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(ABSTRACT)

The capability for experimental assessment of unsteady shock wave effects on turbine
blade performance has been developed. A novel shock-generation system utilizing a
shotgun blast has been implemented into the Virginia Tech Wind Tunnel Transonic
Cascade Facility. Specialized optical systems and high-performance pressure

instrumentation were utilized to obtain both qualitative and quantitative information.

Shadowgraph photos of the unsteady shock wave propagation through the cascade
indicate presence of a vortical region and its movement from the blade surface into the
passage flow. A previously unseen distortion of the trailing edge shock wave is also
identified. High-frequency blade surface pressure measurements reveal large fluctuations
in surface pressure during shock passage. An estimate of unsteady blade lift is made
which reveals a 120 percent peak-peak variation. Furthermore, an approximated loss
coefficient was determined to fluctuate as much as 40 percent near the blade passage
center. Comparisons are made with previously-published experimental and analytical

results.
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1.0 Introduction

During the past decade, aircraft gas turbine engine designers have become increasingly
interested in unsteady effects on turbine blade performance. Numerous studies have been
published which indicate that unsteady flow phenomena in the turbine stages have
significant effects on blade performance. As a result, the general design assumptions of
steady or quasi-steady flow have fallen under increasing scrutiny. In response to these
relatively new findings, turbine blade designers are currently attempting to incorporate
knowledge of unsteady flow behavior into new designs. Therefore, the demand for

experimental data on unsteady phenomena in turbine stages has risen dramatically.

As described by Doorly [1], three major sources of flow unsteadiness exist in the
interaction between adjacent turbine rotor and stator rows. Two of these, potential
interaction and wake-passing effects, have received considerable attention in published
literature (see chapter 2 for more detail). The third source of unsteadiness, shock-wave
passing, has received somewhat less attention, especially in the areas of blade lift and
profile loss. Therefore, it was the purpose of this research effort to develop an
experimental method for advancement of the current understanding of unsteady shock

wave effects on transonic turbine blading.

Shock waves produced at the trailing edges of transonic turbine rotor and stator blades
impinge directly on the downstream blade row in an unsteady fashion. This periodic
“chopping” of blades through the shock waves has been shown to have considerable

effects on blade surface pressures and heat transfer [1-6]. It has been proposed by Giles
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[6] that significant fluctuations in blade lift and a subsequent increase in stage loss may
also result from this unsteady shock wave passage. In any case, very limited
experimental information is currently available concerning unsteady shock effects on

blade lift and loss.

The use of fully-rotating turbine rigs for detailed studies of shock wave effects is severely
limited by high cost and mechanical complexities. Furthermore, as mentioned by Doorly
[7], difficulties in flow visualization and instrumentation of rotating rigs are additional
handicaps. Researchers at Oxford University have proven the capabilities of a rotating
bar shock generator in simulating the unsteady shock wave propagation of an actual
transonic turbine engine [1-5,7]. It was therefore the purpose of this Virginia Tech
research project to develop a similar or alternate means of simulating the shock wave /
blade interaction. The scope of this project included development of the shock
generation method for implementation in the Virginia Tech Wind Tunnel Transonic
Cascade Facility. Although conclusive results of shock wave effects on blade lift and
loss were desired, it was understood that the major research emphasis was to be placed on
developing a capable means of simulating the shock waves and photographing the shock

propagation through the turbine blades.



2.0 Literature Review

As mentioned in the previous chapter, turbine stage flow unsteadiness originates from
three general sources — potential interaction, wake passing, and shock wave propagation.
Numerous studies have been published concerning unsteady potential and wake effects,
somewhat fewer on shock effects, and still fewer concerning the effects of unsteady
shock waves on blade lift and loss. Included below is a survey of work related to each of
these fundamental areas. As may be expected, emphasis is placed on the shock wave-

related literature because of its relevance to the present study.

2.1 Potential Interaction

As Doorly [8] explains, this form of unsteadiness stems from the relative motion between
adjacent rotor and stator rows which results in a periodically varying inviscid flowfield
for each blade. The extent of variation is inversely proportional to the row spacing.

Studies on the potential interaction may be found in References 9-17, among others.

2.2 Unsteady Wake Effects

Associated with each turbine blade, whether rotating or stationary, is a low velocity wake

region emanating from the trailing edge. As the downstream blade row periodically



“chops” through the wakes of the blades directly upstream, they are subjected to varying
inlet velocity, flow incidence angles, and turbulence. Studies of unsteady wake effects

are included in References 1,2,4,7,8, and 18-27, as well as various other publications.

2.3 Unsteady Shock Effects

In the case of turbine stages operating transonically, shock waves are produced at the
trailing edges of both stator and rotor blades. These shock waves extend downstream and
impinge directly on the succeeding blade row in an unsteady manner. Shock waves from
the rotor blades travel with the blades, therefore impacting the downstream stator row
periodically at the rotor blade passing frequency. In a similar fashion, rotor blades
periodically “chop” through the stationary stator shocks, also at the rotor blade passing
frequency. Needless to say, this shock behavior creates an extremely unsteady flowfield

for the rotor and stator rows, affecting the blade performance in numerous ways.

Literature dealing with experimental studies of the effects of unsteady shock passing has
been limited to the published works of researchers at the Oxford University Isentropic
Light Piston Tunnel [28,29]. Beginning in the early 198(0’s, several studies at this facility
have been published concerning unsteady shock effects as measured using a rotating bar
shock generator [7,30]. The first of these studies, by Doorly and Oldfield [7], was
conducted on a stationary cascade of first-stage turbine rotor blades. Shock waves
produced by the upstream stator row in an actual engine were simulated using the rotating
bar shock generator, a circular array of stranded steel wires spun at supersonic velocities
relative to the cascade inlet flow. Heat transfer measurements on the blade surfaces
indicated that the shock wave passing contributed to the initiation of turbulent patches in

an otherwise laminar suction surface boundary layer.
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A more detailed study of shock effects was presented by Doorly and Oldfield [1], using
the same experimental arrangement as in Reference 7. This paper includes a relatively
detailed analysis of the effect of weak shock waves on blade boundary layer transition
and heat transfer. Their results indicate the presence of a “separation bubble”, induced by
contact of the shock wave with the blade suction surface. A sudden rise in heat transfer
on the suction surface is attributed to a turbulent boundary layer patch which remains
after collapse of the bubble. They found little effect of direct shock impingement on the
heat transfer rate in a laminar boundary layer, and only slightly more in a tripped
turbulent boundary layer. This paper also proposed that the shock wave does affect the
boundary layer transition process associated with a wake. Several unsteady blade surface
pressure plots are included which show pressure spikes due to the weak bow and

recompression shock waves produced by the rotating bars.

Ashworth et al. [2], conducted a study at Oxford on a highly loaded rotor profile with
stronger shock waves. In this case, the turbulent boundary layer patch was reported to
move upstream along the blade surface toward the leading edge — the patch due to the
weaker shocks in Doorly [2] was shown to be swept toward the trailing edge. Strong
spikes in heat transfer were again attributed to a shock-induced boundary layer

separation-reattachment process.

Johnson et al. provide a more complete description of the mechanisms responsible for the
shock-induced heat transfer fluctuations [3]. This study presents a new theoretical
compression heating model in addition to experimental data obtained with the Oxford
rotating bar apparatus. Johnson introduces the idea of “compression heating” which leads
to thermal conduction in the boundary layer close to the wall. The rapid pressure
fluctuations associated with the shock passing are said to heat the boundary layer fluid by

adiabatic compression. This behavior results in high conductive heat transfer at the
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surface. Therefore, a theoretical model is described which predicts the fluctuating heat
transfer levels using unsteady blade surface pressure data. Johnson concludes the paper
with an outline of the various mechanisms which each contribute to the shock-induced

heat transfer fluctuation.

Additional information on shock wave effects is presented by Johnson et al. [4].
Unsteady blade surface pressure plots indicate large pressure spikes associated with
impingement of the recompression shock wave in addition to small pressure increases
from the bar bow shocks. A detailed sequence of Schlieren photos provides an
understanding of the shock wave propagation through the cascade. Furthermore, a plot of
time-averaged blade lift is included which indicates some reduction in lift due to suction
surface shock effects. Johnson et al. [5] offer a new explanation for the heat transfer
spikes reported in References 1-3, and 7. In previous studies, the “bubble” identified in
Schlieren pictures had been attributed to transient boundary layer separation. Johnson, on
the other hand, proposes that a “vortical bubble” results from the shock wave bifurcation
which occurs near the leading edge of the blade. The bubble encloses a strong vortex
which pulls hot gases from outside the boundary layer to the blade surface, thus creating
a sudden increase in surface heat transfer. Further discussion of References 4 and 5 is

included in the results section of this thesis.

All discussion of unsteady shock studies up to this point has centered on results obtained
in the Oxford University Wind Tunnel facility. It appears that the only additional
literature concerning unsteady shock effects on transonic blading is a theoretical study by
Giles [6]. Giles used an inviscid numerical code with time-inclined computational planes
to model the formation and motion of shock waves. Included in Reference 6 is a
sequence of computer-generated pressure contours indicating the behavior of shock wave

interaction between subsequent blade rows. Giles’ predictions show reasonable
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agreement with the Schlieren photos taken at Oxford University. The paper also provides
plots of unsteady lift for the rotor and stator blades. In the case of the stator, a 6% peak-
to-peak variation is noted. However, the code predicts a 40% peak-to-peak variation in
rotor lift, including several abrupt changes. Giles proposes that the highly unsteady lift
will be accompanied by an unsteady trailing edge vortex sheet. Dissipation of kinetic
energy associated with this vortex sheet may produce substantial loss increases for the
rotor blades. Further discussion of Giles’ work is included in the results section of this

thesis.

It is quite apparent that much work is still necessary for complete understanding of the
effects of unsteady shock interaction on transonic turbine blades. In particular, no
experimental data exists on unsteady loss for transonic blades under the influence of
passing shocks. Therefore, the research presented in this thesis has aimed to develop
experimental methods for better understanding of unsteady shock wave propagation and

its effects on blade lift and loss.



3.0 Test Facility

As mentioned previously, it was the goal of this research effort to develop an
experimental method for advancement of the current understanding of unsteady shock
wave effects on transonic turbine blading. The experiment was to be designed for use in
the Virginia Tech Wind Tunnel Transonic Cascade Facility in Blacksburg, Virginia. The
tunnel is a blowdown type, fed by four large, reciprocating compressors via storage tanks.
Flow conditions to the test section are controlled by a pneumatic, electronic feedback-
controlled valve. The tunnel is typically capable of 18 second run times. Figure 1 is a
schematic of the wind tunnel indicating the main features of the facility. More detailed

explanations of the wind tunnel facility are provided by Bertsch [31] and Doughty [32].

The experiment was intended to be general insofar as the turbine blade profile selection.
In an actual transonic turbine stage, both the rotor and stator rows experience the effects
of unsteady shock waves from upstream blades. Therefore, selection of rotor versus
stator blading was not considered to be critical. An existing cascade of turbine blades
which had previously undergone steady-state tunnel tests was chosen for this experiment.
These blades were approximately one third larger than the turbine rotor blades of a
modern transonic turbine engine and were modified at the leading edge for zero degree
inlet and incidence angles in the tunnel. Figure 2 is a plot of the blade surface Mach

number distribution under steady flow conditions.



Figure 3 shows a schematic of the cascade test section. As indicated, the vertical cascade
consists of eleven blades numbered 1 to 11 from bottom to top. Blade passages are
lettered A to J, also from bottom to top. Also shown on Fig. 3 are two sets of static
pressure taps located just downstream of the cascade in one of the plexiglass endwalls.
The taps located 6.35 mm in the axial direction behind the cascade are used to measure
the isentropic exit Mach number for each run — this number is computed based on the
average of the 13 taps ratioed with the cascade upstream total pressure. The second set of
taps shown in Figure 3 was not utilized in this experiment. For information regarding the
data acquisition system used to obtain the isentropic Mach number measurement, refer to
Bertsch [31]. It should also be noted that the cascade exit Mach number could be set

anywhere in the range from 0.7 to 1.35 for any given run.

Figure 4 gives a better indication of the blading geometry used in this experiment. Blade
dimensions, as noted on Fig. 4, are axial chord = 3.81 cm, blade spacing = 3.72 cm, and
true chord = 4.61 cm. As mentioned previously, the blades are oriented in the cascade for
zero degree inlet and incidence angles. Figure 5 is a shadowgraph photo of the blades
under steady-state flow conditions at a near-design Mach number of 1.16. Arrows are
included to indicate trailing edge shock waves. The reader is warned not to confuse the
shock waves with the static pressure tap tubing in the photograph. The nearly horizontal
shock waves emanating from the blade trailing edges are the shocks which produce the
unsteady effect on the downstream blade row in an actual turbine engine. Corresponding
shocks from transonic stator blading would be very similar in structure to the rotor blade

shocks of Figure 5.

Again, readers interested in more detailed descriptions of the wind tunnel facility and
data reduction techniques are encouraged to consult the earlier theses of Bertsch [31] and

Doughty [32]. However, it should be mentioned that, in this experiment, determination
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of the cascade isentropic Mach number was the only data reduction technique common to
the previous studies at this facility. Therefore, discussions of the mass-averaged loss
coefficient and traversing pressure probe found in References 31 and 32 do not apply to
the present study. Later sections of this thesis include further explanation of

instrumentation used in this experiment.
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4.0 Experimental Method

Capability for reliable, steady-state, transonic turbine cascade measurements has existed
for the past several years at the VPI Transonic Cascade Facility. Results from previous
studies have been published by Collie et al. [33] and Moses et al. [34]. An overall review
of the facility and its capabilities is presented by Moses et al. [35]. Furthermore,
Doughty et al. [36] includes results from a solidity study in a paper to be published in the
near future. However, no capability previously existed for study of unsteady shock wave
passing effects on transonic cascades at the VPI facility. Therefore, development of
adequate experimental test apparatus was necessary before any data on shock effects
could be obtained. This chapter presents an overall review of the hardware development
and assessment which was accomplished in preparation for actual wind tunnel test data.
Descriptions of several designs and methods which did not perform adequately are

included to prevent future workers from repeating earlier failures.

4.1 Optical Systems

In order to facilitate clearer descriptions of test procedures in later sections of this thesis,
it is first necessary to introduce the optical systems utilized for assessment of hardware
designs. In general, two separate optical systems were applied in the unsteady shock
experiments — shadowgraph still-photographs and shadowgraph high-speed movies.

These are presented in separate sections below.
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4.1.1 Shadowgraph Still-Photographs

As discussed in a later section of this thesis, the various alternatives for simulating the
unsteady shock passage all generate shock waves with very high propagation velocities
(greater than M=1.0). Obviously, waves moving at these very high speeds are virtually
impossible to view with the naked eye. Therefore, in order to assess the characteristics of
shock wave propagation, a shadowgraph optical system was developed by the author. By
exposing the second derivative of flow density gradients, the shadowgraph technique
allows for optical isolation of shock waves from other flowfield phenomena. One vital
requirement of the system for the present application was the ability to “freeze” the high-
speed propagation of the shock wave so that it could be captured clearly on film.
Therefore, an extremely short-duration light flash was required. A Xenon High Intensity
Nanopulse System was chosen as the light source. This system consists of a
Novatron-789B Nanopulse Lamp and Model-437A Nanopulser as the driver. Features of
the Nanopulse system include a 20 nanosecond flash duration, 1.59 mm arc length, and
external trigger capability. The combination of short duration flash and nearly “point-
source” light allowed the Nanopulse Lamp to perform exceptionally as the shadowgraph

system light source.

A schematic of the overall shadowgraph system is shown in Figure 6. As identified on
Figure 6, the major components include: the Nanopulser light source; 305 mm diameter
collimating mirror; a 152 mm diameter focusing mirror; and a shutterless Polaroid
camera. ASA 3000 Polaroid black-and-white high speed film was used for all of the

shadowgraphs.

Another major requirement of the shadowgraph system was the capability to accurately

synchronize the Nanopulser flashing with any specific position along the shock wave

_ 12—



propagation. This feature would be particularly necessary in obtaining a detailed
sequence of shadowgraphs to indicate the shock propagation patterns. Therefore, an
electronic time-delay circuit was developed to control the timing of the Nanopulser flash.
This circuit was utilized in two distinct configurations. Originally, the circuit was
designed to receive activation when the shock wave burst a small strip of foil. This
arrangement was used in all pretesting of the shock-generating hardware, and will be
discussed more fully in a later section. The second circuit configuration, utilized in the
final wind tunnel tests, allowed for activation by a shock wave-induced voltage spike.
Again, a more detailed discussion is presented in a later section. In both configurations,
the time-delay circuit could be user-adjusted to accurately synchronize the light flash with
any desired shock location along its propagation. Furthermore, the time-delay circuits
were carefully calibrated on an oscilloscope, enabling the user to correlate a specific
circuit delay setting with an actual time value. Electrical schematics of the two time-
delay circuit arrangements are included as Figures Al and A2 in Appendix A of this

thesis.
4.1.2. Shadowgraph High-Speed Movies

As an alternative means of obtaining shadowgraph images of the shock wave
propagation, shadowgraph high-speed movies were recorded. The advantage of high-
speed movies over still shadowgraphs is the capability of the movies to obtain a sequence
of pictures showing different shock positions within the same shock propagation. In
contrast, only a single still shadowgraph could be obtained during each shock
propagation. (Processing time, however, is much quicker for the still pictures due to the

Polaroid format.)
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Shadowgraph movies were recorded using a HyCam II 16 mm high speed rotating prism
camera. Maximum framing rate for this model is 11,000 pictures per second in full-
frame format. The camera was equipped with a TV-type zoom lens for greater
versatility. In contrast to the still-shadowgraph system, movies required a constant high-
intensity light source throughout each run. This light was provided by a 100 W mercury
arc lamp rated at 170,000 cd/cm?. The lamp was driven by a 100 W DC power supply
containing less than 1 percent AC ripple. Although higher wattage lamps were available,
the 100 W model was used due to its small arc size (to better simulate a point light

source) and high average luminance.

Figure 7 is a schematic of the shadowgraph movie system. Identified on the schematic
are the light source, focusing lenses, collimating mirror, ground glass, and camera. In
contrast to the still-picture system, the shadowgraph images for the movie setup were not
projected directly onto the film due to its small size (16 mm). Therefore, a plate of
ground glass was situated directly behind the test location to provide a projection surface

for the images. The camera was subsequently focused at the ground glass.

In order to “freeze” the high-speed shock motion on film, the camera had to be run at its
maximum framing rate (11,000 pps). With a minimum expected shock velocity of
approximately 335 m/s and an exposure time per frame of 36 microseconds (at 11,000
pps with standard 40 percent cycle time shutter), the shock could be expected to move
approximately 1.22 cm during the exposure time of a single frame. Movies taken under
these conditions proved unable to adequately freeze the shock motion for meaningful
analysis. Therefore, special shutters were ordered to reduce the exposure time to 20
percent or 10 percent of the framing cycle time. Movies taken with each of these shutters
suffered from lack of light, and were therefore also unhelpful. Numerous attempts were

made to increase the light input to the movie film, including careful arrangement of the
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light source / lens system to maximize brightness, searches for better ground glass
materials, elimination of the ground glass completely, and adjustment of the camera lens
aperture settings. However, no combination was found to produce acceptable high-speed
movies. Fortunately, as will be discussed later, very accurate sequences of still
photographs were obtained which provide extremely useful information of the shock
propagation. It should be mentioned that although high-speed movies were not
successful in filming the unsteady shock passage, these movies did prove to be extremely
useful in capturing the relatively low-frequency fluctuations of the cascade trailing edge

shock waves during “steady” tunnel flow.

If high-speed movies do prove to be necessary in later studies, the author recommends
use of a Photec high speed movie camera. Its lower f2.8 internal aperture could allow
considerably more light input to the film than the HyCam II camera. Furthermore, an
optical arrangement allowing for projections of the shadowgraph image directly onto the
16 mm film might provide adequate light. However, there is a good possibility that light

flare may occur, reducing image contrast.

4.2 Shock-Producing Hardware

The Virginia Tech Wind Tunnel Transonic Cascade Facility had previously contained no
provision for generation of unsteady shock waves. Therefore, an initial task of the
project was to first select, and then design and construct, hardware for unsteady shock
generation. The following sections describe the procedures taken by the author for
selection, design, fabrication, assessment, and implementation of a shock generating

system.
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4.2.1 Discussion of Alternatives

Several alternatives for producing unsteady effects in wind tunnels have appeared in
previous literature. The sole device for shock wave generation to date was designed by
Doorly at Oxford University and is discussed in References 1,7, and 30. This rotating bar
shock generator consists of a circular array of stranded steel wires, all cantilevered from a
central disk. The device is situated such that the wires pass through the wind tunnel side
wall in front of the cascade. An air-driven turbocharger is used to spin the disk at speeds
high enough to pass the wires through the tunnel at supersonic Mach numbers relative to
the cascade inlet flow. Each wire subsequently generates a pair of shock waves as it
passes through the tunnel — a bow shock from its leading edge and a recompression
shock slightly behind the bow shock. Accompanying each pair of shocks is a wake,
simulating the unsteady flow at the inlet to a turbine stage. The device can also be spun
at lower speeds for studies of wake effects only. A similar system has been developed by

Dullenkopf et al. and is discussed in the wake-effect study of Reference 20.

The rotating bar shock generator has evidently performed very well, and has led to great
advances in the understanding of unsteady wake and shock effects as presented in
References 1-5,7,8,27, and 30. However, circumstances of the current VPI study
necessitated use of a simpler design to reduce costs and developmental time. This study
was intended to be an introductory examination of shock effects and therefore possessed
a relatively low budget. The mechanical complexities associated with a high speed
rotating mechanism demand time and resources which were simply unavailable to this

project.

An alternative means of unsteady wake production has been utilized by Pfeil et al. [21],

Priddy and Bayley [37,38], and Liu and Rodi [22]. In each of these cases, a rotating
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“squirrel-cage” device was applied. The squirrel cage consists of a circular cylinder of
equally-spaced bars which is rotated about an axis parallel to the leading edge of the test
model. In none of these studies was the arrangement spun at speeds high enough to
produce shock waves. The squirrel-cage design, as applied to shock wave generation,
would suffer from similar mechanical complexities as the rotating bar shock generator.
Again, time and budget restrictions precluded this device from serious consideration for

the VPI study.

Paxson and Mayle [23] utilized a catapult mechanism in their study of unsteady wake
effects. This device consisted of a small diameter rod which was projected vertically,
upstream of the cascade, by a “cross bow”-like catapult mechanism. Typical speed of the
bar was 10 m/s for their experiment. A similar arrangement was considered for the
current VPI study. It was proposed that a vertically-spaced “ladder” of bars could be
catapulted upstream of the transonic cascade at supersonic relative Mach numbers.
However, the idea was abandoned for lack of a suitable means of catapulting the ladder at

supersonic velocities.

A shock tube system was also considered as a means for producing unsteady shock
waves. Merritt and Aronson [39] demonstrated the capability to fire a shock tube
generated shock wave into a supersonic wind tunnel test section for the study of bow
wave-blast wave interactions. Utilizing a pressure-burst diaphragm shock tube, they were
able to generate variable-strength single shock waves which could be shaped and directed
to travel as desired into the wind tunnel. This method of shock generation is limited to
single-shot shock production, a disadvantage as compared to the rotating arrangements.
However, production of repeatable single shocks could be a workable solution since data

from separate shocks could be compared and coupled. Overall, design and construction
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