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é boundary layer overall thickness

o boundary layer displacement thickness
S boundary layer energy thickness
nne efficiency, cycle efficiency

¢ flow coefficient, Vx/U

p fluid density

v stage loading coefficient, Aho/U2

T shear stress

] boundary layer momentum thickness
G ¢ entropy and energy loss coefficient
Subscripts

1 at inlet to blade row or stage

2 at exit from blade row or stage

d at the edge of the boundary layer

is isentropic

te just before the trailing edge

o stagnation conditions

m - Mainstream flow

c Coolant fiow

1. INTRODUCTION

Efficiency is probably the most important performance
parameter for most turbomachines. This is especially true for
gas turbine engines, whether used for aircraft propulsion or
for land based power plants, because their net power output is
the difference between the turbine work and the compressor
work. These are roughly in the ratio 2:1 so a small change in
the efficiency of either component causes a much larger
proportional change in the power output.

Over the years enormous efforts have been expended in

trying to improve the efficiency of all types of turbomachines
and for many large machines the total to total efficiency is
now over 90%. This makes further improvements ever more
difficult to obtain; however, advances are still possible, not
only in the efficiency itself but also in the amount, and hence
cost, of the development work needed to achieve the required
performance. Present levels of efficiency have been achieved
by an ever improving understanding of the fluid mechanics and
thermodynamics of the flow which in turn has been obtained by
a combination of improved experimental and theoretical
methods applied both to whole machines and to individual
components. In particular the advent of modern numerical
methods of flow calculation has greatly improved our ability
- to model the fiow through a machine.
) The factors influencing efficiency are extremely
complex. Before the advent of the aircraft gas turbine they
were scarcely recognised and the development of
turbomachines such as steam and hydraulic turbines, pumps
and fans proceeded largely on a trial and error basis. The
explosion of research on aircraft engines in the 1940's and
50's led to a great improvement in our understanding and
several performance prediction methods were developed, eg
Howell(1945), Ainley & Mathieson (1951), some of which are
stili in use today. These methods categorised the sources of
loss in the machine, typically as profile loss, secondary (or
endwall) loss and tip leakage loss, and attempted to predict
each independently of the others. The predictions were usually
based on correlations of experimental data obtained either
from cascade tests or trom the performance of actual
machines. In some cases analytical modeis of the loss
production mechanisms were formulated, eg Carter(1948), but
these were usually highly idealised.

These performance prediction methods were widely use
in the 60's and 70's with comparatively little developmen
Although the predictions of the individual loss component
were sometimes shown to be of very limited accurac
(Denton(1973), Dunham(1970)), the overall methods wer
empirically tuned by each manufacturer to obtain agreemer
with his existing machines and were then extrapolated t
predict the performance of new designs. In this way th
efficiency could usually be predicted to an accuracy of abou
+/- 2% . This success sometimes led to a view that th
predictions were based on a sound understanding of the fiov
physics. It is the author's view that this is seldom the cast
and that the success of these methods has led to an excessi®
reliance upon them and a reluctance to query their basi
principles and assumptions. There have been many mstanceg
where a designer was unwilling to try out a new idea becauseq
30 year old loss correlation predicted that it would give rg
improvement.

In the late 1970's and 1980's the advent of ne’i
instrumentation, eg laser anemometer measurements ang
ensemble averaged hot wire data, led to a greatly lmprové&
understanding of the flow, both in cascades and in actug
machines. Better numerical predictions of the flow alst
contributed to this understanding, especially as -regards 3§
effects. These new measurements and calculations showe%
that the real flow in a turbomachine is extremely complicatef
due to both 3D effects and to unsteadiness. In particuld
boundary layer transition was found to be a much mor
complex phenomenon than previously imagined (Mayle(1991
Although the simple models used for performance predictiog
were shown to be grossly oversimplified it was not appares
how they could be extended to include the new physics. Ttg
latter was too complex to be described by a simple modex
whilst numerical solutions were (and are) not yet accura@
enough to give quantitative predictions of unsteady turbulerg
flow.

The result of these developments is currently thag
whilst the improved understanding of the flow has bee§i
assimilated by many research workers and designers, mo@
practical performance prediction methods continue to be based
on correlations. Such correlations can tell us nothing abo&n
new design features that were not available at the time the
correlation was developed. For example such features as 3&
blade stackmg for turbines or end-bending for compressors arg
not included in any published performance prediction metho
Although the effects of such geometrical changes on thg

. inviscid flow can now be predicted numerically, their effects

upon the loss can still not be quantified. In thesg
circumstances a designer can only use his judgement and
understanding of the flow physics in deciding on desirablé’
changes. It is the author's view that a good physical
understanding of the flow, and particularly of the origins 03;
loss, is more important to the designer than is the availabili

of a good but oversimplified loss correlation. The objectives S
the this paper are to try help young Engineers to develop thi§
understanding and hopefully to make more expenencea

. Engineers see things in a new light.

Most publications are concerned to emphasise how weIIJ>
their authors understand the problem they are addressing. In=
contrast this paper will emphasise our lack of understandlng~

‘of many loss generating mechanisms in the hope that if wel

realise our limitations we will more easily be able to

overcome them.

2.  LOSS COMPONENTS AND LOSS COEFFICIENTS

The historical breakdown of loss into 'profile loss®,
*endwall loss* and “leakage loss" continues to be widely used



although it is now clearly recognised that the loss mechanisms
are seldom really independent. )

Profile loss is usually taken to be the loss generated in
the blade boundary layers well away from the end walls. It is
often assumed that the flow here is two dimensional so the
loss may be based on two dimensional cascade tests or
boundary layer calculations. The extra loss arising at a trailing
edge is usually included as profile loss.

Endwall loss is still sometimes referred to as
“secondary® loss because it arises partly from the secondary
flows generated when the annulus boundary layers pass
through a blade row. However, it will become clear that the
loss does not arise directly from the secondary flow but is due
to a combination of many factors. It is often difficult to
separate endwall loss from profile loss and leakage loss and
the title "secondary loss" is sometimes taken to include all the
losses that cannot otherwise be accounted for.

Tip leakage loss arises from the leakage of flow over the
tips of rotor blades and the hub clearance of stator blades. The
detailed loss mechanisms clearly depend on whether the blades
are shrouded or unshrouded. The interaction between the
leakage loss and the endwall loss may be very strong,
especially for unshrouded compressor blades, and some
methods do not distinguish. between endwall loss and leakage
loss.

The relative magnitudes of the above three categories of
loss are dependent on the type of machine and on such details
as blade aspect ratio and tip clearance. However, in many
machines the three are comparable in magnitude, each
accounting for about 1/3 of the total loss.

So far we have used the word “loss” without defining
what we really mean by it. In general any flow feature that
reduces the efficiency of a turbomachine will be called loss
but this does not include factors that affect the cycle
efficiency as opposed to the turbine or compressor efficiency.

2.1___Definitions of loss coefficient

There are many different definitions of loss coefficient
in regular use for individual blade rows. Perhaps the most
common is the stagnation pressure loss coefficient; referring
to Fig 1 this is defined by

Y = (Po1- Po2) / (Po1- P1) for a compressor blade 1a
and Y = (Po1- Po2)/ (Po2-P2) for a turbine blade. 1b

A P01 Poz [

TURBINE COMPRESSOR

FIG 1. ENTHALPY-ENTROPY DIAGRAM FOR CASCADE FLOW

The reason that this definition of loss coefficient is so
common is that it is easy to calculate it from cascade test
data and not because it is the most convenient to use in design.
A more useful loss coefficient for design purposes is the
energy or enthalpy loss coefficient, again referring to Fig 1
this is defined by
¢ = ho-hos

ho2-h2 for a turbine blade 2a

ha-hos

ho1-h1 for a compressor blade. 2b

and

Where the isentropic final enthalpy, h2s, is the value obtained
in an isentropic expansion or compression to the same final
static pressure as the actual process. There are many other
definitions of blade row loss coefficient in use, these are
compared by Brown (1972) who shows that the energy loss
coefficient is most likely to be independent of Mach number.

These blade row loss coefficients are perfectly
satisfactory for cascade tests but are not directly applicable
in machines where, in a rotating blade row, the relative
stagnation pressure and the relative stagnation enthalpy canU
change as a result of changes in radius without there being any:
implied loss of efficiency. In a machine we define the 8
isentropic efficiency as the ratio of the actual work to therl
isentropic work and so the only factors that change thlso
efficiency are departures from isentropic flow. These may ber
due to either heat transfer or to thermodynamlc\
irreversibility. For most machines the flow is closelyw
adiabatic and so only entropy creation by H'I'evel’SIbllltIGSQ_
contributes significantly to the loss of efficiency.

From the above we can conclude that the only rational
measure of loss in an adiabatic machine is entropy creation.
Any irreversible flow process creates entropy and so;
inevitably reduces the isentropic efficiency. it follows thatg
individua! blade row loss coefficients should really be defined?
in terms of entropy increase rather than stagnation pressure<
or kinetic energy loss. Entropy is a particularly convenient
measure because, unlike stagnation pressure, stagnation
enthalpy or kinetic energy its value does not depend on
whether it is viewed from a rotating or a stationary blade row.
Once the entropy increase in every blade row has been
calculated the results may be summed to find the entropy
increase for the whole machine. If we know one other
thermodynamic property of the flow at exit from the machine,
eg pressure or enthalpy, the state of the fluid leaving it is
completely determined and hence the machine efficiency can
be calculated.

Entropy is an unfamiliar quantity because it cannot be
seen or measured directly, its value can only be inferred by
measuring other properties. Basic Thermodynamics tells us
that for a single phase fluid entropy is a function of any two
other thermodynamic properties such as temperature and
pressure. For a perfect gas two of the relationships between
specific entropy and more familiar quantities are

meuomeuﬁ

S - Sref Cp In(T/Tfef) - R ln(P/Pref) 3a

and s - Sref = Cv 'n(T/T[ef) - R ln(P/pref) 3b

The temperatures, pressures and densities used in these
equations may be either all static values or all stagnation
values because by definition the change from static to
stagnation conditions is isentropic. Note that these equations
only give changes of entropy, but this is also what determines
turbomachine performance. The absolute value of entropy is
always arbitrary.

For adiabatic flow through a stationary blade row
stagnation temperature is constant and so entropy changes
depend only on stagnation pressure changes via
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As = - R In(Po2/Po1) 4a
or, for small changes in stagnation pressure
=- R APo/Po 4b

Hence for stator blades and cascade flows loss of stagnation



pressure can be taken to be synonymous with increase of
entropy.

We must always be careful to distinguish between
specific and total entropy. When we caiculate entropy
increases in future we will usually obtain the total rate of
entropy creation and must then divide it by the mass flow rate
to obtain the change of specific entropy.

Because great use will be made of entropy throughout
this paper it may be useful to introduce an analogy to help to
understand it. Entropy may be considered to be like *smoke”
that is created within the flow whenever something
deleterious to machine efficiency is taking place. For example
"smoke" is continually being created in blade boundary layeis
and in shock waves. Once created the “"smoke" cannot ve
destroyed and it is convected downstream through the machine
and diffuses into the surrounding flow. The concentration of
“smoke" at exit from the machine includes a contribution from
every source within the machine and the loss of machine
efficiency is proportional to the average concentration of
"smoke" at its exit.

We can define an entropy loss coefficient by

T2 As l
s = hoz-ha for turbine blades Sa
T2 As
and s = ———h021-h1 for compressor blades 5b

Using the fact that the slope of the constant pressure
lines on the h-s chart is equal to the local static temperature
it can be shown that the difference between the energy and
entropy loss coefficients is

Cs-€ =025 (v-1) M2 s 5S¢

which is of order 10-3 and so is always negligible. Throughout
the remainder of this paper no distinction will be made
between energy and entropy loss coefficients.

The entropy loss coefficients defined by Eqn 5 may be
used directly as a measure of entropy production both in a
cascade fiow with constant stagnation temperature and also in
the flow through the rotating blade rows of a machine where
the relative stagnation temperature and pressure change due to
change of radius.

At low speeds all definitions of loss coefficient
approach the same value. The differences between them are
only significant at relative Mach numbers greater than about

3 . When deriving theoretical results for incompressible fiow
later in this paper no distinction will be made between the
various definitions of loss coefficient.

2.2 Relation of loss to drag

In external aerodynamics the ultimate measure of lost
performance is the drag on the aircraft or other object under
consideration. It is not surprising therefore that the concept
of drag has been carried over into turbomachinery flows.
However, in order to define a drag we must first define a
direction in which it acts. The choice of this direction is
obvious for external flows but is not at all obvious in
turbomachinery where a force acting in the direction of blade
motion is essential for work transfer and a force acting in the
meridional direction is essential for pressure changes. For
example the skin friction force acting on a highly staggered
compressor blade has a large component in the opposite
direction to rotation and so contributes to the work input. it is
not immediately clear whether or not this work input
contributes to the pressure rise.

In incompressible two-dimensional cascade flow it is
possible to relate the component of blade force in the vector
mean flow direction to the loss of stagnation pressure and

hence to the entropy rise. This analysis is given in most text
books, eg Horlock(1958). However, no such simple relationship
exists for compressible flow or for flows that are not strictly
two-dimensional. Even when the relationship is valid it does
not help us to understand the origins of loss. For example, does
it imply that skin friction on parts of the blade surface that
are highly inclined to the vector mean direction do littie harm
whilst that on parts of the surface aligned with the vector
mean direction do most harm? Again the answer is not
apparent.

it is the author's view that the concept of drag is of
little use in turbomachinery and should be replaced by the
concept of entropy generation. However, there Fare
relationships between the two that can sometimes be usiful
It is shown in Appendix 1 that in any flow with consiant
stagnation enthalpy the rate of entropy increase along a
streamline is related to the viscous force per unit mass° Fx

acting on the fluid in the direction of the streamline by Z
ds 2
Ta'x. = - Fx % 6

For one dimensional flow in a duct of cross- sectﬂbnal
area A Eqn 6 can .be integrated over the duct to glve—_—the
change in specific entropy As along a short length of the Huct

LF
as TAs = oA 7
where AF is the streamwise component of the viscous @)rce
exerted by the boundaries on the fluid and may arise eRher
from skin friction or from pressure drag. However, applic@pon
of the equation in this form is difficult and may be mislea?ing
because it is only valid for uniform flow, ie with no grad@nts
in the cross stream direction. Non-uniform flow, even if there
are no frictional forces on the walls, can cause the entroffy to
increase. For example the mixing of two parallel streams&vith
different velocities is considered in Appendix 2 and is stﬁawn
to be irreversible even when there is no force acting.

Turning Egn 6 into one for the total rate of entﬁ)py

creation in the duct we get

- - 1
S =ms=-jTl.

where Y, is the local flow velocity vector, Eyv is the végttor
representing the local viscous force per unit volume andfthe
integral is over the volume of the duct. This relationghip
between the viscous forces and entropy creation is alvﬁays
valid for adiabatic flow but it is not generally useful becaluse
we need to know the viscous force acting on every partlcf\e) of
fiuid, not only the drag on the solid boundaries. It d%es.
however, show that the entropy creation rate is likely tor be
high in regions where high velocities coincide with glgh
viscous forces.
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The relationship between entropy creation and machine
isentropic efficiency can be clearly seen by consideringgthe
expansion of compression process on an enthalpy- entmpy
diagram, Fig 2.

Neglecting any difference between static and stagn@non
conditions and assuming no external heat transfer rthe

N

efficiency is closely given by N
hi-hz )
N = hi-ha + T2(52-51) for a turbine 9a
T -
and by ng= _(_hzéiﬁl). For a compressor 9b

The approximation only arises because we have assumed that
the static temperature is constant along the line 2-2s in Fig 2.
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Slope = T2 2
1
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P2 P1
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25 Slope=T2 1
TURBINE s COMPRESSOR S
FIG 2. EXPANSION AND COMPRESSION PROCESSES

ON THE h-s CHART

This is unlikely to produce a significant error in most
practical cases.

We see (Eqn 9b) that the loss of efficiency of a
compressor is directly proportional to the increase in specific
entropy through the machine and also to its exit temperature.
The same is very closely true for a turbine (Eqn 9a) provided
that the efficiency is high.

When entropy is created by a fluid dynamic process the
magnitude of entropy creation is usually inversely proportional
to the local temperature, eg T Aas =& x 1/2 V2 is a common
result. The loss coefficient & is unlikely to depend on
temperature and so a flow process with fixed values of loss
coefficient and flow velocity creates less entropy at a high
temperature than does the same process taking place at a
lower temperature. The enthalpy change through a stage is
always proportional to V2 so the changes in enthalpy and
entropy as fluid passes through a machine are related by

As o § aAh/T 10
ie, for constant values of loss coefficient, the magnitude of
the slope dh/ds of the expansion or compression line on the
h-s chart is proportional to temperature. This is reflected in
the slopes of the compression and expansion processes
ilustrated in Fig 2.

Since the loss of gverall isentropic efficiency is
proportional to the fotal entropy creation for both
compressors and turbines, an irreversible flow process taking
place at high temperatures produces a lower loss of gverall
efficiency than does the same process at low temperatures.
This is the origin of the well known ‘reheat effect" which
causes the polytropic efficiency of a machine to be different
from the isentropic efficiency. The result is that
irreversibilities in the flow through the high pressure stages
of turbines and compressors tend to be less deleterious to the
overall isentropic efficiency than those in the low pressure
stages. An estimate of the contribution of individual stage
efficiencies to the overall isentropic efficiency may be
obtained by summing the stage entropy increases, giving

1-TMoveran _ exut E 1-nstage ) Ahstage 1"
Noverall Ahoverall . smgasﬂstage T2stage

The importance of this “reheat effect" increases with the
overall temperature ratio of the machine. It is of
approximately equal magnitude in high pressure ratio steam
turbines and in aircraft engine compressors and turbines and is
negligible for low speed machines.

A4 ni for entr ion

Basic thermodynamics tells us that entropy creation
occurs due to the following fluid dynamic processes:

1) Viscous friction in either boundary layers or free shear
layers. The latter inciude the mixing processes in, for
example, a leakage jet.

2) Heat transfer across finite temperature differences, eg-
from the mainstream fiow to a flow of coolant gas.

3) Non-equilibrium processes such as occuf in very rapid §
expansions or in shock waves. §

&

The remainder of this paper will examine the entropy creatlong
by each of these mechanisms in detail and will show how it3
can be quantified or approximated in practical situations. 5
Ry

3

3. ENTROPY GENERATION IN BOUNDARY LAYERS &

Appendix 1 derives an expression for the rate of change
of entropy flux in a two-dimensional boundary layer as

0"3WISE UON08||00[.Y

$ 3
: d 1
Sa = 4 J(p Vx (s-sg)dy = J T Tyx dVx 12
o 9
Sa may be thought of the rate of entropy production per unitg

surface area. Note that this is the total rate of entropy

9900.

creation not the change in specific entropy. %

Locally, within the boundary layer, the rate of entropya

creation per unit volume is E
. 1 dV

Sv = T dy 13

ZOONTL688./€661 LO/4pd-

This may be interpreted as the viscous shear work, © dVv/dy
being converted to heat at temperature T.

Typical variations of shear stress with velocity throughS
turbulent boundary layers with Ree =~1000 are given in Fig 3.‘;
These were obtained from calculations using the Cebeci (1978)o
boundary layer code. Eqn 12 shows that the area under the = -V“
curve is proportional to the rate of entropy creation per umth
surface area. It is noteworthy that for most boundary Iayersm
the velocity changes most rapidly near to the surface and sog
most of the entropy generation is concentrated in the innerj{

0.002

o)

. i Lo 1 8

G.007 — =

Y= 100 | 3

* DIFFUSING Q

0.006 - 3

3 g

£ o0.005 v 10 2
[=]

g { CONSTANT PRESSURE 3

=z L8

w0 004 o

Q ] =}

~ | - - 4 1 5

2 o0.003 M O og iz

& ACCELERATNG &

& 1 @

o —_-

2 S

= N
&

e—

0 00 =

C.0o0 T T T
c.c G o2 c.3 G 4 (-] [Vl] 07 o8 og 1.0
V/VHAX

FIG 3. VARIATION OF SHEAR STRESS WITH VELOCITY THROUGH
BOUNDARY LAYERS WITH Reg = 1000.



part of the layer. This is especially the case for turbulent
boundary layers where much of the entropy creation occurs
within the laminar sublayer and the logarithmic region. The
well known “universal velocity profile” of the boundary layer
shows that only the outer part of the layer (Yt > 500) is
greatly affected by the streamwise pressure gradient. Since
this part generates littte of the entropy this result suggests
that the entropy generation may be relatively insensitive to
the detailed state of the boundary layer. Dawes (1990) gives a
more detailed breakdown of the entropy generation in a
boundary layer showing that about 90% of the entropy
generation occurs within the inner part of the layer.

For practical use it is convenient to turn the entropy
production rate into a dimensionless dissipation coefficient
which is defined by

Cd=T Sarpvs3 14
where V; is the velocity at the edge of the boundary layer.

The exact magnitude of the dissipation coefficient
cannot be calculated without knowing full details of the state
of the boundary layer. However, correlation of much
experimental work has led to some general results. These are
described in Schlichting (1966). The most striking feature is
that for turbulent boundary layers the dissipation coefficient
is much less dependent on the state of the boundary layer, ie
on the shape factor, than is the more familiar skin friction
coefficient. Schlichting gives the foliowing equation for
turbulent boundary layers with 1.2 < H < 2.0 and with
103 < Reg <105

Cd = 0.0056 Reg "1/6 15
This equation is compared with results from the Cebeci
calculation for three different boundary layers in Fig. 4. The
boundary layer code gives similar results to Eqn 15 for a
constant pressure boundary layer but the accelerated boundary
layer has a significantly lower rate of entropy generation. The
diffusing boundary layer represents a compressor blade
suction surface at a Reynolds number of 5 x10° where the
boundary layer is near separation and the dissipation
coefficient is predicted to be about 45% greater than that
suggested by Eqn 15.

This comparison suggests that for Reg > 500 the
dissipation coefficient is relatively insensitive to the
boundary layer thickness (ie proportional to 6-16). In the
range 500 < Reg< 1000 it is also relatively insensitive to the
shape factor of the boundary layer. Denton & Cumpsty (1987)
suggest that for many turbomachine blades where the average
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Reg is of order 1000, a reasonable approximation is simply to
take
Cd = 0.002 = constant 16

for turbulent boundary layers. Moore & Moore (1983) found a
similar value of Cqg = 0.0024 for one particular boundary layer.
However, Eqn 15 and the results from Fig 4 suggest that a
value of Cq= 0.0018 may be more appropriate.

For laminar boundary layers the dissipation coefficient

is more dependent on boundary layer thickness . Truckenbrodt
(1952) quotes results showing

w]

Cd = B Rey! 17

o

where the value of B varies only slightly with shape factér,
being about 0.17 for typical laminar boundary layers. The sarﬁe
author also quotes an analytical result giving B = 0.173 forja
laminar boundary layer with no pressure gradient.

An analytical result can be derived for laminar boundwy
layers by integrating the well known Pohlhausen family ot
velocity profiles (Schiichting(1978) p206) to give

/1A

Cq = Reg? (0.1746 + 0.0029 A + 0.000076 22)

wse"uona4|oo[eNbip,
©

where terms with higher powers of A have been neglected.
is the Pohlausen pressure gradient parameter whose valfje
ranges from +12 for a highly accelerated boundary layer t&
-12 at separation. The corresponding range of Cqis 0.220 fo
0.151. Hence Eqn 18 confirms that the dissipation coefﬂcne‘m
is relatively insensitive to the state of the boundary layer t&e
dissipation being slightly increased in an accelerattag
boundary layer and reduced in one near separation. Slnse
laminar boundary layers are much more likely to exist gn
turbomachinery blades with favourable pressure gradients, :ie

with A positive, a typical value of § = 0.2 as suggested gy
Denton & Cumpsty is realistic. g
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FiG 5. DISSIPATION COEFFICIENT FOR LAMINAR AND z
TURBULENT BOUNDARY LAYERS %

The variation of Cq with Rep obtained from Eqns 15 aﬂd
17 is shown in Fig 5. It is noteworthy that in the Rep range
where either a laminar or a turbulent boundary layer could
exist, ie 300 < Reg <1000 , the dissipation in the laminar
boundary layer is much less (by a factor of between 2 and 5)
than that in the turbulent one. This large difference highlights
the importance of predicting boundary layer transition on
turbomachine blades.

There are no known results for the effects of Mach
number on the dissipation coefficient. However, over the Mach
number range prevalent in turbomachines, 0 < M < 2 , the



effects of Mach number on skin friction are generally
considered to be small. The effects on entropy generation, as
shown by Eqn 12, should be similar. However, the increase in
temperature near the surface, where most of the entropy
generation is taking place implies that the surface
temperature rather than the free stream static temperature
should be used in Eqn 12. For adiabatic surfaces this will not
be significantly different from the stagnation temperature of
the flow.

The entropy increase of fluid in the boundary layer may
be used to define an entropy thickness of the boundary layer by

3
Ts .
d = T a Vv - 19

When defined in this way the entropy thickness becomes
identical to the more familiar energy thickness &e of the
boundary layer at low speeds.

Since all the entropy produced upstream of a point on the
surface is contained in the boundary layer at that point we can
write an equation relating the total entropy generation to the
local entropy thickness as

X
Jp Vsa Cd

P v53 55
= T8

dx 20

0
The terms in this equation represent all of the entropy
produced up in the boundary layer up to the point in question, in
particular at the trailing edge they represent all the entropy
produced on the biade surface.

4. ENTROPY GENERATION IN MIXING PROCESSES

Entropy creation due to viscous shear occurs whenever a
fluid is subject to a rate of shear strain. The rate of shear
strain is not the same as the vorticity and so viscous
dissipation is not confined to boundary layers. Even in the
mainstream of an irrotational flow the fluid is being sheared
and so entropy is being created (eg a free vortex flow will
gradually change to a forced vortex which has no shearing) but
the rate of creation is usually negligible compared to that in
shear layers.

Relatively high rates of shearing occur in wakes, at the
edges of separated regions, in vortices and in leakage jets.
Since these are usually associated with turbuient flow the
effective viscosity may be large, typically over 100 times the
faminar viscosity, and the local entropy creation rates are
considerable. The flow processes involved are extremely
‘complex and often unsteady so it is seldom possible to
-quantify the local entropy creation rates. However, in many
such processes the gverall entropy creation can be calculated
from a control volume analysis which applies the equations for
the conservation of mass, energy and momentum between an
upstream boundary, at which the flow is assumed known, and a
far downstream boundary where the mixing processes are
assumed to have restored the flow to a completely uniform
condition. The key feature which makes such an approach
possible is that we know that mixing will continue until the
flow has become uniform, even aithough we do not know how
long this will take. For example, the velocity deficit in a wake
decays continually with distance downstream, we do not need
to know the exact rate of decay to predict the overall result.
As long as the mixing is effectively complete by the time that
the flow leaves the region of interest we can calculate the
total entropy created without knowing the details of how or
where the mixing takes place.

As an example of such a mixing process Appendix 2 gives
‘the theory for the mixing of two streams of fluid, which
initially have different stagnation temperatures and
pressures, in a constant area duct. Resuits for the entropy loss

-0.5
FIG 6. ENTROPY LOSS COEFFICIENT FOR THE MIXING OF TWO
STREAMS AT DIFFERENT STAGNATION PRESSURES AND
TEMPERATURES. SEE FIG A2.1 FOR NOTATION.
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streams initially occupy equal areas and it can be seen that &
the total entropy creation depends on the difference in both ?
the stagnation temperature and the stagnation pressure of theg
flows. 9

A great simplification of the theory is possible for the g
case when the flow rate of one of the streams is small. The 3
theory for this case is presented in Shapiro (1953). For the§
case illustrated in Fig 7 when a small flow of fluid, mass flow?
rate m¢, is injected at an angle a and with velocity V¢ andg
stagnation temperature Toc into a mainstream fiow which has 2
mass flow rate mpg, velocity Vnp,
stagnation temperature Tom the result is
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If the two streams have the same stagnation
temperature this gives the rate of entropy creation as
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and does not include the entropy change of the injected fiow. Itg
will be extensively used later in this paper. Equations 21 and 3
22 are valid for both constant pressure and constant area 3
mixing provided that the pressure and area changes are small. ‘i

In practice we cannot usually say exactly where mixing &
takes place and so we may not be able to assume that the 8
pressure and area changes during mixing are small. It isf
therefore of interest to see how the total entropy production 5
depends on the area in which the mixing takes place. Consider
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MIXING OF INJECTED FLOW WITH A MAINSTREAM FLOW AT A
DIFFERENT VELOCITY AND TEMPERATURE.
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the situation sketched in Fig 7 where, for simplicity the angle
o is chosen to be 90°, the flow is assumed incompressible and
the stagnation temperature and pressure of the injected fluid
are the same as that of the mainstream. A continuity and
momentum balance gives the foliowing result for the fotal
entropy creation

T§= Mey2

AP me
-(mm+mc) = = 05 Vm me ( 2+ 3 ( ) ) 23
p Mm

If we imagine that the flow rate of the injected fluid m¢ is
held constant whilst the height of the duct is changed with Vp
constant. Then mpy changes in proportion to the area of the duct
and Eqn 23 shows that, provided m¢/mp is small, the total
entropy creation does not depend greatly on mm, ie on the area
in which the mixing takes place. A similar result is obtained if
the mixing is assumed to be at constant pressure rather than
at constant area. This helps to justify a common assumption
that the mixing (of say a coolant or a tip leakage jet) takes
place with the whole mainstream flow rather than just with
the adjacent fluid. Eqn 23 shows that most of the entropy
creation will have taken place by the time that the jet has
mixed with about & times it own flow rate of the mainstream
(ie me/mm = 0.2) and this will occur within a few diameters of
the jet. The remaining entropy generation as the diluted jet
mixes with the whole mainstream is much less significant.

Some workers calculate the loss due to mixing of a
primary flow with a much smaller secondary flow by simply
assuming that all the relative kinetic energy of the secondary
flow is lost. For the case predicted by Eqn 22 this gives

TS = 05 me (Vm- Ve cos @) + (Ve sino)? 24

Comparing Eqns 22 and 24 shows that they give exactly the
same result when Vq, = V¢, but the first equation gives a lower
loss when Vo> Vi . This is because the lost kinetic energy
. argument does not account for the static pressure recovery
that arises from the momentum of the jet. In most
applications the two approaches will give very similar results
but the mixing calculation, Egn 22, is felt to be more correct.

A further important example of a mixing process is the
mixing out of a wake behind a trailing edge. Appendix 3 gives
the theory for entropy creation due to the mixing out of a wake
behind a blunt trailing edge in a constant area passage with
(for simplicity only) incompressible flow. The analysis
includes the boundary layers on the blade surface immediately
upstream of the trailing edge and also the base pressure acting
on the trailing edge. The latter is usually below the free
stream pressure by an amount that may be defined in terms of
a base pressure coefficient, Cpp, by

Cpb= (Pb- Pre(0.5 p Vier?) 25
where Pref and Vyet may be either the far downstream pressure
and velocity or the values on the blade surfaces immediately
before the trailing edge. The latter definition is used in the
following analysis. Typical values of Cpp defined on this basis
are in the range -0.1 to -0.2 , although the value varies greatly
with the state of the boundary layer, the shape of the trailing
edge and the ratio of trailing edge thickness to boundary layer
thickness.

The resulting expression for the stagnation pressure loss
coefficient (which in incompressible flow is identical to the
entropy loss coefficient) is derived in Appendix 3 as

AP Cpb t 26 5+ t) 2
= = - + — + (= 26
§ 0.5 P Vt82 w w w

Note how this result is independent of the details of the
mixing process which is likely to be unsteady with the
formation of a Karman vortex street and with much of the
entropy creation due to the viscous decay of the vortices. The
details of this process cannot yet be predicted accurately by
even the most sophisticated viscous flow calculations but as
we see the overall result is predictable using simple theory.

The theory of Appendix 3 requires an assumption for the
average pressure acting on the suction surface downstream of
the throat (see Fig A3.1). Eqn 26 assumes that this is the same
as the far downstream pressure, P2. A more common
assumption, eg Stewart (1955), is that the pressure is the
same as the throat pressure Pq.  The actual suction surfgce
pressure is likely to lie somewhere between these @vo
assumptions. The author prefers to use the first assumpigon
because it implies that the loss is not affected by the blgde
stagger, ie by the presence of adjacent blades. Since most:of
the dissipation takes place within a few trailing edj:;e
thicknesses this is felt to be realistic. The value assumed For
the suction surface pressure has a large effect on the Iist
term of Egqn 26 but not much effect on the other two terms.
Fortunately the last term is usually comparatively small. o

The major difficulty in applying this and similar theomes
to real blade rows is knowing the value of the base pressdre
coefficient. Much early work on this subject, eg Stewartyet
al(1960), neglected the base pressure completely and o
greatly underestimated the importance of trailing edge lQ%S
Typically the value of Cpp is about -0.15 and a typical turbﬁle
blade trailing edge blockage is 0.05 so the base pressure téfm
contributes about 0.0075 to the loss coefficient whilst the
last term of Eqn 26 contributes about 0.0025. For mod&rn
turbine blades the profile loss coefficient is of the order 09,03
and so the trailing edge contributes about 1/3 of the tﬂal
profile loss. For compressor biades the trailing edge blocka_’ge
is usually small but the boundary layers are thicker so the Bst
term of Eqn 26 may be more important than the base pressgre
term.

Physically it is difficult to decide if the low b@ﬁe
pressure produces the dissipation in the wake or if g1e
dissipation causes the low base pressure. In fact the two are
directly connected via Eqn 26 and anything that changes @e
must change the other. For example it is well known that Jor
isolated blunt trailing edges the vortex shedding can gue
suppressed by aftaching a splitter plate to the trailing ed§e
this therefore reduces the dissipation and so increases Ehe
base pressure. Similarly, the use of an elliptical rather tharga
square or semicircular trailing edge delays the separatlonaof
the boundary layers and this increases the average bge
pressure and reduces the dissipation and loss.

When considering base pressure it would be mere
meaningful to measure it relative to the average presstxre
around the trailing edge in an inviscid flow. Since the |
has no loss and no boundary layers Eqn 26 shows that Sor

1o8ljoo]e:

incompressible flow this pressure, Ppo , is given by ‘rgn
5

Pbo- P 2 = Cpbo = tw 5327
(0.5 pVie©) >

This is a positive base pressure, relative to the pressure Bte
just upstream of the trailing edge, and any value of bgse
pressure below this value must be associated with a loss.

The fact that the mixed out loss depends on the
momentum thickness of the boundary layers at the trailing
edge, ie the middie term of Egn 26, is an interesting result.
The entropy that has been created in the boundary layers
upstream of the trailing edge is measured by their entropy
thickness which, in incompressible flow, is identical to their
energy thickness, so the entropy present just before the
trailing edge would be



TASie = 05p Vie® 8¢ 28
Hence, for a blade with zero trailing edge thickness, an amount
of entropy given by

TASw = 0.5p Vie3 (26 - 3e) 29
is being created behind the trailing edge as a direct result of
the mixing out of the boundary layers on the blade. This is
entropy created by the viscous dissipation in the wake but is
an inevitable consequence of the boundary layers on the blade
surfaces. For the case of negligible trailing edge thickness the
amount of dissipation in the wake depends on the difference
between 26 and 3, of the boundary layers just upstream of
the trailing edge.

The ratio 3¢/8 is a type of shape factor whose value
depends on the state of the boundary layer. For a typical
turbulent boundary layer its value is about 1.7
(Schlichting(1978) p675) and so, for thin irailing edges, the
ratio of the entropy present just before the trailing edge to
that present far downstream is typically 0.85, ie about 15% of
the total entropy is created behind the trailing edge. For
boundary layers near separation this proportion rises to about
22%. For separated boundary layers and thick trailing edges an
even greater proportion of the entropy is generated
downstream and in the limit for a bluff body with very .thin
boundary layers all the entropy is generated in the wake.
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TRAILING EDGE WITH A SEPARATED BOUNDARY LAYER.

i

FIG 8.

The theory of Appendix 3 also applies to the case where
the boundary layers are separated at the trailing edge, as
illustrated in Fig 8, provided that the static pressure just
upstream of the trailing edge can still be assumed to be
uniform. In this case the value of & is likely to be greater
than the trailing edge thickness and Eqn 26 suggests that there
will be an extra loss due to the separation given by

324+ 215
52y %

This implies that only large separations will cause significant
loss, eg for a thin trailing edge a separation causing 10%
blockage produces only 1% loss. However, this result makes the
dubious assumption that a uniform pressure continues to act
over the whole of the trailing edge plane. It is probable that in
reality a low pressure extends over much of the separated
region giving an increased contribution to the base pressure
term in Eqn 26. Physically the separated region will give rise

Csep

to larger vortices and so greater dissipation in the wake than
would the trailing edge alone. On this basis it can be argued
that the total dissipation will be roughly proportional to the
combined thickness of the trailing edge and separation rather
than to the square of the blockage as suggested by Egn 26. A
crude approximation that is compatible with this suggestion is
to apply a low base pressure over the combined thickness of
the trailing edge plus separation, ie to use ( t+38") instead of t
in the base pressure term of Eqn 26. However, with this
assumption the value of the base pressure that should be used
remains very uncertain.

From the preceding discussion it can be seen that theg
influence of a separated boundary layer at the trailing edge§
remains a major unknown when calculating loss. It is clearg
from test data (and from Lieblein's correlation of loss vsg
diffusion factor) that separated boundary layers do give rise to3
high loss and this can only be reconciled with Eqn 26 t:oy3
applying a low base pressure over the whole separated reglonn
The author is not aware of any method of predicting thisg
pressure. As discussed in section 7.2 this is likely to bem
especially important for compressor blades.
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A very similar type of calculation can be applied to the
mixing of coolant flow injected through the blade surfaces, eg
Hartsel(1972) and also to the mixing of a tip leakage jet
emerging into the mainstream from the tip gap, Denton &
Cumpsty(1987). In these cases the uncertainty about the
magnitude of the base pressure does not arise. and so the
results are more directly usable to quantify loss.

All the above theory assumes incompressible flow with
mixing taking place at a constant area. For compressible flow
the same equations may be solved numerically. Fig 9 shows th
variation of trailing edge loss coefficient with downstrea
Mach number for a trailing edge with 10% blockage at variou
values of base pressure coefficient. For other values of
blockage the loss may be taken as being proportional to
blockage. Although the base pressure itself can only be found
by experiment, the base pressure for zero loss can be found
exactly from the conservation equations and it is interesting
to see how it varies with Mach number. Fig 10 shows the result
from numerical solutions of the equations for varying trailing
edge blockage and varying downstream Mach number with the
assumption that Ps - P2 (Appendix 3). It is significant that as
the Mach number is increased the base pressure for zero loss
becomes significantly greater than the pressure on the blade
surface immediately before the trailing edge. Since
experiments (eg Sieverding (1983)) usually show that the base

mBm
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pressure is lower than the latter pressure this helps to explain
why trailing edge loss increases rapidly as the downstream
Mach number approaches unity.

The assumption of constant area mixing, which was made
in the preceding theory, will not always be valid. Wakes in
turbomachines mix out in a complex environment which will be
unsteady if the mixing is not complete before the next blade
row. Neglecting unsteadiness for the moment, we can
illustrate the effects of a change of area by means of simple
physical arguments and numerical calculations.

Physically, when a shear layer is subjected to a
favourable streamwise pressure gradient the transverse
velocity gradient, dV/dy, is reduced because the slower moving
fluid speeds up by more than the faster moving fluid. Hence the
rate of shear strain is decreased and the rate of entropy
generation, which is proportional to ugs (dV/dy)2, wili be
reduced. From this argument we would expect acceleration of a
wake to reduce the dissipation and hence the mixing loss.
Conversely deceleration should amplify the velocity gradient
and increase the loss. A simple illustration of this is possible
for two dimensional incompressible flow. Using the momentum
integral equation and the continuity equation for a wake it can
be shown that

d APy 1dv
a. = APo(FH) Gy 31

where AP, is the stagnation pressure loss that wouid be
obtained from a mixing calculation at the local flow area; x is
the distance along the wake and H is its local shape factor.
Since H is always greater than unity Eqn 31 shows that
acceleration will decrease the mixed out loss and deceleration
increase it. Large values of H, such as occur close to the
trailing edge, increase the magnitude of the effect. Only when
the wake is nearly mixed out so that H ->1 does a change in
velocity cease to have any effect on the mixed out loss.

As a numerical example of the same phenomenon Fig 11
shows the mixing loss coefficient for a “square” wake that is
(hypothetically) accelerated or decelerated isentropically to
the mixing velocity and then allowed to mix out at constant
area. This is a very idealised model since in reality mixing
continues whilst the wake is being accelerated or decelerated
but it does serve to illustrate the magnitude of the effect.
Deceleration is seen to cause a very significant increase in
loss whilst acceleration causes a slight reduction.

The importance of this effect in a turbomachine is
difficult to establish since mixing is a continuous process and
cannot be said to take place at one location or one velocity. In
a wake mixing is initially very rapid and the velocity on the
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wake centreline may reach 90% of free stream velocity withirg
a few trailing edge thicknesses. However, as shown by Prato &
Lakshimarayana (1992) mixing continues for up to one chor
downstream of the blade row by which time the free streang
velocity may have changed considerably.

An important consequence of the contro!l volume approacm
to mixing is that numerical calculations do not have to predlctgn
the details of the mixing processes exactly in order tcs
compute the correct loss. As long as conditions at the tramngg
edge are predicted correctly then the mixed out loss should
also be correct. As an illustration of the ideas presented irg
this section Fig 12 shows results from a viscous calculatiort:
on a compressor cascade. The flow is just subsonic and th@
suction surface boundary layer is very nearly separated at th&
trailing edge. The change of mass averaged stagnation pressureg
through and downstream of the cascade is plotted and showsd
that in this case about 1/3 of the total loss is generated;
behind the trailing edge. The calculation was repeated with theg
change of stream surface thickness downstream of the trailingg
edge varied by +/- 25%, whilst keeping the flow on the blades
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surface constant. Fig 12 shows that this has only a small
effect on the overall loss, changing it by about +/- §%. This is
a consequence of most of the mixing occuring close to the
trailing edge before the area has changed significantly.

5. ENTROPY PRODUCTION IN SHOCK WAVES

It is well known that shock waves are irreversibie and
hence are sources of entropy. The entropy creation occurs due
to heat conduction and high viscous normal stresses within the
shock wave, which is only a few molecular free paths in
thickness. Text books, eg Shapiro(1953), often derive the
equation for the entropy increase across a plane normal shock
wave. Expanding this in powers of (M2-1), where M is the
upstream Mach number, leads to the following approximate
result for weak shocks

2y (y-1)

As = Cy 2
3 (y+1)

(M2 -1)3 &+ o(M2-1)4 32

This shows that the entropy creation varies roughly as the
cube of (M2-1).

The above result is for normal shock waves. Oblique
shocks will always produce less entropy than a normal one
with the same upstream Mach number. In fact Eqn 32 is equally
applicable to oblique shock waves provided M is interpreted as
:he component of Mach number perpendicular to the shock
ront.

The pressure rise across a weak shock wave is also
proportional to (M2 -1) and equation 32 can be re-written as

Y+1 AP 3

as 7242 (P1)

AP 4
+ O P1) 33
which applies to both normal and oblique shocks.
The efficiency of a compression process in a weak shock
may be defined by

-1 Tas ; As ; y+1 (_A_P_2
=1 T R AP/P 1242 \P 34
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For AP/P = 0.5, Y =1.4 (which corresponds to a normal shock
with an upstream Mach number of about 1.2) this gives n =
0.97 which suggests that weak shock waves are a relatively
efficient compression process. This is further illustrated in
Fig 13 which shows the polytropic efficiency of the
compression process through a shock where the efficiency has

been defined as
_ (v-1) In(P2/P4) a5
="y In(T2/T1)
and has been calculated using exact theory for a gas with y
=1.4.

It is clear that a shock is actually a comparatively
efficient compression mechanism if the component of
upstream Mach number perpendicular to the shock front is less
than about 1.5 . This helps to explain the development of
efficient transonic compressors with inlet Mach numbers
typically in the range 1.5 - 1.7 .

5 hock waves in compressor.

For a single shock wave, the entropy generation is a
unique function of the static pressure rise. However, Eqn 34
shows that this function is highly non-linear so that if the
same pressure rise can be accomplished by two shock waves
instead of by a single one then the shock loss will be greatly
reduced (by a factor of 4 if both shocks have the same pressure
rise). On this argument it is hard to explain why the fans of
most civil aero engines séem to operate most efficiently with
a single normal shock wave near the leading edge, eg Pierzga &
Wood (1985). It is also hard to explain the claimed reduction of
shock loss by sweep for transonic compressor blading,
Wennerstrom et al (1984). Shock sweep will reduce the shock
strength for a given upstream Mach number but not for a given
pressure ratio. Possible explanations are that a second shock
is formed as a result of the sweep or that, since the sweep is
usually produced by a change in radius, some of the pressure
rise takes place by centrifugal effects thereby reducing the
pressure rise required from the shock and increasing its
efficiency

I, 7 FiG14. CONTROL VOLUME USED FOR THE
~ SHOCK LOSS OF TRANSONIC COMPRESSOR
g BLADES

A recent paper by Freeman & Cumpsty (1989) shows that
the performance of transonic compressors can be remarkably
well predicted by applying conservation of mass, energy and
momentum between the upstream flow and the flow
downstream of the shock system. The equations are applied to
the control volume shown in Fig 14. The flow is assumed to be
uniform both upstream of the blade row, ie across AB, and at
plane DE downstream of the leading edge shock system. As in
the case for mixing loss the control volume formulation
predicts the overall changes without needing to consider the
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details of the flow within the control volume. in this case the
loss occurs through the complex shock system within the
control volume and so the method only applies to the loss
generated by the leading edge shock system and not to any
passage or trailing edge shocks.

Only the continuity equation and the streamwise
momentum equation are solved and the streamwise force
exerted on the flow by the blade is approximated by assuming
that the average pressure on the blade surfaces CD and FE,
including the leading edge itself, is the same as the
downstream pressure on DE. This assumption is very
approximate and only gives realistic answers because
transonic compressor blades are so thin. The assumption that
the flow leaving the control volume through DE is uniform is
also dubious. Despite these approximations the method gives
remarkably good predictions of the behaviour of transonic
compressors between peak efficiency and stall when the shock
is near the leading edge. The fact that much of the performance
can be predicted by a control volume analysis also explains
why the performance of such compressors can be well
predicted by modern 3D flow caiculations, eg Adamczyk et
al(1993), which do satisfy conservation of mass, energy and
momentum even when the details of the shock system are not
captured accurately.

5.2 Shock waves in turbines

Compression is seldom a desirable feature of turbines,
however, transonic turbines are commonly used to obtain high
stage pressure ratios and so shock waves do occur. Although
local Mach numbers may be high the shocks within the biade
passage are usually oblique so that AP/P is small and they
generate little direct loss (Eqn 33). The most serious
consequence of transonic flow in turbines is the shock system
at the trailing edge, as illustrated in Fig 15. The low base
pressure formed immediately behind the trailing edge can
generate a very large trailing edge loss. The flow expands
around the trailing edge to this low pressure and is then re-
compressed by a strong shock wave at the point where the
suction and pressure side flows meet. The entropy generation
comes from the intense viscous dissipation at the edges of the
separated region immediately behind the trailing edge and
from the strong shock formed at the close of this region. For
cooled turbine blades with thick trailing edges this may be the
largest single source of loss in the machine.

Denton & Xu (1989) apply a control volume argument very
similar to that of Freeman & Cumpsty, to the trailing edge of
choked turbine blades. Their model uses both of the momentum
equations and uses the assumption that the fiow is choked at
the throat of the blade to determine the mass fiow rate, it
does not assume that the blade is thin. The method is therefore
rigourous and based on reasonable assumptions. It shows that
even in this case the loss can be calculated from conservation
of mass, momentum and energy provided the average pressure
acting on the blade suction surface downstream of the throat
can be predicted. Low values of this pressure are shown to
reduce the loss. In practice the suction surface pressure must
be obtained from a separate caiculation of the flow field.
However, the predicted loss is extremely sensitive to the
value of this pressure and it is unlikely that it will be known
accurately enough for the method to give a useful prediction.
.3 Shock wave-boundary layer interaction

There are indirect sources of loss associated with shock
waves in both compressors and turbines because of the
interaction of the shock wave with the boundary layer. A
boundary layer separation bubble will usually be formed at the
foot of a weak shock and extra dissipation is likely to occur
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FIG 15.  TRAILING EDGE SHOCK SYSTEM FOR A TURBINE BLADE.
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within and downstream of the bubble. If the boundary Ia§er
was laminar the bubble will almost certainly cause transitign.
Strong shock waves, which are especially likely to ariseSin
transonic compressors, may cause complete boundary Iager
separation. For a normal shock wave this is likely if Ehe
upstream Mach number is greater than about 1.4 (Atkin§&
Squire (1992)). Hence, increases in the boundary layer loss gre
likely to occur from shock wave-boundary layer interactionsin
both turbines and compressors. In view of the high presstire
rise obtainable via the shock wave these may be perfeély
acceptable in transonic compressors even when the shack
separates the boundary layer.
6. ENTROPY CREATION BY HEAT TRANSFER
Heat transfer from a turbomachine to its surroundings“-gis
usually small and the flow is almost invariably regarded cas
being adiabatic. Small machines with a large surface areacto
volume ratio (eg small turbochargers) are most likely Sto
violate this assumption. For a compressor the work inputSto
achieve a required pressure ratio is reduced by heat loss from
the fiuid to its surroundings and it is well known {iphat
isothermal compressors, with interstage cooling, are
preferable to adiabatic ones for many applications. This d@ks
not apply to the compressors of gas turbines where any hbat
loss from the compressor has to be made up by burning extra
fuel in the combustion chamber and results in a loss of cycle
efficiency. For a turbine, heat loss to the environment will
always decrease the work output and so should be avoided, eg
by lagging the turbine if necessary.

The main effect of heat transfer is felt in cooled
turbines where a separate stream of cool fluid is used to
maintain the blades and discs at an acceptable temperature.



The coolant flow is subsequently mixed with the main fiow and
expanded with it through the remaining stages of the turbine.
Heat transfer from the main flow to the coolant flow takes
place in three stages. Firstly from the hot gas of the main fiow
to the cooled metal, secondly from the metal to the coolant
flow within the internal passages of the blade and finally from
the mainstream flow to the coolant flow as the two flows are
mixed. As a result of this heat transfer the main flow will do
less work than if it were expanded adiabatically from its
supply pressure and temperature to the exhaust pressure
whilst the coolant flow will do more work than if it were
expanded from its supply conditions to the same exhaust
pressure. We will examine the effect of the heat transfer. and
mixing on the turbine performance.
.1 _Thermodynami f s turbine cycle with bl lin

It is difficult to consider the entropy changes due to
coolant flows without considering the whole thermodynamic
cycle. The problem is highlighted by Fig 16 which shows that
when two fiows of perfect gas at the same pressure but
different temperatures are mixed at constant pressure there is
an increase of entropy but no loss of potential work, ie

(1-m¢c) Ahas + myc 8hi2 = Ahpn 36
where mic is the mass fraction of cooling flow bled ofi at
point 2.
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FIG. 16 MIXING OF TWO FLOWS AT CONSTANT PRESSURE

Appendix 4 gives an analysis of a simple cycle. The cycle
pressure ratio is assumed fixed and its efficiency is
influenced by the turbine entry temperature T3, by mg and by
the efficiency of the cooled part of the turbine n:. The
analysis shows that the change in overall cycle efficiency due
to cooling can be written as

e dTs
{ amy dmyge 1§ 4 e 37

AT]O aT3 dm{c +

[amfc

The first term on the RHS of this equation represents the
change of cycle efficiency due to a change in turbine entry
temperature, which can be increased by increasing mg. This
will be a positive term and represents the main objective of
using cooling flows to increase cyclie efficiency.

The second term represents the rate of change of cycle
efficiency with cooling flow for constant values of turbine
entry temperature and turbine efficiency. This will be a
negative term because the net cycle efficiency can be thought
of as a weighted average of the efficiency of the main cycle
and of the lower efficiency cycle undergone by the cooling
flow. This term includes the loss of work due to the heat
transfer from the mainstream flow.

The third term will also be negative because it
represents the change of cycle efficiency due to a change in

13

the efficiency of the cooled part of the turbine. As deseribed in
Appendix 4, this efficiency is defined to include only viscous
effects within the turbine which in turn are assumed to depend
on the amount of coolant added. It is only this term that we
will consider in detail in this paper.

Fig A 4.1 shows an idealised cycle in which coolant is
assumed to be added at a uniform rate along the cooled part of
the turbine expansion. Analysing this cycle numerically for an
overall pressure ratio 25:1, cooled turbine-pressure ratio 4:1
and turbine entry temperature 1500K , gives for the terms in

Egn 37.
_ 4 973 dny
Ano = {1.03x10 dme 0.18 + 0.38 _——dmtc } Aamge 3
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The value of dTs/dmyc is likely to be about 10* (100°C per 1%
cooling flow) and the value of dniy/dmgc is likely to be about 3
(1% loss of efficiency per 1% cooling flow) and so Egn @
shows that the rate of loss of turbine efficiency with cooling
flow has a large effect on the overall efficiency. The secorg
term is also significant and emphasises the importance &
making the best possible use of the cooling flow, ie by makm§
it do useful work and avoiding pressure drops due to throttlm@
in the cooling passages.
6.2 Ther nami f led_turbin

The Thermodynamics of a cooled turbine are als;
considered in Appendix 4 where it is shown that the loss
output from the mainstream flow is due mainly to the entro
creation by viscous effects rather than that caused by he
transfer. Using Shapiro's (1953) influence coefficients it s
shown that, for the situation shown in Figs 7 and 15, when %
mass flow m¢ of coolant is injected at velocity Ve and angle &
to a main flow with Mach number M and velocity Vi the changa
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of effective turbine efficiency is 2
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From this it is clear that coolant addition to a mainstrea
flow at high Mach number is much more harmful than at lo®
Mach numbers and also that coolant should be injected a§
nearly parallel to the main flow as is possible. If the coolanfﬂ
has a higher stagnation pressure than the main flow, so that V&
> Vm, and is injected almost paralle! to it, then the stagnatiog
pressure of the main flow and the efficiency of the turblnéﬂ
(which is defined in terms of the mainstream flow propemes§
may even be increased by the mixing. Interestingly, if th&
coolant is injected perpendicular to the main stream (o = 90°§
then its temperature and pressure, which determine V¢, hav&
no effect on the turbine efficiency which depends only on thg‘
mass fraction of coolant injected.

The entropy creation by irreversible mixing of coolmq
flows can also be calculated by applying conservation of
mass, momentum and energy in a very similar way to the
method of Appendix 2. Such a method is described by
Hartsel(1972). The analysis is complicated by the need t&
assume compressible flow, even at low Mach numbers, becaus@
of the large changes in temperature. Appendix 4 shows thag
only the entropy creation due to viscous effects, not that dues
to heat transfer, should be considered as a loss of turbine
efficiency.

Results from a numerical calculation applied to cooling
flow ejected through a slot with a velocity inclined at 45° to
the mainstream direction (o = 45°) are illustrated in Fig 17
where the loss is presented as the loss coefficient of the
mainstream flow per pefcent of coolant addition. Appendix 4
shows that only the entropy change due to viscous dissipation,
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and not that due to heat transfer, influences the turbine
efficiency. Hence the loss coefficient plotted in Fig 17 is
defined using

Astot - dq/Ta&
{s =

0.5 Vmix2

TOmix 40

where the heat dq removed from the mainstream flow is
assumed to have been transferred at a temperature Tavg = 0.5
(T1+ Tmix). This definition is consistent with Eqn A4.9 of
Appendix 4.

Fig 17 shows that the aerodynamic loss on mixing is
almost equally influenced by the stagnation pressure and the
stagnation temperature of the coolant. Low coolant
temperatures and pressures cause a high loss because they
produce a low value of V¢in Eqn 39. Numerical calculations
show that the loss coefficient as defined by Eqn 40 is not
greatly affected by the value of freestream Mach number.

The addition of coolant flow may cause other losses by
disturbing the boundary layers on the blade or endwall
surfaces, as shown in Fig 15. These are not considered in the
above analysis.

7. TWO DIMENSIONAL LOSSES IN TURBOMACHINERY
7.1 8l I

Application of the ideas presented above to real
turbomachinery is complicated by the complexity of the
geometry and flow. In particular the real flow is usually
three-dimensional so that simplified 1D and 2D results should
be used as guidelines and as an aid to understanding the
physics of the flow rather than to obtain quantitative results.

Using Eqn 20, the total entropy generation in the blade
boundary layers can be evaluated from

1
CqpV,3
csf “Be y(x/ce) 41
[

where the summation is for both blade surfaces, x is the
surface distance and Cg is the total length of the surface. To
turn this into an entropy loss coefficient for the blade we
must divide the total entropy produced by the mass flow rate
and by a reference dynamic head which would usually be based
on V1 for a compressor blade and on V2 for a turbine blade, eg
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. T$ 42
S m 0.5 V2
Combining these two equations gives, for low speed flow.
1
Cs f Vo 3
= ( ) 4
L= 2 Ca (,5)° 9(x/Cs) 3

p cos O‘reto

If the blade surface velocity distribution and the variation of
Cg are known this equation can be used to estimate the loss
coefficient. The. occurrence of the blade surface velocity indhe
form (V/Vief)3 is very important. It shows that the suclion
surface is dominant in producing loss and that regions of Bigh
surface velocity contribute proportionally much higher
amounts of loss. g
The value of loss coefficient obtained from Egn 4@ is
dominated by the location of the transition point where2Cq
undergoes a rapid change, as shown in Fig 5. in ordeg to
minimise the loss the boundary layers should be kept lamihar
for as long as possible. The extent of the laminar boun%ry
layer will depend mainly on the Reynolds number, turbulence
level and on the detailed surface velocity distribution. At ghe
high turbuience levels prevalent in turbomachines transitio® is
likely to occur in the Reg range 200-500 whilst Reg at ghe
trailing edge is usually in the range 500-2000 (although it
will be greater than this for large high pressure stéiam
turbines and farge hydraulic turbines). Fig 4 shows that ¢yer
much of this range the dissipation coefficient is of the ogier
of 0.002, as suggested by Denton & Cumpsty. Although gne
cannot expect this crude approximation to give accugate
results for any one blade it can be used to predict systemftic
trends for the variation of loss with blade and stage designg
These equations also show clearly why for any spec@ed
combination of inlet and outlet flow angles there isgan
optimum pitch to chord ratio (p/c). If we assume a rectangﬁlar
velocity distribution as illustrated in Fig 18, and that Cgis
constant. 2
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FIG 18. IDEALISED BLADE SURFACE VELOCITY DISTRIBUTION

g

Eqn 41 gives S = CgpC(2V3 +6 VaAV?) g44
Using the definition of blade circulation to obtain Vxwe gef
2 C AV %

m =pVxp = (tanaz - tanoy) %5

and so the loss coefficient, based on mean velocity, becomes

S v AV
s = = Cq (ZZV +6 —) (tanaz - tanaq) 46

0.5 m V2

which has a minimum value, corresponding to an optimum
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FIG 19.  PREDICTED OPTIMUM PITCH:CHORD RATIO OF TURBINE BLADES.

pitch:chord ratio, when AV/V = 1~3. If Cqis taken as 0.002
this simple method gives quite realistic loss coefficients.

if Cyqis assumed constant the value of loss obtained
from Eqn 43 is not greatly dependent on the surface velocity
distribution and this permits a simple method of estimating
the loss coefficients. If the inlet and outlet flow angles are
specified and a plausible surface velocity distribution, more
realistic than that of Fig 18, is guessed then the pitch to chord
ratio can be calculated from the tangential momentum change
and an estimate of loss can be obtained from Egn 43. By
systematically varying the guessed velocity distribution one

can then estimate the optimum p/c ratio and minimum loss. Fig.

19 shows the resulting optimum p/c ratio and Fig 20 the
minimum loss calculated in this way for turbine blades. The
results agree well with the predictions of Zweifel's rule for
optimum p/c ratio and and with cascade measurements of loss
coefficient.

For compressor blades the predictions, using exactly the
same method, are not realistic. The calculated value of
optimum pitch chord ratio is too high, giving a diffusion factor
well over 0.6. Consequently the predicted minimum loss is too
low. The reason is that the method takes no account of
boundary layer separation and one must conclude that this is a
dominant feature in the design of compressor blades. The
minimum loss will occur when the boundary layer is on the
verge of separation, this can be simulated in the method by
causing the predicted loss to rise very rapidly with diffusion
factor when this is greater than about 0.55 . The optimum
pitch chord ratio then occurs just above that which gives a
diffusion factor of 0.55. The results from such a prediction are
shown in Fig 21.
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FIG 20.

PREDICTED PROFILE LOSS COEFFICIENT (%) OF TURBINE
BLADES AT THEIR OPTIMUM PITCH:CHORD RATIO.
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When considering the design of a complete stage the
entropy creation should be considered relative to the sta@
enthalpy change. 'f we define an isentropic velocity Co, base&l

on the stage isentropic enthalpy change, by 3
4

Ahis = 0.5Co? 47

[0]

then the overall increase in specific entropy due to the biad®

surface boundary layers on both rows may be estimated from

1
2 & Ss {Cy
AS = Ahgs 2 VX P T (

0

—=)° d(x/Cs)
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where the summation is over all the blade surfaces. This
result is easily converted into the stage efficiency via Eqn
and shows that it is the blade surface velocity relative to the
isentropic velocity Co that is most important as regards stage
efficiency. For high reaction stages V/Co will be greater in the
rotor which is then likely to contribute most to the loss &
efficiency and conversely for low reaction stages. Again, tg
guessing likely surface velocity distributions, assuming th&
Cgqis constant, and calculating the optimum p/c ratio for eacfﬁ
blade row the integrals and summations of Eqn 48 can bg
performed and the stage efficiency estimated for any specifieg
stage velocity triangles. Fig 22 shows the result for axiéﬁ
turbine stages with zero interstage swirl angle. It must bg
emphasised that this gives the loss of efficiency due to blad‘é
boundary layer losses alone. Given that a typical turbine stage
efficiency is about 90% we can conclude that these are onﬁ
responsible for about 1/3 of the total loss in most turbines. 3
The blade surface boundary layer loss vane&
significantly with Reynolds number and surface roughness. The
variation with Re is as suggested by Fig 5 with the losg
increasing rapidly at very low Re (Re < 105) due to the high
dissipation in laminar boundary layers and possibly to lammﬁ'
separation of the boundary layer. Within the transition regloni
2 x105 < Re < 6 x10% . the variation is complex and depends on
the details of the surface velocity distribution. The net result
being a combination of the general decrease in loss with
increasing Re and an increase in loss as the transition point
moves upstream. At Re > 6 x105 the loss varies approximately
as Re-1/® for very smooth blades. However, in this regime the
turbulent boundary layer is significantly influenced by the

surface roughness so that for machines that operate at very
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high Re the surface finish of the blades is very important.
Curves for the variation of profile loss with Re and with
roughness have been given by Koch & Smith (1976) for
compressors and by Denton & Hoadley (1972) for turbines. Both
sets of curves show similar trends although the latter,
reproduced in Fig 23, predicts an increase of loss with Re in
the transition region at high values of roughness.

All the preceding analysis assumes two dimensional flow
in the blade surface boundary layers. The same approach can be
applied to three dimensional boundary layers where the
convergence or divergence of the surface streamlines may
thicken or thin the layer. Although this can have a considerable
effect on the boundary layer thickness it should not have a
great effect on the entropy creation per unit surface area,
uniess convergence of the surface streamlines causes the
boundary layer to separate. Hence it is suggested that Eqn 41
can be modified to estimate the entropy production over the
whole blade surface, even in three-dimensional flow.
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1.2 _Trailing_edge loss

The other major contribution to two dimensional blade
loss comes from the trailing edge. The magnitude of trailing
edge loss has been seriously underestimated in the past,
especially for turbine blades, due to the negiect of the base
pressure term in Eqn 26. Fig 24 from Mee et al (1990) shows
that for a blade with a trailing edge blockage of 6.3 % about
1/3 of the total 2D loss is mixing loss behind the trailing edge
in subsonic flow. The same figure shows that in supersonic
flow this proportion rises to about 50%. Fig 25(Roberts(1992))
shows the measured velocity profiles before and after the
trailing edge of a simulated low speed turbine blade voéth
representative boundary layer to trailing edge thickndgss
ratios, again about 1/3 of the total loss was found to i)e
generated behind the trailing edge. Fig 25..serves to illustrgte
how thin the boundary layers are relative to the trailing edge
and it is not surprising that the trailing edge itself can ca@e
such a large proportion of the loss. g
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As explained previously the entropy can be expected to.
increase by about 18% behind a thin trailing edge due to the
mixing out of the surface boundary layers. In the two cases
just quoted it increases by about 50% so the loss attributable
to trailing edge thickness is about 32% of the boundary layer
loss or 21% of the total loss. The value of base pressure
coefficient necessary to explain this increase is about -0.075
which is typical of the values found by Sutton (1990) for a
wide range of trailing edge shapes.

An alternative means of estimating the base pressure
coefficient is to compare measured losses with losses
caiculated from boundary layer loss alone and to attribute the
difference to trailing edge loss. This has been done by Hatt et
al(1991) for a total of 180 turbine cascade measurements.
Hart used an inviscid calculation to find the base pressure for
no loss and a boundary layer calculation to obtain the boundary
layer parameters at the trailing edge. He then correlated his
results to find the average value of Cpp necessary to make the
calculations agree with the measured loss. He found the
average value of Cpp to be -0.13 and that it did not correlate
with either trailing edge thickness or boundary layer
thickness. It is suggested that this value should be used in Egn
26 to calculate the mixed out loss of subsonic 2D cascades.

7.3 Effect of Mach number on the two-dimensional loss.

The loss of both turbine and compressor blades increases
rapidly as sonic conditions are approached. Fig 26 from Xu et
al(1987), shows typical results for a family of turbine
cascades with different trailing edge thicknesses. This figure
shows the difference between the overall 2D loss and the
measured boundary layer loss, illustrating how much of the
loss is arising from the trailing edge. Fig 24 showed a similar
resuit.
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For turbine cascades most of the increase can be
attributed to the trailing edge loss. Fig 10 shows that the base
pressure required for zero loss increases rapidly as the exit
Mach number approaches unity. The actual base pressure is
even more difficult to predict accurately at high exit Mach
numbers than it is in subsonic flow but the most widely used
method is the correlation by Sieverding et al(1983) which is
shown in Fig 27. The correlation predicts the base pressure as
a function of the far downstream pressure, Pgz , the change in
suction surface slope downstream of the throat § and the
trailing edge wedge angie ¢ . Surprisingly it does not include
any measure of trailing edge blockage. The correlation show
that the base pressure falls below the downstream pressure ag
the Mach number is increased. The loss will be proportional (Cb‘
the difference between the actual base pressure and the base;
pressure for zero loss illustrated in Fig 10.
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Chen (1987) presents a correlation for the variation ok

turbine profilte loss with Mach number. This shows the los§
rising rapidly as My approaches unity but decreasing betweeli
M, = 1.0 and 1.2 before increasing again at higher Maclt
numbers (M2 >1.2). Surprisingly the correlation does nof
include any measure of trailing edge thickness and so it mus§3
be assumed to be for blades with thin trailing edges. There ig
little published experimental evidence for the decrease of los§
at high Mach numbers although Denton & Xu (1989) predict the
result theoretically and explain it as being due to thg
expansion from sonic conditions at the throat to thé
supersonic far downstream flow being matched to the increas%
in flow area at the trailing edge. A similar result is obtained
for blades with converging-diverging passages which onlﬁ
work well at high supersonic exit Mach numbers.

Fig 28, from Hobbs et al (1983) shows the variation oE
loss with inlet Mach number for a compressor cascade. Theg
increase of loss in this case is due to a completely different
mechanism to that for turbine blades. For conventionaf
compressor blades the peak suction surface velocity is welf
above the iniet velocity and will reach sonic conditions whem
Mj is about 0.7. Further increase of My causes the peak Mach
number and hence the ratioc Vpax/V1 to rise extremely rapidly.
In general the sonic region is terminated by a normal shock.
Thus the increase in My causes shock loss, high suction surface
entropy generation (Egn 41) and possibly boundary layer
separation, all of which contribute to the rapid rise in loss .

Compressor blades specially designed for supersonic
inflow delay this loss increase by being very thin and having
low or reverse suction surface camber so that the peak suction
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FIG 28.

surface Mach number is not much greater than the inlet Mach
number. The lift is obtained from a low velocity on the
pressure surface rather than a high one on the suction surface
so the boundary layer loss is comparatively low. This, coupled
with the high blade loading, means that the shock loss,
illustrated in Fig 13, can be tolerated at least up to the point
at which the shock separates the suction surface boundary
layer. This is likely when My is greater than about 1.4 ( Atkin &
Squire,1992).

There has been much discussion about the relative
importance of shock loss and boundary layer loss in supersonic
compressor blading and it is sometimes claimed that the shock
loss is small relative to the loss in the shock induced boundary
layer thickening and possibly separation. The author's view,
based mainly on numerical predictions, is that the magnitudes
of the two components are comparable at iniet Mach numbers
around 1.4, but that the shock loss becomes dominant at
higher Mach numbers. The success of Freeman & Cumpsty's
method also supports the idea that the shock loss is dominant.
Although, in principle, the shock loss could be greatly reduced
by splitting the pressure rise between two shocks (section 5)
this does not seem to occur in practical compressor blades.

8. TIP LEAKAGE LOSSES

8.1 Effect on blade lift and work

The loss of performance due to leakage of flow over
blade tips has been intensively studied for many years. Early
methods tended to work in terms of the induced drag on the
blades, analogous to the induced drag on an aircraft wing.
However, this drag is an inviscid effect. In the case of the
wing it produces extra Kinetic energy of the surrounding
atmosphere but it does not create entropy. Hence, from the
point of view of a turbomachine it does not cause loss. More
recent studies have concentrated on measuring the tip leakage
flow in great detail, eg Bindon(1988) for turbines and
Storer(1991) for compressors. As a result the flow and loss
mechanisms are now well understood for unshrouded blades.
Much less work has been done on leakage flow over shrouded
blades.

The most obvious effect of flow leakage over the tips of
both shrouded and unshrouded blades is a change in the mass
flow through the blade passage. At first sight this would seem
to lead to a reduction in work for both turbines and
compressors. However, considering shrouded blades first
because they are simpler, flow will leak upstream over the
shroud of a compressor blade. Hence, for a fixed overall flow
rate, the mass flow through the blade itself will be increased
by the leakage, which will tend to increase the work input but
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reduce the pressure rise. There will be other factors affecting
this, such as a change in deviation caused by the disturbance to
the inlet flow when the leakage flow mixes with the
mainstream, but the main effect is likely to be an increase in
blade work proportional to the leakage flow. For shrouded
turbine blades the ileakage will be from upstream to
downstream of the blade row and so, for a fixed total
throughflow, both the blade work and the pressure drop will be
reduced. These changes of blade work and pressure difference
are independent of any entropy generation or change of
efficiency. They would occur in a completely inviscid flow
where they would manifest themselves as changes in the mass
flow : pressure ratio characteristic of the machine rather thgn
as changes in efficiency.

The situation for unshrouded blades is qualitatively tﬁe
same although the interaction between the leakage flow agd
the mainstream flow is much stronger. In a compressor blaae
the meridional velocity of the flow leaking over the tips 3s
certain 10 be less than that of the mainstream flow and mgay
even be directed upstream. Hence, the mass flow through the
remainder of the blade must be increased. In a turbine ﬁae
leakage flow has an increased meridional velocity and forms;;af
strong leakage jet, so the flow through the remainder of @Je
blade must be decreased. e

The change in blade work must be reflected in a chanye
of lift which occurs partly in the immediate vicinity of the %ip
gap and partly over the whole span of the blade. For unshroudkd
blades there is always a loss of lift at the blade tip wh%:h
occurs both because the blade length is reduced and because
the blade loading drops off towards the tip. Both experimegts
and calculations show that the latter is confined to a véry:
small region not much greater than the tip gap. In fact stmgle
theory, treating the leakage flow as flow through a 2D orifie,

(TIGEY

shows that the total loss of lift at the tip, relative to a blage
with no clearance, is given by 3
©O
w
2C¢2 3
AL = L2d [¢] ( 1'2CC +20C2 ) gg
O

where C¢ is the tip jet contraction coefficient, g is the tip gap
and Log is the two-dimensiona! lift per unit span.

The change of lift due to the changed mass flow @s
however, not confined to the tip region and numengal
calculations show that it affects most of the span. For\la
turbine blade both these effects contribute to a loss of %ﬁft
whilst for a compressor blade the increase in lift over @e
span is likely to outweigh the loss of lift near the tip. Agam:nt
should be emphasised that these changes in lift and work age
primarily inviscid and are not necessarily associated with2a
loss of efficiency.

.2 Leak: f shrol !

md'ssv-lﬁ-es

Entropy creation due to tip leakage flows is primaﬁly
associated with the mixing processes that take place betwsgen
the leakage flow and the mainstream. Considering figst
shrouded blades, the flow over a shrouded turbine blade with;a
single tip seal is illustrated in Fig 29. The leaking flgw
contracts to a jet as it passes through the seal with the algaa
of the jet being lower than the seal clearance by a contractign
coefficient whose value is typically about 0.6. If there is Mo
significant restriction upstream of the seal the flow up to the
throat of the jet can be considered to be isentropic and so the
amount of leakage flow is determined by the seal clearance,
the contraction coefficient, the upstream stagnation pressure
based on meridional velocity and by the static pressure in the
jet. The latter will be influenced to some extent by the method
of injecting the leakage flow back into the main flow,
however, if there is no further restriction downstream of the
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FIG 29. FLOW OVER A SHROUDED TIP SEAL

seal this pressure is not likely to be greatly different from the
static pressure downstream of the blade row.

The jet mixes out in the clearance space and this mixing
process is irreversibie, creating entropy. In most practical
cases the height of the clearance space is much larger than the
leakage jet and so virtually all the kinetic energy associated
with the meridional of the jet is dissipated. However,
measurements by Denton and Johnson(1976) show that the
swirl velocity of the leakage flow is not greatly changed
during this process and remains roughly the same as that of
the flow approaching the blade row.

The leakage flow must now be re-injected into the main
flow where the differences in both the meridional velocity and
the swirl velocity of the two flows will generate further
mixing floss. it can be verified by performing mixing
calculations for a flow injected into a vortex that the theory
of Appendix 4 for the mixing of a coolant jet can be applied
independently to the meridional and swirl components of
velocity. Equation 22 shows that the result depends on the
angle at which the leakage flow is injected into the
mainstream and that the difference in meridional velocity of
the mainstream and the injected flow should be as small as
possible. However, in most cases the difference in swirl
velocity of the two flows is likely to be dominant and this
does not depend on the angle of injection. If the leakage flow
suffers no change in swirl velocity in the clearance space the
difference in switl velocity will be the same as the change in
swirl velocity across the blade row.

A theory for the leakage flow and loss of a shrouded
turbine blade, based on the above model, is presented in
Appendix 5, the analysis is for incompressible flow but is
easily extended to compressible flow by numerical
calculations. This theory is based on a simplification of an
extremely complex flow, however, its predictions have been
reasonably well verified by measurements of the flow over a
model of a turbine shroud by Denton & Johnson(1976). The
predicted rate of change of stage efficiency with tip clearance
is also realistic with dn/d(g/h) in the range 1.5 - 2.5,

-increasing with stage loading and with reaction. It is
interesting to note that the theory predicts that any loss of
swirl velocity of the leaking flow before it mixes with the
mainstream flow, eg by friction on the casing, acts to reduce
the overall loss. It is also interesting that the overall entropy
rise per percent of leakage flow is determined almost entirely
by the mixing process downstream of the blade row whilst the
flow processes over the shroud mainly affect the leakage flow
rate.

There are few other methods available for estimating the
loss of shrouded turbine blades. Came(1969) suggests using
the same formula as he recommends for unshrouded blades (a
modified form of Ainley & Mathieson's method) but multiplying
‘the result by about 0.9. For shrouded blades with multiple
:seals the blade pressure drop should be roughly equally divided
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between the seals (provided that they bhave the same
clearance) and so, for incompressible flow, the resultant
leakage and loss should vary inversely as the square root of
the number of seals. Came quotes unpublished data suggesting
that the loss varies as the number of seals to the power -0.42.

There is no known work on the detailed flow processes
over shrouded compressor blades. The flow through the sea!
and clearance space can be assumed to be similar to that
described above but the disturbance caused when the leakage
flow re-enters the main flow upstream of the blade row
through which it is leaking is likely to be much more
important. This flow will have substantial negative incidence
relative to the blade inlet angle and this could cause increaséd
losses in the flow through the blade tip region. However, the
disturbance to the flow entering the next downstream blade
row should be reduced by the bleeding off endwall fiuid to Ie@(
Jpstream over the shroud. - )

Tip | | f ynshr |
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The leakage flow over unshrouded blades has been much
more intensively studied than that over shrouded blades. F‘§f
turbine blades detailed measurements are reported iy
Bindon(1988), Moore & Tilton(1987), Heyes et al(1992), Yards
et al(1991). Bindon's smoke visualisation of the flow over ttze
tip using smoke is shown in Fig 30 and the flow in the tip gap
is sketched in more detail in Fig 31. The flow entering the tip

A

A) SMOKE INTRODUCED THROUGH THE BLADE TIP SHOWING
REVERSED FLOW IN THE SEPARATION BUBBLE.

o,

B) SMOKE INTRODUCED ON THE PRESSURE SURFACE
AND PASSING OVER THE BLADE TiP TO FORM THE
TIP LEAKAGE VORTEX.

FIG 30. SMOKE VISUALISATION OF THE FLOW IN THE TIP
GAP OF A TURBINE CASCADE.
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FIG 31.  FLOW OVER THE TIP GAP FOR AN UNSHROUDED BLADE.

gap from the preséure side of the blade sepérates from the
blade tip and contracts to a jet, with a contraction coefficient

of about 0.6. The exact value of the contraction coefficient:

depends on the radius of the pressure surface corner. The flow
up to the throat of the jet is almost isentropic and is not
greatly influenced by the component of velocity along the
chord of the blade, ie out of the paper in Fig 31. This chordwise
velocity may be significant within the separation bubble and
convects low energy fluid to the point of minimum pressure
above the tip. However, because the area of the bubble is so
small, the mass flow involved is unlikely to be significant.

If the blade thickness is more than about four times the
tip gap (Fig 31a), as is usually the case for turbines, the jet
mixes out above the blade tip with a consequent increase in
static pressure and in entropy. The chordwise component of
velocity is substantially conserved during this mixing. The
static pressure after the mixing is usually assumed to be the
same as that on the suction surface of the blade. However,
some measurements (eg Bindon(1988), Yaras et al(1991)) show
this is significantly fower than the 2D pressure because of the
blockage effect of the tip leakage vortex. If the pressure after
mixing is known the leakage flow rate and the entropy
generation in the tip gap can be obtained by treating the flow
as a two dimensional orifice with a known contraction
coefficient, Moore & Tilton(1987).

The mixing of the leakage flow and the mainstream flow
on the suction surface side of the tip gap is-another example of
the type of mixing process described in section 4 of this paper
in which the overall loss can be obtained by applying the global
conservation equations. Since the two flows have different
velocities, in both magnitude and direction, there is a vortex
sheet at their interface, Fig 30, and this rolls up into a
concentrated vortex as the leakage flow moves downstream
along the suction surface-endwall corner. However, the overall
entropy production in the mixing process is not dependent on
the details of this vortex. Equation 22, for the mixing of a jet
with a mainstream, can be applied directly and shows that the
entropy generation is proportional to the difference in the
streamwise velocity of the two flows. If the jet mixes out
close to the suction surface this is effectively the same as the
difference between the surface velocities on the suction side
and pressure sides of the blade. Fig 32, from Bindon(1988),
shows stagnation pressure contours and loss growth through a
turbine cascade with tip clearance and illustrates that most of
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the mixing takes place near the suction surtace but that iéis
not complete at the trailing edge. In a machine mixing &ill
continue through the next blade row and this makes it difficult
to make accurate predictions of the overall loss. ]

The leakage flow over unshrouded compressor blades?is
not different in principle to that described above for turbings.
The main difference arises because the thickness of the blades
relative to the tip gap is likely to be much less than gor
turbines. As a result the leakage jet is unlikely to reattachsto
the biade tip within the gap, as shown in Fig 31b. StoTer
(1991) finds that the jet does not reattach within the gap.if
the latter is more than about 40% of the blade thickness. This
means that there is no pressure recovery in the clearance gap
and so the discharge coefficient relating the leakage flowrgte
to the tip gap and pressure difference is will be less than foga
turbine. Storer finds a typica! value of 0.8 for this discharge
coefficient.

Equation 22 shows that the total entropy production in
the mixing process depends on the leakage flow rate and on the
difference in the streamwise velocity of the mainstream
(suction side) flow and the leakage flow. This velocity
difference will be closely the same as the difference in blade
surface velocities and so it can be argued that it is not
affected by whether the mixing takes place above the blade tip



or with the mainstream near the suction surface. Much of the
mixing takes place near the suction surface of the blade and
for compressor blades this will be a region of decelerating
flow, hence the entropy production will be greater than that
calculated for mixing at constant area. However, Storer finds
that most of the entropy generation takes place near to the
point of leakage and so this effect may not be dominant.

A simple theory for the tip leakage loss of unshrouded
blades based upon the above modet is reproduced in Appendix 6.
The model is equally applicable to compressors and turbines, it
is developed for incompressible flow but is easily extended to
compressible flow. The method assumes that the surface
pressure distribution is known but for cases where it is not
simple approximations to estimate the pressure distribution in
terms of the inlet and outlet flow angles and blade solidity are
suggested. These approximations take no account of the
lowering of the suction surface pressure near the tip by the
blockage effect of the leakage vortex.

The only empiricism contained in the theory is a vaiue
(usually 0.6) for the contraction coefficient of the leakage jet.
Despite this it gives realistic predictions of the rate of change
of efficiency with tip clearance. For both turbines and
compressors the value of dn/d(g/h) is predicted to lie in the
range 2.0-3.0, increasing with increased stage loading and
with reduced flow coefficient. This is tvpical of the values
quoted by Roelke(1973) for turbines and by Moyle(1988) for
compressors.

4 _Eff f _relativ ofion n_the blade tip an in

All known theories for leakage loss neglect the relative
motion between the blade tip and the endwall. In a compressor
this relative motion is such as to increase the leakage flow
and in a turbine it acts to reduce it. The motion may also
affect the pressure difference across the blade tip by forming
a scraping vortex on the leading surface of the blade. The
importance of the relative motion has been investigated by
Morphis & Bindon(1988) and by Yaras et al (1991) both of whom
worked on turbine blades. Both found that the general flow
pattern over the tip was not greatly affected by the relative
motion and that the relative motion increases the pressure on
the suction side of the clearance gap. The latter effect acts to
reduce the leakage and loss. Yaras et al found that the
discharge coefficient was approximately halved by this effect
at full tip speed. This reduction in leakage flow appeared to be
caused by the change in the tip pressure difference rather than
a change in the velocity profile within the tip gap. In
particular the boundary fayer on the endwall within the gap
appeared to be extremely thin. This implies that theories such
as that of Appendix 6 can still be used either with a modified
surface pressure distribution or with an empirical
modification to the discharge coefficient.

The main weakness of all these methods is the
assumption that the mixing between the main flow and the
leakage flow takes place immediately after they meet. Eqn 23
suggests that most of the mixing takes place very quickly and
this is supported by Storer's findings for compressor blades.
However, Bindon's results for turbine blades, Fig 32, show that
some of the mixing continues well downstream of the point of
leakage. Hence in practice diffusion during mixing may-
increase the mixing loss, for both compressors and turbines.

rison of shrouded and unshrouded bl

It is of interest to compare the tip leakage loss of
shrouded and unshrouded blades. Results from the theories of
Appendices 5 and 6 are presented in Figs 33 and 34. The loss’
coefficients plotted are those obtained at a tip clearance of
1% of blade height and are defined in terms of the blade exit
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FIG 33

THE TIP LEAKAGE LOSS COEFFICIENT OF SHROUDED BLADES.
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dynamic head, even when the blade represents a compress@.
Fig 34 for unshrouded blades is applicable to both turbines ahd
compressors but Fig 33 is only really applicable to shroudéd
turbines. For unshrouded blades the pressure difference drivirg
the leakage flow is that between the pressure and suctign
surfaces of the blades whilst for shrouded blades it is the
overall pressure change over the blade tip. For most blade rogs
these two pressure differences are similar and so, for the
same tip clearance, the leakage flow rates will be similar f§r
shrouded and for unshrouded blades. However, for low reactign
rotor blades, the pressure drop over the blade row becomgoos
much less than that between the blade surfaces and §o
shrouded blades will have a lower leakage flow rate. £

The leakage loss coefficient depends both on e
proportional leakage flow and on the magnitude of the velocily
difference between the leaking flow and the mainstream figw
with which it mixes. This is the suction side to pressuge
surface velocity difference for unshrouded blades and the
change in swirl velocity across the whole row for shrouded
blades. Again these two velocity differences will Pe
comparable for most blade rows but for low reaction shroudgd
blades, which have high turning, the overall change in swil
velocity will be larger than the suction to pressure sifle
surface velocity difference.

Hence we may conclude that for most blade rows there is
little to choose between unshrouded blades and shrouded
blades with a single tip seal. For low reaction blades the
situation is less clear since shrouded blades will have a lower
leakage flow rate but a greater loss per unit leakage. Only for
impulse blades, where the leakage flow drops to zero, do
shrouded blades have a decided advantage. This is confirmed by
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Figs 33 and 34 which predict that shrouded blades have a
slightly lower loss coefficient for most combinations of flow
angle but a significantly lower one for near impulse
conditions. For most blade rows the real advantage of using
shrouded blades comes from the ability to use more than one
tip seal.

9. ENDWALL LOSS

The term “endwall loss* will be used in preference to
"secondary loss" to describe all the loss arising on the annulus
walls both within and outside of the blade passage. This is the
most difficult loss component to understand and to predict-and
virtually all prediction methods are still based on correlations
of empirical data, often with very little underlying physics.
The flow patterns near the endwalls are determined by the
secondary flow whose strength depends mainly on the
thickness of the upstream boundary layer and on the amount of
turning in the blade row. They can be predicted approximately
by classical secondary flow theory, or nowadays, more
accurately, by numerical calculations. It is important to
realise that the secondary flow is an inviscid phenomenon that
does not by itself give rise to any entropy generation.
Conversely, secondary flow is caused by streamwise vorticity
which is itself a direct result of viscous shear on the
endwalls.

For turbines endwall loss is a major source of lost
efficiency contributing typically 1/3 of the total loss. It is
generally accepted that in order to explain observed turbine
efficiencies the entropy generation per unit surface area of
the endwall must be considerably greater than that on the
blade surfaces.

For compressors it is more difficult to separate endwall
loss from tip leakage loss and from losses due to flow
separation and some prediction methods make no distinction
between the two. The reduced turning of compressor bladés
tends to reduce the strength of the secondary flows but the
thicker endwall boundary layers increase the amount of fluid
involved. The fact that the flow is being decelerated makes
fluid near the endwalls of compressors prone to separate with
consequent major effects on the blockage factor and the
stalling point of the blade rows. Overail, the effects of
endwall flow and losses in compressors are probably even
more important than in turbines. Because of the major
differences between them the endwall loss of turbines and
compressors Wwill be considered separately.

9.1 __Endwall loss in_turbines

Dunham(1970) reviewed the available correfations for
furbines and compared them with cascade data. He found very
large discrepancies both between the correlations themselves
and between the correlations and the data. Based on this
survey Dunham & Came(1970) suggested an improved
correlation for use in turbines where, in order to predict the
correct overall efficiency, they found that it was necessary to
use an endwall loss several times greater than measured in
cascades. This correlation is still widely used, however, it
contains little physics and in fact predicts that the loss is
independent of blade solidity whilst simple physical
arguments would suggest that this is one of the most
important factors influencing endwall loss. More recent
correlations have been produced by Sharma & Butler (1986)
and by Gregory-Smith(1982). Both of these include some’
simple physical modelling of the flow processes and both base-
their loss predictions partly on simplified endwall boundary
layer calculations. Sharma & Butler suggest that the skin
friction on the endwalli needs to be increased considerably
above 2D values (in fact by a factor of about 5) to explain the
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observed loss whilst Gregory-Smith uses a conventional 2D
turbulent boundary layer calculation, with no increase in skin
friction, and includes an estimate of the secondary kinetic
energy as a loss..

The flow processes near the endwall of turbine cascades
have been intensively studied and there is an enormous
literature on the subject. The first detailed measurements of
the secondary flow processes in a turbine cascade were given
by Langston et al(1977) and more recently Sieverding(1984)
presented a comprehensive review of the flow processes in
cascades. Very detailed measurements of the endwall fiow
within turbine cascade passages have recently been publishe
by Walsh & Gregory-Smith(1989) and by Harrison(1989). As 8
result of this and much other work the flow processes near thé
endwalis of turbine cascades are well understood. Fig 35, from
Hodson & Dominy(1986) iliustrates some aspects of thls
complex flow and a brief description of it'is necessary if we
are to consider the loss producing mechanisms.

FLOW VISUALISATION ON THE ENDWALL AND SUCTION
SURFACE OF A TURBINE CASCADE.
FROM HODSON & DOMINY (1985)

FIG 35.
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The endwall boundary layer undergoes a 3D separation as®
it approaches the leading edge stagnation point, giving rise t&
the well known horseshoe vortex. The boundary layer fluid lsﬂ
funnelled between the two lift-off lines of this separation ( e91
lines S1,s and S1,p in Fig 35) and is driven towards the)
suction surface of the blade by the cross passage pressuré
gradient. The greater the blade turning and loading the soonel!’-
the endwall boundary layer fluid moves onto the suctio
surface. Once on the suction surface this fluid is driven up i’
(between lines S2,s and S4) by the secondary flow and
convected along it by the mainstream flow so that at the
trailing edge it appears as a region of high entropy fluid above
the suction surface endwall corner.

A new endwall boundary layer must grow downstream of
the separation lines, initially this is extremely thin and
probably taminar. It is subject to a strong cross stream
pressure gradient and to the "scouring effect" of the secondary



flow, both of which make the boundary layer highly three
dimensional and try to sweep it towards the suction surface.
As a result fluid is continually being removed from this
boundary layer and swept onto the suction surface so that the
new endwall boundary layer itseif stays thin. Harrison (1989)
gives detailed measurements of the development of this
boundary layer and finds that it remains laminar over much of
the endwall. The strong crossflow in the new boundary layer
induces a small corner vortex, rotating in the opposite sense
to the main passage vortex, in the endwall-suction surface
corner. Fig 36 shows results from traverses behind the
cascade of Fig 35 illustrating the loss concentration and the
secondary flow vortex. .
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Downstream of the trailing edge the high entropy fiuid
from the upstream boundary layer and the blade wake are both
distorted and convected by the passage vortex and gradually
mix out with the mainstream flow. In a turbine this mixing is
unlikely to be complete before the next blade row. The endwall
boundary layer is stil very thin at the trailing edge. In a
cascade, it continues to grow relatively undisturbed
downstream of the blade row and becomes more two-
dimensional as the passage vortex and the cross stream
pressure gradient decay. In a turbine the boundary layer will

have to cross the gap separating the stationary and rotating’

parts of the endwall and will then find itself adjacent to a
surface moving with a different velocity before it enters the
next blade row. As a result of this change of frame of
reference the endwall boundary layers entering all except the
first blade row in a turbine will be be skewed relative to the
mainstream flow. Hence cascade tests, which usually have a
comparatively thick collateral endwall boundary layer may not
be representative of conditions in a turbine.
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The direction of the boundary layer skew in a turbine is
such as to induce negative incidence onto the blade row and so
the direction of the relative inlet flow in the boundary layer
reinforces the secondary flow. This can also be thought of as
being due to the increased streamwise vorticity resulting from
the skew. Unless the inlet boundary tayer is very thick the
effects of the skew on blade loading are not large and so the
local negative incidence does not significantly reduce the
cross passage pressure gradient driving the secondary flow. _

The effects of skewing of the inlet boundary layer on the
fiow and loss have been examined by Bindon(1979), Boletis et
al (1983) and by Walsh et al(1989). All of them used cascades
with moving endwalls and found that the skewing had a large
effect on the secondary flow and loss. The latter in particul@r -
found that skewing in the direction found in a turbine greafly
increased the magnitude of the secondary flow and mcreaséd '
the loss by about 50% whilst skewing in the opposite senge
reduced both. The effects of skew clearly need to be included
in a realistic turbine prediction method but this is selddin
done.

We can now consider the effects of this complex flow én
the entropy generation in turbines. The first question that
comes to mind is whether the entropy generation per u@t
surface area of the endwalls can be estimated in the same way
as that on the blade surfaces by using a simple approximatien
to the dissipation factor, Cq4. As far as is known there are Bpo
published resuits for the dissipation in a boundary layer wifh
strong cross flow. Eqn A1.6 includes the dissipation due @0
cross flow but it cannot be integrated until the variation @f
the transverse shear stress through the boundary layer 1g\s
known. Harrison(1989) makes an estimate of the effects §f
skew on the dissipation. By using his measured velocity
profiles, which have up to 50° of skew, and assuming that tﬁe
distribution of turbulent viscosity is unchanged, he concludés
that the skew changes the dissipation by at most 10%. This 5‘5
only a tentative conclusion but it suggests that the dISSlpatl®
rate on the endwalls is unlikely to be greatly different from
that in a collateral boundary layer with the same Reg. Howev@
the state of the endwall boundary layer is a major unknown arRi
will have a very large effect on the dissipation coefficier.
The boundary layer entering the blade row is almost certain {o
be turbulent but that after the separation line is likely to li;e
laminar with a very low value of Reg, Harrison found that it
remained laminar over most of the region near to the pressu@
surface but became turbulent in the higher velocity region ne@r
to the suction surface.

If we make the gross assumption that the dlss1patuﬁ)
coefficient is constant over the whole endwall and obtain the
relative velocity from blade to biade calculations, we cah
integrate Eqn 39 to calculate the entropy production ratg
Harrison obtained an average dissipation coefficient of 000ﬂ~
on the endwall of his cascade in this way, ie rather less thagn
the value of 0.002 suggested in section 3 for use on the blade
surfaces. This is to be expected given that the boundary Iayqr
was partly laminar.

A rough idea of the magnitude of the dissipation on tH‘e
endwalls can be obtained by assuming that the relatlv}
velocity varies linearly across the pitch from the suctidh
surface to the pressure surface. If the endwall is not movirg
relative to the blades the entropy production rate can then e
integrated across the pitch to give

o 4 4
- Cd (Vs - Vo)
§ = 025 J'T (VeVp)

where x is the axial distance and w is the local suction to
pressure surface gap.

Denton (1990) gives estimates of this integral obtained
in a similar manner to the estimates of blade surface loss
presented in Fig 20. However, comparison of Eqns 50 and 4t
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shows that for the same value of C4 the average loss per unit
surface area on the endwall is predicted to be only about one
quarter of that on the blade surfaces. This is because the

dissipation varies as the cube of the velocity and only a small

area of the endwalls, adjacent to the suction surface, is

subject to high velocity levels similar to those on the suction:

surface. The ratio of the surface area of both endwalls to that
of the blade suction surface is approximately

Awali _ 2 g_x_ P 51
Asset = Ar C C

where A;is the blade aspect ratio based on true chord. Both
Cx/C and p/C are likely to be about 0.75 and so the ratio of
areas is of the same order as the reciprocal of the aspect
ratio. Hence Eqns 41 & 50 predict that at an aspect ratio of
unity the entropy generation on the endwalls within the blade
row would be only about 1/4 of that on the blade surfaces. In
fact at this aspect ratio the total endwall loss is usually
considered to be comparable to the blade surface loss. Hence,
even allowing for a slightly increased value of Cg due to the
skewing and low Reg it seems unlikely that entropy generation
in the boundary layer within the blade row can explain the
observed magnitude of turbine endwall loss.

The endwalls downstream of a turbine blade are subject
to the full blade exit velocity and so their entropy generation
rate per unit area will be comparable to the maximum value on
the suction surface. In a turbine these downstream endwalls
typically extend about 1/4 of an axial chord behind the blades
before the relative velocity between the fiow and the wall is
reduced by the change from stationary to rotating walls, or
vice-versa. Thus the entropy generation in this region is
comparable to that on the endwall within the blade row. This
is a significant loss component which can only be reduced by
minimising the area of endwall exposed to the full blade exit
flow velocity.

The endwalls upstream of a turbine blade are subject to
the relative inlet velocity which is usually significantly less
than the exit velocity. The axial extent of these walls is
unlikely to be more than about 1/4 of an axial chord and so the
entropy generated in the inlet boundary layers is usually much
less than that on the downstream endwalls. Hence it seems
that the total entropy generation in the endwall boundary
layers, upstream of, within, and downstream of the blade row
can only expiain about 2/3 of the observed endwall ioss.

There is a good dea! of evidence, summarised by Sharma
& Butler(1986), that the endwall loss generated within the
blade row, ie the total loss minus the loss present in the inlet
boundary layer, remains almost constant as the thickness of
the inlet boundary layer is changed. This implies that the loss
generated by the mixing out of the inlet boundary layer within
the blade row is small. On a one dimensional basis this mixing

takes place in an accelerating flow so the mixing loss should

be reduced. However, secondary flow and inlet skew produce
streamwise vorticity and streamwise acceleration amplifies
this and increases the kinetic energy associated with it. This
is often called secondary kinetic energy (s.k.e.} .

Kinetic energy is a relative quantity and so care is
needed in defining exactly what is meant by s.k.e. . It is usually
taken to be the kinetic energy associated with the velocity
component perpendicular to some primary flow direction but
exactly how this direction is defined is arbitrary. The
production of s.k.e. by secondary flow is an inviscid process
and so is not initially a loss. Classical secondary flow theory
(Hawthorne(1955)) predicts that there is a value of the ratio
of inlet boundary layer thickness to blade pitch that
maximises the s.k.e. but it is not known how well this applies
to real. flows with large disturbances. The s.k.e. also increases
with blade turning and with inlet boundary layer skew. Some of
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- completely uniform mixed out

the s.k.e. arises from the inviscid secondary flow induced by
the inlet boundary layer and some of it comes from the
secondary flow induced by the new endwall boundary fayer.
Comparison of results from viscous and inviscid calculations
suggests that most of the secondary flow is generated by the
inlet boundary layer and in fact viscous effects within the
blade row appear to slightly reduce its strength.

When the mean flow is accelerated the s.k.e. of a
streamwise vortex increases and it can be shown that in
inviscid flow the s.k.e. is proportional to the square of the
length of the vortex. It is known that dissipation within a
vortex core is very high and so the subsequent decay of thig
s.k.e leads to an increase in entropy. Hence vortex stretchig
provides a mechanism for the generation of high endwall
losses in highly accelerating blade rows. Some of th%
dissipation within the vortex core occurs within the blade rog/
and will be measured as a loss at the trailing edge. Howeveg,
the dissipation continues downstream of the blade row and31
is often assumed that all the s.k.e. of the vortex at the tra:lmg
edge is lost. Gregory-Smith’'s method of estimating the log
assumes this. The magnitude of the s.k.e. in cascades has be@
measured by many workers. Its value is typically in the range
0.2 - 0.50 of the endwall loss present at the trailing edge.

The flow downstream of a trailing edge has been studied
in detail by Moore & Adhye (1985) who found that the decay &f
s.k.e. as the flow progressed downstream from the traili
edge closely matched the increase in entropy. The mixing loss
downstream of a trailing edge can of course be calculated b@
applying the conservation equations between the trailing edge
flow and a completely uniform mixed out downstream flowg.
This is often done in presenting cascade results. However, §
completely uniform mixed out flow is not representative ¢f
what happens in a machine where spanwise variations in t
circumferentially averaged flow decay slowly and will
certainly remain at entry to the next blade row. They will b8
seen by this row as a spanwise variation in average inlet angtg
which will be refiected in the blade work. Hence they are not §
loss and cascade measurements which are based on 3
downstream flow wif}
overestimate the endwall loss. The pitchwise variations iR
flow decay more rapidly than the spanwise variations (a§
found by Moore & Adhye) and it is not obvious whether they caR
be used by a following blade row.

The interaction between a secondary flow vortex (or §
tip leakage vortex) and a downstream blade row is ag
extremely difficult problem which has not been wndelv,y
researched. Some results are available from Sharma of
al(1990) and from Binder(1985). These illustrate the
complexity of the unsteady flow but they tell us little abou’s
loss. The possibility of the highly dissipative process know%
as vortex breakdown occuring in turbomachines deserveg
investigation. g

To summarise the loss producing mechanisms associated
with a turbine endwall we may say that the total loss is @
combination of many factors. About 2/3 of it comes from
entropy generation in the annulus wall boundary layers withirt,
upstream of and downstream of the blade row. When turnegd
into a loss coefficient this will vary inversely with asped
ratio as illustrated by Egn 51. A further part comes fro
mixing loss of the inlet boundary layer which is amplified
the secondary flow and will give a loss coefficient
proportional to the ratio of inlet boundary layer thickness to
span but which is an unknown function of blade load and
turning. A third component is the loss associated with the
s.k.e. which is of the order of 14 of the total endwall loss.
This proportion will depend on inlet boundary layer thickness
and skew and on blade turning and blade loading but there are
no simple theories relating the loss to any of these factors.
The proportion of the s.k.e. that is lost is aiso not yet
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predictable. Other contributions to endwall loss may come
from local flow separations and from thickening and premature
transition of the blade surface boundary layers as a resuit of
the secondary flow. In all the situation is oo complex and too
dependent on details of the flow and geometry for simple
quantitative predictions to be made. The main hope in the near
future is that the loss can be quantified by 3D Navier-Stokes
solutions which aiready give good qualitative predictions of
the fiow.

9.2 Endwall loss in_compressors

The endwall flow in a compressor cascade has been- less
intensively studied than that in a turbine, possibly because the
flow in a cascade is less relevant to that in a real machine
than is the case for a turbine. The major differences between
the endwali flows in compressors and turbines are that the
blade turning is much less, the endwall boundary layers are
much thicker relative to the blade chord and the boundary
layers are being decelerated. The first two of these factors
tend to make the secondary flow less intense but the last
tends to amplify it. The endwail losses are, if anything, more
important in compressors than in turbines and Howell's (1945)
well known graph of the breakdown of losses in a typical axial
compressor shows about 2/3 of the loss due to “annulus loss”
and “secondary loss" at design conditions.

Cumpsty(1989) points out clearly that the endwail
boundary layers cannot be considered as conventional boundary
layers during their interaction with a blade row. The overall
thickness of the endwall boundary layer in a multistage
compressor is typically half the blade chord, hence the
pressure changes take place in a few boundary layer
thicknesses, which is very much more rapid than those
considered by conventional boundary tayer theory. This means
that viscous forces play relatively little part in the flow
behaviour which is likely to be more like that of an inviscid
shear layer than a boundary layer. If we assume that a
compressor blade has a collateral endwall boundary layer with
a free stream inlet velocity V¢ and an exit velocity V2, then on
a one dimensional, incompressible and inviscid basis, all the
fluid in the inlet boundary layer with a velocity less than

Vsep = ViV 1 - (V2/V1)2

must separate within the blade row. At a typical value of Va2 =
0.7 Vi this implies that all fluid with velocity less than about
30% of the inlet free stream velocity would separate. In
practice this fluid does not separate in the conventional two-
dimensional sense. As it decelerates, it become more
susceptible to the cross passage pressure gradient which is
driving the secondary flow so that before its meridional
velocity becomes zero it has acquired a component of velocity
towards the suction surface. On reaching the suction surface-
endwall corner this high entropy fiuid accumulates and is
further decelerated by the overall pressure rise to form the
large corner separation that is almost invariably seen in
compressor cascades. This separation is responsible for much
of the blockage observed in compressor blade rows. Its effects
may not be localised and it can interact with the suction
surface boundary layers to cause separation over much of the
blade span. Fig 37 (zero tip clearance case) shows an example
of such a separation in a compressor cascade.

The above behaviour applies directly to cascade flows
with collateral inlet boundary layers, however, in an actual
compressor the picture is altered by the effects of skewing
and of tip leakage. In a compressor the lower meridional
velocity in the annuius boundary layer causes positive
incidence onto the blades and so directs the relative velocity
of the boundary layer fiuid towards the pressure surface. In
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FIiG 37 LOSS CONTOURS NEAR THE ENDWALL OF A COMPRESSOR
CASCADE WITH AND WITHOUT TIP CLEARANCE.
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unshrouded blade rows the relative motion of the endw
within the blade passage enhances this effect. The increase §1
relative tangential velocity within the skewed boundary layer
may be greater than the deficit in meridional velocity so that
the endwall fiuid can have higher relative stagnation pressusg
than the mainstream flow. Both these factors act to oppose the
conventional secondary flow. For rotor tip sections, where tt@
blade turning is low, the effect of skewing is likely ®@
dominate and drive the endwall fluid towards the blado\ia
pressure surface. Here it will enter a region of favourable
pressure gradient and so may cause less harm than if theee
were no skew. For rotor hub and stator tip sections the blade
turning is greater and so the effects of secondary flow usual@
dominate those of skew and the endwall boundary layer ﬂu@
ends up on the suction surface-endwall corner where it i§
likely to cause separation.

The interaction between tip clearance and the endwa@
flow can have a dominant influence in compressors Wwith
unshrouded blade tips. The tip leakage flow directs a jet @
high velocity fluid from the pressure surface into the suctiop
surface-endwall corner where the high entropy iniet bounda
layer fluid tends to concentrate. This may succeed in res
energising the boundary layer fluid sufficiently to prevent the
corner separation with a consequent reduction of loss. Th§
interaction accounts for the observation that in somg
compressors there is an optimum tip clearance which give§
higher efficiency than either zero clearance or largey
clearances. This corresponds to the leakage flow being jus
sufficient to prevent the corner separation but not sufficierg
to generate a large tip leakage loss. This phenomenon has beéE
studied in detail in cascade by Storer(1891) some of whosg
results are shown in Fig 37 3

If compressor endwall boundary layers remain attached
the entropy generation per unit surface area of the endwal§
can be estimated from Eqn 50. In fact, because the Reg of the
endwall boundary layer is so large it is possible that the
dissipation per unit surface area may be somewhat less thaP
on the blades. Storer measured an endwall loss of about the
same magnitude as the profile loss on his compressor cascadg
with no tip clearance and infers a similar level when tip
clearance is present. However, if this were always the case
compressors would be much more efficient than they are in
practice.

The effects of endwall flow on the loss of compressor
blades are believed to be dominated by mixing and by the
promotion or suppression of separations. The mixing loss in
the endwall boundary layer will be increased because of the
diffusing flow and the very large increases of mixing loss,
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shown by Fig 11 at typical levels of compressor blade
diffusion, would correspond to the endwall boundary layer
separating. As described above this separation will be highly
three-dimensional and so cannot be predicted by the usual
diffusion factor arguments. Once a separation occurs it will
mix out partly within the blade passage and partly
downstream. Storer's resuits, Fig 37, show that the mixing is
far from compiete half a blade chord behind his cascade.

The inter blade row gap is so small in most axial
compressors that it is likely that much of the mixing takes
place in the unsteady environment of the downstream blade
row. Even for mixing within and immediately downstream of
the blade row there is no satisfactory theory to calculate the
entropy generated by the mixing out of a separation. When
mixing occurs in the downstream blade row the situation is
even less predictable.

There are comparatively few published methods of
predicting endwall losses in axial compressors. Howell(1945)
distinguished between annulus lfoss and secondary loss and
predicted each of them in terms of a drag coefficient.
However, the expression for annulus loss does not include the
surface area of the annulus and the secondary foss is based on
the induced drag of a wing tip vortex which, as previously
noted, is an inviscid phenomenon. Hence, although Howell's
method has been widely used for many years it cannot be said
to be related to the physics of the flow. Koch & Smith(1976)
use a method which is described in more detail by Smith
(1970). Their method is based on the concept of a repeating
stage for which one can use the definition of efficiency in the
form

an _ am  aTq

Y 53
where Tq is the blade row torque, to relate changes of
efficiency relative to a stage with no endwall loss to changes
of mass flow and to changes of blade tangential force. The
change of flow is found from the endwall boundary layer
displacement thickness, which is correlated against the ratio
of tip clearance to staggered gap, and the pressure rise as a
fraction of maximum pressure rise. The change of torque is
found from the tangential force defect in the tip region which
is correlated as a function of the displacement thickness and
pressure rise. Equation 53 is thereby effectively a vehicle for
correlating the annulus boundary layer displacement thickness
and tangential force deficit thickness. The method is useful in
including the effects of tip clearance, endwall loss and
blockage in a single method and it includes some of the physics
of the endwall flow. However, it cannot pretend to allow for
the complexities of the real flow and so can only be used
reliably when experimental data on similar designs is
available.

Several methods which calculate the annulus boundary
layer displacement thickness via a 2D boundary layer
calculation along the whole endwall of a compressor have been
published, eg de Ruyck & Hirsch(1983). These use conventional
boundary layer theory and in view of what has been said about
endwall boundary layer behaviour in compressors this must be
regarded as dubious. However, they also include considerable
empiricism, including correlations for the tangential force
defect, and so are able to give reasonable predictions.

Despite these criticisms of current compressor endwall
loss prediction methods the author cannot offer any
alternatives which will be generally valid. The flows are so
complex and depend so much on the details of the geometry and
of the incoming boundary layers that it is hard to believe that
anything other than 3D Navier-Stokes calculations can give
general results. Hopefully an understanding of the loss
mechanisms will bring about improvements in design but at
present these can only be quantified by experiment.
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10. APPLICATION TO RADIAL FLOW MACHINES

Most of discussion so far has been in the context of axial
flow turbomachines. Many of the ideas presented are directly
applicable to radial flow turbines and compressors but there
are significant differences in the relative importance of the
various loss mechanisms. These will be discussed in this
section.

Both radial inflow turbines and centrifugal compressors
typically have a stage loading coefficient, Aho/Uyjp2 around
unity, where Ugjp is the maximum blade speed. This means that
for both types of machine the change in Vg is comparable to§
Utip. The major difference from axial flow machines arisess
because the blade speed U varies considerably through theE’;DL
rotor. This causes the change of relative velocity through the:
rotor to be less than that in an axial flow machine with the§
same Uip and Aho. Hence, in a centrifugal compressor we cang
produce the same enthalpy rise with less diffusion of thes
relative flow in the rotor, and in a radial inflow turbine we3
can produce the same enthalpy drop with less accelerationé
than in a comparable axial machines. However, in both casess
the change in absolute velocity through the stators i
comparable to that in an axial flow machine with the samez
enthalpy change. ;

The lower change in relative velocity through the rotor is§
particularly advantageous for compressors since it is the‘g"
diffusion of the relative velocity that brings about boundary3
layer growth and separation. Hence centrifugal compressorss
can obtain much higher pressure ratios for the same rotorg
diffusion factor than can axial compressors. In effect most ofg
the pressure rise is being balanced by the centrifugal forcel
field rather than by deceleration of the relative velocity. In'cj,’l
radial inflow turbines the reduced change in relative velocitys
means that higher pressure ratios can be obtained beforel
choking, and without the losses associated with transonic
flow, than is possible in axial turbines.

As regards entropy generation; in both types of machinel
the average relative velocity through the rotor will be lessé
than that in an axial flow machine with the same Uip and AhoY
whilst that through the stator will be comparable to that ins
the axial flow machine. On this basis one would expect radiaid
flow machines to be more efficient than comparable axial ﬂowg
machines whilst in practice they are generally accepted to bey
slightly less efficient. The discrepancy is probably due to the§
more complex geometry inherent in the change of ﬂow’é
direction from axial to radial and vice-versa. This involves a;
90° bend which causes stronger secondary flows than in mostg
axial machines and also a decrease of blade span with radiusy
which means that radial flow machines are usually otf-,:
telatively low effective aspect ratio. In comparing them with}
axial machines we should choose machines of comparabley
aspect ratio (or specific speed) and on this basis theirg
efficiency is not obviously lower.
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10.1 Radial inflow turbin
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Radial inflow turbines usually have stator blades located®
in a flow where the meridional velocity is radially inwardss
although in small turbochargers a vaneless volute may be used?
to accelerate the fiow. The flow through the stator blades is®
highly accelerating and, because of the decrease in radius the
blade throat is close to, or even behind, the trailing edge.
Hence blades can be designed with little or no suction surface
diffusion. This means that the boundary layers on the stator
may be largely, or even completely, laminar and so very low
jevels of loss can be achieved. In fact most of the two
dimensional loss may arise from the trailing edge which
should therefore be kept thin relative to the blade throat. The



endwall loss per unit surface area should also be small but the
aspect ratio is usually low and so the total endwall loss may
be significant.

his stator blade. Both of these are very low relative to
comparable values for an axial flow turbine.

The annulus boundaries in the gap between stator and
rotor are subject to the highest relative velocity in the
machine and so this gap should be kept as small as is possible,
subject to mechanical constraints. The velocity relative to
the rotor is low at entry, but if the rotor is unshrouded, that
relative to the casing continues to be high until well into the
rotor passage. This will generate large amounts of entropy on
the casing which will be transported towards the casing-
suction surface corner by both the relative motion of the
casing and by the secondary flow. Shrouded rotors should
generate less loss in this region. Further into the blade
passage the curvature of the radial-axial bend generates low
pressures on the casing which drive the blade surface boundary
fayers towards the casing. Hence most of the high entropy fluid
ends up in the suction surface-casing (or shroud) corner where,
in unshrouded rotors, it mixes with the tip leakage flow.

The entropy generation on the blade surfaces will
increase rapidly as the relative velocily increases towards the
blade exit. For a shrouded blade the ioss on the shroud will
increase similarly but for an unshrouded blade the casing loss
will decrease as the velocity of the flow relative to the casing
reduces. Hence, from the point of view of efficiency, it would
be most beneficial to have a partly shrouded blade with a
shroud only over the upstream part of the bladed passage.

For unshrouded blades tip leakage loss is likely to be
more important than in an comparable axial flow machine
because the low aspect ratio means that the ratio of leakage
flow area to blade throat area is large. However, the relative
motion of the thick casing boundary layer and blade tip will
generate a scraping effect that will oppose the leakage. For
shrouded blades the leakage should be very small because of
the radial pressure gradient set up in the swirling leakage
flow. In this case the windage loss of the shroud may be more
significant than the loss due to tip leakage.

Trailing edge loss will be significant for many radial
flow turbines which, because of stressing problems, tend to
have very thick trailing edges, especially near the hub where
the blockage may approach 50%. Thus, although the rotor
relative exit velocity is lower than in a comparable axial
machine the trailing edge loss may be greater. The spanwise
pressure gradient resulting from the meridional curvature of
the streamlines at the trailing edge is likely to produce
considerable spanwise flow in the base region. The effect of
this on the base pressure and trailing edge loss is not known.

Fig 38 shows contours of relative stagnation pressure
measured downstream of the rotor of Huntsman's unshrouded
radial inflow turbine. The accumulation of high entropy (low
energy) fluid on the blade suction surface towards the tip can
be seen, as can that in the tip leakage/scraping vortex. This
turbine, which was designed using 3D calculation methods, has
an efficiency of about 93 %, comparable to that of a good axial
flow machine.

1 ntrif mpr 1

Centrifugal compressors usually have axial inlet flow
and radial outflow. The velocity of flow relative to the rotor is
greatest near the tip at inlet, where it may be supersonic for
high pressure ratio machines. Because the blade turning is
much larger than in transonic axial compressors supersonic
inflow can lead to very high Mach numbers and strong shocks
within the inducer if it is not designed very carefully. The
relative velocity decreases through the rotor and is usually
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Huntsman(1992) measured a profile loss
coefficient of 1.2% and an overall loss coefficient of 3.3% for:

G 238 CONTOURS OF RELATIVE STAGNATION PRESSURE AT EXIT
FROM A RADIAL INFLOW TURBINE (FROM HUNTSMAN(1992)).
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comparatively modest at rotor exit. High pressure rati§
compressors produce a large increase in density within thé‘
impeller so the meridional flow area must decrease, and thé
blade height decrease even more, to accommodate this. Theg
effective aspect ratio, ie the mean blade height divided by the
meridional chord, is of order 13 for many centrifuga)
impellers, this is much lower than in most axial flmg
compressors and this should be borne in mind when companng
the two..

The flow within the impeller is now well understood. and
is always highly three dimensional. The axial to radial ben&
induces strong secondary flows convecting the blade sudacg
boundary layers towards the casing. Simiarly the bladg
loading induces secondary flows convecting the hub and casm§
boundary layers towards the suction surface. In unshrouded
impellers the latter is opposed by the relative motion of thg
casing. The net result is usually that a large concentration of
high entropy fluid collects in the vicinity of the casmgg
suction surface corner and it is this that forms the well knows
jet-wake structure at the exit of the impeller. Fig 39 show&
results from a numerical calculation predicting the growth
this wake through a shrouded impelier.

In unshrouded impellers the velocity of the flow relativ%
to the casing is comparatively low at inlet and increaseg
towards impeller exit where it becomes larger than thg
maximum blade surface relative velocity. Consequently the
entropy generation on the casing of unshrouded blades is Iargg
whilst that on the rotating hub is much less. For shroudeg
blades the velocity relative to the shroud is alway;g
comparable to that relative to the blade surfaces and sg
decreases towards impeller exit. Hence, from the point of vue\g
of efficiency it would be preferable to have a shroud over thg
rear part of the impeller but to leave it unshrouded at inlet. ?

Despite these regions of high loss the efficiency of thg
impelier alone is usually very high because the relativg
velocities are low compared to the enthalpy rise. Moore &
Moore(1980) quote an impeller efficiency of 95.4% for
Eckardt's low pressure ratio centrifugal impeller. The overall
machine efficiency is much less than this because most of the
entropy increase takes place downstream of the impeller.

tmmediately downstream of the impeller there is usually
a short vaneless space. The wake from the impelier starts to
mix out in this space and the associated mixing loss can be
calculated by applying the conservation equations, provided
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FIG 39. GROWTH OF THE WAKE THROUGH THE IMPELLEROF A

CENTRIFUGAL COMPRESSOR. CONTOURS OF ENTROPY.

that the size and depth of the wake at the impeller exit are
known. These may be obtained from either correlations or from
numerical calculations. The methods available for this mixing
calculation are reviewed by Cumpsty (1989) who concludes
that the effect of the mixing loss on the overall efficiency is
usually small. Since the swirl component of velocity leaving
the impeller is much greater than the radial component most
of the mixing loss arises from the difference in swirl velocity
between the wake and the main flow. In practice it is unlikely
that the mixing is complete before the flow enters the
diffuser blades thus making the flow into them highly
unsteady.

The flow leaving the impeller has a high velocity relative
to both the hub and the casing, in fact this is the highest
relative velocity anywhere in the machine and entropy
generation on the walls of the vaneless space will be
extremely high. Moore & Moore(1980) found that more than half
the entropy rise in Eckardt's compressor occurred in the
vaneless diffuser. Fig 40 shows numerical predictions of
entropy growth on and downstream of a shrouded impeller
illustrating the high loss on the shroud at rotor inlet and
especially on the walls of the vaneless space. This resuit
implies that for machines with vaned diffusers the length of

the vaneless space should be kept as short as possible and:

there is a strong case for having rotating walls in this region
if practicable.

There is a large radial pressure gradient in the vaneless
space which arises mainly from the centripetal acceleration of
the highly swirling flow. Because the meridional velocity is
much less than the swirl velocity (the swirl angle is typically
_70°), this pressure gradient has a disproportional effect on the
‘radial velocity, tending to make it reverse near the endwalis.
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CALCULATED LOSS GENERATION IN A CENTRIFUGAL

FIG 40.
COMPRESSOR. CONTOURS OF PITCHWISE AVERAGED ENTROPY.

Numerica! calculations predict this separation to be very
prevalent (eg Krain et al(1989)) but aithough it has been
measured (Inoue & Cumpsty(1984)) the effect does not seem to
be as common as predicted. This must be because the mixing
processes are more intense than are predicted by numerical
solutions, which implies enhanced dissipation in the vaneless
space. This effect is especially important for machines with
vaneless diffusers.

The concept of entropy generation per unit surface area
provides a particularly simple method for estimating the
losses in the vaneless space. Simple analysis gives a loss
coefficient, based on loca! velocity, of

4 Cgq Ar
¢ = h cos a

where h is the passage height, Ar is the radius change and «
is the swirl angle. This is the same result as obtained from the
conventional analysis using skin friction if Cq = 0.5 Ci. Eqn 54
explains why the loss increases with the swirl angle as is
observed in practice. The value of C4 must be found
experimentally and is likely to be larger than is usual in 2D
boundary layers because of the highly 3D nature of the flow.

The stator or diffuser blades have the most difficult
task in a centrifugal compressor. The pressure rise in the
impeller can be produced without excessive diffusion but the
diffuser blades must produce a comparable pressure rise by
diffusion alone. This is made more difficult by the fact that
the flow entering them is non-uniform, unsteady and possibly
transonic. Some of the pressure rise occurs in the semi-
vaneless space before the throat of the diffuser and the
entropy generation here must be a continuation of the high
level in the vaneless space itself.

The leading edge of the diffuser blades is invariably thin
and this makes the effects of incidence very important. The
velocity at the throat of the diffuser can be estimated from
the mass flow rate and the stagnation conditions at its entry.
At low flow rates this velocity will be much iess than the
flow velocity approaching the diffuser, the flow must then
separate at the leading edge so that the resulling separation
partly blocks the throat and increases the throat velocity. This
is a separation in a relatively high speed part of the flow and
will create a large mixing loss. in transonic flow there wiil
also be shock losses in this region. Morishita(1982) found that
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intense turbulent viscous dissipation occurred in the vicinity
of his subsonic leading edge but that once inside the diffuser
passage the flow was comparatively well ordered. He
estimated that, even at design conditions, the entropy
generation around the diffuser leading edge was the major
cause of lost efficiency in the whole machine. Conversely, at
high flow rates the flow must accelerate into the diffuser
throat, possibly causing choking but certainly increasing the
losses in the diffusion downstream of the throat.

The flow downstream of the diffuser throat is like that
in a conventional two-dimensional diffuser with entropy
generation in the boundary layers being greatest in the high
velocity region near the throat. However, the major source of
entropy is likely to come from separation and the subsequent
mixing of the boundary layers towards the exit of the diffuser.
If the separation does not have time to mix out within the
diffuser passage it will increase the kinetic energy of the
flow leaving the diffuser. This kinetic energy may be either
dissipated by discharging directly into a plenum or it may be
partly recovered in a volute.

11. OTHER SOURCES OF LOSS

There are numerous other sources of loss in
turbomachines most of them are small in most applications
but can become significant in special cases. The most
important of these will be discussed briefly in this section.
More details of all but those due to unsteady effects can be
found in chapter 8 of Glassman{1973).

111 L ns flow

The fact that wakes, vortices and separations from one
blade row often mix out in the downstream blade row has been
mentioned several times in this paper. As they convect through
the downstream row their pressure and velocity change
continually so that they mix out in an unsteady environment,
quite different to that modelled in cascade tests. For a wake
the effect of this on the dissipation can be thought of
qualitatively in terms of the effect on the velocity difference
between the centre of the wake and the mainstream.

A 2D wake can be thought of a being contained between
two vortex sheets (Smith 1966), this is illustrated in Fig 41a.
The velocity difference between the centre of the wake and the
mainstream determines the strength of the sheets. Neglecting
viscosity, as the wake convects the circulation in the vortex
sheets bounding a fixed quantity of fluid must remain constant
(by Kelvin's theorem) and so if the wake is stretched the
velocity difference between its centreline and the mainstream
is decreased. Conversely, the velocity difference is amplified
if the wake is compressed. This is compatible with the resuits
presented in section 4 for the effect of acceleration and
deceleration on wake mixing loss. The convection of a wake
through a blade row can now be calculated and typical results
are shown in Fig 41b(He,1992). These show that the wake
becomes highly distorted and stretched because the part
adjacent to the suction surface convects more rapidly than
that adjacent to the pressure surface. The velocity deficit of
the centre of the wake is reduced by this inviscid effect as it
also is by viscous effects. The implication is that the
dissipation in the wake will be reduced by mixing in a
downstream blade row relative to that when mixing in a
uniform flow. Since the mixing loss of a wake is comparatively
small and most of the mixing takes place very close to the
trailing edge this is probably not a very important effect. The
same argument can be applied to a flow separation which is in
effect only a large wake, however, the mixing loss of a
separation can be large and so any reduction may be
significant.
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FIG41a  THE WAKE AS A VORTEX

FIG 41 b THE CONVECTION OF A WAKE THROUGH A BLADE ROW.
CONTOURS OF ENTROPY.

A vortex from one blade row will be convected through a
downstream blade row very much like a wake but the
implications for loss are very different. Kelvin's theorem tells
us that the circulation around a stream tube remains constant
and so if the diameter of the tube is reduced by stretching the
streamwise vorticity is amplified. When a vortex is stretched
or compressed longitudinally it can be shown that its
secondary kinetic energy will vary as the square of its length.
Hence stretching a vortex will greatly amplify its secondary
kinetic energy and when this is subsequently dissipated by
viscous effects it will increase the loss. The magnitude of this
effect is not known but if, as discussed in section 9.1, the
kinetic energy of secondary flow vortices is significant, it
could have important implications. Tip leakage vortices will be
similarly affected.

Because the entropy increase in a shock wave is such a
non-linear function of the pre-shock Mach number, Eqn 31, any
periodic motion of the shock will generate increased loss.

‘Effectively the increase in entropy generation when the shock

is moving forward will be greater than the reduction when it

‘is moving backwards. Ng & Epstein(1984) found evidence of

high frequency fluctuations in the loss of two transonic
compressors and attributed it to oscillation of the shock
position. They found that only a very small motion of the shock
(0.3 mm) was needed to explain their results but the resuiting
loss of compressor efficiency was only 0.15%. It is not known
how general this result is, but larger shock amplitudes with
consequently larger increases in loss appear quite plausible.
Similar mechanisms certainly occur in turbines when the
trailing edge shock system from a stator interacts with the
downstream rotor but no estimates of their magnitude are

Other means in which unsteady flow can affect entropy
generation are through dissipation of the spanwise vorticity
shed from a trailing edge as a result of changes in blade
circulation, ie changing lift, and the presence of unsteady
velocity profiles in the boundary layer due to wake passage.
Both of these mechanisms have been examined by Fritsch &
Giles(1992) who found that both have only a small effect on
loss. The former was estimated to give at most 0.3% loss of
efficiency for a turbine stage whilst the latter caused only a
0.09% loss.
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The effects of unsteady boundary layer transition on the
loss can be important, especially if the Reynolds number is in
the transitional range. The large body of work on this topic is
discussed by Mayle (1991).

11,2 Pardtial admission loss

Partial admission is used mainly in steam turbines as a
means of varying the mass flow and hence the power output.
Fiow is only admitted to a segment of the first stator blades
and leaves them as a jet occupying only part of the annulus. -
However, the full annulus area is available to the flow through
the following rotor. Traditionally the first stage is of impuise
design so that there is little circumferential pressure gradient.
after the stators and so little tendency for the jet leaving
them to expand in the circumferential direction. The rotor
blade passages well within this jet should behave as in a full
annulus but the passages entering and leaving the jet are in an’
unsteady flow and will suffer additional losses. In both cases
this may be regarded as a mixing loss between the jet and the
surrounding stagnant fluid, similar to the mixing of a wake
discussed in the previous section. However, in this case the
*wake" is no longer small and will have a considerable effect
on the blade loading and hence on the distortion of the
interface between the jet and the nearly stagnant fluid. The
flow pattern and losses can only really be predicted by an
unsteady viscous calculation. What littie is known about the’
magnitude of this effect is reviewed in Roelke(1973).

if the partial admission stage is followed by other fuli
admission stages there must be a rapid circumferential
redistribution of flow as it enters the second stator row. This
is because there is a substantial pressure drop across stator
passages which pass the full flow but littie pressure drop
across passages with low flow. Hence, it the static pressure is
uniform at the second stator exit, there must be a strong
circumferential pressure gradient at its entry. This can only be
produced by a large curvature of the jet boundary in the blade
to blade plane. The changes in flow direction near the jet
boundary will lead to large circumferential variations of
incidence onto the second stator and so will certainly induce
additional losses. The author knows of no published
information on this effect nor on how many such stages are
needed for the flow to become circumferentially uniform.

In addition to the mixing loss at the boundaries of the jet
there will be extra windage loss as the rotor blades move
through the region with no throughfiow. Here they will behave
rather like the blades of a centrifugal compressor and will set
up a complex recirculating flow which will certainly generate
significant amounts of entropy and will directly reduce the
shaft torque. Results quoted by Roelke suggest that this
pumping loss exceeds the mixing loss at small arcs of
admission.

11.3 _Windage loss_and disc _cooling flows

This is the loss due to viscous friction on all parts of the
machine other than the blade and annulus boundaries, where it
has already been accounted for. It is usually considered only in
terms of the viscous torque on rotating discs and hence is
often called disc friction loss. However, the idea of entropy
creation shows that entropy is produced wherever fluid is
moving relative to a solid boundary and this entropy must find
its way into the flow and be present at machine exit. The
views of the effect of windage in terms of lost torque and of
entropy creation are entirely compatible since the lost power
due to frictional torque is given by

AW = QITI dA

where the integral is over all rotating surfaces.
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And the total entropy creation is

T AV
S=IT dA 56

where AV is the velocity difference across which the shear
stress T acts. In the case of the gap between stationary and
rotating faces AV = Qr and so the two expressions predict the
same loss of output. However, the entropy creation concept
shows that loss does not only occur on rotating surfaces but on
any surface exposed to the flow. It also shows that there is
some reheat effect on the windage loss since the loss of
machine output is given by

. T AV
Towt S = Tout T

AW = dA 57

so that the lost work is reduced if the windage takes place at
high temperatures. Physically this can be thought of as the

frictional effects generating heat which re-enters the fiow f

and so increases the work output or input of any downstream
stages. The view of windage loss in terms of lost torque does
not account for this reheat effect.

Formulae for estimating the windage loss are given by
Roelke(1973). These are effectively obtained by applying a skin
friction factor to all rotating surfaces with the coefficient
being a function of Reynolds number as shown in Fig 42. The
coefficient plotted in Fig 42 is the moment coefficient
which is related to the skin friction factor Ct by Cs= 0.398 Cm.
However, these friction factors were generally obtained from
tests on smooth discs rotating in smooth chambers, they can
be considerably increased by surface protuberances such as
bolts or webs. The entropy generation concept shows that
these are equally undesirable on stationary and rotating
surfaces.
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FIG 42. MOMENT COEFFICIENT FOR FRICTIONAL TORQUE ON ROTATING
DISKS. FROM ROELKE(1973)

A simple estimate of the ratio of the power lost py
windage to usefut power, assuming an axial flow machine with
a two sided disc, is given by

AW
W= 0.1

G by 1 58
oy hp 1+ 4 hp/Dg

where Ciis the skin friction factor, Dg is the hub diameter of
the disc, hp is the height of the blades and ¢ and y are the
stage flow and loading coefficients based on the mean b_lade
speed. Fig 42 shows that the value of Ci (= 0.398 Cm) is of

Cm :
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order 0.002 . Hence Eqn 58 shows that the fraction of lost
power is very small for most machines, being most significant
for those with short blades and low flow and
coefficients.
estimate and the loss can be much greater if the discs are not
smooth.

In some gas turbines cooling flows are introduced into
the disc cavity to cool the disc. These flows subsequently
enter the mainstream through the slot. in the hub separating
stator and rotor. Roelke states that such cooling flows enter
the mainstream with a swirl velocity about 0.45 times the

rotational speed of the hub and suggests that the extra torque .

needed to provide this angular momentum is simply added to
the windage torque with no flow. This simple approach
assumes that the cooling flow only affects the shear stress
and entropy generation within the cavity sufficiently to
provide its own -change of angular momentum. This seems
unlikely to be true, with no flow the shear stress must extend
across the whole gap whiist a cooling flow is likely to make
the shear layers behave more like boundary layers, which will
be thinner and have higher rates of entropy generation. Chew &
Vaughan(1988) present numerical predictions of the effect of
cooling flows on the windage torque which show agreement
with Roelke's approach at low flow rates but show the torque
becoming constant at about 1.7 times the zero fiow value at
high cooling flow rates.

The above discussion considers the effect of disc cooling
flows on loss solely in terms of the entropy generation within
the disc cavity. However, extra loss wiil occur when the
cooling flow is injected into the main stream. Here the mixing
process will be exactly like that of the leakage flow over a
shroud, as discussed in section 8 and in Appendix 5. Most of the
entropy generation will be due to the difference in swirl
velocity between the flow leaving the cavity and the main
flow. This velocity difference should be minimised by pre-
swirling the cooling flow when possible.

11.4 ing wir . -span_shr

These are used in both turbines and compressors to
control the vibration of long blades. In their simplest form
they consist of a circular rod (a lacing wire) joining adjacent
biades whilst more sophisticated versions replace the rod by
an aerofoil section which may be aligned to the local
meridional flow direction. For convenience both types will be
referred to as struts.

The flow over such a strut is complex. Because of the
blade loading there will be a gradient of static pressure aiong
its span and this will generate secondary fiows on the strut
very much like those on the endwalls. Traverses behind such
struts show secondary vortices and loss concentrations near
the intersection with the blade suction surface. If the strut
has a blunt trailing edge, like a lacing wire, then the separated
flow in its wake is also subject to this pressure gradient and
the low energy fluid in the wake will move onto the blade
suction surface where it will merge with the loss in the
secondary vortex. Hence, the drag and entropy generation will
not be the same as for the same cross section of strut in a
uniform flow. In fact the entropy generation is likely to be
increased in the same way as that on endwalls was found to be
greater than on blade surfaces.

The loss of such struts is usually obtained in terms of
their drag which, in a uniform flow, can be turned into an
entropy tise by using Eqn 7 in the form

D
Tas = o Al 59
where D is the total drag force acting in the direction of the
streamlines and A is the total flow area projected in that
direction. However, the actual strut is not in a uniform flow,
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loading °
It should be emphasised that this is a minimum’

- dimensional,

the local velocity varies considerably from suction surface to
pressure surface and from its leading edge to trailing edge.
There will also generally be a pitchwise component of velocity
making the strut analogous to a swept wing. Hence neither
estimation of the drag nor application of Egqn 59 is
straightforward.

If Cq is the drag coefficient of the strut based on its
frontal area Ag j i i i ion and on
an average relative flow velocity Vavg, then the loss
coefficient based on Vavg is

c _ T AS o Cd As _ Cd Ams 60

- 0.5 Vavgz - Af - Amf g

H

where Ams and Ang are the meridional projections of the_

areas. Given that Cqis of order unity for circular wires and ofg
order 0.1 for aerofoils the advantage of. using streamlmed*
struts is apparent. >

Koch & Smith(1976) present a method for compressorg
blades based on this concept. The drag of the strut |sm
estimated by treating it as a swept aerofoil at the averagem
relative Mach number and by also inciuding a term for theu:
interference drag generated at the junction of the strut and8
the blade surfaces. They find that the drag must be mcreasedm
by a factor of 1.8 above the value calculated for an aerofoil tog
obtain agreement with the measured loss of struts oni
compressor blades. 3

The entropy generation concept provides an alternatlve°
method of estimating the loss due to the boundary layers ono
streamlined struts. The strut surface velocity distribution canﬁ
only be obtained accurately from a 3D calculation but it may be8
estimated from the blade surface velocity distribution andrl
used in Eqn 41 to estimate the total entropy generation. Thls‘Q
approach shows the importance of locating the strut in aa
region where its relative velocity is as low as possible, |eO
towards the trailing edge of compressor blades or towards the@
leading edge of turbine blades. If the strut is not streamluned‘“’
and so has a large separated region behind the trailing edge,$
then the base pressure term in Eqn 26 is likely to be the3
dominant source of entropy. The base pressure coefficient will§
be particularly difficult to estimate because of the non-3
uniform flow.

NCLUSION

It must be clear by now that there are many details of
loss generation in turbomachines where our understanding isg
still very weak. The author believes that our understandmga
will be improved by thinking of loss in terms of entropyo
generation and one of the objectives of this paper has been too
encourage this way of thinking. m

There are a few sources of loss where we can say thatm
we understand the mechanism clearly and can accuratelyv
quantify the rate of entropy generation. Flow in attached, two-g
fully turbulent or fully laminar boundary layers,g2
where numerical calculation methods should be very accurate,®
is an example of this. However, even for the stralghtforwardi
problem of calculating the loss of a two-dimensional cascade?
the author maintains that an a-priori prediction, using the best@
available methods, is unlikely to be accurate to better than"’
about +/.. 20%. Twenty years ago (Denton 1973) he gave anS
estimate of +/. 10% ! This is because he now realises the
difficulty of predicting boundary layer transition, separation
bubbles and base pressure coefficients.

For other sources of loss we understand the mechanism
but cannot accurately quantify the entropy production without
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"making considerable use of empirical data. Tip leakage loss,

subsonic trailing edge loss and loss due to blade surface
separations all fall into this category. In such cases we may be
able to identify good and bad features of the flow and modify



our designs accordingly even though we cannot quantify the
improvement before testing them. In this situation the ability
to test modifications quickly and cheaply and to relate the
results to the physics of the flow, is very important.

There are still some major loss sources for which we do
not yet fully understand the mechanisms. Endwall loss,
transonic trailing edge loss and loss due to mixing in a
downstream blade row all fall into this category. in such cases
predictions must use empirical correlations which may not
even be based on the correct physics. It is important that when
using these correlations we recognise their limitations and do
not develop a false sense of security if they happen to give the
correct answer. This is especially dangerous when correlations
are “verified® against the same data that were used to
generate their empirical constants. For this type of loss we
must strive to obtain a better understanding of the
mechanisms involved so that we can at least make qualitative
improvements to our designs.

In computing flows through turbomachines the author has
continually been struck by the ability of soundly based but
grossly oversimplified models to give realistic predictions of
the flow pattern and loss. The reason for this is that many
flows are dominated by the conservation of mass, energy and
momentum and not by detailed viscous effects. The power of
the conservation equations should never be underestimated and
flow models that do not satisfy these equations are doomed to
failure.

Finally, we should never be afraid to admit our lack of
understanding of complex entropy generating mechanisms or to
address fundamental questions. We are most likely to make
progress when we know our limitations and continually strive
to reduce them.
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APPENDIX 1 ENTROPY PRODUCTION IN ABOUNDARY LAYER

Consider the fiow along a stream tube in the boundary
layer with the x direction aligned with the stream tube and the

y direction being perpendicular to it. Hence vy and Vz ‘are both
zero at the location considered

Y
Boundary
fayer
X
Vx =% ———————"’—Tw—gm —W
Tyx

[AAEATAAA R IR R ER NN SR R R R RSN

FIG A1.1

For thin boundary layers the stream tube can be assumed to be
very closely aligned with the surface so the x and y directions
are effectively perpendicular and parallel to the surface
respectively.

The second law applied along the stream tube gives

ds _ dh 19dP _ dho . dVx 1dP
de'-‘dx'pd "dx'vxdx'pdx A1
Let Fx be the viscous force acting per unit mass of fluid in
the x direction. The momentum equation in the x direction is
then
1dP dVy
- Fx - o dx = Vx Gx A12

Combining A1.1 and A1.2 gives

ds _ dho

dx = ax - Fx A13

This is a well known result which shows that if hg is constant,
as it often is in adiabatic flow, entropy is created by any
frictional force acting along the streamline in the direction
opposing the flow.

Now consider unit mass of fluid moving along the

streamline from a Lagrangian point of view. The energy
equation for the unit mass is:
D D 1 1 9P
Ly2 _ . p—= (X LA
Dt(e+2V ) = PDt(p)+Vx(Fx 0 x)
1 aVyx aVz 1 99
+= ltyx — + 1 - -- = A14
P (yx 3y yz By) p 3y
where e is the specific internal energy (e = CyT), q is the heat

flow per unit area in the y direction and TyX and tyz are the
viscous shear stresses. Viscous normal stresses and heat
flow in the x and z direction are ignored.

D _, 2
For steady flow Dt = VX3x
and so At1.4 becomes
doho 1 aVx 3Vzy 149 A
dho _ 1 IVx ~z) 14 15
Vx 9% =Fx Vx + o (tyx 3y + tyz ay) p oy
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Combining A1.3 and A1.5 to eliminate hg leads to

% _1(  ax
VxTax =5 (‘ryx 3y

If AA is the cross sectional area of the stream tube
constant along it, so

aVz 199
Tty ay) T poy

pVxAA =

2 x| avz  aa
TaX (p VxsAA) = AA (tyx 3y + Tyz 3y - ay)

If we consider unit depth in the z direction AA = dy and so
integrating through the boundary layer , thickness &, gives
o 3
El 1
J’ ‘a_x(p Vx s)dy = J‘?(‘tyx dVyx + tyz dVz - dq)
o o
If we now assume an adiabatic surface q = 0 both at the
surface and at the edge of the boundary layer, where the
entropy is S5, we end up with
3 3
4 v d = L dav dv A16
ax [0 vx(ssmay ) =[5 (cyx avx+ yz0v2) .
[ o
for the rate of change of entropy flux of the flow per unit
depth in the z direction.
For a two dimensional boundary layer tyz is zero (no
skew) and so the result simplifies to
S d

ox [oVvx@sney) = [Feav
o o

A7

The LHS of this equation is the rate of change of entropy flux
per unit depth of the flow and so the RHS may be thought of as
giving the rate of entropy creation per unit surface area by
viscous effects within the boundary layer.

ENTROPY PRODUGCTION DUE TO MIXING OF TWO
STREAMS

APPENDIX 2

Consider two streams of perfect gas mixing in a constant
area duct as sketched in Fig A2.1. The inlet stagnation
pressure and stagnation temperature of both streams is
supposed to be specified as are the areas Ay and Az of the
supply ducts. it is assumed that the two streams meet at plane
C where they both have a common and uniform static pressure
Pc. This assumption is almost universally made but is not
exactly true because the mixing downstream of plane C can
induce streamline curvatures and hence cross-stream pressure
gradients at plane C. The pressure P, may be varied at will by
opening or closing a downstream throttle and so we can
assume that it is specified and known. Downstream of plane C
the two streams mix with turbulence and probably
unsteadiness, but with no friction on the walls, until at a
downstream plane m the flow has become completely uniform.
The "no friction® assumption may be realised in practice by
considering a periodic flow rather than one bounded by solid
surfaces.
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FIG A2.1 MIXING OF TWO STREAMS IN A CONSTANT AREA DUCT

Knowing Po1, Poz‘ and Pc the Mach number of streams 1 and 2 at
C may be calculated from standard compressible flow
refationships. -

Pc Y- 1

Te _ RS 2.\{(r/(1-1)
Por = (1473 M%)

A2.1

Hence the mass flow rates my and mp can be calculated as can
the velocities V¢ and V2. We can now evaluate the total
momentum flux of the two streams at C as
e = Pc(A1+A2) + miVy + ma V4 A2.2

Since the mixing takes place at constant area and we neglect
wall friction this must equal the total momentum flux In of
the mixed out flow at m .

The energy equation applied between C and m , assuming
adiabatic flow, gives

_{m1To1 + MaTop)

(my + m2)
Hence we can evaluate the impulse function

Tom A2.3

o A2.4
(my + m2) ‘ICpTom

Fm =

at plane m . This is a function of Mach number and vy, given by
\] -1 1 Mm?2
Fm = b (1 +vYMm?2) A2.5
7 Mm ,Y_ 1
(1 + 5 Mm?)

and so knowing Fm we can find the Mach number Mm of the
mixed out flow. From the Mach number, stagnation temperature
and area all the other properties of the downstream flow can
easily be evaluated using standard compressible flow
functions. In particular the increase in mass weighted specific
entropy can be calculated and turned into an entropy loss
coefficient for the process.

We have obtained this loss coefficient without knowing
any details of the mixing process, even whether it is laminar
or turbulent, steady or unsteady. This illustrates the power of
the control volume analysis, ie the ability to use the giobal
conservation equations to obtain overall results without
having to solve the Navier-Stokes equations. it is the author's
view that this ability accounts for much of the success of
Computational Fluid Dynamics applied to turbomachinery
flows. In many applications the overall result will be correct
even when the turbulence model is grossly inadequate.

There are always two possible values of Mach number
satisfying Eqn A2.5 , one subsonic and the other supersonic. I
both the entering flows are subsonic then only the subsonic
solution is possible since the supersonic solution would
involve a decrease of mass averaged entropy. If one or both of
the entering flows are supersonic then both subsonic and

220z ¥snbny 91 uo 3senb Aq jpd Ge1-16-6-1.00BY LIZ00NSEY LS Y/L00VY L LZO0A/L688.L/£66 1 LO/3pd-sBuipeaooid/ | ©/610 awse uoyosjjooje)bipawse//:dny woy pepeojumoq



supersonic solutions may be physically possible.

Fig 6 shows the computed entropy loss coefficient for
two flows, which initially occupy equal areas and mix at
constant area as shown in Fig A2.1. The static pressure at
plane C is held constant at a value which would produce a Mach
number of 0.5 when both flows have the same stagnation
pressure Poavg and stagnation temperature Toavg. The stagnation
pressure of one flow is sel at Poayg + AP and that of the other
is Poavg - AP, whilst the stagnation temperatures are similarly
Toavg + AT and Toavg - AT. AP and AT are systematically varied
and a loss coefficient defined as { = Toavg AS /0.5 Vavg? is
calculated for the mixing process.

It can be seen that the loss coefficient contours are
almost symmetrical about both axes and this shows that the
increase of entropy due to differences in stagnation pressure
is almost independent of the difference in stagnation
temperature and vice-versa. The relation of this entropy
increase to turbine performance is discussed in section 6 and
in Appendix 4.

Further examples of the application of the global
conservation equations to mixing problems are given in
Appendices 3 and 4.

ENTROPY PRODUCTION DUE TO THE MIXING OUT
OF A WAKE BEHIND A TRAILING EDGE

APPENDIX 3

Consider the idealized model sketched below which
represents a trailing edge of thickness t on a blade row with
stagger angle o and pitch (w/cos a). The flow is assumed
uniform across the throat AB and also far downstream of the
trailing edge on ED. The displacement and momentum
thicknesses of the combined boundary layers on the blade
surface at AB are §" and 6. The average pressure acting on the
base of the trailing edge, AF, is Pp and that on the suction
surface from B to C is Ps For simplicity we assume

incompressible flow but this restriction is easily removed in
numerical solutions.

_m— A v2
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FIG A3.1 CONTROL VOLUME MODEL FOR A THICK TRAILING EDGE

We will apply the equations for the conservation of mass
and momentum to the dashed control volume ABCDEF. At inlet
the mass flow rate is m = pV1{ (w-t- §*) so the continuity
equation is

m = pViy (wt-8*) = pVawcosd A3.1
The momentum equation in the x direction gives
(w-t) P1 +tPp + m V4 -p1V129 =wP2 + mV2 cos 3 A3.2

ie p V12(w t-6*-0)-p V22w cos & = ( P1-Pp) t +(P2 - P1)w

*

0 2 t
w W)+pV2 cos & + (F‘1-Pb)w

A3.3

2, t
so (P1-P2) =-pV1 (1 - -
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rearranging this gives

2 2 2/t + 8"+ 60
(Po1 -Po2) = 0.5 p (V2 (2cos 8-1)- Vi) +p v1—€—w—)

t
+ (P1-Pp) s

P P \% 2 t+3*+90
SO ——0—1——9—25 = —2-2- (2cos d-1) -1 + 2 (——;’-——-')
0.5p Vi Vi
t
Using the continuity equation for V2/V{ gives

_Poi1-Poa_ A 5’\2(2«:05 5 -1)
2 = Uw cos2 5 )

0.5p Vi
t+d8*+ 0 t
+2'<‘_'w"“ ')-Cpbw

The deviation angle 8 can be found from the momentum
equation in the y direction which is

A3.4

(Ps-P2)w tan @ =pVi(w-1-38") Vo sin & A3.5
Combining this with the continuity equation gives
Ps-P2) w2 tan
fan § =Pl Wilana A3

pV12(w-t-5°)2

The value of (Ps-P2)/pV12 must be input to the calculation and
different authors assume different values for it. The simplest
approximation is to assume that Ps = P2 in which case the
deviation is zero and A3.4 becomes

. Cpbt 28 8+ 1,2
e g =- W * W + T )
On this assumption the trailing edge loss coefficient becomes
independent of the stagger angle.

An alternative common assumption (eg Stewart(1955) is
that Ps = Py in which case the deviation is negative and the
algebra becomes much more complex. In practice the suction
surface pressure is likely to lie somewhere between these two
assumptions.

The first term on the RHS of Egn A3.7 is the loss due to
the low base pressure acting on the trailing edge, in general
this must be obtained from empirical data. The second term is
the mixed out loss of the boundary layers on the blade surface
just before the trailing edge and the third term arises from
the combined blockage of the trailing edge and the boundary
layers.

A3.7

APPENDIX4 THERMODYNAMICS OF A COOLED TURBINE

a)_Cycle analysis

Figure A4.1 shows an idealised cooled gas turbine cycle.
Coolant flow m¢ is assumed to be bled off at compressor
delivery conditions and is gradually mixed with the turbine
flow along the expansion from 3 to 4. Once added to the main
flow the coolant flow subsequently expands with it and does
useful work from its injection point to point 5. The efficiency
of the cooled part of the turbine, 3-4, is assumed to be
influenced by the mass flow rate of coolant whilst the
efficiency of the uncooled part of the turbine from 4 to 5 is
constant.
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FIG A4.1 CYCLE FOR A COOLED GAS TURBINE

In a design situation we may imagine that the pressure ratio of
the cycle and of the cooled turbine has been fixed and that the
maximum temperature T3 is being optimised by varying the
proportion of cooling flow myc, where myc is the ratio of
coolant flow rate to compressor flow rate. The compressor
efficiency is also considered fixed as is the efficiency of the
uncooled part of the turbine, 4-5. The efficiency of the cooled
part of the turbine is nt which is a function of mic. The cycle
efficiency will then be a function of T3, nt and mgc, so we can
write

an One. 3
sne = gy aTa ¢ Gpeame + Sbam A4.1
or, regarding my as the independent variable,
one dls dne dmy
{aTS dmec * lach ot dmfc] } A mic Ad.2

It is only the last term that we will be concerned with in
detail, ie the effect of coolant addition on the efficiency of
the cooled part of the turbine. This efficiency is defined in
terms of the change in properties of the main flow alone as
will be described in section b) of this Appendix. The other
terms in Eqn A4.2 are equally important as regards cycle
efficiency but cannot be considered as being the resuit of loss
generation in the mainstream flow.

The values of the coefficients in Egn A4.2 can easily be
calculated numerically for any specified cycle. For a typical
civil aircraft engine cycle with overall pressure ratio 25,
turbine entry temperature 1500K and cooled turbine pressure
ratio 4 we get

Me -4 one one
T3 = 1.035 10™°. Imic =0.182 . e

€ ~0.378 .

Turbi nalysi

Fig A4.2 illustrates the expansion through the cooled
turbine where the expansion line 3-4 represents the state of
main flow plus any cooling flow already added to it.

We consider the main flow, flowrate mn, which entered the

turbine at 3 and the added coolant flow as two separate
streams which at any point in the turbine have identical
properties. A total amount of heat Q is transferred from the
mainstream to the coolant stream. We consider the work done
by the main fiow only. The total work output from this flow is

W = mm(hs-hs) -Q Ad4.3
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FIG A4.2 THE EXPANSION THROUGH A COOLED TURBINE

The isentropic work is

Wis = mm(hz-hg + Tgas) = W + Q + mpTaas A4.4

and Mm AS = - J’dQ/T + My AS irrev A4.5
where T is the temperature at which the heat transfer dQ
takes place and Asirrev is the increase in specific entropy due
to irreversibilty in the flow. This is the entropy created by
viscous effects arise from the differences in velocity between
the mainstream and the coolant.

Hence W = Wis - [(1- Tam)dQ

- Mm T4 AS irev A4.6¢
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The middle term of this equation represents the reduction in ¢
isentropic work because the heat removal from the 2
mainstream flow causes the expansion to move to the left onw
the h-s diagram, as shown in Fig A4.2. This is a thermodynamic g g
effect which is not related to any irreversibility in the ﬂowg
and so it does not contribute to the last term of eqn A4.2. ltso
magnitude depends on where the heat transfer takes place and 3
it will be greatest if all the heat removal takes place at the>
start of the expansion and zero if all heat removal is at theO
end. Numerical evaluation of the term for the case where the £ £
coolant is added continuously gives a value equal to about 0.14 X 3
mi W for a typical cycle. Let the magnitude of this term be ¢ &
Ang Wis, then the overall isentropic efficiency of the expansion S

0N/

N
is =
w T4 ASirrev S

n = Wis = Mo -Ang - Wis = To -AT]q-Aﬂi"ev A4.7 .8
Q

4';

Where no is the efficiency of the uncooled turbine and Anirrev §
is the loss of efficiency due to irreversible mixing of the g
coolant flow and mainstreamn flow. It is only this term that weg
are concerned with in this paper.

The losses undergone by the coolant flow due to?2
throttling within its supply ducts and passages affect the=
middle term of Eqn A4.2 . They depend mainly on the)>
difference between the coolant supply pressure and thes
pressure at which it mixes with the mainstream flow. Theﬂ

O

jsenb

value of quoted above assumes that coolant is added ®

8m
continuously along the expansion with the amount added being
proportional to the temperature change.

The last term Animev in Eqn A4.7, is the only one that
contributes to the last term in Eqn A4.2. It is exactly the same
as the expression for the efficiency of an uncooled turbine but
in the case of a cooled turbine some of the entropy creation
occurs as a result of the addition of the cooling flow. This may



be evaluated as follows.

Shapiro (1953) shows that the effects of small_ amounts
of heat transfer and mass addition on the specific entropy of a
perfect gas can be calculated from

Ve COSa

7'1 ATO
As = Cp (1+_é— MZ)T—°+ Cp (y-1) M2 (1 - Ven )

Mic A4.8

where AT, is the change of stagnation temperature due to heat
transfer and the coolant is injected with velocity V¢ at an
angle o to the main flow which has velocity Vi, and Mach
number M. i

The first term can be written as AQ/T and so represents
the entropy change due to heat transfer alone. The second term
must therefore represent the entropy creation due to
irreversibility. Using Eqn 3 to express As in terms of ATo/To
and APo/P, gives

Ve cos a
ASjrrey = Cp(y-1) M2(1- Ven ) Mic
Apo 'Y- ATO

= - - - 2 —=

This equation shows that the irreversibility depends not only
on the loss of stagnation pressure but aiso on the change of
stagnation temperature. The last term is a result of the well
known effect of heat transfer on the stagnation pressure of a
high speed flow. Any heat removal from the mainstream flow
will tend to increase its stagnation pressure whilst viscous
dissipation due to the difference in velocity between the
mainstream and the injected flow will always tend to
decrease it. Hence, when heat is being removed from a flow,
the net loss of stagnation pressure is always less than that
due to viscous dissipation.

Substituting the above expression for Asjrey into Eqn
A4.7 gives for the change of cooled turbine efficiency

T4 ASiprev

Ane = - Cp ATois =7 ATois

T Ve COS @
4 (y-1) M2 (4 -—°V—m——) mic

A4.10

where ATeis is the isentropic temperature drop from 3 to 4.

It is significant that the loss of turbine efficiency does
not explicitly involve the coolant temperature, this is because
ASirev is due solely to viscous effects which depend on
gradients of velocity and not on differences of temperature. It
implies that experiments to determine the loss of efficiency
due to cooling can be conducted without cooling the injected
gas as long as the ratio of the velocity of injection to the main
fiow velocity is correct.

These results are for coolant addition through holes or
slots in the blade or endwall surface and do not apply to
coolant ejection through the trailing edge where the change of
flow area and base pressure must also be included in the
analysis. in fact coolant ejection through the trailing edge can
increase the base pressure and so may be beneficial (see
Denton & Xu, 1989).

A SIMPLE THEORY FOR TIP LEAKAGE LOSS OF
SHROUDED BLADES

APPENDIX &

We consider the flow over a single tip seal as illustrated
in Fig A5.1. We assume that the leakage flow suffers no loss
before it reaches the throat of the leakage jet and that no
tangentiat force acts on it so that it suffers no change of
swirl velocity before it mixes with the main flow. It is also
assumed that there is no significant restriction to the flow
anywhere except at the seal and so the static pressure in the
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FIG A5.1

FLOW OVER A SHROUDED TURBINE TIP SEAL

clearance space downstream of the seal is the same as the
static pressure at exit from the blade row. .. The flow is viewed
in a frame moving with the blade row and all quantities are
measured relative to the row, if there is negligible change of
radius the relative stagnation enthalpy of the leakage flow and
the main flow is the same and remains constant.

For simplicity we will calculate the leakage flow rate
assuming incompressible flow but this restriction can easily
be relaxed at the expense of extra algebra.

At the throat of the leakage jet

Po = Pot = Pj+05p V2 +05p Ve12=P + 0.5p Vo2  A5.1
where Vjis the axial velocity of the leakage jet.
But we assume that Pj= P2 so
Vi= VV22 - Vg2 A5.2
The leakage mass flow is therefore
m=pgCc VV22 - Vg2 A5.3

where Ccis the jet contraction coefficient. The fractional

leakage is therefore

m
Mm

9 Ce YV22 - Vg2
= A5.4
h Vo cosaz
where h is the blade span.
If Vx is constant through the blade row this can be
written in terms of the flow angles as

my

Mm AB.5

= g—ch:i\[sec%zg - tan2aq)

Entropy increase of the mainstream fiow only occurs
when it mixes with the leakage flow. If the leakage flow re-
enters the main flow with axial velocity Vx_ and swirl velocity
VL it can be shown by applying the conservation equations to a
swirling jet entering a vortex that Eqn 20 can be applied
independently to the axial and tangential flow leading to

. M 21 . VoL, 2¢ 1. YxL,
Tas = b [Vea2 (1 Ver) * V22(1-3 0]

A5.6
which is valid for compressible flow.

VxL cannot be calculated without knowing the geometry
of the re-entry siot but in most cases it is likely to be
negligible both because the slot is comparatively wide and
because the leakage flow is directed almost radially inwards.
Hence, neglecting Vx_ we get

220z ¥snbny 91 uo 3senb Aq jpd Ge1-16-6-1.00BY LIZ00NSEY LS Y/L00VY L LZO0A/L688.L/£66 1 LO/3pd-sBuipeaooid/ | ©/610 awse uoyosjjooje)bipawse//:dny woy pepeojumoq



TAs= A5.7

My ooq .Yl
o Va2 (1 Voo sin2a2)

By assuming constant axial velocity through the blade row this
can be further simplified to

T As
0.5 Vo2

na
- ! sinZ2a2) A5.8

tan a2
. . . . Lom
This result is valid for compressible flow if m—mhas been

calculated appropriately. Predictions from this theory- are
shown in Fig 34.

A SIMPLE THEORY FOR TIP LEAKAGE LOSS OF
UNSHROUDED BLADES

APPENDIX 6

We consider a model of tip leakage flow as illustrated in
Figs 31 and A6.1. The leakage flow passes over the blade tip
with no change in its chordwise velocity component which
remains equal to the surface velocity on the pressure side of
the blade, Vp . The local rate of leakage flow is determined by
the static pressure difference across the blade tip and by a
discharge coefficient Cq which may be either calculated
theoretically assuming 2D flow (Moore & Tilton (1987)) or
determined empirically. The leakage flow therefore arrives at
the suction side of the blade with a velocity component Vp in
the streamwise direction. It is then assumed to mix
immediately with the surrounding flow which has velocity Vs.
The mixing may be treated by exactly the same theory as was
used for a coolant jet in Appendix 4 but without any stagnation
temperature difference.

Ve

FIG A6.1  TIP LEAKAGE VIEWED AS A JET IN A CROSS FLOW
Applying equation A4.9 to the leakage over a small part of the
blade chord gives

am_
AS jrrev = Cp (¥-1) M2 (1 - —2) P A6.1

where dm is the mass flow rate of the leakage flow and mn is
that of the mainstream. The Mach number at which the mixing
takes place is taken as that of the mainstream flow on the
suction surface and so we can rewrite this as

\4 dam
T AS irev = Vs2 (1 - V‘:) e A6.2

To obtain the total entropy created we must integrate Eqn A6.2
along the chord of the blade, giving

39

T Astot = Vs2 (1- —Q)dm A6.3

m

Which is valid for compressible
temperature changes are small.

The local leakage flow rate dm can be calculated by
assuming 2D flow and applying the momentum equation in the
direction perpendicular to the blade chord. This is most easily
done for incompressible flow but the theory can be extended to
compressible flow in numerical calculations. For
incompressible flow the leakage over a length dz along the
chord of the blade is given by

flow provided that

dm = C4g gvV2 AP p dz

>
o
0.} pé%equmoc]

where g is the tip clearance, Cgis the discharge coefficient
and AP is the pressure difference between the suction ané_r
pressure sides of the blade. A typical value of Cg would bemf
about 0.7 - 0.8 . Substituting this into Eqn A6.3 gives

—
TAsm=——¢—9—J' vz (1- ) N2are G

Bipawi

A65

B U01103||0d|eyl

Since we have now assumed incompressible flow AP can also
be related to the blade surface velocities

AP = 0.5p (Vs2-Vp2)

d/19/610 WS
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and the total n'tass flow through one blade passage can be
written as

Mmm = pVz h pcos a2
where h is the blade span and p is the blade pitch.

Hence, Eqn A6.5 becomes

V171 1200/ L6882/€661 LO/4pd-sbuips:
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T Astot = Va2 h p cosuz Vs2 (1 Vs) V(Vs p?) ¢
Ab. 68
Turning the overall entropy increase into a lossg

coefficient based on 0.5 V22 gives

_ 2C49C (Vs Vo dz
¢ = gLz j( Y2 1. 48 (1 - () G

>
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The terms in the integral can be evaluated when the blade2
surface velocity is known. Since, for turbine blades theg3
average value of Vs/Vp is about unity and Vp/Vais about 0.3,%
the magnitude of the integral will be of the order 0.65 . Hence,g
taking Cq4 to be about 0.8, the loss coefficient is of the same3
order as the ratio of leakage area, g C, to blade throat area, h p<
cos a2. This ratio is sometimes used as a measure of tlpm
leakage loss.

uoy}

It is interesting to note the occurrence of the term§
(V ) in the expression for the loss coefficient. This meansi

that, exactly as was the case for boundary layer loss, hlghly"’
loaded blades with high suction surface velocities will have a
large tip leakage loss.

The above theory applies equally to compressor blades
and to turbine blades. Eqn A6.7 can be used for compressor
blades if subscript 2 is replaced by subscript 1. We then obtain
the loss coefficient based on inlet dynamic head. This will now
be of order of the ratio of leakage area to inlet flow area and
again it will increase rapidly for highly loaded blades.



In cases where the blade surface velocity distributions
are not known we can gstimate the average values of Vs and

Vp very approximately by assuming the blade loading to be
uniform. This gives from the blade circulation
Vs-Vp = % Vy (tan a2 - tanaq) A6.8

and from continuity, assuming that the btade thickness is
small

AB.9

The local value of cos o may be reasonably estimated by
assuming that tan o varies linearly with x.

Equations A6.8 to A6.9 enable Eqn A6.7 to be integrated
numerically and so provide a general means of estimating the
tip leakage loss coefficients of turbine and compressor blades.
Results from this method are plotted in Fig 33 .

40
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