) dependent.

8.2.1 'The effect of fluid viscosity upon Term 1 in the MTE for a constant blade-angle

rotor

For the reason mentioned in section 8.1.1 Term 1 was sub-divided into T, and T,,
which are shown as a function of fluid viscosity and flow rate for the constant blade-
angle group of meters (Figures 73 and 77 for T, and Figures 74 and 78 for "E;}‘ The
increase in T, for constant fluid viscosity is small for the whole operational range of
flow rate. This change in T, was approximately 3% over a range of .5 Ib/sec {.22 litre/sec)
to 22 Ib/sec (9.98 litre/sec). The value of T, has been calculated for various fluid
viscosities for this group of meters. For a constant flow rate of 6 Ib/sec (2.72 litre/sec),
and using a fluid with viscosity » = 21 ¢St the T, will increase by 4.28% relative to T,
for water. The rise in T, related to water for the same flow rate will be 9.58% for
v =47 ¢St and 13.38% for » = 71 ¢St and 16.69% for v = 170 ¢St. The values of T, as
a function of fluid viscosity (Figure 77) have been plotted for éifferent flow rates, The

gradient of the slope of calibration curve for the meter with consfant blade angle rotor
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is 1.56 times larger than for the meter with a helically bladed rotor for the viscosity
range up to 70 c¢St. The reason for greater percentage increase for constant blade angle
rotors is that in the outlet velocity triangle @O wiil increase with an increase in fluid
viscosity, the angle of attack is larger in constant blade angle rotors so is the deviation
angle 6 *, (this angle can rise up to 3 degrees). The axial fluid velocity, u, was smaller
due to operation in the blades lower Reynolds number region (smaller blade chord),
therefore the outlet velocity angle, @0, was larger for constant blade angle rotors.

The sum of outlet velocity angle, @0, and deviation angle, 6§ ¥, subtracted from blade
angle 'in T, (equation 5.12). A viscosity increase will cause a rise in the value of

(@0 + §*) which has a faster increase for constant blade angle rotors than helically
bladed rotors, therefore the gradient of the slope in T, for the meter described in this
section is larger than that for helically bladed rotors.

8.2.2 The effect of fluid viscosity upon the Term 2 in the MTE for 2 constant blade-

angle rotor

The Term 2 which represents the influence of tip clearance flow exhibits completely
different behaviour from those with helical blades. The tip clearance flow for constant
blade angle rotors is more sensitive to the site of tip clearance (Ref. 86) (only conclusive
for low viscosity). An increase in fluid viscosity will cause a rise in the calibration curve
up to a certain viscosity. Term 2 will rise up to v = 21 ¢St and faill again for a further
increase in fluid viscosity (Figure 75), Term 2 decreasing to the value for water. The
curve demonstrating the values of Term 2 for water and » = 50 ¢8t are coincident. A
further decrease in Term 2 is due to a decrease in the angle of attack and will reduce
this term until the angle of attack experiences a sign change. After reaching this point as
explained before, the tip clearance flow will reverse its direction giving a negative value
for Term 2. This has an essential influence on the MTE which means Term 2 has from
this point a reducing effect on MTE instead of an additional, therefore there will be
smaller gradients (slope of the curve) for }arg’er fluid viscosity.

8.2.3 The effect of fluid viscosity upon Term 3 in the MTE for a constant blade-angle

rotor

The hydrodynamic and retarding forces (Ref. 18 and 7.24) acting on ths turbine
blade and described in chapter 7 are the components of Term 3, which is given by
T, = Term 3. O° (8.2)
1-g)

i Bisinoreasing from the hub to the #ip of the blads for helical blade angle rotor
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T, has been calculated and compared with the experimental results. The agreement
between the calculation based on Petrov’s approximation for lightly loaded bearing
friction and the experimental results was acceptable (Figure 80). The variation of T,
is, up to a viscosity of v = 70 ¢St, less than .5 pulses/pound (.22 litre/sec) for flow
rates over 6 Ib/sec (2.72 litre/sec). This viscosity range will cover the industrial
application. The addition of Terms 1 and 2 is demonstrated in Figure 81b as a
function of fluid viscosity. The nature of the variation of these two terms will not
allow Term 3 to have any compensating effect. It can be seen that for a flow rate
of 18 Ib/sec (8.17 litre/sec), Term 1 + 2 rise to 32.25 pulses/pound (71.03 pulses/litre),
an increase of 1.5 pulses/pound (3.30 pulses/litre) (5%) over the value obtained with
water.

Variation of T; for constant bladed angle rotor is not sufficient to be used to
reduce the viscosity effects (Figure 80).

8.2.4 The effect of fluid viscosity on leakage factor, k, and leakage ratio, g, and

correction leakage factor for a constant blade-angle rotor

By taking the experimental points into the calculation the values of k and g have
been determined (App. I) for different fluid viscosities. For this type of meter the tip
clearance flow is much more complicated, therefore it is much more difficult to
analyse theoretically the magnitude of the leakage factor and ratio (Figures 83 and 84),
and the leakage correction factor (Figure 85). The leakage ratio increases and passes a
maximum value and drops again with increasing blade Reynolds number (Figure 82).

The g and k values have been calculated empirically to predict the calibration
curve for all fluid viscosities. Therefore one should attach less importance to the
theoretical explanation because the leakage model is found to be applicable for practical
usage. Never the less a theoretical consideration of leakage (chapter 6) provides more
understanding of tip clearance geometry and gives more information about the hydro-
dynamic behaviour of the tip clearance flow. The leakage correction factor plotted
against fluid viscosity shows a sharp drop (Figure 85) up to a viscosity of 50 ¢St and a
gradual increase at higher viscosities, the gradient of this rise being inversely proportional
to flow rate. The sum of Term 1 + 2 as a function of fluid viscosity has been shown
{Figure 81b) and Term 1 separately (Figure 81a) to emphasise the importance of leakage
term (Term 2). Also the theoretical and experimental results have been compared in

this figure (Figure 81a). There is good agreement between the theory and experiment.
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Term 1 has a rapid increase with an increase of fluid viscosity and will pass a
maximum before a gradual decrease with further increase in fluid viscosity. By
adding term 2 the curves show a different shape dependent on the flow raie
(Figure 81b). A flow rate of 7 Ib/sec (3.17 litre/sec) passes a maximum v = 25 ¢St)
and drops rapidly for any further increase, in viscosity with a flow rate of 10 Ib/sec
(4.54 litre/sec) the rise is greater for high fluid viscosities. Finally, for a flow rate of
18 Ib/sec (8.17 litre/sec) the graph is approximately linear after the first rise. The
above hydrodynamic behaviour is due to an increase in axial fluid velocity which will
increase the inlet velocity angle 8;’ and will move the angle of attack fowards the
negative value after reducing it. This will cause reverse flow in the tip clearance area,
therefore a greater reducing effect for lower flow rates. This flow characteristic differs
completely from the characteristic obtained for helically bladed rotors (Figure 62).

The sum of Term 1 + 2 as a function of fluid viscosity has been shown in Figure
62 to find out the significance of the leakage term (Term 2). A good agreement between
experiment and theory can be seen in this figure. The decrease of Term 1 is dependent
on the flow rate. The lower the flow rate, the larger the gradient of the fall. By adding
term 2 to term 1, there is an obvious compensation effect on the curves. Therefore
the sum of Term 1 and 2 in the calibration curve is much less sensitive towards the
viscosity increase. The tip clearance flow has very similar flow characteristics almost in-
dependent of flow rate and fluid viscosity for both types of rotors. The angle of attack
is small and remains approximately the same over the whole operational range. There
is a gradual increase in the curves which become more linear. Term 3 contributes
significantly towards the full compensation for fluid viscosity. Therefore having this
kind of meter with the Term 1 and 2 characteristics described offers the capability
to compensate the turbine meter completely against effects of fluid viscosity by the
variation of the bearing torque. This can be done by applying an external load to the

meter or by reducing the shaft diameter.



CHAPTER 9

An Analysis of the Present Experimental Results

The main objective of this research was to study the effect of viscosity on the
meter calibration curve. To get satisfactory results, all the meters were tested under
various operational conditions such as long test runs {more than 100 hours). The
turbine flow meters were placed at various positions along the test length prior to
starting the main fests. The change in the meter coefficient due to a change in the
position of the turbine meter was negligible when compared with the effect of fluid
viscosity and therefore the author has not paid much attention to it. The calibration
performance of a turbine meter was dependent on its design characteristics, i.e. the
blade shape, number of blades, the angle of attack, the size of the helical pitch,
bearing design, also the bearing dimension and the fluid viscosity. A change in
bearing friction was significant at lower flow rates because it caused a rapid change
in the TERM 3 of the MTE,

When the viscosity of the test fluid is increased, the calibration curve is affected
in two ways. Firstly, it causes a change in the shape of the calibration curve especially
for low flow rates, and secondly, there is a rise in the calibration curve. In general,
for a given flow rate increasing the fluid viscosity in a turbine flow meter causes an
increase in rotational speed of the meter and therefore increases the meter coefficient.
The percentage increase is dependent on the geometry of the meter and might be zero
for helically bladed rotors with appropriate bearing design. The effect of tip clearance
is small when the hub radius is large enough to produce a flat velocity distribution,
therefore reducing the value of the negative lift force of the tip (for constant bladed
angle rotor TYPE C). For all turbine flow meters are similar at low flow rates the
gradient of the nonlinear part of the calibration curve will increase with an increase in
the fluid viscosity. |

The increase in the number of pulses per unit volume with the increase in the
fluid viscosity seems surprising because it could be defined as an increase in the turbine

efficiency. In fact, this is due to the
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Type
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Hesearch

Meters used in this research.

Blade
Angle
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3.7512
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Blade Tip
Radius
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Shaft
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4.69%mm
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1.778mm
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Pick-ups

P

Blade
Thickness
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1.24Bmm
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1.0T8mm
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0.38Tmm
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hydrodynamic characteristics of the fip clearance area as explained in chapter 6. If one
changes the fluid viscosity while keeping all other parameters constant the real
variation in the meter calibration which is purely due to the change in fluid viscosity
can be seen on the calibration curve. When the angle of attack becomes negative a
negative lift force occurs which decreases the overall lift force. The angle of attack will
change with the radius in the case of constant blade angle rotors because of the change
in the local axial fluid velocity. The blade angle will increase in helical blade angle
rotors from the hub to the tip, which minimises the effect of velocity profile and keeps
the angle of attack small, positive and constant (small change in velocity triangle in
upstream position of the blade). Therefore any change in the hydrodynamic character-
istics of the flow (and in upstream and downstream position of the blade in the tip
clearance area), will not affect the calibration curve because the negative force affecting
the turbine meter with a helically bladed rotor is either zero or negligible.

This explanation is also adequate and appropriate for the blade tip area because for the
turbine meter the blade height occupies a smaller percentage of the total rotor radius when
compared with a real water turbine.of the same hib/tip diameter ratio, because of the relatively
large tip clearance of the turbine meter!

The size of the tip clearance and the flow condition in the tip clearance area can
be used to advantage causing a turbine meter to be insensitive to a change in fluid
viscosity. However, the blade shape can keep the angle of attack to a favourable size
for any given fluid viscosity, When the experimental results for two meters, Type A
and B (Table 9.1), with equivalent geometrical characteristics excépt for their helical
pitch, are compared it can be seen that the meter Type B is less sensitive to the effect
of fluid viscosity (Figure 22) than the Turbine flow meter Type A, (Figure 6). The
reason is that the helical pitch of meter B is adapted better to the angle of attack and
an optimal flow condition has been reached. The turbine meters which have been used
for the author’s research programme were mostly commercial meters which have been
listed in Table 9.1. As well as these meters, there were other commercial meters which
show similar geometrical characteristics and therefore they have not been used for the
theoretical consideration. The research meters (Figure 33 and 34)have also played an
. essential part in the theoretical and experimental investigation of this work.

The only modification to the research meter was the installation of an additional
magnetic pick up (Figure 34) to detect missing pulses caused by the opaqueness of

b Therefore only a small difference In the tip clesrance size will conyibuts significantly 1o the calibration curve,
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the viscous test fluid. A viscosity change affects the meter with a constant blade angle
rotor much more than that with a2 helically bladed rotor.

9.1 A Brief descrintion of present experiments

This research has been developed from the previous experimental resulis explained
in Chapter 3. Previous publications do not consider the effect of fluid viscosity and
therefore their hypotheses were based on experiments carried out with water (Ref. 24,
36, 86). Experimental results were not sufficiently reliable to use as a basis for the
theory (see Chapter 2.1).

Tan’s theory is the latest and the most complete form for turbine flow meter
behaviour and his experimental results were also repeatable. Tan’s theory is based on
experiments with water, using a research meter and therefore his theory must be
expanded and made applicable %{} 2 wide range of fluid viscosities and also his
experiments were mostly carried out on research meters.

Industrial demand forced the author to divert his research direction more into
the field of the commercial turbine flow meters. The experiments on commercial
turbine meters were carried out on 2" (50.8mm) rotor diameter, one with a helically
blade angle rotor (Type B) and one with a constant blade angle rotor (Type D) and
three 127 (38.1mm) rotor diameters, one with a helical blade angle rotor (Type A} and
two with constant blade angle rotors (Types C and E). The turbine flow meter can be
situated anywhere along the test length (from 40D to 90D). Usually there were 2 melers

one which was placed in the middle of the test length was used for

[}

in operation, th
the experimental values. The interaction of the meters was insignificant. The pulses
produced by the second meter, which was situated at the end of the test length have
been used to confirm and recheck the measure flow rate at certain pump speeds and to
quickly distinguish the unreliable experimental values. {(The air bubble might cause un-
reliable reading). By adjusting the pump speed of line pressure or the number of
produced pulses, any required flow rate can be set. A line pressure of approximately
70psi’ was used to prevent the creation of any air bubbles in the system (Chapter 4.3).
Tan has discovered the importance of increasing the tip clearance. In this work
the significance of tip clearance flow, especially with an increase of fluid viscosity, has

11

been demonstrated. One might consider that in the small area of the tip clearance the

flow is negligible. The blade height is small relative to the hub radius, therefore any

unusual flow conditions will affect not only the tip clearance flow but also the flow -

Y 5 =70 psi=4.83 bar



through the rotor. However the tip clearance flow does not coniribute towards the
number of pulses produced at high flow rates. The meter coefficient drops rapidiy at
low flow rates. An increase of fluid viscosity produces the hump in the calibration
curve at low flow rates up to a certain fluid viscosity and any further increase will
reduce the minimum flow rate. Tan has observed the same effect by increasing the
tip clearance size in his experiments. This effect can be seen in figure 12, increasing
the fluid viscosity has raised the whole calibration curve, which has been explained
in chapter 8. The existence of the hump and its disappearance can be also seen in
the viscosity range 47 to 71 ¢St

The calibration curve is clearly a complex function of several parameters {(such
as blade angle and shape, hub and aspect ratio etc.) and it would not be practicable
to predict a specific improvement of the curve (e.g. 2 fractional change in the root
mean square deviation from the ideal curve with aimost constant meter coefficient as
a result of a specific fractional change in a single parameter).

The experimental and theoretical results of this research have proved that a
helically bladed rotor with an optimised pitch is insensitive to the effect of fluid
viscosity (one can optimize the helical pitch before looking at bearing friction). The
bearing friction of such a rotor can also have a viscosity compensation effect once
all the above factors have been established. A further improvement can be achieved
by variation of the tip clearance i.e. the optimum size for tip clearance is according
to Tan's work (ref. 86) neither a large one nor a small one. This means that by
having a rotor with the above mentioned geometrical components one can enlarge the
operational range by increasing the tip clearance until the hump has completely
disappeared. This approach for a certain fluid viscosity is not valid if the test fluid
changes its viscosity by more than 10 to 20 c¢St, because changing the viscosity in this
range will cause a drop in the lower operational zone. This means that the tip clearance
should be re-optimised for the new viscosity (or alternatively using rotors with
equivalent geometry but different tip clearance size). If the calibration curve for a
particular blade shape and bearing friction optimised rotor has a hump and is not
completely flat at the lower range for a particular fluid viscosity one can raise the lower
range of calibration curve, therefore enlarging the operational range, by decreasing the
tip clearance until the calibration curve is completely flat. This is only possible when

there is sufficient space between the blade tip and meter casing. A change in the tip

o]
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clearance size will alter the leakage factor, k and leakage ratio g which will be reflected
in the calibration curve at the lower flow rates. As explained in chapter 8.1.3 only with
particular hydrodynamic and geometric characteristics will the fluid viscosity effect in
term 3 have a compensating effect on the calibration curve. Therefore it can be seen from
the experimental results that if a rotor is hydrodynamically sensitive to the effect of
viscosity an external load will also not be able to compensate for this. The experiments
of this work carried out on turbine flow meters can be divided into two major groups :
{a} using research turbine flow meiers
(b} using commercial turbine flow meters

9.2 The experimental results obtained using ﬁze research turbine flow meter

The research turbine flow meter with rotor having 3 constant angle blades was
originally equipped with a photoelectric pick up (Fig. 35). Because some of the pulses
were too small to trigger the Schmidt counter an additional magnetic pickup was
installed to indicate the missing pulses (Fig. 37). As a result of this misreading, the
calibration curves were shown to have a completely different shape with a change in
fluid viscosity (Fig. 16). Improved results have confirmed that a constant blade angle
rotor in commercial meters has a similar change with a change in fluid viscosity. Weak
pulses reflected by the blade tip which were lost due to the opaqueness of the viscous
test fluid could be detected by comparing the number of pulses detected by magnetic
pick up and photocell pick up (Fig. 20). At very low flow rates the number of pulses
obtained from the magnetic pick up is less than the number of pulses obtained from
the photo cell pick up. The rotor for the research meter has only 3 blades and in the
range of low flow rates the number of produced pulses was not sufficient. The speed of
the blades was too slow to generate pulses of sufficient voltage to be detected by the
counter. The missing pulses caused in this case a sudden drop in the calibration curve.
For low flow rates the output from the pick-up was amplified but there was then the
danger of noise being confused with the pulses, therefore the research meter was not
used when the fluid viscosity was greater than 47 ¢St

9.3 The experimental resulls using the commercial furbine flow meter

The commercial turbine flow meter did have a similar calibration curve, compared
{0 the research meter, at low fluid viscosities or water (if the geometrical device were
similar). The commercial turbine flow meters were divided into the 2 major groups which

are the constant blade angle rotor and helical bladed angle rotors. These two designs of
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rotor have a different degree of sensitivity towards a change in fluid viscosity, which

has been explained in great detail in chapter 8. The calibration curves of these two

types of meter have been calculated by calculating the different terms in the MTE. The
experimental results of the turbine flow meters TYPE A, B, C, D and E have been shown

in Figs. 6, 22, 13, 12a and 9 respectively.
9.3.1 Analysis of the results of experiments into the effect of fluid viscosity upon the

calibration curve of helically bladed angle rotors

Turbine flow meters of type A and B have been chosen for this analysis. For flow
rate between 6 and 19 Ib/sec. (2.72 and 8.62 litre/sec.) and a viscosity range of 1 — 170
cSt the change in the meter coefficient variation is less than + .80% for a helically
bladed rotor Type A with an average meter coefficient of 41.55 pulses/pound (92.33
pulses/litre). The change in the meter coefficient will be + .33%, for a smaller flow rate
range (10—19 Ib/sec. (4.54—8.63 litre/sec.) and average mc. = 41.44 pulses/pound
(91.28 pulses/litre) see Fig. 6). The experimental result for turbine flow meter TYPE B
which also has a helically bladed rotor was slightly better in the range of low flow rates
(under 6 ib/sec (2.72 litre/sec.)), because the tip clearance/blade height ratio is .0196
compared with .0336 for a turbine meter of type A. Therefore a meter of type B the
percentage area occupied by the tip clearance is less than that for a meter of Type A.
which means that the meter B is closer to the optimum size of tip clearance. However
an improvement in meter Type A also can be achieved by reducing the size of the tip
clearance. The knowledge of tip clearance flow is only essential for low flow rates
because the leakage factor and bearing friction have a negligible effect for high flow
rates (over 6 Ib/sec. (2.72 litre/sec.)).

However, when i{he viscosity increases, the leakage factor will increase which is
eqguivalent to a desreaé'; in the tip clearance. This will affect the calibration curve for
lower flow rates. Therefore increasing the fluid viscosity will reduce the hump on the
calibration curve. If there is a significantly large difference in the size of the tip
clearance of the two meters the meter with the larger tip clearance will cause a larger
hump on the calibration curve. The meter Type B with a helically bladed rotor has a
smaller deviation of the mézez* coefficient in the flow rate range of 6-20 Ib per sec.
(2.72-9.08 litre per sec.) which is +.77% for an average mc. of 28.80 pulses/ib (63.44
pulses per litre). In the range of flow rates between 8—20 1b/sec. (3.63—9.08 litre/sec)

for an average m.c. of 28.85 pulses/Ib. (63.55 pulses/litre) the deviation will be +.48%.
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The viscosity range for above mentioned deviation was between 1—170 c8t. When the
deviation in the meter coefficient for meters of type A and B are compared (£ .33% for
meter type A and £ .48% for meter type B), it can be seen that ai‘iﬁough the meter type

" A has a much larger viscosity effect in the lower flow rate range (under 6 Ib/sec. (2.72
litre/sec.)), it is slightly less sensitive in the higher flow rate ranges. Therefore although

the bearing friction and the tip clearance site improved, meter Type B at lower flow

rates range, these components seem to be insignificant at higher flow rates. For flow

rates below 6lb/sec. (2.72 litre/sec.) the two types of meters show different characteristics,
type A meter is more sensitive to the viscosity.

The effect of fluid viscosity produces a hump on the calibration curve. The hump
will gradually disappear in the viscosity range of 47 and 71 ¢8t. The same observation
can be made for a meter with the same bore diameter but with a constant bladed angle rotor.

The hump in the calibration curve progressively diminishes with decreasing tip clearance
(Ref. 86) until optimum clearance the curve flattens out completely with the widest possible
operational range. With further decreasing of tip clearance the curve remains the same
shape but reaches the constant meter coefficient level at higher Q, thus leading to a reduced
operational range (Fig. 25).

The behaviour of the calibration curve with respect to fluid viscosity is somewhat
similar, a reduction in the hump size accompanying an increase in viscosity. The curve
however, also systematically skews towards higher Q before the hump disappears éltogeéﬁeg,
i.e. along with a reduction in the size of the hump there is a shift of the maximum towards
the higher Q (Fig. 12). The optimum tip clearance (constant meter coefficient over a wide
operational range), is not independent of viscosity so that there is a different optimized tip
clearance for each viscosity. The calibration curve like that for meters of Type A and B,
decreasing the size of the tip clearance will flatten the low Q end of the calibration curve
up to viscosity 50 ¢St. If the viscosity of the fluid is higher than this value some improve-
ment can be achieved by increasing the tip clearance and therefore raising the low Q end of
the calibration curve. This improvement seems to be more essential for meter Type A rather
than the meter Type B, because in the case of meter B the ideal size 6f tip clearance seems
1o be achieved.

9.3.2 Analysis of the results of experiments into the effect of fluid viscosity upon the

calibration curve of constant bladed angle rotors

The representatives of this group were the turbine flow meter Types C, D, E. The

99



turbine flow méter Type C and E were of 1% ins bore diameter (38.1 mm) and D was 2 ins
rotor diameter (50.8 mm). The results are reflected in the Fig. 9, 12 and 12a. The meter

C has been the centre of the theoretical and experimental consideration because its

" characteristics were representative of the complete group of meters. The experimental
results for water as test fluid exhibit a flat calibration curve with a wide operational range
(1.5 to 20 Ib/sec — .68 10 9.08 litre/sec). Apart from raising the whole calibration curves
with the increasing of the fluid viscosity, these meters all show quite similar changes. The
differences are that the changes are on a much bigger scale than for the meters with helically
bladed rotors. The linear part of the calibration curve will rise by 5.36% from 1 to 71 ¢St
for flow rates between 10 —20 Ib/sec. (4.54 — 9.08 litre/sec.). From v = 71 ¢St upwards,
there is hardly any linear part on the calibration curve. Therefore, this kind of turbine
meter is only useable in lower viscosity range - (up to » = 20 ¢St) and, even in that range,
the user should calibrate his meter for the fluid used. The increase in meter coefficient
from 1 — 20 ¢St for flow rates between 10 and 20 Ib/sec (4.54 to 9.08 litre/sec) is about
2.19%. The variation in the meter coefficient is about £ 1.16% for flow rates between 10
and 20 1b/sec (4.54 to 9.08 litre/sec) and viscosity range between 1 — 20 cSt, the average
meter coeffient being 30.61 pulses/pound (67.42 pulses/litre). The onset and disappearance
of the hump with the increase in fluid viscosity can be seen. (The hump will disappear at
viscosity approximately 60 ¢St). The hump has been moved towards much higher flow
rates in comparison with the helically bladed angle rotor. The location of the maximum

point of the hump on the flow rate axis is as follows:

v=1cS5t v=121c¢St v =47 cSt
Turbine flow meter Type A 1.51 Ib/sec 1.65 Ibfsec  3.72 Ib/sec

69 litre/sec .75 litre/sec  1.69 litre/sec
Turbine flow meter Type C no hump 1.91 Ib/sec 8.03 Ib/sec

.87 litrefsec  3.65 litre/sec

The turbine flow meter type C can only be used if the calibration curve is known and the
fluid viscosity does not change during the operation more than 2 — 3 ¢St. Even when
the meter is calibrated for a certain fluid viscosity, say for 12 or 21 ¢St for a flow range
between 6 to 20 Ib/sec (2.72 to 9.08 litre/sec), the deviation in the meter coefficient
will be = .73% for an average meter coefficient of 30.67 pulses/pound (67.56 puises/litre)
and * .93% for an average meter coefficient of 31.16 pulses/pound (68.55 pulses/litre).

For a viscosity of 170 ¢St no linear part can be seen. The improvement might be achieved
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by decreasing the tip clearance for viscosities between 12 — 47 ¢St to give the metera
wider operational range. The turbine flow meter with a constant blade angle rotor will
have less sensitivity for the larger rotor (Fig. 12a) because of larger aspect ratio and less
tip clearance influence. The operation is mostly in the range of high blades Reynolds
number and the rotor weight can contribute significantly toward the effect of viscosity
compensation. The tip clearance/blade height ratio is also smaller in larger rotors,
therefore the leakage will not be reflected on the calibration curve to the same degree

as in flow meters with smaller rotors.



CHAPTER 10
CONCLUSICN

10.1 The Summerising and the Discussion of the Present Work

The effect of fluid viscosity on different terms of the main turbine equation (eq.
5.20), affects the hydrodynamic characteristics of turbine flow meters and will be reflected
in the calibration curve. In order to find the effect of fluid viscosity on the calibration
curve, it was necessary o evolve a theoretical model, which could be used to fit the exper-
imental results (Figs. 88 t0 99 and Table 1.1 to 1.18). To build up a theory one should
look for a pattern in the experimental calibration curves (Figs. 6, 9, 12, 22). Having
observed patterns in the calibration curves for certain groups of meter one is able to identify
ameter type (Chapter 8) by the change in the curve shape under varying viscosity
conditions (Figs. 12 and 22). The pattern observed with the research meter is-entirely
consistent with those observed in commercial meters. Research showed, that the meters
behave similarly with respect fo the effect of fluid viscosity but with different degrees of
sensitivity (i.e. although the meters with helicaily bladed rotors (Type A and B and Fig.

22 See Table 9.1), were much less affected by viscosity than meters with constant blade
angle rotors (Type C, D and E Figs. 9, 12 and 12a), the shape of the calibration curves
have changed with viscosity in a similar manner.

This research has sought to evaluate the parameters (T, T,, T35, eq. 5.12, 5.13, 5.14),
which have led to the differing patterns of change with respect to viscosity, observed in
meters of different geometry. (Fig. 58, 59, 61 for meter type B with helically bladed
angle rotor and Fig. 77, 78, 80 for meter type C with constant bladed angle rotor). The
geometrical parameter s such as blade angle, blade shape (Figs. 10 and 11), hub and aspect
ratio (eq. 5.7a), tip clearance size (Chapter 6), and size and geometry of the bearing
(Chapter 7.2.1, Figs. 63, 71, 86), have been studied as well as the hydrodynamical parameters
such as blade angle velocity angle (eq. 5.6) lift and drag coefficient (eq. 6.34 and 6.35)
and velocity profile (eq. 5.1 and LDA mesasurement) in order to calculate the different
terms in the MTE (Chapter 5.2). These parameters were taken into the calculation of the
calibration curves using the main turbine equation (eq. 5.15) This equation can be
generally used for meters with different geometry proportions (helically and constant
bladed angle rotors). Also it was essential to find how different geometrical parameters
(blade angle, blade shape, tip clearance size and bearing design) will relate to fluid viscosity

change. In other words how the calibration curve will vary if a particular change in one of



the geometrical parameters has been made (i.e. The change in the size of tip clearance to
destroy the hump produced on the calibration curve due to viscosity increase or the change
in the bearing friction required to produce a viscosity compensation effect). It is obvious
that a straightforward improvement (i.e. a decrease in the degree of sensitivity) of a particular
meter is difficult if not impossible because a particular change in one geometrical parameter
can be an advantage in one way but a disadvantage in another way, e.g. increasing the
bearing friction may be useful for compensation effect but it lowers the calibration curve

at low flow rate, so that one should balance the advantage and disadvantage of changing

a parameter in order to find a compromise. Also a certain change which can be used to
improve a particular meter cannot be generally used as an improvement factor for all meters
(i.e. the change in the size of tip clearance, which might advantageously alter the calibration
curve of a turbine flow meter with constant blade angle rotor to reduce the hump produced
due to the fluid viscosity, will increase the sensitivity of a helically bladed rotor because

of the change in the leakage and eventual creation of unwanted swirl. The bearing friction
which has a compensation effect in a helically bladed rotor is negligible in the case of the
present experiments for constant bladed angle rotor and cannot contribute significantly
towards viscosity compensation (Chapters 8, 9).

10.2  The Turbine Flow Meter Theoretical and Empirical Model

To find a way to approach the effect of viscosity on all those components one had
to find a theoretical equation (eq. 5.15) which could be applied with an appropriate
approximation to fit the experiments for all groups of turbine flow meters and consider
the variation of this equation by calculating the different terms as a function of fluid
viscosity (T1, T,, Ts,eq. 5.12,5.13, 5.14 and g and k see eq. 5.20 and App. I). This will
not give a statement on how every single parameter will be affected by fluid viscosity but
it will show how the fluid viscosity increase will affect the 3 terms in the MTE. These tetms
are a combination of different parameters. The study in this research was mainly concerned
with finding a suitable equation and by studying the separate terms to eliminate the
discrepancy between the equation derived from the previous theoretical models (Refs. 32
and 36) and the experimental calibration curves. This was done by adopting Tan’s theoretical
approach (Ref. 86) and making allowance for viscosity change. Therefore the calculated
terms of the modified turbine equation have been studied for different fluid viscosity.

The calculation of the different terms in MTE also demonstrates how important the

external parameters are and to what extent they can improve the meter calibration perform-
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ance. (Fig. 62 shows to what extent an external load can compensate the viscosity effect

in a helically bladed rotor whilst Fig. 8 1b shows that the friction due to bearing torque
cannot contribute significantly towards the viscosity compensation in a constant'bladed
‘angle rotor). The Euler turbine equation has been used to derive the turbine meter equation,
which is for an axial flow machine. Tan improved this equation for the effect of tip clearance.
A further development has been achieved in the present research to allow for fluid viscosity
changes, by finding the theoretical relationship between hydrodynamic parameters like

Cp, €, u, 6%, and blades Reynolds number or fluid viscosity. The main turbine equation

can be generally expressed in the following form

1 Tg k
g‘ =T =T, —— )1 ~g+) 10.1
n/Q Q/Q

T

The first part of the above equation shows the achieved pulses of the flow through the
turbine rotor and the second part shows the leakage flow or the turbine volumetric
efficiency. Tan has converted this equation to the form showed in equation 5.20 by
neglecting some of the terms (Ref. 86) and found the best value for A, B, Cleg. 1.1)
using the method of least squares.

This research investigated the calculated value of T,, T, , T; {eqs. 5.12,5.13, 5.14)
gand k (App. 1) as a function of flow rate and fluid viscosity. g and k were determined
(Fig.82-85 for constant bladed angle rotor and Fig. 65 and 66 for helically bladed rotor),
using the experimental points, so that a general equation could be found to represent the
g and k variation with flow rate and fluid viscosity. The second part of equation 10.1 can
be determined in one of 2 ways: -

a) leakage method using g, k=f{», Q)

b) volumetric efficiency. The second part of equation 10.1 can be expressed (see

eq. 5.15) as
gr: (;“92} 10.2
Q Q

To calculate the tip clearance flow to enable the determination of leakage flow, there

were two methods suggested in this research:

1) The determination of leakage flow based on boundary layer displacement and mom-

entum thickness {Chapter 5).
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23 The calculation of leal flow based on tip clearance energy losses (Chapter 63,

For the method 1, Gersten’s ‘displacement’ equations have been used (egs. 5.16,

5.17) with a correction factor to make his empirical suggestion applicable for this research .

For method 2, a theoretical model has been produced to evaluate and éeism‘ziﬁe the
leakage flow.

Chapter 6 gives an outline of the effect of the tip clearance flow on the main flow
structure. An attempt is made to determine the tip clearance flow and its effect on the
MTE with viscosity increase. Also the direction of the tip clearance flow has been invest-
igated. The existance of a reverse flow, for constant bladed angle rotor has been proved
{Chapter 6.6).

10.3  The Viscosity Effect on the Flow Characteristic of a Helically Bladed Rotor and

a Constant Blade Angle Rotor

According to the observed calibration curves the turbine flow meter can be divided
into 2 major groups: helically and constant bladed angle rotors. These groups of meters
have a quite different degree of sensitivity towards the fluid viscosity. The variation of the
three terms in the MTE shows why these two groups behave differently with the viscosity
change. Term 2 in the MTE represents the tip clearance flow (Fig. 60 for helically bladed
rotor and Fig. 79 for constant bladed angle rotor). The helical blade angle rotor is less
sensitive to the effect of fluid viscosity (Fig. 6,22) because of a very good adaptibility
between velocity angle 6, and blade angle 8, which make « positive and small and the tip
clearance flow uniform and co-directed with the main flow through the turbine blade.
There is no negative lift force acting on the blade. The angle of attack, e, is initially
positive for low fluid viscosity in a constant blade angle rotor and with the increase in
fluid viscosity, this angle becomes smaller and eventually changes sign. The change in the
sign of this angle produces a negative lift force on the blade tip area, so that the increase
in viscosity will change the meter performance of a constant bladed angle rotor much more
(Fig. 9, 12, 12a) than it doss in helical bladed rotors.

The tip clearance flow direction depands on the sign of the angle of attack «, (Fig. 5¢).
The direction of the tip clearance flow is along the flow through the turbine rotor, if « is
positive (Fig. 5 cii), and is in the reverse direction if « is negative (Fig. 5 ci).

The sign of the angle of attack, «, depends on the pressure distribution across the
turbine blade. The sign of this angle determines the direction of the flow in the tip clearance,

and also the sign of the Term 2 in MTE. Positive angle of attack means positive Term 2,
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which will be added to Term 1 (Fig. 62). This was advantageously used in meter Type A
and B with helically bladed rotor (i.e. Term 1 and 2 have compensated each other).
Negative angle of attack means the tip clearance flow is in the opposite direction to the
main flow through the turbine rotor, and the Term 2 will be subtracted from Term 1
(Fig. 81b). The first two terms in meter Types C, D and E do not show any compensation.
Although the turbine flow meter is a very complicated machine the designer can suggest
roughly what the calibration curve against viscosity will look like if certain geometrical
components have been predetermined (helical or constant blade angle rotor). If a meter is
required to operate in an unknown fluid viscosity range, a meter design similar to the
turbine meter Type A and B will satisfy the user’s need (Fig. 6 and 22). For operation in
much lower viscosity fluid, close to water, the meter type C, D and E will have slightly
better calibration performance (Fig. 9, 12, 12a) and repeatability (1 t0.4%). When the
viscosity of the fluid and the design of the rotor is determined, some improvement can be
achieved by calculating the different terms in the MTE for that particular design and
viscosity resulting from a small alteration in the turbine rotor. The calculated véius will
show if the possibility of an increase in accuracy and repeatability is given which can be
achieved by changing the bearing torque or applying an external load or by a change in the
blade geometry. When the calibration curve is experimentally determined some improve-
ment in the meter calibration can be approached by changing the size of the tip clearance
if it is necessary to reduce any hump which has been created due to viscosity increase.
The calculation of T,, T, , T3 and the empirical determination of g and k {The three Terms
of the MTE) have been used to predict the calibration cuive for every fluid viscosity.

Also the theoretical suggestion for the calculation of volumetric efficiency can be
used to replace the mentioned semi-empirical leakage theory.

10.4  The Tip Clearance Flow Structure

It may be thought that the ideal characteristic of a turbine flow meter will ?:;e achieved
when the tip clearance is small in order to minimize the losses in this area. In practice, the
flow characteristics in the turbine tip clearance are much more complicated than that (i.e.

a meter with very small tip clearance is not always performing ideally).

A theoretical model has been offered in this work, to calculate the tip clearance flow
as a function of fluid viscosity and the angle of attack, o (Chapter 6). The tip clearance flow,
which can be affected by the force acting on the turbine blade, induced drag, velocity outlet

angle 8o, and the blade tip mixing losses, depends on the pressure distribution across the
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blade. The experimental part of this research has shown that the mechanics of tip clearance
flow does not contribute significantly towards the calibration curve for very viscous fluid.
The tip clearance flow will affect the lift force of the blades because the induced drag

causes a change in pressure distribution. The volumetric efficiency has been calculated by
estimating the value of displacement thickness in order to determine the drag induced by

tip clearance flow. The tip clearance flow will be associated with the energy losses in the

tip clearance area, which is due to the pressure distribution across the blade tip. The

pressure distribution at the blade tip is dependent on skin friction drag, blade Reynolds
number, blade shape, angle of attack and hydrodynamic force on the blade, and has been
mesasured for both helically and constant blade angle rotors to determine the magnitude

and direction of the flow in the tip clearance area. A reduction in the tip clearance drag

is equivalent to the increase in blade force. Therefore, a change in the tip clearance goemetry
or an alteration in blade shape could reduce the tip clearance effect. The value of angle

of attack determines the direction of the flow. A small positive angle of attack minimizes
the tip clearance effect and can be achieved by having an optimum helical pitch on the
turbine blade. The velocity distribution in the tip clearance area was not only dependent on
the pressure distribution but also on tip clearance geometry. The tip clearance flow has

been evaluated by applying the momentum equation for tip clearance area. The tip clearance
efficiency, which can be either expressed as the ratio of the induced hvdrodynamic driving

.

torgue with zero tip clearance to the hydrodynamic draving torque (eq. 6.102) or the

volumetric efficiency (eq. 6.91), could lead to an equation for determining the tip clearance
flow (eq. 6.112). The value of Q_ has been calculated by measuring the pressure loss over
the turbine blade. That produced a theoretical MTE for the calculation of the calibration
curve for any fluid viscosity.
10.5 Future Work

The turbine meter can be made to possess a satisfactory calibration curve for different
fluid viscosities if the hydrodynamic parameters and all, or at least most, geometrical
parameters are optimized. The importance of such parameters as tip clearance size has
been made clear in previous work (Ref. 86) whilst the importance of the viscosity effect and
the flow characteristic, in the tip clearance has been emphasised by the present work.
Whilst this research and other work (Ref. 32, 36) have sought to identify and evaluate most
of the governing factors in the calibration curves of these instmuments, there remain a

number of problems. It was essential to be able to theoretically predict the calibration
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curves via numerical calculation. As 18 clear from previous chapters, any changes in the
turbine meter geometry will affect they hydrodynamic parametess, which in turn will changs
the meter calibration performance. Some of these geometrical parameters which can be
optimized are as follows:
1}  The helical pitch: According to the experimental results, the calibration curve
can reduce significantly its sensitivity to the fluid viscosity for different helical pitches.
The helical bladed rotor meter used in these experiments employed different helical
pitches, from 3.75 to 6.28.1
The best calibration curve was obtained with a meter of 3.95 helical pitch. It
seems that the size of helical pitch goes through an optimum, and thereafter, the
sensitivity to fiuid viscosity staris io increase.
2) The bearing friction: The design of bearings and hence the friction can be
altered to increase the viscosity compensation effect on the calibration curve. This is
only feasible if the calculated value for the three terms in MTE make encugh allow-
ance for the viscosity comepnsation.
3) The size of tip clearance: The hump produced on the calibration curve is either
due to the size of the tip clearance or occurs when the fluid viscosity increases and
can be optimized by increasing the diameter of the blade or, if this is not sufficient,
an increase in bearing friction will reduce the meter coefficient, thus leading to an
enlargement of the operational range. .
4} Since a decrease in the bearing friction leads to an extended range of the calibra-
tion curve (L.e. by increasing the meter coefficient at lower flow rates), and since this
improvement is at the expense of losing some viscosity compensation in a certain
type of meter, it would be useful to study the optimum value of begring friction).
5) An increase in pressure drag can be achieved by thickening the turbine blades
or by increasing the solidity (i.e. increasing the number of blades) if the calculated
T, iz not big enough.
6) The alteration of blade angle, 8, from the hub to the tip. This is necessary when
itis required that T, should be changed. T; will increase when the blade angle increases
from the hub to the turbine tip.
7y If a flat axial velocity distribution {operation at higher blades Reynolds number)
is required an optimized hub ratic should be sought. An increase of the hub ratio will

lead to an increase of the bearing load because of the increase in the rotor weight,

Helical pitch for research turbine flow meter
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which can reduce the operational range at lower flow rate.

8) 1If the hydrodynamic force acting on the blade has to be increased, the blade

height ratio (smaller hub ratio) should be increased. This is linked with unloading

of the turbine bearing or reducing the viséosity compensation effect and can produce

a hump on the calibration curve and reduce the operational range.

The hydrodynamical parameters cannot always be directly changed and can only be
optimized by changing some of the geometrical parameters. But one has always got to
balance the advantage and disadvantage of an alteration in order to achieve an improve-
ment of the calibration curve.

Having elucidated the important parameters to be changed in meter design, the
problem is then to search for the combination of those parameters that gives the best opera-
tional performance. The optimization of a multivariable function, without knowledge of
the theoretical functional form, is a case for iterative solution. The parameters (mentioned
in 10.5.1 to 8), should be arranged in descending order of importance, and optimized
individually whilst maintaining all other parameters constant. The optimum parameters
are used in the optimization of the following parameters and when the process is complete

it would need to be reiterated to consistenty.
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APPENDIX I

The calculation of the main turbine equation

The values A(v), B(r), C(») and D(v) in the equation 5.8 are given by the following

equations:
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The integration of the above equation has been taken from the blade hub to the tip.
The tip clearance flow for a fluid with low viscosity is determined by integration from
blade tip to the furbine casing. The uniform flow condition through the tip clearance
has been assumed for this calculation. The boundary layer thickness has been calculated

with regard to the velocity profile at the blade tip (Tip clearance area). The simpler method



of evaluating the boundary layer thickness is the Gersten equation 5.16. The calculation
of tip clearance flow with respect to the boundary layer has been carried out by integrating
from the tip of the blade to the turbine casing and subtracting from that turbine casing to the
boundary laver thickness. The CD, C 190 * yalues are functions of fluid viscosity. The blade
angle is obviously constant for a “constant bladed angle rotor’” and a function of r for a helical
bladed rotor. The drag coefficient is given by (eq. 6.35). The lift coefficient has been
taken from equation 6.36. For the calculations of A(»), B(»), C(»), D(¥) and E(») the sub-
routine F4ACSL has been used. The inlet and outlet velocity angles 8 i and 8, are obiained
by (either) measuring the axial and tangential fluid velocity (or) the rotational speed. The
8* has been taken from Rhoden’s (Ref. 96) measurement. The theoretical result and the
empirical result of T, to Ts could be compared with the experimental values.

Values of g and k have been found empirically for various fluid viscosities and flow
rates. It is convenient to represent this data by some suitable function, least squares fitted.

One is interested, for simplicity, only in inhomogeneous functions of the kind:

dimensions in form

gak = 5(93Q5€g,€2§ ......

where k and g are subjected to Normal Law of Errors.
v, Q are variables not subiected to error

£, 6, are disposabie constants
. o . , | . C ot bs
Thus for exact ‘input’ values of (v, Q) or (v P Q;), there is an observed output gg’%i kf ?
with a certain (unknown) variance or error probability. The least squares process compares
obs i theor. K theor.

_obs )
g or k; with 8 ke, Q... €15 € .....) Which we can call g; or

i

The ‘failure’ of fit is

theor obs
4, =g - & I.7
g
theor obs
i\gﬁ = k. — k. 1.8
k i 1

The least squares principle states that the best form of g, k is that which minimizes the

sum of the squares of the residuals i.e. the least squares principle is:

Min 52&2%%{% 1.9

This assumes that all £,°°** have the same reliability. It may well be that certain

. . obs  obs -
domains of (v, Q) space have led to more reliable g k; than others, Suppose for

example g or k was a measurement of leagth, vy~ v
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e.g. g, k are a length from an origin O toone of aset of lines A, B,C, D, E
Ifthe widthof Ais§,B=128,C=26,D=6§,E =38, then there are corresponding
differences in the ability to define gy and k A of gg and kg. In fact the width represents
an uncertainty. If the uncertainty in g5 orky isv;; then forgg or kg itis s
The normal process here would be to assign ‘weights’ to the observations g AB’ k AB

etc. Weights vary inversely as the square of the uncertainty therefore:

i i i }
{“’E}“QA“? w§~g;:w€ {‘OE:% 1,10

The size of ¥ is not important in weighting since it will always cancel out so that

weights are not absolute but relative Le. the weights would be
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The Complete Least Squares Principle is then:
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Clearly the theoretical values in I, 7 and 1. 8 are unobtainable except through infinite
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gk gk
It may well be that another functional form gives an sven better minimum, but there
is no general way of finding the functional form that minimizes the weighted square
residuals, Nor is it necessarily true that the function that does minimize, is the physical
function governing the experiment. One can only say that it gives a good fit. [t is perfectly
possible that the true physical function will give a worse fit than some artificial functions.
Nomally curve fitting is done for the following reasons:

1. Theory gives a functional form, but not certain constants in the equation. The curve-



fitting then gives the best values for those constants,

2. Theory may give several functional forms according to different assumptions. Curve
fitting indicates the best form to take all other things being equal,

3. Curve-fitting to data where no functional form is presupposed but where a formula
fit is a convenient representation of tabulated data. Here one indicates the error of
fit one requires and chooses a function accordingly. Simple examples are poly-
nomials, Fourier synthesis, Lagrange, Bessel and Hermite polynomials. The theory
is generalized in the MINIMAX theory,Chebyshev, polynomial theory. There is
no ‘right’ or ‘proper’ function. One is merely concerned with the most efficient
(i.e. function with least coefficients)  representation of observed data within a
given error bar

4, Polynomial curve-fitting over a short range with only a few coefficients.

A. for establishing a stationary point.
The fitted polynomials at these two regions may be differentiated to find the maximum
and minimum. A separate polynomial should be fitted in each case.
B. data smoothing.
Here one is not interested in a single curve fit for the whole range but one is required to
remove a certain amount of ‘noise’. This is a mathematical process on digital data analogous

to a smoothing circuit on a continuous chart recorder. The more a curve is smoothed the

more information is lost so one is alwavs %aigﬁﬁig by deciding what level of noise one

can accommodate. The process most often used in ‘Lagrangian’ smoothing and is related

to Lagrangian interpolation (i.e. where one wants to find an intermediate value in a table of

values of a function).

The aim here is to find a convenient formula to represent data within an acceptable

error bar with the consideration ofeq. I. 15,1. 16, 1. 17 the approximate values of €
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which is called a ‘Reduced Equation of Condition’.
To minimize the equation L. 17, the value of Z w; Rzi should be differentiated
g
with respect fo the varizbles to be determined ie. the &: .. Therefore 1. 17 is achieved when:
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3 i subsequent iterations that determine 5”,

i.e.eq. 1. 27 is g linear equation in the unknowns §€” Since there is an equation for every
v, this equation is equivalent to n simultaneous linear equations (where n is the no. of
coeffidents e;} These equations are called the “normal equations™.

They may be reduced to the following form:
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Equation 1. 30 is solved determinantly i.e.

e = P10 133
where e is the vector  / Sk T is the vector Ty
/ 852 | .
! ! 7
| i .
\ .
\oe./ T
a§enf
P is the inverse matrix of P.
The errorin § € is
| Tw.R? P
w. K, ° P.. .
i, i % .
s (N —~n) ;? §
where
N isno. of observations
7 is no. of coefficients
?ié is the minor of element i in P
gnd P is the determingnt of P

The solution of 1. 33 gives values of §¢ f which then give new approximations {o &
so that the processis reiterated until all 6 €; are negligible.

Sometimes the initial approximation is not good enough and the corrections are large
enough to cause instability and the process does not converge. The way round this is to take
g.ﬁew = ggﬁﬁ + §e§ x D i 35
where D is a damping factor 0 < D < 1.

It is possible to have functions that cannot converge and special methods need to be
employed fo
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In the case of k as a function of z there is a Gaussian-like hump so one fits a general
Gdussian of the form:
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Since there is nothing known theoretically about the form of the g and k function,
one ¢annot regard them as a separable function of v and Q.
i.e. in general

gork (v, Q) # f(») (Q) 137

In this case, however, it does look as if it approximates to a separable function. To
make up for small deviations from separability we can include a mixing polynomial of
thekind (A + BvQ + G*Q + Dv(Q? + BEvQ™?* +FQ + ... 3

Since one has not an immense amount of information and since one wants to keep the
g and k simple as possible one reduces these to (A + BvQ). Throwing away all redundant

disposable coefficients one isleft with
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It then solves the matrix equation L. 33 to produce the array or vector §¢ (see eq. 1. 35).

The damping factor was a cmately 0.5 to start with until the coefficients got close
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enough for stability and then D has been increased to speed the convergence. The equation
1. 34 is a reasonable guide to the goodness of fit. The most efficient fit is that which

gives the least value of ERROR for the least number of coefficients.

Thus:
PROGRAM ¢t ERREOR =  (.0985 KDATA
6 coeffs.
PROGRAM 2 ERROR = (0.0132 G DATA

& coeffs.
If on K DATA we take the mixing term »Q out of the expression we get

PROGRAM 3 ERROR = 0.126 5 coeffs.
The efficiency of fit can be defined by multiplying ERROR by the number of coefficients.

(EFF = Efficiency of fit), Thus:

PROGRAM 3 EFF=0.126x5 =063
PROGRAM 1 EFF=0.0966x6 =0.58.

Thus the 6th coefficient has improved on Program 3 by more than the previous 5
and so that coefficient may be considered an efficient addition. For each calibration curve
40 theoretical points have been calculated from the flow rate 24 Ib/sec.! to§ %b}}séc,z in
steps at 11b/sec.® and from 4.5 Ib/sec.® to 1.5 instepsof .5 Ib/sec. and 1.5 Ib/sec.® to.21b/sec’
in steps of .1 1b/sec.® Foreach viscosity, the value of T;, T, , Tsand the bi&éﬁ?ﬁyﬂ@?éﬁ
number and passage Reynold’s number have been calculated and are tabulated at the end
of.this-appendix. The theoretical value for the meter coefficient has been calculated for the
above mentioned steps in flow rate. The calculation is carried out for meter Types A, B,

C, and E. Turbine flow meters type A and B are representative of a meter with a helically
bladed rotor and Turbine flow meters with constant blade angle rotor are represented by

Types C and E. The geometrical device of each meter has been given at the top of the

numerical results,
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= 2724 izize,fiﬁc
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= (454 litrefsec
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Pipe radius = 19.05 mm; Axial width = 14,224 i

» Tip radius = 18,008 mm: Meter radius = 18.288 mm; Hub radius = 9,703 mm: Blade thickness = 1,24 mm.
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Tde bruy w1, 23706 T UG 61,2531 2625346, 53,1031 12,2525 00,6063 0,0238 BY656,
11,5010 47,5251 Th,ung Y, 2655 26EVhHe 53,9994 14,8587 O,6317 0,0269 846380,
Thensda 1, 3354 TS, U000 61,2556 249339, 55,0953 18,4656 0,6606 0,0366 Teine,
R IRYS 47, 5310 T, "N0u G, 250 2RIFNG, 53,0905 §¢,d731 G, 4933 0,0%551 Tinse,
Yeiatd 1, 8012 1i.uuu hY% , 2040 FTa06, 53,7950 14,2315 0,5513 0,0607 6855y,
30006 41,4978 T2,0000 41,3154 199671, 53,0768 12,2910 0,%755 0, 0678 63285,
dednge AT, %112 L B ETEY 60,3603 THELY L 53,0710 e, 5007 0,679 0,u568 58011,
PP ARE 1, %041 R TR T 41,5598 tohdie, 53,0649 12,5740 00,6908 0,068 52737,
Foante 11,4325 9,096 L1, 4150 144513, 53,0508 12,5263 6,7674% 40,0849 LTL64,
e b.3520 51,5021 Ay G, 6674 TA2IaT, 53,3569 12,3452 G,8635 0, 107% 52990,
-~ B.3U1e 41,3143 T Lu004 61,4994 P16358, 53,0191 12,3656 0,9866 00,1403 36916,
o 6,001 L1, 3954 SUDED 41,5645 G976, 52,9954 e, 5909 T, 4511 0,1910 3662,
S.0024 41,3333 3,.0000 1, 6447 531135, 52,9n19 12,4254 4,3813 G,87%1 26389,
cSawate 41,5927 b, 5064 49,679 % Thd02, 52,9597 18,4636 §,5354 G,3396 a373¢,
Geind7 G, 3211 by 0 AN 664690, 52,9149 12,4075 1,7266 G.4298 21095,
Ly, 3920 YL, au7 3, 0009 41,7913 54179, 54,4708 12,4903 T,9733 00,5616 18656,
Sachlt b 41,7554 3,300 49,3546 LYBLY 52,3286 14,5321 &, 3021 O, 7644 15821,
Jedute &1, 7345 200y 41,3601 L1556, 52,7649 12,9789 EON Y 1.1003 13184,
2enudt 41,3021 2, unau &1, 7555 53245, 54,6619 12,6604 54532 1, 7193 10547,
2301 LY, 8T54 4, 2000 61,3113 2LT 4, 58,6953 12,7518 ba60438 3,0586% o1,
2y VAD 41,3126 1,803 ISR Y 2372, S4,66T7 12 Pa5T 9832 35,5087 75835,
IPTAR AR 1,300 i, 3337 21609, 5¢,5927 12,7823 5,3126 4, 0493 6856,
Toaaky 6%, 4233 1,200 A, 4060 19947, 52,3746 12,8122 5, 7553 4, 7757 6328,
1.0ues 41,3127 1100 Lo, a01e TAERS 52,2528 12,8661 6,786 55,6835 58017,
Jei 21 £1,2323 f,unGY 39,3063 16623, 52,1619 12,8850 6,9064° 6,877 5274,
Jenittl LY ,5%20 D,¥auy 38,3743 14360, 52,0508 12,9302 7,6738 8,6902 LT46
Uy tugl 0,300 (,800u 16,4160 13204, 51,9149 12,9836 B,6330 10,7656 4219,
e dugu G,u)0y G, 70uy e, 5164 116306, 51,7554 13,0480 9,d8663 %A,@§§8 3692,
G,3000 8,900 a,600u0 50, 77N 9I7h, 51,4953 13,1280 11,5107 19,1029 3tes,
g, b 0, 3300 G500 Ay, 2556 4591, 51,1619 15,2309 13,8128 27,5082 2HET,
de Ul U, 00 067069 113761 5649, 50,6819 G5, 5703 TTedbel L 9896 2509,

TABLE I. 1 The experimental and the calculated results for Q (Flow rate), M.C. (meter coefficient) and the calculated values for Blades
Reynoltls number Re, ;. q.2nd meter annulus Reynolds numt

ver Re pass and the theoretical values for T, , T,, Ty and Term 2 using leakage
theory for . ‘
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Pipe radius = 19.05 mm; Axial width = 14.224 mum; Tip radius = 18,008 mm; Meter radius = 18.288 mm; Hub radiug =
U085 IASGPIDEL ¢=Jd9

Gauris TOCaRISITY LIAES urET IN BILE

9,703 mm; Blade thickness = 1.24 mm

TIRGIHE FLOT HETER TYPE & 1,51HCH HELICAL BLADE ANGLE ROTOR HELICAL PETCH=S, 7512
PidE RADIUS = 9, 72999 METO® KADIIS = 90,7200 TIP RADINS = (,7090 Hud RADIUS = U, 3820 AXIAL WEDTNwQ,560

N JdF dLADES =5,00) plLaoe TAICKHESS =), 049 du OF BICKUR =% ,900 VISCOSTTYLCENTI=ROTSEYn 29,00

SACERIAENTAL VAL IZ THEGRETICAL VAL JE BLADES THEUGRETICAL VALUE (PULSES PER POUND)

‘ SR 2 e PE=HD 1 12 ¢4 T3 PASS, HE
19,3516 41,6134 2l 0 41,4562 19428, 53,7850 12,8367 0,5288 0,0209 &027,
14,5012 wl, 48T 33,9900 41, 6567 14275, 55,7512 12,4536 0,5518 6,0227 5776,
17,4516 6145938 22,0064 61,4596 17642, 53,779¢ 12,8716 0,5769 0,0269 5525,
14,5738 41,4943 2% 1004 61,6632 teaLy, 53,7770 12,8909 0,6044 0,0273 5274,
15,3414 31,5141 20,008 ) 41,4670 15456, 55,7746 12,9110 0,6366 0,0301 5023,
T4, 3287 S, 0545 19,0000 A1, 4724 149063, 53,7720 12,9339 0,6680 D,0333 LFTT,
13,3057 L1, 044y T 000G ) 41,4790 14271, 53,7091 12,9544 0, 7054 0,0%74 4520,
12,0764 41,5437 17,0600 L1, h366 134748, 55,7459 12,9863 0,7666 0,0616 6269,
11,5978 49,0170 16,00y 44,4954 12535, 53,7621 15,0130 0,7938% 0,0670 4018,
10, 102y 41,7375 45,000 41,5081 11592, © 53,7540 13,0445 0, 1461 G,0545 3767,

9.0233 41,045 14,490 41,5191 11099 53,7532 13,0793 0,9086 0,0616 3516,
9. U 61,7629 13, 0% 41,5547 19507, 55,7477 13,1181 0,9763 0,0712 3265,
7on02y 41,5394 PIRED! 41,5536 9514, 53,7673 13,1616 1,0577 0,0836 3014,
72142 41,3556 LR 41,5271 4721, 53,7557 14,2910 1,1538 0,0994 2ree,
0 17065 wl,7712 10,0090 41,6160 7278, 53,7246 13,2675 1,2692 0,1203 2511,
5, 4240 LY, 3204 o, 0y 41,4419 7135, 53,7145 13,3353 §,6102 0,1485 2260,
- GoisTh WY, 3674 T ON) 41,4472 63543, 55,6996 13,4110 4,586 0,1880 2009,
% L3162 61,7391 7,009 41,7446 5550, 53,6918 13,5048 1, 8139 0,2655 1758,
3,001 42,1146 LN 49,3109 4757, 53,6580 13,6292 2,1153 0,3342 1507,
2, wih 2 b8 1293 By i) 4%, 9109 3364, 53,6246 13,7709 2,5384 0, 4813 1256,
1,335 41,2925 A, u0in 41,9548 3540, 53,6024 15,8639 2,8205 0,5941 1130,
1. 3654 41,2799 4,005y Q2,219 3171, 55,5746 13,9748 3,1730 0,7520 1005,
Oy 5004 39, 1557 2000 42,3 %60 2275, 53,5%59 $4,1065 3,6263 0,9822 879,
U Yngy TIRRDY 3,000 IR A 2578, 55,4913 14,2710 6,2%07 1,3368 758,
SRR NPREET 2,5004 42,3930 1942, 53,4246 14,4428 Y 0768 41,9250 628,
0. 60y 0,039 2,00y 41,4949 1556, 53,5246 14,7697 6, 3460 3,0079 502,
Wt Yy 0,433 1, 5009 1,319 1149, §3,1540 15,1901 8,6614 5, 5473 377,
da 1upd UL UI0% 1,5500 50,7374 1110, 53,1106 15,3002 9, 0657 6,138% 352,
9, ugy U, 1oy 1,500 40,2765 1039, 53,0594 15,6228 9,7631 71192 526,
SESNBD) 0,900 PRID) 39,6526 251, 52,9973 15,5605 10,5767 8,3552 301,
0. U0y U, 1900 1,400 34,7240 872, 52,9195 15,7165 11,5382 9,9433 276,
D Yug 0,9390 LD 57,5199 795, 52,8246 15,6953 12,6920° 12,0314 251,
0.00 G,U900 y,900y 35,4590 b, 57,7155 16,1052 14,1028 14,8536 226,
Ve vy 0,4900 J, N0 33,2917 634, 52,5746 16,5489 15,8651 18,7991 201,
6,3300 U, h0 0,700 29,3240 555, 52,3961 16,6656 18,1315, 26,5539 176,
3,60 0,300 f,600d 22,8771 476, 52,1530 17,0136 21,1534 33,4206 151,
J.I0g 0,0300 3,500V 11,5959 396, 51,8246 17,4872 25,5861 48,1257 126,

TABLE L. 2 The experimental and the calculated results for Q (flow rate), M.C. (meter coefficient) and the calculated values for Blades Reynolds
number Re, |, and meter annulus Reynolds number mv ass And the theoretical values for T, , T, , T, and Term 2 using leakage theory for

Turbine Flow Meter Type A 1.5 ins (38.1 mm):



Pipe radius = 19.05 mm; Axial width = 14.224 mm; Tip radius = 18,008 mm; Meter radius = 18.288 mm; Hub radius = 9.703 rim; Blade thickness = 1.24 mm
QOOR3y  AASGZIDEL geun

TR bal PLOd AETER TYPE » 1,5040H " HELICAL BLADE ANGLE KOTOR HELICAL PITCH=Y, 7512

Biag RADIUS = 3,75%) AETER RADIJS = 0,7200 TIP RADIUS = 0,7d9¢Q HUBE RADIUG = U,3820 AXTAY Qﬁﬁ?ﬁﬂ0;$6ﬁ

A UF BLADES =6, 009 BLADE THILKHESS =3, 049 MO JF pICKuUP =%,000 VISCOSTTYCCERTI=POISEY= 47,00
SAYEATIEATAL VALJER TraEdaLTigal JaLde BLADES THEORETYT I CAL ¥V A&ALU E CPULSES PER POURD)
; K 2 M, 0, RE=J0 T ve TIRin T3 PASS,RE
Ta.7106 [ R L Ta U000 4%, 8477 495, 53,7818 F5,2213 G,8276 0,0394 2693,
12.%344 Gl 9282 A ounun 59 ,853%2 3139, 53,7790 13,8484 0,86356 0,0629 2581,
1. bvirs LY L E209 dzwwﬁwt 51,3594 7780, 53,7710 13,4753 G,R020 0,0669 PhéEY,
Tasialy 4%, 363 21, }3J$ 41,3571 7632, 55,748 13,5081 G,24%8 0,059 2356,
Tie3evd 47,9504 M N R SR A L3758 FOFH, 53,7784 TEH,33380 Q,993%1% 0,0568 edib,
IEPERTY G4, 1851 ?v k}nﬁ 51, 33680 &P24 53,7698 15,5663 1,0454 G,0629 FARTS
Tae ¥0%e 1 d 355 T, g 41,3079 G370, 55,609 55,6023 T,703% 0, 0701 202,
Tae 331 A%, w139 17, unnn 47,4119 &6, 55,76 %6 13,6415 T,1686 G,0786 1908,
YTe. 2518 LY, 4723 Ta, 000 49 LK 5662, 53,7599 73,4863 Tedbit O, 0887 FI95,
T bl 61,0809 Th, U000 L&Y W hTT 5508, 53,7558 13,9313 1. 3042 g.9010 F4683,
T2.3756 LY eh433 Ta udod 41, 6706 LS, 537510 13,8833 J.0188 00,1159 1571,
124574 4% & 361 T3, U009y 41 4V PR 6507, 55,7455 13,6611 t.0279 0,1344 1459,
1dv11g1 &}eﬁwwb T AT .5 S5 HELT 55,7591 T3, 70619 T.0552 0,1574 1366,
_— 110654 Ve >ss> T1e00d w1, 5094 3ok, 53,7515 15,8797 T,8057 0,1877 1234,
&@ 11 Vi0Y @?q» Ta,a 4%, 6175 3339, 55,7224 13,8641 1,986% 0,227 1122,
“ TP eb 5%, 3357 93004 w? YN 5145, S3. 7113 15,9622 2,4070 0,e805% 1010,
Gedted &Y a7hY 3,300 T, 7672 8357, 55,6974 Gl , 078 2, h828 0,5550 OB,
F TS 1 PR TS P 7,000 ;1?&»36 4TT, 55,6T96 G, 2181 &, 8378 0, 4656 FRS,
L Fadin? 4%, 0541 Oy B0 6T ,94 54 2123, 55,6558 14,5997 3.5106 0,630 673,
RN X 41 ,53%3 G Ui Ld U7 T8a%, 53,6224 Fh, 6152 3,9725 G, 9087 547,
Set?a9 G P79 [T N G TN RE Ta9¢é, 53,6002 Th, 0589 by b 59 1,128 505,
71114 467 5315 Gyl AEw?kﬂ& 1616, S3.hPe4 T4 ,9179 [ T,4198 L49
Pe il d 57,7524 3,900 L2 2ats TLE9, 53,5507 15,1168 5,6751 1 8565 &95@
G PHHY 67, A%4D S Udud wmneﬂas 1062, 53, 6891 15,3614 6,620 &, 9261 537,
G, 39 Gt A520 2.0 42,0594 BA% 53,4286 15,6774 ?L,94651 5,6%48 287,
5o yeih Ly ad%d s 4yt 4%, 64500 POE, S5.5224 16,1055 §,93186 S.6765 Edh,
S duvid &1 9 1w T30l 39,5543 534, 55,1558 96, F827 P3,2418 10,0966 168,
ho WL Le 17K 7 Teadyy 34,3348 495, 53,1042 16,8971 Te,VR?T 11,5905 Y57,
LetUbs Le 1597 e Saa $§W3?Qd bbH0, S5, 053 17,0800 15,4790 15,4628 Thé,
hoTudd 42,3533 12l Y6, 43019 &25, 52,9991 17,2854 16,5523 15,7259 135,
e dv9n L dhhy 11904 X&“%??@ 3489, 52,9153 ¥ otut 18,0%70 18,7744 P2y,
by dt06 Wi o SHTY 100U 32,129 554, S¢.4224 7 PRS0 P9, 8627 A F17E 112,
AR YT hé 8691 W 26,6598 3w, 52,7113 16,0052 22 097 26,0661 101,
27026 b A3 J e s RE TR YT 483, 52,8724 18,4618 2b, 8284 35,6958 90,
de 5384 hg o it G, a0 15,9029 24h8, 54,5989 18,9065 28,3753 b6, 5619 TH,
Tedddy G042 [EIID VAV 2.773%1 21e, ﬁﬁwﬁﬁﬁﬂ 19,4536 Eﬁﬁﬁﬂ&ﬁ &3, %@3& &7,

-wmﬁz& ted results for Q (flow rate), M.C. (meter coefficient) and the calculated values for Blades Bevnolds
ds number E%:%W and the m@@mﬁm values for Ty, T, , T; and Term 2 using leakage %ﬂ%wmy for

Torbine F ﬁ@w M@ﬁi@ﬁ” fﬁyp@ A 1.5 ins (38.1 mm),




Pm@nﬂm3”}9ﬂ5nmxA%mlwwmh"ﬁ4>2@nmn?qux%us~180@8nmﬁN%mﬁmdmﬁw1828&nm Hub radius =

9.703 mun; Blade thickness = 1.24 mm
CGOORS»  JASBTIDEL 2=d)

THRJTHE FLOd AETER TY2E & 11,5000 HELICAL BLADE ANGLE R0TOR  WELICAL PITOHs3,7512

PLIE RADIUS = 9,7390 AETER RADIUS = 0,72290 TIe RADIUS = J,700¢ HUB RADIUS = ©,3820 AXIAL WIDTH=O,560

A UF BLADES =6,00)  BLADE YAHLOKNESS a), 049 0 UF PLCKUR =1,300 WVISCOSITV(CENWTI=PUISEd= 71,00

BAVERIMEITAL VALLE FagarETICAL VaLde BLANES THWEGRETTICAL VALUYE (PULSES PER DOUNDY
: e (y B IR RE=ND T Te THR/Q T3 PASS  RE
19,3509 &%, 5700 24,0000 41,2064 5630, 5%, 7740 8, 49468 71,0726 0,06%4 1783,
14,5878 1, 6055 di.90uy &5, 2920 5305, 53,7762 15,9278 1,192 0,0756 1708,
1653500 41,6207 22,000 41,3304 5161, 53,7742 15,3610 T 1701 J,u826 1636,
T4 50917 41,6560 ESEIADE | 61, 3708 4908, 55,7721 13,5965 11,2258 0,0906 1560,
fd.vaal LY w0 2, iyl L, 3223 Le9 P, 55,7697 13,6546 71,2871 0,008 1486,
Toa 520 1, 0247 T, 0 51,8555 LL57F, 55,7671 15,6757 1, 8548 G, 1107 1411,
IAEREDL 47,2675 Vg haan 41,3507 L2235, 58,7641 45,7201 T,.63%01 0,12354 1337,
Y1130 b1, 0547 17,000 4%,363% 394, 53,7609 1%, 7605 41,5142 00,1383 1263,
Beubvy L1, 7749 15,000 41,3336 3753, 53,7572 13,8213 11,6088 0,1562 1188,
8o JUNY 51,5984 LR R 61,6122 3519, 53,7584 15,8793 . 1,761 Q. ivry 1114,
Tobnsh 61, 7393 Vo, 1000 41,4396 3284, 5% ,743% 13,9434 1, 8387 0,2060 4040,
[t P B WA HRPR MUY &1, Q??& F050, 53,7428 T4, 09467 1.9801 0,2365 Déd,
. 62k b1, 059 PLED 41,5994 2u15, 55,7354 14,0948 2,165 0,2776 891,
s G 3134 61,4453 11, U0 41,5529 2540, 53,7234 14,1856 2,340 0,35064 YV,
s 5eedat 41,8154 10,0094 @a@@wwx 23546, 55,7197 Vb4, 2BOT 2,574 0,3998 Tus,
EER RS LY, 33235 D, dad g 41,6045 2111, 53,7044 T4, 46507 &, 8608 0,4955 669
by 5046 14544 4, U0y &1, P340 1877, 53,6947 14,9538 5,297 0,6246 594,
b.%153 47,4230 [PURLY 41,3149 1642, 53,6784 16,7264 3,6774 0,858 520,
$.0¢00 1,412 a0l L1, 8028 1408, 53,6530 T, WEDP &, 2902 1,1905 a6,
Fehadt G TN S DY] 21,9527 1973, 55,6197 15,4963 5,1645 1,5991 571,
EFRES T 4144397 e DY 41,9563 1056, 53,5975 15,3874 5,7203 19761 534,
&y idbo LYo dVh% 4 51,9149 %8, 63,5677 15,9897 6, 6354 2o h9us 297,
1.16%9 B, a3 Sennid 41,7914 421, 55,5560 15,8339 7, 35647 5,86546 260,
Uy 3669 Yo, 0,77 3 400 1, 8002 P, 55,4864 16,1368 85,5805 bobt18 223,
Gy didu e d gl g, i 40,7985 G86 , 55,6197 16,5266 10,2966 6, 5062 186,
de Juag TR 23009 39,1417 469, 53,3197 17,0547 12,8707 9,994 149,
W JUg U, U0U T 34,7145 352, 53,1550 TP, U284 17,1610 1P, 7673 911,
da TG Ued WO Tohtud 33,0649 528, 53,1034 18,0812 18,3868 20, 3961 ?@ée
G 100 eI IR Ry B0, 94601 595, 55,0595 18,4568 19,8011 25,6546 9,
3, duu #4700 wmm C 2A, 1661 232, 52,7844 16,5102 21,4592 27,7613 89,
APRIDID. G,d0d 1,100 24,8766 258, 52,9196 G8,79738 23,4043 35,0383 82,
. Jaud Y, ui00 %ﬂﬁﬂuw 19,4584 255, 52,8197 19,1265 25,7615 EQW??ﬁﬁ T,
0 3Jgu Ue OO0 DI DY ﬁzﬂ%%?@ 211, S, 7036 19,0091 28,6016 69, 8535 &,
Ve 3100 (el Jebdad 2e8221 148, 52,5697 19,9614 32,1768 62,6630 59,

TARBLE :

A
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THRER ﬁ%ﬁﬁm ae and meter annulus Reynollls number }&e@ mmi the theoretical walues for T, , T, , T, and Term 2 wsing leakage theory for

Turbine Flow Meter Type A 1.5 ins (38.1 mm)!



Pipe radius = 19.05 mm; Awial width = 14.224 mm; %p radius = 18,008 mm; Me

ter radius = 18.288 mm; Hub radius = 9.703 mm; Blade thickness = 1,94 mm.
GAORSy  JASe?IDEL =D
TIASTWE FLd JETER TYPE A4 1 514CH HELIUAL BLADE ANGLE ROTOR  HELICAL PITCH=3,7512

BlAc RASIUS = 1,739 METER A4DIUS = 32,7200 Ti® RADIUSG = 0,7090 AUB RADBIUS = 0,3820 AXTAL HWIDTH=O,560

ms 33 &i&%§% wd 33} Brave THALONAESS =J,069 %ﬁ orF ﬂXQ&U& =1, 004 VK&CO&??V{SEWYX =PUISEN=170,00
¢ }
¥

: HEIRETICAL VALJE HoE oo T CAL VALUE (PULSES PER POUND)
@V“‘ s R n " PN
17,17 5 2h, 1004 64,4 346 aﬁagw 54,6896 ﬁ%Q&?b@ 1,16458 0.,0750 65,
§§§££§} iiiéeiﬁ 3.°3kg3 4%, 4791 2250, 54,6376 %awﬁgaﬁ wm?@ﬁ? Q@ugﬁg gggn
15,3121 4, g 22,3000 1,470 2152, 54,6856 14,3745 1,2499 0,089 2 882,
Th, 2070 61,4125 21,0399 4L 4458 2094, 54,6535 14,4292 105094 0,0079 851
Too2a71 41,5787 20,000 wh o hand 1950, 54,6611 14,4350 §, 85749 QQ?ggg 620,
14,3308 G, 5547 19, 00U IS LYY 1859, Mmz’ixb Ph, 5593 ’éMM Qm ; Mﬁw
13,1208 51,4270 14, 300y 41,4531 1761, 54,6755 16,6198 1,5277 G¢§§§& 358,
12,2418 41,4319 w,mw L%, 6681 1663, 56,6723 14,6943 %fijj‘:* 0‘.«%» ? {M&
T, dudd W, 6574 T4, Gipi 41, 64629 1565, 54,6686 16,757 1,7186 mgﬁé?g 4960
T Fay s 41,4574 15,40 s ISy Va7, 54,6646 14,8650 1,8332 0,1919 463
13, 1750 Ay 077 14, RN 61, 1370, 54,6577 14,9638 1,9642 ovggog 436,
19, 4050 @1, 5143 13,0700 &@”@;\' 1272, 54,6542 15,0738 za?igg 0 832% 403
- 19,3479 L1, 4%y 13,0000 4,642 1174, 56,6476 15,1972 2,2915 0,20 ’ 3z,
b 9,555 A1, 5554 11,0000 n? 4@@@ 1u7e, 54,0692 15,3572 2,4998 0,556 41,
‘ 1 : i 515 78 : 6 0,6318 310,
o~ 9. 1573 616156 19,9000 41,4515 378, 54,6311 15,4976 2,7498 ER .
A ihuo PEB G, U0y 4,455 840, 54,6200 15,6840 35,0553 8“?@31 gzzq
7.3v4s 61,5172 3,009 ey 783, S4.6ve1 15,9045 3.4373 o 517
bodabd 51,3579 L 41,4047 BHS, 54,5542 16,1706 3,9283 0ﬂ$§wﬁ 217,
o ek 8, 3407 EIRTHR T 43,4473 587, 54,5044 16,5007 4,5830 %‘?Q%g 455,
by land 44 6479 5, U709 41,3730 449, 54,5311 16,9254 5.4996 1 ag§ 155,
o t62 57,3545 hy SO 51,2930 big, 54,5049 %wwﬁs%ﬁ Qﬁﬁﬁwf &ﬁﬁ3u§ ?géu
3,655 41,8773 4,000 41,1559 394, 54,4511 17,3008 6.8745 @”232@ 124,
4,301 41,2603 3,509 40,3993 su2, 54,4434 17,8771 7.8566 3@;§1{ 0,
5. 5424 LU, 3304 T, U0y LG, 6274 293, S4, 49 FA 18,3440 %, 1660 ggﬁvf} 5.
3,257k bl b&3Y 7,500 39,4745 a5, 56,3511 18,9447 10,9992 gmigég 78,
2. 70y G, 0912 2,000 37, he62 196, 56,2511 19,7584 a&wfagﬁ ﬁ*w%wzi 62,
2. 4540 HEBERT 1,593 2,256 147, 54,0644 20,9508 18,3321 ﬁgWQXﬁB 47
2.2577 T, 4393 1, 4309 30,3534 12?@ 5¢‘§&®g ﬁﬁ*é%?; i?“?i@i ggvﬁ%a? 3
T.3104 $8, 09419 IR 29,9517 ’i"h f:» 2% o :‘W;«:"wm ?‘M%M‘?’ b
U, 2079 G,0330 1,80 24,3238 7, 53,4974 22,0013 2 9151 2p.0007 37,
L1000 GLU900 1L tany 20,6136 108, 53,8220 22,6438 24,998 5,681 34,
gwiégs 0.9900 1,0059 15,3958 98, 53,7311 22,9511 angfﬁg ﬁg”;?iﬁ ggu
PR IET 0, 9709 39090 PLa21E BE, 53,6200 75,5407 30,5535 53,3 i

ﬁ%MﬁEﬁﬂwwwWwMﬁm@%mﬁmAfhmmwmwﬁmwmm&M”WMMMMWWMMﬁw@ﬁmhw yaluies
number Re, . and the meter annulus Reynolds number Re, . and the theoretic

Turbine Flow Meter Type A 1.5 ins (38.1 mm))

for Blades Reynolds
cal values for T, , T, , T, and Term 2 smﬁmmmeﬁmmyﬂm



Pipe radius = 25.4 mm; Meter radius = 23.101 mm; Mja} wi

dth = 24.384 mm; Hub radius = 9.944 mm; Blade thickness =
BOOAS s Ja36PIDEL =

10.16 mm; Tip radius = 22.8473 mm.
FTAISIAE FLT HMETEW TYPE B ZislH HELICAL BLAGE ANGLE ROTOR  HELICAL PITCHu3,0596
PiPe BABINS = 1,000 WETER RABIUS = 0,9095 TIP RADIUS =  0,8995 HUB RADIUE = 00,3915 AXIAL WIDTH=0,960

s OF BLADES =3,000 BLAOE THICKHESS =0,400 HO OJF PICKYP =1,020 VISCOSITY(CENTI=POISE)=170,00

FAFEAIHMENTAL VALE THEURETICAL VAL E BLAGES THEJdRETICAL ¥V ALUE C(PULSES PER POUND)

: T, & .0, HE={0 T4 T2 TIK/G T3 BPASS, RE
19,3585 28,7524 2h 0000 29,2000 RH96, 40,3130 12,0996 11,6650 0,0790 2668,
REELEY 2o HrE? 23,0000 29,1766 4516, L1, 3118 12,7845 1,7374 00,0861 2557,
Tdobuan 26, P TS ERIRTE 28,1527 3146, b 5098 12,8794 1,8164 0,0041 2645,
T agd ES5, 0T A I BV BUL1E3% TITh, 0,3076 12,9787 1,9029 0,1032 2384,
15969y 25,3741 23,0090 29,1339 7605, by, 3058 15,0855 T,9980 0.1134 ddes,
Ta.0174 28,7 dok T, unoy 29,3791 U35, L0, 5026 13,2008 2,103¢ G,1261 2112,
1h.35220 dv L2346 Th,onuy 29, 0541 645, hu g 29 ? 13,5251 2,2200 G, 1605 2001,
Thoudvy 28403155 17,0904 29,0290 6295, L0, 2944 13,4605 &, 35ub 0,155 1890,
IETRT4E) 28,4774 ; Y 29,0041 5724, 40,2027 13,608% 2, 6975 G, 1779 179,
15.4434 Zog o BOgd 28,9795 5554, 4, 2356 13,7708 2,6640 0,2024 1667,
12,5471 26,115 T, unn 26,9555 5184, LU, 2654 13,9503 2,0563 0,.2323 1556,
T1efs70 Doy 4029 13,000 28,9326 4314, 40,2743 14,1501 35,0739 0, 26910 Thb5,

et T1e3023 29, 1436 T2, unay JE,911% L6435, L1,2719 6, 57465 3,5%00 O,3%62 1354,
o Tu.9079 6,323 T U0 28,3920 40735, L, 26438 14,6258 3,6327 00,3763 1223,
Theands 26,9560 Th, U000 28,4757 3F0E, L0,2538 14,9203 3,9960 0,65%5% 1112,

1o, 3701 IR, IIET G U 28,5429 35%4, L0, 2441 T5,4591 by bl 0 0,5621 1000,

ERTR R A8, 3025 §.400900 AR, 8548 V6, Gu, 2304 15,6597 L 9950 0, 7114 BaY .,
Bahshd 25,3355 7,400 PALALAS 2592, GO, 2185 16,1445 5, 7086 0,9292 TPE,
Fodiih 29,0743 a, 10y d8, 34607 2222, L0,1856 16,0432 6,6500 T.2647 67,

IPEEL Y ELIAN RS 5 diuu 26,5110 1431, 40,1532 17,3150 77,9920 j,8212 556,

G b 596 REINEEY - 28,70 1646, 40,1350 17,9943 b, 8300 2,26B4 500,
27544 29,3357 4,005 JE, 6359 TEAT, L0 ,1052 18,5607 9,9900 28656 LS,

5, %447 PRI B 500U 26,5254 Teve, L0, 0675 19,2446 11,6172 5,79647 389,
beddin 2o, 4387 Soungn 28,1901 1111, HU,9219 20,0930 13,3200 5,0589 333,
G.0317 ey ? 153 Zouliu 7 4699 - P26, 39,9552 21,1846 15,9840 PodBLE 278,

o 3 a0h o, 1709 2 U0y 25,7394 IS 59,5558 ge, 0654 19,9801 11,5825 22,

G ds i 2o, P3P0 (R 2, 2hed 555, 59,0506 2L, 0304 26,6404 20,2555 147,
39579 28,5322 1600 19,5565 514, 39,6410 25,5981 28,5429 25,2295 156,
545384 26,4156 Tedngd 17,5534 Lat, 39,5860 26,0501 50,7585 26,9407 T65,

Ay a3y 27,3367 Tediay Th, 6646 folody 39,5219 26,7395 Eﬁﬂéﬁﬁﬁ %%@@ﬁ?§ 135,

s FIPH 277 V64 T.100U0 10,4020 457, 39,6461 2T 636 KQE$HW@ 37,6280 122,
243460 2, 32467 1,000¢ - 5,3200 370, 39,3554 2B, 6655 39,9601 - 45,5298 91,

TABLEIL 10 mmmwmemﬁm@m@MMwhwmmﬁwQWMWmmeﬂ%mWM@m%%mmwm&M&WMMMMVMmm%MWMMMmmMm
number and meter annulus Reynolds numbess, Re a5 20d the theoretical value for T, , T, , T; and Term 2 using the leakage theory for
Turbine Flow Meter Type B 2 ins (50.8 mm) diameter.



GOaR3 g

st

Pipe radius = 25.4 mm: Meter radius = 23.101 T
BABGTIDEL

R R

THISINE FL METEN

PUBE RADLUS

41 OF BLADES =1,00)

s 1,47060

EXMERIMENTAL Vil JE

{
19,7208
Tde 341
17,4914
14,3261
Ta.705%
Tl
13.2178
ToaF17d
3169
F AR
3344
A3 56
IR
1984
Siugd
2351
P ou ko
3134
Yiad
7ol
Soy i
3dah
e 34691
Fe3lrr?
Foansd
??ﬂdb%
G ld IY
Gyaubbd
Seduby
b 3105
bo3vu2
22725
dedl 8y

o Pa Dottt be e
s =

= = e % = » =

B s i L L B O,

[ Pl
= w os s

?MM&@@E%wmm%mmmﬁmdmmmmmwwmmﬂw@ﬁ%wm%%%@%mﬁwcmﬂmm

number and meter annulus Revnolds numbers, Re a5 and the theoretic

t‘?m{“:w
28,9121
25,9754
29, 12en
PSR
do 125
20243
A3 627
28 . ¥331
YA
29,3555
2y 3303
28,9 3406
S P0G
AR 4149
Jo, P81 d
b, a5
39, 1534
J9 .13
27,136
AP ey
39, 1554
BRI T
L1052
I 1019
P
29,1527
24,1253
29,1501
29 IB374
29, LT
3@q733$
28,0925
A6, 4394

TYPE & £INCH

HETEX

BLAVE TH
THEIRET
]

d4, 0000
2h, U0
L U000
41,0900
20, U0
TG, dagu
T8 U0
T LU LY
Th, U000
T, U000
4,006
13,0300
1203100
AR IR T
RV I
B, 000
3L 000
TGy
6, UN0u
50U
by Byl
b WOk
Jonngu
3,U0004
2,200y
2, 0000
Tyaniod
G bNGu
1, 3000
1,.4004
T.10uU
1,000
3,960

HADYJS =

KHESS 2,400

VAL JE
M0,
29,0029
29,0028
ey L3517
29 0413
29,3515
29, U217
eB L0426
9,043
2 DO
T vyd
23,9370
28,9451
ed, 92461
28,9900
29, J37
29,0165
29, 0i9d
29,0714
29,10k
,?Q % % ‘5@@
29,1694
29,1343
29, %KY
szg&f/wj
28,6180
27,8012
2%a339ﬂ
28,3579
2Y 20448
19,1994
TH, 4215
12,5637
71536

HELICAL BLADE ANGLE ROYOR

J.9095 TIP RADIUS

BLADES
PE=0
2ULTA
19565,
iR Ia K
P Ea4,
17013,
16162,
15312,
Thabbt,
1300,
IEALTIR
TYI0N
THOSE,
10408,
& 7,
%37,
7656,
&HI5,
5355,
ERRIY N
G258,
5428
?}"&ﬂr:ﬂw
247,
2552,
e127,
10T,
12ve,
1191,
1106,
1021,
PES,
851,
7466,

- . - . o I L . pAss
Turbine Flow Meter Type B 2 ins. (50.8 mm) diameter,

®= 0 G,8985%

N OF PIOKUR =1,000
THEORETICAL

T
KT AR
39,21 F7
39,2158
ER A BT
59,2112
39,2046
59,2057
39,4084
39,1937
39,1946
39,1498
39,1443
39,1779
39,1703
39,1692
39,1501
391 5ud
39,164
59,0946
39,0612
59 U3vdd
39, 011¢
38,9735
38,9279
Fd, 4014
SH, TG
36,5746
38, 540%
38,6920
38,4809
36,3521
3d,2612
S8, 1500

HUB RADIUS =

HELICAL PITUH=3,95V6

0,391%

@mﬁwmwm&MM@mmﬁhbmmmm9ﬂmhmmBMMMMdmwwxMJémmfﬂpm&mmzx&Wﬁmm

ARTAL HIDTHeD 960

VISCOSTTV(CENYI=PIISE)e 74,00
(PULSES PER POUND)

VAL UE
¥ T840
11,3236 1,2352
11,5808 1,889
19,4421 1,847
11,3077 Y4116
11,5784 14,4822
11,6540 1, 5608
11,8362 1, 6459
T4 L8265 1,7438
11,9231 1,8524
12,0303 1,9763
12,1487 2.1174
12,2806 2 R0
12,4286 2 A704
12,9964 2,6949
12,7888 2.9640
13,0124 35,2938
13,2707 3,7055
15,5958 4, ¢369
15,9917 G, BL0T
14,5010 5,928%
14,8172 6,5876
15,1910 76111
15,8423 B, 4698
16,2021 9,8814
16,9224 11,8577
17,8542 Y4, B2
19,5281 19,7628
19,7027 21,1744
20,1196 22,8037
20,5879 26,7035
21,1185 26,9453
21,7268 20,6642
27,4330 32,9360

T8
0., 0584
0,0635
0,069%
G, 0%8¢
0,0840
G,0931
0., 1038
0,7163
0.1313%
0,1494
G,1718
019489
G,23384
0,877y
0,33%62
Oeh150
0,525
0,6860
0,9338
13664
11,6600
2:,1610
& Pl
5, 7551
5,5785
§,6039
G4 ,9602
i7.1508
19,8908
28,3641
27,7844
35,6155
45,3006

PASS , RE

6929,
5875,
5618,
5363,
5107,
L85,
LEST,
L3469,
LU86,
3830,
575,
3320,
046G,
2HGY,
£556,
2e98,
2063,
Y788,
1535,
1297,
1149,
1021,
894
766,
638,
511,
8%,
558,
352,
306,
259,
255,
230,

1t} and the calculated values for blades Reynolds
al value for T, , T, T, and*@eyw&EﬁmﬁmgﬁM@ﬁﬁwkﬁg&éh@wfyﬁﬂy



~ .

ﬁpemdmsm2ﬁﬁrmm;MMﬁywdm&mQBJOXwmnAmeWMﬂkm243&4mwuHubmdmx39944nwnﬂﬂmthCMwmx10J6nmn]h)mdmsw228473nmu
Guandy HA5671DEL 3=J0

THRuTdE FLIT IETER TYPE B A1wiM HELICAL BLADE ANGLE ROTUR HELICAL PITCHBY, 9596

PEPE RADIVS = 1,000 METER RADIJS = 0,9098 TIp RADIUS = 00,8995 WU RADIUS =  0,391% AXTAL WIDTHu(,960

HOUF BLADES =,009 BLADE THICKWJESS =2),400 10 08 PLOKUP =1 ,000 VISCOSITY(LENTI=POTSEYs 47,00

EXVEATMENTAL vaL JE TALIRETISAL YALJE ELADES THEIRETICAL VALUE (PULSES PER POUNDY
! oty ! A, 0, * RE={0 71 T2 TIK/Q T3 PASS RE
191075 26,7197 REPRENS) 28,3500 32134, BE,6253 0, 73851 1. 0696 0, 0577 LTI Y
TdePUsh 23,7129 23,0004 28,3439 30798, 38,6215 10,8308 1,.1161 0,0629 92467,
131043 28,7%54 22,0000 3, 4381 2946546, Bh,6125 10,8796 1.1668 00,0687 8845,
17ab023 28,7066 21,Ungy 28,3326 FEIR R BRL,GTFS 10,9318 T,8224 0,075¢4 8443,
Th. 4490 i, 0299 29,0000 JB, 3275 PAETY, 38,4150 10,9378 1, 2835 0,0831 2049,
16 bt st 2d ., 1O, A0 2o, dd30 P5640, 38,6123 11,9683 f,5511 0,0921 7639,
15. 7077 2,349 TS UG TEL, 3198 26101, 33,6094 11,1937 4,426 0,1026 TERT,
TH.004d 2B, 1379 1P 00U 26,4163 giiag, 34,6081 11,1848 1, 5100 00,1150 6835,
IETR IR 2E, 07990 o, U000 23,3145 21624, 38,6025 St 2625 11,6044 0,1299 646335,
Ta. 505 2o, 30 13,0000 28,3141 20034, 38,5953 11,3478 1,713 00,1478 6031,
T5.0044 2o, 3317 Th, 000 2B, 154 18745, 38,5945 11,6421 11,8356 0,1696 5629,
3. 0b0 2B, 73n5 13,000 IR, AT 3R 17506, 38,5540 11,5471 1,9746 0,1967 5227,
N PR 0 2E. 38 12, ull 25,4230 16057, 38,5316 11,6649 2,1392 0, 2309 6825,
p o 1100602 28,3312 11,0000 23,334 TLERE, 38,5740 11,0985 2,3336 0,748 64723,
Rt & AR A 2, 5317 10,0000 YR, BATY 43349, 38,5650 11,9516 2.9670 0,5325 &021,
110114 da,I1a G, UG 28,3559 12050, 58,5584 12,1296 2.8522 00,4905 3649,
T b BRI RDY 0094 78,3392 1741, 38,5400 12,5400 53,2048 0,5195 316,
9. lPd4 29,9307 7 nqgu IR BYST PI?2, 38,521 T¢,5940 3.6672 0,6745 2894,
9. 3591 AR,2TS b, VGO 28,9459 4036, 38,4943 14,9002 b 2784 0,9235 2442,
B.8597F R P 55,0000 15,9345 6695, 34,4650 15,5146 55,1340 1,3299 2010,
A 8i6u i, d 4,900y 28,95 U2, 38,4627 13,9663 5, 7045 11,6619 1809,
P15 7 2a, 17, b 10 18,39 36 S556, b ,46150 13,8639 6. 6175 2,0780 1608,
7a5%04 ZH,P035 B, 3049 Y8, TP53 h5BE, 38,3792 14,8231 735343 2,716 1407,
7aiseY 2o, Ph 54 Y0004 28,3256 U417, 55,3316 14,6664 B 5567 3.6948 106,
Gadhdd 25,3396 2.a004 P02 3347, 38,2050 15,2422 10,8681 5,5196 1005,
63055 28,4394 2,000 Qe , 6601 278, 38,1650 16,010 §2,8351 &,5119 806,
G040 26,9158 1, 5004 2y Arey 2303, 37,9983 1P, 1E75 17,1134 14,7768 0%,
G.3u5% 25,9154 (I LDD 21,8679 1874, FF,9507 T 6555 18,3358 6 ,9631 56%,
5309y 23,9216 1,300 20,1318 174, 3P 957 17,7874 19,7663 19,6752 23,
4o 2599 28,3575 LAY 17,9746 16497, 37,8306 18,1601 21,5998 25,0887 482,
Gouwlibd 2A, 3724 1, 1904 15,9824 Th73, P, 7559 16,9825 23,8365 27,4774 - a2,
by 3911 23,5337 T, U000y 11,0237 1339, 37,6450 19,0667 25,6701 33,2677 L0,
Se7554 2d,4939 G,900U 5067301 105, 37,5518 WmQMv 28,5224 4%, 0465 $6d,

Ymmﬁ%&TMWWMMWMMMMWwMMMMWMWﬁWQWMWm%%Mﬁ&memmWMmmamﬁ%mwmmmdmMmﬂmMMmRmmM%
number and meter annulus Reynolds numbers, Re_ and the theoretical value for Ti, T2, T3 and Term 2 using the leakage theory for

: . A L Upags

Turbine Flow Meter Type B 2 ins. (50.8 mm) diameter.



Pipe rading = 25.4 mm; Meter radivs = 23.101 mm; }t«;\am’ﬁ width = 24.384 mm: Hub radius = 9.944 mm; Blade thickness = 10.16 mum; Tip radius = 22.8473 mm
COOR3:  AA367IDEL =12 '

TIRSINE FLU4 METER TYPE B £LINCH HELICAL BLADE AMGLE WOTOR HELICAL PITCHRE, 0596

PLAE RADIVUS =  1,0300 HETER DADIUS = 0,9005% TIe RADIUS =  (,8995 HUB RADIUS = 0,3915 AXIAL WIDTH=0,960

Mo OF BLADES =4,009 BLADE TATCKJESS =9 400 HO OF PICKUP =7,000 VISCOSITYCCENTI=POISEY= 29,00
ERCERIMENTAL VALJE THEIRETICAL YALYE BLADES THEORETIOAL VALYE (PULSES PER POUND)

! e € q 0, RE«0 T1 Te Tik/a T3 PASS RE
18.7311 28,4249 T, UN0y 26,8935 7194b, 36,2561 10,0751 0D, 7648 0,033 21596,
LR EL Y 2,439 &3, 900 a8 A9 5 G850, 8 L5468 10,1057 0, 7981 0,0551 20697,
179234 26,7333 e I 28,8393 65952, IR, 323 10,1384 0,8344 0,0%84 19707,
The dutd 28,3154 21,9004 S8, 3 62955, 38,2504 10,1733 0,4741 0,0422 18897,
TR ARES 2éy AT o I TP 28,3182 RYVET, 18,2277 10,8108 0,9178 0,0465% 17997,
1, 5u6¢ 254 FFLT 13,0009 PBLAIAG 5EA59, 38,8231 TU €518 G.va61 06,0515 TrOR?,
T1.6963 25,7475 14,00y 28,3404 545961, 34,2222 10,4951 11,0198 00,0574 16197,
Toelold 28,9972 100y 23,4716 50263, 33,2149 10,5627 1 UFOT 00,0643 15297,

Yealea 29,1957 ThLUTDY A, 3051 LTIAG, Bu,215¢ 10,3967 Fe1e7e 0, 0726 14508,
§.30758 29,1653 Fa, U000y 20,9903 LbPod, 38,2111 10,4518 1,0237 0,0826 154968,
305G 25,7479 44,0000 RE ) L1970, 38,2063 10,5150 Ty 3111 0,0948 12594,
Tebddd 29,1749 T3.u000 25,9175 34972, 36,2008 10,5852 1,6120 0, t1o0 11694,
Gaba50 29, T4 12,0000 28,7304 B59 Fh, 3d, 1944 FU, 6661 1,5296 G,1a91 10798,
ot Savatle 29104 LG 2,943 32976, B8, 1408 10,7535 1,6687 0,1%36 S898,
@ﬁ 5,7554 29,2194 13,0004 2a,9713 2978, 36,1777 10,4561 1,8356 0,1859 8999,
RS AR 27 1961 IR R TRV 29,314 26931, 38,1666 14,9752 2,0395 06,2295 809y,
4,151 2y, 2507 &0y 29,0407 439435, 34,1587 11,1161 2.2045 00,2905 Fiew,
35054 29,4427 T gy 29,0914 20935, 34,1569 19,561 2,6022 0, 3794 G299
2,07 59 29,2543 &, U00 s 29,1549 137, 38,1111 11,6971 3.0593 0,58164 5599,
do i al 29,2151 55,0009 29,264 16349, 38,0777 11,7685 3,671 0, 7430 LLGY
22690 PR TR g by B0 29,2795 TRLOU, 3H, 0555 11,9370 L,0790 06,9180 L0449,
e JEU Oy 0100 G, 28,3186 11ROt 34,0277 12,1%a2 4, 5889 1,168 3509,
Uy Ju IR B £ 13 5, h00 29,3423 10692, 37,9920 12,5767 B, 2445 1,517% 3149,
Hedigy VRN 3 J.900 29 3024 4894, 37,9404 12,6751 46,1186 2,0654 20U,
g, 000d g.497%06 &ehaud v, 1aad " 7695, YR Yo 13,0589 LY 2.9742 £250,
J, 2000 0 2300 2 0009 28,793 54064, B3P PVPE 13,4790 9. 1779 b6 4 1800,
Uedddd 1,900 27 ALNG LLwr, 37,6711 T4,36%0 12,4371 §,8618 1350,

U, 30 1, abud 26,6494 4197, 37 0634 4, 0406 15,1142 9, 6R42 1260,

G,3000 I LU 25,3939 3897, F7.50R% 14,7629 16,1198 10,9994 1170,

R T 1,200 24,3194 3597, 37,4446 15,0124 15,2964 12,9091 10840,

de a0y ¥, 900y Te10ud 23,3977 Jius, A7, 5686 75,2951 16,6870 15,5628 990,
de Yyl 0 edddu TLoundy AT, A28 2994, 3V, erev 15,6193 18,3557 18,5890 900,
J.d000 O o004 3, 9049u 16,6163 2698, 3F. 1666 95,9951 20, 395¢ T 0496 8410,
U H000 0, 2100 G,4501 b, 4354 2308, 37,0297 16,4415 22,9446 29,0454 v20,
[I I Gyddodg 0, 800u B,1555 2098, 36,3491 16,9793 Eh,Ldah 3P, 0368 6350,

%%%&ﬁﬁ??%ﬁW@W@%ﬂMMm@MMMM%&mwﬁ&%y@%%ww%ﬁ&%ﬂlMWmeWWMMMjmwﬂwoMmMWMv%mwﬁwb%Mm&mmwm
number and meter annulus Reynolds numbers, Re s and the theoretical value'for T, , T,, T; and Term 2 using the leakage theory for
Turbine Flow Meter Type B 2 ins. (50.8 mim) diameter.



P‘Fip@mdﬁusmEfiméﬁnm;Metmrmmsw23&0& mm; Hub radius = 9.944 mm: Axial width = rim; Bl = 10,16 mm: Tin radine =
GUORSs 9AS67IDEL =99 744 i, Axial width = 24.384 mum; Blade thickness 10.16 mm; Tip radius = 22.8473 mm

TIGEHE FLJD METER TYPE & £IniH “ HELICAL BLADE ANGLE ROTOR HELICAL PITCH=3,95964
Bloe RADIUS =  1,307%0 AETER RADIJS = §,9095 TIp RADIUS =  (,8995 HUB RADIUS =  0,391% ANTAL WIDTH=0,960

H)OUF BLADES =3,00) BLADE TRICKJESS =9,600 Hiy OF pICRUP =1,000 VISCOSITYLCENTY=-PUISEYs 4,00

EAVSRINENTAL VALJE THEUPETICAL VALIE BLADES THEQRETICAL ¥ ALVE (PULSES PER POUND)

. .0, b 4,0, RE =40 T T2 TIK/Q T3 PASS  RE
170405 2u, 5812 24,0004 IR57FS 1510056, 37,2356 B, Y TLD 0,3462 0,0242 53526,
17, 3e22 IR, 4924 23,00y 28,5314 T4at137, 37,2357 8,9806 0,3591 0,03%07 h3466329,
17 A6l QELID55 22,0009 26,5359 13534218, 37,2398 B,Y578 60,3755 60,0335 415732,
17,1140 26,0622 21,Un00 0 28,5904 1121299, 37,2296 H,9954 G,3934 0,0368 396835,
16,7101 2E, 424 29,900w 28,5961 i8530, 3v.2272 9,035 0,4130 0,06406 37TV R,
16,1160 2&, 73019 19,0900 ZH, 6020 1495661, 37,2246 9, u1éh 80,6348 60,0450 359041,
15,7954 2h,ada] T, u004 28,6186 T142562, 37,2217 g,u219 0,4589 0,0501 360946,
T5. 31419 26,311 17 0004 28,6159 1969623, 37,2184 9, 0323 0, 4859 0,0562 321247,
T ADG Te, 8327 16, U400 CEELAY60 1008704, 37,2947 Y, 0436 80,5163 0,06%4 302851,
T2, high 15 3984 15,0009 24,6341 D 37A5, 17,2106 G, U560 12,5507 0,0722 283456,
12 Mah Jh L3826 T4 UG 2HL6432 380466, 37,2058 9,0698 U, 5900 0,0324 2646557,
114189 Do, 2732 13,0009 23,6566 817947, 37,2003 9, 0851 06,6354 0,0969 25660,
IENRINE] 28, F175 12 00ey BEN S FEHRU2E, 37,1939 g,1022 0,6884 0,927 REGTHS
Tde P16l 28,0634 11,00 TEL 6414 492109, 37,1863 g,1217 0,7509 0,1%542 207866,

9.3159 b, ARG 10,0004 33,6949 A2VI60, 37,1772 9, 1440 0,8260 0,1624 188959,
o500t 25,0393 9,000 28,7135 566279, 37,1661 9,1700 0,9178 04,2006 TF007E,
L2649 28,7395 A, gy 28,7506 503352, 37,1522 Y, 4007 1,0325 0,8537 159175,
7.7114 2B, 5347 7, 0900 2R, ThGG 40 063%, 37,1344 G, 577 T, 18014 0,5513 932878,
P07 b, 371 Gy, 0N 2a,7a? Ivrata, 37,1106 9,2856 1, 3767 0,6590 113581,
Foletd 2E P 50000 2h,7%372 3146599, 37,072 Yy 1,6521 G,6496 Pa485,
Ge1a949 28,1499 IR 2B, P9 243136, 37,0550 9, 5794 1, 8356 0,8097 85056,
§.70%7 28, 9b64 Ly Y0 28,4948 2i1676, 37,0002 9,6728 2,0651 11,0147 75588,
S.7a3 2b,7473 3.0y 28,3511 2o0217, 36,9915 9,675 2, 3601 1,3253 66439,
305745 25,0444 30007 28,3533 TEA757, 36,9639 9, 5404 2, 7535 1,8039 56691,
S bhas 2R, 27E) 200 27,9600 1572948, B0, 4772 9, 6237 3.5042 2,5976 G762,
943141 28,7673 ERO LY 271917 1258%4, e, VFEE G, 0369 L,1508 4, 0588 3rioe,
by 3314 &, Ped Tou00u 24,9049 94379, 36,6106 9,9079 5,5069 Fo2ts7? 28ILH,
5.0785 2, 4356 1, 4004 24,2336 PELEY 36,5629 9L YhL6 5,9003 6,2833% 26656,
27291 28,0532 1,800 23,2607 $1795, 36,5040 G,Y947 6,3541 9,6067 L4564,
Uedago 0w 100 1,2000 22,3040 75503, 36,4439 10,0691 6, 8837 11,8745 22676,
0, 3900 Ue 3000 1,1900 20,3694 ATAR b, 5651 10,1106 T.5094 1546176 2OUTRY
3,0000 0, 47300 4,000V 1R, 1219 &2919, 36,272 10,1892 8,86046 16,2353 18897,
0. Tou 0,90900 D.930u 15,3375 56627, 36,1661 10,2653 9,1782 20,0435 Fro0v,
e 000 QL ua0y 30,8005 10,6248 503835, 36,0272 10,5603 10,3255, 25,3676 15118,
T 0udd O,0000 O, 200U 4,387 LhG63, 55, 8487 10,6704 41,8006 33,1332 15228,

W&%kﬁ%%@Th@m@WﬁmmWM&ﬁdmMmﬁMm%mmﬁmﬁhw@(ﬂmwrﬁm%%@@%wm%wuwﬁk&mmawdﬁwaﬂ%ﬂw%ﬁv
. ’ N o "

momber and meter annutus Reynolds numbers, Re - and the thoeretical value for T, T
Ty ool wr B g P o e " g pas s 4y
Turbine Flow Meter Type B 2 ins (50.8 mm) dianieter.

alues for blades Reynolds
T, and Term 2 using the leakage theory for



TABLE L11  Turbine Flow Meter Type C 1.5 ins (38.1 mm) diameter
T/RBIAE FLOW METER TYPE C 1,51NCH CONSTANT BLADE ANGLE ROTOR BLADE ANGLE=30 DEGREE

PLIPE RADIUS = 0,6487 HETER RADEYS = 0, 6687 Tip RARIUS = 0,654 HUB RADIUS = 0 2889 AXTAL WIDTHsO, 254

N+ UF BLADES =0,00) BLADE THICKEEDS =0, 015 HOOUE PICKUP =1,000 VISCOSITY{CENTI=PUISEYs 9,00
BAPCRTHENTAL VALJE THEIRETICAL VALY BLADES THELGRET D CAL VA LUE (PULSES PER POUND)

. "L, i M, 0, RE=0 Ty Té TiKéQ T3 PASS, RE
19,5950 B0, 45%0 24,0001} 30,2550 Tese0s, 30,5162 0, 5834 0,1289 04,0038 158795,
Td.3509 B, dA00 25,0001 L2590 118263, 30,5964 v, 3858 00,1346 D,0061 133011,
Y7 L0636 56,4547 2E 0000 30,2001 113129, 50,5125 0,53858 0.,1407 00,0045 §27228,
16,3857 3,240y 21,0007 30,2614 10797y, 30,5103 0,913 0,14674 0,00469 1214645,
15.395¢ S0 En3e 20,u0G) 30,2428 f024%u, 30,5079 0, 5944 G, 15647 0,0058 115662,
Thobi 0y GG, 2685 19,660 30, h44 9TE96, 30,5953 0, 597F 04,1629 0,0060 109879,
159166 30 a4 Ta,unD 30,2043 G2R54, 30,5084 U, kut? 0,1719 0,0067 106096,
12,0123 30,2953 17 U B0, 2685 B76Y2, 30,4999 G,4051% 00,1820 0,0076 Y8313,
TTebo2s 30,2954 T, gl MBI I adevu, 30,4954 D,6003 00,1936 0,0085 92530,
10,7904 30,8220 15,000 30,2739 FEI2E, CR0, 6918 G, 6140 00,8063 0,0097 BETP 4T,

9.9491 30, 52351 Th, 000 RIS 71946, 30,4965 0,6191 0,22%0 0,071 80964,
FT D AU, 3196 13,0007 39,2313 GOBLG 36,6810 0,6248 G, 2381 D,0929 75180,
B.250% Bl 3370 (PR ] 33,2761 §1703, 30,6766 0.6312 0. 4579 0.,01%2 695897,
7Sy T 26,3917 11,0000 30,2018 S6%61, 30,4670 0,6385 0,2813 00,0180 63614,
504566 30,3530 10,0004 i, 2047 51419, 30,6579 U, 6468 0, 5095 g,u218 57831,
g Setgo? 36,3790 9, U0 SN 30ve LHETT, Fd o hhod 0,6565 0,5639 §,0269 520468,
oo S RT YA B0, 644 B, 9000 20,3177 L1935, Zh, b3ey 06650 0,5868 0,0341 Lbdsh,
b 2294 30,3306 Foulgy %0, 3308 359935, 20,6151 0,4518 G,6421 0,04665 L0682,
Swbtnk B0, 5549 U009 30,3475 30851, 30,3912 G, 6989 0,51%8 00,0606 346659,
5.2553 35526 S,U000 30,3085 25709, 30,3579 G.5210 0,6189 0,0673 28996,
& T6s B, 5942 L5000 30,3999 2R1%8, B, 5357 U, 5347 G,6877 ¢, 1078 2hUdh,
2obilok 30,9490 LNty 30,3943 20564, B, 30709 0,2509 0,777 00,1364 231%e,
L. 2097 303300 5,500 30,4074 17397, 30,2728 00,5706 00,8842 0. 178¢ 20241,
T.a516 A diad 3,000 U, 6189 154626, Bo, 2266 0,5947 11,0316 0, 2625 173549,
f1.5008 30,8942 2,90 30,4207 12855, 30,1579 G,6259 1,8%79 0,5493 Th458
ToPate 30,3155 2,undy 30,3994 10284, EQL, 0509 0,6681 1,56473 0,5457 11566,
T.04L47 5u,146%6 [ unt 30,2%41 PP, 29,8994 0, 7301 2, 0631 06,9702 B675,
UeliBs 311136 Fen 30,1941 T199, 29,8636 0,76863 &, 210% T.01%7 8096,
2.6938 29,5933 18000 30,1132 GOHG, 29 .78l 0,7643 &, 3805 1,2946 7518,
0,5683 28,6221 Tedhoy 30,3030 6170, 29,7240 0, 7846 2,8789 11,5159 6940,
0,650 26,2955 1,1000 29,3505 5656, 29, 6488 0,8076 22,8933 T:8040 65617,
d.0000 U000 T,0009 29,6358 $14%, 29 5579 0,8340 B 0047 2. 1828 5783,

Pipe radiug = 16,985 mum; Tip radius = 16.6141 mm; Meter radius = 16.985 i Axial width = 6.3754 mm; Hub radius = 7.3177 mm ;'mm@ thickness = ‘3&% T,



TABLE 12  Turbine Flow Meter Type C 1.5 ins. (38.1 mm) diameter
CUonRde  Ba%67iDpEL =00

TIRATHE FLOY ETER TYPE £ 1,51N0H CONSTANT BLADE ANGLE ROYOR BLADE ANGLESSZD DEGREER

PLPE RAGIUS = 6037 AETER RADIVS = 0,6687 TIp RADIVS = 00,6549 HUB RADIUS =  0,23889 ANTAL MIDTHeO 259

N UF BLADES 25,000  @LAJE THICKWESS 21,015 W0 OF PICKUP =1,000 VISCOSITY(CENTI=POISE)s 21,00
EXZERIMENTAL VALJE TAEIRETICAL VALIE BLADES THEORETICAL VALUGE (PULSES PER POUND)

i eC, ! ML E, RE=10 T 12 TIK/Q T3 PASS ,RE
18,4483 31,5132 24,00y 51,3464 5904, 31,7396 0, 8527 0,4305 0,0210 6609,
1746547 31,2494 23,900y 31, 3498 5655, 31,7478 0. 8643 0,4492 0,0229 6334,
17,0037 39,2437 22,9000 31,3537 5412, 31,7958 0,8768 0,4696 0,0250 60505,
16,0560 31,3344 21,0000 31,3581 51646, 31,7837 0,4900 0,4920 0,0275 5783,
15,6479 31,5815 20,0000 31,3632 4929, 31,7313 0,90643 0,5166 0,0303 5508,
15,4770 31,3564 19,0000 31,3691 G676, 31,7747 0,9197 0,5437 0,0335 5232,
16,4675 31,5314 14,9000 3, 3759 G424, 31,7757 U, 9364 0,5739 0,0374 4957,
Tho1756 31,4390 17,0909 . 31,3356 4132, 39,7725 0,9545 0,6077 0,049 4682,
1307093 31,4395 16,0004 31,3929 3936, 31,7544 0,9743 0,6657 0,0475 44606,
151295 31,915 15,0000 31,4935 3497, 31,7666 0,9960 0,6337 0,05338 4131,
12,6554 $1,4321 14,0030 31,4160 3444, 31,7599 1,0200 0,7379 0,0618 3855,
12,9114 31,5112 13,0090 31,4306 5194, 31,0546 1,0468 0, 7947 0,0797 3580,
11,4793 31,5172 12,9000 31,4480 2952, 31,7480 1,0768 0,8609 0,0841 3305,

- 11,4223 34,5143 11,0009 31,4687 2704, 31,7606 1,1108 0,9392 0,1001 3029,
2 10,0128 39,5934 10,000u 31,4935 2660, 31,7313 1.1498 1,0331 0,121 2754,
9.0111 59,5781 9,10y 31,5234 2214, 31,7202 14,1951 1,1479 0,1695 2476,

C 101 31,6015 3,40000 31,5597 1964, 31,7063 . 2457 1,2914 0,1892 2203,
7.0011 31,0537 7,909 31,6737 1722, 31,6386 1,5934 1,6759 0,26472 1928,
6.1250 31,0427 6,009y 31,6564 16746, 31,6546 91,5937 1,7218 0,3364 1652,

5. 0011 31,0776 5, 000U 31,7161 1230, 31,6313 71,4970 2.,0662 0,4866 1377,
45941 31,0931 h, 500y 31,7457 1107, 31,6091 1,5%611 2,2958 06,5981 1239,
bat122 31,7754 4,000 31,7733 934, 31,5813 1,669 7,5828 0,7569 1102,
5.5110 31,7141 3,30490 39,7803 861, 31,5456 41,7254 2,9517 0,9886 964,
500187 31,7024 5,900 31,7541 738, 31,6980 19,8419 3, 6437 1,3656 826,
2.511¢ 11,6476 2,500 31,0561 615, 31,6313 11,9579 6,1324 1,9377 688,
2.0123 31,5199 2,0004 31,2436 49¢, 31,3513 2.,1858 5,1655 53,0276 5§51,
1.31238 30,6755 §,5004 30,1934 569, 31,1546 2,4757 6,8874 5,3825 413,
1.4163 36,0177 1,600 29,7658 344, 31,1170 2,5517 7,3793 6,1789 386,
Te1510 29,4526 1,48000 29,2968 320, 31,0521 2,6362 7.,9470 7,1660 358,
0034t 25,7974 1,4000 28,4059 295, 30,9980 2,731 8,6092 §,4101 330,
0423060 0.0990 1,100 27,6066 271, 30,9222 2,5387 9,3949 10,0087 303,

Pipe radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius = 16,985 mm; Axial width = 6.3754 mm; Hub radius =7.3177 mm; Blade thickness = 381 mm
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TABLE L 13 Turbine Flow Meter Type C 1.5 ins. (38.1 mm) diameter
GoORsy  JFa867(DEL 1=0)
TIRSIAE FL AETER TYPE ¢ 1,518CH CONSTANT BLADE ANGLE ROTOR BLADE ANGLE=30 DEGREE
PIPZ RADIUS = 12,6037  HETEK RadIYS = 0,6687  TIP RADIUS = I,56541  HUB RADIUS = 0,2881  AXIAL WIDTH®O, 254

N1OJF BLADES =6,000 GLADE THICKHESS =7,01% do OF pICKUR =1,900 VISCOSITY (LENTI=POISE)m 47,00

EXCEXTHE {TAL VALUE THEIRETICAL VALUE BLADES THEURETICAL VALUE (PULSES PER POUND)

: Myl q 1,C, RE=ND 1 T2 11K/ 3 PASS,RE
14.5755 31,5961 24,000 52,0149 2638, 32,7492 1,1337 0,6554 0,0560 2953,
17,9554 31,0431 235,000 12,0103 2528, 32,7474 1,1512 0,6752 0,0610 2830,
174717 31,6453 22,0000 32,0055 2418, 32,7454 1,1700 0,4908 0,0667 2707,
16.715¢ 31,7113 21,0000 32,0004 2308, 32,7433 14,1901 0,5205 0,0732 2584,
16.1259 31,7509 20,0009 31,9950 2199, 32,7409 1,2117 0,5465 0,0807 2461,
15,8431 31,0742 19,0009 31,9491 2039, 32,7588 1,2350 0,5752 0,0894 2338,
15.221% $1.4528 15,0004 31,9427 1979, 32,7353 1,8602 0,6072 0,0996 2215,
1403509 31,7758 17,0000 31,0757 1869, 32,7321 1,876 0,6429 0,1117 2092,
13.438¢ 32,0156 16,4000 31,9679 1759, 30,7284 51,5175 0,6831 0,1261 1969,
1204788 31,9223 15,0000 31,9591 1649, Te,7248 1,3503 0,7286 0,14635 1846,
11,3754 31,8610 14,9900 31,9448 1539, 32,7195 71,3866 0,7307 0,1647 1723,
11254 31,4909 17,0000 31,9%47 1429, 32,7140 1,6271 0,8407 0,1990 © 1600,
10,669 31,3960 12,0000 31,98 1319, 32,7075 1,4724 0,9108 0,2242 1477,
109509 31,9370 11,0090 39,9130 1299, 32,7000 11,5239 0,9936 0,2668 1353,

9,312 32,1245 10,0004 31,8782 109, 32,6909 1,5828 1,0930 0,3228 1230,
ALY 51,7 33% %, 0900 34,8443 PR, 32,0793 1,6514 1.2144 0,3985 1107,
9. 6450 31,9332 2,003 31,7954 879, 32,6657 1,2326 1.5662 0,5044 984,
Y. 3089 32,0452 7,000 31,7205 769, 3¢,6489 71,8302 1,56%4 0,6588 861,
d.5u81 3¢, 0642 6,0094 31,5977 660, 32,6242 91,9515 1,8216 0,8967 738,
73132 52,5713 5,007 31,3730 550, 32,5009 2,1076 2,1859 1,2912 615,
7e3348 Ve, 5268 G503 31,1949 495, 32,5087 2,2046 2,6288 71,5940 556,
700003 32,5232 4,109 30,9367 440, 32,5409 2.3191 2,7%24 2,0175 492,
503025 32,2415 3,300 30,5154 355, 32,5052 2,46575 3,1228 2,6351 431,
8.312¢ 32,1519 3.000 29,3551 330, 32,4575 2,6291 3,6432 35,5866 369,
6043y 31,9147 2,500 28,7482 275, 32,5909 2,8499 4,3719 5,1667 308,
5.Bi46 31,2615 2.,U004 26,5569 220, 32,2009 5.1490 5,6648 86,0699 2466,
Sc01ek 31,9349 1.5009 21,4770 165, 32,1262 3,5673 7,2865 16,3464 185,
§,4U938 31,6613 1, 4909 19,7123 154, 32,0760 3,7021 7,8069 16,6691 e,
hedndd 31,0392 1, 5000 17,4989 163, 32,0247 3,8299 8,6075 19,1008 160,
4,178 30,4308 1,8000 14,6759 132, 39,9575 3,9734 9,1081 22,6163 148,
5.729% 30,3453 1,1909 11,2046 121, 31,8818 4,1%60 9,9361 26,6772 135,
3.3490 29,7948 1,0900 . 6,1140 110, 31,7909 L,5225 10,9297 32,2795 123,

Pipe Radivs = 16,985 mm; Tip radius = 16.6141 mm; Meter radius = 16.985 mm; Axial width = 6.3754 mn; Hub radivs = 7.3177 mm; Blade thickness = 381 mm



TABLEL 14 Turbine Flow meter Type C 1.5 ins (38.1 mm) diameter
GaORSe  da507fDEL =02

TIRGINE FLIJ HETEA YYPE € 1,5040H CONSTANT BLADE ANGLE ROTOR BLADE ANGLE®3( DEGREE
PLIE RADIUS = 31,6637 METER RADIUS & 10,6687 TIp RADIUS =  0O,06041 HUB RADIUS = 00,2881 AXTAL WIDTH=O 259

b 0F BLADES ma 000 BLADE THICKHESS =a,d15 HO 0F PICKUP =1,000 VISCOSITYCCENTI=PUISEd® 71,00

BACERTIMENTAL VALUE THedRETICAL Yay s BLADES THEORET!I CAL VALUE (BULSES PER POUNDY
i R i M, T, RE=NO T4 T2 TiK/Q T3 PASS , RE
194364 31,3324 S DY Ae.end 1¥50, 55,3538 T.34602 0,8669 0,0788 1955,
Tadeduly 3, 4212 25, Ungy 32,1309 1677, 35,3520 1.3618 Q. 2785 0,0858 1873,
Tdolas? 31,4524 ad g 32,1625 1604, 33,5590 T, 3B49 0,802 0,023%8 179é,
TP P32 31,4723 21, H000 321404 1531, 35,5479 1:,4096 d,. 5050 0,0029 1710,
1720 3. 4366 EAVIRS D ITRE 32,1162 1459, 33,3455 1,456 U, 5203 0,135 1629,
Tae 3733 B L3343 10,4000 32,0194 1388, 33,3428 LT RN 0, 3371 0,125%8 1548,
153049 31,8724 14,0000 s, 0aul 1313, 33,3399 1,695%6 00,3559 G,1601% Thts,
Y5 %7044 31,3326 P00V 2,027 1240, 33,3547 T,929e G, 37468 0,1571 1385,
The 373 31,9715 Ta 000y 89,9001 1147, 33,3350 1,9659 Uh0046 0,1773 1305,
Th.11¢gs 31,3063 15, 0%00 31,9678 1094, 33,5048 11,6063 0,4271% 0,2018 122¢,
13,2028 31,4712 14,0064 31,3992 1021, 33,5261 1,6508 00,6576 0.2316 Ttad,
Th. 7017 31, P00 75,0009 B, Yegd Foh, 35, 5140 T.7005 0,4928 0,2686 1059,
Tewadth EAIP Y 12,000y 31,7845 B75, 35,5121 T.7508 0,5558 0,3153 9re,
14,918y 3, a55¢ 11,008y 34,6924 392, 35,8006 1,8194 0,5823 0,5752 894,
Tee3r0d 31,9747 T, 0004 31,5903 729, 33,2955 1,8918 D, 6606 0,6540 315,
e tl.%uzs 31,4714 @, 00y 314594 656, 33,2664 1,975y 0, 7118 0,5605 733,
= Tre1404d ARV EY S 3 Ua0Y 1. 8349 583, A5,2705 &, 0?54 g, 8007 G, 7093 652,
107044 1,937 L itfhyy 39 du533 310, 33,4586 2,1955 0,%15% 0,926%5 ‘ 574,
Tdeldeoy . 3 .Y 563 e U0 30,6909 638, 55,8248 23645 T.,0676 1,2610 £89,
Pei14f 3, 3419 G, UNGn 3O, 1240 585, 35,0955 e.u%68 1, ER12 $.895% 07,
Ry RN REIA RS B by D0y 26,6997 b, 33,1753 e.,035% Teh235 &,2418 367,
8,376 1. fGnY b, Uy 29,1157 292, BR, 1655 e Tes% T.6015 2,8%7% 326,
doe iS5G R Y 3,000u 28,2084 255, 35,1098 2.965%7 1,830 3,7059 285,
deboad 31 6%40 3,000 2E,9764 a4y, §3,0621 53,1785 2,13553% 5,0641 244,
1015 31,5255 2 B0 23467 152, 52,9955 53,4676 2.5623 F.2635 204,
FeOvl s e 3382 2, 0090 20,9543 V46, B, 0955 3, 8149 5,209 T1,34693 163,
Fa?i1% 314514 (PRI Tes4h98 Tav, S, 728b G, 5530 &, d706 20,1765 122,
Foobgh 3, 15586 T lelaud P.8309 T, 32,6812 4o b940 b,9756 23,1698 T4,
DR 36,9018 IERDE b Shin 85, 32,686% &, 6510 b, 92F6 26,8622 106,
G F154 30,3923 TedQui 1,5473 86, 3e,5621 hodg¥eé 5,5382 39,5258 @y

Pipe radius = 16.985 mm; Tip radius = 16,6141 mim; Meter radius = 16.985 mm; Axial width = 6.3754 mm: Hub radius = 7.3177 mm; Blade thickness = 381 mm
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TABLEL 15 Turbine Flow Meter Type C 1.5 ins (38.1 mm) diameter

GOORJIy  daS6Ty0EL

pedi

TILEINE FLJT 4ETER TY¥RE ¢ TS5 TA0H COUSTANT BLADE ANGLE ROTOR BLADE ANGLE=30 DEGREg
Piae RADIUS = 0,663 METER RADIUS =  0,6487 TIP RADIUS = 0,65%41% HUBE WADBIUS =  O,248% ARTAL WIDTHa0,251
HiOJF RLADES =a,009 BLADE THICKHESS 59,095 H0OF PIORUR =7%,000 COSTTY(CENTI=POISE) =T 70,00
EXZZRIHESYTAL VAL JE ThEORETICAL VALUE JLADES THE oR TIC LV oA LU E (PULSES PER POUND)Y
! Ayl o .0, =40 T4 T2 T1K/Q Ty PASS , RE
193152 et e 24,0000 3052 [TV 35,3098 T1,8714 w(,5553% G,0739 8§16,
13.%225 B R s B IATIY 32,4570 rou, 35,3040 190467 =0, 8858 0.0808 8e,
Td. b6 31,8713 PR AT Gd . B304 G569, 35,5060 T,.9402 w9164 00,0880 Fhd,
I AT 313381 21,0000 38 2TH7? 639, 35,3035 4,9 Fad =0, 9533 0,0965 b,
10.30746 31,3622 20, U0y 32,1551 &y, 35,8004 ¢, ute1 =, 9909 g.,1066 80,
LT AR 31,6011 19, UD0U 32.7366 574, 35,2908 2,0631 wi, 0312 0,1179 &46,
Th 2101 315101 Ta,uihey ERI R 548, 35,2959 2. 1107 w]  OTLT G, 1314 694,
13,5022 314011 17,0000 318692 517, 35,2986 2,162% mf 1295 0,%4735 578,
12.713% 31, 5947 16,0000 31,7515 87, 35,2809 2.,29914 =1,1721 0,1663 544,
T, 718 31,104 15,0000 31,5378 £56, 35,2848 d,¢813 w2265 G,189¢& 810,
Fueda)d Fu, 3501 Th& 0000 31,4277 426, 35,2800 2. 3499 =1, ER52 Q2928 476,
13,2202 30,6320 1,000y 31,2481 506, 35,2745 2oh2ak wl, 5681 90,2519 442,
. Yeavil 36,5315 12,0060 34.065%3 565, 5, 26481 2. 5128 b 41469 0,956 408,
da 25T 3u.1212 TT.Uu0vu 30,3143 335, 35,2605 2,6095% w6849 0,558 37,
Teledd 29,3311 1o, U060 30,5487 3N, 35,4514 2,721 =, 5560 O, b25F Ja0,
7.t ed 29,5313 QL. U006y 30,8403 E74 35,2405 2Lu507 “1,6238 0,5256 306,
G 314D 2y, 1314 S U0uN 29, 3784 2465, 35,2264 5,0060 =1, 6789 0,6452 2T,
G706 2E P52 TLUnyY 29,4692 13, 35,2086 3.18v0 =], F016 0,8488 238,
3. M1 2o, 3011 G, UNGu 28,9884 TAL, 35,9848 J,4985 =], 6473 T.1886 204,
bheluid ST 9 0J1 55,0000 23,5250 15, 33,1514 3.015%8 ad 6091 1,7029 170,
EIR AR A L &4, By 27, 9AL5 137, 55,129¢ 3, 8978 «1, 1452 2. 1023 153,
223235 26,9022 b4 UG 2T 6207 Ve, 35,1014 L, 1138 w (), GG 7 £,6607 136,
Fipe radius = 16,985 mm; Tip radiue = 16,6141 mm: Meter radius = 16,985 mm; Axial width = 6.3754 mm; Hub radius = 7.2177 mmnt;, Blade thickoess = 381 mm



TABLE L 16 Turbine Flow Meter ’ﬁ'ym E 1.5 ins (38.1 mm) diameter
COORS:  4a567}DEL 3=u)

THRaIuE FLOY METER TYPE B 1,50MCH CONSTANT BLADE ANGLE ROTOR BLAUE ANGLE®3Q DEGREE
Plog RADIUS = 0,667 METER RADIJS = 00,6687 TEP RADIUS = 00,6569 HUB RADIUS = 0,2881 AXTAL WIDTH=O, 259

Aagol BLADES 25,000 BULADE THICKIESS 20,015  NO OF PICKUP =1,000  VISCOSITY(CENTI=POISE)= 47,00

EAAEATEESTAL YALIE Tz DRETICAL VALJE BLADES THEDRET!ICAL VALUE (PULSES PER POUND)

! i I 4 L0, RE=40 T4 ; te TIR /g T3 PASS RE
1d.5¢5% IEIPREYY! 24,0000 32,3351 2645, 2X,0590 11,1570 U, 2161 0,0330 2953,
17,7558 51,9339 23,0300 b, 0721 253%, 35,0502 t,1746 0,255 0,0359 2830,
17. 7132 ISR 22,0000 32,0583 2624, 35,0552 11,1934 00,2357 0,039% 2707,
186717 $1,92486 21,0009 B2 adk 2514, 33,0551 17,4135 0,2469 00,0631 2584,
To.5%042 84,442 2iy, 900y 32,0075 220k, 33,0507 1,354 0,28593 G, 046758 2664,
Thetas0 31,3942 19,0760 32,3399 2094, B3, 0651 11,2584 0,28729 0,0627 2538,
13,3431 31, 4448 T4, 0059 31,9949 1Pk, 33,0651 1,846 0,288% 00,0587 2215,

CiB. et 31,4523 17,u00u 3 ,0702 1473, 55,0619 1,5110 @, 5050 0,0658 2092,
15,1415 31,4703 16,000 310672 1r63, 33,0352 1,3609 0,524% 06,0743 1969,
T3en170 31,7969 15,000y 31,9215 1653, 33,0540 1, 8737 G, 5657 00,0845 1846,
T3, Yau9 31,7754 T, 0000 31,8926 LEIA 35,0293 11,4700 D, 3704 00,0970 1723,
146948 31,9325 TR U000 31,4507 1433, 33,0254 ,56505 0,3949 0,125 1600,
11,2421 32,0324 P2 ,8006Y 31,306 13522, 33,0174 1, 6959 D, 4324 00,1320 147F,

o T irs4 31, 34610 11,0000 31,7748 1812, 35,0008 1, 94673 0,676 0,1571 135%,
%) 19. 206y 31, 3004 13,000y 31,7228 Plie, 35,0007 1,6063 00,5186 00,1902 1230,
Lo 1. %060 31,3960 0, antu 31,6562 92, 32,9496 1,6748 G,5768 0,2348 1907,
Tde 5090 3t dave B,U00) 31,5749 BRZ, 3. 977 1,7549 0,6682 0,297 984,

Yo PR 31,7540 FLuniu i1, 4549 F7Y. 32,9578 1,853%7 0, 7408 6, 5881 841,

Y ihgs 3173106 6,000y 31,2954 661 32,9540 49,9751 04,8663 00,5282 738,

9, 35959 31, 2051 G UG 54, 3440 559, 32,9007 2,132 1,087 0, 7600 615,
G300 31,0342 by B0yl 30,3437 96, 32,8745 2, d2u1 11,1526 00,9390 556,
Folitd 31,3594 by Ui B0, 6159 641, 32,8507 ¢, 3427 11,8964 11,1884 L9¢,
Fudhis 3. 3142 Feaniy 30,2633 3o, 38,8154 2,689 1. 68468 1,5523 631,
G004 31,5311 3,009 29,7304 354, B2, 7H7h 26587 1. 7286 2.,1128 369,
37332 314512 2oangy 28,3590 EPE, 3, 7ou? 2, 8736 2,0743 35,0424 308,

Ge 3535 3h,0892 2, 0004 PV AATD 220, 32,6007 3 avev 2.5928 4,753%8 2L6,
hedi2d S0, 5156 1.5 100 2R B789 165, 32, 5460 3,611 53,6571 8,65%% 185,
G.1618 U, 9508 G400 24,6629 154, 32,3844 ¥, 7200 3.704% - 9. 7018 ire,
F.8553 30,3054 15001 &1, 251 145, 32,5415 5,8558 3,9890 11,4596 140,
37294 JuB453 EYATEY 39,3365 132, 32,2674 53,9973 hy 8244 13,2049 148,

Je 399 30,4548 11000 FF, 0509 121, 32,1916 4, 1600 by VS §5,7150 135,
S.tugd r AR YA 100 13,9248 110, Fe.1007 b, 5465 5, 1857 7 19,0151 T23,
28678 29,4655 0,900u 9, fer GR 51,9896 4, 5653 5,7699 2L, 6TSS 111,

3 b P & ¢ Sege ol . . C”"mi ;
Pipe radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius = 16.985 mm; Axial width = 6.3754 mm; Hub radius = 7.3177 mm; Blade thickness 381 mm
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TABLEL17 Turbine Flow Meter Type E 1.5 ins (38.1 mm) diameter

GUlRIs 245428 DEL 1=J)

s
Lid
EAS

T TWE $LOY GETER TYPE B 7,518CH CONSTANT BLADE ANGLE ROTOR BLADE ANGLE=3() DEGREE
PIPE RADIUS = 36437 METER RADIUS =  0,6487 TIP RAGTUS =  0,65641 HUs RADIUS = 0,p8819 ANEAYL HIDTHwO,25%

Mo OF BLADES =5 .00) BLAvE TolCLNESS =) ,095 NG OF PICRUR =9 ,000 VISCOSITYICENTI=POISEY= 79,00

SACERIDENTAL VALYE THEORETICAL VAL JE BLADES THEORETLTLC AL V& LU E CPULSES PER POUND)

i PN . . REwN T4 12 THK/ 4 T3 PASS , RE
19, 5da 30, 4547 Zh, BNy 1F3I9, 35,8568 1,2485 w(, P3G 6 0,0669 1955,
$7 6342 30,4350 23 000y 1666, 33,354 1. 2695 “, P57 0,0489 873,
16,5051 $, 9139 22,0000 1954, 35,3505 G,4920 @iy, 779 D,0834 1¥ue,
T, 0455 3Ue2346 21,un00 : P52, 33,3598 $.5160 - w0,B30% 0,0586 1790,
T4, 5494 56,5562 20,un0y 1h49 33,5640 41,5618 =, 8659 0,0668 1679,
13,928 Fiew 130 19,006 ) 1377, 34,5453 1, 5696 w9063 0,0716 1544,
(PN 30,8725 T4, 00 30,9164 Ti04, 33,5424 1,35997 w9462 0,0798 1444,
AR 314959 17, U0 3, 1754 1652, %5, 3%51 1, k824 w919 0,086 1385,
1Y, 6558 30,1654 16,0000 30,7244 1159, 33,3555 1, hhE1 ] B620 o,h010 13503,
TH.542% i, 0357 15,0000 30,6119 1047, 33,5513 41,5074 w1, 0971 0,1949 222,

“a 7319 29, 10119 Tu, Ua0y i, 4360 1014, 33,3205 1,9507 wf P59 0,139 1940,
Y, 0304 29,0919 13,9009 0, 3439 $hi, 33,5210 $,5990 =1, 4251 0,1530 1059,
FGU20 2y, 6551 12, U0 50,1325 Hay, 33,3146 11,6532 = 2V 6 0,1795% 9P,
Feduhd 29,1796 14, unny 29,9%6% o7, 33,3070 1, 7147 =4, 5821 O, R137 B94,
7Li93e 26, 1366 1O, U00 29,2310 Fah, 38,2050 §, 7851 1,475 04585 B15,
G 02y 254509 9, U0 29,5575 652, 35,2808 1,670 LEEYEY 0, 5192 733,
ba254S 2R BTG4 B Uduy 29,2252 580, 33,2750 11,9658 w] HHOD 0,4040 452,
5. 3250 2o HIGT P00 Q8L 35AT 507, 33,2599 2.0806 -4, 7TB&Y 0,5276 570,
deat7u 25,9290 by 2,465 435, 53,2813 &4,2255 1, 8810 0,7982 LBY,
1146 2T PGS 5, 0007 27,3398 a2, 33,9950 2.6120 “f, 9124 1,0362 07,
4.5562 2T, 3350 GeBanY 2FL5916 326, KIS VY 2.,5278 ol , 8696 12767 347,
Gy G Y 272876 hauliGy 27,1238 290, 33,1430 2.6647 wh , Ph42 1,6159 igb,
3. 33%0 27,1356 3,000 26,7060 254, 38,1128 2,8299 al  bbh7? 2,1105 286,
0. 0300 Uy 300 3,u000 J6, 2678 217, FE, 06466 35,0349 wit, GHG S &, 8726 2hb,
PRI B,97300 2on0gu 25,8744 181, 32,9080 3, 2987 0,3197 4,1366 206,
GeNUGY U, 3304 2,000y 25,7536 145, 32,8980 3,6560 2,9754 b,6635 163,

Pipe radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius = 16.985 mm; Axial width = 6.3754 mm; Hub radius = 7.3177 mm; Blade thickness = .381 mm
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TABLE L 18 Turbine Flow Meter Type E 1.5 ins (38.1 mm) diameter
BASG6ZIDEL $=U)
TIRGINE FLOW NETER TYPE E 1,51H0H

PIAE RAQIUS = 2, 8337 AETER RADIJIS = 0 ,6687 TIP RADIUS

4]

) JE SLADES =9,00)  BLADE THICKHESS =),015 N0 UF PICKUP =1,000  VISCOSITYCCENT]=POIS 1E170,00
EXCERIMENTAL VAL IE TAEuRETICAL VaLIE BLADES THEORET I CAL VAL
: KPR i 0, RE =40 T T2 tikig 1%

19.5%012 30,5391 2h,U000 31,1045 726, 34,2584 1.7433 =1, 82490 G,1497
19,6101 39,6142 2E,u000 39,0413 696, 34,8500 41,8158 w2632 0,1%03
Td. "0 T 5451 EX SN 30,947% bt , b, dL36 $,8505 1, 3082 G.76425
14,2113 3u, 61052 21,0007 30,3462 635, 36,2444 1,H8876 w8563 0,1543
175090 0,611 20,000u 50,7564 &35, B, 2441 11,9275 wi hO77 0,1724
To.bus 3, 4020 1Y, unn 30,6172 575, 36,2414 1,970 w hE2T 0,1910
16,1122 3y, d10e Td, 0069 30,6970 545, B4 ,2345 2,017 wt 5215 0,2928
15,3014 3,411 17 ,U0Gy T, Bhb4 14, 34,2352 2, U677 w5865 0,2386
e, 8522 30,1311 T6, 0054 30,1173 454 34,2516 2.12306 =1, 6549 0,2693
Y4, da2d Py, FATY 15,0051 30,0155 456, 34,2274 2,1837 ot P37 0, 3066
15.01¢3 29,5411 Th Y 39,3701 624, 34,2286 2,2509 wf, o0 60,3548
1149501 29,3302 43,0009 2O, h035 393, 3, 2171 2,5256 wf, BB 0,46080
TYL251% 2833 PR 29, 3594 363, 6, 2107 2. 4L0G4 =4 ,9639 G,4788
oS30 FENCTLE 14,9004 29,3822 5%, 34,2030 2,5045 w2, 0466 0,5694
Yede1 s iy n312 14000 25,7652 303, 36,9961 2,6135 wd 25 0,689%
G, 0123 2o, 3021 G U 26,3997 272, 34,1829 2.7407 =3,1949 0,8512
Lo 5id 27,4702 B0y 2P,975% 2he, 36,1091 2L HRYY @ 226 1,0773
G014 27,5914 7aung 27,6106 FAFD Sh, 1512 L0707 wg 928 16071
S iaeh 2o, 3313 6,U0008 26,9067 132, 36,1074 3,4950 wd 0110 1,9952
G.0154 26,4418 5,ufud 26,2556 151, 34,0941 3,9536 S 251 2L,F5PY
4,291 25,4523 by afiG 25,9053 136, 34,0714 §,7628 w) FPBY 3,6068
35123 £33 2 Gy 300 29,6166 121, 34,0441 3,9745 w(, 16387 46,3002
0.00¢0 Gy 4300 L8900 25,3926 106, 34,0083 4,2302 T,84629 ,6284
e du0u U,uidn 30004 25,3913 a1, 35,9607 b, 94Tk 3,6389 PLH6609

WQQMQMS*!6ﬁ$5unm?h}m&mﬁm1@&hﬂynm;MewrmdmgwIéﬁ@ﬁmmmAﬁMIWMH1m637Mhnm;MMnméMﬁm73177n@nﬁhﬁ@ﬂmmﬁmgm381ﬂuﬁ

G.694%

CUNSTANT BLADE ANGLE ROTOR

HUB pADIUS = 00,2881

SLADE ANGLE=30 DEGREE

AXTAL WIDTHaQ, 251

E
U E  (PULSES PER POUND)

PASS , RE
816,
78e,
P68,
Fia,
680,
646,
G192,
578,
S64,
510,
L7,
G4d,
LO8
376,
L0,
Shé,
eV,
2%d,
B0&,
170,
185,
1856,
119,
102,



APPENDIX IT

The Sommerfeld Solution of the Bearing Theory

Load capacity of Sommerfeld equation under the action of load W the shaft of rotor
is displaced a distance of & from the bearing centre line. The Reynolds approximation for

pressure distribution on the bearing shaft is (Ref. 95%

oy w A
6n U.R o 44 he de B
L1 Do e e ;f S . aL1)
Cc® J o (1+ecosg )? ¢* (I1+ecosd)

&
{R P %{5{!

Fig. I1.1. The balance of forces acting

on turbine flow meter rotor shaft for

o

ong bearing theory.

.
L
9

g

3
= e
T

he viscous fluid acts around the shaft and is directed to its centre. The equilibrium

T
5/ L*Rsinf d6.p—-Wsin®d =0 {1.2)
/
o
exid
f L¥Rcosf df .p+Wecos @ =0 (113}
J
¢
Differentiating of ({1.1) and substitution in (I1.2) and (I1.3) gives:
. 2% v o ) 27 o
1in / cos6 dé e s cos ¥ i
Wsin @ = / —— — /] ~ dé
c*2 (1 +ecosfy ¢ / 1+ecosh
] ]



R €
Wsin® =247 .nL* (— ) 7
(- €2)2(2 +¢?)

The W cos 6 can be also calculated on the same way

W= [(W cos ®)* + (W sin ¢)* 1%

With substitution of (J1.5) and the equivalent equation for W cos @ into (I1.6) is

14
W = 24, gy BnL* {(—)*
* (1 -

The journal friction force (Ref 96)

e
77 ) TXjL*Rdo

Fj = n2r.n.R.L*(—) -

Bearing shear stressis

T h dp. 2 Ran

2R d&  n

Bearing friction force becomes

&
Fg = 2nR.qL* (=)
R %

¢
[
e
(£33
—

The bearing torgue will be (1.1 1) subtracted by (I1.9) muitiplied by shaft radius

(1L.5)
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Yelocity Distribution in Tip Clearance Area

The friction at the blade tip imparts a tangential velocity component on to the fluid
in the tip clearance. For calculation purposes the blades may be replaced by a rotating disc.
The angular momentum of the fluid in the tip clearance is dependent upon the ratio of

tangential to axial velocity component. The basic equation for the sbove motion is

Prandtl’s boundary layer equation which is the simplification of the Navier Stoke’ s equation.
This is valid provided the ratio of tangential to the axial velocity is not very high. The

typical velocity profile of such a rotating body at the blade tip exhibits a twist from axial

to tangential direction. Therefore, the velocity will not only change the magmi%zg% but
also the direction of the flow between the casing of the rotor and the blade tip. At the
blade tip the velocity is in the tangential direction only because of the {riction between

the fluid and the blade tip. Therefore, the angular velocity component of the blade tip is
w, as it has no axial component. Qutside the boundary layer the tangential velocity approach
approaches zero and the absolute fluid velocity is the local axial velocity, u. Thus the
reszétgzzi velocity component has a continuous change in direction until it is codirected to
the axial velocity.

In the axial direction the Prandtl boundary layer equation of motion is:

Bu 3y Udyu vidr 1 a7, ,
e + W — g -+ e + i — ig;;é
ax 3z dx rdx P 9z

in tangential direction

av v u.v dr i ar,
7 - + oW B e s e — fii.2
ax 3z T dx I at

du uar IW
—_— 4 e e = (O Hi.}a
ax TOX 57



in x-flirection

udu v? dr ay dy 3%u
R o e = [ —— vy 1ii.2a
8% rdx 3z dx az%
in tangential direction
du uvdr W3V 3%v )
u — + =y [Ii.3a
3% dx 3z or?
Within the boundary conditions
z =1 u= 0 1. 4
V= Vp T rw w={ 1.5
z=r-8 u=U vy= Ii.6
=7 u=1y iy

The momentum equation can be applied in the axial direction at the tip of the blade,
so that the integration could be changed from z = Ty toz = rand reversing the condition
fromz = rtoz = 1, — & which is outside the é@ﬁégy Ea%fez“ to the *ﬁg of the turbine
blade. Integration of the equation (IIL.2a) and IIL8 considering the continuity equation

(I11.1a) and shearing stress gives the momentum equation for the meter cascade.

P T -y
&gf’éx ﬁU L § i; - a T .
T FE § - Frg. +BE YA o e (112470 =
U-—— + U — Qiggt8%)+= — (Ulvg * Vo vpy) .9
dx dx roax P
r N o
g B f ra Efi “ N E ‘2/ B ﬁ 1 | }
bp*= [ (-=)dr  wy*= [ —(1-o)dr 10
/ U * S U ]
T, T
£
r tp —B8
) u U . 7 u u 7
= / -3 d % = e ==} G I I
?E%Xi /f ';{%\1 M}S} ar ?'{%Xg gja\} - ’ 4 ar ?,ai Ei
Iy r
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The velocity distribution in the meter axis at the blade tip is
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APPENDIX IV
Yelocity Measurement using the Conventional LDA Systems

The LDA method has been intensively used in the measurements of velocity in-
various fluid conditions. A considerable number of optical set-ups have been developed
in which three components of velocity are able to be measured simultaneously. However,
the principle for LDA systems is rather straightforward and can be summarised as follows:
{a} Doppler Shift:

For moving particle illuminated by a plane electromagnetic wave, the scatiered wave

has a Doppler 3hift ag (Refl 103), {see Figure 2.

Ay =1, (t—3)/2=2U,.sina/2

Fig. IV.1
5
é;/ i3
==
|
g}i%\\ﬁ T
oA T
\\%

where u  velocity vector for the moving particle

Typical number mav be seen in Table IV. L.

Table IV.1 a/2 %z;!%& fora=.6328um
Forward scatter 0° 0 MHz/(m/s)
Typical LDA  5° 0.27 MHz/(m/s)
Backscatter  90° 3.18 MHz/(m/s)



(b) Most common systems (Ref 104)

(i) Reference beam

vy = Vg “I“—]} . (g_““_%),/‘}\

vy =¥
ﬂi\ék Referensemg,i z o

Avg vy — Vg m§~(§"§§}/l}l

Scattered and s, have no doppler shift. Therefore beating s, and scattered from s, and

scattered from 8, and scatfered from s, are identical.

(ii} Crossed beam system
Vy g +g . {}; “*ég }/?&

b Bpg TULIT —8
ncident beam v2 = o (r —s,)/n

= 'Tf Ave =u.(82—581)/A
5 e Detecing

<= ——-_-1
i

8]
EE

Incident beam

(iii} Dual scattered system
ViF vy %“5 . {};;W_S__z :):’i}\
'!f‘ Vy = Vg ’%g.{igwé;}x}\

Iz N

: &K;g ﬁg.{zj -—ig)/h

All Ave = 2uy sina/2 » d

The above systems are basically “beating’ two beams where one or both have been
doppler shifted to isolate the shifted frequency, (¥, ), and hence to evaluate the velocity

information of the particles in the fluid system.
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{c) Signal processors

The typical signal in IDA systems is plotted as follows (Ref. 104)

Fig. IV.3
Pedestral
frequency
/ Doppler
E® . \
Fower ; k\* Noise
freq mncy ™ . o - T

o

Fig IV4

{Intensity}

|

{
j % - ¢ {time)

Figure IV.3 shows a typical LDA signal displayed in frequency domain. Figure

1V.4 shows the ideal optical intensity signal in 2 crossed beam system as one scatterer

passes through the infersection region.

(i) Spectrum analysis for Doppler frequency (Ref. 105)

Fig. IV.5
“Ideal” signal is laminar flow
Non-ideal filter A e

Broadening due to finite length of signal 8w D

Turbuient flow Ao T

where  Awp® +Awy® tAwp?=Aw

Consequently, the w 1, &ives the mean Velocity and Aw shows the intensity of turbulence,

provided the Awp and Aw 4 are known or can be estimated.

The typical results for w ; estimated by Goldstein and Hagen (Ref. 106) are listed in

Table IV.2.

Table IV.2 Transit time broadening

Laser line broadening
Brownian motion
‘5;{7

elocity gradients

Turhulent fluctugtions
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(i) Types of signal processor
{a) Special technigues
Spectrum analyser
Analog correlator
Photon counting correlator
(b) Frequency to Voltage Converters
Tracker (D/A converter necessary for assessment of computer)
Counter
Filter Bank
Direct to Computer
The special techniques do not give an instantaneous velocity value. Spectrum analysers
generally sweep through the frequency range of interest, displaying the frequencies present
as peaks on some types of display. Correlators do not operate fast enough to give a good
measurement when there are only a few Doppler cydes.
The tracker, counter, and filter bank, are all methods to obtain a nearly ‘instantaneous’
(dependent on the response time of instruments), conversion of the frequency to voltage.
A fast analog to digital converter with subsequent computer data processing ean also be used.
Since tracker, counter and photon correlator are the most popular systems engaged in

the LDA technique, and hence the comparison of them is summarised as follows.

Tracker Counter
Required S/N ratio Low High
Dynamic range (Frequency) Good Very good
Siew rate Goo& Limited only by process-

ing time (&> 1ups)

Capture bandwidth Limited Limited only by filters
Ease of use Good Fair
Cost Medium High

The information recorded in this list is estimated by using the instruments produced by

Thermo-Systems Inc.
Photon correlator (Ref. 107).
The photon correlator is basically the same as a standard correlator with a special input

section for pulse counting. The usual correlator has an A/D converter on the input and the

145



correlations are then made on the digital word. The advantage of using the photon corr-
elator is to achieve the velocity information while the scattered signal is very weak or
discrete. The major disadvantage of the photon correlator is the incapability of real time
velocily measurement.
(d) Data analysis
The choice of the best method of data analysis depends on many, often interrelated
factors, the single most important factor is the burst density.
Apart from burst density a few other factors have to be considered, they are:
(i) particle size (and number of density concentration)
(ii) spatial/temporal resolution
(ifi} photocurrent signal to noise ratio
(iv) signal processing method
{v} dignalvalidation method
(vi) type of information required
{i} mean velocity
(ii) fluctuation statistics
(i) Particle gize:
The larger the size of particle, in general, gives good S/N ratio, but the large particle
cannot follow the flow faithfully. Thus from Choa’s (Ref. 108) method the typical size

can be summarised as:

Particle Fluid Density ratio Diameter (um)

f= 1kHz 10kHz
Silicon Air 500 2.6 0.8
il
PVC H,O 1.54 16 5.0

(i1) and (iii) may be minimized by specific instrument characteristics. (iv), (v). The
correct selection of iv and v has to be done by considering the following points:
1} For high density burst:

The characteristics for high density burst signal is the output signal from a signal
processor is a continuous voltage. It may have some dropouts because of signal validation
circuitry. However, the dropout durations are usually short (< a few doppler cycles) so

the velocity changes very little during these periods. The processor signal contains noise

146



due to the random addition of multiple particle signals. This noise is normally dominant,
but in addition the processor signal will also contain noise where the input signal is a single
pure sinosoid.

Edwards (Ref. 105), has demonstrated that the frequency demodulation method has
little or no effect on the phase noise or the mean biases. However, in signal validation effects
can be more important in the high density burst situation. |

To obtain mean velocity information, the simple time average using a low pass filter
is the normal procedure for obtaining the mean value for almost all measuring devices.
However, for the fluctuation velocity spectrum, the phase noise or band width of photo
current spectrum of processor filter has to be known or properly set. As regards the
spectra, the phase noise spectra is added to the true velocity spectrum and it becomes
dominant at high frequencies where the velocity spectrum is falling off rapidly.

23 Low burst density signals

The typical characteristic in the low burst density signals is the output signals are
often discrete, and hence data biases occur due to:

number of fringes crossed

velocity

signal procesor biases

velocity (also significant for high burst density i.e. liquids) gradients across measuring

volume.

The methods of taking data are normally (Ref. 103) standard analogue techniques
when the signal is nearly continuous (Ref. 104), take individual data points as they occur.
At very low turbulence intensity, most data processing techniques give the right answer.
However, at very high turbulence intensity the method (Ref. 103) may work if signals
of interest are essentially continuous and {(Ref. 104) is necessary if at low data rates.

3} Remarks:

The above data processing methods are essentially a statistical representation of velocity
information for measured fluid. For a very high turbulence intensity such as the separation
of boundary layer or eddies measurements, the direction of velocity may be the major
interest to measure. In these cases, the discussed methods cannot provide the direction
of velocity uniquely. Thus, a frequency shift (wg ) needs to be imposed in the incident wave
before it propagates into the fluid. Subsequently, the detected frequency shift (w sd) in

comparison with (w ;) which has been detected without pre-shifted incident wave will
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give the direction of velocity in the fluid. The pre-shifted frequency normally provided
by inserting a scattering disc or diffraction disc (or Bragg cell) in the optic path. With

known direction of the disc the true Doppler shift may be obtained by

as well as the direction.
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Figure 1. Functional system diagram of test rig.
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Fig. 3 Vetocity diagram at radius r on elemental biade dr and the hydrodynamic forces acting on the

blade. In the case of friction—less fluid, the resultant force dR is perpendicular to the direction
of mean fluid velocity Vm "
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Fig. 4.  The influence of fluid friction and the flow characteristic in the turbine

cascarde. This friction caused a deviation in the flow in the blades traling
edgs in comparison to its leading edge.
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Fig. 5C.  The velocity diagram for tip clearance flow dependent

on angle of attack.

5Ci  The demonstration of the flow in tip clearance at a negative
angle of attack. The tip clearance flow dependence on the magnitude
of V sin « against v, which is either a co- oy counter dhiectional flow
refative to the main flow. The constant b ¢ a negative
angle of attack. The sigen of this ang’e wis dependent on the local
axial fd velouiv,

A R
S0 TOL0

§Cil The demonstration of flow in the tip clearance with a positive angle of attack.
In this case V sin & and v, are co directed therefore there is no back flow in the tip
clearance relative to the main flow.
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Fig. 10 Turbine meter assembly, consisting of turbine rotor with six blades, flow straightener, and a shaft with
a plain bearing. (Constant angle blades) Type ‘C” and ‘E”

Fig. 11 Turbine meter assembly, consisting of turbine rotor with six blades, flow straightener, and a shaft with
a plain bearing. (Helical angle blades) Type ‘A"
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Fig. 33 Research turbine flow meter with 3 constant bladed rotor and magnetic pick-up




Fig. 34 Research turbine meter with 3 constant bladed rotor (4 photocell and 1 magnetic pick-up)



Figure 35. Partly dismantled view of research turbine flow meter with 4 photo cell pick-up



Fig. 36 Pulses produced from research meter with 4 photo cell
pick-up correspondingschnidl-trigger signals (dots)

Fig. 37 Pulses from turbine flow meter with 4 photo cell pick-up
and corresponding schuud! trigger signals. Pulse 4th from LHS
insufficient to switch trigger
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Fig. 38 Pulses from magnetic pick-up of research turbine meter

Fig. 39 Pulses from magnetic pick-up of a commercial turbine flow meter
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Figure 42. Pump and drive unit (Kopp speed variator and constant speed A.C. motor) prior to connection to the rig. Temperature and pressure
protection switches are also shown
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The filter system which includes a By-pass for diverting the flow from the filter when there is excessive [ine pressure (g 110w rate)

Figure 43.
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Figure 44. Close-up view of the flow diverting mechanism
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Fig. 45. Pressure measure across the turbine blade and in upstream and downstream position of the rotor and far distance upstream
and far distance downstream position



Figure 46. Weigh tank, weighing machine, fluid sump, transfer pump and viscosity container.
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Fig. 47. Motor-operated pressure and flow regulating main and fine valves and flow diverter
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Fig. 50 Optical arrangement for vélo

city measurement through the research turbine meter
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Fig. 51 Electronic signal processing for flow velocity measurement in upstream and downstream position of the turbine research flow meter with LDV
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Electronic signal processing for velocity measurement through the wirbine flow weter with its optical arrangement




Axiolvelocity

8 y=12 ¢St
Ry © Waler
Upsiream

—-— Downstream

L. ' WALL

Fa

™
. © "0
Axial velocity component in research wrbine flow meter in upstream and downstream position

velocity [m/s] .

[

0 ; =
: iade

oy

Fig. 63,



(pulses/pound)

¥Flow rate (litre/sec)

1 2 3 4 5 6 7 8 g 10
- ! 7 T T T T T 1 T T
i1 o= 170 cSt
- e £ s 1) e 1y B e 1) e e L e 2] s £ S £ ey i e ) s £
40 TW e 8, 0, et 123 Y
‘ 1es
.39 v = 71 ¢S5t
I i AR A e e e e e e
v = 47 ¢St
. & A3 - g e iy By A Ay, T84
v = 21 ¢St
& @ & & & & & & G o & < & O
e A e A thfx ——x | 07
1+ 80
Type ‘B’
8 helically bladed rotor 27 inside dia.
(50.8 mm) A
78
- 35 .
-+ 76
flow rate
i L ! ! i 1 L | ! 1 4.
2 3 14 18 22

10
Q (lb/sec]

Fig. 54. The empirical calculation of T, = #{Q} for a commercial turbine flow meter type ‘B’. The value of T, has been calculated empirically
by the least square method for different fluid viscosity

{pulses/litre)



24

22

20+

18

16

14

12

10

T, (pulses/pound)

meter coefficient

1 | 1

1 2 3 4

T I T i I
5 6 7 8 9

Flow rate (litre/sec)

Fig.55.  The empirical caiculation of T,= {{Q) for a
commercid turbine flow meter Type ‘B".
The value of T, has been calculated empirically
by the least square method for different fluid
viscosity

Type ‘B
8 helically bladed rotor
2" inside dia.

(50.8mm)

54

50 -1

46 —

42—

flow rate

T, (pulses/litre)

Qrt

E

e I3 i
| ¥

12 16 20

bisec]



b 13

Term 2 (pulses/pound)

e

meter coefficient

-3

i

Flow rate (litre/sec)

30 -
Type ‘B’
8 helically bladed rotor
2" inside dia.
(50.8 mm)
26 -

18 .

Term 2 (fpulses/litre‘i

2]

flow rate
i i i I i i i

2

Fig. 56.

14 18 22

10
Q [ib/sec]
The empirical calculation.of term 2 of the main turbine equation for a commercial wrbine flow
meter type B. The value of term 2 has been piotted for various fluid viscosities



i

1 2 3 5 6 7 9 10
T T T T T - T
Flow rate (litre/sec)
12 —
Type ‘B’ 10
8 helically bladed rotor
2" inside dia.
(50.8mm)
- e
o
H
N
) 8 I
0
3
RN
=
[=3
° P
£ ?
= ¢
[0
B % vo=1 oSt N
£ o
3 @
. W E+
® v = 21 ¢S5t
-~ 4
A v =47 oSt
V v = 71 ¢S5t
o) v = 178 ¢St
,

flow ra:}\xﬁ -
T 7
2 4

10 1z 14 16
Glib/sec]

Fig. 57, The empirical calculation of term 3 of the main turbine equation for a commergial turbine flow meter
type B. The value of term 3 has also been calculated for various fluid viscosities

-



-

JUBITIB0D IBYBL

~189
40
E
2 ~487
£
3
39= 5
&
- -85
38~
—83
®
il =
37 =} £
/ e @
- Type ‘B .g —g1
8 helically bladed rotor R
27 inside dia. Ny
36 X 0O = 18 lIbfsec (B.172 litre/sec) 9
0 Q = 10 Ibfsec (4.54litre/sec) 7’
Aa = 7 iblsec (3.178 litre/sec)
&0 = 2 ibfsec (908 litre/sec)
35 77
Viscosity [ ¢St
L | I i i H b H
10 50 g g0 130 170
Fig. 58, The empirical calculation of T with variation in the fluid viseosity for various flow rates.



23

12

I % 50}
8 helically bladed rotor /

21 2" inside dia. '

' (50.8 mm)

54

44

1 B
o
g »
\ -
19
] (0]
112
£ &
g%rﬁ o~ f/
g B
8 32
5 /
E

<

T~

O = 18 1b/sec (B8.172 litre/sec)
Q = 10 lb/sec (4.54 litre/sec)
Q0 = 7 lb/sec (3.178 litre/sec) 247
Q = 5 lb/sec (2.27 litre/sec)
Q = 2 lb/sec (.908 litre/sec)
| 20
. A Theory i
Experiments
Viscosty (¢S,
- - ¥ ;1 I
20 60 100 140

Fig. 59. The empirical and theoreticd cdculation of T, in the main turbine equation with
variations in fluid viscosity and different fiow rgtes.

L d B

e

(pulses /1i

T.
2



Type ‘B’
8 helicaily_b!aded rotor
2" inside dia.
5 4.
' (50.8 mm) 71b/sec
4 4.
g
= o 10lb/sec
% g
£ | 3
H &
334
o 2]
1k
[}
o]

12

10

[

(pulses/li&;e)

0 18 1b/sec (8.172 litre/sec)
¥ Q0 = 10 lb/sec (4.54 litre/sec)
O = 7 1b/sec (3.178 litre/sec)
1-
: Viscos by ¢ &t
i i I I 1 1 1 7 T
20 60 100 140

Fig. 60. The empirical calculation of term 2 of the main turbine squation for various fluid
viscosities and flow rates.



e Experiments

e Theory
2 adhms
Type ‘B , 51b/sec
8 helically biaded rotor
2’ inside dia. e B

i}’b/seg i

101b/sec

i a
e e e g
101lb/sec

181b/sec
e ]
181b/sec
Viscosity {cSt]
— ‘ 1 ‘ ' ' ;
20 60 100 - 140

Fig. 61. The empirical and theoretical calculation of T of the main turbine equation for
various fluid viscosities and flow rates.



30~ o
M_’__qn»’ '_’.‘, }
e i = 3,‘7 h-tre/SGC
i 7 tbisec |
- <
— 0
27 10 Ib/sec (4.54 litre/sec)
/"”——"TM_‘-’—‘”MM_“—‘MWMN
s s —o
o e
29«5/ - P g 18 Ib/sec {8.17 litre/sec)
-3 Ll
/
~ .
4 o TERM 1+2
S TERM 1
p ——  Experiments
3 \ — — Theory
\
, N
R -
\ & - 18
™
\\ 16/s6¢ (8.1 p
— . tre/SS,C)

.

27+ \

\ % e (8., ~—
\ \ B . 7 /,;tre /S@C}
@

O
e N
o 3
& @\
| & \\
26 § \
2 . o,
\ /sec (4 f
i,
: NN 70 s~ &
S@c

251 \ c)

Type ‘B \ 5
8 helically bladed rotor fb/s@
2" inside dia. C13 7>
(50.8 mm) //}';..e
N e,
o
© /-.%;
24 4~ %x
&

Viscosity {cSt)

e 4

pulses/litre

A- {
2 I 60 1 100 i 140 ‘

Fig. 62. The empirical and theoretical calculation of TERM 1 and empirical calculation of
TERM 1+ 2 of the main turbine eguation for various fluid viscosities and flow rates.



1007

Load capacity W

=170
J

—150

130

1 Power Loss H
Load capacity W
| ”ﬁ;if” b “’W\ (=4 b S0 xmi

_..=‘I -
10 Setald

Power Loss H

70

i

I T
N 2 .3 WA 5 -6 7 .8 .9

Fig. 63. Power joss H and load capacity w for a central circumferential groove and a single
axial groove at the maximum fiim thickness Y )

-



Type B — 8 helical bladed rotor 2" inside dia.
(50 . 8mm)

0 = 18 lb/sec (8.172 litre/sec)
O = 16 1b/sec (7.264 litre/sec)
0 = 10 1lb/sec (4.54 litre/sec) 61
024 Q = 6 lb/sec (2.724 litre/sec)

sec

101b/sec

181h/se

Viscosity [cSt ]
T T T f i
20 60 100 140

Fig. 64. The empirical calculation of leakage ratio g for various viscosities
and fiow rates.




Correction leakage factor {volumetric efficiency)

r
!

957

Type 'B’
8 helically bladed rotor
2" inside dia.
(50 .8mm)
N = B 181b/sec (8.172 litre/sec)
] = N 3

lGlb/sec.ﬁ7.264 litre/sec)

_10lb/sec (4.54 litre/sec)

\w@

61b/sec (2.724 litre/sec)

Viscosity[cSt]

Fig. 65.

!
20

i ¥ " i &
60 100 140

The empirical calculation of turbine flow meter vo...netric efficiency for various fluid viscosities and flow rates




Gk
i & 0 e K leakage factor
0267 — e o = 9 leakage ratio
A 6 lb/sec (2.724 litre/sec)
& 10 o (4.84 litres/sec)
X {6 # (7.264 litres/sec)
918 + e {8 ~ (8.372 litres/sec)
Type B — 8 helical bladed rotor
2" inside dia.
~+7 (50 . Bmm)
.010 -
020 -
!l’ll!lll IZIH‘ | | AR R OO NS U O IO |
5 5
104 10 10

R blade

Fig. 66. The empirical calculation of leakage ratio and leakage factor for differing Reynolds number and various flow

rates and fluid viscosities.



di
Fig. 67. The ratio of axial force 1o blade radius (g'" ) against the local fluid velocity ratio {(u/U)
. F

dA , 4
80— dr ?O Ibg/in
+ 5
Type B
8 helically bladed rotor
' 2" inside dia.
70'“ """ “’:'/:}m v, = blade tip radius
V —+ 12
\E‘E
'S
50— K
S
—_ [@
50
+g




-

55+

5

aT Lok
af"rj‘*?O . fbf/in
Type ‘B’ 1/
8 helically bladed rotor
+ 2 inside dia.
YT r, = biade tip radius .
B i
e
“3 1 8
) L
<l
16
1 j ! a @ [ —
3 A 5 5 7 8 K

‘Fig. 68, The tangential force distribytion against tangential fluid velocity ratio



50— dL 10 togfin 6
ar Mgl
Type ‘B’ 4
8 helically biaded rotor
- 2" inside dia.
80“"" ry = blade tip radius REN7A
&
RNE|
70— e .
Rt
~J
Jls
607
+/0
50— 1
" E | [
;7 ' ’ 8 dL - .9 1 u/U

Fig. 69. The lift distributon to blade radius ratio (;" } against local axial fluid velecity ratio (u/U}
. i



-4
g.,..D.,‘XO !bffin - ,
dr Type B + &
8 helically bladed rotor
2" inside dia.
20" ry = blade tip radius
‘ 4+ 3
| g
15 s
SEA
10—
4/
5 —
l s & g
7 8 9 U

dD
Fig. 70, The drag force diswibution t© blade radius ratio (;““) against focal axial fluid velocity ratio (u/U)
v



Tieqr Libg inl. 1073
45+ dg
40 L R
R Sy 7
. T
5 S
£
>3
g
[+
[ .
NS
30 -4
Type ‘A" 14"
-+ 3
25 L
} } i R ‘
20 - ) 40 ; ! ) !

80 100 120 0 10 " Viscosity(cP)
Fig. 71 The bearing friction torque against the fluid viscosity with Sommerfield’s assumption
for heavily loaded bearing friction forge.



PO
fg o)
|
=]

Vo= 170 CSt
A v= 71

ey
L
A Y et = ]
T HeP A A 4
3 e 75 iy A
\:{1» o - o bl
oy b}
1 i 3 i i 4 | i { § i 1 | ! i I } 1
i |

O e <

v
!
1000 2000 3000 4000 Nirpm]

The ratio between the bearing friction torque of a turbine flow meter Type A’ and Type ‘C* with heavily loaded (Sommerfield’s

ssuraption’ ard lightly loaded (Petrov’s assumption) bearing friction forge respectively

Fig. 72.



357

34

33

32

(pulses/pound)

T
1
W
o]

29

{ad
=

1 2 3 4 5 7 8 9 10
T T T ¥ H T f 1
Flow rate (litre/sec.}
v = 170 cSt
- P bey) [ ) by he ] 3] i3 b
g iy L= g~ = Td Yd Td
v = 71 cht
| R A A A 7% F—T Y
v = 47 ¢St
o [ SN < L2 i & e 4 - e A iy
o
£
2 .
B &
»
g y = 21 &St
:‘:{ 5 A 3 3 4 & [T S o A 2 5. o
g
v = 1 5t
'y % iy 7 % % 53 % ¥ # %
- Type ‘T
6 constant bladed rotor
1%" insidedia.  (38.1 mm)
flow rate
i H ! g i ] 1 g g ] L
2 4 6 8 1o 12 14 16 18 20 22
Qllb/seq

Fig. 73.  The empirical calculation of T, of the main wrbine equation for commercial turbine flow meter Type 'C

The values of T, have aiso been caleulated for different fluid viscosities.

agee

78

74

ot
[

(pulses/litre)

b
1

1
68+

66

64



T2 {pulses/pound)

Flow rate (litre/sec)

Type ‘C’
6 constant bladed rotor
1% inside dia. . 7

(38.1 mm)

'_“ R
- v = 170 ¢St
i v e 1
- v = 71 ¢St )
) F—F—F—
[y [y fany 2, ti\ f}\ ék
p = 47 cét
© S o [ 0] 4 ) n
o y = 21 ¢St
Wh * & ) "‘( ¥ 6 : ¥ o /l I % PLN A N{‘ B aY Y . A
flow rate ; » = 1 ¢St
i ) i I i i I § ] A 1
2 4 6 8 10 12 14 16 18 20 22
Qlh/sec]

Fig. 74,

The empirical caleulation of term 2 of main turbine equation for commercial turbine flow meter Type C’. The values of term 3
have also been calculated for different fluid viscosities

14

12

1o

o

s

T, (pulses/pound)



Term 2 (pulses/pound)

0

14 16 18 20
' ! I I T T T T
12
10
8
)
3 2
S
43 ""““éx ) 1o
"
L S —— -2
i
!
1 g 1 i | g 3 ; i I s
2 4 & 8 10 12 14 16 18 20 22
Qllb/sec)

Fig. 75 The empirical calculation term 2 of main turbine equation for a commercial turbine Hlow meter type *C’. The value of term 2
has also been calculated for different fluid viscosities

Term 2 (pulées/lit:ce)



’ ' : I T T T 7
3 . Type‘C’
6 constant bladed rotor ~414
1%" inside dia.
(38.1 mm)
v
112
—1C
- A
=
v
v
. i -8
2 ot
=] \"‘
ke 8* wat gi
S 71 X atey o
a © | 4
a AV O v = 21 oSt é
3 x -
. A v = 47 5t = . R
- G
jo @
£
g v v = 71 &8t
& ¥
oA
3 b v = 170 ¢St
b4
v 14
. @A
*® V o a
oA
XGA ¥ =
x@ @ =32
,}( A ? ;
Q@ AV g
Q A v oo
Q é) % g Z Ll
o AR EREEEREEEE
2 6 10 18 22
' Qitb/sec]

Fig. 76.  The empirical calculation of term 3 of main turbine equation for a commercial turbine flow meter
Type ‘C’. The value of term 3 has also been calculated for different fluid viscosities



e R T B B, i [

fluid viscosity for various flow rates

- 35
:g Q0 = 18 1lb/sec. (8.17 litre/sec)
~
33 Q = 1l0lb/sec. (4.54 litre/sec) O
v _ . ~
\t? 0 = 2 lb/sec. (.908 litre/sec) 3
3\ ~
°
e 0
S 3
Type ‘C’ Q
5 6 constant bladed rotor
GEFE o -
i 1% mmdedla.(BS‘l m) S
3 —
4
i
Viscosity (cSt)
5 E ‘w ¥ . ® - H H ’ .,«4..,,\,.,.”; m.,
20 60 100 140 180
Fig. 77, The empirical calculation of T, of the main turbine equation for a commercial turbine flow meter type ‘C’ against

- . m%, T —— }-jw i

SO ST .

80

78

76

74

72

70

68



H

i

T

(pulses/1b)

Type C’ /

6 constant bladed rotor
1% inside dia. /

(38.1 mm) /

/// 0 = 18 1b/sec (8. 17
0 = 10 lb/sec (4.54
0 = 5 lb/sec (2. 27
o = 2 1lb/sec (.908
Theory
Experiments

viscosity (cSt)

Fig. 78

YT i T 1 :

60 100

1itre/sec)
titre/sec)
litre/sec)
litre/sec)

et e i Ot i

H

140

The empirical and theoretical calculation of T, of main turbine equation
for 3 commercial turbine flow meter type € against viscosity for different

flow rates

14

12

10



/m\ O = 38 lb/sec (8.17 litre/sec)
g Q = 10 1lb/sec (4.54 litre/sec)
0 = 7 1lb/sec (3.17 litre/sec)
l P
~
&
L &,
4 Y
{ ~3
NS('N \
o ¢
0 N NG
@ 3
&
2 &
3 A
Q
~ By
N £
%
§ \
Y
I~
....l e
By
PSSO
e A
-3
Viscosity (cSt)
T 1 i - “"‘f‘i‘ i I
20 60 100 140
Fig. 79. The empirical calculation of term 2 of main turbine equation for a commercial

turbine flow meter type ‘C’ against fluid viscosity for different flow rates



1.0

(W

0.

/

Type ‘T’ w
& consiant bigded rotor
1% inside dia.

(38,1 mm )

e = Caleul ated
Experiments

|

Texrm 3 (pulses/1lb)

Fig. 80, The empirical and theoretical calculation of tarm 3 of the main wrbine eguation
apainst fluid viscosity for different flow rates

N

o

Term 3 (pulses/iitre) .



74

72

70

68

66

TERM 1 (pulses/ib) )
34+~ =
E
el
a2
’ 8 s
o ‘\.,Né: ‘?(;C 5
- }Z'}; / é\\\\\‘\\!’} o=
// - TecT ~
33“ / £ /
/ts" / 2 M
B y // o \C‘
/,,,.-» /(?7/\“ \G
/ / /// N
/ ;
/B S /“‘“’“”‘“‘%ﬁc \z
I3 Ve o e
/ . / \\\
S o -
// oy _— s - ‘IO/SQ\
/, e .
]
TSI
/
/S
/)
/ Type ‘'C’
6 constant bladed rotor
1%" inside dia. (38.1 mm)
O = 18 Ib/sec (8.172 liwe/sec)
Q = 101b/sec (4.54 liwe/sec)
G = 7ib/sec (3.17 liwre/sec)
i e § HGORY
et BXPETIMENS
Viscosity (eS¢
e 2 e e e e e e o i
60 100 140 180

Fig. Bla  The empirical and theoretical calculation of TERM 1 of main turbine equation
against fluid viscosity for different fiow rates




TERM 1 + 2 {pulses/pound)

-

71
: ___ 18 1Ib/sec (8.17 litre/sec)
8
£ 170
=
g
=]
2
o~
+
; o
L
’ 10 :
tb/s ,
\\‘ Wsec)
‘ 168
\\\ |
\\ 7“)/386 (3'17'_ A67
\MW w.w..'.ﬂewf_sff.} e 5 i
Type ‘C’ 1%” . i !
ype ) R AVA ol '
FACISTRVERSIS RS ; 3 %
. i | 40
§ ‘ 6§0 100 !
20

i i id vi ity for different flow rates
lculati f 1 of the main turbine equation against fluid viscosity for diff §
ig e empirical caleulation of TERM 1+ 2 of th
ig. 81b. ir T :



< 181h /Sec
mlb/&'ec
h Q = 18 1b /sec (8.17 litre/sec)
A Q0 = 16 lb/sec (7.26 litre/sec)
QO = 10 lb/sec (4.54 litre/sec)
Q = 6 lb/sec (2.72 litre/sec)
0/
3 , 6/580
’07.” ’ ’ | 6
(é/&ec
Viscosity [¢5t]

' ! ] ] i ] y
20 60 100 140

‘Fig. 82,  The empirical caiculaton of !eakage ratio g against fluid viscosity for a commemiai wrbine
filow meter Type ‘C’ .



(7.26 litre/sec)

. A &; .
diO p {(4.54 litre/sec) Wﬁs‘@ﬁ‘
. .‘s.,.::.....__‘
5 Vi (2.72 litre/sec) """"M:N%—:Q

-

Type C
B constant bladed rotor
12" inside dia.

i ] TS | i R B 1 y

(I

!

10

'3 | | A

10

Fig. 83 The empirical calculation of leakage ratio, g, against the blades’ Reynolds number for different fluid viscosities

Re blade



Type 'C’
6 constant bladed rotor
1" inside dia.

18 [lb/sec]
10 z
Q) #

Cs

{8.17 litre/sec)
(4,54 litre/sec)

(2.72 litre/sec)

i 1
10 | 10

Fig. 84 The empirical calculation of leakage factor, k, against the blades’ Reynolds number for different fluid viscosities

@ blade



&
9]
o1

Correction leakage factor (volumetric efficiency)

7-g+1<fQ

b /SEC 7N

Q0 = 10 lb/sec (4.54 litre/sec)
Q = 6 lb/sec (2.72 litre/sec)

Type °‘C
6 constant bladed rotor
1% inside dia.

16 IbISEC
<8 16./58C

© @

3 I I T 1 | f
20 ‘ &0 100 140

Fig. B8 The empirical caloulation of volumetric efficiency of a commercial turbine flow meter type ‘C’ against Huld viscosity



/ 5500 rpm o

50 ~1 . -4
T r.(lléffn)»fa /“'*“

——D
pog0 IR

. Y -5

o
zéO@E’i’l///m

30 .

20 .

500 rpm —1

— 7

10

Viscosity {(cSt)
| I I ! I ] ! ]
30 70 11¢c 150

Fig. 86. The calculation of bearing friction torque for a lightly loaded twrbine flow meter
type ‘C” with the Petrov assumption against fluid viscosity




Angle of attack {degrees}

Fig. 87. The variation of angle of attack ¢, within
different types of blades

constant bladed angle rotor

e helically bladed rotor

Roboy

—

Ratio of Radial Position r/r({
i i

4 2 3 b 5 5 J .8 .9 1



meter coefficient (pulses/litre)

I f I 1 " ¥ T | |
Flow rate (litres/sec)
-85
Turbine flow meter TYPE B
© Exporimental value
e Calculated value
p=47 ¢St
2T o [o]
o
oo 00 0 0009 °p 4 a o
o oo 2] o%¢o 9%, 0 ,
— 63
[+] ]
Figure 88.  The comparison between the caleulated result using the leakage
theory and the experimental results for a turbine flow meter with
a 8 helically bladed rotor. The operational blades Reynolds number
28 e for flow rate between 3 to 20 1b/sec. was 4000 10 26700
respectively. '
= — &1
=
j=3
5]
R
g
=
=
o O
27 -
. — 59
Flow rate Q [pouads/sec] gig
1 { ] i ‘ ! i
2 4 6 8 10 12 14 16 i8 20
1 2 3 7 g
I T T ? ? & 1 T
Flow rate (litres/sec)
Turbine flow meter TYPE B i 65 '
©  Experimental value
wwmmmsn Cplculated value
y= 21 5t
25
]
o (4] o [¢]

Figure 89.  The comparison between the calculated results using the leakage

theory and the experimental results for g turbine flow meter with a

8 helically bladed rotor. The operational blades Revnolds number

for flow rate between 2 to 20 Ib/sec. was 6000 to 60000 respectively.
28
2? -

Flow rate Q [pounds/sec]
2 4 6 8 10 12 14 16 18 20
i i I H i H i i | ——

g [pulses/pound]

63

61

59

meter coefficient (pulses/litre)



29

28

27

29

28

27

[pulses/pound]

n
Q

meter coefficient

Turbine flow meter TYPE B
& Experimental value
s gloviatod valueo

v= T4 B¢

Vigure 90.

" bladed rotor. The operational blades Reynolds number for flos

Flow rate (litre/sec)

{
[o3)
o

The comparison between the calculated results using the leakage th
and the experimental results for a turbine flow meter with a & heli

between 2 to 20 1bfsec. was 1700 to 17000 respectively.

Fiow rate Q [pounds/sec]
f H 1

8 10 12 14 5 i8 20

Turbine fiow meter TYPE B ' —

& Experimental value
s (ploulated value

p= 170 <5t

meter coefficient [pulses/pound]
Q

Flow rate (litre/sec)

[e)
o

The comparison between the calculated results using thel
theory and the experimental results for a turbine flow
2 § helically bladed rotor. The operational blades Reynolds nu
for flow rate between 4 to 20 Ib/sec. was 1500 1o 7500 respec

ZE Y

ient (pulsesflitre)

s

Flow rate Q [pounds/sec]
8 10 12 14 i6 18 20

i i




92

88

86

B 1 2. . N 4 . 7 - 8 .:} .
— o‘, R Tt f e Sy o
42 4+ T ° Flow rate (litre/sec)
o o —
TU—e e, .
] o
s 2
[ [v c © [+]
Turbine flow meter TYPE A
a® © Experimental value
Calculated value
41 p=21 ¢St
)
é Figure 92.  The comparison beiween the calculated result using the leakage theory
K and the experimental results for a turbine flow meter with a 6 helically
3 bladed rotor. The operational blades Reynolds number for low rate
B between 4 to 20 1b/sec. was 3000 to 15800 respectively.
40 4§
4 N
&
y
8
g
° s
g
o
g
39 - N
Flow rate Q [ pounds/sec]
i i i i I i i i -
4 6 8 10 iz 14 16 18 20
2 3 5 6 7 8 9
] | 1 1 1} 1 1 i
© Flow rate (litre/sec)
4277
)
Turbine flow meter TYPE A
© Experimental value
= e, Calculated value
5 p=47 St o
41 42 o)

[«]

|}

n/Q meter coeffident [pulsesf p
o

40 -

10 o

e

Figure 93.  The comparison belween the calculyted restiit using the leakage theory and
the experimentad results for a turbine flow meter with a 6 helically bladed
totor. The operational blades Reynolds number for flow rate between
4 to 20 Ib/scc. was 1400 to 7000 respectively.

Flow rute Q [pounds/scc]

H 1 i i i A i 3 j

4 6 8 10 12 14 i6 18 20

g2

86

(pulses/litre)

meter coefficient

(pulses/titre)

meter coefficient



- T i -7 ] 1

Flow mte (litrefsee)

427
609 ool 92
)
° o
2 Turbine flow meter TYPE A
g © Experimental value
g == Calculated value
T 2 v 71 St .
2 b 6 Helical bladed rotor -0
o
=
g Figure 94.  The comparison between the calculated value using leakage theory and the
é experimental value, The operational blade Reynold’s number was between
g 4700 to 938 for the flow rate 20 Ib/sec. to 4 Ib/sec. respectively.
40 7 8
s lgs
B
39 - 486
Flow raie Q [pounds/scc]
i H i i ] i ] i g -
2 4 3 8 10 12 14 16 18 20
2 3 4 5 & 7 8 9
| [ i I T T T T T
42 7 Flow rate (litre/sec)
—92
o
60 9—-41—«9._0& 200 0 4o -
oo o [+ [+
Turbine flow meter TYPE A
i © Expcrimental value
41 - § e Caiculated value
& »=170cSt ¥ -190
& 6 Helical bladed rotor
&
24
& Figure 95.  The comparison between the calculated value using leakage theory
E and the cxperimental value. The operational blade Reynold’s
g number was between 1956 to 400 for flow rate between 20 to
40 - ‘fg‘ 4 Ibfsec. respectively.
o -—i88
]
)
E
T —86
Flow rate Q [pounds/sec]
2 4 6 8 10 12 14 16 18 2{0

i 1 i i | i S i

meter coefficient (pulsesflitre)

meter coefficient (Pulses/litre)



31

30 =

29 4

meter coefficient n/Q (pulses/pounds)

3 4 5 6 -7 8
! { i 1

ooy Flow rate (litres/sec)

8 _o
© . %oco

o
e g O°°F [+)

Turbine flow meter TYPE C e !
O Experimental value
wesemses (Calculated value

v=121 ¢St

Figure 96.

bladed angle rotor, The operational blades Reynolds number was
between 500 and 5000 for flow rate between 2 to 20 1b/sec.
1espectively,

Flow rate Q {pound/sec]
1 1 1

The comparison between the calculate? value using the leakage method
and the experimental vatue for a turbine flow meter with a 6 constant

- 66

6 8 10 12 14 16 18

20

32 4+

31 e

30 1

% T

meter coefficient n/Q (pulses/pounds) -

- £ i ]

Turbine flow meter TYPEC
©  Experimental value
Calculated value

v=47 St

Figure 97,  The comparison between the calculated valuc using the keakage

method and the experimental value for a turbine flow meter
with a 6 constant bladed-angle rotor. The operational blades
Reéynolds was between 275 and 2100 for flow rate between
2 1o 20 Ib/scc. respectively. There was a good agreement in U

Iaminar operational Zone and a disagrecment in the transition

zone.

Flow 1ate Q Ipéunds/sccl
& 8 10 .12 4 i6 18
i

-1 68

he

meter coefficient ( pulsesflitres)

Meter coefficient (pulses/litres)



32

-

31

36

- 28

28

27

3z

30

25

1 2 3 4 5 [ 7 S
- Flow rate (litrefsec)
-1 70
Turbine flow meter TYPEC o
& Experimental value o
sesass Calculated value
#=170 ¢St o
- -1 68
The comparison between
the calculated value
using the leakage theory |
= and the experimental 66
= value for a turbine flow
5 meter with 6 constant
B bladed angle rotor. The
g whole operational range |
Z was in laminar zone with
o agood agreement
e between calculated and | 64
-~ experimental results.
-E The operational biades
2 " Reynolds number was
= 122 10 600 for flow rate
g betiveen 2 to 20 1b/sec.
B sespectively.
4 .
E : -~ 62
s H
~ 60
. )  Flow rate Q [pounds/sec]
] ° i i i
2 4 & i 12 i4 6 .18
1 4 3 5 6 7 3 9
T T T T I T T
Flow rate (fitre/sec)
Turbine flow meter TYPEC - ‘b :
¢ Experimental value =~ 490

s Czloulated value
y=71cSt

. o
=]
o =
g 2
2k &
£ .
R
= o
D4
< =
o B
& o
g F
g
E o

Flow rate Q {pc'mnési sec)
‘.

The comparison between the -
calculated value using the
feakage method and the
experimental value foy a furbine
flow meter with a 6 constant
bladed angle rotor. The opera-
tional blades Reynolds number
was between 146 and 1500 for
flow rate between 2 to 20 Ibfsec.
respectively. There was good .
agreement in the laminar opera-
Honal zone and a disagrecment
in the transition zone.
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