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1 Abstract

In aircraft engines, chord-based Reynolds numbers of the order of 0.8-&elébund in
the low pressure turbines. Given that many component efficiencies are above 90 percent,
improving the efficiency has become progressively more difficult. Consequently, a reduction
iSs component count is now a common goal. Reducing the number of airfoils in a turbine
inevitably leads to an increase in the blade loading. This increases the possibility of laminar
separation in these low Reynolds number flows. Conventional (steady flow) wisdom dictates
that the efficiency decreases as the laminar separation bubble grows. This perception has
limited the development of low pressure turbines for many years.

In practice, the flow in turbomachines is unsteady due to the relative motion of the rows of
blades. The combined effects of random (wake turbulence) and periodic disturbances (wake
velocity defect and pressure fields) will affect the transition processes in low Reynolds
number turbomachines. Research has shown that patches of transitional/turbulent flow can be
created during the interaction of the upstream wakes with laminar boundary layers. These
patches will reduce the efficiency. Fortunately, the so-called calmed regions, where the flow
relaxes back to the laminar state, that follow the transitional/turbulent flow can withstand the
deceleration much better than steady flow laminar boundary layers. Consequently, in high lift
applications, attached laminar-like flow can be made to persist downstream of the steady
flow laminar separation line, possibly as far back as the trailing edge. Most importantly, the
calmed region represents an increase in efficiency as it is essentially laminar in nature and it
is attached. Thus, there are two opposing mechanisms at work in the interactions between
wakes and the boundary layers. As the frequency of wake-passing changes, so does the
balance between these mechanisms.

This paper will describe progress in understanding the details of the flow and the loss
generation processes that arise in LP turbines. Particular emphasis will be placed on the
unsteady separating flows, and how their effects may be exploited in controlling the laminar-
turbulent transition processes that has allowed the successful development of ultra high lift
low pressure turbines.

2 Introduction

This paper is concerned with the unsteady flows that arise in the LP turbines of civil aero-
engines. Specifically, the paper deals with the understanding of these unsteady flows that
have allowed ultra high lift LP turbine profiles to be successfully developed.

Fig. 1 shows the low-pressure turbine a modern aero-engine. The low-pressure turbine of a
large, high by-pass ratio engine provides the power to drive the fan and often some
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compressor stages as well. It is constrained to operate at a low rotational speed equal to that
of the fan unless a gearbox is provided. The outer diameter of the turbine is also constrained
by the presence of the bypass duct. The combination of low rotational speed and limited
diameter means that the mean blade speeds are often equivalent to Mach numbers of about
0.4-0.7. For this reason, a significant part of the fundamental research discussed in this paper
was conducted in low speed facilities.

Al

The efficiency of the LP turbine strongly influences the specific fuel consumption.
Typically, a 1 percent increase in LP polytropic efficiency improves the fuel consumption by
0.5 to 1.0 percent (Wisler, 1998). Furthermore, the LP turbine is heavy and expensive. Yet,
despite the considerable research that has taken place, the efficiency of LP turbines has
improved very little over the last 15 years whatever the stage loading (or flow) coefficient.
With efficiency levels already much greater than 90 percent, there would appear to be little
scope for improving this aspect of performance.

Fig. 1 also shows that the LP turbine has blades with large aspect ratios. These are
typically in the range of 3-7:1. Thus, in LP turbines, the profile loss is by far the largest
single contributor to the total loss of efficiency. Since the blades have relatively thin trailing
edges, the magnitude of profile loss depends mainly upon the development of the airfoil
boundary layers, particularly those on the suction surfaces.

3 The Importance of Unsteady Flows

To date, all existing LP turbines known to the authors have been designed using steady
flow assumptions, except the BR715 LP turbine (see Cobley et al (1999), Harvey et al (1999)
and Howell et al (2000)). This is despite the fact that it has been known for many years that
bladerow or rotor-stator interactions affect the aerodynamic efficiency of a turbine. It is
because unsteadiness caused by bladerow interactions can alter the profile loss that the
problem of the interactions of wakes with boundary layers has received much attention in
recent years. The profile loss is changed because the turbulence in the wakes promotes
transition to turbulent flow in otherwise laminar boundary layers.

An example of the impact of wake-boundary layer interactions is shown in the correlation
of Hodson (1990) presented in Fig. 2. This plot was generated using all of the data available
at the time. This means that decreases in loss were not known. The correlation is valid for un-
separated flows and it represents what might be called “conventional expectations ” as
recently as this decade. Typically, a doubling of loss can occur over the range of frequencies
shown. However, most LP turbines operate at the lower end of the frequency range shown
(f <0.5) so that the expected impact of the wakes is relatively small.
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Fig. 2 Variation of Profile Loss with Frequency (Y = profile loss,
Y|am= Steady flow loss, Y,rp = maximum unsteady loss,
As = distance between wake-induced transition
and steady flow transition). After Speidel (1957)

A typical normalised surface velocity distribution of an LP turbine blade is shown as the
datum profile in Fig. 3. The lift coefficient (Zweifel) of this aerofoil is 0.87. Several
manufacturers employ similar aerofoils in their engines. In the case of this datum profile, the
maximum velocity occurs on the suction surface, near 50 percent surface length, with about
12-15 percent deceleration to the trailing edge. Under steady flow conditions, transition
occurs on this profile just as the suction surface boundary layer would have begun to
separate. However, when this profile is placed in a turbine, the wakes from an upstream
bladerow cause transition to occur somewhat earlier on the profile underneath the wakes.
Under these circumstances, it is likely that the correlation of Fig. 2 is valid.
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Fig. 3 Velocity distributions for two LP turbines with lift coefficients of
0.87 and 1.05n steady flow (from the cascade data of Curtis et al, 1997)
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Fig. 4 The bar passing cascade rig used by Curtis et al (1996),
Schulte and Hodson (1997) and Howell et al (2000).
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Fig. 5 Effect of incoming wakes on the profile loss of the datum profile
of Fig. 3 (based on the steady and unsteady cascade data
of Curtis et al 1997)

Fig. 4 shows the experimental rig used for itheestigations summarised in Fig. 5. This
consists of a cascade of seven blades and a moving bar mechanism that allows bars to be
traversed upstream of the leading edge of the cascade. The bars are fitted to belts and carried
on wheels that are driven by a variable speed motor. The wakes shed from the bars accurately
simulate the presence of an upstream blade row (Banieghbal et al #@9%.shows that
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for the datum profile of Fig. 3, the effect of incoming wakes is to increase the loss over a
wide range of Reynolds numbers as expected.
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Fig. 6 Generic pressure distributions for two LP turbine controlled
boundary layer design philosophies (Hourmouziadis)
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Fig. 7 Effect of incoming wakes on profile loss of a datum and high lift
profile (H) of Fig. 3 in the cascade and as the second stator of a cold
flow LP turbine (based on the data of Curtis et al, 1997)

The performance targets of modern LP turbine blading not only concern efficiency, but
also weight and manufacturing costs. It is desirable (to save weight) to use less blades per
blade row but then an individual blade has to carry a greater aerodynamic load. Increased lift
coefficients can only be realised if the pressure distribution has regions of significant
deceleration on the suction surface. This inevitably increases the risk of laminar separation.
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Fig. 6 illustrates the different design approaches. In order to avoid significant deterioration in
efficiency due to large separation bubbles (or even non-reattached separation), the concept of
controlled diffusion boundary layer design was introduced in industry (Hourmouziadis,
1989). Fig. 6 shows a velocity distribution (roof-top) resulting from this (steady flow)
approach to design. In this case, there is a substantial separation bubble. Under these
circumstances, the correlation of Fig. 2 is not valid because of the presence of the separation
bubble.

Fig. 7 shows the effect of incoming wakes on the profile loss of the datum and high lift
profile (profile H) of Fig. 3. Profile H has a lift coefficient 20 percent higher than that of the
datum. The results of cascade tests and turbine tests are presented. In the case of the higher
lift profile, a large laminar separation bubble forms on the suction surface under steady flow
conditions. Fig. 7 shows that when wakes are present, the loss of the high lift profile is
significantly lower than that of the datum profile. This result was counter to steady flow
expectations. That unsteadiness can be harnessed in the pursuit of high lift in LP turbines is
the subject of this paper.

4  The Disturbance Environment

It has been demonstrated that wakes have a profound effect on the performance of turbines
in both cascades and turbines. It is now appropriate to discuss the environment that causes
these changes.

Whereas the potential influence of a blade extends both upstream and downstream and
decays exponentially, a wake is only convected downstream. In addition, a wake’s rate of
decay is much less than that of the potential influence. Indeed, many researchers carry out
wake-traverses at about half an axial chord downstream of cascades in order to obtain a
satisfactory definition of the wake profile before it mixes out. At this location, the wake
velocity defect is typically 10-30 percent of the free-stream value, depending upon the exit
flow angle of the cascade. Typically, the axial spacing between adjacent bladerow is of the
order of 1/4 to 1/2 of the axial chord of the upstream bladerow.

Meyer (1958) argued that as wakes convected through the next bladerow, they were
choppedinto segments. The segments of the wakes behawvegasive jeimpinging on the
aerofoil surface as they are transported with the free-stream fluid. Close to the surface, the
velocity induced by the jet causes a progressive distortion of the lines of constant vorticity,
an effect that commences as the wake impinges on the leading edge. The negative jet also
causes a build up of wake fluid on the suction surface of a turbine rotor blade and a removal
of fluid from the pressure surface. The behaviour of the negative jet gives rise to fluctuations
in the surface velocity and pressure. Many researchers have observed fluctuations within
boundary layers that they have attributed to this behaviour in the free-stream (e.g. Hodson
(1983), Hodson and Addison (1988), Paxson and Mayle (1990)).

There are considerable differences between a cascade of flat plates and turbine blades. Fig.
8 presents an inviscid time-marching prediction of the unsteady flow in an LP turbine
cascade that is subjected to incoming wakes. Contours of entropy are plotted because, unlike
the stagnation quantities, entropy is convected in unsteady flow.
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Fig. 8 Euler calculation of wake-blade interactions in an LP turbine
(based on Hodson and Dawes (1996))

The variations in transport velocity across the passage are responsible for the distortion of
the wake centre-line shown in Fig. 8 as suggested by Smith (1966)boWiag arises
because near to the leading edge plane, the mid-passage convection rates are much higher
than in the vicinity of the blade surfaces. The reorientatiahearingoccurs because a fluid
particle will convect along the suction surface at a rate that is much higher than of a particle
near to the pressure surface. The width of the wake also decreases as there is a need to
conserve the circulation associated with the wake segment el®nigatesduring its
reorientation. The shearing is very pronounced in this typical high lift LP turbine because the
blade loading is relatively high. An additional modification occurs once the wake arrives in
the vicinity of the leading edge. Here, the early part of the wake is accelerated along the
suction surface away from the rear part which remains in the vicinity of the leading edge. By
the time the trailing portion has reached the suction surface, the leading portion has moved
further away and so the wake width becomes extended. Toward the rear of the suction
surface, the reverse will tend to happen as the flow decelerates but this is a much smaller
effect. On the pressure surface, the velocity gradients near the leading edge are less than on
the suction surface so tlstretchingis much less pronounced. The net result of all of these
modifications to the wake is that the wake segment appears to be concentrated on the suction
side of the passage with a ‘tail’ that stretches back toward the pressure surface leading edge.

The predictions of Fig. 8 also indicate that there is only a small amount of cross passage
transport due to the negative jet behaviour of the wake. Indeed, Addison and Hodson (1990)
suggests that this is of secondary importance. It is also why Doorly and Oldfield (1985) and
later LaGraff et al (1989) have been able to ignore the effect of the negative jet and have
obtained excellent agreement between the predicted and measured locations of the wakes, the
latter being visualised with the aid of a Schlieren system. These experimental results and the
numerical predictions of Hodson (1985), Giles (1987), Rai (1987), Korakianitis (1991),
Dawes (1993) and Hodson and Dawes (1996) all confirm that kinematic theory can be used
to explain the movement of wakes through downstream bladerows. The small amount of
Cross passage transport means that the importance of this phenomenon must be questioned.
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It is noted that Fig. 8 has been obtained using an inviscid solver. Nevertheless,
comparisons of the predictions with measurements were favourable indicating that the
unsteadiness cause by wakes persists through more than one bladerow and is relatively
undiminished. Consequently, there is an increasing complexity in the unsteady flow field as
one moves through subsequent stages.

41 MULTISTAGE WAKE-BLADE INTERACTIONS

So far, the discussion has been concerned with the interaction of the upstream wake with
the downstream bladerow. Indeed, most of the published literature is concerned with this type
of interaction. It should be recognised that there are often between 4 and 14 bladerows in LP
turbines. Given that the maximum intensity of the disturbances caused by a wake is little
changed from inlet to exit, there is clearly an opportunity for interactions to take place across
several bladerows. Unfortunately, it is difficult to obtain data in multistage environments.
Only the programmes at MTU (Binder et al (1989) through to Arndt (1991)), at GE (Halstead
et al (1995), Halstead (1997)) and at the Whittle Laboratory (Banieghbal et al) are known by
the authors to have examined the disturbance flow field.

Fig. 9 is taken from a paper by Arnone et al (1999). It shows a calculation of the unsteady
flow in an LP turbine. One can clearly discern the wakes of the first stator row inside the
passage of the second stator. Equally, the wakes from other bladerows persist through more
than the next bladerow downstream. Fig. 10 is a schematic of the interaction of the wakes of
the first rotor with those of the second stator (from Binder et al (1989)). The wakes shed by
rotor 1 are cut and distorted by stator 2. They are formed into wake segments which convect
through the stator 2 blade passages and appear at exit between the stator 2 wakes. The thick
broken lines indicate the stator 2 wakes and therefore the direction of the flow in the absolute
frame. Regardless of the frame of reference, the wake segments are arranged into “avenues”.
It should be noted that the avenue contains discrete wake segments rather than a continuous
wake. Because the rotor 1 and rotor 2 blade counts are different, the rotor 1 wake avenues
will enter the rotor 2 blade passages at different circumferential locations. Under these
circumstances, rotor-rotor interactions can sometimes manifest themselves in unsteady data
at a frequency that represents the sum and difference frequencies (i.e. beating) of the two
rotor passing frequencies.

e o

Fig. 9 Predictions of unsteady effects in multistage LP turbine.(Arnone
et al, 1999)
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Fig. 10 Schematic of wake avenues in a multistage LP turbine
presented by Binder et al (1989).
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Fig. 11 Variation with time of the disturbance environment (turbulence
intensity) at inlet to stage 3. Data from the LP turbine used by Schroder
(1991), Arndt (1991).

Binder at al (1989), Schroder (1991) and Arndt (1991) have performed a series of
turbulence measurements in a multi-stage LP turbine. Fig. 11 shows that beating can occur in
multistage turbines. These data were obtained during a single radial traverse of the flow so
that the circumferential co-ordinate in the figure represents the angular position of the rotor
shaft. Contours of turbulence intensity at the inlet to stage 3 of a multistage LP turbine are
presented. The beating arises because of the differences in the number of rotor blades in
stages 1 and 2. This can clearly be seen as the turbulence intensity varies around the
circumference at about 40% passage height. As the rotor rotates, these different passages will
be seen by the stationary probe and therefore the stator blade downstream of the probe. At
different circumferential locations, the pattern will differ from that presented here as a result
of the various bladerow interactions (see below).

In seven multistage LP turbines measured by the authors, beating has been observed in all
but two. Many of these experiments included measurements within the suction surface
boundary layer. It should again be recognised that the wakes also interact with the blade
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surface boundary layers and that the varying strength of the rotor wakes could in part be due
to the effect of the upstream wakes and wake segments on the blade surface boundary layers
as well as the simple "addition” of the upstream wake segments as proposed in Fig. 10.

Poer Mozzie [M2] Inkea

i Far 1 Wake
Wi idemias Piana

X

aclite Flow Directian

f -
£ s
B = .
EE =70
& B -
T
6 | 6
Raotor 1 6
T " L]
| ! (" . il
4 |J - |!L‘\- | A A | 4 I IIE'. [
Il.lll I'l ' 1-|i| I| | Ty | '.u-'l" | 'l| I-.ﬂ'.
1 I'_J' 1 II|I | { ? I'I | L I|
E 3 .|I 2 I- 1 - r -
/ L =
Lipstream Nuzzle“,__] g
(M1 wake
Ug 1 2 05 i 2

Wake Passing Periods Wake Passing Periods

Fig. 12 Variation with time of the turbulence intensity at inlet to stage
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A similar schematic to that of Fig. 10 is presented in Fig. 12. This shows, in a little more
detail, how the a sensor positioned in the opposite frame of reference to that of the blade
shown will see different parts of the wake avenue as it is located at different circumferential
positions. This schematic may be used to explain the measurements obtained downstream of
the 1st stage of a 3 stage LP turbine. Fig. 12 shows that the peak turbulence intensities, as
seen by theecond stator are of the order of 5% in the rotor wakes and, at this circumferential
location about 3.5% in the stator wakes.

Fig. 13is taken from Halstead (1997). It shows data obtained at inlet to stator 3 of the
same LP turbine for which data was presented in Fig. 12 at inlet to stator 2. A comparison of
the two figures confirms that the complexity has increased. For example, there are distinct
variations at 4 times the blade passing frequency at 20 and 40% pitch in.Fipei8 are 4
upstream blade rows, each shedding wakes. However, without further information, a
coincidence cannot be ruled out. Nevertheless, it should be noted that although two of these
blade rows are stationary, their wakes are not. This is because of the “processing” of the
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stator wakes by the rotor blades into the wake segments that form the wake-avenues depicted
in Fig. 12.
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Halstead (1997) also presented a summary of the data obtained at exit from each bladerow.
A part of this is shown in Fig. 14. The variation in pitchwise-averaged, time-averaged
turbulence intensity as seen in the two frames of reference is shown in the upper plot. The
lower plot shows the turbulent kinetic energy. It can be seen that in general, the turbulence
intensities are increasing. It would appear from the data that the maximum level of
disturbance has not yet been reached at exit from stage 2. However, care must be taken when
interpreting graphs such as those of Fig. 14. The trend could be attributed to the “filling in”
of the free-stream between the wakes of the preceding bladerow by the effects of the more
upstream wakes. This could have a relatively small effect on the overall behaviour of the
blade surface boundary layers if the rotor wakes were still dominant (see below). Halstead
also calculated the mean integral length scales of the turbulence. He found this to be typically
30% of the upstream throat at each location.

In summary, it is noted that wakes do not decay within the next bladerow, that the
complexity of unsteadiness increases and that beating can arise as a result. Peak turbulence
intensities in rotor wakes are typically of the order of 5-10% and that the minimum levels
typically 3-5%. The periodic fluctuations in velocity are of a similar magnitude.

5 Wake-boundary layer interactions

5.1 CONVENTIONAL LP TURBINES: CASCADES

In steady flow transition from laminar to turbulent flow, turbulent spots form where
freestream disturbances (e.g. turbulence) can initiate transition within the boundary layer.
There is evidence to suggest that a similar situation arises in the case where disturbances
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originate in an upstream wake (Hodson and Addison (1988)). In the case of incoming wakes,
a strip of transitional flow, which extends across the entire span, begins to form beneath the
footprint of the turbulent wake on the blade surface at this location. Because the inlet flow to
the blade row in question is periodic, this process is also periodic. Some available data (see
below) suggest that wake-induced transition does not begin until the momentum thickness-
based Reynolds number gRexceeds a value of approximately 90-150, which is consistent
with the known behaviour of steady flow laminar boundary layers undergoing bypass
transition in the presence of high levels of free-stream turbulence (e.g. Mayle (1991)). On
ultra high lift profiles however, the value can reach 225 (see Howell et al (2000)).
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Fi% 14 Pitchwise averaged time mean (a) turbulence intensity and (b)
turbulent kinetic energy variation through an LP turbine at mid span
(Halstead (1997)).

Recently, Zhong et al (1998) have provided the first real evidence that bypass transition
due to wakes does indeed proceed via the formation of turbulent spots. Fig. 15 shows the
results of a visualisation of wake induced transition carried out using thermochromic liquid
crystals. These alter colour according to the temperature of the surface. The surface of a flat
plate was heated so that the darkest regions correspond to laminar flow. As turbulent spots
sweep across the surface, the surface heat transfer increases and the colours change (from
blue toward red) as the temperature of the surface falls. Fig. 15 clearly shows the presence of
three discrete events. Zhong et al also show that these events propagate and grow at the same
rates as conventional spots. As the spots move downstream, they grow in length and width.
This process is illustrated schematically in Fig. 16. As this spanwise band of spots progresses
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downstream, it becomes more turbulent and a turbulent strip results. In LP turbines, the flow
between these adjacent strips usually undergoes transition via a different mechanism, perhaps
as a result of a laminar separation. This is illustrated in the distance-time diagram of Fig. 17.

Fig. 15 Visualisation of wake induced transition on a heated plate using
liquid crystals. Flow is from left to right. Zhong et al (1998).

Fig. 16 Schematic of wake induced transition strip. Typical velocities of
propagation of the wake, the leading and trailing edges of the turbulent
spots are shown.

5.2 CONVENTIONAL LP TURBINES: MULTISTAGE TURBINES

The above discussion has concentrated upon the effects of the wakes of a single upstream
bladerow. Fig. 18 presents some of the results of Halstead et al (1995) that were obtained
using surface mounted hot films on the suction surface of a 2-stage LP turbine. The suction
side velocity distribution of this airfoil is similar to that of the Datum blade in Fig. 3. These
results were obtained at increased loading and take-off Reynolds number but they illustrate
many of the phenomena that arise over the range of operation of this LP turbine. The figure
presents instantaneous time traces of quasi wall shear stress (a.c. coupled).
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Fig. 18 shows that wake-induced transition is underway by 32 percent suction surface
length. Turbulent spots originate in the vicinity of the W trajectories. The time period
between successive spots does not correlate exactly with wake passing. The spots both lead
and lag the equally spaced W trajectories. At 44 percent suction surface length, turbulent
events of varying amplitude occur for each passing wake as seen by the various magnitudes
of marker “3” in the figure. The above is indicative of transitional behaviour within the
boundary layer.
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Fig. 17 Schematic distance-time diagram of wake induced transition

So called “calmed regions” are identified in Fig. 18 as areas of elevated but decaying shear
stress following turbulent spots. An example is seen as area 4. Locating where flow
breakdown occurs and constructing a trajectory from the origin of the strip to the breakdown
point determines the downstream boundary of the region. The onset of transition between the
wake-induced strips takes place near 50 percent suction surface length. Single-spot events in
area 5 and multiple-spot events in area 6 mark transition onset in Fig. 18. Halstead et al
(1995) found that the locations of the origins of the spots that formed between wake events
coincided with regions of elevated freestream turbulence associated with the wakes of the
upstream stator row. The presence of numerous spots at 63 percent suction surface length
makes it impossible, in general, to distinguish the wake from the non-wake-induced areas at
this location. The turbulent events continue to engulf the remaining laminar flow. By 85
percent suction surface length, transition is nearly complete. Along trajectpaad Z that
begin at 70 percent suction surface length in Fig. 18, areas of calmed flow persist all the way
back to the trailing edge, as illustrated by areas 7 and 8. Due to their elevated levels of shear
stress, these areas of non-turbulent boundary layer do not separate even in the presence of the
mild adverse pressure gradient in this region. The true significance of the calmed regions is
discussed below in relation to high lift LP turbines.

This section has shown that in single stage and multistage LP turbines wake induced
transition proceeds via the formation of turbulent spots. The wakes from the bladerow
immediately upstream dominate the transition process. This explains why unsteady cascade
experiments can be used to develop new profiles. It is also noted that the so called calmed
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regions are formed behind turbulent spots, even in the highly disturbed multistage
environment, and that these can persist as far as the trailing edge.
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Fig. 18 Raw hot film traces for(tlhgt—‘g-9 gj'nlseline test case of Halstead at al

5.3 HIGH LIFT LP TURBINES: CASCADES

The presence of unsteady flows in LP turbines has meant that it has been possible to
increase the lift of the blades by 20% when compared to the datum profile shown in Fig. 3.

Fig. 19 shows hot film measurements obtained by Schulte and Hodson (1996) on blade H
of Fig. 3. A schematic of the test section is shown in Fig. 4. The increased wall shear stress
level in the hot-film signal indicates the turbulent spots. The turbulent patches are followed
by a distinct region with virtually no turbulent activity (the calmed region). The wall shear
stress falls from a turbulent level to a laminar level within this region. This region is then
terminated by the arrival of a new turbulent patch induced by the next wake or occasionally
by natural transition in the separating flow between the wakes. It can be seen, that the calmed
region following the turbulent patch is even visible as far downstream as 98 percent suction
surface length. The calmed region is also able to prevent the boundary layer from separating.
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This is due to its partly elevated wall shear stress level and its fuller velocity profile
(Cumpsty et al. (1995), Halstead et al. (1995), Schulte and Hodson, (1996 and 1997)).
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Fig. 19 Hot film measurements from blade H in Fig. 5. (Schulte and
Hodson 1996)
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Fig. 20 Suction side boundary layer loss vs. Reynolds number (Howell
at al 2000).

The lower graph on Fig. 19 concentrates on the temporal variation of the momentum
thickness at the trailing edge as measured by a hot wire. This shows the variation of the
momentum thickness during three wake-passing cycles. The momentum thickness that results
with steady flow is also shown. This plot indicates that the wakes suppress the existence of
the large separation (and the losses it produces) that existed in the case without wakes. It also
suggests that after the wake Ipassed the calmed region and the process of the reappearing
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separation bubble are associated with low momentum thickness at the trailing edge. Fig. 19
also implies that the loss in this unsteady case is significantly reduced compared to the steady
flow case.

Fig. 20 presents a plot of the momentum thickness measured at the trailing edge of the
high lift profile. The plot shows data for the cases with and without wakes present. Data for
the cases with wakes present are obtained at the reduced frequenay7af The trailing
edge momentum thickness is made non-dimensional by the momentum thitlkeaessed
with unsteadynflow at a Reynolds number of 130,000.

Fig. 20 shows that there is a large loss reduction at low Reynolds numbers due to the
effects of the wakes. As the Reynolds number is increased, the loss reduction diminishes to
the point where at a value of 2110 there is almost no loss reduction. The reduction in the
difference in losses with increased Reynolds number is due to the reduction in the size of the
separation bubble. If the size and loss generated by a separation bubble is smaller then so is
the possible loss reduction due to the effects of wakes. This is the situation at the higher
Reynolds numbers.

This section has shown that in high lift cascades, the boundary layers are transitional, that
transition often occurs very close to the location where separation would occur in steady
flow, that calmed regions exist and that the effects of calming are beneficial at the lower
Reynolds numbers. In fact, the frequencies of the disturbances are almost optimal.

5.4 HIGH LIFT LP TURBINES: MULTISTAGE TURBINES

It is recalled that the inter-bladerow velocity data of Schroder (1991) and Arndt (1991)
revealed a strong rotor-rotor interaction mechanism in a 5-stage LP turbine.

Schroder (1991) presents data obtained using surface-mounted hot-film anemometers on
the suction side of various stator blades. The next few figures present data from stator 3 of
that high lift turbine.

Pariodic fluctuations
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s Span:e-_

Fig. 21 ST diagram of hot film data of quasi shear stress from NGV3 of
the LP turbine used by Schrdoder.
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Fig. 21 presents ensemble-mean quasi wall shear stress and shows a very clear rotor 2
periodicity over much of the surface. A distinct (apparent) phase shift occurs close to the
trailing edge. Schulte and Hodson (1994) argue that this is not a phase shift but the
appearance of transition. It probably corresponds to the velocity fluctuations associated with
transition (profile switching). The wakes from the upstream rotor periodically suppress the
transition bubble. In between, separation is believed to occur.
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Fig. 22 Freestream turbulence intensity required to cause transition on
an LP turbine blade at a Reynolds number of 130,000.
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Fig. 23 ST diagrams of hot film data from NGV5 of the LP turbine used
by Schrdder.

So far, no mention has been made of the complexity of the incoming turbulence field. The
descriptions given above could equally be applied to cascade data for the same profile. One
of the main reasons for this is believed to be due to the low operating Reynolds number of
this turbine. Stator 1 has a Reynolds number of 13B&cause the Reynolds number is
low, the freestream turbulence required to promote transition upstream of separation will be
relatively high. Fig. 22 shows the required local levels as predicted by two correlations
(Mayle (1991) and Abu-Ghannam & Shaw (1980)) for a turbine blade that is similar to that
under discussion. It can be seen that a turbulence intensity of about 2 percent is required
ahead of separation which was predicted to be at 72% suction surface length on the blade
used for these predictions. Between the wakes of theotdr, the incoming intensity is
approximately 3-4 percent. Assuming that the turbulent kinetic energy is frozen (a poor
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assumption) and that the ratio of the local to the inlet velocity is approximately 2, then
transition will not occur between the wakes in the attached flow.

Fig. 23 presents a distance-time diagram for the suction surface data obtained on Stator 5
of the same LP turbine. Here, separation and transition occurs further from the trailing edge
than on Stator 3. These figures also contain evidence of the beating which manifests itself as
a very low speed trajectory. The relevant magnitude of the rotor-rotor and rotor alone
interactions is best illustrated by the contours of random unsteadiness. These indicate where
transition behaviour is most prevalent. The periodic variations over the latter part of the
surface indicate transition is dominated by the blade passing frequency of the upstream rotor.
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Fig. 24 ST diagrams of non dimensional ensemble mean quasi wall
shear stress (a) RMS (b) and skew (c) on thé& 3tator the BR715 LP
turbine. Takeoff Reynolds number (140,000).
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Fig. 25 Instantaneous hot film signals from the 2 stator of the BR715
LP turbine at 96% surface length, Re = 140,000.

The following tests were conducted by the authors for BMW Rolls-Royce (now Rolls-
Royce Deutschland), in the ILA test facility in Stuttgart University. The tests were conducted
on the LP turbine of the BR715 engine. The LP turbine is a 3-stage machine using high lift
blades. The lift generated by the blades represents a lift level approximately 20% higher than
the datum blade shown in Fig. 3. The profile designs based on profile H.

Fig. 24 presents the data for Stator 2 of the BR715 LP turbine at takeoff conditions. There
are relatively few blades in the first row of nozzles. In these experiments, the instrumented
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blade was placed so that it would not experience the wake-avenues of Stator 1. The wall
shear stress is made non-dimensional by the maximum value of wall shear stress measured by
each sensor, i.€5(s,t)/Tmax(s) IS plotted, wherd is time ands is the surface distance. This

serves to enhance the periodic fluctuations in wall shear stress, but at the expense of masking
changes in the overall levels of wall shear stress. Fig. 24 shows that wake induced transition
starts at about 70% suction surface length. This is again indicated by a wedge shaped region
of relatively high shear. Analysis of the additional data shows that this wedge-shaped region
contains initially intermittent flow, which becomes almost turbulent as the trailing edge of
the profile is reached. The raw data trace of Fig. 25 also shows that the levels of shear stress
remain much lower between the passing of the turbulent events. This is consistent with the
existence of becalmed regions trailing the spots. Indeed, it is only over the very last part of
the surface that transition between the turbulent events has really started. Again, these
observations correspond to “classical behaviour”.
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Fig. 26 ST diagrams of non dimensional ensemble mean quasi wall
shear stress from the 3 stator of the BR715 LP turbine, Re = 90,000

Fig. 26 shows the ST diagrams of wall shear stress for ‘tretaBor of the BR715 LP
turbine. Fig. 26a shows regions of high wall shear (marked ‘H2’) originating at 75%s. These
are caused by (and occur at the wake passing frequency of) the wakes shed from rotor 2. The
regions marked ‘H4’ are not in fact regions caused by the high wall shear in turbulent spots.
They are simply the response of the laminar boundary layers to the passage of wakes in the
freestream. Because of the method of making the data non-dimensional, the levels of the
regions H4 and H2 are the same colour, however, they are very different levels. Although the
RMS and skew data is not shown (for reasons of brevity) wake induced transition was
confirmed to occur around the region of laminar separation.

Fig. 26b shows data for the same operating condition but at a different position of the
upstream rotor. Again the regions marked ‘H2’ are seen, but there are also other regions
marked ‘H1'. They are only slightly lower wall shear than those marked ‘H2’. These also
occurred in Fig. 26a but were not so strong. Therefore there are two regions of transitional
activity and they each occur at the value of rotor 2 blade passing frequency. A possible
explanation for this is as follows. The first transition region seen in the s-t diagrams (‘H2’) is
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caused by Rotor 2 and occurs at 75%s. The other transition region is caused by wakes from
stator 2 that pass through Rotor 2 (region ‘H1’). Stator 2 wakes are in turn modulated by
Rotor 1, see the schematic in Fig. 10. The difference in blade counts for Rotor 1 and Rotor 2
leads to the low frequency beating (modulation), whereby at some Rotor 2 positions the
strength of the second transition region is diminished. The amplitude modulated wakes are
distorted as they travel through stator 3 which makes interpreting the data more difficult. This
beating in this data is similar to that measured by Arndt (1991). In that investigation Arndt
showed that rotor 1 and rotor 2 interactions gave rise to amplitude modulations of the
strength of the wakes that entered stator 3. Regions marked ‘H1’ reduce in strength as they
reach the start of regions ‘H3’ because they are older turbulent boundary layer. New turbulent
boundary layer is formed at ‘H2’, which has a higher wall shear stress.
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Fig. 27 Ensemble mean data for one revolution of thé“2otor from the
3" stator of the BR715 LP turbine at 71/5% surface length, Re = 90,000.

Fig. 27 shows the variation of wall shear stress at 71.5% suction surface length on stator 3
and a complete revolution of Rotor 2. The variation in the amplitude of wall shear stress from
the strengths of two sets of wakes combining causes the boundary layer response shown in
regions B. The reduction in strength results in regions marked A. The variation of wall shear
stress is a consequence of the changes in turbulent spot production rates that occur because of
the beating effect with wakes. Wakes with high turbulence intensity are likely to cause higher
spot production rates and therefore higher wall shear stress regions circled in region ‘B’.
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Fig. 28 Instantaneous hot film data from the 3 stator of the BR715 LP
turbine at 94% surface length, Re = 90,000

The raw trace shown in Fig. 28 was obtained at 94% suction surface length Bisttiter3
of the BR715 LP turbine. At this location, the wake-induced turbulent flow is clearly isolated
by regions of attached and laminar (i.e. calmed) flow. The effects of calming can also be seen
in the distance-time diagrams. At this sensor, transition has progressed sufficiently that the
ensemble-mean has risen during the time between the end of the calmed region and the
beginning of the next wedge. This tends to reduce the effect of calming but some is still
present at the trailing edge. Again, this behaviour is typical of wake-induced transition.

The low lift coefficient turbines are identified as those which have a relatively small
amount (say <10 percent) of suction surface diffusion as opposed to a specific value of lift
coefficient. In these turbines, the benefits of calming are very small. The data obtained in the
low lift GE turbine suggests that the “classical” view of wake-induced transition does not
entirely prevail in that design. The response of the boundary layers almost perfectly
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correlates with the incoming turbulence. It is because of the complexity of the turbulence
field described in the previous section that the classical behaviour does not exist.

In the high-lift turbine described above, as well as that of Arndt and of Schroder, there is
no real evidence that perturbations from rows further upstream than the previous rotor have a
significant impact on the transition process. Both turbines contain evidence of rotor-rotor
interactions. They would, no doubt, also exhibit some evidence of stator clocking if those
experiments were carried out. However, none of these interactions played a significant role in
the transition process. The BR715 LP turbine appears to benefit from the effects of calming.
Since these turbines operated at relatively low Reynolds numbers, it is reasonable that only
the nearest upstream bladerow has any impact on the transition process. This is because the
“freestream” between the rotor wakes would not be sufficiently turbulent to cause transition.

In the cascade environment, it has already been noted that the benefits of calming are greatest
at the lower Reynolds numbers and higher lift coefficients. Whether these benefits can be
extended to the higher Reynolds numbers of the largest LP turbines at takeoff conditions
remains to be seen

5.5 ULTRA HIGH LIFT LP TURBINES: CASCADES

The following section will show how it was possible to further increase the lift of profiles
and to keep their efficiency at the same level. The ultra high lift profiles developed for the
BR715U LP turbine represent a 38% increase in lift over the datum profiles shown in Fig. 3.
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Fig. 29 Pressure distributions (from Howell at al 2000) obtained using
the flap test technique of Curtis at al (1996)

Fig. 29 shows some velocity distributions generated by the flap test technique used by
Curtis et al (1996) and Howell et al (2000). In these plots, the position of peak suction and
laminar boundary layer separation remained constant at approximately 53% and 74%
respectively. Fig. 30 is based on the data of Howell et al (2000). It shows how, that for a
given style of loading, the profile loss of a cascade will vary as the lift coefficient is increased
beyond a Zweifel lift coefficienbf 1.05 As predicted by Schulte and Hodson (1997), the
loss coefficient rises but it rises more slowly when wakes are present so that the benefits of
calming are increased.
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Fig. 30 The effect of wakes on the potential for increasing lift at a
Reynolds number of 130,000 and a fixed position of boundary layer
separation (Howell et al (2000) obtained using the flap test technique of

Curtis et al (1996).

Hot film measurements from the suction side of the velocity distributions shown in Fig. 29
indicated that there was a large amount of suction surface covered in transitional and
turbulent flow after boundary layer reattachment. Reducing this area of turbulent flow was
expected to result in a reduction in profile loss. The ST-diagrams in Fig. 31 illustrate this
idea. Transitional flow caused by wakes is marked W, turbulent flow caused by separated
flow transition is marked T and calmed flow is marked C. The diagram shows two cases of
wake passings at different reduced frequencies.
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Fig. 31 Schematic ST-diagrams of wake induced transition at two
different reduced frequencies.

Fig. 31a shows a reduced frequency similar to which occurs on the profiles used here
where separated flow transition occurs between wake passings. The region marked B,
between wakes one and two, shows turbulent flow due to the separation bubble reattachment.
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At this, lower reduced frequency, the flow at the trailing edge is turbulent because of the

wakes, then calmed and then turbulent again due to the separation bubble transition.
However, if the time between wake passings was sufficiently short (i.e. a higher reduced

frequency), then the separation bubble may never have time to re-establish itself. This is the
case in Fig. 31b. In this case, the flow at the trailing edge is fully turbulent because of the

wakes alone. Removing some turbulent boundary layer (by pushing the position of peak
suction/velocity (and therefore separation) towards the trailing edge would reduce the profile

loss. It should be noted that in all of the experiments presented in this section, the reduced
frequency was kept constant at a value of 0.78 unless otherwise stated.

Using the flap test technique of Curtis et al (1996), Howell et al (2000), moved the
position of peak suction to 60, 65 and 68%s. For example, some profiles with peak suction at
65%s resulted in separation at 80%s, a rearwards shift of 6%s compared to the high lift
profiles shown in Fig. 3 and Fig. 29. Steady flow hot wire and hot film measurements of the
boundary layer at 96%s showed that on these velocity distributions sometimes the separation
bubble did not reattach before the trailing edge of the blade. Open separations result in an
unacceptably large profile loss. However, when the same pressure distribution was subjected
to incoming wakes, Howell et £000) showed that the boundary layer at 96%salaays
attached, no matter what the loading, or position of peak suction.
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Fig. 32 Aft loaded and high lift pressure distributions. All
measurements carried out at Re = 130,000 with wakes present and
normalised by velocity at 98% surface length. Profile C obtained using
the flap test technique of Curtis et al (1996).

Fig. 32 shows the pressure distribution of the ultra high lift and aft loaded profile ‘C’ and
the high lift profile both measured with wakes present. The results show that the separation
bubble, if is exists, has a small effect.

Fig. 33 shows how the suction side boundary layer loss varies with the position of peak
suction for a range of lift coefficients. The losses are made non-dimensional by the loss of
profile H with unsteady inflowUnless otherwise stated all measurements were made with
wakes present. Fig. 33 shows an obvious trend for the profile losses to reduce when the
position of peak suction is moved aft. The reduction in loss can be attributed to a reduction in
surface covered in turbulent boundary layer and also to the reduction in turbulent boundary
layer due to the wakes, as illustrated in Fig. 31. The scatter of the data for each peak suction
position is due to the different loadings that the pressure distributions produced. Profile C
produced 15% more lift than the high lift profile and a similar level of loss. The value of Re
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just before separation is around 225 which is similar to other profiles such as those in the
BR700 series of LP turbines measured by Howell (1999).
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Fig. 33 Variation of suction surface boundary layer losses with position
of peak suction, from Howell et al (2000) obtained using the flap
technlque of Curtis et al (1996).

Fig. 34 is an ST-diagram of the non-dimensional ensemble mean wall shear stress on
profiles C and H. The locations of the hot film sensors are indicated by black dots at the top
of the figure. Note that the levels of wall shear stress at 60%s are much less than those at
96%s as the data is made non dimensional in the same way as in Fig. 26.
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g.34 ST dlag?ram of wall shear stress measurements for Profile H and
Proflle C. Profile C obtained using the flap test technique of Curtis et al

The hot film data from profiles C and H exhibit the same basic structure. Wake induced
transition starts in the regions marked and this coincides with the position of steady flow
laminar separation, marked ‘S’. The regions of transitional flow have the classical wedge
shape. The regions marked ‘L’ have a lower wall shear stress level than the wake induced
transition regions downstream. These are caused by the wake’s velocity defect on the laminar
boundary layer and are not caused by transitional flow.
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Having established the boundary layer features that are present on ultra highly loaded LP
turbine blades with unsteady inflow, it is now appropriate to show twouttes high lift
profiles. These have been tested in the cascade facility in Fig. 4 and are shown in Fig. 35.
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Fig. 35 Velocity distributions for the ultra high lift profiles, U1 and U2
and profile H normalised by F%hec?%%ag%xn velocity. Unsteady inflow.
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Fig. 35 shows the new ultra high lift velocity distributions, U1 and U2 and the high lift
profile (H) measured with unsteady inflow. These profiles have an increase in lift of
approximately 15% compared to the high lift profile (profile H). This is 38% greater than the
datum profile in Fig. 3. The inlet and exit angles were the same as the datum cascade and the
design Reynolds number was chosen to be 130,000. The best lift-loss pressure distributions,
presented earlier, seem to be those that produced peak suction at 65%s and separation at
around 80%s. The position for laminar separation was therefore designed to occur at
approximately 80%s, reducing the amount of turbulent boundary layer. The valugwh®fe
designed to be approximately 225 at the separation position. This ensures that wake induced
transition would be initiated in this region. The presence of the turbulent spots, calmed
regions and wake turbulence then controls the separation bubble growth and loss generation.

The velocity distributions in Fig. 35 were made non-dimensional by the cascade exit
velocity. This is the correct way of presenting cascade data, whereas for the tests using the
attached flap (see Curtis et al (1996)), the isentropic velocity at 96%s was used.
Unfortunately, Fig. 35 shows that increasing the lift tends to depress the trailing edge
velocity. This occurs because as the lift increases the amount of uncovered turning on the rear
of the suction surface also increases. For example, the geometric throat is at approximately
45%s for the profile U1 and there is approximately aDinviscid deviation. The uncovered
turning is used to maintain the high suction side velocities, downstream of the geometric
throat. This large amount of uncovered turning suppresses the velocity at the trailing edge of
the aerofoil. This occurs because, for a given mean exit angle, the potential field of each
profile increases in strength as the lift increases. Therefore, there is a greater re-distribution
of the streamlines once the flow passes beyond the trailing edge plane. This means that the
velocity at the trailing edge is lower than that at the cascade exit plane.

The deceleration between peak suction (or peak velocity) and the exit plane is that which
would be expected on a profile without a convex rear suction surface. On these ultra-high lift
profiles, the flow must decelerate to a much lower value at the trailing edge. An unfortunate
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consequence of the above is that as the lift is increased, the amount of suction surface
deceleration increases far more than would be expected if only the peak velocity and cascade
exit velocity were considered. Ultimately, this will limit the amount of lift that is practicably
possible.

The two ultra-high lift profiles (U1 and U2) both generate the same lift and so must have
the same total circulation. Profile U1 has a rather flat-topped velocity distribution. Hot film
measurements showed separation occurred at approximately 75%s and wake induced
transition occurred at 80%. The flat top pressure distribution allowed the boundary layer to
grow more quickly than it would if the flow was still accelerating. Unfortunately, this profile
has a similar separation location to the datum profile and this, combined with the flat top
pressure distribution and increased deceleration, is likely to lead to higher losses.

To avoid the flat top pressure distribution, profile U2 has an increased peak velocity to
give the continual acceleration and allow proper aft loading of the velocity distribution.
However, as discussed above, this lead to an even larger back surface deceleration than for
profile U1 and resulted in higher than desired losses.
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Fig. 36 Variation of profile loss with Reynolds number for profiles H,
Ul and U2.

Fig. 36 shows the variation of relative total pressure losses from the ultra high lift profiles
(and for the datum profile) for a number of reduced frequencies. All total pressure loss values
are made non-dimensional by the loss for profile H at a Reynolds number of 130,000 with
wakes present (reduced frequency of 0.78).

The losses produced with steady inflow by profile U2 reached seven times the losses of
profile H with unsteady inflow at the lowest Reynolds number. The steady flow losses are
not shown. These exceptionally high steady flow losses of profile U2 were due to the
elevated level of deceleration on the suction surface that is caused by the suppressed trailing
edge velocity. At a reduced frequency of 0.54, the losses generated by profile U2 are
considerably lower than the steady flow losses but higher than those of the other profiles
shown. In fact, this frequency is slightly lower that that which would be encountered on a
stator blade, the value being determined here by the test rig. Doubling the reduced frequency,
to a value more typical of a rotor blade, results in a further and significant reduction in the
losses up to Reynolds numbers of around 170,000. In contrast, doubling the reduced
frequency for profile H would result in an increase in the profile losses. These differences are
a direct consequence of the different designs as discussed above in relation to Fig. 31
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It has already been noted in relation to Fig. 26 that stator 3 of the BR715 LP turbine had
wake induced turbulent regions on the suction surface appearing at twice the frequency of the
wake passing of rotor 2. This effectively results in a doubling of the reduced frequency to
which stator 3 is subjected. In the case of profile U2, were this to occur, it would be
beneficial as shown byig. 36

Fig. 36 shows that profile Ul also produces relatively high losses under steady flow
conditions. Unlike profile U2, the losses produced by profile Ul are almost independent of
the reduced frequency in the range 0.54 to 1.1. Profile U1 also produces losses that are more
comparable to the blade H when wakes are present. By a Reynolds number of 170,000, the
losses of profile Ul at the higher reduced frequency are roughly the same as those of profile
H. It should of course be remembered that both profiles U1 and U2 have 15% more lift than
high lift profile H. As the Reynolds numbers are increased, the performance of the ultra-high
lift profiles improves dramatically. This is because the losses associated with the separation
bubble are less dominant.

The new ultra high-lift profiles produced greater losses than those for the high lift profile
at the design Reynolds number, but resulted in a decrease in the number of blades by 15%.
Laminar separation occurred on profile Ul at approximately the same surface position as for
the high lift profile. Hot film measurements indicted the presence of turbulent boundary layer
near the trailing edge. The separation location was moved further aft for profile U2, but
required an increase in peak velocity to achieve this. The increased deceleration caused by
this resulted in higher losses than those for the datum profile at low reduced frequencies.

5.6 ULTRA HIGH LIFT LP TURBINES: MULTISTAGE TURBINE

The concepts and understanding of the wake-boundary layer behaviour on ultra high lift
and aft loaded LP profile developed by Howell et al (2000) were used in the design of a new
ultra high lift BR715U LP turbine. This design was carried out by BMW Rolls-Royce, now
Rolls-Royce Deutschland. Rig tests of this new turbine were carried out at the ILA at
Stuttgart University. The experiments showed that it performs as well as the high lift LP
turbine already developed for the BR715 over the same Reynolds number range. Hot film
measurements were also carried out by the authors to verify our understanding of the
interactions of the wakes and boundary layer behaviour. These data are described below.
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Fig. 37 Time history of the raw data of NGV3 of the
BR715 LP turbine at cruise conditions.
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The time history of the raw data can be seen in Fig. 37. On this profile, separation occurs
after 65% surface length and reattachment/transition takes place by 75% surface length.
There is no obvious evidence of calmed regions in any of the data. Other data (Ramesh,
2000) taken in low speed tests has also shown that the boundary layers on ultra high lift
profiles do not seem to exhibit as much calmed flow as lower lift profiles. This does not
necessarily mean that calmed flow does not exist in these flows, it just means that they are
not obvious from raw data. In fact, at the very low Reynolds numbers found in this turbine,
the transition mechanism is still controlled by the passing wakes. However, it may be that it
now occurs in the separating shear layer of a laminar separation bubble rather than in
attached flow. More periodicity can be seen, for example, in the ensemble mean skew of the
data, shown in Fig. 38 where the positive and negative values indicated different stages of the
transition process (see Halstead et al (1995), for an explanation).
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Fig. 38 Ensemble mean skew for two sensors showing more periodicity
in the data than the raw shear stress data of NGV3 of the BR715 LP
turbine at cruise conditions.
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cruise conditions.

Fig. 39 presents distance-time diagrams of the ensemble-mean, ensemble-rms and
ensemble-skew for the“3tator of the BR715U LP turbine. The data reveal transition is
occurring in a periodic manner, for example see regions ‘H1’ and ‘H2’. High shear regions,
‘H1’, are due to transition caused by the wakes of rotor 2 and produce the highest shear at
that surface location. Regions ‘H2’ are due to the effects of the rotor 1 and stator 2 and
produce lower levels of shear compared to regions ‘H1’. A similar effect was seen in the hot
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film data from the BR715 LP turbine where transition also occurred at twice the frequency of
the passing of rotor 2 wakes. Wake induced transition occurs here (for both sources of wakes)
at before 75% surface length. Fig. 37 shows that the flow is reattaching by this location.

The data from the ultra high lift rig tests show that it is far more difficult to see distinct
wake boundary layer interactions. The data is made more difficult to understand because the
increased deceleration makes the separation bubble transition far more pronounced (see
Howell (1999)).

Despite the fact that the periodic effects of wakes cannot so easily be seen in the BR715U
data they do have beneficial effects on the efficiency of the profiles. The performance data of
this turbine showed it to have similar levels of efficiency to the lower lift BR715 rig. The
wake boundary layer interactions therefore continue to have positive effects in the losses
generated by even these ultra high lift profiles.

6 Conclusions

In low Reynolds number flows (typically 130,000), the presence of wakes on the suction
side boundary layer on a highly loaded LP turbine blade has a profound effect on the losses
generated.

The incoming wakes create strips of bypass transition within the boundary layer where
turbulent spots, grow and coalesce to form turbulent strips. So-called ‘calmed regions’ trail
the turbulent spots/strips as they move over the blade surface. The calmed region is a
laminar-like region with a very full velocity profile that follows after the turbulent flow.
Initially it is associated with a high wall shear stress (similar to that of the turbulent flow) that
then relaxes back to a laminar value. Whereas the transitional/turbulent strips tend to increase
losses, the calmed regions tend to reduce losses compared to the undisturbed boundary layer
as it is present in steady state cascade tests. It is the trade off between these two effects which
is important in terms of loss creation. The trade off depends mainly upon the Reynolds-
number, the wake-passing frequency, the wake strength, and the pressure distribution of the
blades. For high lift blading at low Reynolds numbers, when a large suction side separation
bubble exists, the loss in the turbine may be significantly lower than in a steady flow cascade
test. Under these circumstances, the beneficial effect of the calmed region outweighs the
detrimental effect of the transitional strips and it is possible to use high lift profiles without a
loss of efficiency.

Two new ultra highly loaded LP turbine profiles have recently been designed. With steady
inflow the profiles performed poorly. When subjected to unsteady inflow the profile loss
reduced dramatically. The profiles generate 15% more lift than the high lift profiles and 38%
more lift than the datum profiles. The amount of suction surface deceleration was greater than
anticipated during the design of the ultra high lift profiles due to the large back surface
curvature used to create the aft loaded pressure distributions. This curvature suppressed the
trailing edge velocity, increasing the deceleration required by the flow. This effect limits the
lift of such profiles because of the effect on the losses. It may well be that the limit has been
reached with these profiles and even the effect of wakes cannot control the large losses
generated by the separation bubble.

Rolls-Royce Deutschland have designed a new ultra high lift LP turbine based on much of
the research described in this paper. This LP turbine generates approximately 38% more lift
than the current blades in the Trent 700 aero engine.
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