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Abstract

An investigation into the unsteady losses in a high pressure turbine stage has been performed experimentally at engine-repre-

sentative conditions. This has been done by making time-resolved measurements of entropy at stage exit at all vane and rotor-

relative positions over a wide range of radial height. Due to the considerable difficulty of obtaining accurate measurements at

engine-representative conditions, these measurements provide a unique set of experimental data. Five distinct flow features have

been identified and their effects on the stage efficiency estimated, showing good overall agreement with an independent efficiency

measurement. Comparisons with a particular numerical prediction of the flow field, Unstrest, have shown very good agreement in

both the flow structure and the entropy generation. Only the rotor dependence of the loss mechanisms is examined here: the vane

dependence will be presented in a subsequent paper.

� 2003 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, and is thus still

far from being understood thoroughly. There is still

much experimental work to be performed on under-

standing the formation of loss, particularly with regard

to the effects of blade row interaction. Although nu-

merical predictions have been proved to be valuable in

understanding the flow structure, it is important to
gauge their accuracy in an absolute sense by comparison

with experimental measurements, both for individual

loss features and the stage efficiency. It is thus vital that

further experimental measurements are made at engine-

representative conditions, to understand and to quantify
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the losses and to validate numerical predictions. This is

the aim of this work presented here.

Following the definition by Denton (1993), any flow
feature that reduces the stage efficiency will be termed

loss. Since the efficiency is usually defined as the ratio of

the actual work output to the isentropic work output,

only rises in entropy can reduce the efficiency. As rises in

entropy are only caused by heat transfer or flow irre-

versibility, ‘‘the only rational measure of loss in an

adiabatic machine is entropy creation’’ (Denton, 1993).

The measurement of entropy should thus be a primary
goal of loss mechanism research.

The advantages of using entropy to investigate loss

are that it is independent of the frame of measurement

and that it can be converted to efficiency if only one

other property of state is known:

g ¼ 1� ðpreðs2�s1Þ=RÞðc�1Þ=c

1� ðprÞðc�1Þ=c
: ð1Þ

The disadvantages are that it cannot be measured di-

rectly and that only changes in entropy have any

meaning, necessitating the measurement of four flow
parameters:
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Nomenclature

h heat transfer coefficient

l length

m mass

n constant

p pressure

r radius

s specific entropy

u velocity
x length

A area; constant

B constant

C constant

D constant

E voltage

M Mach number

N rotational speed
Nu Nusselt number

Q heat transfer

R gas constant

Re Reynolds number

S entropy

T temperature

c ratio of specific heats

g efficiency; recovery factor

h angle

q density

Subscripts

m mean

o total conditions

r ratio

w wall; wire

BS blade surface

P pitch

1 HP vane inlet conditions

2 HP vane exit conditions
3 HP rotor exit conditions

Superscripts

� time differential

) mean

� choked
0 change
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s2 � s1
R

¼ c
c � 1 ln

To2
To1

� ln po2
po1

: ð2Þ

We assume that air is an ideal gas throughout this

paper.

There are three fluid dynamic processes that create

entropy, and hence loss: viscous friction, heat transfer

and non-equilibrium processes (Denton, 1993). To
provide a clearer physical insight into the flow field,

however, loss is more conveniently divided into its var-

ious components, each of which is outlined briefly:

Two-dimensional loss:

1. Boundary layer loss: Entropy is generated by shear

stresses in the boundary layer, depending upon the

state of the boundary layer. Estimates of the loss have

been made by Wallace and Davies (1997) and Moore

and Gregory-Smith (1996) amongst others.

2. Shock loss: Entropy is generated by shock waves in

the flow field at high Mach numbers. This is normally

the smallest loss component.
3. Mixing loss: Entropy is generated by mixing of the

flow field behind the blade trailing edge. Estimates

of the loss have been made by Roberts and Denton

(1996) and Prato and Lakshminarayana (1992)

amongst others.

The breakdown and dependence on Mach number of

the loss components in a two-dimensional cascade with
a similar blade profile to that used here have been ex-

amined by Mee et al. (1990).

Three-dimensional loss:

1. End wall loss: Entropy is generated by the end wall

boundary layers and the secondary flow structure.

The loss is highly dependent upon the secondary flow

field, which has been examined in considerable detail

by Sieverding (1984), Sharma and Butler (1986) and

Yamamoto et al. (1995) amongst others.
2. Tip leakage loss: Entropy is generated by the tip leak-

age flow through unshrouded rotor tip gaps. This loss

is highly dependent upon the size of the tip gap and

strongly influences the other end wall loss. The loss

has been examined by Bindon (1988) and Yaras

and Sjolander (1991) amongst others.

However, despite our often relatively good under-
standing of the flow field, the accuracy of loss predic-

tions is still low, as the entropy generation cannot be

estimated accurately. Although numerical predictions

are valuable in predicting the flow structure, there are

difficulties in predicting the loss accurately, due to errors

in predicting the boundary layers, transition and the

base pressure coefficient, as well as due to false 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.



Table 1

Pseudo-non-dimensional operating point parameters

Specific

speed

Pressure

ratio

Reynolds

number

Temperature

ratio

Nffiffiffiffiffiffiffi
To1

p po1
p3

Re2
To1
Tw

460.49 rpm/
p
K 3.12 2.7	 106 1.3
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Under engine-representative conditions, blade row

interaction effects are also important, since the mixing of

the flow is affected and the rotation of alternate blade

rows introduces unsteadiness: although these do not
necessarily cause loss, they are likely to affect the loss

behaviour significantly (Hodson, 1984). The main in-

teraction effects are wake interaction, shock wave in-

teraction, potential flow interaction and secondary flow

interaction. However, since little experimental work has

been performed, the level of understanding of interac-

tion is far behind that of the losses found in isolated

blade rows (Denton, 1993). There is thus still much
work to be performed on investigating unsteady loss

mechanisms and the effects of blade row interaction

under engine-representative conditions. This is the aim

of the experimental results presented here.
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 comprises

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 Pressure (IP)

stage, Fig. 1. Since the rotor is unbraked and thus

continuously accelerating, the facility is at the required

flow conditions for only approximately 15 ms.

Dimensional analysis shows that there are only four

dependent parameters that must be matched to simulate
Fig. 1. Oxford Rotor Facility working section.
the required engine-representative conditions (Sheard,

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.

In parallel with the experimental measurements,

considerable work has been performed on numerical

predictions 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 exper-

imental 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 improvements in efficiency are to be assessed

numerically.

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: merid-

ional, 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, 1990). The version
of Unstrest used here was developed by Denton but

includes some modifications made at Rolls-Royce plc.

The prediction used here, termed Grid 78, has been

run at the correct operating conditions with the correct

vane–rotor blade ratio of 3:5 and contains approxi-

mately 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 loss mechanisms within the HP

stage, the downstream vane and swan-necked duct have

been omitted from these predictions.
3. Instrumentation

Since entropy cannot be measured directly, two
properties of state are required: normally total pressure

and total temperature, Eq. (2). Although the measure-

ment of total pressure at a high bandwidth is a well-

established technique, it has proved to be considerably
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harder to measure total temperature at a similar band-

width. The aspirating probe was thus originally designed

to measure unsteady total temperature at high fre-

quencies (Ng and Epstein, 1983). Although thin film
heat transfer gauges (Buttsworth et al., 1997) 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 shown later. The other advantages associated

with the aspirating probe include a high frequency re-
sponse, 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 upstream of an orifice, Fig. 2. By main-

taining a low pressure downstream of the orifice, it is

choked and the probe �sucks� in the flow passing towards
it. By calculating the mass flow for a given total pres-

sure, 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
poffiffiffiffiffi
To

p A�

Aw

2

c þ 1

� �ðcþ1Þ=½2ðc�1Þ�

: ð3Þ

The Reynolds number at the hot wire plane is thus de-

pendent solely upon the total pressure and total tem-

perature. The Mach number is fixed by the area ratio:

Mw 1

�
þ c � 1

2
M2
w

��ðcþ1Þ=½2ðc�1Þ�

¼ A�

Aw

c þ 1
2

� ��ðcþ1Þ=½2ðc�1Þ�

: ð4Þ

For a hot wire in a constant Mach number flow, the

Nusselt number, and hence the hot wire voltage, is solely

dependent upon the Reynolds number, when used with

Constant Temperature Anemometry, see for example
Fig. 2. Oxford aspirating probe design, dimensions in mm.
Bruun (1995). When placed inside the aspirating probe,

hot wires can thus be used to measure the Reynolds

number, using the general relationship between Nusselt

number and Reynolds number for a given Mach number
(Collis and Williams, 1959):

Nu ¼ Aþ BRen: ð5Þ
When combined with the standard hot wire equation,

this gives the aspirating probe calibration equation:

E2 ¼ C
poffiffiffiffiffi
To

p
� �n�

þ D
�
ðTm � gToÞ; ð6Þ

where the recovery factor, g, is the ratio of recovery
temperature to total temperature and C, D and n are
constants. 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 re-

quired 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 as smooth as

possible both internal and external probe surfaces, thus

preventing any spurious local entropy generation 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

ensure that the bandwidths of the two hot wires were

equal, all the data was filtered using a 100 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

designed and built by Brayton (1996), which allows wide



Fig. 3. Schlieren photograph of flow structure at mid-height.
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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 temper-

ature. 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.

However, 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 exam-
ination of this effect has led to the derivation of a

compensation factor, which must be used when mea-

suring flow phenomena above a frequency of approxi-

mately 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 effect cannot be predicted easily and has thus been
measured 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).

The aspirating probe has previously been used to

measure entropy by relatively few authors, primarily in

compressors running at lower speeds than those used in

the Oxford Rotor Facility. These include Ng and Ep-
stein (1984) and Alday et al. (1993), where the wake

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.

(1994) to be unnecessary if care was taken in the design

and calibration of the aspirating probe. Van Zante et al.

(1994) also presented stationary measurements 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

Brouckaert (1998) used the aspirating probe in the fa-

cility 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. (1997) but again only to present total pressure and
total temperature. There have as yet been no accurate

entropy traces at the high frequencies found in turbo-

machines. The experimental measurements presented

herein thus provide a unique set of data.
4. Mid-height flow field

Before examining the aspirating probe measurements,

it is valuable to look at previous high frequency exper-
imental measurements taken with the same blade rows

at the same operating conditions. The Schlieren photo-

graph of the flow field behind a stationary cascade of

blades with the same mid-height profile as the rotor

blades, Fig. 3, shows that there are two major flow

phenomena at approximately 0% and 40% rotor phase:

the shock wave and the wake (Miller et al., 2003). The

shock wave, which occurs in the rotor relative frame, is
shown by rises in total pressure and total temperature in

the absolute frame. These are due to the pressure dif-

ference between the suction and pressure surfaces in the

relative frame and are largely isentropic since the shock

wave is very weak, whereas the wake is expected to cause

a large rise in entropy.

The ensemble averaged flow fluctuations in measured

total pressure, total temperature and the absolute en-
tropy/R at mid-height obtained using the aspirating

probe are shown in Fig. 4. The total temperature fluc-

tuations are scaled by a factor of 3.5, to give entropy/R
as the difference between the plots of scaled total tem-

perature and total pressure. The signals were ensemble

averaged to give the greatest accuracy and plotted over

three rotor blades for clarity. This clearly shows the two

effects seen in Fig. 3: the shock wave with large rises in
total pressure and total temperature, and the wake, with

a large rise in entropy. The advantage of simultaneously

measuring total pressure and total temperature in the

aspirating probe is shown by the small size of entropy

fluctuations in comparison with the total pressure and

total temperature fluctuations: any measurement error

in the phase between total pressure and total tempera-

ture will thus be enormously magnified in the error in
entropy. This will almost inevitably occur unless the



Fig. 4. Aspirating probe measurements of total pressure, total tem-

perature and entropy/R.
Fig. 6. Comparison of entropy/R at mid-height with numerical pre-
diction.
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total pressure and total temperature are measured si-

multaneously both spatially and temporally.

A direct comparison of the total pressure can be

made with previous experimental measurements, since

this has been measured using both a wedge and a pyr-

amid probe in the same facility at the same operating
conditions. These probes both use silicon piezoresistive

pressure sensors to measure total pressure, Mach num-

ber and yaw angle, the pyramid probe also measuring

pitch angle (Ainsworth et al., 2000). All three measure-

ments were made at mid-height at one vane position on

a plane approximately 15% of axial chord behind the

rotor trailing edge. The three measurements show good

overall agreement, Fig. 5, both in the mean levels and in
the magnitude and position of the fluctuations and thus

give a high degree of confidence in the measurement of

entropy. The differences are mainly due to slight differ-
Fig. 5. Comparison of total pressure at 31% vane passing at mid-height

relative to stage inlet.
ences in the probe positions and the spatial averaging

performed by the probes, each of which is a slightly

different shape, although very similar in size.

The experimental measurements made at mid-height
were then compared with the Unstrest predictions,

shown in Fig. 6 for entropy/R. Although there is good
general agreement, the numerical prediction over-pre-

dicts the entropy generated in the wake. However, since

the numerical prediction is run without any heat trans-

fer, the effect of this on the generation of entropy has to

be checked. For reversible heat transfer, the entropy

change at mid-height due to heat transfer can be cal-
culated by integrating over the axial length of both rotor

blades:

DS ¼
Z
BS

dQ
T

: ð7Þ

The heat transfer can be calculated using the blade

surface heat transfer coefficient and the resulting in-

crease in entropy, denoted s0, is integrated over the
complete rotor blade pitch:Z
P
s0 � qu � rdh ¼ �

Z
BS

hðT � TBSÞ
T

dxBS: ð8Þ

To estimate the passage-averaged, mass-weighted in-

crease in entropy due to heat transfer, the heat transfer

integral is assumed to be approximately constant:

s0

R
�

�hh
_mmR

TBS
T

�
� 1

�
lBS; ð9Þ

where the mass flow is calculated per rotor passage and

the blade surface length includes both surfaces, over
which a mean temperature ratio and heat transfer co-

efficient are assumed.

Previous experimental measurements on the same

blade row (Moss et al., 1997) give approximate values of

area-averaged heat transfer coefficient of 2300 W/m2 K,



Fig. 7. Numerical prediction of formation of loss structure.
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and temperature ratio of 1.14, which, for a mass flow of

0.5 kg/s per passage, gives a passage-averaged drop in

entropy/R of approximately 0.0044. However, since this
is likely to be concentrated in the wake region, the local
effect will be slightly larger. Since this is small in com-

parison with the entropy generated in the wake, ap-

proximately 0.05, Fig. 4, the entropy due to heat transfer

can be safely neglected in comparison with the entropy

due to loss here. Although the entropy generated due to

heat transfer to the upstream vanes is approximately

twice that due to the rotor heat transfer, due to the

larger temperature difference, by rotor exit the entropy
increase due to heat transfer will have been smoothed

out much more over the blade passage. This will thus be

small in comparison with the relatively large increase in

passage-averaged entropy due to irreversibilities in the

flow.

It has been shown that the main source of inaccuracy

in two-dimensional loss predictions is errors in the

boundary layer loss prediction. This is because there is
little entropy generated due to shock loss, and errors in

the mixing loss are likely to be small, since all mixing

processes obey the fundamental conservation equations

that also govern the behaviour of the numerical pre-

dictions. However, the experimental measurements were

made very close to the rotor trailing edge, by which

stage mixing is incomplete: the numerical prediction of

the mixing loss at this plane is thus likely to be inaccu-
rate, even though the fully mixed out loss might be more

accurate. The wake shape and loss may thus not be very

well predicted. The error in the boundary layer loss

prediction is likely to be due to approximations in the

turbulence modelling and in the modelling of the near

end wall region. The possible experimental errors will be

investigated in more detail once the three-dimensional

loss structure has been examined and the efficiency es-
timated.
5. Three-dimensional rotor dependent flow structure

Again, before examining the aspirating probe mea-

surements, it is valuable to look at previous experi-

mental measurements. A schematic of the rotor exit flow
field, proposed by Miller et al. (2003) but not shown

here, from previous experimental measurements shows

four major flow features: trailing edge shock wave,

wake, tip leakage vortex and lower passage vortex. The

formation of the predicted loss structure through the

rotor blades is then shown by the numerical prediction,

Fig. 7. The inlet boundary layer is rolled up into passage

vortices on the end walls, the upper passage vortex being
dragged round the tip leakage vortex, such that by rotor

exit it is relatively weak and found directly below the tip

leakage vortex. All the rotor loss features migrate to-

wards the tip due to the radial pressure gradient, and the
lower part of the wake is rolled up into the lower pas-
sage vortex, resulting in little wake fluid being found

close to the hub end wall. There are thus expected to be

four major loss features at exit: tip leakage vortex, upper

passage vortex, wake and lower passage vortex. This is

in excellent agreement with the experimental measure-

ment of unsteady entropy, Fig. 8, where all of these

features are clearly seen. The numerical prediction of

rotor exit entropy is also shown, Fig. 9, for direct
comparison. The experimental results were taken at 14

radial heights in the range 9.4–92.8% radial height.

The largest source of rotor loss is clearly the tip

leakage vortex, which extends down to approximately

75% height and across nearly 75% of the blade pitch.

The flow angle and Mach number variations in this re-

gion are also very large (Payne, 2001). The second

largest source of rotor loss is the wake, which is
strongest between approximately 30–70% radial height,

leaning slightly to the left, looking upstream, due to the

radial variation in blade exit whirl angle. It interacts at

the tip with the tip leakage and upper passage vortices

and at the hub with the lower passage vortex, which is

found at approximately 30% height and 20% rotor pitch,

in good agreement with the penetration height measured

by Miller et al. (2003). Although all the rotor flow
phenomena migrate radially outwards, the lower pas-

sage vortex migrates most rapidly since there is no end

wall restriction.

Although the loss structure is predicted well, the en-

tropy generation is over-predicted, particularly in the

wake, which will affect its interaction with the lower

passage vortex. The predicted wake extends down to the

hub end wall more clearly than was seen experimentally,
despite being weaker below the lower passage vortex.

The thickness of the predicted end wall boundary layer,



Fig. 8. Experimental entropy/R contour plot at 31% vane passing.

Fig. 9. Numerical prediction of entropy/R contour plot at 31% vane passing.
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and hence the strength of the lower passage vortex, is

largely dependent upon the assumption of a fully tur-

bulent end wall. This remains to be validated and will
also affect the loss mechanisms near the hub end wall.

The only other source of loss is the hub end wall

boundary layer, which is outside the experimental

measurement range. However, this is a relatively small

source of loss in comparison with the other secondary

loss mechanisms.
6. Stage efficiency

Following on from a qualitative assessment of the

loss structure, 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 loss predictions. This is vital in im-

proving blade design and in validating the use of
numerical predictions to predict blade efficiency. The

comparison of time-averaged entropy over radial height,

Fig. 10, shows that the entropy level is extremely well

predicted. It can be seen in Fig. 6 that, despite quite

large differences in the structure over rotor phase, the

mean level is in good agreement. The small peak in

entropy at approximately 35% height is due to the in-

teraction between the wake and the lower passage vor-
tex, whereas the large peak at approximately 90% height

is due to the tip leakage vortex. The radial position of

the first peak is well predicted but the second is predicted

to be slightly higher than was measured: this is probably

due to slight differences in radial migration. The position



Fig. 10. Time-averaged entropy/R over radial height.

Table 3

Efficiency drops due to different regions of the flow field

Aspirating probe Numerical

calculation

Primary flow 7.53% 5.66%

Tip leakage flow 3.28% 3.43%

Remainder of loss 1.30% 2.50%

Total loss 12.10% 11.59%

Stage efficiency 87.90% 88.41%
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of the first peak agrees well with the measurement of the

penetration height by Miller et al. (2003) of 38% ex-
perimentally and 39% numerically.

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

leakage 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:

�ss
R
¼

R
s
R

	 

qudAR

qudA
: ð10Þ

However, since there is no measurement of the mass

flux, this is provided by the numerical calculations as a

first approximation, since the agreement in the positions

of the loss features is good. The entropy readings in the

end wall regions are also provided by the numerical

predictions. Once the mean primary flow entropy has

been calculated, the entropy in the remaining flow re-
gions above this value is area averaged over the blade

passage. This procedure is then performed for both the

measurements and the predictions, Table 2.

There is excellent agreement in the total entropy rise

and good agreement in the breakdown of loss, which
Table 2

Mass-weighted, passage-averaged entropy/R rise due to different re-
gions of the flow field

Aspirating probe Numerical

calculation

Primary flow 0.0785 0.0592

Tip leakage flow 0.0344 0.0360

Remainder of loss 0.0136 0.0263

Total entropy/R rise 0.1265 0.1215
confirms the agreement seen in the secondary flow

structure. The only slight difference is that the loss

outside the tip leakage vortex is experimentally found to

be comprised more of the primary flow loss than the
remaining loss. This agrees with the results at mid-

height, where there is predicted to be a sharper peak in

entropy at the wake than was found experimentally.

Only the total pressure ratio is then required to convert

these entropy rises to efficiency drops, Eq. (1) and

Table 3: this is taken to be the time–mean pressure ratio

from the mid-height stationary probes. Although a

mixing approach should strictly be used, a local defini-
tion of efficiency at this measurement plane gives a good

estimate of the relative contributions of the different

flow regions to the total efficiency drop.

The drop in stage efficiency due to the tip gap can be

compared with the measurements made by Harvey and

Ramsden (2000), who found that the fully mixed out

efficiency drops by 2.3% per 1% tip gap/span. For the tip

gap of 2.25%, the expected efficiency drop is thus 5.2%.
This is somewhat larger than was found both experi-

mentally and numerically, as would be expected as the

tip leakage loss will increase as the flow mixes out. In a

multi-stage turbine, however, the flow is not fully mixed

out before it reaches the next stage: thus our value

provides a good estimate of the drop in efficiency prior

to reaching the downstream stage. The correlation can

also be used to compare the estimated stage efficiency of
87.9% with the stage efficiency as previously measured in

a cold flow rig, which when adjusted to the same tip gap

is 86.7%, Fig. 11. These are in very good agreement,
Fig. 11. Breakdown of efficiency.
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with the numerical prediction also being very close. The

small differences are probably partly due to the use of

the numerically predicted mass flux and entropy in the

near end wall regions. This very good agreement, to-
gether with the good agreement in total pressure at mid-

height, indicates that the absolute accuracy of the ex-

perimental entropy is likely to be very high. Apart from

the tip leakage vortex, the rotor loss causes only a small

drop in efficiency, particularly with respect to the pri-

mary flow. It should also be noted that the measure-

ments and numerical predictions have only considered

the flow field at one vane position: more detailed ex-
perimental measurements over all vane positions are

thus required to make a complete comparison with the

measured stage efficiency.
7. Summary and conclusions

Unsteady experimental entropy measurements at one
vane position at exit from a high pressure turbine stage

at engine-representative conditions have enabled the

rotor-dependent loss mechanisms and their effects on the

stage efficiency to be quantified for the first time. These

unique measurements have shown that there are four

major loss mechanisms: the tip leakage vortex, the upper

passage vortex, the wake and the lower passage vortex.

The shock wave generates little entropy, since it is very
weak, but large rises in both total pressure and total

temperature. The tip leakage vortex causes an efficiency

drop of 3.3%, less than that found from mixed out flow

measurements, since the measured flow field is close to

the rotor trailing edge. There is also an excellent

agreement with the overall stage efficiency: 87.9% com-

pared to the actual value of 86.7%. The secondary losses

outside the tip leakage vortex are small, with the pri-
mary flow being the largest cause of loss, 7.5%. This is

an important finding, as it implies that the vane loss has

mixed out across the passage, and will be discussed in a

future paper.

The numerical prediction provides both an excellent

qualitative estimate of the flow field and a very good

prediction of the efficiency, although the wake entropy is

over-predicted. It could thus be used to provide a
greater understanding of the development of the various

sources of loss, particularly the primary loss, in the fu-

ture. Entropy measurements over all vane positions will

also be required to make a more detailed study of the

flow field. The effects of blade row interaction on each of

these sources of loss and the stage efficiency will thus be

examined in a future paper.
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