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SECONDARY FLOWS IN CENTRIFUGAL COMPRESSOR IMPELLERS - Mark W. Johnson

Detailed flow measurements made in a 1 metre diameter,
shrouded, centrifugal (Ghost) impeller running at 500 rpm are
presented. Relative velocities and rotary stagnation pressures
(p*:p_%pw2r2+%pwz) were measured on five cross-sectional planes
between the impeller inlet and the outlet, using probes which were

traversed within the rotating impeller passage. The reduced static

2

pressures (pr:p—%pw rz), calculated from the flow measurements, are

also presentéd.

Measurements were made in a 'design' flow (approximately zero
incidence at the blade leading edge), a 'below design' flow and an
'‘above design' flow. A wake flow was observed in all three flows
and there were two major sources of the wake fluid. Firstly, from
the separation of the shroud boundary layer and secondly, from the
accumulation of low p* fluid from the other boundary layers by
secondary flows. The results showed that the wake's position at the
outlet moved from the suction side in the 'below design'® flow,; to
the suction-side/shroud corner region in the 'design' flow and to
the shroud in the 'above design' flow, because of the change in the
relative stréngths of the secondary flows generated by rotation and
curvature. The modifications to turbulent mixing, by curvature and
rotation, probably influenced the wake size.

In order to predict the wake's location at the impeller
discharge, a simple secondary flow model, which represented the
impeller as a pipe bend, was devised. This model was successfully
tested on two analytically soluble flows, in a stationary bend and
in a rotating straight pipe. The model was then used for the more
complex flows in a rotating axial-to-radial bend and in the Ghost
and Eckardt's centrifugal impellers. The theoretical results for

these impellers showed several of the features observed in the flow

measurements.
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CHAPTER 1
A REVIEW OF PREVIOUS WORK ON CENTRIFUGAL COMPRESSORS

1.1 Introduction

The centrifugal compressor has many applications in turbo-
machines where a high pressure ratio per stage (up to 15:1) is
required, but the mass flow rate is relatively low. The commonest
applications of the centrifugal compressor are in small gas turbines
and in turbochargers. The efficiency of the coméressor used in a gas
turbine is critical, as every 1% lost in compressor efficiency
increases the specific fuel consumption of the gas turbine by about
3%. In 1968, Dean [1] found that although compressor efficiencies
of about 90% were not uncommon at low pressure ratios (less than
2:1), the efficiency decreased dramatically with increased pressure
ratio and an efficiency for a 10:1 pressure ratio machine was
typically only about 75%.

The compact nature of the centrifugal compressor has led to its
widespread application in small gas turbines in ships, small
aircraft and power generating plant, where its simplicity, light-
weight and relatively low cost make it economically viable, despite
its relatively low efficiency. The small gas turbine is also often
used in place of large reciprocating engines, particularly in
situations where light-weight and reliability are of paramount
importance, for instance in helicopters and small aircraft. This
market has recently been researched by Smith and Benstein [2], who
predict an increase in the use of small gas turbines within the
next ten years.

The future of the centrifugal compressor therefore looks
fairly bright, particularly as many workers in the field (e.g.

Dean [1]) believe that the relatively low efficiency is not inherent
and better understanding of flow phenomena experienced in the

centrifugal compressor could improve their design, such that their



—2

efficiency is increased to perhaps 90% at pressure ratios as high
B 8:1.

The aim of this chapter is to look at the development of the
centrifugal compressor geometry, together with the observations made
of the flow phenomena within the impeller channels and the attempts
made at theoretical prediction of these phenomena.

1.2 The basic fluid mechanics of the centrifugal compressor

The simplest analysis available to the theoretician, which can
only be applied to inviscid flows, is essentially based on Euler's
equation, which can be expressed along a relative streamline within
a rotor as

dp - PuFrdr + PWdW =0 -1.1
From this equation the change in static pressure through a rotor

is given by

Outlet Outlet
1 2 2 1 2
Ap = Pd(fwr ) - Pd(iw ) -1.2
Inlet Inlet
Centrifugal Diffusion
Term. Term.

The first term is the centrifugal pressure rise, which will be
achieved almost independently of the internal flow through the
rotor. The second term gives the pressure rise due to the diffusion
of the relative flow.

Based on this equation, the designer wishing to achieve the
maximum pressure rise conceives an impeller with a high ratio
between the outlet.and inlet radii and with impeller passages which
increase in area between the inlet and outlet. This flow model,
however, poorly represents the true state of affairs, as the velocity
profile at the exit of a centrifugal impeller passage is always found
experimentally to be very non-uniform.

1.3 Early experimental and theoretical work

It was suggested as early as 1902 by J.A.Smith [3) (reported by

Gibson [4]) that "under certain conditions the flow tends to leave
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the leading face (suction side) of a centrifugal pump impeller
passage. The flow then passes along the trailing face (pressure side)
and there is a region of 'dead' fluid on the leading face." Carrard
[5,6] in 1923, made pressure measurements within a 2-dimensional
radial flow impeller. His results showed regions of 'dead' fluid
(subsequently referred to as 'wake' fluid) originating at the leading
edge of the blades on either the suction side at low flow rates or

on the pressure side at high flow rates. But, more significantly, he
observed that at certain- intermediate flow rates,; the wake regicn
started on the suction surface, but away from the impeller inlet.
Similar results have since been obtained by other authors in rotating
diffusers (e.g. Moore [7]).

Carrard also calculated the ve}ocity distribution in the jet
using Flugel's (8] streamline curvature method assuming a zero
velocity for the fluid in the wake. This streamline curvature method
equated the centrifugal and Coriolis accelerations (—ugr and 2wW
respéctively) with the relative accelerations of the fluid particle
(dw/dt and —W2/Rn). Carrard considered this equilibrium only in the
blade-to-blade plane as his impeller was 2-dimensional and he used

an expression, similar to Equation 1.1, in the streamwise direction
QR = _Pw._w + {)wzr\c—l—l; _1.3
and in the normal direction he obtained

2
dp _ pW 2 dr
- B < 2pww + pwry -1.4

These equations were then used together to eliminate the pressure p

w_¥ ~1.5

and this equation was integrated assuming Rn to be constant to obtain
an expression for the relative velocity in the jet. Carrard was also
able to model the separated flow assuming that the relative velocity

was zero within the wake and that no diffusion occurred in the jet

d
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after the wake had formed.

This method gave remarkably good agreement with Carrard's exper-
imental results and this two dimensional flow analysis was used to
explain observed 'jet-wake' flow patterns for many years [9,10].

The result of separation of the flow from the suction surface
of the blade and the development of the wake is to, in effect, block
off a considerable proportion of the passage's cross-sectional area.
This reduction in the passage's effective outlet area reduces the
relative diffusion of the flow and hence reduces the static pressure
rise achieved by the impeller.

1.4 The first observations of 3-dimensional flow phenomena

In the 1950's, NACA undertook a major programme of research,
which was described by Hamrick et al. [11,12). The results presented
by Hamrick of velocities, static pressures and stagnation pressures
were from measurements in an almost 2-dimensional radial flow
impeller. Hamrick observed separated flow regions similar to
Carrard's, but even though Hamrick's impeller had only a fairly
weak curvature in the meridional plane, the flow exhibited large
non-uniformities in the hub-to-shroud direction. Tip leakage at the
shroud was probably responsible for some of these 3-dimensional
features of the flow, particularly close to the discharge of the
impeller, but it was concluded by Moore, Moore and Johnson [13] that
some of the 3-dimensional flow features, which Hamrick observed,
were due to the curvature in the meridional plane.

More recent results for 2-dimensional or almost 2-dimensional
impellers have been presented by Fujie [14] , Fowler [15], Lennemann
and Howard [16,17,18] and most recently by Olivari and Salaspini
[19) . In each study the discharge velocities clearly show a wake
flow and in many cases non-uniformities are present in the hub-to-
shroud direction as well as in the blade-to-blade direction.

By the late 1940's, the 2-dimensional radial compressor was
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being superceded by the machine which received an axial flow at the
inlet. The impellers of these machines had an inducer to turn the
relative velocity, which had a substantial circumferential component,
to the axial direction and an axial-to-radial bend to turn the flow
into the radial section of the impeller. It was therefore becoming
necessary to analyse the flow in the meridional plane as well as in

the blade-to-blade plane.

1.5 Flow theory for a 3-dimensional impeller

Let us consider a flow in an impeller with passage curvature
in the blade-to-blade and meridional directions. The streamline
curvature methods used by Carrard can still be applied, but we must
write the equations in a more general, 3-dimensional form.

The general equation of motion, in vector notation, is, for

an inviscid fluid,
TP = ~(W.DW - 2wxW - wx(wxr) -1.6

which is a statement of Equations 1.3 and 1.4 in vector form.
We now also need the continuity equation

v.(pw) =0 -1.7
but although these two vector equations (1.6 and 1.7) are sufficient
to solve for p and W in an incompressible flow, we need a further
thermodynamic relation between the fluid properties p and p for an
inviscid, compressible flow. The normal further assumption is that
the flow is not only frictionless, and hence reversible, but is also

adiabatic. This means the flow is isentropic and so
I% = Constant . -1.8
P ;

Sometimes, it is more appropriate to assume that the flow is
isothermal, which assuming also that the fluid is a perfect gas, we

can use the relation

% = RT = Constant -1.9

It is therefore possible to solve equations 1.6, 1.7 and 1.8 or 1.9
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to obtain the distributions of pressure and relative velocity
throughout the impeller.
Now, in an incompressible flow, by writing the reduced static

pressure p =p—%pw2r2, Equation 1.6 becomes

|.1

Y P

o= -(L.DW - 2wxW -1.10

Streamline Coriolis.
Curvature.

We can see from this equation that gradients of reduced static
pressure will result because of curvature or because of rotation.
This equation can be integrated to obtain Bernoulli's equation in a

rotating co-ordinate frame

p* = p_ + 1pw? -1.11
Let us now consider the effects that the curvature and rotation are
to have on an inviscid, incompressibie (i.e. potentiaf3 flow through .
the impeller.

At the impeller inlet the static pressure p and the axial velo-
city U are assumed to be uniform. In the rotating co-ordinate frame
however, the circumferential velocity component (wr) is higher on
the shroud than on the hub and therefore a higher relative velocity
and lower reduced static pressure (Equation 1.11) will result at
the shroud. As the blades load through the inducer bend, a blade-
to-blade pressure gradient will be induced and so the velocity on
the suction side will be higher than on the pressure side. The
magnitude of the blade-to-blade pressure difference can be calcula-
ted from the radius of curvature of the inducer bend using the
first term on the right hand side of the stréamline curvature
equation 1.4.

The fluid then flows around the axial-to-radial bend, the

| blade-to-blade pressure gradient due to the inducer bend is gradually

' replaced by the blade-to-blade pressure gradient induced by the

\ Coriolis forces. This loading of the blades by the Coriolis forces

*where the absolute velocity is irrotational

I =
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is calculated from the second term on the right hand side of Equa-
tion 1.4. The hub-to-shroud pressure gradient, which turns the flow
around the axial-to-radial bend, is again calculated according to
the streamline curvature term (first term on the right hand side)
in Equation 1.4,

Finally, the hub-to-shroud pressure gradient disappears as the
passage becomes radial, leaving just the blade-to-blade pressure
gradient due to the passage rotation. Potential flow theory then
predicts a flow of low relative velocity on the pressure side and
high relative velocity on the suction side of the passage. As the
fluid gets to the outlet, the blades will unload and the flow will
once more become uniform in relative velocity and reduced static
pressure.

1.6 Three-dimensional flow phenomena

Several authors [20,21,22,23] have recently presented papers
showing observations of relative velocity over the outlet plane of
3-dimensional impellers. In all these studies wakes were observed
in the outlet plane and in most cases the flow velocities were
neither uniform in the blade-to-blade nor the hub-to-shroud direct-
ions. A potential flow model therefore is not sufficient to model
the outlet flow even approximately.

The flow prediction techniques adopted in the 1960's were
essentially potential flow streamline curvature calculations, only a
proportion of the impeller outlet area was assumed to be blocked
by the wake fluid. The value of this blockage factor was determined
empirically. This type of calculation was usually performed in
either the meridional plane (e.g. Wood and Marlow [24] and Hamrick
et al. [25]) or in the blade-to-blade plane (e.g. Katsanis [26]),
and so was only a 2-dimensional flow model. These techniques worked
reasonably well in operating zones in which designers were experie-

nced, but as pressure ratios and operating speeds increased in order
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to improve the overall performance of the gas turbine, new compres-
sors often fell short of their predicted performance, as noted by
Dean [1].

The main drawback of these prediction techniques was that
designers could not predict where the wake might first develop, what
position the wake would adopt in the outlet plane and how much
blockage the wake would present to the outlet flow. Fortunately,
some light was being thrown on these 3-dimensional aspects of the
flow by theoreticians working on secondary flow.

1.7 Secondary flow theory

In a potential flow, the rotary stagnation pressure p* is
uniform throughout the flow field. However, in a real viscid flow,
the rotary stagnation pressure may be uniform at the inlet, but
either because of a subsequent separation of the flow or just by
viscous losses occurring in the boundary layers, areas of low p*
fluid will develop.

In the 195C's, various authors [27,28,29] published papers,
which described how a streamwise component of vorticity would be
generated, whenever fluid with a gradient of p* was present in a
curved or rotating passage. Their analyses were extended, in 1973 by
Lakshminarayana and Horlock [30], to compressible, viscid flows,
but here, in this thesis, we only consider how gradients of p*,
already present in the flow field, would be convected along a stre-
amline, without considering the modification of the p* gradient by_
the viscous forces present.

The equation governing generation of absolute streamwise vorticity

was presented recently by Hawthorne [31] in the simple form

3 [Ns) _ 2 1 9dp* | w Ip*
QE(W') : ';5(§ b +Waz') =l-e
i SR sl G
Curvature Rotation

Term. Term,
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In the Equation 1.12, p*:p+%p(w2-u?r2) is the rotary stagnation
pressure, W is the fluid velocity relative to the rotor and wr is
the rotor circumferential velocity. The equation is expressed in
streamwise co-ordinates where, s is the streamwise direction, n is
the normal direction and b is the binormal direction. The two terms
contributing to the generation of streamwise vorticity are due to,
(1) the centrifugal forces due to the curvature_of the relative
streamline with a radius Rn and (2) the Coriolis forces due to the
passage rotation with angular velocity w, about the axis of rotation
z'. These two terms are associated with gradients of p* in the
binormal and axial directions respectively.

Let us consider the fluid flow through a pipe bend. Boundary
layers will develop on the pipe walls and the gradients of p* in
these boundary layers will result in the generation of streamwise
vorticity. The effect of this vorticity is to induce secondary flow
in the boundary layer, which convects low p* fluid towards the
inside of the pipe bend. There are two points, one on the inside and
one on the outside of the bend, where the gradient of p* is in the
normal direction and hence the value of %g(eggis zero and therefore
at these points no streamwise vorticity is generated. If a particle
of low p* fluid is displaced slightly from the point on the outside
of the bend though, it will flow around the pipe wall towards the
inside of the bend. However, a low p* fluid particle displaced from
the inside of the bend, will simply return to the same position.

1.8 Stable location of low p* fluid

The stable location of low p* fluid is defined, by the author,
as the point on the wall of a stationary or rotating passage, where
a gradient of p* in the boundary layer can exist without any net
generation of streamwise vorticity, and if the orientation of fluid
with this gradient of p* suffers a small disturbance, it will tend

to return to its original orientation. There are several important
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consequences that follow from this definition:

(1) As the value of %EGF% is zero at the stable location for
low p* fluid, either the gradient of p* at this point is in a
direction perpendicular to both the binormal and axial directions
or the two terms on the right hand side of Equation 1.12 are equal
in magnitude, but opposite in sign.

(2) The stable location for low p* fluid is also the point to
which all low p* fluid in the passage will tend to move.

(3) The stable location for low p* fluid is.coincident with
the position of the minimum reduced static pressure (pr:p—%Pu?rz).
This can be shown by considering the boundary layer on the wall
close to the point of lowest P, The lowest p* fluid in the boundary
layer will be the fluid with the lowest relative velocity and will
therefore be found very close to the wall. This fluid will not
experience accelerations due to either curvature or rotation, as
its relative velocity is approximately zero, and it will therefore
under the influence of the P, gradients, accelerate towards the
region of minimum P It is clear therefore that the point of

minimum P, is also the stable location for the lowest p* fluid.

1.9 Secondary flow in the centrifugal impeller

In the centrifugal compressor impeller, with radially ending
blades, there are two bends, the inducer and the axial-to-radial
bend, which will both lead to secondary flow in the boundary layers;
in addition, there will be secondary flow generated due to the
rassage rotation.

1.9.1 The inducer bend

Firstly, let us consider the inducer bend, which reduces the
circumferential component of the relative velocity. There will be
secondary flows generated by the Coriolis forces, which tend to move

low p* fluid up towards the shroud and there will also be secondary

flows generated by the inducer's curvature which will convect low
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p* fluid towards the suction surface (i.e. the inside of the inducer
bend). The stable location for low p* fluid will therefore be some-
where between the centres of the suction surface and the shroud, the
exact position being dependent on the relative strengths of the two
contributions to secondary flow.

The relative magnitqdes of these contributions to secondary
flow, due to curvature and due to rotation, can be compared by
evaluating the Rossby Number (Ro:W/an). As can be seen from the
streamwise vorticity Equation 1.12, if the Rossby Number is large,
the flow will be dominated by curvature and if it is small, the flow
will be dominated by the rotational effects. The Rossby Number for
the inducer bend is about 0.25 for most impellers (Reference Laksh-
minarayana and Horlock [30]) and hence passage rotation will have a
more dominant effect than the inducer bend's curvature on the devel-
opment of secondary flow in the inducer. It is therefore reasonable
to predict that the stable location for low p* fluid, in the inducer
bend, will be closer to the centre of the shroud than the centre of
the suction surface. A flow similar to the flow in the inducer has
been studied recently by Anand and Lakshminarayana [32].

1.9.2 The axial-to-radial bend

The axial-to-radial bend has its curvature orientated at 90
degrees to the curvature of the inducer bend. The curvature of this
bend induces secondary flows which tend to move low p* fluid in the

boundary layeré, towards the shroud. The secondary flows induced by

the passage rotation are due to the Coriolis acceleration (ggxﬂ) and
therefore the generation of streamwise vorticity is proportional to
the component of relative velocity in a plane perpendicular to the
axis of rotation. This velocity component will get larger through
the axial-to-radial bend, reaching a maximum in the final radial

section of the impeller. The Coriolis forces generate secondary

flows which tend to move low p* fluid in the boundary layers towards |

_
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the suction surface.

The Rossby Number associated with the axial-to-radial bend is
close to unity (e.g. Eckardt's impeller Ro=0.7), so close to the end
of the axial-to-radial bend the secondary flows generated because of
the bend's curvature are likely to be as significant as those gener-
ated because of the passage rotation.

This secondary flow theory tells the designer how low p* fluid
will be convected and where it is likely to accumulate in his
impeller. However, it does not tell him how much low p* fluid he can
expect in his discharge flow or what the distribution of values of
p* will be in the wake. In order to predict this, it is necessary to
add loss mechanisms to the theoretical model and then the secondary
flow model will convect this low p* fluid as it is produced.

1.10 Losses in the impeller

Dean [1] divides the losses in the impeller into four main '
areas: (1) Wall friction, (2) leakage, (3) mixing and (4) secondary
flow.

1.10.1 Wall friction and leakage

The wall friction is usually modelled by a 2-dimensional turb-
ulent boundary layer model. However, this model takes no account of
any 3-dimensional effects. Tip leakage is usually modelled as flow
through a simple gap, taking no account of the moving blades and the .
stationary shroud. Dean [1] concludes however, that there is little
jJustification for improving these models as the p* losses they ‘ |
initiate are fairly small anyway, for most impellers.

1.10.2 Mixing |

Johnston [33,34,35,36) and Bradshaw [37,38] have studied the
influences of curvature and rotation on turbulent mixing in rotating
passages. Mixing can be modelled as a transfer of momentum between

fluid particles travelling at different velocities. If we consider a

shear layer, we can model the mixing in the layer, by allowing an
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exchange of fluid from one level of the shear layer to a neighbour-
ing level of the shear layer and then by momentum and energy
considerations, we can calculate the change in velocity for each
level of the shear layer. Mixing models c¢f this type have been used
for stationary, straight ducts for many years. However, associated
with a shear layer there will be a gradient of p*, so if the shear
layer experiences curvature or Coriolis acceleration, secondary
flows can develop, which can either assist or résist the exchanée
of fluid between the levels of the shear layer. It is therefore
apparent that low p* regions, close to the stable location for low
p* fluid, will tend to mix out slowly, whereas low p* fluid in other

locations will mix out more rapidly.

In a centrifugal impeller, mixing is suppressed only weakly in
the inducer and so mixing models, which are used for simple pipe
flows, are often used. In the axial-to-radial bend however, mixing
is strongly suppressed on the shroud, which is the usual location
for the appearance and development of a separated flow region. In
the final radial section of the impeller, Coriolis forces will
suppress mixing close to the suction surface, which is often the
location of the wake, but should the wake be on the shroud, more
rapid mixing out may be expected.

1.10.3 Secondary flow

Dean [1] considered the kinetic energy of secondary flows as
being a loss and he concluded that this kinetic energy was fairly
small as this has been shown to be the case for axial machines by
Lakshminarayana and Horlock [39] . However, it is clear that second-
ary flow will have a strong influence on wall friction losses, the
separation which leads to the formation of the wake and the mixing
losses which occur between the fluid in the wake and in the jet.

1.11 The diffuser

The efficiency of the centrifugal compressor is, of course,
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dependent not only on the flow in the impeller, but also on the
losses in the diffuser. There are two contributions to the loss in
stagnation pressure in the diffuser; firstly, the wall friction
which, as for the impeller, is fairly small and secondly, the main
loss, due to-the mixing out of the impeller discharge flow.

The diffuser's performance therefore, is to a large extent
dictated by the flow which is delivered to it. As experimental
results [20,21,22,23] have shown, this flow is usually highly non-
uniform with an extensive wake region residing on the suction
surface or on the shroud.

In 1960, Dean and Senoo [40] presented a 2-dimensional analysis
of the flow through a vaneless diffuser. Their analysis was made in
the blade-to-blade plane, assuming uniformity in the hub-to-shroud
direction, and was therefore only applicable where the wake was on
the suction surface in the discharge flow from the impeller.
Comparisons of experimental results and this flow model showed good
agreement and also that the non-uniform flow from the impeller
outlet very rapidly mixed out into a uniform flow in the diffuser.
This rapid mixing occurs because the strong gradients of p* present
within the impeller are no longer protected by Coriolis forces when
they reach the diffuser.

The flow model of Dean and Senoo was simplified by Johnston and
Dean in 1966 [41], by assuming that the mixing between the jet and
.the wake fluid occurred instantaneously. This model was compared
with the original Dean and Senoo variant by Senoo and Ishida in 1975
[42] and they concluded that for even the most distorted impeller
flows, Dean and Senoo's model would be more accurate by a maximum of
only about 1% of stage efficiency. It therefore appears that
Johnston and Dean's simple flow model will be sufficiently accurate

for most diffusers.

Rebernik [43] presented a flow model for a vaneless diffuser in

A_—__ S
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‘ 1972. He assumed the flow to be axisymmetric, incompressible and
inviscid and therefore did not include mixing losses. When he comp-

ared his calculated streamlines with his experimental results, which

showed considerable hub-to-shroud variations, he obtained good

agreement. So it appears that, mixing does not have a dominant
influence on the flow pattern in the hub-to-shroud plane. It is
concluded therefore, as Dean [1] concluded,that mixing in the hub-
to-shroud direction proceeds at a much slower rate than in the
blade-to-blade direction, in a vaneless diffuser. Further work on

vaneless diffusers has been performed by Johnston (44]) and Jansen

[45,46].

Dean [1j recognised that to improve the diffuser's own
efficiency, the lower the absolute velocity of the fluid entering
the diffuser, the better. This led many designers to the use of
impellers with backward swept blades, the fluid discharging in an
almost tangential direction, so that the absolute velocity was app-
roximately the difference between the tangential velocity of the !
impeller and the relative velocity of the flow. However, in most
impellers with radially ending blades, improving internal diffusion
decreases both the relative and absolute velocities. This improvement
in diffusion therefore, not only improves the impeller's performance,
but also improves the efficiency of the diffuser and hence greatly
benefits the whole machine.

A chief aim or the impeller designer must therefore be to
improve the internal diffusion by increasing the uniformity of the
impeller discharge flow and, in order to achieve this, a better
prediction of the secondary flows and the effects of the rotation
and curvature on turbulent mixing is required.

1.12 Three-dimensional flow models

At the time of writing, various workers are attempting to

produce flow models which take into account not only the potential

B



flow aspects, but also the scecondary flows and the viscous losses

Blle to tip leakage, the boundary layer development and mixing.
previOUSlYa authors have preferred to calculate the jet and the wake
regions separately. The jet region has been calculated as a potential
flow [24,25,26,47]) and the size of the wake has been predicted by
2-dimensional turbulent boundary layer models and tip leakage models
which ignore the paséage rotation. Today, authors [13,48,49] prefer
to start their calculations from the three momeﬁtum equations,
derived directly from the Navier-Stokes equation, which takes account
of the potential flow, viscosity and the secondary flows, but
additional models for the development of the turbulent boundary
layers and the mixing, which occurs within the boundary layers,
have to be added.

In the next few years, it seems very likely that fairly
accurate prediction of the formation and development of the wake
within the centrifugal compressor impeller will become possible.

1.13 Recent three-dimensional flow observations

Perhaps the most detailed measurements made within a centrifugal
compressor impeller in recent years are those of Eckardt [50,51,52,
53). Eckardt used a laser-2-focus veloci meter to measure statisti-
cally averaged mean values of a flow velocity and a flow angle and
he hence obtained two velocity components (approximately in the
meridional and circumferential directions) in his impeller flow.
These two velocity components are perpendicular to the optical axis
of the laser beams, but it was impossible for Eckardt to obtain any
information on the third component of velocity in the hub-to-shroud
direction, which is parallel to the optical axis. However, Eckardt
Obtained a remarkably complete picture of the meridional component
of velocity at five cross-sectional planes between the inlet and

Ooutlet of his impeller, together with the circumferential components

of cross velocity which provided an incomplete, but nevertheless
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53). Eckardt used a laser-2-focus veloci meter to measure statisti-
cally averaged mean values of a flow velocity and a flow angle and
he hence obtained two velocity components (approximately in the
meridional and circumferential directions) in his impeller flow.
These two velocity components are perpendicular to the optical axis
of the laser beams, but it was impossible for Eckardt to obtain any
information on the third component of velocity in the hub-to-shroud
direction, which is parallel to the optical axis. However, Eckardt
obtained a remarkably complete picture of the meridional component
of velocity at five cross-sectional planes between the inlet and

outlet of his impeller, together with the circumferential components

of cross velocity which provided an incomplete, but nevertheless
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informative picture of the 3-dimensional aspcects of the flow.
Eckardt's results of the meridional velocity showed the
formation of a wake which first appeared at his Station 3, which was
situated in the axial-to-~-radial bend about halfway through his
impeller passage. Eckardt observed that the blade-to-blade velocities

were still relatively weak at Station 3, which is what might be

expected as the secoﬁdary flows in this direction are generated by
-the Coriolis forces, which are fairly weak until the flow has turned
to a predominantly radial direction. He was therefore unable to
conclude that the formation of the wake was a direct result of the
convection of low momentum fluid by the secondary flows. However, it
is interesting to speculate whether the formation of the wake, which
was observed to occur in a region of high meridiconal curvature;,
could have resulted from the convection of low momentum fluid from
the suction surface boundary layer by a secondary flow in the hub-
to-shroud direction. The Rossby Number for the axial-to-radial bend
is clése to unity and therefore the secondary flow along the suction
surface, generated by the curvature of the axial-to-radial bend, can
be expected to be at least as strong as the secondary flow along the
shroud, generated by the Coriolis forces in the radial section of

l the passage. Eckardt observed a strong secondary flow along the
shroud in the radial portion of his impeller and therefore it may
be presumed that the secondary flow across the suction surface in

| the axial-to-radial bend may have had a dominant influence on the
rformation of the wake.

1.14 Contribution of this thesis

Clearly, as Eckardt concluded, further measurements are
necessary to improve the understanding of the wake flow in a centri-
fugal compressor impeller channel. Therefore in this work, in order

to gain a complete picture of the steady, 3-dimensional aspects of

j the impeller flow, all three mutually perpendicular velocity
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components were measured. It was also felt to be important to take
measurements of the rotary stagnation pressure p* of the fluid, so
that the gradients of p* could be observed and hence the generation
of secondary velocities predicted and also so that the subsequent
movement of low p* fluid could be traced.

In order to allow detailed measurements to be made in this

study, a large impelier (Outlet diameter=1metre) was chosen, so that
a large number of measurements could be made in the impeller pass-
ages. The geometry of the impeller is similar to that of Eckardt's
impeller as described by Moore [54] and in particular the Rossby
Numbers associated with the two impeller flows are both close to
unity.

It is also hoped that the experimental results presented in
this thesis are sufficiently detailed that flow modellers will be
able to use the data for assessing the accuracy of their flow
prediction programs. However, the flow velocities in the experimental
work were very low (less than 25m/s) and so the impeller flow must
be considered as incompressible. For this reason, little discussion
is presented of the effects of compressibility or shock waves. There
is also no discussion in this work, of unsteady phenomena such as
rotating stall or surge, as although these aspects of the internal
flow in modern centrifugal compressors are clearly important, the

author felt that they lay outside the scope of this thesis.
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CHAPTER 2
THE EXPERIMENTAL RIG AND PROCEDURE

2.1 The Test Rig

The Centrifugal Compressor Rig is shown in a schematic diagram
(Figure 2.1) and in a photograph (Figure 2.2). The impeller is from
a De Havilland Ghost engine and details of the impeller
geometry are given in Appendix 1. A glass fibre shroud, of about
3mm. thickness is bolted to, and therefore rotates with, the
impeller, which is driven by an 11 hp,dc electric motor; the running
speed of 500 rpm is controlled by a Ward Leonard set. A disc with
60 holes drilled around a diameter is attached to the impeller shaft.
A light-sensitive diode and a lamp are mounted either side of the
disc, so that a pulse is emitted from the diode whenever a hole
passes. These pulses are amplified and transmitted to a frequency
counter, which counts for periods of 10 seconds and hence gives the
impeller's rotational speed to 0.1 rpm. The air flow is delivered
to the impeller through a duct, containing several wire mesh screens
and a honeycomb, which ensure a uniform inlet flow without swirl.
The boundary layers are tripped by emery paper on the passage walls
at the impeller inlet to ensure that they are turbulent. A rubber
seal attached to the inlet duct and running on the outside of the
shroud prevents air leakage at the impeller inlet. The flow rate is
regulated by the number and mesh-size of the screens and these also
produce a total pressure drop, the impeller producing a corresponding
increase to bring the fluid's pressure back to atmospheric. No
diffuser is fitted so the impeller exhausts directly.

2.2 Traversing Gear

A traversing gear (see Figures 2.4 and 2.5) is driven by a small
electric motor, which when supplied with power through slip-rings,
moves a measuring probe across one of the 19 impeller passages, which

was chosen for detailed flow measurements. The position of the five
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measurement stations are shown in Figure 2.6 and are also given
numerically in Appendix 2.

The traversing gear has to withstand centrifugal loadings of up
to 130 'g', so the motor is mounted with its axis tangential to the I
impeller's axis of rotation, so that the weight of the armature is
taken by the motor's bearings. The motor has a gearbox, the shafts
of which are parallel to the motor's axis, so the weight of the
gearwheels is also taken by their bearings. The gearbox reduces the

shaft speed in the ratio 141:1, which gives an output shaft speed of

60-100 rpm under load. This output shaft turns the leadscrew through
a pair of bevel gears.

A microswitch is mounted adjacent to one of two cams, one on
the motor shaft and one on the leadscrew. The cam is chosen so that |
the 'g' loadings are most favourable to the microswitch's operation.
The microswitch switches a voltage, supplied to it through slip-
rings, once for every revolution of the leadscrew and the number of
these electrical pulses is counted by a frequency counter. One
revolution of the leadscrew moves the carriage and measurement probe
1 mm, so this gives the probe's position within 1 mm.

This traversing gear can be mounted at several positions at each
of the first 4 stations (see Figure 2.7), so that the entire cross
section at each station can be covered by probe traverses at less
than 1 cm intervals. The probe is mounted on the carriage so that
the probe passes through a hole in the shroud (see Figure 2.8) such
that it can be traversed in the hub-to-shroud direction.

A second traversing gear (Figure 2.9) similar in design to the
above one , is used at Station 5, where traverses are made in the
suction side to pressure side direction. This traversing gear has
the motor axis parallel to the leadscrew, using a dog clutch instead
of the bevel gears, and the probe stem is perpendicular to the

leadscrew. The depth of the probe tip below the shroud is altered
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between successive 1lraverses.

2.3 Pressure measurement ‘

The differential pressures from the mecasurement probe are
converted to electrical signals by 3 sensitive pressure transducers,
which are mounted on the impeller flange at a radius of 50 mm (14'g")
and with their diaphragms perpendicular to the axis of rotation to
minimise the effecté of this 'g' loading. The pressure transducers
have a calibrated range of Y10 cm H_O (f981 N/mz). They are operated

2
with 5 volt excitation supplied from a uA 7805 voltage regulator.

The signals from the pressure transducers are amplified by '725'
integrated circuit amplifiers (Circuit diagram-Figure 2.10), which
are mounted on a circuit board bolted to the impeller flange. The
amplifier voltage gains are about 1000, which gives a sensitivity,
for a pressure transducer and amplifier together, of about 1.5 mV
per N/mz. The pressure transducers, voltage regulator and amplifiers
are covered with polystyrene to reduce temperature effects when the
impeiler is rotating.

The amplifiers and voltage regulator are supplied with 12 volts
through slip-rings from a stabilised power supply, the supply being
smoothed by capacitors mounted on the impeller flange. The signals
from the amplifiers pass through slip-rings and a resistor-capacitonr
smoothing circuit (time constant=2 seqonds) to a digital voltmeter
where the voltage can be read to tO.l mV (equivalent to i-0.07 N/m2).

The typical drift of the zero pressure voltage reading of a
pressure transducer and amplifier during a traverse (about 30 mins)
is f3 mv (Z2 N/mz) in a typical reading of 150 mV (100N/m2). The
difference in the zero pressure reading when the impeller is stat-
ionary and when it is rotating (due to the distortion of the diaph-
ragm and any cooling of the pressure transducers and amplifiers due

to air flow across them) is about =1 mV (i0.7 N/mz).
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.4 Velocity measurements

2.4.1 5-Hole probe

l

A 5-hole probe constructed from 5 lengths of 0.7 mm outside

diameter by O.4 mm inside diameter hypo dermic tubing soldered into
a 300 mm length of 3 mm outside diameter hypo dermic is shown in
Figure 2.11. The centre tube (No. 1) is filed perpendicular to its
axis and the ends of the surrounding 4 tubes are filed at 45 degrees
to their axes. The ends of the tubes are cleaned out with a 0.4 mm
drill.

The 5 holes are connected to the pressure transducers so that

they measure Pl-stpi-P3 and P4-Ps> the subscript numbers are those |
of the 5 holes defined in Figure 2.11. The probe is then calibrated
in a duct with air travelling at V=15 m/s (measured by a Pitot-static

! tube alongside the 5-hole probe) for 91 and 92 as defined in Figure
2.11 and 3 sets of calibration curves are plotted.
Set A P

-p
L d o £(0)) For 6. = 0
pl—p2 1 1

il

Pl—Pz For each value of O
—_—= - £(0 ) For 6, = 0O 2

Set B p4—p5
—= = f(68.) For 6_ = O
pl-p2 2 2

| P4‘P5 For each value of ©
1 —=2 = f(8,) For 6, 2 0 1

Set C P,-P,

= f£(e ) For 8 =0
2 1 1

%pV

P,-p For each value of O
Léﬁ = f(91) For 91 >0 2

ZpV
Where P is the atmospheric air density.

The denominator needs to be changed from P4-Py to pl—p3 for sets

A and B as p,;-p,=0 for 01:22.5degrees and p,-p3=0 for ©,2-22.5degrees.
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These calibration results are shown for the 5-hole probe used |
in Figures 2.12 to 2.17.
A compﬁter is used to find the best fit cubics for each
calibration curve and the coefficients of these cubics are stored on

disc.

2.4.2 Velocity measurements in the impeller

All the readings taken during an experimental run are recorded
directly onto paper tape, so that they can be transferred to the
computer quickly and accurately.

Before a run commences, the 5-hole probe is fitted with a cap,
so that the 5 holes are connected to each other, but not to the
surrounding air. The impeller is then rotated at the operating speed
and the pressure readings for each pressure transducer compared with
the reading when the impeller was stationary. If there is a signif-
icant difference between the two readings for any of the transducers,.
there is a leak in one of the pressure lines.

When it has been established that there are no leaks the probe
is uncapped and the probe adjusted so that it just touches the shroud
when the traversing gear carriage is on its stop and the probe nose
is pointing in approximately the relative streamline direction.
Atmospheric pressure and temperature, the angle of the probe in the
traversing gear (see Figure 2.18) and the zero pressure readings are .
measured and recorded. The impeller is now run up to speed and the
actual running speed is recorded from the frequency counter. The
number of leadscrew turns and the 3 pressure transducer readings are
now recorded at each measurement point, the traversing motor being
switched on to move the probe from one point to the next. At the end
of a traverse, the impeller's running speed is recorded again and
finally when the impeller is stationary, a seécond set of zero press-

ure readings are taken.

-
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o.4.3 Velocity calculation

The computer uses the zero pressure readings before and after
the traverse to calculate the drift of the zero pressure readings.
It assumes that this drift occurs linearly with the number of read-

ings taken and corrects each pressure reading accordingly. The pres-

p1—p2 P4‘P5 p4_p5
sure relations 4 and ——= are then calculated for each
measurement point.

For each point the computer ini tially sets 92 to zero and uses

the 'A' curves (Figures 2.12 and 2.13) to calculate © It then

1-
evaluates 0, from the 'B' curves (Figure 2.14 and 2.15) and can then
return to the 'A' curves to improve its estimate of 91 and so on

until 91 and.e2 do not vary significantly with further computation.

These values of 81 and 92 are then used with the 'C' curves (Figures
2.16 and 2.17) to calculate the value of or which were

1 32 1 2

il zrV
obtained during the calibration. These curves essentially give the

proportion of the velocity head (%sz) which is obtained between
holes 1 and 2 (or 1 and 3) on the 5-hole probe for the calculated
values of 6,6 and ©,. Therefore, from the value of p_-p, (or pl_p3)
obtained in the experiment , the relative velocity head (%sz), where
p is the air density calculated from the atmosplheric pressure and
temperature at the time of the experiment, and hence W, the relative
velocity of the air, can be calculated. The relative velocity is then
corrected for the actual impeller running speed, assuming that this
drifts in the same way as the zero pressure reading i.e. between the
2 readings taken and assuming that the relative velocity of the air
is proportional to the running speed. The velocity of the air, along
with its direction, has therefore been measured with an estimated

accuracy of il m/s, in a relative velocity of 10 m/s, and i5 degrees

in flow direction.
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2.5 Rotary Stagnation Pressure measurements

The rotary stagnation pressure p*:p+%p(W2-uFr2) is the pressure

which is measured by a total pressure probe in a rotating passage.

2.5.1 Kiel probe

The Kiel probe used has the dimensions shown in Figure 2.19.
One pressure transducer is used between the probe and a tapping on
the impeller shaft which, because the shaft is hollow and is open
at the opposite end to the impeller, connects the pressure transducer
to atmospheric pressure. The procedure for measurements of p* is very
similar to that for the velocities except no calibration is reduired,
the Kiel probe being fairly insensitive to flow direction (see Figure
2.20). The readings are correctéd for the impeller running speed,
assuming that p* relative to atmospheric pressure is proportiomnal to
the impeller running speed squared. The estimated accuracy of the p*

2

.+
measurements is -10 N/m".

2.5.2 Reduced Static Pressure

The reduced static pressure pr:p_%szrz is calculated from the
measured values of p* and relative velocity and the estimated accur-
.+ 2 . . . + 2
acy of p. 1is -40 N/m”~ in regions of high shear and =20 N/m~ elsewhere.

2.5.3 Characteristic values of p*

The screens and honeycomb reduce the stagnation pressure of the
air to a value below atmospheric pressure, but ensure that the stag-
nation pressure is uniform over the inlet cross section. This uniform
stagnation pressure at the inlet will subsequently be referred to as

p* _. p* is the highest value of p* that will be found throughout
max max
the impeller flow.

The fluid with the lowest values of p* (p;in) in the impeller
inlet is fluid with low relative velocity in regions of low reduced

static pressure p :p—%pwzrz. The regions of lowest p,. are found in
T

the inlet plane near the shroud and usually on the suction side of
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the blades, if the blades are correctly loaded and the lowest rela-
tive velocity is clearly zero in the boundary layer at the passage
wall.

p;ax—p;in corresponds to the maximum dynamic pressure of the

potential flow, which is often used to estimate the pressure recovery
in centrifugal impellers.

2.5.4 Dimensionless Pressures

The dimensionless rotary stagnation pressure P*, reduced static

pressure Pr and static pressure P are defined as

p* -p*.
Phax Pmin
p -p*.
P_=— At -2.2
Phax Pmin
—_nn*
B p pmin
= * _n* =12
Phax pmin 3

P* clearly varies between zero and one, a value of 1 correspond-
ing to the potential flow (regions where viscosity has had no
influence) and a value of O corresponding to the regions of p;in
mentioned earlier.

Pr can also vary between O and 1. The value zero again corres-
ponding to the p;in regions and the value of 1 is found in regions
where all the dynamic pressure has been recovered as the fluid comes‘
to rest due to diffusion of the flow.

P can take any positive value.

2.6 Presentation of the results

2.6.1 Relative velocities

The relative velocities are presented for each measurement
station as contours representing the velocity component perpendicular
to the measurement plane and the remaining velocity component, in

the measurement plane, is represented by an arrow at each measurement

_
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point.

The measurement planes are not perpendicular to the passage
walls, particularly noticeably in the inducer bend where therefore,
there is always a velocity component from the suction side to the
pressure side of the passage. In the impeller, the suction and pres-
sure surfaces diverge while the hub and shroud surfaces converge, so
in the diagrams theré are components of velocity in the measurement
plane close to the walls in a direction perpendicular to them. As
measurements of velocity could not be made very close to the passage
walls, because of the size of the probe used, the velocities in the
diagrams are not zero at the walls.

2.6.2 Mass Flow Rates

The measured relative velocities, at the measurement points,
are extrapolated onto a 50 by 50 grid covering each measurement plané
and these extrapolated values are integrated to calculate the mass
flow rates, which are estimated to be accurate within i6%.

2.6.3 Rotary stagnation pressure P*

These measurements are presented in dimensionless form as P*.
Again as measurements could not be made close to the walls, the
strong gradients of p* in the boundary layers on the passage walls
do not appear in the results.

2.6.4 Dimensionless reduced static pressure

The experimental results for the relative velocity and p* are
extrapolated onto a 50 by 50 grid covering the measurement plane.

These extrapolated values at the grid points are used to calculate

2
P =P*- —::PW * .
r Phax Pmin

As Pr is almost constant, in a direction perpendicular to a -
wall, through the boundary layer, the values of Pr at the passage

walls in the figures will be approximately the values which would

have been obtained from static pressure tappings.
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CHAPTER 3
EXPERIMENTAL RESULTS FOR A DESIGN FLOW

3.1 Introduction

The details of a 'design' flow, with approximately zero incidence
at the blade leading edge, are presented in this chapter. ‘

8.2 Tnlet £low ‘
The stagnation pressures measured in the inlet duct, shown in

Figure 3.1, indicate that the inlet flow has a uniform value of

p*:—27ON/m2 gauge (iioN/mz). This value of p* is therefore chosen

as p;ax' | |
The velocity diagram (Figure 3.2) shows that the axial velocity

is fairly uniform across the duct's cross-section with an average

value of 6.9m/s (t1.2m/s). The circumferential velocity component

=-0.5m/s) shows that a slight swirl exists,particularly clqse to

the hub due to the rotation of the impeller nose. The hub-to-shroud
or radial component of velocity is attributable to the blockage
presented by the nose, which induces an elliptical flow in the meri-
dional plane.

The axial velocities are numerically integrated over the duct's
cross-sectional area to obtain a total flow rate of 2.0 (iO.B)kg/s.
The equivalent average flow rate through one impeller passage must
therefore be 0.10 (i0,0Z)kg/s.However, as seen from Appendix 3, the
flow rate through the particular passage chosen is 0.1k (£0.01)
kg/s, which is 40% above the average and it must therefore be con-
cluded that the flow rates through each of the 19 impeller passages
differ considerably.

3.3 Station 1

The passage flow rate of 0.1k (t0.0l)kg/s is only slightly
higher than the flow rate of 0.13kg/s, which is calculated from the
inlet velocity triangles to give zero incidence angles at the blade

leading edge. Indeed, the incidence angles at Station 1 (approx-
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imately 6mm downstream of the leading edge) presented in Figure 3.3,

show that the incidence is relatively small. The blade leading ecdges

present a blockage for the inlet flow, which varies from 46% at the

hub to 1% at the tip. This blockage induces an elliptical flow

around the blade leading edges, in the blade-to-blade plane and

therefore the incidence angles relative to the blade camber line

are positive on the suction side and predominantly negative on the

pressure side.

The variation in inlet velocity between the hub and the shroud,
which is observed in Figure 3.5, is also associated with the léading
edge blockage. The velocity contours in Figure 3.5, represent
contours of the axial component of velocity at Station 1. These show

that the fluid near the shroud has accelerated in the axial direct-

ion, as it enters the passage and therefore fluid from the lower
half of the passage is moving in the hub-to-shroud direction to make
up the increased flow. The maximum relative velocity (=22.6m/s) at
Station 1 was measured close to the suction-side/shroud corner and
the lowest value of p*, p;in’ will therefore be found on the wall
close to this measurement point. The estimated value of p;in is
—585N/m2 gauge.

The reduced static pressure diagram (Figure 3.6) shows the
gradient of P in the hub-to-shroud direction due to the centrifugal
acceleration. The pressure is also slightly higher on the pressure
side than on the suction side, so the blades are lightly loaded.

The minimum P, occurs in the shroud/suction-.side corner region
(Pf40'05 at y/y0=0.75;z/20=1.0). Within this region at the wall,
fluid with the lowest p* (P*<0.05) at Station 1,will occur, however
this doesn't appear on the p* diagram (Figure 3.4), as the Kiel

' probe could not be brought close enough to the passage wall to

l measure p* within the thin boundary layer. Figure 3.4 also shows

that little or no losses have occurred and the flow is therefore
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essentially a potential flow.

3.4 Station 2

Close to the shroud there is a large adverse gradient of
reduced static pressure, particularly between Station 2 and 3, as
shown by the minimum values of Pr’ -0.03 and 0.29 respectively, in
the two reduced static pressure diagrams (Figures 3.9 and 3.12
respectively). This pressure rise occurs as the fluid reduces its
tangential velocity, and hence its relative velocity, as it turns
through the inducer bend. In this region near the shroud, at both
Stations 2 and 3, the measured pressures were observed to be very
unsteady and the flow probably exhibited reversed flow and large
scale turbulence. This turbulence would enhance mixing, which could
well explain the substantial increase in the amount of low p* fluid,
which occurred in the suction-side/shroud corner region between
Stations 1 and 2 (see Figure 3.7). However, there then appears to
be a smaller increase in the amount of low p* fluid between Stations
2 and 3 (see Figure 3.10). This difference could be explained by
modifications to the turbulence intensities by rotation and
curvature.

The shroud boundary layer will be stabilised by Coriolis

forces (ZREXH) in the early part of the inducer, hut once the

relative velocity has turned to the axial direction, these stabil-
| ising forces vanish. The curvature of the axiai-to-radial bend also
stabilises the shroud boundary layer and as this stabilisation is

of this boundary layer

relatively stronger than the Coriolis stabilisationA,it is concluded
that it is curvature which reduces the turbulent mixing close to
the shroud and prevents a further large loss in p* between Stations
2 and 3.

On the hub surface, the boundary layer does not tend to

separate as there is little or no pressure rise in the streamwise

direction near the hub. In addition, secondary flows cause boundary

. | !
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layer fluid to move from the hub wall onto the suction and pressure
surfaces as shoﬁn in Figures 3.8 and 3.11. The region of low p*
fluid observed on the suction side wall in Figure 3.7 is due to the
thickening of the boundary layer caused by these secondary flows.
Figure 3.8 shows that this low p* fluid is moving up the suction
side wall to a point at approximately 2/20:0.6. The stable location
for this low p* fluid is in the suction-side/shroud corner, where |
the reduced static pressure is lowest. However, as Pr is increasing
in the streamwise direction in this corner region, the flow here
is decelerating and diverging. Hence cross velocities are induéed,
away from the corner, which oppose the secondary flow up the suction
surface and so prevent the low p* fluid from reaching the corner
region.,
It is interesting that the large change in the distribution

of P* between Stations 1 and 2 is not reflected in a similar change

in the velocity distributions in Figures 3.5 and 3.8. The P*
contours therefore offer an early indication of the development of
a wake, which the velocities alone would not provide.

The blade-to-blade pressure gradient for the inducer bend at
Station 2 can be approximately modelled by the streamline curvature

equation

N = - _3.1
Taking Rn for the inducer bend at Station 2 as 200mm and

W:12m/s, the calculated value for the blade-to-blade pressure |

gradient at about mid-height is APr=O.17, which is of the same

magnitude as the measured value. This pressure difference is larger

near the shroud, where the relative velocities are higher (W:i?m/s)

and the blade-to-blade distance is larger. The calculated value is

APrzo.SO, which again compares well with the measured value.
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3.5 Station 3

Station 3 is approximétely halfway along the passage and the
flow has turned through 58degrees of the axial-to-radial bend.

The reduced static pressure gradient required to turn the flow
around the axial-to-radial bend can again be calculated from the
streamline curvature equation 3.1. For the axial-to-radial bend,
Rn=200mm and W=12m/s, which gives a calculated hub-to-shroud pres-
sure difference of APr=O.35, which is close to the measured value
in most of the potential flow region (see Figure 3.12).

The velocity diagram (Figure 3.11) shows that the axial-to-
radial bend is dominating the secondary flow pattern. The passage
is occupied by two opposing vortices; an anticlockwise vortex on
the suction side and a second, weaker, clockwise vortex on the pres-
sure side of the passage. This is the pattern which is characteris-
tic of a stationary axial-to-radial bend, but here there is evidence
of a secondary flow along the shroud towards the suction side
corner, which is generated by Coriolis forces due to the passage
rotation. This flow along the shroud, together with the flow up the
suction side, has convected fhe low p* fluid on these two walls at
Station 2 into the shroud/suction-side corner region, as shown in
Figure 3.10.

3.6 Station 4

At Station 4 , the passage is almost radial. The reduced static
pressure distribution is therefore dominated by the tangential,
blade-to-blade, gradient of pressure due to the Coriolis accelera-
tion. This is seen in Figure 3.15, where the static pressure fails
almost linearly from the pressure side to the suction side near the
hub. Near the shroud however, the pattern is broken by a uniform
pressure region in the wake.

This pressure gradient can be modelled fairly simply as due to
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a radial flow with a mean velocity W=12m/s. The tangential pressure
gradient is then given by the simple expression

1 apr
=98 -erw -3.2
| In the impeller at Station 4, the tangential distance between
the suction and pressure_side walls is about O.11m, hence we obtain
a simple estimate for the pressure difference between the blade
surfaces of 0.54. This agrees well with the measured static pressure
difference of about 0.50.

The stable location for low p* fluid in the radial section of
the passage is the suction side, which is also the position of the

lowest reduced static pressure (see Figure 3.15), as would be pred-

icted for a straight rotating channel. However, although the axial-

to-radial bend has but a small influence on the P distribution,
its influence remains in the inertia of the secondary flow vortices

| observed at Station 3 (see Figure 3.14). The flow up the suction

| and pressure surfaces to the shroud has weakened considerably, but
low p* fluid is still being convected up the suction surface to the
shroud. As illustrated by the velocities (Figure 3.14) and the p*
contours (Figure 3.13), the wake has moved further along the shroud,
its core now being at y/y0=0.7, even though the stable location for
low p* fluid has moved the other way. This movement must be
attributed to the inertia of the anticlockwise vortex on the suction
side of the passage. The second vortex, the clockwise one on the
pressure side of the passage, has been greatly avgmented along the
shroud, by the action of Coriolis forces. The low p* fluid in the
secondary flow up the suction side and in the secondary flow along
the shroud collide on the shroud at y/y0=0.7 and this causes low

energy fluid to move away from the wall.

| In the shear layer between the wake and the potential flow
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region at Station 4 turbulent mixing is suppressed by the action
of curvature and Coriolis forces.

3.7 Station 5

Station 5 is close to the impeller exit and the passage is
still radial as shown in Figure 2.6.

The p* contours (Figure 3.16) show that the wake area has
increased consideraBly between Stations 4 and 5 and that the minimum
value of P*=0.52 observed at Station 5 is higher than the minimum
value of P*=0.44 obtained at Station 4. The only flow mechanism by
which the rotary stagnation pressure p* of a fluid particle can
increase along a streamline is by mixing with neighbouring fluid
particles which have higher values of p*. So, the lowest p* fluid
observed at Station 4 must have mixed out with higher p* fluid
between Stations 4 and 5. Turbulent mixing was suppressed at Station
4 by the strength of the pressure gradients but, as can be seen

from the p diagram (Figure 3.18), these static pressure gradients

have weakened because the passage is virtually straight and the
blades are unloading close to the impeller discharge. The reduced |
static pressure on the suction side has risen while that on the
pressure side has dropped only slightly. The pressure rise in the
wake region is associated with the p* rise achieved by mixing, as
no pressure rise can be achieved by diffusion because of the very
| low momentum of  the wake fluid. However, the fluid in the suction-
‘ side/hub quarter of the passage has diffused considerably, deceler-
} ating from 18 to 13m/s, while the fluid in the pressure-side/shroud
corner region has accelerated in order to accommodate the fluid
which has diffused from the suction side. |
The secondary velocities (Figure 3.17) show the divergencé of
the highest velocity fluid and this high momentum fluid is the most

likely source of potential flow fluid required to mix out with the
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wake flow. The cross velocities also show that the secondary flow
up the suction side is carrying this high p* fluid into the wake
region and a flow from the centre of the high velocity zone at
y/y0:0.75; Z/ZO:O.25 is carrying similar fluid to the other side
of the wake (y/yO:O.Q; z/zO:O.9). The general trend in the cross
velocities from the suction to the pressure side of the passage is
due to the slip of the flow near the outlet. This is most marked
on the pressure side of the passage. There is also still some
evidence of the secondary flow along the shroud, due to the Coriolis
forces, which has not been entirely effaced by the slip.

The wake has moved closer to the suction-side/shroud corner,
so the secondary flow along the shroud must have overpowered the
opposing secondary flow up the suction surface between Stations 4
and 5. However, the core of the wake is still a long way from its
stable location on the suction side of the passage.

The dimensionless reduced static pressure Pr corresponds to
the ﬁressure coefficient of potential flow fluid, which has diffused
from the maximum relative velocity in the inducer. This pressure
coefficient is used by many designers as a simple criterion for
2-dimensional boundary layer growth in a diffusing impeller flow.
Clearly, the boundary layer flow in this study is not 2-dimensional,
but nevertheless, it is interesting that the value of 0.5 for the
wake, is representative of the magnitude of pressure coefficient
necessary to cause the separation of a 2-dimensional boundary layer.

3.8 Mass-averaged Pressures

The distributions of reduced static pressure and rotary stag-
nation pressure can be integrated to evaluate the mass-averaged
pressures at each of the five stations. These are presented in
Figure 3.19.

The mass-averaged P* shows that the main loss occurs between

Stations 1 and 2, where most of the fluid which was close to the

_
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shroud experienced an adverse pressure gradicnt and vigorous
turbulent mixing between the separated boundary layer fluid and
the potential flow occurred. There is very little further loss
through the impeller.

The mass-averaged Pr shows an increase through the impeller.
This represents only part of the static pressure rise through the

impeller as, in addition, there is the centrifugal pressure rise

A(LpuPr®)
* *
pmin

, = 0.72 compared with the Pr achieved by diffusion of
Phax~
only 0.24.

3.9 Flow property spectra

The passage cross-sectional areas at each of the stations are
almost equal. This means that the average velocity component along
the passage is also approximately constant as the flow is essential-
ly incompressible. However, because of the large cross velocities
at the inlet, the relative velocities do decrease in the inducer
bend and this diffusion results in a rise in 5;. The spectrum of
relative velocities (Figure 3.21) shows this reduction in the rela-
tive velocities between Stations 1 and 2 and to a lesser extent
between Stations 2 and 3. At the same time, the appearance of the
wake is illustrated by the ranges of very low relative velocities
at Station 3 and it is interesting that although the wake occupies
quite a significant proportion of the passage cross-section at
Station 3 it contributes very little to the total flow rate there.

The Pr 5pectrﬁm (Figure 3.22) illustrates the increase in P,
between Stations 1 and 2, but it also shows the drop in the minimum
value of P, present, because of the acceleration which occurred in
the suction-side/shroud corner region as the blades loaded. Between
Stations 2 and 3, this fluid decelerates again because of the
adverse pressure gradient. The loss induced-by the shroud boundary

layer separation, which resulted from the adverse pressure gradient,
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is clearly illustrated by the p* spectra for Stations 1, 2 and 3
(see Figure 3.20).

The relative velocities do not diffuse betwéen Stations 3 and
4, so the reduced static pressure remains almost constant. However
beyond Station 4, the blades are unloading and therefore, the P,
and relative velocities become more uniform and this produces
a rise in the mass-averaged Pr' This increased uniformity is clearly
illustrated in the pP.. spectrum. The rise in the flow rates in the
ranges (Pr=0.25 to 0.45) between Stations 4 and 5, which is due to
mixing in the wake region, is particularly noticeable. This mixing
also alters the P* spectrum, the fluid with P*=0.3 to 0.4 at Station
3 mixing out to P*=0.4 to 0.5 at Station 4, which in turn mixes out
to increase the flow in the ranges of P*=0.5 to 0.65 at Station 5.
The relative velocity spectra show how the most rapidly moving

fluid, in the hub/suction-side corner region, decelerates consider-

ably between Stations 4 and 5, because of the reduction in the

strength of the tangential gradient of reduced static pressure, due

to the unloading of the blades.
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CHAPTER 4
EXPERIMENTAL RESULTS FOR BELOW AND ABOVE DESIGN FLOWS

4.1 Introduction |

In the previous chapter, the details of the flow through the
impeller at the 'design' flow rate have been discussed. It is of
interest however, to discover how the secondary flow pattern through
the impeller alters with a change of Rossby Number (Ro:WA»Rn).

In order to alter the Rossby Number, it ishpossible to change
either the relative velocity W, or the rotational speed w. In this
study, it was considered most convenient to keep the rotational
speed the same, as the 'g' loading at 500rpm was close to the
maximum permissible in the design of the traversing gear and any
reduction in rotational speed would decrease the relative velocities

and hence the accuracy with which the relative velocities could

be measured. Therefore, the Rossby Number was varied by changing
the flow rate, which was achieved by altering the number and mesh-
size of the screens in the inlet duct. Reference was made to the
work of Elder [55)] and Taylor and Bachelor [56] when the screens
were chosen.

4.2 The 'Below design' flow

The flow discussed below is for a passage flow rate of 0.12
t0.0lkg/s which is equivalent to 2.3kg/s for the whole impeller,
which gives a Rossby Number 15% smaller than for the flow discussed
in the previous chapter. The flow rates calculated at each measure-
ment station and the characteristic values of p* are given in
Appendix 3.

4.3 Station 1

The incidence angles (Figure 4.1), as would be expected for
a lower flow rate, are larger than in the previous 'design' flow.

The increase in incidence angle is consistently between 2 and 5

/ degrees over the cross-section at Station 1, which compares well

. _ .
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with the predicted change of 4 degrees calculated from the inlet
velocity triangle. The angles are also now predominantly positive,
which is typical of a 'below design' flow rate.

The p* contours (Figure 4.2) show that a considerable loss in
stagnation pressure has occurred already. This is attributable to
the adverse gradient of reduced static pressure on the shroud, where
Pr changes from 0.0 to 0.14, between Stations 1 and 2. This adverse
pressure gradient induces the shroud boundary layer separation as
discussed previously for the 'design' flow rate. The separation at
this flow rate is considerably more severe as shown by the larée
region of low p* fluid in Figure 4.2.

‘ The redﬁced static pressure diagram (Figure 4.4) shows a very
similar pattern to the 'design' flow (see Figure 3.6), except that |

the pressure surface is slightly more heavily loaded, because of

the higher incidence angles.,

The velocity contours (Figure 4.3) show that the axial velocity
is lower than for the 'design' flow over most of the passage cross-
section.

L.4 Station 2

There is a further substantial loss in p* between Stations 1
and 2 as illustrated by the contours at Station 2 (Figure 4.5).
This loss is again attributed to the shroud boundary layer separa-
tion. As the velocity contours at Station 3 (Figure 4.9) indicate,
there is a large amount of fluid, in the suction-side/shroud corner
region, with a very low momentum. There is also a further pressure
rise in this corner region, as the minimum value of Prat Station 3
(see Figure 4.7) is 0.24, compared with Pr:0.14 at Station 2
(Figure 4.4). This may well mean that this large zone of low momen-
tum fluid will tend to flow in a backward direction, relative to

the potential flow. Such a substantial area of reverse flow would

disrupt the main flow along the passage considerably and cause
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large-scale turbulent mixing and so produce the very large region
of low p* fluid observed at Station 2. Unsteadiness in the readings
in this region was experienced during the experiments.

The p* contours (Figure 4.5) also show the thickening of the
suction side boundary layer and the secondary flows convecting this
fluid along the suction side, to a point at approximately z/zO:O.S,
can be observed in ngure 4k.6. The stable location for this low p*
fluid, at Station 2, is closer to the shroud corner, but the diver-
gence of the flow in the suction-side/shroud corner region prevents
the low p* fluid from reaching this location.

The velocity diagram also illustrates that in order to dedicate
such a large proportion of the passage to the low p* fluid, the
potential flow has had to acceleratg slightly and the associated
drop in reduced static pressure in the potential flow region is
shown in Figure 4.7.

4,5 Station 3

The reduced static pressure contours (Figure 4.10) show the
increase in pressure which promotes the separation of the shroud
boundary layer. As this figure depicts, the pressure gradient due
to curvature is now much stronger and this will therefore tend to
suppress further turbulent mixing between the low momentum or wake

! fluid and the potential flow.

’ The twin passage vortices, which dominate the secondary flow

t pattérn are now well established (see Figure 4.9), however they are
weaker, than in the previous flow (see Figurg 3.11), because of the
lower relative velocities. The secondary flow up the suction surface
(see Figure 4.9) has carried the low p* fluid from the thickened
suction side boundary layer towards the wake, but it does not carry
the fluid as close to the corner as in the 'design' flow (see Figure

3.11). This is probably due to the combined effect of the reduced

inertia of the passage vortex and the gradient of p* in the suction
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surface boundary layer not being so strong in the region z/zO=O.4
to 0.8. The influence of the Coriolis generated secondary flow
along the shroud towards the low p* region is now detectable in
Figure 4.9.

The minimum reduced static pressure is observed on the suction
surface (Figure 4.10), which implies that, although the flow is only
two-thirds of the way around the axial-to-radial bend, the stable
location for low p* fluid is already on the suction surface, the
position which would be expected for-a flow dominated by the passage

rotation (i.e. with a low Rossby number ).

4. 6 Station 4 |

The strength of the gradient of reduced static pressure remains
about the same as at Station 3 (see Figure 4.13), but with the ‘
relaxation of the axial-to-radial bend, the orientation has altered ‘
and the gradient is now essentially between the blades. This means ‘
that the pressure in the wake region has increased and as the wake
fluid has virtually no momentum at Station 3, it is necessary for
it to mix out to some extent in order for it to achieve this higher
pressure. This mixing has raised the minimum value of P* present
in the wake region from P*=0.29 to 0.40 between Stations 3 and 4
‘ as can be seen from Figure 4.11. This mixing has been achieved with
higher p* fluid supplied by the two major secondary flows; the first.
up the suction surface and the second across the shroud, as depicted
by the cross velocities in Figure 4.12.

This velocity diagram also shows how the Coriolis generated
' secondary flows along the shroud have become much stronger and have
greatly boosted the strength of the clockwise vortex on the pressure
side of the passage. In the wake region (y/y0=0.4 to 1.0; z/zO:O.O
to 0.2), the two secondary flows appear to evade each other, one
running over the oth$§2 This produces the rather elongated wake

region illustrated in Figures 4.11 and 4.12. The wake's location
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has moved slightly closer to the suction surface, so it must be

concluded that the inertia of the anticlockwise vortex on the

suction side of the passage is being overcome by the strength of

the Coriolis generated secondary flow along the shroud. The wake's

core is therefore much closer to the suction-side/shroud corner than

at the 'design' flow condition.

The drop in pre;sure on the suction side (Figure 4.13) has

caused a considerable acceleration of the potential flow near the

suction-side/hub corner and a corresponding deceleration has occur-

red in the pressure-side/shroud corner region.

L,7 Station 5

Between Stations 4 and 5, the blades unload, reducing the

blade-to-blade pressure gradient considerably (see Figure 4.16).

This results in a rapid diffusion in the high velocity regions,
which is depicted by the diverging arrows in Figure 4.15. The wake
fluid also has to mix out further in order to reach the higher
pressﬁre at Station 5. This is accomplished by mixing with higher
p* fluid supplied by the secondary flows or by direct mixing with
fluid from the potential flow region. More mixing out of the potent-
ial flow region takes place at this flow condition than previously
because,with the lower passage velocities, the mixing is not supp-
ressed so strongly by the curvature and rotation and there is

' relatively more time for the mixing to occur.
The cross velocity arrows in Figure 4.15 show the dominance of

the slip, but there is also still evidence of the secondary flow

along the shroud and up the suction surface towards the wake's

present position on the suction side of the passage (see Figure

4.1%4). This is the position which is expected for the wake in a flow

with low Rossby Number, i.e. one dominated by the passage rotation.

In this flow, the wake is close to the stable location for low p*

fluid which, at the outlet, is still on the suction surface. The

.
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inertia of the secondary flows therefore, are less important in
determining the wake's position at the outlet in this 'below design'

flow.

4.8 Mass-averaged pressures

The losses at this flow condition are significantly larger
than at the 'design' condition, as illustrated by the mass-averaged
P* values in Figure 4.17. This is not surprising, since a similar
pressure rise is being demanded from the impeller, but the pressure
rise achieved by diffusion 1is less significant in this flow,
because of the lower relative velocities.

The mass-averaged P* shows a very substantial loss between the
inlet and Station 2, which as described previously, is due to the
separation and possible backflow of the shroud boundary layer fluid,

which causes large-scale turbulent mixing in the inducer. Beyond

Station 2, there is very little further loss until the blades unload
between Stations 4 and 5 and this then results in mixing between the
wake and the potential flow and hence a further loss in P*.

The mass-averaged reduced static pressure shows a steady rise
through the impeller. This pressure rise is not as great as achieved
in the 'design' flow, however the diffusion ratio (=Average relative
velocity at_the inlet divided by the average relative velocity at
the outlet) is 1.64 f0.2 for this 'below design' flow compared with
| only 1.56 0.2 for the 'design' flow. This suggests that the diff-
usion is greater at the lower flow rate, but the lower relative
velocities result in a lcwer pressure rise.

4.9 Flow property spectra

The relative velocity spectra (Figure %4.19) indicate that, at
Station 1, a very high proportion of the flow rate is made up of
fluid with a high relative velocity, compared with the much more k

even distribution of relative velocity at the 'design' flow rate

(see Figure 3.21). This is because of the higher incidence angles,
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which mean that the fluid has to accelerate more around the blade
leading edges. These velocity spectra also illustrate the rapid
deceleration that occurs near the shroud, between Stations 1 and 2,
because of the adverse pressure gradient. The associated separation
of the shroud boundary layer causes the widespread loss of p* which
dominates the p* spectra (Figure 4.18). Beyond Station 2, the
distribution of p* ahd relative velocities remain much the same in
the upper ranges, the further diffusion of the wake fluid is depict- ‘
ed by the appearance of the very low velocities present in the
spectrum at Station 3. The subsequent mixing between Stations 3 and
4 is illustrated by the increase in the minimum observed yalue of
P*. Between Stations 4 and 5, there is further mixing, which is to
the detriment of the mass-averaged stagnation pressure of the fluid

and results in the increase of the flow rate in the majority of the

low ranges of the P* spectrum for Station 5.




4,10 The 'Above design' flow .

The third and final flow discussed is for an 'above design'
flow rate of 0.17 t0.0lkg/s through the passage, &hich is equivalent
to a flow through the impeller of 3.3kg/s. The flow rate and Rossby
Number are therefore about 21% larger than for the 'design' flow. -
The main flow parameters are given in Appendix 3.

4.11 Station 1

Predictably, the incidence angles at the inlet (Figure 4.20),
for this 'above design' flow rate are predominantly negative; the
smallest angle of -20.2 degrees, achieved on the pressure surface
near the shroud, is the largest magnitude of incidence angle in all
of the three flows.

The p* contours (Figure 4.21) show a distribution which is
uniform (P*=1.0 io.oz), except very close to the corners, where

. some loss of stagnation pressure has occurred, most noticeably near

the shroud/pressure-side corner where the flow could be separated

locally at the leading edge.

The reduced static pressure contours (Figure 4.23) illuminate
the fact that the blades are unloaded to about 60% of their height
and the rest of the blade (z/zO=0.6 to 1.0) is actually negatively

~ loaded. The velocity distribution (Figure 4.22) shows how the air
accelerates to an axial velocity of up to 20m/s, about twice the
magnitude of the axial velocity in the inlet duct, as it goes around
the blade leading edge in this low pressure region. The gradient
of axial velocity in the hub-to-shroud direction is considerably
higher than in the previous flows, which is due to the blockage
presented by the blade leading edges, which has a greater influence
at this flow rate because of the higher relative velocities. This
also means that the hub-to-shroud velocity cbmponent is stronger,
as fluid from the lower half of the passage moves up to increase

the flow rate in the top half.

"
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4.12 Station 2

Between Station 1 and Station 2, the blades load so, at Station
2, the pressure on the pressure surface is higher than on the
suction surface (see Figure 4.26). This complete reversal of the
blade-to-blade pressure gradient also precipitates a reversal in
the velocity gradient (see Figure 4.25). The flow in the suction-
side/shroud corner region accelerates, while the flow in the oppos-
ite corner (y/y0=0.0 to 0.2; z/zO=O.5 to 1.0) decelerates. The
adverse pressure gradient in the pressure-side/shroud corner region
may cause a local separation of the boundary layer and hence the
observed loss in p*.

The p* diagram (Figure 4.24), also shows the thickening of
the suction side boundary layer. The velocity diagram (Figure 4.25)

suggests that this fluid with reduced stagnation pressure (P*= 0.85

to 0.95) is being convected from the corners to the centre of the
wall. The third region of reduced p* fluid, in the suction-side/
shroud cormer region, is probably also associated with the incidence
at the blade leading edge.

A large loss in p* has therefore been avoided between Stations
1 and 2 at_this flow condition, because a significant rise in
reduced static pressure on the shroud has not yet occurred and
therefore there has been little tendency for the shroud boundary

[ layer to separate.

4,13 Station 3

The velocity measurements (Figure 4.28) indicate that the
axial-to-radial bend is strongly influencing the secondary flow
pattern. The secondary flow is dominated by the two opposing passage
vortices, similar to those which resulted from the.axial—to_radial
bend's curvature in the previous two flows. The suction side vortex
carries the low p* fluid, in the suction side boundary layer, up

towards the shroud. The éoriolis forces have also induced a
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secondary flow across the shroud, which is stronger at this point
than previously achieved in the other two flows. This is probably
because the gradient of p* is steeper near the shroud as the shroud
boundary layer is relatively thin (see Figure 4.27) for a large
proportion of the shroud's width (y/y0=0.0 to 0.5). The p* diagram
also shows that the secondary flows have convected the low p* fluid
from both the shroud/pressure-side corner region and the suction
side boundary layer into the wake region, which is now becoming

i fairly extensive,

‘ The velocities in the potential flow region have altered very

| little between Stations 2 and 3 and the strength of the gradient
of reduced static pressure (see Figure 4.29) has remained almost
the same, although its orientation is now slightly more in the

blade-to-blade direction. The lowest static pressure, and hence

the stable location for low p* fluid, is still in the shroud/
suction-side corner region and at present the secondary flow seems
to be carrying further low p* fluid to this area.

4,14 Station 4

The static pressure contours (Figure 4.32) bring to light two
changes between Stations 3 and 4. The first change is the continued
re-orientation of the pressure gradient which, as would be predicted
close to the end of the axial-to-radial bend, is in the blade-to-
blade direction, the stable location for low p* fluid being
established on the suction surface. The second change is that the
lowest value of reduced static pressure has increased from Pr=0.05
to 0.22. This alteration has not affected the flow in the suction-
side/shroud corner region significantly, as in this region Pr:0.25
at Station 3. However, the wake, as illustrated in Figure 4.30, has
moved further along the shroud, as it did at the 'design' flow rate,

because of the inertia of the suction side passage vortex. This has

placed the low p* fluid of the wake in a region of Pr:O.QS, so the

.
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wake fluid has had to endure a very substantial increase in press-
ure. Figure 4.31, the velocity diagram, illustrates that the size
of the wake's core has increased considerably.

The cross velocities in Figure 4.31, show that the suction
side passage vortex is still very strong and still pumps fluid up -
the suction surface into the wake region. The Coriolis forces have
also augmented the secondary flow along the shroud and this is also
feeding low p* fluid into the wake region.

The gradients of p* and relative velocity between the wake's
core and the potential flow region are the strongest in any of the
three flows described. These strong gradients are not effaced
because turbulent mixing is suppressed by stabilising forces due

to curvature and rotation, which are also strongest at this flow

condition. The stabilising forces essentially prevent mixing
because when a low p* fluid particle strays into a higher p* region,
the stabilising forces very rapidly induce a secondary flow to
return the particle to its initial location, before it has time to
mix out with the higher p* fluid.

4,15 Station 5

The p* contours (Figure 4.33) show a large increase in the

- wake area between Stations 4 and 5. The minimum observed p* has
' also increased slightly between the two stations, which implies that-:
some mixing has occurred. This has been permitted because the blades

have essentially unloaded, as depicted by the reduced static pres-

sure diagram (Figure 4.35) and so the stabilisation of the steep
gradients of p* has weakened allowing mixing to occur. Also, as the
fluid in the wake is moving so slowly, it has a relatively longer
time to achieve its mixing.

The wake region has moved even further along the shroud and
1 the velocity diagram (Figure 4.34) shows that this is because the

suction side passage vortex is still feeding fluid into the shroud/

—
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suction-side corner region. This fluid is also the most likely
source for the high p* fluid required for the mixing in the wake
region. There is now a tendency for the fluid with the lowest p*
to move towards the stable location on the suction surface. This
movement can be seen in the velocity diagram (Figure 4.34), but it
also shows the flow up the suction surface preventing the bulk of
the wake fluid from reaching its stable location. The velocity
contours also show how the velocities have become more uniform over
the potential flow region between Stations 4 and 5; the fluid on
the pressure side of the passage having accelerated and converéed,
while the fluid on the suction side has decelerated and diffused.
This difoSién in the suction-side/hub corner region also provides
a source for fluid travelling in the secondary flow up the suction
side wall.

4,16 Mass-averaged pressures

The mass-averaged rotary stagnation pressure (Figure 4.36)
shows only a significant reduction between Station 3 and the outlet,
particularly between Stations 4 and 5, where most of the mixing in
the wake region occurred.

The reduced static pressure shows a rise between Stations 1
and 2, where some diffusion occurred as the tangential velocity of
the flow decreased through the inducer. However, beyond Station 2,
the reduced static pressure remains virtually constant. The rise in
static pressure, therefore represents only a centrifugal pressure
rise.

4.17 Flow property spectra

The rotary stagnation pressure spectra (Figure 4.37), when
compared with the similar spectra for the 'design' flow condition
(Figure 3.20), illustrate the difference in losses in the two flows.

The two spectra at Station 5 are very similar, but in the 'design'

flow most of this loss had occurred at Station 2, whereas at the
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higher flow rate, the major loss is the mixing, which occurs in the
final radial section of the impeller passage. Both losses seem to
be associated with the diffusion of low p* fluid,'either in a bound-
ary layer or within the wake region, which leads to a mixing loss
when this fluid mixes out with higher p* fluid so that it can
continue its journey down the passage.

The relative velocity spectra (Figure 4.38) shows how most of
the flow (with W<20m/s) diffuses between Stations 1 and 2, which
is achieved because the circumferential velocity components are
reduced as the flow passes through the inducer. The fluid, with a
relative velocity greater than 20m/s at Station 1, is the fluid
close to the pressure surface in the upper half of the passage,
which accelerated around the blade leading edge as it entered the
passage. This fluid diffuses and decelerates between Stations 1 and

2, but as the blades change their loading, a similar guantity of

fluid near the suction blade surface accelerates, to form a new high
velocity (W>20m/s) region there. This fluid in the suction-side/
shroud corner region, diffuses only slightly between Stations 2 and
3, as the pressure only rises slightly (Pf<0'05)’ but this fluid
does diffuse significantly in the final section of the axial-to-
~radial bend, between Stations 3 and 4. The fluid on the hub has a
corresponding acceleration between Stations 3 and 4, because of the
reduction in the gradient of pressure in the hub-to-shroud direct-
ion. Finally, as the blades unload, the velocities become much more

uniform in the potential flow region, while those in the wake remain

fairly low.
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! CHAPTER 5
DISCUSSION OF THE LOSSES IN THE CENTRIFUGAL COMPRESSOQOR

5.1 Introduction

The previous two chapters have described the details of the
flow through the Ghost impeller at three flow rates. In this chapter,
the main features of the three flows are discussed with particular
reference to how the losses in p* and hence the losses in efficiency
might be reduced by altering the impeller geometry.

5.2 Impeller Efficiency

The isentropic efficiency of the impeller can be expressed, for

an incompressible flow, as

Static Pressure Rise
Static Pressure Rise + Rotary Stagnation Pressure Loss

-5.1

as shown in Appendix 4. This efficiency is evaluated between the

inlet duct and Station 5 and the results are

Flow Rate 'Design' 'Below 'Above
design' design'

Isentropic . . .

Efficiency | 00°3% 78.5% 86. 2%

within an estimated accuracy of f10%.

These efficiencies show that, to some extent, the losses are
minimised at the 'design' flow rate. They also illuminate the
problems of running the impeller at a 'below design' flow rate,
because of the increased severity of the shroud boundary layer
separation. Based on the single 'above design' operating condition,
it appears that the impeller can be run above design with a
relatively high efficiency.

5.3 Rotary Stagnation Pressure Losses

In the impeller flows, there were three main sources of rotary

stagnation pressure loss.

5.3.1 Losses due to the Incidence of the Flow at the Impeller Inlet

The large negative incidence (as low as -20.2 degrees) on the

—
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pressure surface of the blade at the 'above design' flow rate caused
the most serious incidence loss observed in the present study. The
loss however corresponded to a loss in efficiency (evaluated with
the aid of Equation 5.1) of only about 3%. The incidence at the
'below design' flow rate was as high as 18.3 degrees on the suction
side near the hub and the p* contours at Station 2 (Figure 4.5)
indicate a region of loss from the core of the wake along the
suction surface towards the hub, which might be attributed to this
large incidence. From these results, it may be concluded that the
impeller flow rate is constrained by the incidence angles, whiéh
have to have a magnitude less than about 15 degrees, if incidence
losses at the leading edges of the blades are to be avoided.

5.3.2 Losses due to Separation of the Shroud Boundary Layer

When the p* contour diagrams towards the end of the inducer, at
Station 2, are compared for the three flow rates (Figures 3.7, 4.5
and 4.24), it is clear that the lower the flow rate, the more severe
the effects of the shroud boundary layer separation become. In
chapters 3 and 4, the adverse pressure gradient in the suction-side/
shroud cormner region, which was held responsible for this separation,
was discussed. Figure 5.1 shows the variation in pressure along a
streamline close to the suction-side/shroud corner, for the three
flow rates. Now, let us define the probable location of separation
as the measurement station where flow, with a relative velocity less
than 20% of the maximum relative velocity observed in the inlet
plane (i.e. less than 0.2x %(péax—péin) 2 as5m/s), first occurred
over significant areas of the passage (greater than 1% of the cross-
sectional area). We then find that separation occurred near Station
2 in the 'below design' flow, near Station 3 in the 'design' flow

and near Station 4 in the 'above design' flow. Furthermore, we see

from Figure 5.1, that separation occurred in each flow just after a

large rise in reduced static pressure of APrﬁO.2.

==
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The mixing associated with the separation of the shroud
boundary layer corresponds to a loss in efficiency (calculated from
Equation 5;1) of up to 18% at the 'below design' flow rate and
therefore it would be very advantageous to either prevent this
separation or at least delay it, so that the mixing losses are
reduced as they were at ﬁhe 'above design' flow rate. Firstly, let
us look at the adverse pressure gradient, which causes the separa-
tion. Clearly, if we are to achieve any diffusion of the relative
flow, there must be a rise in reduced static pressure through the
impeller, but why is this adverse pressure gradient so severe along
the shroud, particularly in the inducer at the low flow rates? The
key to this question is the change in the gradient of p.. in the hub-
to-shroud direction and in the blade-to-blade plane.

Let us compare the meridional gradient of reduced static
pressure generated at the inlet, with the meridional pressure grad-
ient required to turn the flow around the axial-to-radial bend. At
the ihlet, from the velocity triangle

w2 = U2+ W2 | ~Su 2
and along a streamline by Bernoulli

p* = p_ + Fpw® =90

i)

Differentiating Equation 5.3 with respect to r

dp
op* _ r IW
ar ~. e T P -5.4

But, as an incompressible, inviscid flow is uniform in p*, at the
*
inlet g% =0 and %g is given by differentiating Equation 5.2

2
il —{;U -a-g -szr -5.5

At the inlet, the second term on the right hand side of this

equation is dominant and is independent of the flow rate.

In the axial-to-radial bend

dp 2 (w2+i?) ‘
r _ _ pwWw & P2 -5.6 |
m -~ - 2pel, 2 -
n nb

as Wé is small
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Where Rnb is the radius of curvature of the axial-to-radial bend.
The magnitude of this pressure gradient increases with the flow
rate.

As can be seen from the reduced static pressure contours for
the 'above design' flow rate at Station 1 (Figure 4.23) and at
Station 3 (Figure 4.29), the magnitude of the meridional pressure
gradient at the inlet and in the axial-to-radial bend are about
equal. However, at lower average relative velocities and hence lower
flow rates, the pressure gradient in the axial-to-radial bend (see
Equation 5.6), is reduced and so the pressure on the shroud rises
between the inlet and the axial-to-radial bend, increasing the like-
lihood of an early separétion of the shroud boundary layer.

In the blade-to-blade directiop there will also be a pressure
gradient, which will alter in magnitude through the inducer and
influence the shroud boundary layer separation. Initially as the
flow enters the impeller, there will be no blade-to-blade pressure
gradient. The blades will then load however and this causes the
reduction in P, observed in the suction-side/shroud corner region in
Figure 5.1. This loading continues for a distance into the inducer
determined by the incidence at the inlet. The 'below design' flow
loads the blades immediately whereas, in contrast the other two
flows do not load the blades completely until Station 2 is reached.
The delayed blade loading therefore delays the onset of the adverse
pressure gradient in the suction-side/shroud corner region in the
'design' and 'above design' flows, but not aﬁ the 'below design'
flow rate.

How then, does the impeller designer reduce the loss of stagn-
ation pressure due to the boundary layer separation, which is
associated with this adverse pressure gradient?

The designer has to try to provide an impeller geometry, which

will diffuse. the high relative velocities found near the shroud at

.
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the inlet. This will necessitate an adverse pressure gradient in the
suction-side/shroud corner region, but this pressure gradient must
be sufficiently weak that it does not cause the shroud boundary
layer to separate or at least not in the early part of the passage.
The pressure gradient necessary to cause separation of the boundary
layer is dependent on the rate of mixing occurring within the
boundary layer. If mixing is suppressed by either curvature or
rotation, separation is more likely to occur, as low momentum fluid
is brought to rest more easily by an adverse pressure gradient, as
the fluid is unable to increase its momentum by mixing out. This
implies that if the designer is to reduce fhe likelihood of shroud
boundary layer separation, he must have only a weak adverse pressure

gradient in the axial-to-radial bend where mixing is suppressed,

particularly as secondary flows will deliver further low p* fluid to

the shroud, which will also have to mix out if separation is to be

prevented. Stronger adverse pressure gradients along the shroud wall
' can be tolerated in the inducer and in the final radial section of
the impeller, where mixing is not so strongly suppressed. |
When this 'improved impeller' pressure gradient in the suction-
side/shroud corner region is compared with the curve obtained for
the Ghost impeller 'design' flow (Figure 5.1), the modifications to
the adverse pressure gradient, which are apparently desir able are
(a) The removal of the favourable pressure gradient in the inducer
between Stations 1 and 2, (b) The reduction in the magnitude of the
adverse pressure gradient in the axial-to-radial bend (Station 2 to
3/4) and (c) The increase in the magnitude of the pressure gradient
in the final radial section of the passage (Stations 3/4 to 5).
(a) could be achieved by loading the blades at the inlet, as
occurred in the 'below design' flow, but the inducer's curvature

will also have to be reduced, so that the circumferential velocity

component isn't diffused as quickly as in the 'below design' flow.

_
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This has been achieved by some designers since 1950, by designing
impellers wiih long inducers. Alternatively, the inducer bend can be ‘
extended into the axial-to-radial bend, so that the circumferential ‘
velocity component is diffused more slowly, without increasing the
overall length of the impeller. This is done in Eckardt's impeller
[54]), where the flow has a circumferential component of relative
velocity through most of the impeller passage.

(b) would require the modification of the shroud wall profile.
To improve the profile, the curvature of the shroud wall would
commence at the inlet (as occurs in Eckardt's impeller) and would
have a magnitude such that the streamline curvature Equation 5.6 is
satisfied along the shroud. The circumferential component of

velocity W9 decreases and the axial component of velocity WZ

increases through the impeller and so the curvature of the axial-to-

radial bend (1/Rnb) will increase, from zero, through the inducer,

giving the desired gpr/ar and hence Qpr/as along the shroud. The

magnitude of apr/ar will also decrease through the passage though,

as apr/Qs is larger near the shroud than for the passage as a whole,

as at the outlet there will be little or no pressure gradient in the

hub-to-shroud direction. This means that the curvature of the shroud 1
_will decrease again in the axial-to-radial bend. The curvature will

not however become zero, until the outlet is reached in order that

(c) is achieved. It is clear that considerable work is required on

boundary layer separation to determine the critical values of apr/as

for separation as a function of the stabilisation due to curvature

and rotation.,

5.3.3 Losses due to mixing

Large mixing losses are most likely to occur where there is a

steep gradient of relative velocity between two substantial regions
of fluid and where turbulent mixing between the two regions is

unsuppressed. In the centrifugal compressor impeller passage, steep

- R R
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gradients of p* occur in the boundary layers, but as these are thin,
only small quantities of low p* fluid mix out here. lHowever, steep
gradients of p* also exist between the substantial low p* area of
separated flow (or wake) and the potential flow region. Suppression
of mixing is provided by both Coriolis and streamline curvature
forces and is therefore strongest at the stable location for low p*
fluid. This suppression is fairly weak in the inducer, where the

stable location is on the suction surface close to the shroud corner.

In the axial-to-radial bend, curvature strengthens this suppression

near the stable location on the shroud wall. There is no mixing

suppression on the shroud wall in the final radial section of the

passage, although suppression is provided by the Coriolis forces on

the suction surface.

It is apparent therefore, that if separation of the shroud

boundary layer occurs in the inducer, turbulent mixing will occur on
the shroud wall, but this mixing will then be greatly suppressed in
the axial-to-radial bend. Mixing will again occur in the final
radial section of the passage, if the wake is located on the shroud,
but mixing out of a wake on the suction surface will be suppressed
until the blades unload. This was verified by the results obtained
in the Ghost impeller (Figures 3.19, 4.17 and 4.36), where substan-
tial mixing losses were observed when the shroud boundary layer
separated in the inducer (at the 'below design' and ‘design' flow
rates), but very little loss was observed in the axial-to-radial
bend in any of the three flows. The 'above design' flow was the only
flow where the wake was entirely on the shroud at the outlet and

indeed, the greatest p* loss due to mixing in the radial section was

observed at this flow rate (Figure 4.36). Some p* loss was also
observed in the 'design' flow case however, as the wake was
partially located on the shroud (Figure 3.19);

Mixing losses in the inducer can be prevented almost entirely
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by preventing the scparation of the shroud boundary layer, but if
separation does occur, mixing within the separatcd region can be
' reduced by commencing the meridional curvature of.the shroud wall at
the inlet, so that curvature forces suppress the mixing. This was in
fact the same remedy as was suggested for prevention of the shroud
boundary layer separation.
Mixing losses in the final radial section of the impeller can
be reduced by aiways ensuring that the wake is located on the
suction surface. This occurred at the 'below design' flow rate in
the Ghost, but as concluded in chapter 4, the wake's position is
essentially determined by the Rossby Number associated with the
axial-to-radial bend and therefore the impeller designed with a low
Rossby Number will result in a wake flow on the suction surface.
However, the positioning of the wake on the suction surface is not

necessarily desireable, as the wake's position will very likely

alter the nature of the flow in the diffuser and hence the losses in
the diffuser. We therefore should ask another question: What wake
location at the impeller discharge will minimise the losses in the
diffuser?

5.4 Losses in the Diffuser

The main source of loss in the diffuser is mixing. Mixing in
the blade-to-blade plane was studied by Dean and Senoo [40] and they .
concluded that the wake mixed out very rapidly indeed in the diff-
user. In fact, Johnston and Dean [41] used a simplified flow model,
which assumed that mixing out occurred instantaneously and this was
shown by Senoo and Ishida [42] to calculate the losses in the diff-
user within 1% of stage efficiency. Mixing occurs so very rapidly in
the blade-~to-blade plane because, when the blade trailing edge is
reached; there is an interface between the wake fluid from one
passage and the potentiél_flow fluid from the neighbouring passage.

The high shear in velocity present between these two regions, causes

_
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a very rapid and violent transfer of momentum, see Dean [57J
| However Dean concluded that mixing in the meridional plane would be
| much more restrained. In fact, it seems reasonable to suppose that
mixing will occur, beyond the outlet, at approximately the same rate

as it did within the impeller, as the discharge will not greatly

affect the interface, in the meridional plane, between the wake and

the potential flow.

5.5 Selection of an Impeller/Diffuser Combination

When the designer wishes to produce an impeller/diffuser
combination he can choose from two alternatives: (a) To design an
impeller with a low Rossby Number, which will have a wake on the
suction surface at the impeller outlet and hence will have suffered
only a small mixing loss in the radial section of the impeller, but
there will probably then be a much larger loss in the diffuser or

(b) To divide the mixing loss between the impeller and diffuser, by

placing the wake on the shroud by using an impeller of high Rossby
| Number. Very little information is available however on the relative
merits of these two schemes, but it is interesting to speculate that
as the mixing in the blade-to-blade plane is so violent in the
diffuser, it is likely to involve a considerable p* loss and there-
fore scheme (b) is probably to be preferred.

If the designer adopts approach (b), he has to ensure that the
wake remains on the shroud, but he does not have to do this by
designing the impeller with a large Rossby Number. An alternative,
which has become popular in recent years, is to curve the impeller
blades backwards in the passage beyond the axial-to-radial bend.
This means that the Coriolis forces induced in the blade-to-blade

plane, which initiate the secondary flows which carry low p* fluid

onto the suction surface, will be opposed by forces due to the

curvature of the backward-swept blades and if this curvature is made

sufficiently strong, any tendency for low p* fluid to migrate to the
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suction surface will be removed. This technique has the additiomnal
advantage that the absolute velocity of the discharge flow is

reduced and so the diffusion which has te be achieved in the diff-

user is decreased.
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5.6 Conclusions drawn from the Experimental Work

1. The wake flows observed in the present study are accumulations
of fluid, with low rotary stagnation pressure p*, which form in the
suction-side/shroud corner region of the impeller passage. The two

phenomena which contribute to the formation and development of these

wake flows are

' (a) The adverse gradient of reduced static pressure in the stream-
wise direction, along the shroud, and -

(b) The convection of low p* fluid by secondary flows, which are

generated in the boundary layers, due to the curvature and rotation

of the impeller passage.

2. In the suction-side/shroud corner region, an adverse pressure
gradient occurs downstream of a low pressure region in the inducer.

At the 'below design' flow rate the pressure rises continuously from’

close to the blade leading edge to the impeller exit. As the flow
rate is increased however, the pressure difference between the hub
and shroud walls becomes larger and the pressure rise in the suction-
side/shroud corner region occurs later in the passage; thus the flow
separation associated with this adverse pressure gradient moves from
the inducer into the axial-to-radial bend.

3. The results from the 'above design' flow rate show the build-up
of low p* fluid upstream of the point where the first large scale
departures from potential flow are observed in the contours of meri-
dional velocity. This low p* fluid has two sources

(a) From the separation of the flow from the pressure surface of the
blade leading edge, close to the shroud, and-

(b) From the thickening of the suction side boundary layer.

The low p* fluid is observed to migrate to the suction-side/

shroud corner region, where the wake is formed. The author there-~

fore concludes that, at the 'above design' flow rate, the formation

of the wake is a direct consequence of secondary flow.

- | i
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4. The axial-to-radial bend dominates the secondary flow paftern
through most of the impeller. Two opposing passage vortices are
induced, one on the suction side and one on the pressure side of the
passage. On the suction side, low p* fluid is carried by the vortex
along the wall to the wake region. The passage vortex on the pres-
sure side, creates a secondary flow along the shroud towards the
suction surface. This flow is enhanced by the action of Coriolis

forces due to the passage rotation. The low p* fluid, in these two

flows, collides in the wake region and moves away from the shroud
wall.

5. The strength of the two passage vortices, induced in the axial-
to-radial bend, increases with the flow rate and hence with the
Rossby Number (W/an). The inertia of the suction side passage
vortex prevents the wake from moving from the shroud, to its stable
location on the suction side wall at the outlet, at the 'design' and
'above design' flow rates. At the 'below design' flow rate, the
inertia of this vortex is overcome by the secondary flow along the
shroud wall, which is induced by the Coriolis forces, and the wake
migrates onto the suction side wall of the passage.

6. The development of the wake flow in the Ghost impeller, opera-
ting with a tip speed of 23.8m/s, and at the 'design' flow rate, is
very similar to that in Eckardt's impeller [51], with a tip speed of
293.0m/s. This is because the relative influences of curvature and
rotation are of approximately equal importance in the flows in these
two impellers.

7. Significant mixing losses occur in the suction-side/shroud
corner region when the boundary layer fluid experiences an adverse
pressure gradient and mixing is not strongly suppressed by either
curvature or rotation. In the Ghost impeller, the largest mixing

loss occurred in the suction-side/shroud corner region in the inducer

at the 'below design' flow rate and a smaller loss also occurred in
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this region in the 'design' flow case. Mixing was strongly suppressed
by curvature in the axial-to-radial bend at all flow rates, but in
the final radial section of the impeller passage, mixing is not
suppressed on the shroud and therefore mixing losses occurred here
at the 'above design' flow rate, as in this flow the wake was loca-
ted on the shroud.
8. A large improvement in impeller efficiency would be achieved,
if the separation of the shroud boundary layer could be prevented,
or at least delayed. This separation is governed by the adverse
pressure gradient along the shroud and the modification to the‘
turbulent mixing within the shroud boundary layer by curvature and
rotation. Bofh these factors are strongly influenced by the shroud
| profile in the meridional plane and it is therefore believed that
modifications to this profile would benefit the impeller's effici-

ency significantly.

9. The diffuser efficiency is highly dependent on the flow

delivered to it from the impeller. It seems probable that a wake

on the shroud mixes out more efficiently than one on the suction

surface and that a low mean discharge velocity is to be preferred. |
It is suggested that, as backward-swept blades at the outlet of the ‘
impeller lead to lower absolute discharge velocities and a wake on

the shroud, these impellers are likely to improve diffuser perform-

ancee.
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’ CHAPTER 6

| SECONDARY FLOW THEORY IN ROTATING BENDS

é;} Introduction

It was suggested in the last chapter that the designer should
attempt to achieve more mixing out of the wake within the impeller,
by keeping the wake on the shroud wall in the radial section of the
impeller channel. The factors governing the wake's position were
discussed, but in this chapter, it is intended to introduce a quant-
itative, even if rather simplistic, model of the secondary flows.
This model may assist the designer in predicting where the wake is
likely to develop within his impeller and how its core may move in
the latter part of the passage, as the flow approaches the impeller

discharge.

Firstly, the equation for the generation of streamwise

vorticity, which was mentioned in Chapter 1, will be derived.

6.2 Secondary flow theory

In the work of Hawthorne, Smith, Wu, and Lakshminarayana and
Horlock [27,28,29,30], the equation for absolute vorticity genera-
tion along a relative streamline is derived using the relative
velocity triangle equation

V = W + wxr -6.1
and the definition of absolute vorticity
A = VXV = UxW +2w -6.2

Resolving the absolute vorticity into a component along the

relative streamline and a component normal to it, we obtain

Weal| W (Wxn) xW
2 |\ww| " TEw =

Now, by taking the divergence of Equation 6.2 and after

considerable simplification

_
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~-6.4
' Now using the continuity equation
_\Z. ({)1\/_') =0 . -6.5
and the component of absolute vorticity along the relative
streamline
|
W.n
=s W —6. 6
‘\
and the vector expression for the binormal to the relative
streamline ﬁ
| g
= b = Wx(W.V)W -6.7
| Rn_ - -
|
and the equation of motion in the rotating co-ordinate system for
an inviscid incompressible fluid
l l _V_p* = Wxan -6.8
{7 —_——
where p* = p+%PW2-%pw2r2 -6.9
Equation 6.4 can be reduced to |
I
A . I
ng(ﬁ):__z 5 1wpr, 22 1 p 7 -6.10
s PW Rnw P w K ( |
2
J (AS) _~ [12p* | wdp*
or 3s\w. 2<§ b " W3z -6.11
pw n et
Curvature Rotation
Term Term |
!
Where the z' direction is along the axis of rotation. f
This is the equation introduced earlier (Equation 1.9), which | |
shows that absolute streamwise vorticity and hence secondary flow
will be generated whenever a moving fluid with a gradient of p* ‘
turns around a bend (Radius Rn) or is rotated about an axis z' ﬁ
(with angular velocity w). A gradient of p* might result from a non- |
uniform inlet velocity profile or a reduction of p* in the boundary
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layers due to viscous dissipation.

6.3 Secondary flow theory for a general streamtube

Now, consider a streamtube of fluid (see Figure 6.1) which has
a radius of curvature Rn and is rotating about a general axis z'
with angular velocity w. The fluid relative speed is W and the

: ; Ap*
streamtube has a normal gradient of rotary stagnation pressure D
at an angle ¥ with the streamtube binormal b. It is assumed in the
; Ap* ;

analysis that D remains constant along the streamtube and that
the fluid rotates as a solid body about the streamtube axis.

With reference to Figure 6.1,

2P* sin e + 22% cos @
3s an
_ |- 2p* -
vp* = [- 52 6.12
9p* gine - 2% cos o

3n ds

By Bernoulli's equation in a rotating co-ordinate system

g—g* =0 —6-13

Assuming Ap* to be small

9p* _ . 4B 5in g ~6. 14
n D
dp* _ 4p* -
and 5T =5 Cos @ 6.15
and also as W =w2z' = (w_\w
wy -6.16
we

Equation 6.11 becomes

9 (JLS) 2AD * 1 UJUJX . wwy quZ . n
sl W/ —;g;(ﬁ Cosf - —7 Sing CosO - W Cosd - W Sing Sin®@
P o -6.17
ag A
But Ay = 25T + 2w.8
and W = %% and s = R_©
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' dzﬁ Ap*Rn an
‘ S0, 5= T Cos@ - —W-(wainﬂ CosO+w_Cos@+w_Sind Sine%}
a6~ pw~ D 3 =
: an
= = (waose+w251n9) -6.18
|
‘ Now, introducing two dimensionless quantities,
Ap*R
the rotary stagnation pressure gradient strength St = 5 n
W™D
-6.19
and the Rossby Number Ro = R
n
we obtain
a3 1
_— :St{Cosﬂ— —(w_Sing CosB+w_CosP+w Singd Sineﬁ
2 Ro x y Z
de
- 1 (w_CosB+w Sined) ~6.20
Ro x Z
This equation can be simplified to give an analytically soluble
linear differential equation for several simple flows.
6.4 Solution for a stationary bend (see Figure 6.2)
|
Set w=0 in Equation 6.18
\
2 Ap*R
Q_%,: — 2 cCos @ -6.21
de pPw- D

can be approximated by

a% , B n oy omy
L S (8- 3) = 0
de PW D

- This is the simple harmonic motion equation,

7
gr - oD [Ro
»Ap*Rn St

Alternatively from Equation 6.9

= p+%?W2

tion is

p

or if Ap* is small

Ap* = PWAW

Equatioﬁ 6.21 now becomes that obtained by Hawthorne [27]

a3g

AW R
2 Cos ¢

d92 W D

For & close to % (i.e. Low p* fluid on the inside of the bend) this

-6.22

the period of oscilla-

-6.23

-6.24

-6.25

-6.26
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A simple pendulum is a good analogy with the flow in a station-

ary pipe bend (see Figure 6.3). When the low p* fluid is on the
nside of the bend, the pendulum hangs vertically downwards, and the
flow is stable. If the flow is disturbed slightly the flow, like the
sendulum, will oscillate about its stable location. When the low p*
luid is on the outside of the bend, the pendulum bob is vertically
above the point of suspension and the flow is therefore unstable. If
it is disturbed, it will oscillate with large amplitude about the
stable location of low p* fluid on the inside of the bend. Other
orientations of the lowest p* fluid at the inlet to the bend will
esult in oscillations of amplitudes equal to the distance of the
lowest p* fluid from its stable location.

Precise solutions to Equation 6.21 can be obtained by using
:lliptical integral tables, (see Appendix 5). The author however,
ished to solve Equation 6.21 by a finite difference technique,

which could then be used for more complex geometries, where tables

The streamtube is divided into short sections, not necessarily
0f the same length. The boundary conditions at the first point are

set i.e. ¥, and (d,G/dQ)1 are given values.

1
Now, let us consider the calculations which are necessary at
he nth point, where the values of ﬁh and (dﬁ/de)n are known, in

order to obtain the values of ﬁh+ and &iﬁﬁi@)n+1. Firstly, as an

1
initial approximation, we set ¢n+1=gn and (dQVdQ)n+1=(dﬁ7d9)n. Now,
€ have an equation of the form

2
d~d
Q; 2) = f(ﬁn,en) -6.28
07 /n :

hich in its general form is Equation 6.20. Equation 6.28 enables us

: g* = 21 9. ._.‘i —6 27
and RnAW : -
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’ .
,D W
* = — el
g* = 21 RnAw -6.27

A simple pendulum is a good analogy with the flow in a station-

ary pipe bend (see Figure 6.3). When the low p* fluid is on the
inside of the bend, the pendulum hangs vertically downwards, and the
flow is stable. If the flow is disturbed slightly the flow, like the
pendulum, will oscillate about its stable location. When the low p*
fluid is on the outside of the bend, the pendulum bob is vertically
above the point of suspension and the flow is therefore unstable. If
it is disturbed, it will oscillate with large amplitude about the
stable location of low p* fluid on the inside of the bend. Other
orientations of the lowest p* fluid at the inlet to the bend will
result in oscillations of amplitudes equal to the distance of the
lowest p* fluid from its stable location.

Precise solutions to Equation 6.21 can be obtained by using
elliptical integral tables, (see Appendix 5). The author however,
wished to solve Equation 6.21 by a finite difference technique,
which could then be used for more complex geometries, where tables
giving solutions to the correspondingly more complex equations were
not available.

6.5 The Finite Difference Technique

The streamtube is divided into short sections, not necessariliy
of the same length. The boundary conditions at the first point are

set i.e. @, and (d,O’/dQ)1 are given values.

1

Now, let us consider the calculations which are necessary at
Btie o point, where the values of ﬂh and (dﬁ/de)n are known, in

order to obtain the values of ﬂn+ and Giﬁﬁde)n Firstly, as an

1 +1°
initial approximation, we set ¢n+1:gn and (dQVdQ)n+1=(dQ7d9)n. Now,

we have an equation of the form

: _

179

(2—92) = £(%_,0_) -6.28
n -~

which in its general form is Equation 6.20. Equation 6.28 enables us
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to calculate values for (dzﬂ/dez)n and (dzﬂ/dez) which can then |

n+1’

\
‘ be used to obtain a value for the first differential
dg dg 1%g) a%g (gn+1 " ‘gn)
d0/n+1 = lae/n * 5] * 5 2 -6.29
n de</ n de®/n+1

and from this, the value of

-y
Za+1 = %n +{(g_%)n + (%_g-)n+1} (gn+12 n) =6 30

| Now, this value of ﬂn

1 will be a better approximation to the

correct value than the value we used in Equation 6.28. So, we now

use are new value of ﬁn in Equation 6.28 to get a better value of

+1

(d%ﬁ/dez)n+1 and we repeat the calculations using Equations 6.29 and

6.30. The new value of gn+ obtained from Equation 6.30 is then

1

compared with the previous value and the calculations repeated again,

unless the alteration of Qn with further computation would be

+1

negligible. The values of & and (dﬂ/de)n+1 have thus been

+1

obtained and the calculations can proceed to the next point along

the streamtube.

Equation 6.21 was solved numerically by this finite difference
technique using points at 1 degree intervals around a 90 degree U
bend. The value of St:(Ap*Rn/PWZD) was 16. Solutions are presented

I graphically in Figure 6.4 for 36 different inlet locations of the
.lowest p* fluid. These values of @, calculated by finite difference
f technique, were compared with values obtained from elliptical
integral tables and were found to be the same within 1%.

6.6 Solution for a Rotating Straight Pipe (see Figure 6.5)

Setw_ =w =0;w =1; =2 and let R—>~ in Equation 6.18
x y z 2 n
2 dzﬂ wD Ap* ' -
D 5 = - — —P-?_sin g -6.31
d s w PW

For small @ (i.e. Lowest p* on the suction side) this equation can

be approximated by

h
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D2dg+”’—D-éP-;Q=O -6.32
ds W,:W

This is a s.h.m. equation, with period

)
s* g
b = 2T |[ZD Ap* -6.33

Using Equation 6.25, Equation 6.31 reduces to the equation derived

by Hawthorne [27]

————
e 6.3

This solution is similar to that for the stationary bend, the étable
location for the lowest p* fluid is on the sucticn side (#=0). When
the lowest p* fluid is on the pressure side (8=90°), the flow is
unstable and it will oscillate about the stable location on the
suction side (Z=0).

Exact solutions of Equation 6.31 are presented graphically in
Figure 6.6 for 36 different inlet locations of the lowest p* fluid.

6.7 Solution for a Rotating Bend (see Figure 6.7)

Set w_ = w_ =0 and e = 1 in Equation 6.18
QE%._ A?fgn(i ) fE?)Cos g -6.35
4o Pw D W

In a rotating bend, there are contributions to secondary
circulation due to curvature and rotation. The dimensionless
quantity Ro (the Rossby Number) compares the magnitude of these two
contributions. If Ro is small, rotation effects dominate the flow;
if Ro is large, curvaturzs effects dominate. If the Rossby Number
were unity, no secondary flow would occur. In this condition the
outside of the bend is also the suction side. In a 2-dimensional
impeller, this implies that less secondary flow will occur in impel-
lers with backward-swept blades.

Equation 6.35 can again be approximated to a s.h.m. equation

with period




Ro

l g* = 2T ST(Ro-1 for Ro > 1

-

|| Jo Zﬁ/-s?r%—fﬁg)ﬂ for Ro< 1 -6 36

The stable location for lowest p* fluid is the pressure surface for
| Ro>1 and the suction surface for Ro<1.
Exact solutions of Equation 6.35 are of the same form as those ‘
l for the stationary bend and the rotating straight pipe.

Experimental measurements were recently taken by Anand and

Lakshminarayana [32) in an axial flow inducer, which is essentially

a long bend of the type shown in Figure 6.7. The Rossby Number

evaluated for this inducer at a radius of 0.565 of the tip radius

was Ro=0.67 and therefore, it is to be expected that the secondéry

flows in this inducer will be dominated by rotation. The effect of

rotation is to induce secondary flows which carry low p* fluid to

\
the outside of the bend and these secondary velocities were indeed t

— e e ———

observed as radial velocities by Anand and Lakshminarayana. ; |
The general result in the three flows so far considered, is
| that curvature induces streamline curvature forces which move low p*
| fluid towards the inside of the bend and rotation produces Coriolis
forces which move low p* fluid towards the suction surface.
Equation 6.20, for more complex geometries, cannot be approx-
imated to the s.h.m. equation or solved by the use of elliptical
integral tables and therefore has to be solved by finite difference

techniques on a computer.

6.8 Solution for a Rotating Axial-to-Radial Bend (see Figure 6.8)

Set w_ = w_ =0 and w, = 1 in Equation 6.20
X y b/

g—g'z St Cos @ - 2t Sin @ Sin © - 1. Sin © -6.37
d92 Ro | Ro

Curvéture Rotation Co-ordinate -

Terme. Terme. Terme.

In an axial-to-radial bend, the contributions from curvature

and rotation are perpendicular to each other. The curvature
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contribution is of the same strength throughout, but the rotation

term increases as the flow turns towards the radial direction. At

the inlet, relative to the pipe bend, the fluid is rotating with
angular velocity w and so a relative swirl exists. This swirl will
be convected to the outlet where it will represent an absolute swirl
' as well as a relative one. As - is the absolute vorticity about a
relative streamline, the co-ordinate term is required in Equation
6.37 to represent the increase in absolute vorticity due to the
convection of the relative swirl from the inlet to the outlet.
Equation 6.37 was solved numerically using points at 1 degree
intervals of 68 around the 90 degree bend. The value of St used was
10 and the value of Ro was 1. The solutions for 36 different inlet

locations of the lowest p* fluid are presented graphically in

Figure 6.9.

6.8.1 Discussion of the axial-to-radial bend solution

|

|

|

\ At the inlet, there is already a relative vorticity, which

’ initially rotates the flow in a pressure surface/outside/suction

I surface/inside direction. The low p* fluid initially seeks the

inside of the bend and so, low p* initially on the pressure surface

is being driven anticlockwise and that initially on the suction

surface clockwise. The low p* fluid initially near the outside of

the bend, but on the pressure side of it (Qi:2400to 270°) is carried

across the outside of the bend (g =270o) by the inlet swirl before

sufficient vorticity is generated in the anticlockwise direction to

move it towards the pressure surface. |
Each flow solution oscillates about the stable location of the

low p* fluid (where dzﬂ/d92=0). The stable location will move from

the inside of the bend towards the suction surface as the flow turns

towards the radial direction and hence the Coriolis forces become

stronger. The period of oscillation is dependent on the amplitude of

oscillation. The small amplitude solutions, where the low p* fluid

T TR
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was nhear the stable lccation initially (Q£&90o), have a short period
completing almost one oscillation in the 900 bend. The larger

amplitude solutions (ﬂiﬁ2700) have a much longer period. The

1 solution for ﬂi=2300 barely completes a quarter of an oscillation.
‘ The theory used in this analysis is inviscid and as Hawthorne

I [27] , showed when comparing experimental data with a theoretical

solution for a pipe bend, the viscous friction will alter not only

l the theoretical amplitude of the oscillation, but also its period.

| Wall friction will account for a reduction in the predicted amplitude
of an oscillation, this means the 'overshoot' of the low p* fluid
beyond its stable location is less than predicted and this fluid

i therefore turns back towards its stable location sooner, i.e. the

period has been reduced. However, a second effect of viscosity is

to reduce the value of Ap* across the passage as the flow 'mixes

out' and hence the 'strength' (St) used in the equations is reduced,

which will increase the period. Therefore, in a viscid flow, the

location of the low p* fluid at the outlet for each of the inlet

locations will be closer to the stable location at the outlet

(¢o:330 in this case) than in these inviscid solutions.

6.9 Centrifugal Impeller Representation - Eckardt's Impeller

In order to represent a compressor impeller passage, a rotating
duct, which has the same centre of area path as the impeller passage:"
was considered (see Figure 6.11). This path can be approximately
calculated for elliptical blade sections as shown in Appendix 6. The
cross-sectional area of the duct is constant. This path was first
calculated for Eckardt's impeller (Figure 6.10), the geometry was
described by Moore [54].

The development of secondary vorticity was calculated by
representing the 'centre of area' path line By about 100 steps, each
step corresponding to a short length of a pipe bend. The radius of

curvature and directions of the streamline, normal and binormal were

—
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recalculated at each step. The flow was taken as incompressible and
the mean velocity was therefore constant through the duct. The mecan

velocity does not vary greatly in Eckardt's measurements [52,53,54].

6.9.1 Discussion of Eckardt's Impeller Passage Solutiops

The results from the program are presented graphically (Figure
6.12). The figure shows the locations of the lowest p* fluid through
the duct for 36 different inlet locations. At the inlet, the fluid
close to the hub will have a lower circumferential relative velocity

than the fluid close to the shroud and hence, in the relative frame,

the flow appears to have a pre-swirl which rotates the flow in a
pressure side/hub/suction side/shroud direction. In the inducer
bend, the low p* fluid will in each case seek the stable location

I close to the shroud. This can be seen as a slight convergence of the

i curves near the shroud (s/sm:0.2). It is clear that as the stable

location is on the shroud, rotation dominates the secondary flow
pattern in the inducer.

Beyond s/sm=0.2, the axial-to-radial bend continues to move low
p* fluid towards the shroud (the inside of this bend). The conver-
gence of the curves close to the shroud becomes quite marked
(s/sm:O.S). The oscillatory nature of the solutions is shown as the
curves 'overshoot' the stable location for the lowest p* fluid close
to the shroud (s/sm:0.7). By this point in the duct, the flow
direction is almost radial and therefore the Coriolis forces once
more influence the flow. The vorticity generated due to rotation,
moves the low p* fluid towards the suction surface. The 'average'
location for the lowest p* fluid at the outlet appears to be ﬂo=117O
or about 30% of the way between the centre of the shroud and the
centre of the suction side. The stable location for low p* fluid at
the outlet however, is ﬁo=1650, so the inertia of the secondary
flows has carried the lowest p* fluid beyond its stable location.

The stable location line is the locus of points where the rate

_




75

of streamwise vorticity generation is =zero (dzﬂ/d82:0). In Appendix
7, the equation for this line is derived for a general streamtube
and it is shown that the stable location at the impeller outlet can
be altered by varying the Rossby Number or the Strength St.

There are many approximations made in this analysis. The duct
is taken as circular in cross-section and the flow assumed to be
incompressible and inviscid. The gradient of Ap*/D across the duct
is set fairly arbitrarily and although this wili not greatly affect
the stable location for the low p* fluid it will - alter the oscill-
ation's amplitude and period. However, some qualitative results for
secondary flow development come to light.

The influence of the inducer bend is small, because its

associated Rossby Number is small and as the inducer bend is short,

secondary vorticity has little time to develop. The axial-to-radial

bend however, has a large influence on the flow. The Rossby Number
is close to unity indicating that the bend's curvature is likely to
contribute as much to the vorticity generation as the rotation. This
bend is also longer allowing substantial secondary flow development.
The secondary flow developed in this bend causes a migration of the
low p* fluid from the boundary layers towards a stable location on
the shroud. This stable location moves towards the suction surface
as the rotation effects increase as the flow turns towards the
radial direction.

In the boundary layers (see Figure 6.13), the low p* fluid will
be convected towards the suction-side/shroud corner. Eckardt [53]
calls these regions of low p* fluid, which are moving across the
passage, 'Boundary Layer Wall Jets'. In a shrouded centrifugal
impeller passage there are two 'Jets'; The main 'Jet' along the
shroud and a weaker 'Jet' along the suction surface. Low p* fluid

initially on the pressure and suction surfaces will migrate rapidly

in the first half of the passage. The Coriolis forces will cause




increased movement of the low p* fluid on the hub and shroud walls
in the latter half of the passage, as the flow turns towards the
radial direction. The shroud 'Jet' will be made up of low p* fluid,
which was initially convected across the pressure surface and then
across the shroud and so benefits from both the curvature and
Coriolis accelerations. The suction surface 'Jet' however, does not
benefit significantly from the Coriolis forces and is therefore
weaker.

These boundary layer 'Wall Jets' will interact on the shroud.
Early in the passage, the 'Jets' will carry little low p* fluid and
as the 'Jet' fluid approaches the stable location on the shroud, the
only driving-force will be the weak Coriolis force and the 'Jet!
will probably be slowed to rest by viscous friction. However, later
in the passage, as more low p* fluid is transported by the 'Jets',
the inertia of the secondary flow will not be dissipated by wviscous
friction and the 'Jets' will collide near the stable location.

Eckardt [53] suggests that "the boundary layer rolls up in the
wake area due to the collision of the boundary layer 'Wall Jets' 1
and 2+3, thus initiating and/or reinforcing the separation onset!, -
His 'Wall Jets' are (1) shroud surface boundary layer, (2) suction
surface boundary layer and (3) tip leakage.

The inferaction of these 'Jets' and the onset of separation is
a complex 3-dimensional flow problem. When the 'Wall Jets' collide,
they must turn quite sharply as they merge. This will make the
higher p* fluid near the surface of the boundary layer move towards
the centre of the combined 'Jet', the lower p* fluid is pushed to
the boundaries of the combined 'Jet'. As more boundary layer fluid
joins this combined 'Jet', the fresh high p* fluid will migrate to
the centre of the combined 'Jet', pushing fluid up into the passage.

This action may result in the two secondary vortices seen in

Eckardt's wake [52,53,54].

_
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Eckardt also comments [54], '"the circumfercntial position of
its (the wake's) core in the present casec at y/t=0.65 shifts between
y/t=0.5 to 0.8 depending on mass flow and speed'. The position of
the stable location for the lowest p* fluid, which must influence
the position of the core of the wake at the outlet, is influenced by
the Rossby Number. From Equation 6.11, an increase in rotational
speed (a decrease in Rossby Number) increases the Coriolis generated
secondary flows and hence moves the stable location for low p* fluid
towards the suction surface. An increase in mass flow rate (an
increase in Rossby Number) moves the stable location closer to the
shroud because of the increased strength of the secondary flow
generated by curvature. In Eckardt's impeller this will alter the
location of the wake's core, but in addition, an increase in
rotational speed is likely to increase the strength of the tip
leakage 'Jet', which will move the wake across the shroud towards
the pressure surface.

6.10 Solution for the Ghost Impeller Passage

A Ghost impeller passage was represented by a pipe bend in a
similar manner to Eckardt's impeller passage. Figure 6.14 shows the
solutions for the Ghost, for 36 different inlet locations of the
lowest p* fluid, at the 'design' flow rate. The relative swirl at
the inlet, due to the lower circumferential velocity near the hub,
is detectable in Figure 6.14, as it was for Eckardt's impeller
(Figure 6.12). One significant difference between the results for
the two impellers is the stable location for low p* fluid at the
impeller inlets. This difference is due to two differences in the
inducer geometries. Firstly, Eckardt's impeller has a much stronger
meridional curvature at the inlet than the Ghost impeller and
secondly blade-to-blade curvature is stronger at the inlet of the

Ghost impeller. Therefore, in Eckardt's impeller, as the blade-to-

blade curvature is weak, the stable location for low p* fluid

—
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appears very close to the shroud, whereas in the Ghost, where the
blade-to-blade curvature is stronger, but the meridional curvature

is relatively weaker, the stable location is closé to the suction-
side/shroud corner.

' The solutions for the Ghost impeller (Figure 6.14) show the

1 convergence of the various solutions between Stations 2 and 3 in the

‘ suction-side/shroud corner. The 'overshoot' of the solutions for

ﬂi=1300 to 3000 beyond the stable location line, is representative

of the action of the strong vortex which was observed on the suction ’
side of the passage in Figure 3.11. Similarly, the solutions for

ﬂi:—20o to 120° at Station 3 (see Figure 6.14), represent the other
passage vortex on the pressure side of the passage in Figure 3.11. |
At Station 4, most of the solutions give a value of & which is less

than the stable location value gST‘ This shows theoretically that

the inertia of the passage vortex on the suction side will move the
core of the wake towards the shroud. At the outlet, most of the
solutions are showing the start of a trend towards the suction
|
surface, and the average position for the solutions at the outlet
(QO:1250) is about one third of the way between the centre of the
shroud and the centre of the suction surface. As discussed previo-
~usly, viscosity will tend to damp the oscillations of the flow about
the stable location and therefore a viscid calculation would predict.
solutions which would be less 'fanned out' and closer to the stable
location at the outlet. An important feature of the experimental
results, which is not represented in the theoretical model is the
separation of the shroud boundary layer. This separation resulted in
a region of low p* fluid in the suction-side/shroud corner region at
Station 2 (see Figure 3.7). The theoretical solutions for ,@i=110o to
130o are therefore representative of the secondary flow developed
due to this boundary layer separation. If these solutions are

weighted in the estimate of the 'average' solution at the outlet,
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this 'average' solution would be close to the suction-side/shroud
corner, which compares reasonably with the observed wake position
(see Figure 3.16).

6.10.1 'Below' and 'Above Design' Flows

Having considered the 'design' flow case, it is of interest to
calculate the solutions for the 'below design' flow rate, which are
presented in Figure %.15 and for the 'above design' flow rate, which
are presented in Figure 6.16. It is immediately-apparent that
although the stable location line clearly shows that the effects of
curvature increase and those of rotation decrease as the flow rate
is increased, there are no major differences between the solutions
for the three flow rates. However, in the experiments the wake moved
from the suction surface to the shroud as the flow rate was
increased (see Figures 3.16, 4.14 aﬁd 4.33). A major influence on
the results for the 'below design' flow rate must be the separation
of the shroud boundary layer. In the 'below design' flow, the
separation was more severe than in the 'design' flow and a substan-
tial region of low p* fluid occurred on the shroud at Stations 1 and
2 (see Figures 4.2 and 4.5). The secondary flow developed in this
region can perhaps be bhest represented by the solutions for ﬂi=900
to 110° and these solutions should dominate the 'average' solution
at the outlet and so a region of low p* fluid close to the centre of
the suction surface is predicted and this is where the wake was
observed experimentally in Figure &4.14.

The 'above design' flow case does not have any substantial low
p* regions in the early passage (see Figureé 4.21 and 4.24) and
therefore it may be assumed that an unbiased average of all the 36
solutions in Figure 6.16 at the outlet should be reasonably repres-
entative of the flow. This 'average' solution at the outlet predicts

the location of the wake to be at Qo:1220 or about a third of the

way between the centre of the shroud and the centre of the suction

B e
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surface. This is a fair prediction when compared with the actual

position of the wake (see Figure 4.33).
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6.11 Conclusions drawn from the Thcorectical Work

1. In any rotating and/or curved duct, with a gradient of rotary
stagnation pressure p* normal to the primary flow,an oscillatory
flow about the axis of the duct will develop. The period of
oscillation increases with the amplitude.

2. In centrifugal impellers, the inertia of the secondary flow

developed in the axial-to-radial bend will carry boundary layer

|
|

fluid beyond its stable location and therefore a region of low p*
fluid will often be found on the shroud at the outlet, although the
stable location for low p* fluid is on the suction surface. |

3. The changes in Rossby Number, associated with the changes in
flow rate made in the experiments in the Ghost impeller, only alter
the theoretical model solutions slightly. Only when, in the estima-
tion of the 'average' location of the low p* fluid at the impeller
outlet, account is made of the low p* regions produced by the shroud
boundary layer separation in the early part of the passage, can a
good correlation,between the theoretical prediction and the experi-

mental observation of the location of the wake in the 'below design'

and 'design' flow rates, be achieved.
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APPENDIX 1
GHOST IMPELLER GEOMETRY
In this section linear dimensions are in mm.
The main dimensions of the impeller are
Outside diameter = 909. 3,
Inlet shroud diameter = 571.5,
Hub diameter = 177.8.

The impeller has 19 blades which have radial sections. The ‘
camber-line geometry is defined by Moore f54], in a cylindrica} |
co-ordinate system (r,¥,z"), where z" is taken as the axial distance
upstream of the impeller hub at the outlet. The variation of the

| blade angle §, with z" is represented by an ellipse
| &l
a

and by 8§ =a, for 0 £ z" £ d, -Al1.2 \

2
"n_
(z bd) = 1, for z" > d, -A1.1

where a=31.983 degrees, b=182.73 and d=72.39.

The shroud profile is defined by a circular arc

(r_ro)2 4 (z”-zs)z = R? , for 72.39 € z" £ 212.09, ~A1.3
where r0=425.45, z$=212.09,and R=139.7
and by r = 285.75, for 212.09 < z" £ 237.49, ~A1.4
and by z"= 72.39, for 425.45 < r < 454 66. ~A1.5

The hub profile is defined by two circular arcs, of the form

of Equation A1.3, where

IN
N
IN

r0=342.90, z(=266.19 and R=254.00, for 25.4 241.3,
r0:416.56, 28=482.60 and R=482.60, for 0.0 < z" < 25,4,
and by z"=0.0, for 416.56 = r = 454 66. -A1.6
The blade thickness is given by the following table, where the

symbols and stations are as defined in Figure A1l.

‘iIlIIIIIlIIIIIIIIIIIIIIIIlllllllllllllllllllllllll;llllllll!llllllllllllllllllllllllllll
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momber | tnrier] Tt f T2 [ Ts | *a {2 | %3 ¥
1 B 103.3 | 285.7 12.62 1.02 o°
2 B 105.2 | 285.7 13.56 | 2.7k 3° O'47n
$ B 107.7 | 285.7 14.33 | 4.09 6°45154n
4 B 111.0 | 286.3 15.06 5.Q8 . 9°11'24n
5 B 115.1 | 288.1 15.93 | 5.87 18741 " 3"
! 5 B 119.9 | 291.0 47 o112 6.45 12°51'18n
| 7 B 125.6 | 295.3 17.98 7.0'1 14 °14 70
8 B 132.2 | 301.0 18.80 | 7.37 158" 26"
9 B 139.8 | 308.4 19.43 | 7.62 16°17 ' 36"
10 B 148.5 | 317.7 19.91 7 a¥d 17'¢ 1' g5m ‘
11 B 158.5 | 329.6 20.12 | 7.77 17°34 ' hon
12 B 170.1 | 345.1 20.07 | 7.5k 17°58' 6" ‘
13 B 183.4 | 367.3 19.69 6.88 18°11 ' 54" l
14 A 199.1 | 425.5 | 454.7 | 19.08 3.99 1.02 | 18°16'29" i
15 A 218.1 | 433.1 | 454.7 | 18.31 b, 47 1.50 | 18°16'29"» |
16 A 242.0 | 433.1 | 454.7 | 17.25 5.38 1.96 | 18°16'29"
1.7 A 275.8 | 433.1 | 454.7 | 15.57 6.22 2.44 | 18°16' 29"
18 A 325.6 | 433.1 | 454.7 | 13.08 7.01 | 2.92| 18°16'29n
19 B 416.6 | 454.7 8.46 3.25 | 18°16' 29 !

Table A1 Blade thickness, linear dimensions in mm. ,




v | 90

| APPENDIX 2
! MEASUREMENT STATIONS
Co-ordinates of the intersections of the measurcment planes
with the hub and shroud walls are presented in Table A2. The inter-
sections are shown in Figure A2, but the accuracy of the co-ordinates
is only i2mm, since they represent intersections between planes and

surfaces of revolution. The total meridional distance x along the

O,
shroud, from inlet to outlet of the impeller is 274. mm.

1 Shroud Hub
| Station | x/x, r z" r z"
i 1 0.02 285.8 232. 9.2 2%8.
2 0.17 287.3 191, 148. 103.
3 0.4 344. 132. 240. 28.
4 0.69 372- 83. 3h4k. 5.5
5 0.97 kL7, 72.4 | 447, 0.0

Table A2 Measurement plane co-ordinates, dimensions in mm.
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APPENDIX 3

IMPELLER FLOW PROPERTIES

The passage flow rates at each station are calculated by the
computer program as described in Chapter 2. These values are then
averaged and the standard deviation of the flow rate between Stat-
ions is also calculated.

The values of p%ax and p;in are estimated from the data taken
at Station 1 (also described in Chapter 2). .

The axial velocity just upstream of the impeller passagé is
calculated from the average flow rate through the impeller paséage
in which the flow measurements were made. This axial velocity value

is then used with the value of p;a in Bernoulli's equation to calc-

x
ulate the average value of static pressure just upstream of this
passage. The static pressure at Station 5 is calculated by adding
the centrifugal pressure rise to the value of 5} obtained from the
flow measurements by the computer program.

The boundary layers at the inlet to the impeller are very thin
on all the walls, except the shroud. The shroud boundary layer
develops along the wall of the inlet duct and is probably thickened
because of -the rotating seal and the gap between the stationary
inlet duct gnd the rotating shroud. For this reason, the displace-
ment and momentum thicknesses, which were calculated from the axial

velocity measurements made at Station 1, are presented here. These

boundary layer parameters did not vary significantly in the blade-

to-blade direction.
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' T Impeller flow
Flow property Design Below Design | Above Design
Passage volumetric
flow rate in m2/s
j Station 1 0.1268 0.1050 0.1403
Station 2 0.1214 0.1044 0.1268
1
Station 3 0.1167 0.1021 0.1464
|
Station 4 0.1157 0.0968 0.1384%,
Station 5 0.1005 0.0858 0.1505
Average 0.1162 0.0988 0. 1405 1
Standard deviation 0.0088 0.0071 0.0081 |
Mass flow rates
in kg/s i
1 Passage 0.1424 f0.009| 0.1211 f0.007| 0.1721 ¥0.008
l Equivalent impeller| 2.705 0.17 2.300 f0.13 3.270 fo.15
j Pressures in N/m2
’ P -270 10 -275 f10 ~250 10
P -585 %30 ~565 230 -650 130
p just upstream of + - "
the passage inlet -325.6 -30 -315.2 230 -331.3 =30
|
| P at Station 5 ~40.2 %30 -58.0 %30 -100.9 %30 |
Shroud boundary
| layer parameters
' in mm !
‘ Displacement . N I
' thickness 1.37 *o.2 4.22 To.2 1.86 Z0.2
‘ Momentum thickness 2.41 0.4 6.66 0.4 2.97 0.4
| |
\ Table A3 Impeller flow properties ;
l
4




APPENDIX 4
ISENTROPIC IMPELLER EFFICIENCY
Consider a reversible, adiabatic and hence iéentropic compres-
sor, which compresses a fluid from State 1 to State 2. Now for a
perfect gas

Alllzs: Cﬁﬁle

= C Ap
= (-5)12 ~Ab.1

from the perfect gas relation p=RpT. But if air undergoes an
isentropic process

B - _

y = CONSTANT ¥-1 Ab.2

¥ P, Py B
AhlZS: -m' (F{) (5—1') - 1 -AL.3

Far small Ap = Py-Py> the Binomial expansion can be used and
- 4B -
Ah o P Ab. b

Now, the real irreversible compressor can be represented by
an isentropic compressor followed by a throttle valve, which drops
the pressure by the stagnation pressure loss Apiz. Now, as the
overall pressure rise is Ap12, the isentropic compressor will have

a pressure rise Ap12+Api2 and therefore, as the throttle is

isenthalpic
Ap ., +Ap*
_ 12 12
Ah12 = -—————P -AL.5

and hence the isentropic efficiency of the impeller is given by

Ah Ap
Q _ 12s 12 _AL.6

- £
Ah, AP 5 +APT,
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APPENDIX 5
ANALYTICAL SOLUTION OF THE SIMPLE HARMONIC MOTION EQUATION

From Karman and Biot [583, the solution of

d2x
m B} = g(x) —A5-1
dt

is obtained by using
a®x 14 (E)z | ~AS5.2
dt2 2 dx dt

and is given by
x

dx
t = > 1 -A5.3
dx 2
x (E); 2 [a(x;)-6(x)]
X
where G(x)= —J g(x)dx i -A5.4
0]

Now, for example the solution for a straight rotating pipe (see

Section 6.6)

1 " dJ
X
s f : TAZe2
J2(Cos @ - Cos @)
ﬂo i
As Cos @ = 1-2 Sinz(ﬁ/z) ~-A5.6
2 a9
R L A5.7
rells . 1 = .
s AT sin(9,/2) /1 i sin2(8/2)
)
2, Sin“(@,/2)
g
ay I
However, we can not use tables for yhere as
1
0 /1 - k%sin®p
k® = Cosecz(ﬂb/2) 2 1, for all @, and the tables only give solutions
cf the integral for k2< 1. We therefore now substitute
. _ Sin (9/2) 8
Sin ¥ = Sin(9,/2) Ao
A _ 1 Cos (©/2)
. Cos ¥ d¥ = 2 Sin (6./2) dg -A5.9
to
2 Sin (©¥./2) Cos ¥ d¥
X - L 9 ~A5.10

4w Sin (zo/z) 5
o Cos (©/2) /1 - Sin“H




|
|

But, Cos (g/2) = fl = Sinz(ﬂ/z)
. sin®(g,/2) sin’y

_ Sin (8/2)

¥ = Sin (91/2)

> S L dy

s* © 2T 5 -
[1 - sin®(8, /2)5in%y

¥ = 1/2 t

95

-A5.11

-A5.12

Now, k = Sin (9&/2) £ 1 for all @, so the tables can be used to

find the complete solutions.
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APPENDIX 6
THE CENTRE OF AREA LINE FOR AN ELLIPTICAL BLADE SECTION IMPELLER

With reference to Figure A3, let
R + R

N1 N2
Ry = 5 -A6.1
and at the inlet
r2 + r
2 1
r.:. =
m
2 2
) (R1 = RNl) L By - RN2)
- 2 2
but, R = 'y + RN
(R, - R, D2 (R, - R.,2)T (R, + R,)
‘R = 1 N1 N 2 N2 RN1 RNZ AG. 2
‘ - 2 2 2 B
At the outlet,
i (z1 - zz),
M~ 2
but, ZM =z + RN
(z, + 2,)
cnd m 2= i 463
The equation of the centre of area of the passage is
2 2 2
Ry = (zy - 2)7 + (ry-- R)™
2 2
i} Ry, + Ry L (z, + z,) L (R, + Ryp)
© 5 = 1%m ) M T )
2 21=z12
(B; ~ By,) (Ry ~ Ryy)
= = i3 = -A6.4

The blade surface equations Al.1 and Al.2 were used to

calculate the circumferential position of the centre of area of

the passage.
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APPENDIX 7

STABLE LOCATION LINE

The stable location line is the Jlocus of lowest p* locations,
through a duct, where the generation of streamwise vorticity is
zero and a fluid particle with this lowest value of p* will, when
given a small disturbance from this stable location, oscillate

about the location.

Algebraically
2 .
L'g_/ =0 -A7.1
{ 39 .

or from Equation 6.20
1 g .
St {Cos gST - ﬁg{waln QSTCos 6 + wyCos gST +<u281n gST

Sin ©)} - %34waos 0 + u%Sin ) =0 -A7.2

l At the impeller exit,

L BB

and so St (Ro Cos gST - Sin gST) -1 =0 —-A7a3
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z Figure 2.2 Centrifugal Compressor Impeller Rig.
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FFigure 2.3 Ghost Impeller.




Figure 2.4 Right Angle Drive Traversing Gear.
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Figure 2.8 Measuring Probe passing through the Impeller Shroud.
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Figure 2.10 Pressure transducer amplifier.
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Figure 2.12 5-hole probe calibration curves. Set A.




Figure 2.13 5-hole probe calibration curves.

Set A.
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