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ABSTRACT 
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Doctor of Philosophy 

The influence of viscosity on turbine flow meter 

calibration curves 

by Ali Fakouhi 

Tlie sensitivity of the turbine flow meter to changes in fluid viscosity puts in question 

claims of accuracy (1%) 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 

Eulcr turbine equation witli modifications to allow for Uie effect of tip clearance and fluid 

viscosity has been applied in this work. 

Viscosity and flow i-atc 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. 

Fluid dynamic characteristics of the tip clearance flow are discussed as well as tlie 

effect of fluid viscosity on the flow pattern in tliis area. A tlieoretical 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 tlie calibration perfomiance, 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 tlie 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 output reading. However, the accuracy is questionable without calibration of 

the flow meter, especially when the fluid viscosity is different from the fluid %diich 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-linear 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 turbine 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 Ais problem can sometimes be over-

come by using the drag of an external load on the meter to compensate 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 How 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, whidi 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 a turbine flow meter 



due to changes in the Quid 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)^ 

n B C 
— = A 4— (1.1) 
Q 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 Aat helical blade rotors are less 

sensitive to the effect of tip clearance, inlet swiil, 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 
n 

the ideal magnitude (if the viscosity of test fluid is close to the viscosity of water) o f — 

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(y,C^^,CD,g,5*) (1.2) 

The hydrodynamic parameters are dependent on the fluid viscosity, so that 

CL= fi(r') (1.3) 

fa (y) (1.3a) 

5*= f3(y) (1.4) 

Term 1 can now be expressed as 

A = f4(f,j3) (1.5) 
g 

Term 2 ( ^ , is much more complicated.^ The value of B will change with changes i 

tip clearance geometry, 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 the hydrodynamic effects of the tip clearance flow are investigated. Term 

2 is also a function of the following hydrodynamic components: 

B = f:(Cj^,y, —, Qg,g) (1.6) 

^ This equation has been piesented In diffeient form in a later chapter (eqa. 5.15, 5.19, 5.20, 10.1) 
Concerned with tip dearance geometry (leakage), stated in eq. 1.10 

in 



Suppose the terms , and are scane fimction of viscosity as follows 

= f , W (1.7) 

= f«(y) (1.8) 

Qg =f7(y, tip clearance geometry, g) (1.9) 

Then term 2 of main turbine equation is 

B = f; (c, <3, tip clearance geometry) (1.10) 
C 

The Term 3 i s ^ where:' 

C = fg(^,Td,Tyg^) (1.11) 

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 Quid 

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 earned 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 mo$e 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 Ae 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 apfdied for estimating 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 analysed in detail, only then may 

a theory applicable for the whole operational range be derived. The meter coefficient 

' This tenmUcorcmiedwiAbeadngfricdontoique as indicated In eq. 1.11 
^ See TaWe 9.1 page 93 3 
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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, 5 * and on the drag coefficient, Cp, which all affect the three terms of the main 

turbine equation. Term 1 depends on the How 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 tither 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 

Karl by divided the turbine flow meters range into three different zones, laminar, transition 

and turbulent. 

1.1.1 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 

B / 

blad 

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

the rotating effects, and the pressure effect, will make the above relationship considerably 

different. lee and Karlby (Ref_ 36), assumed that these effects could be minimised by a 

well-designed meter. 

1.1.2 The magnitude of skin faction coefficient for die transition zone 

The region is the one between fully laminar and fully turbulent 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-Schlichting for flat plate at 



zero incidence, the value of skin friction drag coefficient can be calculated 6om the value 

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

B* 
Cr = B* 6 ^ (1.14) 

I turb Re 
Made 

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: 
trans 

" g m s ° % r b ^ ' ( ' - ' "a ) 

crit. 

1.1.3 The magnitude of skin faction coefGdent for fully turbulent flow, or region of 

high Reynolds number 

For high Reynolds's number, the boundary layer is fully tuitulent, the blade surface 

cannot be considered hydraulically smooth. The skin friction dra^ becomes a function of 

the s q u ^ of the velocity and the drag coefficient is independent of the Reynolds' number 

D 
Cf = ; (1.15) 

^ - ̂ m - (''t - ^h) 

Lee and Kailby assumed that 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 

Cf = B* = const. (1.16) 
^ turb. 

and the overall secondary drag coefficient 

r = § 

% . V ^ ^ 2 c ( r ^ _ r h ) . p 

Withsubstitutionof (1.15)and(1.17)into (7.18) 

[ - . C l - K C f (1.18) 
Q rA^ Nsinfl„ 



The value of depends on the operational Reynolds' number and 

K . f a & z V , ( L I , ) 
cos' 9 ^ 

The assumption that the skin friction drag coefGcient attains a constant value for fully turbulent 

flow cannot be accepted because this coefficient also depends on the an^e of attack. The 

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

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

found that the relation between and Reynolds' number in the transition zone, making 

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

0.255 A" 

A " (1-21) 

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 to have a 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 occurs 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 teims 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 

distribution 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-linear for low Reynolds' number. These two regions are connected via a transition 

section which, for the same meter, moves towards the higher flow rates when die viscosity 

is increased. The applicability of the propaties of a single aerofoil is doubtful for use in 

a rotating turbine 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 (sascade 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 Deviation of meter coefficient from m.c. at high Reynolds number 
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(e) the variation in Reyndd'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 coefGcient. The larger the fluid viscosity the greater the value of deviation. The 

effect of the tip clearance has not been shown in any connection 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 ^ape 

of jh.e calibration curves depend only on the state of the boundary layer on the turbine 

blades. According to Lee and Karlby's model, the boundary layer 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 wiU connect the non-linear 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 a hump as shown 

experimentally (Fig. 26). Therefore, Lee and Karlby's sharp intersection between the linear 

(high flow rate) and non-linear Oow flow rate) regions of the theoretical calibration curve 

cannot be applied to the calibration curve obtained experimentally which shows a hump in 

the mid-range flow rate. They paid very little attention to the effects of viscosity and tip 

dearance which are according to Tan and the present author's approadi, 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 conditiorL 

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 Ae non-linear region. Tan showed that the volum-

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

1 Cdtical Reynolds number 
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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 Ae constant blade angle rotor. 

Tan has proved that changing the tip clearance will change the leakage factor, 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 v cry 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 whidi can be used for the chosen fluid viscosity. Tliis will 

be discussed in greater detail in Chapter 2.3 and App. I. According to Tan's theory the 

meter coefScient consists.of the pulses per unit volume How travelling through the rotor 

(^ ) , multiplied by the ratio^ of Q^Q. Tan's model n/Q^ consists of three terms, T, to Tg. 
^ r 

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, 5 *, 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 Q^Q. This is purely a theoretical model and replaces Tan's 

empirical approach (Chapter 6). 

According to Salami's model the shape of the calibration curve depends on the upstream 

velocity profile. He fails to explain the existance of the hump, and ako there is no explana-

tion of tip dearance 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. Tliere 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 a gential force Produced on Turbine Blades 

Comolet (Ref. 6) derived a main turbine equation which is in general very similar to 
' Eq. 5.11 
' E q . 6 . 8 8 = l - g + k/Q 
^ The MTE conld be Aated udog eq. 5.20 and/or eq. 1.1 



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

Comolet (Ref. 6) neglected the effect of t ^ dearance. According to Tan's turbine 

equation, (Ref 86) shows diat^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 Hg. 3) (with the assumption that a 

is very small). 

g - 0 = 0 

The value of dT^ on the blade element is as follows: 

dTj = r . d R = ^ 51 (C]^cos6^-C2^sinO^^)r .dr (1.22) 

According to Gerston's cascade measurement (Ref. 17) the value of C^ (a correction for 

his experimental data has been suggested in Chapter 5.2 to allow for Reynolds' number effect), 

is ^ e n by 

% * + 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: 

0.046 

Re'/S 
( 1 . 2 4 ) 

And, (assuming that or 0 which can be apphed for helical bladed rotor), momeiitum 

thickness by: 

^ _ 0.036 

c Re^/^ 
(1.25) 

thus 

+ t 0.144 t 
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0.144 t 0.02 t 

In order to study the axial forces, and their influence on Ae blades and the hub, the 

forces are calculated assuming that the axial fluid velocity is constant in the blade area, 

and that a is very small. 

^ F i . 1 ^ = - . c . N / t C n o [ I + 2 ( — ) 2 + ( _ L ) 4 ] f l ( 1 . 2 8 ) 
blades 2 ro ro ro 

Comolet regarded the hub as a flat plate (length W and width 27rr^). 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 comer effect between hub and turbine blade) 

0.0052 

' = - W 1 4 

c N. 0.0052 
=[1 .89 + 1.621og( ) ] - ^̂ -2 (130) 

Dhub kg cos g) ReO.4 

The Comolet model is applicable only where the tip clearance effect may be neglected 

and where a ^ 0. Meter type B approximates to this situation and, since its Reynolds' 

number is dose 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, a is laige and can increase 

up to 12 ^ at which value it has a large influence on Cj^ and C^̂ , and will affect all three 

terms of Ae 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. 

11 



CHAPTER 2. AW OF RE ^ 

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: 
Term 1 Term 2 Term 3 

n B C 

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 to 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 wiU 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 die different terms of MTE 

Term 1. The ideal^ value of the turbine meter coefficient (—) is equal to the Term 1 of 

the above equation: 

n 
— = A 
Q 

This could be the case when the fluid velodty 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. 8 la, 82). 

"A" is dominant in the above equation and depends mainly on deviation angle 5 *, 

lift and drag coefficient Ĉ ^ and and velocity distribution, which change with increasing 

fluid viscosity. 
B 

Tenn 2. — : 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. I) 

The drag coefGcient and the velocity profile in the meter annulus are affected by an increase 

of fluid viscosity which wiH change the magnitude of this term. Tan (Ref. 86) has shown 
^ The ideal value of A could not be adileved for the mcteis used in diis leseardi 
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the effect of tip clearance on this term (Fig. 25) 
C 

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

(Eqs. 7.15). T^ (Eq. 7.8) and Ty^^^ (eq. 7.23) depend on fluid viscosity. (Tyg^= T^^^^) 

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 to 

satisfactory agreement. 

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

^bine equation upon the calibration curve 

It 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 compensated for changes in viscosity or other variables. Knowledge 

of the variation in the three terms can then be used to produce the geometry which 

wiU 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 results 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 

torques (eq. 7.15), or the effect of fluid viscosity on Term 2 which causes a hump on the 

calibration curve (Fig. 9, 12 r = 12, 21, 47 cSt). 

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 with a 

constant blade angle rotor (Fig. 10). The reason for this advantage might be one of the 

following points: 

1. The angle of attack a, is small for the helical blades in comparison with the constant 

blade angle rotor (Ref. 86). Thus the hydrodynamic torque is small and hence wUl reduce 

Term 3. Also the tip clearance flow is co-directed with the main flow. Therefore, the 

variation in fluid viscosity affects mainly Term 1 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. 
^ Constant b W e an^e rotor 
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2. The velocity distribution over the blade area contributes towards a uniform force 

acting on the blade which does not 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 fluid 

viscosity. The above components are lift coeffident, drag coefficient, Cj), angle of 

attack, a, vdocity an^e, 8, and angle of deviation, 6 *. Changes in turbine meter geometry 

such as blade ang^e, j3, hub and tip clearance ratio, blade chord and thidcness, and rotor 

bearing types (plain or ball bearing) will be made and their effect on the above components 

evaluated. 

2.3 The theoretical leakage 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 results. 

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 2 main parts (eq. 5.15) which are: 4 

a) The ratio of angular velocity to the flow through Ae rotor is (n/Q^). The n/Q (eq. 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). Ti , T^ , T3 had to be 

precalculated (eqs. 5.12, 5.13, 5.14) in order to determine n/Q^. (eq. 5.11). T , , T; and T3 

vary with fluid viscosity and consequently the number of pulses produced by them wiU 

vary. The theoretical and the experimental values of the meter coefficient of n/Q for varying 

fluid viscosity are shown in figures 88-99. 

b) QjVQ is influenced by the leakage or tip clearance flow which affects the calibration 

curve. Three different methods have been introduced in this work to calculate Q^/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 volumeti#c efficiency, 

(Chapter 6). 
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When the experimental calibration curve has been determined the empirical values 

of A, B, C (eq. 1.1), g, k, Ti, 7% and T3 (eq. 5.20) can be obtained 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 not such a good agreement for the constant blade angle 

rotor. This is not only because of leakage affecting the tip clearance Oow. Any disturbance 

in the tip clearance flow will also affect n/Q therefore, n/Q. The calculation of this 

volumetric ratio Q^Q, (for uniform flow), is performed by integrating the flow through 

the blades from the blade hub to the blade tq) and from the blade hub to the turbine casing 

respectively. 

Qr Qc 
— = (1 ) 2.1 
Q Q 

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

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 Rnding the energy 

losses in the turbine meter tip clearance (chapter 6). 

The determination of the Q^/Q ratio based on the volumetric efficiency of the turbine 

meter, can be used when there is not a good agreement between the empiricW leakage method 

and the experimental results. 



CHAPTER 3 AN ANALYSIS OF THE PREVIOUS EXPERIMENTS ON 

Z l r r C : Or _UID VISCOSr THE TURBINE 

METER CALIBRATION CURVE 

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

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

3.1 The experimental result on the research Turbine meter with Photocell pidc-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 measurement. 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 caimot separate them 

for counting. In this research work, these effects have been discovered by installing a 

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 ceD pick-up and another time by using the magnetic pick-up. It can be discovered that 

from a flow rate of 4 lb/sec.^ upwards a certain number of pulses are missing, but the 

measurement was difficult for low flow jates 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 1 photo cdl pick^jp, Aerefoie he received less pulse^rev. 
^ Q=41b/sec=1.816litre/sec 
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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 above meter. 

The similarity between the research 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 wiU 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 electrical 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. 19). 

3.2 The effect of the fluid viscosity on the calibration curve of a 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 a commercial meter, which have 
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magnetic pickup, have been obtained for an Elliott 1/6 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. It 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 very high. The results for the commercial 

meter were not complete because with an increase in viscosity tha-e 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 bemuse the pump pressure control 

switch operated and cut off the power. The second restriction in his results was the limit-

ation of the counter to (100 mV). Any pulses with a 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 

a counter having lower 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 20.1 CP 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. Salami'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 pr(%ramme < ch 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 (test 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 also with fluids 

of different viscosities, to make the commercial range of turbine flow meters more 

rdiable. That is the reason for completing the M.T.E. with hydrodynamic components 
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which change with different fluid viscosity, which has been done in the present research. 

3.4 The expenmental results in die Lee and Karlby research programme on a commercial 

meter 

Lee and Kailby 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 

calibration curve, and the non-linear part of the calibration curve for high fluid viscosity 

and low Gow 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 as a 

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 hmnp on the calibration curve, although the viscosity was 

very high and the meter was not viscosity compensated with an external load. Lee and 

Kadby have no Term 2 in their equation. 

Lee and Kadby's experiments covered three different zones — laminar (pipe Re -

50-40(X)), transition (4000-9000) and turbulent (9000-10^ ). The non-linear part of their 

results was connected to the Hnear 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 load which causes the hump to disappear sometimes on the calibration curve 

(Fig. 26). 

Tan's experiments were in fuUy turbulent flow. The general aspects of his observation 

on the effects of tip clearance on ihe 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 tui-bulent 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 

^ AuthofsIntenmRqK)rtNo.Mg/75/lBpubHdiedinOctob%^75 inDepartmentof MechamcalEngineering 
Uidvasity 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 cam be applied for transition 

and turbulent zone. Tan's experiments were generally with rotors ^ ins., % ins and 1% ins. 

hub diameter : pipe Reynolds' number varied from 25000-250000. In rotor upstream 

position the Reynolds' number was between 14300 and 22900 and the blades Reynolds' 

number was 8400-25300. Among the four research meters were two constant blade an^e and 

two helical blade rotors. The rate of increase in meter coefficient with an incre^e in y 

is smaller for helical blade rotors than for constant blade an^e 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, a, 

is positive and small for the whole operation range. The discontinuity in the meter calibra-

tion curve can be seen in Tan's work, whidi 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 cSt. 
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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 ft. (7925 mm) long test length, where 

the turbine-meter can be installed. At the end of die 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 installed for 

Gne pressure and flow rate adjustment. For very low flow rates, this valve was brought into 

operation. The pump could provide any How rate by varying the drive until the required 

pump speed or turbine frequency was obtained. The flow converges gradually from 10 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 length and cavitation within 

the meter. The water flows finally through the diverter, either to the sump or to the 

weigh-tank, depending on Ihe diverter position. The weigh-tank (Fig. 46) is situated on 

a weighing machine, which is capable of we i^ng up to 2000 lb (908 kg) within one ounce. 

After the pump is started, the water begins to flow th rou^ the 10 ins. pipe, and 

test length, and through the diverter back to the sump. The meter is situated in the test 

length. 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 lb. (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 wWgh-tank is 

weighed. The difference from the initial weight gives the weight of fluid collection. This collected 

amount, divided by the time taken, gives themeaaired flow-rate. The'pulses divided by 

the Cow-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 is 
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taken at regular intervals and their mean gives the test temperature. The viscosity of fluid 

is also checked regularly using the direct reading viscometer contraves (Rheometer 15, 30) 

to ensure that it has not changed ^preciably. 

The celacol solution was found to be Newtonian up to viscosity 400 cSt. A steady 

rise in room temperature did not change the viscosity of the solution significantly so 

that an extra correction factor was not needed. 

4.1 Instrmnai taction 

The liquid used for the experiments is collected in a sump, measuring 2 m. x 1.80 m. 

X .80 m. and containing 450 gallons (1700 htres) of Uquid 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 liquid, in order to produce a uniform 

flow. The flow can be diverted either into the sump or into the wei^iing 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 (Fig. 44). A small pump (Rg. 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 Panels (Fig. 40) 

The control panel is self explanatory. The speed control is interlocked with the main 

drive motor. Limiting switches are fitted for pressure control 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 l i^ t s (fitted to the 

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

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

fault has been cleared, the CLEAR button is pressed. There is also a TEST button to 
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discoimect the system if the pressiire or temperature is still out 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 — 

26(X) 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 obtained are 21 and 0.1 lb/sec. 

(9.53 and 0.0454 kg/sec). In comparison to the lowest achieved flow rate (0.2 lb/sec, 

0.0908 kg/sec) in the previous research, the present modified rig is improved at lower 

flow rates (0.1 lb/sec, 0.0454 kg/sec). This has been achieved by Stting a fine adjustment 

valve in the test 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 Ib^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 

mm) diameter test length. A conical section is Gtted 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 frcan 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 turbine meters over the whole test length. 

4.1.4 Turbine 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 las6r 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 
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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 

trigger 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; therefore, there are 12 pulses obtained for each revolutiom (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 lb/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 Ae 

position of the seats. 

4.1.6 Flow diverter 

After the control valves, the liquid flows through the diverter (Fig. 44) and then either 

into the sump or the weigh tank (Fig. 46), depending on its position. The diverter is 

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

solenoid has been eneigised the flow is directed either to the weighing tank or the sump. 

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 

starting the experiment (situated on the control panel) will diange the position of the 

diverter into the weigh tank. Thus the strip wiU aDow 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. 

4.1.7 Sump Tank 

The sump tank has a capacity of 700 gallons (2646 litres) and is connected to 2 

reservoirs. The first one consists of 3 bins connected together for preparing the viscous 
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fluid (Fig. 48). The cellcol powder is mixed with water, gradually thickening it. By adding 

this thick liquid to the sump the viscosity can be increased giadually. 

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 

The weigh tank has a capacity of approximately 2000 lb (908 kg). The wei^ tank 

(Fig. 46) rests on the weighing machine without touching the ground (Fig 46). High and 

low level controllers are fitted inside the tank. The high level control prevents any over-

How, 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 scdenoid valve to 

a position, such that the fluid will circulate in the pump only, protecting it against running 

dry. 

4.1.9 Weighing Madiine 

The weiring machine (Fig. 46) can measure up to 2000 lb (908 kg) of fluid with an 

accuracy of± 1 ounce (28.375 grams). The maximum weight of liquid used for any one 

experiment could not be more than 1300 lb' because of the tank weight and the "low level" 

fluid amount. Before and immediately after each experiment the weight of fluid is measured 

and subtiacted from the initial weiglit 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 lift 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 Wei^ts and Measures Department to within ±10 grains 

(0.6479 grams). 

4.2 Velocity Measuranent Using Laser Doppler Anemomefry 

The velocity distribution over the turbine blade annulus, the angle of attabk, a, 

and the deviation angle 5 *, and the velocity angle 8, upstream and downstream of the rotor, 

' ]3001b=S90IitiM 
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are the unknown parameters which affect the main turbine equation and the drag and 

lift coefficients, which will be discussed later. This factor made it necessary to use a method 

for velocity measurement which does not disturb the flow as a pitot tube does. The Laser 

anemometer has been developed recently to measure velocities. The frequency of laser 

radiation scattered by a small particle moving in the test length, in the upstream and 

downstream positions of turbine rotor, varies in a manner dependent on the velocity and 

the scattering geometiy (the Doppler effect) and can therefore be used for local velocity 

measurement. Thus for a given fluid velocity (Ref. 93): 

2^usin^/2 
y - yg + 

X 

8 = scattering angle of the measured region 

u = velocity (m/s) 

\ = wave length 

0̂ = frequency of pre shift 

jtZ = refractive index of measuring medium 

i; = frequency of Doppler shift 

A laser beam is focussed onto a rotating scattering disc (Fig. 50-52). The scattered radiation 

is collected through a slit at an angle of a, to the main beam and provides the reference beam. 

The reference beam and the main beam are rsfocusscd at the point in the turbine meter 

tube in the upstream or downstream position in which the velocity is to be measured. 

The main and reference beams are focussed at their intersection point, defining the 

measurement region (a small ellipsoidal volume about 600 x 50 Aim). The anemometer, 

mounted on the bed of a 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 

Ae axial velocity components. The results for the axial velocity component are measuied. 

The corresponding calculation of 9, a and 5 * must also be evaluated for every individual 

point between the hub and the casing of the turbine meter. For this purpose perspex 

turbine meter body has been designed with 2 holes in the upstream and downstream 

positions of the rotor to let the laser beam pass through the turbine casing. 

4.3 Run and Calibration procedure 

The rig can be used to calibrate any turbine flow meter up to 2 ins (50.8 mm) 

diameter at flow rates of up to 22 lb/sec (9.988 kg/sec) at 70 p.s.i. (4.83 bar). It can also 

be used to study the effect of viscosity temperature, swirl and velocity profile on the 
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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 Gow rate. The time 

for coUection of the liquid can be chosen between 50 sec. for the highest flow rate 22 

lb/sec (9.988 kg/sec) and any longer time depending on the diosen flow rate and the 

capacity of the weigh tank (maximum 1300 lb, 590.2 kg). It was initially decided to vary 

the vigcosity 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 

difGcult 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 mixed Celacol D450 liquid was also unifonn (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 ways: 

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 

was sometimes down to 3 pulses per second which was not desirable for the required 

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;' 

c) reading the time interval for 1000 pulses and taking the average value. The time can be 

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

the disturbed values of the first and last reading. 

4.4 The Modification of (he Test Rig to achieve more accurate Experimental Results for 

viscous fluids in the present researdi. 

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

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 pulses 

in two different ways: 

a) the pulses produced by the research meter with a photo cell pick-up were checked in 

number with a magnetic pick-up installed on the same meter; 

b) the number of pulses produced by the magnetic pick-up in the commercial meter 

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 produced from the magnetic and photocell pick-ups were ampliGed; 

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 research meter with 

photocell pick-up this procedure was more difficult 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 a much greater number of pulses which were not only produced by 

reflection of the light beam on the passing blades but partly by the noise. The magnetic 

pick-up has helped in such cases to discover the correct number of pulses; the inaccuracy 

in the counting of the pulses made it impossible for Salami (Fig. 27, 28) to achieve 

reliable results at low flow rates (sometimes no results in the case of the commercial 

meter). The high pressure created by viscous flow te overcome in this research by 

by-passing the filter. This was also one of Salami\ Ities in achieving a result at high 

flow rates. 

A mini valve (Fig. 47) has been installed to operate the rig at very low flow rates, 

when the main driven valve at the end of the test line is shut. The slow movement of this 

mini valve has enabled low flow rates to be established. This valve also made it possible 

to make small variations around a doubtful experimental point so as to achieve more 

accurate results or for checking the previous one. The time counter was improved by 

minimizing the cut off time of the weighing bridge on the weighing machine. 

It is also possible with the modifications carried out for tMs research, to determine 

the magnitude of the magnetic torque (negligible for 1 tic pick-up)^produced due 

to the magnetic pick-up by running the rig with thi urbine meter in the test 

line, once with the photocell pick-up and once with the magnetic pick-up and subtracting 

the results from each other. In the previous research program there were four photocells 

used for counting the pulses. Using all four photocells produces four pulses from one 



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 from 

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

of the effect of viscosity on turbine Oow meters with different geometrical devices. 
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with substitution of the equation (5.5) into (5.6) and then into (5.7) it follows 
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Equation (5.7) with the extension described in equation (5.6) and equation (5.8), 
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The values of A(y), B(y), C(y), E(r) are defined in Appendix I. The total number of pulses 

per unit volume or meter coefGcient will be 

n n Q 
— = — . (5.15) 
Q Qr 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 (C^̂ , Cg) and the deviation, 5 *, 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 Ihe 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 visodsites. 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^, Tg (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 wiU 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 another 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 of a 

turbine flow meter. The volumetric efficiency can klso be calculated by subtracting the 

tip clearance flow Q from the total turbine meter passage flow, Q. Thus the tip clear-

ance flow needs to be known. 

5.1 The evaluation of tip deaiance flow due to the growth of the boundary layer thidtness 

at the tip of the turbine blades. 

A first approximation for die total volumetric flow through the turbine meter annulus 

can be made adding an int^ration 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 
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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 Ae 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 cahbiation 

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, whidi are according 

to Gersten (Ref. 17), displacement thickness 

K 
5* = 3 — c (5.16) 

^%lade 

and the momentum thickness is 

K 
c (5.17) 

^%lade 

The constant factor, K has been checked in the present experimental results 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 gradually 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 angje rotors 

because the effect of viscosity will change die calibration curve of aU 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 results 

(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 n/Q or the flow through 

the meter annulus is passing only the blade area. Also, the Reynolds' number can be 
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calculated for this point. Tha'efbfe the K Value can be calculated for any turbine meter. 

When a beared flow (tip clearance and main flow) is turned through an angle, the vorticity 

vector, which is initially normal to the Bow direction, wiU have a component along Ae main 

flow. The value of the constant factor (K), (K) in equations 5.16 & 5.17 can be calculated 

for any turbine meter. Although the boundary layer 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 modiGcation. 

The actual value of the tip clearance flow will contribute to some extent to improve 

agreement between the calculated and empirical results. 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 wa5 boundary layer. 

The boundary layer thickness can be calculated accurately for flow with low swirl, 

but a change in the axial fluid velocity wiH 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 outlet 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 wUI 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 a 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 across 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 dear-
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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 h i^e r 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 effect of 

increasing fluid viscosity. 

b) The rotational effect: 

The blade tip flow wiU have a three dimensional flow characteristic. (Fig. 5c). This 

rotational effect is more emphasised if the calculation is based on volumetric efficiency 

as explained in the next chapter. 

c) 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 tenn wiD 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 smaD 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 dearance 

area. 

A change in the value of tip clearance flow will cause a variation in the magnitude 

of the flow through the rotor. A reduction in Q increases the numerical value of the 

empirical calculation of 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 

How 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 III). The tip clearance flow in regard to the 

growth of boundary layer is: 

U / " T o u 

2 ? r — d r —U y 2)rr — 

't " " 

Qj, = U / 2 t 7 r — d r - U V 2 , r - dr (5.17a) 

Therefore 

365^ lOg^ 

k 2 
(4 — k) (ro — r^) ] (Sro ̂  — 3ro + 5 ̂  ) 

8 t 

3ro^ — 3ro (2ro — 6^) k 
[ ^ ( 6 - k ) ^ ( 4 - k ) g^] (5.17b) 

365^ 10 8 ^ 

To achieve good accuracy in the calculation of Q 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 to calculate the theoretical value of the Q . The calculation 

of Q (equations. 17b)is based on the displacement thickness 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 Q^. 

Q = Q^ + Qc (5.18) 

' F ig6 ,9 . 12, 12a,22 

37 



n n Q 
- = — (I P) (5.19) 
Q Qr Q 

Q , as explained in Chapter 5.1, can be calculated either by using the semi-empirical 

leakage theory or using a purely theoretical method, which will be described in Chapter 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 T,, T^ and Tg were 

constant values for a certain flow rate. Using equation 5.11 multiplied by the leakage 

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

n Tik TsCl-g) 
- = T , ( l - g ) - T : ( l - g ) + - (5.20) 
Q 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. Ti , T^ , T, 

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/Q^ 

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) The values of Ti, T̂  , T3 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 r^ to r^, and in a similar way the calcula-

tion of the flow through the tip clearance, the volume of the flow was integrated from 

r̂  to ro, The integration of was carried out in 10 steps, and that of in 5 steps. For 

the calculation of Q^, the blade Reynolds' number is detennined, also the displacement 

and momentum thicknesses in order to evaluate the boundary layer thickness in the axial 

and radial directions, and the velodty distribution in the tip clearance area (Appendix 

HI). 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 Cg and Ĉ ^ have been taken from equations (6.35) and (6.36). The 

^ Tan ignored #omc of die term: as heglig&k 
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method of calculation is described in Chapter 6. 

c) 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 cSt 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 detemiination of the velocity profile using Laser Doppler anemometry has been 

explained in Chapter 4.2. 

d) The deviation angle, 6*, 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) 

A= S (5 21) 

I * = 

s cosg 

2Vy 

cos j3 
(5.22) 

For small deviation angles 5 * (1 to 3 degrees) 

Cos 5 * = 1 (5.23) 

According to Fig. 3 

g = 5* + (eo+v)) (5.24) 

cos = cos (go +sP) — 5 * sin (9,, +if) (5.26) 

a= 0 . 0 9 2 c R % \ t (5 -? ) 

2A*-A*:: 2.56a R^^ 
= (5.28) 

(1 -A*)^ 1-2.56 Reo-° -: 

by assumption that A 0 and for 

b = 2.56 Reo'^." (5.29) 

c = l - 2 . 5 6 R e o - " ^ (5.30) 
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2A' 2a 2a 

1—A* cosg(l—2a/cosg) cosj3—2a 

cosg 
2(ac + ab) 

b . s 

(5.31) 

(5.32) 

with substitution of the equation 5.26 into 5.32 

cos(0(; +,f) —6*sin(6o + f ) = 
2(ac + ab) 

b . s 

6* = cotg(0o f If) 
2(ac + ab) 

s sin (00 + f ) 

(5.33) 

(5.34) 

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

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

The maximum length for the above aero-
foil would be: c' = c + t cos p 

The above assumption will enlarge the angle of attack by 

t' cos g 
e — (5.35) 

In the case of very thin turbine blades, the value of e is very small and the change 

in a due to c would be negligible. However, this assumption could lead to theoretical 

results for relatively thick turbine blades because of the increase of a 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 VISCOSrrY 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 layer 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 (eqs. 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, a, 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 wiU affect the 

pressure distribution at the blade tip and will determine the direction of the flow in the 

tip clearance. 

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 Ti, Tz and Ta. 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, 5, increases from the leading edge of the turbine 

blade to the trailing edge. It increases with increasing viscosity of the fluid and even for 

low viscosity the shearing stress is an important factor because of the large velocity 

gradient in the boundary layer. The fnctional 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 

Geld close to the walls takes the friction forces. The rest of the fluid field will be governed 

by potential flow (i.e. for incompressible fluid in regard to the Navier stock's equation, the 

velocity vector is the gradient of the potential i/i. 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, a, and angle of 

deviation, 5 *. 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 smaU separation (Turbine Cascade). The loss 

coefficient, 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 Re"^/ 

Re number depends on blade chord length, axial velocity and viscosity. The value of 

^loss ^ dependent 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 
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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 contribute 

to the energy loss of the flow. By means of the How through the cascade the fluid force 

is transferred to the turbine blade (Kutta-Joukowsky^, 

r = s . Vg (6.1a) 

L = p. U . r (6.2a) 

r = s U (tan 80 — tan 8|) (6.3a) 

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

magnitude of Vg and the value of given by 

s 
= 2 — cos^ 8 m(^^" ^ 0 " ^ i) ^) 

c 

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 its magnitude and direction due to the influence of friction 

D cos j8 

^Ploss " 

^ P l o s s ^ y - - - - cosg (6.3) 

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, 
H 

5 % = y [ l - : ^ ] d r (6.4) 

^h 
H ^ 

43 



V^= (6.5) 
" ^ Vo Vo 

% 

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 trailing edge in downstream 

position is 

* 0.046 
5̂ ^ = . c (6.6) 
H 

and the momentum thickness is 

0.036 
V,, = . c (6.7) 
H 

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 momentum thickness will be: 

* = 

2 5 % t 0.092. c .Re- j^^+t 

s cosg s cos 

2 ; 0.072 , c . + , 
I* = 5 - = 

s cos^ s cos 

(6.8) 

(6.9) 

for 

then 

5 = 0.092 . c . R e ^ (6.9a) 

A* = 1.28 a R e ^ ^ + — — (6.10) 
s cos ,3 

^ + (6.1 ]) 
s cos 

Because of displacement influence of the boundary layer the stream velocity in the plain 

blade trailing edge is larger than the velocity at a great distance downstream where the 

wake flow becomes uniform 

V 

v_ = — ^ (6.12 m 1 
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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 

Po " P o i d ' Y ^Jid 

The momentum equation in the y-direction (see fig. 4) is 

/ ' " p sin ggjj cosOg^j / v^(y)d(—) = psingocos0(,vo^ (6.14) 
% ^ 

dividing by and rearranging LHS it follows 

/ ' t v(y) v(y) d y A v(y) d y 
cosO j S i n e ^ j W - / — [ I - — ] M - / [ 1 - — ] 1 - ) 

Vo 
cos 00 sin 00 (— )̂  (6.15) 

Vm 

The velocity calculated 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 

Vo = (6.16) 
(1-A*) 

% = ^oidx= ""ox = Void = Vo cos 0 0 (6.17) 

cos Oo 
Void= Vo — (6.18) 

cos%id 

cos 0 0 1 
Vm = Vo . (6.19) 

- \ i d COSO :̂,, 1 - A * 

COS sin (1 — g* - A*) = sin go cos go — (6.20) 

Vo C O S ^ O ^ ; ^ 

— ^ ( 1 - A * ) ' (6.21) 
v^ cos^ 0 0 
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(1-A*)^ (6.22) 

cotgOoij ( 1 - 0 * - A * ) 

cotgOo (1—A*)^ 

Momentum eq. in x-direction is (see Fig. 4) 

= X (6.23) 

/ dy 
f c o s ^ ^ o i d ( y ) + Pm =PVo^ cos^go +Po (6.24) 

1 - e * - A* Poid Pm _ 

2 Old 

= 2cos: :g_: j [ 1] (6.25) 
(1-A*)^ 

Poid Po A* — A 
^ = 2 008:* 

^^o id 

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

Pm = P o i d - j V d d t ^ T ^ ^ ) , - ! ) («-27) 

The potential theoretical magnitude from potential theory is 

Poid - Pm 2A * — A 
= -2(x- ' l )cos^gQ^(^ (6.28) 

] V ^ i d ( I - A * ) : 

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

= ^oid Void - (Po vg ) (6.29) 

The total non dimensional energy losses are as follows: 

Ag 1 
= [7;̂  ; ^ ^ - ^ ] - 2 ( x - l ) c o s " 0 Q j j - ( x ' - l ) s i n ^ e o i d (6.30) 

f^oid ( I - A * ) 

' cos^ 0 j sin^ G Qj j (6.31) 
^oid 
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p 
Ag = c^Qgg.y Vô  sin^ 00 (6.32) 

^ox " ^0 cos^o (6.33) 

The cascade loss coefficient is 

1 2A*-A*^ 

" ^ o s s ^ i 6 . 3 5 ) 
c 

C,... % 

For low angle of attack, a, C]̂  increases linearly and is constant. At higher values 

near the stall of a, C]̂  will start to decrease whilst increases. The CQ/Cy ratio should 

be small initially. 

tan 00 
= X (6.37) 

I - e * - A* 
(6.38) 

1 - 2 A * 

With substitution of the above two relations into the equations 6.34, 6.35 and 6.36, the 

value of and C^̂ gg 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 which will 

change the Ti 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. Ta 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 Cg 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 

from y = 1 — 71 cSt (Figure 12). The disappearance of the hump for blades Reynolds' 

number Re = 10^ introduced the possibility of finding a more apphoable 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 traverses a hump. All the calibration curves for different viscosities had a 

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 Tg 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, S *, drag coefficient, Cg 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 faU 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 

' The value of Reynolds number can be calculated by taking Ae data out of mentioned Fig. 12 
^ Eq. 6.6 and 6.7 
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out from his experimental results that the calibration with a clearance of 0.022 ins 

(0.5588 mm) had the widest operational range. However, in the case of turbine meters 

there will always be a problem in evaluating the leakage amount and direction. This 

chapter gives an outline of the effect of the tip clearance on the main flow structure. 

An attempt is made to calculate the tip clearance flow and its 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 How outlet angle near the tip 

(4) 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 a 

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 effect 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 MeHor was 

= I = , , (6.39) 
To - % 

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 into 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 it 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: 

C d - 1 . 1 3 C , „ ^ CLI-S.C,- (6,40) 

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

c) 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 coefGcient for different fluid viscosities it is 

essential to calculate or measure the pressure difference across the turbine 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 pressures 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 

c) The angle of attack, a, 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 or driving 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 wiU 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 will 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 a, 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 a 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 a, is very small 

and remains positive for the whole operational range. The influence of this is shown for 

a constant blade angle rotor (Fig. 5c (i) ) 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 lai^e variation in axial fluid velocity. Also the variation in a for a 

helically bladed rotor (Fig. 5c(ii) ) is important for the value of Uft and drag coefficients 

and therefore for the magnitude of T, and T^. The angle of attack was small and positive 

in the helicaUy bladed rotor. Therefore, the values of and Cj) were not much affected 

by the fluid viscosity and the tip clearance flow would not change direction from the main 

flow through the turbine blades (Fig. 5c(ii) ). 

The change in the angle of attack for Q constant and changing the viscosity or y 

constant and changing the flow rate, is entirely dependent on the magnitude of the axial 

fluid velocity. Therefore, the magnitude of a is dependent on the operational r ^ g e 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 

c, the tip rotational velocity is r ^ g , 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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V = v' + c - r . (6.41) 

For simplification, v ' AviU 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 a. The v' component 

(produced by Ap*) can in the case of a constant angle bladed rotor be in the opposite 

direction to v sin a (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 T as tip clearance coefficient) 

Ap* __ v'̂  
— — (6.42) 
7 2g 

is a function of blade thickness, tip clearance Reynolds number, and the product of the 

tip clearance size (r^ — r^) and the blade chord multiplied by the number of blades. The 

rotor tip velocity should be taken into consideration because it determines the direction 

of velocity components. The energy (expressed as a fall in head) loss associated with the 

tip clearance flow is: 

Ap Ap* v^^ 
= + (6.43) 

7 7 2g 
A p* 

This is the sum of the tip clearance losses due to drag (oressure head), —— and the 
7 

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, T, instead of ^ (v̂ ^ instead of v') which gives the following equation: 

A p* v_^ 
— = ^ ^ (6.44) 
7 2g 

Ap* Ap 
- = (—^)(i^ = f ( c , Q, n) (6.45) 
7 1 - ^ 7 

For infinite clearance (ro — r̂  = "») ̂  -» 0 and A p*'-^ 0. For (ro — r^) = 0 

r 
lim ( ) = 1 and Ap* = Ap (6.46) 

-̂>oo I + f 

^ Ship propeller 
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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: 

Qr Pi ^ 

-y v'^/2g 
= ( 

P i tip P^ 1 

)/ - [-
2g ?r[2ro(r(,-rp] 

(6.47) 

2g (p 1 P ^ dp ̂  
(6.48) 

r = 
c cosg 

= r — 
( v' + v sin a) 

(6.49) 

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

% / / / 
Turbine casing 

Turbine blade 

1. 

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-How occurs. The direction of tip clear-

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

of attack, a. If main flow and t ^ clearance flow are co-directional there will be a pressure 

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

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

^Ptip = Pi tip - P2 tip = ^Pbiade ^ — (6.50) 

with V3 = Vo = u and 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: 

P t̂otal = P t̂otal = P3 Vo' = P:tjp+ ; V," (6.51) 
P . P 

2 

The tip clearance outlet pressure is equal to Pi ^ or p; = p^g (depends on tip clearance 

flow direction) and the velocity v and the flow condition for the first approximation 

with zero loss 

+Pitip = P3totd = P^tip V/ (6.52) 

- V' = A p ^ ^ + -v ' = ^Pbwc + - V,' (6.53) 

b̂Wc 

from equation (6.53): 

v ' ^Pwade 

^PhinHn/ - Vi' = 7 (6 54) 

+ 1 (6.55) 

Thus 

V = Vv] K r + ]) (6.56) 

The tip clearance area is: 

= (6.57) 

The clearance flow is: 
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Qg = v A ^ = v ( r o ^ - r ^ ^ ) ) r (6.58) 

or 

Q g = Vi \ / y + 1 A g g ( 6 . 5 9 ) 

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

Qc V; V 1 + r 
— = — (6.60) 
Q Vo 

The flow rate t h rou^ the rotor is given by: 

Q; . = V, . A ^ - ( V i + v ) A g g = Vo . A g ( 6 . 6 1 ) 

Qc y i T F 
y ' — (6.62) 

Qy 1 + If (1 + V 1 + ^) 

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

1 and 3 (with T as axial thrust): 

T — Aĝ  (ps — Po) — 0 (6.63) 

Using the momentum equation for the corss section between 0 and 1: (Vg = Vs ) 

Aa(Pi dp- Po) = -Ag (po - Pi tip) = P vo^ A^ - pv, ^ A^ - A^g (6.64) 

By using the same equation between 1 and 3 

T - Ag (pa - p , ^ ) = pvo" Ag - pvi ^ Ag - A^g (6.65) 

Po - P3 =P%tii- P^ toW= ^PbW 

p' tip - P: dp = P' tow- Pz tow = "̂ PbWe 

P3 total = P 2 total 

^ P* = ^Pbhde - ^Ptotd = P' total -Potota, 

Ap* = ( p , t ^ - P o ) + ( ^ 

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 

tO^P*/^Pblade ' 

A g . A p * = A ^ ( p i tip - Po ) + Vi ^ - A a - ^ v . -

A' p 
(2 — 1 ) + - V " 

Aa 2 
A / ' : : 

A. 
(6.71) 

^P«olal ^Pblade Ap* 

(6.72) 

, ^ 2 ( i _ ^ ' x i + y T 7 7 ) 
- S l i — i ^ + 

V, r 
(6.73) 

The flow through cross section 1 is 

Vi . Ag - (vi + v) Agg = vo Ag 

Vo V A^ 

Vi 

^Pbhde 

= 1 - ( ] + — ) - ^ = 1 _ ( 1 + y 1 + 
V, A 

1 

^ ri 

1 

From equations 6.71 and 6.75 it follows: 

1 + 2 
I + V I + (" 

Ap:" 

2 

Vo 
— 1 + [2(1 —If)—I] 4 .1/)' 

Vi Vi 

From equations 6.75 and 6.56 it follows: 

Ap* 

(6.74) 

(6.75) 

(6.76) 

(6.77) 

= - ! + [] - (1 + \ / 1 + n " V)'"] [ 2 - 2 , ^ - I] +(1 +T)y' (6.78) 
V, 

Ap:" 
= l + [ l - ( 2 + I + 2 V l + 7 ) \ P ' ' ] [ ] - 2 ^ ' ] + ( l + r ) p ' (6.79) 

In case of levcMC How the discharge head waf be 
multiplied by an index ol Ap */Ap _ ^ 57 



Ap* y 
— = 1 + [1 - 2(1 + - + V l + n v ' " ' ] [1 -2v , ' ] + ( l + r v ( 6 . 8 0 ) 

j V . ' 2 

The hydrodynamic power transferred from the fluid to the rotor is: 
^bWe ^Made " ^Pwade ' Q ^ ^Pwade^Qc"^ ^r^ 

^Hade ' ^Made ^ ^Pwade ( ^ ^ r (6.81) 
Qr 

Qc = V. Agg = V, V 1 +f . ;r(ro^ - r^^) (6.82) 

Q]. = Vo (6 g3) 

V 1 + (: 

"a 

From equation 6.74 and 6.75 it foDows: 

Qc 
Qr 1 - ^ ' 

\ / 1 + r . v' 

l - ( l + \ A l l T ) , ^ ' ( I _ i ; ^ ' ' ^ ^ Qr 

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

'̂blade N^bde ^Pbiade [ . ^ ^ ^ 7 7 7 ; : + 1 ] Qr (6.86) 

_ "̂ Pblade 
'p ^ pressure efficiency (6 87) 

^PloW 

_ Qr 
volumetric efficiency (6.88) 

n = ^^^blade ^ 

Q'^Pttal (6.89) 

77cg = — ^ L . V^Pbbde Qr + Qc ' A p , ^ - - ^ P ' ^ v (6.90) 

^ . APblade 

(1+Qc) APtotaJ (6.91) 
Qr 
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(6.92) 

From equations 6.54 and 6.80 and 6.72 

_ I , = 
_ = ^ _ 1 _ [1 _ 2 ( I + - \ / 1 4-^)^,'" ](1 (6.93) 

2 

From equations 6.91, 6.85 and 6.93 it follows that: 

' T W 7 ' Z r 
1 + f - ] - [ i - 2 ( n - v r ^ ) v ' ' ^ ( i - 2 v ' x i + f ) ^ ' ] 

i - ( n - \ A i + r ) f ' 1 -^ ' " 2 

The normal component in the velocity triangle i.e. v^ is given by: 

(6.94) 

v^ = v' + V sin a (6.95) 

Ap* v^^ v'̂  
= r — = r (6.96) 

7 2g 2g 

v'̂  
r = r (6.97) 

(v'+ V sin (x)̂  

6.5 The Calculation of the Volumetric Efficiency of the Turbine Rotor 

As explained earlier, in the case of a 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 (a < 0, D- If v sin a = —v' 

then there will be no tip clearance flow (Figure 5c(i) ). For tv sin al > v' the tip clearance 

flow wiU 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, C, cannot be kept constant over the 

blade tip. The tip clearance circulation is as follows: 

/r'^t Ap x'^t ^ 
= / dr » / dr (6.98) 

% 4 
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When the tip clearance approaches infinity, f 0 and r 0 (Ship's propeller case). When 

the tip clearance is zero f ^ , the boundary layer thickness wUl be zero. 

In the case of real fluids ̂  > 0 and 0 < IF the drag increases the values of 

Tgg and will be approximately the same. 

Turbine casing 

a= Distribution of the axial 
component of the induced 
velocity 

c= Distribution of the 
circulation 

Fig. 6.2 The distribution of thetirculation and its reduction r — r^ due to the swirl 
produced by tip clearance flow. 

The tip clearance tangential circulation will increase towards the blade tip so that 

r — Tgg wiU 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 wiU be: 

/ t / 
T j - N . p . / / V . r. dr dr with zero clearance (6.99) 

^h 0 

Turbine Hub 

Tdi = N . p / ' t 
y V r (Vg - Vp) d . dr ^^^h clearance (6.100) 
0 

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

will be: 

2,r 
T j = % LP .N.W.P [C^ ( ^ ) y rdr - / 

:̂ h % 

tan 0 m 

cos ̂  cos I 
r dr] (6.101) 

m 

The tip clearance efficiency will be 

60 



Tdi 

1 + 
V I +f 

1—(i+V I 
f — 1—[ 1—2(1+ - ^/ l +f .(1—2if')( 1+^ ),f'] 

(6.102) 
For 0 

T di (1 +if ') r 1 

({- - 1) V)' 

From equation 6.48 it follows: 

= r 
t 

1 c . cos j3 
1 (1 -I— ) 

Tdi v) 

From equations 6.97 and 6.104 it follows: 

(6.103) 

(6.104) 

c cos g 

Td 1 
- & 

(v ' + vsin a)^ 

Equation 6.103 may be substituted into equation 6.105 

t [ 1 - - ^ ( 1 + - ) ] 
'^di 

(6.105) 

r = 
c . cosj3 (v' + V sin a)^ 

T . I 
t .v '^ [ 1 2 (1 + —) ] 

^di 

From equation 6.7 and 6.9 it follows 

(v' + V sin o()̂  
f Qe' 

Qr l27rro . ( ro - r^) ] (1 ) 

(6.106) 

(6.107) 

(6.108) 

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

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

condition will be: 

r = ro v '= 0 (6.109) 

f = r̂  V = r^Wg (6.110) 

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

_ To-r ro^ Ap r o - r r o - r 
v - . r^Wg [1 ] (6.111) 

To - r̂  2:? Ax ro - r̂  ro - r̂  

With substitution of 6.111 into 6.108 it follows: 

ro - r 
. 2)rro . (ro —r̂ .) . [(1 + v sin a)/ [ / . r .̂ dr 

/ ro-r t 

j ^ "^lade^o^j;^ ] (6.112) 
^ 2?) Ax ro - r ^ ^o-r^ 

The value of can be calculated by measuring 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 a the theoretical value of 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) wiU 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 Qg (eq. 6.112) should be substituted into the following equation 

- ^ - ( T , - T % - ^ ) ( 1 - ^ ) (6.113) 

' Using the equation, 6.69, 6.85, 6.42. 6.96, and 6.112, one can determiner . v and v sin a and 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 A Py)gjg (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. It depends entirely 

on the magnitude of the different terms of the MTE (Chapter 8), whether or not it is 

desirable to keep the head loss smaU. The energy loss connected with the retarding torque 

is unchangeable once the size of the hub and the blade shape have been tixed. The only 

external change will be varying the size of the shaft diameter and the tip clearance size 

to have a better compensation effect between the different terms of the MTE. The sarhe 

statement can be applied to the losses due to 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 avoid 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 (.1 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 turbi^ie 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 
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blade inlet and outlet (.1 ins before blade inlet. I ins after the blade outlet; see Fig. 

45, location " 1" and "2"). Also 2 other tappings were installed the same distance from the 

blade edge immediately after the blade inlet "1 and close to blade outlet "2^". Thus 

the pressure difference across the blade is given by 

^PbWe ^ P i i - P i o 

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) 

between "0" and "1" 

7 . H 7r 7 (ro^-r^)7r 
— / P i . r ( ro^- r^)dr=— ( p o - p i ) / po rdr 
2 X . V y 2X 

01 0 0 01 

ro 
P / Po 

+ — [ / — [ (ro^ — r^)]^ rdr 
2 V 32 Xoi.7? 

0 
r 

^ (n — 
/ ^ ^ To (po-p) 

- / — [ [ ( r o ^ - r ^ ) - ( r o ^ - r . ^ ) ] . j ^ r d r (6.114) 

^h (n _ 

To 

The same equation can be applied between "2" and "3" in which the flow is slowed 

down. Thus 

Y-Ĥ i.TT Y / (ro^-r^) 
/ p3r(ro^-r::)dr = - ( p ^ - p s ) / ps — ^ rdr 

2 X23 7? V ^ 2X23 7) 
0 0 

ro 2n 

+ — / - [ (ro ^ - r̂  )-(ro ^ ^ ^ ^ rdr 

ro 

ro 
/ ^ P3 

- / — [ (ro ̂  — r^) ] ^ rdr (6.115) 
y 32 X:3.,? 
0 

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

the plane "0" to "3". 
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Applying the Bernoulli equation between "1." and "2Q" gives the Head loss on the 

turbine blade 

/ t . fo 
'y -^Made^ ^ (2;rr—N. t ) u . d r + y / 2)rrv'dr] 

% ^t 

/ "t 
7 / (Pii -

% 

r 
(n — 

ro ^PbWe 

en!h 
4?; 

ro 

] dr 

- 7 / — (2?r - N. t) [ [ (ro ̂  - r̂  ) - (ro ̂  - r_^) 

% 

r 
6n — 

- - - - ] dr (6 .1161 

8„Lh ^ 
ro 

The axial force acting on element at radius dr (Ref. 86) 

Cy 
Ap^]^j/27rr-N.t)dr = %.p.N.W.u: ^ ] dr 

sin a tan 0 ^ 

cos 8 ̂  cos j3 cos cos 0 

(6.117) 

The mean value for relative velocity angle is given by 

27rm tan@ — 5 *) 
t a n 0 ^ = + (6.118) 

u 2 

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

velocity angle, 0 ^ , and axial velocity can be expressed as follows (Ref. 62) 

sin a tan 0 _ 
' = (tang —tan e _ ) . tan (6.119) 

cos 0 ̂  cos g m m 
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with substitution of equation 6.118 in 6.119 

sin a tan 8 tan^(j3—5*) (yrm)̂  

cos 8 ^ cos g 4 u 
(6.120) 

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

by substituting equation (6.120) into equation (6.117) 

P .N.W / t̂ tan *) 
^Pyiade " ^ / 1 ^ 

r̂  4 
^ % y (Svrr—N.t) u . dr 

% 

r / Cn .u^dr 
L-T / ^2 ,,2 ..a L / n̂  u^ r̂  dr+ / ] (6.121) 

y ^ 
% % 

cosO^^ cosj3 

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, , 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 Ti to T3 shows a significant change (less viscosity sensitivity with the 

variation in total 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? 

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 ratio. A relationship between meter coefficient and flow rate can be obtained 

with respect to the blade forces or to the total torque. The magnitude of the resultant 

torque depends on the hydrodynamic torque, (the resultant 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 hft 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 dTj 

is the elemental driving torque: 

dTj = N . r ( d L c o s g ^ - d D s i n g ^ ) (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, whiiji 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 

installed. 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 (C][̂ , C]̂ , 5 *, u/U, ) 

of the turbine meter is necessary to find out the meter behaviour for fluids with different 

viscosities. As the angulur 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 pro Hie depends on the inlet pipe Reynolds' number. This is one of the 

^ Turbine meter used in this rciKarch 
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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 l@rge 

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 Reyncdds number. The external load on the meter is mechanical, the "mechanical" 

torque being the journal friction torque (beadng friction). The bearing torque is a function 

of viscosity, rotational speed of the rotor, and the mechanical coefficient of friction, 

The magnetic load due to the magnetic pick-up was for the meteis used in this research, 

negligible. 

The influence of viscosity, in the laminar and the transition 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 = ^ 

dD = C D . ^ . v ^ c . d r (7.3) 

The mean velocity angle, 9 ^ , with respect to the axis, is responsible for the relation 

between actual lift and drag forces on the blade element. An increase of the angle of attack, 

a, 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 

relation 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 

turbine meters have assumed that the lift coefficient' will be 

= Ci sin a (7.4) 

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): 

Ciksina C n t a n 6 _ 
dTj = % . p . N . W . . r . dr [ -1! 5L ] (7.5) 

cos 0 ̂  COS g cos COS 

' Suggested lift coefficient by P. Weimg: Die stroemung un die Sdiaufe) von stroemung machinen I.A.BarA Munchen 19^5 
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COS tV ^ COS j 

sin g — cos j3 tan 0, 

r 2? Ton 
tang —tan 6_ =— [tanjS ] (7.7) 

t r 27rrnn 
T , = % U" . N . W . p [ci 

t tane. 

cos 6 cos 
(7.8) 

D y 
t t ane_ w_ 

rdr = Co [ — ( — - ^ ) + ( - ^ ) ' (-^ ^ ) ] 
cos g cos 0^^ U 3 U 5 

(7.9) 

0 . W , (7.10) 



total ^ ^ ^ ( 7 1 1 ) 

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: 

Vg - U t a n B ^ —r^.Wg (7. 

U V 
n = — tan 8 ^ ^ (7.13) 

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 

acnoss the blade in the axial direction remains constant:' 

^mech '^m'^e '^^d (7.14) 

where 

so that 

Ttotai (7.15) 

V g = 1 6 ) 

P Q f Q -

n _ t a n % 

Q 4 ? ^ r ^ p . 
(7J7) 

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 Ae effect of tip clearance. 

This equation is justified when the above effect is negligible. T is mainly a function 

of bearing fnction 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, whicii 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 aji 

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

^ Taking and 0 in equation 7.12 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 

Quid forces). The retari^ing or brake torque is produced by the sum of all torques 

in the opposing direction i.e. 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 torque. 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 into 7.11. 

The resultant torque produced by hydrodynamic forces is given by 

r r u tan 8. dA^ 27rrn 

r u dA 
] (7.18) 

i U A^ 
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 

T t = f m U ' — 1 P - 'M 

It can be proved from the above equation that for high Reynolds' number the rotational 

speed is proportional to fluid velocity or How rate. 

For high Reynolds' number Ty — 0 (bearing friction is negligible). 

X 27rrn 
—z-tang_ = constant = (7.20) 

S U 

X and N 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 tlie friction.forces acting on the turbine blade in 

the peripheral direction. The Miction forces consist of fluid drag and bearing friction. 
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7.2.1 The Calculation of the Toique 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 fluid 

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. 94a). 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) 

R" L* n" 
Tbear i r Z ; : , M 0 . 4 4 (7.21) 

c* . 10 ^ 

The above equation is a relatively good approximation for a l i^ t ly loaded bearing. More 

accurate analysis is based on an approximation proposed by Reynolds and Sommerfeld 

for a bearing with eccentricity ratio of e* = e/c*. 

If the friction coefficient is defined by 

c* 1 + 
- [ ] (7.22) 
R 2e* 

The bearing friction torque is 

( , 2 3 ) 

The above equation should be calculated in order to illustrate the influence of the fluid 
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Fig. 7.1 The diq)Iacement 
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) 

h min 

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 ball 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 pnncip^y concerned with 

the commercial meter. The commercial turbine meter had either a relatively heavy rotor 

(Fig. 11) and laiige 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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turbine 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 plotted in Fig. 72. It shows that for lower rotational speed 

or low flow rate the ratio can increase up to 30 times. The higher the Quid viscosity the 

larger the ratio. The effect of fluid viscosity on the flow meters becomes less significant 

for higher rotational speeds or higher flow rates. It is essential to Gnd 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 laiger 

bearing torque will slow 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 cSt to 170 cSt, 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 cSt to that for water is 2.85. The equivalent ratio 

for type C is 7.69. Therefore the increase in Term 3 for the meter type C in changing 

from water to viscous fluid (i" = 47 cSt) is 2.57 times greater than with meter type A, 

Although for meter type C (with a smaller shaft and hence a smaller T̂^ ), the bearing 

friction torque increases more rapidly with viscosity, this steeper gradient cannot be 

used to decrease the viscosity effect in the fiist 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 a 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 Grst two terms of the MTE. 

7.2.2 The Calculation of Torque caused by Fluid Drag 

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

of the influence of rhe fluid viscosity. The viscosity increase affects the inlet velocity 
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distribution (see Fig. 53) and also which has been described in Chapter 6. The fluid 

drag torque is as follows: 

p r r u tan e dA 
Tn = - U' . N.W. (r,_ j % ( - ) . ^ (7.24) 

A m ^ ^ a 

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

blade (eq. 7.5) i.e. 

Tg = p . r ^ . IP K Ag (7.25) 

for equilibrium 

Ti = (7.26) 

with substitution of (7.18) and (7.25) into (7.26) 

^ a _ ^ tan 0^^ X A^ ^bear 

Q r^^.N Ftp.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 , x , M which are functions of fluid viscosity 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 

= 0 the value of the fluid velocity, for which the rotor starts to rotate is 

T 
bear 

Mo Ko A 

™ ^ No X A^ 

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

larger than term 3 from 7.27. 

N X A' 
^ _ tan ^ (7.29) 

R M A^ 

The eq. 7.29 shows the Srst 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 Deteimination of the Deviation of the Meter coefficient from "Normal Opera-

tional Value" and its Rdation to Reynolds' number. 

The value of the deviation of the meter coefGcient 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 torque 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, desciibed in 

Chapter 5, the deviation can be calculated for different values of fluid viscosity. The 

influence of viscosity, whidi 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) 

^m^a ^0 ^0 ^0 
= , ^ [ 1 _ ( — ) ^ ] (7.30) 

U X 4* U 

1 - 5 ( ): ] (7.31) 
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. 
rw 

The normal operational value ^ = , is defined as the asymptotic value of * at 

r.w. * 
high Reynolds' number. The corresponding proportional deviation in each point to the 

above valu 

assumed). 

above value is then deGned as: ( =a certain meter coefficient in which zero error is 

rw^ 

U 
e = - 1 (7.32) 

U 

Uo 
$ [1 - S ( — ):: ] 

u 
e = - 1 (7.33) 

rw* 

U 
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$ 
(7.34) 

U 

Qo 
e = ̂  [ 1 - 5 ( — ) ' ] - ! (7.35) 

Q 

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

density and Reynolds number or viscosity. 

Qo = / J " " " ' ^ (7.36) 

jr'(Re) 
Qo = / (7.37) 

\ f 

substitution of 7.37 in 7.35 

"^(Re) 
e = [ 1 ] - 1 (7.381 

f Q' 

,̂  = r . 5 (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. Germany) so that the equation (7.38) becomes 

Qo 
e = [1 - ( — ) ^ ] - 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 value of ^ increases up to Ae 

laminar operational zone. In this zone the value of ^ decreases again, because of increase of 

Cp, whidi is itself caused by the decrease in Reynolds' number (Ref. 32). The increasing of 

viscosity reduces the operational range of Ae turbine meter, because of if (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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CHAPTERS 

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 C), 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: 

T E R M l = T . ( l - g ) - T 2 ( l - g ) (8.1) 

Ti 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 determine Term 1 of equation 5.20 with the influence of leakage ratio. 

T; and Tz are calculated for a meter of type B (Fig. 54, 55) either as a function of 8ow 

rate or as a function of fluid viscosity (Figs. 58 and 59). The same calculation has been 

done for a meter of type C in which the meter coefGcient is either plotted against the flow 

rate (Fig. 73 and 74) or against fluid viscosity (Figs. 77 and 78). The values of Ti and T^ 

have been plotted against viscosity change in the range 1 to 170 cSt. Test fluids with 

viscosities of 1, 21,47, 71 and 170 cSt 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 Guid viscosity. 

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

1) The first term of the MTE varies with viscosity as shown in Figs. 62 and 81a. 

For the 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 8 la). 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 Grst part of Term 1, Le. T, = f(Q, y), has been calculated and plotted against 

flow rate (Fig. 54) and fluid viscosity (Fig. 58). T^ is influenced by axial fluid velocity, 

blade an^e, deviation angle, 5 *, and lift coeHIcient The second part of the Term 1, 

Tz, (with a retarding effect on Ti ), can be considered separately when calculating the flow 

through the rotor according to equation 5.10 or as Term 1 in the MTE. Ti 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 e^ecially 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 arigle rotor) and (Fig. 75 for 

constant bladed angle rotor). Also Term 2 as a function of fluid 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 req)ect 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 

79 



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 or on 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 (r = 20 cSt). 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 c = 60 cSt), and the tip clear-

ance Sow is by this viscosity approximately zero. Term 2 could become negative for con-

tinuing increase in viscosity. The negative value of Term 2 signifies die existence of a 

reverse flow 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 wiU 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 blade 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 8.1.4) so 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 

low flow rates and up to a certain viscosity, (above this viscosity Term 2 changes sign and 

Term 2 + 3) is then subtracted from Term I. 
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If the theoretical relationship between C^, C , 5*^ 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 should decrease^ at mudi 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 lai^er than the otherwise identical constant blade 

angle rotors. This is the reason that for the same fluid velocity and viscosity, the blade 

Reynolds 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 C with 

blades Reynolds number is much smaller for helically bladed rotors, and therefore 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 

^bear 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 hehcal 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 hehcal 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 

This will flatten the calibration curve for low flow rate 
The tip clearance did not diange the calibration curve significantly a 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 ISO.W). Increasing the fluid viscosity will 

reduce the Reynolds number. The above Reynolds numbers in the operational range 

were nearly twice those of the constant 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 8., , and u, and v on a smaller scale, because of the larger Re numbers 
1 e 

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 lb/sec. u = 2.7915 m/s, Hel. Pitch 

L = 3.9596", frequency = 210 f/sec. v = 0.1806 m/s, 2vrm = 4.1893 m/s, 8. = 56.28°, 
g = 56.28°, ,8 = 57.52°, X = 1.24°). 

y 
cSt) 5* (degree) Vg (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.I33I 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 vanation of deviation angle o axial fluid velocity u, velocity inlet angle 
and angle of attack, a, for difknent fluid viscosity, y, in helically bladed angle rotor 

g* is smaller in the helically bladed rotor because of higher blades Reynolds numbers 

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

Vg = u tan (g- 5 *) - 27rm 

is lariger. The change in 5 * and u are not the only factors contributing to an increased 

swirl Vg. The blade angle, g, will also increase from the hub to the blade tip by a 

factor of 2.37 thereby increasing v^ by the same factor. 
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This angle in helically bladed rotors depends on helical pitch. The increase of 

blade angle from the hub to the tip of the blade also contributes to 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 8 . This smaU change will 
i 

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 wUl 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 = 

(Ti -k/Q) rises, thus producing a wider operational range, at low flow rates. 

(b) The tip clearance flow will not be affected by boundary layer thickness in the 

case of a good installation condition (i.e. 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 ICK* to .9 x 10̂  and constant blade angle rotors 

blades Reynolds number = 12 x 10* to 0.07 x 10* for viscosity between water and 170 

cSt). 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 lb/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 y = 21, to 

y = 170 cSt. 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 wU] 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 cSt 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 

cSt 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 

rotor 

As mentioned earlier the term 1 is sub-divided into two parts (eq. 8.1). This sub-

division is necessary to calculate the flow through the rotor only. The first part of term 

1 which is T] = f(Q, y) 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 lb/sec (1.81 litre/sec) which gradually becomes 

linear. The increase in T, in the range of flow rates 0.5 lb/sec to 22 lb/sec (.23 htre/sec 

to 9.98 htre/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 cSt and 2.25% for y = 170 cSt. 

The values of T̂  against different fluid viscosities have been plotted in Figure 58. The 

increase in T^ relative to water for Q = 6 lb/sec (2.72 Htre/sec) was for r = 21 cSt .94% 

for p = 47 cSt was 3.23% and for p = 170' eSt was 8̂ 5%. The gradient of the curves against 

the fluid viscosity are relatively large in spite of small increase of Ti 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, a). The change in the hydrodynamic components, which is due 

to viscosity variation, affects the amount and direction of the flow throu^ the tip 

clearance area. The flow through the tip clearance has been explained in detail in 

chapter 6. 
T k 

The term 2r( _I_) 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). "Die increase in this term with the decrease of flow rate Q is largely because of Q 

in the denominator. The leakage factor k is approximately constant with change in flow 

rate (Figure 66), because the change in Reynolds number due to 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 

Ti which as has been explained in the section 8.2.1 does not change mudi with Q. 

8.1.3 The eS êct 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. 

Ta, which is the term 3 without the influence of leakage ratio has been theoretically 

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 cSt, which is the usual range for meters used in 

industry (Ref. 32), the rise of this term is small, less than % pulse per unit volume. In 

the range of low flow rates and because it will be divided by , Term 3 is becoming 

larger. This term is most significant in the region of very small flow rates (2 to 4 lb/sec 

(.908 to 1.816 litre/sec), see Figure 57). The increase in Tyg^j^g for helically bladed 

rotors (heavily loaded rotors with larger shaft diameter) as a 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 Ty^^ .̂ = f (y) 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 kakage factor for a helically bladed angle rotor 

The leakage factor, k, and leak%e 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 gradient of g = f (R%]adg) will become steeper with increasing fluid 

viscosity. The operational Reynolds number range is larger for lower fluid viscosities. 

(Flow rate range 6 to 18 lb/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 (^) 

and moving on the full hne 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 rotor. 

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 inoreasing 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 = 

120 X 10^ for water to = 730 for y = 170 cSt). the decrease in Reynolds 

number wiU 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 meter coefficient to a certain viscosity; (according 

to the results of the present research this particular value is about y = 21 cSt). 

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 wiU increase the boundary layer thickness which wDl 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 r = 47 cSt to the viscosity level of water. The change in angle of 

attack, from a positive value (a = 3.98° for water) to a negative value (a = 4.5° to 

—6.84"̂  for very high fluid viscosity (r = 71 to 170 cSt), will change the sign of the 

term 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 following 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, 

8 ; . (8i 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 8 ; , and negligible swirl the angular velocity 

will not be reduced significantly. The deviation angle will decrease at the same time so 

that V 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 value, which changes the sign of Term 2. 

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

so that Ti and T, are smaller. (The ratio T^ /meter coefficient, and Tg /meter 
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coefficient are, for test fluid water, 1.27 and .3103 for helically bladed rotor and 1 and 

.0165 for constant blade-angle rotor, respecticely). The variation of Term 2 whidi 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. 

(c) 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 y = 170 cSt) 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 y = 21 to y = 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 Tlie 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 T% ). 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 lb/sec (.22 litre/sec) 

to 22 lb/sec (9.98 Utre/sec). The value of T, has been calculated for various fluid 

viscosities for this group of meters. For a constant flow rate of 6 lb/sec (2.72 litre/sec), 

and using a fluid with viscosity y = 21 cSt the T, will increase by 4.28% relative to T, 

for water. The rise in T, related to water for the same flow rate wiD be 9.58% for 

y = 47 cSt and 13.38% for y = 71 cSt and 16.69% for y = 170 cSt. The values of T, as 

a function of fluid viscosity (Figure 77) have been plotted for different flow rates. The 

gradient of the slope of calibration curve for the meter with constant blade angle rotor 

88 



is 1.56 times laiger than for the meter with a helically bladed rotor for the viscosity 

range up to 70 cSt. The reason for greater percentage increase for constant blade angle 

rotors is that in the outlet velocity triangle 8 will increase with an increase in fluid 
o 

viscosity, the angle of attack is larger in constant blade angle rotors so 6 the deviation 

angle 5 (this angle can rise up to 3 degrees). The axial fluid velocity, u, was smaller 

due to operation in the blades lower Reynolds number regon (smaller blade chord), 

therefore the outlet velocity angle, 8 , was larger for constant blade angle rotors. 
o 

The sum of outlet velocity angle, 8 , and deviation angle, 5 subtracted from blade 
o 

angle jB'in T^ (equation 5.12). A viscosity increase will cause a rise in the value of 

(8 + 5 *) which has a faster increase for constant blade angle rotors than helically 
o 

bladed rotors, therefore the gradient of the slope in Ti 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 a constant blade-

angk 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 an^e 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 y = 21 cSt and fall 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 i; = SO cSt 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 larger fluid viscosity. 

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

rotor 

The hydrodynamic and retaiding forces (Ref. 18 and 7.24) acting on the turbine 

blade and described in diapter 7 are the components of Term 3, which is given by 

Ta = Term 3. (F 2) 
(1-g) 

^ j3iarincTea9ing from the hub to Ae tip of the blade for hdical bhde lotm 
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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 T3 

is, up to a viscosity of y = 70 cSt, less than .5 pulses/pound (.22 litre/sec) for flow 

rates over 6 lb/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 lb/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 mudi 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 geometiy 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 cSt 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 8lb) 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 rate 

(Figure 81b). A flow rate of 7 lb/sec (3.17 litre/sec) passes a maximum y = 25 cSt) 

and drops rapidly for any further increase, in viscosity with a flow rate of 10 lb/sec 

(4.54 litre/sec) the rise is greater for high fluid viscosities. Finally, for a flow rate of 

18 lb/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 0. and will move the angle of attack towards 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 an^e 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. 
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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 tests. The change in the meter coefficient due to a change in the 

position of the tuibine 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 tuibine 

efficiency. In fact, this is due to the 
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TaMe9.1 Meters used in this research. 

Type Blade Helical Blade 
Angle Pitch No. 

Blade Tip 
Radius 

Bore 
Radius 

Hub Pick Up 
Radius Magn/ 

photo 

I 
Width 

Shaft 
Dia. 

A 3.7512 IS 0.70&" 
18.008mm 

0.720 
18.288mm 

0.3820" 
9.703mm 

mgn 0.560" 
14.224mm 

0.195" 
4.953mm 

B 3.9596 8 0.8995" 
22.847mm 

0.9095" 
23.101mm 

0.3915" 
9.944mm 

mgn 0.960" 
24.384mm 

0.185" 
4.699mm 

C 30 6 0.6541" 
16.61mm 

0.6687" 
16.985mm 

0.2881" 
7.318mm 

mgn 0.251" 
6.375mm 

0.070" 
1.778mm 

E 31.5 6 0.6431" 
16.335mm 

0.6685" 
16.98mm 

0.2835" 
7.201mm 

mgn 0.250" 
6.35nfim 

0.072" 
1.829mm 

Research 33.5 3 0.992" 
25.197mm 

1" 
25.4mm 

0.381' 
9.677mm 

mgn & 
photo-
cell 

0.437" 
11.1mm 

0.078" 
1.981mm 

Research 30 3 0.992" 
25.197mm 

1" 
25.4mm 

0.381" 
9.677mm 

mgn 0.437" 
11.1mm 

0.078" 
1.981mm 



hydrodynamic characteristics of the tip 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 whidi 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 

diange 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 kub/tip diameter ratio, because of the relativdy 

large tip clearance of the turbine meter.' 

The size of the tip cleazance 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 except 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 

essentia] 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 

^ Therefore onlY a mail difference In the tip clearance *lze will contrKute signlticanilY to 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 a helically bladed rotor. 

9.1 A Brief description of present experiments 

This research has been developed from the previous experimental results explained 

in Chapter 3. Previous publications do not consider the effect of fluid viscosity and 

therefore their hypotheses were based on expariments 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 to a 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 1%" (38.1mm) rotor diameters, one with a helical blade angle rotor (Type A) and 

two with constant blade angle rotors (Types C and EX The turbine flow meter can be 

situated anywhere along the test length (from 40D to 90D). Usually there were 2 meters 

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

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 

quidcly 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 signiGcance of tip clearance flow, especially with an increase of fluid viscosity, has 

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 

^ p = 70 pai = 4.83 bar 
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through the rotor. However the tip clearance flow does not contribute towards the 

number of pulses produced at high flow rates. The meter coefficient drops rapidly 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 cSt. 

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. a fractional change in the root 

mean square deviation from the ideal curve with almost constant meter coef^cient 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 cSt, because changing the viscosity in this 

range wiU 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 
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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 mqjor groups : 

(a) using research turbine flow meters 

(b) using commercial turbine flow meters 

9.2 The experimental results obtained using the research turbine flow meter 

The research turbine flow meter with rotor having 3 constant angle blades was 

originally equipped with a photoelectric pidc 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 cSt. 

9.3 The experimental results using the commercial turbine flow meter 

The commercial turbine flow meter did have a similar calibration curve, compared 

to 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 m%or 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 lb/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 lb/sec. (4.54—8.63 litre/sec.) and average mc. = 41.44 pulses/pound 

(91.28 pulses/Htre) 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 lb/sec (2.72 litre/sec.)), because the tip clearance/blade he i^ t 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 lb/sec. (2.72 litre/sec.)). 

However, when the viscosity increases, the leakage factor will increase which is 
'"A 

equivalent to a decrease 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 laige 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 meter coefficient in the flow rate range of 6—20 lb per sec. 

(2.72—9.08 litre per sec.) which is ±J7% for an average mc. of 28.80 pulses/lb (63.44 

pulses per litre). In the range of flow rates between 8—20 lb/sec. (3.63—9.08 litre/sec) 

for an average m.c. of 28.85 pulses/lb. (63.55 pulses/litre) the deviation will be ±.48%. 
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The viscosity range for above mentioned deviation was between 1—170 cSt. 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 although the meter type 

A has a much larger viscosity effect in the lower flow rate range (under 6 lb/sec. (2.72 

litre/sec.)), it is slightly less sensitive in the higgler 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 61b/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 cSt. 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 altogether, 

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 cSt. 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 

to be achieved. 

9.3.2 Analyas of the results of experiments into (he 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 
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turbine flow mtter 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 lb/sec — .68 to 9.08 litre/sec). Apart from raising the whole calibration curves 

with the increasing of the Quid 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 cSt, 

for flow rates between 10 —20 lb/sec. (4.54 — 9.08 litre/sec.). From y = 71 cSt 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 p = 20 cSt) and, even in that range, 

the user should calibrate his meter for the fluid used. The increase in meter coefficient 

from 1—20 cSt for flow rates between 10 and 20 lb/sec (4.54 to 9.08 litre/sec) is about 

2.19%. The variation in the meter coefScient is about ± 1.16% for flow rates between 10 

and 20 lb/sec (4.54 to 9.08 Htre/sec) and viscosity range between 1—20 cSt, the average 

meter coefGent 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 approximatdy 60 cSt). The hump has been moved towards much h i^e r 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: 

y = l c S t y = 21 cSt i; = 47 cSt 

Turbine How meter Type A 1.51 lb/sec 1.65 lb/sec 3.72 lb/sec 

.69 litre/sec .75 litre/sec 1.6911tr^sec 

Turbine How meter Type C no hump 1.91 lb/sec 8.03 lb/sec 

.87 litre/sec 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 cSt. Even when 

the meter is calibrated for a certain fluid viscosity, say for 12 or 21 cSt for a flow range 

between 6 to 20 lb/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 pulses/litre) 

and ± .93% for an average meter coefficient of 31.16 pulses/pound (68.55 pulses/litre). 

For a viscosity of 170 cSt no linear part can be seen. The improvanent might be achieved 
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by decreasing the tip clearance for viscosities between 12 — 47 cSt to give the meter a 

wider operational range. The turbine flow meter with a constant blade angle rotor will 

have less sensitivity for the laiger rotor (Fig. 12a) because of laiger 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. 
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CHAPTER 10 

CONCLUSION 

10.1 The Summerising and the Discussion of <he Presejit 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 Gnd the effect of fluid viscosity on the calibration 

curve, it was necessary to evolve a theoretical model, which could be used to fit the exper-

imental results (Figs. 88 to 99 and Table I.l to 1.18). To build up a theory one should 

look for a pattern in the experimental calibration curves (Figg. 6, 9, 12, 22). Having 

observed patterns in the calibration curves for certain groups of meter one is able to identify 

a meter 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, Aat the meters 

behave similarly with respect to the effect of fluid viscosity but with different d%rees of 

sensitivity (i.e. although the meters with helically bladed rotors (Type A and B and Fig. 

22 See Table 9. IX were much less affected by viscosity than meters with constant blade 

angle rotors (Type C, D and E Figs. 9, 12 and 12 a), the shape of the calibration curves 

have changed with viscosity in a similar manner. 

This research has sou^ t to evaluate the parameters (Ti, T^, Tg, 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 

latio (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 proSle (eq. 5.1 and LDA measurement) 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 
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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 tiseful for compensation effect but it lowers the calibration curve 

at low flow rate, so that one ^ould 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 

(ie. 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 Quid 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 Gnd a way to approach the effect of viscosity on all those components one had 

to 6nd a theoretical equation (eq. 5.15) which could be applied with an appropriate 

approximation to Gt the experiments for aH groups of turbine flow meters and consider 

the variation of this equation by calculating the different terms as a function of Quid 

viscosity (T,, T^, Tg, 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 terms 

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 hdicaUy bladed rotor whilst Fig. 81b shows that the friction due to bearing torque 

cannot contribute signiGcantly towards the viscosity compensation in a constant'bladed 

angle rotor). The Euler turbine equation has been used to derive Ae turbine meter equation, 

^ i c h is for an axial flow madiine. 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 

Cg, u, 6 *, and blades Reynolds number or fluid viscosity. The main turbine equation 

can be generally expressed in the following form 

n Ts k 
— - ( T i - T z - — ) ( l - g + —) lO j 

n/Q̂  Q/Q 

The first part of the above equation shows the achieved pulses of the Sow through the 

turbine rotor and the second part shows the leakage flow or the turbine volumetric 

efficiency. Tan has converted this equation to fhe form showed in equation 5.20 by 

neglecting some of the terms (Ref. 86) and found the best value for A, B, C (eq. 1.1) 

using the method of least squares. 

This research investigated the calculated value of Ti, T^, Tg (eqs. 5.12, 5.13, 5.14) 

g and k (App. I) 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 (i;, Q) 

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

eq. 5.15) as 

- ^= ( 1 _ ^ ) 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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2) The calculation of leakage flow based on tip dearance energy losses (Chapter 6). 

For the method 1, Geisten's 'digplacanent' equations have been used (eqs. 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 determine the 

leakage Dow. 

Chapter 6 gives an outline of the effect of the tip clearance flow on the main flow 

structure. An attempt is made to determine (he 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 Viscoaty EHect on i * Characteristic of a Hdically 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 d^ree of sensitivity towards the fluid viscosity. The variation of the 

three tenns in Ae MTE shows why these two groups behave differently with the viscosity 

change. Term 2 in the MTE r ^ resents 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 adaptability 

between velocity angle 0, and blade angle g, which make a 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, a, is initially 

positive for low fluid viscosity in a constant blade angle rotor and with the increase in 

Quid 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 does in helical bladed rotors. 

The tip clearance flow direction depends on the sign of the angle of attack a, (Fig. Sc). 

The direction of the tip clearance flow is along the flow through die turbine rotor, if a is 

positive (Fig. 5 cii), and is in the reverse direction if a is negative (Fig. 5 ci). 

The sign of the angle of attack, a, depends on the pressure distribution across the 

turbine blade. The sign of this angle determines the direction of the flow in the tip dearance, 

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 hdically bladed rotor (Le. 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 throu^ 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 ^ to.4%). When the 

viscosity of the fluid and the design of die rotor is determined, some improvement can be 

achieved by calculating the different terms in the MTE for that particular design and 

viscosity resultii^g from a small alteration in the turbine rotor. The calculated value 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 

Made 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 neceKary 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 curve 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 be achieved 

%jien the tip clearance is small in order to minimize the losses in Ais 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, a (Chapter 6). The tip clearance flow, 

which can be affected by the force acting on the turbine blade, induced drag, velocity outlet 

an^e 60, and the blade tip mixing losses, depends on the pressure distribution across the 
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blade. The expeiimental part of this reseaich has shown that the mechanics of tip clearance 

Oow does not contribute significantly towards (he calibration curve for very viscous fluid. 

The tip clearance flow will affect the lift force of the blades because the induced drag 

causes a diange in pressure distribution. The volumetric efficiency has been calculated by 

estimating the value of displacement ihickness in order to determine the drag induced by 

tip clearance Sow. The tip clearance flow wiD be associated with die 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 

measured 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 dp clearance 

efGciency, which can be either expressed as the ratio of the induced hydrodynamic driving 

toi)que with zero tip dearance 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 has been calculated by measuring the pressure loss over 

the turbine blade. Th6t 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 dear 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 diese instruments, there remain a 

number of problems. It was essential to be able to theoretically predict the calibration 
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curves via numencal calculation. As is dear from previous chapters, any changes in the 

turbine meter geometry wiU affect Hiey hydrodynamic parameter, which in turn will change 

the meter calibration performance. Some of these geometrical parameters which can be 

optimized are as fcdlows: 

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.' 

The best calibration curve was obtained with a meter of 3.95 hdical pitch. It 

seems that the size of hdical pitch goes through an optimum, and thereafter, Ae 

sensitivity to fluid viscosity starts to 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 enough 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 (i.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 bearing 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; is not big enough. 

6) The alteration of blade angle, j3, from the hub to the tip. This is necessary when 

it is required that T, should be changed. Ti will increase when the blade angle increases 

from the hub to the turbine tip. 

7) If a flat axial velocity distribution (operation at higher blades Reynolds number) 

is required an optimized hub ratio should be sought. An increase of the hub ratio wiU 

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

^ Helicg] pitch for research tuAine flow meter 
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which can reduce the operational range at lower flow rate. 

8) If 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 viscosity 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 C(gnpkte 

it would need to be reiterated to consistency. 
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APPENDIX I 

The calcination of the main turbine equation 

The values A(y), B(y), C(i;) and D(y) in the equation 5.8 are given by the following 

equations: 

A(y) = / ^ [2 tan^ - tan - (60 + &*)] ] 
U ' . r,^ ^h ° 

r 
6n-

. [ [ ( r o ' - i ^ ) - ( r o ' - r j ) ^^^lade ^ ^ 

en-
h % 47, 

To 

t ( n — 2 . 
ro , ^Pblade ^ ^r 

'h ^ — — ] - 7 7 7 — ZT 
B(y) - / [ (ro ̂  ) - (ro ^ ) -1!! ] —' 1. 2 

/ «nJk V 

''t y Gn — 

C(4 = / 3 

r-;; V " , n lh 4 . r / 
To 

Losj3cos@m ' 4]7Um ro^ 
'h en 

ro 1 . 4 

y^ t ^ ^ ^n— 
E(^) = y ( 2 r - : — ) [ [ ( r o ^ - f ) - ( r o ' - r . ' ) _ J 2 ^Pblade^ 

r^ enjjk Wm") r,,' 
ro 1 . 5 

The integration of the above equation has been taken from the blade hub to the tip. 

The tip dearance flow for a fluid with low viscosity is determined by integration from 

Wade tip to the turbine 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 
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of evaluating the boundary layer thickness is the Gersten equation S. 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 (he turbine casing and subtracting &om that turbine casing to the 

boundary layer thickness. The Cg, 6 * values are functions of Quid 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(y), 8(1;), C(p), D(y) and E(*') the sub-

routine F4ACSL has been used. The inlet and outlet velocity angles 6- and 60 are obtained 

by (either) measuring the axial and tangential fluid velocity (or) the rotational speed. The 

5 * has been taken from Rhoden's (Ref. 96) measurement. The theoretical result and &e 

empirical result of T, to T3 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 

g, k = f (y ,Q,e i ,€2 , ) I . 6 

where k and g are subjected to Normal Law of Errors. 

y, Q are variables not subjected to error 

E,, 62 are disposable constants 

Thus for exact 'input' values of (y, Q) or (y ,̂ Qp, there is an observed output gj°^\ 

with a certain (unknown) variance or error probability. The least squares process compares 
obs _ obs , . ^ theor. theor. 

o rk j withg^, Kj(i/, Q ^1,6% ) which we can call ĝ  ork-

The 'failure' of fit is 

theor obs 

^ig - ^i - gi ^ ^ 

A. 1 . 8 
k̂ 1 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 Le. die least squares piindple is: 
Min [ Z ] 1 . 9 

This assumes that all have the same reliability. It may well be that certain 

domains of (y, Q) space have led to more reliable g^^^ , k^^^ than others. Suppose for 
example g or k was a measurement of length , 7 7 

ii 
. 111 



e.g. g, k are a length from an origin O to one of a set of lines A, B, C, D, E 

If the width o f A i s 5 , B = 25,C = 26,D = 5 , E = 3 5 , then there are correq)onding 

differences in the ability to define gŷ  and or gg and kg. In fact the width represents 

an uncertainty. If the uncertainty in g^ or kŷ  is then for gg or kg it is iy ..7.... 

The normal process here would be to assign 'weights' to the observations g, k^ g 

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

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

weights are not absolute but relative i.e. the weights would be 

w g — ^ A " ^ ^B ^ 

The Complete Least Squares Principle is then: 

Min [ 2 A. / ] I. 12 
ĝ, k ig,k 

Clearly the theoretical values in I. 7 and I. 8 are unobtainable except through infinite 
best best 

measurements so they are replaced by ĝ  and k^ 

gj"™ = ) I. 13 

) I. 14 

, _ best obs ^ _ 
and R = g _ g I. i ̂  

i 1 "g 
ik 

K . k j"" ' 1.16 

and minimise it to Min [ Z w - R ^ ] 1.17 

"g,k "g,k 

It may well be that another functional form gives an even 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. It is perfectly 

possible that the true physical function will give a worse fit than some artificial functions. 

Noimally curve fitting is done for the following reasons: 

1. Theory gives a functional form, but not certain constants in the equation. The curve-
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Gtting then gives the best values for those constants, 

2. Theory may give several functional forms according to different assumptions. Curve 

Gtting indicates the best form to take all other things being equal, 

3. Cuive-Gtting 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 Aeory,Chebyshe^polynomiai 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 raqge 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 diart recorder. The more a curve is smoothed the 

more information is lost so one is always balancing 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 Gnd a convenient formula to represent data within an acceptable 

error bar with the consideration of eq. I. 15,1. 16,1. 17 the approximate values of ej: 

- 6 L I S 

+ I , . , 
^ 1 J J OCj J 

.ppr. 
ig 1 1 J J 

Le, h,. . _ g;""' 1.21 
'g 

then 
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obs 
R, = h. + 2 —- 5 E. 1.22 

ig ig J a^j J 

which is called a 'Reduced Equation of Condition'. 

To minimize the equation L 17. the value of 2 w: R :̂ should be differentiated 
j % 

with respect to the variables to be determined i.e. the Sej. Therefore I. 17 is achieved when: 

a 
Z w. R ĵ = 0 for all j 

a (5 fj) i 
I. 23 

aR. 
or 2 w. R. —Ig = 0 for all j 1.24 

1 'g a (6 Cj) 

obs 9g: ag. . 
or 2w. (h- + 2 — = O f o r a l l ' y i. Z5 2w; (h- + 2 —^ g ê ) — = 0 for all 7 

i 'g ĝ J ae: ae^ 
J 

3g{ 
Let V. = — 1.26 

^ acj 

Then 2 w- (h. + 2 v... SeJ v.̂ . - 0 for all -y I. 27 
1 ig ig J « J 17 

For want of any other information we must take the weights w. as equal i e w = ^ 

appr. obs 
^ IS Known, as is ĝ  

ag: ag.'PP'-
v ĵ = —^ — —1 any error in this approximation is removed by the 

subsequent iterations that determine Scj; 

so V;̂  is known. 

i.e. eq. I. 27 is a linear equation in the unknowns 5ej. Since there is an equation for every 

7, this equation is equivalent to n simultaneous linear equations (where n is the no. of 

coefficients e )̂. These equations are called the "normal equations". 

They may be reduced to the following form: 
2 P 6 E. = T I. 30 
J 7j J 7 

where P = 2 w . v.;v 1.31 
yj i Ig U iT 

T = - 2 w. I. 32 
TT i Ig 1 iy 
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Equation I. 30 is solved determinantly i.e. 

5 6 = P"' T 

where is the vector /5Ei\ 
/ 

T is the vector T. 

I. 33 

n 

is the inverse matrix of P. 

The error in 8ej is 

where 

and 

2 w. R. ^ 

(N — n) 

N 

n 

is no. of observations 

is no. of coefficients 

/V 

Pjj is the minor of element jj in P 

P is the determinant of P 

I. 34 

The solution of I. 33 gives values of Scj which then give new approximations to ej 

so that the process is reiterated until all 5 Cj 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 

new old ^ 
6; — E: + 5 E; X D I. 35 
"j "J --"J 

where D is a damping factor 0 < D < 1. 

It is possible to have functions that cannot convei%e and special methods need to be 

employed to 

Min [ 2 w. R. 
'g 

In the case of k as a function of z there is a Gaussian4ike hump so one Gts a general 

Gaussian of the form: 
(y — 

k= 64 [es +exp [ ] ] I. 36 
ea 

l i s 



Since there is nothing known theoretically about the form of the g and k function, 

one cannot ri%ard them as a separable function of y and Q. 

i.e. in general 

g o r k ( y , Q ) # f M f * ( Q ) 1.37 

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 

the kind (A + ByQ + 0 , ^ 0 + DyQ^ + EyQ"' + Fy"' Q + ) 

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 + ByQ). Throwing away all redundant 

disposable coefficieits one is left with 

(e4+eiyQ) — — c i y 
[ ] j 1. 38 

(̂ 6 +Q) 62 

One should solve equation I. 30 so we need P . and T 

N 
P . = Z w. v-i V. I. 39 

i=l ĝ " 

This program has put w-= 1 i. e all observations are of equal weight for want of anything 

better. appr. 
af. 

v.j —L f = gor k 1.40 

In this program, g^^^ and k / ^^ ' are defined for i =: 1, NOBS (NOBS = no. of observa-

tions above). 

gives 
2(^4+ 6; |/Q) 

v.̂  = . (p — 6^) . exp ( ) I. 41 
(fe + Q)c3 Cz 

Subroutine LSFERR takes v ĵ, w j, k.°^^ and computes 

P .,T 
7 

It then solves the matrix equation I. 33 to produce the array or vector 5 e (see eq. I. 35). 

The damping factor was approximately 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 

I. 34 is a reasonable guide to the goodness of f i t The most efficient fit is that which 

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

Thus: 

PROGRAM 1 ERROR = 0.0966 K D 

6 coeffs. 

PROGRAM 2 ERROR = 0.0132 

6 coeffs. 

GDATA 

If on K DATA we take the mixing term yQ out of the expression we get 

PROGRAMS ERROR = 0.126 5 coeffs. 

The efficiency of fit can be defined by multiplying ERROR by the number of coefficients. 

(EFT = Efficiency of fit). Thus: 

PROGRAM 3 EPF = 0.126 x 5 = 0.63 

PROGRAM I EPF = 0.0966 x 6 = 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 6om the How rate 24 Ib/sec.' to 5 lb/sec.^ in 

stepsat lib/sec.^ andfrom4.5lb/sec.^ tol.5instepsof.51b/sec.^ and 1.5lb/sec.* to.2]b/sec.^ 

in steps of . 1 lb/sec.^ For each viscosity, the value of T, , T^, Tgand the blade Reynolds 

number and passage Reynold's number have been calculated and are tabulated at the end 

of &is 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. 

1. Q = 10.89 litre/sec 
2. Q = Z27 litre/sec 
3. Q = .454 litre/Kc 
4. Q = 2.043 litre/Kc 

5. Q = .227 litre/sec 
6. Q = 2.724 litre/sec 
7. Q = .0908 htfe/sec 
8. Q = .0454 libe/sec 
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Pipe radius - ^9.05 mm; Axial width = 14.224 mm" 
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T î,.]NE FliU lETEH TŶ 'E A l.bltiCH 
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18.008 mm; 18.288 mm; Hub radius' 1.24 mm. 

H E L I C A L BLADE ANGLE ^ O T J N H E L I C A L P I T C H , 

0 , ^ 2 0 0 T I P ^ A t i l ' J S = 0 . / U 9 0 HUB H A D I U S = O . j g ^ O 

7 S 1 Z 

A X I A L W I D T H m O . 5 6 1 } 

EX " C ^ i l i l E l T A L V A L J E T'i 6ti!<E T 
1 - I . e . U 

1 9 . J u l 4 4 1 . 2 2 1 6 2 ^ U 0!) J 
1 8 . ; ! o i 3 4 1 . 2 N 5 2 5 J i10 U 
1 7 . , " 1 2 4 4 1 . 2 ) 1 3 2 2 u n 0 u 
1 6 . 1 1 2 4 4 1 . 2 ) 2 1 2 1 U n (, J 
1 3 . u ' . U 3 . 2 5 1 1 2 0 v o . j u 
1 4 . ; ^ o i 4 1 . 2 7 ^ 1 1 9 \) ,^0 J 
1 j . 1 1 ^ 2 4 1 , 2 1 7 4 1 3 i l i )0 J 
1 2 . < ] u J ' .1 . 2 ) 7 6 1 / 11)0 J 
1 1 . J : , l o 4 1 . V 3 1 l - s u o o J 
1 J , '1_)24 4 1 . j 3 j 4 1 3 II :l 1) J 

9 . 9 3 6 4 1 , I ' d 0 1 4 

9 . 1 . 1 2 4 1 . 1 ) 1 2 1 : UlIU 1 
J . 9 ^ 4 4 1 , J ' v a 1 2 itoc'i 
4 . 3 4 1 2 4 1 . 4 112 1 1 U J 
,i . . i : j j 41 . ) a i 1 ) U I G ' ) 
7 . . 3 1 2 4 1 . 4 3 2 5 9 D'Ju .1 
6 . -'.I . :» ) 2 1 . I ' l ou 
6 : u i 2 4 1 . ) 1 2 I 7 JOO J 
6 . I ' . ' J I 4 1 . ; ) 5 6 i 0 L) u 1) 
5 . - ' 0 2 4 4 1 . j ; 3 3 3 1)0 0 0 
5 . 4 J 1 2 4 1 , 6 ) 2 7 4 
4 I ' i 2 / 4'I , } : : i i 4 'JO'J J 
4 . 1 ) 2 0 4 1 , j 1 9 / 3 hOOV 
J . 1 ) 4 1 4 4 1 , / 5 3 4 3 UOC'J 
j . J J1 2 4 1 . / ) 4 5 2 5 r i u J 
2 . ',U21 4 1 . n z i 2 : )0 ' )U 
2 2 4 1 , i : : j 4 1 3 0 0 0 
2 , 1 ) 4 3 4 1 . 1 1 2 4 1 4 0 0 9 
1 , [) 2 1 4 4 1 , I 2 j 4 1 3 1 ! ) J 
1 f1 4 5 4 1 . V 3 3 1 2',C9 
1 . 1u2j 4 1 , J 1 2 7 1 1 n o J 
J . " ( : 2 i 4 1 , / ) 2 a 1 UO.;U 
') . ()w1 1 4 1 , 1 2 6 0 9 00 J 
u )uCO 0 . j n o o 0 MOCU 
' ) )uOO {( . 0 J 0 V c /i)ijO 
0 .1000 u , ; T ) 0 0 600 V 
0 . )UUO 0 , /TOO 0 50 CU 
J . O u O O u , ; ioo 0 .4000 

Ti \BLE I. 1 Tb e experii 

a'),U49 
L JC 
- I . e . 
.1/5/ 
.1 11/ 
.1142 
.1 -^54 
. 2 )14 
. 2 1 2 < ! 
. 2 2̂1 
.2 ;31 
.2455 
.2j96 
. 2 9 4 ' ) 
.3154 
. 340 j 
. 3',9ft 
.4 150 
.4476 
. 499d 
. 3645 
. 6447 

. ? 4 l 1 

.7V1 d 

.1)46 
, i 4 61 
. 7iS5 
. ^1H 
, 1 1 "i 
.3^37 
. 4 9 6 0 
.1)1)1 r 
,3163 
. 1146 
,.i160 
, 3 1 6 ( * 

. 7 7 3 0 

, 2 5 3 6 

. 3 7 6 1 

iJu WF PICKUP 
6 L A J I: S 
HE - m 

3')d)42 
3w23?l) 
1A569 7 
349H75 
132452 
315^29 
2992,)7 
2«25^4 
265^ 
249139 
232/16 
21609 4 
199^71 
1H2')69 
16^226 
1 496iM 
t.)2;.';i 
116358 
99/^6 
h31 1 3 
74,'i02 
66490 
561 79 
49 
41556 
j3245 
24^ 4̂ 
23272 
21 619 
19)47 
1 't2A5 
1 6623 
14^60 
I 329% 
II 636 
9 974 
8311 
6649 

1 .000 
H E k 

. 1 2 0 3 

. 1 1 6 3 

. 1 1 6 5 
, 1 1 4 3 
.1119 
. 1 0 9 3 
. 1 0 6 4 
. 1 0 3 1 
, 0 9 9 4 
, 0 9 5 3 
. 0 9 0 5 
. TiliU 
. 0 7 
. 0 7 1 0 
. 0 6 1 9 
,0501) 
,0369 
, 0 1 9 1 
, 9 9 5 * 
,9619 
, 9 j 9 7 
.9119 
, . i 7 ( , 2 
. ]2H6 
. 7 6 1 9 
. 6 6 1 9 
, 4 9 5 3 
, 4 4 7 7 
. 3 9 2 7 
, 12̂ 6 
, 2 5 2 8 
, 1 6 1 9 
.OSOd 
, 9 1 1 9 
, 7 3 3 4 
,4953 
, 1 6 1 9 
, 6 6 1 9 

V I S C O y i T Y C C E N T l - P 

RET 

1 2 , 
1 2 , 
1 ^ , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 , 
1 2 . 
1 2 , 
1 2 . 
1 2 , 
1 2 , 
1 2 . 
1 2 . 
1 2 , 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 . 
1 2 , 

1 3 

1 3 

T 2 
, 2 2 0 4 
, 2 2 4 1 
, 22aO 

, 2 3 2 2 
, 2 3 6 7 
, 2 4 1 5 
, 2 46% 
, 2 5 2 5 
, 2 5 « 7 
,2656 
, 2 7 3 1 
, 2 1 ) 1 5 
, 2 9 1 0 
, 3 0 1 7 
, 3 1 4 0 
, 3 2 * 3 
, 3 4 5 2 
, 3 6 5 6 
, 3 9 0 9 
, 4 2 3 4 
, 4 4 3 6 
, 4675 
49 6 3 

, 5 3 2 1 
, > 7 8 1 
,6404 

/ 3 1 A 

, / ' i < 2 3 

,'1122 
, d 4 6 l 

, 9 3 0 2 
, 9 8 3 4 
, U 4 8 0 
,1280 
, 2 3 0 9 
, 3 7 0 3 

V A L U 
T1 K / Q 
0,287)) 
0 , 3 0 0 3 
0 , 3 1 3 9 
0 . 3 2 A 9 
0 , 3 4 5 3 
0 , 3 6 3 5 
0 , 3 8 3 7 
0 , 4 0 6 3 
0 , 4 3 1 7 
0 , 4 6 0 4 
0 , 4 9 3 3 
0 . > 3 1 3 
0 , 5 7 5 5 
0 , 6 2 7 9 
0 . 6 9 0 6 
0 , 7 6 7 4 
0 , 8 6 3 3 
0 , 9 8 6 6 
1 , 1 5 1 1 
1 , 3 8 1 3 
1 . 5 3 4 8 
1 , 7 2 6 6 
1 . 9 7 3 3 
2 , 3 0 2 1 
2,/626 
3 , 4 5 3 2 
4 , 6 0 4 3 
4 , 9 3 3 2 
5 , 3 1 2 6 
5 , 7 5 5 3 
6 , 2 7 8 6 
6 , 9 0 6 6 
r,6738 
8 , 6 3 3 0 
9 . 8 6 6 3 

1 1 , 5 1 0 7 
1 3 , 6 1 2 8 
1 7 

T ] 

0 , 0 1 1 9 
0 , 0 1 3 0 
0 , 0 1 4 2 
0 , 0 1 5 6 
0 , 0 1 7 2 
0 . 0 1 9 1 
0,0212 
0 , 0 2 3 8 
0 , 0 2 6 9 
0 , 0 3 0 6 
0 , 0 3 5 1 
0 , 0 4 0 7 
0 , 0 4 7 8 
0 , 0 5 6 8 
0 , 0 6 8 8 
0 , 0 8 4 9 
0 , 1 0 7 5 
0 , 1 4 0 3 
0 , 1 9 1 0 
0 , 2 7 5 1 
0 . 3 3 9 6 
0 , 4 2 9 8 
0 , 5 6 1 4 
0 , 7 6 4 1 
1 , 1 0 0 3 
1 , 7 1 9 3 
3 , 0 5 6 5 
3 , 5 0 8 7 
4 , 0 4 9 3 
4 , 7 7 5 7 
5 , 6 8 3 5 
6 , 8 7 7 1 
8 , 4 9 0 2 

1 0 , 7 4 5 4 
1 4 , 0 3 4 8 
1 9 , 1 0 2 9 
2 7 . 5 0 8 2 
4 2 , 9 8 1 6 

P O U N D ) 
P A S S . R E 
1 ^ 6 5 7 0 . 
1 2 1 2 9 6 , 
116022. 
1 1 0 7 4 9 , 
1 0 5 4 7 5 , 
100201, 

9 4 9 2 7 , 
8 9 6 5 4 , 
8 4 3 8 0 , 
7 9 1 0 6 , 
7 3 8 3 2 , 
6 8 5 5 9 , 
6 3 2 8 5 , 
5 B 0 1 1 . 
5 2 7 3 7 , 
4 7 4 6 4 , 
4 2 1 9 0 . 
3 6 9 1 6 . 
3 1 6 4 2 , 
2 6 3 6 9 , 
2 3 7 3 2 , 
2 1 0 9 5 , 

1 B 4 5 8 , 
, 

1 3 1 8 4 , 
1 0 5 4 7 , 

7 9 1 1 , 
7 3 8 3 , 
6 8 5 6 , 
6 3 ? 6 , 
5 8 0 1 . 
5 2 7 4 , 
4 7 4 6 , 



Rpe radius - 19.05 mm; Axial width = 14.224 mm; Tip radius 
COOPJ: Ub(i7*DEL :-J') 

1 C A i a S / T i L l I 5 S u r f T M F I L E 

T''(uINE FLU METER TYî c A 1.5INCH 
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7 . ; o 7 2 41 , 7 5 2 4 3 3 011 j 4 2 2 4 1 5 
0« ' j 3 9 4 1 , 3 1 4 9 :> u 0 u J 4 2 2 2 4 5 
6 . 39 1 ) 4 1 ."i ' , 2 6 2 ') 4 2 1 3 5 4 
5 , . , 4 4U 41 2 ti ,1 i, J 4 1 4 ' , 9 0 
5 . luVU 4 1 1 5 0 1 U 3 9 5 6 3 i 
4 , W 3 2 4t ' , 1 7 6 7 1 6 0 V Ij 3 8 4 Ifi 1 
4 . ^ v 5 6 4 2 . 1 39 7 1 ) f V V 17 1 1 0 0 
4 . 1 u 4 3 4 2 1 2TU ) 3 6 4 3 0 1 
3 . ,199 j 4 2 , 2 5 3 9 1 1 0 3 J 3 4 6 7 7 6 
3 . 4 1 0 6 4 2 , 3 6 7 V 1 U l O V 3 2 1 3 2 9 
3 . ) ' , ) 7 4 2 , 2 6 9 1 2 8 6 ; 9 8 
2 . 4 2 , V . 1 9 ) 0 2 3 4 4 3 2 
2 . ^ 3 3 2 4 2 0 7 0 0 J 1 5 5 0 2 9 
1 . 3 2 2 5 4 0 , V 2 4 2 0 1, ) 0 V 2 7 ) 3 1 

perimenW 
meter: 

MO J F P I C K U P = 1 , 0 0 0 
B L A D E S T II E ( 

RE-,VO T1 
«493. 53.78)8 
' { M ? . 5 3 , 7 7 ) 0 
7 / 8 0 . 5 3 . 7 7 / U 
7 4 3 2 , 5 3 , / / 4 a 
707y. 53.7724 
6 7 ^ 4 , . S 3 . 7 6 9 d 
6 3 7 0 . 5 3 , 7 6 0 ? 
6 3 1 6 , 5 3 , 7 6 1 6 
5 6 6 2 , 5 3 , 7 5 ' ' 9 
5 3 0 6 , 5 3 , 7 5 ^ 8 
4 ; ' 5 4 , 5 3 , 7 5 1 0 
4 6 0 1 , 5 3 , 7 4 5 5 
4 2 4 7 , 5 3 , 7 3 9 1 
3 d 9 3 , 5 3 , 7 5 1 5 
3 5 3 9 , 5 3 , 7 2 2 4 
( 1 ^ 5 , 5 3 , 7 1 1 3 
. ;»)31 , 5 3 , 6 9 7 4 
2 4 7 7 , 5 3 , 6 7 9 6 

2 1 2 3 , 5 3 , 6 5 5 8 
1 769, 
1 5 9 , ! , 5 3 , 6 0 0 2 
1<^1 6 , 5 3 , 5 7 2 4 
1 2 3 9 , 5 3 , 5 3 6 7 
1 0 6 2 . 5 3 , 4 % V 1 

d ; ) 5 , 5 3 , 4 2 2 4 
7 0 N , 5 3 , 3 2 2 4 
S 3 1 , 5 3 , 1 5 i a 
4 9 5 , 
&(,0, 
4 2 5 , 5 2 , 9 3 9 1 
3 d 9 , 

3 5 4 , 5 2 , 3 2 2 4 
3 1 b , 
233, 
2 4 8 , 5 2 , 3 9 3 9 
<!12, 

n d t h e c a l c u l a t e d r e s u l t s f o r i 

pws 

V I S C 0 S I T Y ( C E N T I - P 
T I 

T 2 
1 3 , 2 2 1 3 
1 3 . 2 4 6 4 
1 3 . 2 7 3 3 
1 3 . 3 0 2 1 
1 3 . 3 3 3 0 
1 3 , 3 6 6 3 
1 3 . 4 0 2 3 
1 3 . 4 4 1 5 
1 3 . 4 H 6 3 
1 3 , 5 3 1 3 
1 3 . 5 R 3 3 
1 3 . 6 4 1 1 
1 3 . 7 0 6 1 
1 3 . 7 7 9 7 
1 3 . 0 6 4 1 
1 3 , 9 6 2 2 
1 4 . 0 7 5 1 
1 4 . 2 1 6 1 
1 4 . 3 9 1 7 
1 4 . 6 1 5 2 
1 4 . 7 5 3 9 
1 4 . 9 1 7 9 
1 5 . 1 1 5 8 
1 5 , 3 6 1 4 
1 5 , 6 7 7 4 
1 6 , 1 0 5 5 
1 6 . 7 3 2 7 
1 6 , h 9 7 1 
1 7 , 0 8 0 0 
1 7 , 2 8 5 4 
1 7 . 5 1 * 1 
1 7 , 7 8 5 0 
1 6 . 0 9 5 2 
1 8 , 4 6 1 8 
1b.y045 
1 9 . 4 5 3 6 

V A L U 
T 1 K / Q 
0 , 6 2 7 6 
0 , 8 6 3 6 
0 , 9 0 2 9 
0 , 9 4 5 8 
0 , 9 9 3 1 
1 , 0 4 5 4 
1 , 1 0 3 5 
1 ,1686 
1 
1 , 3 2 4 2 
1.4168 
1 . 5 2 7 9 
1 , 6 5 5 2 
1 , 8 0 5 7 
1,9^63 
2 , 2 0 7 0 
2 , 4 8 2 8 
2 , 8 3 7 5 
3 , 3 1 0 5 
3 , 9 7 2 5 
4 , 4 1 3 9 
4 , 9 6 5 7 
5 , 6 7 5 1 
6 , 6 2 0 9 
7 , 9 4 5 1 
9,?'314 

1 3 , 2 4 1 8 
1 4 , 1 8 7 7 
1 5 , 2 7 9 0 
1 6 , 5 5 2 3 
1 ^ , 0 5 7 0 
1 9 , 8 6 2 7 
2 2 , 0 6 9 7 
2 4 , 8 2 8 4 
2 8 , 3 7 5 3 

0 4 5 

, 7 5 1 2 

A X I A L W I D T H « 0 , S 6 0 

4 7 , 0 0 
( P U L S E S PER 

T 3 
0 , 0 3 9 4 
0 , 0 4 2 9 
0 , 0 4 6 9 
0 . 0 5 1 5 
0 , 0 5 6 8 
0 , 0 6 2 9 
0 , 0 7 0 1 
0 , 0 7 8 6 
0 . 0 8 8 7 
0,1010 
0 , 1 1 5 9 
0 , 1 3 4 4 
0 , 1 5 7 8 
0 . 1 8 7 7 
0 , 2 2 7 2 
0 , 2 8 0 5 
0 , 3 5 5 0 
0 , 4 6 3 6 
0 , 6 3 1 0 
0 , 9 0 8 7 
1 ,1218 
1 . 4 1 9 8 
1 , 8 5 6 5 
2 , 5 2 4 1 
3 , 6 3 4 8 

) 3 

1 0 . 0 9 6 6 
1 1 . 5 9 0 5 
1 3 , 4 4 2 2 
1 5 , 7 7 5 9 
1 8 , 7 7 4 6 
2 2 . 7 1 7 3 
2 8 . 0 4 6 1 
3 5 , 4 9 5 8 
4 6 , 3 6 . 1 9 
6 3 , 1 0 3 6 

P O U N D ) 

P A S S . R E 

2 5 8 1 , 
2 4 6 9 , 
2 3 5 6 , 
2 2 4 4 , 
2 1 3 2 , 
2020, 

1 9 0 8 , 
1795, 
1 6 9 3 , 
1 5 7 1 , 
1 4 5 9 , 
1 3 4 6 , 
1 2 3 4 , 
1 1 2 2 , 
1010, 

7 8 5 , 
6 7 3 , 
5 6 1 , 
5 0 5 , 
449, 
3 9 3 , 

, 
281 , 
224, 
168, 
1 5 7 , 
1 4 6 , 
1 3 5 , 
1 2 3 , 
1 1 2 , 
101 , 

6 7 , 



S) 

I9.05 mm; Axial width 
JA567(DEL {-J) 

T^XJI.\IE FL'U iETEX TY'E ^ 

PllE NA3IUS = J.7j;)0 .lETEW WADNS 

14.224 mm; Tip radius = 18.008 mm; Meter radii 88mm; Hub radius' 
1.24 mm 

0 , 7 2 0 0 

i ; Of QLADES =6,0') ) 
aX'-SRIMEUTAL VALJE 

'I.e. 

4 Ex 

M L \ O E T U C K N ! 
r.HC-IRKTICAL 

a 

3 S a ) . 0 4 9 
V A L J E 

1.C , 
1 9 . 6 5 0 9 4 1 , 3 7 0 3 Z 4 . U 1 ) ' J 4 1 , 2 1 4 4 
1 8 . 5 j a 7 4 1 , 4 0 5 5 2 3 . ' » 0 V J 4 1 , 2 ) 2 0 
1 6 , J 3 Q o 4 1 , 4 2 3 7 4 1 , 3 1,18 
1 4 , 5 ^ 9 1 4 1 . 4 3 4 0 1 1 . U T ) ) 4 1 3 1 0 8 
1 2 . 9 j d Z 4 1 , 4 7 4 1 1 2 2 3 
1 U . I 3 2 U 4 1 , 6 2 5 7 1,) . 'I Tu J 4 1 3 3 5 5 
1 1 . . ) ^ . ) 9 4 1 , ) 4 7 5 l i . 4 1 ; 5 3 7 

9 . 1 1 3 0 4 1 . 0 ) 4 7 1 ) 4 1 3 6 3 3 
8 . i j 5 9 9 4 1 , 7 ) 6 0 i . ^ .nu j 4 1 3336 a. ) 0 5 1 4 1 4 1 4 1 2 2 
7 . ) 4 4 1 , 7 ) 9 3 1 . U(1 J 4 1 4 ?')6 
6, i J j 9 4 1 , 6 ) 4 j 1 I.UI'IJ 4 1 4 7 1 6 
6 , * 2 5 4 4 1 , / ) 5 9 1 2 , iI'li'V 4 1 5 19 J 
5 . )1 3U 1 1 , 0 I j U 4 1 5 5 2 9 
5 . 4 J 4 l 4 1 , a 1 0 . J.l )U 4 1 j 1 4 3 
5 . ) 6 5 o 4 1 , 1 3 2 3 4 1 6 6 4 5 
4 . 6.146 4 l , ^ j 4 4 d , 0 0 i i J 4 1 7 3 4 0 
4 . SI 5 3 4 2 , 7 , 0 1 0 j 4 1 a i 1 9 
3 , ' 2 2 j 4 1 , i i 1 2 o . i i O J ) 4 1 8 9 2 2 
3 . 4421 4 1 , 7 \ / i 3 S . i ' O v V 4 1 9 5 2 7 
3 . ) -Ij j 4 1 , 4 3 9 7 4 . 5 0 ' J J 4 1 9 5 6 3 
2 ' i 3 4 0 4 3 , J ' 6 6 4.'I3U'I 4 1 9 1 6 9 
1 . 1 4 1 9 5 6 , 4 u 1 9 j.iino J 4 1 7 9 1 4 
0 , 1 4 , . 1 , 7 7 3 , U 0 J J .',1 4 . L i 2 
0 , ) J U ' j V , 0 ) 0 Q g . b l O ' J 4 0 7 9 3 5 
0 . TvQi) u , 'J j 0 j Z . J I U O 3 9 1 4 1 7 
V , lUOO 0 , 0 1 0 0 1 . 5 n ' i j 3 4 7 1 d 3 
u, J J O ) u , J too 1 . 4 i ) u J 33 ' 1 6 4 9 
J , 100 u u,\r)jO 1 3 0 9 4 0 1 

0, J D O 1 . 20**0 2 o 1 6 6 1 
0, ' ) v O J 0 , J j 0 J 1 . 1 , 1 0 J . 1 4 4 7 6 4 
0 . ) J u J o.oooo 1,'MOO 1 9 , 4 5 8 4 

0, ) 0 0 0 U , J O O O o,vo.jo 1 2 , 4 4 7 6 
0 , ) ) 0 0 0 , 0 1 0 3 J , ,IO(iO 2 . 3 2 2 1 

te (% 
js B 

H E L I C A L B L A D E ANGLE ;(OTOR U ' r r t X 

T I P H A Q I U S = 0 . 7 0 9 0 HUB R A D I U S n 0 , 3 8 2 0 A X I A L W I D T H « 0 , S 6 0 

^ 0 OF P I C K U P " 1 
B L A n P S T 
R E - N O 
S6:(o. Si, 
5 3 9 5 . 5 j , 

5 1 6 1 , 5 3 , 

, 5 3 , 
4692. 53, 
4457, 53, 
4 2 2 3 , 5 3 , 
3 ) i n , 5 3 , 

3 ' ' 5 3 . 5 3 , 
3 5 1 0 , 5 3 . 

j 2 4 4 , 5 3 . 

; 0 5 0 . 5 3 . 

2 0 1 5 , 5 3 , 
2 5 ^ 0 . 5 3 , 

2 3 4 6 , 5 3 , 
2 1 1 1 , 5 3 , 

1 3 7 7 , 5 3 , 

1 6 4 2 , 5 3 , 

1 4 0 8 . 5 3 , 

1 1 7 3 , 5 3 , 
1 U S 6 . 5 3 . 

5 3 . 
4 2 1 , 5 3 . 

/ 0 4 . 5 3 , 

5 A 6 . 5 3 . 

4 6 9 , 5 3 . 

i 5 2 . 5 3 . 

3 2 6 . 5 3 . 

3 0 5 , 5 3 . 

5 2 . 

5 2 , 

5 2 , 

211 , 

,ouo 
H E L 
T1 

7 7 , 

7 7 6 2 
7 7 4 2 

7 7 2 1 
76̂ )7 
7 6 7 1 
7 6 4 1 

7 6 0 9 
7572 
7 5 3U 

7 4 4 3 

7 4 2 8 

7 3 6 4 

72.̂ H 
7197 
7066 
6 9 4 7 

6 768 
6 5 3 0 

6 1 9 7 

5 9 7 5 

5 6 9 7 

53tO 
4 8 6 4 

4 1 9 7 

3 1 9 7 

1 5 * 0 

1 0 3 4 

0 5 J 5 

9 864 
9 1 ) 6 

8 1 9 7 

, 5 6 9 7 

V I S C J S I T Y ( C E N T I - P 
( E T I C A L V A L U I 

T 1 K / 0 
1 , 0 7 2 6 
1 , 1 1 9 2 
1 , 1 7 0 1 
1 , 2 2 5 8 
1 , 2 8 7 1 
1 , 3 5 4 8 
1 , 4 3 0 1 
1 , 5 1 4 2 

T2 
1 3 , 4 9 6 8 

1 3 , ) 2 7 B 

1 3 . 5 6 1 0 

1 3 , 5 9 0 5 

1 3 , 6 3 4 6 

1 3 , 6 7 5 7 

1 3 , 7 2 0 1 

1 3 , 7 6 a 5 

1 3 , 8 2 1 3 

1 3 , 8 7 9 3 

1 3 , 9 4 3 4 

1 4 , 0 1 4 7 

1 4 , 0 9 4 8 

1 4 . 1 8 5 6 

1 4 , 2 8 9 7 

1 4 . 4 1 0 7 

1 4 . 3 5 3 8 

1 4 . 7 2 6 4 

1 4 . 9 4 0 7 

1 5 . 2 1 6 3 

1 5 . 3 W 7 4 

15.^897 
1 5 . 8 3 3 9 

1 6 . 1 3 6 8 

1 6 . 5 2 6 6 

1 7 . 0 5 4 7 

1 7 . 8 2 * 4 

1 8 . U 3 1 J 

1 8 . 2 5 6 8 

16.)102 
1 8 . 7 9 7 3 

1 9 , 1 2 6 5 

1 9 . k 0 9 1 

1 9 , 9 6 1 4 

. 7 1 6 1 

, 8 3 8 7 
, 9 8 0 1 
, 1 4 5 1 
, 3 4 0 1 
, 5 7 4 1 

,8602 
, 
, 6 7 7 4 

, 1 4 8 3 

6 , 4 3 5 4 

7 , 3 5 4 7 

8 , 5 8 0 5 

1 0 , 2 9 6 6 

1 2 , 8 7 0 7 

1 7 , 1 6 1 0 

1 8 , 3 8 6 8 

1 9 , 8 0 1 1 

2 1 , 4 5 1 2 

0 1 3 

2 5 , 7 4 1 5 

7 1 , 0 0 
( P U L S E S PER 

T 3 
0 , 0 6 9 4 
0 , 0 7 5 6 
0 ,0826 
0 , 0 9 0 6 
0 , 0 9 9 9 
0 , 1 1 0 7 
0 , 1 2 3 4 
0 , 1 3 8 3 
0 , 1 5 6 2 
0 , 1 7 7 7 
0 , 2 0 4 0 
0 , 2 3 6 5 
0 , 2 7 7 6 
0 , 3 3 0 4 
0 , 3 9 9 8 
0 , 4 9 3 5 
0 , 6 2 4 6 
0 , 8 1 5 8 
1 , 1 1 0 5 
1 , 5 9 9 1 
1 , 9 7 4 1 
2 , 4 9 U 5 
3 , 2 6 3 4 
4 , 4 4 1 8 

9 , 9 9 4 1 

1 7 , 7 6 7 3 

2 0 , 3 9 6 1 

23,6546 
2 7 , 7 6 1 3 

3 3 , 0 3 8 3 

3 9 , 9 7 6 3 

4 9 , 3 5 3 5 

6 2 , 4 6 3 0 

PASS.RE 
1 7 8 3 , 

1 6 3 4 , 
1 5 6 0 , 
1 4 8 6 , 
1 4 1 1 , 
1 3 3 7 , 
1 2 6 3 , 
1188, 
1 1 1 4 , 
1 0 4 0 , 

8 1 7 , 

7 4 3 . 

5 9 4 . 

4 4 6 , 

2 9 7 . 

1 49, 
111 , 
1 04, 
97. 

rurbk 



Rpe radius - 19.05 mm; Axial width = 14.224 mm;'Tip radius ^ 
OOORj Z ieter radius = 18.288 mm; Hub radius ' 9.703 mm; Blade thickness = 1.24 mm. 

FLJJ lETER TYPE A l.il'KH 

PiPc RADIUS ".7310 MCTCH RADIUS 
,4 

EX-

1 7 , 

1 6 . 
1 j , 

1 

1 4 , 

1 4 , 

1 3 , 

W , 

I I , 

I I . 
1 ) , 
1 0 , 

1 ) , 

9 , 

V . 

. - j . 

7 , 

6 . 
7 , 

6 , 
o , 

j , 

4 . 

6 . 

3 . 

2 , 

2 . 
2 . 

1 , 

U . 

0 , 
0 , 
J . 

I UP aiAO 
'ZxIiiE ITA 
. ) j p ) 

, 1 5 3 / 

,.!! 21 
, ) r 7 o 

, 2j,;i 
, ) i j a 

, 1 2 v j 
, - ) s 1 2 
. ) 'J V J 
, 2 j 
. ( / 6 ' j 

, 3 4 7 9 

. ; j 1 a 

, 1 'iV.i 
, 'Cliff) 

/ 4 2 
, ) / c 4 

, 7 t c 2 

, 1 6 2 1 
6 j d 5 

2 U 1 J 
j 4 / ' , 

, ) v e v 
, t ' / ! , ' ; 

2b77 
. 3 1 ) 4 

, J U ] ' j 

. ) O J J 

, ] j a o 

, OUO'j 

E I . ^ 

r R i 

TufWne F 

ES = 6 . 3 0 ) 
L V A L ' E 

I.e. 
. j ! 1 5 

4 1 . . ) : j 2 

4 1 . 

4 1 2 3 

3777 
3 5 4 7 

4 1 

4 1 

4 1 

4 1 
4 1 , 4 ) 7 0 

4 1 

4 1 

4 1 

4 1 

t 51 V 
4 ) 7 4 
4 j7 .i 

. ' , v 7 7 
4) .4W3 
41 , 4 't6 J 
41 ,4:94 
4l,4156 
41,4 iy 2 
4 1 . 3 1 7 2 
4 1 . : ) J 7 9 

4 1 

4 1 , 6 

4 1 

. 3 7 

, 7 9 
j 3 6 5 

4 1 , : i 2 7 3 

4 1 , 2 f k 3 3 

4 u , j ; o j 

4 0 . 4 6 3 9 

4 V , ) ' / 1 2 

3/ . 3 i5 j 
i a . ( i 3 9 j 

5^,0131 
0,J)JJ 
0,0100 
0 , 0 , , 0 0 

0,j30C 

OLAJt I'UCKi4ESS aj.049 
TMETRETICAL VAuJE 

- I . e . 

24.)10J 41.4 546 
23.J)uJ 41.4^41 

41.471c; 
21.')))'; 41.4',5d 
2'l,Ult,'j 41.4„,11 
19 . UO ill 41 .4^4^ 
1 A , )liN 
17, JOl' J 
1 4 . )i)vJ 
1 5 . Jf I'j 
1 4, U ,j J 
1 3 . ' M ' l ' j 
1 2 . DO ., J 
1 1 .'fOuU 
10, 
4 . 'J 0 V') 
6 , 
7."0V ĵ 
6 , U 0 3 U 
S.uivJ 

4, U ,11),) 
3,5 C ) J 
T.UIOJ 
2.509') 
2.1 1V) 
1.bOOI 
1 .AlO'J 
1,jlvU 
1 .21,,J 
1 ,100'J 
1,unoJ 

experimental ai 
id the meter ai 

4 1 
4 1 , 
4 1 , 
4 1 , 
4 1 
4 1 , 
4 1 , 
4 1 , 
4 1 , 

4 1 . 

4 1 . 

4 1 . 

4 1 . 

4 1 , 

4 0 . 

4 0 . 

3 9 . 

3 7 . 

3 2 . 

45,)1 
4 4 6 1 
4 4 2 9 
4 4 0 7 
4 V ; 7 
4 4 0 1 
4 4 2 2 
4460 
4 3 1 5 

4 1 . 4 3 , 3 2 
4 1 , 4 6 4 2 

4' ' , 4 7 
4 4 7 3 

37.30 
2 ' ) ' 3 0 

1 S39 
1 9 9 A 

4 2 1 ; ^ 

4 7 6 S 

4 2 6 2 

2 5 3 6 

3 0 , 3 6 3 4 

2 7 , 9 3 1 7 

2 4 , 3 2 3 d 

2 0 . 6 3 8 6 

1 5 , 0 9 S d 

7 . j 2 l 2 

H E L I C A L B L A D E ANGLE ROTOR 

7 2 J Q TIP AAOIUS 0 . 7 0 9 0 HUB R A D I U S 0 , 3 8 2 0 A X I A L W I D T H » 0 . 5 6 0 

NO OF P I C K U P = 1 , 0 3 0 

a L A D t S T H : C 

R E - " 4 ' ) T1 

2 3 4 8 , 5 4 . 6 R 9 4 

2 2 5 U , 5 4 , 6 ^ ) 7 6 

2 1 3 2 , 5 4 , 6 8 3 6 

2 0 5 4 . 5 4 , 6 6 3 5 

1 ) 5 ( , . 5 4 , 6 d n 

11459, 54,!)7i5 
1 7 6 1 . 5 4 . 6 7 3 5 

1 6 6 3 . 5 4 , 6 7 2 3 

1 5 6 5 , 5 4 , 6 6 8 6 

i4ff7, 54,6644 
1 3 7 0 , 5 4 , 6 5 ) 7 

1 2 7 2 , 5 4 , 6 5 4 2 

1 1 7 4 , 5 4 . 6 4 7 6 

1 t ) 7 6 , 5 4 , o 4 J 2 

; 7 R , 5 4 , 6 3 1 1 

A 3 0 . 5 4 , 6 2 0 0 

7 8 3 , 5 4 , 6 u 6 l 

6 H 5 , 5 4 , S ' ) o 2 

5 8 7 , 5 4 , 5 6 4 4 

4 , ^ 9 , 5 4 , 5 3 1 1 

4 4 0 , 5 4 . 5 0 6 9 

3 9 1 , 5 4 , 4 8 1 1 

3 4 2 , 5 4 , 4 4 3 4 

2 9 3 , 5 4 , 3 9 7 A 

2 4 5 , 5 4 . 3 3 1 1 

1 9 6 , 5 4 , 2 3 1 1 

1 4 7 , 5 4 , 0 6 4 4 

1 3 7 , 5 4 , 0 1 6 8 

1 2 7 , 5 3 , 9 6 1 9 

1 1 7 . 5 3 . d 9 7 d 

10s, 53,8220 
9 B . 5 3 , 7 3 1 1 

88, 00 

V I S C J S I T Y ( C E N T I - P O I S E ) , 

1 4 
1 4 
1 4 
1 4 
1 4 
1 4 
1 4 
1 4 
1 4 

1 4 
1 4 
1 5 
1 5 
1 5 
1 5 
1 5 

1 5 
1 6 
16 
1 6 
1 7 
1 7 

1 7 

i a 

1 8 

1 9 

2 u 

21 
21 

I C 
T 2 

. 2 7 5 6 

. 3 2 3 4 

. 3 7 4 5 

. 4 2 v 2 

. 4 , : « o 
, 5 5 1 3 
, 6 1 9 8 
. 6 9 4 3 
. 7 7 5 7 
. 8 6 5 0 
. 9 6 3 8 
. 0 7 3 * 
. 1 9 7 2 

. 3 3 7 2 

. 4 9 7 6 

, 6 ; j 4 0 

. 9 0 4 5 

. 1 7 0 6 

. 5 0 0 7 

. 9 2 5 4 

, 1 8 9 1 

. bOOH 

, 8 7 7 1 

. 3 4 4 0 

. 9 4 4 7 

. 7 5 B 4 

. 9 5 0 8 

, 2 6 3 2 

.6110 
, 0 0 1 3 

, 9 5 1 1 

V A L U 

T1 K / Q 

1 , 1 4 5 8 

1 . 1 9 5 6 

1 , 2 4 9 9 

1 . 3 0 9 4 

1 , 3 7 4 9 

1 . 4 4 7 3 

1 , 5 2 7 7 

1 , 6 1 7 5 

1 , 7 1 8 6 

1 , 8 3 3 2 

1 . 9 6 4 2 

2 , 1 1 5 2 

2 , 2 9 1 5 

2 . 4 9 9 8 

2 . 7 4 9 8 

3 , 0 5 5 3 

3 , 4 3 7 3 

3 . 9 2 8 3 

4 , 5 8 3 0 

5 , 4 9 9 6 

6 , 1 1 0 7 

6 , 8 7 4 5 

7 , 8 5 6 6 

9 , 1 6 6 0 

1 0 , 9 9 9 2 

1 3 , 7 4 9 1 

1 8 , 3 3 2 1 

1 9 . 6 4 1 5 

2 1 , 1 5 2 4 

2 2 , 9 1 S 1 

24,9983 
2 7 , 4 9 8 1 

3 

1 7 0 , 0 0 
( P U L S E S PER 

T 3 
0 , 0 7 5 0 
0.0B16 
0 , 0 8 9 2 
0 , 0 9 7 9 
0,1080 
0 , 1 1 9 6 
0 , 1 3 3 3 
0 , 1 4 9 4 
0 , 1 6 8 7 
0 , 1 9 1 9 
0 , 2 2 0 3 
0 , 2 5 5 5 
0 , 2 9 9 9 
0 , 3 5 6 9 
0 , 4 3 1 8 
0 

0 , 6 7 4 7 
0 , 8 8 1 3 
1 , 1 9 9 5 
1 , 7 2 7 3 
2 , 1 3 2 5 
2 , 6 9 8 9 
3 , 5 2 5 1 
4 , 7 9 8 0 
6 , 9 0 9 2 

1 0 , 7 9 5 6 
1 9 , 1 9 2 1 
22,0318 
2 5 , 5 5 1 7 
2 9 , 9 8 7 7 
35,6878 
4 3 , 1 8 2 3 
5 3 . 3 1 1 5 

P O U N D ) 

745, 
714, 
682, 
6 5 1 , 

620, 
5 8 9 , 

, 
5 2 7 , 
4 9 6 , 
4 6 5 , 
4 3 4 , 
4 0 3 , 
3 7 2 , 
3 4 1 , 
3 1 0 , 
2 7 9 , 
2 4 8 , 
2 1 7 , 
186, 
1 5 5 , 
1 4 0 , 
1 2 4 , 
1 0 9 , 

9 3 . 
7 8 , 
62, 
4 7 , 
4 3 , 

ter Type .5 ins 

M.C. (meter coefncient) and the calculated values 
leorehcal values for T, , , T3 and Term 2 usin 



25.4 mm; Meter radius 
aA567*DEL :-)T 

23.101 mm; Axial width - 24.384 mm; Hub radius = 9.944 mm; Blade thickness ^ 
10.16 mm; Tip radius = 22.8473 mm. 

T J , W M E F L U METEK T Y P E B « : i N C t ' 

h J 
W 

RADIUS 

r U OF B L A D E : 
SX 'cHlMÊ jTAL 

I 

19.]68j 
1 7 . 

1 'I * 6uo 3 

1 

T i * 0 I 7 J 
1 3 . j g g t ] 

1 j.'i.jSq 
12.3J71 
n . 

n . 
1 U .9<,7yi 
l u . S ' . y : , 

TO. 
9 . 6 1 0 : ) 

6 , 4 14 ̂  
y . 

? . H 4 ( ) 

6.4596 
5 . 9 4 ^ 4 

5 . i v 5 1 

] J 1 :i 

4.6,i17 
<*, ! ^ o 4 

4 . J 3 6 

j.4i50 
j . ) j j 9 

2.3460 
TAB 
number and n 
Turbine Flow 

» 1.0)')0 
= j . U 0 I 

V 4 L JE 

1 , : . 

28.9izj 
2o.';^7/ 
2 d , V 7 1 5 
2 a . ; 7 3 j 
2 f), i 141 
28,';) )o4 
2y.J2j4 
2*.V)5S 
2 8 , j 7 7 8 
2 " . ' ' 1 2 o 

2^1,9115 
: : n , - f Z ? 

29,J4j4 
20,93^j 
26,9S(,0 

; ; 6 7 
2 3 . 1 ) 2 5 
2 ^ , ^ 3 5 3 
2 9 , J 7 u j 
2 V . J 1 
l b , ' 7 ^ 9 

2 9 . J ) 3 7 
2 i i** 5 
2o, J 5:ii 
2o. 
2 b . 

26u 
2H,4622 
26,2156 
27,6167 
27,7)64 
27,J247 

'iCrpK R/XOIUS 

i 7 

, 9 ) 6 3 

, - l 7 o 9 

, 7 1 7 0 

B L A a 
THk 

2 4 . 

2 3 . 

2 2 . 
21 . 
2 3 . 

1 9 . 

1". 
1 7 . 

1 6 , 
1 5 . 

1 4 . 

1 j . 
12. 
11 . 
1 0 . 

9 , 

8 . 

7 . 

6 . 

3 . 

4 . 

4 . 

3 , 

j . 

2 , 

E T ' l I C K N E S S 
U P E T I C A L VAL 
Q II 
UIO') 2 9 , 
VOOU 2 9 , 

29 , 
U l j i ) 2 9 , 
000') 2 9 , 
l i n o ; 2 9 , 
UTOU 29. 
U.lOU 29, 
unOJ 2N. 
U O O J 

u n o j J o , 

unoi) ja, 
28, 

uoou 2a, 
UOUJ 28. 

2M. 
.10 0') 2 9. 
'IICJ 2A. 
J 0 U J 2 6 , 
hnou 2 * . 
UOGu 26, 
DfiOJ 26, 
i i l ( ) ' l 2 3 . 

:*C0U 2 7 . 

UJ;,;:) ' 5 . 

2 1 , 

41U J 1 9 , 
j O ' ) J 1 7 . 

2 1 ) 0 0 1 4 . 

100U 10, 
OOOU S . 

H E L I C A L a L A " E A N G L E ROTOH H E L I C A L P I T C H " ! 

0 , 9 0 9 5 

= i ) , 4 0 0 
IE 
.0. 
2000 
1 7 6 6 
1 S 2 7 
1 2 1 5 
1 M 9 
0 ' 9 1 
i ) j 4 l 
0 2 9 0 
0 0 4 1 
9 7 9 5 
9 5 5 5 
9 j 2 6 
9 1 1 3 
1 ' 2 0 
, 1 7 5 7 
3 6 2 9 
3 5 4 2 

q / . a s 

.14 3 7 

i11 0 
7 7 0 4 

6 , 1 8 9 

5 2 5 4 

1 9 0 1 

4 ^ ) 9 9 

7 ,19 4 

2626 
5 5 6 3 

3 5 3 3 

4 6 4 6 

4 0 2 0 

T I P R A D I U S 

MO OF PICKUP 
KLAUES 
K E - 0 
'11)16. 
3 5 1 6 , 

3 1 4 6 . 
7 7 7 6 . 

7 4 0 5 , 

7 0 3 5 , 
6 6 6 5 . 

6 2 9 5 . 

5 ^ 2 t , 

5534] 
5 1 R 4 . 

4 8 1 4 . 

4 4 4 i . 

4 0 7 3 , 

3 7 ) 3 , 

3 3 3 2 , 

2 9 6 2 , 

2592, 
2 2 2 2 , 
1 3 3 1 . 

1 066. 
i 4 ' n . 

1 2 9 6 , 

1111 , 
; 2 6 . 

7 4 1 , 

5 5 5 . 

5 1 3 , 

431 . 
4 4 4 , 

4 0 7 , 
3 7 0 , 

0 . 3 9 9 5 

=1,0)0 
T M I 0 

T1 

4 U , 3 1 3 0 
4 U , 3 1 1 3 
40,3 0 9 d 
4 0 , 3 0 / 6 
4 0 , 3 0 5 2 
4 0 , 3 0 2 6 

HUB R A D I U S 0 , 3 9 1 5 A X I A L W I D T H m 0 , 9 6 0 

2 9 ^ 7 

2 9 6 4 

2 9 2 7 

2 3 16 
23 33 
2 7 ( ^ 3 

2 7 1 9 

2 6 4 3 

2 5 5 2 

2 4 4 1 

2 3 0 2 

2 1 2 4 

1 3 3 6 

1 5 5 2 

1 3̂ ,0 
1 0 5 2 

0 6 ) 5 

0 2 1 9 

9 5 5 2 

3 5 5 2 

& u o 6 

6 4 1 0 

5 3 6 0 

3 9 

3 9 , 4 4 6 1 
39 

V I S C O S I T Y ( C E N T l - P O I S E ) : 

( E T I C A L V A L U I 

T 2 T 1 K / Q 

1 2 , 6 9 9 6 1 , 6 6 5 0 

1 2 , 7 8 6 5 1 . 7 3 7 4 

1 2 . 3 7 9 4 1 , 3 1 6 4 

1 2 . 9 ^ 0 7 1 . 9 , 1 2 9 

1 3 . 0 3 5 5 1 , 9 9 6 0 

1 3 . 2 0 0 6 2 , 1 0 3 2 

1 3 . 3 2 5 1 2 , 2 2 0 0 

1 3 . 4 6 0 5 2 , 3 5 u 6 

1 3 . 6 0 8 3 2 , 4 9 7 5 

1 3 , 7 7 0 8 2 , 6 6 4 0 

1 3 . 9 5 0 3 2 , 3 5 4 3 

1 4 . 1 5 0 1 3 , 0 7 3 9 

1 4 . 3 7 4 5 3 . 3 3 0 0 

1 4 . 6 2 M 3 3 . 6 3 2 7 

1 4 . 9 2 0 3 3 , 9 9 6 0 

1 5 . 2 5 9 1 4 , 4 4 0 0 

1 5 , 6 5 9 7 4 , 9 9 5 0 

1 6 , 1 4 3 3 5 . 7 0 8 6 

6,6600 
7 , 9 9 2 0 

b , 8 3 0 0 

9 , 9 9 0 0 

1 1 , 4 1 7 2 

1 0 
1 5 , 9 3 4 0 

1 9 , 9 8 0 1 

2 6 , 6 4 0 1 

2 3 , 5 4 2 9 

3 0 , 7 3 3 5 

3 3 , 3 0 0 1 ' 

3 6 , 3 2 7 4 

16 , 7 4 3 2 

1 7 , 5 1 5 0 

17.9943 
1 3 . 5 6 0 7 

1 9 , 2 4 4 6 

2 0 , 0 9 3 0 

2 1 . 1 3 4 6 

2 2 . 6 6 3 4 

2 4 . O 3 0 4 

2 5 . 3 9 6 1 

!01 
1 9 5 

2 7 , 5 4 3 6 

2 8 , 4 6 5 5 

1 7 0 . 0 0 

( P L 

T 3 

0 , 0 7 9 0 

0,0861 
0 , 0 9 4 1 

0 , 1 0 3 2 

0 , 1 1 3 3 

0 , 1 2 6 1 
0 , 1 4 0 5 

0 

0 , 1 7 7 9 

0 , 2 0 2 4 

0 
0 , 2 6 9 4 

0 
0 
0 
0 
0 
0 , 9 2 9 2 

1 , 2 6 4 7 

1 , 

2 , 2 4 8 4 

2 , 3 4 5 6 

3 , 7 1 6 7 

5 , 0 5 8 9 

7 , 2 8 4 8 

1 1 , 3 8 2 5 

2 0 , 2 3 5 5 

2 3 , 2 2 9 5 

0 7 

3 1 , 6 1 7 9 

3 7 , 6 2 8 0 

4 5 , 5 2 9 8 

P O U N D ) 
P A S S . R E 

2 6 6 3 , 
2 5 5 7 , 
2 4 4 5 , 
2 3 3 4 , 
2 2 2 3 , 
2 1 1 2 , 
2001 , 
1 8 1 0 , 
1 7 7 9 , 

1 6 6 7 , 

, 
1 4 4 5 , 

1 3 3 4 , 

, 
1 1 1 2 , 
1000, 

7 7 8 , 

6 6 7 , 

5 5 6 , 

5 0 0 , 

4 4 5 , 

3 8 9 , 

2 7 8 , 

, 
1 6 7 , 

1 4 5 , 

1 3 3 , 

111 
V r t 

il value for T 



, ? r "• ; , f u T ; r ° ' " ° "• ">"'• ™ BlpdeMcfacs. .10,16 mm; Tip radius = 22.8473 mm 

N) 

TJ'Ur^E FL'IJ <4ErEil TŶ 'E B (;INCH 

P.HE N4)IU! 1,0100 METEK iiADIJS 
1 I OF aiAOES a j . O O j 

5X^!;R1ME iTAL VAl IE 
BLADE TltlCKNEIS =).400 

THE liiFllCAL VAL JE 
1 ~ i , c . M , C . 

1 9 . / 2 U 6 2 6 , 9 1 2 1 2 4 . u n t) u 2 9 . 0 / 2 9 
W . 5 4 1 1 2 8 , 9 / ^ 4 2 3 . ' H O J 2 9 , 0 0 2 3 
1 7 . 4 ' j H 2 9 , 1 2 2 9 2 2 , J 0 0 0 2 9 . 0 5 1 7 
1 6 . ( 2 6 1 2 8 , 9 , 3 9 2 1 .'nou 2 9 , 0 4 1 3 
1 3 . ) a 5 1 2 j , V | 2 5 2 0 , 0 1 0 ' J 2 9 . ) J 1 3 
1 ) . j 2 9 9 2 8 , 9 . 2 4 3 1 9 . UOOU 2 9 . 0 2 1 7 
1 i . 2 1 7 8 2 3 , 9 6 2 7 1 8 , U 1 0 j 2 9 . 0 1 2 6 
I t . 7 1 2 8 , ' ^ 1 8 1 1 7 2 9 . O ' t A I 
1 ) . i l 6 9 2 . 3 , 9 1 J 1 1 6 . Uf luO 2 8 . 9 ^ 7 1 
1 3 . 1 9 1 6 2 ' 1 , J 1 5 5 1 5 . U l u ) I f i . ' ' ; i 2 
1 3 j . 4 4 2 u . j ) o 3 1 4 .U l tO ' J 2 8 . 9 , 1 7 0 
1 2 . : ) j 3 6 . 2 8 , ; ; i ) 6 1 3 , ' l ) l ) 0 2 8 . 9 . 1 5 1 
1 2 . 1 9 3 J J J , 1 2 . J IOO 2 8 . 9 161 
1 1 . i y s a 2 4 , f 1 i U 1 1 . 0 ) 1 ) ' ) 3 8 . 9 9 1 1 ) 
1 1 . 5 J y , j 2 o , ; i l d i n , U') j J 2 9 . 0 . 1 J 7 
1 1 . 2 : ) 5 1 2 8 . ; 2 j 1 9 . u ) ti J 2 9 . 0 1 ( , 5 
1 ) 1 9 . ) 1 1 1 •i . 1 ) 1 0 J 2 9 . 0 ; 9 8 
1 0 ' . J l 3^^ . ! 9 , J ) j 1 7 .OOCU 2 9 . 0 / 1 4 
U . Ti d j 1) . u n o v 2 9 . 1 1 9 8 

V . 7 9 3 7 ' 3 9 , ) 9 9 7 5 . UTCO 2 9 , 1 4 4 4 
9 . i u 9 7 2 9 , 15 S i 4 . 5 0 'J 2 9 . 1 ' , 9 4 
8 . 12 Ab 2 9 . j 7 u J 4 . 0 0 ' ) 1 2 9 . 1 ( J i 
8 . j 4 9 1 1 9 . 1 ) 5 2 3 2 9 , 0 3 MV 
7 . ; ) 7 7 / , ! y . 1 0 1 9 3 . 0 0 j u 2 8 , 8 / 2 1 
7.y',;v 2 9 , . I l l 2 2 . b o o ' . j 2 6 . 4 1 8 0 
7 . 5 4 2 9 . 1 ) 2 7 2 . o n 0 0 2 7 . 2 8 1 2 
6 . 4 4 0 9 2 : 1 , 1 2 6 3 1 , 5 3 0 0 2 4 . 0 19 0 
6 . 0 4 4 2 2 9 , 1 6 0 1 1 . 4110 V 2 2 , 8 6 7 9 
5 . 3 u 6 ) 2 9 , 0 8 7 8 1 , 3 0 0 0 2 1 . 2 8 4 9 
4 . 11 3 3 2 9 , 2 4 9 7 1 , 2 0 0 0 1 9 . 1 9 9 4 
4 . 3 9 u 2 2 9 , 1 5 5 8 1 . l O u U 1 6 , 4 0 1 5 
2 . 9 7 2 3 2 8 , 6 9 2 5 1 . O D u O 1 2 , 5 6 3 1 
2 . j 1 3 9 2 8 , 4 j 9 8 0 , 9 0 0 V 7 , 1 5 3 6 

TABLE I. 9 The experime in! calcu] lated results 
number and meter annulw k nm nben Re 

V Meter Type ,50.8 mm) dianSI^ 

H E L I C A L BLADE ANGLE MUTOR 

3.9095 T I P R A D I U S = 0 , a V 9 5 

l E L I C A L P I T C H » 3 . 9 5 y 6 

HUA R A D I U S 0 . 3 9 1 5 A X I A L W I D T H « 0 , 9 6 Q 

and 

vu UF pic#;up =1.000 
KLAOES T H E ( 
n E - i U T1 
2 U 4 1 4 . 3 9 . ^ 1 ' ) 6 
19)65. 3:^,21f7 

3y.2138 
WAf.4. 
17013. 39,^112 
1616^, 39.^0^6 
13^12. 39,an57 
1 4 4 6 1 . 3 9 . ^ 0 2 4 
1 3 ( , 1 0 . 3 9 . 1 9 6 ? 
1 2 / ' 6 U . 3 9 . IV 4 6 
11:)09. 39,1UvR 
11IISB, 3 9 . 1 ^ 4 3 
1 0 2 1 8 . 3 9 , 1 7 / 9 

9 1 5 7 . 3 9 , 1 / u j 
3 9 . 1 6 1 2 

7 6 S 6 . 3 9 . 1 5 0 1 
6 H 1 5 , 3 9 . 1 3 t , 2 
5 9 5 5 . 3 9 . 1 1 6 4 
5 1 0 4 . 3 9 , 0 9 4 6 
4 2 5 3 . 3 9 . 0 6 1 2 
3 : ) 2 « . 3 9 . 0 3 / 0 
3 4 0 3 . 3 9 . 0 1 1 2 
2 9 7 / . 3 8 , 9 7 i 5 
2 5 5 2 , 3 6 . 9 2 7 9 
2 1 2 7 . 3^ . ( ) ' j12 
1 / 0 1 . 3 H , 7 ( , 1 2 
1 2 7 6 . 3 6 , 5 9 4 6 
1 1 9 1 . 3 8 . 5 4 0 9 
1 1 0 6 , 3 8 , 4 9 2 0 
1 0 2 1 . 3 8 , 4 2 7 9 

9 3 6 , 3 8 , 3 5 2 1 
8 5 1 , 3 8 , 2 6 1 2 

7 6 6 , 3 8 , 1 5 0 1 

V I S C D S 

RET 

1 1 
1 1 
11 
11 
11 
1 1 
1 1 
11 
1 1 
1 2 
12 
1 2 
1 2 
12 
1 2 
1 3 
1 3 
1 3 
13 
1 4 
1 4 

1 5 
1 5 
16 
16 
1 7 
1 9 
1 9 

20 
20 

21 

T 2 
. 3 2 3 4 
.3aow 
,4421 
, 5 0 7 7 
, 5 7 8 1 
, 6 5 4 0 
, 7 3 6 2 
, 8 2 5 5 
, 9 2 3 1 
, U 3 u 3 
, 1 4 8 7 
, 2 8 0 6 
, 4 2 8 6 
, 5 9 6 4 
, 7 8 8 8 
, 0 1 2 4 
, 2 7 6 7 
. 5 9 5 8 
, 9 9 1 7 
, 5 0 1 0 
, 8 1 7 2 
, 1 9 1 0 
, 6 4 2 3 
, 2 0 2 1 
, 9 2 2 4 
, 8 9 8 2 
,3281 
, 7 0 2 7 
, 1 1 9 8 
, 5 8 7 9 
, 1 1 8 5 
, 7 2 6 8 
, 4 3 3 9 

L V A L U E 
T1 K / Q 
1 , 2 3 5 2 
1 . 2 8 8 9 
1 , 3 4 7 5 
1 . 4 1 1 6 
1 . 4 8 2 2 
1 , 5 6 0 2 
1 , 6 4 6 9 
1 . 7 4 3 8 
1 . 8 5 2 8 
1 , 9 7 6 3 
2 . 1 1 7 4 
2 . 2 8 0 3 
2 , 4 7 0 4 
2 . 6 9 4 9 
2 . 9 6 4 4 
3 , 2 9 3 8 
3 , 7 0 5 5 
4 , 2 3 4 9 
4 , 9 4 0 7 
5.9288 
6 . 5 8 7 6 
7 . 4 1 1 1 
8 . 4 6 9 8 
9 , 8 3 1 4 

1 1 . 8 5 7 7 
1 4 . 8 2 2 1 
1 9 , 7 6 2 8 
2 1 , 1 7 4 4 
2 2 . 8 0 3 2 
2 4 , 7 0 5 5 
2 6 , 9 4 9 3 
2 9 , 6 4 4 2 
3 2 , 9 3 8 0 

7 4 . 0 0 
( P U L S E S P E R 

T 3 

0 , 0 5 8 4 
0 . 0 6 3 5 
0 , 0 6 9 5 

0 , 0 8 4 0 
0 , 0 9 3 1 
0 , 1 0 3 8 
0 , 1 1 6 3 
0 , 1 3 1 3 
0 , 1 4 9 4 
0 , 1 7 1 5 
0 , 1 9 8 9 
0 , 2 3 3 4 
0 , 2 7 7 8 
0 , 3 3 6 2 
0 , 4 1 5 0 
0 , 5 2 5 2 
0,6860 
0 , 9 3 3 8 
1 , 3 4 4 6 
1 , 6 6 0 0 
2 , 1 0 1 0 
2 , 7 4 4 1 
3 , 7 3 5 1 
5 , 3 7 8 5 
8 , 4 0 3 9 

1 4 , 9 4 0 2 
1 7 , 1 5 0 8 
1 9 , 8 9 0 8 
2 3 , 3 4 4 1 
2 7 , 7 « 1 4 
3 3 , 6 1 5 5 
4 1 , 5 0 0 6 

coefficient) 
id Tenn 2 using the leakage 

P A S S . R E 
6 1 2 9 , 
5 8 7 3 , 
5 6 1 8 , 
5 3 6 3 , 
5 1 0 7 , 
4 8 5 2 , 
4 5 9 7 , 
4 3 4 1 , 
4 0 8 6 . 
3 8 3 0 . 
3 5 7 5 , 
3 3 2 0 , 
3 0 6 4 , 
2 8 0 9 , 
2 5 5 4 , 
2 2 9 8 , 
2 0 4 3 , 
1 7 8 8 , 
1 5 ) 2 , 
1 2 7 7 , 
1 1 4 9 , 
1021 , 

8 9 4 , 
7 6 6 , 
6 3 8 , 
5 1 1 , 
3 8 3 , 

3 3 2 , 

3 0 6 , 

281. 

avnolds 



2S.4 m m ; Metei radius ' 
5671DEL :"J1 

23.101 m m ; Axial width = 24 .384 m m ; Hub radius = 9 .944 m m ; Blade thickness = 10.16 m m ; Tip radius - 22 .8473 m m . 

F L O l 1ETER T Y P E B H E L I C A L WLADE ANGLE ROTOR H, 3 , 9 ^ 5 9 6 

P I P L R A ) I U S = I . O J I O METE,) R A U U S = 0 , 9 0 9 5 T I P R A D I U S » 0 . 8 9 9 5 HUB R A D I U S = ' j . 3 9 1 S A t » 0 . 9 6 0 

N't 'IF 3LADE3 = l . ' IOJ OLADE T'll 
:X'E/IIME4TAl YALJE THCJt^iETI 

CKî E'̂ S =).400 
CAL VALJ5 

i 
1 9 . ' ! : ' 7 5 2 8 , 7 1 9 7 2 4 

) 
. ' 1 1 J O J 8 , 

I . e . 

1 5 0 0 
1 3 . 7 u j 4 2 8 . 7 ) 2 9 2 3 , U O u ' ) 2 8 , 8 4 3 9 
1 j . 1 1 4 5 2 a . 7 3 5 8 2 2 . U O O J ! 8 . 8 i 8 1 
1 7 . 4 i : . 2 3 2 8 , 7 ) 4 6 2 1 , u n c o J B , J 3 2 6 
1 6 . 9 2 8 , 7 / 1 9 2 0 ^ 8 . 3 2 7 5 
1 6 . 4 4 ) 1 2 8 , 7 1 1 1 1 9 . i t n u ' j 2 0 . 8 2 3 0 
1 5 . 7 c 7 9 2 6 , . n . 9 1 u . u <) 0 J 1 8 . 3 1 9 2 
1 5 . 1 . ^ 4 J 2 8 , 7 ; ? 9 1 7 . " 0 0 u 2 P , 8 1 6 3 
1 j . 1 u 5 1 2 8 . 7 7 9 0 I0 . i i n o v 2 « . 3 1 ^ 5 
1 4 . 1) ) 5 4 2 8 . 7 I . | ( , 1 j . 0 0 0 0 2 8 . 8 1 4 1 
1 3 . 1 ^ 8 4 2 8 . 1 3 1 7 1 4 . DOOU 2 8 , n 5 4 
1 3 * ( ^ o 6 o ; » 8 . 7 ^ „ S 1 3 . u n i ' j i 8 . 8 1 3 8 
1 2 . J 3 J 4 2 8 . 3 ; 11 1 2 , u 0 0 J 2 5 . 8 3 i O 
1 1 . 2 a . ^ j 1 2 1 1 .unou 2 8 , 3 J ^ 4 
1 1 . ' 4 3 4 9 2 8 , i 3 1 7 1 0 . ' i n i , ' . . ! 8 , 8 4 7 9 
1 1 . 3 1 1 4 2 4 . 9 1 4 1 0 . 01) 0 u 2 8 . 31)6 3 
1 0 . ; 4 1 j 2 8 . V 1 . ] 1 8 2 8 . 8 3 9 2 

9 . , 2 7 8 4 2 9 . v ) V 7 7 , n , ] u 2 8 . 9 1 5 7 
9 . ; } . 9 i 2 8 . V 2 7 3 6 , uooo 2 8 . 9 4 59 
8 . <19 5 7 ,2 f) , ^ j 4 5 ,uouo 2 8 . 9 i 4 5 
4 . j / 6 u 2 c . 9 ) V 1 4 .5noJ 2 8 . 9 3 : 0 
7 . P 1 5 7 2 o . 7 , 7 4 4 . ' M O V ! 8 . 39 j 6 
7 . 5 y 6 4 2 0 . 9 ) 1 3 3 , 3 '1 U 0 2 8 . 7 7 6 3 
7 . 1 6 6 9 2 8 . 7 4 ( 4 3 .onou 2 R . 5 2 5 4 
0 < J 4 2 3 2 8 . n ' ; 6 2 , 5 0 0 9 2 7 . 9 7 1 2 
6 . 3 6 5 3 2 8 , i 4 2 , U 0 u J 2 6 , 6 6 ^ 1 
5. 9 4 J 7 2 8 , 9 I , i 8 1 , 5 ^ 0 J 2 3 , 1 7 7 7 
5 . 3 j S 1 2 3 , 9 1 3 8 1 , 4 0 0 9 3 6 7 9 
5 . 2 3 , 9 2 1 6 1 , 3 0 0 J 2 0 ! 1 ) 1 3 
4 « / 5 9 0 2 3 . 1 3 7 5 1 , J IG J 1 7 , 9 7 4 6 
4 . ' . U 5 2 2 8 , 1 7 2 4 1 , 1 1 0 0 1 5 , 3 1 2 4 
4 . 1 9 1 1 2 3 , 5 3 J 7 1 ,uoou 1 1 , 0 2 3 7 
3 . / 5 5 4 2 8 , 3 ) 2 9 0 , V Q O O g ^ 4 1 3 1 

OF 
E LADE 
flE-ijO 
3 ^ 1 3 4 
ltti'9 5 
: ; 9 4 S 6 

7 6 /" 7 9 

241 01 

21 423 
2 ' ) 0 1 4 

iaf45 
1 7 4 0 6 

1 4 U o 7 

l 4728 
1 33.;t9 
1 2050 
1 1 ^ 1 1 

9 3 7 2 

^ 0 3 4 

6 6 9 5 

6 0 2 5 

5 1 3 6 

4 5 ^ 6 

4 ' J 1 7 

3 3 4 7 

2 6 7 M 

1 8 7 4 

1 7 4 1 

16Q7 
1 4 7 3 
1 339 
1 Z 0 5 

P I C K U P 

3 8 , 
3 6 , 
3 8 , 
3«, 
3 8 , 
3 3 . 
3 d , 
3 8 , 
3 N . 
3 8 , 
3 N , 
3 8 , 
3 8 , 
3 8 , 
3 8 , 
3 8 , 
3 6 . 
3 8 , 
3 d , 
3 8 , 
3 o , 
3 8 , 
3 8 . 

3 7 

3 7 

3 7 

3 7 

3 7 

. 0 0 0 
n E 
T1 

6 2 3 3 
6 2 1 5 

61 ys 
6 1 7 3 

61 5 0 

6 1 ( 3 

6 0 9 4 

6061 
6 0 < ! 5 

S 9 a 3 

5 9 i 5 

S'jjO 
5 . 4 1 6 

5 7 4 0 

5,350 
5538 
5 4 U Q 

5 2 ^ 1 

4963 
4ci50 
4 4 2 7 

4 1 5 0 

3 7 9 2 

3 3 1 6 

2 6 5 0 

1 6 5 0 

9963 
9 5 0 7 
8 9 5 7 
8 3 1 6 

7 5 5 9 
665U 

VISCOSITY(CENTI-POISE) : 
j R E T 

11) 
10 
1 0 
10 
10 
11 
11 
1 1 

11 
11 
1 1 

11 
11 
1 1 
11 
1 2 
12 
12 
12 
1 3 

1 3 

1 3 

1 4 

1 4 

1 5 

16 
1 7 

1 7 

1 7 

18 
18 

T 2 

, 7 ! i 5 1 

, 8 3 0 8 

, 8 7 9 6 

, 9 3 1 8 

, 9 J 7 8 

, 04d3 
, 1 1 3 7 

, 1 8 4 8 

, 2 6 2 5 

, 3 4 7 8 

4 4 2 1 

5 4 7 1 

, 6 6 4 9 

, 7 9 8 5 

9 5 1 6 

, 1 2 9 6 

3 4 0 0 

5 9 4 0 

9 0 9 2 

3 1 4 6 

5 6 6 3 

i j 6 3 9 

2 2 3 1 

6688 
2 4 2 2 

O l Y O 

. 1 5 7 3 

4 5 5 5 

7 8 7 4 

1601 
5 8 2 5 

0 6 6 7 

V A L u 
T1 K / U 

1 . 0 6 9 6 

1.1161 
1 .1668 
1 ,i!224 
1 . 2 8 3 5 

1 . 3 5 1 1 

1 . 4 2 6 1 

1 , 5 1 0 0 

1 . 6 0 4 4 

1 . 7 1 1 3 

1 . 8 3 3 6 

1 . 9 7 4 6 

2 , 1 3 9 2 

2 . 3 3 3 6 

2 . 5 6 7 0 

2 , 8 5 2 2 

3 , 2 0 8 8 

3 , 6 6 7 2 

4 , 2 7 8 4 

5 , 1 3 4 0 

5 . 7 0 4 5 

6 . 4 1 7 5 

7 , 3 3 4 3 

8 , 5 5 6 7 

10 ,2681 
12 ,8351 
1 7 , 1 1 3 4 

1 
1 9 . 7 4 6 3 

2 1 , 3 9 1 8 

2 3 , 3 3 6 5 

2 5 . 6 7 0 1 

2 6 , 5 2 2 4 

4 7 . 0 0 

( P U L S E S P E R 

T 3 

0 , 0 5 7 7 

0 , 0 6 2 9 

0 , 0 6 8 7 

0 . 0 7 5 4 

0 , 0 8 3 1 

0 . 0 9 2 1 

0 ,1026 
0 , 1 1 5 0 

0 , 1 2 9 9 

0 , 1 4 7 8 

0 , 1 6 9 6 

0 , 1 9 6 7 

0 , 2 3 0 9 

0 , 2 7 4 8 

0 . 3 3 2 5 

0 , 4 1 0 5 

0 , 5 1 9 5 

0 . 6 7 8 5 

0 , 9 2 1 5 

1 , 3 2 9 9 

1 , 6 4 1 9 

2 , 0 7 8 0 

2 , 7 1 4 1 

3 , 6 9 4 2 

5 , 3 1 9 6 

8 , 3 1 1 9 

1 4 , 7 7 6 8 

1 
1 9 , 6 7 3 2 

2 3 , 0 8 8 7 

2 7 , 4 7 7 4 -

3 3 , 2 4 7 7 

4 1 , 0 4 6 5 

P O U N D ) 

P A S S . R E 

9 6 4 9 , 

9 2 4 7 , 

8 0 4 1 , 
7 6 3 9 , 
7 2 3 7 , 
6 8 3 5 , 
6 4 3 3 , 
6 0 3 1 , 

5 6 2 9 , 

. 
4 8 2 5 , 

4 4 2 3 , 

4 0 2 1 , 

3 6 1 9 , 

3 2 1 6 , 

2 8 1 4 , 

2 4 1 2 , 

2010, 
1 8 0 9 , 

1608 , 
1 4 0 7 , 

1206, 
1 0 0 5 , 

8 0 4 , 

523, 

4 4 2 , 



= 25.4 mm; 

,'<Aj67fDEL : 
leter radius 

j ' l 

23.101 mm; Axial width = 24.384 mm; Hub radius = 9.944 m m ; Blade thickness = 1 0 . 1 6 mm; Tip radius: 

w 
o \ 

TJtWINE F I J I METER TYfE A 

P I . ' E R A D I U S = I . O J O O HETCA H A U I i l S 

H E L 1 C 4 1 8 L 4 D E ANGLE MOTOR H E L I C A L P I T C H » 3 , 9 5 9 6 

0 . 9 0 9 5 T I P R A D I U S 0 , 8 9 9 5 HUB R A D I U S = 0 , 3 9 1 5 A X I A L W I D T H » 0 , 9 6 0 

N J OF 3 L A U E 5 = j , O U J 
EX 'E*<Z:1EVTAL V1LJE 

I 

l a . ' j i i 

1 

14. I'iH 
14./I 7 7 
11 
1 0 

9 

A j 
7 o ? < ! 

i i l ^ 3 

1 0 7 ^ 
: i v 5 4 

C - i l d 
7 5 j)4 

4 . 9 1 J 7 

4 . W 6 1 
. l . S u 3 1 

2 . 9 / j , 9 

2 4 9 1 
I! J J 

i) v j U 

'1 'OU 
3 0 P U 
JuOQ 
' ) " V U 
0 J J U 
J u O O 
luOU 

0,luuO 
O . J O O O 
0, K'OO 
0 . GOOO 

2 ? 
2 9 
2 9 
2 9 

- I . e . 

2 % , i 3 4 9 
2 & , ^ i 9 d 
2b,7335 
28.1156 
2A,)767 
26,^747 
25,7/17^ 
26,9172 
29,1 ,)5 7 
29.165^ 
2:% ;')71 
29,1 7.iy 
29,141j 

1 J4J 
2194 
19 41 
250 7 

29,2422 
29,2543 
29.2151 
24.;117 
0.; 
J.J 100 
j , ) J ] J 

o.'jnoo 
0,J)00 
u , i) )00 
U . J 10') 
0,JOOO 
0 , J 100 
0,0000 
0 , 0 0 0 0 

0 , 0 0 0 0 
0 . f l O O 
u.OOOO 

1 

n 

RLAOE TilICKW 
TME'lRFTICAL 

'I 
24.or)C J 
23,00CO 
22,0,iOJ 
2] ,UftOJ 
2 1 . 0 1 ^ ) 
n , V1V u 
1 j . ' l O ' N 
17, in.jO 
16.0000 
15,010'^ 
14.110 0 0 

, 0 n 0 0 

, JOO ' J 
, ' t n c u 

lO.i'OOU 
9.UOOO 
a.000J 

1 3 . 
12. 
1 1 , 

1 ulunic 

[. 7 Th* 
andmei 
Flow Meter Type B 2 ins 

')00v 
U.!0 I 
U 1 0 V 

)OuV 
V 0 0 J 

''(^0 0 
3 . 0 1 0 0 
2 . 5 0 u 0 
2,0000 
1 . y i O ' i 
1 . 4 ^ 0 J 
1,JOvV 
1 . 2 0 0 V 
1 . l o v o 
1.JOOO 
O.vnou 
O.dOO J 
0, f OO'j 

ital and cal 
Reynolds * 

E S S = 0 , 4 0 0 
VAL Oc 

2 6 , 3 9 3 5 
2a.;i9i 5 
28,1i94 
2O.103 7 
26.3182 
28,1334 
2a,3 W4 
28 , ,3 ; 1 ly 
2,j..3')51 
2 o , 9 0 0 3 
2 a . 9 , ) 7 ' ] 
2 m . 9 1 7 5 
2 8 , 9 ; o : i 
2 W , 9 4 a 3 
28.971 J 
2 9 . 0 0 1 4 
2 V . 0 4 0 7 
2 9 . 0 9 1 6 
2 9 . 1 5 6 9 
29.2;oj 
2 9 , 2 / V i 
29 , 11 86 
2 9 , 3 4 2 ! 
2 9 , 3 , 1 2 4 
2 9 . 1 , : 6 d ' 
2 H , 7 , 1 9 3 
2 7 , 2 4 5 4 
2 6 , 6 4 9 8 
2 5 . . ) - j : , 9 
2 4 . , M 9 4 
2 3 . 3 9 7 7 
2 1 , 4 2 5 1 
1 8 , 6 1 6 5 
1 4 . 4 1 5 4 

8 , 1 5 5 5 

HO OF P I C K U P 
(I L 4 n E S 
K E - m 
7 1 9 4 6 
( . H 9 5 0 
6 5 ) 5 2 
6 2 9 5 5 

59,157 
: ) 6 ^ 5 9 
5 ) 9 o 1 
5 0 ^ 6 3 
4 7 9 ^ 5 
4 4 9 6 * ) 
<Ll 9 7 0 
3fi972 
) 5 9 7 4 
3 2 9 7 6 
2 9 ^ 7 8 
2 6 9 i 1 
2 3 9 . i 3 
2 0 9 J 5 
1 7 ? . 3 7 
1 4 9 , 1 9 
1 3 4 9 U 
1 1 ^ 9 1 
1 0 4 ^ 2 

8 9 9 4 
7 4 9 5 
5 9 9 A 
4 4 9 7 
4 1 V 7 
3 8 9 7 
3 5 9 7 
3 2 9 a 
2 9 9 b 
2 6 9 8 
2 3 9 8 
2 0 9 8 

3 8 
3 8 
3 8 
3 8 
3 8 
3 0 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 8 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 7 
3 6 

1 , 0 0 0 
it E U 
T1 

, 2 3 6 1 
, 2 3 4 2 
, 2 3 2 3 
, 2 3 u 1 
, 2 2 7 7 
, 2 2 ) 1 
, 2 2 2 2 
, 2 1 8 9 
. 2 1 5 2 
, 2 1 1 1 
, 2 0 6 3 
,2008 
, 1 9 4 4 
, 1 8 6 8 
. 1 7 7 7 
, 1 6 6 6 
, 1 5 2 7 
, 1 3 4 9 
, 1 1 1 1 
, 0 7 7 7 
, 0 5 5 5 
. 0 2 7 7 

, 9 9 2 0 
, 9 4 4 4 

, 8 7 7 7 
, 7 7 7 7 
, 6 1 1 1 
, 5 6 3 4 
, 5 0 8 5 
, 4 4 4 4 
, 3 6 8 6 
, 2 7 7 7 
, 1 6 6 6 
, 0 2 7 7 
, 8 4 9 1 

VISCOSIT/CCENTI-POISE), 

results f tow rate), M.C. (met 
and the theoredcal value fc 

) diameter. 

T 2 
1 0 . 0 7 5 1 
1 0 , 1 0 5 7 
1 0 . l 3 a 4 
1 0 , 1 7 3 3 
10.2108 
I V . 2 5 1 3 
1 0 , 2 9 5 1 
1 0 . 3 4 2 7 
1 0 , 3 9 4 7 
1 0 . 4 5 1 8 
1 0 . 5 1 5 0 
1 0 , 5 8 5 2 
1 0 , 6 6 4 1 
1 0 . 7 5 3 5 
1 0 . 8 5 6 1 
1 0 . 9 7 5 2 
1 1 , 1 1 6 1 
1 1 . 2 3 6 1 
1 1 . 4 9 7 1 
1 1 . 7 6 8 5 
1 1 , 9 3 7 0 
1 2 . 1 ; 6 2 
1 2 , 3 7 6 7 
1 2 , 6 7 5 1 
1 3 , 0 5 8 9 
13.5790 
1 4 , 3 4 1 0 
1 4 , 5 4 0 6 
1 4 , 7 6 2 9 
1 5 . 0 1 2 4 
1 5 , 2 9 5 1 
1 5 , 6 1 9 3 
1 5 , 9 9 6 1 
1 6 , 4 4 1 6 
1 6 , 9 7 9 3 

V A L U 
T1 K / Q 
0 , 7 6 4 8 
0 , 7 9 8 1 
0 , 8 3 4 4 
0 , 8 7 4 1 
0 , 9 1 7 8 
0 , 9 6 6 1 
1 , 0 1 9 8 

1,0797 
1 , 1 4 7 2 
1 , 2 2 3 7 
1 , 3 1 1 1 
1 , 4 1 2 0 
1 , 5 2 9 6 
1 , 6 6 H 7 
1 , 8 3 5 6 
2 , 0 3 9 5 
2 , 2 9 4 5 
2,6222 
3 , 0 5 9 3 
3 , 6 7 1 1 
4 , 0 7 9 0 
4 , 5 8 8 9 
5 , 2 4 4 5 
6 , 1 1 8 6 
7 , 3 4 2 3 
9 , 1 7 7 9 

1 2 , 2 3 7 1 
1 3 , 1 1 1 2 
1 4 , 1 1 9 8 
1 5 , 2 9 6 4 
1 6 , 6 8 7 0 
1 8 , 3 5 5 7 
2 0 , 3 9 5 2 
2 2 , 9 4 4 6 
2 6 , 2 2 2 4 

21 . 0 0 
( P U L S E S PER 

T 3 
0 , 
0 , 0 3 5 1 
0 , 0 3 8 4 
0 , 0 4 2 2 
0 , 0 4 6 5 
0 , 0 5 1 5 
0 , 0 5 7 4 
0 , 0 6 4 3 
0 , 
0 , 0 8 2 6 
0 , 0 9 4 8 
0 , 1 1 0 0 
0 , 1 2 9 1 
0 , 1 5 3 6 
0 , 1 8 5 9 
0 , 2 2 9 5 
0 , 2 9 0 5 
0 , 3 7 9 4 
0 , 5 1 6 4 
0 , 7 4 3 6 
0 , 9 1 8 0 
1,1618 
1 , 5 1 7 5 
2 , 0 6 5 4 
2 , 9 7 4 2 
4 , 6 4 7 3 
8 , 2 6 1 8 
9 , 4 8 4 2 

1 0 , 9 9 9 4 
1 2 , 9 0 9 1 
1 5 , 3 6 2 8 

' 0 

22,9494 
29, 

P O U N D ) 
P A S S . R E 

2 1 5 9 6 , 
2 0 6 9 7 , 
1 9 7 9 7 , 
1 8 8 9 7 , 
1 7 9 9 7 , 
1 7 0 9 7 , 
1 6 1 9 7 , 
1 5 2 9 7 , 
1 4 3 9 8 , 
1 3 4 9 8 , 
1 2 5 9 8 , 
11698, 
1 0 7 9 8 , 

9 8 9 8 , 
8 9 9 9 , 

7 1 9 9 , 
6 2 9 9 , 
5 3 9 9 , 
4 4 9 9 , 
4 0 4 9 , 

, 
3 1 4 9 , 

1 8 0 0 , 
1 3 5 0 , 

, 
1 1 7 0 , 

720, 

le cai 
F;, T; and Term 2 usin 



UJIKT:"''" """ " « « - *»« - » • . - 24.364 mm; Blade thickne.s =10,16 mm; Tip r.dius. 22.8473 mm 

N) 

TH'irVE Fl\)J MgTER TŶ E » <;iNCy 

PI?L RADIUS = I.OJOO METFR aAON! 
q i OF 

EX.'gHME 

1 ? . 
1 7 . 
17, r? 6 7 
1 7 . J 1 4 A 
1 6 . ' 1 0 1 
1 6 . 1 1 4 0 
1:i. .'Vj.j 
I S . i l 4 l 
14.4241 
I ^ . 4 ' ' c4 
14. )1I 
I I 
11 . j j 
1 ) . 7 1 

V . 3 1 5 9 
. 5 u 1 

' '3 . 26 4V 
7.711d 

1/7 3 
, J t U 
, I J S 4 
, 7717 

7 j j j 
, S 7 4 ) 

340"* 
11 j 1 

4 . ] j 1 1 
3 . 1 7 6 ) 
2.7^91 
J.OOUI) 
0.))00 
O.J.IQ'j 
0 . l uOU 
U, ] 0 J l) 
0 » 0 U 0 0 

LADES ai.OOJ 
NTAL V A L J E 

; t , c . 
26,a;i2 
2*(,a')26 
26,5955 
2o,u422 
2r%'6.i24 
2 h . 7 ] 0 1 
2 b , 6 2 8 1 
2a.]l11 
2t.3327 

5084 
26,3426 
24.J732 
2*.71 A) 
26,04j4 
26.1^34 
2 (),') 3 5 j 
2d.7395 
26,.,347 
26,7,171 
26,73 51 
26, i;9y 
28 , J 4 6 
26,7473 
2 6 , u i 4 d 
23,7781 
26,7673 
26,7483 
26,4 i56 
28,.1532 
O.VIOJ 
U, ')000 
0, J]l)0 
0,jlOJ 
0,000J 
Q.J3J0 

BLADE ThlCKflE 
TME'IPETICAI 

q 
24.U10'J 
2 3 , U 0 (, u 
22.U1UV 
21,unuU 
Z D . ' n o v 
19.HNI0J 
Id.'itTOU 
17,'I00'I 
"o.UOOJ 
15.U'1UV 
14.II1GU 
1 3,i)'10') 
12.'IOu'J 
1 1 , ' ) ) i r ) 
lO.'JlCtj 
0.'JOC'J 
%. 'lOv'J 
7,'ivb') 
5, 'i')uO 
4, IjOO J 
4,'j')0U 
3 . 3 1U V 
3.UO0') 
2 . 51V u 
2,U'lvU 
1,5000 
1 .4'IOV 
1 , 3 1 0 0 
1 . 2 1 0 U 
1,1100 
1,unou 
3,V1Gl' 
o . u a c u 
0 .703U 

3,y095 
S S = ' ) . 4 0 0 

V A L ' I E 

f l . C . 
28.5776 
2 ' ; . 5 )16 
26,5;59 
28,3904 
28,'5961 
26,ti )20 
28.6 h)6 
28,6159 
28 .624! ) 
26,0(31 
28,6432 
28,6546 
28,6.',7 3 
28.6114 
28.6469 

71 3 5 
7304 
7454 
7j2 7 
?372 
7(19 5 
6=148 
3111 
333 3 

27.9600 
27.1117 
24,90 
24.2)36 
23,2607 

140 
2 0 , 3 4 9 4 

1 8 , 1 2 1 1 
1 5 , 0 3 7 5 

1 0 , 6 2 4 8 

4 . 0 3 8 7 

H E L I C A L BLADE ANGLE R O T O * H E L I C A L P I T C H = 3 , 9 5 9 6 

T I P R A D I U S m 0 . 6 9 9 5 HUH R A D I U S = 0 . 3 9 1 5 A X I A L W I P T N « 0 . 9 6 0 

28 
2 8 
28 
28 
28 
28 
28 
28 
28 

Ui) Of PICKUP 
OLADES 
HE-NO 

1 5 1 0 0 5 6 , 
1 4 , , 7 1 3 7 . 
1S.i421 8 . 
1 3 2 1 2 9 9 . 
12,M3 10, 
1 1 9 5 4 6 1 , 
1132 5 4 2 , 
1 0 6 9 6 2 3 , 
1006 7 ' )4, 

9 ^ 3 7 8 5 . 
8 (10 8 ij 6 , 
8 1 7 9 4 7 , 
7 5 5 0 2 8 , 
6 9 2 1 0 9 , 
A 2 9 T ) 0 , 
5 6 6 2 7 1 , 
5 0 3 3 5 2 , 
4,.04.13, 
3 7 7 5 1 4 . 
3 1 4 5 9 5 , 
2 8 3 1 3 6 , 
2 5 1 6 7 6 , 
2 2 0 2 1 7 , 
1 8 8 7 3 7 , 
1 5 7 2 9 8 , 
1 2 5 8 3 8 , 

9 4 3 7 9 , 
8 8 0 i 7 , 
8 1 7 9 5 . 
7 5 5 0 3 , 
6 9 2 1 1 , 
6 2 9 1 9 , 
5 6 6 2 7 , 
5 0 3 3 5 , 
440 4 3 . 

' 1 , 0 0 0 
T H E L 

T1 
3 7 , 2 3 5 6 
3 7 , 2 3 3 7 
3 7 , 2 3 1 8 
3 7 , 2 2 9 6 
3 7 , 2 2 7 2 
3 7 , 2 2 4 6 
3 7 , 2 2 1 7 
3 7 , 2 1 8 4 
3 7 , 2 1 4 7 
3 7 , 2 1 U 6 
3 7 , 2 0 5 8 
3 7 . 2 0 0 3 
3 7 , 1 9 3 9 
3 7 , 1 8 6 3 
3 7 , 1 7 7 2 
3 7 , 1 6 6 1 
3 7 , 1 5 2 2 
3 7 , 1 3 4 4 
3 7 , 1 1 0 6 
3 7 , 0 7 72 
3 7 , 0 5 5 0 
3 7 , 0 2 7 2 
3 6 , 9 9 1 5 
3 6 , 9 4 3 9 
3 6 , 8 7 7 2 
3 6 . 7 7 7 2 
3 6 , 6 1 0 6 
3 6 , 5 6 2 9 
3 6 , 5 0 3 0 
3 6 , 4 4 3 9 
3 6 , 3 6 6 1 

3 6 , 2 7 7 2 

3 6 , 1 6 6 1 
3 6 . 0 2 7 2 

r&7 

V I S C O S I T Y ( C E N T I - P U I S E ) : 
R E T 

1 0 
10 
10 
10 
10 
10 

,9740 
, V806 
, 9 8 7 8 
,9954 
, 0 0 3 5 
, 0124 
,0219 
,U323 
,0436 
,0560 
,0698 
, " 8 5 1 
, 1 0 2 2 
,1 21 7 
,1440 
,1700 
, 2007 
,2377 
,2836 
, 3427 
3794 

, 4228 
,4752 
5401 

,6217 
, 7369 
,9029 
, 9 4 6 3 
, 9947 
.0491 
, 1106 
,1812 

3 6 0 3 

4 7 7 4 

/ A L U 
T1 K/Q 
0 , 3 4 4 2 
0 , 3 5 9 1 
0 , 3 7 5 5 
0 . 3 9 3 4 
0 . 4 1 ) 0 
0 . 4 3 4 8 
0 . 4 5 O 9 
0 . 4 8 5 9 
0 , 5 1 6 3 
0 , 5 5 0 7 
0 , 5 9 0 0 
0 
0 , 6 8 8 4 
0 , 7 5 0 9 
0.8260 
0 . 9 1 7 8 
1 , 
1.1801 
1 . 3 7 6 7 
1 , 6 5 2 1 
1 , 8 3 5 6 
2 , 0 6 5 1 
2 , 3 6 0 1 
2 , 7 5 3 5 
3 , 3 0 4 2 
4 , 1 3 0 2 
5 , 5 0 6 9 
5 , 9 0 0 3 

6 , 8 8 3 7 

7 . 5 0 9 4 

8 , 2 6 0 4 

9 , 1 7 8 2 

1 0 , 3 2 5 5 . 

( P U L S E S P E R 
T 3 

0,0282 
0 , 0 3 0 7 
0 , 0 3 3 5 
0 , 0 3 6 8 
0 , 0 4 0 6 
0 , 0 4 5 0 
0 , 0 5 0 1 
0 , 0 5 6 2 
0 , 0 6 3 4 
0 , 0 7 2 2 
0 , 0 8 2 8 
0 , 0 9 6 1 
0 , 1 1 2 7 
0 , 1 3 4 2 
0 , 1 6 2 4 
0 , 2 0 0 4 
0 , 2 5 3 7 
0 , 3 3 1 3 
0 , 4 5 1 0 
0 , 6 4 9 4 
0,8017 
1 , 0 1 4 7 
1 , 3 2 5 3 
1 , 8 0 3 9 
2 , 5 9 7 6 
4 , 0 5 8 8 
7 , 2 1 5 7 
8 , 2 8 3 3 
9 , 6 0 6 7 

1 1 . 2 7 4 5 
1 3 ; 4 1 7 6 

P A S S , R E 

2 0 , 0 4 3 5 

2 5 , 3 6 7 6 

3 3 . 1 3 3 2 

4 3 4 6 2 9 , 
4 1 5 7 3 2 . 
3 9 6 8 3 5 , 
3 7 7 9 3 6 , 
3 5 9 0 4 1 , 
3 4 0 1 4 4 , 
3 2 1 2 4 7 , 

2 8 3 4 5 4 , 
2 6 4 5 5 7 , 
2 4 5 6 6 0 , 
2 ( 6 7 6 3 , 
2 0 7 8 6 6 , 
1 8 8 9 6 9 , 
1 7 0 0 7 2 , 
1 5 1 1 7 5 , 
1 
1 1 3 3 8 1 , 

9 4 4 8 5 , 

7 5 5 8 8 , 
6 6 1 3 9 , 
5 6 6 9 1 , 
4 7 2 4 2 , 
3 7 7 9 4 , 

2 6 4 5 6 , 

2 4 5 6 6 , 

2 2 6 7 6 , 

1 7 0 0 7 , 

1 5 1 1 8 , 

' ' 'Th^' 
r a n d m 
B Flow 1 * * 2 , 



TABLE I. n Turbine Flow Meter Type C 1. S ins (3 8.1 mm) diameter 

fL')W METEA TYt'E C 1.5INCH CO-JSTANT BLADE ANGLE ROTOR BLADE DEGREE 

N) 
CX) 

PIPE RADIUS » 0 . 6 6 3 ? HETEw WADIJS = 0 , 6 ^ 8 7 TIP RADIUS « n , ( ,561 HUU HAOIUS « 0 , 2 8 8 1 AXIAL WIDTHmO,251 
N; up BLADES =u,OOJ 

ZX'cHIiiENTAL VALUE 
M.C, 

IV.SPSO 
Id.3509 
17.^636 

1S.3y5^ 
14.440^ 
I.) « J I 6 6 

II.6o25 
1 0 . 
9.9^91 
y # 0 u d 0 
6.2^0.) 
7 . J ; V 7 0 

6,to66 
5.6(:0/ 
4,3j64 

'4.2^94 
j . (I 'J a 4 
6.235 3 
2. (76:i 

, 4 I* o 4 
,:U9/ 

131 6 
,560j 

1 , 0 4 4 7 
U «'i m 0 j 
J , 6 9 3* 
0 , j 
0 . 4 5 0 d 
0 . 0 0 0 0 

3C,^606 
3C.^547 
31.^409 
:'C,^,^3a 
:u.,^63j 
3k.^,i41 
jO,J953 
30.^954 
30.3^26 
30.3231 

1196 
3L,li70 
30.3117 
30,3(3 u 
30.3790 
30,3640 
30.3i06 
30,3349 
3C,3S26 
3V,39 4 2 
3i;,!) 190 
3U.331i, 
31/, 3 ) fi 1 
';C.2v/,2 
3 0 , 3 ) 3 5 
i ' ) ,1 '356 
J j , 1 1 3 6 
2 9 , 5 9 33 
2(1.6221 
2 6 , 2 9 5 5 

0 . 0 0 0 0 

dLADE T tICKNc 
T,IE IRE riCAL '< 

2 4 . 0 0 0 J 
23.010) 
22,000 1 
21.OOQJ 
20.(""0 J 
19.00jJ 
1 3 , 0 n 0 ) 
17.0^yjj 
1/j.OOO ) 
1 5 . 0,10 J 
14.0 n (, I 
13. on.) J 
12 .00 . ) J 
11.UuuI 
1 G . 0 0 V J 
9.VOOJ 
3,000 I 
7,0(10 I 
6.0000 
3.UOCO 
4.500/ 
4.unO'j 
j.b'ir. J 
3,onj'j 
2 , 5 n u ; 
2.000-; 
1.boov 
1 , 4|jO V 
1,jro" 
1 , 2 u 
1,100" 
1,UOOO 

CS = 0 . 0 1 5 
VAL 

H.C. 
30.25%n 

239 0 
2»01 
3614 
2:̂ 28 
?/,44 
2o4 ! 
2635 
2 / 1 0 
2739 
2,'7 3 
2.113 
2161 
2^1 o 
2067 
3 )72 
3177 
3303 
3475 
3„35 
3 ",09 
3"43 
4i7,) 
41 89 
420 7 
3914 
2!,41 
1941 
11 32 
0030 
1^05 
6358 

10 up PICKUP =1 
BLADES T 
RE-'NO 

1 2 3 4 0 5 , 3 0 . 
11 82,',3. 3 0 . 
1 1 3 1 2 1 . 30 , 
1 0 7 9 7 9 , 3 0 . 
102818, 30, 

9 7 6 9 6 , 30 , 
9 2 5 5 4 , 30 , 
87412 , 30 , 
8227U. 3 0 , 
77128 , 30 , 
7 W a 6 . 30 , 
6 6 8 4 4 , 30 , 
61703 , 30 , 
565(,1, 30 , 
51419 , 30 , 
4 6 2 7 7 , 3 0 , 
41135 , 3 0 . 
3 5 9 9 3 , 30 , 
30851 , 30 , 
2 5 / 0 9 , 30 , 
2?13R. 30 , 
2 0 5 6 a , 3 0 , 
17997 , 30 , 
1 5 4 2 6 . 30 , 
1 2 8 5 5 . 3 0 , 
10284 , 30 , 

7 7 1 3 , 29 , 
7 1 9 9 , 2 9 . 

6 6 8 4 , 2 9 . 
6 1 7 0 , 29 , 
5 6 5 6 . 2 9 , 

5 1 4 2 , 2 9 , 

. 000 VISCOSITY(CENTl-POISE)» 
H k U R E T I C A L V A L U E 
T1 T2 T1K/Q 
5162 0 . 3 8 3 4 0 . 1 2 8 9 
5144 0 . 3 3 5 8 0 , 1 3 4 6 
5125 0 , 3 8 8 5 0 . 1 4 0 7 
5103 0 . 3 9 1 3 0 , 1 4 7 4 
5 0 / 9 0 , 3 9 4 4 0 , 1 5 4 7 
5053 0 . 3 9 7 7 0 . 1 6 2 9 
5024 0 . 4 J 1 2 0 , 1 7 1 9 
4991 0 , 4 0 5 1 0 , 1 8 2 0 
4954 0 , 4 0 9 3 
t 9 1 2 0 . 4 1 4 0 0 , 2 0 6 3 
4 ' j65 0 , 4 1 9 1 0 , 2 2 1 0 
4810 0 . 4 2 4 8 0 , 2 3 8 1 
4746 0 , 4 3 1 2 0 , 2 5 7 9 
4670 0 . 4 3 8 5 0 , 2 8 1 3 
4579 0 , 4 4 6 8 0 , 3 0 9 5 
4468 0 , 0 , 3 4 3 9 
4329 0 , 4 6 8 0 0 , 3 8 6 8 
4151 0 . 4 8 1 8 0 , 4 4 2 1 
3912 0 , 4 9 8 9 

0 . 5 2 1 0 0 , 6 1 8 9 
3357 0 . 5 3 4 7 0 , 6 8 7 7 
3079 0 , 5 5 0 9 0 , 7 7 3 7 

0 . 5 7 0 4 0 , 8 8 4 2 
0 . 5 9 4 7 1 , 0 3 1 6 

1579 0 . 6 2 5 9 1 , 2 3 7 9 
0579 0 , 6 6 8 1 1 , 5 4 7 3 
8912 0 , 7 3 0 1 
8436 0 , 7 4 6 3 
78o7 0 , 7 6 4 3 5 

0 , 7 6 4 6 

6 4 8 8 0 . 8 0 7 6 

5 S 7 9 0 , 8 3 4 0 j , 

1.00 
(PULSES PER 

T 3 
0 , 0 0 3 8 
0 , 0 0 4 1 
0 , 0 0 4 5 
0 , 0 0 4 9 
0 , 0 0 5 5 
0 , 0 0 6 0 
0 , 0 0 6 7 
0 , 0 0 7 6 
0 , 0 0 8 5 
0 , 0 0 9 7 
0 , 0 1 1 1 
0 , 0 1 2 9 
0 , 0 1 5 2 
0,0180 
0,0218 
0 , 0 2 6 9 
0 . 0 3 4 1 
0 . 0 4 4 5 
0 , 0 6 0 6 
0 . 0 8 7 3 
0 . 1 0 7 8 
0 , 1 3 6 4 
0 , 1 7 8 2 
0 , 2 4 2 5 
0 , 3 4 9 3 
0 , 5 4 5 7 

! 
1 , 1 1 3 7 
1 , 2 9 1 6 
1 , 5 1 5 9 
1 , 8 0 4 0 

i 

P O U N D ) 

P A S S . R E 

1 3 8 7 9 5 

1 3 3 0 1 1 

1 2 7 2 2 8 

1 2 1 4 4 5 

1 1 5 6 6 2 

1 0 9 8 7 9 

1 0 4 0 9 6 

9 8 3 1 3 

9 2 5 3 0 

8 6 7 4 7 

8 0 9 6 4 

7 5 1 8 0 

6 9 3 9 7 

6 3 6 1 4 

5 7 8 3 1 

5 2 0 4 8 

4 6 2 6 5 

4 0 4 8 2 

3 4 6 9 9 

2 8 9 1 6 

2 6 0 2 4 

2 3 1 3 2 

2 0 2 4 1 

1 7 3 4 9 

1 4 4 5 8 

1 1 5 6 6 

8 6 7 5 

8 0 9 6 

7 5 1 8 

6 9 4 0 

6 3 A 1 

5 7 8 3 

Pipe radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius = 16.985 mm; Axial width = 6.3754 mm; Hub radius = 7 J 1 7 7 mm;'Blade thickness = .381 mm. 



TABLE L12 Turbine Flow Meter Type C 1.5 ins. (38.1 mm) diameter 
CJOAJ: ^AS(|7|DEI :- jn 

T I R 4 M E FLO' . | l E T E K T Y P E C 1 . 5 1 N C H C O N S T A N T BLADE ANGLE ROTON D E C R E E 

W 
\ o 

P I P E R A o m s ' I . 6 a j 7 , 4E1EK R A D I U S = 0 . 6 6 8 7 T I P R A D I U S = 0 HUB R A D I U S m 0 , 2 8 8 1 ' t t ; , . H * 0 , 2 5 1 

N-) 
gX̂  

18. 
1 7 . 

1 7 . 

16 . 
13 . 
1 5 . 

1 4 . 

1 4 . 

1 j . 
I 5. 
12. 
12 . 
I I . 
11 . 
10 . 

v . 
' 

7 . 

6 . 
5 . 

4 . 

4 . 

j . 

j . 

2 . 

1 . 

1 . 

1 . 

0, 
0 , 

OF BLADES =6.000 
EAMEiTAL VALUE 

I.e. 
4488 
6547 
00j7 
0 j6U 
6.179 
4 7 7 0 

4 6 1 j 

1 )&4 
7 J9 3 
1 c'9:) 
4:)54 
Oil 4 
479 j 
I2«! j 
J1 2 j 
n 11 
1011 
Cull 
1 
0011 
5)11 
1 122 
S110 
018 7 
311,! 
] 1 2 j 
j12j 
4163 
1)1U 
J441 
JJOO 

31 
5 1 

31 
31 
31 
31 
.31 

31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
3 1 

31 
31 
31 
31 
31 
31 
31 
3 1 

30 
30 
29 
2 5 

U 

. 3 U 2 

, 2 4 V 4 

.2437 
. 3 3 4 4 

. 3 8 1 5 

. 3 3 6 8 

, 3 3 1 8 

. 4 . ; 9 0 

, 4 1 9 5 

. 3 ) 1 j 

. 4 3 2 1 

, 5 1 1 2 

.5112 

. 5 ) 4 3 

.5-334 

.alSI 
, 6 ) 1 3 

. A ' ; 3 7 

,0,127 
. u ' ] 7 6 

. " ) 3 1 

.7168 

. 7 1 4 1 

. '̂124 
, 6 . ( 7 6 

, 3 1 9 9 

. 6 0 5 5 

, 0 1 7 7 

. 4 5 2 6 

, 7 1 7 J 

.OlOO 

i l l A J E THICK,iESS 
'AL 

) M 
24.0nuii 
23,')Q3u 
22.0000 31 
?1.000(' 31 
20,0000 31 
1 9 . 0 0 0 0 31 
18,0000 11 
W.onuu . ,ji 
16,0000 31 
i5,onou .11 
14.!MOO 31 
Ij.OOVO 31 
1 2 . 0 0 0 ' ' 31 
11.000U 31 
lO.OOOu 31 

9 , 0 0 u u 31 
3 . 0 0 0 0 31 
7 . 0 0 0 0 31 
li.onuo 31 
5.O00O 31 
4 . 5 0 0 0 31 
4.O0JO 31 
J . 5 0 0 0 31 
3.O00U 31 
2 . 5 0 0 0 31 
2 . 0 0 0 0 31 
1 . 5 0 0 0 30 
1 . 4 0 0 0 29 
1 . 3 0 0 0 29 
1 , 2 0 0 0 28 
1 . 1 0 0 0 27 

= 0 . 0 1 5 NO OF P I C K U P = 1 . 0 0 0 

J E B L A D E S T M E 0 

. C . R E - J O n 

3 4 4 4 5 ^ 0 4 . 3 1 , 7 9 9 6 

3 4 9 8 5 6 5 8 . 3 1 , 7 8 7 8 

3 5 3 7 5 4 1 2 . 3 1 . 7 ' ; 5 8 

3 3 8 1 5 1 6 6 . 3 1 , 7 8 3 7 

3 6 3 2 4 9 2 0 , 3 1 , 7 8 1 3 

3 4 9 1 4 6 7 4 , 3 1 , 7 7 8 7 

3 7 5 9 4 4 2 8 . 3 1 . 7 7 5 7 

3 M ( i 4 1 8 2 . 3 1 , 7 7 2 5 

3 ' ) 2 9 3 9 3 6 , 3 1 , 7 6 8 8 

4 0 3 5 3 6 9 0 , 3 1 , 7 6 4 6 

4 1 6 0 3 4 4 4 , 3 1 , 7 5 9 9 

4 i 0 6 3 1 9 4 . 3 1 . 7 5 4 4 

4 4 8 0 2 9 5 2 . 3 1 . 7 4 U 0 

4 6 8 7 2 7 0 6 . 3 1 . 7 4 0 4 

4 9 3 5 2 4 6 0 , 3 1 . 7 3 1 3 

5 2 3 4 2 2 1 4 . 3 1 . 7 2 0 2 

5 5 9 7 1 9 6 8 . 3 1 . 7 3 6 3 

6 0 3 7 1 7 2 2 , 3 1 , 6 8 8 4 

6 5 6 4 1 4 7 6 , 3 1 , 6 6 4 6 

7 1 6 1 1 2 3 0 , 

7 4 5 7 1 1 0 7 , 3 1 , 6 0 9 1 

7 7 0 3 9 8 4 , 3 1 , 5 8 1 3 

7 8 0 3 8 6 1 , 3 1 , 5 4 5 6 

7 . 5 4 1 7 3 8 , 3 1 , 4 9 8 0 

o ; a i 6 1 5 . 3 1 , 4 3 1 3 

2 ) 3 4 4 9 2 . 

1 9 3 h 3 6 9 . 3 1 , 1 6 4 6 

7 6 5 8 3 4 4 , 3 1 , 1 1 7 0 

2 0 6 8 3 2 0 . 3 1 . 0 6 2 1 

4 6 5 9 2 9 5 , 3 0 , 9 9 8 0 

4 6 6 6 2 7 1 , 3 0 , 

RET 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 C A 
T 2 

. 8 5 2 7 

. 8 6 4 3 

. 8 7 6 8 

. 8 9 0 0 

. 9 0 4 3 

. 9 1 9 7 

. 9 3 6 4 

. 9 5 4 5 

. 9 7 4 3 

. 9 9 6 0 

. 0 2 0 0 

. 0 4 6 8 

. 0 7 6 8 

.1108 

. 1 4 9 8 

. 1 9 5 1 

. 2 4 8 7 

. 3 1 3 4 

. 3 9 3 7 

. 4 9 7 0 

. 5 6 1 1 

. 6 3 6 9 

. 7 2 8 4 

. 8 4 1 9 

. 9 8 7 9 

. 1 8 5 8 

. 4 7 5 7 

. 5 5 1 7 

. 6 3 6 2 

. 7 3 1 1 
, 9 3 8 7 

/ A L U 
T1 K / Q 
0 , 4 3 0 5 
0 . 4 4 9 2 
0 . 4 6 9 6 
0 . 4 9 2 0 
0 . 5 1 6 6 
0 . 
0 , 5 7 3 9 
0 , 6 0 7 7 
0 , 6 4 5 7 
0 . 6 8 8 7 
0 , 7 3 7 9 
0 , 7 9 4 7 
0 , 8 6 0 9 
0 , 9 3 9 2 
1 , 0 3 3 1 
1 , 1 4 7 9 
1 , 2 9 1 4 
1 , 4 7 5 9 
1 , 7 2 1 8 
2,0662 
2 , 2 9 5 8 
2 , 5 8 2 8 
2 , 9 5 1 7 
3 , 4 4 3 7 
4 , 1 3 2 4 
5 , 1 6 5 5 
6 , 8 8 7 4 
7 , 3 7 9 3 
7 , 9 4 7 0 

92 

9 , 3 9 1 9 

21 .00 
( P U 

T 3 

0,0210 
0 , 0 2 2 9 

0 , 0 2 5 0 

0 
0 . 0 3 0 3 

0 
0 
0 , 0 4 1 9 

0 , 0 4 7 3 

0 , 0 5 3 8 

0 , 0 6 1 8 
0 , 0 7 1 7 

0 , 0 8 4 1 

0 , 1 0 0 1 
0 , 1 2 1 1 
0 , 1 4 9 5 

0 , 1 8 9 2 

0 , 2 4 7 2 

0 , 3 3 6 4 

0 , 4 8 4 4 

0 , 5 9 8 1 

0 , 7 5 6 9 

0 . 9 8 8 6 

1 , 3 4 5 6 

1 , 9 3 7 7 

3 
5 , 3 8 2 5 

89 
7 , 1 6 6 0 
» , 4 1 0 1 

1 0 , 0 0 8 7 

P O U N D ) 
P A S S . R E 

6 6 0 9 , 
6 3 3 4 , 
6 0 5 0 , 

5 5 0 8 , 

5 2 3 2 , 

4 9 5 7 , 

4 6 8 2 , 

4 4 0 6 , 

4 1 3 1 , 

3 8 5 5 , 

3 5 8 0 , 

3 3 0 5 , 

3 0 2 9 , 

2 7 5 4 , 

2 4 7 8 , 

2 2 0 3 , 

1 9 2 8 . 

1 6 5 2 , 

1 3 7 7 , 

1 2 3 9 , 

1 1 0 2 , 
9 6 4 , 

8 2 6 , 
688, 
5 5 1 , 

4 1 3 , 

3 8 6 , 

3 5 8 , 

3 3 0 , 
3 0 3 , 

Ape 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 



TABLE L 13 Turbine Flow Meter Tyjp ins. (38.1 mm) diameter 

OOOPj. .fAS67;DEL t-33 

W 
O 

TMtl.'lE FLU METER TYPE C I.SINCM 

PIPE RA3IUS = 0,6637 IIETFH RwOIiS = 0,6637 
C0,'<5TA,YT BLA3E ANCLE ROTOH BLADE ANCLE#30 ' r ' 

N' 3F ULADES q6,00J 
eX ÊSIHE ̂ TAL VALUE 

' ", C . 
1 j . 
1 / . 
17. 
1 6 . 
1 6 , 
15. 
15. 
14. 
13. 
12. 
11 , 
11 . 
1 J. 
10. 
9. 
9. 
9, 
Y. 
d. 
7. 
7. 
7. 
6 . 
6 . 
6 . 
5. 
S. 
5. 
4 . 
A. 

3. 

5/55 

4717 
713,̂  
1 J jO 
14 31 
2Jl:i 
j409 
6 
4vyd 

2 j4y 
6*60 
'):)DV 
) j1 2 
7 
6456 
j.'o',' 
3u61 
r, 2̂ 
)J4* 
3uu j 
8725 
j:i27 
3yj5 
8'". 6 
0124 
4U9 j 

1718 
7i;9b 
)V9 0 

,3061 
.6431 
.645(3 
.711 j 
. 7609 
,Q742 
.d62d 
./7]a 
.i)156 
.':'223 
,^41 J 
, ')VU9 
. j960 
,9 370 
,1245 

n2 
. J452 
. J4'.2 
. J i n 

. 12.12 

.2415 
, )S19 
,9117 
, /415 
, 5349 
.4413 
, J192 
,2106 
,3455 
,7948 

OLADE TKICKfiE 
THE IREnCAL 

2 4 , U n ij J 
23.'jno J 
Z2,jnoJ 
21,uQOJ 
ZG.'Mu J 
19,UOUJ 
1 A,U30J 
1 7 . 'J T u V 
16.')OOJ 
IS.UOOu 
14,JTJv 
1%,VDOW 
12.unuv 
11.uoou 
lU.iiOO'J 
9.II30'; 
n.'jo] j 
7,UOOJ 
6 , U 0 0 W 
i.UlOV 
4.bOJ.I 
4.'j'lu0 
1,JUO J 
j.unoj 
g.bOOU 
2,unou 
1 
1,4000 
1,jOOV 
1,200j 
1,10UU 
1 ,000') 

S =1,015 
VALUE 

i .e . 
52.0149 
12.0103 
32.0035 
32.0104 
31,9050 
31 ,9'i91 
31 ,9:1^7 
31 .9757 
11.9679 
31,9591 
31,9488 
31,9367 
31 ,911^ 
31,9 )30 
31.3782 
31.8443 
31,7054 
31,7205 
31,5977 
31.3'30 
31.19X9 
30.9367 
30,5154 
29.3;si 
28,7482 
26,5 369 
21,4770 
19,7123 
17,4989 
14,6759 
11,3046 
6,1180 

TIP RADIUS 

Ho OF PICKUP 
BLADES 
RE-NU 
2638 
2528 
2418 
2308 
2199 
2089 
1 9 79 
1 869 
1 759 
1 649 
1539 
1 429 
1 319 
1209 
1 099 
9 89 
879 
769 
660 
550 
495 
440 
3!i5 
330 
275 
220 
165 
154 
143 
132 
121 
110 

1,6541 HUB RADIUS m 0,2881 *0,251 

VISCOSI 50 1 , 0 0 0 
H E 0 
T1 

, r ,9 2 ,7474 
,7454 
, 7433 
,7409 
, 7 583 
, 7353 
,7321 
, 7284 
, 7242 
,7195 
,7140 
,7075 
, 7100 
,6009 
,0798 
,66 59 
,648') 
,6242 
, S"09 
, 5f,87 
,5409 
,5052 
,457) 
,3909 
,2909 
,1242 
,0766 
, 0 2 1 7 
,9575 
,8818 
,7909 

R E T I C A 
T2 

1,1337 
1.1512 
1,1700 
1,1901 
1,2117 
1,2350 
1 , 2 6 0 2 
1,2876 
1.3175 
1.3503 
1,3866 
1.4271 
1.4724 
1,5239 
1,5828 
1.6514 
1.7324 
1,8302 
1.9515 
2.1076 
2,2046 
2.3191 
2.4575 
2,6291 
2,8499 
3,1490 
3,5873 
3,7^21 
3,8299 
3.9734 
4,1360 
4,3225 

11K/U T3 IE 
0 4554 0 , 0 5 6 0 2 9 5 3 , 
0 4752 0 , 0 6 1 0 2 8 3 0 , 
0 4968 0 , 0 6 6 7 2 7 0 7 , 
0 5205 0 , 0 7 3 2 2 5 8 4 , 
0 5465 0 , 0 8 0 7 2461 , 
0 5752 0 , 0 6 9 4 2 3 3 8 , 
0 6072 0 , 0 9 9 6 2 2 1 5 , 
0 6429 0 , 1 1 1 7 2 0 9 2 , 
0 6831 0 . 1 2 6 1 1 9 6 9 , 
0 7286 0 , 1 4 3 5 1 8 4 6 , 
0 7807 0 , 1 6 4 7 1 7 2 3 , 
0 8 4 0 7 0 , 1 9 1 0 ' 1 6 0 0 , 
0 9 1 0 8 0 , 2 2 4 2 1 4 7 7 . 
0 9 9 3 6 0 , 2 6 6 8 1 3 5 3 , 
1 0930 0 , 3 2 2 8 1 2 3 0 , 
1 2144 0 , 3 9 8 5 1 1 0 7 , 
1 3 66 2 0 , 5 0 4 4 9 8 4 , 
1 5614 0 , 6 5 8 8 861 , 
1 8216 0 , 8 9 6 7 7 3 8 , 
2 1859 1 , 2 9 1 2 6 1 5 , 
2 4288 1 , 5 9 4 0 5 5 4 , 
2 7324 2 , 0 1 7 5 49 2 , 
3 1228 2 , 6 3 5 1 431 , 
3 6 4 3 2 3 , 5 8 6 6 3 6 9 , 
4 3719 5 , 1 6 4 7 3 0 8 , 
5 4648 8 , 0 6 9 9 2 4 6 , 
7 2865 1 4 , 3 4 6 4 1 8 5 , 
7 8069 1 6 , 4 6 9 1 1 7 2 , 
8 4075 1 6 0 , 
9 1081 2 2 , 4 1 6 3 1 4 8 , 
9 9361 2 6 , 6 7 7 2 1 3 5 , 

10 9 2 9 7 3 2 , 2 7 9 5 1 2 3 , 

Pipe Radius - 16.98Smm; h p radius = 16.6141 mm; Meter radius - 16.985 mm; Axial width = 6.3754 mm; Hub radius = 7.3177nmi;Blade thickness = .381 mm 



bine Flow meter Type C 1.5 ins (38.1 mm) diameter 

T ' i p l l l E FIJ.^ HETE^ TY;̂ E C l.SIUCH CONSTANT BLADE ANGLE ROTOR DLAOE AN DECREE 

P N t RADIUS = 0.663% METCR RADIUS = 0 , 6 6 8 7 TIP RADIUS « 0 , 6 b 41 HUd RADIUS 0.26U1 AXIAL W%DTH<- r 

W* )F BLADSS =(,.10J 
EX-'EnIMEKTAL YALJE 

^ I.e. 
19.4^64 j1 . j ]24 
1 6 . 3 0 1 ) 31, . (21^ 
Id .1^,8/ 31.(tS2j 
1 7 . 7 1 3 ^ T 1 . j ? 2 3 
17.?U11 1 1 , 4 3 66 
1».)7)) 31 , j ; 4 j 
15 . i ' , V 9 31,.1724 

1 1 . 1 ) 2 6 
1 4 . ^ / 6 3 3 1 , 9 7 1 5 
1 4 . IW ! ) 3 1 , ' i \ 6 3 
M.J'VJ 31,^712 
1 j . ' ' v 1 7 31, ,'702 
1 2 . i . ' 1 i 11 ,9131 

31,,):^j2 
1 2 . 0 , J 2 3 1 . 9 7 4 7 
11 . 3 2* 31 , i l l 3 
1 '1.14J2 31, '/473 
10 .7C4d (1 ,V574 
10 .3^6 : ) . 3 1 , 9163 
9 . 3 1 4 7 3 1 . i 4 1 9 
9 . a ) 7 4 3 ' . . j l i a 
3.)71<) 3 1 , / u 6 v 
а.7:5!) 31,^622 
d . 4 : 6 J . !1 ,634o 
B . l l ' I S 3 1 , 5 2 3 3 
7 . 9 v l j 3 1 , 3 j 2 2 
7 . ^ j 1 5 31 ,2511 
7 . 6 4 2 4 3 1 . 1 5 5 6 
7 . ) 1 1 4 3 0 , 9 J12 
б , 7 1 5 4 3 v , d 9 2 j 

BDUE T'lICKMESS =<).015 
TMuUkEnCAL VAL')E 

* 
2 4 . I'lO'i 
23,U0C'J 
22,'M,)ii 
11.unju 
2u . lOij'J 
10 , UOQii 
1 4 . " 0 0 " 
17.i)0CV 
1 6 . 0 u J 
13. Oil'J 
14.u:)Cw 
1 S.UOv'J 
12 . n o w 
11.unou 
1J.UJOJ 
Q.'JOU J 
a.oo'.'V 
7,(invV 
u.UOOV 
S.UOf.u 
4.blOv 
4.U'lvV 
3,::3uu 

2,500U 
2,"0vu 
1 
1 , 4 0 0 J 
1 
1 

M.C. 
32.2117 
32,1}29 
32.16 25 
32,1404 
32.1162 
12.0 196 
J2.n„u1 
32.0272 
;i.9901 
31.947« 
31.199 2 
31,)422 
31,7745 
31 .6'i24 
31 ,5903 
31.4394 
31,2 j65 
31,0458 
30.6909 
30.1240 
29.6']97 
20.1137 
2 (). 2/̂ 84 
26,9764 
24,3467 
20.9343 
12.4';93 
9,6109 
6,0400 
1 , 5 4 7 3 

UU OF PICKUP =1 
dLADES T 
Rc-NO 
175U, 33 , 
1677 , 33 , 
1604 , 33 , 
1531 , 33 , 
1459 . 33 , 
1386 , 3 3 . 
1313 , 33 , 
1240 , 33 , 
1 167 . 33 , 
1094 , 33 , 
1 021 . 13. 

94A, 33, 
H75. 33 , 
a i 2 , 33 , 
729, 33 . 
6 56 , 33 , 
583 , 33 , 
510 , 33 , 
43H, 33 , 
365 . 33 , 
326 , 33 , 
292 , 33 , 
255 , 33 , 
21^. 53, 
182. j2 . 
146 , 32 . 
1 ) 9 , 32 , 
102, 32, 
95, 
86 , 52 , 

,"011 VISCOSITY(CENTI-PJISE)m 
H E O R E T I C A L V A L U E 
T1 T2 T1K/Q 

1 , 3 4 0 2 0 , 2 6 6 9 
3520 1 , 3 6 1 6 0 . 2 7 8 5 
350U 1 , 3 8 4 9 0 , 2 9 1 2 
3479 1 , 4 0 9 6 0 . 3 0 5 0 
3455 1 . 4 361 0 , 3 2 0 3 
3428 1 , 4 646 0 ,3371 
3399 1 . 4 9 5 6 0 . 3 5 5 9 
3367 1 . 5 2 9 2 0 . 3 7 6 8 
3330 1 . 5 6 5 9 0*4004 
3r i l8 1 . 6 063 0 , 4271 
3241 1 , 6 5 0 8 
3146 1 , 7 0 0 5 0 , 4 9 2 8 
31 21 1 . 75(,2 0 , 5338 
3U4(, 1 .()194 0 , 5 8 2 3 
2955 1 . 8 9 1 8 0 . 6 4 0 6 
2K44 1 , 9 7 5 9 0 , 7 1 1 8 
2705 2 , 0 7 5 4 0 , 8 0 0 7 

2 , 1 9 5 5 0 . 9 1 51 
22X8 1 , 0 6 7 6 
1955 2 . 5 3 6 2 1 , 2 8 1 2 
1733 2 . 0 5 5 2 1 , 4 2 3 5 
1455 2 . 7 9 5 9 1 , 6 0 15 
1098 2 , 9 6 5 7 1,83U2 
0621 3 , 1 7 6 5 
9955 3 , 4 4 7 6 
J955 3 , 8 1 49 9 
7288 4 . 3 5 3 0 4 , 2 7 0 6 
6812 4 , 4 9 4 0 4 , 5 7 5 6 
6263 4 , 6 5 1 0 
5621 4 , 8 2 7 2 

71 ,00 
(PULSES PER 

T3 
0 , 0 7 8 8 
0 , 0 8 5 8 
0 , 0 9 3 8 
0 , 1 0 29 
0 , 1 1 3 5 
0 , 1 2 5 8 
0 , 1401 
0 , 1571 
0 , 
0,2018 
0 , 2 3 1 6 
0,2686 
0 , 3 1 5 3 
0 , 3 752 
0 , 4 5 4 0 
0 , 5 6 0 5 
0 , 7 0 9 3 
0 , 9 2 6 5 
1,2610 
1 , 8 1 5 9 
2 , 2 4 1 8 
2 , 8 3 7 3 

9 

5 , 0441 
7 , 2 6 35 

1 
2 0 , 1 7 6 5 
2 3 , 1 6 1 8 
26,8622 
3 1 , 5 2 5 8 

POUND) 
PASS.RE 

1955 , 
1873 , 
1792 , 
1 710 , 
1629 , 
1 548 , 
1 4 6 6 , 
1385 , 
1 3 0 3 , 

. 
1 1 40 , 
1 059 , 
9 7 7 , 
8 96 , 
8 15 , 
7 3 3 . 
6 5 2 . 
570 , 
4 89 , 
407 , 
3 67 , 
3 2 6 , 
285 , 
2 44 , 
2 04 , 
1 6 3 . 
122. 
114 , 
1 0 6 , 
9 8 , 

Pipe radius- 16.98S mm;Tipradim= 16.6141 mm;Meterradius= 16.985 mm; Axial width = 6.3754mm;Hub radius = 7.3177mm;Blade thickness = .381 mm 



irbine Flow Meter Type C I.S ins (38.1 mm) diameter 
C00R3r "̂ AŜ /IDEL :-tl3 

UJ 
W 

TJ i a lNE FL^I IgTER TYt'E C 1,51,{CM CONSTANT BLADE ANGLE ROTOR BLADE AN DEGREE 

P!-*: RADIUS = 0 , 6 6 3 7 MkTER RADI'JS = 0 , 6 6 6 7 TIP RADIUS = Q.6S41 HUH WAD:US m O.ZdBI AXIAL WIOTHqQ.ZSl 

NJ JF RLADES =a.OO) 
EXr'SnlME-ITAL VALJE 

' i . e . 
19. 3^,111^ 
1(1.1144 11,6/11 
la. j ivia 31 , 'n j i 
1 6 . l v 1 4 3 1 , j 6 2 2 
IS . M l ! : ^1 , 6 ) 1 1 
1 4 . J 1 o 1 ] 1 . j 1 U 1 
I j . S j g , ^ 3 1 , 4 ) 1 1 
i a . ) l 3 4 3 1 , ) 9 1 7 
n . ' l i j , ! 3 1 , 1 ' J l d 
I J . ' ^ l j 1u,j511 

3U . 6 ) 2 0 
').^v01 10,6115 
d . ^ ^ 2 1 3 0 , 1 2 1 2 
7.)(:31 29,6311 
7 . 1 1 2 3 2 y , 3 1 1 3 
6.)14; 2y,1]14 
S . 7 j 1 6 2 S , 7 5 1 2 
5 . ) 1 1 1 2 6 . 5 0 1 1 
4 . 1 j 1 2 2 7 , 9 0 J 1 
3.(210 2^,3512 
2 . 3 2 3 ! ) 2 6 , 9 0 2 2 

BLADE THICKHE 
ThCURlTICAL 

24,unoU 
2 3. 'Inou 
2:.oncu 
21 .uoc'U 
20,uni'U 
19 , t; n 0 u 
Î .UCuU 
17.t'0CU 
1 6 , ')0u V 
1 5 , u n o u 
14.U0VU 
13.UI1C'J 
i2.ino'j 
11.UOCu 
lo.uoou 
9 , U 0 0 u 
а. u 0 u 
7 . u n u v 
б . u n u u 
5.ooov 
4.bnov 
4,UOuu 

S al.OT) 
VAL'JE 

.'I.e. 
32.5 1)2 
3 2 , 4 3 7 0 
3 2 . 3 ) 9 4 
3 2 , 2 7 5 7 
12.1)31 
3 2 . 1 1 6 6 
3 1 , 9 / 9 1 
31 
31 

i<,12 
7 ; i 6 

3 1 , S 1 7 d 
3 1 . 4 2 7 7 
3 1 , 2 4 8 1 
3 1 . 0 4 5 3 
3 0 . 9 1 4 3 
3 0 , 5 4 8 7 
3 0 . 2 4 0 3 
2 9 , 1 7 8 4 
2 9 , 4 4 9 2 
2 8 , 9 3 6 4 
2'i. 3250 
2 7 , 9 8 4 5 
2 7 , 6 2 9 7 

40 OP PICKUP ,1 
JLADES 

730 
70 U 
669 
639 
60 V 

57M 
548 
517 
437 
456 
426 
596 
365 
335 
314 
274 
243 
2 1 ) 
183 
1 52 
137 
122 

, 000 VISCOSITY(CENTI 
T H E O R E T I C A L V 

T1 T2 
3 5 , 3 0 9 8 1 , 8 7 1 4 
35 , 3oaO 1 , 9 0 4 7 
3 5 , 3 0 6 0 1 . 9 4 0 2 
3 5 , 3 0 3 b 1 , 9 7 a 2 
3 5 , 3 0 1 4 2 , 0 1 9 1 
3 5 , 2 9 0 8 2 , 0 6 3 1 
3 5 , 2 9 5 9 2 , 1 1 0 7 
3 5 , 2 9 2 6 2 . 1 6 2 5 
3S , 2 8 o 9 2 , 2 1 9 1 
3 5 , 2 8 4 8 2 , 2 8 1 3 
3 5 , 2 8 0 0 2 , 3 4 9 9 
3 5 , 2 7 4 5 2 , 4 2 6 4 
3 5 , 2 6 8 1 2 , 5 1 2 2 
3 5 , 2 6 0 5 2 , 6 0 9 5 
3 5 , 2 5 1 4 2 , 7 2 1 1 
3 5 , 2 4 0 3 2 . 8 5 0 7 

3 . 0 0 4 0 
3 5 , 2 0 8 6 3 . 18yO -1 
3 5 , 1 8 4 8 3 , 4 1 8 5 
3 5 , 1 5 1 4 3 , 7 1 3 8 

3 , 8 9 7 2 
3 5 , 1 0 1 4 

- P 0 I S E ) 5 1 7 0 . 0 0 
A I U E lUND) 

TIK/Q T j PASS.RE 
0 . 0 , 0 7 3 9 8 1 6 , 
0 . 8 8 5 6 0 , 0 8 0 5 7 8 2 , 
0 . 9 1 8 4 0 , 0 8 8 0 7 4 8 . 
0, 0 , 0 9 6 5 7 1 4 , 
0 . 9 9 0 9 0 , 1 0 6 4 6 a o . 
1 . 0 , 1 1 7 9 6 4 6 , 
1 .U747 0 , 1 3 1 4 6 1 2 . 
1 , 1 2 1 5 0 , 1 4 7 3 5 7 8 . 
1 . 1 7 2 1 0 , 1 6 6 3 5 4 4 , 

0 , 1 8 9 2 5 1 0 , 
1 , 2 8 5 2 0 , 2 1 7 2 4 7 6 , 
1 . 3 4 8 1 0 , 2 5 1 9 4 4 2 . 
1 . 4 1 4 9 0 , 2 9 5 6 4 0 8 . 
1 , 4 8 4 9 0 , 3 5 1 8 3 7 4 , 
1 . 5 5 6 0 0 , 4 2 5 7 3 4 0 , 
1 . 6 2 3 8 0 , 5 2 5 6 306 , 
1 . 6 7 8 9 0 , 6 6 5 2 2 7 2 , 

7016 0 , 8 6 8 8 2 3 * . 
1 . 1 8 2 6 2 0 4 , 

1 . 4 0 9 1 1 , 7 0 2 9 1 7 0 , 
2 . 1 0 2 3 1 5 3 , 

0 , 6 9 7 1 2 . 6 6 0 7 1 3 6 . 

hps radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius - 16.985 mm; Axial width = 6.3754 imn; Hub radius = 7.3177 mm; Blade thickness = .381 nun 



I LE I. 16 Turbine Flow Meter < , is (38.1 mm) diameter 
OOORJr : - J ] 

w 
w 

T'^dME FL)j 4ETER TŶ E E 1.51NCH 

RAlIUi » 0.64i7 METFH RADIUS = 0,6687 

C OLE ROTOR 

U up BLADES =i.30j 
cX-'E r̂̂ E.̂ TAL VALIE 

' 1.:.. 

1 7 . / 1 3 ^ 31, 
1 7 . 4 n / n , v 2 S 6 
1o , 5 . , 4 2 11 .V1C2 
1 6 . l J j U 3 1 , ) ? 4 2 
13 . 1< . j 1 3 1 , j 4^2 
1).^,:ib 31.1628 
i : i .1< ! i : ) 3 1 , / 7 0 3 
13 . - , 176 3 1 . 7 9 6 9 
13.34uy 31.7736 

ll.P'.gl 32.JS26 
11.W54 31, ̂ '.10 
ll.^usY 31,W0l 
I'O.SfbO ll.l'^aO 
l'),5uyO 31,Jj7i) 
').7')*U . 31,/560 
y..i4ad .31,/no 
y.ihdv 3i,/n3i 
6.3Ut,1 31.Di42 
7.7j6d 11,'j502 
7. ;60 j 31 , 31,42 
6.6u24 ?1,5311 
5.733^ 31.^512 
4.%^33 31,J992 
4.4,'/26 30,.1136 
4.1/W . 3tj,'j)0a 
3.1353 30.i)34 
3.72Vj 3u.j453 
j.iCVU ^C,2543 
j.lUdS 2(;.4'),34 
2.«67id 29.4S51 

SI.4DE T'UCK ÊSS =').U15 
T4cOlET;CAL VAL.IE 

?4.tnou 
23.uiO(; 
22.UC0J 
21.UOOU 
2.).unou 
19,mo J 
15.UOOJ 
17,unov 
16.'MO J 
1 3 .UO,)u 
14.VDOO 
1 3.U,)(,J 
1 ?,UOu'J 
11.UOOU 
1 ' M c J 
9.')ncij 
а.uoG) 
7.unou 
б. ')'?CU 
3.V.1C, J 

4, t) i) i'' J 

3.uncj 
Z.Dncu 

1 .b i ju 
1,41GU 
1 ,3nQ:j 
1 
1 .lOOU 
1 
O.VOCU 

'I.e. 
32. J'lSI 
32,0721 
12.i)S3) 
32.J434 
32,J!73 
32.0199 
J1,9910 
31,9702 
11,9472 
31,9215 
11.A926 
31,159 7 
31 ,.3216 
31.776d 
31 ,722^ 
31,6362 
31 .57.19 
31,4569 
31 ,29-̂ 1 
31.J460 
30,3'j37 
30.6159 
30.2fj3 3 
29,7304 
28,3390 
27.2670 
23,a289 
22.4629 
21,2151 
19.3.;65 
17.0 309 
i3;924y 
9.7127 

TIP RADIUS 

NO OF PICKUP 
BLADES 
RE-:;0 
2 6 4 5 , 
2335, 
2 4 2 4 . 
2 3 1 4 , 
2 2 0 4 , 
2 0 9 4 . 
1 )M4. 
1d73. 
1 7 6 3 , 
1 6 5 3 , 
1 3 4 3 . 
1 4 3 3 . 
1 3 2 2 . 
1 2 1 2 , 
lltld, 

9 9 2 , 
dA2, 
771, 
661 , 
5 5 1 , 
496, 
441 , 
3';o, 
331 . 
2 7 5 , 
220, 

1 6 5 , 
1 5 4 . 
1 4 3 , 
1 3 2 , 
121, 
110, 
9 9 . 

1 , 0 0 0 
HE') 
T1 

, 0 5 9 0 
, 0 5 / 2 
. 0 5 j 2 
, 0 331 
, 0 3 J / 
, 0 4d1 
, 0 4 31 
,U4 l 9 
, 0 3 8 2 
, 0 3 4 0 
. 0 2 9 3 
. 0 2 3 6 
, 0 1 7 4 
.009d 
,00u7 
,9196 
. 9 7 j 7 
, 9 3 7 8 
, 9 3 4 0 
, 9 0 0 7 
. d /o5 
. 6 5 0 7 
, 8 1 3 0 
, 7 6 7 4 
, 7 0 0 7 
, 6 0 0 7 
, 4 3 4 0 
, 3 « 6 4 
, j315 
, 2 6 7 4 
. 1 9 1 6 
, 1 0 0 7 
,9 '396 

ROTOR aLAUE ANGLE»30 DEGREE 

HUB RADIUS " 0 . 2 8 8 1 AXIAL WIDTHm, 

;COSITY(CENTl-POlSE)m 4 7 , 0 0 
T I C A L V A L U E (PULSFS PER POUND) 

T2 T1K/Q T3 PASS.RE 
1 , 1 3 7 0 0 , 2 1 6 1 0 , 0 3 3 0 2 9 5 3 . 
1 , 1 7 4 6 0 , 2 2 5 5 0 , 0 3 5 9 2 8 3 0 . 
1 . 1 9 3 4 0 , 2 3 5 7 0 , 0 3 9 3 2 7 0 7 , 
1 . ^ 1 3 5 0 , 2 4 6 9 0 , 0 4 3 1 2 5 8 4 , 
1 , 2 3 3 1 0 , 2 5 9 3 (1 ,0475 2461 . 
1 , 2 3 8 4 0 . 2 7 2 9 0 . 0 5 2 7 2 3 3 8 , 
1 . 2 8 3 6 0 , 2BB l 0 , 0 5 8 7 2 2 1 5 , 
1 . 3 1 1 0 0 , 3 0 5 0 0 , 0 6 5 8 2 0 9 2 , 
1 , 3 4 0 9 0 , 3 2 4 1 0 , 0 7 4 3 1 9 6 9 , 
1 , 3 7 3 7 0 , 3 4 3 7 0 , 0 8 4 3 1 8 4 6 , 
1 . 4 1 0 0 0 , 3 7 0 4 0 , 0 9 7 0 1 7 2 3 , 
1 . 4 5 0 5 0 , 3 9 8 9 0 , 1 1 2 3 1 6 0 0 , 
1 . 4 9 5 9 0 , 4 3 2 1 0 , 1 3 2 0 1 4 7 7 , 
1 , 3 4 7 3 0 , 4 7 1 4 0 , 1 5 7 1 1 
1 . 6 0 6 3 0 , 5 1 8 6 0 , 1 9 0 2 1 2 3 0 , 
1 . 6 7 4 8 0 , 5 7 6 2 0 , 2 3 4 8 1 1 0 7 , 
1 . 7 5 3 9 0 , 6 4 8 2 0 , 2 9 7 1 9 8 4 . 
1 . 8 5 3 7 0 , 7 4 0 8 0 , 3 8 8 1 861 , 
1 . 9 7 5 1 0 , 8 6 4 3 0 , 5 2 8 2 7 3 8 , 
2 . 1 3 1 2 1 , 0 3 7 1 0 , 7 6 0 6 6 1 5 , 
2 . 2 2# 1 1 , 1 5 2 4 0 , 9 3 9 0 5 5 4 , 
2 . 3 4 2 7 1 , 2 9 6 4 1 , 1 8 8 4 4 9 2 , 
2 . 4 8 1 1 1 , 4 8 1 6 1 , 5 5 2 3 431 , 
2 . 6 5 2 7 1 . 7 2 8 6 2 , 1 1 2 8 369 , 
2 , 8 7 3 6 2 , 0 7 4 3 3 , 0 4 2 4 3 0 8 . 
3 , 1 7 2 7 2 , 3 9 2 8 4 , 7 5 3 8 2 4 6 . 
3 . 6 1 1 1 3 , 4 5 7 1 8 , 4 5 1 2 1 8 5 , 
3 , 7 2 6 0 3 . 7 0 4 1 9 , 7 0 1 6 1 7 2 . 
3 , 8 3 3 8 3 . 9 8 9 0 1 1 , 2 5 1 6 1 6 0 . 
3 , 9 9 7 3 4 . 3 2 1 4 9 1 4 8 . 
4 , 1 6 0 0 4 . 7 1 4 3 1 5 , 7 1 5 0 1 3 5 . 
4 . 3 4 6 5 5 , 1 8 5 7 ' 1 9 , 0 1 5 1 1 2 3 , 
4 . 5 6 3 3 5 . 7 6 1 9 2 3 , 4 7 5 5 1 1 1 . 

Pipe radius = 16.985 mm; Tip radius = 16.6141 mm; Meter radius = 16.985 imn; Axial width = 6.3754 mm; Hub radius = 7.3177 mm; Blade thickness = .381 mm 



TABL] Turbine Flow Meter Typ ins (38.1 mm) diameter 

OCORj; -4)671 DEL : - J ) 

W 
4^ 

TJ!luli#E FLOV ilETEN TY^E E t .S INCh 

P:PE RAaiUS = 1.6637 l̂ETER RIDW; 
CONSTANT BLAME ANGLE ROTOR BLADE A»^GLE«30 

= 0 ,64 f l7 TIP HAniUS = 0 . HUB RADIUS = 0 , 2 8 8 1 AXIAL WIDTH«0.2&1 

N J 

I 
IV. 
1 / . 
16. 
1!). 
1 4 . 
1 j . 
1.2. 
1 1 . 
11 . 
1 J . 

V , 
i # 
7. 
7'. 
6 , 
6 . 
5 . . 

4. 
4, 
j . 
0. 
u . 
u . 

OF aiAOES =6,00) 
EKi'tE'jTAL VAU'JE 

5dd3 

Jo51 
0 4 ) 3 
J l IU 
) y 4 

3'j74 
46j , ! 

J ̂ 0 4 
4 Ji;6 

1'v3o 

.!J(4 5 
jU 

4l 7U 
1110 

1 ^ yy 
jdD) 
OJUJ 
JJOV 
1000 

M.c. 
Tu.j 547 
10 , 'f J 
S n . T l 3 9 
iu , j 346 

3u , 
J u , 

29, 

n o 

,1 'i3y 
i63(j 

29, n i l 
2 ? , / ) 9 1 
2;',4ssi 

1 71o 
»16 4 

as.6529 
Zh,4164 

1 / 9 7 

^ 7 , / U 3 
,)7, J l j j 
2/,d476 
2 7.1.136 
U.̂ IOO 
i),0300 
U, J'lQO 

OLA 
TM 

24 

22 
21 
2J 
IV 
1 :j 
I 7 
16 
15 
1 ̂  
13 
1 2 
I I 
1 3 
9 
f) 
7 
6 
5 

4 
5 

IE TnlCKNE 
JUntTICAL 

.'In t; 
, I) n I; U 
. unon 
, u 0 0 J 
.Olo J 
, 'tno'i 
, UOvU 
, unou 
, UC'CU 
, ij,) C 'J 
, 'Ki u J 
, 0 0 0 
, u 0 n ij 
, UlO'j 
,UJC'J 
, iinu'J 
, iincv 
, vov-; 
,i)Ou) 
, ) lUV 
, V fi C' 'J 
,:'0c'0 
, VO'.'̂  
,50v ' j 
,UOv\) 

11, 
31 . 
31 . 
. : i , 
JO, 

aS =j.01$ 
VAL IE 

:%C. 
n.3233 

2') A 4 
2192 
145 2 
0 / 5 6 
99'M 

! U . 91,, d 
;c.1134 
30.7244 
30.6119 
^ . 4 )6 
30.3439 
30,1123 
29,9;66 

3^7') 
2232 
13 a;' 

2 «4 :)66 
27,3393 
27,5)16 
J7.1232 
26.7060 
26.267(( 
^5.a:'44 
25.7336 

29, 
29 , 
2H, 

NO OF PICKUP 
n L A n E S 
RE-NO 
1 739, 
1 6 6 6 , 
1!)94, 
1521 , 
1 449, 
1 377, 
1 304, 
1 232 . 
1159, 
1 U/j7. 
1014, 

^ 4 2 . . 
H„V , 
797. 
724, 
6 5 2 . 
3 a o . 
5,17. 
435, 
36 2, 
326. 
2 9 0 . 
2 5 4 , 

131 , 
14!». 

1 ,00U 
H E U 
T1 

,3563 
,33^.5 
.3325 
,35 j3 
.34iO 
.3433 
. 5424 
.3Sy1 
.33)5 
,3113 
.3265 
,3210 
. 31 46 
, 30;'0 
, 29 jO 
. 2 fi 'j 6 
,2/30 
,25;i 
,2313 
,19 jO 
.1737 
,14'tO 
.1122 
.0646 
.9980 
. « y 8 0 

VI , 
R E T I C A 

T2 
1 . 2 4 8 5 
1 . 2 6 9 5 
1 . 2 9 2 0 
1 , 3 1 6 0 
1 , 3 4 1 8 
1 . 3 6 9 6 
1 , 3 9 9 7 
1 , 4 3 2 4 
1 . 4 6 8 1 
1 . 5 0 7 4 
1 . 5 5 0 7 
1 , 5 9 9 0 
1 . 6 5 3 2 
1 . 7 1 4 7 
1 , 7 8 5 1 
1 . 8 6 7 0 
1 , 9 6 3 8 
2,0806 
2 . 2 2 5 5 
2 . 4 1 2 0 
2 . 5 2 7 8 
2 . 6 6 4 7 
2 , 8 2 9 9 
3 . 0 3 4 9 
3 . 2 9 8 7 
3 . 6 5 6 0 

/ A L U 
T1 K/u 

- 0 . 7 3 9 6 
- 0 . 7 6 7 6 
" 0 . 7 9 7 9 
- 0 . 8 3 0 5 
- 0 . 8 6 5 9 
" 0 . 9 0 4 3 
- 0 , 9 4 6 2 
- 0 . 9 9 1 9 
- 1 , 0 4 2 0 
-1 ,0971 
-1 ,1579 
-1 .2251 
- 1 . 2 9 9 6 
- 1 . 3 8 2 1 
- 1 . 4 7 3 3 
' 1 . 5 7 3 2 
-1 ,6800 
- 1 . 7 8 6 1 
-1.8810 
-1 . 9 1 2 4 
"1 , 8696 
- 1 . 7 4 4 2 
" 1 . 4 6 5 7 
" 0 , 8 8 9 3 
0 , 3 1 1 7 
2.9-751 

71 .00 
(PULSES PER 

T3 
0 , 0 4 4 9 
0 , 0 4 8 9 
0 . 
0 . 0 5 8 6 
0 . 0 6 4 6 
0 , 0 7 1 6 
0 , 0 7 9 8 
0 , 0 8 9 5 
0 , 1 0 1 0 
0 , 1 1 4 9 
0 , 1 3 1 9 
0 , 1 5 3 0 
0 , 1 7 9 5 
0 , 2 1 3 7 
0 , 2 5 8 5 
0 , 3 1 9 2 
0 , 4 0 4 0 
0 , 5 2 7 6 
0 , 7 1 8 2 
1 
1 . 2 7 6 7 
1 , 6 1 5 9 
2 , 1 1 0 5 
2 , 8 7 2 6 
4 , 1 3 6 6 
6 , 4 6 3 5 

POUND) 
PASS.RE 

19SS. 
1 8 7 3 . 
1 7 9 2 . 
1 7 1 0 , 
1 6 2 9 , 
1 5 4 8 , 
1 4 6 6 , 
1 3 8 5 , 
1303 , 
1 2 2 2 . 
1 1 4 0 . 
1 0 5 9 , 

9 7 7 . 
8 9 6 . 
8 1 5 , 
7 3 3 , 

. 
5 7 0 . 
6 8 9 , 
4 0 7 , 
3 6 7 , 
3 2 6 , 
2 8 5 , 
2 4 4 , 
2 0 4 , 
1 6 3 . 

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 



TABLE bine Flow Meter Type E 1.5 ins (38.1 mm) diameter 
«*A56/fOEL : - J ] 

w 
LA 

TJHaiNE METEH TY.'E E T.SlNCH CONSTANT BLAOE ANCLE ROTOH DEGREE 

RAJIUS = 3 , 0 J ) 7 rlETEN KAOIJS a 0 , 6 6 8 7 TIP RADIUS » Q.6!»41 HUH RADIUS « 0 . 2 8 8 1 AXIAL WIDTHmQ.ZSI 

U 
EX 

19 
IV. 
W . 
M . 
17 . 
I o . 
16. 
1 5 . 
14 . 
14. 
1 j . 
I I . 
11 . 
10. ' 

y . 
9. 
7. 
6 , 
5, 
4 . 
4 . 
3 , 
0. 
J. 

' JF JLADES = 3 , 0 0 ) 
'KklMENTAL VALIE 

1,C. 
9,)1 ^ 
41U1 
7J1 j 
211 j 
iOI 0 
iJZ ! 
1 I^J 
JU1 4 

J1^ j 
/.iiul 
2b1 i 
iUgZ 
)(:i j 
J i g j 

vol d 
1)^4 
J154 
J111 

ouoo 
joot) 

3;),6301 
JV,A)42 
lv,5451 
3;;. 41 
30,4111 
3') , 41^0 
3v,j1^2 
3 u . ^ n i 
]fi.i n i 
2y , ^/,17 

.Till 
zv,j;12 

1 
2o,jj12 
2 ), j )21 
2 7,.t 102 
2 7, 5 i 1 o 
2 n , & J1 3 
2t. .2 ' ,12 
23. -Ib23 
25. j112 

0 , J 3 0 0 
O.UOOO 

ULADC T'llCKNESS 
THEWReTICAL VAL 

'1 

2') 
19 
Id 

24.U0 0'; 
23.'J05U 
22.0,10') 
21 .UOO'I 

U .1 u u 
unou 

. ^'00 
1Z.uncv 
16.001)0 
15, V,1 jO 
1 4 . ' )0 )U 
:j.voco 
12 . n o J 
11.on)o 
10.00)0 

q.'iooo 
7,00jO 
6.00)0 
5 , V 0 u 0 
4,yfico 
6,lOOO 
3,)00O 
j.unoo 

31 , 
31 , 
30, 
JO, 

30 
30 

29 

26 
2b.: 
27 
27 
26 
26 
25 
2b 
2 5 , 3 
25 

» ) . 0 1 5 
IE 
. C . 
12M3 
0413 
9 47 b 
<3462 
7364 
61 72 
4170 
3444 
1 173 
01 IS 
1201 
303) 
559 4 
)r)22 

76 52 
997 

9 75 3 
4 106 
9'161 
2386 
92S3 
6166 
3926 
3913 

NO UP PICKUP 
BLADES 
RE - 40 

726, 
696. 
6 h 6 , 
635. 
6 05. 
5 7 5 . 
545. 
514. 
494, 
454 . 
424, 
393, 
363, 
333, 
303, 
272, 
24,!. 
2 1 2 . 
1 j2. 
151 , 
136, 
121. 
106, 
91 . 

1 , 0 0 0 
H E 0 
T1 

. 2 5 2 4 
, 2 5 J 6 
,2466 
. 2 4 6 4 
,2441 
. 2 4 1 4 
,23,15 
. 2352 
, 2 5 1 6 
, 2 1 7 4 
, 2226 
.21 71 
.21ui' 
, 2 ' J j 1 
. 1941 
,1329 
,1691 
,1512 
. 1 2 7 4 
,0941 
,071H 
,0441 
,1)063 
, 9 6 0 7 

VISCOSITY(CENTI-POISE) 
R E T I C A L V A L U 

T1 K/Q 
-1 ,2210 
- 1 , 2 6 3 2 

I C A 
T2 

1 ,7A33 
1 .U158 
1,6505 
1.N876 
1 . 9 2 7 5 
1 , 9 7 0 6 
2 , 0 1 7 1 
2 . 0 6 7 7 
2 . 1 2 3 0 
2 . 1 8 3 7 
2 . 2 5 0 9 
2 . 3 2 5 6 
2 . 4 0 9 4 
2 . 5 0 4 5 
2 . 6 1 3 5 
2 . 7 4 0 2 
2,88Y9 
3 , 0 7 0 7 
3 . 2 9 5 0 
3.5N36 
3 , 7 6 2 8 
3 , 9 7 4 5 
4 , 2 3 0 2 
4 , 5 4 7 4 

3082 
1 
1 , 4 0 7 7 
1 . 4 6 2 7 
1 , 5 2 1 5 
1 , 5 8 4 5 
1 , 6 5 1 9 
1 , / 2 3 7 
1 , 7 9 9 9 
1,8801 
1 , 9 6 3 1 
2 , 0 4 6 6 
2 , 1 2 5 9 
2 , 1 9 1 9 
2 , 2 2 6 5 
2 . 1 9 2 8 
2,0110 
1 , 4 9 3 9 
0 , 9 7 8 9 
0 , 1 4 3 7 

19 
19 

. 00 
E (PULSES PER 

T3 
0 , 1 1 9 7 
0 , 1 3 0 3 
0 , 1 4 2 5 
0 , 1 5 6 3 
0 . 1 7 2 4 
0 , 1 9 1 0 
0,2128 
0 , 2 3 8 6 
0 , 2 6 9 3 
0 , 3 0 6 4 
0 , 3 5 1 8 
0 , 4 0 8 0 
0 , 4 7 8 8 
0 , 5 6 9 8 
0 , 6 8 9 5 ' 
0 , 8 5 1 2 
1 , 0 7 7 3 
1 , 4 0 7 1 
1 , 9 1 5 2 
2 . 7 5 7 9 
3 , 4 0 4 8 
4 , 3 0 9 2 
5,6284 
7.6609 

POUND) 
PASS.RE 

816, 
782 , 
748 , 
7 1 4 , 
6 8 0 , 
6 4 6 , 
612, 
5 7 6 , 
5 4 4 , 
5 1 0 , 
4 7 6 , 
4 4 2 , 
4 0 8 . 
3 7 4 , 
3 4 0 , 
3 0 6 , 
2 7 2 , 
2 3 8 , 
2 0 4 , 
1 7 0 , 
1 5 3 , 
1 3 6 , 
119, 
1 0 2 , 

Rpe 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 



APPENDIX n 

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 e from the bearing centre line. The Reynolds approximation for 

pressure distribution on the bearing shaft is (Ref. 95): 

(n. i) 
6,? U. R 

2? : 

(1 + e cosG ) 

ho de 

c* (1 + e COS0 
(n.i) 

p. cos 8 

Fig. H. 1. The balance of forces acting 

on turbine flow meter rotor shaft for 

long bearing theory. 

The viscous fluid acts around the shaft and is directed to its centre. The equilibrium 

oof forces around the shaft is: 

/ 
y L* R sin8 d 0 . p — W s i n $ = 0 (11-2) 

0 

a? 

L* R COS0 di9 . p + W cos $ = 0 (n.3) 

Differentiating of (ILI) and substitution in (11.2) and (11.3) gives: 

12?) nR^ L* / cos 0 d0 / cos ^ 
W sin $ = / -— -7— — — / IT d6 

[1 + e cosg)^ c / 1+6 cos6 
0 

(II.4) 
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R f 
W s m $ = 2 4 ? . n L » ( — r; (n.5) 

The W cos 0 can be also calculated on the same way 

W = [(W cos + (W sin ^ ((1.6) 

With substitution of (II.5) and the equivalent equation for W cos $ into (II.6) is 

R 6 
W = 24. RnL* (—)" (H.?) 

(f ( l - e ) : ^ ( 2 + e : ) 

The journal friction force (Ref. 96) 

2ir 

0 

R 4,r(l+2e"^ 
f U = 7 ? 2 ; r . n . R . L * ( — ) ^ ( H . 9 ) 

d" (2 + e " ) ( l - e " ) ^ 

Bearing shear stress is 

r h dp . 2 Riri? 
x B = — . (n.lO) 

2R d0 h 

Beadng friction force becomes 

Fg = 2;rR . :?L* (—) ^ (H.ll) 
R 4 ( 1 - e ^ ) ^ 

(2 + e^) 

The bearing torque w31 be (II. 11) subtracted by (11.9) multiplied by shaft radius 

^bear" 24)1'%;. nL*(— )̂  — - i, e . (iI.12) 
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APPENDIX m 

Vdocity 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 above motion is 

Prandtl's boundary layer equation which is the simplification of Ae 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 magnitude 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 friction between 

the fluid and the blade tip. Therefore, the angular velocity component of the blade tip is 

w, as it has no axial component. Outside the boundary layer the tangential velocity approach 

approaches zero and the ab&olute fluid velocity is die local axial velocity, u. Thus the 

resultant vdocity 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: 

au 
u + w 

3x 

9u 

8z 

UdU 

dx 

v̂  dr 

rdx 
+ 

1 

P 3z 
in . i 

in tangential direction 

9v 

8x 
+ w 

9v 

8z 

u . V 

r 

dr 

dx 

1 f l y 
a r 

nL2 

The continuity equation is given by 

9 (ur) 9(wr) 
= 0 

8x 9z 
in.3 

u,v,w are the velocity component in cartesian coordinate system and x, y lie in the 

tangential plane the simplified equation of the motion according to Schlichting boundary 

layer theory is given by 

Bu uBr aw 

9x r9x 9z 
0 continuity equation m . i a 

138 



in x-direction 

uBu v^dr Bu dU 
— + w — = U — +v III.2a 

8x rdx Bz dx 8z^ 

in tangential direction 

au u v d r wBv 
u — + + = V — III.3a 

ax dx az ar^ 
Within the boundary conditions 

z = r* u = 0 10- 4 
t 

V = Vo = r^.w w = 0 III.5 

z = To —5 u = U v = 0 III.6 

z = r u = U in.7 

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 = r^ to z = r and reversing the condition 

from z = r t o z = ro — 6 which is outside the boundary layer to the tip of the turbine 

blade. Integration of the equation (III.2a) and III.8 considering the continuity equation 

(III. I a) and shearing stress gives the momentum equation for the meter cascade. 

(̂ ^Hx dU . 1 dr . . r 
U + U — (2 v ^ + 6 * ) + + Vo Vuy) =— ni.9 

dx dx r dx " y p 

u u u 
5 ^ * = / f l )dr ^ * = / — ( l _ _ ) d r m.lO 

/ u y U U 

r rn —5 / u u . / u u 
"tlx, = y " J 
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/ V y 
^ y , = y = V ( - ) ' d r m . n 

° r 

The velocity distribution in the meter axis at the blade tip is 

u 1 
— =2 t + 2t^ +t^ + k —(t - 3 t ^ +3t^ - t*) III.13 
U 6 

^ - 4 
t ni . i4 

5 J dU Vo U dr 
k = — [ — + ( — y ] n i . i s 

y dx U r dx 

r — r. 
t' = — n i . i6 

5y 

V 
- = 1 - 2 t ' + 2t'; - t " ' i n . i 7 
Vo 

The boundary condition 

^a^u dU Tô  dr 
t - 0 r=rY^ u = 0 = U — — 

3 r̂  dx r dx 

9u a- u 
t - I r = r ^ + 5 u = U — = 0 — 0 

' " 3r 3r^ 

t = I V = Vo = r^. w in.18 

t' = 1 V = 0 ni . i9 

The value of Q is as follows: 

u u 
Q_ = U / 2,rr — d r - U / 2 i r r — d r m.20 

V U ^ , U 
ro - 0 

According to equation (HI. 13) for 
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r* I 3^* 
/ I— 3+ — + k — [— H 

/ «='• 6 «x' «x' 

2r' 2r« r ' 1 
, [ — + — + k — r 

^ ^ t 3 r 4 

fo-— 

+ 3 

2 r ^ 2 i ^ I r ^ k l f ^ 3 i * 3 r ^ 

3 «x 5 6 / 6 6 3 « ! 4 » i 5 »x' «x* 'r, 

2 r ^ 2 r ' I r ^ k l i ^ S i ^ S r ^ To 

3 5% SG*: 6 5,4 6 3 5^ 4 5^= 5 

3 . % + ro^ + :t _ k. t ^ + r J 
( r o ^ - r = ) ( r o - r J L q _ _ ) 

6 55, 

9 f X / - X 

^ —6 ) k 
(6 — k) :- (4 — k) 5. 



APPENDIX IV 

Velocity Measurement using the Conventional LDA Systems 

The LDA method has been intensively used in die measurements of velocity in 

various fluid conditions. A considerable number of optical set-ups have been developed 

in which three components of velodty are able to be measured simultaneously. However, 

the principle for LDA systems is rather strai^tforward and can be summarised as follows: 

(a) Doppler Shift: 

For moving particle illuminated by a plane electromagnetic wave, the scattered wave 

has a Doppler Shift as (Ref. 103), (see Figure 2). 

Ay = u.(r—_s)/X=2U^. sina/2 

Fig. IV. 1 

where u velocity vector for the moving particle 

_s propagation vector for incident wave 

% direction of scattered wave 

a / 2 half angle between^ and^ 

X wave length of incident wave. 

Typical number may be seen in Table IV. I. 

Table IV. 1 a/2 

Forward scatter 0" 

Typical LDA 5° 

Backscatter 90° 

for X = .6328 

0 MHz/(m/s) 

0.27 MHz/(m/s) 

3.16MHz/(m/s) 
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(b) Most common systems (Ref 104) 

(i) Reference beam 

beam 

t̂ector 

= 0̂ + u . (r —2)/X 

A^o = Ci — 2̂ = u . (r —^ )/X 

Scattered and s% have no doppler shift. Therefore beating and scattered from Si and 

scattered from Sg and scattered from_s i are identical. 

(ii) Crossed beam system 

odent beam 

Detectoi 

Pi =^0 + u . (r 

= Co + u . ^ — ^ 2 )/X 

Afo = u . (S; - ^ 1 )/X 

Incident beam 

(iii) Dual scattered system 

!;i= 0̂ + u . (Ti - ^ 1 )/\ 

I,; = yo + u . (Y 2 - )/X 

Ayg = u . (r ] 

All A^o =2u^s ina /2 . x 

The above systems are basically "beating" two beams where one or both have been 

doppler shifted to isolate the shifted frequency, (Po), and hence to evaluate the velocity 

information of the pa^ides in (he 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 
6equency 

F%IV.4 

E(f ) 

Power 
of 

fteqmnc 

Dopplor 

^obe 

(Intenaty) 

t (timo) 

Figure IV.3 shows a typical LDA signal displayed in frequency domain. Figure 

IV.4 shows the ideal optical intensity signal in a crossed beam system as one scatterer 

passes through the intersection region. 

(i) Spectrum analysis fbrDoppler frequency (Ref. 105) 

Fig. IV.S 

"Ideal" signal is laminai flow 

Non-ideal Oltei A w r 

Broadening due to finite length of signal A W p 

Turbulent flow A 

where A w p ^ + A w p ^ + A w ^ ^ = A w 

Consequently, the gives the mean Velocity and Aw shows the intensity of turbulence, 

provided the Awp and Aw^ are known or can be estimated. 

The typical results for estimated by Goldstein and Hagen (Ref. 106) are listed in 

Table IV.2. 

Table IV.2 Transit time broadening ' 2 - 1 0 % 

Laser line broadening Awq « ̂  10-100 Hz 

Brownian motion ^ 10 Hz 

Velocity gradients 0-100% 

Turbulent fluctuations AW;p 0-30% 
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(ii) Types of signal processor 

(a) Special techniques 

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 die 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 can also be used. 

Since tracker, counter and photon correlator are die most popular systems engaged in 

the LDA technique, and hence the comparison of than is summarised as follows. 

Required S/N ratio 

Dynamic range (Frequency) 

Slew rate 

Capture bandwidth 

Ease of use 

Cost 

Tracker 

Low 

Good 

Good 

Limited 

Good 

Medium 

Counter 

High 

Very good 

Limited only by process-
ing time C> 1/zs) 

Limited only by filters 

Fair 

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 Ae same as a standard correlator widi a special input 

section for pulse counting. The usual correlator has an A/D convater on the input and the 
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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 m^or disadvantage of the photon correlator is the incapability of real time 

velocity 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 

(iii) photocurrent signal to noise ratio 

(iv) signal processing method 

(v) signal validation method 

(vi) type of information required 

(i) mean velocity 

(ii) fluctuation statistics 

(i) Particle aze: 

The larger the size of particle, in general, gives good S/N ratio, but the large particle 

cannot fdlow the flow faithfully. Thus from Choa's (Ref. 108) method the typical size 

can be summarised as: 

Particle Fluid Density ratio Diameter (jum) 
f = IkHz lOkHz 

Silicon Air 900 2.6 0.8 
Oil 

PVC HzO 1.54 16 5.0 

(ii) and (hi) may be minimized by speciGc instrument characteristics, (iv), (v). The 

correct selection of iv and v has to be done by considering the following points: 

1) For h i ^ density burst: 

The characteristics for high density burst signal is the output signal &om 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 
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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 sin^e 

pure sinosoid. 

Edwards (Ref. 105), has demonstrated that Ae 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 infomiation, 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. 

2) Low burst density signals 

The typical charactaistic 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 Ae right answer. 

However, at very high turbulence intensity the method (Ref. 103) may wodc 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 f 

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 ̂ ) in 

comparison with (w^) which has been detected without pre-shifted inddait 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. Funct ional system diagram of test rig. 
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Figure 2. FUNCTIONAL AND CONTROL OF TEST RIG 
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Fig. 3 Velocity diagram at radius r on element^ blade 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 
cascade. This friction caused a deviation in the flow in the blades trailing 
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Fig. G. The Wake in the flow In turbine blade 
tMllIng edge 
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Rg. SC. The velocity diagram for tip clearance flow dependent 
on angle of attack. 

5Ci The demonstration of the flow in tip clearance at a negative 
] f rr,.. _i_ _ _ _ 1-̂  magnitude angle of attack. The tip clearance 

of V sin a against v which is eith; 
relative to tlie main flow. The con 
angl'' r s igrofthisai 
axi: -1 

mal flow 
egative 
local 

SCii The demonstration of flow in the tip clearance with a positive angle of attack. 
In this case V sin a and v are co directed therefore there is no back flow in the tip 
clearance relative to the main flow. 
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F^. 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) 
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Figure 35. Partly dismantled view of research turbine f low mete r with 4 p h o t o ceU pick-up 
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Fig. 36 Pulses produced from research meter with 4 photo cell 
pick-up correspondingsciiM'iit'-trigger signals (dots) 

Fig. 37 Pulses from turbine flow meter with 4 photo cell pick-up 
and corresponding scAwt,̂  trigger signals. Pulse 4th from LHS 
insufficient tosuiifdb 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 



Fig. 40 Control Panel of Calibration Rig 
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Fig. 41 The view of me calibration rig 



Figure 42. 

I I 

< » • 

Pump and drive unit (Kopp speed variator and constant speed A C. motor ) prior to connection to the rig. Temperature and pressure 
protect ion switches are also shown 
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Figure 43. The fi l ter system which includes a By-pass for diverting the f low f r o m the 



Figure 44. Close-up view of the f low diverting mechanism 
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Fig. 45. Pressure measure across the turbine blade and in upstream and downstream position of the ro to r and far distance upstream 

and far distance downstream posit ion 
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Figure 46 . Weigh tank, weighing machine, fluid sump, transfer p u m p and viscosity container . 



Fig. 47. Motor-operated pressure and flow regulating main and fine valves and flow diverter 



a 

Figure 48 The sump wi th the tanks used for the viscosity changing of test fluid 



Figure 49. Transfer p u m p details and the two three-way valves which can allow the p u m p to be used to transfer liquid to or ext rac t 
liquid f r o m the rig. 



Fig. SO Optical arrangement for velocity measurement through the research turbine meter 



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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Fig. 5 Z Electronic signal processing for velocity measurement through the turbine f: iw .neter with its optical an^afigement 
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by the least square method for different fluid viscosity 
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Fig. 67. The empirical calculation of term 3 of the main turbine equation for a commerqial turbW* flow meter 

type B. The value of term 3 ha* also been calculated for various fluid viscosities ^ 
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Fig. 59. The empirical and theoretical calculation of T, in the main turbine equation with 
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Figure 94. The comparbon between the calculated value using leakage theory and the 
experimental value. The operational blade Reynold's number was between 
4700 to 938 for the flow rate 20 Ib/iec. to 4 lb/sec: respectively. 
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The compaibon between Die calculated value using leakage theory 
Mid the mperimental Value. The operational blade Reynold's 
number warn between 1936 to 400 for flow rate between 20 to 
4 Ib/Kc. respectively. 
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Figure 96. The companion between the calculate^ value u:inp the leakage methuii 

and the experimental value for a turbine (low meter with a 6 constant 
bladed angle rotor. The operational blades Reynolds number was 
between 500 and 5000 for (low rate between 2 to 20 lb/sec. 
leqieclively. 
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Figuie 98 The compariNin between 
the calculated value 
using the leakage theory 
and Ihe experimental 
Value for a turbine How 
meter with 6 constant 
Waded angle rotor. The 
whole operational range , 

in laminar zone with 
a good agreement 
between calculated arKi 
experimental results. 
The operational blades 
Reynold: number was 
122 to 600 for flow rate 
between 2 to 20 lb/sec. 
leqpectively. 
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Figure 99 The comparison between Ihe / 
calculated value using the 
kakage method and the 
experimental value for a turbine 
(low meter with a 6 constant 
Waded angle rotor. The opera-
tional blades Reynolds number 
was between 146 and 1500 for 
flow late between 2 to 20 lb/sec. 
re^cclively. There was good 
agreement in tlie lamin^ir opera-
tional zone and a disagreement 
In the transition zone. 
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