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1. INTRODUCTION

One of the characteristic features of transonic flows is their
unsteadiness {1)(2). This is often associated with the early stages of
shock formation and, insofar as these shocks are weak, concomitant
fluctuations may not be of any significance energetically. However, when
these fluctuations affect dissipative structures, in shock-boundary
layer interactions for example, they can only increase the rate of entropy
production in the fluid.

The most obvious instance of highly unsteady dissipative flow in
turbomachines is in the wake region of the blades. Linear cascades
additionally suffer from the presence of free shear layers which can geunerate
regular large pressure fluctuations at frequencies of several hundred
Hz (3).

Study of these fast changing flows is only possible with large
bandwidth instrumentation. Usually this means the use of hot wires
or, more reliable in high speed flows, hot films. Examples of the current
state of these techniques appear in refs. (4) and (3).

High-speed photography has also been used to good effect and, though
such work is often not reported, an example appears in (8). Framing rates
in that study were around 10" pps so, the effective bandwidth was
considerably less, This was adequate to demonstrate regular movement
of the shock pattern in the cascade at frequencies of 400 to 600 Hz.

The bandwith available from heated thin films appears to be around

20 kHz (5).
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The speed of response required for the investigation of trailing
edge flows is much in excess of this. Consider, for example, the

formation of a stable vortex street in the wake of a blade of 1 mm trailing

(d) ()

Assuming a typical gas velocity of 340 ms *

(s¢)

edge thickness

and a Strouhal aumber of 0.2 we have, from

) St = £4/U
where £ is the vortex frequency, £ = 70 kHz. (Fig.1).

Frequencies well in excess of this simple estimate have indeed been
measured by Heinemann and Bitefisch (6). They reported vortex frequencies
up to 160 kHz. Their method, first proposed in this context by
Lawaczeck and Heinemann (7), comsists in recording the fluctuating light
level at one point in the schlieren image of the flow with a photcmultiplier
behind a pinhole in the gereen on which the image is formed. The time
resolution is then limited only by that of the photomultiplier and the
spatial resolution by the sensitivity of the schlieren system.

We describe, in this communication, extensions of the techniques
briefly described above. Firstly, it is shown that, taking trailing edge
flow as an example, high speed photographic framing rates have to lncrease
by an order of magnitude to resolve even the simplest details of the flow.
Secondly, a new method of dynamic schlieren image analysis is described which

exploits the advantages of two-point correlation across the image using two

photomultipliers and a fast digital correlator.

2. EXPERIMENTAL DETATLS

{a) Cascade tunnel

The Whittle Laboratory cascade tumnel is a closed circuit, continuously
running variable demsity facility. It is driven by a 1 MW three-stage

centrifugal compressor with a pressure ratio of 2.5:1 at a mass flow rate
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of 4.8 kg s * for an entry pressure of (00 kPa, and temperature of 300 X (19).
For a linear turbine cascade of around 80 cm? throat area the Mach number

at outlet may be wvaried from 0.5 to 1.25 and Reynolds number is independently

controllable from about 2 to 10 x 10° based on blade chord (v 40 mm).

(b) S¢hlieren system

Both series of measurements made use of the same schlieren system with
substitution of either a high—-speed camera or photomultiplier detectors
in the image plane.

This is a standard single pass system with two spherical mirrors of
2.4 m focal length and 0.3 m diameter. The light sources are a high
pressure 100 W miniature mercury arc tube giving an effective source size
of about 1 x 1 mm and a standard photographic flash gun giving an effective
source size of 2 x 2 mm and a flash duration of about 1/1000s. Because
of space limitations around the cascade tunnel the light beams are folded
with plane mirrors both on the source and detector side. (Fig.2).

Two 'knife edges' were found effective; one was a conventional graded
filter, the other was a suitably shaped opaque dot, or 'top hat' filter.
The latter, essentially, produced a dark field schlieren image. This was
useful in increasing signal to noise ratio in the light beam.

(c) Data acquisition

(i) 1Image converter camera

The very high framing rates needed to analyse motion at the trailing
edges were attained by the use of an IMACON 790 image converter camera (9).
Rotating mirror cameras are available which will provide framing rates up to
about 10® pps (pictures per second) with limited portability. Their principal
advantage over the image converter is their higher optical resolution,
typi?ally 20 lines per millimeter 4as against four or five for the image
converter tube. The image converter camera, in practice, is much more

convenient to use however. It may be triggered very rapidly, operates
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at much lower light levels and gives a large and conveniently adjustable
range of framing rates typically, from 2 x 10° to 107 pps.

3000 ASA Polaroid film was used to provide immediate assessment of
the results.

The schlieren system was adjusted to give a real image of the correct
size and magnification in the plane of the photosensitive surface of the
image converter.

(ii ) Correlator

The exit beam of the schlieren system was split to produce two image
planes. In each plane a small screen was positioned, These could be
moved in any direction in the image plane by means of simple lead screws
rotated manually, (Fig. 3).

In the centre of each screenm a 0.25 mm dizmeter heole fed light into a
fibre optic cable. Each cable was in turn connected directly to the
photosensitive surface of the photomultipliers.

Thus, the autocorrelation function of the signal from each screen could
be obtained, Or the detector holes could be positicned to provide a
cross correlation between two separate points in the flow Ffield.

The photomultiplier signal after amplification and a discriminator
stage,were input to the digital correlator.

The digital correlator was a Malvern type K7023. By the use of clipping
techniques described in (10) the time consuming multiplications normally
needed for correlation are reduced to single bit operations with a proportionate
increase in speed. The resultant bandwi&th ig 20 MHz but, whilst eclipping
one of the input signals has no effect on Gaussian distributions of input
pulses, the effect on other distributions is not clear except in isolated
cases (10)(11).

{(d) Data reduction

The treatment of correlated and autocorrelated data in general has

been the object of a great deal of effort (see, for imstance, (11),(12) and (13}).
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Nevertheless, a few comments in the context of the present experiments are
appropriate.

Correlation of optical signals using digital correlators is widely
used in laser anemometry (14)(15)(10). There, as in most of the present
work, this technique depends for its relative simplicity on the presence
in the flow of periodic or quasi-periodic structures. Stable vortex streets
in trailing edge flows are an obvious example that we discuss here.

Correlation of the schlieren image has provided two physically distinet
kinds of measurement as follows:

(1) Autocorrelation

The autocorrelation function has two extremely useful properties
1 N
Rx(tl, ty *+ z) = lim 1\? k§1 Xk(tl) Xk(tl’ + Z)

L > @

where Rx is the autocorrelation fumnction and xk(tl) is the light intemsity
at time t;. The averaging process allows detection of any periodicity in
the signal irrespective of any short term random f£luctuations.

The random component of the signal, however, determines the rate of
decay of the correlation. Thus, in the case of a vortex street the
decay of the autocorrelation function is a measure of randomness in the
vortex sktructure, This may be caused by emission of limited trains of
vortices or reflect increasing turbulence or, similarly, a lack of gpanwise
coherence.

(ii) Cross—correlation .

The averaging properties of the autocorrelation function extend with
greater force to the cross correlation function (113. This function
vields information on the presence of a signal propagating between
two points, the direction of propagation and its velocity, Again, the
rate of decay of the function is a measure of the randomness in the signal.
By comparison with the autocorrelation-function it is possible to evaluate

the change in randomness along the propagation path.
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The correlator cutput for both types of correlation was as shown
in Fig. 4 (a cross correlation). To characterise the depth of modulation.
a contrast function dN/N was defined. Unfortunately the background level,
N, is rather arbitrary and had to be kept constant when variatioms of dN/N
were of interest,
(e} Experimental programme

L]

Tests were devised to evaluate these methods as far as possible

in terms relevant to the probelms of turbomachinery design. The tests
inecluded

~ Accurate measurement of the frequency variation of vortex shedding
from turbine blades over cascade outlet Mach No. range of 0.50 to 1.24 at
constant Reynolds number (7 x 105).

- Similarly, over a range of Reynolds No. of 2.8 to 9.5 x 10° at a
constant outlet Mach No. of 0.91.

- Determination of the position of tramsition to turbulence of the
boundary layer.

- General inveétigation of fluctuation rates and levels in the cascade.

- Trailing edge blade-to-blade cross correlation (Mach No. range 0.60
to 1.20).

~ Vortex structure by traversing acrosg the wake.

- Convection velocities in the wake

- Visualisation of the process of vortex formation in the trailing

edge region over ranges of Reynolds and Mach No. as defined above.

These tests were carried out on two different experimental, highly-loaded,

turbine blade profiles referred to here as RH and RJ (Fig. 5). Details

of the cascades are given in Table 1.
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RESULTS AND DISCUSSION

1. Tmage Converter Visualisation

An overall view of the cascade flow for blade RJ is shown in Fig. 6.
‘(Blade RH is very similar to RJ and the general features of its flow
pattern are little different),. This was obtained with a standard spark
unit at 1/3 ps.

The image converter sequence of RJ at an.outlet Mach No. of 0.91 in
Fig. 7 shows much more detail of the process of formation of the discrete
vortices in the wakes. (A1l outlet Reynolds numters are 7 x 10° based
on blade chord unless otherwise specified). The frequency is immediately
obtainable from the framing rate (2 x 10° pps). Direct measurement on the

photograph yields a frequency of 530 kHz %z 5kHz and a velocity of 230 ms *

with a similar percentage error. This error is not a fundamental limitatiom
of the method of measurement. It is the uncertainty in the timing of

the camera's pulse generator. It was not possible to carry out an accurate
calibration in these experiments. But it is estimated that the error

should be no more than 1 or 27 with calibration.

Several aspects of the process of vortex formation deserve notice.
Firstly the well-defined discreteness of the vortices. This has often been
observed before and appears to be intermittent it is certainly dependent on
operating conditions and tends to degenerate into turbulence at higher Mach
numbers (around 1.2). However, since the vortices would be expected to
break up in the spanwise direction into smaller three dimensional
structures (18), their stability in two dimensions is remarkahble.

Secondly, the vortex street is strongly asymmetric as is the wake
itself, (The suction surface of the blade 1s uppermost). However, the
apparent lack of symmetry may be to some extent an artifact of the knife edge

orientation, although this was placed as symmetrically as possible across

the wake. It is also quite likely that each dark spot in the sequence
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represents not a single vortex core but two contra rotating vortices.

The mechanism of vortex formation appears to be rather far removed from
that of the conventional von Karman vortex street, It is, moreover,
not clear that the fluctuations are linked to movement of the points of
separation, though this cannot be excluded,

Vortex shedding is associated with strong and extremely fast density
fluctuatkons in the recompression region of the base flow. This presumably
also causes correspondingly large variations in the base pressure itself.

This visualisation method was also applied to blade RH at a Mach number
of 1.0. Unlike RJ it suffers separation of the suction surface boundary
layer at that outlet velocity. The effect on the trailing edge flow and
vortex shedding is shown in Fig. 8.

The fluctuations in the recompression region appear to be similar to
those without boundary layer separation but the process of vortex shedding
is less coherent. This was confirmed by the autocorrelation measurements.

An attempt was made to observe the stability of the separation bubble
associated with the'shock—boundary layer interaction on the suction side
of blade RIJ. The shock-laminar boundary layer separation bubbles showed
no observable fluctuations in the frequency range 20-80 kHz except at the
turbulent re-attachment point,

2. Correlation

(a) Autocorrelation

With the probe placed approximately as shown in Fig. 9 satisfactory
autocorrelations functions were obtained. = TFig. 9 shows a comparison of the
data at two Mach numbers for RJ and RH. This demonstrated the different
wake structures of these profiles under a range of conditions very simply.
Blade RJ showed generally more coherence in its vortex structure than RH.

It is, however, not appropriate to speculate on the possible causes here.
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Vortex shedding frequeney and Mach number

The most immediately accessible data from the autocorrelation are the
frequencies of vortex shedding. The variation of vortex shedding frequency
for RH and RJ with outlet Mach number is shown in Fig. 10.

The shedding frequency increased with Mach number from about 30 kHz
at Mach No. 0.43 to 110 kHz at 1.22, The frequencies for the two blades
agreed well until just below Mach No. 1.0 when RH displayed a marked
drop in frequency of 20 kHz. There alsc appears to be a slope
discontinuity for both profiles after M = 0.95 (M = outlet Mach number) .

The sudden frequency drop for RH at M = 1.0 was caused by the unusual
properties of the suction surface boundary layer of RH which separated just
below M = 1.0 ((1} in Fig. 10(a)) but re-attachment occurred at around
M= 1,04, That this could be seen easily illustrates one of the main
advantages of the present approach. The correlator samples quantitatively
one or two points in the flow but the overall picture is visible and easily
interpreted at all times. The low frequency shift in RH corresponds to the
condition illustrated in Fig. 8.

For convenience some data on base pressures corresponding to the
points in Fig. 10 (a) and (c) are presented in (b). It is unexpected
that there seems to be no correlation for RH between measured base pressure
and vortex shedding frequency (20).

It was expected that the violent density fluctuations observed with
the image converter camera in the base flow would cause the shocks to move
similarly. Very little shock movement of this kind could be seen either
in the photo sequences or by autocorrelation of the shock pogition.

Frequency range

In view of the remarkable coherenceof the vortex shedding a search
was made for other possible driving frequencies in the flow field over

a range from 100 Hz to several hundred kHz.
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Only one other strong discrete frequency was measured. This was

between 1.2 and 1.6 kHz. It was strongly dependent on Mach No. as shown
in Fig. 11, It was detectable superimposed on every other feature of the
flow. It is likely therefore that it is caused by periodic unsteadiness
in the free shear layer at the edge of the cascade. A similar effect

has been investigated by Sieverding who found a strong coupling between

unsteadiness in the free shear layer and the cascade flow at a frequency
of about 400 Hz (3).
Detection of laminar-turbulent transition in boundary layer

i

An attempt was made to locate the transition region of the suction surface

boundary layer of RJ from the autocorrelation function of points at the edge
of the boundary layer before and immediately after transitionm, The results
were unfortunately inconclusive mainly because the signals were swamped by
the low frequency oscillation of the free shear layer.

Wake traverse

The optical probe was traversed across the wake of RH 5 trailing edge
thicknesses downstream of the trailing edge. The traverse path was from
pressure to suction side. Fig. 12 shows the variation of dN/N across
the wake in agreement with similar results by Lawaczeck et al (17).

(b} Cross Correlation

Velocity in the wake

The optical probes were placed a known distance apart in the wake
and the cross correlation function was obtained. First the probes sampled
the wake at the same point in their respective image planes. One.probe
was kept stationmary while the other was then moved downstream in steps of
0.5 mm. As expected the delay in the peak of the correlation depended
on probe separation. This is shown in Fig. 13 (a) and (b). Delay is
plotted against probe separatiom in (c). The calculated mean velocity

(blade RH) at M = 0.91 was found to be 225 ms * . The wvelocity could also
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be obtained directly from an image converter sequence. The result was
210 = 20 ms * . As expected, it was found that the correlation contrast
(dN/N) decreased with increasing probe separation. dN/N dropped from 0.5
for autocorrelation to 0.14 for a 2 mm separation between sampling points.
It was also possible to detect the decrease in wake velocity over 2 mm
from the curvature of the line in (c).

Blade—-to-Blade correlation

If the high level of coherence of the trailing edge vortices is
maintained by some other oscillation in the cascade it is informative to cross
correlate different blade trailing edge flows. This was done for blade
RH by positioning the optical probes in corresponding spots in two adjacent
trailing edge flows, that is, just downstream of the reFompression region.

The Mach number was varied between 0.5 and 1.15 at a constant Reynolds
number of 7 x 10° and the cross correlation functions were obtained.

Fig. 14 (a) and (b) indicate the variatiom in observed delay at the peak

of the correlation as a function of Mach number. The delay was reduced
from 135 pus at M = 0.98 to 68 pus at M = 1,20, This general trend is to

be expected. The exact mechanism for the propagation of the information )
from one trailing edge to the other is not clear. Fig. 14 (c) provides some
help. Although the autocorrelations at subsoniec Mach numbers are strong
the trailing edge to trailing edge cross correlations are weak until choking
occurs. it seems likely that formation of the pessage shock is connected

%

with the sudden steep increase in cross correlation. When the cross
correlation direction was reversed, so that it would have detected 'information'
moving upstream, no correlation was observed. The rapid decrease in
correlation beyond M = 1,0 is probably caused by the increasing level of
turbulence. These measurements rule out any simple mechanism like

acoustic resonance as the cause of the coherence of the vortex streets.

An estimate of the time taken by a pulse to travel from one trailing edge
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to the other only agrees with the data in order of magnitude no close

agreement is obtainable for any reasonably simple propagation path.

CONCLUSIONS

Some significant aspects of transonic cascade flow require fast response
instrumentation for their investigation and measurement. Effective
bandwidths of up to 1 MHz are convenient for the study of fluctuation and
vortex shedding in trailing edge flows at tramnsonic Mach numbers.

The two methods discussed in this study both meet these requirements.
Very high speed photography simply exploits the intuitively accessible
schlieren visualisation. It has shown even with the limitations of
a brief series of tests that there may be such large unsteady effects in
the trailing edge region that no model based entirely on analysis of a
steady flow will be adequate to evaluate trailing edge loss.

The method of correlation of points in the schlieren image was extremely
convenient for the measurement of periodic components in the flow.
In addition it ruled out immediately any over simplified acoustic resonance
models to explain tﬂe high coherence of the trailing edge vortex streets.
It should perhaps be underlined that these measurements made use of the
extremely high seﬁsitivity of the photon correlation method. It does not
rule out the use of other, more comventional correlators.

It became clear that problems of interpretation of the correlations

arise when the exact statistical properties of the input signal are required,

as they would be in an investigation of turbulence.
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TABLE 1

CASCADES AND TEST COXDITTONS

RH RJ

Blade chord (mm) AN 61.7
sfe 0.834 0.834
d/e 0.04 0.04
Agpect ratio 2.44 2.44
Inlet angle 59.1 59.1
Qutlet angle 70.8 1.4
No. of Blades 6 6
Inlet Stagnation Pressure 50-150 kPa
Iniet stag. Temp. (K) 300
Inlet turbulence 0.5 - 1.0 (7 ;.m.s.)
Outlet Mach No. 0.5 - 1.25
Qutlet Reynolds No. based
on true chord 7 x 10°

s = pitch

¢ = true chord

d = trailing edge thickness
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Fig5 Blade Profiles

FIG. 6 VORTEX STREETS IN RJ PROFILE WAKES
" MA2 = 0.90 Re =7 x 10°
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FIG, 7  VORTEX SHEDDING FROM TRAILING EDGE OF PROFILE RU.
FRAMES MARKED IN u SECS. M = 0.91, Re2 = 7 x 10°
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FIG., 8 VORTEX SHEDDING FROM TRAILING EDGE OF PROFILE RH
FRAMES MARKED IN ¢ SECS, M = 0.91, Re 2 = 7 X 10°
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