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ABSTRACT
INTRODUCTION

A series of high pressure turbine nozzle guide vanes has
been designed for progressively increasing blade loading
aud reduction in blade solidity without additional loss
penalty. Early members of the series achieved this by
changes to the suction surface contour, but for the

latest design the pressure surface contour was

ectensively modified to reduce the velocities on this

surface substantially. Cascade testing revealed that
this vane had a higher loss than its predecessor, and
this appears to be largely due to a long region of
pcsndary layer growth on the suction surface and possibly
also an unsteady separation. These tests demonstrated the
value of a flattened pitot tube held against the blade
surface in determining the boundary layer state. By using
a pilot probe of only modest frequency response (of order
100 Hz) It was possible to observe significant
qualitiative differences in the raw signals from laminar,
transitional and turbulent boundary layers, which have
previously been observed only with much higher frequency
instruments. The test results include a comparison of
ocundary layer measurements on the same cascade test
section in two different high-speed wind tunnels. This
comparison suggests that freestream turbulence can have a
large effect on boundary layer development and growth.

NOMENCLATURE

a o 	speed of sound (m/s)
true chord (m)

cax axial chord (m)
F(M) multiplying factor
f	 resonant frequency (Hz)
h n 	pitch (4)
L	 length (m)
M
P
q
Re

S
V

,

p
Zweifel coefficient

Suhscripts

a 	 axial
	

0	 stagnation, freestream
isentropic
	 1	 inlet

probe
	 2	 exit

whirl

The quest for increasing work output per stage and
aerodynamic efficiency remains central to the development
of turbine stages in gas turbine engines, and over the
years great advances have been made by improved design
methods together with rigorous prototype testing and
evaluation. In this process cascade testing has an
important role to play in validating flowfield and
boundary layer prediction methods, and in the early
stages of assessing a blade design prior to more
extensive and more expensive rotating rig and engine
testing. A variety of flow prediction techniques are now
available to the designer, which in many cases are
capable of calculating a two-dimensional flow such as in
a plane cascade with very satisfactory accuracy. However.
there remain phenomena, such as boundary layer
transition, flow separation and shock-boundary layer
interactions which are much more difficult to predict.
and which may have a large influence on the blade
performance. In these circumstances cascade testing is an
important tool in understanding the fluid dynamic
Processes occuring, particularly in transonic flows.

The investigation presented here concerns a Rolls-Royce
Ltd. programme, the objective of which is progressively
to increase the pitch/chord ratio of a high pressure
nozzle guide vane stage in order to reduce the engine
weight and cost without sacrificing efficiency. This
programme now extends to four vanes. The first of these,
designated T2, was just supercritical, but subsequent
designs (T4. T8 and T12) have substantial regions of
sipersonic flow on the suction surface and exhibit many
of the phenomena mentioned above. All of these vanes have
been designed at Rolls-Royce Bristol, and T2, T4 and T8
were tested in the high speed cascade tunnel at DFVLR
Braunschweig [1]. The results of these tests were
discussed in [2], and this paper reviews the performance
of these designs as an introduction to the latest member
of the series, T12.
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Following the closure of the Braunschweig tunnel, the T8
cascade was re-tested in the Oxford University Slowdown
Tunnel [3] to give a new baseline against which to judge
T12. This was done to avoid any problems of tunnel-to-
tunnel variations in the data which recent research has
shown can exist [4,5). A plane cascade of T12 vanes was
then tested, with measurement of blade surface pressure
distributions, profile loss by means of wake traverses,
and schlieren photography. The previous investigations
[2] had demonstrated the value of boundary layer
measurements with a flattened pitot probe held against
the blade surface as a means of detecting transition, and
this was done on the suction surfaces of both T8 and T12.

Mach number
pressure (Pa)

dynamic pressure (Pa)
Reynolds number
surface length (m)
velocity (m/s)
angle (deg)
stagger angle (deg)
specific heat ratio
finite difference
density (kg/m 3 )
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Fig. 1 Comparison of blade profiles, scaled to the
same pitch

NOZZLE GUIDE VANE PROFILE DEVELOPMENT

The design parameters for the sequence of nozzle guide
vane, 	 re",

inlet angle, a l = 0 deg

exit angle, 0 2 - 65.2 deg

exit Mach number (isentropic). M2 is 	 0.955

exit Reynolds number (based on true chord,

isentropic exit conditions), Re 2 - 5 x 10 5 .

The choice of a constant Reynolds number is argueable.
The progressively increasing pitch/chord ratio of this
.:cries of vanes implies for a given engine installation
different chord lengths, and therfore different design
Reynolds numbers. unless the engine is re-matched. From
the point of view of cascade testing, however, the
results from different vanes are more easily compared if
the operating points are identical.

As designed, all vanes are suitable for cooling, with a
common trailing edge geometry (te/o) = 0.05 suitable for
ejection at that point, although all of the cascade tests
have been performed on solid profiles with no attempt to
simulate cooling air flows. The four profiles, scaled to
the same pitch, are shown in Figure 1. The profile
coordinates of the first three vanes are given in [2],
and those of T12 are listed as an appendix to this paper.

The datum profile, T2, was designed in 1969 using a
prescribed velocity distribution (PVD) method based on
that of Stanitz [6]. The peak suction surface Mach number
was just slightly greater than unity. Subsequently an
attempt was made to design a new profile, T4, with higher
velocities on the suction surface in order to increase
the blade lift and the pitch-chord ratio. The PVD method
is inviscid and not fully compressible, and is not
reliable on the suction surface downstream of the throat,
particularly in the case of a supercritical profile where
a supersonic flow diffuses to a subsonic flow, usually
with the accompaniment of shock waves. This process
requires very careful control if excessive losses are to
be avoided. There was insufficient confidence that this
could be achieved using the PVD method, and consequently
it was decided to confine velocity increases to a region
upstream of the throat, in the belief that design
optimisation should proceed within the limitations of the
available design tools. The Mach number distributions
prescribed for T2 and T4 are shown in Fig. 2, and it can
be seen that a rapid diffusion was necessary to achieve
this. The cascade results [2] showed no strong shock in
this region but a controlled diffusion. At the design
point the loss coefficients of T2 and T4 were almost
identical, suggesting that the shorter chord of T4
reduced the suction surface boundary layer thickness and
counteracted the effects of increased diffusion.

Following the tests on Ti, a time-marching program
developed from Denton [7] became available, and it was
then possible to predict the flow through a given cascade
geometry with much greater confidence, with a fully
compressible analysis and the ability to handle shock
waves. Accordingly, a new profile, T8, was designed by
iteration between PVD and time-marching analysis. The

Fig. 2 Mach number distributions used for PVD design
method

prescribed velocity distribution which was used to start
the iteration is shown for comparison in Fig. 2. Velocity
levels were raised mainly around the throat region, while
the diffusion rate was no greater than that of T4. The
pitch-chord ratio of TB was now 25% greater than that of
T2. Tests showed (2) that the actual diffusion rate was
in fact lower than that predicted, and was accompanied by
an extended region of transition. The boundary layer on
TB was laminar over a much greater portion of the suction
surface than on T4, and this contributed to a lower loss
coefficient.

In designing T12, it was thought that there was not much
scope for further developing the suction surface because
this would involve higher rates of diffusion, which would
be liable to suffer from separation in a shock-boundary
layer interaction, with consequent reduction in
efficiency. The aim was therefore to produce a profile
having a similar suction surface distribution to TB, the
increase in lift coming from reduced velocities on the
pressure surface (Fig. 2). It can be observed in Fig. 1
that the pitch-chord ratio of T12 was now sufficiently
large that the vanes no longer overlap in the axial
direction. The design of T12 was done using a later
standard of time -marching program incorporating some of
the improvements described in [8], and Fig. 2 shows the
result from this program.

An indicator which is often used to compare the aero-
dynamic duty of a cascade is the Zweifel coefficient:

h	 AVwVa
=z	 cax P P 	 - p 2

The disadvantage of using this as a comparator is that
the exit conditions will be affected by the total
pressure loss assumed to occur within the cascade. In the
absence of a uniform standard of loss prediction methods,
it is safer to assume an isentropic flow when making
comparisons between different blade profiles. It can be
shown that the "lossless" Zweifel coefficient is then
equal to the incompressible lift coefficient multiplied
by a factor F(M) for the special case of a l = 0:

, s 	 cax cos
2
a 2 tana 2 F(M)
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M 2,is 
❑ T8 0.949
0 112 0.942

where
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The vanes are compared and 4, 	for each is listed in

Table 1. 	 On this assessment T12 may be seen to be 18%
more highly loaded than T8,	 which is itself 44% more
highly loaded than the datum profile T2.

Table 1 	 Comparison of blade profile data

Profile h/cax h/c '11z. is 8.

T2 0.956 0.670 0.583 45.8
T4 1.190 0.775 0.725 45.8
T8 1.373 0.842 0.837 44.85
T12 1.625 0.946 0.991 49.95

CASCADE TEST DETAILS

The Oxford University Blowdown Tunnel [3] is a short-
duration tunnel which features an exhaust which can be
pumped down to 0.15 bar by means of two stages of air-
driven ejectors, thus allowing an independent and
continuous variation of exit Mach and Reynolds numbers
over wide ranges. The run time is typically 5 s, and high
frequency response instrumentation and transient testing
techniques described in [9] are employed for data acquis-
ition. Upstream of the cascade a bar grid is fitted in
order to produce a freestream turbulence intensity of 4%.

A large test section may be fitted, and in order to keep
as many components as possible common to T8 and T12, the
span and pitch of T8 and T12 were kept constant at 300 mm
and 67.2 mm respectively. The aspect ratio (span/chord)
therefore varied from 3.75 for T8 to 4.24 for T12. Both
cascades contained 7 blades, and in each case two of the
central blades were instrumented with a total of
approximately 50 static pressure tappings. For
measurements of loss, the wakes of the central blades
were traversed with a trident probe described in [10] in
order to measure local values of total and static
pressure and flow angle. These local quantities are
averaged using the conservation laws applied to a control
volume in the analysis by Amecke [11]. Windows were
fitted to T12 to allow Schlieren photography, but
unfortunately this was not possible for T8.

CASCADE PERFORMANCE

Comparison of T8 and T12

The measured blade surface Mach number distributions of
T8 and T12 at the design point are shown in Figure 3, and
from this it would appear that the aims of a similar
suction surface velocity distribution and significantly

Fig. 3 Measured blade surface Mach number distributions
for T8 and T12 at M 2 = 0.955 and Re 2 = 5 x 10 5

reduced velocities on the pressure surface have been
largely achieved. The peak suction surface Mach numbers
are practically identical, and the fact that the peak
appears to occur earlier on T12 is a consequence of the
leading edge geometry and the coordinate system. The
subsequent diffusion is, if anything, slightly more
uniform on T12 than on T8. The schlieren photograph of
T12 (Fig. 4) at this condition shows that the supersonic
patch is free from strong shocks. and exhibits only a
weak normal shock towards the trailing edge. A comparable
photograph of T8 in [2] shows a similar result, but with
several weak passage shocks spread over a slightly larger
area of the blade. In both cases the shock waves are
sufficiently weak (the local Mach number is only just
above unity) that the blade surface pressure
distributions are little influenced.

At a slightly higher exit Mach number, Figure 5, the
suction surface region of T12 after the peak becomes one

Fig. 5 Measured blade surface Mach number distributions
for T8 and T12 at M 2 = 0.955 and Re2 , 5 x 10 5

F(M) -
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M

Fig. 8(b) Profile T12: comparison of measured and pre-
dicted blade surface Mach number distributions

❑ T8
O T12

M

Fig. 7 Measured blade surface Mach number distributions
for TB and T12 at M 2 = 0.7, Re g 	5 x 10

Fig. 8(a) Profile TB: comparison of measured and pre-
dicted blade surface Mach number distributions

of slight diffusion which ceases at about the geometric
throat at S/S 0 	0.25 and is followed by a long region

of almost constant pressure before a rapid diffusion
near the trailing edge. This last process is accompanied
by a series of weak shock waves and a very rapid
thickening of the suction surface boundary layer is
visible in the schlieren photograph, Figure 6. At
subcritical Mach numbers such as is shown in Figure 7,
T12 appears to diffuse initially rather more rapidly than
TB, and although schlieren photographs at this condition
do not show any unusual features, it might be expected
that there is a substantial thickening of the boundary
layer due to this.
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model may be in difficulty at the trailing edge. The 	 Q	 design point
comparison also provides circumstantial evidence of a
separation bubble on the suction surface peak, although 	 64
this cannot be observed in the schlieren photographs. The
prediction for T12 suffers from the same trailing edge

w62problem, shows a lower peak suction surface Mach number,
and at the design point shows some re-acceleration after
the peak and an initial diffusion. The measured 60distribution also shows some evidence of re-acceleration,
although to a much lower degree.

lir 6The loss coefficient characteristics, Figure 9, show
that whereas the loss of TB remains practically constant
with Mach number up to the design condition (and even - 4appears to fall thereafter, although with only one data
point this may be misleading), that of T12 is
consistently higher and has a distinct minimum near the 2
design Mach number. The increasing loss at lower Mach
numbers is consistent with a boundary layer growth caused
by the less well controlled diffusion seen in Figure 7.
It is interesting that this is consistent with the 	

▪ 

00 	 02 	 04 	 06 	 08 	 10 	 12 	 14
measured velocity distributions, but the predictions
(Figure 8) do not show the same trend.

At Mach numbers higher than design the thickening of the
boundary layer after a shock wave near the trailing edge
is likely to be responsible. At still higher Mach numbers
it has also been observed that a trailing edge shock wave
from the adjacent blade impinges on the suction surface
and causes a local separation, further increasing the
loss coefficient. The exit angle characteristic, also
shown in Figure 9, shows some under-turning at low Mach

Fig. 9 Loss coefficient and exit flow angle as
functions of Mach number

The most striking differences between the measured and
prescribed velocity distributions at the design condition
(Figures 2 and 3) are that the actual suction surface
peak velocity is lower and the diffusion rate is
consequently also lower on both blades. This effect had
previously been noted in the tests on T8 at Braunschweig.
The time-marching program predictions are, as might be
expected, rather better than this, and serve to empahsise
the restricted application of the PVD method in designing
supercritical aerofoils (Figure 8). Even with the
time-marching method, however, significant discrepancies
remain. The prediction for TB at M 2 = 0.955 does not show

such a flattened peak and has a less rapid diffusion
except very close to the trailing edge. The latter effect
is also apparent at M 2 = 0.7, which suggests that the

M 2

4
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Fig. 10 Loss coefficient as a function of Reynolds no.
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Fig. 11(a) Comparison of T8 blade surface Mach number
distributions at M 2 = 0.955

Fig. 11(b) Comparison of T8 blade surface Mach number
distributions at M 2 	0.7

Fig. 12 Comparison of T8 loss coefficients

numbers, but practically the design exit flow angle for

both blades at the design Mach number.

The variation of loss coefficient with Reynolds number

reveals a quite different behaviour for each blade,

Figure 10. That of TB has a minimum at about 7 x 10 5
and an increase at lower Reynolds numbers, and behaviour

of this type can usually be explained in terms of
increasing regions of laminar boundary layer flow at
decreasing Reynolds numbers, but that of T12 shows only a

steady increase with decreasing Reynolds number.

In order to gain some further understanding,
investigations into the suction surface boundary layer

transition behaviour were undertaken. In making the

connections between boundary layer state, loss
coefficient, and surface pressure distributions, useful

evidence was also available from the comparison of

results on the T8 vane measured at Braunschweig and

Oxford, so that these are first summarised.

Comparison of T8 at Braunschweig and Oxford

The problems of making this type of tunnel-to-tunnel
comparison have been discussed by two of the present
authors elsewhere [11,5], and one of the conclusions of
that work was that there is often a problem in measuring

comparable downstream conditions (especially static
pressure in transonic flow) in order to define the run

conditions. In this respect there is some small
uncertainty associated with the comparisons presented in

Figures 11 and 12.

At the design point Mach number the most significant

effect on the blade surface Mach number distribution is

that, relative to tests at Braunschweig, diffusion on the

suction surface at Oxford is delayed and is more rapid
(Figure 11(a)). In this respect, the Braunschweig results

are closer to the time-marching prediction shown in

Figure 8(a). The more rapid diffusion, particularly if it

is preceeded by a separation bubble, will contribute to
the greater loss at the design point which was measured

at Oxford (Figure 12). In Figure 11(b) at the lower exit

Mach number of 0.7, there is no evidence at Oxford of the

isminar separation bubble at a surface distance of about

which was observed at Braunschweig, and in fact
Fi gure 12 shows that at Mach numbers much below design a

lower loss was measured at Oxford.

BOUNDARY LAYER TRANSITION DETECTION

Technique

The use of a flattened pitot probe in contact with the
Glade surface as a detector of transition is well known.

Provided that the tip of the probe is sufficiently small

to be well immersed in the boundary layer, transition is

detectable as an increase in velocity. In practice the

pitot probe measures total pressure, it is assumed that
the static pressure is constant normal to the surface
(and interpolated from the measured surface pressure
distribution), and the ratio of local to freestream
dynamic pressures is calculated and plotted as a function
of blade surface coordinate, Sr

s B o p - P(S)

lo s 	 Po t	 P ( s )

The height of the pitot probe at its tip normal to the

blade surface was 0.3 mm external and 0.2 mm internal, so
that total pressure measurements ideally refer to a

hei ght of 0.15 mm above the blade surface (although the
total pressure gradient through the boundary layer means

that the true figure is probably slightly greater than
this). This compares with a boundary layer 99% thickness
calculated to be about 0.4 mm in the likely regions of
transition. The pitot probe is immersed sufficiently in
the boundary Layer to detect a velocity change caused by
transition.

The short running time of the Oxford University Blowdown

Tunnel makes high frequency response instrumentation
essential, and for the boundary layer probe this means a
close-coupled pressure transducer. The requirement of a

small probe tip makes it impossible to locate a
transducer at that point, and in practice there was
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approximately 200 mm of pneumatic tube between the probe
tip and the transducer diaphragm. As long as the
diaphragm stiffness is much greater than that of the air
in the tube, the resonant frequency of the assembly is

f = 0 0

4L

where L is the tube length and a o the speed of sound,

so that in this case f
n 	 400 Hz. The digitisation

rate for data acquisition was set at one half of this,
and the analogue signal was low-pass filtered at 100 Hz
to prevent aliasing. The requirement of a rapid response
also precluded the use of a probe significantly smaller
than the one used here.

Comparison of results

For T8 at the design condition the boundary layer
measurements indicate a region of transition beginning at
about S/S 0 = 0.4, but whereas at Braunschweig this

region extends almost to the trailing edge, at Oxford
transition appears to be complete by about S/S o = 0.65

(Fig. 13). Although efforts were made to ensure that the
pitot probes used in the two tunnels were the same size,
there are probably small dimensional differences which
result in the probes being immersed to different depths
in the respective boundary layers, which accounts for
the differences in absolute magnitudes of q/q 0 seen in

Fig. 13. Reducing the level of freestream turbulence
from 4% to below 1% appears to thicken the boundary layer
slightly but does not appear to move the region of trans-
ition further downstream. This effect may be deceptive,
because the pitot probe will not respond to the
immediate onset of transition, but requires some degree
of transition to have occured before there is a
measurable effect on the velocity profile of the boundary
layer. A calculation of the transition region, based on
an integral boundary layer analysis with a momentum
thickness Reynolds number correlation of the onset of
transition, predicts very well the start of transition,
and also a lengthy transition region which is in better
agreement with the Braunschweig than the Oxford results
(Table 2). This method is capable of indicating
separation by means of a locally zero or negative value
of skin-friction coefficient, but this was not predicted.

It is instructive here to compare the actual time-varying
signals recorded on T8 and shown in Figure 14(a) and (b).
Despite the relatively low frequency of data capture, the
the nature of the signals recorded at surface distances
below 0.4, between 0.4 and 0.6, and above 0.6, are quite
distinctly different, and support the hypothesis that
these are laminar, transitional and turbulent regions of

Fig. 13 Suction surface rundary layers at M 2 = 0.955
and Re g = 5 x lo

Table 2 Prediction of boundary layer transition

Profile
M2	

Tu 	 ---Transition (S/S 0 ) ---

Start	 90%	 Finish

T8 	 0.955 	 4% 	 0.42 	 0.82
T12	 0.955 	 4% 	 0.40	 0.94

the boundary layer. (The recordings closest to the

trailing edge are affected by the normal shock in this
region of the blade). These signals are qualitatively in
agreement with signals recorded under similar circum-

stances using hot wire or hot film probes [2,12,13] with
a frequency response at least an order of magnitude
greater. In the transition region the signals are
considerably more disturbed than in either the laminar or
turbulent regions. The difference between laminar and
turbulent regions is magnified by the reduction in
freestream turbulence intensity, Figure 14(b), which
suggests that a major component of the low-frequency
unsteadiness in the laminar boundary layer is actually
convected in from the freestream turbulence.

In the two tunnels the start of transition is observed at

almost identical points on the blade, so that the
development of the laminar boundary layer up to this

point is likely to be very similar. The earlier
completion at Oxford allows the turbulent boundary layer
more space in which to grow and thicken, and this is also
consistent with the higher design point loss coefficient
measured there (Figure 8).

For T12 the evidence is not as conclusive. Figure 13
shows a small rise in q/q 0 at S/S 0 = 0.4 followed by

long flat region, which could indicate either a rapid
transition to turbulence or a very long region of
transition. The time-varying signals in Figure 14(c) show
a steadily increasing level of unsteadiness up to a
surface distance of about 0.85, which tends to support
the latter hypothesis. Hodson [13] suggests that a region
of constant q/q can indicate an unsteady separation, and
if this is so IV could explain the higher loss of T12. As
with T8, the theoretical predictions listed in Table 2
indicate the correct onset of transition followed by a
long region before transition is complete. Again no
separation is indicated.

Suction surface boundary layer measurements at a lower

Mach number of 0.7 are shown in Figure 15. The results
for T8 measured in Braunschweig clearly show the effect
of the laminar separation bubble forcing an early
transition. The Oxford results indicate that transition
does not begin until S/S 0 = 0.48 on T8 and 0.65 on T12.

Since these results were not as clear as those at the
design point, Figure 13, two tests on T8 were conducted

with the boundary layer tripped by means of 0.05 mm
diameter wires. Figure 14 shows the thicker boundary
layers produced by these early transitions. The
explanation for the larger loss of T12 than T8 at this
condition appears to be that the thickening of the
boundary layer due to more rapid diffusion on T12 after
transition more than offsets the effect of a longer
region of laminar suction surface boundary layer.

Comparison of boundary layer measurements on T8 at
Oxford and Braunschweig

The high - speed cascade tunnels at Oxford and Braunschweig
have been extensively compared in [4] and [5]. but
without boundary layer measurements, and Figures 13 and
15 are of interest from this point alone. Despite using
the identical cascade test section and taking care in
setting up to duplicate as far as possible the test
conditions, the boundary layer development in the two
tunnels was quite different. At the design point there is
good agreement on the start of transition, but at Oxford
transition finishes much earlier than at Braunschweig.
One flow parameter which has an important influence on
transition, and which may not have been duplicated
sufficiently well, is the freestream turbulence. In both
tunnels this is generated by a grid upstream of the
cascade, but whereas at Oxford this is a bar grid in a
constant-area inlet duct, at Braunschweig it was a cross
grid upstream of a contraction before the test section.
This contraction accelerates the flow and stretches the

6

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1986/79283/V001T01A099/2396560/v001t01a099-86-gt-229.pdf by guest on 04 D

ecem
ber 2022



(a)

S/ So

0.30
	

,

0.40

0.48r L \Ai '
f

0 . 56

0.83

0.98	 A	 N AA/

0. 8

Tu Tunnel
❑ T8 4% OX -
0 T12 4% OX

- - - T8 4% BS
06

q /q0

04

02

10

q/q 0.01[

0.27

0.30 ,Y

05s
0 .40

( b )

S/S0
0.45

0.35

065

A/
0.45

0.75

0.65 0.85 V

095

tt h V
0.85 	 \I

,
 , 0.98 '1 ^-	 A

Fig. 14 Time-varying pressure fluctuations measured by flattened pitot in
the suction surface boundary layer (a) Ti, Tu 4% (b) Ti. Tu < 1%
(c) T12. Tu = 4%

Fig. 15 Suction surface boundary layers at M 2 = 0.7
and Re g	5 x 10

turbulent eddy length scales. Furthermore, data from
heated thin films on T8 in Braunschweig revealed a large
component of low frequency (below 1 kHz) flow disturbance
which may have been due to blade vibration. No turbulence
spectral data are available from Oxford, so it is not
known whether similar disturbances exist in this tunnel.
Although this evidence 1s short of conclusive, it does
indicate that the influence that freestream turbulence
has on boundary layer transition under these conditions
would repay further study.

CONCLUSIONS

The primary design objective of this sequence of nozzle
guide vanes has been to increase the blade loading and
reduce the blade solidity without incurring additional
loss. The first three vanes achieved this by progressive
modification to the suction surface contour. The most
recent vane, T12, achieved the increased loading by
modifications to the pressure surface contour to reduce
the velocities there, but in doing so suffered from
additional loss. The suction surface boundary layer of
T12 shows many interesting features including a long
region of diffusion growth and also a long region of
transition which may also involve an unsteady separation.

These results suggest that the design tools available at
the time for this vane were not adequate for truly
reliable predictions on as extreme a profile as this,
involving a high pitch/chord ratio and a very long region
of the suction surface downstream of the throat, and in
this case two-dimensional cascade tests played an
important role in the design process. It would be
interesting to perform boundary layer calculations for
the predicted velocity distributions and compare then
with results using the measured velocity distributions.
This would clarify the usefulness and limits of the
prediction methods used in the design process.

This work has confirmed previous testing [2,12.13] which
demonstrated the value of a flattened pitot probe in
determining the state of the suction surface boundary
layer. Whereas earlier tests used what were essentially
steady-state instruments, the present work has shown that
a probe with only a modest frequency response (of order
100 Hz) is capable of producing useful qualitative
information to distinguish laminar, transitional and
turbulent regions. In other respects it is, however,
limited. For example, it is not good at detecting
separation. for which other techniques such as hot wires
and hot films are much superior.
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x/cax	 y/cax 	 x/cnx 	 y/cax	 x/cax 	 y/cax 	 .x/cax 	 Yicax

0.159393 0.0031041 0.000114 0.110576 0.995398 0.017399 0.845606 0.033916

0.150070 0.001221! 0.002455 0.125237 0.996656 0.016478 0.815179 0.040217

0.140636 0.000008' 0.008986 0.141491 0.997750 0.015366 0.784643 0.045981

0.131140 -0.000530 0.018890 0.155920 	 , 0.998651 0.014093 0.754008 0.051359
0.121630 -0.000388 0.038861 0.174775 0.999337 0.012692 '0.723273 0.056348
0.112154 0.000431 0.068968 0.192538 1 0 .9997 88 0.011199 0.692466 0.060846

0.102761 0.001924 0.097112 0.202911 1 0.999994 0.0098 	 h

0.093498 0.004084 0.126380 0.209675 : 0.999949 0.0080955 00.632922 00. 00 66 48 60 517
0.084412 O.006898 1̂ 0.166315 0.214072 0.999655 0.006563 0.603029 0.070955

0.075551 0.01 . 0351 0.221419 0.214038! 0.999118 0.005099 0.573035 0.073327

0.066959 0.014433 0.273939 0.2094461 0.998353 0.003740 0.542999 0.074789

0.058680 0.019415 0.341059 0.1993071. 0.997380 0.002521 0.517698 0.075096

0.050755 0.024375 0.407518 0.186009 1 0.996224 0.001474 0.492399 0.074589

0.043226 0.0301870 0.519788 0.1 . 59121, 0.994915 0.000751 0.467124 0.073338

0.036131 0.036522 0.564302 0.147377! 0.993487 0.000000 0.429753 0.070121

0.029506 0.043346 0.608715 0.135268 , 0.991977 -0.000389 0.392529 0.065455

0.023385 0.050625 0.690539 0.122848 0.990424 -0.000531 0.361330 0.060523
0.017798 0.058323 0.725891 0.101867  0.988868 -0.000421 0.330294 0.054642
0.012774 0.066400 0.798570 0.080241 0.987395 -0.000078 0.299499 0.047606
0.008310 0.074814 0.871526 0.057818 0.965285 0.004772 0.247967 0.032951
0.005090 0.081558 0.944224 0.034548 0.943289 0.010207 0.202941 0.017860

0.004815 0.094844 0.992523 0.018582 0.921466 0.015790 0.159834 0.003211

0.000000 0.105295 0.994008 0.018107 0.883558 0.025179 0 . 159393 0.003104

The comparison of T8 results between Oxford and
Braunschweig adds to similar comparisons of the
well-known VKI-1 profile published elsewhere [4,6], and
now includes traverses of the suction surface boundary
layer. In general there is good agreement about the point
at which transition starts (within the limitations of
sensitivity of the pitot probe), but the boundary layer
develops quite differently in the two tunnels, and
completes much earlier at Oxford than at Braunschweig. It
is not possible to account completely for this behaviour,
although it is likely that the freestream turbulence has
an important influence. The nature of this influence, and
the mechanisms by which freestream turbulence affects the
boundary layers of a high-turning blade in high-speed
flow, and ultimately the performance of that blade,
appear to be significant gaps in our understanding and
worthy of further study.
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