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Abstract
In the interest of reducing airport congestion in the near future, researchers at NASA
Glenn Research Facility have envisioned a new civilian transport aircraft which takes off
vertically and cruises horizontally at Mach 0.5 using tilt-rotor technology. The engine under
development consists of a four stage low pressure (LP) turbine. Many challenges are presented
as the engine transitions from 100% shaft speed at takeoff to 54% shaft speed at cruise. The
blading in this engine must be designed to optimize fuel efficiency, especially at cruise. The
flow conditions in the LP turbine will change significantly from a Reynolds number of about
500,000 with a nearly tenfold drop to 50,000. The low Reynolds number flow enhances the
susceptibility of separation and introduces more aerodynamic losses which will act to reduce
the overall efficiency of the blade design. The vastly changing shaft speeds will induce a large
variation in the flow’s incidence angle of about 60°. The changing Reynolds number and
incidence angle increases the complexity of the flow and will have a significant effect on
transition and separation phenomena along the blading.
Testing for this blade design was conducted in the University of North Dakota’s high
speed low Reynolds number facility. This facility is configured in a closed-circuit arrangement
and allows for steady-state high speed testing at pressures well below atmospheric. The facility
was configured to accommodate a six blade five full passage linear cascade to experimentally
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acquire aerodynamic data concerning the inlet boundary layers, blade load distributions and
total pressure losses over a wide range of Reynolds numbers and incidence angles. The
Reynolds numbers under investigation were based off exit conditions and true chord and range
incrementally from 50,000 to 568,000. Eight discrete inlet nozzles were fabricated for this study
based of the inlet angle measured from the axial direction: -17°, -12°, -2.6°, 8°, 18°, 28°, 34.2°
and 40°. These inlet angles correspond to a range of incidence angles from -51.2° to 5.8°. In
addition to the Reynolds number and incidence angle effect, the effects of low and moderate
turbulence intensity were also investigated. The aerodynamic losses were measured via a fivehole stinger type cone probe. The key component of this study were the mass averaged total
pressure loss buckets which encompassed the range of Reynolds numbers and incidence
angles under low and moderate turbulence conditions.
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CHAPTER I
INTRODUCTION
The purpose of this study is to experimentally investigate the aerodynamic losses of an
incident tolerant, low pressure turbine blade over a large range of Reynolds numbers with low
and moderate turbulence intensities. The turbine blade in this study has been designed by RollsRoyce for NASA’s Large Civil Tilt Rotor aircraft. A linear turbine cascade facility has been
configured for testing in the University of North Dakota’s High Velocity Low Reynolds
Number Compressible Flow Rig to perform this investigation. A wide range of incidence angles
were examined to determine the aerodynamic losses for this blade design under engine
representative conditions. As the engine transitions from takeoff to cruise, the blade inflow
angle will vary by approximately 40-60° which results from the changing rotor speeds during
the transition to level flight. In addition to the changing angles of incidence, a large range of
Reynolds number conditions were investigated. The highest Reynolds numbers in this study
are representative of the conditions in the forward stage of the three stage low pressure turbine
during takeoff and the lowest Reynolds numbers represent the conditions in the aft stage at
cruising altitude.
This study will encompass eight inlet angles ranging from +40° to -17° which are to be
experimentally tested in the closed loop wind tunnel under four chord Reynolds number (Rec)
conditions, ranging incrementally from 48,000 to 568,000, at an exit Mach number of 0.72.
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Additionally, two cases at Rec of 227,500 and 568,000 were studied at an exit Mach
number of 0.35 to relate to past tests performed in a transonic wind tunnel at NASA Glenn
Research Center. Midspan surface static pressure measurements and wake measurements will
be made for this range of Reynolds numbers for two conditions of turbulence intensity. The low
turbulence level will be maintained using a flow conditioning unit and a smooth area reduction
nozzle which discharges into one of eight inlet nozzles. The moderate turbulence intensity will
be achieved using a mock aero-combustor in place of the smooth area reduction nozzle. Based
on earlier measurements, the expected levels of turbulence intensity are approximately 0.5%
and 4.5%, which depends on the incidence angle for the low and moderate turbulence
conditions. Inlet boundary layer measurements will be acquired using four boundary layer rakes
at 25% axial chord upstream of the leading edge of the turbine blades, in order to enhance our
understanding of the flow structures in the linear cascade. The wake will be surveyed using a
five-hole cone probe enclosed in a sealed traversing system that positions the probe in the
pitchwise and spanwise directions. The exit surveys will span the mid-passages between Blades
1 and 2 and Blades 2 and 3 at 25% axial chord from the trailing edge of Blade 2. The surveys
will investigate the effects of Reynolds number and blade incidence angle on the pressure losses
and turning angles. The most critical component of this study is the mass weighted total pressure
loss versus angle of incidence for a given Reynolds number condition and turbulence intensity.
The loss buckets will illustrate the Reynolds number dependence over the range of incidence
angles where the losses are expected to increase with decreasing Reynolds numbers.
This unique facility operates at steady state which allowing for accurate simulation of
engine representative conditions. The high speed and low Reynolds number capability of this
system is achieved through changing the internal pressure and velocity of the flow via a vacuum
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pump and variable speed roots blower. Uniformity of the flow is maintained with a flow
conditioning unit. The flow discharges into a turbulence generator and then an area contraction
nozzle, which is used to accelerate and direct the flow into the turbine cascade section at specific
incidence angle. The inlet static pressure is acquired at the pitchwise location of 25% axial
chord upstream of the leading edge to validate the uniformity of the flow. Additionally, the exit
static pressure is monitored at 25% axial chord from the trailing edge helping to monitor exit
periodicity. The inlet total pressure is also measured at 25% axial chord upstream of the leading
edge. The inlet turbulence intensity spectrum was acquired using a single wire hotwire
anemometry system. Just aft of the test section, the wake will be surveyed using the five-hole
cone probe actuated using the sealed traversing unit. The flow is then passed through a light 2D diffuser and onto a 10 inch diameter ducting system that returns the flow to the roots blower.
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Chapter II
Literature Review
In the interest of validating a new turbine blade design for the LCTR aircraft,
experimental research at engine representative conditions is required. In order to quantify the
efficiency and performance of this new blade design, the effects of boundary layer growth and
secondary flows on the total pressure loss across the wake of the blade must be fully understood.
The losses in a turbine passage are largely dependent on the exit chord Reynolds number, Mach
number distribution, blade incidence angle and as well as free-stream turbulence. As will be
illustrated in the proceeding section, the nature of the secondary flows and boundary layers and
the turbulence intensity level will have a strong influence on the wake. For an efficient blade,
it is very important to minimize the relative size of the wake which influences the total pressure
losses seen in the proceeding stages. Secondary flows are inherently complicated and are
difficult to predict for a given turbine design; thus the need for experimental research. The
present study focuses on the wakes generated for the changing engine conditions for the 2 nd
stage of a four stage low pressure turbine (LPT) from takeoff to cruise. This research will
supplement previous work performed at NASA Glenn Research Center.
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2.1 Aerodynamic Losses
2.1.1 Boundary Layers
Aerodynamic losses can take many forms in a gas turbine which includes boundary layer
flows, separated flows and secondary flows. A “loss” is defined as any flow feature which acts
to reduce the efficiency of a turbine. Of these, boundary layers are the most significant source
of loss in a gas turbine and are also among the most abundantly studied [1]. Hodson and Coull
[2] performed flat plate experiments to simulate the profile losses along the suction surface and
developed correlations for predicting trailing edge momentum thickness and shape factor.
Halstead et.al [3] investigated the effects of varying Reynolds number and airfoil loading on
boundary layer development for the second stage of an LP turbine. Hodson and Howell [4]
studied the wake induced interactions with the suction surface boundary layer. Given that the
boundary layer is laminar along much of the blade surface, the effects of passing wakes can be
significant as the suction surface boundary layer contributes to the majority of the losses.
Boundary layers can be significantly affected by free-stream turbulence, local pressure
gradients and Reynolds number and may have a significant effect of the flow characteristics
downstream [5]. Ames and Plesniak studied the effects of elevated free-stream turbulence on a
four vane cascade and found that upwards of 50% to 60% of the losses seen in turbine vane
cascade can be attributed to the suction surface boundary layer [6]. Dunham found that the
sensitivity of secondary flows to boundary layers increases dramatically when they are very
thin [7]. Therefore, it is critical for turbine designers to examine the role of boundary layers
along the endwall and blade or vane surfaces in order to optimize turbine efficiency. This is
ever more important for the low pressure turbine which often operates at Reynolds numbers
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near 50,000 in the aft stages where boundary layers are expected to be thicker and prone to
separating [8]. The reduction in Reynolds number from the takeoff condition is due in part to
the atmospheric conditions and reduced shaft speeds seen at cruising altitude [9]. Figure 1 shows
an example of boundary layer development along the surface of a turbine blade. As the flow
approaches the blade, it is initially laminar and undergoes a transitional flow region where it
then becomes turbulent along the suction surface. Near the trailing edge on the suction surface
of the figure is a region of separated flow resulting from a strong adverse pressure gradient
(decelerating flow) within the turbulent boundary layer. Depending on the extent of the
separation, it can significantly affect the strength of the secondary flows and pressure losses
seen within the wake. A rapid separation and reattachment would be the most favorable is it
would have only a small effect on the blade loading when compared a situation where the flow
does not reattach. In the present study, there is potential that the boundary layer will be laminar
or transitional at the point of separation.

Figure 1: Boundary layer on turbine blade [1]
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2.1.2 Secondary Flows and Blade Loading
Reynolds number lapse needs to be understood for efficient operation of a gas turbine
given the vastly changing operating conditions. Reynolds number will tend to thicken the
boundary layers as it decreases and the flow will become susceptible to separating. Higher
Reynolds numbers will tend to mitigate separation vulnerabilities as the increased momentum
in the fluid will suppress boundary layer growth and enhance acceleration which will act to
reduce the overall total pressure losses. However this cannot be taken for granted as engine
conditions at cruise significantly reduces the Reynolds number. McVetta et al. [10] studied the
effects of Reynolds number lapse for a low pressure turbine stage using a five-hole pitch/yaw
probe, but were unable to replicate low Reynolds numbers at engine representative Mach
numbers due to limitations of their facility. In light of this, they found the midspan losses
increased with decreasing Reynolds numbers.
Modern LP turbines used today often operate with efficiencies above 90%, making it
difficult for turbine designers to make significant gains in performance [11]. An alternative
solution to increasing the stage efficiency is to improve the thrust to weight ratio by decreasing
the weight of the engine. This can be accomplished by reducing the blade count in the LP turbine
stage. The weight savings can be significant as the LP stage accounts for approximately 33%
of the weight of the entire engine [12]. However, the reduced blade count also requires an
increase in loading on the blading to meet performance criterion and can be accompanied by
adverse effects that will act to increase the profile losses, therefore decreasing the stage
efficiency. A reduction in stage efficiency will almost directly result in an increase in specific
fuel consumption [13].
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Secondary flows originate from the endwall boundary layer and are highly complex and
unsteady in nature. Some of the well-known components of secondary losses are horseshoe
vortices, endwall vortices and corner vortices which are all interdependent of one another. It
should be noted that there are many tertiary vortex systems present as well, however our
understanding of these systems is limited. Langston, Sieverding, and Sharma and Butler [14,
15, 16] give comprehensive descriptions on the physics of secondary or endwall flows.
Langston provides a three-dimensional representation of the boundary layer as it enters a turbine
blade cascade, as seen in Figure 2. As the flow enters the cascade it encounters a stagnation
region on the blade, which becomes the saddle point for forming the horseshoe vortex. In the
figure below, the pressure side leg of the vortex is transported across the passage where it meets
the suction surface of the adjacent blade and becomes a part of the main passage vortex [14].
The endwall flow, driven by the pitchwise pressure gradient, is largely responsible for this
migration. The suction leg of the horseshoe vortex remains attached to the suction surface and
rotates counter to the passage vortex. The figure also shows the suction leg of the vortex to lie
just below the passage vortex, however this may not be true for every case.
Marchal and Sieverding [17] provide a detailed example on the formation of the
horseshoe vortex system near the leading edge of the blade shown in Figure 3. As the flow
approaches the stagnation region of the leading edge, the boundary layer fluid is decelerated by
the adverse pressure gradient and causes the flow to separate at the saddle point, S1. A region
of reversed circulating flow forms just ahead of the leading edge where it causes the flow to
separate a second time, creating another saddle point at S2. As the upstream boundary layer
fluid is transported through the recirculating zone past the leading edge, it forms the suction leg
and pressure leg of the horseshoe vortex. In agreement with the model from Lansgton, the
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suction leg of the horseshoe vortex remains attached to the suction surface of the blade and the
pressure leg is transported across the passage and becomes a part of the passage vortex system.
The model shown in Figure 4Error! Reference source not found., from Wang et al.
[18], shows the suction leg wrapping around the passage vortex. The process seen in Figure 4
shows a little more detail of the secondary flows. In this model, the suction side leg of the
horseshoe vortex is initially located just above the passage vortex near the leading edge, but it
is shown to wrap around the passage vortex near the trailing edge to a final position below the
passage vortex. The final location of the horseshoe vortex will vary depending on the loading
and as well as free-stream turbulence. As will be seen in Section 2.3, the losses are significantly
affected by periodic wake flows given the wide range of turbulence intensities induced by the
upstream vanes.

Figure 2: Three-dimensional separation of a boundary layer entering a turbine cascade [14].
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Figure 3: Horseshoe Vortex development

Figure 4: Endwall vortex systems from Wang et al. [18]
Blade loading distribution will also have an effect on the secondary flow and
manipulating the pressure distribution along the surface of turbine blade or vane is one method
10

to control the pressure losses. Prakash et al. [19] studied the effects of aerodynamic loading
level and distribution on LP turbine losses. They found three main mechanisms responsible for
increasing the size of the suction surface separation bubble: increased loading on the blade,
shifting the loading aft or by reducing the chord Reynolds number. It has been found that for
blades with forward loading may exhibit reduced profile losses and the sensitivity to changing
operating conditions will also be lessened. However, the forward load distribution may increase
the secondary losses and therefor pressure losses. Blades with forward loaded distributions will
transport the pressure leg of the horseshoe vortex to the adjacent suction surface sooner than it
would for aft loaded blades [20]. In contrast, aft loaded blades allows for increased loading over
the blade surface but too much loading may cause the flow along the suction surface to separate,
leading to significant losses in performance. Sjolander and Corriveau [21] also studied the
effects of load distribution, but for a high-pressure turbine stage, and they found the
performance of the blading increased as the loading shifted aft. They noticed the performance
fell off rapidly for Mach numbers above the design point. Therefore, from a design standpoint
one must choose carefully which loading will be the most desirable for a given situation.
Secondary flows are also influenced by the level of free-stream turbulence intensity.
Studying the effects of turbulence cannot be overstated as the interaction of turbulent vortices
with the secondary flows will affect the performance of the turbine blade. Turbulent diffusion
will have a tendency to mix out secondary flow features within the flow. However, Ames and
Plesniak [6] found that high free-stream turbulence will act to increase the overall loss
coefficients and also increase the width of the wake. Zhang et al. [22] found the averaged
midspan loss coefficients decreased with increasing turbulence which was in agreement with
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the findings of Ames and Plesniak [6]. Free-stream turbulence will also have a strong impact
on the onset of transition.
2.2 Transitional Flows and Turbulence
Much work has been dedicated to investigate the physics of transitional flows on flat
plates, single turbine blades, vanes and cascades. Presently, designers are moving towards low
pressure turbine blading that are capable of higher loading in order to reduce the blade count as
a way to cut weight and increase performance [23]. It is very important to understand how
transitional flows behave under a variety of flow conditions. Their behaviors are strongly
dependent on free stream turbulence and surface roughness for the flow conditions seen in gas
turbines [24]. Local pressure gradients will also have an effect on transition for flows under low
free-stream turbulence (Tu < 1%), where transition is to occur naturally, however natural
transition is unlikely given the elevated free-stream turbulence conditions in a gas turbine. There
are also tradeoffs to highly efficient and highly loaded turbine blading as the increased loading
results in stronger adverse pressure gradients along the suction surface which can make the
blade more susceptible to separation. The effects that a separation bubble will have on the
performance of a turbine blade will depend whether it is a short bubble or long bubble. The
purpose of this section is to describe the mechanisms for transitional flows.
2.2.1 Turbulent Spots
A fundamental mechanism for all turbulent flows is the presence of localized vortices
and disturbances within the boundary layer, which are commonly referred to as turbulent spots.
These disturbances precede the transition to turbulence in both natural transition and bypass
transition. Understanding where turbulent flows originate from is an important area of interest
for turbine designers where the production of turbulent spots is unavoidable. The effects of the
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‘spots’ and their contribution to transitional flows is well documented. Some of the early
investigations of turbulent spots were performed by Emmons [25] in 1951, as well as Elder [26]
in 1960 and Klebanoff in 1961 [25]. Other notable studies within the last 15 years have been
performed by Mayle in 1999 and by Zaki and Kyriazis in 2010 [5, 27].
Water flow experiments performed by Emmons [25] laid the groundwork for the
prediction of turbulent spots. It was found that transition occurred as the random production of
turbulent spots, both in time and position, coalesced downstream into fully turbulent flow. As
the spots begin to form, they will extend beyond the laminar boundary layer where the resulting
mixing with the free-stream will enhance the creation of spots downstream. As the spots grow,
they form an irregular triangular shape whose average velocity is approximately 70% of the
free-stream. Zaki et al. [28] found that the average velocity of the leading edge of the spot was
about 50% of the free-stream and the trailing edge was approximately 90% of the free stream
velocity. This velocity distribution is responsible for the elongation of the spot. Mayle [24]
provides a sketch of the turbulent spot interface as seen in Figure 5. In the region that protrudes
out of the boundary layer, it can be seen that the outer boundary of the spot is intermittently
turbulent with the entrainment of laminar fluid from the free-stream.

Figure 5: Sketch of the interface between non-turbulent fluid and the turbulent spot. [24]
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Emmons [25] also provided a model to determine the intermittency as a means to
analyze transition in turbines. Dhawan and Narishima extended the work by Emmons and used
a Gaussian distribution to predict intermittency, γ, based off an arbitrary position, x, and the
transition length, xt. The intermittency model seen in Equation 1 represents the fraction of the
flow that is turbulent for a given position in the transitional region.
𝛾 = 1 − exp (−

𝑛𝜎
𝑈

(𝑥 − 𝑥𝑡 )2 )

(1)

Where n is the turbulent spot production rate per unit distance of the spanwise direction of the
flow, σ is a dimensionless spot propagation parameter which was found to be about 0.27 by
Schubauer and Klebanhoff [29] and U is the free-stream velocity of the flow. The important
takeaway from this relationship is that intermittency increases with increasing spot production
rates.
The role of free-stream turbulence intensity in the production of spots is well
documented. Abu-Ghannam and Shaw, Acharya, Schubaurer and Skramstad, Kuan and Wang
[30, 31, 32] have shown that the production rate of spots increases with free-stream turbulence.
Higher spot production rates will tend to quicken the transition process in the boundary layer
and will act to stabilize the flow from laminar separation. It is well understood that laminar
boundary layers have relatively poor resistance to separation in adverse pressure gradients
whereas turbulent boundary layers have better resistance due to the increased turbulence kinetic
energy. The knowledge of the flow’s turbulence level is important as it will affect the early
stages of transition.
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2.2.2 The Transition of Laminar to Turbulent Flow: Natural Transition
In order to mitigate the effects of transition in a turbine, one must have an understanding
of what causes transitional flows. There are four typical paths to transition which includes
natural transition, bypass transition, transition due to separation and transition due to surface
roughness. White’s [33] description for natural transition to turbulence on a flat plate will be
used as he gives a comprehensive explanation of the process, which can be seen in Figure 6.
The process of transition can be broken down into seven distinct regions: laminar stability, onset
of two-dimensional Tollmein-Schlicting waves, the development of spanwise vorticity, the
breakdown of three-dimensional spanwise vortices, the continuous breakdown of vortices into
three-dimensional fluctuations, production of turbulent spots and the propagation of spot
production into fully turbulent flow. Natural transition occurs only when the free stream
turbulence levels are low, typically at levels less than 1% [27]. As flow encounters the leading
edge of the flat plate in Figure 6 it is initially laminar. As the boundary layer thickens, the first
signs of instability can be seen in the form of Tollmein-Schlicting (T-S) waves. Moving
downstream, these T-S waves begin to fluctuate until they grow into regions of two-dimensional
spanwise vortices. With the spanwise variations in the flow, the T-S waves rapidly develop into
three-dimensional vortices, which are unstable by nature.
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Figure 6: Boundary layer transition process on a flat plate [34]
Regions of high localized shear forms as the unstable three-dimensional T-S waves breakdown.
As the vortices breakdown into smaller and smaller packets of fully three-dimensional
fluctuations, turbulent bursts in the form of spots begins to form. These high intensity turbulent
spots form randomly as they capture more and more of the surrounding laminar fluid. As these
packets of turbulent spots propagate downstream they will eventually coalesce into fully
turbulent flow. For flows in turbines, which are inherently unstable, this mode of transition is
unlikely to occur where transition is mostly likely going to be caused by bypass or from a
separation bubble.
2.2.3 Bypass Transition
A common mode of transition that is typically seen in a turbine is bypass transition,
which occurs when there are high disturbances in the flow and the natural mode is therefore
bypassed. Looking back at natural transition for a moment, it is preceded by the growth and
breakdown of Tollmein-Schlicting waves, whereas bypass transition is preceded by the
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formation of Klebanoff modes [27]. Klebanoff et al. [35] were among the first to look at the
three-dimensional nature perturbations in the boundary layer using hot-wire anemometry
methods in the 1960s. More recent work has been performed by Zaki et al. [28] where they
investigated laminar-to-turbulence transition on a compressor cascade using DNS methods.
They investigated the role of Klebanoff distortions in bypass transition and observed a
temporary calming effect of these distortions before the formation of turbulent spots. It will
become apparent that these modes play a significant role in the transition process.
Also known as perturbation streaks, Klebanoff modes consist of streamwise streaks of
alternating high and low velocity fluid and whose velocity is on the order of 10-15% of the freestream [36], [27]. Figure 7 depicts a DNS simulation from Zaki [37] and illustrates the flow
phenomena of bypass transition with free-stream turbulence. Within the boundary layer there
are streamwise fluctuations of fluid which coalesce into narrow bands of periodic disturbances.
These disturbances are visible at approximately 50% span of the model in Figure 7 and quickly
give rise to the production of turbulent spots where they subsequently coalesce into fully
turbulent flow. This process of transition is known as ‘bypass transition’ as it bypasses the
natural means of transition to turbulent flow and generally occurs under conditions of freestream turbulence intensities above 1%.
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Figure 7: DNS model of bypass transition of a boundary layer due to free-stream turbulence
from Zaki and Kyriazis [37].
2.2.4 Separated-Flow Transition
A third mode of transition in the boundary layer in turbines is separated flow transition
but is the least studied compared to the modes described previously. Hourmouziadis [38] stated
that understanding and predicting separated-flow transition through separation bubbles may be
a means to improve low pressure turbine efficiency by a few points. Malkiel and Mayle [39]
conducted experiments to investigate process of turbulence development in a separation bubble.
They found that transition occurred within the separated shear layer. Redford and Johnson [40]
developed a model based off a proven attached flow transition model and produced a model
capable of predicting separated flow transition and reattachment for a flat plate. Their model
predicted the separation bubble length accurately for turbulence levels above 1%, however it
over predicted the separation bubble for turbulence levels below 1%. Hatman and Wang [41]
provide a detailed description of the separated flow transition process. The authors point out
two sources of instability, Kelvin-Helmholtz (K-H) and Tollmien-Schlichting (T-S), are
responsible for transition to turbulence in separated boundary layers. The KH instability is
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associated with low-speed flow in the near wall region and the separated laminar shear layer.
They are known to originate at some point downstream of the initial point of separation and are
associated with a region of maximum vorticity. The second mode of instability is the TollmienSchlichting instability. Prevalent at high Reynolds number flows with mild adverse pressure
gradient, T-S instabilities will tend to induce the transition process before the flow has had a
chance to separate. The T-S disturbances will advect downstream and interact with the KH
instability.
The authors then go on to point out three primary modes of separated-flow transition:
transitional separation, laminar separation/short bubble mode and laminar separation-long
bubble mode. Transitional separation is seen at higher Reynolds numbers in the presence of a
weak adverse pressure gradient. The onset of this transition process is similar to natural
transition prior to boundary layer separation. Separation is induced by the interaction of T-S
instabilities with the K-H instabilities and the ejected near-wall fluid. Reattachment is observed
as the increased turbulent mixing between the periodic ejections and upstream flow forces the
shear layer to reattach. Transition is also said to have occurred near the region of reattachment,
however it is not always the case.
The next form of separation that occurs are laminar separation bubbles, which are
characterized by their lengths as either short or long. Short bubbles occur at moderate Reynolds
numbers in flows with mild adverse pressure gradients. Mayle [24] states that short bubbles can
also be beneficial in forcing the flow to quickly transition to turbulent in order to enhance
performance, however they are difficult to predict. Additionally, they only a small effect on the
pressure distribution that would be seen for a scenario without separation. Transition begins
downstream of the point of initial separation at an inflectional point of maximum displacement
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of the shear layer [41]. This process of transition occurs rapidly due to the complex interactions
between the separated shear layer and the reverse flow along the surface. In this case, the
production of turbulence kinetic energy is sufficient enough to generate enough momentum to
overcome the mild adverse pressure gradient and reattach.
Long bubbles are the second form of laminar separation bubbles and should generally
be avoided given that they interact with the free-stream to a much greater extent. As a result,
the pressure distributions will be significantly different compared to predictions without
separated flows [24]. Long bubbles are prevalent in the presence of strong adverse pressure
gradients at particularly low Reynolds numbers. Given the low Reynolds number, the loss of
momentum in the flow allows the separation bubble to increase in length, should it reattach, or
may prevent the flow from reattaching all together. The strong adverse pressure gradient acts
to dampen the turbulent mixing across the boundary which will also increase the length of the
separation bubble. The nature of separation bubbles may also be significantly affected by
passing wakes. As the wake propagates through the rotor passage, regions of high free-stream
turbulence intensity may induce earlier transition.
2.3 Wake-Induced Losses
A wake is created as flow moves past a solid body and they are comprised of regions of
dampened velocity compared to the free stream. They can be seen as a culmination of history
effects of the flow upstream which are dependent on free-stream turbulence, Reynolds number
and as well as incidence angle. In the farfield region of the wake, the velocity profile takes on
a Gaussian distribution whose velocity is proportional to the distance away from the solid body
[42]. Boundary layer development on both the endwall and blade hardware can play a
significant role in the formation of secondary flows and therefore strongly influences the
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characteristic of the wake. A thick shear layer, prominent at the low Reynolds numbers typically
seen in LP turbines, can be subjected to strong adverse pressure gradients which may force the
flow to separate and cause significant increases in total pressure losses. The wake will broaden
as the losses from different flow features coalesce into one another and may have an adverse
impact on the performance of the proceeding stages. For this reason, designers are tasked with
optimizing blade designs that minimize these losses over a wide range of operating conditions.
The reduced velocity regions within a wake result from losses of momentum from
viscous interactions which will propagate downstream and broaden the wake [43]. Denton [44]
identifies three primary sources of losses: profile losses, endwall losses, and leakage losses. As
stated previously, these profile losses (boundary layer losses) can account for about 60% of the
losses in the wake. Endwall losses are often associated with secondary flows and is sometimes
referred to as secondary losses which is also used to account for losses that cannot otherwise be
explained. Ames and Plesniak [6] suggested that trailing edge separation along the suction
surface has been shown to account for 20 to 30% of the total losses. The final source of loss
that Denton points out is tip leakage loss which arises from leakage flow over the tip of the rotor
blades. There are many instances in turbomachinery where these forms of loss balance each
other, however that is not always the case.
Much work has been done by turbine designers in order to understand the effects of
periodic wakes in turbomachinery. Wakes are unsteady and periodic due to the interaction
between the rotor and stator; therefore they have varying effects on the onset of boundary layer
transition on the downstream rotors or stators. Another byproduct of passing wakes is
fluctuating levels of turbulence intensity. Local turbulence levels fall off in the “quiet zone”
between wakes but abruptly increases as the wake passes. As Mayle points out, transition is
21

predominantly controlled by free-stream turbulence intensity [24]. Ozturk et al. [45]
experimentally investigated the effects of periodic unsteady wake flow and aerodynamic
characteristics on boundary layer development, separation and re-attachment along the suction
surface of a low pressure turbine blade. They used hotwire anemometry in their large scale
subsonic tests and their results confirmed the damping effect of impinging wakes on the size of
separation bubbles. They found that the size of the separation bubble could be reduced further
with increasing the wake frequency. The higher wake frequencies will increase the turbulence
kinetic energy within the boundary layer flow and will act to reverse the separation process.
Chakka and Schobeiri [46] experimentally developed a boundary layer transition model
to account for the unsteadiness of periodic wake flows on a curved plate; where the periodic
unsteadiness was accomplished via a wake generator. The curved plate was configured such
that it simulated the pressure surface of a turbine blade and the boundary layer transition
measurements were achieved with a single wire hot-wire probe. They found two primary
mechanisms that expedited the onset of boundary layer transition. The first being influenced
from increasing the wake frequency which induced a higher free-stream turbulence intensity.
Secondly, the transition length was shown to shift towards the leading edge of the plate as the
increased turbulent kinetic energy was transported into the boundary layer as the wake
frequency increased [46]. Schobeiri et al. [47] also studied the periodic and unsteady nature of
passing wakes and their interaction with boundary layer development and as well as separation
bubble development on the suction surface of a LPT blade at low Reynolds numbers. In
agreement with Ozturk et al. [45], they observed that turbulence intensity increased with
increasing wake frequency which reduced the overall height of the separation bubble. The
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resulting increase in turbulence kinetic energy was also responsible for energizing the boundary
layer and played a role in suppressing the separation bubble, however not completely [47].
2.3.1 The Measurement of Aerodynamic Losses
Flows in turbomachines are highly unsteady due to the interactions between the rotor
and stator. For gaseous-flow in turbines, the frequency spectrum of the unsteady flow
fluctuations typically range from 0-50 kHz [48]. A popular choice for the measurement of
aerodynamic losses is the multi-hole pressure probe. These probes offers a means to measure
quantities such as Mach number, pressure and flow angle under a wide range of flow regimes.
Aerodynamic probes are available in a variety of geometries and pressure port configurations
which depend on the desired application. The design of the probe shape should optimize the
high sensitivity to flow angle variations in steady flows while minimizing dynamic errors in
unsteady flows at the same time. Other factors that should be considered in the probe design
include desired frequency response, temperature sensitivity and robustness in high temperature
environments with particulates in the flow [49]. To minimize flow direction measurement
errors, the sensing ports should be positioned close together to minimize the pressure difference
caused by the velocity gradient [50]. Cylindrical probes are typically chosen for flows where
the Reynolds number is between 1,000 and 100,000 and Mach numbers between 0.2 and 0.9 as
they exhibit good aerodynamic characteristics [48].
Sieverding et al. [49] reviews various fast response measurement techniques for
turbomachinery applications. Fast response instrumentation is ideal for the measurement of the
periodic unsteadiness caused by blade row interactions. To conduct the measurements,
miniature semi-conductor pressure transducers on the order of 1.2 mm by 1.2 mm in size can
be mounted in either tubes or flat mounted along a surface. The authors point out two commonly
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used probes used in flow measurements which are single and multi-sensor probes. For flows in
which high time a space resolution is necessary, the use of single-sensor probes are often
preferred. These probes are specifically used to measure the time-averaged fluctuations in total
pressure and may be paired with a pneumatic probe which measures the mean pressure. Multisensor probes are another popular choice for the measurement of aerodynamic losses, however
size constraints of the probe must be taken into consideration for accurate measurement of
strong pressure gradients produced by wakes or shocks. One drawback of surface mounted or
tube mounted probes it that their use is limited by their environment. High temperature
environments may exceed the material properties of the sensor and render it useless. Several
investigators have used external sensors, or remote sensors, under extreme conditions and were
able to cool the sensor housing with relative ease [51, 52].
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CHAPTER III
EXPERIMENTAL SETUP
The purpose of this section is to describe in detail the procedures and apparatuses used
throughout the experimentation of the incident-tolerant blade cascade. Testing was completed
within a closed-circuit compressible flow facility which is unique to the University of North
Dakota. This facility has the ability operate under vacuum to replicate engine representative
conditions with precision. The present configuration facility has the ability to measure a wide
range of information that is pertinent to turbine designers and an example can be seen in Figure
8. In this investigation aerodynamic tests were performed to measure the inlet boundary layer
at ¼ axial chord upstream of the turbine blades, the inlet and exit endwall static pressures, the
blade surface static pressures and as well as the wake.
3.1 Description of Compressible Flow Wind Tunnel Facility
The uniqueness of this facility cannot be overstated. Since it operates within a closed
loop configuration, it has the ability replicate engine representative conditions by independently
controlling the flow speed of the RGS 10-18 Roots blower, via 60 Hz Yaskawa variable
frequency drive, and by controlling the internal tunnel pressure via a Torrvac 63B vacuum
pump. The Roots blower directs flow through a 1.92 m3 insulated outlet tank where it passes
through a flow conditioning system as described by Mihelish [53]. The flow is then displaced
through an aerodynamic test section designed specifically for the NASA RTAPS project.
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This test section includes slanted nozzles that control the incidence angle, a modular LP turbine
cascade quadrature as well as a sealed, two axis traversing system. From the traversing system,
the flow is passed through light 2-D diffuser and a dump plate where the system transitions to
25.4 cm (10 in.) diameter ducting before it is returned to the 1.92 m3 inlet tank containing the
heat exchanger.

Figure 8: Schematic of the high speed, compressible flow, wind tunnel facility in the 40°
configuration.
The RGS 10-18 Roots blower is a four lobe blower used to propel the air within the
tunnel at a maximum rate of 227 Liters per second (L/s) or 4000 cubic feet per minute (CFM).
The blower is powered through the use of a 56 KW (75 HP) electric motor. The motor is
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controlled by a Yaskawa 60 Hz variable frequency driver. The driver can be controlled via the
LED monitor on the unit or by a custom made controller designed to ease the operation. During
operation of the facility, the LED monitor is used to monitor the power output to the electric
motor to prevent overloading.
In order to achieve tunnel pressures below atmospheric within the facility, a TorrVac
63B vacuum was implemented to drop the pressure. The TV-63B vacuum pump is capable of
pulling an ultimate vacuum pressure of 67 Pa at a rate of 45 GPM (2.84 L/s). The internal
pressure of the system is achieved through the use of a 3.18 cm (1.25’’) ball valve and 1.27 cm
(0.5’’) needle valve. Coarse adjustments are made with the larger ball valve while fine
adjustments accomplished with the needle valve. The excess air is exhausted through an exhaust
port on the vacuum pump. A polyester filtration system is used to draw in atmospheric air when
needed and is capable of filtering particulates as small as 5 microns in diameter.
A system of two heat exchangers is used during operation of high speed compressible
flow facility. An 11 GPM (0.69 L/s) rotameter is used to supply coolant to the shell and tube
heat exchanger on the 56 KW motor to cool the lubricating oil and enhance reliability of the
motor. Another heat exchanger is installed into the 1.92 m3 inlet tank that is controlled by a 36
GPM (2.27 L/s) rotameter. The purpose of this heat exchanger is to control the air temperature
within the wind tunnel as the enthalpy generated from the Roots blower can increase the tunnel
temperature beyond 70°C (158°F) during a typical experiment. By controlling the air
temperature within the tunnel, it enhances the ability to reach steady state at a specific Reynolds.
From our definition of Reynolds number, we know that temperature influences both the
viscosity and density of the fluid as seen in Equations (2) and (3). The heat exchanger not only
reduces the time it takes to reach steady state, but it also serves to protect the temperature
27

sensitive instruments installed on the modular cascade which have an upper limit of 121 °C
(250 °F).
𝜇
𝜇0

𝑇 1.5 𝑇0 +𝑆

= (𝑇 )
0

( 𝑇+𝑆 )

(2)

𝑃

𝜌 = 𝑅𝑇

(3)

Two 1.92 m3 tanks are in place, one connected to the inlet and one connected to the outlet of
the Roots blower and can be seen in Figure 9. The outlet tank is lined with a layer of one inch
thick polyamide foam that is covered with white navy cloth to prevent degradation of the
foam during testing. The foam is in place to dampen the unsteadiness from the pressure
fluctuations caused by the two lobes from the Roots blower. As mentioned previously, the
tank installed at the inlet contains the heat exchanger system to control the tunnel temperature
and as means to remove the heat generated from the Roots blower.

Figure 9: Internal view of outlet (left) and inlet (right) tanks.
3.2 Flow Conditioner and Turbulence Generators
To mitigate the velocity nonuniformities of the inlet flow from the Roots blower, a flow
conditioning unit was use to achieve uniformity in the flow. The flow conditioner consists of a
circular to rectangular flow transition as well as two perforated plates with two finely meshed
screens positioned between the plates. With an exit area of 0.056 m2 , this apparatus provides a
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uniform restriction within the flow field and effectively reduces non-uniformities in the tunnel.
To study the effects of turbulence in this study, two turbulence conditions were generated to
simulate low and high turbulence intensity levels. A simple 2:1 reduction area ratio nozzle was
used for the low free-stream turbulence case, which consisted of 0.8% background turbulence
intensity and 1.7 cm length scale with a 1.35% turbulence level resulting from the periodic
fluctuations in velocity form the Roots blower. The high free-stream case was accomplished
with the use of a mock aero combustor, as seen in Figure 10, and produced 9.0% turbulence
intensity with a 2.2 cm length scale [54]. However, these reported values of turbulence
intensities were expected to change for the present study given the different inlet nozzles used
in the present experiment with higher contraction ratios. Due to the increased inlet bulk velocity
profiles for the redesigned inlet nozzles, the turbulence intensity decreased to nominally 0.4%
and 4.0% for the low and high turbulence conditions.

Figure 10: Schematic of the mock aero combustor.
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The back panel of the mock aero combustor, shown above, consists of two rows of four oval
shaped slots. The two side panels each contain two rows of eight circular holes. As a result, the
slots and circular holes combine to create circulation zones within the flow field, thus
augmenting the free-stream turbulence.
3.3 Variable Inlet Nozzles
A key component of this study is not only to better our understanding of Reynolds lapse
on the variable speed geometry turbine blading, but also to enhance our knowledge of the effects
changing blade incident angles with and without free stream turbulence. The blade incident
angles are expected to change significantly, approximately 60°, as the tilt rotor aircraft
transitions from vertical takeoff to level cruising conditions. The changing rotor speeds causes
the flow angles to vary coming off of the guide vanes which would significantly affect the blade
loading. Eight slanted nozzles with varying inlet angles of 40°, 34.2°, 28°, 18°, -2.6°, -12°, and
-17° were fabricated for this experiment. Three of these inlet nozzles can be seen in Figure 11.

Figure 11: From left to right +40°, -2.6° and -17° inlet nozzles.
The nozzle design featured a double contraction in order to both transition and accelerate
the flow from the turbulence generators to the modular blade cascade. The nozzles were
contracted from a 31.54 cm by 15.24 cm inlet to 25.4 cm by 5.08 cm at the outlet where it
interfaces with the modular blade cascade. The double contraction was achieved through a 6th
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order polynomial which was subsequently optimized and validated with a series of 2D and 3D
computational analysis in Fluent. The validation of the nozzles was achieved first with a 2D
analysis placed at the midspan location of the turbine blading where the blade surface static
pressure measurements were to be performed in the experiments. Several attempts were made
with the 3D analysis in order to accurately replicate the blade loadings seen from the 2D case.
A more comprehensive description of the CFD analysis can be found in Moualeu [55].
3.4 Modular Blade Cascade Test Section
A modular six blade cascade test section was fabricated for this investigation. Key
features of this test section include: a top endwall with window, a bottom endwall, a modular
blade cassette, an adjustable tail board and variable bleed flow blocks. Figure 12 shows the test
section with the top plate and window removed which shows the various features of the cascade
assembly. The opening of the cascade is 26.11 cm wide by 5.08 cm tall. The test section is
instrumented with four custom built boundary layer rakes, endwall pressure taps, and
temperature probes. In addition to the instrumentation, two removable linear turbine blade
cassettes, consisting of four blades each, were fabricated using stereolithography for heat
transfer and aerodynamic measurements. The turbine blades used for this experiment represent
the 2nd stage of a four stage low pressure turbine. To accommodate for the wide variation in
incidence angle, eight sets inlet bleed flow blocks were fabricated with pressure side and suction
side geometries included into their design. The bleed flow blocks were used to redirect a portion
of the flow into a collection tube system with 3.81 cm gate valves in place for pitchwise flow
control. The flow is then dumped into the 25.4 cm ducting via a collection plate. Aft of the blade
cassette is an adjustable tailboard positioned to control exit periodicity.
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3.4.1 Endwall Pressure Taps
Built into the top plate at ¼ axial chord upstream of the blade cassette, are five tapped
holes used for instrumentation which are positioned at the half passage location. These tapped
holes are instrumented with four custom built boundary layer rakes with two integrating 1.57
mm diameter Kiel probes and two with total temperature probes. The center tap was plugged
and unused during the experimentation. The boundary layer rakes are comprised of five 0.794
mm in diameter brass tubes. Tubes 1-4 are fixed starting from the endwall surface to 2.78 mm
into the flow field. Tube #5 is positioned at 10.3 mm away from the endwall. The built in Kiel
probes and temperature probes are placed at 25.4 mm away from the endwall at the halfspan
location. An access slot with a 2.54 cm thick acrylic viewing window was integrated into the
top plate as well. Rakes #2 and #3 were used to acquire the boundary layer measurements in
this study since they were positioned closest to the inlet of Blade 2 and Blade 3. The rakes were
fitted with 1.57 mm barbed fittings and clear Tygon tubing were connected to the low sides of
five piezo-resistive pressure sensors and the high sides of the sensors were connected to inlet
total pressure probes. A QuickBASIC program was used to help acquire the pressure
differentials over the two rakes.
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Figure 12: Modular cascade test section
The bottom endwall is instrumented with two rows of 30 static pressure taps. The inlet
static pressure taps are positioned at ¼ axial chord upstream of the blade row leading edge and
the exit static pressure taps are positioned at ¼ axial chord downstream of the trailing edges.
This setup provided a method in analyzing the flow quality across the blade row at the inlet and
outlet. The bottom endwall also included a grooved cutout section which allowed for the use of
interchangeable blade cassettes for both aerodynamic and heat transfer measurements.
3.4.2 Instrumentation of Blade Insert
This two part study required blade inserts that were instrumented for and aerodynamic
loss measurements and heat transfer measurements. Moualeu [55] describes the instrumentation
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he used for the heat transfer portion of the overall study. The blade inserts were fabricated via
stereolithography using Somos NanoTool, a proprietary material, and provided excellent
surface quality and thermal resistance. Additionally, this process allowed for precise placement
of internal hole geometries for the instrumented blades. The blade insert included four total
blades with the two interior blades (Blades #2 and #3) instrumented for surface static pressure
measurements. Blades #1 and #4 were used to ensure periodicity between the passages. The
inlet metal angle for the blading was set at 34.2° with an exit metal angle of 54.88°. The pitch
between the blades were 4.89 cm with a span of 5.08 cm. The leading edge and trailing edge
diameters were 5.67 mm and 1.24 mm, respectively. Blade 2 is instrumented with 36 midspan
surface static pressure taps positioned 2.54 cm from the endwall. The 0.79 mm diameter holes
were fitted with 0.79 mm diameter brass tubes, which were epoxied in place to ensure a proper
seal. 1.57 mm diameter barbed fittings were then soldered to the each pressure tap where they
could be connected to the DAQ system with 1.57 mm Tygon tubing. In similar fashion, Blade
3 was instrumented with 36 surface static pressure taps but were staggered to measure both the
quarterspan and midspan pressure distributions. This was done in order to examine secondary
flow effects caused by the endwall.
3.5 Two-axis Traversing System
The aerodynamic losses were acquired through the use of a sealed, two axis, traversing
system. The five-hole cone probe was fixed to an x-slide stepping motor system that traversed
it in the spanwise (y-axis) direction and another stepper motor to traverse in the pitchwise
direction (z-axis) as seen in Figure 13. Each axis is powered by a Vexta PK-245 stepping motor
and was controlled by two Velmex VXM motor controllers. The 0.635 cm diameter probe was
supported by two 2.54 cm by 2.54 cm aluminum rod that are held in place by adjustable bearings
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that were designed to eliminate friction in the assembly. Nylon bushings were used to reduce
friction on the probe’s support shaft and allows for movement in the spanwise directions. Figure
14 shows a cutaway view of the traversing section passageway as viewed from the bottom. The
sidewalls in the figure were contoured to account for the blockages created by the probe
assembly. The contouring was determined from the streamlines around the probe and fairing.
The fairing was included to reduce drag and blockages from the flow around the cylindrical
shaft of the probe. The enclosure to the traversing system was constructed out of 12 gauge mild
steel and featured robust flanges and internal support braces to reduce deflections during
operation of the facility. Given the tight tolerances in this system, the added supports ensured a
clear path for the sensitive stepping motors.

Figure 13: Two axis traversing assembly.
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Figure 14: Cutaway of traversing section duct.
3.6 Calibration Unit and 5-Hole Cone Probe
To measure the aerodynamic losses of this turbine blade design a five-hole cone probe
and a sealed traversing system were chosen to achieve this task. However, before any exit
surveys could take place the five-hole cone probe had to be calibrated based on the expected
operating conditions. Aerodynamic calibrations were carried out for the five-hole cone probe
within a custom built calibration tunnel as described by Mihelish and Ames and Mihelish [54,
53]. This unit, pictured in Figure 15, consisted a flow conditioning unit consisting of two
perforated plates and two fine meshed screens with an open area of 0.039 m2 as well as an inlet
and outlet nozzle to transition to the testing plane. A 1.67 reduction area ratio nozzle was used
at the inlet and a 7.27 reduction area ratio nozzle was used to transition the flow to a final open
area of 15.24 cm by 3.5 cm at the testing plane. The stinger probe was fixed into place such that
stinger was normal exit plane of the transition nozzle. The 0.635 cm support shaft was held into
place with a pair of 0.635 cm diameter Swagelok fittings on either end of the stinger probe. The
probe was carefully aligned at the center of the exit plane with a caliper and the yaw angle was
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fixed at 0° with a protractor and alignment block fixed at the top plate. This configuration
provided an airtight seal while still allowing for yaw adjustments to be made during calibration.

Figure 15: Schematic of calibration apparatus attached with the flow conditioning unit. [53]
A special made five-hole cone probe was used for the aerodynamic measurements in
this study. The sensing end of the probe can be seen in Figure 16. It consists of a 15° included
angle, with four 0.36 mm diameter pressure ports aligned at the mid-cone location, which are
positioned 90° from one another, and a single 0.41 mm diameter total pressure port that is
positioned at the center of the probe. The 0.317 cm sensing tube is supported by a 0.476 cm
tube and is connected normal to a 0.635 supporting shaft to form a “T.” This probe was used to
measure the total pressure losses and measure angles of pitch and yaw from the trailing edge of
the instrumented blade.
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Figure 16: Two-dimensional schematic of the five-hole cone probe pressure sensing tip.
3.6.1 Data Analysis
Previous studies using this closed-circuit facility have been carried out by Mihelish and
Ames [54, 56] for a first stage vane cascade. The present facility has been updated from the
original configuration to accommodate the new modular blade cascade and slanted nozzles as
discussed in Sections 3.3 and 3.4. A non-nulling technique, as developed by Treaster and
Yocum [57], was used to calibrate the five-hole cone probe for each condition in this study;
meaning that the derived relationships are determined between the pressures from the five
pressure ports and the local velocity. Pressure coefficients of yaw sensitivity, pressure port
sensitivity and total pressure recovery were acquired with this method. The coefficients of yaw,
pitch, total pressure, and static pressure can be seen from the equations below.
𝑃 −𝑃

𝐶𝑝𝑦𝑎𝑤 = 𝑃2 −𝑃3
𝑇

(4)

𝑠

𝑃 −𝑃

𝐶𝑝𝑝𝑖𝑡𝑐ℎ = 𝑃4 −𝑃5
𝑇

(5)

𝑠

𝐶𝑝𝑇𝑜𝑡𝑎𝑙 =

𝑃𝑇𝑜𝑡𝑎𝑙 −𝑃𝐴𝑣𝑒

𝐶𝑝𝑆𝑡𝑎𝑡𝑖𝑐 =

𝑃𝐴𝑣𝑒 −𝑃𝑆𝑡𝑎𝑡𝑖𝑐
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𝑃𝐴𝑣𝑒 =

𝑃2 +𝑃3 +𝑃4 +𝑃5

(8)

4

As presented first in Equation (6), P1 is the pressure differential between the tunnel total
pressure and the center total pressure port on the probe. P1 is expected to recover the total
pressure, completely, over a +/- 6° range of yaw. As yaw angle is increased beyond this range,
the port is no longer aligned with the Kiel probe upstream and is unable to recover the total
pressure. Pressures ports, P2 through P5 are each determined by subtracting the pressure read
from the respective port from the centerline total pressure port, P1.
3.6.2 Testing Conditions for Calibrations
Four Reynolds number conditions and two Mach number conditions have been selected
by NASA Glenn Research Center (GRC) for this investigation. Since the calibration unit is
separate of the cascade apparatus, the probe was calibrated at equivalent chord Reynolds
numbers of 50,000, 66,000, 227,500 and 568,000 at a Mach number of 0.72 for all four cases
and at Mach 0.35 for the latter two cases to validate studies performed at NASA GRC by
McVetta et al. [10]. For the purposes of this project, the static pressure at each design condition
was set and held constant throughout the range of Mach numbers tested, which ranged
incrementally from 0.4, 0.5, 0.6, 0.7 and 0.8. at the exit Mach 0.72 condition. At the 0.35 exit
Mach condition, the probe was calibrated for Mach numbers of 0.15, 0.2, 0.3 and 0.4. This
process was chosen to enhance the accuracy of the calibrations as the static pressure is expected
to remain relatively constant through the entire width of the wake, even though the Mach
number within the wake may vary as much as 50% of the free stream. This approach was similar
to what Mihelish and Ames [54] utilized in this facility from previous experiments, however,
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their process held the Reynolds number constant throughout the range of Mach numbers that
were tested.
The probe was calibrated for each chord Reynolds number condition as described above
by adjusting the yaw angle +/- 22° at 2° increments. To measure the yaw angle, the probe was
pivoted along the 0.635 cm support shaft. Using an alignment block and protractor, the positive
angles were measured by rotating the probe in the counter-clockwise direction and the negative
angles were measured by rotating in the clockwise direction. On the pressure end of the probe,
Tygon tubing was fitted onto 1.5875 mm barbed fittings to connect the five piezo-resistive
pressure sensors. The pressure sensors were connected to an output box, containing a five volt,
20 mA Acopian power supply. The outputs were sent to the 3497A HP data acquisition unit
where it was then sent to a Quick BASIC calibration program. The program was designed to
read the pressures from each port on the cone probe, the tunnel static pressure and total pressure
and temperature. The static pressure was measured from a tap near the center of the transition
nozzle near the exit plane. A 1.5875 mm Kiel probe was equipped to the calibration unit and
was positioned to measure the total pressure inside the tunnel and a quick disconnect
thermocouple probe was used to measure the temperature. From these sensors, compressible
flow calculations were performed to compute the tunnel Mach number, Reynolds number,
viscosity and density.
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Figure 17: From left to right: 20 inWg, 60 in Wg and 5 PSI (138 inWg) sensors.
Table 1: Sensor selection for aerodynamic probe calibration and exit surveys
REYNOLDS NUMBER

MACH

SENSOR

NUMBER

(PASCALS)

568,000

0.72

34,376

227,500

0.72

14,944

66,000

0.72

4,981

50,000

0.72

4,981

568,000

0.35

14,944

227,500

0.35

14,944

Given the large range of Reynolds number conditions in this study, three sets of piezoresistive mini pressure sensors were chosen in order to reduce sensitivity errors within the
measurements. An image of these sensors can be seen in Figure 17. The maximum port to port
pressure differentials were expected to occur at the highest chord Reynolds number condition
at 568,000 at Mach 0.72. To accommodate for the pressures in the experiment, a 34,376 Pa
sensor was chosen. Table 1 outlines the sensors selected for the remaining test conditions for
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both the calibration and exit surveys. The pressure differentials were expected to decrease with
decreasing Reynolds number and Mach number.
3.7 Aerodynamic Loss Measurement Procedure
The scope of this study required aerodynamic loss data to be experimentally measured
to understand the effects of Reynolds number lapse versus incidence angle at two levels of
turbulence intensity. Incidence angle was varied over a 57° range to simulate various conditions
from takeoff to cruse. Mach number was held constant at 0.72 throughout the majority of this
study; however the two highest Reynolds numbers at 227,000 and 568,000 were measured at
Mach 0.35 and 0.72. The latter two cases at Mach 0.35 were tested in order to directly relate to
tests performed at NASA Glenn’s transonic linear cascade facility [10, 58]. Additionally, these
particular cases were only acquired for the 40°, 34.2° and -2.6° inlet angles for brevity. Table 2
and

Table 3 outlines the inlet angles and testing conditions used throughout this study.
Notable design inlet conditions include 40°, which represents the incidence angle seen at cruise,
and an inlet angle of -2.6° that represents the design condition for takeoff.
To execute the exit surveys, a QuickBASIC program was written to communicate with
the Velmex motor controllers linked to the sealed traversing system which jogged the five-hole
cone probe to measure a 21 by 21 array of aerodynamic loss data. The plane in which the probe
was traversed measured 2.81 cm in the pitchwise direction and 2.11 cm in the spanwise
direction. Due to design limitations of the traversing system, the probe was set to a minimum
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distance of 0.432 cm off the endwall and a maximum distance of 2.54 cm off the endwall, or
the midspan location. Twenty-one equal increments of 1.397 mm were set to measure the losses
in the pitchwise direction. The probe was jogged 21 times in the spanwise direction with the
first 10 increments set at 0.838 mm and the final 11 increments set at 1.27 mm. The concentrated
grid spacing from the endwall to quarterspan of the blade allowed for better resolution in order
to improve the chances of detecting corner vortices, endwall vortices and secondary flows, such
as the horseshoe vortex. The reference point for the exit surveys was held constant throughout
the experiment, whose position was optimized through multiple iterations of exit surveys to
guarantee the wake, in its entirety, will be captured throughout the full range of incidence
angles. Therefore, any shifting in the location of the wake will be quantified within the data.
Additionally, the origin of the exit surveys was referenced from the bottom plate endwall
location such that the disturbances left behind the boundary layer rakes were avoided.
Table 2: Inlet angle settings, β1, with corresponding incidence angles, i.
Inlet Angle (β1)

Incidence Angle, i

40°

5.8°

34.2°

0.0°

28.0°

-6.2°

18.0°

-16.2°

8.0°

-26.2°

-2.6°

-36.8°

-12.0°

-47.0°

-17.0°

-51.2°
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Table 3: Experimental testing conditions for boundary layer and aerodynamic loss
measurements
REYNOLDS

MACH

TURBULENCE

NUMBER

NUMBER

INTENSITIES

568,000

0.72

0.5%

4.5%

227,500

0.72

0.5%

4.5%

66,000

0.72

0.5%

4.5%

50,000

0.72

0.5%

4.5%

568,000

0.35

0.5%

4.5%

227,500

0.35

0.5%

4.5%

3.8 Experimental Uncertainties
Using the approach by Moffat [59], the experimental uncertainties for the tunnel
Reynolds number was +/- 2%. The Mach number had an uncertainty value of +/- 2% as well.
The uncertainties for the total pressure loss measurements under low and high turbulence were
+/- 0.004 and +/- 0.005, respectively. During the setup of the five-hole cone probe, the initial
probe angle had an uncertainty value of +/- 0.5° which. The nature of the initial setup procedure
made it difficult to ensure a more precise setting. The flow angles due to unsteadiness and bias
error had uncertainties of +/- 0.25° and +/- 0.26°, respectively.
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CHAPTER IV
EXPERIMENTAL RESULTS
4.1 Endwall Static Pressure Measurements
Inlet and exit endwall static pressure measurements for each incidence angle and
turbulence condition were acquired. For validation of the flow in the facility, the inlet Mach
profile, in Figure 18, shows the isentropic Mach distribution over the full range of Reynolds
numbers at both exit Mach conditions for the 40° inlet angle. Overall, there is good uniformity
across the inlet plane of the blade cascade as seen in Figure 18. The valleys in the data, are
associated with the flow decelerating as they encountered the leading edges of the blades.
Increased blockages from boundary layer growth is evident at the 50,000 and 66,000 Reynolds
number condition where the inlet Mach numbers have decreased from the 227,500 and 568,000
Reynolds numbers. The data acquired at the exit Mach 0.35 condition have also shown a high
degree of uniformity along the inlet plane.
Endwall static pressure measurements taken at about ¼ axial chord from the exit plane
of the blade row were used to formulate the isentropic Mach number distribution in Figure 19
for validation of the exit flow periodicity,. The data are very consistent across the exit plane
with a slight rise in Mach number from 0.7 near Blade 4 to 0.8 near Blade 1. However, the
instrumented Blades 2 and 3 show very good agreement with one another at Mach 0.72. The
slight rise in Mach number could be due to blockages from the upstream bleed flow system
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causing the flow to accelerate faster near Blade 1. The gradient across the cascade may also be
due to curvature effects as the flow about the inside corner of the cascade, near Blade 4, will
tend to accelerate, whereas the flow along the outside corner, Blade 1, will decelerate. Clear
consistency across the wide range of Reynolds numbers is also present in the data, suggesting
the design of the downstream traversing section is valid and is therefore not contributing to any
significant increase in the losses.
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Figure 18: Inlet isentropic Mach distribution at 40° as a function of Reynolds number under
low turbulence at ¼ CAX upstream of the leading edge.
The effects of incidence angle can be seen in Figure 20 where the bulk velocity at the
inlet of the cascade is maximum at the 5.8° incidence (40° inlet) angle. The velocity of the flow
decreases with incidence angle due to the increasing cross-sectional area at the exit plane of the
inlet nozzles. The flow measured across the exit static pressure taps of the cascade was generally
consistent along the span of incidence angles with minimal variation in Mach number at the
high Reynolds numbers. At the low Reynolds number, incidence angle does have an effect on
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the exit Mach distributions due to the effects of profile and endwall losses which can be seen in
Appendix II.
0.96
+40° , Ma,ex=
0.72, ReC=
569,891 LT
+40° , Ma,ex=
0.72, ReC=
228,440 LT
+40° ,
Ma,ex=0.72, ReC=
67,436 LT
+40° ,
Ma,ex=0.72, ReC=
48,525 LT
+40° , Ma,ex=
0.35, ReC=
570,937 LT

0.84

Local Mach Number [-]

0.72
0.6

0.48
0.36
0.24
0.12
0
0.05

0.1

0.15
0.2
0.25
Static Pressure Tap Location [m]

0.3

0.35

Figure 19: Exit isentropic Mach distribution at 40° as a function of Reynolds number under
low turbulence at ¼ CAX downstream of the trailing edge.
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Figure 20: Inlet isentropic Mach distributions as a function of inlet angle at the 568,000
Reynolds number under low turbulence.
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4.2 Quarter and Half-span Static Pressure Measurements
4.2.1 Reynolds Number Effect
Surface static pressure measurements were acquired at the midspan of Blades 2 and 3
and at the quarterspan location on Blade 3. Distributions of isentropic Mach numbers were
developed from compressible flow relations for each condition. The data are presented such that
positive values of normalized surface arc, s/c, are on the suction surface locations and the
negative values represent the pressure surface. The local Mach number data in Figure 21 show
the effects of Reynolds number at the -17° inlet angle (-51.2° incidence) at a constant exit Mach
number of 0.72 under low turbulence. The flow is separated just aft of the peak velocity region
on the suction surface for the lowest Reynolds number which is a direct result of the strong
adverse pressure gradient seen at the high negative incidence angle. The flow is nearly
supersonic just aft of the leading at the 227,500 and 568,000 Reynolds numbers and is followed
by a sharp drop in Mach number towards the trailing edge; given the blockages in the flow, it
is possible that the flow is nearly choked between the blades. The location of the separation
bubble migrates upstream from s/c of 0.668 to 0.596 as Reynolds number is decreased from
227,500 to 50,000. A separation bubble is also present near the leading edge pressure surface
for each Reynolds number with reattachment occurring near s/c= -0.666, which is followed by
a moderate favorable pressure gradient.
At the -2.6° inlet angle (-36.8° incidence), as seen in Figure 22, decreasing Reynolds
numbers increases the extent of the of the separation bubble on the suction surface. At the
50,000 Reynolds number condition, the onset of the separation bubble is located at s/c=0.593
but moves downstream to about 0.884 at the 227,500 Reynolds number. At the 568,000 chord
Reynolds number, the adverse pressure gradient near the trailing edge is does not appear to be
48

strong enough to produce a separation bubble and, therefore, remains attached. In contrast, the
flow is clearly separated near the trailing edge at the 50,000 and 66,000 Reynolds numbers.
Reynolds number also has a strong effect on the flow characteristics on the pressure surface;
the flow remains attached for the 227,500 and 568,000 Reynolds numbers but a separation
bubble forms at the 50,000 and 66,000 Reynolds numbers. Aft of the reattachment zone, the
flow undergoes a gradual acceleration towards the trailing edge. The losses along the blade are
expected to decrease with increasing Reynolds numbers, especially given that the flow remains
attached at the highest Reynolds number.
Data in Figure 23 show the isentropic Mach distributions for the low turbulence case at
the 40° inlet angle (5.8° incidence). A favorable pressure gradient extends through much of
suction surface with mild separation occurring near the trailing edge at the 227,500 and 568,000
Reynolds numbers. As expected, the onset of separation moved upstream for the 50,000 and
66,000 Reynolds numbers and the separation bubble has increased in length but appears to
reattach near the trailing edge. Along the pressure surface, the overspeed region is more gradual
than the extreme negative incidence angles. A favorable pressure gradient is gradually produced
downstream towards the trailing edge; Reynolds number does not appear to have an effect on
the pressure surface for this inlet angle as they share the same loading profile.
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Figure 21: Low turbulence isentropic Mach distribution for Blade 2 at -51.2° incidence.
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Figure 22: Low turbulence isentropic Mach distribution for Blade 2 at -36.8° incidence.
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Figure 23: Low turbulence isentropic Mach distribution for Blade 2 at 5.8° incidence.
4.2.2 Incidence Angle Effect
The presented data clearly shows a strong dependence on incidence angle in addition to
Reynolds number lapse. At the 5.8° incidence angle, the increased loading and mild favorable
pressure gradient on the pressure surface of the blade helps keep the flow attached. Overall, the
strength of the adverse pressure gradient along the pressure surface tends to increase as
incidence angle is decreased. Separation near the trailing edge of the suction surface occurs
consistently at the 50,000 and 66,000 Reynolds numbers for the three incident angles presented.
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Figure 24: Effect of incidence angle on isentropic Mach distribution for Blade 2.
However, the onset of the separated flow moves downstream as incidence is increased from 51.2° to 5.8°, suggesting that the adverse pressure gradient decreases in strength with increasing
incidence.
Figures Figure 24 Figure 25 show the effects of incidence variation on isentropic Mach
distribution at 568,000 Reynolds number and 50,000 Reynolds number, respectively. Inlet
angles of -17°, -2.6°, 18° and 40° are presented in each of the figures. The loading on the
pressure surface and suction surface are clearly affected as the inlet angle is decreased from 40°
to -17° for all Reynolds numbers. The trend shows that as incidence is decreased, the loading
on the pressure surface is increased and the loading on the suction surface is also increased.
Leading edge separation on the pressure surface is evident in Figure 24 at the -17° inlet angle,
however it remains attached at the higher incidence angles in spite of the strong adverse pressure
gradient seen at the 18° inlet angle. The stagnation region has also shifted upstream along the
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leading edge of the suction surface from the origin of surface arc location at 40° to about 0.0635
at -17°. At the 50,000 Reynolds number in Figure 25, the flow characteristics around the leading
edge of the pressure surface are strongly influenced by the incidence angle. The rapid
deceleration after the overspeed region allowed a separation bubble to form at the -17°, -2.6°
and possibly the 18° case as well. The location of the mean reattachment moved downstream
as the blade incidence was decreased. A separation bubble also formed along the suction surface
throughout the range of incidence angles seen in Figure 25. Reattachment of the separation
bubble was again pushed downstream as incidence was decreased from 5.8° to -51.2°.
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Figure 25: Effect of incidence angle on isentropic Mach distribution for Blade 2.
4.2.3 Effect of Free-stream Turbulence
The effect of free-stream turbulence has also been investigated in this study. The
nominal turbulence intensity has been estimated to be about 4.0%, whose intensity is dependent
on the free-stream velocity which varies with the inlet angle. Data in Figure 26 shows the effects
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of free-stream turbulence on the isentropic Mach distributions at the incidence angle of 0°.
There are no appreciable differences in the blade loading seen on either the pressure surface or
the suction surface; a similar comparison can be seen in the 40° data presented in the Appendix.
However, at the -36.8° incidence angle seen in Figure 27, significant affects can be seen on flow
near the pressure surface. The separation bubble, which was present at the low turbulence
intensity case, has been energized by the turbulence kinetic energy and mixed out. This acts to
decrease the loading along the pressure surface, therefore improving the performance as the
losses have been mitigated. Even more substantial changes in the flow are seen in the midspan
Mach distributions at the -51.2° incidence angle in Figure 28. The separation bubble on the
pressure surface was again suppressed via turbulent mixing at the leading edge.

1

Blade2:+34.2°, Ma,ex=
0.72, ReC= 569,250 LT

Isentropic Mach Number [-]

0.9
0.8

Blade2: +34.2°, Ma,ex=
0.72, ReC= 567,760 AC

0.7

Blade2: +34.2°, Ma,ex=
0.72, ReC= 226,990 LT

0.6

Blade2: +34.2°, Ma,ex=
0.72, ReC= 228,487 AC

0.5

Blade2: +34.2°, Ma,ex=
0.72, ReC= 65,870 LT

0.4
0.3

Blade2: +34.2°, Ma,ex=
0.72, ReC= 65,828 AC

0.2

Blade2: +34.2°, Ma,ex=
0.72, ReC= 48,360 LT

0.1

Blade2: +34.2°, Ma,ex=
0.72, ReC= 54,907 AC

0
-1

-0.75

-0.5

-0.25

0
0.25
Surface Arc [s/c]

0.5

0.75

1

1.25

Figure 26: Effects of free-stream turbulence on midspan isentropic Mach distributions at 0°
incidence.
The overspeed region near the suction surface has been affected by the free-stream turbulence
as well, and the leading edge separation bubble has been mixed out. As a result, the favorable
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pressure gradient is extended further along the suction surface at the 227,500 and 568,000
Reynolds numbers and the trailing edge separation bubble appears to have been weakened
appreciably. Additionally, the presence of free-stream turbulence significantly weakened the
suction surface separation bubble at the 50,000 and 66,000 Reynolds numbers.
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Figure 27: Effects of free-stream turbulence on midspan isentropic Mach distributions at 36.8° incidence.
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Figure 28: Effects of free-stream turbulence on midspan isentropic Mach distributions at 51.2° incidence.
4.2.4 Thwaite’s Analysis of the Blades
Thwaite’s Analysis was performed on Blade 2 using the isentropic Mach number data
for the 34.2° and -12° inlet angles to estimate the location of separation of the boundary layer.
The effects of Reynolds number on acceleration can also be seen in Figure 29 at the -34.2° inlet
angle under low turbulence where the influence of the resulting acceleration on transition will
be explained. The figure shows the acceleration parameter, K, plotted as a function of surface
arc over the range of Reynolds numbers. Note, the data near the leading edge has been truncated
to enhance the resolution of the pressure surface and suction surface. The acceleration parameter
is defined in Equation (9) as,
𝑣 𝑑𝑢∞

𝐾 = 𝑢2

∞

(9)

𝑑𝑥

where ν is the kinematic viscosity, u∞ is the local surface velocity, du∞ is the differential change
in surface velocity and dx is the differential change in surface length. Relaminarization of the
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turbulent boundary layer is said to have occurred when the acceleration parameter exceeds 3 ∙
10-6. There is a clear Reynolds number dependence on the acceleration parameter as the flow is
more highly accelerated along the pressure surface at the 50,000 and 66,000 Reynolds numbers.
Conversely, the flow is highly decelerated near the suction surface trailing edge where K falls
below zero, indicating that the flow is susceptible to separating. This data supports the
conclusions that were drawn from the isentropic Mach distributions from Figure 26.
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Figure 29: Acceleration parameter as a function of Reynolds number for 34.2° inlet angle
under low turbulence.
A closer look of the transition process for this condition can be seen in Figure 30 which depicts
the separation and transition criterion along the suction surface of the blade. The data represents
the conditions at the 34.2° inlet angle under high turbulence over the range of Reynolds
numbers. The pressure surface was omitted given the uniform pressure distribution over the
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range of Reynolds numbers. The transition criterion from Mayle [24] was used to calculate the
onset of transition based off the momentum thickness Reynolds number which can seen in
Equation (10):
5

𝑅𝑒𝜃 𝑇𝑟 = 400 𝑇𝑢−8

(10)

where Tu is the turbulence kinetic energy in percentage.
Thwaite’s acceleration parameter, λ, was used to calculate the onset of separation, as seen in
Equation (11):
𝜆=

𝜃2 𝑑𝑈

(11)

𝑣 𝑑𝑥

where θ is the momentum thickness, υ is the kinematic viscosity and

𝑑𝑈
𝑑𝑥

is the local velocity

gradient about the surface of the blade. The flow is said to have separated when λ falls below 0.086.
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Figure 30: Separation and transition criterion as a function of Thwaites parameter and
momentum thickness Reynolds number.
The filled in symbols in Figure 30 indicates the onset of transition, as defined by Equation 10.
The dashed line represents the threshold for separation at λ = -0.086. At the 568,000 Reynolds
number, the flow is transitional before the point of separation. At the 227,000 Reynolds number,
transition is shown to occur just after the point of separation. This would suggest that a short
laminar separation bubble exists at a surface arc location (S/C) of 0.917. However, at the lowest
Reynolds numbers, 50,000 and 66,000, the data would suggest the flow for much of the suction
surface is separated and transition is unlikely to occur. The data also suggests that the 4.0%
turbulence intensity produced by the mock aero-combustor does not produce enough turbulence
to affect the onset of transition, with the exception of the 568,000 Reynolds number case. A
wake generator may be a means to increase the free-stream turbulence intensity in this facility.
This increased levels of turbulence would enhance the rate of spot production which could
potentially induce transition before transition.
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4.3 Inlet Boundary Layer Measurements
The boundary layers were measured over the full range of Reynolds numbers to determine
their influence on the overall losses in the cascade. Out of the four boundary layer rakes, two
were used in the analysis and were positioned at the ½ passage location at ¼ axial chord
upstream of Blades 2 and 3. Thwaite’s analysis was used to develop an estimate of the
momentum thickness Reynolds number and shape factor. The analysis was based off the entry
length for the given inlet nozzle and the velocity distribution was calculated from the known
inlet and outlet mass flow rates. The local acceleration parameters, Equation (11), were
derived from the velocity distribution to determine the local skin friction values, Equations
(12) and (13).
𝑇(λ) = (λ + .0863)0.62
𝐶𝑓
2

=

(12)

𝑇(λ)

(13)

𝑅𝑒θ

The estimate for skin friction in (13) was developed from the velocity gradient away from the
wall with the assumption that the boundary layers were laminar. The accuracy of the skin
friction estimates are expected to be within 10% at the 50,000 and 66,000 Reynolds numbers,
however the accuracy falls off significantly at the 227,500 and 568,000 Reynolds numbers. The
skin friction estimate for the moderate and high Reynolds numbers were estimated by fitting
the data along log law region.
The effects of Reynolds number on the boundary layer, momentum thickness and shape
factor are presented in Figure 31, which includes chord Reynolds numbers ranging from 50,000
to 568,000 at an exit Mach number of 0.72 for low turbulence at an inlet angle of 40°. The data
were fitted to a log law correlation and Spalding’s correlation [60]. As expected, the data
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presented in Figure 31 indicates that the boundary layer thickness is significantly reduced at the
higher Reynolds numbers. It is difficult to directly measure the thickness of the boundary layers
with the five port boundary layer rakes used in this experiment, therefore they are characterized
by their respective shape factors, momentum thickness Reynolds numbers and skin friction. By
inspection, the boundary layers are especially thin at 227,500 and 568,000 chord Reynolds
numbers, given that only the pressure tube positioned nearest to the endwall at a centerline
distance of 0.516 mm from the endwall has been shown to measure the outer portion of the
boundary layer. The strong acceleration of the flow in the reduction area inlet nozzles is likely
responsible for the very thin boundary layers. Whereas, at the two lowest chord Reynolds
numbers, 50,000 and 66,000, the rakes captured a much larger portion of the boundary layer
just outside of the near wall region.
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Figure 31: Boundary layer profiles at Mach 0.72, β1 =40°, and low turbulence.
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The data above suggests that the inlet boundary layers for the 50,000 and 66,000
Reynolds numbers are laminar. The shape factors (H) seen in

Table 4 for the low Reynolds numbers implies that the boundary layer is laminar given
that it fits within the range of 2.3 < H < 3.70 for typical laminar shape factors as defined by
Schlichting [43]. The boundary layers appear to transition to a turbulent state at the 227,500
and 568,000 Reynolds numbers given the sharp rise in the skin friction coefficient estimate.
White [33] provides a graphical representation of the skin friction coefficient plotted against
Reynolds number for a flat plate with no acceleration in Figure 32. Generally, the figure shows
that a sharp rise in skin friction for a given Reynolds number would indicate that the boundary
layer flow is either in a transitional or turbulent state which is qualitatively in agreement with
the data in

Table 4.

Table 4: Shape factor, skin friction and momentum thickness Reynolds number estimates for
40° inlet angle under low turbulence.
Re
50,000
66,000 227,500 568,000
H
2.499769 2.517308
Cf/2
0.002641 2.13E-03
0.0031
0.0028
ReTheta 94.04725 113.1506 1420.549 3047.876

Table 5: Shape factor, skin friction and momentum thickness Reynolds number estimates for
40° inlet angle under low turbulence.
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Re
H
Cf/2
ReTheta

50,000
2.367
0.00382
87.9

66,000
2.358
0.00307
99.1

227,500
0.0033
1,365

568,000
0.00238
2,947

Figure 32: Local skin friction approximations on a smooth flat plate for laminar and turbulent
flow [61]
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Figure 33: Boundary layer profiles at Mach 0.72, β1 =40°, and aero-combustor turbulence
level.
The boundary layers have been shown to increase in thickness at the AC turbulence
condition at the 40° inlet angle. The momentum thickness Reynolds number (Reθ) is shown to
increase with Reynolds number in Figure 33. The estimated Reθ for the low turbulence case at
the 40° inlet angle increases from 87.9 at ReC of 50,000 to 2,947 at 568,000 Reynolds number.
This increase is a result of the higher momentum losses within the boundary layer with respect
to the free stream at the high Reynolds number. The same process holds true for the high
turbulence case where the momentum losses were very similar to the low turbulence condition.
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Figure 34: Boundary layer profiles at Mach 0.72, β1 =-2.6°, and low turbulence.
As the incidence angle was decreased to -36.8° (-2.6° inlet angle), the inlet boundary
layers were shown to increase in thickness from the 5.8° incidence (40° inlet) angle. Figure 34
presents the inlet boundary layer profiles as a function of Reynolds number and the profiles
have shifted closer to the near wall region. This thickening was likely due to the lower bulk
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velocity at the inlet of the cascade for the -2.6° inlet angle which is supported by the data
presented in Figure 20. The boundary layer data seen in Figure 35 for the -2.6° inlet under high
turbulence show similar trends. The boundary layers at the 50,000 and 66,000 have been shown
to increase in thickness due to the enhanced mixing with the near wall fluid. The exact state of
the boundary layers were difficult to determine, however the estimated skin friction values
suggest either a laminar or transitional state.
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Figure 35: Boundary layer profiles vs. ReC for -2.6 at Mach 0.72 and aero-combustor
turbulence level
4.4 Five-Hole Cone Probe Calibration Results
Calibrations were performed on the five-hole cone probe to develop relations of yaw
and pitch sensitivities as a function of exit Mach number. The Reynolds number conditions and
Mach number conditions were carefully simulated throughout this procedure to achieve the best
results. Coefficients of yaw sensitivity are presented in Figure 36 for the exit Mach 0.7 condition
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at a chord Reynolds number of 50,000. Overall, there is very good agreement between the
experimental data and the predicted values. A third order “odd” function was used to fit a
polynomial to the experimental data, as seen in Equation (12). The coefficients developed from
these models were then used to formulate an approximation of for yaw sensitivity as a function
of Mach number.
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Figure 36: Yaw sensitivity coefficients at exit chord Reynolds number of 50,000
𝐶𝑝𝑦𝑎𝑤 = 𝐶1 + 𝐶2 𝛽 + 𝐶3 𝛽 3

(1)

Where C1, C2, C3 are the calibration coefficients and β is the yaw angle of the probe. The
accuracy of the polynomial fit begins to deviate from the experimental data near the outer bands
of the calibration range at yaw angles of +/- 14°, especially at the lowest Mach number. A
separation bubble may exist near Ports 4 and 5 (lower and upper locations), causing the flow to
accelerate as it reattaches near the trailing edge of the probe; this effect will increase the pressure
differential as the backside sees a lower pressure. Whereas, the leading edge port approaches a
stagnation pressure as it becomes aligned with the direction of the flow. At negative angles,
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Port 2 moves towards the direction of the flow as the yaw angle is increased with respect the
free stream, therefore the pressure differential between Port 1 is decreased. Alternatively, Port
3 is at the trailing edge of the probe and reads a larger pressure differential due to the accelerated
flow. As anticipated, this effect reverses as yaw is adjusted for positive angles.
The effects of changing Mach number can also be seen in the data, as presented in Figure
37 and 38 for the 50,000 and 568,000 chord Reynolds numbers. For all cases, the Mach numbers
for which the probe was calibrated were all referenced to the design static pressure that would
be seen during the exit surveys. Compressible flow relations were used at the design Mach
number of 0.72 at the 50,000 Reynolds number condition to determine the approximate static
pressure which was approximately 4050 Pa. This pressure was held constant for the range of
Mach numbers during the calibration at the 50,000 Reynolds number. From the data in Figure
37, sensitivity with respect to Mach number appears to increase as the Mach number is
decreased below 0.5. The increasing sensitivity may be attributed to, in part, by Reynolds
number effects as the probe Reynolds number is reduced by 50% from the design operating
condition; the probe Reynolds number seen at Mach 0.4 is 1150, whereas at the design point is
at 2070. Experimental studies at these Reynolds numbers are rare and exceedingly so in the
compressible flow regime. Lee and Jun [62] examined the effects of Reynolds numbers ranging
from 6,600 to 31,700 at Mach 0.33 using non-nulling calibration techniques on a five-hole cone
probe. They found significant Reynolds number effects on both yaw and pitch angle coefficients
for angles less than 20°. However, the intent in their study was to avoid the effects of
compressibility to isolate probe Reynolds number as the only variable, as the limit for
incompressible flows are at free-stream Mach numbers less than 0.3-0.5 [63]. Mach numbers
near the compressible and incompressible flow regime were examined in this study; the effects
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of which are seen at the low Reynolds numbers. At the low probe Reynolds numbers, the effects
of compressibility at Mach 0.4 and Mach 0.5 is another contributing factor for the increased
sensitivity as seen in Figure 37. At Mach numbers from 0.6 to 0.8, the slopes of the sensitivities
are nearly identical and generally linear with only slight variations at the higher yaw angles

(P2-P3)/(Pt-Ps)

beyond +/- 12°.
Yaw Sensitivity Coefficients vs. Mach Number:
ReC=50,000
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Figure 37: Coefficients of yaw angle sensitivity versus Mach number at exit Reynolds number
of 50,000
Moving on to Figure 38, there is a much more consistent trends in the data over the
range of Mach numbers than what was seen in Figure 37. At the higher Reynolds number of
568,000, it is shown that the effects of Mach number are greatly reduced as the flow is
compressible throughout the measured range. The coefficients for yaw sensitivity are linear in
nature for +/- 10°, after which the sensitivity increases with yaw. The most likely culprit for this
are Reynolds number effects around the probe seen at higher yaw angles. The effects are much
more pronounced at the 568,000 Reynolds number than they were at 50,000. This suggests that
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the rate of acceleration around the trailing edge of the probe is greater for the highest Reynolds
number than it was for the lowest Reynolds number.
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Figure 38: Coefficients of Yaw angle sensitivity versus Mach number at exit chord Reynolds
number of 568,000
Figure 40 show the effects of Reynolds number for the calibrations at Mach 0.4 and 0.7,
respectively. The Reynolds number effects are seen in Figure 39 show a wide degree of
variation, especially at the higher positive yaw angles. Misalignment of the probe during
calibration is likely responsible for the slight offset from the origin in the data for the Reynolds
numbers at 227,500 and 568,000. A trend of increasing sensitivity with decreasing Reynolds
number is present for both Mach conditions, however the differences are much more
pronounced at Mach 0.4. The sensitivity coefficients are clearly affected as Reynolds number
is decreased from 568,000 to 50,000 at Mach 0.4. A combination of both Reynolds number
effects and Mach number effects are responsible for the data seen at the 50,000 and 66,000
Reynolds numbers in Figure 39. In Figure 40, the Reynolds number also appears to have an
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influence on the yaw sensitivities at Mach 0.7. The data in the figure illustrated the necessity to
account for the varying flow effects seen by probe in order to improve the accuracy of the
aerodynamic loss measurements.
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Figure 39: Coefficients of yaw sensitivity vs. Reynolds number at Mach 0.4
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Figure 40: Coefficients of yaw sensitivity vs. Reynolds number at Mach 0.7
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Coefficients of total pressure recovery as a function of Mach number were acquired
from the calibrations and are presented in Figure 41 and Figure 42 for the 50,000 and 568,000
Reynolds numbers. The data in these figures exhibit good symmetry about the y-axis with a
1.5° yaw offset which will be accounted for within the exit survey analysis in Section 4.5. In
Figure 41, there is clear influence of compressibility as Mach number is decreased to 0.4 at the
50,000 Reynolds number. A narrowing of the total pressure recovery loss bucket with
decreasing Mach number suggests the probe loses its ability to recover the total pressure as yaw
angles are increased beyond +/- 6° due to flow effects around the probe. Similarly, the same
process is evident at the highest chord Reynolds number of 568,000 in Figure 42. As expected,
the degree of which the Mach number has an effect on the flow at is reduced. The probe recovers
the total pressure more effectively at the higher yaw angle, as evidenced by the reduction in
total pressure correction. Interestingly, the coefficients appear to be much more symmetric and
the offset has shifted from nominally 1.5° to about -0.8°; this may be related to the alignment
of the probe during calibration.

71

0.11

M=0.4

0.1
M=0.5

(Pt-P1)/(Pt-Ps)

0.09

0.08

M=0.6

0.07

M=0.7

0.06

M=0.8

0.05

M=0.4,
Predicted
M=0.5,
Predicted
M=0.6,
Predicted
M=0.7,
Predicted
M=0.8,
Predicted

0.04
0.03
0.02
0.01
0
-0.01
-25 -20 -15 -10

-5

0

5

10

15

20

25

Yaw Angle (Degrees)

Figure 41: Coefficients of total pressure recovery vs. Mach number at ReC=50,000

(Pt-P1)/(Pt-Ps)

0.07

M=0.4

0.06

M=0.5

0.05

M=0.6
M=0.7

0.04

M=0.8

0.03

M=0.4,
Predicted
M=0.5,
Predicted
M=0.6,
Predicted
M=0.7,
Predicted
M=0.8,
Predicted

0.02
0.01
0
-0.01
-25 -20 -15 -10 -5
0
5
10
Yaw Angle (Degrees)

15

20

25

Figure 42: Coefficients of total pressure recovery vs. Mach number at ReC=568,000
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Figure 43: Total pressure recovery coefficients versus Reynolds number at Mach 0.7
The effects of Reynolds number on the total pressure recovery coefficients at Mach 0.7
are presented in 43. From the figure, it appears that the Reynolds number influence is not as
significant as Mach number. The total pressure recovery is very consistent over the range of
Reynolds numbers with only a slight offset which was due to the probe’s alignment during
calibration.
The static pressure sensitivity coefficients appear to be affected by Reynolds number
and Mach number. Figure 44 shows the response of the static pressure port sensitivity over the
range of Reynolds numbers at a constant Mach number of 0.7. Strong Reynolds number effects
are seen in the data, especially at the 50,000 and 66,000 Reynolds numbers where separation
along the tip of the probe is likely to occur. The data seen in Figure 45 at the 568,000 Reynolds
number shows an influence of compressibility and Reynolds number. Overall, the data across
the span of Mach numbers exhibit a smooth parabolic trend with some skewness which was
influenced by the probe alignment. The sensitivity appears to increase as the Mach number
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decreases with noticeable Reynolds number effects occurring at Mach 0.4 due to leading edge
separation.
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Figure 44: Pressure port sensitivity coefficients versus Reynolds number at Mach 0.7
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Figure 45: Pressure port sensitivity coefficients versus Mach number at ReC=568,000
4.5 Aerodynamic Wake Analysis: An overview
The preceding boundary layer analysis, Section 4.3, was initially done to help paint a
picture of the history effects of the flow field. The thin inlet boundary layers that were
previously measured further enforced the validity of this high speed, compressible flow, wind
tunnel facility. The experimental results in this section will be presented in two parts: first, the
effects of Reynolds number lapse will be discussed for the low turbulence and high turbulence
conditions and the second part will investigate the influence of incidence angle on the
aerodynamic losses. The three design incidence angles will be presented in terms of inlet angle,
-2.6°, 34.2° and 40°, and the worst case scenario at -17° will also be included in this discussion.
The data for each inlet angle are presented in terms of the midspan total pressure loss, area
weighted total pressure loss, exit turning angle and contours of total pressure loss. A summary
of pertinent data will also be provided for each inlet angle. The conclusion of this section will
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include total pressure loss buckets for each Reynolds number which will provide critical
performance data over the entire range of incidence angles.
The exit survey analysis was completed in Excel in which the calibration coefficients,
derived from the process described in Section 4.4, were implemented for a given Reynolds
number and Mach number. A 2nd order polynomial fit was used for the coefficients of yaw angle
sensitivity and total pressure loss as a function of Mach number in order to make the appropriate
total pressure loss corrections for turning angles beyond +/- 6°. Increased turning is expected in
the high loss regions, especially at the low Reynolds numbers, where the local Mach number
has been reduced significantly with respect to the free-stream. However, it is expected that
100% of the total pressure is to be recovered for roughly +/- 6° range of turning, which can be
seen in Figure 41. Therefore, beyond this range of flow angles, corrections in total pressure
need to be made in order to improve the accuracy of the analysis. Equation (13) was used to
determine the total pressure loss coefficient.
Ω𝑃 𝑇 = 𝑃
𝑃𝐴𝑣𝑒 =

𝑃𝑡 −𝑃1

(13)

𝐴𝑣𝑒 +(𝑃𝑡 −𝑃1 )

(𝑃1 −𝑃2 )+(𝑃1 −𝑃3 )+(𝑃1 −𝑃4 )+(𝑃1 −𝑃5 )
4

(14)

𝑉𝛽 = 𝑈∞ sin(𝛽)

(15)

𝑉𝛼 = 𝑈∞ sin(𝛼)

(16)

The average differential pressure in Equation (14), PAve, was calculated from the pressure
differentials between the total pressure port, P1, and the circumferential pressure ports.
Equations (15) and (16) were used to calculate the secondary flow velocities for yaw and pitch.
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Where β is the yaw angle and α is the pitch angle of the flow and 𝑈∞ is the free stream velocity.
These values were then compiled into a 21 by 21 array which were then overlaid on the total
pressure loss data in the contour plots using MATLAB. An example can be seen in Figure 46
from which the data was captured at β1 = 8° at the 50,000 Reynolds number condition at low
turbulence. The secondary velocity vectors coincide with the main loss vortex system and as
well as the secondary loss systems. The color bar on the right of the figure, titled Omega,
represents the total pressure loss coefficients with the low loss regions represented in blue and
the higher loss regions in red. Figure 46 is used only as an example to illustrate the analysis and
a full description of the flow phenomena will be discussed later.
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Low loss
region

High
secondary
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Figure 46: Example of contours of total pressure loss at the 8° inlet angle at the 50,000
Reynolds number under low turbulence.
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An alternate method in presenting the loss data is in terms of the kinetic energy loss
coefficient, as seen in Equation (17). This equation is a function of the measured kinetic energy
versus the ideal kinetic energy. This relation is particularly useful to assess performance for
stator vanes and as well as rotor applications as the axial velocity, V, can be easily substituted
with the relative velocity. The kinetic energy loss contours and total pressure loss contours are
qualitatively similar and an example can be seen in Figure 47 for the 8° inlet angle.

𝜁 = 1−

2
𝑉𝑒𝑥,
𝑎𝑐𝑡𝑢𝑎𝑙
2
𝑉𝑒𝑥,
𝑖𝑑𝑒𝑎𝑙

(17)

Figure 47: Example of contours of kinetic energy loss at the 8° inlet angle at the 50,000
Reynolds number under low turbulence.
The figure illustrates the similarities between the two methods for calculating the losses. The
kinetic energy losses are qualitatively the same as the total pressure losses, however they differ

78

only in magnitude. More examples of the kinetic energy contour plots are presented in Appendix
E.
4.5.1 Reynolds Number and Incidence Angle Effect: Midspan Losses
The midspan total pressure loss data for the low turbulence condition is presented in
Figure 48 for the -2.6° inlet angle at low and high turbulence. The left side of the peak seen in
the figure represents the suction surface of the blade and the right side depicts the losses from
the pressure surface. The open symbols in the figure represent the low turbulence data and the
closed symbols represent the high turbulence condition. The width and velocity deficit of the
wake is highly dependent on Reynolds number. At the -2.6° inlet angle for the low turbulence
condition, the midspan total pressure loss peaks at about 0.443 at the 50,000 Reynolds number
and falls to about 0.205 at the 568,000 Reynolds number. As the Reynolds number decreases,
friction on the blade surface is increased as the boundary layers thicken, which will cause the
flow to decelerate, augment adverse pressure gradients, and make the flow susceptible to
separation. The thicker boundary layers at the low Reynolds number will induce blockages and
increase the overall velocity deficit, thus broadening the wake. When free-stream turbulence
(FST) is introduced, the losses at the midspan have been shown to decease with a slight increase
in the wake near the base. The high FST data also shows the presence of background losses
along the endwall which may attributed to turbulent mixing with the cross-passage velocity
gradient.
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Figure 48: Cross passage total pressure loss vs. ReC at low turbulence and aero-combustor
turbulence levels for β1=-2.6°
Another key aspect of this study was to examine the role of incidence angle variation.
The trend in the data in Figure 49 shows that the midspan total pressure losses generally
decrease with inlet angle until -2.6° where the losses increase slightly at -17°. At -17° the flow
along the pressure surface has clearly separated resulting in a massive loss region which is
clearly visible in the figure. The wake from Blade 3 at the -17° inlet angle is also seen in the
figure and may be the result of the massive leading edge separation. However, due to facility
limitations, the wake from Blade 3 was not measured. Generally, with the exception of the
extreme negative incidence angles, the thickness of the wakes decreases with decreasing blade
incidence. This may indicate that the secondary loss cores shift towards the endwall at the lower
inlet angles.
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Figure 49: Midspan total pressure loss vs. inlet angle at Mach 0.72, and ReC =568,000
-2.6° Inlet Angle: Low Turbulence
Aerodynamic loss data at ¼ axial chord behind the trailing edge of Blade 2 have been
acquired to investigate the effects of Reynolds number lapse over the 57° range of incidence
angles at two levels of turbulence intensity, approximately 0.5% and 4.5%. The low turbulence
data will be discussed first for the -2.6° inlet angle which lead into the discussion of the high
turbulence condition. The most telling visual descriptions of the losses at the -2.6° inlet angle
are seen in the total pressure loss contour plots in Figure 50 through Figure 53. Vectors of
secondary velocities, which were calculated from Equations (14) and (15) have been overlaid
on top of the total pressure losses, Ω, to show the influences of the main passage vortex on the
secondary losses as well as other sources of loss. Additionally, the locations of the suction side
(SS), pressure side (PS) and passage vortex (PV) have been overlaid on the contour plot in
Figure 50.
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Figure 50: Contours of total pressure loss for ReC= 50,000 at low turbulence and β1=-2.6
The figure shows the total pressure loss contours at a chord Reynolds number of 50,000
at an exit Mach of 0.72. At approximately 1 cm off the endwall and 1.2 cm into the passage is
location of the main passage vortex core. The peak losses in the passage vortex indicates regions
of mixing with the secondary flows. An endwall vortex is also present at this condition, possibly
arising from the pressure side corner vortex from the adjacent blade. Another corner vortex may
lie near the endwall at 1.9 cm into the passage, given the strong losses. The strong pressure
losses near the midspan of the blade would indicate that the flow has separated along the suction
surface. This assumption is supported by the isentropic Mach distributions previously seen in
Figure 22. Similar results can be seen as the Reynolds number was increased to 66,000 in Figure
51. At this Reynolds number the main loss vortex has upwards towards the midspan of the
blade. The intensity of the main losses have shown to decrease and the same holds true for the
secondary losses. Although difficult to see, the width of the wake has decreased which supports
what was seen in Figure 48.
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Figure 51: Contours of total pressure loss for ReC= 66,000 at low turbulence and β1=-2.6

Figure 52: Contours of total pressure loss for ReC= 227,500 at low turbulence and β1=-2.6
Significant changes occur in the structure of the wake as Reynolds number is increased
to 227,500. The main passage vortex has been shifted towards the endwall to roughly 0.6 cm
off the wall as its advancement towards the midspan is suppressed by the thinner boundary
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layers. The corner vortex near the endwall is now clearly visible at about 1.8 cm into the
passage. In agreement with Figure 22, the flow appears to have separated along the suction
surface at the midspan location given that the flow shows three-dimensional behavior in the
figure, above. The overall width of the wake has also decreased significantly from the lowest
Reynolds numbers and exhibits near two-dimensional behavior.
At the maximum Reynolds number condition at 568,000, the losses have been reduced
even further. In Figure 53, the core of the main loss and secondary loss vortices has been shifted
towards the endwall. The intensities of the main losses are similar as they were at the 227,500
Reynolds number and the wake is highly two-dimensional above the main loss core. As one
should expect, there is a clear Reynolds number effect on the aerodynamic performance of this
blade. The reduced losses at this incidence angle and Reynolds number is highly favorable for
the takeoff condition as the Reynolds number is expected to relatively high when compared to
the cruising conditions.
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Figure 53: Contours of total pressure loss for ReC= 568,000 at low turbulence and β1=-2.6
Spanwise Turning Angle and Total Pressure Loss Coefficients: -2.6° Low Turbulence
Reynolds number can also affect the exit flow turning angle as they are dependent on
the magnitude of the primary and secondary losses. The nominal turning angle of the blade is
approximately 54.88° and the data in Figure 54 shows overturning near the endwall for all
Reynolds numbers. However, they vary significantly with the strongest overturning occurring
at the two lowest Reynolds numbers at approximately 50,000 and 66,000. The high degree of
overturning is likely due to the cross passage pressure gradient acting on the low momentum
endwall boundary layer fluid. Away from the endwall, the overturning reduces around the
location of the main loss core. The earlier falloff in overturning at the 227,500 and 568,000
Reynolds numbers implies that the main loss cores have shifted towards the endwall. Overall,
the trends show an increase in turning near the midspan as Reynolds number is increased. The
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small degree of overturning near the midspan at the 50,000 and 66,000 Reynolds numbers is
indicative of the secondary loss core.
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Figure 54: Spanwise turning angle versus ReC at low turbulence for β1=-2.6°
The spanwise weighted total pressure loss coefficients are presented in Figure 55. In
congruence with turning angle plot in Figure 54, the peaks seen near the endwall signifies the
presence of a secondary flow vortex near the midspan of suction surface, and possible evidence
of a corner vortex at the locations nearest to the endwall. At about 1.4 cm off the endwall for
the two lowest Reynolds numbers, the total pressure losses begin to increase and reaches a
maximum value of 0.135 at 50,000 Reynolds number and 0.112 at the 66,000 Reynolds number
at the midspan. A separation bubble near the suction surface trailing edge is likely responsible
for the increased total pressure losses near the midspan. As one should expect, the weighted
total pressure losses decrease with increasing Reynolds numbers as they tend to reduce the
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boundary layer thickness, suppress separation bubbles and dampen the strengths of secondary
flows.
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Figure 55: Spanwise weighted total pressure loss coefficients versus ReC at low turbulence
for β1=-2.6°
At the 227,500 Reynolds number condition, the losses are reduced significantly from
the lowest Reynolds numbers and the separated flow region appears to have weakened
considerable to 0.044. Losses at the 568,000 Reynolds number condition are reduced even
further to 0.022, which is highly favorable for the takeoff condition. There is evidence of a weak
secondary loss core near the endwall, likely a corner vortex, and the losses diminish quickly in
the spanwise direction away from the wall and there are no visible signs of separated flow along
the suction surface. The main passage vortex also appears to have shifted towards the endwall
with the core centered near 0.77 cm.
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-2.6° Inlet Angle: Aero-combustor Turbulence
Remarkable changes occurred as the free-stream turbulence intensity was increased to
about 4.5% with the addition of the mock aero-combustor turbulence generator. The weighted
total pressure losses, Ω, increased as a result of free-stream turbulence, which saw a ΔΩ of
0.29% at the 50,000 Reynolds number and a ΔΩ of 0.77% at the 568,000 Reynolds number due
to the turbulent mixing of the secondary flows. However, the midspan total pressure losses have
been shown to decrease with increasing turbulence levels as the secondary flows are mixed out
by the passage vortex.
Contours of total pressure loss are presented in Figure 56 and 57 at the 50,000 and
66,000 Reynolds numbers; the wake has broadened from the low turbulence case due to
turbulent mixing and the losses appear to be two-dimensional approaching the midspan.
Whereas, at the low turbulence condition the flow was highly three-dimensional with the strong
secondary flows. While the peak losses have decreased at the higher turbulence level, the overall
pressure loss coefficient increased due to the broadening of the wake, resulting from the
entrainment of more fluid from the free-stream into the wake flow and also due to the increased
skin friction. The main loss core has shifted towards the midspan of the blade where it has
effectively mixed out the horseshoe vortex. Losses near the endwall have also shown to increase
and are attributed to turbulent mixing across the pitchwise pressure gradient. Another source of
loss is introduced at the high free-stream turbulence level is known as the “background loss”
whose role in the total pressure losses near the endwall is significant. The velocity vectors near
the endwall shows the transport of fluid across the velocity gradient, from the pressure surface
of Blade 3 to the suction surface of Blade 2, where it feeds into a strong corner vortex near the
pressure surface. These results are in agreement with Ames and Plesniak [6] where they found
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that 33-50% of the “background losses” are attributed to turbulent mixing while under the
assumption that the production of turbulence is balanced by dissipation. The origins of such
losses are believed to be due to turbulence mixing across inertial velocity gradients.
Additionally, the apparent background losses are believed to be a result of turbulent
redistribution of the endwall losses.

Figure 56: Contours of total pressure loss for ReC= 50,000 at high turbulence and β1=-2.6
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Figure 57: Contours of total pressure loss for ReC= 66,000 at high turbulence and β1=-2.6

Figure 58: Contours of total pressure loss for ReC= 228,000 at high turbulence and β1=-2.6
At the 227,500 and 568,000 Reynolds numbers, and, the main loss core has moved
towards the suction surface where it has decreased in size and intensity from the 50,000
Reynolds number. The wake is also thinner due to reduced separation loss on the suction and
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pressure surfaces and is in agreement with the trends spotted in Figure 48. The total pressure
losses at the 568,000 Reynolds number have been shown to decrease by a ΔΩ of 6.3% from the
50,000 Reynolds number as the main core losses have weakened, thereby reducing the size of
the wake.

Figure 59: Contours of total pressure loss for ReC= 568,000 at high turbulence and β1=-2.6
Spanwise Turning Angle and Pressure Losses: -2.6° Aero-Combustor Turbulence
The spanwise turning at the aero-combustor (AC) turbulence condition from Figure 60
shows an increase in overturning near the endwall. This overturning is likely related to the
increased skin friction due to the high turbulence case. In agreement with the low turbulence
case, the data also shows the main loss vortex shifts closer to the endwall as Reynolds number
increases. The increase in free-stream turbulence has also smoothed out the curves at the low
Reynolds numbers and shows much more two-dimensional behavior at the midspan. Turning
has also increased at the midspan location for the low Reynolds numbers indicating reduced
midspan loading.
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Figure 60: Spanwise turning angle versus ReC at high turbulence for β1=-2.6°
The aero-combustor turbulence has had a significant effect on the total pressure loss
coefficients in Figure 61. The two-dimensional flow near the midspan for all Reynolds numbers
are in close agreement with the conclusions derived from Figure 60. The main loss and
secondary loss peaks have been effectively smoothed out due the increase in turbulence mixing.
The increased total pressure losses near the endwall also show the effects of the background
losses. The wind tunnel conditions, aerodynamic losses and turning data are presented in Table
6. The average midspan loss coefficients, ΩM, were typically lower for the AC turbulence
condition than they were for the low turbulence case with the exception of the 568,000 Reynolds
number. As expected, the overall mass averaged total pressure losses are shown to increase
from the low turbulence condition.
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Figure 61: Spanwise wieghted total pressure loss versus ReC at high turbulence for β1=-2.6°
Table 6: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -36.7° incidence with aero-combustor and low turbulence conditions as a function
of Reynolds number.
-2.6

High Turbulence

Low Turbulence

48,726

64,105

226,790

568,034

45,131

66,528

231,160

568,763

TT (K)

325

325

324

326

320

316

311

315

PT (Pa)

5,848

7,722

27,223

68,777

5,286

7,722

26,354

65,941

Vex

249

248

247

247

249

245

243

243

Mex

0.72

0.72

0.72

0.72

0.73

0.72

0.72

0.72

ΩM

0.1221

0.1013

0.0413

0.0301

0.1347

0.1116

0.0444

0.0219

ΩAve

0.1176

0.1018

0.05448

0.0408

0.1147

0.1007

0.0524

0.0331

KE

0.1071

0.092

0.0488

0.0364

0.1043

0.0915

0.0472

0.0298

βM

55.73

55.30

56.91

56.88

54.92

55.53

56.65

56.86

βAve

56.34

56.59

56.35

56.20

56.01

56.45

56.37

56.34

ReC
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34.2° Inlet Angle: Low Turbulence
The effects of incidence angle can be seen as the inlet angle is increased to 34.2°. Figure
62 shows the total pressure loss contours at the 50,000 Reynolds number at the low turbulence
condition at Mach 0.72. The main loss core, rotating in the counter clockwise direction, is easily
discernable in the figure and is centered at about 1.2 cm off the endwall. The peak losses at this
location are about Ω=0.50 where mixing with the secondary flows are maximum. A portion of
the corner vortex is also clearly visible in the figure. Like the -2.6° inlet angle, the flow has
separated near the trailing edge of the suction surface. As the loading along the pressure surface
increased due to the higher incidence angle, a stronger adverse pressure gradient has resulted
and thus augmented the size of the separated region. Similar results are presented in Figure 63
at the 66,000 Reynolds number, however the overall losses have decreased slightly.
Reynolds number effects can be seen by the notable reduction in the total pressure losses
as the chord Reynolds number is increased to 227,500 and 568,000. At the 227,500 Reynolds
number condition in Figure 64, the main passage vortex has lifted off the endwall and weakened
considerably. A very pronounced secondary loss core is clearly visible and lies just above the
main loss core. At the 568,000 Reynolds number in Figure 65, the main loss core and the
secondary loss core appear to have merged closer to one another the losses have decreased. The
wake is also thicker near the midspan location than it was for the -2.6° inlet angle as the main
passage vortex has lifted off the endwall.
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Figure 62: Contours of total pressure loss for ReC= 50,000 at low turbulence and β1=34.2°

Figure 63: Contours of total pressure loss for ReC= 66,000 at low turbulence and β1=34.2°
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Figure 64: Contours of total pressure loss for ReC= 227,500 at low turbulence and β1=34.2°

Figure 65: Contours of total pressure loss for ReC= 568,000 at low turbulence and β1=34.2°
Spanwise Turning Angle and Total Pressure Loss Coefficients: -34.2° Low Turbulence
Spanwise averaged turning angle data are presented in Figure 66 for the low turbulence
condition at the 34.2° inlet angle. The data show much higher turning near the endwall
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compared the -2.6° case due to the higher loading. Slight under turning is seen at about 1.65 cm
off the endwall and may be attributed to the secondary loss core. As a whole, the flow is highly
three-dimensional over the span of Reynolds numbers at this incidence angle when compared
to the -2.6° inlet angle (-36.7° incidence). Figure 67 displays the spanwise weighted total
pressure losses for the inlet angle of 34.2° (0° incidence). Overall, the losses have increased
when compared to the -2.6° inlet angle which is a result of strong secondary losses and detached
flow along the suction surface of the blade. Distinct peaks in the data can be seen in the figure,
which are likely associated with the spanwise core locations of the secondary flow and passage
vortex. The passage vortex is located near the blade’s quarterspan location at 1.19 cm off the
endwall and has displaced the secondary losses 1.91cm off the endwall for the 50,000 and
66,000 Reynolds numbers. The main loss core has migrated away from the endwall at the
227,500 and 568,000 Reynolds numbers. The secondary losses also appear to have moved
closer to the main loss system as the intensity of each system lessened.
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Figure 66: Spanwise turning angle versus ReC at low turbulence for β1=34.2°
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Figure 67: Spanwise total pressure loss versus ReC at low turbulence for β1=34.2°
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34.2° Inlet Angle: Aero-Combustor Turbulence
The effects of free-stream turbulence can be seen in the total pressure loss contour plots
in Figures Figure 68 through 71 at the Mach 0.72 condition for the range of Reynolds numbers.
The losses seen in Figure 68 and 69 for the 50,000 and 66,000 Reynolds numbers show a very
strong main loss core mixing in with the secondary flows due to turbulent diffusion. The thicker
suction surface boundary layers has also acted to increase the thickness of the wake. The overall
losses have also increased by a ΔΩ of 0.31% and 0.73% from the low turbulence condition for
the 50,000 and 66,000 Reynolds numbers, respectively. As expected, the losses have decreased
at the higher Reynolds numbers of 227,500 and 568,000 in Figures 64 and 65. The thickness of
the wake at the midspan location is reduced significantly compared to the low Reynolds number
cases. A comparison of the low and high turbulence conditions show that the overall losses have
increased by a ΔΩ of 1.62% for the 227,500 Reynolds number and a ΔΩ of 0.73% for the
568,000 Reynolds number. The augmented losses are a result of the increased diffusion of the
main and secondary losses due to free-stream turbulence and unsteadiness.

Figure 68: Contours of total pressure loss for ReC= 50,000 at high turbulence at β1=34.2°
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Figure 69: Contours of total pressure loss for ReC= 66,000 at high turbulence at β1=34.2°

Figure 70: Contours of total pressure loss for ReC= 227,500 at high turbulence at β1=34.2°
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Figure 71: Contours of total pressure loss for ReC= 568,000 at high turbulence at β1=34.2°
Spanwise Turning Angle and Total Pressure Loss Coefficients: 34.2° Aero-Combustor
Turbulence
Turning near the endwall in Figure 72 has increased slightly from the data in Figure 66
due to turbulent mixing of the main loss vortex with the secondary losses. Mixing within the
flow was enhanced due to the high free-stream turbulence levels. The turning angle data at the
midspan location in Table 7 show only a slight increase from the low turbulence case. The
behavior for all four Reynolds numbers are very similar to one another and show slight
underturning at 1.4 cm in the crosspan distance which is also the approximate center of the main
loss vortex. The data in Figure 73 shows the effects of the AC turbulence on the average total
pressure losses. The distinct peaks from Figure 67 have been smoothed out as the main loss
vortex system mixed in with the secondary losses. In contrast to the midspan loss data in Table
6 for the -2.6° inlet angle, the data in Table 7 also show that average midspan losses have a
increased with turbulence intensity at the 34.2° inlet angle.
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Figure 72: Spanwise turning angle versus ReC at aero-combustor turbulence for β1=34.2°
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Figure 73: Span-averaged total pressure loss as a funciton of Reynolds number at β1=34.2°
under high turbulence.
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Table 7: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at 0° incidence with aero-combustor and low turbulence conditions as a function of
Reynolds number.
High Turbulence
ReC

Low Turbulence

50,009

65,919

230,508

563,827

49,570

65,857

230,284

563,928

TT (K)

314

322

320

324

313

312

309

313

PT (Pa)

5,596

7,832

27,220

67,893

5,674

7,513

25,935

64,849

Vex

247

248

245

246

244

244

242

243

Mex

0.73

0.72

0.72

0.72

0.72

0.73

0.72

0.72

ΩM

0.1414

0.1182

0.0729

0.0415

0.1456

0.1143

0.0569

0.0352

ΩAve

0.1053

0.0978

0.068

0.0514

0.1022

0.0905

0.0518

0.0441

KE

0.0946

0.0887

0.0612

0.0461

0.0917

0.0828

0.0469

0.0398

βM

54.7166

55.5526

55.6426

55.8212

54.5812

54.1186

55.5135

55.6896

βAve

56.6785

57.0847

57.0219

56.8099

56.9122

57.0868

56.9925

56.8787

40° Inlet Angle: Low and Aero-Combustor Turbulence
The 40° inlet angle, or 5.8° incidence, represents the cruising condition for this blade
design. Therefore, optimal aerodynamic performance at the low chord Reynolds numbers is
critical since the majority of the engine’s operation will be spent at cruising altitude. Many
similarities are shared between the 0° and 5.8° incidence angles as seen in Figure 62 and Figure
74. For this reason, the data for the low and high turbulence have been combined into one
section. On average, the losses are about 0.5% higher for the 5.8° incidence angle at low
turbulence due to higher profile and secondary losses from the increased turning. The low
turbulence contour plot on the left in Figure 74 shows the location of the passage vortex at about
1.25 cm in the cross span direction. A very strong secondary loss peak is above the passage
vortex at about 2.2 cm in the cross span direction and is possibly the suction leg of the horseshoe
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vortex. By inspection, the peak losses of secondary losses were greater than it was for the 0°
incidence angle. Traces of the corner vortex is also apparent in the figure near the endwall
location at 1.75 cm in the cross passage direction. However, due to the facility limitations of
the traversing mechanism, it is not 100% clear if this a corner vortex. Increasing the Reynolds
number from 50,000 to 66,000 in Figure 75, the losses have reduced by a ΔΩ of -0.47% at the
high turbulence condition and by -1.26% at the low turbulence condition which was due to the
reduced profile and secondary losses.

Figure 74: Contours of total pressure loss for ReC= 50,000 at low turbulence (Left) and AC
Turbulence (Right) at β1=40.0°
The images on the right in Figure 74 and 75 show the total pressure losses at the aerocombustor turbulence (AC) condition. The effects of free-stream turbulence are clearly seen as
the core of the main loss vortex has been displaced further away from the endwall in the cross
span direction. The secondary losses also mixed in with the main losses due to turbulent mixing
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of the flow. The overall width of the wake has also increased significantly due to increased
profile losses and secondary losses.

Figure 75: Contours of total pressure loss for ReC= 66,000 at low turbulence (Left) and AC
Turbulence (Right) at β1=40.0°
As the chord Reynolds number is increased to 227,500, the flow appears to be highly
three-dimensional in Figure 76. The main loss vortex has migrated to a cross span location of
1.4 cm. The magnitudes of the secondary losses are shown to be higher than the losses about
the main passage vortex. Similar trends are seen at the 568,000 Reynolds number case in Figure
77. In agreement with the 0° incidence angle, the thickness of the wake has been shown to
decrease with increasing Reynolds number.
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Figure 76: Contours of total pressure loss for ReC= 227,500 at low turbulence (Left) and AC
turbulence (Right) at β1=40.0°

Figure 77: Contours of total pressure loss for ReC= 568,000 at low turbulence (Left) and AC
turbulence (Right) at β1=40.0°
At the AC turbulence condition for the 227,500 and 568,000 Reynolds numbers, the
primary loss and secondary loss systems are much less distinct as the increased turbulence
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kinetic energy enhanced the mixing of these flows within the wake. The increased mixing in
the flow has also increased the extent of the loss region near the midspan towards the endwall.
Spanwise Turning Angle and Total Pressure Loss Coefficients: 40°
The discharge flow turning angle data are presented in Figure 78 for the 5.8° incidence
angle as a function of Reynolds number and turbulence intensity. The open symbols in the figure
represent the low turbulence condition and the closed symbols represent the AC turbulence
condition. The data, which is similar to the trends seen in Figure 66 for the 0° incidence angle,
shows higher overturning near the endwall due to the strong cross-passage pressure gradient.
The regions of underturning in the data shows the approximate locations of the secondary losses
cores for each Reynolds number and turbulence condition.
The aero-combustor data are also presented in Figure 78 and show less erratic behavior
from the main losses. The data are much more uniform compared to the low turbulence
condition showing the effects of high free-stream turbulence. Similar to the low turbulence case,
there is slight underturning around 1.8 cm into the span near the location of the secondary loss
core. The data in Table 8 shows the tabulated average midspan turning angle and the span
averaged turning for both turbulence conditions.
The span averaged total pressure losses at the 50,000 and 568,000 Reynolds numbers
at low and AC turbulence are presented in Figure 79. The data clearly show an in increase in
the average total pressure losses along the span of the blade and the span averaged data in
Table 8 supports this conclusion. At the 50,000 Reynolds number for the AC turbulence
condition, the flow appears to be two-dimensional.
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Figure 78: Spanwise turning angle versus ReC at low and AC turbulence for β1=40°
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Figure 79: Spanwise total pressure loss versus ReC at low and AC turbulence for β1=40°
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Table 8: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at 5.8° incidence with aero-combustor and low turbulence conditions as a function of
Reynolds number.
High Turbulence
ReC

Low Turbulence

48,829

65,353

229,710

567,733

48,106

66,310

230,380

563,107

TT (K)

318.5

319.5

316.0

320.3

309.4

308.1

307.2

306.8

PT (Pa)

5,712

7,690

26,665

67,040

5,421

7,444

25,859

63,082

Vex

246.7

246.2

244.7

246.5

243.2

242.1

240.3

240.3

Mex

0.72

0.72

0.72

0.72

0.73

0.72

0.72

0.72

ΩM

0.1541

0.1487

0.0967

0.0565

0.1574

0.1303

0.0727

0.0485

ΩAve

0.1199

0.1152

0.0726

0.0560

0.1095

0.0969

0.0564

0.0468

KE

0.1099

0.1051

0.0653

0.0501

0.1008

0.0885

0.0511

0.0423

βM

54.6354

54.8893

54.9821

55.1456

54.2489

54.7179

54.8600

54.8672

βAve

56.7903

56.9976

57.2256

56.8437

56.9954

57.2509

56.9774

56.8280

-17° Inlet Angle: Low Turbulence
The losses increased dramatically at the -51.2° incidence angle (-17° inlet angle) which
was the worst case scenario of this study. The total pressure losses at the 50,000 and 66,000
Reynolds numbers, Figure 80 and 81, shows a highly three-dimensional flow-field caused by
the massive leading edge separation on the pressure surface and the separation along the suction
surface. The main passage vortex has been displaced out of the sensing plane of the five-hole
cone probe. A strong, counter-rotating, secondary vortex near the pressure surface appears to
be displacing the passage vortex away from the endwall. An endwall vortex near the suction
surface is also present and is possibly the suction surface corner vortex. A counter rotating
corner vortex is also visible along the pressure surface for all Reynolds numbers except for the
568,000 case where it is out of the sensing plane. The losses have been shown to decrease
significantly by a ΔΩ of 1.8% as the Reynolds number was increased from 50,000 to 66,000.
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The reduced losses were likely caused by weaker secondary losses as the laminar separation
regions weakened in size and intensity.
Interestingly, the flow begins to show two-dimensional behavior as the Reynolds
number increased to 227,500 and 568,000, as seen in Figure 82 andFigure 83. The increased
momentum in the flow at the high Reynolds number suppresses the pressure surface leading
edge and trailing edge separation bubbles. The leading edge separation bubble is still present at
the 568,000 Reynolds number but has been weakened significantly from the 50,000 Reynolds
number. At the 227,500 Reynolds number the passage vortex has shifted towards the endwall
and is located at about 35% span. Very little of the passage vortex is visible as the Reynolds
number was increased to 568,000. As the counter-rotating secondary vortex weakened, it
allowed the main loss vortex to migrate closer to the endwall and further into the passage. An
additional loss component is also present at the elevated Reynolds numbers as losses due to the
pressure surface leading edge separation bubble from the adjacent blade are clearly visible. The
location of the pressure surface separation bubble from Blade 3 is highlighted in Figure 82.
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Figure 80: Contours of total pressure loss at ReC=50,000 at low turbulence for β1=-17°

Figure 81: Contours of total pressure loss at ReC=66,000 at low turbulence for β1=-17°
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Figure 82: Contours of total pressure loss at ReC=227,500 at low turbulence for β1=-17°

Figure 83: Contours of total pressure loss at ReC=568,000 at low turbulence for β1=-17°
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Spanwise Turning Angle and Pressure Losses: -17° Low Turbulence
The passage averaged losses versus span for each Reynolds number at Mach 0.72 are
shown in Figure 84. The peak losses occur near the endwall for the range of Reynolds numbers
as expected. The losses are highest at the 50,000 and 66,000 Reynolds number. The rise in total
pressure loss approaching the midspan shows the extent of the separation bubble which
increases in size as Reynolds number was reduced. Two-dimensional behavior at the 568,000
Reynolds number is also seen in the figure which supports the data in Figure 83. Turning data
are presented in Figure 85 for the -51.2° incidence angle. The data for all Reynolds numbers
show concentrated overturning near the endwall, coinciding with the location of the corner
vortex. The overturning is stronger at the 50,000 and 66,000 Reynolds which implies the corner
vortex has intensified.
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Figure 84: Passage averaged total pressure loss versus Reynolds number at β1=-17° under low
turbulence condition.
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However, the secondary losses are significantly reduced as the blockages from the separated
flow along the leading edge suppresses formation of the secondary flows. Additionally, the total
turning angle is only about 40° which causes less cross-passage pressure gradient. Interesting
behavior is seen at the 227,500 Reynolds number as the turning increases from the quarterspan
location towards the midspan of the blade and is possibly due to unsteadiness.
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Figure 85: Turning angle versus Reynolds number at β1=-17° under low turbulence condition.
-17° Inlet Angle: Aero-Combustor Turbulence
The effects of free-stream turbulence and Reynolds number are presented in Figure 86
through 88 at the -17° inlet angle. The losses at the 50,000 and 66,000 Reynolds numbers have
been shown to increase only slightly from the low free-stream turbulence (FST) conditions. The
pressure surface leading separation bubble seen at the low turbulence case in the isentropic
Mach distributions in Section 4.2 has been suppressed as a result of the increased turbulent
mixing. The increased spot production rate at the high FST condition energized the leading edge
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boundary layer and allowed for a much quicker reattachment. The midspan loss coefficients at
the 50,000 and 66,000 in Figure 86 and 87 have reduced as a result of the quick reattachment
of the laminar separation bubble. The wall vortex near the suction side has been effectively
mixed out by the strong endwall flow. The high loss regions encompass a much broader portion
of the span and the main loss core has shifted towards the endwall when compared to the 40°
inlet angle. The wake flow at the 227,500 and 568,000 Reynolds numbers appear to be much
more two-dimensional with the secondary losses concentrated near the endwall. Even at the
highest Reynolds number the wake encompasses the majority blade-to-blade passage owing to
the highly negative incidence. Interestingly, the overall total pressure losses at the 568,000
Reynolds number decreased by a ΔΩ of -0.67% from the low FST condition.

Figure 86: Contours of total pressure loss at ReC=50,000 at high turbulence for β1=-17°
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Figure 87: Contours of total pressure loss at ReC=66,000 at high turbulence for β1=-17°

Figure 88: Contours of total pressure loss at ReC=227,500 at high turbulence for β1=-17°
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Figure 89: Contours of total pressure loss at ReC=568,000 at high turbulence for β1=-17°
Spanwise Turning Angle and Pressure Losses: -17° Aero-Combustor Turbulence
Spanwise total pressure loss and turning are presented in Figure 90 and 91 for the high
turbulence condition at -17° inlet angle. The losses along the span have been shown to increase,
particularly near the quarter-span location. The increased mixing with the secondary flows is a
likely cause of the higher losses seen in the data. Turning data, as seen in Figure 91, shows a
much smoother distribution when compared to the low turbulence case in Figure 85. The
midspan turning has remained relatively constant with the exception of the 50,000 Reynolds
number where the turning has reduced by about 1.3° at the high turbulence level. Pertinent wind
tunnel conditions and loss data are presented in
Table 9 for this case. The total pressure losses are generally higher for the elevated
turbulence condition with the exception of the 568,000 Reynolds number. The losses decreased
at the 568,000 Reynolds number as the leading edge separation bubble seen at the lower
turbulence condition from Blade 3 was suppressed due to the increase in turbulent mixing.
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Figure 90: Passage averaged total pressure loss versus Reynolds number at β1=-17° under
high turbulence condition.
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Figure 91: Turning angle versus Reynolds number at β1=-17° under high turbulence condition.
Table 9: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -51.2° incidence with aero-combustor and low turbulence conditions as a function
of Reynolds number.
High Turbulence
ReC

45,564

64,960

Low Turbulence
227,607

560,988
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46,288

65,493

229,922

563,454

TT (K)

329

330

329

329

323

323

319

317

PT (Pa)

5,532

7,968

27,829

68,756

5,523

7,826

27,006

65,663

Vex (m/s)

253

250

249

248

248

247

246

244

Mex

0.73

0.72

0.72

0.72

0.72

0.72

0.72

0.72

ΩM

0.1509

0.1259

0.0698

0.0527

0.1693

0.1375

0.1027

0.0694

ΩAve

0.1522

0.1342

0.089

0.0691

0.1513

0.1313

0.0873

0.0758

KE

0.1378

0.1212

0.0796

0.0615

0.1378

0.1189

0.0783

0.0677

βM

56.0116

56.6302

56.7169

56.6705

55.854

56.7054

58.0886

56.7838

βAve

56.2123

56.6343

56.3482

56.2172

56.1148

56.696

56.6623

56.293

4.5.1 Effects of Inlet Angle
The effects of incidence angle, or inlet angle, can clearly be seen in the total pressure
loss contour plots in Figure 92 (A-F) for the 50,000 Reynolds number at the low turbulence
condition. Most noticeably, the figures clearly show the migration of the main loss vortex from
the quarterspan location at the 40° inlet angle towards the endwall at the -12° inlet angle. As
the main loss core moves towards the endwall with decreasing blade incidence, the overall total
pressure losses decreases until about 8°. The pressure surface leading edge separation bubble
also becomes more discernable as incidence is reduced beyond the -2.6° inlet angle. At the
extreme negative inlet angles, the wake becomes much thicker due to blockages from the
pressure surface leading edge separation bubble. The wake at the extreme negative incidence
angles encompass the majority of the blade-to-blade passages which was in agreement with
McVetta [10].
At the 568,000 Reynolds number in Figure 93, the midspan losses are highly three-dimensional
at the 40° and 28° inlet angles given the location of the passage and secondary loss vortex
systems. Like the low Reynolds number case, as incidence is reduced the secondary losses stay
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closer to the endwall. The flow becomes much more two-dimensional along the span of the
blade, even at the extreme negative incidence angles.
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Figure 92 (A-F): Contours of total pressure loss at A) 40°, B) 28°, C) 18°, D) 8°, E) -2.6°, F) 12° inlet angles at ReC=50,000 at low turbulence.
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Figure 93(A-F): Contours of total pressure loss at A) 40°, B) 28°, C) 18°, D) 8°, E) -2.6°, F) 12° inlet angles at ReC=50,000 at low turbulence.
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Weighted Total Pressure Losses
The ultimate goal of this study was to provide a detailed documentation of the total
pressure losses over the 57° range of incidence. Thus far, this analysis has shown the detailed
flow effects on the aerodynamic losses for the selected design conditions. The purpose of this
section is to present the overall aerodynamic loss buckets to illustrate the performance of the
blade design through the entire range of incidence. The mass weighted loss coefficients for each
incidence angle and Reynolds number are presented in Figure 94 and 95 for the low and high
turbulence conditions, respectively. The effects of incidence angle on the loss coefficients are
clearly evident. Generally, the losses increase as incidence angle decreases from -6.2° incidence
(+28° inlet angle) for the 50,000 and 66,000 Reynolds numbers. At the 227,500 and 568,000
Reynolds numbers, the loss coefficients show a very good operating range between -6.2° and 36.7° incidence and remain relatively constant. The loss coefficients generally increase
significantly at the exceedingly negative incidence angles as the flow is massively separated at
the pressure surface leading edge. The total pressure losses increase form the -6.2° incidence
angle to 5.8° which is likely due to stronger secondary losses and laminar separation along the
aft portion of the suction surface. Clear Reynolds number effects are seen in the data, as well.
The losses are maximum at the 50,000 Reynolds number due to strong profile and secondary
losses typically seen at very low Reynolds numbers. The losses decrease significantly towards
the 568,000 Reynolds number as the high Reynolds number fluid suppressed the extent of the
separation bubbles/
Figure 95 shows the effects of high free-stream turbulence intensity. The behavior is
very similar to the low turbulence case but the losses have generally increased with the
exception of the extreme negative incidence angles. The wakes broadened as a result of the
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increased turbulent mixing with the secondary flows but the overall losses at the midspan were
reduced. The background losses along the passage endwall also contributed to the overall losses
which were present only at the aero-combustor turbulence levels. Additionally, the turbulent
mixing suppressed the suction surface laminar separation bubble and likely forced an earlier
reattachment allowing for increased loading along the blade. The increased turbulence levels
significantly improved the performance at the extreme negative incidence angles by forcing an
earlier transition and reattachment of the pressure surface separation bubble along the leading
edge.
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Figure 94: Mass averaged total pressure loss buckets as a function of Reynolds number and
incidence angle under low turbulence.

124

Mass Averaged Total Pressure Loss

0.16

ReC = 50,000,
M=0.72, AC

0.14
0.12

ReC = 66,000,
M=0.72, AC

0.1
0.08
0.06

ReC = 227,500,
M=0.72, AC

0.04
0.02

ReC = 568,000,
M=0.72, AC

0
-55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0
Incidence Angle (Degrees)

5

10

Figure 95: Mass averaged total pressure loss buckets as a function of Reynolds number and
incidence angle under high turbulence.
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CHAPTER V:
CONCLUSIONS
UND’s high speed compressible flow wind tunnel facility has been reconfigured to
experimentally investigate the aerodynamic losses of NASA’s variable speed incident tolerant
low pressure turbine blade. The facility was configured to acquire aerodynamic data for eight
discrete incidence angles which ranged from -51.2° to 5.8°. The tests were conducted in the
closed circuit wind tunnel over a span of chord Reynolds numbers based off exit conditions
from 50,000 to 568,000 at two levels of turbulence intensity, 0.5% and 4.5%, at Mach 0.72.
Compressibility effects were also studied at Mach 0.35 at the 227,500 and 568,000 Reynolds
numbers at the design incidence angles, 5.8°, 0° and -36.8°, to match data from NASA Glenn
Research Center. To perform this investigation, eight inlet nozzles were fabricated with the
appropriate inlet angle. A four blade linear cascade insert was also fabricated for this study
which was instrumented with midspan and quarterspan static pressure taps to determine the
loading profile. Exit survey measurements were conducted to investigate the effects of
incidence variation, Reynolds number lapse, and turbulence intensity. The measurements were
compiled into mass weighted total pressure loss buckets as a function of incidence angle and
Reynolds number to provide valuable information of the blade’s performance.
Inlet and exit static pressure measurements were conducted to determine the quality of
the flow throughout the test section. The endwall measurements were acquired at the
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¼ axial chord location upstream of the leading edge and downstream of the trailing edge. The
inlet static pressure measurements showed Reynolds number effects as the blockages
downstream restricted the flow through the cascade at the 50,000 and 66,000 Reynolds
numbers. Reynolds number was shown to have the most significant effect on the inlet flow
distribution with turbulence having only a minor effect. Exit flow uniformity was achieved but
showed slight variations in the cross passage direction.
Blade loading measurements conducted at the -51.2°, -36.8°, -0° and 5.8° incidence angles
showed the effects of Reynolds number, incidence variation and turbulence intensity. The
conclusions from the surface pressure measurements are as follows.


A laminar separation bubble existed along the suction surface trailing edge at the 50,000
and 66,000 Reynolds numbers for all incidence angles and was a large contributing
factor in the overall losses. Thwaite’s analysis for separation at the high Reynolds
number condition suggested the flow had separated.



It was also found that much of the flow along the surface of this blade was transitional
and earlier transition was seen as Reynolds number was increased and was likely due to
higher spot production rates.



A leading edge pressure surface separation bubble was prominent at the extreme
negative incidence angles due to the strong adverse pressure gradient just aft of the
overspeed region of the blade. The high turbulence intensity condition was not shown
to have strong effect on the loading for incidence angles higher than -36.8°. However at
the extreme negative angles, separation has causes reduced loading on the blade and the
suction surface must compensate for the lost loading. This was shown by the increased
loading on the suction surface leading edge.
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The quarterspan measurements conducted on Blade #3 did not show the effects of
endwall vortices and were in close agreement with the midspan measurements.

The inlet boundary layers at the nozzle/cascade interface were measured using two custom
built boundary layer rakes. The rakes consisted of five 0.794 mm diameter tubes and were
positioned upstream of the passages between Blades 1 & 2 and Blades 2 & 3 and were equipped
with piezoresistive pressure sensors to acquire the measurements. The findings are summarized
below:
 The measurements showed a strong Reynolds number dependence for all incidence
angles. The rakes captured much of the boundary layer at the 50,000 and 66,000
Reynolds numbers and the shape factor estimates suggested the boundary layer was
laminar.
 The boundary layer likely transitioned to a turbulent boundary layer at the 227,500 and
568,000 Reynolds numbers and were especially thin as only the pressure port nearest to
the endwall captured a portion of the boundary layer flow. Skin friction increased
dramatically at these Reynolds numbers which implied the boundary layer was
turbulent.
 The high free-stream turbulence condition was shown to increase the thickness of the
inlet boundary layer.
The exit survey measurements was the key component of this investigation. Few studies
have been conducted to the author’s knowledge that have encompassed such wide range of
incidence angles over a wide span of Reynolds numbers. The effects of incidence, Reynolds
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number and turbulence cannot be understated and the results of this investigation are
summarized as follows:


Incidence angle was found to have a significant impact on nature of the wake. As the
blade incidence was decreased from 5.8° to -51.2°, the main passage vortex had
migrated from the quarterspan location towards the endwall due to reduced turning and
the resulting interactions from the secondary flows.



The pressure losses were maximum at the -51.2° incidence angle due to massive
blockages from the leading edge separation on the pressure surface. The mass averaged
losses were as high as 15% at the 50,000 Reynolds number at the low turbulence
condition.



The total pressure losses improved for the moderate incidence angles but generally
increased at the 0° and 5.8° incidence angles. At the high Reynolds numbers, the losses
were relatively constant between -36.8° and -6.2° incidence angles.



The losses increased dramatically as Reynolds number decreased due to profile losses
and stronger secondary loss cores.



Turbulence was a major factor as it diffused the losses within the wake. The increased
turbulence intensity also caused the suction leg of the horseshoe vortex to get mixed out
by the passage vortex.



The mass averaged losses were generally higher for the aero-combustor case as a result
the increased levels of boundary layer skin friction and turbulent mixing across velocity
gradients in the flow.
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APPENDICES

APPENDIX A: Inlet and Exit Endwall Mach Distributions
Inlet and exit endwall isentropic Mach distributions are presented for the cases that were not
included in Chapter IV of this document.

0.5

-17°, Ma,ex= 0.72,
ReC= 565,867 LT

0.45

Inlet Mach Number [ - ]

0.4

-17°, Ma,ex= 0.72,
ReC= 227,405 LT

0.35
0.3

+18°, Ma,ex= 0.72,
ReC= 64,873 LT

0.25
0.2
0.15

-17 °, Ma,ex= 0.72,
ReC= 47,554 LT

0.1
0.05

-17°, Ma,ex= 0.35,
ReC= 230,145 LT

0
0.05

0.1

0.15
0.2
0.25
Static Pressure Tap Location [m]

0.3

Figure 96: Inlet isentropic Mach distributions as a function of Reynolds number at -17° inlet
angle under low turbulence.
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Figure 97: Exit isentropic Mach distributions as a function of Reynolds number at -17° inlet
angle under low turbulence.
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Figure 98: Inlet isentropic Mach distributions as a function of Reynolds number at -17° inlet
angle under high turbulence.
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Figure 99: Exit isentropic Mach distributions as a function of Reynolds number at -17° inlet
angle under low turbulence.
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Figure 100: Inlet isentropic Mach distributions as a function of Reynolds number at -12° inlet
angle under low turbulence.
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Figure 101: Exit isentropic Mach distributions as a function of Reynolds number at -12° inlet
angle under low turbulence.
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Figure 102: Inlet isentropic Mach distributions as a function of Reynolds number at -12° inlet
angle under high turbulence.
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Figure 103: Exit isentropic Mach distributions as a function of Reynolds number at -12° inlet
angle under high turbulence.
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Figure 104: Inlet isentropic Mach distributions as a function of Reynolds number at -2.6° inlet
angle under low turbulence.
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Figure 105: Exit isentropic Mach distributions as a function of Reynolds number at -2.6° inlet
angle under high turbulence.
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Figure 106: Inlet isentropic Mach distributions as a function of Reynolds number at 34.2° inlet
angle under low turbulence.
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Figure 107: Exit isentropic Mach distributions as a function of Reynolds number at 34.2° inlet
angle under low turbulence.
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Figure 108: Inlet isentropic Mach distributions as a function of Reynolds number at 34.2° inlet
angle under high turbulence.
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Figure 109: Inlet isentropic Mach distributions as a function of Reynolds number at 34.2° inlet
angle under high turbulence.
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Figure 110: Inlet isentropic Mach distributions as a function of Reynolds number at 40° inlet
angle under high turbulence.
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Figure 111: Exit isentropic Mach distributions as a function of Reynolds number at 40° inlet
angle under high turbulence.
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Figure 112: Exit isentropic Mach distributions as a function of Reynolds number at -2.6° inlet
angle under low turbulence.
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Figure 113: Exit isentropic Mach distributions as a function of Reynolds number at -2.6° inlet
angle under high turbulence.
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APPENDIX B: Midspan and Quarterspan Pressure Distributions
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Figure 114: Midspan isentropic Mach distribution as a function of Reynolds number and
turbulence intensity at -12° inlet angle.
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Figure 115: Midspan isentropic Mach distribution as a function of Reynolds number and
turbulence intensity at 8° inlet angle.
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Figure 116: Midspan isentropic Mach distribution as a function of Reynolds number and
turbulence intensity at 18° inlet angle.
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Figure 117: Midspan isentropic Mach distribution as a function of Reynolds number and
turbulence intensity at 28° inlet angle.
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Figure 118: Midspan and quarterspan isentropic Mach distribution as a function of Reynolds
number at -12° inlet angle for Blade 3 under low turbulence.
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Figure 119 Midspan and quarterspan isentropic Mach distribution as a function of Reynolds
number and turbulence intensity at -17° inlet angle for Blade 3.
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Figure 120: Midspan and quarterspan isentropic Mach distribution as a function of Reynolds
number at -2.6° inlet angle for Blade 3 under low turbulence.
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Figure 121: Midspan and quarterspan isentropic Mach distribution as a function of Reynolds
number at -2.6° inlet angle for Blade 3 under high turbulence
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APPENDIX C: Boundary Layer Distributions
Thwaite’s Analysis was used for the determination of skin friction, shape factor and momentum
thickness Reynolds number for each inlet angle.
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Figure 122: Boundary layer distributions as a function of Reynolds number at -12° under low
turbulence.
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Figure 123: Boundary layer distributions as a function of Reynolds number at 18° under low
turbulence.
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Figure 124: Boundary layer distributions as a function of Reynolds number at -12° under high
turbulence.
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Figure 125: Boundary layer distributions as a function of Reynolds number at 18° under high
turbulence.
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APPENDIX D: Cone Probe Calibration Methodology and Results
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Figure 126: Coefficients of yaw sensitivity as a function of Mach number at ReC=66k
showing predicted and experimental values.
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Figure 127: Coefficients of yaw sensitivity as a function of Mach number at ReC=227.5k
showing predicted and experimental values.
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Figure 128: Coefficients of total pressure sensitivity as a function of Mach number at
ReC=66k showing predicted and experimental values.
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Figure 129: Coefficients of total pressure sensitivity as a function of Mach number at
ReC=227.5k showing predicted and experimental values.
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Figure 130: Coefficients of yaw sensitivity as a function of Reynolds number at M=0.5
showing predicted and experimental values.
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Figure 131: Coefficients of yaw sensitivity as a function of Reynolds number at M=0.6
showing predicted and experimental values.
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Figure 132: Coefficients of yaw sensitivity as a function of Reynolds number at M=0.8
showing predicted and experimental values.
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Figure 133: Coefficients of total pressure recovery as a function of Reynolds number at
M=0.4 showing predicted and experimental values.
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Figure 134: Coefficients of total pressure recovery as a function of Reynolds number at
M=0.5 showing predicted and experimental values.
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Figure 135: Coefficients of total pressure recovery as a function of Reynolds number at
M=0.6 showing predicted and experimental values.
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Figure 136: Coefficients of total pressure recovery as a function of Reynolds number at
M=0.8 showing predicted and experimental values.
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APPENDIX E: Aerodynamic Losses Results
Table 10: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -26.2° incidence with aero-combustor and low turbulence conditions as a function
of Reynolds number.
High Turbulence

Low Turbulence

ReC

50,353

64,025

TT (K)

327

327

324

PT (Pa)

6,103

7,722

Vex

250

Mex

230,567 563,281

49,094

66,543

327

319

318

317

317

27,643

68,726

5,743

7,792

26,666

65,837

251

248

246

248

246

245

244

0.72

0.73

0.72

0.71

0.73

0.72

0.72

0.72

ΩM

0.1165

0.1104

0.0447

0.0288

0.1115

0.1053

0.0411

0.0223

ΩAve

0.1075

0.1045

0.0558

0.041

0.09999 0.09047

0.0459

0.0331

KE

0.0977

0.0947

0.0499

0.0366

0.0822

0.0413

0.0297

βM

55.6925

56.318

56.7376 56.7149 55.0386 55.3792

56.567

56.8005

βAve

56.44

56.869

56.4193 56.2515 56.1386 56.4374 56.4238 56.3804
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0.091

228,724 564,423

Table 11: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -16.2° incidence with aero-combustor and low turbulence conditions as a function
of Reynolds number
High Turbulence
ReC
TT (K)
PT (Pa)
Vex
Mex
ΩM
ΩAve
KE
βM
βAve

Low Turbulence

49,193

64,965

228,098 564,358

48,298

65,761

328

329

329

5,953

7,936

251.7

228,684 563,014

331

319

318

314

313

27,880

69,619

5,634

7,713

26,285

64,757

250.0

248.9

248.9

247.8

244.8

244.1

243.2

0.73

0.72

0.72

0.72

0.73

0.72

0.72

0.72

0.1183

0.1042

0.0466

0.0292

0.1152

0.1002

0.0441

0.0239

0.1037

0.0933

0.0555

0.0418

0.1011

0.0867

0.0459

0.0345

0.0944

0.0846

0.0498

0.0374

0.0923

0.0788

0.0414

0.0311

55.7273 56.0378 56.6027 56.6265 54.9683 55.4448 56.2964 56.6649
56.5855 56.6798 56.5919 56.2611 56.3600 56.5745 56.4784 56.4268
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Table 12: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -6.2° incidence with aero-combustor and low turbulence conditions as a function of
Reynolds number
High Turbulence
ReC

Low Turbulence

48,725

64,793

222,576

559,218

48,526

66,786

229,974

564,422

TT
(K)
PT
(Pa)

322

321

323

328

319

318

316

316

5,741

7,693

26,497

68,210

5,675

7,835

26,651

65,747

Vex

251

247

248

248

247

245

245

244

Mex

0.73

0.72

0.72

0.72

0.73

0.72

0.72

0.72

ΩM

0.1202

0.1087

0.0563

0.0331

0.1096

0.1006

0.0494

0.0266

ΩAve

0.1018

0.0928

0.0597

0.0463

0.0964

0.0854

0.0489

0.03886

0.0923
55.660
2
57.014
1

0.0843
55.969
4
57.235
6

0.0537

0.0415

0.0881

0.0442

0.0351

56.0864

56.5142

55.0402

56.9977

56.7694

56.3448
57.1836
5

56.4978

56.9147

0.0779
55.702
5
57.293
8

KE
βM
βAve
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57.0169

Table 13: Wind tunnel conditions, mass averaged loss and turning angle for ¼ axial chord exit
surveys at -46.2° incidence with aero-combustor and low turbulence conditions as a function
of Reynolds number
High Turbulence
ReC

Low Turbulence

51,068

66,546

224,474

562,689

50,763

66,672

228,098

565,055

TT
(K)

329

329

326

329

323

322

314

319

PT
(Pa)

6,231

8,120

27,048

69,351

6,030

7,876

26,288

66,565

251

250

249

247

249

249

244

245

0.73

0.72

0.72

0.71

0.73

0.73

0.72

0.72

0.1326

0.1112

0.0558

0.0337

0.149

0.1227

0.0782

0.038

0.1326

0.1145

0.0709

0.0455

0.1355

0.1162

0.0684

0.0514

0.1205

0.1033

0.0634

0.406

0.1236

0.1051

0.0613

0.0459

Vex
Mex
ΩM
ΩAve
KE
βM
βAve

56.0654 56.6061 56.6779

56.7779

55.4683 56.1404

57.3866

56.6862

56.2204 56.5798 56.1519

56.1425

55.8716 56.3307

56.4611

56.3732

Total Pressure Loss Contours: Low and AC Turbulence at Mach 0.35
The contour plots presented in this section encompass tunnel conditions at the design points, 2.6, 34.2 and 40. These figures represent the match points between the tests conducted at NASA
Glenn Research Center.
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A

B

Figure 137: Total pressure loss contours at β1=-2.6°, ReC=227,500, M=0.35 under low (A)
and high (B) turbulence conditions.

A

B

Figure 138: Total pressure loss contours at β1=-2.6°, ReC=568,000, M=0.35 under low (A)
and high (B) turbulence conditions.
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A

B

Figure 139: Total pressure loss contours at β1=34.2°, ReC=227,500, M=0.35 under low (A)
and high (B) turbulence conditions.

A

B

Figure 140: Total pressure loss contours at β1=34.2°, ReC=568,000, M=0.35 under low (A)
and high (B) turbulence conditions.
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A

B

Figure 141: Total pressure loss contours at β1=40°, ReC=227,500, M=0.35 under low (A) and
high (B) turbulence conditions.

A

B

Figure 142: Total pressure loss contours at β1=40°, ReC=568,000, M=0.35 under low (A) and
high (B) turbulence conditions.
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-12° Total Pressure Loss Contours: Low and AC Turbulence

A

B

Figure 143: Total pressure loss contours at β1=-12°, ReC=50,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 144: Total pressure loss contours at β1=-12°, ReC=66,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 145: Total pressure loss contours at β1=-12°, ReC=227,500, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 146: Total pressure loss contours at β1=-12°, ReC=568,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 147: Total pressure loss contours at β1=-12°, ReC=227,500, M=0.35 under low (A) and
high (B) turbulence conditions.
8° Total Pressure Loss Contours: Low and AC Turbulence

A

B

Figure 148: Total pressure loss contours at β1=8°, ReC=50,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 149: Total pressure loss contours at β1=8°, ReC=66,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 150: Total pressure loss contours at β1=8°, ReC=227,500, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 151: Total pressure loss contours at β1=8°, ReC=568,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 152: Total pressure loss contours at β1=8°, ReC=227,500, M=0.35 under low (A) and
high (B) turbulence conditions.
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18° Total Pressure Loss Contours: Low and AC Turbulence

A

B

Figure 153: Total pressure loss contours at β1=18°, ReC=50,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 154: Total pressure loss contours at β1=18°, ReC=66,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 155: Total pressure loss contours at β1=18°, ReC=227,500, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 156: Total pressure loss contours at β1=18°, ReC=568,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 157: Total pressure loss contours at β1=18°, ReC=227,500, M=0.35 under low (A) and
high (B) turbulence conditions.
28° Total Pressure Loss Contours: Low and AC Turbulence

A

B

Figure 158: Total pressure loss contours at β1=28°, ReC=50,000, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 159: Total pressure loss contours at β1=28°, ReC=66,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 160: Total pressure loss contours at β1=28°, ReC=227,500, M=0.72 under low (A) and
high (B) turbulence conditions.
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A

B

Figure 161: Total pressure loss contours at β1=28°, ReC=568,000, M=0.72 under low (A) and
high (B) turbulence conditions.

A

B

Figure 162: Total pressure loss contours at β1=28°, ReC=227,500, M=0.35 under low (A) and
high (B) turbulence conditions.
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Kinetic Energy Loss Contours

A

B

C

D

E

F

G

H

Figure 163: Kinetic energy loss contours at ReC=66,000 vs. inlet angle: (A) 40°, (B) 34.2°,
(C) 28°, (D) 18°, (E) 8°, (F) -2.6°, (G) -12° and (H) -17°
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