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ABSTRACT

Cascade testing tries to simulate the actual flow condi-
tions encountered in a turbine. However, it is neither possible
to reproduce the free stream turbulence structure of the
turbomachinery, nor the periodic wake effects of upstream
blade rows. The usual understanding is that the latter in
particular results in a significantly different behaviour of the
boundary layer in the engine.

Experimental results from cascades and turbine rigs are
presented. Grid generated free stream turbulence structure is
compared to that in the turbine. Measurements of the profile
pressure distribution, flush mounted hot films and flow visu-
alization were used for the interpretation of the test results.
Some observations of the boundary layer development in the
cascade, on the guide vanes and on rotor blades with typically
skewed boundary layers are shown indicating essentially
similar behaviour in all cases.

NOMENCLATURE

d m diameter, trailing edge thickness

e \% RMS hot film signal

E v time average hot film signat

EO v time average hot film signal at zero
flow

f Hz frequency

F Hz frequency range

L m length scale of velocity fluctuations

P Pa total pressure

Mt - ) Mach number

Re - Reynolds number

s m curved coordinate of the profile
surface

Sr - Strouhal number

t m cascade pitch

u m/s velocity in the shear layer

u' m/s velocity fluctuation

U m/s main flow velocity

v m/s eddy convection velocity

a 1/m wave number

g8 - Hartree parameter

5, m displacement thickness

n kg/(m s) dyn. viscasity

A - relative length scale of velocity fluc-
tuations

T Pa shear stress

SUBSCRIPTS

1 integral value
F frequency range
w wall

INTRODUCTION

The oaverall performance of a turbine depends primarily on
the viscous effects in the flow. This is particularly true for
turbines in aircraft engines where large portions of the
boundary layer on the airfoils are laminar. In this case early
laminar/turbulent transition would increase turbulent friction
losses, late transition would tend to increase sensitivity to
taminar separation, both leading to performance deteriora-
tion. In cooled turbines these phenomena would also have
influence on heat transfer to the blade and may penalize life.
Evidently close control of transition is necessary to hold and
improve on the present high levels of performance.

It is well known that turbulence can have a strong effect
on the transition of shear layers. This has been accepted for
some time and extensive experimental work has been carried
out to determine the influence of the degree of turbulence on
cascade performance. Reviews have been presented by
J. Surugue /1/ and R. Kiock /2/. Adapting the point of view
of fundamental boundary layer research, in many cases
devices have been used to produce isotropic or at least uni-
form turbulence at the entry to the test section. This permits
a clear separation of turbulence from other effects. Un-
fortunately, the situation in turbomachinery is more compli-
cated. The turbulence produced in wakes usually does not
have sufficient time to become uniform before it interacts
with the boundary layer of the next row. The wakes of rotat-
ing blades produce discrete frequency fluctuations for the
stationary vanes. Changing from the absolute to the relative
frame and vice versa directly effects the components of
velocity fluctuations. Finally the problem is further compli-
cated by radial movement of the fluid in secondary flows.

To reduce complexity, modelling of these phenomena at
the present has to remain essentially 2-dimensional. Never-
theless, it is quite obvious that the degree of turbulence,
alone, is not sufficient to describe the flow. It is necessary to
include some more sophisticated considerations of the makro-
skopic structure of turbulence. These could help to separate
for example the following different forms of interaction with
a shear layer:
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- Very slow fluctuations (verg large eddy) representing
quasi steady state flow for the boundary layer.

- Slow fluctuations producing true unsteady flow, as in
the experiments of D.J. Doorly and M.L.G. Oldfield /3/.

- Fast fluctuations in the unstable region of the laminar
boundary layer initiating transition. These are either
introduced into the flow with isotropic turbulence, or with
periodic wakes as in the experiments of H,Pfeil and
R. Herbst /4/, or with discrete frequency excitation as for
example reported by Yu.S. Kachanov and V.Ya. Levchen-
ko /5/.

- Very fast fluctuations {very small eddy) which are
damped away in the boundary layer and have no effects.
To resolve these phenomena some more detailed informa-

tion about the turbulence environment in a turbine is re-
quired. Measurements in a variety of turbine rigs are pre-
sented in this paper, and the characteristics are compared to
grid generated turbulence. The observed behaviour of the
2-dimensional profile boundary layer in such an environment
is shown for guide vanes and rotor blades using different
measurement techniques.

EXPERIMENTAL FACILITIES .

Turbulence measurements were carried out in three dif-
ferent turbine rigs and behind grids placed in a jet flow. The
experiments with the profile boundary layer were carried out
in twa nf the turbine rigs.
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Fig. 1 ANNULAR CASCADE RIG AND TYPICAL FRE-
QUENCY SPECTRA OF TURBULENCE FOR CAS-
CADES A AND S

Fig. 1 shows the annular cascade rig for the first quide
vane of a low pressure turbine. Very extensive aerodynamic
measurements were carried out in this set up with two dif-
ferent cascades. This included static taps and flow visualiza-
tion on the airfoil and circumferential traversing of the flow
25 mm downstream of the trailing edge at the mean section
both with a five hole pressure probe and a hot wire probe.

In the two stage rig shown in Fig. 2 the measurements con-
centrated on the profile boundary layer of the guide vanes
using static taps and hot films at the mean section. Flow
visualization was applied both on guide vanes and rotor
blades. Turbulence measurements could be done 395 mm
downstream of the trailing edge of the second rotor only. A
hot film cylinder probe was used. The first guide vane was
one of the annular cascades used in the rig of Fig. 1.

The third rig, a single stage high pressure turbine, is shown
in Fig. 3. Turbulence measurements were conducted 5 mm
downstream of the rotor trailing edge at the 3 o'clock posi-
tion and 40 mm at the 1 o'clock position at the mean section.
No traversing was done. A hot film cylinder probe was used
for these tests.

The experiments with the turbulence grids were carried
out in the jet behind a nozzle of 100 mm diameter shown in
Fig. 4. The grids were mounted on the nozzle. Bar diameter/
mesh width was 0.3/1.0; 0.8/3.3; 6/19 and 8/20 mm. Both hot
wire and hot film cylinder probes were used.

The turbine parts were genuine engine hardware. For the
turbulence measurements DISA probes were used. The flush
mounted hot films for the boundary layer investigations were
developed and manufactured at MTU. Development and cali-~
bration techniques will be reported by P.Pucher and
R. Gohl /7/. A TSI 1050 CTA anemometer was used for the
tests. The signals were taken on tape and were further pro-
cessed with a NICOLET 4468 FFT real time analyzer.
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Fig. 2 TWO STAGE LP TURBINE RIG AND TYPICAL
FREQUENCY SPECTRA OF TURBULENCE
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Fig. 3 HP TURBINE RIG AND TYPICAL FREQUENCY
SPECTRA OF TURBULENCE

THE MAKROSTRUCTURE OF TURBULENT FLUCTUATIONS

For the classification of the interaction between turbu-
lence and a shear layer the size of the eddies has been used in
the introduction indicating the necessity for a characteristic
length. Originally it was G.lL Taylor /6/ who presented an
analysis of turbulence in 1936 suggesting that not only the
amplitude but also the wave length of the disturbance are the
two important parameters. Stability theory for laminar flow
uses only the wave length. Frequency spectra can indeed
show quite different qualities. In the case of Fig. 2 the ampli-
tude is practically independent of the frequency except for
very low values. In the case of Fig. 3 at the 40 mm down-
stream station, turbulence appears to be rather strong around
4 kHz falling off at lower and higher frequencies. Additional-
ly strong fluctuations can be observed at the discrete fre-
quencies of 14 and.18 kHz. It should be expected that a shear
layer would react differently to these two disturbances.

The individual disturbance can be described using its
characteristic frequency f. The disturbance is convected
downstream with the velocity V. This velocity can be used to
define a length scale L

NV
e
In terms of the eddy model this is the wave length of the
fluctuation. In free shear layers V is assumed to be equal to
the local mean velocity of the flow U

1)

V=U (2)

These definitions can be directly applied to discrete fre-
quency disturbances. For random fluctuations, however,
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Tig. 4 NOZZLE WITH TURBULENCE GRIDS AND TYPI-
CAL FREQUENCY SPECTRA OF TURBULENCE

integral scales have to be introduced. An integral frequency
f, — can be defined by an amplitude weighted averaging pro-
céss over the frequency range of 0 to F kHz

F
/f uZ df
f =
LF T Ae——— (3)
/‘/u'l df
4]

Accordingly the integral length scale is

S A
A (4)

y

L

For uniform turbulence, where the amplitude is constant,
the integral frequency can be readily calculated to be equal
to F/2. An integral frequency value below F/2Z indicates that
the slower fluctuations are more pronounced, a value above
F/2 means that the higher frequencies are dominating. This
suggests the introduction of relative parameters like the
relative integral length A

L
M = (5)

ILF
’ LI,F uniform
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With equation (4) this gives

ELF uniform F/2
LF~TT "7 ©
’ LF LF

It should be noted that these parameters are still integral
values just the same as the degree of turbulence. 1
does not imply the existence of uniform turbulence. If only
indicates that overall turbulence levels below and above F/2
are equal, whatever the distribution in these two regions may
look like. Nevertheless, the integral length is besides the
degree of turbulence the second independent parameter
which is necessary to describe the overall characteristics of
amplitude and frequency.

In general these considerations have to be applied to the
three possible directions of the fluctuations. However these
are seldom available from measurements in turbomachinery.
Results reported here include the streamwise and radial fluc-
tuation. The frequency range has been limited to 20 kHz. This
is somewhat low for hot wire probes, but the experimental
set up and other probes used, tend to make measurements
beyond that unreliable. Unless indicated otherwise, integral
values in this study do not include discrete frequency ampli-
tudes.
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Fig. 5 VELOCITY AND TOTAL PRESSURE t.0SS DIS-
TRIBUTION DOWNSTREAM OF THE ANNULAR
CASCADES A AND S

TURBULENCE MEASUREMENT RESULTS

The most conclusive results were obtained with the
annular cascade rig shown in Fig. 1, because one of the
cascades investigated showed non-reattaching laminar separ-
ation. Test conditions were adjusted to give a Reynolds
number of 200000 defined with exit parameters and true
chord.

The flow parameters were traversed tangentially 2.5 times
the pitch in width. Fig. 5 shows the velocity U and total pres-
sure loss aP /P, wakes over the relative pitch. Fig. 6 shows
the overall dégrée of turbulence Tu and the relative integral
length scale M.20° The phase shift between the two cascades
is arbitrary. ’
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Fig. 6 DEGREE OF TURBULENCE AND RELATIVE
INTEGRAL LENGTH DOWNSTREAM OF THE
ANNULAR CASCADES A AND S

The total pressure losses increased dramatically from cas-
cade A to cascade S, very similar to the transonic tests of
O. Lawaczeck /8/ where the phenomenon was also caused by
separation. The presence of laminar separation on cascade S
was confirmed by the profile static pressure distribution and
flow visualization, which also showed that on cascade A the
boundary layer remained attached up to the trailing edge.

The measurement station is about one axial chord down-
stream of the vane row where significant mixing should al-
ready have taken place. However, the velocity deficit in the
wake of cascade A is still 13% and 34% for cascade S.
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Velocity gradients are practically the same for both cases.

Much more interesting are the turbulence wakes. Although
velocity gradients still exist, cascade A shows a constant
degree of turbulence below 2% with relative integral length
scales in the vicinity of 1. This confirms the observation of
R. Kiock /9/ that the dissipation of turbulence is significantly
faster than the decay of the mean velocity wake. He reported
on similar levels of turbulence at the same distance from the
trailing edge downstream of a compressor cascade.

O.P. Sharma, T.L. Butler, H.D. Joslyn and R.P. Dring /10/
obtained 8% maximum degree of turbulence 0.1 axial chords
downstream of the inlet guide vane of a 1 1/2 stage low
velocity rig turbine. Taking the dissipation rate into account,
this is also comparable to the present results.

The separated flow of cascade S shows levels of turbulence
one order of magnitude higher and relative length scales of
about 1.2. The latter indicates that lower frequencies
dominate as can also be seen from the RMS spectra in Fig. 1.
The velocity gradients present in this station would not indi-
cate sufficient turbulence production to explain these values.
They are probably due to turbulence produced closer to the
cascade where the suction side main flow mixes at the free
shear layer with the dead water of the separation zone. In
that region the highest velocity gradients in the flow are
present. This is in agreement with the distribution of turbu-
lence. The highest levels can be observed on the suction side
leg of the wake quite close to the edge of the mixing zone.
R. Kiock /11/ identified a similar behaviour of turbulence in
a compressor. It was attributed to laminar separation which
developed when Reynolds numbers were reduced below a
critical value.

The RMS spectra of Fig. 1 show a strong amplitude at
16 kHz for cascade S which could not be explained by any
frequency of the system and which was not observed in cas-
cade A. Assuming a Strouhal number Sr = 0.2 for the wake of
a body with a displacement diameter d

fd
Sr = —LJ_ (7)

a value of d = 2.4 mm can be calculated. This is approxi-

mately the predicted total displacement effect of pressure

side boundary layer, trailing edge thickness, suction side
separation zone and suction side free shear layer, implying
the presence of a vortex wake. The corresponding frequency
for cascade A was expected to be beyond the range of the
measurements. [t could still be identified at 28 kiHz, giving
about half the displacement effect of cascade S. In both
cases the amplitude of the signal had a peak in the core of
the wake. If these observations can be verified they would
present a rather simple method of identifying flow separation
in turbine cascades.

From the results of these tests two facts should be pointed
out:

- High levels of turbulence in turbines can be produced in
the mixing out of separation zones and not only by the
periodic wakes between stationary and rotating blade
rows. ’

- The measuring station lies within the blade passage of
the downstream rotor of the complete stage shown in
Fig. 2, It is obvious that turbulence there would by no
means have to be uniform. In the case of cascade S for
example the rather complex structure shown in Fig. 1l
including periodic disturbances would be present.

The integral parameters, degree of turbulence and relative
length scales are shown in Fig. 7. The periodic vortex wake
has been separated from the random turbulence for cascade
S. It is shown at low levels of relative length scale and degree
of turbulence.

Test results of the two stage rig Fig. 2 are also plotted in
the diagram. Turbulence measurements only far downstream
were possible in this experiment. Rotor speed was varied bet-
ween 80% and 120% and first vane Reynolds number between
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Fig. 7 INTEGRAL CHARACTERISTICS OF TURBULENCE
IN TURBINES AND BEHIND GRIDS

160000 and 480000. In all cases the frequency spectra look
very similar to that shown in Fig. 2. The distribution is
practically constant except for very low frequencies.
Obviously the measuring station about 15 axial chords away
from the last row is so far downstream that the different
operating conditions have no effect. Even the blade passing
frequencies do not show. Relative integral length scales are
between 1.4 and 1.5, turbulence levels are about 10%, which
is partly due to the mean velocity reduction in the diffusing
annulus of the test rig.

Typical spectra for the high pressure turbine rig are shown
in Fig. 3. Surprisingly, the station 5 mm downstream of the
rotor shows a more uniform distribution than the 40 mm
downstream station. The blade passing frequency can be
readily identified for both stations. Also in both stations a
periodic signal can be observed at 14 kHz. After transforma-
tion to the relative frame this could be attributed to the
vortex wake of the rotor blades. Both discrete frequency
signals appear at the very low length scale region of Fig. 7.

The overall degree of turbulence was found to be between
6% and 9% in both stations, the lower value corresponding to
integral length scales of 1.0, the higher to 1.3. Laser veloci-
meter measurements 3 mm downstream of the trailing edge
triggered to a fixed blade to vane position gave values of 8%
to 16% along the guide vane pitch.
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This sums up the available data on turbulence structure in
turbines. It covers a range of Tu = 2% to 25% and >\I 20 = .95
to 1.50. Periodic fluctuations lie about Tu = 2% and XI 20 =
0.5 to 0.6. Because of the limited data base, this does not
cover the whole range to be encountered in a gas turbine. It
should also be noted that this data only includes cold rig
experiments. Applying Mach number similarity, blade passing
frequencies for example would be about two times higher in a
hot engine environment.

For comparison grid generated turbulence is also shown in
Fig. 7. Results from the free jet tests of Fig. 4 give for bar
diameters below 0.8 mm values close to uniform turbulence
with A =1 and Tu = 2% to 4%. The thicker bars give both
higher évels of turbulence and length scales. The differences
can be easily understood when the spectra in Fig.5 are
compared. In the case of the thicker bars, the distance of the
measuring station 100 mm downstream of grids did not fulfill
the criterion given by M.F. Blair /12/ of ten mesh lengths for
uniform turbulence.

Further data are included from measurements in a high
velocity cascade test facility by R. Kiock, G. LLaskowski and
H. Hoheisel /13/. Degrees of turbulence up to 8% with length
scales between 1.3 and 1.6 were achieved.

The data collected in Fig. 7 shows that grid generated
turbulence is quite similar to that found in turbomachinery as
far as overall parameters are concerned. One shouid not be
afraid to put the grids close to the test section. The irregu-
larities appearing there look much like those found in a
turbine. Periodic disturbances will have to be introduced
separately into the flow.

10 -
e Experiment

— Prediction

Ma ./‘0\.

/'/ Separation ’\\
. bty «—
bubble
/ «
051 /
'S

-

Laminar separation
Flow visualization

0
1.0
E -Eo
Eo
\.\
[ N _.—.\
[ ] ./.\
0.5 [
\O-—O/
0 J_-*__j___—__ﬂl
o] 05 rels 1.0

Fig. 8 MACH NUMBER DISTRIBUTION AND TIME AVER-
AGE HOT FILM SIGNAL FOR THE FIRST GUIDE
VANE OF THE TWO STAGE RIG AT THE MEAN
SECTION

BOUNDARY LAYER INVESTIGATION

Because of the fundamental importance of the turbulence
intensity and turbulence structure to the boundary layer
development, boundary layer experiments were carried out
with the two stage rig shown in Fig. 2. The Reynolds number
was set at 200000 for the first guide vane. As mentioned
before, genuine engine parts were used. The measurement
techniques applied were:

- Static pressure taps around the profile at the mean
section on both guide vanes.

- Hot film probes on the suction side at the mean section
on both vanes.

- Flow visualization on all four rows.

The purpose of the test was to identify the state of the
boundary layer along the suction surface and localize transi-
tion. The boundary layer behaviour of the four rows should be
compared in terms of the effects of periodic disturbances
from the wakes of the upstream rows.

Fig. 8a shows for the first vane the Mach number distribu-
tion, calculated from static to inlet total pressure, over the
normalized curved coordinate s of the profile surface. The
transition of the separated laminar boundary layer with
following turbulent reattachment can be clearly seen on the
diffusing part of the suction side. This is in good agreement
with the boundary layer prediction.

The time average hot film signal E, corrected for the zero
flow effect £ _, is plotted on Fig. 8b. For ideal conditions,
with ne heat t?ansfef/grom the probe at zero flow, this signal
is proportional to Tw

e

0 05 rel s 1.0

Fig. 9 TOTAL RMS HOT FILM SIGNAL AND FLOW VISU-
ALIZATION FOR THE FIRST GUIDE VANE OF
THE TWO STAGE RIG AT THE MEAN SECTION
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Unfortunately the heat loss to the vanes is usually much
greater than the heat transfer due to the shear stress. Only
with a very difficult calibration procedure it would be
possible to calculate wall shear stress from the hot film
results, as H.P. Hodson /14/ did for his tests. Nevertheless
very good relative information can be extracted from the
signal. In Fig. 8b high values of E can be identified in the
region of acceleration, because of the thin boundary layer
and the high wall shear stress. A minimum is expected at the
separation point with zero wall shear stress. It can be found
at the same position where the separation bubble was ident-
ified from the Mach number distribution. Further downstream
the signal is higher, which can be explained by reattachment.

The fluctuating signal e of the hot film probes is plotted in
Fig. 9. The RMS value is normalized with £_. A very pro-
nounced maximum can be observed. It corresponds exactly to
the point of turbulent reattachment. The curve also shows a
disturbance further upstream, which is close to the laminar
separation point. These phenomena are discussed in more
detail later.

For flow visualization, liquid dye was injected into the
flow through static pressure taps during operation. The
results, also shown in Fig. 9, confirm the conclusions about
the transition process. The laminar separation can be clearly
identified. The radial pressure gradients accelerate the
stagnating fluid within the bubble towards the hub. A very
clear picture of the dead water zone is drawn, very similar to
that obtained by H.E.Rohlik, H.W. Allen and H.Z. Herzig
/15/ in 1953.

Contrary to the situation with the first guide vane, the
second is directly affected by the wakes of the upstream
rotor. The Mach number distribution and the RMS signal of
the hot film probes for this vane are shown in Fig. 10. Static
pressure taps were spaced too far apart in this case to identi-
fy a separation, the boundary layer prediction however did
show a small bubble on the suction side. This could be con-
firmed again both by the hot film measurements and the flow
visualization. The RMS signal shows in this case two very
pronounced maxima. One at the laminar separation and the
other at the turbulent reattachment point.

Stators

FLOW VISUALIZATION ON THE SUCTION SIDE OF GUIDE VANES AND ROTOR BLADES
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The former obviously corresponds to the disturbance which
was also observed on the first guide vane. The difference can
be explained in fact by the presence of the rotor wakes in the
second vane.

Comparing the two airfoils, the separation seems to be
larger on the first vane. One might tend to attribute this to
the abscence of the upstream rotor. However the boundary
layer prediction indicates that this could also be caused by
the different pressure distributions alone.

A similar situation with the wakes of the guide vanes is
given for the rotor airfoils. Furthermore the boundary layer
on the rotating blades is nowhere 2 dimensional, because it is
skewed by the centrifugal forces acting on the fluid close to
the wall. The flow visualization for the four rows is shown in
Fig. 11. No fundamental differences in the behaviour of the
boundary layers can be observed. In all cases transition
occurs via a separation bubble. The skewing of the boundary
layer on the wall can be clearly seen on the rotor blades. It
should be noted, that it appears very pronounced on the flow
visualization because the density of the liquid dye is higher
than that of air.

The applied experimental techniques give a very clear
picture of the boundary layer development on the guide
vanes. The same behaviour was observed as reported by
H.P. Hodson /16/. A large portion of the suction side
boundary layer is laminar. Shortly after the velocity peak
laminar separation, transition in the free shear layer and
reattachment occur. The local differences in the overall
turbulence environment, including the periodic wake dis-
turbances do not appear to have significant effects. Within
the accuracy of the experiments, no differences among the
four rows could be identified.

BOUNDARY LAYER STABILITY

The hot film technique offers the same potential for the
investigation of the makrostructure of the boundary layer as
the hot wire technique does for free stream turbulence.
Fig. 12 presents an analysis of the signal in the time domain
for the second guide vane of Fig. 2 as has been reported by
J. Hourmouziadis and H.-J. LichtfuB /17/.

The evolution of the signal fluctuation along the wall
measured on the suction side of the second vane in a two
stage turbine rig is shown. The probes used have a resolution
of approximately 10 kHz. With the passing frequency of the
upstream blading at about 5.5 kHz the flow disturbances can
not be easily isolated from the overall signal. In the lower
part of the oscilloscope pictures the passing frequency has
been filtered away. The remaining signal shows the expected
evolution of the boundary layer along the profile surface
coordinate s.

- Stable laminar flow to rel s = 55.8%
- Increasing instability until laminar separation occurs

between 68.8% and 75.3%

- Bursts appearing at 75.3% indicating transition in the
separated shear layer

- Strong turbulent reattachment fluctuations at 81.8%

- Low level of disturbances in the turbulent boundary
layer at 94.8% which can not be distinguished from that

of the laminar flow at 55.8%.

More detailed information can be gained from the analysis
of the frequency spectra. A typical example is shown in
Fig. 13 for the second guide vane. It can be seen that the
periodic fluctuation at the blade passing frequency has a very
high RMS value. This observation suggests the separation of
the total signal plotted in Fig. 10 into a periodic and a
random fluctuation. These diagrams are included in Fig. 13.
The surprising result was, that the first peak of the total
e/E _signal at the laminar separation point was caused by the
blade passing frequency alone. The second peak contained
practically equal parts from the discrete frequency and the
random fluctuation.
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EVOLUTION OF THE HOT FILM SIGNAL IN THE
TIME DOMAIN ON THE SUCTION SIDE OF THE

SECOND VANE
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Fig. 13 SEPARATION OF THE RMS HOT FILM SIGNAL

INTO A PERIODIC AND A RANDOM FLUCTUA-

TION
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The evolution of the blade passing frequency amplitude on

the suction side is presented in Fig. 14.

- From the leading edge up to the velocity maximum at 020 ¢ i
about rel s = 55% the amplitude is constant and low Decelerating

- In the diffusing part, the signal is strongly amplified I —
until laminar separation occurs between 68.8% and 75.3%

- Within the laminar separation bubble at 75.3% the dis- a &
turbance is totally damped down

- In the turbulent reattachment zone at 81.8% the per-
iodic signal is amplified again

- Finally the attached turbulent boundary layer at 94. 8% 015 A
damps it down to the level of the laminar flow at 55.8%

Accelerating
— >

Hartree
parameter

010 -
Separating
o 0.05
Laminar separation
rel s
/
O T T :‘
10? 10° 10°  Res, 10°

Fig. 15 LAMINAR FLOW NEUTRAL STABILITY CURVES
FOR HARTREE PROFILES AND BOUNDARY
LAYER EXPERIMENTAL RESULTS

Fig. 14 EVOLUTION OF THE BLADE PASSING FREQUENCY
SIGNAL ON THE SUCTION SIDE OF THE. SECOND
GUIDE VANE

Exactly the same behaviour has also been observed on the
first vane, however at significantly lower RMS levels. This is
due to the fact that disturbances are not imposed on the
boundary layer by the rotor wakes directly, but by the weaker
inviscid upstream effects of the rotor flow field, or by
acoustic waves.

The development up to the separation point looks very
much like the stability behaviour of the laminar boundary
layer. It was tried to explain the e/E _ curve for the blade
passing frequency with the linear stability theory developed
by W. Tollmien and !H. Schlichting /18/. This involves the
solution of the Orr-Sommerfeld differential equation.
A.R. Wazzan, T.T.Okamura and A.M.O.Smith /19/ have
made a parametric study for Hartree velocity profiles. The
neutral stability curves they calculated are plotted in Fig. 15.
The evolution of the profile boundary layer is shown too. It
appears that the laminar profile boundary layer remains deep
in the stable region. The alternative possibility was also con-
sidered, that these are not weak disturbances, which are
amplified moving downstream; but strong disturbances, which
are damped down upstream. The Orr-Sommerfeld equation
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however gives practically 100% damping rates. Obviously Fig. 16 EVOLUTION OF THE RANDOM FLUCTUATION
linear stability theory does not give an explanation for this SIGNAL ON THE SUCTION SIDE OF THE SECOND
phenomenon. GUIDE VANE



The evolution of the random fluctuation spectrum is shown in

Fig. 16.

- From the leading edge to the velocity maximum the
amplitude is low and constant over the whole frequency
range.

- In the diffusing part, up to the separation point bet-
ween rel s = 68.8% and 75.3% the signal remains constant
over the frequency at increasing levels.

- Within the separation bubble at 75.3% the bursts shown
in Fig. 12 lead to a concentration of the fluctuations
about 4 kHz.

- In the reattachment region at 81.8% the highest levels
of random fluctuations appear contributing to the second
peak in Fig. 10. The maximum can still be found at 4 kHz.

- The attached turbulent flow at 94.8% shows only weak
and constant fluctuations similar to those of the laminar
boundary layer upstream of 55.8%

The last item together with the observations with the
blade passing frequency (Fig. 14) and the analysis in the time
domain (Fig. 12) indicates that the state of the boundary
layer can not be identified from the individual hot film
signal. It is necessary to follow the complete development
history of the flow.

The amplification of the random fluctuations during decel-
eration is not as pronounced as the periodic signal was. No
selectivity of any particular frequency range can be observed
either, as should be expected for stability effects. The high
levels at 75.3% and 81.8% are normal for a reattaching
turbulent free shear layer. Rearward-facing step experiments
performed by D.M. Driver, H.L. Seegmiller and J. Marvin
/20/ as well as F.J. Kelly /21/ have shown that the highest
levels of turbulence in the flow can be found within the
boundary layer at the reattachment point.

At very low frequencies periodic signals from the rota-
tional speed at 39.5 Hz and its higher harmonics were identi-
fied on both guide vanes. Fig. 17 shows the spectra in the 0 to
1 kHz range for the second vane. J. Rannacher /22/ has
carried out a nonlinear stability analysis accompanied by
experiments in a plane boundary layer. He found out that
excitation by two different frequencies may lead to periodic
fluctuations derived from the difference of those two
frequencies. This could be the case with the two rotors of the
turbine investigated. However the corresponding value is 3
times 39.5 Hz. Probably it is a combination of this effect
with vibrations of the vane itself or acoustic excitation. In
any case the hot film signal includes the response of the
boundary layer. It can be seen from Fig. 17 that these
frequencies are amplified in the same manner random
fluctuations are.

rel (s) = 64,8%

Fig.17 LOW FREQUENCY PERIODIC FLUCTUATIONS ON
THE SUCTION SIDE OF THE SECOND GUIDE VANE

CONCLUSIONS

The experiments on turbulence in turbines show that a
large variety of different makrostructures may be present.
This includes periodic fluctuations from blade passing fre-
quencies and vortex wakes. The comparison of integral para-
meters indicates that grid generated turbulence can be made
to be very similar to that encountered in a turbine. Periodic
disturbances however would have to be introduced separately
into the flow.

The experimental techniques applied - profile statics, hot
film probes and flow visualization - give a complete under-
standing of the boundary layer development on the airfoils.
The two guide vanes and rotor blades of the two stage rig
were exposed to different turbulence environments, partic-
ularly in terms of the presence and frequency of rotating
upstream wakes. No effects on the fundamental behaviour of
the boundary layers could be identified. At all rows transition
takes place via a laminar separation bubble.

Both guide vanes showed a very characteristic amplifica-
tion of the blade passing frequency. The first for the inviscid
upstream effects of the rotor flow field, the second for the
rotor wakes. These phenomena could not be explained by the
linear stability theory of the laminar boundary layer.

It can be concluded that experience from plane cascade
tests is a good basis for turbine design. The fundamental
boundary layer behaviour in a turbomachinery environment is
very similar and can be taken into account with the apro-
priate prediction techniques available today. It should be
noted however that the phenomenon of stability and transi-
tion as well as the effects of fluctuating flow in turbo-
machinery are not yet completely understood. Successful
design still relies heavily on calibrating transition criteria
from experimental results. A large amount of work is still
required to provide the aerodynamicist with the precise tools
needed to make the best of a turbine design.
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