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Abstract

An investigation into the unsteady losses in a high pressure turbine stage has been performed experimentally at engine-represen-
tative conditions. This has been done by making time-resolved measurements of entropy at stage exit over all vane and rotor-relative
positions over a wide range of radial height. These measurements provide a unique set of experimental data in that this is the first
time that a full-field unsteady entropy survey has been attempted in a turbine facility capable of realistic Reynolds and Mach num-
bers. In a previous paper [Int. J. Heat Fluid Flow 24 (2003) 698] the exit flow of the rotor at one vane relative phase was reported.
This allowed the loss associated with rotor flow features such as wakes, tip flows and secondary flows to be determined. The aim of
this paper is to investigate the effects of vane–rotor interaction on both the time-mean and time-resolved performance of the stage.
In addition to the experimental results, an unsteady Reynolds-averaged Navier–Stokes prediction of the flow field within the stage
has been undertaken. Comparison of the experimental measurements with the prediction showed that time-mean efficiencies differ
by 1.2%. The experimental results showed an unsteady change in stage efficiency of 1.2% as the rotor moves relative to the upstream
vane. This was much higher than the 0.2% change predicted by the unsteady solver.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The flow field in the high pressure turbine stage is
very complex, due to the high degree of unsteadiness
and the effects of blade row interaction. There is still
much experimental work to be performed before the
unsteady loss mechanisms that occur in transonic high
pressure turbines are understood. Although numerical
predictions have been proved to be valuable in under-
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standing the flow structure, it is important to gauge their
accuracy in an absolute sense by comparison with exper-
imental measurements, both for individual loss features
and the stage efficiency. It is thus vital that experimental
measurements are made at engine-representative condi-
tions, to understand and to quantify the losses and to
validate numerical predictions. This is the aim of this
work presented here.
The efficiency of a turbomachine is usually defined as

the ratio of the actual work output to the �ideal� isentro-
pic work output. The difference between these two is
known as the lost work and in an adiabatic flow is pro-
portional, for small changes, to the entropy generated
by irreversibilities:

W lost ¼ T 03DSir. ð1Þ
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Nomenclature

n constant
p pressure
s specific entropy
u velocity
A area; constant
B constant
C constant
D constant
E voltage
M Mach number
N rotational speed
Nu Nusselt number
R gas constant
Re Reynolds number
T temperature
W work
c ratio of specific heats

g efficiency; recovery factor
q density

Subscripts

ir irreversible
lost lost
m mean
r ratio
w wall; wire
0 total conditions
1 HP vane inlet conditions
2 HP vane exit conditions
3 HP rotor exit conditions

Superscripts

� mean
* choked
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For an adiabatic flow, the entropy can be said to be a
measure of the �quality� of the energy and thus an in-
crease in entropy leads directly to a reduction in the
work potential of the fluid.
An additional advantage of entropy for studying

losses in turbomachines is that it is independent of the
frame of reference of the measurement. The efficiency
of a turbine stage can thus be determined from the total
entropy creation and one other property of state:

g ¼ 1� ðpreðs2�s1Þ=RÞ
c�1
c

1� ðprÞ
c�1
c

. ð2Þ

The disadvantages of using entropy are that it cannot
be measured directly and that only changes in entropy
have any meaning, necessitating the measurement of
four flow parameters:

s2 � s1
R

¼ c
c � 1

� �
ln

T 02
T 01

� �
� ln p02

p01

� �
. ð3Þ

We assume throughout this paper that the working
fluid, air, is an ideal gas.
There are three fluid dynamic processes that create

entropy, and hence loss: viscous friction, heat transfer
and non-equilibrium processes, such as the very rapid
expansions that occur in shock waves, Denton (1993).
A review of the different loss components was given in
Payne et al. (2003) and is omitted here for brevity. How-
ever, despite our often relatively good understanding of
the flow field, the accuracy of loss predictions is still low,
as the entropy generation cannot be estimated accu-
rately. Although numerical predictions are valuable in
predicting the flow structure, there are difficulties in pre-
dicting the loss accurately, due to errors in predicting the
boundary layers, transition and the base pressure coeffi-
cient, as well as those due to entropy generation due
to numerical dissipation. There are also very few
experimental measurements of unsteady loss at engine-
representative conditions with which to validate either
loss correlations or numerical predictions.
Under engine-representative conditions, blade row

interaction effects are likely to have a significant effect
as the flow field exiting one blade row cannot mix out
completely before entering the next blade row; the
unsteadiness thus affects both rows. The rotation of
alternate blade rows also introduces unsteadiness.
Unsteady blade interaction is likely to affect perfor-

mance in three ways. Firstly, the three-dimensional
non-uniform flow from an upstream vane mixes out as
it passes though the downstream rotor blades. Depend-
ing on the vortical content of the flow, the preferential
and adverse pressure fields in the rotor cause either a rise
or a fall in the associated mixing losses. Secondly, the
interaction of the blade rows can alter either the state
of the rotor boundary layer or the freestream velocity
at the edge of the boundary layer. Both of these can lead
to large changes in the creation of the entropy in the
boundary layer. Thirdly, blade interaction can alter
the way in which the rotor flow phenomena, such as
the end wall flows and tip flows, develop and thus
change rotor end wall and tip losses.
Blade row interaction can be subdivided into a num-

ber of different effects, each of which is outlined briefly.
Wake interaction is the dominant interaction in terms of
loss generation and occurs as the wake is chopped up
into segments as it passes through the downstream blade
row. This effect has been examined by Hodson and
Dawes (1998), Zaccaria and Lakshminarayana (1997)



Fig. 1. Oxford rotor facility working section.
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and Binder et al. (1989) amongst others. In a turbine rotor,
the core flow is accelerated. Mixing in a preferential
pressure gradient lowers the mixing loss of the upstream
wake. Shock wave and potential field interactions have
been studied by Collie et al. (1992), Johnson et al.
(1989) and Korakianitis (1993) amongst others. If a lam-
inar flow exists on the early rotor suction surface, the
presence of the shock interaction is likely to cause early
transition of the flow and thus increase loss. The bound-
ary layer loss varies with the cube of the freestream
velocity and so an oscillating rotor velocity field is likely
to cause higher total boundary layer loss than the corre-
sponding time-averaged flow, due to the non-linearity.
Secondary flow interaction is caused by the secondary

flow structure from the upstream vane being cut by and
convecting through the rotor. The hub and casing sec-
ondary flows contain streamwise, radial and tangential
vorticity. The mixing losses associated with each of these
will depend upon the nature of the interaction between
the blade rows.
In the secondary flow interaction, vortices are con-

vected through the downstream blade rows similarly to
wakes, but the effects on the loss are much greater, Den-
ton (1993). There are two mechanisms for the break-
down of a secondary flow vortex: cutting of the vortex
by fluid which flows into the previously low pressure
core, and bowing of the vortex as it passes through
the rotor passage. Following the cutting of the wakes
and the stator secondary vortices, the random unstead-
iness is increased considerably in the regions associated
with the secondary flow, Binder (1985). Numerical pre-
dictions have shown that the efficiency increases when
the unsteady flow processes occur upstream of the rotor
leading edge rather than in the downstream blade row,
Jennions and Adamczyk (1997).
Although a considerable amount of research has been

performed on studying individual interaction mecha-
nisms, little work has been performed at engine-repre-
sentative conditions, due to the difficulty in obtaining
relevant experimental measurements. The general level
of understanding of interaction is thus still far behind
that of the losses in isolated blade rows.
Miller et al. (2003b) used unsteady total pressure,

Mach number and flow angle measurements to study
blade row interaction in a transonic turbine. As a result
of this study, two interaction phenomena were postu-
lated: the two-dimensional interaction phenomenon
and the hub interaction phenomenon. The first affects
the rotor exit flow simultaneously over the whole radial
height, modulating the wake depth and width but not
significantly altering the rotor trailing edge shock
strength, whilst the second causes the hub region to
alternate between subsonic and supersonic flow, thus
periodically removing the trailing edge shock. It was
suggested that the first was caused by shock interaction,
since this is largely independent of radial height, whereas
the second was caused by vane wake interaction, since
the wake leans over and migrates towards the hub end
wall, periodically merging with the rotor hub secondary
flow. However, without measuring unsteady entropy,
these could not be confirmed and their effects on the loss
could not be calculated. A previous paper, Payne et al.
(2003), presented experimental measurements of entropy
in the same facility at a single vane phase, i.e. with a sta-
tionary probe. The experimental results presented here,
unsteady entropy over all vane positions, are intended
to provide the necessary measurements for the under-
standing of interaction effects on the loss mechanisms
in this turbine.
2. Experimental facility

In order to make relevant and accurate unsteady loss
measurements, the necessary flow conditions must be
modelled correctly. The facility used here is the Oxford
Rotor Facility, which was designed to simulate engine-
representative conditions by matching the required
non-dimensional conditions for a very short period of
time, Ainsworth et al. (1988). The working section com-
prises a 0.62 scale version of the Rolls-Royce RT27a
blade profile for the high pressure (HP) turbine stage
and the first blade row from a typical intermediate pres-
sure (IP) stage, Fig. 1. Since the rotor is unbraked and
thus continuously accelerating, the facility is at the re-
quired flow conditions for only approximately 15 ms.
Each traverse was completed in the 15 ms using an
ultra-high speed traverse mechanism driven by a large
compression spring, Miller and Ainsworth (1996).
Dimensional analysis shows that there are only four

dependent parameters that must be matched to simulate
the required engine-representative conditions, Sheard



Table 1
Pseudo non-dimensional operating point parameters

Specific speed Pressure
ratio

Reynolds
number

Temperature
ratio

Nffiffiffiffiffiffiffi
T 01

p p01
p3

Re2
T 01
Tw

460.49 rpm/
p
K 3.12 2.7 · 106 1.3

Fig. 2. Oxford aspirating probe design, dimensions in mm.
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(1989). Removal of the parameters that remain un-
changed from each run gives the necessary pseudo
non-dimensional operating point parameters, Table 1.
The Nozzle Guide Vane exit Reynolds number is based
on absolute conditions and the axial chord. The gas-
to-wall temperature ratio is chosen to be 1.3, based on
a compromise between run time and the magnitude of
piston oscillations, Ainsworth et al. (1988).
It was shown in Payne et al. (2003) that the entropy

due to heat transfer can be safely neglected in compari-
son with the entropy due to loss. This is important, since
the aim here is to use the entropy measurements to inter-
pret the loss structure, rather than necessarily to esti-
mate the actual rise in entropy. It is not known what
the effects of a different gas-to-wall temperature ratio
would be on the entropy gain. In addition, the turbu-
lence of the flow entering the HP turbine is of order
2.5%, Ainsworth et al. (1988), and the flow field is
approximately uniform across the passage. Although
neither of these would be expected in a real engine, the
focus here is on the losses in the HP turbine stage, so
the flow field entering the turbine is kept as uniform as
possible to facilitate interpretation of the experimental
results relative to the performance of the HP turbine.
In parallel with the experimental measurements, con-

siderable work has been performed on numerical predic-
tions of the flow field. When taken together, they
provide a development cycle: the predicted flow struc-
ture can be used to aid the interpretation of the experi-
mental results, which in turn evaluate the accuracy of
the predictions. This is of crucial importance for the
loss, since the code must be able to predict loss accu-
rately if apparent improvements in efficiency are to be
used as a basis for choosing an improved design.
The code used here, Unstrest, is three-dimensional,

viscous and unsteady. It solves a thin shear layer model
of the Navier–Stokes equations with the viscous terms
evaluated every time step and turned into body force
terms for momentum and source terms for energy. The
structured grid is formed by the rotation of points de-
fined in two dimensions about the turbine axis: meridio-
nal, i.e. pseudo-streamwise, and pseudo-radial. The code
uses a �time-marching� solution scheme in which one
blade row gradually rotates relative to the other with
flow parameters being interpolated across a sliding plane
between the two grids, Denton (1992). The version of
Unstrest used here was developed by Denton but in-
cludes some modifications made at Rolls-Royce plc.
The prediction used here, the same as in Payne et al.
(2003), has been run at the correct operating conditions
with the correct vane–rotor blade ratio of 3:5 and con-
tains approximately 1.6 million nodes. The 2.25% tip
gap/span is also modelled: this is important for assessing
the impact of the tip leakage flow on the stage efficiency.
Since the focus here is on the interaction of the loss
mechanisms between the HP nozzle guide vanes and
the HP rotor, the downstream vane and swan-necked
duct have been omitted.
3. Instrumentation

Since entropy cannot be measured directly, two prop-
erties of state are required: normally total pressure
and total temperature, Eq. (3). Although the measure-
ment of total pressure at a high bandwidth is a well-
established technique, it has proved to be considerably
harder to measure total temperature at a similar band-
width. The aspirating probe was thus originally designed
to measure unsteady total temperature at high frequen-
cies, Ng and Epstein (1983). Although thin film heat
transfer gauges, Buttsworth et al. (1998), are now an
alternative method of measuring total temperature at
high frequencies, the aspirating probe remains the only
means of simultaneously measuring total pressure and
total temperature both spatially and temporally. This
is crucial in obtaining the necessary measurement accu-
racy, as was shown in Payne et al. (2003). The other
advantages associated with the aspirating probe include
a high frequency response, good spatial resolution, small
sensitivity to flow angle and a reduction in the effects of
probe blockage.
The aspirating probe essentially consists of two hot

wires placed side by side upstream of an orifice, Fig. 2.
By maintaining a low pressure downstream of the
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orifice, it is choked and the probe �sucks� in the flow
approaching it. By calculating the mass flow for a given
total pressure, total temperature and Mach number, the
mass flow at the choked orifice and the hot wire plane
can be equated to give

ðquÞw ¼
ffiffiffi
c
R

r
p0ffiffiffiffiffi
T 0

p A�

Aw

2

c þ 1

� � ðcþ1Þ
2ðc�1Þ

. ð4Þ

The Reynolds number at the hot wire plane is thus
dependent solely upon the total pressure and total tem-
perature. The Mach number is fixed by the area ratio:

Mw 1þ
c � 1
2

M2w

� �� ðcþ1Þ
2ðc�1Þ

¼ A�

Aw

c þ 1
2

� �� ðcþ1Þ
2ðc�1Þ

. ð5Þ

For a hot wire used with constant temperature ane-
mometry in a constant Mach number flow, the Nusselt
number is solely dependent upon the Reynolds number,
see for example Bruun (1995). When placed inside the
aspirating probe, hot wires can thus be used to measure
the Reynolds number, using the general relationship be-
tween Nusselt number and Reynolds number for a given
Mach number, Collis and Williams (1959):

Nu ¼ Aþ BRen. ð6Þ
When combined with the standard hot wire equation,

this gives the aspirating probe calibration equation:

E2 ¼ C
p0ffiffiffiffiffi
T 0

p
� �n

þ D
� �

ðTm � gT 0Þ; ð7Þ

where the recovery factor, g, is the ratio of recovery tem-
perature to total temperature and C, D and n are con-
stants. These constants are all found by calibration,
despite g being a known function of Mach number,
to give the greatest accuracy. Two hot wires are thus
required to measure both total pressure and total tem-
perature. Although the wire temperatures should be
far apart to give a high level of measurement accuracy,
there is a lower limit due to the need for a high band-
width and an upper limit due to the melting temperature
of the wire.
The basic design of the aspirating probe used here

follows that of Ng and Epstein (1983) with the probe
being made as small as possible to fit between closely
coupled blade rows. Platinum-plated tungsten wire of
diameter 5 lm was used, since this is less prone to drift
and has a high yield strength and temperature coefficient
of resistance: all of which improve the measurement
accuracy. The wire length to diameter ratio was 240,
to reduce conduction effects whilst keeping a high spatial
resolution. The wires were placed perpendicular to the
rotor trailing edge and were less than 0.5 mm apart.
The Mach number at the hot wire plane was set at the
mean rotor exit value of 0.45 to reduce blockage effects.
The probe head was made of Perspex, giving the
smoothest possible both internal and external probe sur-
faces, thus preventing any spurious local entropy gener-
ation and improving the angle sensitivity. Although we
have not tested the aspirating probe for the effects of
variations in flow angle, the findings of Ng and Epstein
(1983) that there is negligible change in probe behaviour
as the flow angle is varied within ±20� at the correct
freestream Mach number indicate that this effect is small
outside the tip region.
The wire temperatures were set at approximately 350

and 550 K to give the greatest measurement accuracy,
the mean total temperature at the measurement plane
being approximately 295 K. To remove noise and to en-
sure that the bandwidths of the two hot wires were
equal, all the data was filtered using a 100 point FIR
low-pass filter with a cut-off frequency of 40 kHz:
approximately the bandwidth of the lower temperature
hot wire.
The probe is calibrated using a dedicated chamber de-

signed and built by Brayton (1996), which allows wide
ranges of total pressure and total temperature to be set
independently. By taking a set of data points in the
range 2–4 bar and 20–40 �C, a least-squares-error ap-
proach is used to provide a fit to the calibration equa-
tion. A detailed analysis of all the possible sources of
error has shown that the rms errors in total pressure
and total temperature are approximately 0.80% and
0.14% respectively: since the Mach number is constant,
these are also the rms errors in pressure and tempera-
ture. These errors correspond to standard deviations in
entropy/R and stage efficiency of 0.013% and 1.2%, for
a stage total pressure ratio of 2.5, Payne (2001). Since
errors in total pressure and total temperature magnify
noticeably when transformed into efficiency, great care
has to be taken to ensure that entropy measurements
are sufficiently accurate to resolve loss features.
There is a significant high frequency effect in hot wire

anemometry, due to the attenuation of heat transfer by
conduction from the hot wire to the probe supports,
Parantheon et al. (1983). A theoretical examination of
this effect has led to the derivation of a compensation
factor, which must be used when measuring flow phe-
nomena above a frequency of approximately 1 Hz.
When the hot wires are placed inside the aspirating
probe, there is a second high frequency effect, due to
the fluctuations in the flow field inside the probe being
constrained by a constant throat Mach number. This ef-
fect cannot be predicted easily and has thus been mea-
sured experimentally, leading to an aspirating probe
transfer function that must be inverted when processing
the measurements made with the aspirating probe. This
is outlined in more detail in Payne (2001).
Relatively few authors have ever used an aspirating

probe to measure entropy and these did so primarily
in compressors running at lower speeds than are typical
in the Oxford rotor facility. These include Ng and
Epstein (1985) and Alday et al. (1993), where the wake
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region was shown by a rise in entropy, although an extra
semiconductor probe was required to give more accurate
results. This extra probe was shown by Van Zante et al.
(1995) to be unnecessary if care was taken in the design
and calibration of the aspirating probe. Van Zante et al.
(1995) also presented stationary measurement of total
pressure and total temperature, but did not present en-
tropy: likewise Suryavamshi et al. (1996), although they
calculated the local isentropic efficiency. Similarly Brou-
ckaert (1998) used the aspirating probe in the facility at
VKI behind a turbine stage at higher rotational speeds
without attempting to present entropy traces. Thin film
heat transfer gauges were used in conjunction with a
semiconductor pressure probe by Buttsworth et al.
(1998) but again only to present total pressure and total
temperature. There were thus no accurate entropy traces
at the high frequencies found in turbomachines prior to
those measurements presented by Payne et al. (2003).
Those experimental measurements are now comple-
mented here by the inclusion of the effects of blade
row interaction, providing a unique and comprehensive
set of data.
Before presenting the experimental data, it should be

noted that experimentation is vital in improving our
understanding of the complex and poorly understood ef-
fects of interaction, yet, inevitably they are confined to a
particular blade geometry for a given experiment. The
nature of the experimental facility used here is such that
the results presented here are representative of the inter-
action effects found in turbines, and the discussion that
follows focuses on the general nature of these effects,
rather than on what necessarily occurs for a particular
blade geometry. Future work will be required to exam-
Fig. 3. Experimental entropy/R contour plot at 3
ine precisely how dependent the results presented here
are on the blade geometry.
4. Three-dimensional rotor dependent flow structure

The experimental results presented in Payne et al.
(2003) clearly show that there are four major loss fea-
tures at rotor exit: tip leakage vortex, upper passage vor-
tex, wake and lower passage vortex, Fig. 3. The
formation of the loss structure through the rotor blades
was also shown by the numerical prediction, Fig. 4. The
inlet boundary layer is rolled up into passage vortices on
the end walls. The upper passage vortex is reduced in
size by the presence of the rotor tip gap. As the vortex
passes through the rotor, it starts to orbit around the
rotor tip leakage flow, dissipating in strength. The radial
pressure gradient causes high loss, low momentum fluid
to migrate radially outwards and hence the lower part of
the wake is rolled up into the lower passage vortex,
resulting in little wake fluid being found close to the
hub end wall. It should be noted that the trailing edge
shock cannot be seen in Figs. 3 and 4. This is due to
the shock wave generating very little entropy as it is very
weak.
It was shown in Payne et al. (2003) that the numeri-

cally predicted stage efficiency was in very good agree-
ment with both the experimentally derived value and
the value measured in a cold rig test. Both experiment
and prediction found that the primary flow entropy
was the largest source of loss. When the losses associ-
ated with the wake, tip leakage flow and lower passage
vortex were analysed separately, some differences were
0% vane position, from Payne et al. (2003).



Fig. 4. Numerical prediction of formation of loss structure, from Payne et al. (2003).
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observed. Both experiment and prediction showed that
the primary flow entropy was the largest source of loss.
The entropy generation in the tip leakage flow was in
good agreement, whereas the predicted levels in the
wake were larger than the experimentally derived values.
These comparisons will be examined in more detail in
this paper than was previously possible, using the mea-
surements over the entire vane phase.
Fig. 5. Vane and rotor co-ordinate systems.
5. Three-dimensional rotor and vane dependent flow

structure

The measurements of entropy at a single vane posi-
tion over all radial heights clearly show the basic loss
structure. To investigate the effects of vane interaction,
the aspirating probe was then traversed across the entire
vane phase at the same radial heights, thus providing the
complete time-resolved loss structure over all radial and
circumferential positions. Since these unsteady measure-
ments are difficult to interpret on the printed page, they
will be presented by means of the phase–phase interac-
tion diagram, Miller et al. (2003a).
This uses the co-ordinate system defined in Fig. 5,

where both the rotor and vane phases are defined as
varying from 0 on the suction to 1 on the pressure surface
side of the trailing edge. At each radial height, the flow
parameters can be interpolated onto a grid of rotor
and vane phases. These are then plotted as a series of
planes, one for each radial height, where the horizon-
tal axis is taken to be the vane phase and the vertical
axis the rotor phase. The unsteady measurements of en-
tropy over all rotor and vane phases at a series of approx-
imately uniformly spaced heights are thus shown in



Fig. 6. Aspirating probe phase–phase diagram for vane-dependent entropy/R.
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Fig. 6, where height 15 is closest to the tip, height 1 to the
hub.
For any given plane (i.e. at a particular radial height),

the surface represents how the flow field across the cir-
cumference varies with relative vane position and rela-
tive rotor position. A stationary probe would measure
the flow field represented by a vertical line on the
phase–phase plane, where the vertical axis represents
rotor relative position and can thus be directly be related
to time, whereas a rotor-mounted probe would measure
that represented by a horizontal line. The key advantage
of plotting the data in this format is that the effects of
vane interaction can easily be seen. If there are no vane
interaction effects, the flow features will be seen as
purely horizontal stripes (i.e. every vertical line on a par-
ticular phase–phase plane would be identical and a sta-
tionary probe would measure the same flow variation
whatever its circumferential position). Alternatively, if
the flow field is independent of the rotor, the flow fea-
tures will be seen as vertical stripes.
The four loss mechanisms shown in Payne et al.

(2003) are clearly seen in Fig. 6. Over most of the radial
heights, the flow field is predominantly rotor-dependent,
as shown by the horizontal stripes. This only changes
close to the hub, providing evidence of the presence of
the hub interaction phenomenon proposed by Miller
et al. (2003a). The effects of blade row interaction on
each of the loss features will now be presented and com-
pared with the numerical predictions before the effects of
interaction on the stage efficiency are assessed.
6. Tip leakage vortex

The main effect of vane interaction on the tip leakage
vortex is a modulation of its size and depth as the rotor
blades move relative to the upstream vanes. However,
the size of this modulation is found to be small, as seen
in Fig. 6 for heights 13–15. This is also shown in Fig. 7,
where the variation of entropy/R is shown over rotor
phase at height 15 (93%). To illustrate the variation with
vane phase, at each rotor phase the mean and standard
deviation values over vane phase of entropy/R are calcu-
lated: Fig. 7 shows the mean, the mean plus one stan-
dard deviation and the mean minus one standard
deviation values. The tip leakage flow is driven by the
pressure difference across the tip gap: this pressure dif-
ference being varied by the vane trailing edge shock.
However, these results indicate that the vane trailing
edge shock has little effect on the formation of the rotor
tip leakage flow since there is little variation over vane
phase. Miller et al. (2003b) showed that vane interaction
only affected the rotor pressure field upstream of the
rotor crown, whereas the formation of the tip leakage
flow is strongest downstream of the crown, and this is
supported by the data presented here.



Fig. 7. Ranges of entropy/R over vane position against rotor position at height 15 (93%).
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The variation in predicted entropy/R shows good
general agreement with the experimental measurements,
as was previously shown in Payne et al. (2003). The net
entropy generation is very similar, as is the small vari-
ance with vane phase, although the entropy is predicted
to be slightly flatter over rotor phase than was mea-
sured. The mesh used in the numerical prediction, how-
ever, has only six elements across the tip gap and thus is
unlikely accurately to predict the loss mechanisms due
to the tip gap. The quality of the agreement found here
is thus very encouraging.
7. Wake

The main effect of vane interaction on the wake is a
modulation of the wake depth, width and position.
The effect on the loss is difficult to quantify since the ra-
dial height range over which the wake is clearly observed
is small. This is because close to the tip it interacts with
the upper passage and tip leakage vortices and close to
the hub it interacts with the lower passage vortex. Fig.
8 shows the rotor exit flow close to mid-height (height
9; 54% height) at two vane relative locations, corre-
sponding to 30% and 80% vane relative phase. These
locations correspond to the points with maximum entro-
py difference in the main flow, i.e. outside the wake. The
increase in entropy due to the wake is clearly seen at all
vane phases, Fig. 6: although the effects of blade row
interaction on entropy are significant, the wake always
has a higher value of entropy. It should be noted that
the stationary measurements in Payne et al. (2003) were
made at 30% vane phase, i.e. the point of minimum
interaction. The computation over-predicts the wake
depth and this is not discussed further in this paper as
the over-prediction is common in transonic machines,
Miller et al. (2003a).
Measurements of the total pressure deficit associated

with the rotor wake for the same blade rows, Miller
et al. (2003b), showed good agreement with measure-
ments made in a linear cascade of the same rotor geom-
etry by Mee et al. (1992). The latter results showed a
total pressure deficit of approximately 8%, which corre-
sponds to an entropy/R rise of 0.08. The measured en-
tropy/R difference between the wake and mid-passage
flow at 30% vane phase, i.e. minimum interaction, Fig.
8, is very similar to this value. The effects of blade row
interaction on the wake can thus be quantified relative
to the point of minimum interaction.
The variations in the wake maximum entropy/R,

width and position with vane phase at 54% radial height
are shown in Fig. 9. The position of the wake is defined
here to be the rotor phase at which the maximum entro-
py/R occurs; the width to be the extent within which the
entropy/R is greater than 0.01 below the maximum
value. Although this latter definition is somewhat arbi-
trary it allows comparisons to be made about how
spread out is the wake. The maximum entropy/R in
the wake modulates between 0.13 and 0.22, its width be-
tween 6.7% and 12.1% and its position between 41% and



Fig. 8. Variation in entropy/R with rotor position at 30%, 63% and 96% vane position.

Fig. 9. Variation in wake depth and position with vane position.
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58%. Interaction effects thus have a significant effect on
the height and width of the wake, but less so on its posi-
tion. There seems to be a correlation between an in-
crease in the maximum entropy/R associated with the
wake and a reduction in the rotor phase at which this
occurs: for example, the minimum peak value occurs
at approximately 20% vane phase corresponding to the
maximum value of position. Miller et al. (2003a) showed
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a similar variation in wake width and phase to Fig. 9:
the wake width changing by 50% at 16% vane phase
with smaller rises at approximately 40% and 75% vane
phase. These are clearly shown in Fig. 9, where there
are local increases in wake width at approximately
20%, 35% and 80%. These results imply that the changes
in the total pressure depth of the mid-height rotor wake
found by Miller et al. (2003a) were due to the vane exit
entropy.
8. Lower passage vortex

There are two regions of high entropy fluid associated
with the rotor hub secondary flow, as seen in Fig. 4. The
first is caused by the pulsation of the high entropy, high
loss fluid associated with the suction surface separation
line. This is clearly shown at heights 6–5, Fig. 6, where
the stripe of high entropy at approximately 50% rotor
phase fluctuates considerably in strength with vane
phase. This strengthening is greatest at approximately
0–30% vane phase, due to the hub interaction pheno-
menon, whereby the upstream vane wake or hub pas-
sage vortex periodically merges with the lower passage
vortex. Due to radial migration, there is little high loss
fluid below this: the vortices rise from hub to tip, as
shown in Fig. 4. The second region of high entropy fluid
is caused by the pulsation of the high loss fluid at the
centre of the lower passage vortex, heights 4–2: this
has a peak value at 0% vane phase at height 2. For vane
phases in the approximate range 20–80% there is little
high loss fluid seen. The effects of blade row interaction
are thus clearly seen in the phase–phase diagram.
Fig. 10. Time-averag
9. Time-mean flow field

The time-mean flow field is important since it deter-
mines the steady flow field at inlet to the downstream
blade row. The time-mean entropy, Fig. 10, shows a
large variation across vane phase over most of the radial
height. The largest variation was found to be between
30% and 50% height, in agreement with the hub interac-
tion phenomenon proposed by Miller et al. (2003a). The
vane relative phase at which the high entropy fluid oc-
curs, however, is different from the phase of the maxi-
mum total pressure deficit reported by Miller et al.
(2003a). As the flow convects further downstream, low
momentum, high loss fluid migrates towards the tip.
The region of highest loss is thus likely to enter the
downstream vane close to mid-height. This is important
to consider when designing the downstream blade rows.
10. Stage efficiency

Following on from a qualitative assessment of the
loss structure and the effects of blade row interaction,
a quantitative assessment of the effects of the sources
of loss on the stage efficiency can be made, which will
also provide a quantitative estimate of the accuracy of
the numerical loss predictions. This is vital in improving
blade design and in validating the use of numerical pre-
dictions to predict blade efficiency. It should be noted
that there is insufficient experimental data available to
calculate the mixed-out losses and therefore only the en-
tropy production upstream of the measurement plane
has been considered here.
ed entropy/R.



Table 2
Efficiency drops due to different regions of the flow field

Aspirating probe Numerical prediction

Mean (std) Mean (std)

Primary flow 4.20% (1.51%) 5.51% (0.39%)
Tip leakage flow 3.61% (0.31%) 2.80% (0.45%)
Remainder of loss 2.31% (0.46%) 3.05% (0.49%)

Total loss 10.13% (1.22%) 11.36% (0.20%)
Stage efficiency 89.87% (1.22%) 88.64% (0.20%)
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To quantify the different sources of loss, the flow field
is divided into three regions: the primary flow, where the
entropy is below a certain threshold value, the tip leak-
age flow and the remainder of the rotor loss flow field,
comprising mainly the wake and lower passage vortex.
Since the rotor loss mechanisms are associated with
regions of low velocity fluid, the contributions of the
entropy rise to the drop in efficiency must be mass-
weighted:
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Since there is no experimental measurement of the
mass flux, this data has to be provided by the numerical
calculations. The spatial agreement in the flow structure
was considered sufficient for this process. Close to the
end walls, where no experimental data is available, the
numerical predictions have also been used. Once
the mean primary flow entropy has been calculated,
the entropy in the remaining flow regions above this va-
lue is mass-averaged over the blade passage. This proce-
dure is then performed for both the measurements and
the predictions at each vane phase, to assess the effects
of vane phase on the stage efficiency, for both the mea-
surements and the predictions, Fig. 11 and Table 2. The
flow field is thus averaged out over the rotor passage for
each vane phase in turn. Note that the results obtained
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Fig. 11. Breakdown of efficiency variation with vane position: (a)
experimental and (b) numerical prediction.
in this manner are approximate, but, in the absence of
further experimental information, are the best estimate
available: without entropy, however, no serious attempt
could be made to estimate efficiency.
The standard deviation in efficiency with vane phase,

averaged over the whole height, is 1.2%. The numerical
prediction significantly under-predicts this vane interac-
tion, showing a standard deviation of only 0.2%. In
terms of the time-mean values, the prediction is 1.2%
lower than the experimental value. The vane phase used
in Payne et al. (2003), 30%, proves to be where the effi-
ciency is lowest, thus illustrating the need for measure-
ments of efficiency over all vane phases. The
measurements presented here thus supersede those pre-
sented in our earlier paper.
The experimental efficiency estimates suggest that the

primary flow entropy generation varies the most, fluctu-
ating with a standard deviation of 1.5% about a mean
level of 4.2%. The tip leakage flow causes a largely con-
stant efficiency drop of 3.6%, with a standard deviation
of only 0.3%. The small standard deviation is expected,
since the tip leakage vortex has consistently been shown
to be almost invariant with vane phase, and is in excel-
lent agreement with the findings in Payne et al. (2003).
The vane averaged tip leakage efficiency drop is slightly
closer to the expected value of 5.2% than the value at a
single vane phase reported by Payne et al. (2003). The
remainder of the secondary flow losses, however, are
slightly more vane dependent, with a standard deviation
of 0.5% about a mean of 2.3%.
Since the stationary measurements reported in Payne

et al. (2003) reported the minimum efficiency drop, as
well as the maximum primary flow efficiency drop, the
relative importance of the remainder of the secondary
losses on the stage efficiency was considerably under-
estimated. The importance of measuring the complete
vane and rotor dependent flow field is again clearly
demonstrated.
The drops in efficiency due to the tip leakage flow,

wake and secondary flow are in good agreement with
the numerical predictions, Fig. 11. The primary flow,
however, shows a clear difference. The mean levels of
efficiency drops are also in reasonable agreement for
the rotor loss mechanisms, slightly under-predicting
the tip leakage loss but over-predicting the remainder
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of the rotor losses. The main disagreement between the
measurements and numerical predictions is in the pri-
mary flow, which is over-predicted in mean levels but
under-predicted in size of fluctuation.
Comparison of these results with the findings from

the measurements at a single vane phase of 30% shows
that agreement between the measurements and the pre-
dictions is heavily dependent upon the vane phase. For
example, where the stationary measurements implied
that the wake entropy generation prediction was poor,
the traversed measurements now show that the mean
level of wake entropy generation over vane phase is rea-
sonable. It is thus vital to measure the entire circumfer-
ential flow field to estimate the accuracy of numerical
predictions.
The true averaged stage efficiency from the entropy

measurements (89.9%) is now 1.2% higher than the
equivalent numerically predicted value and 3.2% higher
than the 86.7% efficiency value obtained, after adjust-
ment to the same tip gap, from a cold flow rig, see Payne
et al. (2003) for details. However, since we are only mea-
suring the total entropy generated upstream of the mea-
surement plane, the true mixed out efficiency in the
present experiment will be somewhat lower than the
quoted 89.9%. It is thus difficult to compare the experi-
mental value with the model rig value, which is a fully
mixed out value. The most valid comparison is with
the numerical prediction. The poor agreement between
experiment and prediction in terms of the level of inter-
action in the primary flow suggest that errors in the
accuracy of the interaction prediction are the main rea-
son for the discrepancy in the overall time-mean stage
efficiency.
11. Summary and conclusions

The use of the aspirating probe to measure unsteady
entropy over all vane phases has allowed the effects of
blade row interaction on the loss mechanisms and the
stage efficiency to be assessed. The interaction effects
are strongest in the hub region, where the upstream vane
wake periodically merges with the rotor lower passage
vortex: termed the hub interaction phenomenon. The
wake, upper passage vortex and tip leakage vortex are
modulated in strength and position by vane interaction:
this is a small effect in the tip region, but larger at mid-
height. The degree of modulation is largely determined
by the way in which the loss feature forms: hence, for
example, the tip leakage vortex, which starts to form
at mid-chord, is modulated less than the lower passage
vortex, which starts to form at the leading edge. The
magnitude of the wake entropy/R generation is in good
agreement with previous measurements made with the
same blade rows. The effects of vane interaction at
mid-height are largely seen in a modulation in the free-
stream entropy/R, with smaller variations in the height
and position of the wake.
Although the predictions of the flow structure are in

good agreement with the measurements, the mean stage
efficiency is slightly under-predicted and the magnitude
of the interaction effects is considerably under-predicted.
The main cause of these differences in stage efficiency is
the difference in primary flow prediction. This discrep-
ancy between experiment and prediction is not at pres-
ent understood. The differences shown in Payne et al.
(2003) have been shown to be partly due to the relatively
poor prediction of interaction effects. The causes of the
disagreements are not yet clear.
When averaged over vane phase, the estimated stage

efficiency is approximately 89.9%, with a drop of 4.2%
due to the primary flow, 3.6% to the tip leakage vortex
and 2.3% to the remainder of the secondary flow. The
fluctuation in the stage efficiency with vane phase is
large, with a standard deviation of 1.3%, showing that
experimental estimates of the stage efficiency can only
be made by measuring the complete flow field. Interac-
tion effects have thus been shown to have a significant
impact on the stage efficiency and must be considered
carefully when attempting to improve the efficiency of
blade designs. Consideration of the flow field at a sin-
gle vane phase, as presented in Payne et al. (2003) is
thus inadequate for accurate efficiency measurements:
it is only as interaction effects are considered that the
efficiency can be accurately estimated and the flow field
fully understood. Future work should focus on
attempting to understand why there are such large
fluctuations in stage efficiency over vane phase and
on improving numerical predictions of interaction
effects.
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