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ABSTRACT

This paper describes investigations into unsteady flow phe-
nomena in a high turning linear cascade with a nominal steady
flow. Traditionally time averaged instrumentation is used in such
a cascade.

Detailed intermittency readings were taken inside the cas-
cade using hot wires to highlight the detailed flow interactions of
the passage vortex and the blade suction surface.

A new fast response five hole probe was built and tested
against a hot-wire. Time-accurate measurements taken using this
probe allowed an evaluation of the error made by using a probe
with limited frequency response for the cascade measurements.
This evaluation showed significant deviations in loss for regions
of high unsteadiness, for instance the passage vortex.

The Reynolds stress tensor was measured at 101%, 115%
and 128% axial chord and the deformation work was calculated
for 126% axial chord. The deformation work shows regions of
negative values and positive values. While negative values are
associated with a production of turbulent k.e. from the mean
kinetic energy, positive values may represent a gain of kinetic
energy from the turbulence.

*Address all correspondence to this author.

David Sims-Williams Grant Ingram* Robert Dominy

School of Engineering
and Computing Sciences
Durham University
Durham, DH1 3LE
United Kingdom
d.b.sims-williams@durham.ac.uk
g.l.ingram@durham.ac.uk
r.g.dominy@durham.ac.uk

INTRODUCTION

This paper describes two sets of measurements in a well
known low speed linear cascade. This so called “Durham Cas-
cade” has provided a wealth of data on secondary flows [1], [2]
and how they may be reduced by various techniques [3], [4].
These secondary flows arise from the turning of an inlet bound-
ary layer and are a major source of loss inside high turning tur-
bomachinery blade rows [5] the investigation of these flows has
been the subject of much research [6], [7], [8] and recent work
has examined the time-resolved nature of the flow even in low
speed linear cascades [9].

The advances presented in this paper are twofold, firstly
detailed measurements of intermittency on the suction surface
are obtained using hot wire probe, these were at a considerably
higher resolution than the results from [2] and used a new tech-
nique for evaluating intermittency that doesn’t rely on empirical
parameters to determine the intermittency threshold.

The second advance involves the design and assembly of a
fast response pressure probe. The effects of using a probe with
limited frequency response in a highly unsteady flow field are
evaluated in this paper. This fast response probe also allows de-
tailed measurements of all components of the unsteady flow in
the cascade and the calculation of parameters such as the total
deformation work.
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FIGURE 1. THE DURHAM CASCADE

Inlet Flow Angle 42.75°

Blade Exit Angle —68.7°

Blade Axial Chord 181mm

Blade Pitch 191mm

Blade Span 375mm

Re 4.0x10°
Dynamic Head 215Pa

Inlet Velocity 19.1ms™!
Density of Air 1.179kgm™3
Dynamic Viscosity | 1.814 x 107> Nsm >

TABLE 1. DESIGN DATA AND STANDARD DAY

EXPERIMENTAL SETUP

The Durham cascade represents a rotor design with 110° of
turning. A general arrangement of the cascade is show in Fig.
1. The design data of the cascade is given in Table 1, the test
rig is an 8x scale cascade and is therefore run at comparably
low speeds to operate at the correct Reynolds number. Since
the probe size and manufacturing tolerances are small compared
to the dimensions of the blades, larger and hence cheaper instru-
mentation can be used than would be acceptable for a smaller
facility.

Air is supplied to the test section by a variable-speed cen-
trifugal fan. First the incoming air is filtered and then passes
through various screens and settling chambers before emerging
through a honeycomb into the working section. Next to that,
there is a grid of bars mounted to give a turbulence intensity of
around 5% and a length scale of around 9.4mm at the inlet. In
order to achieve uniform inlet turbulence these bars are installed
1.4m in front of the blade’s leading edge.

To establish appropriate boundary layer conditions, a bleed
system is installed 150mm downstream of the turbulence grid.
Both endwalls are provided with a bleed slot so that a symmetri-
cal inlet flow is ensured. As the ambient conditions may change
between the experiments, a reference condition was established
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FIGURE 2. SCHEMATIC OF THE MEASUREMENT SETUP

known as the standard day. Table 1 lists the standard day condi-
tions to which all pressure readings are normalised to by multi-
plication of the ratio of standard day dynamic pressure to actual
dynamic pressure.

All measurement techniques provide the response of the re-
spective probe as an analogue voltage signal. For the pressure
probe work data was logged with National Instruments devices
using burst mode conversion to achieve approximate simultane-
ous sampling (channel to channel data rate approximately two
orders of magnitude above the frequency associate with unsteady
flow features). A schematic overview of the test setup is provided
in Fig. 2. The data are obtained by using the “Durham Software
for Wind tunnels” an in-house suite of programs for data acquisi-
tion. The estimated uncertainties of the measured velocities and
flow angles are +1m/s and +1° respectively for conventional
five hole probe and hot wire readings.

INTERMITTENCY

Intermittency is often used as a parameter to describe the de-
gree of turbulence and its evolution for example inside a bound-
ary layer. The parameter represents the time period for which the
flow is turbulent relative to the entire sampling time. Low val-
ues of intermittency are therefore associated with laminar flow
whereas high values indicate a region of high turbulence. Al-
though large fluctuations of the signal (for example the voltage
of a hot-wire) are characteristic for turbulent flow, the differ-
entiation between laminar and turbulent portions is often more
difficult under real conditions. Therefore a technique based on
the TERA (Turbulent Energy Recognition Algorithm) method of
Falco and Gendrich [10] was used to process the raw data. As
pointed out by Moore [11], it is important to choose an algo-
rithm that copes with the high free-stream velocity and pressure
gradients in the cascade.

de —
e JE
where E is the mean voltage and e is the fluctuation compo-
nent. The approach in this work therefore differs slightly from
the modifications to the TERA code presented by Moore [11]
since the voltage is used instead of the effective velocity. As the

main task is to determine the fluctuations with respect to a mean
value it was found that the algorithm can be applied directly to

The function was calculated for the raw signal

Copyright (© 2011 by ASME



the raw voltage signal. A rolling average was carried out over
20 samples to smooth out short-term fluctuations and highlight
the overall trend. A threshold is chosen above which the flow
is taken to be turbulent. The intermittency is then calculated as
the fraction of time for which the function is greater than the
threshold. The main difference between these approaches and
the TERA code is that the function is divided by the mean value
to obtain a more constant threshold.

The threshold was defined by the difference of the root mean
square and the arithmetic mean which provides a formal method
to obtain the threshold. This method has the advantage that
threshold is defined by a specific rule and no empirical parame-
ters are needed, unlike both the TERA code and the method used
by Moore. For the TERA code the rms value is multiplied by an
empirical factor whereas Moore selected the threshold value by
inspecting the rolling average graph.

To illustrate the effect of the whole procedure, an example is
given in Fig. 3 where the rolling average is compared to the raw
signal. For the rolling average the laminar and turbulent portions
can be easily distinguished, whereas this is difficult for the cor-
responding section of the raw signal. As one can see the flow is
mostly laminar and therefore represented by a low intermittency
value of 0.2. The red line indicates the threshold in the rolling
average plot.

FAST RESPONSE PROBE

Multi-hole pressure probes are widely used for steady state
measurements, but rarely for unsteady flow experiments. For
time-accurate measurements researchers generally prefer hot-
wire systems due to their very high frequency response. But
multi-element hot-wire probes are required to measure all three
velocity components instantaneously, and these are very expen-
sive and less robust than pneumatic probes. However, only multi-
hole pressure probes allow the measurement of total pressures
and velocities directly, which was outlined as a very important
task for unsteady flow experiments by Bearman et al [12].

Even though pressure probes have some advantages, con-
ventional multi-hole probes have a very limited frequency re-
sponse. The frequency response of a conventional multi-hole
probe with remote transducers is limited principally by distortion
in the tubing between the probe head and the transducers. Spe-
cific frequencies are amplified as a result of resonance, and vis-
cosity tends to damp high frequencies. Applying transfer func-
tion correction can allow correction of this tubing distortion up to
frequencies of several hundred Hz (eg: Sims-Williams et al [13]).
The achievable frequency response is ultimately limited by dete-
riorating signal to noise ratio at higher frequencies when only a
small pressure signal reaches the transducer. The practical upper
limit for this approach with remote transducer is about 1 kHz.

Extending probe response to higher frequencies is achieved
here by building miniature pressure transducers into the rear of

FIGURE 3. INTERMITTENCY DETECTION PROCEDURE

the probe head, essentially eliminating tubing distortion. The
Kulite XCQ-80 pressure transducer [14] is small enough to store
five in the probe head and still provide an adequate pressure sen-
sitivity. The latter is essential for accurate measurements of the
small differential pressures in the cascade. Rapid prototyping
was used to manufacture the complex probe head including in-
ternal geometry with the required accuracy. Figure 4 provides
details of the dimensions of the probe head, and Fig. 5 shows the
size of one pressure transducer relative to a UK one pence coin
and the probe head. Each transducer is connected to four signal
wires (excitation and sense) and one plastic tube that delivers the
reference pressure.

It should be noted that achieving a high frequency response
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FIGURE 4. TECHNICAL DRAWING: PROBE HEAD

FIGURE 5. PROBE HEAD WITH PRESSURE TRANSDUCERS

is not achieved solely by employing fast response transducers
and addressing tubing distortion. The frequency response also
critically depends on the miniaturisation of the probe head in
order to be able to resolve the small spatial scales associated
with high frequency phenomena. This is a particular issue in low
speed flows. The 3 mm probe head used here could be expected
to allow adequate resolution of a 1000 Hz - 2000 Hz features at
30 m/s, corresponding to spatial scales of 15 mm - 30 mm. While
the transducers themselves have a response exceeding 100 kHz it
is the miniaturisation of the probe head which is the key attribute
required to achieve a high frequency response in low speed flows.

VALIDATION

Although the Kulite transducers have a very high frequency
response and the remaining tubes are fairly small, a validation
was carried out. The 5SH probe was set next to a hot-wire into

5mm D'_ j
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FIGURE 6. FREQUENCY RESPONSE VALIDATION

FIGURE 7. Auto Spectral Density

the wake of a cylinder. The resulting vortex shedding frequency
was used to test the SH probe directly against the hot-wire. To
obtain frequencies of 1000 Hz and 2000 Hz, bars of 6 mm and
3 mm diameter respectively were used. The setup is shown in
Fig. 6.

The results are found to be very sensitive to the position of
the bar relative to the probe. Therefore the values given in Fig. 6
are meant to provide a general idea rather than an exact position.
It must be ensured that the whole probe is affected by the passing
vortex. An oscilloscope was used to check the voltage output
and hence the position of the bar. When this shows a similar
oscillation of transducer voltage in the centre hole and the one
farthest away from the bar the vortex is detected by all holes and
a measurement can be taken.

Applying the Fourier transform to the results the spectral
density can be calculated as illustrated by Fig. 7. As one can see,
the results of both probes are in good agreement since the graph
shows nearly identical peaks.

With these results, the frequency response of the fast re-
sponse pressure probe is proven up to frequencies of 2000 Hz. It
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FIGURE 8. PROBE FIXED COORDINATE SYSTEM

was not possible to investigate the response for higher frequen-
cies though the specification of the transducers suggest that the
probe is capable to of resolving even higher frequencies. The
difference between the effective velocity of the hot-wire and fast
response probe was calculated and the standard deviation of the
difference was found to be around 5 m/s, this suggests that a
very pessimistic estimate of the uncertainty associated with fast
response probes would be +2.5 m/s.

TURBULENT QUANTITIES

All turbulent quantities are given in the probe fixed coordi-
nate system as specified in the Fig. 8. The velocity components
are referred to as U, V and W.

The Reynolds stress tensor is an additional term in the
Reynolds Averaged Navier Stokes (RANS) equations. It arises
if the velocity in each direction is expressed in terms of a mean
and fluctuating component: U (1) = U + u(t). The Navier Stokes
equations can then be averaged to yield equations expressing mo-
mentum conservation for the averaged motion called the RANS
equations. The average of the fluctuations is zero by definition,
however this does not apply to their product. Considering an
incompressible flow these additional terms are described by the
Reynolds stress tensor (RST): RST = pu;u;

For CFD simulation this additional term must be modelled
by mathematical relationships between the Reynolds stresses and
the mean velocities known as turbulence model. For the experi-
ment, the instantaneous velocity components are given for each
measurement point. A program was written to read the corre-
sponding history file, calculate the mean and fluctuating compo-
nents and determine the velocity correlations. As for the other
presented quantities they are non-dimensionalised by the inlet
velocity. As the density is assumed to be constant, the velocity

correlations are only scaled with velocity and density is ignored.
For simplicity, these velocity correlations are still referred to as
Reynolds stresses in this paper and the equation is given in Eqn.
1.

Ui j
V2

ups

RSTyp =

ey

Following Hinze [15] one can obtain the equation for ki-
netic energy of the mean motion from the equation of motion for
an incompressible flow by multipling it by the velocity vector.
Applying the Reynolds’s average procedure, this equation can be
written as:

@)

—own Ui (3Ti 9T, T,
o pulu} ij H (9)(]' ax,- 8xj
———

\% VI

The terms in the equation have the following physical inter-
pretation [16]:

I the rate of change of mean kinetic energy
IT the rate of convective transport of total pressure
IIT the rate of mean kinetic energy transport by turbulent fluc-
tuations
IV the rate of mean kinetic energy transport by mean viscous
stresses
V the deformation work of the mean flow by turbulence
stresses. The rate at which turbulence is produced from the
mean flow as turbulent kinetic energy
VI the rate of viscous dissipation through mean velocity gradi-
ents

This paper concentrates on the deformation work term since
it is a key parameter for loss generation. It represents the rate
of turbulence production from the mean flow and is defined in
non-dimensional form by Maclsaac et al [9]:

_ wu; 9Ui/Ucr
1] UCL2 axl/Cx

3)
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FIGURE 9. SUCTION SIDE: INTERMITTENCY

With summation over all nine terms the total deformation
work is obtained which is plotted for the 126% plane. It is cal-
culated by combining the measured Reynolds stresses with the
velocity gradient calculated between the 124% and 128% plane.

INTERMITTENCY RESULTS

To determine the areas of laminar and turbulent flow, the
suction side boundary layer was traversed with a normal hot-
wire (Dantec 55-PO1). A pin was attached to the probe stem that
touched the surface of the blade. This ensured minimal aerody-
namic vibrations and prevented damage to the probe.

The distance between the hot wire and the surface was set
to Imm. The area between 60% and 99% axial chord and up to
100mm from the endwall was traversed. The spatial resolution
was set to 2mm in the axial and radial direction. The logging
frequency was set to 50kHz to ensure that all flow fluctuations
were captured, a low-pass filter was used set to the value closest
to the half of that frequency. At each grid point 16384 samples
were taken.

Figure 9 shows the results with well-defined areas of laminar
and turbulent flow, labelled A to D, on the suction side. To illus-
trate the adjacent flow field the Cpo distribution of some 60%,
75% and 95% planes traversed using a three hole probe are given
along with the streamlines associated with the boundary layer.

Region A: Region A shows a trace of highly turbulent flow
crossing the blade’s surface. Its migration along the surface and
the position at the trailing edge suggest that the high levels of
turbulence are due to the suction side horseshoe vortex. This as-

sumption is confirmed since this trace nearly matches up with the
aggregation of the boundary layer streamlines and the position of
the loss cores shown in the planes.

Region B: A similar trace can be observed for the corner
vortex. Located at the right side, the corner vortex becomes visi-
ble at about 75% axial chord and gains in size towards the trailing
edge.

Region C: Region C is found between these two traces,
downstream of the horseshoe vortex. It is known as a region
of high free-stream velocity and therefore one would expect the
flow to be developed fully turbulent. It is interesting to see that
the region is mainly of moderate turbulence (about 0.5) and there
are still observable locations where the intermittency is even
lower (about 0.3). Higher values were not reached until the trail-
ing edge. The form of the boundary layer is important for its
contribution to aerodynamic losses. From a designer’s perspec-
tive it is interesting to see that such an area of low intermittency
can exist downstream of the trace of the horseshoe vortex. The
question for designers will be how to extend this region and what
the effect is in terms of loss reduction. It should also be noted that
another trace of high intermittency is found right above the letter
C (also highlighted in Fig. 10 A) and labelled PV). Although it
is less distinctive than the traces discussed for region A and B, it
is still observable. Since the trace is nearly parallel to the trace of
the horseshoe vortex and the position coincides with the passage
vortex seen in the planes, the trace is associated with this vortex.
As the passage vortex keeps a certain distance to the surface, the
trace is not as well-defined as the one of the horseshoe vortex,
which stays close to the surface.

Region D: Upstream of the horseshoe vortex the situation
is not as clear as before. One can see an area of very low inter-
mittency next to the horseshoe vortex trace. Further upstream,
a spotted area of moderate intermittency is found. This might
possibly represent a transient boundary layer.

Measurements presented by Moore [2] suggest that the
boundary layer is more laminar due to the strong acceleration
over the first half of the blade. However, Moore used fixed slots
to access the cascade and so hot-wire readings of a surface area
comparable to this work had only been taken at four positions,
namely 55%, 71%, 87% and 97% axial chord. Therefore the re-
gion of interest is not directly traversed, but averaged between
the two slots.

A comparison is provided in Fig. 10 with the corresponding
areas highlighted by blue lines. The position of the fixed slots is
also included by the red lines. Note that the axial location is used
for the 2D plots instead of aerofoil arc length.

Further evidence to support the idea that the flow is laminar
in this region comes from Holley [7] who used an oil film inter-
ferometry measurement technique and inferred the skin friction
coefficient of the suction side surface. For the discussed region
the skin friction was constant. This suggests laminar flow in his
cascade. Since Moore also found the boundary layer to be lam-
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FIGURE 10. A) 2D Intermittency contour plot B) Comparison with the results of Moore [2]

inar at 55% axial chord, this assumption seems to be valid for
measurements presented here.

As aresult of this discussion, the spotted area is believed to
reflect the free-stream turbulence rather than the situation inside
the boundary layer. In order to calculate the displacement thick-
ness, the 3H data was examined. However, the velocity profile
was strongly affected by the interaction between the probe and
the surface as the gap acts as a nozzle and causes the flow to ac-
celerate. To obtain a more informative velocity profile a more
detailed traverse using a hot-wire would be needed.

The region also features a trace of very low intermittency
values in front of the horseshoe vortex as indicated by the line X
in Fig. 10 A). A possible explanation is that although the mea-
surements were carried out at constant distance to the surface, the
boundary layer thickens in front of the horseshoe vortex. There-
fore the hot-wire is able to pick up the laminar flow here whereas
this is not possible further towards mid-span. The thickening
might result from the blockage of the vortices and the diffusion
of the incoming boundary layer fluid.

The spotted area is assumed to represent free stream turbu-
lence rather than the boundary layer since these results are dif-
ferent from the situation found in similar cascades ( [2], [7]).

TIME RESOLVED PRESSURE MEASUREMENTS

In this section the results of the newly built fast response
pressure probe are presented. Since this was the first time this
equipment had been used there was no experience about the oc-
curring frequencies. For this reason, the 128% axial plane was

traversed with a rather high logging frequency of 10kHz and the
auto spectral density was calculated. The frequency stayed well
below 1000 Hz. Since higher frequencies are supported by Kulite
transducers according to the technical data sheet, the spectrum
can be assumed to represent the frequencies in the cascade cor-
rectly. Nevertheless, the recording frequency was set to 5 kHz to
provide a sufficient resolution of the flow quantities for all further
measurement. The number of samples was set to 4096.

It is common practice in pressure measurements to use the
voltage average of the probe signal as the input parameter for
data processing. The probe signal is sampled and averaged. The
calibration maps are applied to this mean value of the signal volt-
age and hence the subsequent calculations of the flow quanti-
ties are based on the voltage average as well. The resulting flow
quantities are considered to represent the time averaged flow field
as it is assumed that the real time average of a flow parameter is
equal to the post processed value of the averaged voltage of the
respective probe signal.

This approach is widely used as most conventional probes
provide only a limited frequency response. Therefore it is not
possible to measure all fluctuations correctly and calculate the
time average from those, the idea of this approach is to smooth
out all fluctuations by sampling over a sufficiently long time pe-
riod in order to obtain a meaningful understanding of the time
averaged flow.

In contrast to conventional probes, the new fast response
pressure probe provides a high enough frequency response to re-
solve the unsteady fluctuations in the flow. The voltage signal
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FIGURE 11. 128%: COMPARISON BETWEEN VOLTAGE AND
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of the probe is stored as a function of time in the history file.
All calibration maps are applied to the time resolved voltage sig-
nal and the resulting flow quantities are added to the history file.
Finally, the time average is calculated directly from the time re-
solved flow quantities. Assuming that the instantaneous flow is
measured correctly, this approach provides the correct time aver-
aged flow field.

As the instantaneous flow field can now be measured by the
means of a pneumatic probe, both procedures can be applied to
the same raw data to evaluate the approach used so far. For this
purpose mean quantities are compared. In the following results
obtained by the method described first are labelled “Voltage Av-
eraged” whereas “Time Averaged” refers to averaging the quan-
tity after applying the calibration.

Figure 11 shows the Cpo distribution of the 128% plane. In
theory, the value should not depend on the point at which the
time mean value is calculated during processing. However, a
substantial discrepancy for the loss cores is found in Fig. 11.

Since the results are based on the same raw data, the subse-
quent processing must cause the differences in loss. Therefore
one can also assume that this is caused by a systematic error. An
explanation can be found by considering a simpler case:

Imagine a 5H probe which is exposed to a flow with vary-
ing yaw angle. The difference in pressure between two holes is
used to determine the flow direction. Knowing the pitch and yaw
angles, the total and dynamic pressure can be obtained by means
of the probe’s calibration map. These parameters can be used to
derive further flow quantities.

Figure 12 shows the time trace of the flow direction and the
resulting probe signal along with a idealised calibration map of
a 5H probe. The inclination of the flow the probe is exposed
to is plotted in Fig. 12a along with the voltage signal of the
holes sensitive to a change in yaw angle (Fig. 12b). As this is a
fictitious example, the pitch angle can be set to 20° to highlight
the discussed feature. The calibration map (Fig. 12c¢) illustrates
the relationship between Cp;, and the yaw angle for constant
pitch angles. For convenience, only three pitch angles are shown.

The difference between the two averaging methods can now
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FIGURE 12. SIMPLIFIED EXAMPLE OF THE DATA PROCESS-
ING

be explained. For the “Voltage Averaged” both signals are sam-
pled and averaged. As the signals are in perfect anti-phase, the
difference of the averaged signals is zero and therefore the mean
yaw angle is zero as well (dotted lines in Figs. 12a-b). In the
next step the calibration map is used to obtain the corresponding
Cptor. For this example, Cpy,; is found to be -2 for a mean yaw
angle of 0° and a pitch angle of 20°.

For the “Time Averaged” the yaw angle is time resolved and
exhibits the same shape as the real flow in Fig. 12a. Thus the
calibration map is read for instantaneous values as well, namely
-20° and 20°. The corresponding Cp;,; values are found at the po-
sitions labelled X and Y in the calibration map. For this approach
the yaw angle is a function of time and so is the Cpy,, (even if the
function is constant in this example because the corresponding
value is -4 for £20°). The last step is to average that function
which leads to a time averaged Cp;,s Of -4 and hence differs sub-
stantially from the value found for the previous method.

Even if the example is highly simplified, it is very useful
to illustrate the discrepancy between voltage and time averaged
results as a consequence of the nonlinear relationship between
Cpor and the yaw angle. Therefore the time averaged Cpy,; is
not equal to the Cp;y found for the time averaged yaw angle,
but differs substantially. It also shows that the resulting error
increases for large fluctuations. A variation of £5° for the flow
inclination for instance would cause a smaller error.

For the actual experiments, every nonlinear operation will
result in an additional error. What was described for the yaw an-
gle also applies to the relationship between Cp;,; and the pitch
angle. As a similar calibration map is used to calculate the dy-
namic pressure, the derived velocities and all subsequent calcu-
lations suffer even more from the error propagation.

Although the pitch and yaw angles are also affected the re-
lationships between the flow angle and the pressure difference
of the respective holes are nearly linear. Pressure transducers
generally also have a linear calibration characteristic. Therefore
the deviations of time and voltage averaged values are relatively
small for the pitch and yaw angle.

As loss and its production are key parameter in turbomachin-
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ery research, an error coefficient is presented in Fig. 13. Here,
the difference in total pressure is non-dimensionalised by the dy-
namic head of the inlet. In order to take fluctuations at the inlet
into account, the total pressure was also normalised for standard
day conditions.

As one can see in Fig. 13, high deviations are mainly found
for the regions associated with the vortical structures. Here the
flow is inherently unsteady and so the instantaneous values differ
notably from the mean value.

As mentioned before, the investigation was carried out for
the 128% plane. The vortices mix out with the freestream down-
wards the blade. This progress is already widely advanced at this
position and so large fluctuations could already be attenuated due
to mixing. Therefore one would expect higher deviations closer
to the trailing edge. This is confirmed by traversing the 101%
plane. Figure 14 shows the non-dimensionalised error in total
pressure.
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FIGURE 15. 101%: DEVIATIONS IN YAW AND PITCH ANGLE

As for the 128% plane, the loss cores of the suction side
horseshoe vortex and the passage vortex are most affected by
the averaging method. However, compared to the 128% plane
the error caused has almost doubled. The figure also contains
a blanked area, where the calibrated range of the probe was ex-
ceeded. Although the calibration was performed to capture the
full range of expected yaw and pitch, instantaneous flow angles
were found to exceed the calibration range event though the av-
eraged flow was within it.

In addition to the vortex centres, high deviations are also
found for the blade wake. This suggests that the shedding vortex
at the trailing edge causes an unsteady flow. However, a signifi-
cant error is only seen at 101% (Fig. 14) and not at 128% (Fig.
13). Therefore this vortex seems to produce less unsteadiness
compared to the secondary flow vortices as the mixing out is al-
ready complete in the 128% plane.

Figure 15 shows the yaw and pitch error at 101%, where
there are substantially higher deviations than for the 128% plane.
So at 101% the instantaneous flow features exhibit large enough
fluctuations that even the small non-linearity of the pressure-flow
angle-relationship causes significant errors. Since the discrep-
ancy associated with the blade wake is only seen for the yaw
angle, the shedding vortex is confirmed as the source of the un-
steadiness. Since it is basically a 2D feature, it is likely to affect
the yaw angle but not the pitch angle.

A comparison of pitch averaged quantities is included for the
128% plane. In Fig. 16 the pitch averaged loss is plotted against
the radial position for time and voltage averaged methods. As
before the same raw data was used and the only difference is the
point when the mean value is calculated. The loss obtained from
a conventional 5H probe is given as well. The data in Fig. 16
was adjusted to give the same mid-span loss. For the voltage
and time averaged readings the relative adjustment required for
this is small at less than 0.01 but for the conventional five hole
probe the size of the adjustment is somewhat larger at 0.05. This
suggests that the fast response probe may be understating the
level of losses somewhat.

All graphs coincide very well for mid-span and near the end-
wall, but show substantially different peaks for the vortices. As
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the “Voltage Averaged” approach is the one used for all conven-
tional probes, their graphs ought to be similar. The voltage aver-
aged graph follows the conventional probe closely but peaks at a
slightly lower value. The conventional probe data actually comes
from a different passage in the cascade due to new probe stem
arrangements for the fast response probe. If the position of the
probe differs slightly, then the loss peak of the vortex might not
be caught by the probe. The key point however is that the differ-
ences between the processing the same data in two ways (voltage
and time averaging data) is much larger than the difference from
using two different probes. Hence the difference from the time
averaged graph is attributed to the assumed linearity of the cali-
bration map. The actual nonlinear relationships cause significant
deviations for sufficiently unsteady flow.

TURBULENCE QUANTITIES

As the fast response probe provides instantaneous infor-
mation about the flow field, turbulent quantities such as the
Reynolds stress tensor and turbulent kinetic energy can be cal-
culated. These quantities are plotted as non-dimensional values
defined earlier. Measurements were carried out for the 101%,
115% and 128% plane to examine the evolution downstream the
blade. It should be noted that the Reynolds stresses are given for
the probe fixed coordinate system as defined earlier.

Figure 17 shows the six Reynolds stresses for the 101%
plane. For this plane the highest values were measured, espe-
cially for the uu which is the dominant parameter in this plane.
For the cross correlations the maximum is found for uw and is
believed to be the result of the strong interaction of the passage
and shed vortex.

The blade wake is of the same magnitude as the passage vor-
tex for uu and vv, but displays noticeable lower values in the ww
distribution. Consequently, the blade wake can only be identified
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for the uv correlations and not for the remaining shear stresses.
This supports the idea that the shedding vortex behind the blade
is a 2D phenomenon.

The 128% plane was mainly measured to check the tech-
nique and the processing software it had been previously tra-
versed by Moore [11]. The results are in good agreement, and
therefore are not shown. The present results tend to be higher, es-
pecially for the turbulent k.e.. However, the setup of the cascade
was changed since Moore’s measurement including the blade
span and the inlet boundary layer profile (see [17] for further
details) which is very likely to affect the turbulence quantities.
Furthermore, Moore has used a single-wire technique which re-
quires several readings. As the fast response probe measures all
velocity components almost simultaneously, this potential error
source is eliminated. Overall though the fast response pressure
probe is therefore a valid alternative to the hot-wire technique for
measuring the Reynolds stress tensor.

DEFORMATION WORK

Besides contributing to our understanding of the secondary
flow field, the investigation was also motivated by the results
presented by Maclsaac et al [9], who calculated the deforma-
tion work. For simplicity, the total deformation work is sim-
ply referred to as deformation work from here onwards. This
term arises from the equation of mean kinetic energy as detailed
earlier and can be thought of as the working of the Reynolds
stress against the mean velocity gradient of the flow, exactly as
the viscous stresses resist deformation by the instantaneous ve-
locity gradients [18]. In this context negative values represent a
loss of mean kinetic energy to the production of turbulent k.e.
and thus to the generation of total pressure loss. The physical
implication is that the energy is transferred through a stretching
process of turbulence vortices due to the mean motion. Finally,
the transfer from the turbulent k.e. to loss is caused by viscous
dissipation which points out the importance of Reynolds stresses
to the generation of total pressure loss.

However, certain turbulent flows also show positive defor-
mation work as it is the case for several measurements in linear
cascades ( [19], [20], [9], [8]). The conclusion, that this implies
a transfer of energy back to mean kinetic energy and therefore a
gain from turbulence is not necessarily true as one must also con-
sider the terms that are associated with dissipation (especially
in the equation of mean turbulent kinetic energy as detailed by
Hinze [15]). Nevertheless, this is still possible as reported by
Moore et al. [16] for the deformation work in the stream-wise
direction.

Although derived for the mean flow field, the deformation
work is affected by the instantaneous velocity gradients and
would therefore be influenced by a periodic movement of the
entire vortex structure.

To ensure that the same situation is found for the Durham
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FIGURE 17. 101%: Non-dimensionalised Reynolds stresses

Cascade, the deformation work was calculated. For this purpose
a second plane was traversed in addition to the 128% plane. The
data were interpolated between the two planes by the Tecplot
Krige algorithm and the velocity gradients were calculated. In
order to reduce interpolation errors, the 124% plane was chosen
as this results in the same spacing for all three directions. The
deformation work was then calculated between these planes at
the 126% plane and is presented in Fig. 18. It also includes the
secondary velocity vectors and lines of constant total pressure to
highlight the vortex structures and the blade wake.
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As one can see, well-defined regions of positive and nega-
tive deformation work are found. The highest positive values are
found for the centre of the passage vortex. The region between
passage and horseshoe vortex on the other hand is dominated by
negative values. For the blade wake, the upper half is positive
whereas the lower half remains negative. A similar observation
can be made for the horseshoe and corner vortex.

The results are in good agreement with the results presented
by Maclsaac et al [9]. The regions of positive and negative values
coincide very well, except for the blade wake. Here he found a
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FIGURE 18. 126%: Total Deformation Work

small band of positive values for the blade wake surrounded by
negative values rather than a partition in an upper and lower half.
Also the peak value of the passage vortex was found to be higher
in this work.

Although the deformation work was calculated by the same
equation, it should be noted that Maclsaac could not use exper-
imental data to calculate the axial mean velocity gradient as the
axial distance between the traversed planes was too big. There-
fore the expressions had to be derived by a method similar to that
reported by Gregory-Smith et al [1]. A comparison between the
approaches in order to investigate their effect on the resulting de-
formation work was not undertaken in this work, but assumed to
be small. The decisive factor for the approach used here was the
ability of the fast response probe to measure Reynolds stresses
in one run. Otherwise the effort involved in measuring a second
plane might not be justified.

CONCLUSIONS

1. Detailed intermittency readings have been conducted on the
suction side of the Durham Cascade using a robust inter-
mittency detection algorithm that does not require empirical
judgements.

2. These investigations reveal a noticeable recovery of the in-
termittency level behind the suction side limb. Although ex-
pected to be fully turbulent, the results suggest that a new
boundary layer starts laminar but becomes turbulent towards
the trailing edge. There may be opportunities to exploit this
in the design of new blades.
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3. A new fast response five hole probe was built and tested
against a hot-wire and demonstrated a frequency response
of at least 2000 Hz with the potential for a much faster re-
sponse.

4. Time-accurate measurements allowed an evaluation of the
error made by using a probe with limited frequency response
for the cascade measurements. This evaluation showed sig-
nificant deviations in loss for regions of high unsteadiness,
for instance the passage vortex.

5. Bigger deviations were found at axial chords closer to the
trailing edge as they feature a higher level of unsteadiness.

6. The primary cause of these deviations was found to be
caused by the non-linearity of the probe’s calibration map.
The biggest influence is on total pressure but pitch and yaw
angle errors are introduced where there are very high levels
of unsteadiness.

7. Where required, the frequency response of pressure probes
should be evaluated to ensure that it is sufficient. This is
less important if it is intended to compare measurements of
different geometries, for instance different blade designs for
a cascade. In this case, one could assume that all measure-
ments are affected equally.

8. The Reynolds stress tensor was measured at 101%, 115%
and 128% axial chord. Generally, the individual distribu-
tions are consistent with the structures of the mean flow
field. High values were found for the regions associated with
the passage vortex and the blade wake.

9. The deformation work has been calculated for the 126% ax-
ial plane and shows regions of negative values and positive
values.
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NOMENCLATURE

Cpo Pressure loss coefficient

Cpior  Probe total pressure coefficient

E Mean voltage

e Fluctuating voltage

RST Reynolds stress tensor

Re Reynolds number based on exit velocity and axial chord
U,V,W Steady velocity components relative to probe
u,v,w Fluctuating velocity components relative to probe

Vups Inlet velocity to the cascade
Y¥;; deformation work term
p density
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