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SUMMARY

A vortex shedding model is developed to predict the flow fields
around turbine flqwmeter blades. This model is used to simulate the
flow separation and reattachment in the leading edge areas and the
wake flows of the blades. Lewis's inverse blade design method is
developed and quite successfully applied to simulate the displacement
effect of the separation bubbles in the leading edge areas.

A new method is introduced to apply the Kutta condition in
unsteady flows around the blades with separation points on a blade
surface or the flow with blade interaction. This method does not
require a large amount of iterative calculation.

A model is built up to predict the turbine flowmeter performance
when the inlet flow conditions are known. The panel method is applied
to predict the inlet flow conditions for the cases without inlet
swirl. |

An experimental study of the flow inside a turbine flowmeter is
carried out using Laser Doppler Anemometry(LDA) to measure the
throughout velocity fields around a flowmeter at different flowrates
and with different inlet swirls. A clear picture of the flow field is
thus obtained. The measured results are also used to validate the
developed turbine flowmeter perforﬁance prediction model.

The numerical prediction are tested with experimental results. The
theoretical and experimental data agree with each other very well in
the cases without inlet swirl ané reasonably well in other tested

cases with inlet swirl.
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NOTATION

English Symbols

A
Af,j,k

area
velocity coefficient at the ith point by the vorticity
associated with »j in the kth panel

flat plate half thickness

stream function boundary value at point s and time t

- blade thickness

blade chord ‘
drag coefficient, D/(pUx2C/2)

- blade surface friction coefficient

1ift coefficient, L/(pUy2C/2)
pressure coefficient, p/(oU ,2/2)
distance between point P and point Q

diameter

_hydraulic diameter

internal energy per unit mass
relative uncertainty of variable x

friction coefficient

| laser doppler frequency

frequency difference between the two laser beams after

their bragg cells

fluid body forces

" forces

mechanical friction inside flowmeter bearing



Im[f(x;)]
k
ki,k2,ks
K

Ki,j
K'i,j

a0 0 a ad

Reore
Re

Re
Reé
Rea[f(x4)]
Rep

*

viscous friction inside flowmeter bearing

gap inside flowmeter bearing

total energy jump between flow regions

shape parameter of boundary layer, 6*/9

boundary layer parameter, (6—6*)/9

unit vector of the imaginary part of a complex varjable
imaginary part of a complex function f(xj)

reduced frequency of oscillating blade

combination constants

laser constant

velocity coefficient of the jth point to the ith point;
velocity coefficient of the jth shed vortex to the ith
point

lift force

semilength of the jth panel

length

left hénd side of an equation

number of node point on blade surface

number of blades

vortex number inside wake

unit vector in the normal direction
ailr refractive index

fluid refractive index

pressure

average pressure in a time period

heat flux

source strength

flowrate (m®/h)

radius

given radius

vortex core size

Reynolds number

displacement thickness Reynolds number

momentum thickness Reynolds number ué/v

ub*/v

Real part of a complex function f(Xi)
half blade thickness Reynolds number ub/v



RHS right hand side of a equation
s coordinate along blade surface

position of point S (xg, Vg)

S space of cascade

at time step

TI turbulent intensity as a percentage

t ‘ time

u,v velocity components in x and y direction

or axial and circumferential components

Us magnitude of the free stream flow

u,v velocities parallel and normal to the blade surface
Vb normal velocity on the blade surface

Ue pipe central velocity

Ue velocity at boundary layer edge

Up rotating speed of rotor, wr

v velocity

Ve vortex convective velocity

Ve entrainment rate

3 generai veldcity, uis+ vy

VasVps Vg axial, radial and circumferential velocity components
W weiﬁht

w relative veloéity

X,V,2 coordinétes |

X',y' relative coordinates

z positidn of point Z (x,, V,)

z inverse position of point Z

Greek symbols

o flow angle or incidence angle

B blade stagger angle

Ei,j \ stream function coefficient at the ith point due to the
jth panel

vortex strength
6' distance of the nascent vortex for the body surface



] thickness of boundary layer

(]

* : (Ue’u)
& displacement thickness of boundary, —_— gy
0 Ue
6f(xj) uncertainty of function f(xj)
n vortex diffusion velocity
v average gap inside a bearing
, 6u(Ue—u)
e momentum thickness of boundary layer, | ——dy
o Ue's
e half intersection angle(HIA) of the laser system or
angle
fals radian of a panel

curve curvature

=

A laminar boundary parameter, 6% (dug/ds)/v
b wavelength of the laser beams
[T fluid absolute viscosity
v .. kinematic viscosity, u/p
P fluid density
r circulation
e equivalent vorticity
o vortex initial circulation
o vortex core
T shear stress
Tw shear stress on the wall surface
T torque
Tp bearing friction
Td driving torque
Tdisc disc friction torque
solid surface roughness
¢ velocity potential
r,»,z polar coordinates
L stream function

w angular velocity



Subscripts

a air

b body or boundary

crit critical

e edge of boundary layer
f fluid

fw far wake region

g swirl generator

h rotor hub

i inviscid flow

1,3,k node number

is inlet section

1 lower surface

lw leading edge wake

m mean value -

max, min maximum and minimum
new, old present and previous time step
r radial direction or reattachment point
re p ‘relative |

ref | ‘  reflecting

s separation point

sh shear layer

sou | source

t | rotor tip

tw N ‘1, trailing edge wake

u L) upper surface '

vor .vortex

w wall surface

W . wake |

X,y , in x and y direction

o _ initial

® free stream flow

to, - infinite far upstream and far downstream

o angular corrdinate
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CHAPTER

ONE

INTRODUCTION

The idea of the turbine flowmeter was first suggested by Robert
Hooke that a small windmill might be used for measuring air velocity
and a four vaned rotor was demonstrated for this purpose. About one
hundred years later, German engineer Woltmannn developed a propeller
current-meter for water velocity measurement(Hutton, 1986). The modern
turbine flowmeter was first introduced in U.S.A. for measuring liquid
fuel flow for rockets in 1930's and later for aircraft applications,
Following the development of design methods and bearing materials, the
modern turbine flowmeter has achieved good-  reliability, good
repeatability, high accuracy, fast response, long 1life and tolerance
‘to dirt, all at reasonable cost. Its digital output which is almost
proportional to the flowrate makes flowrate measurements and flow
totalization fairly straight forward. Nowadays, turbine flowmeters are

widely used in process and control.

1.1 Meter Characteristics

Turbine flowmeters have been accepted as a proven technology for
flow measurement with high accuracy and repeatability. However,
because a turbine flowmeter usually consists of one rotor supported

by hydrodynamic journal or thrust bearings, the moving parts are
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inherent in the design and any physical alteration of certain
parameters causes the flowmeter performance to change. The main
factors influencing the performance include the meter design
parameters, inlet velocity profile, fluid properties, installation and

the working environments.

— Flowmeter Parameters

The performance of a turbine flowmeter varies with its design
parameters. These parameters include rotor blade shape and the
stagger angle, surface finish, tip clearance, shape of the hub head
and flowmeter bearing. Through a correct combination of these
parameters, special requirements of a flowmeter can be achieved.
However, —any changes in these parameters cause the flowmeter
performance to change.

The tip clearance (its shape and its size) contributes to the tip
friction. By increasing the tip clearance, the inner part of the pipe
wall boundary layer can be made to lie inside the tip clearance, so
the rotor is subject to a more uniform velocity profile. Consequently
the dependence of the flowmeter coefficient on the inlet velocity
profile is decreased and the performance linearity can be improved. On
the other hand, because the rotor only responds to the flow through
it, some accuracy of the meter would be lost. '

The condition of the flowmeter bearing is another major factor
contributing to the linearity and repeatability of the turbine
flowmeter. As the flow impinges on the rotor blade, a thrust load is
developed which has to be borne by the bearing. In addition, the
weight of the rotor is also supported by the bearing. When the meter
is running at small flowrates, the bearing friction produces
non-linear performance. For the gas turbine flowmeter, bearing
friction produces its influence over a larger flowrate range..

The flowmeter inlet velocity profile is very much dependent on the
flowmeter hub head shape. Generally speaking, the hub nose influence
is reduced as the length of the straight hub section before the rotor

increases.

—— Inlet Velocity
In most of the existing literature about turbine flowmeters, the
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inlet velocity profile is assumed uniform. In order to maintain this
requirement, a long straight wupstream pipe section with flow
straighteners, a long straight hub section before the rotor and a high
hub-to-tip ratio are needed. Even so, the boundary layer on pipe wall
and flowmeter hub would still distort the inlet velocity profile. In
-practical uses of a turbine flowmeter, it is always difficult to
maintain the uniform inlet velocity condition. Additionally, the inlet
velocity profile changes with the Reynolds number of the pipe flow.
As the driving torque on the turbine flowmeter biades depends on the
inlet velocity profile, the behaviour of ‘a turbine flowmeter also

" changes with the pipe flow Reynolds number.

—— Fluid Viscosity

One of the disadvantages of the ' turbine flowmeter is its
sensitivity to the metering fluid viscosity.  Generally, the
flowmeter's non-linear range increases progressively as the viscosity
increases. However, the repeatability of the performance of -the
flowmeter is not affected as the viscosity changes. The influence of
the viscosity is twofold. Firstly, the inlet vgloclty profile to the
flowmeter changes with the viscosity. As the viscosity increases, the
boundary layer displacement effect to the main flow becomes larger,
the velocity distribution becomes more non-uniform from the hub to the
tip. Secondly, viscosity produces shear flows on the blade surfaces,
"hence a friction force or a retarding torque is produced on the rotor.
At the same time, the friction inside the bearing and the tip
clearance also increase with the viscosity. These effects combine to
lower the rotor speed as viscosity increases. As pointed out by
Salami, the actual effect of viscosity on flowmeter performance very
much depends on the design of the turbine meter. Salami's experimental
results show a 40% drop of meter coefficient in the viscosity range 1
- 400 centistoke for a tested flowmeter(Salami, 1981). It is also
important to note . that the viscosity is a temperature dependent
parameter. While a turbine flowmeter is applied in temperature
-changing environments, the flowmeter performance becomes temperature

dependent.

—— Swirl Flow
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All turbine flowmeters are designed and calibrated under the
condition of swirl free flow. If swirl does occur in the flow, it
causes a large change in the meter coefficient. Even if a flow
straightener is installed before the flowmeter, the swirl cannot be
diminished completely in most cases. As to the the influence of swirl,
a most comprehensive study is conducted by Millington et al in
NEL(1986). In their experiment, single bend and different combinations
of double bends are adopted to generated swirl flows with different
strengths. Several groups of commercial turbine flowmeters are
examined at different distances from the swirl generator. The
percentage of the meter factor change is small and never exceeds 0.5%
for a single bend. Whereas the error for the double bend swirl is much
bigger. The sign of the meter factor change depends on the sense of
the swirl. A posjtive change corresponds to the swirl with the same
direction as the rotor rotation, a negative change fbr the swirl

against the rotor rotation.

1.2 Alm of This Study

Even though the turbine flowmeter has been widely used in
industry, because of the manufacturing variations, every flowmeter has
to be calibrated in a laboratory before it can be used and it has to
be recalibrated regularly during its life. These calibrations increase
turbine flowmeter application cost. On the other hand, laboratory
calibrations cannot cover all the flow conditions which would be
encountered by flowmeters in their applications. When the applying
conditions are different from the laboratory ideal conditions, the
measurement accuracy is doubtful. Aim to obtain an accurate turbine
flowmeter performance curve under its real working conditions,
numerical modelling is here adopted to achieve this objéctive.

Apart from numerical modelling, a deep and wide understanding of
" the flow patterns inside the turbine flowmeter under various inlet
flow conditions 1is obtained through an experimental study. The

experimental results are also used to validate the numerical model.
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- LITERATURE REVIEW

2.1 Flow Inside a Turbine Flowmeter Rotor

The physjcal laws, which govern the flow inside turbine
flowmeters, are the conservation of mass, momentum and energy. These

equations are

Continuity
ap . s ‘ .
+ 9 (pV) = 0 | | (2.1.1)
at ol :
Momentum
63 ~vp |
> 9
+ V‘Ws——+i"+vv26 (2.1.2)
at P
Energy
De . aE N
= e—— 3
P ot ° 3t vq+¢d {(2.1.3)

here, 3E/at is thé'rate of heat produced per unit volume by external
agencies, vq is the rate of heat loss through conduction and ¢* is the



energy dissipation function.

To solve these equations, one more equation relating pressure to
density and temperature should be introduced.

As to the flow inside turbine flowmeters, the flow is assumed to
be adiabatic, steady and incompressible; temperature keeps constant
throughout a flowmeter. Viscous effects of the flow are restricted
inside the boundary layers. The flow outside the boundary layers over
blades, pipe wall and hub surfaces can be treated as an inviscid flow.

The equations governing the flow outside these boundary layers are

R ;
v- V=0 (2.1.4)
-VD
9
Vewv = +F (2.1.5)
P
ve =0 (2.1.6)

So the flow is governed by the Euler equations.
From the energy equation,the Bernoulli equation can be derived.
It is
p v? 3

- + = constant (2.1.7)
[ 2 at

While a turbine f]bwmeter is running wunder 1ideal design
conditions, the flow is inviscid, the inlet flow to its rotor is
uniform and swirl free, the friction inside the flowmeter bearing is
also reduced to zero. Under these assumptions, the upstream and
downstrean velocities of the flowmeter rotor is in the axial direction
and the flow inside the rotor is in an equilibrium state in radial
direction. The equation is

dp Vol

p dr r
However, the ideal design conditions can never be totally
satisfied in actual applications of turbine flowmeters. The inlet
velocity profile to the rotor is not uniform due to fluid viscosity,

frictions inside the bearing and the tip clearance always exist. All
these effects cause the velocity field throughout the rotor to be
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different from that under ideal conditions, the flow inside the rotor
is three dimensional. Fortunately, the radial velocity component is
always quite small apart from in the areas very close to the hub and
the tip, so the actual flow inside a turbine flowmeter rotor can be
simplified to two dimensional flows on cylindrical surfaces with
reasonable accuracy. All those two dimensional flows are governed by
two dimensional Euler equations. The solutions to these two
dimensional cylindrical flows are the solutions to their corresponding
two dimensional potential cascade flows.

Two dimensional potential flow can be solved by a number of
methods. Among them, conformal transformation, singularity method and
finite element method have been successfully applied to the flow round
airfoils. In recent years, great progress has been made in the
application of finite difference and finite element techniques, but
conformal transformation and singularity methods are still being used
to solve some potential flow problems, especially for the flows around
bodies with non-aerodynamic shapes. As to the flow around turbine
flowmeter blades, the blades usually have the same rectangular shape,
so flow separations occur at the sharp points on blade surfaces and
wake flows would establish behind them. As pointed out by
Strickland(1986), the most successful analytical treatments to date pf
the bluff body flows have involved the use of a vortex panel or vortex
sheet representation of the body surface along with a discrete vortex
representation of the wake. To simulate the flows around turbine
flowmeter blades, the singularity method is adopted in this study. In
this chapter, singularity methods and discrete vortex models for
separated flow simulations are reviewed. Additionally, the methods for
turbine flowmefer performance prédiction are also included in this

chapter.

2.2 Singularity Method

This method uses the linear property of the velocity potential
function of singularities in a flow field. While there are a number of
singularities inside a flow field, the total velocity potential at a
point is the sum of the velocity potential of those singularities at
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this point(Karamcheti, 1966). It can written as

n
O= o5 +Oot+ O3+ ... = } o4 (2.2.1)

i=1

here di means the velocity potential of the ith singularity.
And the velocity components in the flow field are

a® n 3%,
u = = } (2.2.2)
ax ic1 X
‘n
a® a¥ i
v= = } (2.2.3)

ay o, o

For an 1ndividual singularity, Laplace's equationk is sétisfied,

vie; =0 | o | (2.2.4)

The linearity of the Laplace equation ensures the sum velocity
potential of all these singularities also satisfies the Laplace

equation, i.e.

N
v2 & = ¢? } ¢ =0
i=1

(2.2.5) -

Because Laplace s equation is automatical]y satisfied in the flow
field with singularities. the flow problem becomes a boundary value
problem.

in,the general case, several bodies are moving with respect to
each other. The boundary condition on these bodies should be a known
function of time and positions for a solution using singularity

method. The boundary condition can be wrltten as
V = Vp(t,s) : : . (2.2.86)

Three bbundary conditions are usually used{Versteeg, 1987). One is

the Dirichlet boundary condition,i.e. zero slip velocity condition as
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used by Lewis(1981), it can be written as

®(s,t) = by(s,t) (2.2.7)

The secbnd is the Neumann boundary condition. It requires the
normal velocity on the body surfaces to be zero as used by Kim and
Mook(1985), i.e. '

3*(s,t)

= Vp(s,t) (2.2.8)
an
here Vy(s,t) is the surface velocities of the bodies.

The last is a mixed boundary condition, i.e.

¢(s,t)= b,(s,t) s eB, o (2.2.9)
and ‘
a¢(s,t)

= Vp(s,t) sc B, (2.2.10)

an
with B = B,+B,
In two dimensional flows, the stream function also satisfies

Laplace's equation, l.e.
v ¥ =0 ‘ B (2.2.11)

So the stream function can be used just as effectively as the
velocityvpotential;function in two dimensional flow simulations.
| Flow analysis »thrbugh singularity method requires exact
satisfaction of the boundary condition on body surfaces. Usually, the
body surfaces are divided into a number of elements and singularities
are distributéd on the elements. As a result of this discretization,
a set of algebraic equations are obtained by enforcing the boundary
condition on the elements. Solving these algebraic equations, the
intensities of those discrete singularities can be obtained and
consequently the flow field can be calculated.

A model given by Kelloy was reviewed by Hess et al(1966). This
method is based on the integral equation of source distribution on a
body surface. It can be used for flows around two or three dimensional
bodies of arbitraqy shape. To have an insight of the model, a unit
source at Po;nt s is considered. The velocity potential at point 2z

induced by this unit source is written as
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1
(2.2.13)

o =
d(z,s)
where d(z,s) is the distance between these twq‘points.
While an arbitrary body is repfesented with distributed sources,
the total velocity pbtential at point z due to all the sources on the
body surface is

q(s)
Q= ds (2.2.14)
II d(z,s)

Satisfying the boundary condition on the body surface, an equation
is obtained by allowing the point z to approach a point on the body

surface. The obtained equation is

a 1
2rq(z) - [[ — ¢ ) q(s)ds + V. -R(z) = Vp(z) (2.2.15)
an d(z,s)

By applying boundary condition at a number of points on the body
surface, a set of linear algebraic equations are obtained about

unknown source densities on the body surface.

Vortices can also be employed to simulate potential flows around
arbitrary body or bodies. In an inviscid flow, the velocity
discontinuity from the stream velocity outside the body to zero on the
body surface implies the existance of a vortex sheet between them. To
simulate the flow around a body, the body surface is represented by a
number of continuous vortex elements which separates the outer streanm
flow to the inner motionless flow. Consider a vortex element with
vorticity »ds at position s, the velocity induced by this vortex
element at position z in a two dimensional flow field is

»(s)ds
LA R S L R — {(2.2.16)

| 2wi(s-2)
While the body is represented by distributed vortex elements, the
total induced velocity at position z due to all the vortex elements on

the body surface 1s'



11

. 1
V = u-iv = II ds (2.2.17)
2ni s-z

In cascade flow, there are a infinite number of bodies spaced
apart with pitch S. If the cascade extends in the y direction, the
velocity induced at position z by this cascade is

JJ 7(s)coth[—§—(s-z)]ds (2.2.18)
2Si

The total velocity at position z including the free stream flow is

V= U -iv, + Jj 7(s)coth(—c—(s-z)]ds (2.2.19)

A successful model using surface ~vorticity to simulate single
cascade flow was introduced by Martensen, this model was reviewed by
Gostelow(1984). In the flow simulation, the vorticity distribution on
a cascade surface is chosen so that the cescade eprface is a
streamline in the flow and the vorticity distribution is identical to
the surface velocity. These conditions are satisfied by applylng the
boundary condition on the b]ade surface- zero normal velocity on the
blade surface or zero tangential velocity just inside the surface

vortices.
In the model, the positions of the vortices on the body surtace

are expressed as
s=f(2') (2.2.20)

As the point z approaches the blade surface, its position can also

be expressed using the same function as for the surface vortices, i.e.
z=f (1) ‘ (2.2.21)

With the normal velocity boundary condition, the obtained equation
is

2Im[V L' (N)]= I Im[K(x,2")]>(X\')d\' (2.2.22)
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With the tangential wvelocity boundary condition, the obtained

equation is
7(\) = 2Rea[V f'())] + f Rea[K(x,\')]7(x')dx’ (2.2.23)

here the function K(x,A') is given as

1 "
K(X,A')= —— £' (%) coth{— [f(X')-f(2)]) (2.2.24)
' i8 : S

Further analysing the flow, the position function f()) is written

as
f(x)=m(x)+in(r) (2.2.25)
Substituting (2.2.25) into equation(2.2.23), the obtained equation
is
7(A)= 2ugm’ (M) +2von' (x) + j K(x,2") (2 )dn" (2.2.26)
where

: 1 ' O)stah(Z[n(x)-a(x ) ])-n' () sin(EX a0 -n(x")])

K(A,2') = —
s cosh{%l[m(x)—m(x')]-cos{%l[n(k)“n(\')])

(2.2.27)

Applying these equations to the divided body surface as shown in
fig.2.1, the resulted algebraic equations are

N
Va(sp) + ) K(spuSpl7pfsn = 0 m=1,2,3,... (2.2.28)
n=1

When the body contour is smooth, the influence coefficients

satisfy

I k(x,2')ds =1 : (2.2.29)

Martensen synthesized the flow from a combination of three basic
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flows as shown in fig.2.2. These three flows are: a flow with zero
inlet angle and zero circulation, a flow with 90 degree inlet angle
and zero circulation, and a flow with unit circulation.

The equations governing these three basic flows are:

a(x) = £ k(x,2")a(r') dx' = 2m' (%)
{ (2.2.30)
Ja(x') dx' =0
[ b(X) = § K{\A")b(X")dr' = 2n'())
(2.2.31)
S b(x') dx' =0
[ 7(X) = S R(A2")y(X')dx'= 0
(2.2.32)
Jr(Z)dx' =1

a(x) is the solution to the flow with zero inlet angle and zero
circulation;
b(x) is the solution to the flow with 90 degree inlet angle and
zero circulation; .
»(») is the solution to the flow with unit circulation.
The combination is controlled by the kinematic condition of the

cascade flow., The synthesized result is

[ Uga(X) + 0.5 (VyutVoy) b(R) + T 7(*)]

V(A) =

v m'(A)2 +n'(2)°
(2.2.33)

u, is the x component of the velocity infinitely far upstream of

the cascade;
V+s,V-» 8re the y components of the velocities infinitely upstream

and downstream of the cascade.
r is the circulation around the ihdividua] cascade blade.

2.3 Separation and Wake Simulations

2.3.1 Vortex Shé&ding

In the singularity method, the boundary. value should be a
continuous function of positions along body surfaces for a unique
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solution, so the body surfaces should have continuous smooth
contours In the flow around a‘body with a sharp edge, the infinite
curvature produces a discontinuity of the blade surface. In this kind
of flow, Kutta-Joukowsky condition should be satisfied at the sharp
point for a unique solution, this condition is named as the Kutta
condition. Under the Kutta condition, continuous static pressure

distribution is required at a sharp edge, i.e.
P} =P, ’ (2.3.1)

As the result of the velocity discontinuity at this sharp point,
vortices may be shed into the flow.
As pointed out by Giesing(1969), the intensity of the shed vortex
. is directly related to the velocity at the sharp edge point. The
vortices in the wake must have been physically located on the body
surface before being swept into flow as free vortices. While they are
locating on the body surface, their vorticity intensities are equal to
the velocity difference cross the boundary layers at the shedding
points and their convective velocities are half the local velocities.
In inviscid flow, the thickness of the boundary layer on the blade
surface 1is infiniteéimal. the shed vortices start from their
separation points on the surface and their vorticities keep constant
in their movement. |
In the potential flow around an airfoil with sharp trailing edge
as shown in fig.2.3, the Bernoull{ equation can be applied on the
blade surface. The equation derived from the Bernoulli equation
relates the blade circulation to the velocities at the trailing edge

points as
a(®1-¢y) ar 1

= - ( U2 -0;%) (2.3.2)
at at _ 2

Equation(2.2.2) is given by Basu and Hancock(1978) and as well as
Poling(1986).

In unsteady flow, velocity discontinuity indicates a change of
blade circulation. As a result of this circulation change, vortices
are shed from the trailing edge. |

Two vortex shedding models have been used in the past: fixed
nascent vortex position and variable nascent vortex position. In the
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fixed position model, the shed vortices go into the wake from a
selected point{called velocity point) near the separation point. The
velocity at this point is used to calculate the vortex shedding rate.
The shedding rate is

ar .
— = 0.5Ug2 (2.3.3)

at

The selected shedding position of nascent vortices is interpreted
as boundary layer edge at the separation point by Kiya and Arie(1977,
1980) . However, in accordance with the .fluctuation of the separated
shear flow, the thickness of the boundary iéyer at a separation point
would oscillate in a certain range. The edge position of the shear
layer at a separation point can not be predicted accurately due to the
singularity. In the application of this model, the position of the
selected point is decided on the basis of previous experience and
trial calculations.

In the calculation of the separated flow behind a flat plate at a
very large incidence angle by Kiyva et al, the fixed point is called
the velocity point, as shown in fig.2.4. The distance from the
velocity point to the plate surface was examined in the range 6'/2¢
. =0,01—0.,015. # is the plate semilength. In the computational trials,
the simulation was found to be rather irregular for 6'/2¢2 =0.01. A
general satisfactory simulation was obtained for &'/2¢ =0.015.

The second model was used by Sarpkaya(1975) to simulate the flow
around a circular cylinder. In this model, the vortex shedding rate is

ar :
— = 0.5Ug2 (2.3.4)

at

Usph is the average transportation velocity of the first four
vortices from each shear layer at the separation point.

The nascent vortex position is chosen to satisfy the Kutta
condition and the no-slip boundary condition at the separation point.

When this model is used to simulate the separated flow around a
cylinder, the nascent vortex is placed at a point with distance &'
over the cylinder surface( with its image at thé inverse point) at the
separation point with a suitable time step. The position of the

nascent vortex is
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&'

2y = (14 ) expli(s-0g, )] (2.3.5)

R
‘and

5 1 + Irj1/ (24U, g) (2.3.6)

1+
R 1 - lrjl/»(zws.j)

In the calculétions. it is found that the position and circulation
of the nascent vortices have a strong influence on the predicted
forces and pressures. Practically, the circulations of the shed
vortices decays in time and space. In equation(2.3.3), the vorticity
of a nascent vortex depends on the selected velocity position. So it
is important to chose a right starting position so as to obtain the

correct amount of circulation reduction to simulate fluid viscosity.

2.3.2 Vortex Shedding for Separation Simulations

Vortex shedding method can be used with either conformal
transformation or the singularity method to simulate the separated
flow around bodies. Conformal transformation is mainly used for the
flows around bodies of rectangular or circular shape.  In the
simulation of the flow around a circular cylinder by Sarpkaya and
Schoaff(1979), the flow is represented by a doublet located at the
centre of the cylinder and vortices are shed into the flow from
mobile separation points.A To maintain the cylinder surface to be a
streamline in the flow field, every vortex in the wake flow has its
image vortex with the same strength at its inverse point inside the
cylinder in this model. The complex potential of the flow field is

R2 1 MW 'R2
wiz) = -Vy, (2 + — ) + Erm [tn(z-z5) - fn(z- — )]
z 2w Zy
T m=1
(2.3.8)

The vortex shedding rate is
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ar
— = 0.5Ug2 (2.3.9)

at

The positions of the nascent vortices are chosen so to satisfy the
Kutta condition at the edge of the body.

Convection of the vortices in the wake flow is governed by

zg(t+at) =.zg(t) + at ¥ (2.3.10)

Nagano et al(1982) analyzed a two dimensional flow past a
rectangular prism with height h and depth d using a combination of
conformal mapping and the vortex shedding method. The rectangle is
transformed to a circle and separated vortices are shed into the flow
at fixed points near the image of the rectangle corner points. The
positions of these points are based on a boundary layer estimation.
The predicted 1ift and drag show the same trend as measured data, but
it fails to predict the large increase of drag in the vicinity of
d/h=0.62,

Using the combination of conformal transformation with the
vortex shedding model, the flow around airfoils can also be simulated.
Poling et al(1987) used Joukowski's transformation to map the flow
around an airfoil into a flow around a cylinder. Although the
conformal mapping method can take the exact boundary condition into
account, it is not always easy to transfer an arbitrary two
dimensional body to a circle as pointed out by Kuwahara and
Takami(1984). On the other hand, the use of conformal transformation
for two dimensional flow requires a complicated rule to calculate the
velocities in the physical plane(Sarpkaya, 1989).

Compared with conformal transformations, the singularity method
can be used more directly and generally for flow simulations, even can
be extended for separated flows. A surface vorticity model is given by
Lewis (1981, 1983) to'simulate flows around arbitréry two dimensional
bodies. In this model, body surface is represented by panels of
constant vorticity. Using the Dirichlet boundary condition, the

governing equations of the flow are
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N ’ dxp dyp
} K(Sp»8Sp)7(5p)asy = V[0S (@)= +sin(x,) ]
. ds ds
n=1
1 N
- ———~§ kK’ (o SK)
27 k=1 ,
(2.3.11)

- where k(sp,s,) are
k(sp,sy) = K(sp,sp) ~for m#n
= K(sp,sp)- 0.5 ~ form = n
‘ ‘ (2.3.12)
K(sp,Sp) and K'(sy,sx) are the velocity influence coefficients of

the vortices on a blade surface and inside the wake respectively.

1 =(xp=Xp) (dy/ds) u+(yp-yp) (dx/ds)
K(sp,sp) = (2.3.13)
on  (xpxp)?+(yp-yn)? '

For a body surface with curvature, the self induced influence

velocity coefficient of an element is modified to

1 a0
+
2 4

m
(2.3.14) \

k(sp,sp) = -

Using this method, the separated flow around a cylinder was
predicted. The predicted surface pressure distribution upstream of the
separation points is in good agreement with experimental data.

In the singularity model, the boundary condition is only satisfied
at a limited number of points on the body surface. Surface leakage due
to the boundary condition approximation could cause some errors in the
solution. One method to compensate for this disadvantage 1is to use
velocity potential function or stream function on the body surface to
calculate the velocity on every element instead of directly
calculating the velocity at the control point. In this approximation,
the average vélocity on every element of the body surface satisfies
the boundary condition.

~ sarpkaya and Ihrig(1986) used - the stream function in their
simulation of impulsively started steady flows about rectangular
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prisms. The predicted and measured normalized forces show reasonable
agreement with respect to the frequency of oscillations, i.e., the
Strouhal number is correctly predicted. However, the amplitudes of the
predicted forces are somewhat larger.

Using the discrete vortex method to simulate separated flows
around airfoils, several models have been proposed. Vezza et al(1985a)
used the method to predict interaction between an airfoil and its
wake. In the simulation of a impulsively-started flow and the flows
around an oscillating blade, vortices are shed from the blade trailing
edge. The vortex shedding rate is controlled by the Kutta condition at
the trailing edge as equation (2.3.2) and one vortex is shed in to the
wake flow in every time step. The vorticity of the nascent vortex is

obtained using Kelvin's theorem, i.e.
ar = Tp(t)- Ip(t+at) (2.3.15)

The position of the nascent vortex is decided from the trailing
edge flow. The nascent vortex leaves the blade trailing edge in the
same direction as the local streamline and the distance of it from the
trailing gdge is equal to the convective distance in one time step.
Because the nascent vortex intensity is related to the trailing edge
velocity, and this velocity is an unknown in the calculation, the
solution is obtained iteratively. \ o

In the model proposed by Krammre(1982), wake flow is a
combination of a steady and an unsteady part. The steady part is
simulated by two parallel rows of contrarotating point vortices lying
- behind the blade. These vortex rows start from a fixed point near the
airfoil trailing edge and the strengths of the vortices are determined
so as to produce the Reichardt velocity distribution along the wake
central line between the two vortex rows. The velocity distribution in

the wake centre is

Vp= 0.98 v c4q/x | , (2.3.186)

here x is the distance from the blade trailing edge.

‘ The unstéady wake is taken 1into consideration by allowing
vortices to shed from the trailing edges. Their vorticities are
obtained using Thomsons'theorem of constant circulation rate with

respect to time of the flow field.
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.Vezza et al(1985b) also develop a model for the filow around
aerofoils with separation on blade surface. In this flow, the flow
around an airfoil is divided into several regions by the separation
lines from the separation points on the blade surface. A difference in
the total energy exists on crossing the bound from one region into
another.

The obtained Kutta condition from the separated flow is

2yt ar

- = (2.3.17)
2 2 at

7s

In the calculation, the separation point on the blade surface is
given apriori. One vortex is shed from the separation point in every
time step in the local separation line direction, this direction 'is
found through iterative calculation.

Psarudakis used both vortices and sources to simulate wake flow.
In the calqulation, the meanline of an airfoil wake is assumed from
the trailing edge and it is represeﬁted by consecutive line segments.
The viscous wake displacement thickness effect is simulated by sources

with an intensity of

q(s)=d(Ugs*)/ds o (2.3.18)
The viscous curvature effect is represented by vortex distributions

with intensity of
r(s)=-xUg(6%+6) o (2.8.19)

where x is the curvature of the mean wake streamline.

,011ver(1982) proposed a double vorfex sheet method fop the viscous
flow around an airfoil.- This double vortex sheet method is a
development of singlevvortex sheet whlch défines a potential function
which can describe a flow with the same mass and momentum flux as the
viscous fibw. In this model, the two vortex sheets have equal strength
and thevtransport_velocitykof the inner layer 1is one third of the
outef layer transpobt velocity, their pbsitions are decided by
boundary_;ayer consideration. This model allows the modelling of the
integral properties of the viscous region'andbretains the advantages

of potential flow.
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2.4 Boundary Layer Calculation °

The discrete vortex method can also be "used for boundary layer
simulations(Chorin, 1978). The intensity of the created vortex sheets

over body surface for boundary layer simulation per unit length is

6 - au o : .
y =5 - dy =ue (2.4.1)

The motion of these vortices inside the boundary layer is
described by boundary layer equations and approximated by following
formulae

Xj(t+at) = Xxj(t) +ujat

: (2.4.2)
yi(t+at) = yi(t) +vjat +ny

where nj is the diffusion velocity,

The more widely used model to calculate the effect of the boundary
layer is to simulate the ' displacement of the boundary layer to the
main flow by adding a displacement thickness  onto the blade surface.
However, because of the huge computer time involved in the iterative
calculation and the sensitivity of the Kutta condition to the growth
of the boundary layer near the trailing edge, direct adding of
displacement thickness has convergence difficulty. To overcome this
difficulty, sources are placed on the line elements which are used in
the surface vorticity method for displacement simulation(1975). The
strength of these sources given by Lighthill(1958) are

d(Ugs”™)
(2.4.3)

q=
ds

In the simulation, the blade surface remains a streamline in the
flow field.

The displacement thickness of boundary layer can be calculated
only when the boundary layer integral equation is combined with the
equations of laminar and turbulent boundary laygrs. In the integfal
equation, the velocity at the boundary layer edge is required. In the

first order approximation of boundary layer, the velocity on the blade
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‘surface is used to abproximate'the velocity at boundary edge.

The integral équation of the boundary layer with second order
accuracy was introduced by East(1981). In this model, the inviscid
velocity on the blade surface is required instead of the velocity at

the boundary layer edge. The resulted integral boundary equation is

de _ ®  d(Ujy) T
- ( H +2+M1wz) -

ds Ujw ds piniwz

0 (2.4.4)

where © and H are fhe boundary layer momentum thickness and shape
parameter based on the velocity on the blade surface.

To simulate the displacement effect of the boundary layer in this
model, a transpiration velocity (normal velocity) is enforced on the
body surface. This velocity is given by

dlpiuUius")

PiwViw = - (2.4.5)
ds S

"Combining the iﬁtegral equatidn with the entrainment equation and
the lag-entrainment equation, Hastings(1987) et al used this model to
predict the maximum 1lift on airfoil NACA 4412 with separated
boundary layer. The predicted results are in good agreement with the
experimental data. '

Using the : normal velocity concept, the aerodynamics of the
parachute can be simulated by the discrete vortex method. The normal
velocity given by Strickland(1986) is a function of the pressure
difference cross the parachute surface as

Vn | . (ACp)o.s ’ ‘ ‘ (2 4 6)

Ve K

where K is a flow coefficient based on the parachute porosity.

2.5 Vortex Models for Flow Simulation’

"Since the vortex method was first introduced by Rosenhead, many

techniques have been proposed to improve the stability and reality of
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the simulated results as reviewed by Leonard(1980). Owing to the
increase in calculating speed and storage of modern computers, the
discrete method has been'applied to simulate complicated flows. During

its applications, several vortex models have been commonly used.

Point vortex

The point vortex method was first introduced by Rosenhead in 1931.
In this model,.the movement of a freé vortex sheet s approximated by
a system of vortex elements. The vorticity on each vortex element s
concentrated into a finite number of point vortices for simulation

proposes. The velocity components induced by those point vortices are

1 N (xi-xj) ry

ui.j 2 - N
er je1 ldi,j'
ivj
(2.5.1)
N
1 (Vi-¥3) Ty
vi,g = >

27 - ldj’jlz
13}

But in many cases, the motion of the involved vortices achieves a
chaotic state. As given by Saffman and Baker(1979), some investigators
tried to get rid of this irregular motion by increasing the number of
the used vortices with decreased vorticities, but too many vortices
can create even- more serious singular effects. Point vortex

simulations cannot produce a reasonable simulation of some flows.

Vortex core

It has been shown that the vortex chaotic motion in point vortex
model is due to the velocity singularities at the locations of the
point vortices and their vicinity. To avoid this problem, vortex
bubble method is widely accepted. In this model, every vortex has a
finite core over which its vorticity is distributed. Various
distributions have been assumed, such as a Gaussian distribution,
constant velocity distribution and constant vorticity distribution and

80 ON.
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Kuwahara and Takami(1973) proposed a vorticity distribution using
the Navier—Stokes equation for a single point vortex. I used in
equation (2.5.1) is

o2

) . ~ (2.5.2)

r=ry*¥{1- exp(
4ut
where T'y and o are starting vorticity and core size of a vortex
respectively. Due to diffusion, the core size increases with time is
v4vt.,
Chorin(1973) introduced a linear vorticity distribution. Here T
in equation (2.5.1) is:
‘ Poy d>o
‘P"—',
ro,d/o d<o (2.5.3)

Chorin(1973) also suggested a core with stream function as

(2.5.4)

{ Ffog(d)/2n . d > o
¥ =

r(d/o)/2n ' d <o

Spalart et. al(1981) used a simple distribution which can get rid
of the singular effect completely. I in the equation (2.5.1)
is

‘rodz o RN i
P ——— | (2.5.5)

d?+c?

Hence, the,siﬁulétion accuracy is very much debendent on the used
core size. ’Clement and Maull(1975) believe that the model of
discrete vortex with core is justifiable and useful results can be
obtained provided a fine balance is drawn between using a large number
of vortices to represent the fine scale and a crude integration scheme
to suppress the chaotic motion. There are several different opinions
about the core size. Chorin(1973) takes 2wo equal to the average
distance ¢ between the vortices along the boundary on which the
vortices are created. On the other hand, Milinazzo and Saffman(1977)
believe that o should be as small as possible and take o as 2/50, But
Hald and Prete(1978) suggest that o should be in order of 22/3 pue to

the variations of these parameters, i.e. vortex core size and
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vorticlty distribution over the coré. the solution of this method
depends on them to some extent.

Panaras(1987) examined the vortex/airfoil interaction using both
discrete point vortices and vortex with core when vortices pass by an
airfoilt In the discrete method, a large vortex is approximated by
four layers of vortices withbsmall vorticity. In every layer, the
vorticity is uhiformly distribdted over a numheb of finite cores. The
pressdre distfibutidn éiohg the blade sufface is calculated using both
models. When the vortex is far from blade surface, both methods give
the same results. But when the vortex is close to the blade surface,
the pressure pulse on the blade surface produced by the finite core
method is significiently smaller and smoother than that by discrete

point vortices,

Vortex panel

In the vortex panel model, a vortex sheet is divided into a number
of straight or curved segments with polynomial vorticity distribution.
The singularity effect is propobtional to 1/d2 in the ﬁoint vortex
model, but drops to #n(1/d) in the panel model near the panel ends. In
first order panel simulation, straight segments are used and the
distribution of vorticity is linear on every segment. In second order
panel simulation, the curvature of a panel i{s considered and the
second derivative of the singularity distribution along the panel is
constant. The panels used for vortex sheet representation are chosen
in such a way that the spatial discretization error is uniform along
the sheet. The size of these panels depends on the curvature of the
vortex sheet. A criterion given by Hoeijmakers{1983) for chosing the

panel size is -
s = min(8pay, TBOpax) |  (2.5.6)

here A is the basic panel size, 4a@p,, and r are the radian and the
average radius of a panel.
In a flow simulation, panels are orientated in the local velocity

direction and there is no static pressure difference across them.

Vortex-~in-cell
The vortex-in-cell is a powerful method to decrease the computing

time and remove vortex singularities. In two dimensional flow, the
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flow field is divided into meshes. The vorticity inside a mesh is
allocated to its four corner points according to an area weight scheme
as shown in fig.2.5 (Leonard, 1980). The allocated vorticities are

ry = TpA{/A? 1=1,2,3,4 (2.5.7)

where A is the area of the cell in which the nth vortex is resided and
ry are the allocated vorticities at the mesh corner points.
In two dimensional, incompressible and inviscid flow, the Poisson

equation is
vy = -r (2.5.8)
In the calculation, Poisson equation is expressed as
a? a?

( + )¥ 4,3 =-T4,3 (2.5.9)
ax aly

When the vorticities at all the corner points are known, the
stream function vi.j can be obtained by solving the above equation
using finite difference' techniques. And the velocity fleld can

calculated using the following formulae

71,j+1 -91’1_‘

i3 =
241

(2.5.10)
Pi+1,5 ~ Pi-1,j

Vi,j *
2a¢

where A2 is the dimension of the meshes.

An example of using Cloud-in-cell vortex mothod is given by Graham
and Basuki(1984) simulating the unsteady flows through a cascade. The
1ift distortion caused by the wake flow from the upstram of the blades

was computed.

2.6 Turbine Flowmeter Performance Prediction Review

The main effects which influence a turbine flowmeter performance

given by Furness(1982a, 1982b) are
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(1) Flowmeter design parameters,

(2) Bearing,

{3) Fluid properties, such as viscosity and density,

(4) Flowmeter working enviroments, such as temperature and
pressure across the flowmeter;

(5) Its installation,

An accurate performance prediction of a turbine flowmeter can be
obtained only when all of those influences are carefully
approximated. The most basic performance prediction can be obtained
directly using the angular momentum approach. Although this prediction
can give reasonable results, it cannot satisfy the accuracy
requirement in modern industries, especially when a turbine flowmeter
is running in conditions which are different from its design and
calibration conditioné. Many attempts have been made to obtain an
accurate predictions of flowmeteriperformance under various applying
conditions. '

Lee and Karlby(1960) presented a model of turbine flowmeter
performance in viscous flow. The model 1is restricted to steady,
incompressible and viscous flows. Using tﬁo dimensional flow
assumption, the flow from the hub to the tip is represented by the

flow on an average section. The radius of this average section is

re+ry?

y /2 ' ‘ (2.6.1)
2 .

By applying the angular momentum conservation law, the driving
torque on the averagé section can be obtained. When the turbine
flowmeter achieves its equilibrium state at certain flowrate, the

derived meter coefficient is

w tans Tp Te
= | —~ ) - (———.—-—- ) - ( -_ ) (2 .6. 2)
Q rA  reQ?  reQ?

If the mechanical friction inside flowmeter bearing is ignored and
the rotor blade is assumed to be thin, smooth and aerodynamic, the
viscous resistance to the rotor is then mainly due to the blade form

drag and the secondary flow drag. The form drag is a function of
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Reynolds number and the secondary drag is a function of flow velocity.

The derived equation for the flowmeter coefficient thus becomes

w tang
= — K,C5 - K,C¢ (2.6.3)

Q raA

where C¢ and Cg are the blade surface skin friction coefficient and
secondary flow friction coeffticient. ‘

When the flowmeter is working at different flowrates, the flow
insidé the flowmeter is'in a different state, different skin friction
coefficients are needed to calculate the corresponding skin friction
and seCondary flow friction. Using this model, the hump section of a
flowmeter calibration curve is predicted as the flow state on the
blade surfaces changes from laminar to turbulent.

An experimental investigation was done by Jepson(1969) to examine
the inlet velocity influence on the flowmeter performance. In this
theory, the inlet flow profile is assumed to be axi- symmetric and the
flowmeter bearing friction is ignored. The derived meter coefficient

is

re U
n 1ol (——)2 ridr

Th Unax
= (2.6.5)

, ro U - fre U
AU, 2KA I ( ——)rdr J ( )ridr
° Upax Jrp Upax

This formula shows that the meter coefficient is a constant for
constant inlet‘§élocity profile.

In their experimental study, symmetric and asymmetric flows were
induced in the flowméter inlet by mounting axisymmetric and asymmetric
orifices at the front of the flowmeter. The difference in the
flowmeter coefficient is very significant among those tested cases. In
actual appliéations of furbine flowmeters, bends and valves in the
pipe line could create distortions to the inlet velocity profile.
Consequently, changes can be caused in the flowmeter performance.

An extensive investigation of the tip clearance influence on a
turbine flowmeter performance was made by Hutton and Tan(Hutton,

1982). In the model, the total flowrate through a flowmeter includes
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the flowrate through the rotor Q. and the flowrate through the tip

clearance Qc. Only the flowrate Qp contributes to the flowmeter

performance and Q.18 a leakage flowrate. The flowmeter coefficient is
n n Qc

= (1_
Q Qr Q

Because the leakage flow varies with the metering flowrate, the

) (2.6.5)

flowmeter coefficient changes accordingly. However an empirical

relation between the leakage flowrate and the total flowrate is found
as

Qc k
-g-— (2.6.6)
Q Q

where g and k are constants.
Combining equation(2.6.5) and equation(2.6.6), the flowmeter
coefficient is written as

n R k
= (P-——) (1-g - — ) (2.6.7)
Q Q? Q

where P and R are functions of flowmeter blade 1lift, drag
coefficients, retarding torques and blade geometries.

In equation(2.6.7), the performance of a flowmeter depends on the
balance between Pk/Q and R(1-g)/Q?. The hump section of a flowmeter
calibration curve can be explained. The rising section of the
calibration curve will only occur if the value of k is sufficiently
big compared with the retarding torque. This happens when the tip
clearance is large. Also there is no rise section in the calibration
curve in a flowmeter with a small tip clearance.

Salami(1984) built a model in which both blade wake flow and tip
leakage flow were considered. The 1lift and drag coefficients of the
turbine blades are here correlated from the data of a single flat
plate. The 1ift coefficient is

Cyp = 27cx , (2.6.8)
The drag coefficient is
Ca/Cdo = 0.045x2 +0.104a +1 : (2.6.9)

The influence of the wake flow is approximated by adopting finite
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span wing theory. The wake flow causes a modification in the inlet
attack angle to the blade. The modification is
C ? )
O = ——— (2.6.10)
F(AR,T)

The leakage flow inside the rotor tip clearance causes a retaining
1lift at the blade tip. This leakage flow V¢ is a function of tip
clearance size, attack angle at the tip section and the resistance

inside the tip clearance. The torque caused by the leakage flow is
Ty = BV? , , (2.6.11)

Under these assumptions, the equation for the flowmeter
performance can be derived. In the prediction, the tip leakage flow
constant B is assumed to be constant for all flowrates, so the leakage
flow only causes an overall rise and fall of the flowmeter calibration
curve and no horizontal distortion is produced by the tip clearance.
This model can be used for the flowmeter with inlet swirl provid;ng
the inlet velocity profile is known.

Blows(1981) built a model based on aerodynamic considerations of
the flowmeter blades. In this model, the assumptions of symmetric
inlet flow, free swirl and no deviation of the flow leaving the blade
trailing edge are made. Then order magnitude analysis is used to
examine all the 1lift and drag forces on the rotor. The derived
flowmeter coefficient only depends on the driving torque and the
retarding torques of the blade form drag and the bearing. The

equation is
Tq - Tf -Tp = O (2.6.12)

In this model, it is found that the tip clearance and the
viscosity have a particular effect on the meter performance. From the
predicted results, an overall rise and horizontal distortion of the
performance curve are found as the tip clearance changes. Viscosity
causes the rise section to be delayed and smoothed in flowmeter
calibaration curve. These results general agree with the experimental
data. The predicted results show that the performance of a meter
hinges on the behaviour of blade 1ift force from the hub to the tip.

Aim to present an analysis model for the meter coefficient under

given flow conditions and meter geometry, Tsukamoto and Hutton(1985)
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apply the angular momentum law to the blades in different radial
positions. In this model, the flow deviation after the rotor is
obtained from the boundary theory given by Schlichting. Considering
the frictions of journal bearing, surface disk , the tip clearance and

hub surface, the equilibrium equation for the meter is

Tq =Tp +Th +T¢ + Tqjsc (2.6.13)

After numer}cal approximations of the driving and those retarding
torques, a dimensionless meter coefficient equation is derived. The
meter coefficient is a function of Reynolds number, inlet flow
condition and meter geometry. The predicted results are in agreement

with experimental data, but this model is limited to helical

flowmeters.
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CHAPTER

THREE

THE SINGULARITY METHOD

3.1 Introduction

Many investigators are currently doing research on the flow around
blades or blade cascades. Although much progress has been made in this
area, there are still many problems needed to be solved in the
prediction of these flows. The singularity method is one of the
methods for flow prediction and is especially popular in aerodynamic
calculation. This method is powerful for modelling potential flow
around arbitrary bodies and can also be used to simulate boundary
layers and wake flows. Hess and Smith(1966) have concluded that a
variety of two- and three- dimensional flows can be simulated by this
method, but most of their attention is given to the method of source
simulation. Martensen(Gostelow,1984) gives an extensive consideration
of the vortex singularity method. Using the vortex method, good
results are obtained by Wilkinson(1964).

A numerical model is described in this chapter for finding the
solutions to incompressible two dimensional potential flows around
blades or cascades, the boundary layer and the wake flow are not
involved in this chapter. Vortex panels are used in this model and the
Kutta condition is applied to obtain a unique solution to each of

those flow problenms,
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To get a solution to a problem, the following information is
required: |
(1) blade geometry
(2) inlet flow condition
{the magnitude and the direction of the free stream flow)
{(3) exit flow condition
(3.1) the angle of the flow leaving the blade trailing edge
or (3.2) the blade circulation
or (3.3) the Kutta condition;
Then the following results can be obtained:
(1) velocity distribution around the blade.
{2) pressure distribution around the blade.
(3) lift and drag coefficient of the blade.
{(4) the blade circulation if it is not specified initially.

3.2 Algorithm

3.2.1 CGCeneral Mathematical Description

The problem is to calculate the potential flow exterior to an

arbitrary body R as given by following figure

Yo~

The fluid velocity at a point in the flow field is

> )
V=V, +V) (3.2.1.1)

where

Iy
Vo is the uniform free stream flow.
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31 is the velocity disturbance due to the body R.
In potential flow, the Laplace equation holds. So

V= grad (¢) : (3.2.1.2)
and
v ¢ =0 (3.2.1.3)
The Neumann boundary condition is used in this model, 1i.e.
¢
= Vp (3.2.1.4
an
or
Y
=~V (3.2.1.5)
as

When the body is stationary, the normal velocity on the blade

surface is zero, i.e,

Vp = 0 (3.2.1.6)

This is the solid boundary condition which states that there is no

flow flux across the blade surface.

As well as the boundary condition, the Kutta condition has to be
applied to obtain a unique solution to the problem. In the followings,
the flows around blades or cascades are concerned, the Kutta

condition {s expressed as

CDI = cPu (3-2.1.7)

This equation comes from the requirement of the static pressure
continuity around the trailing edge. Thus, the pressure coefficients
at the points on both the upper and the lower surface at the blade
trailing edge are equal. Equations from (3.2.1.5) and (3.2.1.7)
together constitute a well posed problem for the solution to the

“potential flows around blades or cascades.

3.2.2 Flow Governing Equations
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In order to get a solution to a potential flow around blades or
blade cascades using the singularity method, the blade surface is
divided into small straight elements and every element is represented
by a vortex panel as shown in fig.3.1. The control point of every
panel is chosen at its centre. When the endpoints of every panel are
located on the blade contour and the panels are straight, the control
point is not exactly on the blade contour unless the local curvature
of the blade surface is zero as shown in fig.3.2. In the present
model, the trailing edge is a discontinuous point and this point is
not chosen as a panel endpoint, the two endpoints of the panels on the
upper and lower surfaces near the trailing edge are located very close
to the trailing edge, so the discrete contour is slightly open at the
trailing point instead of a completely closed polygon. Under this
discretization, there are N nodes on the blade contour and only N-1
control points are defined on the N-1 panels. If the panel size is
properly chosen, the control point on every panel should approach
close enough to the blade surface. The discretization is restricted by
the total number of the panels used to represent the blade contour and
the minimum size of a panel. Too many panels means too many unknowns
in the calculation, a huge amount of computing time is then necessary
and strong singular effects then exist between panels due to the small
distances between them. However, the maximum size of a panel is also
constrained by the suitability of the quasi-linear approximation to
the continuous velocity distribution on the blade surface. Obviously,
the accuracy of the method is sensitive to the size of the panel, so
the resulted polygon nuét be an appropriate representation of the
original blade contour. This can be achieved by using reasonably small
panels in the region where the blade surface has large curvature so
that the panels have a good representation to the original blade and
the linear distribution is an accurate approximation of the large
gradient of the velocity. Large panels can be used in the regions with
Jow curvature.

The equations governing the flow around blades or cascades are
obtained under the following conditions: (A) the boundary condition,
equation (3.2.1.5) 1is satisfied at all the control points on the
divided blade surfaces; (B) the Kutta conditioﬁ. equation(3.2.1.7) is
applied at every blade trailing edge.
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In the flow field, the velocity at every point consists of the
contributions from both the free stream flow and the vortices on the

blade surfaces. The free stream flow is expressed as

Y -+ >
Vo= U, (cos «, i + sin «, j) (3.2.2.1)

The normal component of the free stream flow at the ith control

point on the blade surface is

dy ‘ dx
Voo, i = Us €OS & (—) - sin «4, ( ) (3.2.2.2)
ds ds i

here s is the coordinate along the blade surface from the trailing
edge point on the uppet éide‘to the trailing edge point on the lower
side.

In a two dimensional potential flow, the velocity components at a

point are
P:1 4
U=
an
(3.2.2.3)
¥
V=
as

Where ¥ is the total stream function at a point in the flow field,
including the influence of both the free stream flow and the blade
surfaces. Because the free stream influence has already been expressed
in equation (3.2.2.2), the stream function used in the following
discussion only consists of the contribution from the vortices on the
blade surfaces.

From equafion (3.2.2.3), the normal velocity at a point on the ith

panel induced by a vortex element on the jth panel is

a%i .aj

aViaj = (3.2.2.4)

as
where Aj denotes a vortex element on the jth panel.
-The average normal velocity on the ith panel induced by the vortex

element is
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Si+1
fsi Avi,Ajdsi

(3.2.2.5)

Vi,aj =
: Asi

where Asj = sj,1 - S

‘Substituting equation(3.2.2.4) into equation (3.2.2.5), the

average normal velocity becomes

Sies 3%j,aj

s ——— ds;
7 Sj asy
vj,Aj =
Yi+v1,83 ~ *i,4
= J J : (3.2.2.6)

Asi

The total average normal velocity on the ith panel induced by the

whole jth panel is

Si+1 .
Vi,g=/J : Vi,aj dsj . (3.2.2.7)
.8

J
where j and j+1 are the node numbers of the jth vortex panel,
Substituting equation (3.2.2.6) into equation (3.2.2.7) , the

obtained total normal velocity formula is

1

Vi,j=—117
] asj sj

S S
Jer Pies,aj dsj - Is;+‘ ?i,aj dsj)

Ei+x, -Ej,
,j J (3.2.2.8)
ASI

here Ej j and Ej,, j are the stream function values at the ith and
the (i+1)th nodes by the whole jth panel. Thus

Sjes

sj 'Pi*'l.Aj ds

Eivs,j = [

Sjer 7

=T
S3 2n

tn|d| ds (3.2.2.9)
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where

ldel = ¢ (xi+|’x)z + (Vies -v)?
The vorticity distribution is assumed 1linear on each panel, so

the vorticity distribution on the jth panel can be expressed as

Lj—s LJ+S
r =75 -—-:;:———— + 7j+1 --—;E——— (3.2.2.10)
J J

where Lj is the semilength of the jth panel, s is the coordinate from
the central point of the panel in the direction from the jth node to
the (j+1)th node, »j and »j,, are the vortex strengths at the two
nodes. '

Substituting equation(3.2.2.10) into (3.2.2.9), the steam function

Ej+y,j is

L L
1 A ij-S jLJ+S X
Ejv103 = 73 mj| d,lds + 7j+1 I ¢n|d,| {ds

—Lij ’LjLJ

= Ajer 3,557 Y Afer, 41,577 §er ‘ (3.2.2.11)

where Aj j44,3 indicates stream function coefficient at the ith node

due to the vorticity associated with the vortex strength ”j+: OR the
jth vortex panel. The formula of Ai.j+t.j is given in Appendix A.

The stream function Ej j 1is deduced in the same manner as Ej,, q

and the obtained formula is

Ej,i= Ai.jﬁ.J"’Jn +Aj,5,5%73 (3.2.2.12)

Substituting E; ; and Ej,, ; into equation (2.2.2.8), the average
normal velocity in the ith panel induced by the j-th panel is

(Ajer,j+1,5 ~Af,3e1,5) (Aj+1,3,5 7A1,3,3)
Vi,j = Yjer * 75
Asi Asi

(3.2.2.13)
Instead of using the local normal velocity at the control point as

the boundary condition on each panel, the average normal velocity on
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each panel is used in the present model. The total normal velocity on
each panel on the blade surface induced by all the vortices on the

blade surfaces can be written as

N .
Vi= ) Kij7y (3.2.2.13)
j=1
where Ki,j is the total normal velocity influence coefficient on the
ith panel due to the vorticity connected with the vortex strength 7j.
This vorticity is linearly distributed on the (j-1)th and the jth

panels. The coefficients are

Aj*"»joj - Aioj:j + Aj""oj’j“ - Aj!joj-‘
Ki,j = 1< j <N
ASj

Ai+1,1,1 ’Ai,x,x

= J"—'l
Asi
Af+1,N,N-1 “Af,N,N-1
= j:N
Asi
(3.2.2.14)

Applying equation(3.2.1.5) at the ith panel, the following

equation is obtained

N
d dx
} Ki,j 7i + Up{cose, ("—d“;—)i -sinx, ( ds )i} = Vbi
J=1
(3.2.2.15)

Rearranging the above equation, it becomes:
N
} Ki § #§ = Vp3y - U, [cos (Qy_) ~ sin (i"(‘) J
J=1

= RHS; . (3.2.2.16)

When the blade is moving, the RHS is
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=Y
n

> 9 9
RHS; =- Vo * n + Up'n ~ (3.2.2.17)

where U, is the blade velocity at the ith control point.
'In the two dimensional flows with rotor/stator interaction, the

rotating speed of a blade is U, as shown in fig.3.3 , the RHS is

dy dx dx

RHSj=- Un[ cosan,( — )j - sine, ( — )3] - Up ( — )j
ds : ds ds
(3.2.2.18)

If the blade is oscillating about an axis as shown in fig.3.4 ,
the velocity of the ith control point is

Up = o x fj0 : (3.2.2.19)
where ;1,0 is the position vector from the axis of the rotation to the
ith control point. .

By applying equation(3.2.1.5) on each panel, N-1 equations with N
unknowns are bbtained. so the solution to these equations is not
unique. To define a unique solution, the Kutta condition is applied at

the blade trailing edges in the calculation.

3.3. The Kutta Condition

The Kutta condition requires that no infinite value appears at the
blade trailing edge in the solutions of either flow velocity or
pressure. In other words, the Kutta condition asks the blade to
produce such a circulation that the flow leaves the trailing edge
smoothly. In fact, there are several equivalent expressions for the
Kutta condition. One expression for the blade with sharp trailing
edge states that f]uid'cannot move arouﬁd the sharp trailing edge, 80
the trailing point must be a\stagnation point or the velocity at the
upper surface trailing point is equal to that at thé lower surface
trailing edge. Another expression states a requirement for the static
pressure continuity at the trailing edge. In steady flow, the
trailing edge is taken to be a stagnation point for a blade with

non-zero trailing edge angle and the streamline from the trailing edge
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bisects the tangents from the upper and lower surfaces at the
trailing edge. For a cusp trailing edge blade, in order to avoid
pressure discontinuity at the trailing edge, the velocities on the
upper and lower surfaces at blade trailing edge should be equal.

In potential flow, the Bernoulli equation is valid. So for the
points on the upper and lower surfaces at the trailing edge, the
Bernoulli equation is

Uy? Py @, U? P 39)

+ + = + +
2 P at 2 P at

(3.3.1)
Since the Kutta condition requires static pressure continuity at

the trailing edge

Pu=P] (3.3.2)

Substituting equation(3.3.2) into (3.3.1), the obtained equation

is arranged as

( Uu2 -U12) 3(e}-9) ar
= (3.8.3)

2 at at

where I = &)-9,
In steady flow,there is no circulation change around the blades,

i.e.

ar
—— =0 : (3.3.4)

at
Therefore, the equation expressing the Kutta condition for steady
flow is

Uy = Ug (3.3.5)

In steady flow, there is no circulation change around a blade, so
no wake flow is formed behind it. In unsteady flow, even for a cusped
trailing edge blade, the velocity on upper and lower surfaces at the
trailing edge are no longer equal. The equation (3.3.3) indicates a
change in the blade circulation, so vortices are shed into the wake.
' The wake flow simulation is presented in the coilng chapters.
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3.3.1 A New Applying Method of the Kutta Condition

'In steady flow, the equations defined by the boundary condition
and the Kutta condition are linear and their solution can be obtained
directly. But for the unsteady flow, the Kutta condition is a
nonlinear equation. Here, in order to present a general calculating
method which can be used for both steady and unsteady flows, the
nonlinear Kutta condition is involved in the discussion.

In an unsteady flow, the disadvantagés is that the Kutta
.condition introduces a non-linear equation and it is difficult to
combine this non-linear equation with the linear equations from the
_boundary condition to get the potential solution. :

'The direct method that can be used to solve this problem is
iterative. Since a blade surface is represented by many vortices and
several blades may be involved in the calculation, this method can be
time consuming. ' ‘

In the method given by Maskell(Basu and Hancock, 1978), the flow
is supposed to leave the blade parallel ‘to either the upper or lower
trailing edge surface depending on the sign of the shed vortex. When
the shed vorticity is anti-clockwise, the flow 1eaves the trailing
edge parallel to the lower trailing edge surface; whereas, the flow
leaves the trailing edge parallel to the upper trailing edge surface
when the shed vortex is clockwise. After the direction of the vortex
leaving the trailing edge is known to be parallel to one blade surface
at the trailing edge, the velocity on the other side is zero at the
trailing edge for the blade with non-zero trailing edge angle, this lis
the extra equation needed to obtain a wunique solution to
equations(3.2.2.16)., But it may be difficult to determine the exit
flow direction in some cases. , ‘

Another method is Martensen's method(Gostelow, 1984). In this
method, the flow lis split into three basic flows as reviewed in
chapter 2. Those basic flows are the flow with zero inlet angle and
zero circulation, the flow with 90 degree inlet angle and zero
circulation, and the flow with 90 degree inlet angle and unit
circulatioh. After the solutions to these basic flows are obtained,
‘these solutions are ksuperimposed to obtain the solution to the
original problem. Unfortunately, the Martensen method is mainiyv
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designed for single cascade fiow.

Here, a new method is introduced to obtain the solution to
unsteady flows. In this method, it is unnecessary to guess the exit
flow condition in advance. The method can be easily applied for the
flows with a single blade or a single cascade and the flows with
interaction among blades or cascades. For the convenience of
presentation, the flow around two blades or two cascades is discussed.

In potential flow, Laplace's equation governs the flow, so the
flow can be split into several basic potential flows.‘The solution to
the original problem is a linear combination of the solutions to these
basic flows. In a flow around blades or cascades, the flow is split
into four basic flows as presented in fig.3.5. These four flows are
defined with four different trailing edge conditions. In each set of
these basic flows, an extra equation is supplied for each cascade or
blade to obtain a unidue solution.

As for the basic flows, their solutions can be obtained very
easily through the linear equations defined by the boundary condition
and the trailing edge flow conditions. The correct combination of
these basic flow solutions is controlled by the Kutta condition.

For every basic flow, the boundary condition is

2N
} Ki,j 73 = RHS§ i=1,2,..., 2N-2
I=1 (3.3.1.1)

A linear combination of the equations governing the four basic

flows gives

2N

} Ki,g [k »@) 4 ke 7y 4 ks y(€)5 v ke 5(d)y )

j-1

= (ki+k2+ks+k«) RHS; i=1,2, ..., 2N-2
. (3.3.1.2)

where »(2), y (D) , 7(¢) and y» (d) are the solutions to the four
basic flows and kj "are combination factors.

To find the solufidn to the original flow problem, four equations

are needed to decide the four combination factors. The first equation
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comes from the influence of the free stream flow. The total influence
of the free stream flow expressed by the combination of these four

basic flows should equal to its actual influence. This requires

(k1 +kz +k3 + k)= 1 - (3.3.1.3)

On the other hand, the Kutta condition is satisfied by the
original flow. So more equations can obtained by applying the Kutta

condition to the trailing edge for each blade or cascade.
On examining the four basic flows, only three of them are found to

be independent( Appendix B). So only three of the four basic flows are

necessary to obtain the solution to the problem and
ki +k2 +k3 = 1 ' (3.3.1.4)

Therefore the combination factors can be decided uniquely by
equation(3.8.1.4) and two equations from the Kutta condition,

consequently a unique solution is obtained to the original problem.
3.3.2 Solutions by the New Method

Since only three basic flows are necessary to decide the solution
to the original flow problem, basic flow a, b and ¢ are chosen in the
discussion. The vortex intensities at the nodes on the blade surface

are

7j = ktyrj(a) + ke 7J(b) +ks 7J(C) j=1,2,..... »2N

where N pivotal points are located on each blade surface.

The circulation around each blade is

r = kir(a) 4 gor(b) 4 xsr(c) (3.3.2.2)

The vortex intensities at the four trailing edge points of two

blades are
.71 =k17‘(a) + kzr,(b) + k!y‘(c)
7N =k17&(a) +rk27N(b) + kayy(€)
YN+1 =Kiry,, (3) +k27N+‘(b) + kSyN+‘(C)

Y2N T k{?:N(a) + kl?;n(b) + k’er(c)
(3.3.2.3)
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where 1,N,N+1,2N are four pivotal points at the two cascade or blade
tralling edges.
In the basic flow (a)

7‘(3) = 0
(3.3.2.4)

7N+‘(a) = 0

In basic flow (b)
(3.3.2.5)

7N+1(b) =

In basic flow (c)

7‘(‘:) e 0
(3.3.2.6)

72N(C) = 0

Substituting these vortex strengths into equation (3.3.2.3), the
total vortex strengths at the trailing edge points are

7y = k2 7‘(b)
)N "™ klyN(a) + kayN(C)
PN+1 = kory,, (€)

72N = Kiy,n(@) + k2y,y(b) (5.5.2.1)

The Kutta condition is applied to each blade or cascade. The

obtained equations are .

2 2 2 rl
U, -0t . (3.3.2.8)
at
2 ‘ 2 3T e
UN+1 - UzN = 2 . (3.3.2.9)
)

The circulations around blades or cascades can be calculated
using equation (3.3.2.2) and they are substituted into equations
(3.3.2.8) and (3.3.2.9), the resulted equations are

)
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ary

712 -7Nz = 2
at

3
=2 — [ kir, (@) 4 k2 £, (D) 4 kor,(c) ]

at
(3.3.2.10)
) a I
YN+1® =7 o§° = 2 t
3
-2 % [m,(a) + kar,(b) 4+ kar,(€) ]
(3.3.2.11)

Substituting »31,YN,”N+1 and 72N in (3.3.2.7) into the equations
(3.3.2.10) and (3.3.2.11), two equations about unknowns ki, kz and k»

can be obtained.

In the equations (3.3.1.4), (3.3.2.10) and (3.3.2.11), there are
three unknowns, so ki,kz and ks can be determined. But two solutions
can be obtained and only one of them is correct, the right choice is
made by confirming there is no reverse flow on the blade surface at

the trailing edge.
In the steady flow around a single blade or cascade, the second

blade or cascade is ignored, only basic flow(a) and flow (b) are then
needed. The equation from the Kutta condition(3.3.5) is

Uy = U) (3.3.2.12)
Which implies
Yy ® T 7N (3.3.2.13)

From equation (3.3.2.7), the vortex strengths at the blade
trailing edge are

r S kl*yl(b)
(303-2-14)

N = ki*ay(a)
Subsituting equation(3.3.2.14) into (3.3.2.13), the combination
factor ki is

y, (b)
(3.3.2.15)

ki = 7, (0)_ (a)
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In the unsteady flow around a single blade or cascade, the

equation for one combination factor <comes from the Kutta

condition(3.3.3) and it is
* 2 *
p*k1~ +q*ki +r =0 , o (3.3.2.16)

where
p= [7,(B)]2 - [yy(2))2

'2[71(b)]2 - 2[rl(a)-rt(b)]/At

q

rs
L}

[»,(P))2 —2[r, (b)pr(t-at)})/at

The other combination factor is given by

k2= 1-k1
Using this method, no iterative calculation or guessing about the
flow situation at the blade trailing edges 1is made, the Kutta

condition is strictly satisfied in each blade or cascade.

3.4 Calculation Details

3.4.1 Velocity on Blade Surfaces

By solving the above linear equations, the vortex strength at the
N nodes can be obtained. Because of the boundary condition on the
blade surface, the velocity on the blade surface is equal to the

intensity of the local vortex panel, i.e.

U(sg) = »g (3.4.1.1)

3.4.2 Pressure Coefficient at Control Points

The pressure coefficlent is defined as

P

C
P 0.50U,2

By applying the Bernoulli equation, the pressure coefficient on

the blade surface can be obtained. In steady flow, it is
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v
)2 (3.4.2.1)

Ch =1 - (
p
U

For stationary blades in unsteady flow, the coefficient is

: u : 2 EL
Cp= 1 - ) - (3.4.2.2)
Us Us? at
In unsteady flow around a moving blade, the pressure coefficient
is ’

U Up 2 F13

Cp =1 -« )2+ ( )2 - — (3.4.2.3)
Ue Us U2  at

3.4.3 Lift Coefficient

The 1ift force acting on a blade is an integration of the pressure

around the blade contour., It is

vl a0
+

2 at

) ds (3.4.3.1)

L=¢Pds=-8p |

The 1ift coefficient using the chord as a characteristic length is
defined as

L
Co= (3.4.3.2)

pU2C/2

3.4.4 Velocity at a Point in the Flow Field

The velocity components at a point(x,y) outside the blade contours

are calculated using the following formulae

N
- - 1 (y-yi)>i884 ‘
1=}
N .
1 (x-x4) 71884
- v * 2w ‘ & . . .
v ® 2w 2 (x~x4)% *(Y’Vi)‘ (3.4.4.2)

i=]
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3.5 Calculation of Cascade Flovs

When a cascade flow is considered, where there are an infinite
number of blades, the velocity influence coefficient must be modified
to incorporate the mutual influence between the blades.

In a cascade,‘the velocity components at a surface point(xy,vj)
induced by a vortex, located at (xJ.yJ) and with vorticity r and space

S, are
r
3 2 >
1, = — ({uy g3+ Jvy5) (3.5.1)
28
where
| ~ sin] :" (Yi'Yj)]
u = (3.5.2)
i, o o
cosh[—g—(xj-x5)] - cos[~¢ (vi-vjy)]
sinh[-%l (x§-x3)]
ViJgg - (3.5.3)

2 an
cosh[—— (xj-x35)] - cos{ — (vi-v3)]
) S

The normal velocity component at the i-th control point due to

the j-th point vortex on the cascade surface is

dy dx
V3 = U 1 T Vg (3.5.4)

where uj 4 and vy,j are the velocity components in x and y directions
at the ith control point due to the jth point vortex according to
equations(3.5.2) and (3.5.3).

The normal velocity influence coefficient is
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29(xj-xj) dx 2n(yi-yy)] dy
1 sinh ( ) 4 +sin[ 4}( )i

Ki 5= — ! S ds S | _ds As
i,J ‘ Zv(xi-xj) T , 2v(y1—yj) J
28 cosh }~——————| - cos| ————
. : - S . S
ivj
(3.5.5)

The velocity at the control point induced by the vortex panel
jtself is the same as for the vortex on a single blade surface, the
normal velocity coefficient is also the same as that for the vortex
on a single blade.

Because the flow field is periodic in cascade flows, only one
blade in a single cascade is needed to be concerned in the calculation
with the cascade influence coefficients. The calculating procedure is
the same as that’for a single blade.

In the present method, the concerned blades are represented by
vortex panels. Due to the difficulty in obtaining the mutual influence
coefficient of vortex panels in a cascade, the influence coefficient
of the jth cascade vortex panel at the ith panel is calculated using

the following rule
Ki,j = Ki,3P + kg 4¢P -Ki.jpointf (3.5.7)

Ki,jP 1s the influence coefficient on the ith panel due to the jth
panel on the concerned single blade surface of the cascade. Its
vorticity is linearly distributed along the panel. The coefficient
can be calculated from equation(3.2.2.14);

Ky,j°P is the influence coefficient on the ith panel due to the
similarly positioned point vortices on the jth panel in each cascade
blade. The point vortex is located at the midpoint of the jth panel
and has the same vorticity as the vortex panel on each blade. The

coefficient is calculated through equation(3.5.5).

oint
Ki,Jp is the influence coefficient on the ith panel due to the
point vortex located at the midpoint of the jth panel on the concerned
single blade surface in the calculation. The normal velocity

coefficient is calculated using the following equations.
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(x5-%5) (——) 2l
Kj Jpoint — 1 T ds 1 F(1-vy) ds )3
2w (Xi-xj)2+(yi~yj)2

(3.5.8)
In the flow involving caécadeé with different spaces, the flow
repeats over several cascade spaces. In order to make every blade
surface to be a streamline, several blades have to be included in the

calculation. The equations governing the flow become:

N*Np
) K *rg = Ris (2.5.6)

1=1 3=1,2,..., (N-1)Ny
where N, is the total number of blades in one period in which flow

features repeat pitchwise. The Kutta condition also has to be applied
to the trailing edge of every involved blade.

3.6 Results and Conclusion

In this chapter, a numerical model has been built for two
dimensional potential flows around blades or cascades in both steady
and unsteady states. A new method is introduced to apply the Kutta
condition and some results are presented. In fig 3.6, the calculated
pressure distribution on airfoil NACA A006 with zero incidence is
compared with the exact solution given by Abbot et al(1959), " the
agreement between them is very good. In fig 3.7, the pressure
distribution on the same blade with 4 degree 1incidence |is

presented.



52

CHAPTER

FOUR

. WARE SIMULATIONS

4.1 Wake Flow Simulation

In the real flow around blades, vortices. are shed into the flow
from the separation points on the blade surfaces, hence wake flows
exist. After reviewed the unsteady flows inside turbomachines,
Platzer(1977) concludes that the wake from singie stage can generate
significant flow non-uniformity and unsteadiness. S0 an accurate
potential model of the flow around blades should include the infliuence
of the free stream flow, the potential interaction between blades and
the wake flows as shown fig.4.1. The equations governing this flow
are obtained by maintaining blade surfaces being streamlines under

all these influences. The equations are

} Kivj 75+ } K'ij,k 7k = RHSj
J=1 k=1

i=1,2,3,...,(N-1)Ny
(4.1.1)
Which can be rearranged as

Np*N Ny ’
} Ki'J 7y = RHS; - } K'i,k Yk
J=1 . k=1

i=1,2,3,...,(N-1)Np
(4.1.2)
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here Ny is the total number of the vortices in the wake flow, Np is
the total number of the blades involved in the calculation and RHSj
mean the same as in equation(3.2.2.16)

In this model, the interaction between blades and their wake flows
is simulated by the interaction between the employed vortices. The
simulation starts when the first vortex is shed and continues until a
wake flow is fully established. During the process, the flow 1is
unsteady due. to the developing wake flows., The result of the
simulation is stable wake flows in a steady flow or a periodic wake

flow in an unsteady flow.

4.2 The Rutta Condition

In the wake flow simulation, the Kutta condition is still needed
to obtain a unique solution to the problem. In the case when flow
separation happens either before the flow reaches the blade trailing
edge or at the blade trailing edge, the Kutta condition is applied at
the separation points. In the scheme shown in fig.4.2, a and b, ¢ and
d are two pairs of points just beside two separation points on one
blade surface and the separated flows divide the flow field around the
blade into two regions. In both flow regions, the flows are still
inviscid potential flows and the blade surface remains a streamline.

In region R1, points b and ¢ are on the same streamline, applying
the Bernoulli equation between b and ¢ gives

Up? 3%, Py U2 a8 P,
+ + = + + (4.2.1)
2 at P 2 at P
or
Pp-Pc Uc2 ¢ Up2 3%
= + ) = ( + ) (4.2.2)
(o 2 at 2 at :

The Bernoulli equation can be applied to points a and d in
region R2 in the same way, the obtained equation is
Uaz 3‘03 Pa Udz aod Pd .
+ + - + + (4-2-3)
2 at P 2 at e
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or

Pa-P4 ( Ug? 3ty o Ug2 a9
= + - +
P 2 at 2 at

) (4.2.4)

As summarized by Smith(1982,1986), the position of the line vortex
in the flow is located in such way that the total transverse force on
each lengthwise element is zero. On the blade surface, because points
a and b are -both very close to the same separation point but on
different side of the separated vortex sheet and there should be no

static pressure difference across a vortex sheet, so

Pa *Pp (4.2.5)

Points ¢ and d are in the same situation as points a and b, then

Pc =Pq. (4.2.6)
From equations(4.2.5) and (4.2.6), the following equation can be
obtained
Pg =Py Pb -Pc
= ‘ (4.2.7)
P p

Substituting equations(4.2.2) and (4.2.4) into equation (4.2.7),
the result is

U2 ad. up2 3%y, Ug? 3y Up? 3%,
( + )-( + ) = ( + ) =( + )
2 ot 2 at 2 at 2 14
(4.2.8)
Rearranging this equation, it becomes
1 A(®a-0p+®c-94)
—_— (.sz - Ua2 + Udz - Uc2) -
2 at

(4.209)
Just behind a separation point, the velocity is zero on the blade

surface. So
Ua =0 and Uyg=0
The circulation around the blade is
I = 0,-04+0.-¢), ' (4.2.10)

So equation(4.2.9) can be written as
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1 ' ar
. — (sz _UCZ) =
2 at

(4.2.11)

This is the Kutta condition for the flow around a blade with two

separation points.

- 4.3 Vortex Shedding

The wake simulation begins when the free stream flow is zero and
the blades are stationary, so no circulation exists around the blades.
Then the uniform free stream flow begiﬁs to be set up. When fluid
moves around a blade surface with a sharp trajling edge, a flow with
very high acceleration is produced at the trailing edge point at the
first instant. Owing to the viscosity of the fluid, this flow cannot
"last for a long time. Instead vortices are shed from the sharp point,
a velocity discontinuity across the separated vortex sheet appearé and
a circulation is produced around the blades at the same time. In some
cases, due to fluid viscosity and adverse pressure gradient on the
blade surface, the flow separates from the blade surface before
reaching the trailing edge and vortices are shed from the separation

point on the blade surface.

In the flow around a blade with a cusp trailing edge and there is
no separation before the flow reaches the blade trailing edge, the
vortices are convected 1nto»the flow from both the upper andllower
surfaces at blade trailing edge. In steady inviscid flow, equal and
opposite vortices are shed into the wake at the trailing edge from the
upper and the lower surface at the same time, they cdncel each other
-immediately after they are shed and no wake can be established. For
unsteady flow, the vortices shed over the upper and the lower surface
do not always cancel each other and a wake can be formed as fig.4.3.

As to the inviscid potential flow around a blade with a blunt
trailing edge is concerned, the potential flow should follow the blade
surface to a stagnation point in the blade trailing area and the Kutta
condition should be valid at this stagnation point. Even this is an
accurate representation of the potential flow around the blade, large

acceleration would cause the simulated flow to be far from the real
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flow in the trailing edge area due to the large curvature of the local
blade surface. In this potential approach, flow is assumed to separate
from the blade surface at the sharp points and a wake flow is formed

behind the blade as fig.4.4.
According to Kelvin's theorem, the vorticity should be conserved

in the inviscid flow subject to irrotational body forces. Therefore
the change in the circulation around the blade satisfies the following

equation
ar ary
Smp—— n - (4.3-1)
at at

here I is the circulation around the blade and Iy is the total
circulation in the wake flow.

To simulate the separated flows, vortex sheets are shed from the
separation points. The vortex sheets are represented by vortex panels
in the region near the separation points and point vortices in the
region far from the separation points; In this calculation, one vortex
panel is shed from each separation point in each time step.

Because the vortex sheet is shed into the flow continously from
every separation point, the vorticity on the vortex panels should be
also continuously distributed. The intensity of the nascent vortex
panel at the separation point must have the same intensity as the

local surface vorticity, i.e.
r: 7g (4.3.2)

and the convective velocity of the nascent panel leaving the

separation point is

where Ug is the local velocity at the separation point on the blade
surface.
The circulation of the nascent vortex panel during a time step At
is
at
ar = f 0.5 Ug2 dt (4.3.3)
0
When there are several separation points on a blade surface, the

vorticities of the nascent vortices from these separation points in
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one time step are

arg= fAto.s 7s,i2 dt (4.3.4)
1)

The positions of the nascent vortices in the wake flow are
determinéd by the flows at the separation points. The nascent vortices
should lééve fhe separation points in the same direction as the local
streamlines. The lehgfhs of these nascent vortex panels are the
convective fluid displacement'in the time step while they are shed.

The lengths are given by

at L .
25 = J V¢, j*dt (4.3.5)
0 .

The endpoint locations of the nascent panels in the wake flow are

X{ = Xgi+ £ c0s6y
(4.3.6)

Vi = Vsi+ #j sinej
where ©; are the flow directions at the separation points.

When -a separation is at the trailing edge of an airfoil, the
leaving angle of the flow is as discussed in Appendix C. But for the
flow around a blade with blunt trailing edge, the separated flow is in

the local flow direction at the separation point.
In this chapter, viscosity effect is not considered, so the shed

vortices leave the blade at the separation points. As the matter of
fact, a boundary layer always exists on the blade surface in the real
flows, so these vortices are shed into the wake not exactly from the
separation points on the blade suffaee, but from the boundary layer at
these points. In the calculation after this chapter, the vortex sheet
is shed into the wake at the gravity centre of the approximated
boundary layer vorticity profile at each separation point instead of

at the separation points on the blade surface.

4.4 Vortex Motion

The motion of the vortices inside the wake is governed by
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following equations

xj(t+at) xj(t) + uat

] (4.4.1)

yj (t+at) yvi(t) + vat

In the above formulae, u and v contain contributions from the free
stream flow, the blades and the wake flow. Among those contributions,
the convective velocity components produced by point vortices in the

wéke can be calculated using the following formulae,

n
__4x y -xsi)
u="4 = }ri 27d
i=1

n
- _dy - X-x(i)
v dt i 2n7d

where d={[x-x(1))%+[y-y(1)]?)*/?
(4.4.2)

These formulae are singular near the location of every point
vortex. This can make the motion of some vortices erratic. In order to
produce 2 smooth and regular velocity distribution in the flow field,
each vortex is supposed to possess a core over which its vorticity is
spread, The core size and the vorticity distribution in the core can
be chosen according to the physical properties of the simulated fluid
and mathematical characteristics of the involved equations. From the
mathematical point of view, the core size is decided so that the
vortices cannot produce a strong singular effect in the wvelocity
field. According to fluid properties, the wake flow is always in
turbulent state. The separated vortex structure usually has an
expanding core due to diffusion and a velocity defect is caused after
the separation point. The core size also depends on the separated flow
structure. From numerical experience, the recommended core size is
about 0.5 percent of the blade dimension as used by Spalart et al.
While the core size is chosen in the right range, a smooth flow field
is produced and the solution to the problem is not sensitive to the
core size and its vorticity distribution. So the right core size can
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be found by computational trials. The used core size in the
calculation is 0.5 percent of the blade chord.

After vortices leave the separation pointé, their shape is
continuously changing in a real flow due to the turbulent mixing and
diffusion. Hence the core size would become bigger and both its shape
and vorticity distribution become dirregular. In the present
calculations, only the inviscid flow is considered, the vorticity of
the vortices in the wake is kept constant and their core sizes are
also assumed not to change during their motion. Within the core, it is
assumed that the velocity induced by vortex itself 1is 1linearly
distributed across the core like a forced vortex, the induced velocity
reaches zero at the centre of the core and the maximum at its edge.
The influence of a vortex in the region outside its core is assumed to

be the same as for a point vortex at the core centre.

4,5 Pressure Coefficient

When the velocity field is known, Bernoulli's equation is used to
calculate the pressure distribution on the blade surface. The pressure

coefficient is defined as

P
(4.5.1)

cn

p
pU.2/2

By applying Bernoulli's equation, the pressure coefficient can be

expressed as

v Up 2 de
Cpb =1-( )+ )2-

(4.5.2)
When the blade is stationary, Up=0.
In region Rl as shown in fig.4.2, the pressure coefficient can be
got using the above equation directly.
In region R2, the Bernoulli equation can still be used between
the points on the blade surface. Thus | |
P U2 a0 Pa Va2 3%,

+ + = + + 3 (4.5.3)
P 2 at o) 2 at
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Because Uz=0, then

P P, U2 3(e,-9)
= - - (4.5.5)
[ P .2 at

Therefore, the pressure coefficient inside the separated region R2
is
U 2 3(e,4-¢)

Cp= Cp,a ~I )?- (4.5.6)
Uy VA 14

Because points a and b are on the different side of the same

separated vortex sheet, the pressures at these two points are equal,
i.e. ’

Cp,a = Cp,b (4.5.7)

Substituting equation{4.5.7) into (4.5.6), the pressure
coefficient at a point on the blade surface in the region R2 is
U 2 a(e-9,)

Cp= Cp,b ~ )2- ‘ . (4.5.8)
: : Uo = Ugp? -3t :

Cp,b can be obtained by applying the Bernoulli equation in the
region R1.

In the calculation of the pressure coefficient, the change rate of
velocity potential is necessary. In the calculation of the velocity
potential, the contributions from the free stream flow, the blade and
the wake flows are considered separately. As to the velocity potential
at point p indpced by vortices in the wake flow is concerned, because
the vorticity of those vortices is assumed to be constant during their
motion, the velocity potential induced by them is only a function of
the relative positions between point P and these vortices. After the
velocities of these vortices are known, the relative positions between
them and point P become known functions of time, The time derivative
of the veldcity potential at point P due to a vortex in the wake can
be evaluated by the following formula given by Greitzer(1979)

3%y 3%y ax'  aey ay’ , |
- + (4.5.9)

at . ax! at 3y’ at
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where x' and y' are relative positions of point P with respect to the
vortex in the wake. They are given by

X' = Xp- x1
(4.5.10)

y's= Yp Vi
3®/ax' and 3%/3y' are the velocity components in the x and y
directions induced at point P by the vortex. For cascade flow, these

velocity components are

ady r sin(2ny'/S)
u = = -
ax! 2s cosh(27x'/8) -cos(2ny'/S)
%y r sinh(2rx'/S)
voﬂ =
ay' 2s cosh(2»x'/S)~ cos(27y'/S)

(4.5.11)
ax'/at and 3y'/at are the relative velocity components in the x
and y directions of point P relative to the vortex. They are given by

ax' axXp axj
at ) at ) at
= Up ~Uyor,} (4.5.12)
ay' avp vy
at ) at ) at
= Vp ~Vyor,1 | (4.5.13)

When point P is stationary in the fixed coordinate system, then

dx' _

= = Uyor,i
dt
dy'

.—v i
it vor,

(4.5.14)

so the change rate of the velocity potential at point P due to a
vortex in the wake flow is:
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3 ¢i
- = y° (up-uyorsi) + vo (Vp ~Vyorsi) © (4.5.15)
d

In the wake flow, there may be a lot of vortices. The total

velocity potential induced by the wake flow is

V .
01 {(4.5.16)

=1

@
] .

And the change rate of the velocity potential is

.
a® Vooad

z .3

at o1 ot

(4.5.17)

The velocity potential of the free stream flow is
® = U, XtV, V¥
=U,[ cose, X +sin«, y] ‘ (4.5.18)

The change rate of the velocity potential at point P caused by the
free stream flow is

v 3X ay
— = Up(cosx, +sine, )
at | at - at
= Uy, (up Cosxg+ Vp sineg) (4.5.19)

When calculating the ve]ocity potential at point P induced by the
vortices on the blade surfaces, it should be noted that not only the
relative positions between them and point P are changing with time
while the blades are moving, the strength of the vortices themselves
are also changing due to the unsteady disturbances from the wake flows
and the interaction between the involved blades. In that case, the
velocity potentlal‘due to the vortices on the blade surfaces has to be
differentiated with respect to time. The change rate of the velocity
potential is:

v o(t+at) ~ o(t)

= ‘ (4.5.20)
at at
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here ¢(t.:at) and ¢®(t) are the velocity potentials at point P due to
the vortices on the blade surfaces at time t+at and t respectively.

The velocity potential induced at point P(x,y) by a cascade
vortex with vorticity r at location[x(i),y(i)] in the y direction
given by Lamb(1945) is

r v[x-x(1)] w[y-y(1)]
®(J,1)= — atan {tanh(- Yecot( )}
28 S S
(4.5.21)

In order to reduce computing time, the calculation of velocity
potential on the blade sﬁrface is further simplified. The velocity
potential difference between any two points in the flow field is the
integration of the velocity along any path between them, it can be

written as

®a-%p = fab v ds = {b ( udx+ vdyy

N
-} (ui Axi'bVi Ayi) (4.5.22)
i=1 '

here the path between points a and b is divided into N elements for
numerical integration, Ax and Ay are the lengths of the i~th element
in x and y directions, uj and v are the velocity components in the x
and y directions at the element,

In this calculation, because only the pressure on the blade
surface is required, so only the velocity potential on blade surface
needs to be determined. Through equation (4.5.22), the velocity
potential on the blade surface can be obtained by integrating the
velocity along the blade surface from a point where the velocity
potential 1is known. This staftlng point is taken as a reference
point. The velocity potential at this reference ‘point has to be
calculated using equations(4.5.15), (4.5.19) and (4.5.20). When the
velocity potential at the reference point is known, the velocity
potential at any point on blade surface is obtained by integrating
the velocity along blade surface from the reference point. Hence
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s3 :
Ti=Cret S U(s,t)ds
¢]

Ni
=ore+§ Uy(t)asy
51
—-— :* .
= ¢Pe+¢ i ‘ . (4.5.23)
The velocity potential time derivative on the blade surface are

a%y d%re a0 ' |
. - | (4.5.24)

at at at

4.6 The Far Wake Region

After the first vortex is shed from the separation points, more
and more vortices are continuously shed into the wake as the
simulation develops. There would be a lot of vortices involved in the
calculation before a stablé result is achieved. Too hany vortices in
the wake could need huge computing time. To reduce the computing time,
some approximations have to be made. Fortunately, as the vortices move
away from the blade surface, the interaction between them and the
blades decreases and tends to a constant. For the flow around a
single blade or several blades, the influence of the vortices on the
distant blade surfaces tends to zero. As to the vortices in the wake
of a cascade are concerned, because the wake flow forms a cascade
wake as well, the influence of those vortices on the blade cascade
reaches a constant as they move away from the blades. The velocity
induced in the calculating domain by these vortices in the far wake
region can be approximated by the following formulae from
equations(3.5.2) and (3.5.3) as ’

u=0 .. (4.6.1)

v= - (4.6.2)

2s
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- When the axial distance between a separated vortex and the blade
trailing edge is more than oné cascade space, the maximum error caused
by the above approximation is about 0.01% for an unit vortex. Since
only the flow near the blade surface is of interest. So it is
unnécessary to follow the exact movement of these vortices in the wake
region far from the blade surfécé unless a | very high accuracy is
required. On the other hand, the flow field in thé far wake region
becomes uniform in the real flow as the unsteady wake flow decays
away. The experimental results of Lakshminarayana and et al(1982) show
that the effects of a turbomachine blade wake nearly disappear beyond
about a half-chord downstream of the trailing edge. The average
veloéity in the far wake region can be easily obtained through mass
conservation law, | ‘

In the calculations, the wake flow after the last downstream
cascade is divided into three regions as shown in fig.4.5. One is the
near region. The movement of the vortices in this region is governed
exactly by eduatlon(4.4.1). The flow is assumed to be uniform in the
second region which is just downstream of the near wake region. The
velocity is fixed by the continuity equation.

In cascade flow, the velocity components in the second region are

ufw = u,,,
(4.6.3)

In the flow around a single blade or several blades, flow velocity

components are

ttw = fe (4.6.4)

Viw = Vo

The movement of the vortices in the second region is not exactly
governed by equation (4.4.1) and the interference between the vortices
inside this region is ignored.

The third region is the downstream of the second region. It is
called the far wake region. All the vortices moving into this region
are merged together. The moving velocity of the merged vortex is the
same as the vortices. in the second region. The vorticity of the merged
vortex Cgy, is the sum of the vorticities of all those vortices that



66

move into the far wake region and the influence of it on the flow
field around the cascade is independent of its location in the far
wake .
The size of these wake regions depends on required accuracy and

availiable computing time.

In cascade flow, the velocity components due to the vortices in
far wake region can be calculated using the following formulae:

u=0
(4.6.5)
Cfw

—
.28

The velocity potential due to the vortices in the far wake region
is from formula (4.5.15) as
a%®

——;—-= u® (up - upy) + v° (Vp'Vfw) (4.6.6)
]

Substituting the equation (4.6.5) into (4.6.6), the veiocity
potential time derivative becomes
3% - Tfw

== ( vp -vew)
at 28

(4.6.7)

Frw is the vorticity of the merged vortex in the far wake region.

4.7 Computing Procedure

The calculafion starts when'the blades are stationary and the flow
is zero. This lé réglsteréd‘as t=0. Afterward, the free stream flow
and the motion of the blades are set up, vortices beginkto shed from
the separation pointé at the same time. As the calculation goes on,
vortices are continuously shed from the separation points into the
wake flow. The calculation continﬁes until a stable solution is

achieved. The procedure for wake simulation is:

(1) An unsteady potential calculation is done with the starting
vortex is shed at each separation point.

(2) The nascent shed vortices in last step move to their new



67

position in one time step and the movement is governed by equation

(4.4.1)
(3) The moving blades go to a new position:
(4) The RHSj of equation(4.1.2) under thé influence of all the

vortices in the wake flow and the blades in their new positions are

calculated; N
(5) A new potential solution is obtained using the recalculated

RHS. At the same time, ne@ vortices are shed at these separation

points. »
{6) The vortices which have already inside the wake flow move to

their new positions in one time step;
(7) the calculations are repeated from step (3) until a stable

result is obtained. -

Usuélly,‘the result begins to become stable when the first shed

vortex in the wake goes into the far wake region.

4.8 Calculation Details

4.8.1 Approximation of The Nascent Vortex Panel

At t=0, the free stream flow is zero and the blade is stationary,
blade <circulation is also zero. After a time step at, the free
stream velocity increases to U, and a circulation is developed around
the blade. At the same time, the starting vortices are shed into the
wake. Due to a lack of flow information at the separation points at
the beginning, the positions and directions of the starting vortices
can only be given approximately, so the‘solution of the first time
step has to be found‘ by 1terati6n. To start the iteration, no
separation is assumed on the blade surface, a potential solution is
obtained. Then the starting vortices at the separation points are
enforced ~ according to the obtained flow conditions at these
separation poihts from the first iteration. The starting vortices are
represented by vortex panels, their lengths are their convecting
distances in the first time step, i.e.

at

2 =£ 0.5Ug,; dt (4.8.1)
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where 1 denotes the ith separation point on blade surface.
Because the time step is quite small, equation (4.7.1) can be

approximated by
24 = 0.5Ug jat ' (4.8.2) °

The orientation of these panels are in the same direction as
local streamlines, If the flow is separated at a sharp point, the
starting panel 1is put in the diréction parallel to the local blade
surface just before the separation point. One end of the each shed
panel is at the separation point and the coordinate of the other end
is inside the wake flow at

Xj = Xg +2jc0s8(0;)

Vi = ¥g t#4sin(ey)

(4.8.3)
where 64 are the local streamline directions.

The flow with the influence of the modified starting vortices is
recalculated. Hence another flow solution can be obtained. Modifying
the starting vortex at every separation point after every iteration,
the calculation is repeated until a convergent result is achieved.
Then the calculation goes to the next time step.

To start a new time step, the length of the nascent vortex panels
obtained from equation(4.8.1) are approximated by

1 ;
23 = —— [ Ug, 4(t) + Ug, y(t+at)] at

4
(4.8.4)

The vorticity distribution on every panel is assumed 1linear,
vortex intensity of the nascent panel at each separation point is
equal td the surface vorticity at the separation point gnd the vortex
strength at the other end of the panel inside wake is put equal to the
vortex strength at tﬁe separation point in the previous time step.

The distribution is

2i-s 8
7y = (=) 7g,i(t+at) + ( ) 7g,1(t) 0 <8< 84
!1 "i
(4.8.5)

The length 2; of the nascent vortex panel at every separation
point is a function of the vortex strength at the separation point as
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equation(4.8.4) and its direction is also a function of the velocity
at the separation point when the separation doesn't occur at a sharp
point on the blade surface. This means the influence coefficients of
the nascent vortex panels contain unknowns and are not linear
functions, so the equation system obtained from equation(4.1.2) is not
linear. In the simulation, because the time step is small, the flow at
a separation point should not change very much in one time step, so
the flow situation at the separation point in the previous time step
can be used to approximate the length and direction of the nascent

vortex panel quite accurately as
7s,i(t+at) = ¥ 4(t) ' (4.8.6)
and the panel length from'§quation (4.8.2) is

1 : : ‘ o
2 = —;—~ Us;i(t)* at | ‘4.8.7)

Now, the influencey’coefficient of 7s.1(t+At) is known and
equétions (4,1,2) become linear. Afteb a solution is obtained, the
accuracy‘of the approximation(4.8.6) has to be checked after every
iteration If the error is out of toierénce. the calculation has to be

repeated with 7s, 1(t+at) in equation(4 8.4) equa]ling to its value in
previous iteration.

4.8.2 Vortex Panel Simulation

In the near region behind a separation point, the separated vortex
sheet is represented by vortex panels in this model. By using panels,
the singular effect is reduced compared with the point vortices. In
the panel model, the vorticity of each panel is constantly distributed
along its length and the total vorticity keeps contant during its
convection. The length of a panel in the wake keeps changing while it
is carried away‘by the flow. The endpoint positions of each vortex
panel in the wake fiow are recorded from the moment when it is shed
from a separation,pdint. 'The positions of these:ends are renewed in
every time step during its movement using equation (4.4.1). The vortex
panel always lies on the 'straight line between these two ends.
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4.8.3 Vortex Spliting

Because the calculating time step cannot be very small in the
simulation, so the curved separated vortex sheet in the wake flow
cannot be simulated exactly by straight vortex panels and point
vortices, especially when the the wake flow is being stretched by
fiow or encounters a blade. As pointed out by Bromilow and
Clement(1982), the sheet may have to be rediscretised in some case to
obtain an accurate representation to the continuous vortex sheet
during the simulation. On the other hand, the tendency of the
distance between two vortices in the wake to increase in the numerical
simulation suggests that the region contains the vortices which tend
to become elongated in the actual flow. To simulate this effect,
vortices are split into several smaller vortices when ever the
distance between two successive shed point vortices or the length of
a vortex panel is bigger than a certain value. In this calculation,
the critical distance for vortices or panels to be split is two core
size., The created vortex through a split is put at the middle of the
two vortices giving birth to it. The vorticity of the new vortex is
set at one third of the total vorticity of the origlnél two vortices.
The vorticities of the original vortices are reduced to two third of
their original vorticity to keep the circulation constant as showa in

fig.4.6.

4.8.4 Group Interaction

. In the calculation, the result becomes stable only when the
interaction between the wake flow and the blades tends to be stable.
Usually, it takes long time to get a stable simulation, many vortices
may be involved in the wake simulation. In the calculation, the
computing time is decreased by introducing group interaction. Having
the same effact as the vortices in the far wake region, it is obvious
‘that the influengs.of a vortex at a point tends to a constant when
the axial distance between them is large in cascade fjow. So, in the
calculation of the induced velocities and velocity potential at one
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point, all the vortices beyond a certain distance from this point are
supposed to generate the same influence in terms of unit vorticity.

The velocity components are

(4.8.8)

The influence of these vortices in this approximation is
represented by an equivalent vortex. The vorticity of the equivalent
vortex Te 1s just the total vorticity of all the vortices in this

approximation. It is

re . oy (4.8.9)

The induced velocity components are

U=0
(4.8.10)

Te

Vs -
: 28
It is important to remember that the vortices upstream of this
point have opposite influence at the point as to the vortices in its
downstream in this appoximation. In the calculations, the equivalent
vortex is assumed downstream of the point, so the vorticity sign of
the upstream vortices in this appoximation should be changed before it
is added in equation (4.8.9). The group interaction is only a measure
for reducing computing time, there is no new vortex formed in the
simulated flow field.

4.8.3 Vortex Merging o

To reduce the total number of the vortices inside the simulation,
merging of the vortices in the wake flow 1s also allowed at the same
time as vortex shedding. Vortex merging is a;sumed to happen only
when the vortices are far from the blade surface and one vortex is
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very close to another. During merging, the vorticity of the new vortex
through the merging is the sum of the vorticities of the merged
vortices and it is located at the vorticity centre between them.
Merging is controlled by the required resolution. The magnitude of the
leading term in the produced error because of the merging given by
Spalart and Leonard(1981) is
ryry | zi—zjl
(4.8.11)

| T14Ty) 42

where Zj'ZJ are the positions of the two merged vortices and d is the
average distance from the merged vortices to the blade surfaces. In
the calculations, merging occurs only when two vortices go closer
than half vortex core diameter and both of them are downstream of the
last blade trailing edge more than 0.6 chord. The error in term of the
induced velocity oh the blade surface by the merging is about 1074
U,/C, When vortices having opposite signs are merged under the above
rule, the local error is larger because of the small difference in

their vorticities.

Using merging, computing time can be reduced and the behaviour of
the flow field becomes much smoother as the strong singular effect

between these merged vortices is reduced.

4.8.6 Vortex Motion Near a Blade Surface

When flow separates before the blade trailing edge or when one
blade is upstream of another, there may be vortices moving along the
blade surface. These vortices must be prevented from penetrating the
blade surface during the simulation. In the calculation of flow around
a moving blade, some vortices which are already very close to the
blade surfaces can fall inside the blade contours after the blade
moves to its new position or when these vortices are moving with the
local velocity in one time step. To prevent this penetration, three
measures are taken. The first is to decrease the time step in the
simulation. Small time ‘step introduces too many vortices in the
calculation and makes the simulation time consuming.

The second is to reduce the moving time steps only for the
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vortices near the blade surfaces. This: measure can force these
vortices to move more accurately along the local streamlines, and
hence the chance of them going into the blade contours is decreased.
While vortices are approaching the blade surface, the moving time
steps of them are decided according to their moving speed. The extent
to which a smaller moving time step is used is controlled by the
available computing time. The smaller are the moving time steps of the
vortices, the less is the chance that the vortices go into the blade
contour, but the greater is the calculating time. In the calculations,
the thickness of the region in which the smaller moving time step is
used near the blade surface.is ten percent of the blade chord(see
fig.4.8). The total number of moving steps of the vortices near blade

surface in one simulation step is
N¢=  INT(atV/o .+ 1) ~ (4.8.12)

where V is the vortex velocity. The moving time step of the vortices

near the blade surface is
6t = Ot/Ng (4.8.13)

This ensures that no vortex near the blade surface can move more
than one core distance in its one moving time step.

Even though the second method can prevent the vortices from going
too close to the blade surfaces in their movement, some vortices could‘
still fall into the blade contours after the blades move to their new
positions. The third measure to prevent vortices from going inside
the blade contours is reflection of the vortices away from the blade
surfaces if they still go very close to the blade surface under the
above two measures as fig.4.7( as used by Vezza and Galbraith,1985b).
In the calculations, the minimum allowed distance of a vortex from the
blade surfaces is one core size, so reflection occurs only when the
normal distance of a vortex from the blade surfaces is less than one
core size. The thickness of the reflecting region at which reflection

happens is given by following formula
dpef= AtUp+ © (4.8.14)

here U, is the speed of the blade and dpef is the thickness of the
reflecting region.
The thickness drer keeps vortices from going inside the region
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where the distance of a vortex from the blade surfaces could be less
than one core size after blade moves to a new position in one time
step. However, this formula is suitable only for the front side of the
moving blade. On the back side, the thickness of the reflecting region

is

dref = © (4.7.15)

4.9 Results and Discussion

In this chapter, a potential flow model is built up for
calculating airfoil flows with separatibns. Using this model, the
wake flows around oscillating airfoils have been predicted and the
results are compared with some reference data. In fig.4.9 and 4.10,
the simulated wake configurations of oscillating airfoil NACA 23012
are presented, very clear vortex streets are obtained in those cases.
For airfoil NACA0012, the 1lift force is obtained for sinusoidal
oscillations about an axis 1/4 chord from its leading edge with zero
mean oscillating angle and reduced frequency of wc/(2U,)=0.4. From the
results presented in fig.4.11, it can be seen that the wake flow does
influence the airfoil characteractics very much. Due to the wake flow,
the lift force is reduced .and lift coefficient loop of one complete
oscillation becomes parrower than the results without wake. As shown
in fig.4.12, the predicted results with wake flow and no boundary
layer are quite similar in shape to the measured results, but an
overall 1lift rise is predicted. Using the integral boundary
model (presented in paragraph 6.2.2), the predicted results with
boundary layer and wake are closer to the experimental data. The
difference between them may be due to fluid viscosity in the tested
low Reynolds number flow given by Vezza et al and possible boundary

layer separation on the blade surface during the oscillation.
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CHAPTER

FIVE

THE FLOW AROUND TURBINE FLOWMETER BLADES

5.1 Introduction

In the last few chapters, a numerical model has been built up to
simulate the potential flows around airfoils and the predicted results
have been compared with some experimental and analytical data. In
'applying the model to predict the flow around turbine flowmeter
blades, some special problems arise and have to be solved before the
flowmeter performance can be accurately predicted. In the flows around
turbine flowmeter blades, because the blade profiles are designed with
a square shape for production reasons, flow separation inevitably
occurs at both leading and trailing corner points of the blades. These
separated flows can cause a decrease of lift and an increase of drag
on the blades. The leading edge separation occurs at the two corner
points in the leadipg edge area and vortices are shed from the
separation points. Usually when vortices pass by a blade, pressure
distortion would be caused on the blade surface as measured by Favier

et al(1985), Booth(1986) and Sugeng(1986). Fortunately, thesg
separated leading edge flows around the turbine flowmeter blade
usuall& reattach to the blade surface downstream of the separation
points and form equilibrium separated bubbles. In the blade trailing
edge area, vortices are shed into the flow from the blade trailing
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edge sharp points and a wake flow is established behind the blade as
fig.5.1. In this chapter, the built vortex shedding mode)l is applied
to the flows around the tested flowmeter blades to obtain their
aerodynamic characterictics.

Some research work has already been carried out to investigate the
separated leading edge flows of flat plates. A flow visulization study
conducted by Ota et al (1981) observed the leading edge separation and
the reattachment flows around flat plates with different leading edge
shapes in Reynolds number Rep between 40— 2000. The reattachment
point is decided by observing aluminium powder motion near the
reattachment zone. From the experimental results, the leading edge
flow separation and reattachment phenomena are placed in three
classes. These are:

(i) Laminar separation and laminar reattachment. This occurs in
the flows with low Reynolds numbers. Here, the separated laminar
shear flow reattaches to the plate surface in a laminar state and the
reattachment length increases quickly as Reynolds number increases.

(1i) Laminar separation and turbulent reattachment. Here, the
separated laminar shear flow becomes turbulent before it reattaches to
the plate surface. Before the flow reattaches to the flat surface, an
undulated flow is produced inside the separated flow. An increase in
the Reynolds number accelerates the undulation and consequently causes
a decrease in reattachment length.

(iii) Turbulent separation and turbulent reattachment. In this
kind of flow, the separated shear flow becomes turbulent immediately
downstream of the separation point and reattaches to the plate surface
in a turbulent state. The separated flow is now almost independent of
Reynolds number, so the reattachment length shows little variation
with Reynolds number.

From experimental data, the reattachment length is found to be in
a parabolic relation with Reynolds number Rep. The relation is
expressed as

|

—— w K Rebn

b ‘
here K and n are determined from experimental data. They are different
for plates with different nose apex angles and Reynolds numbers.
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In the experiment, the transition Reynolds number of the flow from
laminar separation and laminar reattachment to laminar separation and
turbulent reattachment is also determined. At the transition point, a
distinct undulation of the separated shear layer is observed firstly
near the reattachment point. An approximated relation between the

transition Reynolds number and the plate nose shape is found as
Re¢r = 120(b/2p)75/4
where ’p is the half length of the flat plate nose.
In Ota's experiment, all the data is obtained in viscous flow

around a single flat plate and the flow incidence angle is zero. The

separations on the upper and lower surfaces are symmetric.

In the two dimensional cascade flows simplified from the flowmeter
rotor at different radial positions, because of the change of cascade
stagger angle, nose shape, chord and space, the reattachment length
must vary from the hub to the tip even under the same flowrate. Also
when the flowmeter is running at different flowrates, its inlet
velocity profile is changing and is not uniform, the leading eage
separation and reattachment flows must change accordingly.

The flows around these two dimensional cascades can be simulated
using the built model. However the time step has to be very small to
simulate the instantaneous development of the separated vortex flow.
To simulate the leading edge separated flows, because the separated
vortices are so close to the blade surface and are rapidly developing
with time, the simulation time step must be very small. A vortex
shedding time step recommended by Nagano et al (1982) for leading edge

flow simulation is

Aty = 0.02b/U, (5.1.1)

In the trailing edge wake simulation, because the shed vortices
are moving away from the blade surface and their influences on the
flow around the blade are decreasing with time, so the time step can
be longer compared with that in the leading edge flow simulation. The
commonly used time step[Kiya and Arie(1977), Basu and Hancock(1978),
Katz(1981)] is

btey = (0.02—0.05)C/U, . (5.1.2)
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Hence the leading edge simulation needs a much smaller time step
than that in trailing edge wake simulation. When these two flows are
included in a simulation at the same time, the leading edge simulating
time step has to be used. There would be a lot of vortices involved in
the calculation before stability is achieved.

To reduce the computing time, the influence of the flow separations
at the leading edge and the trailing edge are considered separately.
Firstly, the. leading edge separation and reattachment flows are
simulated with the wake flow at the same time only for several
selected flow cases to determine the relation between the reattachment
length and inlet flow conditions and blade geometries using the built
model. When these relations are known, the reattachment length on any
other flow case between those selected cases are obtained directly
through 1linear interpolation. The displacement influence of the
leading edge flow separation and reattachment is simulated by
including the leading separated bubble as an extra part of blade
surface, To determine the separation bubble shape, the adopted
boundary condition is that the streamwise pressure is constant in the
separated region as assumed by Kadhim and Railly (1982) for the
calculation of the separated cascade flows. With this boundary
condition and the reattachment length, the separation bubble shape is
.found through an inverse method given by R.1. Lewis. Then the flow
around the modified body with wake flow can be simulated using the
trailing edge simulation time step as given by formula (5.1.2),
Consequently, the pressure and lift on the turbine blades can be
obtained. Using this separate consideration of the separated leading
edge and the trailing edge flows, only a few leading edge flows are
simu]ated with the leading edge simulation time step, so the computing
time can be reduced and more reasonable results can be obtained.

As far as the Reynolds number influence is concerned, only when
the flow Reynolds number is quite small, a rapid change of the
reattachment length with Reynolds number is found by Ota et al.
According to the measured results by Ota et al and Kottke et al, there
is only a small change in the leading edge reattachment length for the
plates with a square leading edge while the Reynolds number is over
200. In present calculations, the variations in the reattachment
length with Reynolds number is ignored when the Reynolds number Rep is
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over 200. The aerodynamic characteristics of the blade when Reynolds
number Rep 1is below 200 are obtained from the simulated results by

interpolations.

5.2 Simulation of the Separated Leading Edge Flovs

5.2.1 Mathematical Model

Using the established potential flow model to simulate the flow
around a turbine flowmeter blade, the separation lines from the
separation points on the blade surface divide the whole flow field
around the blade into several regions as shown in fig.5.2. In any of
these regions, the blade surface remains a streamline.

Inside the regions, flows are still assumed to be potential and
the Bernoullil equation can be used for the points on the blade
surface. Applying the Bernoulli equation to region R4 between point

1 and point 8 gives

¥l ) P ad, 7e? Ps 3%,
+ = + + (§.2.1)

2 P at 2 e at

Rearranging the above equation, the resulted equation is

Py, - Pg ( 7e’ L 7:? %,
—— —_—t ) -« + ) 5.2
e 2 at 2 at ( 2)

The Bernoulli equation can be applied to the other three regions
in the same manner as to the region R4, the obtained equations are

in region R2

Py, - P2 ( 7? 3¢, : 7y? 3, ,
—— -_+ ) = ( + ) 5.2.3
p 2 ot 2 at (.2.3)
in region R1
Py - P, 7! 3%, 7s? 80;
(—+ ) -« + ) (5.2.4)

) 2 at -2 ot
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in region R3

P; - Pg 752 adg 772 %,
= + ) = ( + ) (5.2.5)
p 2 ot 2 at

Adding equations (5.2.2), (5.2.3), (5.2.4) and (5.2.5) together,
the left and right hands of the resulting equation are

(Py-P2) +(Py-P )+ (Pg-Pg) + (P,-Py)

LHS = (5.2.8)
p
and
b4 2 3%, 712 %,
RHS = ( — + ) =« + )
2 ot 2 at
7:2 a%, 732 ad,
s (—+ ) - + —)
2 at 2 at
7.2 av, 7s? 3%y
b= ) - + —)
2 at 2 at
732 %, 7;2 ad,
2 at 2 at

At every separation point, the static pressure on the two sides of
the separated vortex sheet should be equal. Therefore, the following

relationships apply

point a P, = P,
Point b Py « P,
point ¢ Pg = Pg
point d P, « Pg

Subtituting these pressure relations into formula (5.2.6) gives
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LHS =0 (5.2.8)

After a flow separation on a blade surface, the velocity behind

the separation point is zero, then

point a ¥y, =0
point b r3 =0
point ¢ " yg =0
point d 7s =0
Substituting these velocities into  equation (5.2.7) and

rearranging the equation gives

1 3
(72247 2-75%-7,%) = = ( 0,~0,+0,-0 +0 -0 +0,-9,)
2 at
(5.2.9)
The clrculation around the blade is
P = ©,~0g+d,~0,+0,~0 +0 ,~06
= O 0,40, 4D ~P g+ ,~0, (5.2.10)

Finally, the equation can be written as

1 ar
—— (72247,2~ys-7,2) = (5.2.11)

2 at

This equation is a form of the Kutta condition for the flow around
a turbine flowmeter blade. Combining this equation with the equations
obtained from the boundary condition on the blade surtace, a unique

solution is defined.

5.2.2 An Analysis of the Simulated Results

Using the built potential simulation model, the following results

are obtained. The simulated leading edge flows for flat plates with

different leading edge shapes at zero incidence angle are shown in
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fig.5.3. 'The simulated reattachment length for the flat plates with
half apex angles of 30°, 60° and 90° are: compared with Kottke's
experimental data at the highest Reynolds number of 10000{0ta et
al(1981)]. The comparison presented in fig.5.4 shows a good agreement
between the simulated results and measured data.

In the tested turbine .flowmeter of this research, the blade
stagger angle varies from 30 degrees to about 50 degrees from the hub
to the. tip and the space/chord ratio of the cascades varies between
0.52 to 0.8. Apart from these cascade geometrical variations, the
inlet velocity profile to the rotor changes with flowrate and is
non-uniform from the hub to the tip. Consequently, the leading edge
flows ~ should be different at different radial positions and change
with flowrate. In the results presented here, several representative
leading edge separated flows are simulated and some conclusions are
drawn from the results.

The simulated results for the cascades at the rotor's hub,
midspan and tip sections with zero incidence angle are presented in
fig.5.5. In the three simulations, the cascade stagger angle, space
and chord corresponding to the hub, midspan and tip areas are given in

following table.

Table 5.1 Turbine Flowmeter Blade Geometries

Radial Blade stagger Space Chord

sections angle B(deg) S(inch) C(inch)
Tip 49.16 1.2315 1.5445
Midspan 40.85 0.9205 1.3352
Hub 29.79 0.6095 1.1638

The leading edge separation and reattachment regions are quite
similar in these three cases on both upper and lower surfaces at zero
incidence. Only a very small difference is found in the bubble length
on the upper surface due to the geometrical variations. It can be
concluded from these results that the reattachment length difference
caused by cascade geometrical changes from the hub to the tip in the
tested flowmeter is so small that it can be ignored. Therefore, the
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leading edge flow characteristics of the midspan section can be used
as an approximated representative of the flows at different radial
sections. When a large reattachment length differences between the
tip and hub cascades exist in some flowmeters in the application of
this model, the midspan cascade cannot be used as a representative of
all the cascades between the hub and the tip, several cascades from
different radial positions have to be considered.

To find the influence of the inlet flow condition on the leading
edge flow separation and reattachment of the tested flowmeter, an
examination is conducted on the midspan cascade with several different
incidence angles. For the results shown in fig.S.s. the incidence
angle to the blade changes from -8 degrees to 8 degrees. On the upper
surface, when the incidence angle continuously increases from -8 to -4
degrees, the ratio of the reattachment length to the half blade
thickness increases from 4.6 to 6.15. However, if the incidence is
further increased to 4 degrees, the ratio drops from 6.15 to 4.8 and
remains constant when the incidence is further increased to over 4
degrees. According to the characteristics of flow separation and
reattachment given by Ota et al, the flow state at both separation
point and reattachment point could be laminar while the incidence is
below -4 degrees. The flow state at the reattachment point becomes
turbulent for the flows with incidence angle between -4 degrees and ¢
degrees, and the separated flow becomes turbulent very quickly after
the separation point when the incidence exceeds 4 degrees., On the
lower surface, as the incidence angle increases from negative to zero
degree, the ratio stays at 4.6, so the flow state at both separation
and reattachment points should be turbulent. The reattachment length
begins to decrease and drops to zero when the incidence angle goes up
to 8 degrees. Hence the flow state at both separation and
reattachment points is laminar for the flows within this incidence
range and no separation occurs as incidence angle is further
increased.

To summarise the simulatjon results, the relation between the
reattachment length and incidence angles for the midspan cascade of
the tested turbine flowmeter rotor is presented in the following
table.
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TABLE 5.2 Simulated Relation Between the Leading Edge
Reattachment Length £, and the Incidence Angle
for the Midspan Cascade

S
upper surface lower surface

Angle £,/(B/2) !r/(B/Z)
*12 4 0

8 4 0

4 4 4.3

0 4.8 4.6

-4 6.15 4.6

-8 4.6 4.6
*¥-12 3.05 4.6

* indicates the derived results.

5.3 Modification of the Blades Leading Edge Contour

In the model given by Roberts(1980) for the leading edge
reattachment flow, the flow in the leading edge area is divided into
two main regions by a streamline as shown in f£fig.5.7: (1) the
* recirculation bubble contained between the dividing streamline and the
blade surface, {(2) the free shear layer outside the recirculating
bubble. These two regions can be further divided into parts upstream
and downstream of a transit point. Upstream of the transit point, the
free shear layer is in a laminar state and is incapable of creating
any significant diffusion. The static pressure is constant in this
region. Downstream of the transit point, interaction between the
recirculating flow and the outer shear flow is present and is able to
cause enough energy diffused from the freestream fluid by entrajinment
to cause the flow reattachment. The interaction causes strong energy
dissipation and consequently a rapid pressure drop from the transit
point to the reattachment point. In Roberts's model, a constant energy
dissipation and a linear velocity distribution is assumed between the
transit point and the reattachment point. At the reattachment point, a
turbulent boundary layer exists. '
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In the model presented here, the influence of the leading edge
separated flow on the pressure distribution over the blade surface is
calculated by modifying the blade contour in the SR region (separation
and reattachment region) to simulate 1its displacement effect. To
simulate this displacement effect, the streamline between the free
shear layer and the recirculating region is taken as the modified
blade surface. The modification is done under the assumption of a
constant streamwise static pressure around the leading edge separation
bubble(Kadhim and Railly, 1982). To find the modified blade contour in
the SR region, the inverse design method given by R.I. Lewis s
adopted here. After the modification, the new blade contour forms a
streamline in the flow field and the pressure is kept constant inside
the SR region on the modified blade surface.

In every calculated flow case around the flowmeter blades, the
reattachment length is decided according to table 5.2, Because the
influence of the wake flow on the reattachment length has already been
included in the results presented in table 5.2, the wake effect 1is
also included in the interpolated reattachment lengths. With the
constant pressure assumption and the interpolated reattachment length,
the accurate leading edge modification can be found.

5.3.1 Mathematical Model for Blade Modification

With inviscid potential flow assumption, the modified blade
contour still forms a streamline in the flow field and the Bernoulli
equation jis valid for points on the modified blade contour. Given
points a and b are two points on a streamline, the Bernoulli

equatioﬁ is

"uj,a®  pi,a 3%,a  ug,p®  Pi,b 9%,b
+ +

+ + = (50301)
2 P at 2 o] at
or
Pi,a - Pi,b uy,b’-uy,a’ %aph
- + (5.3.2)
() 2 ot )

When points a and b are both inside the SR region, then
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Pi,a = Pi,b : (5.3.3)
In steady flow, substituting equation (5.3.3) into equation(5.3.1)

gives the velocity relation as

Uj,a = Ui,b (5.3.4)

In viscous flow, the pressure on a blade surface is influenced by
the boundary layer. The relation between the real pressure on a blade
surface and the inviscid results given by Lock and Firman(1982) is

P{ -P
1 = K*(Gi'b*) ‘ (5.3.5)

2 ;
DUI

So the real pressure on the blade surface is
P =pj -x*(9+6*)pu1z ‘ (5.3.6)

Using the assumption of constant real pressure inside the SR
region on the blade surface, the following equation is obtained

Pi,a” Pi,b

= na*(9a+6a*)Uj.az ‘Kb*(°b+5b')“1.bz (5.3.7)
o

In steady viscous flow, the obtained velocity relation using
equations (5.3.2) and (5.3.7) is

(5.3.8)

uy,a [ 1+2xb*(eb+ab*)}:/z
ui,b 1+2x,"(04+8,")

When the fluid becomes ideal, © and 8* are zero, then a constant
velocity condition is obtained as equation(5.3.4)

Inside the SR region, the free shear layer outside the
recirculation bubble remains the same state as the separation point
until the transit point as concluded by Roberts. Due to lack of
imformation on the transit point, © and 6® are assumed to be constant

over the SR region.
*
¥ is the boundary layer displacement thickness curvature. It is
2 %
ds

ds?

Kyt (5.3.9)

As the displacement thickness is constant, x* = Kw) %y 1s the
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curvature of the separation bubble inside the SR region.

To determine the boundary layer state at the leading edge
separation points, the flow is approximated to a stagnation flow as
used by Nagano, Najto and Takata(1982). The boundary layer thickness
given by Schlichting for a stagnation flow is

6 =2.4 j -f— (5.3.10)

here a 1s taken as the velocity gradient in the vicinity of the
stagnation point, © and: o* are obtained through velocity profile

integration as

e =0.1176 (5.3.11)
and ‘
s* =0.2825 , (5.3.12)

In this boundary layer approximation, equation(5.3.8) can be used
to determine the modified leading edge blade shapes in steady flows.

However, no linear velocity relation between the points inside
the SR region can be obtained from the Bernoulli equation in
. unsteady flows, this causes some difficulties in calculation. In this
simulation, because of the adopted iterative procedures in the leading
edge modification(in paragraph 5.3.2), equation(5.3.8) can be used.

When the reattachment length is known, the boundary conditions
cohtrolling the blade modification are

(a) inside SR region

Ui, m 1+2xp" (848,172
= " . (5.3.13)
Ui,n 1+2xp (O +8y ")
where m and n are any two points inside the SR region.
(b) outside the SR region on the blade surface
¥m = ¥n ' (5.3.14)

where m and n are any two points on the blade surface ontside the SR

region,
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Because the separation bubble shape 1is unknown, an iterative
calculation has to be employed to determine the shape. Applying
Lewis's method(1982), the precedure to obtain the modified blade

contour is:

(i) To start the calculation, an initial blade contour is chosen.
Here, the original blade contour is chosen. Using the velocity
relation (5.3.4) or (5.3.13) in the SR region, the potential flow
around this initial blade is obtained by solving the equations from
the boundary condition on the blade surface and the Kutta condition.

When the solution is obtained, the wvelocity components in the
flow field can be calculated using the following formulae

N
up = ue ¢ ) Apg 7y (5.3.15)
=1
N
Vi =V, + } Bi,j 73 (5.3.16)
3=1

Aj,j and By, 4 are the induced velocity influence coefficients in x
and y direction respectively here.

(11) The streamline from the separation point is calculated.

In the flow field, the elements on a streamline are located in the
local velocity direction. The positions of those points on a
streaﬁiine can be calculated using the following formulae

Xi+g4 = X3 + O3 cos(xj)

uj

v ujlev,?

Vieg = Vi *+ 838 s8in («y)

Vi :
= y§ + 4s (5.3.18)

v 012 + V12
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here «; is the local velocity vector and as is a selected length for
finding the streamline.

In inviscid flows, the streamline stemmed from a separation point
on the blade surface must have .the same stream function value as the
separation point. And because the separation point and the
reattachment point are both on the same blade surface, so they must be
on the same streamline, hence the separated streamline from the
separation point must intersect the blade surface at the reattachment
point. The calculated streamline and the blade surface outside the SR
region form a new blade contour.

In viscous flow, the streamline starts from the displacement
boundary layer edge at the separation point. With this starting point,
the displacement of the free shear layer is included in this
simulation.

(iii) The modified new contour is used as a new initial blade
surface, and the - calculation is repeated from step (i) until the
modified blade surface satisfies the required accuracy under the
boundary conditions. Then the calculation {is terminated and the
required blade contour is obtained.

During the modification, instead of using tﬁe new contour as the
initial blade surface for the next iteration directly, relaxation is
introduced. Thus the new y positions of the nodes on the blade

contour are taken as
yinew = k¥ yjo]d + (l-k)yinew (5.3_19)

where k is a relaxation factor. The used k is 0.5.
The x positions of the nodes on the blade contour are not changed

during the iteration,

5.3.2 Influence of the Wake flow on the Leading Edge Blade
Modification

The separated leading edge and the trailing edge flows certainly
influence each other during their development. However, neither of
them is known 1in advance. The only known conditions are the

reattachment length and that the pressure around the separation bubble
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is constant. To obtain the accurate leading edge blade contour
modifications, an iterative calculation is employed to take account
of the influence of the trailing edge flows on the leading edge flows
because they are considered separately. The calculating procedure is

(1) Without the trailing edge wake flow, the first modification to
the leading edge blade contour is obtained following the precedure
given paragraph 5.3.1. The resulting blade contour is the first
approximation to the separated leading edge flow.

(2) With the modified blade contour, the trailing edge wake flow
is simulated by the model described in chapter four.

(3) Under the influence of the simulated trailing wake flow from
step (2), the leading edge modification is conducted again as step
(1).

(4) The calculation is repeated from step (2) until an accurate
and stable blade leading edge modified contour is obtained.

In the above procedure, the leading edge modification at step (3)

is conducted under the influence of the simulated stable wake flow
from step (2), this is the reason why equation(5.3.8) can be used in
the process. ;
' In cascade flow, the axial distance between the leading edge and
trailing edge flows is quite large, and the influence between them is
small. As shown in fig.5.9 and fig.5.10, after only the second
modification, an quite accurate leading edge blade contour has already
obtained.

The modified leading edges of the flowmeter rotor blade with
varjous blade geometries and incidence angles are presented in
fig.5.11 and fig.5.12. On comparing the modified blade contours and
the separated vortex sheet trajectories in the leading edge flow
simulations, the agreement is found to be very good between them.
Because the separated vortex sheet should be on a streamline in the
flow field, this means the displacement of the separated vortex
bubbles to the éxternal flow is are approximated correctly.

5.3.3 Results of Blade Surface Modification
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In equation(5.3.13) which governs the leading edge modification,
the velocity relation at the points inside the SR region is a function
of the local boundary thickness. ObvjouSJy, boundary layer thickness
is very much dependent on the Reynblds' number Rep. From Ota's
experimental results, the reattachment length shows only a small
change with Reynolds numbers while Rgp is over 200 for the plate with
a square leading edge. This result suggests that'the separated flow 1is
in turbulent state in this flow range. In the various simulations of
the flow around flowmeter blades, even the simulated results show the
variation of the flow state at the reattachment point with the
incidence angle, because the viscosity effect is not included in the
present model, the reattachment length change with the Reynolds number
cannot be predicted, so the reattachment length is assumed to be the
same as the simulated inviscid results for all the cases with Reynolds
number over 200. As shown in fig.5.12 to fig.5.14, the simulated
separation bubbles change with the Reynolds numbers are presented.
While Reynolds number is small, viscous effects are very strong, so
the separated flow is restricted to a region near the blade surface.
The separation bubble becomes bigger as Reynolds number increases.
Corresponding to the separation bubble variations, the pressure
distributions are also changed in the leadihg edge area. However the
pressure distributions after flow reattachment are almost the same for
the flows with different Reynolds numbers, these pressure
characteristics are also found in Gaster's experimental results for
turbomachine blades. So the separation bubble has little influence on
its downstream pressure distribution. Theoretically, the pressure
should be constant inside the SR zone in the results presented here.
Due to the very large bubble surface curvature in this region and the
restricted minimum panel size, there is‘a pressure change near the
separation points and the reattachment points in the simulated

results.

S.4 Results and Discussion

So far, the modifications of the blade leading edges are obtained
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to simulate the influence of the leading edge separation and
reattachment on the aerodynamic characteristics of the flowmeter
blades. To predict the performance of a flowmeter under various inlet
conditions, it is necessary to obtain a complete aerodynamic
characteristics of the flowmeter blades in different radial positions.
In the tested flowmeter, due to the blade geometrical changes from the
hub to the tip, their aerodynamic behavior is different. Using the
developed model, The predicted results of the blades in ditferent
radial sections for various Reynolds numbers and flow incidence angies
are presented here.

In fig.5.15, the simulated trailing edge wake flows for the
midspan section with incidence angle 8 degrees and -4 degrees are
given. Clear wake configurations were formed behind the blade trailing
edge in both cases. The time step used was 0.015. The fluctuation of
Fy and Fy during the wake flow development is presented in fig.5.16
and fig.5.17 for the case with -4 degrees incidence angle. At the
beginning of the simulation, very large fluctuations exist in both
l1ift and drag, and the forces tend to a constant as time goes by.
However, due to the periodic vortex streét. small fluctuations in both
Fyx and Fy remains. .

As concluded in paragraph 5.2.2, the reattachment length changes
with the blade shape and the flow Reynolds number while Rep is over
200 are ignored. The relation between the the reattachment length and
the incidence angle is obtained from table 5.2. The Reynolds number
Rep, effect is included by applying equation (5.3.13) to determine the
separation bubble shape. In fig.5.18 and fig.5.19. the simulated lift
and drag characteristics of the flowmeter blades from the hub to the
tip are presented for a Reynolds number of 29500. Due to the blade
variations from the hub to the tip, both the 1ift and the drag depend
very significantly on the radial positions. In the hub section, the
blade space is small, so both lift and drag forces are very ﬁuch lower
than that at the tip section. On every radial section, the 1lift and
the drag on a blade are also changing with Reynolds numbers. From
fig.5.20 to fig.5.24, the lift and drag force variation with Reynolds
number for the hub and the tip sections is presented. Generally

speaking, viscous effect decreases lift and increases drag.
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CHAPTER

SIX

THE PREDICTION OF TURBINE FLOWMETER PERFORMANCE

6.1 Performance Prediction Equation

The equation for turbine flowmeter performance prediction is

derived from the angular momentum theorem, It is

dw '
Ta~Th-Tdisc-Th-Te= I— (6.1.1)
dt
When a flowmeter is applied in the conditions of stable inlet flow
and without any unsteady disturbances, all the torgques acting on the
rotor must balance each other all the time, so the rotor speed remains

constant. The performance equation becomes

However, when a flowmeter is working in unsteady flow conditions,
such as in the wakes flow from the rotor's upstream or in pulsating
flows, T4 becomes time-dependent, the rotational speed of the rotor
then fluctuates accordingly. Equation(6.1.1) should be used for
performance prediction in those flows. ‘ ,

To predict the performance of a turbine flowmeter, all the torques
on the rotor should be accurately modelled. In this chapter, models
for all these torques are discussed and the performance of the tested
turbine flowmeter is predicted.



94

6.2 Driving Torque

When flow passes through a turbine flowmeter, lift forces are
produced on the rotor blades and these forces drive the rotor
rotation.

In a helical blade turbine flowmeter, under the assumption of a
uniform inlet velocity profile, the rotor blade is designed to have
the same incidence angle from the hub to the tip. Even so, the
pressure distributions on the rotor blades still vary with radius due
to the blade geometrical varjations. On the other hand, the boundary
layers on both the pipe wall and the flowmeter hub cause the flowmeter
inlet velocity profile to be non-uniform. The flow near the pipe wall
and the hub surface i{s slowed down, consequently the flow attack
angles to the blade become negative in these regions and positive in
the midspan region of the rotor. The blade blockage to the flow is
also different at various radial positions, and the centrifugal effect
is present when the circumferential velocity component is not zero.
The centrifugal effect becomes especially important when there is
swirl iInside the inlet flow. To predict the flow around a turbine
flowmeter rotor, its inlet velocity profile must be known. A numerical
model is developed in this chapter to predict the flowmeter inlet
velocity profiles for the flowmeter without inlet swirl.

6.2.1 1Inlet Velocity Profile

The fiow inside a turbine flowmeter is actually a three dimensional
flow, but the radial component is very small except in the hub and tip
areas and its effect is ignored here. The flow field inside the rotor
is thus simplified into the flows on an infinite number of cylindrical
surfaces from the hub to the tip. The flow on every cylindrical
surface is in an equilibrium state in the radial direction and is
treated as a two dimensional cascade flow.

Ideally, the inlet velocity profile for the flowmeter rotor is on
the section where is free of the rotor's disturbance. Because there is
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only limited space in the tested flowmeter between the hub head and
the rotor in which the inlet flow is allowed to develop, the inlet
sections of those simplified two dimensional flows has to be chosen
inside this 1limited space, so the inlet section chosen in the
calculation is the section with minimum combined disturbance from the
hub head and the rotor.

To calculate the inlet velocity profile, the flowmeter rotor is
replaced with a hemi-oval ended cylinder having the same diameter as
the hub. The result of this replacement is that the flow between the
pipe and the hub becomes an axisymmetric annulus flow as shown in
fig.6.1 and can be simulated by the singularity method. To calculate
this annulus flow, both the pipe wall and the hub surface are
represented by ring sources with constant intensity and the x axis is
taken as the axis of the pipe. Fig.6.2 illustrates a unit source ring
with radius r in thé plane x=b. As given by Hess and Smith(1966), the
velocity potential at point(x,y,0) due to the source ring is

1 4 rde
— I (6.2.1)

er  ° [(x~b)Z+r2+y?-2yrcose]t/?

The corresponding axial and radial velocity components are

ae r . (x-b)do

u-= = I, (6.2.2)
ax 27 [{x-b)2+r?+y?-2yrcose}?®/?
o r - (y-rcose)do

v = = s, (6.2.3)
y 2= [(x-b)2+r?+y?-2yrcose]’/?

To obtain a potential flow solution to the problem, solid boundary
condition is assumed on the pipe wall and the hub surface, these can

be written as

. N
} KI.J q3 + .\L,.-l:j_ =0
J=1

i=1,2,3,... N (6.2.4)
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and the influence coefficients Kj’j are

. 2 3
Ki,j = uj, y°ny + vy g0y (6.2.5)

From equations(6.2.2) and (6.2.3), ﬁi.j and vji,j are

oy ) rjas . (Xi-XJ)GO 6.2.6)
J 27 0 [(xl—xJ)’+r1‘+rJ'—2r1choso]’/z
rias (ry-rycoso)do
vi,j = Lt j" J (6.2.7)

27 0 [(xi-xj)’+r1’+r33-2r1r3coso]’/’
To determine the mutual influence coefficients between ring
sources, a line segment, as shown in fig.6.3, is considered. The
positions of points on this segment can be expressed as

a=r,+tsing
(6.2.8)

b=¢coss

The velocity potential at point P(x,y,0) induced by this line
segment is obtained by substituting Xy and vy with a and b in
‘equations (6.2.6) and (6.2.7) and integrating the resulting equations
with respect to ¢ from -4sy/2 to Asj/z. The integration is conducted
using Simpson's integration rule. During the integration, every
segment is subdivided into sub-elements. The recommended number of
the subelements by Hess and Smith is 164sj/dpjp, where dpyp is the
distance of point P to the closer endpoint of the segment.

However, the above integration cannot be used for calculating the
velocity Induced by a segment at its own control point. To calculate
the self induced velocity, a line segment is divided into three parts
as shown in fig.6.4, The velocity induced at the midpoint by parts A
and B can stil]l be calculated using equations(6.2.6) and (6.2.7). To
calculate the contribution from the central part, equations(6.2.6)
and (6.2.7) are expanded in powers of d/r, and integrated from f=-d to
#=d. The formulae obtained for the self-induced velocity components

are
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sing d 1 d d
u' = - —) {1+ (—)[13 + 6sin?B. +62n(~—)])
4n re 144 ro 8r,
(6.2.9)
-1 d d 1 d
v's ——(—){[sin?p+tn(—)) - — (—)2%[3cos?B-2sin*s
27’ I‘o 8r° 48 ro
d
+3tn(—)1}
8r,
(6.2.10)

d is chosen by trial and error processes. The d suggested by Hess

and Smith is

d= 0.08r, if 0.08r, < &sy/2
or
d= 8s4/2 if 0.08r, > 4sy/2

(6.2.11)

In the above calculation, the control point is assumed from the
outset to lie on the element. The part of velocity arising from the
limiting process of d » 0 is not included, the components are

u" = -sing/2
(6.2.12)

v" = cosBs/2

So the total self-induced velocity coefficients for a ring source

at its own control point are
us= u(A)-o- u(B) +u' +u"
v = v(A)s v(B) 4y +V"

Because only a limited length of the pipe and the hub can be
involved in the calculation and the solid boundary condition {is
satisfied in those area, the inlet condition is controlled by the
flowrate through the pipe and U, is taken as an unknown. The equation

for flowrate control is

N
} Kn+|.J QJ +1Pp2 Uu = Q (6.2-14)
J=1 ‘

where
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r

Kn+s,j = I opawru(r)Jdr

M
- } 2wryuy, § Arg ' (6.2.15)
k=1

Using the eguations from (6.2.4) and (6.2.14), the potential
solution of the flow inside the flowmeter annulus can be calculated.

In the actual flow, owing to the boundary layers on both the pipe
and the hub surfaces, the velocity profile inside the annulus is very
different from the potential flow profiles. The boundary layer on the
pipe wall is fully developed at the front of the flowmeter rotor and
the boundary layer on the hub surface develops from the nose of
flowmeter hub head, these two boundary layers are considered
" separately in the calculation.

The boundary layer on the flowmeter hub surface starts from the
nose point of the hub and is assumed to be a thin layer up to the
flowmeter rotor, it is calculated using the integral boundary layer
theory. During the simulation of this boundary layeg. the displacement
of the pipe wall boundary layer is considered by adding the
displacement flowrate to the flowrate Q in equation (6.2.14).

6.2,2 Calculation of the Hub Surface Boundary Layer
6.2.2.1 Laminar boundary layer
The laminar boundary layer calculation is conducted using

Thwaites(1949) method and Prandtl's boundary layer equation.
The momentum thickness,®, is calculated using

0.45v (°
0

where s 18 the blade surface length starting from the hub nose point.
An empirical relation given by Cebeci and Bradshaw(1977) is used
to calculate the shape factor H. It is
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H = 2.61 - 3.75x + 5.24x2°2 for 0 < X < 0.1
0.0731
= 2.088 + ————.. for -0.1 < A <0
X + 0.14
(6.2.2.2)
where
o2 dUe
AT —— (6.2.2.3)
v ds

The boundary iayer displacement thickness, ' , 1s

* ' .
6 = He (6.2.2.4)

6.2.2.2 Boundary layer transition

The transition of the boundary layer from a laminar state to a
turbulent state 1is based on a modified Seby' correlation( Goulas and

Heritage, 1985).
Instantaneous transition with no laminar - separation bubble 1is

-~ assumed when X\ = 0.09 or Rgg > Rgepjt» and

103 A\ + 0.09 2.62
Recrit = + 10 (6.2.2.5)

1.2+0.7TI 0.0106+0.036T]

and Rpg is the Reynolds number based on the boundary layer momentum
thickness and TI is the turbulence level of the free stream flow.
Immediately after transition, © is assumed to be unchanged and H

is calculated from one of the following formulae

(1) x > 0.0 or

A < 0 and Reg > 2500
H= 1.754 - 0.0647 In {Rgg) +0.001916 [In(Reg)]?
(6.2.2.6)
(2) X < 0 and Rgg < 2500 ’
H = 1.754 -0.06471n(Reg) + 0.001916 [1n(Reg)]?

+ [1.82-126)(Rgg) 0 732]-4 |
(6.2.2.7))
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6.2.2.3 Turbulent boundary layer

A successful integral method for turbulent boundary layer
calculations was introduced by Head(1958, Head and Patel,1969). This
method is based on entrainment rate. If 6(s) is the boundary layer

thickness and Q(s) is the volume flow inside the boundary layer,then

6(s)
Q(s)= J u(s)dy (6.2.2.8)
0

The entrainment rate Vg is the increasing rate of Q along the

surface, i.e,

&(s)
vg = 20, u(s)dy (6.2.2.9)

ds ds I

0

Using the definition of displacement thickness of the boundary

layer, Vg can be written as

d[Ug (6-6%)]
vg = (6.2.2.10)
ds
or
ve 1 .d . 1 d(Ug6H1)
= — — [Ug(6-6")] = — ————  =G(H1)
Ue Ue ds Ue ds
so
d(Ug6H1) _
———————— = U, G(H1) (6.2.2.11)
ds ‘
where
65 -6*
Hl= (6.2.2.12)
2]

Functions H and G are determined from experimental data. The

correlation between H and Hl used here is given by Kline et al(1981).
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Introducing new parameters h and A, they are defined as

H-1
h - (602.2.13)
H
and
6*
A= (6.2.2.14)
5

A relation between h and A is established from experimental data

as
h vt Vt 2
—w 1.8 + 0.179( ) + 0.32 (——) (6.2.2.15)
A A A

here V. /A is an implicit function of Re* and A, It is

Vt 1/A -2

(6.2.2.18)
A 0.05+#n(kRe*)-4n (V¢ /A) ’

where k is the Von Karmen constant and Re* {s Reynolds number of the
boundary layer displacement thickness.

The dependence of h on displacement thickness Reynolds number 1s
very weak, especially in the separated region. The relation between H
and H1 used by Goulas and Heritage(1983) is

h = 1,5A (6.2.2.17)

Using equation(6.2.2.17), an expression of H in terms of Hl can be
obtained in form of

H = Hi-1 &« v (H1-1)% -2H1 (6.2.2.18)

The function G used here is developed by Bardina et al(1981) and
Ferziger et al(1982). This has been used successfully for diffuser
flows and applied to the boundary layer on the blade surfaces by
Goulas(1985). It is

G =0.0083(1-A)"2.5 (6.2.2.19)

Ludwieg-Tillman(1949) gave a relation between local skin friction,
boundary layer displacement thickness Reynolds number and shape
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parameter H. This correlation is adopted in the present calculation.
It is B |
e = 0.246 10 ~°-67eH R __ -o.z68 (6.2.2.20)

Ue © (6.2.2.21)

v

6.2.2.4 Representation of the boundary layer

The are two simple approaches ito represent the boundary
displacement effect: the body modification method and the surface
transpiration method. In the body modifléation method, The
displacement thickness of the boundary iayer is addedvto the solid
surface direétly and the inviscid flow around the modified body is
used for apbroximating the boundafy layer displaéément around the
original body. The disadvantage of this method is the large amount of
computing time becéuse the findl displacement of'the boundary layer is
found through iteration. The solid surface has to be renewed and
divided after every iteration and @he influence matrix has to be
updated at the same time. In the transpiration method, a transpiration
velocity is enforced on the original body surface to produce the same
displacement effect as the boundary layer. The transpiration velocity
is updated after every lteration, but no solid surface modification {is
necessary, so the influence coefficient matrix remains the same during
the calculation. In the present calculation, the second method is
adopted. C

The transpiration‘ velocity V used for simulating the boundary
layer displacement is given by Lighthill(1958), it is rglated to the

change of displacement thickness a]ong the body surface as

d(Ue 6%)
V = (6.2.2.22)
ds
This transpiration velocity is generated by the sources

distributed on the same panels used for blade surface representation,

the strength of the sources is given by

q =V ) (6.2.2.23)
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When these sources are introduced, a normal velocity is induced at
every control point. The surface vortices then have to be modified to
maintain the solid boundary condition under the joint influence of

both vortices and sources.

6.2.2.5 Boundary layer velocity profile

When the boundary layer thickness on the flowmeter hub surface is
known, the velocity profile is determined using the boundary layer
theory.

In the development of most boundary layer, the laminar boundary
layer always becomes turbulent very quickly, so only the turbulent
velocity profile is considered here. According to boundary layer
theory{Moran(1976), Schlichting(1960)), the turbulent boundary layer
consists of laminar sublayer, buffer layer, inner layer and outer
layer. Different velocity profiles exist in those layers.

To describe the velocity profiles inside the turbulent boundary layer,
the friction velocity u, and y* are introduced, They are defined by

T

w

Uy= l (6.2.2.24)
Pe)

and

u, y
(6.2.2.25)

yt =
v

In the laminar sublayer, because it is very thin, the velocity is

assumed linear and satisfies following equation

u
- yt (6.2.2.26)

u,

Buffer layer is a transtion layer between the sublayer and the
inner layer. In the inner layer, the velocity distribution is supposed
to satisfy
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3u RV :
- (6.2.2.27)

3y 1

here the mixing length 1 is a function of the distance from the wall

surface, it is

1 =xy (6.2.2.28)

Substituting the mixing length into equation(6.2.2.27), the
obtained velocity profile is

u 1
— o ——— ny* +C (6.2.2.29)
u, K

where x and C are determined by experiment as x=0.4 and C=5.2.

In the outer layer, Coles(Moran, 1976) gave a law as the wake
based on experimental data as

u 1 2 ny

’ny+ + C + —— n(x) Binz[
U, K X 26(x)

] (6.2.2.30)

Equation (6.2.2.30) can be used for both the inner layer and the
outer layers. When the boundary layer thickness on the hub surface is
known, the velocity profile transits from linear distribution to log
distribution directly without the buffer layer in present calculation
and the profiles in the inner and the outer layers are determined from
equation(6.2.2.30),

6.2.2.6 Boundary layer on the pipe wall

The boundary layer on the pipe wall is in a fully developed
turbulent state and totally determined from boundary layer theory. In
the fully developed flow in smooth walled pipe, the wall friction
coefficient in turbulent flow given by Nikuradse(Fox, 1977) is

f = 0.0032+ 0.221/Re°-"’ (6.2.2.31)
and the corresponding wall stress is

Ty = Puif/8 (6.2.2.32)
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Because the flow is inside an annulus, the Reynolds number and the
velocity in equations (6.2.2.31) and (6.2.2.32) should be based on the
pipe flow with the equivalent hydraulic diameter and the same flowrate
'as.the annulus flow.

Thus, the friction velocity can be determined by substituting
equations (6.2.2.31) and (6.2.2.32) into (6.2.2.24), and the velocity
profile can be determined as well.

Between the pipe wall boundary layer and the boundary layer on
flowmeter hub surface,there is a region which is influenced by both
boundary layers and there is no direct velocity profile formula for
this region. The velocity distribution here is obtained by a
mathematical fitting between the edge of the hub surface boundary
layer and a point inside the pipe wall boundary layer which is
determined by maintaining the annulus flowrate.

6.2.3 Driving Torque

The 1ift on a two dimensional cascade blade can be expressed as

1
L= —— pU,2C,C (6.2.3.1)
2
The flow field inside the rotor is simplified to two dimensional
flows on an infinite number of cylindrlcal surfaces and the flow on
each cylindrical surface is treated as a two dimensional cascade flow.

The driving torque produced by the blades on individual section is
dT4= Lr dr

here Vig is the velocities on the flowmeter inlet section.
The total driving torque on the rotor is an integration of all the
cascade torques from the hub to the tip. It is given by

r¢ :
CyCVig2r dr (6.2.3.3)

Tqg = 0.50N} J
Ih

Among the cylindrical flows from the hub to the tip, only a finite
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number of them are chosen as representatives and their solutions are
found using the built numerical ‘model. The solutions to the flows
between those representative flows are interpolated from the simulated
results. Using this approach, the total driving torque on the rotor

can be calculated using the following formula

N

Tg = 0.5pNp }0.5(CiC21Visizri+Ci-lc!i_l V.isi_,zri—x) ar;
i=2
" (6.2.3.4)

6.2.4 Friction on fhe Blade Surfaces

In the model for the flows around the flowmeter blades, the
separated leading edge flows and the wake flows of a blade is counted,
but the boundary layer after the flow reattachment is not included.
However, the simulated results show the dependence of the flow state
at the reattachment point on the incidence -angle according the
reattachment length behaviors. The boundary layers on the blade
surfaces certainly have produced retarding torques on the rotor.
Here, the friction produced by the boundary layers is determined by
the Reynolds number and the incidence angle.

According to the experimental data given by Ota et al and Kottke
et al, the transition Rep from a laminar reattachment to a turbulent
reattachment for the plates with a square leading edge is between
about 120 and 200. In this calculation, The transition Reynolds number
Rep is given 200. When Rep, is below 200, the starting state of the
boundary layer at the reattachment point is laminar, the friction

coefficient is
f = 1.328 (Rey)~°-% (6.2.4.1)

When Rep is over 200; the state of the boundary layer at the
reattachment point on the blade surfaces is mainly influenced by the
incidence angle. The results in chapter § show§ ,

When « > -4° on the upper surface and « >4° on the iowér surface,
the startipg state is lahinar, f is calculated by equation(6.2.4.1)
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When « > -4° on the upper surface and « < 4° on the lower surface,
the boundary layer state at the reattachment point becomes turbulent
and the used friction coefficient is given by Schlichting as

f = 0.455/[log(Rey))?-5® | (6.2.4.2)

6.3 Tip Clearance Friction

An expression for the retarding torque produced by the fluid
inside the tip clearance is given by Thompson and Grey(1973). It is

Ty =[p(rew)?/21C¢r¢Befye (6.3.1)
where
ft = 2/Ret Ret < 1000
=0.016/Ret’**® Ret > 1000

and

Ret = urt(rp-rt)/v

6.4 Bearing Friction

Bearing friction is one of the major frictions influencing a
flowmeter performance. In the tested flowmeter, the rotor is rotating
on the shaft as fig.6.5. While the rotor is rotating, the fluid
between the rotor shell and shaft surface forms a pressurized fluid
film. The friction inside the bearing is dependent on the thickness of
this fluid film because this film determines the bearing lubrication
state. However the thickness of the fluid film is a function of the
rotor speed. ‘

In terms of physical bearing operation, three states of lubrication
exist as described by Ryffel and Geronimo(1984). At small flowrates,
the fluid film is very thin and it is not thick enough to prevent the
solid surfaces from rubbing each while the rotor is running, this is
the boundary lubrication state and mechanical friction exists inside
the bearing in this state. The mechanical friction has its biggest
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magnitude when the metering flowrate is very small and decreases to
zero when the metering flowrate increases to such a value that a fully
hydraulic lubrication is achieved inside the bearing. In the fully
hydraulic lubrication state, the solid surfaces are totally separated
by the fluid film. A mixed lubrication state exists between the
boundary and the fully hydraulic lubrication states. The mechanical
friction coefficient variation in the mixed lubrication state is
supposed to be .linear from its maximum to zero in the fully hydraulic
lubrication state. The fluid viscous friction inside the bearing thus
changes with fluid film thickness.

Inside the bearing of the tested flowmeter, the lubrication in
section b is always in a hydraulic state due to the design(see
fig.6.5a), only the lubrication state in sections a and c 1is changing
with the metered flowrate. In the model presented here, friction

equations for the three lubrication states are developed.

6.4.1 Lubrication Frictions

When the rotor speed is low and the fluid film is thinner than
the total roughness of the two facing surfaces of the bearing, these
two surfaces touch each directly during the rotor's rotation. The

total roughness of the two facing bearing surfaces is
Xt = XptXg (6.4.1)

According to Barwell(1979), the roughness of a milled steel
surface is 110uin.

The maximum friction exists when the rotor is almost stationary.
The mechanical friction coefficient given by Ryffel and Geromino in
boundary lubrication is between 0.08 and 0.12. In this calculation, f,
is given the value of 0.1,

While the rotor is rotating, a force is produced on the suspended
rotor through the fluid film as shown in fig.6.6 [Barwell(1979),
Massey(1989)]. The force components in those bearing sections are

ﬂlwt'zll’ €4
Fyy = (6.4.2)
4 4t v (1-€47)?
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(6.4.3)

i=a,b,c
where e; is the ecentricity ratio of the bearing gap(see fig.6.6),

i.e.

In the tested flowmeter, the total F, and F, of the tested

flowmeter are

Fy = Fyg +Fyp +F4¢

=0 (Pg +Pp +P¢) (6.4.5)
where
wur, 239 €y
Py = p——— i=a,b,c
4 tiz v (l-eiz)’
and

= w (Qg +Qp +Q¢) (6.4.6)
where
l-!t‘zli3 eiz
Qi = : j-a‘b'c
Liz (1-51‘)z

In the design of the flowmeter bearing, sections a and c¢ are

symmetric about section b, so
€a “€c

and
€p =€atq/1p

The total force on the rotor through the fluid film is

F= v Fp? + F,?
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= w v (Py +Pp* P)? + (Qy +Qp +Qc)?
(6.4.7)
Radial aerodynamip forces acting on the rotor is balanced
themselves in ideal design, the force produced by the fluid film on

the rotor should balance its weight, i.e.
F=W (6.4.8)

For the bearing lubrication to be fully hydraulic, the minimum
fluid film thickness in sections a and c¢ of the bearing must be at
least equal to the surfaces roughness as given by equation(6.4.1).

The corresponding ecentricities are
€o™ €30 €ho - 1- xt/ta
and
€ho = €otg/ \p (6.4.9)

This is the critical ecentricity with regarding to the lubrication
state inside the bearing. when the eccentricity is smaller than €0

the bearing lubrication is in a fully hydraulic state.
From equations‘(6.4.7) and (6.4.8), the rotating speed corresponding
to the crltical ecentricity is

W
wo = (6.4.10)

v (Pgq +Pp* Pc)o? + (Qa +Qp +Q¢)o?

where subscript o indicates the value at the critical ecentricity.

When the rotor speed is higher than w,, fylly hydraulic
lubrication is achieved inside the bearing and mechanical friction

drops to zero.
Before a fully hydraulic lubrication is achieved, mechanical

friction is a function of ecentricity and is assumed to drop linearly
from 1its maximum value to zero. At a given rotation speed, the
corresponding ecentricity can be calculated wusing equations (6.4.7)
and (6.4.8). Then the mechanical friction coefficient is

f=fo[1-va(1-€)/x¢] . (6.4.11)

The mechanical friction inside the bearing is
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Fp =fW , (6.4.12)

6.4.2 Fluid Viscous Friction

The viscous frictions caused by the fluid inside the bearing

sections are

v i
Fyi= j I Trded? (6.4.13)
o 0 i=a,b,c
Because the gap in the bearing is very small, the flow in it is
laminar and the shear stress in the lubrication fluid is

wr
(6.4.14)

T =
hy

Ignoring the end effects on the shear stress and substituting
equation(6.4.14) to (8.4.13), the frictions inside the bearing become

L ;
Fui' uwr,2 44 I —EI (6.4.15)
here hy is the clearance between the bearing and its house. It can be
expressed as
hi= vj[1+eqcos(o)] (6.4.16)

Substituting equation(6.4.16) into equation (6.4.15), the viscous
frictions in the bearing are

puor, 2 2y 2r :
F,,1 = - (6.4.17)
X1 v 1-€j4

The total fluid viscous friction in the bearing of the tested
flowmeter is

Fu = Fua + Fup +Fyc

Because e€j vary with the rotor speed, the viscous friction in the
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bearing is a function of the rotor speed.
The total friction torque in the bearing is

Tp = (Fp + Fu)rz : (6.4.18)

6.5 Viscous Friction on the Hub Surfaces

The boundary layers. on the hub surfaces also produce frictions.
When a flow passes through a turbine flowmeter, a shear layer is
estabished on every hub surface, and the direction of the shear stress
is opposite to the relative velocity of the flow. The shear stress on

the hub surface is

w
T =y — ' (6.5.1)
ar

This stress can be divided into axial and circumferential
components and only the circumferential component produces a retarding
torque. As given by Tsukamoto and Hutton(1985), the friction torque on

surface AB is
Th = (p/2)wp?Apresin(By)fy (6.5.2)
where
fy = 1.328Rgp™°'®  Rgp < 2.5 x10°
= 0.074Rgp~%*? Rep > 2.5 x 10°
Reh = wpCh/v
Ap =27rg8-NpByCh

The frictions on the other surfaces are appoximated to the
friction on a rotating disk with a radius r; and are calulated using

the formula given by Schlichting. The formula is

Tdisk = (p/2)w Th°fdisc (6.5.3)
where
faisc™ 3.87 Regjgk™°*® Regigsc < 3x10°

= 0.145 Reqigk °'? Regjsc > 3x10°
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Redqjgc = Fh'w/v

6.6 Results and Discussions

Using the‘panel method developed for annulus velocity prediction,
the predicted potential inlet velocity profiles 6f the flowmeter {s
presented in fig.6.7. It can be seen that the potential flow velocity
profiles become flat very quick after the hub nose section. However,
due to the boundary layers on the annulus surfaces, the actual
velocity profile is very much changed and depends on the flowrate. The
predicted velocity profiles with and without the boundary layers at
section B (see fig.6.1) for flowrates with annulus mean velocities of
0.764m/s and 1.75m/s are presented in fig.6.8.

When the inlet velocity is known, the performance curve of a
flowmeter with free swirl inlet condition can be predicted. To obtain
the curve, the lift and drag characteristics of the flowmeter rotor
blades in chapter 5 have to be used.

The flowmeter coefficients for any other flowrates are obtained by
iteration. The procedure is:

(1) An initial rotor speed is given,

(2) All the torgues acting on the rotor under the initjial speed are
calculated using the models developed in this chapter,

(3) Because there is no unsteady disturbance to the rotor, equation
(6.1.2) is applied in the prediction. Comparing the calculated driving
torque and the total retarding torque, the initial rotor speed is
lowered when the driving torque is smaller and increased when the
retarding torque is smaller.

(4) The readjusted speed is used as a new initial speed and the
calculation is repeated from step (2). Iteration is terminated when
equation(6.1.2) is satisfied to the desired accuracy.

In fig.6.9, the predicted flowmeter performance curve is presented.
In the predicted results, there is only a small non-linear section
is found and the flowmeter coefficient is very stable for large
flowrates.

In £ig.6.10, the effect of the tip clearance is given. The result
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of the tip clearance change is a large flowmeter coefficient
variation. As the clearance increases, the retarding torque produced
by the flow inside the pipe boundary layer becomes smaller, so the

flowmeter coefficient increases.
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CHAPTER

SEVEN

EXPERINENTAL STUDY

7.1 Introduction

Knowledge of the flow characteristcs inside turbine flowmeters is
a pre-condition to improve their design and performance. In this
chapter, an experiment was designed to measure the flow fields inside
a turbine flowmeter under different inlet flow conditions and
flowrates by the use of Laser Doppler Anemometry(LDA). The objectives
of this study are to produce a clear understanding of the flow fields
inside the turbine flowmeter. The measurement results are used to
validate the developed numerical models as well. '

LDA is a non-intrdsive and fast response velocity measuring
technique which measures the speed of the small suspended particles
inside the fluid. The principle of LDA can be found in Durst(1981) and
SME(1989). Because of its advantages, LDA is used widely for the
measurements of turbulent flows and the flows inside machinery. There
are two types of LDA, the forward scatter system and the backward
scatter system. In the forward scatter system, the laser beams have to
penetrate the test section and the doppler signals are picked up by a
photomultiplier located on the side of the test section opposite to-
that of the laser system. The backward scatter system is used on those
occasions when the laser beams cannot penetrate -the test section and
the doppler signals have then to be received on the same side as the
laser systenm. In its applications in turbomachinery, the backward
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system is usually used to measure the flow inside blade passages as
Dring et al{1982). A Backward scatter system was used in the present
expérlment.

" The flow inside the turbine flowmeter has axial, circumferential
and radial components. Using the LDA system, the axial and
circumferential components can be easily measured, but it is difficult
to measure the radial component directly(Ferreira,1988). However, the
radial component is expected to be very small, so only the axial
component u and circumferential component v were measured in this

experiment.

7.2 Test Rig and Equipwent

7.2.1 Test Rig

The experimental measurements were carried out in a specially
designed rig to test the performance of a 4" turbine flowmeter. The
layout of the rig is shown in fig.7.1. It consisted of a pump, two
sump tanks, a reference vortex flowmeter and a test section. Other
assessories, such as a flow straightener, a bypass and valves, were
built into the rig to condition and control the flow through the
tested turbine flowmeter.

The test section is shown in fig.7.2. It consisted of a swirl
generator, turbine flowmeter and a perspex box. The swirl generator
was fixed onto the 4" pipe by four screws through the pipe wall. Four
swirl generators were tested in the experiments, Their blade twist
angles were 8, 4, -4 and -8 degrees respectively. Different swirls
could be produced in the inlet flow of the flowmeter by use of these
swirl generators. The turbine flowmeter section was specially designed
as shown in fig.7.3. It consisted of three parts, two aluminium
flanges and a central perspex section. These three parts could be
easily dismantled and assembled. The turbine flowmeter was located
in the perspex pipe by sliding its three stator vanes along three
channels in the perspex pipe and its circumferential position was also
fixed by these channels. These three parts weré assembled by four
bolts between the flanges. Before these bolts were tightened, the
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perspex pipe with the flowmeter could be rotated about the pipe in
relation to the two flénges. A perspex matching box was designed to
improve the doppler signals quality. This box was tightly held on the
aluminium pipe wall, but éould be slighly rotated around the pipe axis
for its circumferential position adjustment. Because the refractive
index of water is quite close to that of perspex, the reflected light
from the curved pipe surface was reduced by means of the surrounding
water filled in the box.

Throughout the measurement programme, the pipe wall and the
matching box were polished every week with ICI perspex polish liquid
and the water inside the test circuit was changed every week. When the
water was being drained away, the rig pump was left running at the
beginning to allow the nascent mud deposit on the inner pipe wall to
be washed away. To reduce external influence on the measurement, the
water temperature was controlled at 25¢ 2.4 °C using two heaters when
the temperature was low and cold tap water when the temperature was

high.

The Laser Doppler Anemometry system used in the experiments is a
back scatter system developed by Goulas{(Goulas and Versteeg, 1985)
which 1s capable of measuring one velocity component in either a
rotating or a stationary system at one time. A schematic diagram of
the measurement system and a photograph of the optical system are
shown in fig.7.4 and fig.7.5. The used laser source was a LEXEL MODEL
95 Argon ion laser operated at green wavelength (514nm). When a beam
is emitted from the source, it passes through a group of transmiting
optics, a polarisation plate and a beam splitter. The polarisation
plate matches the laser and the beam splitter and the beam splitter
splits the incoming laser beam into two parallel beams of 50mm
distance and the same intensity. These two parallel laser beams pass
through a frequency shift system based on acoustic optic modulators(
bragg cells). In each bragg cell, an acoustic wave is generated by a
plezolectric transducer bonded at its end. Thfs acoustic wave perturbs
the refraction index of the material inside the bragg cell and acts as
a phase grating. The setting angle of the bragg cell can be adjusted
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continuously by means of a screw against a spring. By adjusting the
angle of the bragg cell, +1st, -1st or Oth order diffracted beams can
be optimised. The two parallel beams pass through different bragg
cells and - come out with different frequencies. The resonant
frequencies of the two used pizoelectric transducers are 37.6MHz and
40 MHz respectively. Due to the low velocity in the test section, the
used frequency difference between the two laser beams was chosen at
2.4 MHz. Thereafter, the two beams pass through a beam steering module
with the aid of which the distance between them can be slightly
adjusted to ensure that they cross each other at their waists beyond
the front convex-plane lens in order to form an optimised control
volume.

Inside the control volume, interference fringes are produced.
When there are particles crossing these fringes, the light signals
scattered from these particles give information of the local velocity
in the control volume. If the particle size is comparable to- the
fringe size and its density is suitable, the local velocity can be
accurately measured. The particles used in the measurement are the
natural - particles suspended in tap water. '

The scattered signal from the focal point is received by a small
high quality mirror behind the front lens and focused on the pinhole
of a photomultiplier(PM) by a set of plane-convex lenes. The PM is
mounted on a platform which can be moved in three directions and
rotated in a horizontal plane as shown in fig.7.5. Through adjustment
of the PM position, the scattered doppler signal should be exactly
focused at the cathode of the PM and thus amplified. The used PM has
a 4ns response time and operates at 1200V voltage. The output of the
PM is fed into a signal processing systenm.

During the measurement, the control volume is moved to the
required positions by the adjusting platform mechanism shown in

fig.7.6.

7.2.3 Signal Processing System

The used signal processing system consisted of a spectrum
analyser(SA), a spectrum analyser controller(SAC), a sample and hold
system, a circumferential positioning system and a microcomputer, as
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shown in fig.7.7. The SA was supplied by Hewlett Packard. It has three
inter-connected sections i.e. 141T display, 8553B RF section and 8552A
IF section, and works in the frequency domain. The working frequency
range is defined at the front panel by setting the central frequency
and scan width on the RF section. When the PM output is fed to the
spectrum analyser, the analyser's output is an inverse of the spike
which occurs when there is coincidence in time between the laser
doppler signal and the RF filter of the spectrum analyser. The scan
frequency of the SA . comes from the SAC. While the SAC‘is working, a
0-8V ramp is produced in every scan period and the detected laser
burst is répresented by the corresponding voltage in the 0—8V ramp.
Since the flow inside the turbine rotor is time dependent, an
analogue output of the spectrum analyser related to time is required
and this is achieved using a circumferential positiohing system. In
this positioning system; an opfic fibre i1s located in a hole on the
pipe wall opposite the laser system in the flowmeter rotor section.
when the rotor is rotating, the pulse output from this fibre indicates
alignment of the turbine rotor tip with the optic fibre light beam.
These pulses are fed into a ramp generator'and trigger a 0—5V ramp.
The output voltage value between 0 to 56 cofresponds to one space
betwéen two blades. The analogue outputs of the position measurement
system and the spectrum analyser are fed into a six- channel sample
and hold system and recorded by the microcomputer at the same time.
During experiments, while one laser beam was cut by a blade, very
strohg light was reflected back. Such a strong light could temporarily
blind or even permanently damage the PM. In order to protect the PM
from being blindéd. a circuit was designed to switch off the PM before
any of the laser beams was cut by a rotor blade. The theoretical
swlgch-off time is the period which starts when one laser beam begins
to bé blocked by a rotor blade(position A) and finishes when the other
beam is no longer blocked by the same blade(position B) as shown in
fig.7.8. Hence no signal could be received while the blade was
travelling from position A to B. However, the switch-off time had to
be s)ightly longer than the theoretical period in case of flow
pulsations. To trlggér the switch-off circuit, the signal from the
optic fibre was used and the switch off time was adjusted through a
time-delay box. The acfual switch-off time was adjusted by comparing
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the optic fibre signals and the signals from the photomultipler{with
the switch-off circuit dismounted). During this adjustment, an
attenuation lens had to be located at the front of the photomultiplier

to protect it.
7.2.4 Tested Turbine Flowmeter

The turbine flowmeter tested in the experiments 1is a TV/4/1000
helical turbine flowmeter provided by Hydril UK Ltd. The main

geometrical dimensions are as in table 7.1.

Table 7.1 Turbine Flowmeter Dimensions

Blade number Nj, . 10

Blade thickness B(mm) 1.25
Tip radius r¢{(mm) 49.78
Tip blade stagger angle B¢(deg) 49.16
Tip clearance(mm) 1.02
Hub radius rp(mm) ’ 24.64
Hub blade stagger angle B} (deg) 29.79
Rotor blade axial length 2(mm) 25.65
Pipe diameter rp(mm) ' 50.80

7.2.5 Swirl Generators

Four swirl generators were designed for the use in the experiments.
Each produced a different swirl in the turbine flowmeter inlet flow,
The blades of these swirl generators were twisted from a flat disc as
shown in fig.7.9. The installation of a swirl generator is illustrated
in fig.7.2. In the hub area of a swirl generator, there is a very
small transition area in which the twist angle changes from 90 degrees
to the required angle near the core. The twist angle is defined as
positive when it is in the same direction as the rotor rotation and
negative when it is in the opposite direction. The geometries of these

swirl generators are glven in table 7.2.

Table 7.2 : Swirl Generators Dimensibns

case B case C case D case E
Blade number 10 10 10 10
"Tip radius 48.7 48.7 48.7 48.7

(mm)



Tip blade angle 4
Bg(degree)

Tip blade Length 22.82
(mm)

Trans Radius: 21.53
(mm)

Core radius: 12.7
(mm)

7.2.6 Measured Stations

The fiow velocities in and near the flowmeter rotor was measured
on 11 axial sections from the upstream of the rotor to its downstream
as shown in fig.7.]0‘and at 8 radial positions on every axial section.
the axial and radial positions of the méasurement stations are shown
in following tableé. The axial positions given in the following tables
are related to a upstream step cross section of the perspex pipe as
shown in fig.7.3 and 7.10. The position of the reference section is
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22.82

21.53

12.7

-4 -8
22.82 22.82
-21.53 21.53
12.7 12.7

determined using laser signals as described in Appendix D.4.1.1.

Table 7.3 Axial Positions of the Measured Cross Sections

Station No

QbW -

SOOI,

Axial Position(mm)

22
26
30
34
37
39
41
46
51
57
61

64.

68

blade leading edge

blade trailing edge

Table 7.4 Radial Measurement‘Positions on Each Cross Section

Station No

OO m>

Radius
r{mm)

47.48
45.48
42.82
40.16
37.50

r/Rp

0.934
0.895
0.843
0.791
0.738
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- F ' 34.18 0.672
G 30.85 0.607
H - 28.82 0.567

To validate the flowmeter performance prediction model, the inlet
flow conditions are required. The axial position of the inlet section
has to be decided from the measured results(as discussed in next
chapter). On this inlet section, the disturbance from the hub nose and
the flowmeter rotor should be both small. The radial measurement
stations on the inlet section are as given in table 7.5.

Table 7.5 Radial Positions of the Measurement Stations
(inlet velocity profile measurement)

Station No © ' Radius(mm) r/Rp
a 47.49 0.935
b 46.16 - 0.908 -
c 44 .82 0.882
d 42.82 0.843
e 40.82 0.804
f 38.82 0.764
g 36.82 0.725
h 34.82 0.685
i 32.82 0.646
J 31.48 0.620

'k 30.15 0.594
1 28.82 0.567

7.3 Data Processing

Experiméntal data are stored in the microcomputer in a set of
three arrays. The first array stores the total‘number of the samples
at each position, the sécond stores the sum of the velocity samples at
each position and the third stores the square sum of the velocity
samples at each point. From those stored data, the velocity
distribution in the blade passage can be obtained.

On the inlet cross section, the flow is supposed to be

axisymmetric. The mean veloéity is given by following expression

N
) 1
V) = — } Vi, (7.1)
Nj =1

where subscript i indicates an individual velocity component and Nj 1is
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the total sample number.

The turbulent intensity is

vi
Tl = ———— (7.2)
Vi
where
| g (Vi,j7V4)?
vyt o=, -IN (7.3)

The flow field inside the turbine flowmeter rotor is considered to
be a non—uniform'flow. With the LDA system, the detected instantaneous
doppler signals were put in correspondence with the signals from the
position measurement system. The measured velocity is thus registered
at 64 equally spaced points in each blade space. The data for every
point were stored in three arrays, i.e. the total number of samples
N(wj)i. the sum of velocity samples V(oJ)I apd the square of the
velocity samples. The velocity and the turbulent intensity are
calculated using the same equation as (7.1) and (7.2) with N; replaced
by N(aj)i and Vj replaced by v(aj)i.

Examples of the measured axial velocity distributions between
blades at radial section C from the upstream of the rotor (axial
station No.4) to its downstream are presented in table 7.6 and 7.7.
Looking over these tables, the regions in the flowmeter rotor where
the velocity cah be measured using the LDA system are clearly
visualised. The zero velocity region corresponds to the region where
strong reflected signals were produced as the beam were cut by a rotor
blade. The photomultiplier was switched off during that time, so no
doppler signal was detected.

From the results, it can also be seen that there is not much
variation in the velocity distributions between blades throughout the
flowmeter rotor. The same kind of results were found at various
flowrates and under different inlet flow conditions. Because of this,
-bnly the mean velocity inside the flowmeter rotor is of significance.

The measurements are therefore processed according to the following
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Table 7,6 Measured Flow Field Between Blades
(case A, radial section C, flowrate: 32.56m?/h)

1.389
1.366
1.395
1.377
1.365
1.364
1.385
1.375
1.373
1.384
1.364
1.386
1.396
1.351
1.382
1.386
1.3
1.389
1.379
1.363
1.358
1.396
1.376
1.368
1.391
1.370
1.393
1.361
1.373
1.365
1.394
1.395
1.395
1.370
1.386
1.371
1.376
1.425
1.391
1.394
1.397
1.384
1.404
1.386
1.412
1.409
1.350
1.379
1.359
1.388
1.362
1.386
1.357
1.398
1.362
1.418
1.372
1.412
1.384
1.395
1.373
1.361
1.39%4
1.377

TIOJ °j
0.074 1
0.070 2
0.085 3
0.085 4
0.084 5
0.087 6
0.077 7
0.088 8
0.077 9
0.078 10
0.098 11
0.078 12
0.066 13
0.095 14
0.107 15
0.083 16
0.081 17
0.089 18
0.109 19
0.086 20
0.078 21
0.121 22
0.083 23
0.101 24
0.090 25
0.083 26
0.079 27
0.0950 28
0.074 29
0.077 30
0.088 31
0.096 32
0.117 33
0.091 34
0.093 35
0.084 36
0.085 37
0.086 38
0.072 39
0.075 40
0.086 41
0.083 42
0.079 43
0.075 44
0.076 45
0.066 46
0.076 47
0.085 48
0.091 49
0.105 50
0.096 51
0.101 52
0.110 53
0.100 54
0.090 55
0.069 56
0.081 57
0.064 S8
0.085 59
0.081 60
0.069 61
0.083 62
0.066 63
0.080 64

TIOJ OJ NQJ

*0.000

0.000
0.000
0.068
0.047
0.059
0.069
0.085
0.073
0.088
0.069
0.067
0.077
0.086
0.096
0.074
0.097
0.079
0.065
0.088
0.082
0.094
0.068
0.082
0.071
0.067
0.077
0.081
0.082
0.076
0.081
0.075
0.076
0.067
0.078
0.074
0.097
0.079
0.090
0.081
0.063
0.069
0.085
0.069
0.085
0.076
0.082
0.089
0.075
0.080
0.076
0.081
0.078
0.061
0.073
0.086
0.078
0.076
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.511
1.520
1.491
1.490
1.516
1.506
1.505
1.504
1.485
1.519
1.497
1.484
1.504
1.514
1.500
1.518
1.501
1.505
1.499
1.486
1.505
1.500
1.492
1.492
1.528
1.518
1.495
1.504
1.516
1.507
1.506
1.519
1.514
1.513
1.480
1.511
1.508
1.507
1.470
1.489
1.507
1.487
1.508
1.485
1.504
1.499

Tlo;

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.071
0.078
0.081
0.075
0.070
0.070
0.090
0.073
0.075
0.072
0.086
0.069
0.076
0.060
0.058
0.064
0.073
0.083
0.075
0.066
0.085
0.090
0.078
0.079
0.062
0.072
0.077
0.065
0.055
0.090
0.069
0.075
0.080
0.060
0.076
0.068
0.070
0.064
0.075
0.094
0.063
0.086
0.073
0.073
0.067
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1.529
1.528
1.526
1.513
1.498
1.532
1.521
1.502
1.507
1.510
1.513
1.541
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.533
1.536
1.493
1.531
1.500
1.505
1.515
1.511
1.499
1.514
1.509
1.517
1.517
1.506
1.514
1.507
1.511
1.515
1.519
1.511
1.510
1.506
1.505
1.530

©1.548

1.511
1.536
1.525
1.498
1.494
1.513
1.516
1.519
1.524
1.539

Tlo,

0.067
0.063
0.076
0.081
0.065
0.074
0.088
0.071
0.098
0.061
0.074
0.074
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.052
0.066
0.092
0.072
0.076
0.081
0.064
0.080
0.078
0.079
0.055
0.064
0.086
0.093
0.068
0.068
0.077
0.051
0.062
0.072
0.078
0.052
0.088
0.087
0.063
0.075
0.082
0.061
0.067
0.067
0.059
0.057
0.082
0.066
0.052
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Table 7.7 Measured Flow Field Between Blades
(case A, radial section C, flowrate: 32.56m?/h)

oi N u
"B Pl
1 79 1.534
2 55 1.506
3 49 1.497
4 67 1.507
5 80 1.529
6 53 1.499
7 671 1.524
g8 71 1.520
9 64 1.475
10 48 1.49%4
11 66 1.512
12 50 1.531
13 77 1.516
14 49 1.536
15 67 1.540
16 69 1.500
17 73 1.514
18 66 1.518
19 59 1.518
20 61 1.496
21 56 1.511
22 54 1.497
23 84 1.511
24 66 1.527
25 77 1.479
26 58 1.534
27 74 1.522
28 64 1.508
29 33 1.520
30 0 0.000
31 0 0.000
32 0 0.000
33 0 0.000
34 0 0.000
as 0 0.000
36 0 0.000
37 0 0.000
38 0 0.000
39 0 0.000
40 0 0.000
41 0 0.000
42 0 0.000
43 5 1.491
44 61 1.506
45 78 1.514
46 74 1.532
47 48 1.503
48 77 1.521
49 72 1.500
50 65 1.520
51 65 1.489
52 60 1.542
53 69 1.523
54 63 1.504
55 57 1.508
5¢ 73 1.511
57 81 1.512
5§ 82 1.508
59 65 1.525
60 56 1.523
61 64 1.510
62 63 1.500
63 45 1.525
64 65 1.500

TI°j °j N°J uoj

0.070
0.074
0.091
0.084
0.084
0.089
0.078
0.082
0.093
0.092
0.076
0.067
0.088
0.053
0.070
0.070
0.051
0.080
0.067
0.071
0.061
0.085
0.074
0.054
0.100
0.080
0.057
0.068
0.068
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.049
0.075
0.073
0.072
0.089
0.073

0.084 |

0.083
0.115
0.072
0.095
0.071
0.092
0.065
0.088
0.088
0.089
0.091
0.060
0.112
0.061
0.073
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equations.
‘
N(GJ)1V(01)1
V(Oj)j = :‘ (7.4)
2 N(°j)1
=1
and
6
N(°j’iTI(°j)1
TI(04); = ] " (7.5)
2 N(°j)i
=4

7.4 Measurement Uncertainties

7.4.1 Uncertainties in CVP and HIA

In any experimental system, uncertainties always exist in the
measured variables. In this experiment, uncertainties not only exist
in the LDA system and the data processing system, but also the test
section and its integration with the LDA system, so the measured
velocity has certain level of uncertainty. All the causes of
unceftainties are discussed in appendix D . The uncertainties in the
Control Volume Position(CVP) and the Half Intersection Angle(HIA) are
presented here.

The uncertainties in the CVP and the HIA can be calculated by
applying error propagation theory into the calculation of the CVP and
the HIA. The results are presented in the following tables.

Table 7.8 Uncertainties in Axial Velocity Measurement

Point Ry 8Ry 8Xy 624 . 6y 664
(mm) (mm) (mm) (mm) (°) (°)

A 47.48 0.766. 0.604 0.231 4.867 0.08
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B 45.48 0.766 0.606 0.233 4.867 0.08
c 42.82 0.767 0.608 0.236 4.867 0.08
D 40.16 0.768 0.610 0.239 4.867 0.08
E 37.50 0.770 6.612 0.242 4.867 0.08
F - 34.18 0.772 0.615 0.245 4.867 0.08
G 30.85  0.775 0.617 0.249 = 4.867 0.08
H 28.82 0.777 0.618 0.251  4.867 0.08

Table 7.9 Uncertainties in Circumferential Velocity Measurement

Point Ry SRy 86Xy 624 04 664
(mm) (mm) (mm) (mm) (°) (°)
A 47.48  1.138 0.659 0.222 4.953 0.211
B 45.48 1.135 0.659 0.223 4.950 0.212
c 42.82 1.130 0.660 0.225 4.945 0.213
D 40.186 1.126 0.660 0.228 4.940 0.213
E 37.50 1.121 0.660 0.231 4.935 0.214
F 34.18 1.116 0.660 0.234 4.928 0.215
d 30.85 1.110 0.661 0.239 4.922 0.217
H 28.82 1.107 0.661 0.241 4.919 0.217

7.4.2 Uncertainties in Laser Constant

The uncertainties in the measured velocity stem from the
uncertainties of the HIA and the data processing system.
The velocity measured by the LDA is
V=K(fq-fg) . {7.6)
The laser constant of the system in air is
N
O (7.7)

2sin(e)

where X is the wavelength of the laser used in the laser system and ©
is the half intersection angle (HIA) of the two laser beams in the

fluid.
When the measurement is conducted in a liquid with refractive

index ng, the wavelength of the laser beam in this liquid is
A =NaXa/ng (7.8)
so the laser constant becomes

NaXa
(7.9)

K=
2nfsin9f
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6, and ©¢ being the HIA in air and in the liquid respectively,
Ignoring uncertainties in the laser wavelength and the
refractive indices, the uncertainty of the laser constant is
NaXa

&K = 66 ¢ (7.10)
2sinegtanés

Axial velocity measurement
In the axial .velocity measurements, the relation between € and ©,

is
sinéf =ngsiné,/ng (7.11)

Substituting equation(7.11) into equation (7.9), the laser

constant becomes the same as the constant in air, i.e.

ra
2sing,
and its uncertainty is
Kse,
6K = ————— (7.13)
tane,

Substituting the measured data in air (given in Appendix D) into

the above equation, the laser constant is
6K =0.0285
The laser constant for axial velocity measurement is

K= 2.279927 #0.0285

———Circumferential velocity measurements

However, there is no direct relation between ©f and 6, as in
equation(7.11) in circumferential velocity measurement due to the
curvature of the pipe wall, The laser constant and its uncertainty
should be calculated using equations (7.9) and (7.10).

The uncertainty in the HIA inside the pipe changes with control
volume positions, so the uncertainty in the laser constant for
circunferential velocity measurement changes accordingly. The
predicted laser constants and their uncertainties are presented in the
following table. ‘
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Table 7.10 Laser Constant Uncertainties
(circumferential measurement inside rotor)

No. Radius K 5K 8K/K
(mm) (%)
A 47.48 2.2352 0.0950 4.249
B 45.48 2.2366 0.0956 4.272
C 42.48 2.2388 0.0962 4.297
D 40.16 2.2411 0.0964 4.301
E 37.50 2.2434 0.0970 4.326
F 34.18 2.2465 0.0973 4.331
G 30.85 2.2493 0.0980 4.357
H 28.82 2.2506 0.09886 4.380

7.4.3 Uncertainty in the Measured Velocity

The velocity measured by the LDA system is
V= K(fq -fg) (7.14)

and its uncertainty is

8V =v (fd-fs)?6K? + K?(6f4% +6fg?) (7.15)

To estimate the uncertainties in the measured velocity, (fg4-fg) is

b;sed on the mean velocity component for every measurement, i.e.
fg-fg = Vp/K (7.16)
As given in Appendix D
6fg = 2.734x10"*MHz
The uncertainties in the measured velocity are:
— Axial velocities

K =2.279927
5K = 0.0285
6f4,= 0.0128 MHz

—— flowrate 1
Q = 16.84 m%/h
Up = 0.7569 m/s
du = 0.031m/s
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—— flowrate 2
Q = 30.87 m®/h
Up = 1.3876 m/s
Su = 0.034 m/s

= Circumferential velocity

The uncertainties in the circumferential velocity measurements are
different for different radial positions. Using the maximum 6K and K,
and

6f4, = 0.0116 MHz

The possible errors in the measured circumferential velocities are

—— flowrate 1
| Q = 16.84 m*/h
6v = 0,026m/s
— flowrate 2
Q, = 30.87 m*/h
6v = 0.027 m/s

7.5 Tested Cases

The conducted experiments cover the following cases:

— Case A without inlet swirl generator

—— Case B with swirl generator of +4 degree blade angle
—— Case C with swirl generator of +8 degree blade angle
—— Case D with swirl generator of -4 degree blade angle
—— Case B with swirl generator of -8 degree blade angle

The flow fields fhroughout the flowmeter rotor were measured in
these five cases. In case A, the measurements were done at flowrates
of 16.84m>/h and 30.87m%h . In the another four cases, measurement
was only done at a flowrate of 30.87m%/h. In each case, thé
performance curves of the tested flowmeter were also measured. The
measured velocity data were registered under three or four digital
names. For example, BLO4 indicates the results on axial station 4 in
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test case B at the larger flowrate and A04 indicates the profile in
test case A on station 4 at the smaller flowrate.

In all five cases, 1inlet velocity profiles(both axial and
circumferental components)were measured at six flowrates. Those
flowrates were 11.23, 16.84, 22.46, 28.07, 33.68 and 39.30m%/h.
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CHAPTER

EIGHT

EXPERIMENTAL DATA ANALYSIS AND COMPARISON
WITH NUMERICAL RESULTS

8.1 Introduction

Using the experimental rig described in chapter 7, the flow fields
throughout the flowmeter rotor were measured at 11 axial stations as
defined in fig.7.10 and table 7.3 in all five test cases. From the
measured velocity profiles, a clear understanding of the flow inside
the turbine flowmeter was obtained. Based on this experimental study,
the major objective is to develop a numerical model which can predict
turbine flowmeter performance in various working conditions. The
experimental results are also used to validate the developed numerical
models.

In applying the numerical performance prediction model, the inlet
flow conditions are needed. The inlet section position of the tested
flowmeter, on which the combined disturbance from the flowmeter hub
and the rotor was small, was determined from the measured velocity
profiles and the velocity profiles on this inlet section were
measured at a number of flowrates in each test case. In this chapter,
the 1inlet velocity profiles predicted by the panel method is compared
with the measured iniet profiles in case A, Using both predicted and
measured inlet velocity profiles as the input data to the performance
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prediction model, the flowmeter couefficients are calculated and

compared with the corresponding measured coefficients.

8.2 Analysis of the Experimental Data

8.2.1 Developed Pipe Velocity Profile

" Before measuring the flow profiles inside the turbine flowmeter,
the fully developed velocity profile in the pipe cross section(without
the turbine flowmeter) was measured to test the accuracy of the LDA
system and check whether inlet swirl was produced by the experimental
rig arrangement. - .

In fully developed pipe flow, the velocity ptofjle satisfies power

law, {.e.
u k r .
—_—= (]- —— )0 (8.1)
Ue R

At the tested flowrate 34.24m>/h, the Reynolds number is

U,D 0.1016x1.1
Re = = =1.12x10°
v 10"¢

The relation given by Schlichting between the flow Reynolds number

and the power law exponent n is

Re 4x10% 2.3x10¢ 1.1x10% 1.1x10% 2x10% 3.7x10%
n 6 6.6 7 8.8 10 10

At the measured flowrate, n is 7.

A comparison between the measured and power law profiles is
presented in fig.8.1. In this cbmparison.ithe measured axial velocity
profile agrees with the power law profile very well, only small
differences occur in the pipe wall areé. In this area, the boundary
layer influence becomes strong and LDA measurements are difficult due
to the noise signals reflected from the pipeﬁwall surface.

The measured circumferential velocity components are presented in
fig.8.2. These are almost. the same magnitude level as the systenm

uncertainty given in paragraph 7.4.3. Hence the results show that no
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obvious inlet swirl was .generated by the arrangement of the

experimental rig.

8.2.2 Flowv Field Throughout the Flowmeter Rotor

The flow fields throughout the flowmeter rotor were measured in
all five test cases. The measurement was\conducted at flowrates of
16.84m>/h and 30.87m3/h in case A and the measurement was done only
at flowrate 30.87m%/h in cases B, C, D and E. Both axial and
circumferential velocity profiles were measured at 11 stations from
the upstream of the rotor to the downstream of the rotor. The results
are presented in fig.8.3 to fig.8.38. In the presented results, the
circumferential velocity component in the same direction as the rotor
rotation is taken as positive and it is negative when it is in the
direction opposite to the rotation. From thesé experimental results,

the following conclusions can be drawn:

——The ciréumferential variations in the axial velocity components
at the measurement stations are found to be quite small apart from in
the boundary layer regions near blade surfaces. However the
measurements in those boundary layer regions are blocked by the blade
itself and there ls‘no obvious velocity variation in the measurable
area as presented in tables 7.6 and 7.7. The results presented in this
chapter therefore only give the circumferential mean velocities

throughout the rotor.

— Due to the existence of the flowmeter hub nose, the velocity
profiles near the hub head are strongly disturbed and change very
quickly in its vicinity. The results in fig.8.3 and fig.8.5 at the
smaller flowrate and fig.8.9 and fig.8.11 for the larger flowrate in
case A show that the flow is very much accelerated near hub surface.
However, this influence decays very quick from station 1 to station 3
and the velocity profiles become reasonably constant between station 3
and station 4. Similar results are also found in other test cases.
After station 4, the influence of the flowmeter rotor increases, the
axial velocity profile begins to change accordingly. It can also be
seen from fig.8.3 and fig.8.9 that the velocity ratio profiles at the

same axial stations are different at different flowrates. In the hub
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area, the velocity ratio at small flowrates is higher than that at
larger flowrates. This is due to fluid viscosity as discussed in

detail later.

— With a swirl generator upstréam of the fldwmeter. the measured
velocity profiles are quite different from the profiles in case A
without an upstream swirl generator. With inlet swirl, the axial
velocity profiles are more curved from the hub to the tip and the flow
in the hub area is very much slowed down compared with the results in
case A. The reason for this is briefly discussed in the inlet velocity
analysis section later. In the test cases B and C, the velocity
profiles at station 4 are still far from uniform, so the inlet flow
conditions are quite different from fhe ideal flowmeter inlet

conditions.

—As the flow goes into the rotor, the most significant effect is
blade blockage. The flow is accelerated at almost the same rate from
the hub to the tip as soon as it enters the rotor. Theoretically, the
blockage should be different at different radial positions, so the
acceleration must also be different. The detected phenomenon may
indicate a small radial velocity component in the leading edge area.
However, there is no obvious change in the circumferential velocity
components, only a slight change is detected at station 7. This change
may be due to the effect of fhe separated leading edge flow.

~—Inside the rotor, the flow continues to develop under the
interaction with the blades and tends to become more uniform. The
change in the leading edge area is greater than the change in other

areas.

— After the trailing edge, blade biockage disappears and the flow
slows down. Due to the variations of the blockage from the hub to the
tip,'the decceleration in the tip aréa is smaller than that in the hub
area. The variations from the hub to the tip are smaller in case A
than they are in other test cases. For the flow with inlet swirl, the
flow in the hub‘area is decceléréted much more quickly than that in

the tip area.

— After the blade trailing edge, a rapid circumferential velocity

changes were detected due to the square shape of the trailing edge. To
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examine the circumferential velocity after the trailing edge, the
velocity at the trailing edge sharp points on both the upper and the
lower surfaces are assumed equal and the continuity and momentum
equations can be applied to a flow element fixed at the blade trailing
edge as shown in fig.8.39.

The continuity equation gives
2hyu,cosx, =(2hy+h,)u,cos«x, (8.2)

where «t and «, are the flow angles before and after the trailing
edge.
Due to the infinitely small thickness of the element, the momentum

equation in the y direction gives

2hou, ?sinx, cosa, =(2h,+h,)u,?sinx,cons, ‘ (8.3)

From equations (8.2) and (8.3), the flow angle after the blade
trailing edge is found to be
2hy+h,

tan«, = —— tan«,
2h,

S
= ——————— tan«, (8.4)

The circumferential flow angle change is directly linked to the
blade blockage. From the hub to the tip, the rotor space is different,
so the circumferential flow angle change is different. In the
stationary coordinate, angle «, becomes more negative than angle «,
from equation(8.4). This analysis is in agreement with the measured

circumferential velocity profiles after the blade trailing edge.
8.2.3 Flovmeter Inlet Velocity Profiles

To vélidate the numerical flowmeter prediction model, the inlet
velocity has to be measured. In the tested flowmeter, there is only
limited space to allow the inlet flow to develop between the flowmeter
hub head and the rotor. There is therefore no fully developed inlet
section to those simplified two dimensional flows of the tested

flowmeter.
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The inlet section position is chosen as the one on which the
combined effect of the hub head and the rotor is at its minimum and it
is determined according to the measured velocity profiles before the
flowmeter rotor. However, there are some differences in the velocity
development among the tested cases. In case A, because there is no
induced inlet swirl, the detected circumferential velocity is mainly
due to the disturbance from the rotor and the flowmeter hub, and the
measurement uncertainty. The results in case A are used to determine
the position of the inlet section. It can be seen froﬁ figures 8.3 to
8.6 and figures 8.9 to 8.12 that a strong hub head distortion exists
before section 3 and the axial velocity has become reasonably constant
between section 3 and station 4. The circumferential components at the
stations are small and quite constant. The measured results show that
the influence from the flowmeter rotor is weak at station 3. So the
inlet section in all cases is chosen at section 3. On this section,
the inlet axial and cifcumferential velocity components were measured

in all five test cases at six flowrates.

Inlet axial velocity component

To validate the flowmeter performance prediction model, a complete
inlet velocity profile is necessary. However, the velocity components
at the points near both the pipe wall and the flowmeter hub can not be
measured by LDA due to strong noise signals from either the pipe wall
or the flowmeter hub surface, the velocity profile in these areas has
to be obtained using the boundary theory given in chapter 6. Here, the
total flowrate from the inlet velocity profile( the measured profile
combined with the predicted profiles inside boundary layers) is
checked against the reference vortex flowmeter reading. By this
comparison, not only is the measured data checked, but the profiles in
the boundary layers are also comfirmed. The flowrate obtained from the
axial velocity on the inlet section is the integration of the axial
velocity over the inlet section, i.e.

N-1
Q= } 0.5(ug+ug,q1)a(ry,,2-ry?) (8.5)
i=1 '

In the experimental rig, the flowrate through the tested flowmeter
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is measured by a calibrated vortex flowmeter with an accuracy within
one percent. The flowrate given by the reference vortex flowmeter is

Q = 3800f/K (m3/h) ‘ L (8.6)

where f is the frequency output of the vortex flowmeter and K is the
vortex flowmeter toefficient given by flowmeter calibration. The used
vortex flowmeter coefficient is 6412.78.

The inlet axial velocity components, the integrated flowrates from
the inlet wvelocity profiles and the comparisons with the reference
flowrates from the vortex flowmeter are presented in the following

tables.

Table 8.1 1Inlet velocity and flowrate comparison{case A)

Radius Q1 Q2 Q3 Q4 Q5 Q6
1.960% 0.382 0.571 0.747 0.919 1.097 1.281
1.9018%  0.407  0.627 0.852 1.056 1.307 1.529
1,870  0.433 0.669 0.909 1.131 1.435 1.622
1.817  0.458 0.691 0.938 1.176 1.519 1.643
1.765  0.471 0.714 0.957 1.212 1.572 1.693
1.686  0.485 0.737 0.991 1.242 1.619 1.740
1.607  0.514 0.756 1,029 1.276 1.656 1.780
1.528  0.529 0.787 1.061 1.812 1.689 1.834
1.450  0.543 0.802 1.082 1.335 1.720 1.861
1.371 0.566 0.828 1.118 1.375 1.768 1.926
1.292  0.584 0.849 1.152 1.445 1.807 1.970
1.240  0.609 0.870 1.174 1.475 1.814 1.999
1.187  0.622 0.909 1.211 1.505 1.825 2.021
1.135  0.640 0.938 1.232 1.520 1.859 2.057
1.062* 0.598 0.865 1.121 1.376 1.704 1.887
0.989% 0.385 0.589 0.784 0.969 1.108 1.353
M.FR. 10.895  16.332  21.989  27.397  34.554  38.212
R.FR. 11.228  16.841  22.445 28,069  33.683  39.297
ERROR  2.96 3.02 2.03 2.46 2.59 2.76
(%)

* indicates the predicted data inside the boundary layers

Table 8.2 Inlet velocity and flowrate comparison(case B)

Radius Q1 Q2 Q3 Q4 Q5 Q6
1.960: 0.382 0.566 0.752 0.924  1.109 1.285
1.915%  0.460 0.657 0.918 1.118 1.393 1.595

1.870 0.490 0.709 0.990 1,199 1.490 1.745
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1.8117 0.500 0.740 1.016 1.225 1.500 1.799
1,765 0.525 0.759 1.048 1.260 1.550 1.816
1.686 0.540 0.780 1.066 1.320 1.590 1.860
1.607 0.545 0.803 1.103 1.860 1.620 1.880
1.528 0.556 0.812 1.120 1.395 1.650 1.950
1.450 0.580 0.822 1.130 1.411 1.700 1.970
1.371 0.562 0.820 1.120 1.400 1.670 1.960
1.292 0.555 0.815 1.100 1.389 1.660 1.960
1.240 0.559 0.800 1.080 1.360 1.640 1.920
1.187 0.550 0.790 1.050 1.330 1.590 1.880
1.135* 0.540 0.780 1.041 1.300 1.550 1.800
1.062* 0.497 0.720 0.967 1.178 1.402 1.574
0.989 0.385 0.549 0.707 0.859 1.008 1.153
M.FR. 11.126 16.217 22.179 27.433 33.092 38.675
R.FR. 11.228 16.841 22.455 28.069 33.683 39.297
ERROR 0.91 3.1 1,21 2.26 1.76 1.58

(%)

Table 8.3 1Inlet velocity and flowrate comparisbn(case C)

Radius Q1 Q2 Q3 Q4 Q5 Q6
1.960: 0.382 0.574 0.760 0.929 1.100 1.286
1.915 0.459 0.724 0.938 1.121 1.312 1.614
1.870 0.490 0.785 1.040 1.228 1.450 1.750
1.817 0.500 0.798 1,090 1.287 1.535 1.790
1.765 0.518 0.807 1.095 1.324 1.560 1.840
1.686 0.525 0.826 1.110 1.346 1.580 1.850
1.607 0.531 0.836 1.140 1.360 1.630 1.900
1.528 0.535 0.851 1.1850 1.370 1.660 1.920
1.450 0.540 0.847 1.150 1.400 1.670 1.940
1.371 0.540 0.855 1.160 1,380 1.680 1.917
1.292  0.535 0.840 1.130 1.370 1.650 1.880
1.240 0.520 0.834 1,120 1.365 1.606 1.830
1.187 0.510 0.809 1.060 1.320 1.560 1.808
1,135 0.490 0.785 1,000 1,301 1.530 1.740
1.062_  0.450 0.718 0.890 1.197 1.397 1.534
0.989 0.385 0.549 0.707 0.859 1.008 1,153
M.FR. 10.732 16.983 22,272 27.629 32.876 38,223
R.FR. 11,228 16.841 22.455 28.069  33.683 39,297
ERROR 4.41 0.84 1.21 1.57 2.40 2.73
(%)
Table 8.4 1Inlet velocity and flowrate comparison(case D)
Radius Q1 Q2 Q3 Q4 Q5 Q6
1.960* 0.382 0.569 0.748 0.926 1.104 1.281
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1.915% 0.438 0.689 0.895 1.119 1.366 1.586
1.870  0.470 0.740 0.954 1.210 1.469 1.724
1.817  0.490 0.755 0.975 1.250 1.500 1.771
1.765  0.504 0.770 1.018 1.290 1.560 1.800
1.686  0.520 0.800 1.064 1.340 1.601 1.880
1.607  0.540 0.830 1.075 1.368 1.650 1.930
1.528  0.545 0.855 1.083 1.395 1.660 1.940
1.450  0.555 0.865 1.099 1.387 1.670 1.927
1.371 0.560 0.873 1.102 1.372 1.660 1.920
1.292  0.546 0.860 1.088 1.360 1.650 1.900
1.240  0.540 0.850 1.080 1.320 1,635 1.870
1.187  0.520 0.830 1.050 1.300 1.620 1.830
1.135  0.500 0.810 1.030 1.260 1.600 1.800
1.062* 0.461 0.736 0.946 1.136 1.449 1.637
0.989% 0.385 0.549 0.707 0.859 1.008 1.154
M.FR. 10.783  16.848  21.738  27.313 33,181 38.443
R.FR, 11,228  16.841 22.455  28.069 33.683 39,297
ERROR 3.96 0.0 3.19 2.69 1.49 2.17

(%)

Table 8.5 .Inlet velocity and flowrate comparison(case E)

Radius Q Q2 Q3 Q4 Q5 Q6

1.960% 0,382 0.570 0.753 .0.931 1.102 1.280
1.915%  0.432 0.687 0.927 1.131 1,352 1.581
1.870 0.460 0.746 1.001 1.240 1.460 1.722
1.817. 0.475 0.770 1.030 1.300 1.502 1.780
1.765 0.482 0.780 1.080 1.340 1.560 1.830
1.686 0.500 0.798 1.110 1.380 1,600 1.880
1.607 0.520 0.810 1.120 1.420 0.625 1.900
1.528 0.532 0.824 1,140 1.430 1.660 1.940
1.450 0.550 0.850 1,160 1.544 1.700 1.960
1.371 0.554 0.860 1.180 1.450 1.720 - 1.970
1.292 0.550 0.860 1,185 1.440 1.700 1.950
1.240 0.545 0.840 1.160 1.430 1.680 1.920
1.187 0.541 0.830 1.140 1.410 1.650 1.900
1.135* 0.521 0.810 1,100 1.370 1.610 1,870
1.062 0.472 0.732 0.973 1.216 1.440 1.681

0.989" 0.385 0.549 0.707 0.859 1.008 1.153

M.FR. 10.647 16.722 22.094 28.483 33.382 38.872

R.FR. 11,228 16.841 22.455 28.069 33.683 39.297
ERROR 5.17 0.708 2.00 1.47 0.89 1.08
(%)

The differences between the integrated and the reference flowrates
are very small in most cases. The absolute differences are of the same

magnitude level in all cases and the relative errors are always larger
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at the small flowrates.
The mean velocity in the tested turbine flowmeter is defined as

v Q
» ————— , (8.7)
" v(rpz—rha)

The differences 1n the mean velocity as calculated from the
integrated flowrate and as given by the vortex flowmeter are listed

in the following table.

Table 8.6 Inlet section mean velocity differences

case A case B case C case D case E
Q1 0.015 0.005 0.022 0.020 0.026
Q2 0.023 0.028 0.001 0.002 0.005
Q3 0.020 0.013 0.008 0.032 0.016
Q4 0.031 0.028 0.020 0.034 0.019
Q5 0.039 0.026 0.036 0.022 0.013
Q6 0.048 0.028 0.048 0.038 0.019

The above table shows that the differences in the mean velocity
from the integrated and reference flowrates are almost of the sanme
level as predicted uncertainties in paragraph 7.4.3 and are therefore
due to the uncertainties of the measurements,

The measured axial inlet velocity profiles for case A are presented
in fig.8.40. The velocity ratio near the hub surface is quite high at
small flowrates and drops with the increase of flowrate. The velocity
variation near the pipe wall has just the opposite tendency. These
profiles are thought mainly due to the nature of the fully developed
pipe velocity profile before the flowmeter. ‘

The fully developed velocity profile for the pipe flow in a

Jaminar state is

u r
=] - ( a———— )2 (8.8)
uc R

and the ratio of the central to the average velocity is

Ue

-2 |  (s.9)
Ug -
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As Reynolds number increases( i.e. flowrate increase), the profile
tends to the power law as equation (8.1) and the ratio of central to
the section average velocity becomes

uc (2n+1) (n+1) _
— (8.10)

Un 2n?

Comparing equation(8.9) and (8.10), the ratio between the central
and section average velocities at small flowrates is higher than that
at large flowrates and the ratio continuously drops as flowrate
increases. Because the central velocity has a strong direct influence
on the velocity near the hub surface, so the velocity ratio on the hub
surface at small flowrates is higher than that at large flowrates. The
velocity profile becomes more flat as flowrate increases.

It can be seen from figures 8.40 to 8.44 that the velocity near
the hub in case A is higher than that in other test cases at the same
flowrate. In the cases with swirl, the equations (8.1) and (8.7) are
no longer valid. It is obvious that the flow velocity on the swirl
generator core surface is reduced to zero due to the non-slip boundary
condition, so the existence of the generator core slows the pipe
central flow before the flowmeter. Therefore the flowmeter inlet
velocity near the hub surface is also decreased in all the cases with
a swirl generator compared with case A,

In all the test cases with swirl, the axial velocity ratio is
higher at small flowrates and decreases as flowrate increases in the
hub area. This variation with Reynolds number is similar to the
results detected in case A. This is also due to the pipe velocity
profile before the flowmeter. Generally speaking, the inlet velocity
becomes more uniform as flowrate increases.

Among the cases with swirl, the velocity ratio profiles in cases B
and D are more constant compared with cases C and E at all those

examined flowrates.

Circumferential component .

The circumferential velocity profiles measured on the inlet
section in the tested cases are shown from fig.8.45 to fig.8.49. It
can be seen from the results that only a small circumferential
component is detected on the inlet section in case A. This component
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may come from the flowmeter rotor influence because the inlet section
is not far from the rotor leading edge. However, it is very small and
hés almost the same magnitude level as the predicted measurement
uncertainties. Hence the disturbance from both the rotor and the
flowmeter hub head is small on the inlet section.

When the swirl generator is installed, & quite large inlet
circumferential component is detected. The measured results are now
compared with the predicted inviscid flow results.

In inviscid flow, the circulation around any closed curve remains
constant. The flow between the swirl generator and the flowmeter inlet
section is axisymmetric, so the circulation around any circular
streamtube centred on the pipe axis should be constant when the
viscosity is ignored. Also a circular streamtube from the swirl
generator should still be circular on reachﬁng the flowmeter inlet
section. The flowrate around such a streamtube is constant for flow
continuity.

Supposing a circular streamtube after the swirl generator has
radius rg and circumferential velocity component Ug, the circulation

of the streamtube is

f's = 21ru8r8 (8.11)

The corresponding circumferential velocity on the inlet section is

r
& (8.12)

2nr

On the flowmeter inlet section, the radius of the corresponding
streamtube radius r is determined by flow continuity. Just downstream
of the swirl generator, the circumferential velocity component is
determined by the angle of the swirl generator blades. It is

ug = vgtanbg (8.13)

where «g is the twist angle of the swirl generatot blades and vg 1s
the axial velocity component before the swirl generator blades which
is obtained from the developed model for annulus flows in chapter 6.

Thus the circumferential velocity component on the inlet section
is
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vgtanﬁgrg :
U —— ’ (8.14)
r

The predicted results by equatioﬁ (8.14) are compared with the
measured results in figures 8.50 fo 8.53.

The comparison is conducted for cases B, C D and E at flowrates of
22.46m%/h and 39.30m%/h. The agreement at the larger flowrate is
better than that at the smaller flowrate. The reason is that
equation(8.14) is only applicable in inviscid flows. At the larger
flowrate, the Reynolds number is higher and the viscous effect is
weaker,<so,the flow should be closer to ideal flow. The agreement in
céseslB and D are much better than that in cases C and E in which the
swirl is strong.

| As to the measuréd circumferential velocity in the other tested
éases, The velqcity ratio is quite constant in cases B and D at the
tested flowrates, but in cases € and E, relatively large velocity
ratio variations Qith tlbwrate were detected in the hub area. This
phenomenon could correspond to the similar axial velocity profile
variations as presented in'figures 8.41 to 8.44. The nature of these
velocity profiles suggests that the flow on the inlet section is still

developing.

8.3 Comparison of Experimental and Numerical Data

8.3.1 Inlet Velocity Profile

The panel model presented in chapter 6 was used to predict turbine
flowmeter inlet velocity profiles in case A. In this model, the
boundary layers on both the pipe and the flowmeter hub surfaces are
considered. Comparison between the measured and the predicted velocity
profiles at mean velocities of 0.757m/s and 1.766m/s are presented in
figures 8.54 and 8.55. The agreement at the larger flowrate is better
than that at the smaller flowrate, especially near the hub surface.
The reason is that the boundary layers on the annulus surfaces are
thinner at the larger flowrate. Generally speaking, the prediction

gives reasonable accuracy. However, the boundary layer on the pipe
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wall are not exactly calculated with the displacement influence from
the flowmeter hub and the boundary layer on the surface in the
present model. Also the boundary layer on the hub surface is assumed
thin, so the model wouldn't give very accurate answers at small

flowrates,
8.3.2 Velocity Patterns Inside the Flowmeter Rotor

The developed numerical model for the flow around the flowmeter
blades is a two dimensional model, the predicted axial mean velocity
is only changed by blade displacement in the two dimensional cascade
flow on account of flow continuity. As mentioned before, the presented
experimental results is the mean velocities between blades. Hence only
the circumferential velocity profiles are compared here.

The velocity triangle after the flowmeter rotor is as shown in
fig.8.39, the absolute circumferential velocity is

Av =wr ~u tans (8.15)

Under ideal design conditions,i.e. uniform inlet velocity profile
with frictionless flowmeter bearing and no inlet swirl, a&v is zero,

Then

- (8.16)

With’the uniform inlet flow assumption, the designed blade angle B

at radius r is

tanp tanB,
= (8.17)

r To

where B, is the blade angle in the reference section at radius r,.
Substituting equation(8.17) into (8.15), the circumferential
velocity after the flowmeter rotor is

4v = wr - ur tanB,/r,
=r(w - u tanB,/ry) (8.18)

The circumferential velocity component is thus a function of the

radius and the axial velocity component inside the rotor.
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In ideal flows, when swirl exists in the inlet flow, because the
inlet axial velocity prbfile is uhiform. the circumterential velocity
profile is linearly distributed in the radial direction.

In actual flows, the ideal design conditions are never completely
satisfied, so circumferential velocity components always exist inside
and after the flowmeter rotor. The flow near the pipe wall and the hub
surface is slowed down, so the axial velocity profile is not uniform
and the radial distribution of the circumferential component is be

curved consequently.

In the tested cases of the present experiment, the inlet axial
velocity profile is not uniform and inlet swirl is present in several
test cases. Also friction always exists ‘inside the flowmeter bearing
and there is interaction between the rotor and the liquid, such as the
leading edge separations and the boundary layers. Therefore the
circunferential component profiles of them are expected to be

different from equation(8.18).

8.3.2.1 Calculation of the Circumferential Velocity Component

To prediét the circumferential velocity , the inlet conditions are
taken from the measured Velocity profiles on the inlet section, so the
non-uniform profile influence 1is included in the prediction. The
measured rotor speed is also used in the determination of the inlet
condition., The rotor speed was affected by the bearing friction, so
the bearing friction influence is indirectly considered as well.

The flow inside the rotor is reduced to an infinite number of
flows on cylindrical surfaces from the hub to the tip. On each radial
section, the flow is two dimensional and the developed model can be
applied to obtain the flow field. To get a complete flow field inside
the rotor, the flow fields in a number of radial sections are
predicted separately. _

From the measuféd inlet velocity and the flowmeter coefficjent,
the inlet velocities and the angles relative to the coordinates fixed
to the rotor can be obtained. In this chapter, comparisons of
circumferential velocities in cases B, D and E are made. The relative
inlet conditions at the radial "sections, on which the wvelocity

components are measured, are given in tables 8.7, 8.8 and 8.9,
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Table 8.7 Inlet Conditions of Case B

Radial Station No: 1 2 3

" Measured Data

Radius (mm) 28.82 30.85 34.18
Blade Angle(deg.) 34.28 36.12 38.95
Rotor Speed(rad/s) 6.06 6.06 6.06
Axial Component (m/s) 1.39 1.45 1.50
Cir. component(m/s) 0.15 0.14 0.13

Inpu£ Data for Numerical Prediction

Flow Angle (deg) 34.33 35,52 38.11
Inlet velocity (m/s) 1.69 1.78 1.80

o

37.50 40.16 42.82 45.48 47.28
41.57 43.53 45.36 47.09 48.20
6.06 6.06 6.06 6.06 6.06
1.51 1,47 1.42 1.35 1.3
0.12 0.11 0.11 0.11 0.11

40,93 44.11 47.01 50.29 52.25
2.00 2.04 2.08 2.11 2.14

Table 8.8 Inlet Conditions of Case D

Radial Station No: 1 2 3
Measured Data

Radius (mm) 28.82 30.85 34.18
Blade Angle (deg.) 34.28 36.12 38.95
Rotor Speed(rad/s) 5.12 5.12 5.12
Axial Component (m/s) 1.39 21.43 1.48
Cir. component (m/s) ~0.12 =-0,13 -0.12

Input Data for Numerical Prediction

Flow Angle (deg) 37.00 38.16 39.62
Inlet velocity (m/s) 1.74 1.82 ;.92

37.50 40.16 42.82
41,57 43.53 45.36
5.12 5.12 5.12
1.49 1.48 1.44
-0.11 -0.10 ~0.08

41.46 43.36 45.52
1.99 2.03 2.05

45,48 47.28
47.05 48.20
5,12 5.12
1.37 1.31
-0.08 -0.07

48,46 50.59
2,06 2.07

Table 8.9 Inlet Conditions of Case E

Radial Station No: p 2 3

Measured Data

Radius (mm) 28.82 30.85 34.18
Blade Angle(deg.) - 34.28 36.12 38.85
Rotor Speed(rad/s) 4.74 4.74 4.74
Axial Component(m/s) 1.46 1.51 1.57
Cir. component(m/s) ~0.19 -0.21 -0.22

Input Data for Numerical prediction

Flow Angle (deg) 35.77 36.75 38.17
Inlet velocity (m/s) 1.80 1.89 2:00

37.50 40.16 42.82
41,57 43.53 45.36
4.74 4.74 4.74
1,55 1.51 1.46
-0.20 -0.18 ~0.15

40.26 42.36 44.29
2,04 2.04 2.04

45,48 47.28
47.09 48.20
4.7¢4 4.74
1.40 1.33
-0015 -0013

47.02 49,23
2.05 2,04
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The procedure for the flow field prediction in each radial section
is the same as that for the prediction of the lift and drag given in
chapter 5, i.e.

leading edge is modified
without wake flow

wake flow simulation with
the modified leading edge

|

leading edge remodification
with the simulated wake flow

|

Whether ieading edge shape change
is within the required accuracy?

- jyes

Print out the predicted flow field

no

8.3.2.2 Comparison

The comparison of the circumferential velocity components In cases
B, D and E are shown in flguresﬁa.ss to 8.70. Generally speaking, The
measured profiles are much flatter than the predicted profiles. As
predicted by equation(8.18), the circumferential velocity is large in
the tip section, reduces to a minimum in the midspan area where the
axial velocity is higher and increases again in the hub area where the
axial velocity is slowed down by the boundary layer. The model also
predicts the rapid circumferential velocity change after the blade
trailing edge.

In case D, the agreement between the prédicted and measured
profiles is quite good in most of the area and the trailing edge jump
is also predicted as shown in figures 8.61 to 8.65;. However, the
agreement in case B is much worse than cases D and E. Several factors
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could have contributed to this result. It can be seen from the inlet
conditions givén in tables 8.6 to 8.8 that the incidence angle in the
tip area in case B is about 5 degrees but it is only 3 degrees in case
ﬁ and 2 degrees in casé E. Large incidence angle produces a large
leading edge separation bubble. This could have contributed to the
difference jn case B. As cgncluded in 8.2.2, a small three dimensional
flow may have developed in the leading edge area of the flowmeter
rotor. This small . three dimensional flow might have caused
-circumferential velocity redistribution in the rotor. On the other
hand, the developed numerical model is only a potential model. Fluid
viscosity effect is not. considered in the simulation, but the
viscosity could be strong in the boundary layer areas. Additionally,
the measurement uncertainties of the inlet conditions could have an

influence on the compared results.
8.3.3 Prediction of Flowmeter Performance

Using the model presented in chapter 6, the performance of a
turbine flowmeter‘can be predicted providing the inlet flow conditions
are given. The choice of the inlet section position for the tested
flowmeter is based on the measured velocity profiles throughout the

flowmeter rotor as described in paragraph 8.2.3.
The panel model developed for inlet velocity profile prediction is

only suitable for flows without inlet swirl, so the pure theoretical
performance curve is obtained only for case A. Using the predicted
velocity profiles, the predicted flowmeter performance curved is
compared with the measured curve in fig.8.71.

The flowmeter coefficients at the measured flowrates are also
predicted using the measured inlet conditions. The predicted results
are compared with the measured data in fig.8.72. The flownmeter

coefficients at those flowrates are given in the following table.

Table 8.10 Flowmeter coefficient comparison(Case A)

Q1 Q2 Q3 Q4 Q5 Q6

Measured
Data 1.741 1.833 1.857 1.866 1.886 1.881
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Predicted
Data 1.802 1.852 1.862 1.866 . 1.872 1.871

Absolute .
Difference 0.061 0.019 0.005 0.00 -0.014 ~0.010

Relative v
Difference 3.50 1.04 0.27 0.0 -0.75 -0.53

(%)

In the other four cases, the flowmeter coefficients can only be
predicted at those flowrates at which the inlet velocity profiles were
measured as presented from table 8.2 to 8.5. The predicted performance
curves are also cohpared with the measured data as shown in fligures
8.73 to 8.76. The differences in the predicted and measured flowmeter
coefficients at the tested flowrates are given in following tables.

Table 8.11 Flowmeter coefficient comparison(case B)

Q1 Q2 Q3 Q4 Q5 Qs
Measured
Data 1.983 2,021 2.020 2.022 2.031 2.022
Predicted
Data 2.018 2.067 2.041 2.051 2.058 2.036
Absolute
Difference 0.035 0.046 0.021 0.029 0.027 0.014
Relative ‘
Difference 1.77 2.28 1.04 1.44 1.33 0.69
(%)

Table 8.12 Flowmeter coefficient comparison(case C)

Q Q2 Q3 Q4 Qs Qe

Measured

Data 2.081 2.139 2.157 2,157 2.184 2.160
Predicted

Data 2.187 2.215 2.208 2.179 2.165 2.143
Absolute
Difference 0.156 0.076 0.051 0.022 0.001 -0.017

Relative

Didderence 7.68 3.55 2.36  1.02 . 0,05 -0.79
(%)
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Table 8.13 Flowmeter coefficient comparison(case D)

Q1 Q2 Q3 Q4 Q5 Q6
Measured
Data 1.588 1.681 1.694 1.713 1.714 1.713
Predicted
Data 1.684 1.725 1.742 1.749 1.756 1.758
Absolute
Difference 0.096 0.044 0.048 0.036 0.042 0.040
Relative
Difference 6.04 2.62 2.83 2.10 2.45 2.34

(%)

Table 8.14 Flowmeter coefficient comparison(ease E)

Q1 Q2 Q3 Q4 Q5 Q6
Measured
Data 1.532 1.8580 1.583 1.583 1.583 1.582
Predicted
Data 1.549 1.634 1.640 1.649 1.650 1.652
Absolute
Difference 0.017 0.054 0.057 0.062 0.067 0.070
Relative ’
Difference 1.11 3.42 3.60 3.92 4.23 4.42

(%)

It can be seen from the results that the predicted coefficients
are quite accurate for the case without inlet swirl using the
predicted inlet flow conditions. The difference here is below 1
percent when the flowrate is bigger than 10m®/h, and large difference
exists at small flowrates. At small flowrates, the flowmeter inlet
axial velocity becomeé more non-uniform and a larger incidence angle
occurs in the hub and tip areas. Consequently a large leading edge
separation occurs. Furthermore, the lubrication state inside the
bearing changes to boundary state from the fully hydraulic state at
small flowrates., The linear mechanical friction change assumed in this
transition may have contributed to the difference. Also the predicted
velocity profiles in the boundary layers, especially in the pipe wall
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boundary layer, have limited accuracy at small flowrates.

As to the predicted performance curves using the measured velocity
profiles, «case A shows the best agreement with the measured data
among all the test cases. In case A, the predicted accuracy is within
1 percent from Q2 to Q6, this is in the linear operating range of the
flowmeter. As explained in the inlet flow analysis, the swirl
generator redistributes the flow at the front of the flowmeter, and
the inlet velocity profiles are not as uniform as they are in case A.
Consequently, the differences Setween the predicted and the measured
data become bigger. In cases B, C and D, the absolute differences are
almost of the same level, and the relative differences are small in
case B and C and within 3 percent from Q2 to Q6. The absolute
differences in case E are slightly increased in the linear range and
the relative differences are below 4.23 percent. The non-uniform
inlet velocity profile and the bearing friction are thought to be the
main reasons for the differences between the compared results in
cases B, C, D and E.

In all cases, the agreement at small flowrates 1is poorer. Apart
from the reasons of non-uniform inlet flow and bearing friction, it
can be seen from the results presented from table 8.1 to table 8.5
that the relative errors of integrated flowrates in all five test
cases at small flowrates are higher than that at large flowrates.
These inlet velocity profile errors have surely contributed to the

predicted performance.
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CHAPTER

NINE

FINAL CONCLUSIONS

9,] Introduction

In this thesis, a vortex model is developed to simulate the flow
fields around turbine flowmeter blades. In the model, a new method of
applying the Kutta condition is introduced. To deal with the flow
séparations at the leading edge of the square shaped flowmeter blades,
Lewis's blade design method is quite successfully applied to simulate
the displacement effect of the leading edge separation bubbles., A
numerical model is also developed to predict the performance of
turbine flowmeters under various inlet conditions. An experimental
study 1is conducted to investigate the flow fjelds throughout the
flowmeter rotor under different inlet conditions. The experimental
results are also used to validate the developed numerical model.

Some conclusions have already been drawn after the results
obtained in each chapfer. In this chapter, general conclusions are
given, including an assessment of the vortex model, the model for
flowmeter performance prediction and the experimental study. The
future direction for theoretical and experimental work on turbine '

flowmeters are recommended.
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9,2 Conclusions

9.2.1 Flow Simulation

—— Vortex model

By using the newly introduced applying method of the Kutta
condition, the flow around turbine flowmeter blades, which is unsteady
during the wake development, can be easily obtained avoiding long
iterative calculations. This method could be very useful for the
simulation of unstéady flows between stator and rotor. This model is
tested by applying it to a thin airfoil in steady flow at zero
incidence without wake, the predicted pressure distribution agrees
very well with the experimental data. It is also applied to the flows
around oscillating airfoils. The simulated wake configurations show
clear development of the wake flow. The predicted lift is compared

with the experimental data as explained in chapter 4.

—— Leading edge flow simulation

The sharp leading edge has caused great difficulty in the
accurate prediction of the flow around turbine flowmeter blades.
Using the vortex model developed here, the leading edge flow
separation and reattachment has been successfully simulated around
both flat plates and the tested flowmeter blades as the results
presented in chapter 5. The reattachment length of the separation
bubble is found to depend on the leading edge shape and on the inlet
flow incidence angle. In the simulation of the flows around the tested
flowmeter blades, the simulated separation bubbles lengths show little
variation with the blade geometrical variations from the hub to the
tip, but large variation with the flow incidence angle. The simulated
reattachment length is in agreement with the characteristics of the
leading edge flows classified by Ota et al. To calculate the influence
of the leading edge separation on the 1ift and drag acting on the
flowmeter blades, a new simple method is developed from the model
proposed by Lewis for blade design using the constant static pressure
boundary condition around the separation bubble. Using this model, the
displacement effect of the leading edge separation bubble is quite

accurately simulated for the flowmeter blades.
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—— Lift and drag prediction

Combining the wake simulation and the leading edge flow simulation
models, the flow around turbine flowmeter blades can be calculated. In
the calculations, the lift and drag characteristics of the flowmeter
blédes can be obtained. Generally speaking, the leading edge
separation causes lift reduction and increased drag on the flowmeter
blades. The change of the separation bubble with Reynolds number is
included in the model by considering the shear flow outside the
separation bubble. The results given in chapter 8 show that the
separation bubbles are small and close to the blade surfaces due to
the strong viscous effect for flows with small Reynolds numbers and
they become 1larger when the Reynolds number is increased. The
predicted shape of the separation bubbles is changing with flow
Reynolds number, though the reattachment length stays constant when
Rep is over 200. The lift and drag for the flows with Rep below 200 is
obtained by linear interpolation from the obtained results.

9.2,2 Flowmeter Performance Prediction

- Inlet velocity profile

The velocity profiles inside the annulus between the pipe wall and
the hub surface change with Reynolds number and the hub geometry. For
the tested flowmeter, when there is no swirl in the inlet flow, the
inlet velocity profiles can be approximately predicted using the panel
model presented in chapter 6. It can be seen from the inlet velocity
comparison presented in chapter 8 that the panel model gives quite
satisfactory results. The agreement becomes better as the flowrate
increases. However, the boundary layer on the pipe wall is not very
accurately calculated with the presence of the flowmeter. The boundary
layer on the flowmeter hub surface is assumed thin, the prediction
would not be very accurate at small Reynolds numbers. The developed
panel method is only suitable for the cases without inlet swirl,

—— Performance prediction
The numerical model developed for flowmeter performance prediction
is quite successfully applied to the tested cases with or without
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inlet swirl so long as the inlet velocity profile is known.

In case A, a complete performance curve of the tested flowmeter is
predicted and compared with the experimental results. Only one percent
difference is present in the linear operating range. This agreement
proves the accuracy of the prediction model.

Using the performance prediction model, the perfo}mance changes
with tip clearance are also predicted in case A. A performance curve
shift is found by changing the tip clearance size.

Using tﬁe measured inlet wvelocity profiles, the predicted
flowmeter coefficients vary in the tested cases. In case B, C and D,
relative accuracy is within 3.5 percent of the measured coefficients
from flowrate Q2 to Q6, and within 4.23 percent in case E. Generally
speaking, the predicting error increases as the flowrate beconmes
small. The following factors surely have contributed to this
difference,

(a) The boundary layers on the annulus surfaces. These make the
flowmeter inlet velocity profile non-uniform and cause large flow
incidence angle in the boundary layer areas. Consequently, the leading

edge separation bubble causes a reduction in 1lift force and an
‘increase in drag.

(b) Tip leakage flow. The tip leakage flow in the tip clearance
distorts the pressure distribution in the tip area and then reduces
the driving torque.

(c) Bearing friction. At small flowrates, the pressurised fluid
film inside the flowmeter bearing becomes very thin and the
lubrication is in boundary state, the assumed linear change of the
mechanical friction coefficient is only an approximation.

(d) Lift coefficient. When flow Rep is below 200, the separation
and reattachment flows become laminar separation eand laminar
reattachment, the reattachment length increases quickly as the
Reynolds number decreases. The leading edge separation is then not
accurately simulated and the interpolated blade characteristics must

contain a certain level of errors.
9.2.3 Experimental Study

From the measurement of the flow fields throughout the flowmeter
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rotor, a cléar understanding of the flow development inside the
flowmeter is obtained and the results are also used to validate the
numerical model.

The position of the inlet section is chosen to be that on which
the combined disturbance from both the flowmeter hub head and the
flowmeter rotor is at its minimum. The measured velocity profiles on
the inlet section are compared with the profiles predicted by the
panel method in case A and are used for the flowmeter performance
prediction in all the test cases at the tested flowrates.

Throughout the flowmeter rotor, the interaction between the fluid
and the flowmeter rotor could have caused a slight radial flow, so
that the axial velocity distributions are slightly different. before
and after the flowmeter rotor. Even so, the two dimensional assumption
should be still quite accurate because the difference is quite small.
The measured circumferential velocity profiles are much flatter

compared with the predicted profiles.

9.3 Future work

9.3.1 Numerical Model

—Vortex model :
The vortex model used in this research is an inviscid potential

flow model, both the vortex panels and the point vortices employed in
this research work remain constant in both shape and vorticity after
their shedding. As a matter of fact, they would decay in vorticity and
change in shape in real flows due to viscosity. The change in
vorticity and shape can be quite important in the 1lift and drag
simulations in some cases, so a vortex model with wviscosity
consideration is required for the higher accuracy of the predicted
1ift and drag. The introduction of viscosity effect in the vortex
model makes not only the predicted results more accurate at large
flowrates, it also allow the developed model to be applied at small

flowrates.

—— Boundary layers
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The boundary layer after the separation bubble on blade surfaée
certainly increases the drag on the flowmeter blades, especially at
small Reynolds numbers. To introduce the boundary layer on the blade
surfaces, the difficulty is the accurate determination of the boundary
layer parameters at the reattachment point. However, the inclusion of
the boundary layers can improve the accuracy of the predicted blade

lift and drag characteristics.

——Inlet velocity profile

To obtain a turbine flowmeter . performance curve using the
performance prediction model, the inlet velocity profile is needed. In
this research, a simple source ring model is introduced to predict the
inlet wvelocity profiles for flows without inlet swirl. Because
turbine flowmeters may be applied in wvarious situations with quite
different inlet flow conditions, an inlet velocity predicting method
for more general flow conditions is strongly suggested so that the
flowmeter performance prediction model developéd in this research can

be extended to more general cases.

—Tip clearance model

It is clear that the tip clearance size directly influences the
flowmeter performance. Because of the tip clearance, the pressure
distribution on the rotor tip is distorted. The tip clearance model
used in this research only considers the viscous resistance in the tip
clearance. When the tip clearance is large, the change of 1ift caused
by it would greatly effect the flowmeter performance. A more accurate

tip clearance model is therefore necessary..

— Interaction between stator and rotor

In many turbine flowmeters, there is an upstream stator. No doubt,
this stator generates its influence on the meter performance. The
direct interaction between the stator and the rotor and the
interaction between the wake flow of the stator with the rotor exist.
The development of the wake flow inside the rotor could be simulated
using the wake model developed in this research. Consequently, its
influence on the 1lift and drag could be obtained. The direct

interaction between the stator and the rotor can be predicted by the
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potential model presented in chapter 3.

9.3.2 Experimental Investigation

— Leading edge flow

Since the blade leading edge flow is very much dependent on the
Reynolds number and has a great influence on the lift and the drag on
the flowmeter blade, so it miéht contributes a lot to the nonlinearity
of the flowmeter performance at small flowrates. Further investigation
of the leading edge flow could help to improve the leading edge flow
simulation, and hence the accufacy of the predicted 1lift and drag
characteristics of the flowmeter blades at small flowrates. This may

also help to improve the design of turbine flowmeters.

-——Trailing edge flow
In the experiment, a jump in the circumferential velocity is

detected at the blade trailing edge. Near the trailing edge, flow
mixing must occur due to the separated flows from both the upper
surface and the lower surfaces. A good understanding of the trailing
edge flow may help to design turbine flowmeters with good linearity
and stability.

—Upstream stator influence
To examine the interaction between the rotor and stator, more

accurate apparathses are needed for measuring the Instantaneous rotor
speed corresponding to stator wake flow. Then an optimised design of
the upstream stator and a best choice of the distance between stator

and rotor might be found.
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FIG. 3.1

POTENTIAL FLOW MODEL
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FIG. 8.2 BLADE SURFACE ELEMENT CEOMETRY
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FIG. 3.3 VELOCITY ON MOVING BLADE SURFACE
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FIC. 3.4 VELOCITY ON OSCILLATING BLADE SURF.
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AL FLOW SEPARATION MODEL

FIG 41 POTENTI

FIG 42 POTENTIAL SCHEME OF THE SEPARATED FLOW
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FIG. 4.3 CUSP TRAILINC EDGE FLOW

FIG 4.4 BLUNT TRAILINC EDCE FLOW
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1—— INITIAL VORTEX POSITION
2-— ILLECAL VORTEX POSITION
9——RELOCATED VORTEX POSITION

REFLECTING LAYER BOUND

FIC. 4.7 VORTEX REFLACTION ON BLADE SURFACE

SUBDIVIDING LAYER

REFLECTING LAYER

-——---—-———-—- - - . -

S blade Ssurface

FIG. 4.8 VORTEX MOTION NEAR BLADE SURFACE
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FIC. 49 WAKE VORTEX CONFIGURATION

a®= BSIN( 3.141)

FIG. 410 WAKE VORTEX CONFIGURATION
a®= 6sin(6.281)
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Leading Edge

Trailing Edge

FIG51 FLOW AROUND A TURBINE FLOWMETER BLADE

FIG5.2 POTENTIAL SCHEME OF THE FLOW AROUND A FLOWMETER BLADE
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Hub Section
Zero Incidence Angle

Time Step: 0.0008

Midspan Section
Zeto Incidence Angle

Time Step: 0.0008

Tip Section
Zero Incidence Angle

Time Step: 0.0008

' FIG5.5 SIMULATED LEADING EDGE FLOWS AROUND FLOWMETER BLADES



(¢) Imcidence Angle(deg): 4.0

(d) Incidence Angle(deg.): 8.0

FIG5.6 SIMULATED LEADING EDGE FLOWS AROUND THE MIDSPAN
BLADE UNDER DIFFERENT INCIDENCE ANGLES
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FIC5.7 MODEL FOR THE SEPARATED LEADING EDGE FLOW
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v SECOND MODIFICATION
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FIG. 5.8 BLADE LEADING EDCE MODIFICATION
Midspan section, Incidence angle(deg.): 0

== FIRST MOOINICATION
* SECOND MODIFICATION
== THIED MODIFICATION

Fig. 5.9 BLADE LEADING EDGE MODIFICATION
Midspan section, Incidence angle(deg.): —8
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(A) INCIDENCE ANCLE: —4 degree

(B) INCIDENCE ANGLE: 8 degree

FIG. 516 SIMULATED WAKE CONFIGURATIONS FOR MIDSPAN BLADE
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FIC.6.6 BEARING CONFIGURATION
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FIG?7 SIGNAL PROCESSING SYSTEM
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APPENDIX

A

DETERMINATION OF INFLUENCE COEFFICIENTS

A.] Influence Coefficients for a Point Vortex

Considering a point vortex at position(x,y), the stream function
due to this point vortex at an arbitrary point P(a:,b) is

P = #n(d) ~ (A,1,1)

2w

whe‘re d is the distance between point P and the point vortex, i.e.

d= v (a-x)% + (b-x)?

A.2 Influence Coefficients for a Vortex Panel

As shown in fig.A.1l, the kth vortex panel conswide'red here is
straight. It lies along the X coordinate axis and the ﬁidpoint is
located at the origin point of the coordinate. The vortex intensity-
along the panel is linearly distributed with intensity »k and »i,, at
the kth and the (k+1)th node respectively. The distribution can be

written as
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r= N’ 7k+ Nz Yk+1 (A.2.1)
Ny=(1 - x/Ly)/2 (A.2.2)
N,=(1 + x/Ly)/2 (A.2.8)

where Ly is the semilength of the kth panel.
The stream function induced by the panel at ith point P(a,b) is

¢ - 5 “ (Ny 7k +N; 7i4y) 2nid| dx
en )
= Aj k,k*7k * Afsk+1, K 7k+1 (A.2.4)
where
1
Ly
Af,k,k = Iy, Ni fnjdjax (A.2.5)
en k
1 L
Af k+1,k = £ X N, #nfdidx (A.2.6)
2n k

and

d = v (a—X)z + bZ

Substituting formula(A.2.2) into  (A.2.5), the influence
coefficient Aj g x 18

1 L. 1 X
" ‘ ,
A = ! (1 - i [ v (a-x)? 2
i,k,k o ILk 2 Lk ) { (a-x)? + b Jdx

Ly
§ o[ (a-x)? + b?] dx
..Lk

8r

1

L
5K x m[(a-x)? +b?] dx
8wLy k

1, ' (A.2.7)
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where
. Lk Lk 2x(a-x) )
I, = x #n [(a-x)% +b%] | + _ dx
1 Lk ik (a-x)? + b2
a 2(x-a) b2
Ly Ly
= xenf(a-x)? +b2]|_L - 2£L (14 — - )dx
k k 2 (a-x)?+b? (a-x)Z+b?
2,52 . 2,12 -y , 8-X L
= {x#n[(a-x)2%+b?]-2x- a tn[(ffx) +b ]'— 2b tan™?! ( < )} N
(A.2.8)
I, = f Lk (a+x-a) #nf(a-x)? +b?]dx
N | |
1 L ‘
= al, + — [ K ¢n[(a-x)? +b?]d[(a-x)?+b?]
2 Ik
1 Li
=al, + {(a-x)?+b?]{ #n[(a-x)%+b?]-1}| -f
2 k
(A.2.9)
Substituting I, and I, into (A.2.7) , Ai;k,k is
1
Af Kk, k= [ (a+ly)en(d,) -(a-Lyg)en(d,) -2Lj, +b*J1]
4n
1 a?-b?-L;? . ab
- [ (fn(d,)-#n(d,)) ~a + J1) (A.2.10)
4n 2Lk ' Lk . )
where
d, = v (a+Li)? +b?)

d, = v (a-Lk)z +b?)

and
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a+Ly a-Lg
) - tan™?! (
Ly Ly

Ji= tan™ ! ( )

Aj,k+1,k 1s obtained in the same manner as Aj k,k- It is

. 1 (
Af k+1,k= p [ (a+Ly)en(d,)-(a-Lyg)en(d,) -2L) +b*J1]
b
1 a?-b?-Iy? ab
+ [ ('n(dg) -fn(dz)) -a + J1)
an 2Ly : Lk
(A.2.11)

Expressions for the influence coefficients of a panel at its own
nodes are determined using limit processing techniques.

At the node a=-Lg and b=0, the influence coefficients are

Lk o i - .
Ag ik, k= — [3-2n(2Ly)] (A.2.12)
4n
Lk
Ak, k+1,k = ;—- ( 1- 2#n(2Ly)] - (A.2.13)
- :

At the other node, a=Li and b=0, the influence coefficients are

Lk .
Ak+r,k, k= — [1-2n(2Ly)] (A.2.14)
4n .
Lk
Ag+1,k+1,k T 4 ( 3- 2#n(2Ly)] (A.2.15)
w

1t can be seen from these formulae that the influence coefficlents
for a panel at an arbitary point depend only on their relative
position and the vorticity distribution on the panel.

In calculations, vortex panels are in arbitar?ﬂpbsitions. so a
coordinate transformation has to be done before the above influence
coefficient formulae can be used. For example to find the influence of
the panel AB in fig.A.2, the coordinates XOY is transfered to X'O'Y!'
through a rotation and non-rotational movement. After the

transformation, the position of the point P in the new coordinate
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system is
a=(X-Xcen)c080 +(y-Ycep)sine (A.2.16)
b=-(X-Xcen)sine+(y-ycen)cose (A.2.17)

Here [Xcens» Ycen] 1s the midpoint coordinates of the panel in XOY

coordinate system. They are

xCen = (Xa +Xb)/2

. (A.2.18)
Vecen = (Va *¥p)/2
© is the direction of the panel given by
¥p - Ya ‘
tan(e) = ———— : (A.2.19)
*p - Xa

The vortex panel lies on the x' coordinate and the midpoint is at
the origin of coordinate X'O'Y'. In this new coordinate system, the
coefficient formulae can be applied directly.
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P(@a,b)

n

FIG A.1 LINEAR VORTEX PANEL

FIG A2 COORDINATE TRANSFORMATION'
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APPENDIX

B

DEPENDENCE BETWEEN THE BASIC FLOWS

For the flow around a blade, the governing equations from the

boundary condition are

N .

3= ‘ (B.1)

Because the rank of the 1nf1uence‘coeff1cient matrix Ki.j is N-1,
only while one more equation is given, a unique solution to the flow
can be obtained. In this calculation,the Kutta condition provides the
extra equation. In the flow around two blades or cascades, the rank
of the influence coefficient matrix becomes 2N-2 and the Kutta
condition has to be applied to each blade or cascade.

In order to obtain the solution to the flow around two blades or
cascades, the homogeneous equations (B.1) are discussed first. The

equations are

2N
) Ki,y *75=0 1i=1,2,..., 2§-2 (B.2)
3=1 |

Because the rank of IK1,j| is 2N-2, equations (B.2} have an
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infinite number ofysolutions. But all those solutionsﬂcan be expressed
as linear combinations of two independent solutions. Providing »;2 and
71b are two independent solutions to the homogenious equations (B.2),
the solutions of this homogenious equations can be expressed as

i = k1%»;8 + k2*71b ‘ (B.3)

where k1 and k2 are two constants,
The solution of the non-homogenious equations (B-1) can be

written as

7i' = »3° +k1"71°+k2'*71b : (B.4)

Where »;° is a particular solution to the non-homogenious equations
(B.1).
If 4! and »3? are two independent solutions of the corresponding

non-homogeneous equations of equations (B.2) and

it » »3° ‘ . fw

o

2
s 71

7i
Then

»i' = (73° - 7i')
(B.5)
ri" = (71° - 71?)

are the solutions of the homogeneous eqguations.

The solution of the non-homogeneous equations is written in the

following form

ry = { Y1, ?n» Pn+te Z2n, Y2, o ‘n-1, 7n+z, v 73n_,}'
v (B.8)
and 7{° »i' and 734* are given solutions for basic flow a, b and ¢

respectively. These solutions are

710 = 0, 7n(a)o 7n+1(a)o 0, 7z(a)....,7n_‘(a)"”’7ﬁ+2(5), cees

Van-‘(a)}

(B.7)
71‘ = { o, 7n(b)' 0, 7zn(b) 7)(b)‘0--07n-;(b)‘ 7n+2(b). ceay

(b)'

7an-1
(B.8)
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712 = 4 7,060, 0, 7pua (€l g, 7sle), iy (€ ppea (), L,

,zn_l(c),
Substituting 71(3)' 71(b) and 71(°) into (B.5) gives *-9
7y' = 7s® -y |
=y (@) -y (D)
= { o’.yn(a)-yn(b). v (8), =2n(®) o} (B.10)
and
ri" = 73 ~7;?
= »,(a) -y4(€)
= | ~7‘(C). L rnes (@) =204, (C), 0, y,(a)-y,(€)s «oo }
(B.11)

It is obvious that »j' and »;" are independent of each other, so
they can be used as »;2 and 71b in equation (B.4) to express other
solutions of the non-homogenious equations.

Therefore, substituting equation(B.10) and(B.11) into equation
(B.4), the solutions to the non-homogeneous equation (B.1) can be
written in the following form:

7 = 71‘3) + k1' *»g' +k2! *y 0"
- 71(3) +k1! *(71(8) - 71‘b)) + k2' * (71(3) - 71(°))
’ = kl# 71(3) + kz* 71(b) + ks *71((:)

It can be concluded that any solutions of the non-homogeneous
equations of equation (B.2) can be expressed as linear combinations
of any three solutions of the four defined basic flows.
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APPENDIX

c

DIRECTION OF VORTEX LEAVING BLADE TRAILING EDGE

The correct prediction of the position of the nascent vortex shed
from the blade trailing edge is important because this position can
effect the subsequent vortex shedding process. Hsu et al(1986)
give a trailing edge flow model that determines the position.

Consider an infinitesimal control volume at the blade trailing
édge as shown in fig.C.1 and applying the momentum to it, this gives

Jpvdv +J“p(3d§)3 (c-1)

cv cs

}g"ag

here cv is the control volume and ¢s is the control volume surface. F
is the force acting on the control volume.
In the limit as dx tends to zero

Therefore, equation(C-1) becomes
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l o(V ds) V =0 (c-2)
]

Applying equation (C-2) to the control volume in the x and vy
directions, the direction at which fluid leaves the trailing edge is
found to be

| U;2cos(B)sin(B)-Uy2cos(x)sin(x)
tan(e) = . (C-3)
Uu2 cos?(ax) + Ulzcosz(b)

From this equation, when U; equals zero, the flow direction after
blade trailing edge is

tan(e¢) =-tan(«)

This means the flow leaves the trailing edge parallel to the blade
upper surface. The similar result can be found when U, is equal to
zero, the leaving flow is in the direction parallel to the lower
supface at the trailing edge.

Applying continuity to the control volume, the velocity of the
nascent vortex leaving the trailing edge is found to be

V= 0.5[Uycos(x) +Ujcos(B)]}/cos(o) (C-4)
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FIG C1 BLADE TRAILING FLOW MODEL
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APPENDIX

D

LDA MEASUREMENT UNCERTAINTY

D.1 Control Volume Position(CVP) and Half Intersection Angle(HIA)

As shown in fig.7.4, the two laser beams penetrate the perspex
pipe and cross each other at a point inside the pipe after the front
focusing lens. During the measurements, the crossiné point of the two
) laser beams (also named the control volume) can be moved to any
required position inside the test section by adjusting the platform
on which the laser system is mounted. In circumferential wvelocity
component measurements, a perspex matching box full of water is fitted
around the perspex pipe to improve doppler signal quality. The laser
beams then have to penetrate the box first then travel into the pipe.

Following the laser beams from the front lens to the crossing
point and applying the law of geometrical optics, the CVP (control
volume position) and the HIA (half intersection angle between these
two beams) can be obtained. The experimental configurations for axial
and circumferential velocity component measurements. are shown in
figures D.1 and D.2. ; ‘

To calculate the CVP and the HIA, laser beams, perspex pipe walls
and matching box surfaces have to be represented by mathematicai
equations, The relative positions of the test section and the LDA
system are described in the coordinates shown ﬁ\ fig.D.1 and fig.D.2
for axial and . circumferential velocity component measurements
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respectively. These general equations are given below.
laser beam one
X-X, y-V,s z-z,

= = | (D.1.1)
P q r

laser beam two

X-Xa . V-Va z-z4
- - (D.1.2)

The parameters in the above equation are as the following
direction vectors (p,q,r) and (u,v,w)
starting positions (x,,y,,2z,) and (Xa,¥a,25)

In an ideal setting of the test section and the LDA system, the

surface equations are
pipe surface equations:

x2+y2= R,? outer surface (D.1.3)
x2+ye= R,? inner surface (D.1.4)

matching box surface equations:

V. D= 0 (D.1.5)
y -Dj= 0 : (D.1.6)

While all those parameters are known, the CVP and the HIA can be
calculated.

D.2 Error Propagation Theory

In the experiments, because of the uncertainties in the LDA
system, in the measurement system integration(such as the measured HIA
in air and the alignment between the laser system and test section)
and in the test section production, a certain level of uncertainty
exist in both the CVP and the HIA. Consequently, uncertainty exists in
the measured velocity components.

According to erraor propagation -theofy[ Herschr(1985),
Kighorn(1889)], given a quantity Q is a function of variables
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Xs,Xg,X3 ..., the error in Q due to the errors in these variables is

aQ ~
&6Q = S 6x 4 - (D.2.1)
i=1 axj

Squaring the above equation gives

N
aQ
8Q2 = } “ 6x4) 2 (D.2.2)
, n=1 - axy

Suppose the function Q is

N
Q=‘I‘I X ' (D.2.3)

Then, the error in Q caused by the errors in its variables is

N
502 = ) (T Txp)texs? (D.2.4)
1=1  jui i

and ;he uncertainty of Q is

6Q N 6x4
2
- } ( ) (D.2.5)
Q =1 X
Similarly, if
N
Q= } X4 (D.2.6)
i=1 ' B
The error of Q is
N ,
5Q? = 2 (6%4)2 (D.2.7)
i=1 '

and the uncertainty is
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5Q J 5 (6’.!(1)2
=1

= (D.2.8)
Q Q

When the uncertainties of all the equation parameters are known,
the uncertainty in the CVP and the HIA can be calculated by applying
error propagation theory to the calculation of CVP and HIA.

The uncertainties in the CVP and HIA are in two groups, i.e.
systematic and random components. The systematic component arises from
the errors in the determined positions of:the laser beams and the
errors in the manufacture of the test section. These uncertainties can
be either positive or negative. The random component comes from the
misalignment between the laser system and the test section. The
uncertainties in each laser beam caused by these alignment errors
might have the same tendency. The errors due to the second group
uncertainties are considered separately from the first group in this
uncertainty analysis. Fig.D.3 shows a typical example of the axial
velocity measurement with misalignment. This misalignment only
produces a very small influence on the HIA, but the control volume can
move from point o to o' and there is also some error in the measured
velocity direction. To determine the uncertainties in the CVP and the
HIA by the second group errors, several extreme misalignments are
examined. The resulting maximum deviationsof the CVP and the HIA from
their ideal setting value are taken as the possible uncertainties.
The total uncertainties in the CVP and the HIA are the sum of the
uncertainties in the two groups. ‘ ' '

D.3 Parameter Uncertainties

D.3.1 Uncertainties Iin Test Section Production

The production uncertainties considered here are the' reading
errors of the machine tool used in its production. The possible
reading error of the used scale is 0.02mm and the uncertainty is
taken as 0.04mm for 95% confidence level. The uncertainties of the
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pipe outer and inner diameters are 0.04mm, i.e,

Another error which can cause large uncertainty is the fitting
error of the matching box in the circumferential velocity measurement.
The ideal box should have its surfﬁces parallel to the pipe axis as
shown in fig.D.4. Because of the manufacture errors of the box and the
pipe, the uncertainty in AB is

6 =v 6Lyt + &% + 6R,? ‘ (D.3.1)

where & is the manufacturing tolerance between the fitting surfaces.

The same uncertainties exist at both ends of the box. Due to these
uncertainties, the box wall surface probably formed an angle with the
pipe axis as shown by the dotted lines in fig.D.4. This angle is

256

tan(GGb) = (D.3.2)

L
where

6 is the possible error at each box end, 6= 0.156 mm
L is the length of the box, L=150 mm

Hence

80 = 0.12°
D.3.2 Uncertainty in the Measured HIA in Air

‘As shown in fig.D.5, the HIA in air is measured using a very
sensitive light power detector. There is a small pinhole of O.1imm
diameter at the head of the‘detector. This head is mounted on a track
and can be adjusted in all directions. The centre of each laser beam
is decided according to the maximum light intensity detected by a
sensor behind the pinhole. The distance between the two laser beams is
measured twice at two different stations as shown in fig.D.6. Among
these two measurements, the crossing point of the two laser beams is
chosen as one of them. The HIA of the two laser beams in air is

.AB

tan(9) = — | ' (D.3.3)
2L



281
The readings from the twice measurements are:

AB= 59.05 2 0.1 mm
L= 260 « 0.5 mm

The calculated HIA and its uncertainty are

©=6,478624 + 0.0167°

D.3.3 Uncertainties in Alignments

D.3.3.1 Axial misalignment

Axial measurement

Fig.D.7 shows the possible axial misalignment between the LDA
system and the test section in axial velocity measurements. In an
ideal setting, the bisection line of the two laser beams should be
perpendicular to the pipe axis. The alignment is achieved by adjusting
the laser system until the reflected laser beams from the pipe surface
form symmetric images on a reflection device fixed in the front of the
front lens. Because of the blurred diameters of the reflected laser
beam images, errors could occur in the determination of their central
“positions. The uncertainties in the determined central positions are
half the image diameter and one diameter error is taken for 95%
confidence level. The dlameter of the used laser beam is 1.3mm at an
intensity of 1/e?,

In fig.D.7, C is the ideal image position of the reflected laser

beam from point A, so

AB = BC (D.3.4)

Due to the possible misalignment, the determined image position
might be at C'. The distance between point C and point C' is one laser
image diameter. As shown in fug.D}7. 8 is given by

In the alignment, L is 220mm and & is 1.3mm. |
Hence the uncertainty in the angle is
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———Circumferential measurement

Fig.D.8 shows the possible axial misalignment between the laser
system and the test section in circumferential velocity measurements.
Ideally, the plane formed by the two laser beams should be
perpendicular to the test section. The alignment is adjusted to allow
the reflected beams in the same plane as the incident beams on the
reflection device. The uncertainties are also caused in the
determination of the central positions of the reflected laser beam
images on the reflection device. Because of the uncertainty, the laser
beams probably have a small angle with the y axis as shown in fig.D.8.
This angle is ’

]

2L
In the alignment, L= 220 mm and &6 = 1.3mm, then

éocirz = 0.169°

D.3.3.2 Angular misalignments

Axial measurement ‘

The angular uncertainty is the possible erroré between the laser
‘sysgem and the test section in the pipe tangential direction. In the
axial velocity measurements, this error can cause the two laser beams
and the pipe axis In different horizontal planes as shown in fig.D.9,

Due to the error &Xaxixs an inéident angle exists at the
reflection point on the pipe surface and the laser beams are not
reflected back in the same horizontal plane as their incident beams.
The incident angle is '

AXaxix
sin(60)= (D.3.7)
R,
and
6
tan(26 Oug4x) = = - (D.3.8)
L

In the alignment, L= 220 mm, 6 = 1.3 mm and Ri= 62.23 mm. So
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——Circumferential measurement

In circumferential velocity measurements, the angular alignment
between the pipe and the laser system is adjusted without the matching
box. The alignment is achieved by'hoving the laser system to make the
reflected laser beams producing symmetric reflected images on the
reflection plane. As shown in fig.D.10, the ideal image of the laser
beam one is at point C, the possible image of the beam is point C' due

‘to the misalignment A&x.jpx. Therefore

AXeirx

sin(66cipx) = (D.3.9)

R,

and
6 = CC' = L [tan(®) -tan(6-28 6,i,x)] + &X(ipx (D.3.10)
In the alignment, L is 220 mm and & is 1.3 mm, so

© 6684px=0.147°

After this alignment is finished, the matching box is fitted on.
Its position is adjusted as shown in fig.D.11. The angular uncertainty

~ of the. front surface of the box is

tab(e+2 86,4pp) -tan(e) = 6/L © (D.8.11)

& is equal to the diameter of the blurredylaser beém image of
1.3mm and L is 220mm, so

86c4irDh «0,167°

D.4 Uncertainties in CVP and ﬁIA

All those uncertainties analysed above contribute to the
uncertainties in the CVP and the HIA. The input parameters and their
uncertainties are summarised here.

D.4.]1 Laser beams

D.4.1.1 Axial measurement:
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The direction parameters and their uncertainties are

p=0 ‘ 6p=665xi2
g=-Cc0s8 6q=66*sine
r=-sin®é Sr=66%coso
u=0 - . 6u=69,%iy
v=-Cc0$6 ov=560*sine
w=sine bw=50%co0s9

In the measurements, the laser platform is moved to the required
position relating to a reference position crossed by three reference
planes. In the x direction, the reference plane is the horizontal
plane with the pipe axis. The positibn is determined as the angular
alignment between the laser system and the pipe in axial velocity
measurements. The reference plane in the y direction is the vertical
plane tangential to the inner surface of the pipe wall. By moving the
control volume across the inner surface of the pipe in y direction on
the x reference plane, the Inner seuface of the pipe wall is found
when the PM output reachs its maximum value. The reference plane in 2z
direction is chosen at a cross section of the step edge on the perspex
pipe. When the control volume is moving cross the step edge {n z
direction, a large PM output can be detected. Those three planes
) together determine the reference point.

'The position of the reference plane in x direction is determined
according to the reflected images as the angular alignment for axial
velocity measurements. So the uncertainty in the x coordinate of the
reference position is &xpxyx, 1.e. &Xp = OXaxix-

The determination of the reference point in y and z directions is
based on the PM output and the output is'dependent on the central
position of the control volume, The maximum output can be only found
when the central section of the control volume is on the reference
planes. The dimension of the control volume(Herschy, 1983) is

X!f 1
lc & = (D.4o1)
"De-2 sin® : :
LS 34 1 :
dc " - (D-4o2)

fDe-2 cos®
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De-, is the beam diameter at an intensity of 1/e? and #f is the
focal length of the front lens. In the used laser system, 1. is 0.97mm
and d, is 0.12mm,

Because only when the central cross section of the control volume
1s focused on the reference plane, the maximﬁm scattered signal can
be obtained from the PM output, so the uncertainties of the control
volume position are half dimensions of the control volume. The

uncertainties of the reference position are

6yp = 0.48mm
6z, = 0.06mm

After the reference point is determined, the control volume is
moved to the required position by adjusting the platform in three
directions. The uncertainties of each platform setting are

6x'= 0.1mm
6y'= 0.1mm
6z'= O0.1imm

And the total uncertainties of every setting are

6x,=0.21mm
" 6y,=0.49mm
6z,=0.1mm , -
6X5=0.21mm
5y5=0.49mm

82,=0.1mm

D.4.1.2 Circumferential measurement:

The direction parameters and their errors are

Py =-gine 8P1=80%cos6
qy=-c0s6 56q,=50%sine
ry=0. or =580.4py
U= 8in® dua=66%*cose
Vg=-€086 ovy=60*sine
Wa =0 8Wa=58¢cirs

The uncertainties of laser platform setting are
86X, =0.21mm
8y =0.49mm
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62,=0.1mm &
6xa=0.21mm
6yg=0.49mm

6Za=o .imm
D.4.2 Uncertainties of the Matching Box Surfaces

The uncertainty of the matching box comes from the manufacture
uncertainties 66, in axial direction and the angular uncertainties of
its setting. The actual equation would be

AX + By +Cz + D=0
The parameters in the above equation and their uncertainties are

A= Btancgpp

B=1/v 1.+tan€acjpp +tanésey,

C= Btanay
The input parameters and their uncertainties are
Ag=0 8A,=6.6x10"3
By=1 8By=4.46x10"4
. Co=0 6Co=2.7x1073
Do=77.38.mm  8Dy=0.2mm
Ai=0 5A;=6.6x10"3
Bi=1. 5Bj=4.46x10"4
Cy=0 8Cy=2.7x10"3
Dj= 75 mm 8Dy =0.2mm

D.4.3 Uncertainties of the pipe radii

The uncertainties of the pipe radli are
R, =62,23mm 6R, = 0.04mm
R, =50.8 mm 4R, = 0.04mm

Using the uncertainties of those parameters, the uncertainties in
the CVP and the HIA can be calculated, the result is presented in
chapter 7.
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D.3 Uncertasinties of Doppler Signals

The uncertainties of the obtained doppler signals depend on the
nature of the used fluid, the used laser light and the signal
processing system. Actually, the signal processing system contributes
almost all the doppler signal uncertainty. The standard deviation of
the transit time of the PM is only 0.6ns according to manufacturer's
specification(THORN EMI 1986), so the uncertainty due to the PM is
ignored here. The main uncertainties of the signal processing system

are:

(1) of;: frequency shift modulators.
(2) 8f,: spectrum analyser.
(3) 8f,: ADC.

(1) bf, —— After the laser beams pass through the bragg cell, a
.

different shifted frequency is presented to each of them.
The 40MHz nominal modulator has an output of:

£y = 39.99457  1.999 x1074 MHz (D.5.1)
The 37.6MHz nominal modulator hasan output of:

fo = 27.59848 & 1.879 x1074 MHz (D.5.2)
The difference between them is

fs = £,-f, | " (D.5.3)

The uncertainty of the frequency difference is

6fg = v 8f % +8f,% = 2,734x107¢ MHz (D.5.4)

(2) 6f, —-The uncertainty of the spectrum analyser comes from
the errors of the central frequency position setting, the scan width
accuracy(SWA), the long term drift (LTD) and the temperature
drift(TD). Their untertainties are

CFP at 0 to 11 MHz 0.005MHz

SWA at 0.05MHz/Div 0.010 MHz

LTD 0.1x1073 MHz/10min
D 0.2x10"3MHz /¢

To reduce the long term shaft, the central frequency is checked in
every two hours, the LTD uncertainty {is 1.2x10°3 MHz.
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The maximum temperature difference surrounding the spectrum
analysis during one day testing is 8°. The uncertainty of the

temperature shaft TD is 1.6x10-3 MHz.
Then the SA total uncertainty is

8f ,=10"° v 52+102+1.62+1.22 = 0.0112MHz (D.5.5)

(3) 6fy —— A ramp function from 0 to 8 VDC resolves the whole
screen of the SA. Any signal inside the SA frequency definition is
‘converted 1nt6 a voltage digital signal through an ADC. The
uncertainty of the output voltage is

oV = 2.x 8/256 = 0.0625 (volts) (D.5.6)

On SA front panel, the central frequency is set at 2.4MHz and the
San width is always set at 0.05MHz/div for circumferential velocity
measurements. The relation between the doppler frequency and the

output voltage for circumferential velocity measurements is
fq (MHz) = 0.05V +2.2 (D.5.7)
So the doppler frequency uncertainty due to the ADC is
8fy = 3.125x10"% MHz. |

The total uncertainty of the doppler signal is

6fqy = ¢ OF,% +6f,% +6f42 = 0.0116 MHz

Scan width is set at 0.1MHz/div for axial velocity measurements.
The relation between the doppler frequency and the output voltage is

fq (MHz) = 0.1V +2 (D.5.8)

and the total uncertainty of the doppler signal is

6fq, = v Of 2 +6f,% +8f4% = 0.0128 MHz



289

oo

<

v
- a

o

a

Pipe wali
Focal Lens

/(L

Beam One

i,

/
\\

FIC. D1 LAYOUT FOR AXIAL MEASUREMENT

l mat:ching
! i )
beam one
//
x o
— - = e e

I
irllei.l‘"‘ﬁaf '991

FIG. D2 LAYOUT FOR CIRCUMFEREN TIAL MEASUREMENT



290

Pipe wali
Focal Lens
I v,
I ; Bean One
L
‘1“\~\\\\\\\\\
tl
! 7777

FIC. D3 EXAMPLE OF MEASUREMENT WITH MISALIGNMENT

Pipe

}
)

vatciing BOX

.10
—

i
Nl N

e — — — —— — —— — — —— —— . o
-

|

|

r~
o
-~

>
(o]

FIC. D4 MATCHING BOX UNCERTAINTIES
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FIC. D5 TRACK FOR LASER CONSTANT MEASUREMENT

Focal Lens

gl

Beam

e
\

FIC. D6 LASER CONSTANT MEASUREMENT
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Focal Lens
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FIC. D7 AXIAL MISALICNMENT (azial measurement)

Pipe Wail

Focal Lens

A

—~—

Laser Beams

FIC. D.8 AXIAL MISALIGNMENT (circumferential measurement)



293

Focal Lens
A
(o] L . Laser Beams
& * — e sl R _‘_ — — . —
Y Q‘:, S — _69";,‘ &
o e o s . a Xaxix
¢ T
/
/A

FIC. D9 ANCULAR MISALICNMENT( azial measurement)
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FIC. D10 ANCULAR MEASUREMENT (circumferential measurement)
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FIC. DA MATCHING BOX MISALICNMENT



