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(ABSTRACT) 

Turbine aerodynamic designers are currently focusing on unsteady 

passage flow to increase turbine performance. In particular, for high 

pressure turbine stages the effects of wakes and shocks shed from an 

upstream blade row on the downstream blade row need to be understood. 

Also, experimental data is needed for comparison with unsteady three- 

dimensional turbine stage calculations. 

Previous simulations of the unsteady shock/wake inlet flow field for a 

turbine rotor or stator used a rotating disk with radial bars upstream of a 

linear cascade. An alternate method of shock generation is developed here 

using a capped shock tube with multiple outlets to get a traveling system of 

three shock waves. Different lengths of tubing are used to get time delays 

between the shocks, which are then introduced at the top of a linear 

cascade of turbine blades and travel downwards (tangentially) along the 

leading edge. Advantages of this method include the absence of wakes and 

excellent two-dimensionality of the inlet shock waves. The period of the 

incoming shocks is easily adjustable to simulate different Strouhal 

numbers. 

Unsteady measurements of upstream total pressure, blade static 

pressures, and uncorrected downstream total pressure are made for a 

transonic mean flow with introduction of traveling shocks at M=1.3. An 

analytical solution (Bach and Lee, 1970) for the decay of cylindrical shock 

waves is used to estimate the behavior of flow variables other than 

pressure at the cascade inlet. The unsteady total pressure loss of the blade 

passage and the unsteady blade forces are measured with one shock



passing and with three shocks passing at periods of 0.055 and 0.200 

milliseconds. Loss is estimated as the normalized difference in unsteady 

total pressures and blade forces are integrated from seventeen unsteady 

surface pressure measurements. 

The Strouhal number for the 0.200 msec case is 2.9, which is typical of 

a high-pressure turbine nozzle or rotor. Periodic behavior in blade force 

and loss are observed for this case. Blade lift shows peak-to-peak variation — 

of 6% and the estimated loss fluctuates by 100%. No change is observed in 

the average level of loss due to the incident shock waves.
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1.0 INTRODUCTION 

The current emphasis in the design of high work turbines for gas turbine 

engines is on unsteady flow. It is believed that most of the aerodynamic 

improvements leading to increased turbine efficiency from a steady point of view 

have already been made. Thus, in the continuing quest to improve efficiency, the 

unsteady flow field is being examined. Advancements in computational ability 

have also led to unsteady three-dimensional calculations of turbine stage flow, 

mostly inviscid. These calculations suggest significant fluctuations exist in blade 

heat transfer and surface pressures as a result of the impingement of wakes and 

shocks from the upstream blade row. 

Fluctuations in blade heat transfer as a result of shock and wake impingement 

are of primary importance. From a blade design point of view, if the heat transfer 

is under-predicted, massive engine failures can result. Correct prediction of blade 

heat transfer is especially important for the high pressure turbine stages, where 

hot combustor gases enter the turbine. Even though high-temperature alloys are 

used to manufacture the blades in the high pressure stages, refractive coatings are 

applied, and film cooling is extensive, these blades operate at the thermal limit of 

their strength. Small errors in predicting the correct level of heat transfer can 

lead to failure. It is thus necessary to understand the effect of unsteady flow on 

the blade heat transfer. 

Similarly, the effects of unsteady flow on turbine aerodynamic performance 

need to be understood. For example, it was observed that when a transonic high 

pressure (HP) turbine stage is coupled with a low pressure (LP) turbine stage, the 

efficiency of the coupled stages is much less than the expected combined 

efficiency (Shelton, personal communication). Apparently the flow exiting the 

high pressure turbine severely disturbs the performance of the downstream 

turbine. The reduction in performance may be caused by trailing edge wakes and 

shocks from the HP rotor, potential flow effects, or a combination of these factors. 

In particular, it is believed that the trailing edge shocks from the HP rotor cause a 

performance decrease in the LP turbine. The HP turbine trailing edge shocks are 
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suspect because of the supersonic rotor exit flow, resulting in significant shock 

strengths. Few experiments to date have focused on the effect of the HP rotor 

trailing edge shocks on the LP nozzle performance. Full rig tests are useful for 

attacking this problem, but they also include the wake and potential flow effects, 

which are not easily separated from the shock effects. Other experiments targeted 

the effect of shock waves on heat transfer, but not on blade aerodynamics. 

The aim of the present research is to investigate the effects of incident shock 

waves on the flow in a turbine blade passage. A linear cascade of turbine blades is 

subjected to multiple traveling shock waves, passing tangentially along the 

cascade leading edge. This simulates the interaction between an upstream nozzle 

and a downstream rotor in a stage or the interaction between stages (upstream 

rotor and downstream nozzle). To correctly simulate the direction of relative 

velocities between blade rows, the shocks travel downwards along the cascade 

leading edge, impacting the suction side of the blades before the pressure side. 

The cascade chosen for the research has a high pressure turbine blade profile 

from a current large commercial engine. The high turning profile of the original 

blade was modified, however, to allow for an axial inlet to the cascade. The 

modified blade has a total of 68 degrees of turning and a design exit Mach 

number of 1.2. To simulate coupled blade rows of this type, a passing shock Mach 

number near 1.2 is desired upstream of the cascade. 

Several methods have been used by other researchers to simulate shock 

passing on blade rows (see Chapter 2, Related Research). The current experiment 

uses a capped shock tube to create an incident wave. The system of traveling 

shock waves is then produced by splitting the incident shock into three parts at 

the shock tube cap and introducing a time delay between the separate shocks with 

different duct lengths. Three shocks are made with the shock tube in this way, 

and they are put into the top of the cascade test section. They then travel as a 

system of waves tangentially along the leading edge of the cascade. It is 

important to note that this simulation is transient in nature, while most if not all 

other published experimental data was gathered with devices capable of 

generating periodic shock waves. The transient nature of the experiment has 

inherent advantages and disadvantages which will be discussed. 
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The primary aim of this work is to determine the effect of passing shocks on 

the cascade flow field, as indicated by changes in blade force and loss. The effect 

of shocks on blade forces is determined with a pressure instrumented blade 

capable of measuring high frequencies. Unsteady blade static pressures are 

measured around the blade perimeter and integrated to get the blade forces. 

Unsteady total pressures are measured upstream and downstream of the blade, 

with ten downstream measurement locations per blade pitch. Unsteady losses, in 

the simplest form of unsteady normalized total pressure difference, are then 

calculated. Spark shadowgraphs are used to verify the shock wave presence and 

propagation patterns. In particular, the relative changes in lift and loss as a 

function of time are of interest, rather than the absolute level. No attempt will be 

made to characterize the losses as a single loss value; rather the time history will 

be examined and discussed. 

An important parameter in the shock passing problem is the spacing (in time 

or space) between the arriving shock waves, as seen by a blade in the cascade. 

The several possibilities are: shocks are isolated events, one shock is incident on 

the blade passage at a time, or more than one shock arrives before the previous 

incident shocks leave the blade passage. For an equal number of stators and 

rotors in a stage, only one shock crosses a blade passage at a time. A typical high 

pressure turbine for a commercial engine has upstream to downstream blade 

count ratios in the range 0.5 to 1 (Shelton, personal communication). Thus 

incident shocks are typically seen by a blade row as separate events. When 

comparing the timing of shocks in an engine environment with the current 

experiment, similarity must be considered. The parameter of interest is the 

Strouhal number, which relates blade passing period to the time required for the 

mean flow to pass through the blade. 

The present experiment uses multiple shocks at two different passing periods. 

A single shock case is also done for comparison purposes. The case which most 

closely represents similarity with engine conditions is a shock period of 0.200 

msec, where shocks are seen by the blade passage as individual events. The 

second case, not typical of engine conditions, is a shock period of 0.055 msec, 

resulting in two shocks crossing a blade passage at a time. That is, before the first 

shock has left a blade passage, the second shock enters the passage. The 0.055 
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msec period, while not typical, certainly represents a possible engine condition. 

We intended to see if any fundamental differences emerged between the two 

multiple shock cases that could be attributed to the change in shock spacing. 

The idea of creating a traveling system of shock waves was not spontaneous, 

but was inspired by a photograph in the shock literature. In particular, the 

photograph (Figure 1.0) appeared in a review paper (Oertel) and was attributed to 

H. Schardin, a pioneer in shock visualization. The picture shows a sequence of 

many reflected waves traveling together, perpendicular to the axis of the shock 

tube which produced the incident wave. The reflections were produced by a set 

of descending steps in the shock tube bottom wall, each step producing a 

reflection. As a first attempt, then, Schardin’s experiment was to be duplicated 

and perhaps adapted to introduce the reflected waves tangentially into the 

cascade test section. In principle, the spacing between the shock waves could be 

varied by changing the step size. In the end, the stair-step method was not used, 

but much was learned in the attempt. 

A system of traveling shock waves which are not attached to any moving body 

has several merits. First, there are no wakes which would be produced by a 

moving body such as a traveling bar or wire. Most importantly, the shocks which 

are produced are nearly two-dimensional. That is, the shocks are almost linear 

and are parallel with the leading edges of the blades in the cascade. The other 

important advantage to the traveling shock method is the timing flexibility. 

Ideally, nothing limits the spacing between the shock waves; they can be as close 

together as the experimenter desires, short of running together. The common 

method of producing shocks for cascade simulations, the rotating bar mechanism 

(see for example Doorly), is not capable of good two-dimensionality. The rotating 

bar method, however, does provide re-attachment expansion waves immediately 

behind the shock waves. This allows a faster pressure and flow incidence 

recovery after the shock, to better simulate an upstream blade row. The rotating 

bar method is not able to simulate isolated shocks at typical engine frequencies, 

but produces both shocks and wakes. Isolated shocks can be simulated with only 

a few bars on the disk, but at large time delays between the shocks. 
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1.1 Conceptual Design 

The shock tube method of producing multiple traveling shock waves was 

settled on after eliminating several other methods. The other methods considered 

are briefly discussed below. 

A resonator capable of producing a periodic pattern of multiple shock waves 

is the stepped Hartmann-Sprenger tube (Neemeh). This is an area-stepped tube 

which faces a nozzled shock tube and forms a resonant cycle of transmitting and 

reflecting shock waves when the shock tube is fired. The stepped tube is capped 

at the end opposing the shock tube. By mechanisms discussed later, the incident 

shock is partially reflected and transmitted from the area changes to produce a 

periodic pressure history with no amplitude decay during the run time. This can 

be used, for example, to produce very high temperatures for short durations. The 

period of the pressure oscillations is determined by the tube length, and the 

amplitude by the area ratio of the steps. By putting a hole in the end cap of the 

stepped tube, the emitted periodic shocks could be introduced into the cascade. 

This method was not attempted. 

Previous research at Virginia Tech was done using a shotgun firing blanks to 

produce a single traveling shock wave (Collie). A logical extension of that method 

would employ several explosive devices to produce more than one shock wave. 

Multiple shotguns or impulse cartridges (used to eject flares on military aircraft) 

could be fired in sequence, with the blasts directed into the test section. However, 

this method is not feasible due to the uncertainty of combustion ignition timing 

(and mechanical triggering, which could be avoided with electronic igniters), 

which is generally on the order of 10 msec (too large by a factor of 10000). 

The single shotgun method was considered, along with Schardin’s stair-steps, 

as a method to produce multiple shocks. Preliminary experiments were not 

productive; only very weak and distorted reflected shocks were observed. Further 

investigation revealed that Schardin’s method only produced clean reflections 

from the steps if the incident shock was weak enough to have a subsonic induced 

velocity behind the shock wave (Schardin). The shotgun produced a stronger 

wave. Also, the descending steps were placed in the open air of the lab, rather 

than in an enclosed shock tube. This caused a drastic decrease in shock strength. 
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We concluded that the weak shocks required to get good reflections from the stair 

steps would not give reflections strong enough to propagate into the test section, 

except as Mach waves. A source of stronger periodic shock waves was needed. 

The short time between the shock wave and the gas interface, a characteristic 

of the shotgun blast, caused problems also. Even if clean reflections were 

produced by the stair steps (the first reflection was usually good), they were 

subsequently wiped out by the gas interface. This problem would also arise in 

any multiple-shotgun scenario, or if the shotgun blast were split similarly to the 

shock tube method. A sabot was introduced into the gun barrel to produce a bow 

shock wave separated from the combustion gases, but even close tolerances did 

not prevent the leakage of gases and contamination of the flow behind the shock. 

Consequently, the shotgun was abandoned in favor of the shock tube. Fora 

shock tube with fifteen meters of total length (five meter driver), the test time 

between incident shock and gas interface is orders of magnitude longer (even at 

high pressure ratios) than for the shotgun. An endcap was added to the shock 

tube, with three outlet holes in the cap to split the incident shock into three parts. 

Time delays between the three shocks were then introduced with variable length 

flexible ducts between the shock tube and the test section. To change the shock 

dimensions from round in the ducts to a rectangular shape at the test section, 

transition ducts (“shock shapers”) were designed. The design of the shock 

shapers is discussed in detail in Experimental Design. The shock shapers are 

necessary to get clean transmission of the shocks into the test section, and to 

produce shocks parallel to the cascade leading edge. 

The most difficult challenge in the design of this experiment was preventing 

the multiple shocks from running into each other. This is the natural tendency of 

the shock waves. Shocks of the same strength following each other in a duct must 

ultimately combine into one shock wave, because of the increase in sound speed 

behind each shock. Thus, the shocks propagating along the cascade tend to 

coalesce. The trick is to adjust the timing between the shocks so that they are 

equally spaced as they cross the blade passages of interest. A systematic 

approach is vital to the success of the timing adjustment, by building from a 
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single shock up to three shocks in steps. In this way, it is clear from the observed 

pressure traces when the shocks are arriving. 
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2.0 RELATED RESEARCH 

2.1 Experiments 

Recent work carried out at Oxford University has advanced the understanding 

of shock wave propagation in turbine blade passages. The Oxford researchers 

used a high-speed rotating disk with radial bars on the circumference to simulate 

an upstream nozzle guide vane (NGV) row. The disk was spun in front of a 

cascade of highly loaded rotor blades (i.e. transonic) to simulate the effects of the 

NGV on the rotor. In particular, the bar system was used to generate both shocks 

and wakes. Periodic shocks and wakes were produced with many bars on the disk, 

while only two bars on the disk gave isolated shock/wake events. Each rotating 

bar generates a bow shock wave, a wake, and a recompression shock wave. This is 

different from the flow produced by a NGV, which has no bow shock. However, 

the rotating bars do generate an expansion wave between the bow and 

recompression shocks, which simulates the actual case of an NGV trailing edge. A 

disadvantage of the rotating bar method is the three-dimensionality of the shock 

waves. That is, the bars are only parallel to the blade leading edges at the instant 

they pass them because of the rotation of the disk. 

Two papers by Johnson et al. (1990) give the results for a few measured blade 

Static pressures and discuss the pattern of shock propagation in the blade 

passage. A bar relative Mach number of 1.13 was used to simulate engine 

conditions, which gave a passing frequency of 4.4 kHz for the bars. This 

frequency corresponds to a time of 0.227 msec between shock/wake events. For 

separate shocks and wakes, a bar relative Mach number of 0.78 was used with 

only two bars on the disk, to give a passing frequency of only 550 Hz, or 1.8 msec 

between events. To measure the unsteady blade static pressures, Kulite XCQ-062- 

50 transducers were mounted with the sensor diaphragm flush with the blade 

surface (i.e. no screens were used). In the discussion following one paper (1990, 

AGARD), the authors claim a greater than 100 kHz response for the Kulites, but 
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also mention that the pressure traces were low pass filtered to 30 kHz to remove 

noise. 

The authors also discuss the formation of a ‘vortical bubble’ at the blade 

leading edge. The formation of the bubble illustrates several interesting features 

of shock dynamics, such as normal reflections, Mach reflections, slip lines and 

vortex formation (Nakayama, p. 36). The bubble is formed by the reflection of 

the incident shock at the blade leading edge, which transforms from a regular 

reflection to a Mach reflection due to the changing blade curvature. A vortex 

produced by the Mach reflection (Ben-Dor) rolls up and propagates down either 

the pressure side or the suction side of the blade, depending on the blade 

geometry. Sudden increases in local surface heat transfer (for heated tests) were 

associated with the propagation of the vortical bubble, which brings hot fluid 

from the main flow down into the boundary layer. 

Oxford researchers Doorly and Oldfield were primarily interested in the effect 

of incident shocks and wakes on the rotor heat transfer. Experiments with weak 

shocks (Doorly et al.) showed no evidence of the shocks directly influencing the 

heat transfer through shock/boundary layer interaction. Instead, the shocks were 

shown to increase heat transfer by formation of turbulent patches at the suction 

side leading edge. The patches then traveled along the suction side. The 

turbulent patches were apparently caused by the collapse of a separated region at 

the point of shock impingement. The direct effect of the shock on the heat 

transfer was determined to be negligible by tripping the boundary layer; no 

change in heat transfer was observed from shock impingement on a turbulent 

boundary layer. For the weak shock wave experiments, the bar relative Mach 

number was 0.94, giving local increases in static pressure on the rotor suction 

surface of less than 50 kPa. The rotor geometry effectively prevented the passing 

shocks from interacting with the rotor pressure side surface because the leading 

edge blocked the passage. 

Experiments with stronger shock waves (bar relative Mach number = 1.17) 

produced different results (Ashworth). The shocks were shown to directly 

influence surface heat transfer. Local heat transfer increases moved upstream on 

the suction side (starting at the thickest part of the blade) coincident with the 
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reflected shock wave. The increase in heat transfer was thought to be caused by 

boundary layer separation and re-attachment due to the shock wave 

impingement. However, decreases in heat transfer were also observed, 

immediately following the increases. This behavior was later explained (Johnson 

et al., 1989) with a boundary layer adiabatic compression model. Briefly, a shock 

wave impacting parallel to the blade surface compresses the boundary layer and 

causes a temperature gradient and increase in heat transfer rate. Strong shock 

waves were also used in a study of unsteady film cooling effectiveness (Rigby), 

and were found to have a significant direct effect on the heat transfer. 

Previous experiments at Virginia Tech used a shotgun (Collie et al.) instead of 

a shock tube to create a traveling shock, as described in the Introduction. Of 

direct use in the present work is Collie’s excellent illustration of shock refraction 

in blade passages, documented with shadowgraphs. The high shock pressure ratio 

produced by the shotgun (reflected pressure ratio =1.8, on blade suction side) 

meant that after many reflections from the blade surface the shocks were still 

strong enough for good pictures. Collie also documented the formation of a 

vortex as the shock passed the blade leading edge, and was able to relate blade 

pressure measurements to the pictures of shock propagation. 

2.2 Calculations 
  

Time accurate calculations of the interaction between a nozzle guide vane and 

a rotor were done by Abhari et al. The code was a two-dimensional thin-layer 

code for multiple blade rows, with the Euler equations solved in the free stream. 

The authors compared predicted rotor blade heat transfer with measurements 

from a single stage rotating rig. Of interest to the present work is an animation of 

the shock propagation through the rotor, which supports the results here and 

from previous work at Virginia Tech (Collie). Spikes in the blade suction side 

local heat transfer were correlated with the arrival of shocks. Finally, plots of 

calculated periodic static pressure on the suction side of the rotor (near leading 

edge) can be compared with the present work. The rate of decay of the pressure 

is of most interest. 
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A three-dimensional unsteady inviscid solution for a coupled nozzle/rotor 

was recently published by Saxer and Giles. To simplify the calculations, a 1:1 

ratio of nozzles to rotors was used (not engine conditions). Pressure contours for 

one cycle showing the reflection of shocks in the passage are useful for 

comparison with the present work. The nozzle geometry for the calculations was 

similar to the cascade blade used here. Blade static pressure distributions for the 

nozzle showed little unsteady variation except downstream of the incident shock 

from the adjacent blade trailing edge. The time averaged blade static pressure on 

the nozzle coincided with the steady values. On the contrary, the rotor showed 

unsteady fluctuations in static pressure over the whole chord, but the time 

average still matched the steady results. 

2.3 Blade Force Measurements 

There are many methods in use today for experimentally measuring forces on 

aerodynamic components. A popular method is a force balance, constructed of 

lever arms, springs, and dampers. The model is attached to the balance arm and 

put into the flow. In general, however, the force balance is not useful for high 

frequency unsteady measurements (periodic or transient) because of the slow 

response time of the mechanical system. A review of some of the methods for 

unsteady force measurement on cascade airfoils follows. 

2.3.1 Blade Pressures 

With this method, unsteady static pressure measurements are made at 

discrete points along the airfoil surface. For thin airfoils, the pressure difference 

as a function of axial chord is then integrated. For thicker shapes, the surface 

integral is done. For example, a low speed axial compressor cascade blade was 

instrumented with twenty surface mount Kulite pressure transducers (Sugeng and 

Fiedler). Unsteady wakes, created by upstream rotating bars, impinged on the 

blade leading edge. The coefficients of force were determined by integrating the 

pressure difference across the blade. The normal force coefficient decreased by 

0.8 and the axial force coefficient increased by 0.4 due to the passing wakes. The 

mean levels of force were not given, so the percentage change in blade forces is 

unknown. The surface pressure method does not measure the component of force 
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due to skin friction, however. Since skin friction is an important contribution to 

blade forces, this must be viewed as a weakness of the method. 

2.3.2 Interferometry 

An alternative method of measuring the surface pressures on lifting bodies is 

interferometry. This can provide more resolution, but the data reduction is a 

formidable task when a force versus time record is required. For example, Kovats 

used a Mach-Zehnder interferometer to measure forces on a cascade of vibrating 

LP turbine blades. The locations of fringe intersections with blades were 

measured and interpolated to give 101 pressure differences along the chord. 

However, to get a record over one cycle, 24 of these analyses had to be done. 

2.3.3 Deconvolution Method 

The deconvolution method determines model forces by measuring the 

unsteady mechanical strain on the model. Two references on this method 

(Sanderson, Paull) describe its use in shock/hypersonic tunnels to measure model 

drag only (two components becomes extremely difficult) on non-lifting models 

(e.g. scramjet). The method is based on the convolution integral, 

y(t) = fr ~%)x(t)dt, 

where y is the measured strain output, x is the input, and h is the impulse 

response of the model. The impulse response is determined either by dynamic 

Finite Element Analysis or by experiment. Since the measured strain is the output 

in the convolution integral, the inverse problem must be solved numerically to get 

a time history of the axial force. Mean-square optimization is used in the 

formulation of the inverse problem to deal with measurement noise. 

2.3.4 Acceleration Method 

The coefficient of force, for a known model mass and flow total pressure, is 

directly related to the model acceleration by definition. Naumann used this fact 

in a hypersonic wind tunnel to measure unsteady model forces with 

accelerometers and total pressure measurements. This method is novel because 
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the test model must be in free flight during the measurement time. For 

millisecond duration flights, this is feasible. In Naumann’s case, free flight was 

accomplished by briefly letting go of the model with explosively released jaws. 

During the free flight time, the acceleration was measured and the force deduced. 

Again, only a single component of force was measured. 

2.4 Blade Force Calculations 

Unsteady calculations for a highly loaded transonic turbine stage indicate 

that rotor lift could vary as much as 40% (peak-to-peak) due to unsteady flow 

from the nozzle (Giles). Using a 3-D inviscid Euler calculation, Giles also 

predicted stator lift changes as high as 6% peak-to-peak, caused only by small 

changes in pressure at the stator suction side trailing edge. Reflected shocks 

propagating upstream from the rotor leading edge caused the small pressure 

changes on the nozzle (there is no blade upstream of the nozzle in the 

calculations). Giles also points out an additional loss mechanism due to the 

unsteady blade force, since an unsteady vortex sheet is shed from the blade, and 

eventually mixes out. 

2.5 Other Shock Tube Experiments 

The method for producing multiple shocks in the present work is apparently 

unique, but others have used shock tubes for similar purposes. In particular, a 

shock tube has been used to study head-on and side-on interactions of blast waves 

and bow waves (Merritt et al.). For the side-on case, the shock tube approach was 

not successful because the wind tunnel flow which created the bow wave on the 

model also distorted the blast wave leaving the shock tube. In the present work, 

this distortion is advantageous because suction side trailing edge shocks are being 

simulated, and they are not parallel to the upstream mean flow but inclined 

relative to the leading edge blade angle. At Virginia Tech, the shock tube was also 

used advantageously by Holmberg et al., who tested the unsteady performance of 

a blade mounted heat transfer gauge in a cascade with a passing shock. 
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3.0 EXPERIMENTAL DESIGN 

3.1 Facility Description 

The Virginia Tech Transonic Wind Tunnel is documented in published papers 

by Doughty, Doughty and Moses, Kiss et al., Shelton et al. (1993) and Shelton et 

al. (July 1993). Briefly, the tunnel is a blow down transonic facility capable of a 

twenty second run time for the cascade used here. The air supply is pressurized 

by a four-stage Ingersoll-Rand compressor and stored in large outdoor tanks. The 

maximum tank pressure used for transonic tests is about 1725 kPa (250 psig). 

During a run, the upstream total pressure is held constant by varying the 

opening of a butterfly valve controlled by a computerized feedback circuit. There 

is also a safety valve upstream of the control valve to start and stop the tunnel. 

The test section area is 15.2 cm wide by 37.3 cm high, and is designed for a blade 

with an axial inlet and an outlet angle of 68 degrees. The blade isentropic exit 

Mach number is varied by changing the upstream total pressure; the usual range 

for exit Mach number is 0.7 to 1.35. The average run Mach number for the 

present experiment was M?js=1.2, plus or minus 0.0017 (average of 151 runs, 

standard deviation =0.01073, 95% confidence). The throat Reynolds number for 

these tests was 340000. A typical throat Reynolds number for an LP nozzle on a 

large commercial engine is 75000, and for an HP rotor, Re=112000 (Shelton, 

private communication). 

The run isentropic Mach number is determined from wall static pressure taps 

located 17% of axial chord downstream of the blade trailing edge. The tap 

spacing is one tenth of the blade pitch. Ten taps covering one pitch are averaged 

to determine the downstream static pressure for the run. These pressures and the 

upstream total pressure are recorded using a Pressure Systems 780B with a 32 

channel multiplexing sensor. The isentropic exit Mach number is then calculated 

from the upstream total pressure and average downstream static pressure using 

the isentropic relationship for pressure. 
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Figure 3.0 is a diagram of the test section. The tunnel mean flow is left to 

right on the figure, and is turned through 68 degrees by the blade passages, 

which act as the tunnel throat. Upstream of the blades, the bundle of three shock 

shapers protrudes from the test section top block; the shocks propagate down 

from the shaper exit to the bottom of the test section. There are eleven blades 

and ten blade passages in the cascade. As the magnified section shows, only 

blades 4 and 5 have pressure instrumentation on them. Also, the two passages for 

downstream total pressure surveys are indicated on the larger scale section; the 

“Lower” passage is between blades 4 and 5, and the “Upper” passage between 

blades 5 and 6. The high-response total pressure probe for downstream surveys 

is also shown on the figure, pointing into the cascade exit flow. The probe moves 

up and down in line with the wall static pressure taps. No tailboard is used 

downstream of the cascade, which means that a free shear layer forms between 

the exit plane of the blades and the test section back wall. Note also the upstream 

total pressure probe, which is fixed at mid-pitch of the “Lower” passage. 

Figure 3.1 is a close-up photograph of the test section showing the doors, 

blades, and Plexiglas windows for flow visualization. The flow direction is 

reversed in the photograph as compared to Figure 3.0, since the picture is of the 

far side of the test section. The flow visualization windows are made of Plexiglas 

and also provide the support structure for the cascade blades, which are secured 

to the Plexiglas with pins and screws. The partial blade visible at the bottom of 

the window in Figure 3.1 is blade 2, and top partial blade is blade 8. The dark 

blade end is a rubber gasket on the end of blade 5. The necessity for the gasket is 

explained in Section 3.10.4. Finally, the end of the upstream total pressure probe 

(K11), which is mounted on the tunnel door, can be seen on the picture, with the 

Kulite wiring attached. The probe was located at mid-span and mid-pitch between 

blades 4 and 5, a distance of 74 mm (2.9 inches) upstream of the cascade leading 

edge. A Kulite was inserted flush into a blunt-end tube 3.2 mm (0.125 in.) in 

diameter, and faced the flow. It is important to note that the upstream total 

pressure Kulite faced perpendicular to the direction of shock passing, as indicated 

in Figure 3.0. 
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3.2 Steady Data 

The blade profile (called “SCLUT” and shown in Figure 3.0) chosen for this 

research is derived from a high pressure turbine rotor in a large commercial 

aircraft gas turbine. Although this profile looks similar to a nozzle profile, the 

blade is derived from the HP rotor by unloading the leading edge of the original 

blade. The profile leading edge was unloaded to permit an axial inlet flow, which 

is required by the test section geometry. With this change in geometry, the inlet 

Mach number for the blade is M=0.2. The Mach number profile on the aft portion 

of the blade was unaffected by the loading change. The design exit Mach number 

of the blade is M=1.2. 

A shadowgraph of the steady flow at the design point is shown in Figure 3.2 

(scale is 170%). The figure demonstrates several important features of the flow. 

The large scale structures of the blade turbulent wake are apparent, as well as the 

trailing edge expansion waves and re-attachment shocks. Lambda shocks appear 

on the suction side just downstream of the blade peak, indicating a laminar 

boundary layer at that point. Transition to a turbulent boundary layer on the 

suction side occurs for these blades at about 60% of the axial chord. The dark 

shadows downstream are the endwall static pressure taps, and the wires leading 

from the instrumented blade (blade 5) cross the lower passage in the picture. 

The 5CLUT cascade blade axial chord is 38.1 mm (1.5 in), the blade pitch is 

37.3 mm (1.47 in), and the blade span is 0.15 m (6.0 in). The steady-state 

characteristics of the SCLUT cascade airfoil are described below, to give a level of 

comparison with the unsteady results. For greater detail on the experimental 

setup and analysis method for this data, see for example Doughty, Collie, Shelton, 

or Kiss. 

Steady total pressure data was obtained upstream of the blade with a fixed 

probe, and downstream at 117% of axial chord (defined as Station 1) with a 

traversing probe angled to the mean cascade exit flow angle. For supersonic exit 

conditions, the downstream total pressure measurement was corrected for the 

bow shock losses using wall static pressures at Station 1 (Figure 3.3, top) and the 

measured Pitot pressure. The wall static pressure varies by 20% over one pitch at 

Station 1. Plots of upstream total pressure and downstream total pressure versus 
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probe position over one blade pitch are shown in Figure 3.3 (bottom), for the 

design exit Mach number. Both corrected and uncorrected downstream total 

pressure are shown on the plot to give an idea of the magnitude of the correction. 

The correction has little effect on the measured downstream total pressure in the 

wake (near y/pitch=0.15), but increases the mid passage value by about 3%. Note 

that the fluctuations in upstream total pressure are less than 3%, indicating the 

controllability of the wind tunnel. 

The mass averaged total pressure loss is calculated for the cascade according 

to 

1 
ez _ Pa) sudy 

P, L=-o—_—_——_, 

udy f p 

where y is the tangential direction and ranges from O to 1 across one pitch. The 

results (using both corrected and uncorrected downstream total pressure) are 

found in Figure 3.4, for two different series of tests. At M=1.2, the corrected mass 

averaged total pressure loss is 4.5%, and the uncorrected loss is 5%. Typical 

uncertainties are indicated on the figure. Note that the uncertainty increases with 

increasing Mach number, which is in agreement with the scatter observed in the 

data for high Mach numbers. 

For comparison with other blade profiles tested at Virginia Tech, a method of 

estimating the trailing edge shock strength was defined. Wall static pressure data 

at 117% of axial chord was taken at a spacing of one tenth of the pitch. The shock 

strength was defined as the maximum wall pressure divided by the minimum wall 

pressure in one pitch. Clearly this is a rough estimate because of the low 

resolution of wall static pressure. Sometimes (Pmax/Pmin-1) is used instead 

(Shelton, July 1993), to give zero for a uniform flow. Shock strength is plotted in 

Figure 3.5, and shows a value of Pmax/Pmin=1-25 for M=1.2. 

Blade surface static pressures were taken with steady taps embedded in the 

blades. Since the leading edge was unloaded, experimental data was only taken 

on the aft section of the blade. The surface pressures were also calculated using 

NOVAK2D, an inviscid code owned by GE Aircraft Engines (Holmes, 1988 and 
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1990). The inviscid calculations are compared with the steady experimental data 

(squares) in Figure 3.6. The known uncertainties for the experimental 

measurements are less than the symbol sizes. The effect of unloading the leading 

edge is clearly indicated by the figure, where it is seen that the static pressure is 

actually lower on the pressure side than the suction side, resulting in negative lift 

at the leading edge. The plot also shows averaged unsteady data (circles) which is 

described in Section 7.4. 

The computed blade surface pressures shown in Figure 3.6 were integrated to 

estimate the blade forces. The integrated pressure method does not include 

forces due to skin friction, only pressure and momentum forces. The steady state 

value of the normal force coefficient at M=1.2 is 9.5, and the axial force 

coefficient is 18.4. The resultant lift coefficient is 18.2, and the drag coefficient is 

9.9. The definition of force coefficient is that for supersonic airfoils (Shapiro, p. 

442), where the upstream total pressure and downstream Mach number are used | 

.for the normalization. These force values will be used later for comparison with 

the unsteady blade forces. 

3.3 Shock Tube 

Shock tube flow is well understood and easily calculated (Anderson, 1990). 

The shock tube for the present research was built from extra heavy duty 

(Schedule 120) steel pipe of 76 mm (3 inch) nominal diameter (Figure 3.7). The 

flanges are standard 600 pound flanges, with metal (lead) gaskets. The driver 

length is 5 meters, and the driven section length is 10 meters. The cap is a 

standard 600 pound blind flange with three 12.7 mm (0.5 in) NPT holes in an 

equilateral pattern for the exit pipes. The shock tube assembly was pressure 

tested with water to 4800 kPa (700 psig). When operating the shock tube, the 

pressure rise due to the shock reflection from the endcap must be taken into 

account to determine the maximum driver pressure. For the 3445 kPa (500 psig) 

driver pressure used in these experiments, the reflected pressure is about 6200 

kPa (900 psig), which exceeds the static test pressure but is of very short duration 

(on the order of milliseconds). 
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Mylar sheet was used as a diaphragm material. The Mylar was cut in circles 

to match the gaskets, and was placed upstream (driven section side) of the gasket 

in the breach of the shock tube. This formed a tight seal, and no special gasket 

holder was required. The diaphragm was burst by increasing the driver pressure 

until failure. Different thicknesses of diaphragm were used for different shock 

Mach numbers, but most of the data presented here, 3 thicknesses of 7 mil (.007 

inch) Mylar were combined for a driver pressure of 3445 kPa (500 psig).. The 

burst pressure for a given thickness of diaphragm was repeatable. For the 

diaphragm area used here, a pressure of 165 kPa (24 psig) was required per mil of 

diaphragm thickness to break the diaphragm. Helium was used as the driver gas 

instead of air to increase the shock pressure ratio (due to the higher ratio of 

specific heats, 1.667). Also, the driver section was evacuated before each run to 

minimize the amount of air present. Note that diaphragm fragments were blown 

into the shock passages and had to be cleaned out between runs. The method for 

doing this is described later. 

The driver pressure of 3445 kPa (500 psig) of helium gives the following 

theoretical results for the shock tube flow (Anderson) with the driven section at 

atmospheric pressure: 
  

  

  

  

  

        

shock pressure ratio 12.3 

shock Mach number 3.3 

static pressure behind shock 1171 kPa (170 psig) 

total pressure behind shock 2832 kPa (411 psig) 

reflected pressure at end cap 6320 kPa (904 psig) 

reflected total pressure 7580 kPa (1100 psig) 
  

The shock tube run time, which is the time before the arrival of the expansion 

wave at the cap, is 0.877 msec. Note that this run time limits the amount of time 

available for data collection in the cascade test section. The collection time is also 

limited by shock reflections from the bottom of the test section. The reflection 

arrival time is on the order of the expansion arrival time. 

Finally, a remote control method was required for filling the shock tube to 

bursting pressure during a cascade run. At first, a solenoid valve was used to fill 

the driver from the helium bottle, but the excessive electrical noise from the 
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solenoid tended to trigger the data acquisition system and spark source (for 

shadowgraphs) at unintended times. A three-way pneumatic system, powered by 

shop air, was installed instead. By operating the three-way valve at the tunnel 

control console, shop air could be diverted to operate a pneumatic valve 

connecting the helium tank to the driver section. By pre-filling the driver section 

before the run to about 2412 kPa (350 psig), the shock tube could be triggered in 

about 5 seconds with this method, which is roughly the amount of time required 

for the cascade total pressure to settle at the start of a run. 

3.4 Shock Duct Shape 

The method chosen to produce multiple shocks requires, for three traveling 

shocks, three separate ducts leading from the shock tubé to the shock shapers. 

The ducts must minimize distortion of the transmitted waves so that ‘clean’ 

shocks arrive at the shock shapers. Initially, steel or PVC piping with ninety 

degree elbows was used to connect the shock tube and the shapers, but the results 

were poor. The literature was consulted, and a paper was discovered which 

addresses the issue of shock transmission in ninety degree bends (Takayama). 

After experimenting with differently shaped bend configurations (including 

converging-diverging), Takayama concluded that a large radius of curvature gives 

the best stability in the transmitted shock. The paper also has good pictures 

showing how a shock distorts in sharp bends, including vortices and Mach 

reflections. 

As the result of Takayama’s recommendation, a flexible duct was chosen so 

that large radius bends could be used. Flexible electrical conduit, trade name 

“Liquid-Tite”, was chosen. It is plastic but flexible with a hard wall, and easy to 

bend with a large radius. Soft copper tubing was considered but is not as easy to 

manipulate. A photograph showing the flexible conduit leading from the shock 

tube end cap to the shock shaper at the top of the test section is shown in Figure 

3.8. There are three conduits, one for each shock. The tunnel flow in the picture 

is from right to left, and the shock tube is out of the picture to the left. After the 

shock tube diaphragm bursts, the shock travels into the picture frame from the 

left, is split at the shock tube cap into the flexible tubes, and carried to the top of 

the test section. 
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3.4.1 Length Differential 

To cause a time delay between the three shock waves, the three flexible ducts 

must be different lengths. To accomplish this, steel tubes with outer diameter 

equal to the flexible duct inner diameter were threaded to the shock tube cap. 

Three equal length flexible ducts were then slid onto the steel tubes and secured 

with hose clamps. The length differential between the ducts was easily changed 

by sliding them on the pipes. To give an idea of the length differentials required, 

a 0.055 msec delay requires about a 13 mm (0.5 inch) difference and 0.200 msec 

requires about 76 mm (3.0 inch) for the shock strength (driver pressure) used. 

3.5 Shock Shaper 
  

A transition duct (“shock shaper”) is required between each shock duct and 

the tunnel test section to ensure clean shock transmission. The shock shaper 

must convert a circular planar shock (in the duct) into a rectangular planar shock 

front, while minimizing shock attenuation, reflections, and other distortions. 

Three shock shapers are required, one for each shock. This is to prevent 

interactions between the shocks until] they are dumped into the test section, when 

they can no longer be physically separated. 

Two main problems had to be solved to get an effective shock shaper. First, 

the attenuation of a shock through the shaper as a function of geometry had to be 

understood. Second, a geometry had to be chosen which minimized reflected 

disturbances (refractions and expansions) behind the shock wave, since 

disturbances modify the shock strength and complicate the flow. In this section, 

some theories and experiments addressing these two problems are reviewed and 

discussed. The general problem of shock refraction was first addressed by 

Lighthill, but his results were not used here. Also, Rudinger described wave- 

diagram methods for determining changes in shock strength through area 

changes (also not used). 
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3.5.1 Geometry 

Theory 

Two methods for calculating the strength of shocks propagating into a 

stagnant region of variable area were presented by Chester. Both methods assume 

a finite area change, with uniform ducts before and after the change. Also, the 

methods predict the strength of the transmitted shock when it is uniform, which 

occurs at some point downstream of the area change. The first method, called the 

“steady state” method, assumes steady flow behind the shock incident on the area 

change. Chester requires four different physical models each for an expansion 

and a contraction. Basically, to solve for the transmitted shock strength, the flow 

behind the incident wave (upstream of the area change) is calculated and the 

steady flow equations are applied to the area change to determine the flow in the 

exit duct (behind the transmitted shock). The exit flow then determines the 

transmitted shock strength. 

However, certain physical realities complicate this simple picture (Figure 3.9). 

In the figure, shocks are indicated as single solid lines, and expansion waves as a 

series of closely spaced solid lines. Contact discontinuities (described below) are 

represented as dashed single lines. The labeling follows Chester’s notation, with 

arrows showing the direction of movement of the flow features. For an area 

contraction, a reflected shock occurs at the area change, as well as a transmitted 

shock. For an expansion, a reflected expansion wave forms. Four models for each 

case (expansion and contraction) are required to cover the range of flow Mach 

numbers behind the incident shock, from subsonic to supersonic. All models also 

require a contact discontinuity in the exit duct (moving with the transmitted 

shock) to simultaneously satisfy the steady flow equations in the area change and 

the shock jump conditions. The existence of a contact discontinuity is supported 

by experimental observations. Across a contact discontinuity, pressure and 

velocity are constant, but density and temperature change. 

Depending on the incident shock Mach number, additional stationary or 

moving shocks and expansions are required in the models for the system of 

equations to be solved numerically. Transition between the different models in 
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each case (expansion and contraction) is determined by the strength of the 

incident wave and the magnitude of the area change. Detailed calculations using 

the steady-state method can be found in Laporte. 

Chester’s second method for shocks in area changes is best described by 

Chisnell, although it is attributed to Chester. The method is based on the 

linearized equations for a traveling shock in a duct of gradually changing area. 

The solution of the linearized equations for the flow behind the shock was first 

done by Chester, and later verified by Chisnell. The solution is 

6A —~2M( 6M) 

A (M~-1)K(M)’ 

where K(M) is a complicated function of Mach number and the ratio of specific 

heats ( y). For y=1.4, K(M) varies only slightly from 0.52 for sonic shock to 0.39 for 

infinite Mach number. 

The above solution rigorously applies only to differential changes in area, but 

Chisnell proposed applying the method to finite (but gradual) area changes in 

ducts. Chisnell first duplicated Chester’s solution by applying the equations of 

the steady state method, that is the Rankine-Hugoniot equations, steady flow in an 

area change, and the discontinuity conditions. He then integrated the differential 

equation to get the following result: 

Af (M) = const. , 

where f(M) is again a complicated function of Mach number and specific heat 

ratio. Given the initial and final areas in a duct and the initial shock Mach 

number, the final shock Mach number is easily found. Both the steady state 

method and Chisnell’s method neglect the effect of reflected disturbances behind 

the shock on its strength. For large area changes and high shock Mach numbers, 

these disturbances can be significant. 

Chisnell’s adaptation of Chester’s method was also the basis for the 

development of a characteristic method for calculating diffracting shock waves 

(Whitham, 1957). The term diffraction here refers to the change in shape and 

strength of a shock wave when it encounters an obstacle. Thus Whitham’s method 

is more general than those of Chester and Chisnell, which are only applied to 
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shocks in variable area ducts. Whitham’s method can be applied to a shock 

traveling along a wall with a bend, for example, or a shock which hits a sphere. 

Whitham postulated a system of rays which are perpendicular to the moving 

shock front, and then applied Chisnell’s relation by considering flow bounded by 

two rays as flow in achannel. By extension of Chisnell’s assumptions, Whitham’s 

method also does not account for reflected disturbances behind the traveling 

shock or energy which catches up with it (such as might occur in a multi-stage 

explosion). 

Applying Chisnell’s relation and a differential relation between area and Mach 

number that is determined solely by geometry, Whitham (1957) developed 

compatibility and characteristic equations that are functions of area and shock 

Mach number only. Whitham solved the problem of shock diffraction around a 

sharp convex corner as an example. A simple wave (expansion) forms at the 

corner. Whitham’s method predicts the shape of the refracted wave and the. 

strength, which varies from weaker than the incident strength at the wall to 

incident strength well above the wall. 

Experiment 

Published experimental data was useful in the conceptual design of the 

multiple shock system. In particular, published pictures of shock propagation in 

ducts of different shapes and area ratios were useful. Typical pressure traces and 

decay versus distance plots were also useful. Several of these experiments are 

described below. 

Pictures of flow in diverging passages were most useful. An experiment with 

traveling shocks in gradual and sudden expansions (Deckker and Gururaja) 

showed the range of flow behavior in expansions, from clean transmission and 

laminar flow to strong side wall reflections and highly turbulent supersonic flow 

behind the incident wave. The authors experimented with different divergence 

angles and concluded from pressure measurements that Chisnell’s method was 

not reliable for shock strength predictions in expansions. The steady-state 

method was recommended, and some good example calculations are shown. Most 

importantly, for divergence angles (angle between both walls) less than forty 
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degrees and shock pressure ratios less than 1.6, clean flow and shock transmission 

were observed. Divergence angles greater than forty degrees caused strong side 

wall reflections, even for low shock pressure ratios. At a shock pressure ratio of 

2.8, highly turbulent supersonic flow behind the shock wave was observed for all 

divergence angles. The pictures in the paper are excellent for qualitative 

understanding of the behavior of traveling shocks in an area change. 

Divergent channel experiments were also performed by Nettleton. The goal of 

the experiments was to estimate a useful range of divergence angle and shock 

Mach number for application of Chisnell’s method. Shock pressure ratio 

measurements were compared with predicted strengths by both the steady-state 

method and Chisnell’s method. Nettleton concluded that Chisnell’s method is best 

for shock pressure ratios less than 10 (M=3), and that it is best restricted to 

divergence angles less than fifteen degrees. Nettleton also gives a good discussion 

on the origin of reflected waves behind traveling shocks. Note that Nettleton’s 

conclusions are at odds with those of Deckker and Gururaja. 

Sloan and Nettleton (1975, 1978) address the decay of shocks through abrupt 

area increases, such as occurs in the present work from the shock shaper to the 

cascade tunnel section. One work (1978) addresses the decay of the shock along 

the wall after the area change, and is not of interest here. The second paper, 

however, discusses the prediction of the shock axial decay after an abrupt 

expansion. The authors divide the shock decay into three regions - from exit to 

formation of a critical shock, formation of a symmetrical wave, and symmetrical 

expansion. The critical shock is defined as the point when the shock leaving the 

entrance duct first becomes curved at the axis (see Whitham, 1957). After that 

point, the shock begins a transformation to a symmetric expansion (either 

spherical or cylindrical, depending on the geometry). Experimental 

measurements support these two stages since the axial shock strength remains 

constant for some time after the duct exit, then drops rapidly after the critical 

point. However, the model is not closed. The location of the critical shock can be 

determined by the method of Whitham, but the distance between a critical shock 

and a symmetrical wave can not be completely determined. Sloan and Nettleton 

proposed a model to determine the shock area when symmetry is obtained, but 

the axial distance to symmetry is not known. Even though the model cannot be 
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used for predictions of shock strength, it did provide some useful parameters for 

describing the shock decay versus axial distance. The empirical plots of shock 

decay presented were useful in the present work for understanding the rate of 

shock decay in the test section. 

The work by Pennelegion and Grimshaw is of passing interest. They 

simulated gun muzzle blast waves with a shock tube/nozzle arrangement 

exhausting to the atmosphere. They report decay of the blast wave to sonic 

velocity in only three tube diameters for shock Mach numbers near 3.0, and they 

plot the exponential nature of the decay. Also of interest is documentation of the 

jet structure formed after the shock wave leaves the shock tube. 

3.5.2 Shock Shaper Design 

Several types of shock shaper were tested as part of this research. The two 

basic types were sudden expansion (Figure 3.10 at top) or tapered (Figure 3.10, 

bottom). The sudden expansion shock shaper was tried first, before the shock 

behavior in a sudden expansion was understood, since it seemed the best choice 

for ease of mounting. As originally conceived, the shock shaper was to be moved 

up and down relative to the cascade to give different shock strengths at a given 

blade. The sudden expansion geometry was most suited to this approach. 

However, the strong side wall reflections (Figure 3.10, top) formed when the 

shock entered the sudden area change severely complicated the flow. With the 

sudden expansion shaper, the reflections made it impossible to identify the 

individual shocks (when three shapers were used together, with time delay) from 

each shaper. 

After consulting some of the publications described above, a tapered shock 

shaper with a divergence angle of 24 degrees was chosen. This angle minimizes 

side-wall reflections and other disturbances behind the shock. Another factor 

which can lead to spurious reflections is the width of the shaper in the blade span 

direction. If the exit of the shaper is not as wide as the blade span, then 

reflections will occur off the side walls of the test section as the shock propagates 

outward from the shaper exit (Figure 3.10, bottom). Because of the geometry of 

the test section, to get a tapered shaper with a 0.152 m (6 in.) exit dimension 
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(which is the blade span), each shaper had to extend about one inch into the 

tunnel flow. This was expected to influence the flow in the first blade passage 

only. In fact, the downstream static pressure distribution at the tested blade 

passage did not change appreciably when the shapers were added. 

To satisfy the width requirement mentioned above and the chosen shaper 

divergence angle of 24 degrees, a shaper height of 0.3 m (12 in.) was required. 

The three shock shapers have identical geometry, except the input tubes are bent 

away from the center for the two outer shapers (Figure 3.11). Each shaper has a 

half-inch nominal black steel input pipe, a height of 0.3 m (12 in.), a bottom 

width of 0.15 m (6 in.), and an exterior depth of 17 mm (2/3 in.). The shapers 

were welded from 1.6 mm (1/16 in.) mild steel sheet. A hole cut in the tunnel test 

section top block was 50 mm (2.0 in.) high to accommodate three shaper depths, 

but had to be cut less than 0.15 m (6 in.) wide (the shaper exit width) to preserve 

the structural integrity of the top block. The tunnel top block, which is an 

integral part of the support structure for the test section, is 0.15 m (6 in.) wide, 

the same as the shaper exit width, and cannot be cut completely in half.. The hole 

sides had to be cut on an angle less than the shaper divergence angle, with the 

bottom width equal to the shaper width (top width less). The three shapers were 

inserted in the top block slot individually, from the bottom, and pushed as far as 

possible into the block. This is the reason why the shock shaper assembly must 

protrude into the cascade flow. A clamp held the shapers in place. 

The Mach number of the shock at the shaper exit was calculated using 

Chisnell’s method. Note that Chisnell’s assumption of a uniform duct after the 

area change was violated, since the shock shapers dump directly into the 

additional area change of the test section. Before the shock strength at the shaper 

exit could be calculated, the strength at the shock tube exit had to be figured out. 

Chester’s model 2b (see Figure 3.9) for a sudden contraction was used to predict 

the transmitted shock strength at the shock tube cap. Model 2b was chosen using 

Chester’s criteria for model selection, based on the Mach number of the incident 

shock. Example results will be described below in Section 3.8. 

For multiple shock cases, the lengths of the flexible tubing (see Section 3.4.1) 

sections were adjusted to give the desired timing. This was done by trial and 
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error; pick an initial length differential, shoot, change the length, try again. 

Typically it took 5 or 6 shock tube runs to get the required time delays. The 

order in which the flexible tubes are hooked up to the shock shaper is extremely 

important. The first shock (from the shortest duct) should go into the shaper 

section furthest from the cascade leading edge, the second into the middle 

section, and the third (longest duct) into the closest section. This ordering 

minimizes the interference of the shaper supersonic jet with the shock emerging 

from the adjacent section. If the ordering is reversed, the emerging shocks (after 

the first) have to pass through a supersonic jet to reach the cascade leading edge, 

severely distorting them. 

3.6 Shock Model / Blast Waves 
  

The decay of the shock waves after leaving the shock shaper and entering the 

cascade test section is of primary importance. Since the shock shaper exit has an 

oblong rectangular shape, the shock becomes roughly cylindrical as it propagates 

into the test section. This physical fact makes it possible to apply blast wave 

methods to determine the shock decay in the test section. Some important 

analytical and experimental treatments of blast waves are discussed in this 

section, with emphasis on the application of these results to the problem at hand. 

It is important to realize that the analytical methods have today been replaced 

with numerical methods when the flow must be very accurately known. However, 

in this case, only estimates of the shock wave behavior in the test section are 

required, primarily as a check on the experimental results and as an aid in the 

design of the experiment. 

There are several comprehensive works available which treat the broad field 

of shock dynamics, and blast waves in particular, in some detail. Most of the 

analytical work on blast waves was done in response to the development of 

nuclear weapons shortly after W.W.II. The book by Baker is a good example of 

this; there is a useful discussion on blast scaling, curve fits for typical blast wave 

pressure histories, and an overview of computational and experimental results of 

the time. For a more modern approach, Han and Yin give exhaustive coverage of 

the equations for shock/blast wave propagation in multi-dimensions and different 

flow conditions (for example, a shock propagating into a steady flow). The 
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defining work for shock reflections from surfaces was recently written by Ben-Dor. 

While the present work does not apply any analytical results for reflected waves, 

the work of Ben-Dor was useful for an improved qualitative understanding of the 

shock reflections from the blade surface. Korobeinikov’s work was also useful in 

this regard. 

3.6.1 Shock Energy 

The fundamental reason for the fast decay of blast waves is the requirement 

of constant energy at the shock front for all time (neglecting losses, and assuming 

no energy from the original blast catches up to the front, a reasonable condition 

for simple explosions). For cylindrical waves, for example, the shock area 

increases linearly with radius. Therefore, the shock strength per unit surface area 

decreases with radius. Complicating this result is the fact that the shock strength 

in the test section here is not a constant over the whole front, but varies generally 

from strong at the center to weak at the sides (since the roughly cylindrical shock 

develops from a planar shock). Clearly, the decay is fastest for a spherically 

propagating wave, and slowest for a planar wave. 

The energy carried by a blast wave is not determined strictly by the strength 

of the wave itself, but also by the flow behind the wave. The shock energy is 

stated as the sum of the internal energy and kinetic energy enclosed by the 

volume of the shock wave (or the region it has traveled through, for a planar 

wave). At first thought, it seems that the strength of a blast wave as a function of 

time could be determined by imposing the requirement of constant energy. 

However, this is not generally possible, because the variation of the wave strength 

along the front is usually unknown. The equations for blast wave energy per unit 

volume are given below for the spherical and cylindrical cases (Courant), where 

the second term in each integral is derived from the internal energy: 

R 
] 1 

E=4n f {3 pu’ + phar spherical 
i L2 y-l 

  

R 
] 1 

E=2hx f {i pu’ + yo pr. cylindrical (h=height) 
0 
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The energy per unit volume approach, while useful for cylindrical or 

spherical blast waves (where the volume of air affected by the shock is clearly 

defined as the enclosed volume), is not so useful for planar shock waves traveling 

in ducts. For example, in the present work the shocks travel over long distances 

through the shock tube and shock ducts, so the total kinetic energy behind the 

shocks is impossible to determine. Energy per unit time is more convenient for 

planar shock waves. A useful expression for planar shock waves was stated (but 

not derived) by Heilig, and has the following form: 

ao Sl oe 4M +t |, 
(time )p,a, M +5 

where A is the shock front (duct) area and E is the absolute energy. This equation 

is derived with a steady control volume moving with a shock, including the 

change in internal energy across the shock and the induced kinetic energy behind 

the shock wave. This approach assumes uniformity of the shock front (neglects 

reflected disturbances), but gives the energy per time as a function of shock Mach 

number only. Heilig combined the energy analysis with Whitham’s method for 

diffraction on convex corners to predict shock strengths in branched channels, 

where shocks are split. More details on Heilig’s method can be found elsewhere 

(Skews and Law). 

3.6.2 Method of Characteristics 

Another potentially useful method for calculating the flow behind blast waves 

is the method of characteristics (MOC). For a cylindrical shock, as an example, 

the cylindrical form of the unsteady flow equations are (Courant): 

momentum: u, +uu, +—p, =0 

u 
continuity: p, +up, + of Uu, + “| = 0 

r 

energy: (pp7’), +u(pp’) = 0. 

Applying MOC, the characteristic equations are (Whitham, 1974) 
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and the compatibility equation is 

dp _ 4 dr 
=Q0 on — =x (particle path ). tt i (pa path ) 

Given the pressure time history at a fixed point in space (fixed radius, behind 

the traveling wave), the goal is to get time histories of density and velocity at the 

same point. When the equations are worked through, it is clear that the time 

history of two variables is required to solve the problem. An approximate 

approach is to solve for the time derivatives of density and velocity since dp/dt is 

known. The approximation is crude since the time derivatives are not constant 

behind the shock, but vary with radius. 

3.6.3 Analytical Methods 

The differential equations for steady flow behind a moving shock, with the 

Rankine-Hugoniot equations as the boundary conditions at the shock front, were 

solved with a similarity solution by Taylor. The similarity solution is general, i.e. 

for planar, cylindrical, or spherical blast waves; only a constant must be changed 

in the solution. However, the similarity solution is only accurate for strong blast 

waves at small radius, where the pressure difference across the wave front is very 

large. The solution is useful for understanding nuclear explosions, for which 

purpose it was developed. Taylor’s work is presented here for its historical 

significance and to juxtapose further methods described below. 

A method for approximating the flow behind a blast wave was presented by 

Granstrom, in the context of understanding blast wave loading on structures. 

Granstrom’s work, again, was inspired by the nuclear age, and includes an 

excellent discussion of blast wave scaling. The method is used to estimate the 

density and temperature behind the wave as a function of time given the position 

and speed of the blast wave versus time (and therefore the pressure ratio of the 

wave versus time). Behind the wave, an assumption of adiabatic change of state is 

used to estimate the flow variables. The solution for pressure, density and 
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velocity is arrived at by iteratively summing masses in volume elements until 

continuity is satisfied. The adiabatic assumption is formulated as 

T+ = const.=> c,dT -dp = 0, 

using the 1-D, steady energy and momentum equations. Integration gives a 

relationship between density and temperature. The ideal gas equation of state 

gives closure since the pressure is known (measured), and the density and 

temperature can then be approximately found. The above differential relation 

could also be solved numerically with the Runge-Kutta method (given values of 

pressure) if the differential of density or temperature was known immediately 

after the shock to start the solution. Unfortunately, only pressure is typically 

known, as in the present case. 

The first two rigorous analytical methods for weak blast waves were 

independently developed. Both methods apply the Rankine-Hugoniot equations 

as boundary conditions for the steady flow behind the shock and add the 

restriction of constant energy enclosed by the wave. The method by Sakurai is 

the least accurate. Sakurai developed a “blast wave transformation” to satisfy 

both the boundary conditions and the classic similarity solution of Taylor. The 

transformation is intended to extend the similarity solution to weaker waves. The 

result is still a set of non-linear partial differential equations. Further 

approximations are therefore necessary to simplify the solution. Sakurai assumes 

.a linear velocity profile behind the wave (versus distance) and makes further 

assumptions about a density term in the continuity equation. Thus, given the 

explosion energy, the time history of all the flow properties and the decay of the 

shock wave can be calculated versus radius from the blast center. Sakurai claims 

the method is good for the entire history of the blast wave, i.e. all the way to the 

sonic limit. The main impediment to applying this method (and the following 

one) for the present experiment is the difficulty in determining the shock energy 

as it leaves the shock shaper. However, simplifying assumptions can be made, 

which will be discussed later. 

The other analytical method for weak blast waves is due to Bach and Lee. 

This method is more accurate than Sakurai’s (as compared to exact numerical 
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solutions) for weak blast waves. Again, Bach and Lee’s method is an approximate 

analytical method for the whole blast wave region, for either planar, cylindrical or 

spherical waves, depending on a constant. The primary distinction between this 

method and Sakurai’s is the assumption of a power law density profile rather than 

a linear velocity profile. Both methods produce identical pressure predictions. 

For Bach and Lee’s method, the result is a pair of partial differential equations 

which can be solved numerically with the Runge-Kutta method. However, the 

equations are singular at the origin of the blast, so a power series solution must be 

used to start the calculation. Because of the large changes in flow variables near 

the blast origin, the numerical solution does not behave well there, and the power 

series solution must be overlapped with the numerical solution to get smooth 

results. The main impediment to applying this method here is again the difficulty 

of calculating the shock energy at the shock shaper exit, which is required to start 

the solution and determine the shock strength versus radius. All of the details of 

the calculations done here using Bach and Lee’s method are shown in Appendix 

12.3. 

The final result of Bach and Lee’s analytical method is the non-dimensional 

pressure, density, temperature and velocity versus radius from the blast center, 

up to the blast front. Also, the non-dimensional blast speed is calculated as a 

function of radius. In the present experiment, we are interested in calculating the 

decay of the flow variables as a function of time, rather than radius. To transform 

the results as a function of radius into a function of time, the definition 

  

* at 

is used, where Rg is the radius of the shock front from the blast center. By re- 

arranging and integrating, the radius of the shock as a function of time is 

calculated. This can be coupled with the solution for flow variables versus radius 

to get the solution in the desired form. 

3.7 Shock Propagation in Test Section 

The most important factor causing the decay of the shock wave after it leaves 

the shock tube is the area change at the exit of the shock shaper. Due to the very 

large area of the test section relative to the shock shaper exit area, the test section 
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must be considered as an infinite space rather than an enclosed cavity. The shock 

leaves the shock shaper as an essentially planar rectangular shock, and then 

immediately begins a transition to become a cylindrical shock propagating in free 

space, analogous to a cylindrical blast wave of line origin. 

Note that the cross flow in the test section (at M=0.2) is neglected in this 

discussion, although it will distort the cylindrical shape of the wave. Also to be 

considered is the primary reflection of the traveling shock wave which occurs at 

the leading edge of the cascade and propagates upstream, forming a wave pattern 

similar to that formed by an object traveling supersonically over a perforated 

plate (Van Dyke, 167). Finally, a supersonic jet will form at the exit of each shock 

shaper after the shock leaves. Experience with the shotgun method (Collie), 

however, shows that the jet and any diaphragm pieces in the flow will be blown 

through the first few cascade passages and will not interfere with the 

measurements. 

To calculate the pressure decay of the shock wave in the test section and the 

change in other flow variables, Bach and Lee’s method is used. However, to start 

the calculation, the shock energy (explosion energy in Bach and Lee’s paper) is 

needed at the exit of the shock shaper. This is not a trivial piece of information, 

as suggested by Sloan and Nettleton (1975). Common formulations for shock 

energy are expressed as either energy per volume (e.g. Courant) or energy per 

unit time (Heilig). These formulations are necessary because the shock carries 

kinetic energy with it in the form of induced velocity, and the extent of the 

induced velocity (region of influence of the shock wave) must be known. In the 

case of blast waves, the shock energy is determined by the weight of the explosive 

or by radial integration of the blast from its point of origin to the front. Fora 

shock exiting the shock shaper, the region of influence cannot be determined. 

While Heilig’s method for a planar shock gives energy per unit time for the exiting 

shock, the absolute energy is needed for Bach and Lee’s solution. 

To get around this problem, a simplifying assumption was made. We assume 

that the shock immediately becomes cylindrical (with the same uniform strength 

as the planar wave) at the shaper exit, and that the induced velocity behind the 

shock is entirely radial. Also, it is assumed that all of the shock energy is enclosed 
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by the volume of the cylindrical shock front. Using these assumptions, the shock 

energy is formulated as follows: 

Energy=(Energy/Volume)*Volume=(Internal E/V + Kinetic E/V)*V 

t\* 11 
p= «(5 S 

2 2 

1 
=p,V; + (p, -n} 

y-l 

  

where tau is the shaper depth (17 mm) and s is the shaper width (152 mm). For 

air (ideal gas), this equation becomes 

t 2 

B= (Z| S 

so the shock energy is determined only by the shock Mach number and pressure 

, 

2A M'4+5 

    

35 Mo) 

ahead of the shock. Thus, the blast wave energy for the Bach and Lee model 

(which was formulated as a characteristic explosion length, R) can be determined 

from the shock strength at the shock shaper exit and the solution completed. The 

characteristic explosion length, as formulated by Bach and Lee, is 

R= er, 
(pocck; | 

where kj =1, 2m, 4m for j=O (planar blast), 1 (cylindrical), or 2 (spherical). The 

density and sound speed c are the conditions in front of the shock. The shock 

energy Eis the absolute energy, not energy per unit volume or time, estimated as 

described above. 

3.8 Example Calculation Results 

While it is not important to the success of the present work to precisely 

predict the shock strength at the test blade, an analytical description is helpful in 

understanding the shock behavior. By combining several of the methods 

described above, a prediction of the shock strength in the current complicated 

geometry is possible. Starting at the shock tube, the standard shock tube relations 

give the strength of the shock wave. At the end cap, Chester’s model (2b) is used 

to find the transmitted shock strength. The shock is assumed to propagate 

without loss through the flexible tubing to the shock shaper. The strength at the 

shaper exit is then calculated using Chisnell’s method. Finally, the energy 
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estimation method described above and Bach and Lee’s method are used to 

predict the strength of the cylindrical wave at the test blade radius. Examples of 

calculations made with Chester’s method (2b), Chisnell’s method, and Bach and 

Lee’s method are in the Appendix. 

To illustrate, the results for the test conditions (21 mil diaphragm, 3445 kPa 

(500 psig) He driver, test blade radius=0.2 m) are listed here: 
  

  

  

  

    

shock tube - shock Mach number 3.3 

end cap - transmitted Mach number | 3.9 (by Chester) 

shock shaper - exit shock Mach number 2.5 (by Chisnell) 

characteristic explosion length - R 0.036 m (by assumptions) 

shock pressure ratio at test blade 1.17 (by Bach and Lee)       
3.9 Comparison of Predictions and Experiment 

3.6.1 One shock   

To test the validity of the above approach, the shock strength in the cascade 

test section was measured. To simplify matters, the cascade was removed, and 

there was no tunnel air flow. Unsteady static pressures were measured (with 

Kulite high response transducers) at the test section walls for different radii from 

the exit of the shock shaper, at the same axial location as the cascade leading 

edge. The radii were 0.092m, 0.146m and 0.020m from the center of the middle 

shock shaper exit plane. The last radius corresponds to the leading edge of the 

instrumented test blade (blade number 5). The first two radii correspond to the 

leading edges of blades 9 and 7, respectively (see Figure 3.0). Three different 

diaphragm thicknesses (7, 14 and 21 mil) were also used to obtain different shock 

strengths. 

The results of the experiment are shown in Figure 3.12, with a separate plot 

for each diaphragm thickness. On each plot, the wall static pressure at each of the 

measured radii is shown, normalized by the atmospheric pressure. The 

normalization makes sense for these plots because there is no tunnel mean flow. 

The shock arrives at the smallest radius first (solid line), and is strongest at that 

location. Note that these figures are for a single shock measured at different 
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locations, not for multiple shocks. The shape of the pressure traces is 

characteristic of symmetrical blast waves, with an exponential decay and an under 

pressure (decrease below ambient value) for the stronger shocks. Since the three 

side-wall measurement points are evenly spaced (two blade pitches apart), it is 

clear from the figure that the shock speed decreases as the shock moves down in 

the test section. For all three diaphragm thicknesses, the speed between the first 

and second points is about 510 m/sec (Mach number=1.5 at room temperature) 

and the speed between the second and third points is about 400 m/sec (M=1.2). 

Thus the shock strength changes rapidly as the shock propagates through the test 

section, as expected from conservation of energy. By linear interpolation, the 

shock speed can be expected to change from about M=1.3 at the top of the test 

region (blade 6) to less than M=1.2 at the bottom of the test region (blade 4). 

With the presence of mean flow, the shock speed would be slightly different. 

The experimental data described above is compared with the predicted 

results in Figure 3.13. The predictions are made with the procedure described 

above, starting with a driver pressure for the shock tube and concluding with 

Bach and Lee’s method. The driver pressures for the three cases (7, 14 and 21 

mil) are 1158 kPa, 3215 kPa and 3473 kPa, respectively. The characteristic 

lengths (R) for the Bach and Lee model are 0.023, 0.030 and 0.036 meters. -The 

thin lines on the plots are the experimental data, and the thick lines are the — 

predictions. It is clear from the figure that the estimation of shock strength, 

under pressure and decay rate is not good for the smallest radius, but it improves 

for the larger radii. This is to be expected because of the simple assumption made 

here that the shock immediately becomes cylindrical after exiting the shock 

shaper, which is not true. The further from the exit of the shock shaper, the 

better the assumption of a cylindrical blast. The time delay between the 

predictions at different radii has not been altered on these plots, and there is 

some disagreement between the experiment and the calculation for the shock 

arrival time at the largest radius. Differences between the measurements and the 

prediction are expected, because the actual shock strength is not uniform across 

the front, as a perfect cylindrical blast wave would be. The weak shock limit of 

the analytical model is apparently reached for the 7 mil case at the largest radius, 

where the shock pressure rise is not sharp. The change in shock strength due to 
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different diaphragm thicknesses and driver pressures is minor, because there is 

very little change in the characteristic length (a blast scaling parameter): for 

different diaphragms. 

The primary reason for predicting the shock behavior at the test blade was to 

understand the behavior of flow variables other than pressure. For a single shock, 

plots of calculated density, temperature and induced velocity behind the shock 

are found in Figure 3.14. The shock energy for the calculation (R=0.036 m) was 

chosen to simulate the test conditions for a 21 mil diaphragm, and the radius of 

0.20 meters from the shock shaper exit corresponds to the leading edge of the test 

blade. Of particular importance is the magnitude of the induced velocity, which is 

on the order of the mean upstream velocity (66 m/s) when the cascade is present. 

This velocity causes large incidence changes of short duration as the shock passes 

the cascade leading edge. A moving normal shock with the same pressure ratio as 

the cylindrical shock (1.17) has a density ratio of 1.12, a temperature ratio of 

1.05 and an induced velocity of 40 m/sec (at room temperature). These values 

are only slightly lower than the predicted results for the cylindrical shock, and 

should match closely because the cylindrical shock is weak. The predicted 

temperature falls below the ambient level behind the shock front and then 

subsequently increases above it. This is a characteristic of blast waves which can 

be seen in any of the flow variables, depending on the shock strength. Take for 

example the pressure, which typically dips below the ambient level after the shock 

front (the “under pressure”). Also, for strong blast waves the induced velocity 

can actually change direction and move towards the center of the blast. This 

velocity change is a major factor in structural damage caused by explosive blast 

waves. The characteristic decay time for all the flow properties behind the shock 

front is about 0.5 msec. 

3.6.2 Three shocks 
  

Wall pressure data was also collected for three shock passing events. The 

data is presented in Figure 3.15. The top plot is for a shock period of 0.060 msec, 

and the bottom plot for a period of about 0.330 msec. In the second case (0.330 

msec), the pressure ratio of each shock is seen to increase slightly from 1.19 to 

1.25, corresponding to a negligible increase in Mach number from 1.08 to 1.10 
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(assuming a stationary normal shock). The increase occurs because each shock 

emerges from a shock shaper closer to the cascade leading edge plane than the 

last, so it is at a smaller radius from the shock shaper exit. The reason for the 

increasing level of the pressure spikes in the 0.060 msec case is described below. 

By considering each shock as an independent event, three shocks can be 

analytically modeled as a superposition of the single shock results. With this 

approach each shock is assumed to propagate into a stagnant region, which is not 

true for shocks after the first. However, this turns out to be a reasonable 

approach, as shown in Figure 3.16 (top), where actual and predicted (using 

superposition) pressure traces are compared for a shock period of 0.060 msec. 

Figure 3.16 also shows the calculated behavior of other flow variables. These 

plots illustrate a fundamental characteristic of the shock tube method for 

producing multiple shock waves. Because of the lack of an expansion wave 

. behind each shock and the gradual decay in flow properties, the average level of 

each flow variable increases over time. That is, for closely spaced shocks, the flow 

changes induced by the first shock do not decay to ambient conditions before the . 

arrival of the following shock. When the step increase of the following shock is 

superimposed on the lingering effects from the first shock, a larger increase in 

pressure is observed for the second shock. This ramp effect must be considered 

when analyzing the experimental results. Not only does the mean upstream total 

pressure for the cascade increase over time, but the incidence angle to the cascade 

increases as well. This is clear from the bottom frame in Figure 3.16, the 

calculated induced velocity for three shock waves. 

3.10 Instrumented Blade Design 

3.10.1 Tap Locations 

To measure the blade forces, the pressure method (see Section 2.3) was 

chosen as the easiest. Thus, the test blade had to be instrumented with a number 

of fast response pressure transducers (Kulites). Only eight transducers were 

available for mounting in the blade, but more than eight measurements were 

needed for good resolution. A tap every tenth of axial chord was desired on both 

sides of the blade. The taps were to be near to center span. No tap was put in the 
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blade trailing edge, since the blade is so thin there (about 1.5 mm, Kulite diameter 

is 1.7 mm). The final tap locations are approximately: on the suction side (ss), 

x/c=0, 0.1 ... 0.9; on the pressure side (ps), x/c=0.1, 0.2, 0.4...0.8 (Figure 3.17). 

The exact locations are listed in Table 10.2. There is no tap on the pressure side 

at x/c=0.9, again because the blade is too thin. The tap at x/c=0.3 on the pressure 

side was cut, but not used. 

There were 12 high response transducers available, which were allocated as 

follows: 

1 upstream unsteady total pressure probe (K11) 

1 downstream unsteady total pressure probe (K12) 

1 static pressure at x/c=0.2 (ss) on test blade (K9 on blade 5) 

1 static pressure at x/c=Q.2 (ss) on adjacent blade (K10 on blade 4) 

8 static pressure taps on the test blade. 

Since there are only eight transducers for static pressure measurement and 16 

taps on the test blade (not including x/c=0.2 on the suction side), the transducers 

had to be rotated once and the test conditions repeated. Both transducers at 

x/c=Q0.2 (ss) were not moved, so that comparisons could be made between the two 

sets of static pressure data for each test condition. 

3.10.2 Tap Geometry 

The pressure transducers are nominally 5 mm (0.2 inch) in length, and 1.7 

mm (0.068 inch) in diameter. Even though they are small, they are still too large 

to mount flush with the blade surface except near the leading edge. To get 

around this problem, the transducers were located in the spanwise direction, just 

under the blade surface. Thus it was necessary to drill taps perpendicular to the 

blade surface to intersect the spanwise transducer cavities. The tap size could not 

be too small, or the response of the transducers would be limited. At first, 0.33 

mm (0.013 in) holes were drilled, and the cavity response was compared with 

simultaneously measured data from a surface mounted transducer at the same 

location on an adjacent blade (transducer K10 on blade 5 in Figure 3.0). The 

pressure signal was severely attenuated by the tap (Figure 3.18, top), so the tap 

size was increased to 0.66 mm (0.026 in) and the test repeated (Figure 3.18, 

bottom). With the larger tap size, it appears from the figure (bottom) that only 
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the very high frequency components of the pressure signal are attenuated. This 

loss in resolution was to be accounted for with a calibration, which will be 

discussed later (see Data Reduction). The theoretical frequency response of the 

taps can be determined by methods discussed elsewhere (Beckwith, Holman, 

Iberall, Schweppe). Using the equations presented by Holman, for example, the 

cavity natural frequency is approximately 19 kHz. The nominal depth for each 

tap is 0.8 mm (1/32 inch). That is, each Kulite was recessed under the blade 

surface by 0.8 mm, within manufacturing tolerance. 

3.10.3 Flexibility 

The design challenge in building the instrumented blade was flexibility. More - 

specifically, only four channels of data acquisition equipment were available for 

blade measurements, and only eight Kulites were available, but sixteen pressures 

were to be measured. This necessitated rotating the Kulites for each test 

condition. Therefore, the Kulites had to be easily removable without damage. A 

slice (“instrumented section”) was removed from the middle of the test blade, and 

holes were drilled parallel to the section surface to house the Kulites (Figure 

3.19). The taps were drilled perpendicular to the blade surface to intersect the 

Kulite cavities, then tiny Allen head set screws were used to seal off one end of the 

Kulite enclosures. To insert the transducers, a thin wire was stuck in the tap hole, 

and the Kulite and set screw pushed into contact with the wire from opposite 

sides. The wire was removed, and the back of the Kulite was sealed with silicone 

rubber. This approach minimized the cavity size for maximum frequency 

response. To remove a Kulite, the set screw was removed and the Kulite carefully 

pushed out with a rod of the same diameter to prevent crushing the screen. 

3.10.4 Manufacture 

The instrumented blade slice was cut from a complete blade. To make sure 

the three sections of the blade were aligned when re-assembled, long pin holes 

were drilled from the blade ends before cutting. The sections could then be 

accurately re-assembled with pins. Because of the large blade span (0.15 m), the 

blade slice had to be located slightly off the blade centerline to prevent drill 

binding in the aluminum blade material. Given the length of the blade span and 
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good two-dimensionality of the flow, it is not necessary to locate the 

instrumentation at the exact centerline of the blade. The details are presented in 

Figure 3.20, with a separate drawing for each feature of interest. The completed 

blade has a 3 mm rubber gasket at each end, in the shape of the blade profile, to 

make up the thickness of material lost when a complete blade was cut. To get the 

Kulite lead wires out through the cascade endwall, a through-hole was drilled in 

an end section of the instrumented blade (Figure 3.20). Also, the instrumented 

slice had to be hollowed out on one end to accommodate bending the Kulite wires, 

so they could be led out the exit hole. When the blade was instrumented, with 

eight Kulites in the desired locations, the two joints in the blade were sealed with 

silicone rubber and pulled together with the assembly screw to prevent flow 

leakage through the gaps. Figure 3.21 is a photograph of the leading edge of the 

completed instrumented blade, with the Kulite leads running out the right side of 

the blade. The pins to align the blade sections are also visible. 
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4.0 DATA COLLECTION 

4.1 Procedure 

The operating procedure for a typical run is described here. Starting with an 

open shock tube, the diaphragms are inserted and the breach flanges bolted 

closed. The shock tube is then evacuated, and pre-charged to about 2400 kPa 

(350 psig) of helium. The data acquisition system and timing circuit triggers are 

set, and the tunnel is ready to run. The tunnel valve is opened, and the 

pneumatic control for the shock tube is activated just before the tunnel total 

pressure levels out. When the shock tube diaphragm bursts, the Psi system (see 

Section 3.1) is manually triggered to record the pressures necessary to calculate 

the run Mach number, which should be M=1.2. After the run, the Lecroy data is 

saved to disk and the Mach number recorded. Finally, the shock breach is opened 

and the remaining diaphragm pieces removed. To finish the procedure, the 

tunnel is run briefly with the shock tube breach open to blow out the shock 

passages. If this last step is missed, inaccuracies in shock timing for multiple 

shocks will result because of lodged diaphragm pieces in the shock ducts. 

4.2 Test Cases 

Three different shock passing situations were studied using the multiple 

shock method. These are: 

1) Single shock only 

2) Three shocks with a period of 0.055 msec 

3) Three shocks with a period of 0.200 msec 

Case one gives an indication of how long the shock effects last in a blade passage, 

and case three simulates the shock timing in an actual engine. Case two was 

chosen to simulate the possible situation where more than one shock wave is 

incident on a blade passage at a time. 

The period of the shock waves relative to the passage flow speed is given by 

the Strouhal number: 
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where f is the upstream blade passing frequency, cax is the blade axial chord, and 

W7] is the blade inlet relative velocity. For a typical LP nozzle the Strouhal 

number is 2.25 and for a typical HP rotor the Strouhal number is 1.80 (Shelton, 

private communication). The Strouhal number can be roughly interpreted as the 

ratio of the time for flow to go through a blade passage to the time for a shock to 

propagate across the blade passage. Thus for large Strouhal numbers more than 

one shock is incident on the blade passage at a time. For the last two shock timing 

cases above, the Strouhal numbers are: 

2) Shock period = 0.055 msec, St=10.4 

3) Shock period = 0.200 msec, St=2.9 

Note that if the average passage axial velocity is used instead of Wz] in defining 

the Strouhal number, then a Strouhal number greater than one implies that more 

than one shock affects the passage flow at a time. 

4.3 Probe Traverse 
  

In addition to blade static pressure measurements, unsteady total pressure 

measurements were made both upstream and downstream of the cascade. These 

measurements were then used to estimate the total pressure loss with and without 

shock wave passing. The downstream pressure measurements were made at 17% 

of axial chord downstream of the cascade, at mid-span. For each test case, the 

probe was located at eleven different heights, corresponding to a complete pitch 

with spacing of 0.1 pitch. That is, the probe was placed at one position for a run, 

and then moved to a new adjacent position before the next run. Due to the 

transient nature of the experiment, no traversing could be done except for the 

steady, no shock case. Thus, there are only eleven distinct measurement locations 

for downstream total pressure for each test case. However, due to averaging of 

blade static pressures (described below), forty-four (44) runs were required for 

each test case. Thus, two complete eleven-point sets were taken between blades 4 

and 5 (the “lower” passage) and two sets between blades 5 and 6 (the “upper” 

passage, see Figure 3.0). The probe position was set with a computer controlled 

stepper motor, and was verified with an optical scope. For the downstream probe, 
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position O is immediately downstream of the lower blade trailing edge for the 

measured passage, and position 10 is downstream of the upper blade (Figure 3.0). 

Positions 1 through 9 are in the middle of the passage. 

The downstream total pressure was measured with a Kulite mounted on the 

end of a stainless steel tube of the same diameter. Thus the spatial resolution is 

equal to the Kulite diameter, or 0.067 inches. Note that the downstream 

measurements are not corrected for the bow shock which forms upstream of the 

probe since the exit flow is supersonic for all runs (M=1.2). To make the 

correction, detailed knowledge of the static pressure in front of the bow shock is 

required. This is an extremely difficult measurement to make. A good estimate 

would be the unsteady wall static pressure, but not enough instrumentation was 

available to make multiple transient measurements at the wall. 

4.4 Ensemble Averaging 

As described previously, there are three test cases, and each case must be 

repeated four times because of the limited number of data acquisition channels. 

Also, to accommodate eleven downstream probe positions, each repetition had 

eleven runs. Thus, a total of 44 runs were required for each test case. Each blade 

static pressure measurement was made 11 times (with 4 rotations to cover all the 

locations) with the same conditions (shock spacing and Mach number). Averaging 

could consequently be performed. The static pressure at tap S1 on blade 5 was 

measured for every run, and was also the measurement used for the data 

acquisition trigger for every run. Because the trigger level was constant, all of the 

unsteady pressure measurements (upstream, downstream, and blade) are on the 

same time base and can be directly compared. However, some runs had to be 

manually shifted to line up with the bulk of the data during the data reduction, 

due to occasional trigger errors. 

Ensemble averaging was done in the frequency domain. For a given pressure 

measurement, 11 data sets were averaged at a total of 2048 points for each set. 

That is, at each time increment from 1 to 2048, eleven averages were performed. 

Although all of the data collected here is transient and therefore non-stationary 

(averages are very dependent on sample size, see Bendat 1986), the test 
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conditions are the same for each data record in a set, and the ensemble averaging 

technique for stationary data can be applied. 
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5.0 DATA ACQUISITION SYSTEM 

To collect unsteady pressure data, a high speed data acquisition system was 

assembled. The basic components of the system are amplifiers, anti-aliasing 

filters, offset amplifiers, and a digital to analog converter. The requirements for 

the instrumentation were wide pass band (high frequency response), maximum 

resolution, and flexibility in handling different full scale voltage (FSV) ranges. 

The last requirement was important because half of the data acquisition channels 

were not dedicated to a single transducer, but to several at different locations in 

the flow. Thus, the FSV had to be changed while still maintaining good resolution. 

o.1| Amplifiers 

Two different amplifier types were necessary to get eight channels. Four 

channels of Measurements Group 2120A Strain Gauge amplifiers and four 

channels of Measurements Group 2310 Strain Gauge amplifiers were used. Both 

types were used in full bridge configuration (for Kulites) and 5.0 volts excitation. 

Gain (DC) was set at 100 for all channels. The 2120A amplifiers were configured 

for a band pass of 50 kHz (to -3 dB point) anda “high” balance range of 14% 

unbalance. Bridge balancing was done by hand. The 2310 amplifiers have a DC 

coupled band pass of 65 kHz (-3 dB) and were operated in the “high” balance 

range (5% bridge unbalance), with automatic ranging. The high balance ranges 

were necessary because of the large residual unbalance (about 5%) between the 

inputs and outputs typical of Kulite semiconductor transducers. Residual 

unbalance is the difference between the input bridge arm resistance and the 

output arm resistance. An unbalance larger than the amplifier range makes it 

impossible to balance the amplifier. 

5.2 Filters 

Fight channels of matched filters were available. Frequency Devices two- 

channel chassis were used, with LPO1 digitally programmable elliptic (8 pole, 6 

zero) filters. The filters were used to prevent aliasing of the data. Elliptic filters 
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feature a very fast cutoff and low pass band ripple, but do have significant stop 

band ripple. The cutoff frequency for all twelve channels was set at 51.2 kHz, to 

prevent aliasing (the A/D sample rate was 1 million per second) but avoid 

removing useful signal content. All channels were zeroed and chassis grounded 

and had pre/post gains set to unity. 

5.3 Offset Amps 

Since every data channel was used for a different voltage (pressure) range, a 

method was required to maximize the resolution of the D/A converter. Two 

possibilities were available: change the channel gains or use offset amplifiers. 

The first technique was considered undesirable because of the difficulty in 

accurately determining the channel gains. Offset amplifiers capable of offsets 

from O to -10 volts were used. The amplifier components were simple op-amps. 

Each channel had a National Semiconductor LF411CN with a Gain/Bandwidth 

Product of 4 MHz and a PMI OPO7-CP with unity gain bandwidth of 400 kHz, so 

frequency response was not a problem. As different transducers were used with a 

given channel, the offset and D/A converter full scale voltage (FSV, which is 

recorded in each binary data file) were changed to give maximum resolution. 

5.4 Analog/Digital Converter 

A high-speed eight channel analog to digital (A/D) converter was used to 

collect the pressure data. Lecroy 6810 Waveform Digitizers were used with 

Catalyst software as a front end running on a PC (GPIB control). The Lecroy is a 

12 bit system with a maximum total sample rate of 5 million per second for 4 

channels. The maximum for each channel is therefore one million samples per 

second, or a period of one microsecond (0.001 msec). The maximum sample rate 

was used to collect all of the data, resulting in about ten data points during the 

shock rise time. The full scale voltage for each channel was varied in these 

experiments from 2.0 (+/- 1.0 volt) to 10.0 volts. Four of the channels were used 

for blade static pressures, with a rotation pattern as described previously. The 

total pressures and a suction side blade static pressure on two adjacent blades 

were taken on the other four channels. The noise floor, given 12 bit resolution, 

was -66 dB (0.000244 V for a FSV of 1.0, for example). Using an average 
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calibration value and a gain of 100, the noise floor is less than 50 Pa (0.007 Psia). 

The zero level on each channel was about -20 mV. Since the Lecroy cannot be 

calibrated (zeroed) in the lab, this is a source of error that must be considered. 

5.5 Kulite Transducers 

The miniature high-response pressure transducers used in this experiment 

were Kulite XCQ-062-50 transducers. These transducers are the absolute pressure 

type with a maximum pressure of 50 psia. The Kulites have a diameter of 1.7 mm 

(0.068 in) and a length of 5.1 mm (0.20 in). Note that the length, although small, 

still necessitates mounting the blade static pressure Kulites parallel to the blade 

surface (except near the leading edge). The Kulite transducer is a semiconductor 

full-bridge circuit. A thin coating of silicone rubber is placed on the sensing 

element (diaphragm) by the manufacturer. The Kulites used here also had a “B” 

screen in addition to the coating. The screen is necessary for several of the 

measurement points (especially the total pressures) because of debris in the wind 

tunnel flow. Without the screen present, the XCQ-062 has a natural frequency of 

about 600 kHz. Kulite’s technical staff estimate that the natural frequency of the 

transducer is reduced to about 50 kHz with the screen present. Although no 

dynamic calibration of the Kulites was performed (see Data Reduction), Kulite’s 

literature suggests that the screen does not affect the response of the transducer 

up to 20 kHz. The response is nearly flat both with and without the screen. The 

XCQ-062 is capable of both static and dynamic pressure measurements. 

The XCQ-062 transducer, as supplied, is temperature compensated for 25-80 

degrees Celsius. The specified temperature sensitivity is 6.9 kPa (1.0 psi) per 38 

degrees C (181 Pa or 0.03 psi per degree C). Empirical data from Virginia Tech 

(Holmberg, private communication) showed a zero shift of -34.5 Pa (-0.005 psi) 

per degree C over the range 50-100 C, which indicates the effectiveness of the 

temperature compensation. The actual temperature range for the current 

experiment is roughly 0-20 C for upstream measurements and O to -60 C for 

downstream measurements. Both are out of the compensated temperature range. 

This will be a source of error, which is quantified later. During a tunnel run, the 

upstream total temperature starts out at or below room temperature and 

decreases to zero degrees Celsius during the run because of air expansion through 
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the control valves. The downstream temperature is low because of the supersonic 

exit speed. 

Static post-calibration with a dead-weight tester was done for all the Kulites to 

check the specified sensitivity. An amplifier was used to give a 5.0 volt bridge 

excitation and the bridge output was measured directly at the amplifier front 

panel with no gain. This method removes the uncertainty in the amplifier gain 

and gives good accuracy in the calibration. A digital multimeter was used to view 

the output. A comparison of the measured sensitivities with the specified values 

is given in Table 10.3. All values agree within 0.3%. 

5.6 Channel Gains 

The data acquisition channel gains had to be accurately determined, since no 

direct calibration of the Kulite/amplifier/filter/offset amp combinations was 

done. That is, the Kulite calibrations were verified with a dead-weight tester, but 

the gain of each channel must be known to determine the measured pressure. 

The gains were measured using the white noise method. White noise of 100 kHz 

bandwidth was used as the input to each channel of data acquisition equipment. 

The output from the channel was simultaneously recorded with the input 

(131072=217 points each for input and output). The gain was then determined 

by ensemble averaging in the frequency domain. Details are described in Data 

Reduction. 

5.7 Shadowgraphs 

A critical diagnostic tool for this research was the spark shadowgraph. 

Especially during the development of the multiple shock apparatus, interpretation 

of pressure traces was easier when a photograph of the shock propagation 

patterns was available. To capture the moving shock waves, a fast light source 

was necessary (shadowgraphs are taken in a dark room with an open camera 

shutter). Very short duration flashes were produced with a Nanopulser spark 

light source (Xenon Corp.). The Nanopulser circuit discharges a high voltage 

spike from a capacitance across a spark gap (the “lamp”), resulting in a flash of 

about 10 nanoseconds in duration. The short flash is capable of capturing the 

DATA ACQUISITION SYSTEM 50



moving shocks. There are two disadvantages to using the Nanopulser. First, it is 

difficult to get enough light for bright pictures, because the spark does not have 

much power and the light path passes through a pin-hole. Second, the lamp 

electrodes cast shadows on the film, and the lamp must be carefully rotated to 

prevent putting shadows where they would obscure the flow. 

5.8 Timing Circuit 
  

An existing timing circuit (Collie) was used for timing the shadowgraph 

pictures. The signal from the Kulite at tap S1 was used as a trigger input, and the 

time delay before the Nanopulser flash determined by the circuit resistance, set 

with a 10-turn potentiometer. Crosstalk between the Lecroy and the Nanopulser 

through the timing circuit was a serious problem. The crosstalk tended to trigger 

the Nanopulser at the same time as the Lecroy was triggered (before the intended 

trigger), which resulted in double-exposure pictures. This problem was often 

solved by plugging the Nanopulser circuit into an isolation transformer. Crosstalk 

also sometimes triggered the Nanopulser when the tunnel valve was opened (by 

an activated solenoid). The only way to solve that problem was to have an extra 

person in the lab to open the film after the tunnel was started. Fortunately these 

crosstalk problems did not trigger the timing circuit also, which is one-shot. 

The minimum delay for the timing circuit (regardless of R-C time) is 0.055 

msec. By bypassing the timing circuit, however, a delay of zero is possible. Note 

that the trigger signal for the timing circuit, the blade static pressure at tap S1 on 

blade 5, was filtered. The filter time delay was determined by testing to be 0.016 

milliseconds. Therefore, the minimum delay for a picture is actually 0.016 msec 

from the shock impact at $1. To determine the circuit time delay as a function of 

potentiometer turns, the Lecroy was used as a storage oscilloscope. The timing 

circuit was triggered by activating the auto-range switch on a 2310 amplifier, 

generating a TTL input to the timing circuit. This trigger signal and the TTL 

output from the timing circuit were both recorded using the Lecroy. The time 

delay of the circuit versus potentiometer setting could then be determined by 

comparing the two TTL signals. The calibration made it unnecessary to record the 

trigger out from the timing circuit during data collection, which was important 

because all of the Lecroy data channels were needed for pressure records. 
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However, on some runs crosstalk through the data acquisition system caused 

spikes on the pressure records when the Nanopulser lamp flashed. The spikes 

caused by the crosstalk are visible on some of the data in the Figures (e.g. Figure 

7.8, tap P7), although averaging reduced their magnitude. 
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6.0 DATA REDUCTION 

6.1 Determination of Gain 
  

The channel gains were determined using the periodogram method of 

spectral estimation (see Press et. al, Stearns et. al, and Bendat). The goal of the 

analysis was to calculate the gain of each channel at zero frequency (the DC gain), 

given a white noise input and channel output (see Data Acquisition). Consider for 

example the input white noise for a channel. The 2 17 points were first divided 

into 128 sets of 1024 points each. Each set was transformed into the frequency 

domain by using the Discrete Fourier Transform (DFT), 

N-1 2 aki 

X, = yne i] for i=0,1,...,N/2 (Stearns et. al.) and N=1024. 
=0 

Before doing the DFT, each data set had its mean value subtracted (mean- 

zeroed). A rectangular window was used for the DFT (Harris), since the noise 

spectrum has no resonant peaks to identify. The auto-spectrum Gyx and the 

cross-spectrum Gyx were then estimated for each channel according to 

1 Sy. 
G, = Ye x |, 

m=i 

where i=0,1,....N/2 and M=128. Here, X is the DFT of the input data and Y is the 

DFT of the output data. An example autospectrum is shown in Figure 6.0. The 

top plot shows the spectrum for all frequencies up to the Nyquist frequency, 

which is 500 kHz. The anti-aliasing filter cutoff is clear near 50 kHz, and all signal 

content above that frequency is very small. Below the filter cutoff, the spectrum 

flattens out at about 20 kHz (see bottom plot). As will be shown in Section 6.2, 

this is near the frequency response limit of the pressure instrumentation. The 

frequency response function (transfer function) for each channel is then 

estimated by 
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For N=1024 points, the spectral resolution is 976.56 Hz. 

A measure of the linearity between the input and output in a linear system is 

the coherence, which is defined as 

2 GaGa 
GG, 

For a system with no noise (output is a function of input only), the coherence is 

one. At the opposite extreme, where the output is not related to the input, the 

coherence is zero. This is analogous to the correlation coefficient of linear 

regression. For the channel gain calculations, the coherence was greater than 

0.96 for every channel. 

Since the data was mean zeroed, the auto- and cross-spectra at zero frequency 

(DC) are also zero. Thus the transfer function H is undefined at DC. The DC gain 

of each channel is therefore determined using the gain at the first positive 

frequency (976.6 Hz); this is a reasonable approach because H is flat for low 

frequencies. Depending on the choice of N (number of points per data segment) 

and M.(number of data segments) for a fixed length data set, a random error is 

introduced in the estimation of H according to the formula (Bendat, 1986) 

Vi-y¥’ 
£,= >=. R y? hM 

The results for H, coherence, and bias error for each channel are listed in Table 

10.1. The script program to perform the above calculations in MATLAB is listed in 

Appendix 12.4. 

Since two different amplifiers were used to collect data, the frequency 

responses of the two amplifiers must be compared. Ideally, the responses would 

be identical so the amplifier/filter combinations would be matched, but eight 

channels of matched amplifiers with wide bandwidth were not available. The 

2120A amplifiers were used for blade static pressure Kulites, and the 2310 amps 

for Kulites K9 through K12. Figure 6.1 illustrates this point. The top plot is an 

example of the coherence between the measured input noise and the measured 
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amplifier output. The high level of coherence implies a small random error in the 

frequency response function estimate (H]). The amplifier gains are plotted as 

decibel levels out to a frequency of 100 kHz on the bottom plot. From the figure 

(bottom), it is clear that the frequency responses of the two amplifiers are 

different. Specifically, the 2120A amplifiers (thick line) have a faster rolloff. The 

responses in the figure are for the amplifier/filter/offset amp combination, so the 

filter rolloff is clear at frequencies above 50 kHz. 

Fortunately, the larger rolloff rate of the 2120A amps does not affect the 

general trends of the data. In other words, it is not necessary to use the entire 

transfer function (as a function of frequency) to recover the pressure traces from 

the raw data, but is only necessary to use the first positive frequency component 

(referred to as DC component here). This is illustrated in Figure 6.2, where one 

trace is raw data converted with the DC gain only and the others are raw data 

with the entire transfer functions applied (one for each amplifier type), and 

truncated to 50 kHz. Truncation is necessary because to convert the raw data its 

DFT is divided by H in the frequency domain, and noise is magnified at high 

frequencies where H is near zero. Note that the time shift caused by converting 

the data with the FRF’s has been removed on the plot to make comparison easier. 

It is difficult to detect differences between the data converted with the DC 

component only and the full FRF’s. The correlation coefficient between the DC 

converted data and the data converted with a 2310 amplifier FRF is 0.990. The 

correlation coefficient for the DC-2120A comparison is 0.985. Thus only the DC 

component of the gain is used to convert raw data. 

Also of interest is the effect upon the system gain of the various components 

in the data acquisition system. The gain of the entire data acquisition system is 

shown again in Figure 6.3 as a decibel level, and compared with the filter 

frequency response provided by Frequency Devices in the filter specifications. 

Finally, the response of the offset amplifiers (set to zero offset) is also shown in 

Figure 6.3, again determined by applying a 100 kHz bandwidth white noise 

source. The frequency response function of the offset amplifiers was also checked 

for offsets other than zero, and showed no change. The rolloff of the offset 

amplifiers is well beyond the cutoff frequency of the anti-aliasing filters. 
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6.2 Determination of Frequency Response 

There are two main frequency response issues to resolve. The first is the 

frequency response of the Kulite transducers themselves, and the second the 

response of the tap cavity where the Kulites are embedded (for blade static 

pressure measurements). There are many methods for the dynamic calibration of 

pressure transducers, but for impulsive measurements (for instance, shock 

waves), a shock tube calibration (Bowersox), or something similar, is required. 

The Kulites, as supplied by the manufacturer, have no dynamic calibration 

information. However, the effect of the protective screen on the wide-band 

response of the Kulite must be determined. 

The response of the tap cavities was to be determined during the data 

collection process. By simultaneously recording data at tap S1 (an embedded 

Kulite, K9) and at the suction side tap on the adjacent blade (K10, a surface- 

mounted Kulite at the same location), the transfer function between the two could ° 

be calculated in the frequency domain and the tap frequency response function 

(H) inferred. Then, the blade static pressure data at all the other. taps could be 

converted by dividing by H in the frequency domain. This method assumes that 

all the taps have the same frequency response, a reasonable assumption since 

they all have the same nominal geometry. It is also assumed that the frequency 

content at tap S1 is representative of all the other taps; otherwise the frequency- 

dependent transfer function will be inaccurate. Using this method and accounting 

for missing data, an ensemble average of 126 runs (all available simultaneous K9 

and K10 data) could be done to determine H. 

When the tap frequency response was calculated, the practical frequency 

response of the Kulites themselves became clear. When the coherence is plotted 

using K9 as input and K10 as output (Figure 6.4, thick line), the coherence is seen 

to drop off sharply to zero at a frequency of about 23 kHz, and stay low until 

about 30 kHz. This implies that the input and output are not related for 

frequencies above 23 kHz, which could mean that the flow is uncorrelated above 

23 kHz or the transducer response is limited to 23 kHz. Due to the shock pressure 

impulse at both K9 and K10, the flow is expected to be correlated at high 

frequencies. Keep in mind that the coherence plotted in Figure 6.4 (thick line) is 
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for the relationship between an embedded Kulite and a surface mounted Kulite. 

When the coherence between K10 and K11 is plotted (Figure 6.4, thin line), the 

trend is the same. For this case, both Kulites are exposed directly to the flow. 

Two conclusions are made: 1) the effective bandwidth of the Kulites with screens 

installed is 23 kHz, and 2) the blade surface tap cavities have little effect on the 

Kulite response in that bandwidth. 

Clearly, it would be useful to have a direct dynamic calibration of the Kulites. 

For one percent random error in H (assuming a desired coherence of 0.97), about 

300 identical shock tube runs would be required, with a Kulite mounted in the 

shock tube wall. To calibrate, the magnitude of the shock pressure impulse at the 

Kulite must be determined accurately. The best way to determine shock speed 

(and therefore pressure rise) is with multiple-spark pictures of a known scale. 

Therefore, a transparent shock tube is required. It was not clear until the 

research was completed that the Kulite response would be the limiting factor in 

blade pressure measurements, so no dynamic calibration was done. However, as 

discussed in the previous paragraph, the response can be inferred. The only 

limitation is the fact that the measured pressure peaks at shock arrival are not 

accurate, due to the large bandwidth of the impulse. However, an alternate 

method of determining the shock velocity is available, and is discussed in the 

Results section. If the XCQ-062 Kulites with a “B” screen are used in the future, a 

single transducer with no screen installed should be purchased. Then, the 

screened Kulites could be calibrated by comparison with the bare transducer. 

Although a “bare” Kulite has a layer of silicon on the diaphragm, the response is a 

factor of ten better than for the screened version. 

The results of the calibration, as originally planned, are nonetheless 

interesting. The cavity frequency response at K9 was calculated, using K9 and 

K10 data, according to the linear system 

Y = HX 

in the frequency domain. Here, X is the “actual” pressure signal (K10), and Y is 

the recorded signal (K9). Once H was computed, the calibrated pressure signal (X) 

was recovered from the data (Y) by dividing the DFT of the raw data by H in the 

frequency domain. Note that the calibrated result must be truncated at 

DATA REDUCTION 57



frequencies higher than the anti-aliasing filter cutoff, or the signal will be 

dominated by noise. Also, since the K9 and K10 measurements are at different 

physical locations, there is an inherent time delay between them. This can be 

removed by multiplying H in the frequency domain by the complex linear 

frequency dependent factor 

e wo 

where tg is the time delay. The factor has magnitude one and is a time shift in 

the time domain. Note also that the time delay between K9 and K10 introduces a 

small bias error in the estimation of H (Bendat, 1986). 

Depending on the choice of linear system model (location of assumed noise), 

two models are available for estimating H between K9 and K10 (Bendat, 1986). 

The magnitude of the two models, Hj and H?2, is compared in Figure 6.5. The 

coherence and phase difference are found in Figures 6.4 and 6.6. The phase 

difference and coherence are identical for the two H models. The difference in 

magnitude between Hj and H? estimates is a fundamental consequence of 

Statistical estimation. The true frequency response function falls between them, 

and cannot be precisely determined. The 95% confidence intervals for the H 

estimates are shown in Figure 6.5, at the bottom. While the results for the K10- 

K11 prediction (surface mounted Kulites) are not shown (except for coherence, 

Fig. 6.4), they are similar. The similarity in the coherence plots was discussed 

previously to deduce the maximum frequency response of the Kulites. The 

calibration of a K9 pressure record, using both models, is compared with the 

simultaneous K10 record in Figure 6.7. The thick line is the “actual” pressure 

(measured by K10) to be predicted from K9 data, and the thin lines are the two 

predictions. Clearly, neither model does a perfect job of calibrating the pressure 

signal. The correlation coefficient between the K10 data and the Hy] prediction is 

0.97, and the correlation coefficient between the K10 data and the H? prediction 

is 0.95. 

Better results are achieved by merely truncating the recorded K10 pressure 

signal at 23 kHz and comparing with measured K9 signals. Figure 6.8 shows 

records of K9 and K10 signals in their original and truncated states. For K9, the 

only differences caused by truncation are the removal of a high frequency 
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oscillation (around 40 kHz), plus the addition of small oscillations near the 

pressure spike as a result of using a rectangular window to truncate the data 

(Gibb’s effect). The removed oscillation is assumed to be caused by the natural 

frequency of the Kulite/screen combination, quoted by the manufacturer at about 

50 kHz. For the K10 traces, the removal of the oscillation has a much greater 

effect, and is seen to affect the magnitude of the pressure spike at shock arrival. 

In Figure 6.9, the two raw signals (K9 and K10) are compared (top), and the two 

truncated signals are compared (bottom). Clearly, when truncated to 23 kHz as 

indicated by the coherence plots, the match is good (correlation coefficient = 

0.99). Note that on these plots the mean values are plotted, and K10 has been ~ 

time-shifted to correspond to K9. The conclusion is that the blade surface taps 

only affect the frequency response of the Kulites at frequencies above the cutoff 

- caused by the screen. Also, data from all Kulites not embedded in the blade 

-surface (K10, K11, and K12) should be truncated to 23 kHz. 

6.3 Uncertainty Analysis 

There are several known sources of error in the experimental method. Even 

though ensemble averaging is performed to reduce the random error, significant 

bias errors are known to exist. These errors are detailed below, and the 

calculation of confidence intervals for some of the unsteady data is described. 

There are three quantifiable sources of random error. The resolution of the 

A/D converter (Lecroy) is the first. Since the converter is 12 bit, the resolution 

error is 0.02%. For example, at a full scale voltage of 10.0 V, the resolution is 2.4 

mV. The random error in the calculation of gain, discussed in Chapter 6 and 

listed in Table 10.1, is less than 1.4%. Finally, the error in the Kulite calibrations 

is roughly 0.3%, since the uncertainty in the calibration is 0.01 mV/psi in 3.0 

mV/psi. These combine to give a total random error for the unsteady 

measurements of 1.72%. When averaging is performed, the random error is 

reduced. For example, for the unsteady blade static pressures, eleven runs are 

averaged. This reduces the random error by the square root of eleven, to only 

0.5%. For a typical reading of 165 kPa (24 psi), this amounts to less than 1 kPa 

(O.1 psi). 
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The magnitude of the known bias errors is more significant. The downstream 

total pressure measurement is known to be biased low, since no correction is 

made for the probe bow shock. The steady data (Figure 3.3) implies that the bow 

shock correction is about -3 kPa in 160 kPa, or -1.8%. The largest bias error 

occurs because the Kulites are not temperature compensated for the range of use. 

The upstream total pressure and blade static pressures were biased high by about 

40 mV at the end of a tunnel run (when the tunnel returned to atmospheric 

pressure) due to cooling of the Kulites. Taking into account the channel gains and 

Kulite calibrations, this becomes a bias of -1 kPa (0.15 psi). For an upstream total 

pressure of 165 kPa, this is a bias error of +0.6%. A typical blade static pressure, 

say 117 kPa (17 psi), has a bias of +0.7%. The downstream probe Kulite had a 

higher temperature bias of about +400 mV, which converts to +7.6 kPa (1.1 psi). 

At a typical level of 165 kPa, this is a +4.6% bias error, which is significant. The 

large bias error in PJ? explains why the downstream total pressure is sometimes 

observed to cross the upstream total pressure in Figure 7.14 (described in the 

Results section). Finally, for all channels, the Lecroy channels had zero offsets of 

about -20 mV, which gives a bias error of -0.2% for a FSV of 10 (downstream total 

pressure) and a bias error of -2% for a FSV of 1 (the maximum bias for all other 

measurements, which had the FSV set on 1, 2, or 4). Summarizing, the total bias 

error for downstream total pressure is +3.2%; for upstream total pressure, -1.6%, 

and for blade static pressures, -1.1%. 

The above estimates of random error do not accurately represent the physical 

situation, because of the flow unsteadiness. The randomness of the flow is not 

easily quantifiable, but is of primary importance for a transient experiment. The 

best way to deal with the randomness is to form confidence intervals for the 

unsteady results, which will reflect the effect of averaging on the flow 

randomness. For example, the unsteady total pressures at each probe location, 

plotted in Figure 7.14 and discussed in Section 7.8, are averages of four records 

with identical test conditions. The standard deviation estimate, s, can be figured 

as a function of time. Using the standard deviation as a function of time and the 

student’s t distribution for n=4 averages, the 95% confidence interval for the 

mean as a function of time can be computed. Figure 6.10 shows an example of 

the results, in this case the downstream total pressure at probe position 9 for a 
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single shock passing. The data at this probe position is observed to have higher 

randomness than at the other probe positions. The maximum uncertainty in the 

mean for upstream total pressure is roughly 4%, and about 9% for the 

downstream total pressure. More averages need to be performed to reduce these 

uncertainties, which is not convenient given the transient nature of this 

experiment. The blade static pressures have a nearly uniform standard deviation 

as a function of time (for eleven averages), resulting in a 95% confidence interval 

of about plus or minus 2 kPa (0.3 psi), or only about 2% for a typical value. 
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7.0 RESULTS 

7.1 Shock Speed 

As noted previously, the shock waves in this experiment are relatively weak, 

especially in comparison to the waves produced by the shotgun method (Collie et. 

al). However, the stated intention in the Introduction was to simulate a shock 

strength typical of the trailing edge shocks for a high pressure turbine stage. In 

particular, an exit Mach number of 1.2 was to be simulated. Since pressure 

measurements are made on the suction surface of two adjacent blades at the same 

axial location (K9 and K10), the shock velocity can be calculated by finding the 

time delay between the two locations. The cross correlation 

T-t 

frOyet v)dt, Ost<T 
0 

  R,(a) = oy T) Tou 

between K9 and K10 is computed for the average of all single shock runs, and the 

time delay estimated as the point of maximum correlation (Figure 7.0). The total 

time of the data record is T. The cross correlation is actually computed for mean 

zero data (the means are removed) in the frequency domain according to the 

relation 

a 1 N-r 

R.(rAt) =—— ) x forr=0,1,2,...mandm<WN, (At) = DAD 

where N is the number of data points collected at time interval (period) At. The 

maximum occurs at 0.091 msec, which for a blade pitch of 0.038 meters gives a 

shock velocity of 418 m/s. For a sound speed of 331 m/s, the shock Mach 

' number is 1.26 (pressure ratio=1.7). The tunnel mean flow is ignored, because it 

is perpendicular to the direction of shock propagation. Inspection of plots of K9 

and K10 data verifies that the time delay calculated in this way is correct. 

Note that the shock pressure ratio measured at K9 or K10 cannot be used to 

determine the shock Mach number directly for two reasons. First, the shock 

reflects obliquely at the blade suction surface, giving an increase in pressure, and 
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second, the impulse magnitude is likely too small due to the relatively low 

frequency response of the transducers. 

For multiple shocks, the picture is more complicated. After passage of the 

first shock, there is an induced velocity, residual pressure rise and change in the 

speed of sound. The results from Bach and Lee’s model show that the relative 

temperature change (and therefore sound speed) behind the first shock is only a 

few percent. However, the induced velocity is significant. No longer can the 

standard Rankine-Hugoniot relations be applied, but they must be rewritten to 

account for the induced velocity relative to the wave. In the new form, the 

Rankine-Hugoniot equations are: 

pal W,- u,,] = p( W, - U2) 

2 

Px + p,(W, ~u,} = P3 + p,(W, — Ua) , 

2 

(Ww, —U,,} _ — =C, 

where W? is the shock speed, up] is the induced velocity in front of the shock 

C1, + 

(from the previous wave) and up? is the induced velocity behind the shock. All 

three velocities are in the laboratory (absolute) frame. For other variables, state 2 

is in front of the wave and state 3 is behind it. The system of equations can be 

solved numerically when the equation of state behind the shock is included. The 

solution can also be done with shock tables, if the Mach numbers and velocities 

relative to the wave are used. 

The cross correlation method is no longer useful for determining the 

velocities of the second and third waves, because of slight differences in shock 

timing between runs (the peaks average out). Timing is not a problem for the 

first shock, because the data acquisition system is triggered by the shock, 

resulting in good timing consistency. However, by looking at pressure traces, the 

time delay between K9 and K10 is roughly 0.082 msec for the subsequent waves 

(in both the 0.055 msec and 0.200 msec cases), so they travel faster than the first 

wave. 

The Mach number and pressure ratio of the second and third shocks can be 

estimated using the modified Rankine-Hugoniot (R-H) equations and the Bach and 
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Lee predictions for shock decay. The first shock (velocity=418 m/sec) has a Mach 

number of 1.26 and a pressure ratio (P2?/P1) of 1.7, just as in the single shock 

case. First consider the multiple shock case with a period of 0.055 msec. Bach 

and Lee’s model predicts a decay 0.055 msec after the first shock to the following 

conditions: 

P, = I. Ip, 

P, =1.1p, 

f, = T, 

u,, = 25m /sec 

Applying the R-H equations for a second shock velocity of 463 m/sec, the shock 

Mach number is 1.32 and the pressure ratio (P3/P2) is 1.87. Repeating the 

procedure for the third shock, the conditions in front of the shock are predicted 

to be: 

p; = 1.14p, 

p; = 1.14p, 

T; = T, 

u,, = 40 m/sec 

which results (for a shock velocity of 463 m/sec) in a Mach number of 1.28 anda 

pressure ratio of 1.74. This procedure is repeated for the 0.200 msec period case 

as well. The results for both cases are summarized in Table 10.4. 

The results in Table 10.4 suggest that the first wave “sets up” the flow, 

resulting in nearly uniform shock parameters for the second and third waves. If 

more shocks were available, it is expected that they would continue to be nearly 

uniform in strength. Keep in mind that Mach number is not the usual parameter 

used to characterize moving shock waves, because of the relative velocities. That 

is, if two shocks of the same pressure ratio are compared, one propagating into a 

stagnant region and the other into a moving gas, the Mach numbers of the two 

shocks will be different. For this reason pressure ratio is usually used to quantify 

the strength of moving shocks. 
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7.2 Repeatability 

There are several repeatability issues to be addressed. The most important is 

the uniformity in timing of the shock waves for the multiple shock cases. In the 

case of a single shock, the arrival time of the shocks was very consistent. Figure 

7.1 shows ten consecutive upstream total pressure traces for a single shock. The 

pressure rises at the shock fronts line up almost exactly near 0.55 msec; when the 

scale is expanded (not shown), the impulses are seen to have a spread of only a 

few microseconds. The good accuracy in timing of a single shock (and the first 

shock for multiple shock cases), is due to the data acquisition trigger method. 

The trigger voltage level for the Lecroy was chosen near the top of the shock 

pressure rise. Thus it was unlikely that fluctuations in tunnel pressure would 

prematurely trigger the data acquisition. The other consequence was consistency 

in the time base between runs, since the shock rise time is constant. Errors in 

triggering occurred only about 5% of the time, and the bad runs were discarded 

when detected. A few runs were kept with undetected bad triggering, and these 

had to be manually shifted to align with the rest of the data. 

The repeatability in “steady” upstream total pressure is also indicated in 

Figure 7.1 between O and 0.5 msec. For the ten runs shown, the average level of 

upstream total pressure differs by about 5 kPa (0.7 psia), which for a level of 165 

kPa (24 psia) gives an error of only 3%. The differences in upstream total 

pressure between runs also causes a difference in exit isentropic Mach number. 

As discussed previously, the average exit Mach number for all runs was 1.2, witha 

standard deviation of 0.0107. The small standard deviation was achieved by 

generally accepting runs with an exit Mach number in the range 1.18 to 1.22, with 

most of the runs at the intended value of M=1.2. 

In the multiple shock cases, the repeatability in timing for the second and 

third shocks was not as good as for the first shock. Small differences in 

diaphragm burst pressure and tunnel upstream total pressure contribute to the 

inaccuracy. The rule of thumb for the 0.055 msec period case was to keep any 

run with shock timings as observed at K11 in the following ranges: O msec for the 

first shock, 0.050-0.060 msec for the second, and 0.100-0.110 msec for the third. 

For example, some runs were accepted with the shock timing of 0, 0.060, and 
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0.100 msec. This results in unequal shock spacing with 10% error, but represents 

the limits of the method. The acceptable range for the 0.200 msec period case 

was 0.190-0.210 msec for the second shock and 0.390-0.410 msec for the third 

shock, as measured at K11. A consequence of the spread in shock timing for the 

multiple shock cases is smearing of the shock pressure impulse when a group of 

runs is ensemble averaged. 

7.8 Shadowgraphs and Blade Static Pressures 

Single shock tests were done using the shock tube for comparison with the 

multiple shock cases. Spark shadowgraphs at different time delays for the single 

shock case are shown in Figure 7.2a-g. The scale of all the shadowgraphs is 170%. 

The values for spark delay listed on the figures are for relative comparisons 

between the shadowgraphs. For reference, the “zero” delay shadowgraph (Figure 

7.2b) was taken 0.016 msec after the shock crossed tap S1 on blade 5, which is the 

middle blade on the figures. The 0.016 msec delay is caused by the anti-aliasing 

filters. The shadowgraphs can be compared with the work of Collie et al., where a 

stronger shock was used. Although some features are not present here with the 

weaker shock (such as vortices from leading edge shock refraction), the basic 

trend is the same. In particular, since the passage flow is nearly identical (the 

SCLUT profile used here is only slightly different than Collie’s Baseline profile), 

the timing of the shock motion is comparable with the stronger shock. This is 

because the in-passage shocks are convected at the same speed by the passage 

flow in both cases. The shock propagation velocity in a blade passage is the 

vector sum of the shock speed (directed normal to the shock front) and the 

passage velocity vector (Giles). An animation of the shock motion is shown in 

Figure 7.3 (the shock labels are different than Collie’s). Many of the-details of the 

shock motion are omitted for the single shock case, since they are discussed 

elsewhere (Doorly et al., Collie et al.). 

The propagation of a shock through a blade passage without passage mean 

flow is shown in Figure 7.2a. The incident shock is just impacting the lower blade 

in the figure. The reflected shock “c” can be seen leaving the top passage, 

traveling upstream, and the transmitted shock is seen downstream of the cascade. 

The transmitted shock is distorted but clearly is in a line with the incident shock. 
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The incident shock is not observed to transmit through the passage in this way 

when the passage mean flow is present. 

The series of shadowgraphs with mean flow starts in Figure 7.2b. Here the 

incident shock has just crossed the leading edge of the middle blade (blade 5), 

and the main reflection “b” (see Figure 7.3) is heading up towards the adjacent 

blade’s pressure surface. The downstream total pressure probe is also seen in the 

figure, located in the wake of blade 6, the top blade in the figure. Figure 7.2c 

(0.055 msec delay) is analogous to the case with no mean flow in Figure 7.2a, 

except that no transmitted shock is seen. Instead, reflected shock “d” occurs. 

Note the presence of lambda shocks on the middle blade’s suction side, right at 

the intersection of shocks “c” and “d.” After 0.075 msec of delay (Figure 7.2d), 

the reflected shocks in the top passage are weak but continue to be distinct. In 

Figure 7.2e the main reflection has formed on the lower blade, just as it did on the 

middle blade in Figure 7.2b. The remaining frames in Figure 7.2 show the 

propagation of the weak reflections as they die out. At 0.200 msec delay only 

weak disturbances remain in the blade passages. All of the above features are 

found on one page in the animation, Figure 7.3. 

The blade static pressure traces are all shown on Figure 7.4, all to the same 

scale but at different average pressure levels. The spikes seen on some of the 

plots are caused by crosstalk between the Lecroy and the high-voltage Nanopulser 

spark, for runs where shadowgraphs were taken. Each trace is an ensemble 

average of eleven runs. However, different traces are not averages of the same 

eleven runs due to the rotation of Kulites. Each trace is synchronized using tap S1 

as a trigger to allow comparison. First note that the strong second pressure peak 

at about 0.7 msec on the blade suction side is from the passage of shock “c” at its 

reflection point (Figure 7.3), heading toward the blade leading edge. The 

pressure side tap Pl shows three peaks; the first is from the incident shock (0.5 

msec), the second from reflection “b” moving in the opposite direction (0.7 msec), 

and the third from reflection “d” (0.85 msec). Taps P2-P5 also show three peaks. 

On both sides of the blade, the pressure signals damp out toward the trailing edge 

due to multiple reflections. The geometry of the blade passage prevents any 

incident shocks or their reflections from impacting taps S6 to S9 directly, because 

the blade surface faces away from the passage opening. 
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At the suction side tap S9 near the trailing edge , the pressure rise occurs 

before the pressure rise at tap 0 (leading edge tap) and is followed by a rapid 

drop in pressure. The individual pressure records for tap S9 vary widely because 

of the oscillations of the “steady” trailing edge shock from the adjacent upper 

blade, which impacts and reflects near tap S8, but all show this trend. A possible 

mechanism is disturbance by shock “b” (Figure 7.3, frame C) of the steady trailing 

edge shock attached to the upper blade pressure side, leading to movement of the 

steady shock. In fact, the shock is seen to be concave (toward downstream) in the 

0.055 msec shadowgraph (Figure 7.2c). The disturbance may cause the shock to 

momentarily move downstream of tap S9, decreasing the pressure at that location. 

However, this does not explain how a pressure rise is seen at tap S9 before it is 

seen at the blade leading edge. A possible explanation for that fact is given later. 

Note that the shadowgraphs show lambda shocks on the suction side at the point 

of maximum surface curvature. The presence of lambda shocks implies that the 

boundary layer is laminar where the shocks intersect the blade. This evidence 

apparently rules out boundary layer transition (and associated separation) as a 

mechanism for the pressure drop at tap S9. 

In all of the shadowgraphs, the shock fronts do not appear crisp. This 

occurred over many separate builds of the shadowgraph optics, and Collie’s 

shadowgraphs show the same thing. However, the recorded pressure spikes are 

sharp across the shock waves, suggesting that the multiple images are Mach waves 

generated from shock reflections, shock crossings, and shocks moving along 

shocks. The blurring of the shock front in the shadowgraphs is worse for the 

multiple shock cases (discussed later, see for example Figure 7.7a), where the 

second and third shocks appear to be split into two or three waves traveling 

together. However, the pressure traces look identical for all three waves, again 

pointing to Mach waves. The second and third shocks must pass through many 

reflected waves as they pass along the cascade leading edge. It does not help that 

the traveling shocks are not “anchored” to a moving object upstream, but rather 

are undergoing decay. 

Another possibility for the multiple shock images is contact surfaces, which 

are formed when two shocks of unequal strength collide and pass through each 

other (Shapiro, 1022). Contact surfaces look like shocks in shadowgraph images 
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(Van Dyke, 143) and do not show up on a pressure record since pressure (and 

velocity) is constant across them. Since the velocity distributions behind two 

shocks which collide head-on are opposite in sign, the velocity between the shocks 

after they pass must either be zero or a contact surface must be formed. Most of 

the disturbances surrounding the traveling shocks, however, reflect in the same 

manner as the shocks, and so must be assumed to be Mach waves. 

No shadowgraphs were taken for the three-shock case with 0.200 msec 

spacing. Nothing is to be gained from shadowgraphs for this case since the 

reflections from each incident shock are reduced to Mach waves when the next 

shock arrives. The reflection pattern for each shock is the same as for the first 

shock, which is documented by the single shock case. The blade static pressure 

data for the 0.200 msec case are shown in Figure 7.5. The early rise (relative to 

tap 0) in pressure again occurs at tap $9. The leading edge (tap O) clearly shows 

the incidence of the three shocks at 0.5, 0.7 and 0.9 msec. Note the difference 

between tap O and tap $1; that is, the pressure trace at $1 ramps upwards as 

further shocks arrive, but does not at tap 0. Evidently this is due to the induced 

velocity behind the shock waves, which would have a component perpendicular to 

tap S1 (increasing dynamic pressure) but none at the leading edge. However, the 

reflected shocks on the pressure side are expected to be weaker than the incident 

shock, and have very little induced velocity, so the ramp on the pressure side (e.g. 

tap P2) is puzzling. The distinction between the three shocks disappears towards 

the trailing edge on the suction side, although it can be detected at taps S8 and 

S9. The arrival of all three shocks is clear at tap P8& (0.6, 0.8 and 1.0 msec) 

because reflection “b” impacts the blade along the whole pressure side. 

Superposition is a useful tool for interpreting the shock reflections in the 

three shock 0.055 msec case. That is, each subsequent shock is assumed to reflect | 

in the same manner as the first shock. Superposition can be used because viscous 

effects are unimportant. Shadowgraphs for the 0.055 msec case are found in 

Figures 7.6 and 7.7a-g. Note that Figure 7.6, showing three shocks with no tunnel 

mean flow, has a shock spacing of 0.080 msec, which is different than Figure 7.7. 

The 0.080 msec case is included to show how the multiple shocks propagate 

downstream of the blade row in the absence of mean flow (no shadowgraph was 

available for the 0.055 msec case with no flow). The spreading of the shock fronts 
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(discussed above for the single shock case) becomes more severe for the three 

shock case. See for example Figure 7.7c, where the second and third shock fronts 

are spread out over more than 10 mm (blade pitch=38mm). However, the 

pressure traces (such as Figure 7.12) still show clean pressure jumps as each 

shock arrives. Regardless of the shock spreading, it is still possible to detect each 

individual wave in the shadowgraphs. Figure 7.7d is an example of an easy case. 

The animation in Figure 7.8 was drawn from the shadowgraphs by tracking 

each wave individually, assuming it behaves exactly like the first one. The 

multiple images of the shocks were ignored and drawn as single lines. The 

combined passage reflections are amazingly complex, hinting at what the rotor 

passage would look like due to smaller nozzle pitch upstream than currently in 

practice for commercial engines. In several frames (B and D, for instance), the 

distance between the second and third shocks is slightly less than the distance 

between the first and second. This is what appeared in the shadowgraphs, and is 

explained by the repeatability limits for this multiple shock case (see 

Repeatability). 

Due to the spreading of the shock images on the shadowgraphs, the shock 

patterns for the three shock 0.055 msec case are discussed with reference to the 

animation in Figure 7.8. In frame A, all three shocks can be seen arriving, the first 

shock with its main reflection from the middle blade. Each shock and its 

reflections are represented on the figure as different line types. Solid lines are 

used for the first shock, dashed for the second, and dotted dashes for the third 

shock. Note that the second shock does not extend all the way into the passage to 

contact the pressure surface of the upper blade, but rather terminates in the 

middle of the passage. This is typical for all the incident shocks. A stronger 

incident shock wave would reach further into the blade passage and contact the 

pressure surface, as observed by Collie. In frame B (Figure 7.8) the main 

reflection from the first wave is in the form “c” (demonstrated in Figure 7.3B at 

the top passage), and the third shock has also moved into that passage. The 

incident shock and the reflected wave do not appear to have any influence on 

each other’s shape or direction of motion, which is expected since they are not 

strong shocks. From frame C it is clear that two incident shocks are crossing the 
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bottom blade passage at the same time, although the first shock has almost left 

the passage. 

The most interesting feature of frame C, however, is the proximity in the top 

passage of reflection “d” from the first shock and reflection “b” from the third. 

The two reflections remain distinct from each other and momentarily propagate 

in parallel with the same shape. Later, at 0.100 msec delay (frame D), the two 

reflections have different shapes. In this frame two shocks can again be seen 

crossing the bottom blade passage at the same time. In the remaining three 

frames, the combined reflections from all three incident waves continue to 

propagate through the top blade passage, showing how the persistence of the 

reflections leads to complicated patterns long after the incident shocks have left 

the passage. 

The unsteady blade static pressures for the 0.055 msec period case (Figure 

7.9) do not show as much detail as in the other cases. At tap S1, the arrival of all 

three shocks can be detected, but at other taps there is not much resolution. For 

most of the taps, the three shocks are seen only as a single rise in the unsteady 

pressure. The shocks arrive so fast relative to the pressure decay time that the 

pressure just continues to rise. If more shocks were incident after the third wave, 

we assume the passage static pressures would reach new average values, hinted at 

in the 0.200 msec case, and then begin to fluctuate. The question of average 

value is an important one, since it is generally assumed that the average of the 

unsteady passage flow is the same as the steady value. Three-dimensional 

calculations for widely spaced shocks (Saxer) have suggested that this is true, but 

the effect of shock spacing should still be considered. For closely spaced shocks, 

say in a blade row where trailing edge expansion waves are also present; will the 

small spacing between shocks cause a general increase in passage average 

pressures? We are unable to answer this question at present. For widely spaced 

waves, the answer is no since the increased pressures caused by the shock waves 

have time to decay. 
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7.4 Steady vs. Unsteady Blade Static Pressures 

The blade static pressures, as measured with the Kulite taps, are also 

compared to steady state measurements with conventional blade taps. In Figure 

3.6, 400 point averages (0.4 msec at a period of one microsecond) of the Kulite 

blade pressures in steady flow are compared to an inviscid Euler calculation done 

at GE Aircraft Engines (NOVAK2D). Also on the plot are static pressures obtained 

with conventional taps, at fewer points. The known error for all the static 

pressures is less than the symbol size. Note that no measurement is made at the 

trailing edge with the Kulites, because of the thin blade. For the blade force 

calculations (below), the steady value of base pressure is assumed constant with 

time during shock passing. There is no pressure side tap at x/c of 0.9 because the 

blade is also too thin at that location. For the force calculations, straight lines are . 

drawn between taps P8 and S9 and the assumed base pressure. This is illustrated 

in Figure 7.10. These assumptions cause an under-estimation in the average level 

of unsteady blade forces. Also note that the absence of a tap at x/c=0.3 on the 

pressure side is not important, since the static pressure plot is flat at that point, 

and a line drawn between taps P2 and P4 suffices. The fluctuation in blade static 

pressure is plotted as maximum and minimum values in Figures 7.11, normalized 

by steady upstream total pressure (165 kPa). The fluctuation magnitudes are 

nearly uniform over the whole blade surface, which agrees with the calculated 

results of Saxer for a turbine rotor. The fluctuations are largest for the 0.055 

msec case because of the large increase in passage average pressure, a 

consequence of small shock spacing with no expansion waves. 

7.5 Upstream Total Pressure 

Traces of upstream total pressure measured at K11 for all three shock cases . 

are in Figure’ 7.12. The plots are ensemble averaged traces of all runs for each 

case (roughly 40). The useful test-time is clear from the figure, since a pressure 

spike occurs at about 1.3 ms. The most likely cause of the spike is the arrival of a 

reflected shock wave from the bottom of the cascade test section. However, the 

0.8 msec of test time also corresponds to the expected arrival of the shock-tube 

expansion wave at the shock shaper exit, which might have associated shocks. 

The shocks are labeled in order of arrival for the multiple shock cases. 
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The most obvious feature of the total pressure plots is the “ramp” in pressure 

for the multiple shock cases. The reason for the ramp is clear from superposition 

and the characteristic pressure decay shown by the single shock case. The closer 

the shock spacing, the steeper the ramp. However, if more shocks were incident, 

the 0.2 msec data suggests that a new average level of upstream total pressure 

would eventually be reached. For the transient case here, the “ramp” is 

essentially an increase in Reynolds number. 

7.6 Incidence Change 

Coupled with the ramp in upstream total pressure is a change in inlet flow 

incidence angle. The induced velocity behind the shock waves, superimposed on 

the mean flow, causes a negative incidence at the cascade leading edge. The 

analytical predictions for the incident shocks using the method of Bach and Lee 

suggest an induced velocity immediately behind the shock on the order of the 

mean flow velocity (60 m/s). The induced velocity then decays to zero after 

about 0.5 msec. Based on this estimate, momentary changes in incidence up to 

-34 degrees can be expected. The change in blade force and loss due to this 

unsteady incidence change apparently can not be decoupled from the direct 

shock effects with the available data. 

Studies of the effect of incidence on cascade performance have been 

published for low-speed turbines by Horlock (85, 108). Soderberg’s results, as 

presented by Horlock, suggest only a 2.5% change in loss relative to zero 

incidence for -45 degrees of incidence and a thick blade (thickness/chord=0.3). 

Ainley and Mathieson’s results (presented by Horlock) predict a 50% change in 

loss at -45 degrees incidence, but no mention is made of blade thickness. Given 

the axial inlet and large thickness of the current test blade, one would expect the 

loss to be relatively insensitive to negative incidence changes. It is important to 

note that both the total pressure ramp and the incidence change are 

consequences of the lack of an expansion wave behind the incident shock waves. 
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7.7 Blade Forces 

The unsteady blade forces due to shock impingement can be estimated using 

the measured unsteady blade static pressures. There are point measurements of 

unsteady static pressure at 17 tap locations around the blade surface, plus an 

estimate of trailing edge base pressure (the steady state value is used). The blade 

pressures are integrated along the blade surface to get the normal force (FN) and 

the axial force (FA), using the known tap coordinates, according to (Anderson, 

1978) 

fy = f(p dx 

F, = f(p)dy. 
The blade lift and drag are then calculated using 

L = F, sin(a) + F, cos(@) 

D= F,,co§.a) - Fy sin(a) 

where alpha is the mean blade angle (34 degrees). To non-dimensionalize the 

results , a force coefficient is defined as 

Ce F 

FO. Syp,.M..c,,(span) 
  

The infinite quantities in the denominator are replaced by the upstream values to 

yield 

Ff 
Cr = -¥ 

Yy-ly,p\r 0.So( 14M] 

  

Me c,,(span) 

For the present results, Mj=0.2 and P91=165 kPa (24 psia), so the denominator is 

26.15 Newton. 

To provide a baseline for the force measurements, the blade forces were 

calculated using blade pressures from the steady inviscid calculations. Using 400 

points around the blade periphery, the steady blade force components are CN=9.5 

and CA=18.4. The coefficient of lift is then 18.2 and the coefficient of drag is 9.9. 
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The results for unsteady forces are presented in Figure 7.13a-b, as both 

normal and axial components and lift and drag. Before the arrival of the shocks, 

the steady force components are under-predicted by 10% as compared to the 

steady values calculated above. The difference is due to the lack of enough taps 

at the suction side trailing edge (because of the small blade thickness), as 

demonstrated in Figure 7.10. 

The force components for a single shock (thick line) show three distinct 

regions. Region 1, from 0.5-0.6 msec, is the force change due to the arrival of the 

incident shock wave. Region 2, from 0.6-0.7 msec, results from the reflected 

shocks on both the pressure and suction surfaces (“b” and “c” on Figure 7.3, 

frame C) propagating toward the blade leading edge. Region 3 is the decay from 

the unsteady values. The normal force shows changes of opposite sign in regions 

1 and 2, while the axial force rises in both regions. This distinction is important 

for the three shock 0.200 msec case. For the 0.200 msec spacing (circles), the 

normal force trace hints at an oscillation about the steady value, while the axial 

force rises to a new average level and then appears to begin oscillating. On the 

plot, the three shocks arrive at about 0.5 msec, 0.7 msec, and 0.9 msec. The peak- 

to-peak variation of normal force for the 0.200 msec case is about 18% (1.5 out of 

8.5), with little change in the average level. The axial force begins to fluctuate 

with a peak-to-peak variation of about 8% (1.5 out of 19), with roughly a 15% 

increase in average level. 

In the three shock 0.055 msec case, the shocks arrive too quickly for any 

periodic pattern to be established. More shock events are needed to reach 

periodic behavior. If more shocks were incident, the data for three shocks at 

0.055 msec period suggest a significant decrease in the mean level of normal force 

of about 30% and a large increase in the mean level of axial force (30%). When 

the forces are resolved as blade lift and drag (Figure 7.13b), the three regions are 

still distinct, and the oscillation for the three shock 0.2 msec case still apparent. 

There is not much change in the average level of lift with the multiple shocks 

(6%), but a large change (20%) in the average level of drag. The drag peak-to- 

peak variation is about 8% (1 in 12) and the lift varies by 6% (1 in 16). 
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7.8 Total Pressures 

Downstream total pressures were measured at 11 locations in one blade 

pitch. To complete the blade static pressure measurements discussed earlier, 

however, 44 runs were required for each test case. Therefore the downstream 

total pressure survey could be repeated four times for each case (single, 0.055 

msec, 0.200 msec). As mentioned in Data Collection, surveys were made on two 

adjacent passages, the “upper” and “lower” passages. For each passage, two 

surveys were made. From the cross-correlations of K9 and K10 data, it is known 

that the time delay between two passages is 0.091 msec. For analysis, the upper 

passage data was shifted forward in time by this amount so it could be ensemble 

averaged with the lower passage data. 

The upstream total pressure was measured at one location only, mid-span and 

mid-pitch on the lower passage. Thus, the upstream measurements were not on 

the same time base as the downstream measurements. By using cross-correlations 

again, the time delay between the Pt] measurement location and the 

instrumented blade leading edge (tap O on blade 5) was determined. Using this 

information and the known time for the shock to traverse the lower passage, the 

upstream total pressure data for each run was shifted to correspond to the 

downstream probe positions. For example, when the downstream probe was at 

location 6, the Py] data was first shifted back by .030 msec (to correspond to the 

instrumented blade leading edge), and then shifted forward by 4 increments (10- 

6) of 0.0091 msec (one tenth of the time for shock to cross passage). For probe 

position 10, the data was only shifted back by 0.030 msec, and for probe position 

O, the data was shifted forward by 0.061 msec (0.091 - 0.030 msec). Shifting the 

data in this manner makes direct comparison possible with the upstream and 

downstream data plotted on the same time axis, as in Figures 7.14A-C. The data is 

arranged as it was physically collected; that is, data for probe position QO is at the 

bottom, 10 at the top. Positions 0 and 10 are downstream of blade trailing edges. 

The plots are made from an average of four sets of data, with the upstream total 

pressures shifted as described above. For the downstream total pressure data, two 

sets of data from the lower passage were used as collected, but the two sets from 

the upper passage (also used in the four set average) were shifted forward by 

0.091 msec to match the time base of the lower passage data. 
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There is an anomaly with the single shock total pressure data (Figure 7.14A). 

The downstream total pressure shows a rise before the upstream total pressure, 

which is not physically possible if the experiment is working as expected. While 

the reason for the downstream data leading the upstream is not known, the 

change in experimental conditions which caused it is known. Recall that for the 

multiple shock cases, the shocks were shot into the test section starting with the 

shaper furthest upstream of the cascade the leading edge. When the single shock 

data was taken, the first set of eleven runs (out of four sets) was taken with the 

shock exiting from the furthest shock shaper. The first run of the second set also 

used that shaper. The remainder of the second set and the third and fourth sets 

were taken using the closest shock shaper. The change to a different shaper was 

made to minimize possible distortions of the shock caused by its propagation 

across the mouth of the other two shapers. By examining the data, it was 

established that the early rise on the downstream total pressure data was . 

definitely associated with the change in shock shaper. This could be established 

by comparing the second runs of sets one and two (recall the shaper was changed 

for the second run of set two); for set two, the data showed the early rise. The 

first run data for the two sets matched, with no early rise in downstream total 

pressure. Therefore the cause of the early upstream pressure rise was established, 

but the actual mechanism is unknown. 

Regardless of the irregularity, when Figures 7.14A and 7.14C are compared, 

the Py? results overlay well. That is, the single shock and 0.200 msec three-shock 

case are identical (except for the anomaly) until the further shocks arrive in the 

multiple shock case. On all three figures (7.14 A-C), the wake is apparent at 

positions 8 and 9 (i and j), not immediately downstream of the trailing edge 

(position 10). From Figure 7.14C (0.200 msec case), it is apparent that the 

downstream total pressure reacts almost immediately to the upstream arrival of 

the shock, with a slight bump in pressure across the entire pitch. The same 

immediate reaction is observed on the instrumented blade at tap S9, on the 

suction side near the trailing edge (Figures 7.3, 7.5, and 7.8). Tap S9 is 

downstream of the trailing edge shock (from the upper blade pressure side) 

impingement point, which occurs near tap S8. The observation, then, is that the 

RESULTS 77



shock arrival at a blade leading edge is detected nearly simultaneously 

downstream of the blade. 

A possible mechanism is illustrated on Figure 7.3, frame C. As the incident 

shock (“a”) is crossing a blade leading edge, reflected shock “b” hits the pressure 

side of the upper adjacent blade near the trailing edge. The reflected shock “b” 

apparently momentarily strengthens the pressure side trailing edge shock 

emanating from the upper blade. Thus the pressure downstream of the shock 

wave is raised, which is detected at tap s9 and by the downstream probe. It is 

important to note, however, that this interaction is only possible because the 

leading edge of the blade is truncated. The leading edge geometry of a typical 

rotor blade, with an inlet angle of perhaps -40 degrees, effectively prevents the 

incident shock and its reflections from having much influence on the blade 

pressure side. More will be said about this mechanism in the Discussion. 

| In addition to the immediate slight pressure rise, there is a more significant 

rise in downstream total pressure which peaks about 0.200 msec later (Figure 

7.14A and C). The time required for the mean flow to get through the blade 

passage can be estimated using the blade static pressure distribution. Integrating 

the calculated inviscid distribution, the flow time for the suction side is 0.217 

msec, and is 0.362 msec for the pressure side. The single shock shadowgraphs 

show that these times are roughly equivalent to the time required for the main 

shock reflections to die out in the passage. The timing of the second pressure rise 

in Py2 is on the order of the flow time in the passage, so it appears to be a slug of 

fluid at higher pressure convected downstream. The second pressure peak is not 

distinguishable in the wake, where the pressure instead gradually decreases. On 

Figure 7.14C (3 shocks, 0.200 msec period), the arrival of the second shock is 

obscured by the arrival of the high pressure slug, both at about 0.8 msec. The 

third shock is completely obscured. The third pressure rise in Pt? (at about 1.3 

msec) is probably a reflection from downstream and indicates the end of the 

useful data. On Figures 7.14A-C, the end of useful upstream data is also clear 

from the spike in Pt] after 1.3 msec. The downstream total pressure data for the 

three shock 0.055 msec case (Figure 7.14B) clearly shows the separate effects of 

the three incident shocks (a-g and k, 0.6-0.8 msec). Frames i and j illustrate 

nicely the peak of the high pressure slug at 0.8 msec. Note that on all the total 
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pressure plots, the recorded Pt? sometimes exceeds the recorded Pj. This is 

primarily due to the fact that the downstream data is not properly temperature 

compensated (see Uncertainty Analysis). 

7.9 Unsteady Loss 

An indication of the unsteady loss due to shock wave impingement is 

obtained by simply computing the normalized difference between total pressures 

at a given downstream probe position, 

L(t) = Po@ -P,,() 

Pit) 

The results for all three cases are on Figure 7.15A-C. These plots are again 

arranged as physically collected, with probe position O at the bottom of the figure. 

The single shock case (Figure 7.15A) shows two different regions. The first region 

of high loss, from about 0.6 msec to 0.8 msec (depending on probe position), is 

due to the incréase in upstream total pressure, with little change in downstream 

total pressure. The second region of increasing loss, from about 0.8 msec to 1.2 

msec, is due to the increase in Pt? from convected fluid, while Pt] gradually 

decreases. The loss is observed to be higher in the wake (frames i and j), as 

expected. Note that in the center of the wake (frame j), the two regions are not 

detectable. 

The shock timing and the passage flow characteristic time combine to suggest 

oscillations in the loss for the 0.200 msec three shock case (Figure 7.15C). For 

example, at about 0.8 msec, the convective downstream total pressure rise from 

the first shock and the rise in upstream total pressure from the arrival of the 

second shock occur simultaneously. Both changes contribute to an increase in the 

loss. This also occurs at about 1.0 msec with the arrival of the third shock 

upstream and the convective rise from the second shock downstream. In between 

these events which increase loss, the pressure levels both upstream and 

downstream decay to decrease the loss. Therefore a periodic pattern is formed in 

the unsteady loss at each probe position. 

In the 0.055 msec case (Figure 7.15B) more shock events are needed to 

develop periodic behavior like that described above, as observed for the blade 
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forces. Instead, the three peaks in loss between 0.6 and 0.8 msec are caused by 

the increase in Pt] as the shocks arrive. After 0.8 msec, the convective rise in Py 

causes a subsequent increase in loss. Since there are only three shocks with a 

very short time delay between them, there is no opportunity to observe 

simultaneous changes in the upstream and downstream total pressures. First the 

upstream total pressure is affected by the shocks, then the downstream total 

pressure reacts later. This point of view ignores the slight increase in Py? 

coincident with the shocks arriving upstream, but this has a minor effect on the 

unsteady loss and does not contribute to oscillations. 

When the traces in Figure 7.15A-C are integrated across the blade pitch with 

the trapezoidal rule, an estimate of the average passage loss versus time is 

obtained (Figure 7.16, top). The initial rise in loss at 0.6 msec, in each case, is 

due to the increase in Py] when shocks arrive. The arrival of high pressure fluid 

at the downstream station then causes the downturn in loss, which is identical for 

the single and 0.200 msec cases. The 0.055 msec case exhibits a larger downturn , 

as expected because of the larger increase in total pressures. The decrease is 

interrupted at about 0.8 msec for the 0.200 msec three shock case, as the second 

shock arrives. Again, the 0.200 msec shock spacing and the flow characteristic 

time (about O.150 msec) combine to give a nearly periodic loss trace with a peak- 

to-peak variation of about 100% of the steady value. If more shock events were 

available, the pattern would be expected to become very periodic. 

The transient nature of this experiment raises some difficult questions about 

the analysis of the total pressure data. In particular, determining on what time 

basis the upstream and downstream measurements should be compared is not 

straight forward. The integrated loss in Figure 7.16 (top) was computed by 

comparing the total pressures on the same time basis. That is, the measurements 

were used with no modification of the time delay between them., except for the 

shifts described previously to compensate for different pitchwise probe locations. 

The propagation of the shock effects through each blade passage takes a finite 

amount of time, although evidence was discussed above suggesting that the effects 

of incident shocks are felt immediately downstream for this particular blade 

geometry. The average propagation time for the mean flow through the blade 

passage (average of suction side time and pressure side time) is about 0.290 msec, 
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and this might be expected to have some influence on a decision about the time 

relationship between measurements. 

Due to the fact that the incoming shock is detected downstream almost 

immediately through the reflected shock mechanism, it is believed that there is 

justification for comparing the upstream and downstream total pressures on the 

unmodified time base. However, by looking at Figures 7.14A-C, it is also apparent 

that the region 2 pressure rise (peaking at 0.8 msec) discussed above would 

suggest a reasonable time delay value between upstream and downstream 

measurements. For example, on Figure 7.14A, frame h, there is clearly a time 

delay between the total pressures of about 0.15 msec. Applying cross-correlation 

analysis at each probe position, the average delay time across the passage is found 

to be 0.135 msec. When the upstream data is shifted forward in time by this 

amount and compared with the downstream data, the peaks line up nicely (not 

shown here). This time delay, then, is a characteristic time for the passage. The 

integrated loss was calculated with the time delay, and appears in Figure 7.16 

(bottom). 

The primary difference between the top and bottom plots is the direction in 

which the loss initially changes. For the top plot (no time delay), the loss 

increases with shock arrival because of the large increase in Pt] accompanied by 

little change in Pt?. For the bottom plot (0.135 msec time delay), the loss first 

decreases at about 0.500 msec. It then rises again at about 0.750 msec, because 

the shifted upstream total pressure increases suddenly at that point with the 

arrival of the incident shock. The initial decrease occurs because of the slight 

increase in downstream total pressure associated with the shock impingement on 

the blade, as discussed in Section 7.8. The basic conclusion for the 0.055 msec 

case is largely unchanged; that is, no oscillation is observed. The oscillation is not 

as pronounced for the 0.200 msec case when the time delay is included. In fact, 

the mean level of loss increases with time much as in the 0.055 msec case. For the 

shifted 0.200 msec case, the shocks “arrive” at roughly 0.630, 0.830, and 1.030 

msec, as indicated by the increases in loss in the bottom plot of Figure 7.16. 
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8.0 DISCUSSION AND CONCLUSIONS 

The shock tube method for producing three traveling shocks described here is 

unique. Since it is anew method, considerable effort was required to understand 

the flow field associated with the traveling shocks. While three shocks were used 

in the simulations here, in principle more shocks could be produced in an 

identical manner. However, the effort required to space the shocks properly 

becomes larger as more shocks are added. Experience with the 0.055 msec case 

here suggests that more shock waves are needed in the simulation to understand 

the effects of very closely spaced shocks (simulating very high frequencies) on the 

passage flow. An advantage of the shock tube method is the ease with which very 

small shock periods can be produced. 

The analytical model used here to understand the decay of flow properties 

behind the shock fronts was required, since only pressure was actually measured. 

Because of the number of different types of geometry in the shock production 

system (shock tube cap, shock shapers, sudden expansion in the test section), 

accurate CFD solution for the whole system would be a very large undertaking. 

The combination of the steady flow model of Chester, the differential area method 

of Chisnell and the cylindrical blast wave solution of Bach and Lee was able to 

predict both the strength and decay rate of the shocks in the test section given the 

shock tube driver pressure. Although the shock velocity along the cascade front 

was not predicted correctly for all radii (see Figure 3.13), the decay rate of 

pressure at the test blade radius was accurately matched. Prediction of the decay 

rate was all that was required of the analysis for this application. Correct 

prediction of the shock strength (i.e. speed) was not required. In fact, in the first 

version the cylindrical blast model was used by adjusting the shock energy 

(characteristic length) until the experimental pressure rise (i.e. shock strength) 

was matched. Later, by the energy assumptions at the shock shaper exit 

previously described, all the models were coupled together and shown to 

reasonably predict the observed pressure. By matching the predicted and 
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observed decay rate for pressure, confidence was gained in the predictions of the 

other flow variables sought such as velocity. 

The equations solved analytically by Bach and Lee could also have been 

solved numerically. However, the assumption of cylindrical shock propagation 

would still apply, and this assumption is the largest source of error in the 

prediction. Solving the inviscid flow field using only the incident shock at the 

shaper exit as a boundary condition and making no assumption about the shape 

of the propagating shock entails more work, but would be more accurate. For the 

purposes of experimental verification, however, the analytical methods applied 

were successful. 

The shadowgraphs taken for the single shock case serve to verify 

experimental and calculated results previously published by Collie, Doorly, and 

Giles, among others. However, it is interesting to compare the results here, at 

engine typical shock strengths, with those of Collie for a stronger shock. At the 

engine typical shock strength, the incident shocks do not reach as far into the 

blade passage, in fact they seem to terminate in mid-passage. Collie observed 

incident shocks extending into the blade passage to contact the pressure side of 

the blade as far back as mid-chord. Also, for the stronger shocks significant blade 

reflections continued for more than 0.3 msec, while here the reflections are very 

weak after 0.2 msec. As mentioned in the Results section, some flow features 

exhibited in the strong shock case were not seen here. 

For the multiple shock case at small period (0.055 msec), the combined 

passage reflections on the shadowgraphs were complicated. However, the second 

and third shocks were not seen to interact with reflections left after the first 

shock. That is, the shocks and reflections were observed to pass through each 

other without significant changes in the shape or propagation direction of the 

colliding waves. The existence of contact surfaces at the shock passing is 

expected, and may be the cause for the apparent spreading of the shock fronts on 

the shadowgraphs for multiple shocks. The lack of interaction would not be 

expected for higher shock wave strengths. In the general case of collisions 

between strong planar shock waves at oblique angles, the strengths and 

propagation directions of both shocks are altered. Since the engine typical shock 
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strength does not lead to interactions between the shocks, superposition was 

applied to understand the shock reflection patterns for multiple shocks. 

In addition to the lack of interactions between shock waves in the blade 

passages, no separations or other disruptions of the passage viscous flow were 

observed as a direct results of the shock waves. A possible exception at the 

pressure side trailing edge will be described shortly. Of course, pressure 

instrumentation is not a reliable tool for detection of local flow separations on 

turbine blades, but shadowgraphs are useful. Examination of the shadowgraphs 

revealed no separated flow or boundary layer transition as a direct result of shock 

impingement. This conclusion agrees with the results published by Oxford 

researchers for weak shocks. Again, different results are expected for stronger 

shocks, as reported by Ashworth. Further work with the current method would be 

useful with stronger shocks and large scale blades, where the shadowgraphs would 

have much better resolution. Also, heat transfer gauges mounted at several 

locations along the blade chord would be useful to verify these conclusions. 

A possible interaction of the main reflected shock (“b” in Figure 7.3) with the 

steady pressure side trailing edge shock was briefly described in the Results 

section. The idea that the reflected shock could influence the strength, location 

or shape of the steady trailing edge shock comes from the phenomena of 

blast/bow wave interactions for blunt bodies in supersonic flow. When a blast 

wave passes head on through a bow wave, the bow wave is momentarily moved 

closer to the blunt body, and the pressure on the body is temporarily increased 

(Korobeinikov, Han and Yin). The result for oblique impingement of a blast wave 

is more complicated but shows the same trends. The best argument in support of 

the proposed shock interaction is the observed blade static pressure at the suction 

side tap S9, as discussed in the Results section. The observed pressure rise at tap 

S9 occurs before the incident shock reaches the leading edge of the same blade, 

but coincident with the arrival of the main reflected shock at tap P5 on the 

pressure side of the adjacent upper blade. This is observed for all three test cases. 

None of the other suction side taps, which are all upstream of the impinging 

trailing edge shock, exhibit this behavior. 
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After the pressure increase at tap S9, the pressure decreases to less than the 

steady state value. The most obvious explanation is the temporary movement of 

the impinging steady shock (from the pressure side trailing edge of the upper 

blade) to a position downstream of tap S9. The main reflected shock is apparently 

the cause of this shock movement as well as the shock strengthening described 

above. Evidence for movement of the steady shock is given by the shadowgraph 

of Figure 7.2c, where the shape of the shock is seen to be significantly altered at 

the same time as the main reflection hits the pressure side of the upper blade. 

The movement of the steady shock is not observed in the shadowgraphs for the 

0.055 msec multiple shock case, however, even though the measurements at tap 

S9 for this case match the single shock results. The “steady” trailing edge shocks 

are known from high speed movies of the steady flow in this cascade to oscillate. 

Thus it is possible that the steady shock motion observed in the shadowgraphs for 

the single shock case is actually the result of “steady” oscillations, although the 

tap S9 pressure record is convincing. Note that the record at tap S9 is an average 

of eleven runs for each test case, so the behavior there is repeatable. 

Further evidence for momentary strengthening of the pressure side trailing 

edge steady shock is given by the downstream total pressure data. Almost 

immediately after the pressure rise is observed at tap S9, a slight increase in 

pressure is simultaneously observed at most of the Py2 measurements locations 

across the pitch (except in the wake). This suggests a strengthening of the steady 

shock wave which extends across the passage. 

The details of the proposed shock interaction mechanism are an interesting 

topic for further study. There are many issues to address including possible 

effects of the unsteady shock on boundary layer separation or transition, the 

trailing edge pressure side expansion fan, and the steady shock wave. All of these 

factors combined make the construction of a simple model a daunting task. 

Perhaps an unsteady CFD calculation on a simpler but related geometry would be 

the best approach to verify this result. 

An analytical model was used to understand the attenuation of the shocks as 

they propagated across the test section, as summarized above. The most 

important conclusion from the analytical model was the large magnitude of the 
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induced velocity behind the traveling shocks. At the experimental conditions, the 

induced velocity was predicted to be 40 m/sec, which is almost as large as the 

axial cascade inlet flow of 60 m/sec. Thus, a negative incidence of as much as -34 

degrees can be expected after passage of the first shock. Since the flow conditions 

do not decay back to ambient before the next shock arrives in either of the 

multiple shock cases, the magnitude of the incidence change can be expected to 

be even larger for the subsequent shocks. As discussed in the Results section, the 

negative incidence is expected to have little effect on the blade loss because of the 

thick blade profile. If there is a significant effect, it can not be decoupled from 

the effect of shocks on loss with the present experiment. More will be said about 

the incidence change below when the losses are discussed. 

To put the change in incidence at the cascade leading edge for this 

experiment in perspective, it can be compared with actual incidence changes in a 

real engine. Results for an unsteady, inviscid, quasi-3D turbine stage calculation 

(Shelton, personal communication) suggest that the outlet tangential velocity for a 

rotor passage oscillates by 40% of the average value. That is, it varies from 140% 

to 60% of the average tangential velocity. The corresponding incidence change at 

the downstream nozzle, assuming a mean rotor exit flow angle of -68 degrees and 

an axial inlet to the nozzle, is about plus or minus 30 degrees. Compare this with 

the incidence change here from axial (0 degrees) to -34 degrees. Thus the total 

change in incidence for this simulation is not out of line with the total incidence 

change for an actual engine, although the change is all in one direction rather 

than in both directions about the mean angle. 

For the 0.2 msec period multiple shock case, with three successive shock 

waves at engine typical Strouhal number, periodic behavior in lift and drag was 

observed. The blade drag had peak-to-peak fluctuations of 8%, and an increase in 

the average level of 20%. The blade lift had peak-to-peak fluctuations of 6% and, 

and increase in average level of 6%. For the 0.055 msec period case with three 

successive shock waves (Strouhal number much larger than engine typical), large 

changes in the average level of lift and drag were observed. No periodic behavior 

in blade forces was observed for this case, since not enough shock events were 

available to reach the maximum change in average level. Because actual passage 

flow is not simulated with the shock tube method (only shocks), measured blade 

DISCUSSION AND CONCLUSIONS 86



static pressures were observed to increase in average value over time. This 

increase resulted in changes in the average level of lift and drag. This is contrary 

to results from calculations (e.g. Giles), where the blade forces fluctuate, but the 

average levels are unaffected by the unsteady flow. The same is true for the 

average upstream total pressure, which increases with time in this simulation but 

obviously does not in a real engine. Ignoring the changes in average level of the 

blade forces, the magnitudes of the fluctuations should be considered real and 

accurate. 

When considering the relative magnitudes (percentages) of the force changes, 

it is important to realize that the leading edge of the cascade blade tested here is 

unloaded. That is, there is negative lift on the blade for the first 20% of the axial 

chord. Unloading the leading edge was required to adapt an actual rotor profile 

to the axial inlet required by the cascade tunnel geometry. For a fully loaded 

blade, the percentage change in lift would be slightly smaller than observed here. 

The values measured in this experiment are not out of line with other 

observations, however. Giles calculated changes in rotor lift as high as 40% of the 

average value due to the unsteady passage flow (not just shocks). An additional 

loss mechanism resulting from unsteady blade forces was also pointed out by 

Giles. When blade forces oscillate, an unsteady vortex sheet must be shed 

downstream of the blade. Mixing out of the unsteady vortex sheet is an additional 

loss mechanism not considered from the steady design point of view. The 

changes in blade forces caused by shock impingement are of interest to blade 

mechanical designers, especially since the shock strength will continue to increase 

as exit Mach numbers are increased. 

For the three shock case with 0.2 msec period, periodic behavior in the 

normalized total pressure difference (loss) was observed. Peak-to-peak 

fluctuations were roughly 100% of the steady loss value when the upstream and 

downstream total pressure measurements were compared on the original time 

base, with no relative time shifting of the data. It is apparent from examining the 

traces of upstream and downstream total pressure that the time average loss was 

not significantly affected by the incident shocks. The same conclusion is reached 

for the other test cases by examining the data. 
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Rigorous determination of the time average loss (i.e. a single loss value) for 

each test case was not done in this experiment, for a number of reasons. First, 

time averaging is not a valid approach for transient experiments such as this, 

where the number of data points included in the average influences the result 

(non-stationarity). Second, even if the data were stationary, many averages 

would be needed to compensate for the uncertainty caused by flow unsteadiness. 

The magnitude of the unsteady uncertainty is indicated in Figure 6.10 for the 

total pressure measurements, where there are only four averages at each value of 

time, because only four complete downstream surveys were done. The short 

duration of the simulation makes traversing the downstream probe impossible, 

and the number of runs required to completely survey a downstream passage 

with reasonable resolution is large (eleven). A periodic experiment is necessary to 

make an accurate assessment of the effect of shocks on the average level of blade 

loss, since time averaging makes sense for periodic data. 

The current thinking among engine manufacturers is that the unsteady flow 

in high work turbines may have a large effect upon their performance. This point 

of view is supported by the shock induced force oscillations measured here, and 

the impact of the unsteady forces on turbine blade design is clear. The observed 

fluctuations in the time history of loss for the engine typical case here are 

interesting, but the implications of the loss fluctuation for turbine designers are 

not certain. However, no significant changes in the average level of loss due to 

incident shock waves were detected here. This conclusion is contrary to the 

current focus in engine design. More work is required, with better periodic 

simulations than used here, to fully answer the question of the effect of unsteady 

flow on passage loss. The problem with accurate simulations of unsteady blade 

passage flow, however, is the difficulty in separating the effects of potential 

interaction, wakes, and shocks. On the other hand, simulations of individual 

effects like that done here also have complications. Only the combined results of 

many different simulations will successfully resolve the issue. 
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10.0 TABLES 

10.1 Channel Gains 
  

  

  

  

  

  

  

  

            

Label or use Amplifier H Coherence| Random 

error(%) 

Blade static pres. 2120A 93.28 0.97 1.07 

Blade static pres. 2120A 97.92 0.97 1.09 

Blade static pres. 2120A 92.22 0.96 1.34 

Blade static pres. 2120A 96.85 0.97 1.11 

K9 - tap S1 on blade 5 2310 100.41 0.97 1.06 

K10 - tap on blade 4 2310 97.74 0.98 1.01 

K1l - Pel 2310 101.28 0.97 1.06 

K12 - Py2 2310 98.28 0.97 1.15 
  

TABLES 

 



10.2 Tap Locations 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Tap Location x/C 

0 Suction Side 0 

S1 Suction Side 0.092 

S2 Suction Side 0.197 

S3 Suction Side 0.315 

S4 Suction Side 0.408 

SS Suction Side 0.513 

S6 Suction Side 0.605 

S7 Suction Side 0.697 

S8 Suction Side 0.803 

S9 Suction Side 0.895 

P8 Pressure Side 0.789 

P7 Pressure Side 0.697 

Po Pressure Side 0.579 

PS Pressure Side 0.50 

P4 Pressure Side 0.395 

p2 Pressure Side 0.197 

Pl Pressure Side 0.092         

TABLES 97



10.3 Kulite Calibrations 
  

Kulite Serial Number Measured Sensitivity 

(mV/psi) at 5.0 V 

Specified Sensitivity 

(mV/psi) at 5.0 V 

  

  

  

  

  

  

  

  

  

  

        

Excitation Excitation 

200 2.73 2.72) 

539 3.60 3.609 

121 2.70 2.68 

122 2.30 2.293 

120 2.30 2.307 

125 2.54 2.544 

118 2.20 2.208 

119 2.40 2.411 

117 2.40 2.410 

114 2.40 2.388 

116 2.74 2.73 
  

TABLES 

 



10.4 Shock Mach Numbers 
  

  

  

  

  

  

    

Case Shock Shock Mach Pressure 

Velocity number ratio 

(m/sec) 

0.055 msec 1 418 1.26 1.7 

2 463 1.32 1.87 

3 463 1.28 1.74 

0.200 msec 1 418 1.26 1.7 

2 463 1.38 2.07 

3 463 1.40 2.13         
  

TABLES 
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Figure 1.0: Schardin’s Stair Steps 
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Figure 3.1: 

FIGURES 

Test Section Photograph 
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Figure 3.2: 

FIGURES 

  
Shadowgraph of Steady Flow (No Shocks), Exit - 

Isentropic Mach Number=1.2 
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Figure 3.4: 

Corrected Mass Averaged Total Pressure Loss 

Corrected 
Loss, % 

Uncorrected Mass Averaged Total Pressure Loss 

Loss, % 

Steady Flow Loss Results 
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5CLUT Blade 
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Figure 3.8: Shock Duct Photograph 
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A) EXPANSION MODELS 
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Note: P3 omitted intentionally 

(not used) 

Figure 3.17: Instrumented Blade: Kulite Tap Locations 

FIGURES 120



Embedded Kulite vs. Surface Kulite 
Pressure Record 

  
  

  

  
  

  

    
    

    
                

    
            

0.33 mm (0.013 in) tap diameter 
125 be tet 

C surface 1 
120 Fer - embedded f--- - 

115 bem 

kPa 110 - , cseceeeeeeeetettonsnnseneee 

105 £ h 

100 b—--— alg 
f i 

95 & UP bt 

90 F 14 it 1 4 ju vis 

0 0.2 0.4 0.6 0. 1 
time, msec , 

Embedded Kulite vs. Surface Kulite 
Pressure Record 

125 0.66 mm (0.026 in) tap diameter 

surface 
120 embedded 

115 

kPa 110 

105 

100 

95 

90 

  

0 0.2 0.4 0.6 0.8 1 
time, msec 

Figure 3.18: Instrumented Blade: Tap Response vs. 
Diameter 

FIGURES 121



™ Kulite 

Set Screw 

  

CENTER SLICE OF 
INSTRUMENTED BLADE 

SECTION VIEW 

Screen Tap Cavity 

Li pp "E 

   
   

Kulite 
Set Screw 

Cut-out 

for Kulite 

leads 

Figure 3.19: Instrumented Blade: Tap Geometry 

FIGURES 122



0.025 m 
  -=—— 0.050 m 
  

EXISTING HOLE 
     f 

DRILL AND) REAM 

PIN FOR 0.125] IN PIN         a   HOLES 
ph (0.089 m 

  

    

        

  

DRILL AND REAM 
FOR 0.125 IN PIN \ 

EXISTING 
HOLE Z

 

      
    

[~ 0.152 m ! 

KULITE LEAD WIRE 
EXIT HOLE DRILL 5/16 IN. 

+ LEADING EDGE 
r 

  

  

  

INSTRUMENT ED 
SECTION 

Leeann 

    2   TRAILING EDGE 
  

    

  

CONNECTING 
0.089 m 

SCREW 0.044 m —| 

© 

    DRILL AND TAP THIS 
MM -secrion FOR 1/8-32 

THREAD. 
DRILL 5/32 IN. 
DIA FOR SCREW 
CLEARANCE. 

  

        SCREW HEAD CLEARANCE         
    0.152 m     

Figure 3.20: Instrumented Blade: Fabrication Details 

FIGURES 

os



  
Figure 3.21: Instrumented Blade: Photograph 
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Example of Kulite Signal Autospectrum 
4096 points, 126 Averages 
Spectral Resolution=244 Hz 
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Amplifier Calibration 
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Example of Data Conversion 
DC Gain, 2310 Amp Gain, and 2120A Amp Gain 
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Data Acquisition System 
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Magnitude of Transfer Functions 
K9-K10 Calibration 
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Phase Angle of Transfer Functions 
K9-K10 Calibration 
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Results of K9 Calibration 
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Comparison of Averaged and Filtered Data 
K9=Embedded Kulite 
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Comparison of Averaged Data 
K9=Embedded Kulite 

K10=Surface mounted Kulite 
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Figure 6.10: Example of Confidence Intervals for Unsteady - 
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Cross Correlation (Rxy) Between K9 and K10 
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Repeatability 
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Shadowgraph, Single Shock, 0 msec Delay Figure 7.2b 
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Figure 7.2c: Shadowgraph, Single Shock, 0.055 msec 
Delay 

FIGURES 

  
140



  
Figure 7.2d: Shadowgraph, Single Shock, 0.075 msec 

Delay 
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Figure 7.2e: Shadowgraph, Single Shock, 0.100 msec 

Delay 
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Figure 7.2f: 
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Figure 7.2g: Shadowgraph, Single Shock, 0.175 msec 

Delay 
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Figure 7.6: Shadowgraph, Three Shocks, 0.080 msec 

Period, No Flow 
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Figure 7.7a 
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  Shadowgraph, Three Shocks, 0.055 msec 
Period, 0 msec Delay 
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Figure 7.7b: Shadowgraph, Three Shocks, 0.055 msec 

Period, 0.055 msec Delay 
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Figure 7.7c: Shadowgraph, Three Shocks, 0.055 msec 

Period, 0.080 msec Delay 
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Figure 7.7d: 
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Shadowgraph, Three Shocks, 0.055 msec 
Period, 0.100 msec Delay 

153



Figure 7.7e 
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Figure 7.7f: 
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Period, 0.200 msec Delay 

155



Figure 

FIGURES 

  
7.72 Shadowgraph, Three Shocks, 0.055 msec 

Period, 0.250 msec Delay 

156



    A zh D 
0.0 msec 0.100 msec 

  

B E — 
0.055 msec 0.150 msec 

ae et Fe amen 3 

  
Figure 7.8: Animation of Shock Reflections, Three Shocks, 

0.055 msec Period 

FIGURES 157



  

      

  

      

  

      

  

      

    
      

  

      

  

      

  

      

  

      

  

      

  

  

      

  

      

  

      

  

      

  

  

      

  

      

  

    

  

      

  

Psia’ 
eh A 

14 + ' t + 
04 #O6 O8 1 12.°«414 

time, msec 

Tap $3 
Psia®® ‘ | | + is Tap SS 

224 4 Psia | 

12 
18 + { { { 
04 O6 a8 1 12.°«14 8 

time, msec o4 #o8 08 1 #12. =14 
time, msec 

Tap S2 Tap S6 
Psia®” ~~ ' 14 + 2 { { 

Psia 
26 + 7 Lge 

10 ; 
22 ' } ! ! 
a4 06 a8 1 1200 «1.4 6 : ' ' ' 

time, msec 0.4 0.6 os 1 12 4 

time, msec 

Ti 7 
Tap Si Psia'* —++ __ {2p $7 

Psia’" ‘ : 
YO 

27h 4 

6 , { ' ' 
23 t + + + a4 06 oO8 1 120014 

0.4 06 os 1 1.2 1.4 time, msec 

time, msec 

Leading Edge Tap 14 _Tap S8 
2 + $ + + . + + + 

Psia . Psia 

zp, NO 

20 Qa o's as tate 04 #O6 a8 1T 12. (14 . . . 
time, msec time, msec 

Tap S9 
Tap P1 __14 +—+—++ 

. 26 ” + + Psia Psia i 22 
6 ' — | ' 

18 ' \ ' ' 04 O06 O8 1 12.~«O4 
04 O06 as 1 12.«O14 time, msec 

time, msec r 

Tap P2 \ 14 TE Estimate 
28 t | : { Psia : . 

Psia —— 
aL i N, 

10 

20 ‘ ' i ' ‘Oa ae a8 1 1214 a4 O06 o8 1 120 (14 : . . 
time, msec time, msec 

Tap P4 Tap P8& 
Psia + + ' ¢ Psia“® + } + + 

"| OS 2} fn 

22 + + + + 18 A : ‘ \ 
o4 06 OB UT NR a4 06 o8 1 42 14 

time, msec Tap PS time, msec 

Psia “ , | 

26 zope 
Psia 

22 ' ; , ' 
04 #O6 a8 1 120014 24 1 

time, msec 20 A 

04 O§ O8 1 20°24 
time, msec 

Tap P6 
. . 2 + + + 

1.0 psia = 6.9 kPa Psia 
24} J 

20 4 + + + 
o4 O6 oO8 1 1200«214 

time, msec 

Figure 7.9: Unsteady Blade Static Pressures, Three Shocks, 
0.055 msec Period - 

FIGURES 158



Data Points for Force Calculation 
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Unsteady Blade Static Pressure Limits 
Single Shock 
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Average Upstream Total Pressure 
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Force Coefficients 
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Force Coefficients 
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Figure 7.14B: 
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Figure 7.15C: 
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12.0 APPENDIX 
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12.1 Example of Chisnell’s Method 

Chisnell's method for predicting shock strength in variable area 
ducts. 

Ref: "The Propogation of Shock Waves along Ducts of Varying Cross 
Section" by W. Chester. "Advances in Applied Mechanics", V. VI, 
1960, p. 119. 

y-=14 

Use Chisnell's closed form solution to the integral: 

  

1M) 2 2yY yea! 
yt+1 yt1 

-1 
2 

RCM) = [i+ a 
(y~— 1)-z(M) 

1 5 a=) mont. _ y-1\ 77 14R(M) PER 07?) f(M) -=z(M) °"-(z(M) — 1)- (xm +2 ) aR | 

i 1 
2 

5 ROM) ~ (=) CM) ‘=1(M). al (2, )* al 2 + Row | 
(y= 

  

n
i
e
 

1 
RCM ns 

(Me (: =) 
Initial conditions: 

Py *= 101300 — R gas := 287.0 
Pressure ratio of incident shock: 

Ma 223 T := 293.0 
0 | p2 =p [1+ 20 (Mo? = 1) | 

Ag :=3 ag =f rR gas 
ag = 343.114 — = 6.005 

1 

Given the final area, what is the final Mach Number ? 

Af = 0.75 

M -=Mo 
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Given 

Ar ff( M) =A ff(M 9) 

M ¢ -= Find( M) 

Mg = 2.948 

Mo = 23 

Find pressure ratio across transmitted shock: 

. 2-¥ 2 =p,)1+ eh. (Me-1 
P3 "PI | y+1 ( f ) | 

P3 _ 997 
Pi 
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12.2 Example of Chester's Model 2b 

Calculation of shock strength emerging from a duct of variable area: 

Ref: "The Propagation of Shock Waves along Ducts of Varying 
Cross Section" by W. Chester. “Advances in Applied 
Mechanics", Vol. VI, 1960, p. 119. 

CASE: 2 b) on page 124, area contraction, throat velocity sonic 

Input strength of incident shock wave: 

M; :=33 (Use this model for Mi >2.4) 

Input ambient conditions: A2 is entrance area, Al is 

  

P1 += 94408 R gas -= 287.0 exit area. Must have A2 > 
. 7 Al 

Ty -=290 YS y= 14 

py, = Pi py = 1.134 
R gas T 1 . 

Ay i= 25 (A2/A1 should be >1.5 for this 

ay: [y-Ry -Ty Ay 1=9 model) 

A2 = 36 

or Aj 
Calculate flow after incident shock wave: 

2- 2 

2 ser [ 4 wT (mj? 1) p2 = 118410 P22 _ ag 
PI 

y+1, P2 

—1 T> 27 oS T > = 884.265 
1,4 _¥Tl 2 

(y—-1) py 

a2 ix VR gas T2 

p+ 2l a2 
— Y7 4 Pl 

P2 -= Py] _ 
Ty#1, P2 P2 = 4.064 
y-1 py 
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N
l
 

2-¥ 

a 
Up2 = S1 p2_, : yt M -— Up2 

Y Pi P2 + y- 1 a aD 

P1 (y+ 1) 
M» = 1.43 

Use Area-velocity relation in area change to compute M5 
by setting M4 = 1. 

  

M4 [= 1.0 

Guess: i :=01M4 
Given yt1 

peed. 2 2-(y~ 1) 

Az M4 fo 2 
Aj M5 i¢tot uM? 

2 

M5 := Find (M 5) M 5 = 0.016 

Solve for reflected shock: 

guesses; VR ‘“"p2 P5 -=P2 T5 -=T2 P5:=P2 
V5 =0 

Given 

P2 (Up2 + VR) =e5 (VR + V5) Continuity 

p2t+ po (up2 + Vp) *=p5 + ps: (VR + V5)? Momentum 

2 2 
y R gas T+ (Vat Up2) =. R gas Ts (VRt V5) Energy 

(y- 1) 2 (y—- 1) 2 

_ State 
P5—=P5RgagT 5 

_ Def. of Mach number 
Vs=Ms5-J YR gas T 5 
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P5 
Ts | = Find(Vp.e5,T5,p5. V5) 

P5 
V5 VR 431.672 

P5 13.473 

T5 | =| 1.607°10° 

Ps 6.213° 10° 
Vs 12.918 

a2 

Compare value of Mr with reflection from solid wall: 

  

    

MRR “=Mj Ms = Mj Y1.-FY 

Given 

—1 
RR = - , 27 Men) (nt 3) 

Mpr?-1 (M.2-1) (11 +1) M, 

Find(Mpp) = 2.176 Mp = 2.154 

Compare value of p5 with reflection from solid wall: 

(3-y—-1)-22- (7-1) 
Pi 
  

. P2 6 
P solid.5 PL Pa P solid.5 = 6.341°10 

DS tt) p5 = 6.213" 10° 

continue: 

‘spetlpe (V22 
pos ‘= pst s-e5 (V5) 

Pos = 6.214" 10° 
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  (=7) 
-— — 1 2 . 6 

P4 -—P0S ( + ia) pq = 3.283°10 

V5 
T95 =T5 + 5 1) T 95 = 1.607° 10° 

-¥- gas 

-~i. 1! 
Tg -=T 95 (+> ue) T4g= 1.339° 10° 

aq -=y YR gas'T 4 a4 = 733.502 

V4 -=Mag-a 4 SA V4 = 733.502 

2 1ne p4 = 3.283°10 

Check to see that M4 is actually sonic: 

Now solve for transmitted shock strength: 

  

Guesses: 

V3 = 1.1-V4 V3= 806.852 

p3 :=15-p2 p3 = 1.776°10° 

p1 = 9441°10" aq = 733.502 
aj = 341.353 p4= 3.283° 10° 

Given 

P v5. QF DCF) 
ay th [2 D3 (Across transmitted shock) 

(y+ 1)-—+(y- 1) 
Pi 
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yal 
  

    

  

2 p3\ 7" (energy across 

V3 * eal Vat “a4 expansion 
GED «(5 G=-) P ) 

‘= Find V3.P3 

P3 V3 = 1.057°10° p3 = 1.719°10° 

MT := yt1 [P3_, +41 M; = 33 

2y \py 

Mr = 2.154 

P3-P1_ _ poy Mop = 3969 

"Ax (P2— Pi) 

P3 = 1.452 
P2 
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12.3 Example of Bach and Lee’s Method 

Bach & Lee's approximate solution for a blast wave 
(assume power law density profile) 

Reas != 287 y= 14 

j:=1 (O=planar, 1=cylindrical, 2=spherical) 

Ambient static conditions: 

. 13.7 
Po gq 101800 Ro :=.036 (length scale) 

To := 273 

po = 
0 T go Rgas 

a.= i y: Rgas-T g 

Define conditions at shock front: 

il o
 

ug: 

  

— 2 1 iS _ fie g1(n) GF) ( n) 

— 2 y—-1 
fl = _ . 

Cv (y+1) yCy+*1) " 

. +1 1 ‘=O TE wit ny) Gn-iFt2y) 

initial constants for expansions: 

Di -=y¥-(j +3) t+G-)) 

  

  

Al ‘x__ DI 
4(y+1) 

2 yt+1 4(y+ 1) 

a3 et TO 1)-(j+ 1) 
yt1 

Bi :=-1 
2 

  

D1 
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B3 ‘=-g 2t (y—1)-Gtl   

  

  

  

  

  

Di? 

C1 ep DET tD 

4-(y+ 1)? 

oo ._ 7DI? + DI-(6— (y= 1)-(25+1)) #44: D 

4-(y+ 1)? 

3 = DCO + Y= DG FD) $427 DIF D) 
4-(y+ 1)? 

4 2-27 OT DGGE 
(y+ 1)? 

py = DVT G+ 1)-DI? 
8 (y+ 1) 

po = YT 1)-Ci+ 1)-DI 
y+1 

53 2 27 -Gt D 
y+i1 

final constants for expansions: 

  

jt @sq =~ SHE SO 5 

a El 

1 CLF AL O59 

Qs 1 2=0sq°- [A2+ B1-Osg+ 2 +_ 2 _) 1 
O@sg = yS 4-980} Cl 

. Os y 
$5 -=7 ys 1-—— 

w2 “1 8s 

Q 2 ; S] Os 1 1 B 
Os > :=| A3+ (Bl — 1)-0s 1] + B2-6s9 + |C1- — C2-— + C3}-—~- + ——— 

Bs 8s 9 O@sg ys 19s 

Osa ‘= 2 1 
S> :=0s5-OsQ - —- 

c1+ —— 
2-ys 4 
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Os v Os > 
    

    

  

  

YS3 -=ysq- — 
Os 9° 2- 8s g 

3 2 

@s3 = {cr {ES BU) 4 oo [BE B2) og Al cg 
As 9” Qs ° Bs 9° Os Qs 9 Qs 

E1-0s 1-@s5 E2-0s5 1 
O83 -=Os3 + _ . + [(B1— 2)-6s2 + B2-6s 1 + B3-8sq| 

3-08 2-Osq } ys 18s 

2 
Qs 

Os 3 = O83 0 

ci+ 2£! 
3-ys 1 

__ YS] 7-@s 1-88 9 Qs 1° Os 3 
ys4 -=——- — 3. 3 On 

3 4-05 97 Os 9 Gs Q 

  

Expand variables to get starting point for Runge-Kutta: 

@s() ‘= Osq + Os y-m + 089-77 + 053-17 

ys(y) “= ys pnt yson? + ys3-q° + ysqn* 

@s9 = 71 

Define derivatives for integration: 

dydh( @,y,y) “=~ (j+ 1)-~2— 

  

  

2-6-y 

dtdh( @, y.1) =o @+ 1—2-91(n) - 
_ . (D1 + 4-y)-( D1 + 4-y) — 1)-(-1)-(j + 1)-| ol _ # = D-CD-G+ 1-| pln) oe | 

,~_ Diten | DIF4n)- ely) _ ol): GQtD | 
8 (nn) Cyt 1) 6 Opi) 

+2(nt1) +(y-1)-(jt 1) 1 gi(n)-@1(n) 
, 2O(24+ (> D-GtD) 

DI +4y 
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Begin Runge-Kutta integration of coupled equations: 

value of eta to start: yn :=00 tg “=n 

re-assign derivative names: 

dwdt(w,x,t) -= dtdh( w, x,t) 

dxdt(w,x,t) -=dydh( w, x,t) 

imax -= .02 make tmax and numpts even numbers 

numpts := 20 

i -=0. numpts 

  

  

  

  

    
      

  

_ tmax — to . 
t -=$——_—it+ ty 

numpts 

Ww; := 08 (t)) 

Xj i= ys (t) 

1 —T 
0.02 - —T 

wi 

X 0.01 F _ 

0.95 
0 0.01 0.02 0 

t 0 0.01 0.02 
i t. 

1 
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Runge-Kutta integration of coupled equations, second part: 

value of eta to start: 

  

.— tmax - numpts > =006 tmax := numpts := DUmpts 

numpts2 :-= 150 

m -= numpts + 1. numpts2 + numpts 

tm = tmax2 — tmaX (m4 — numpts) + tmax 
numpts2 max(t) = 0.06 

h := | _.( tmax2 — tmax) 
numpts2 

h = 3333-10 * 2 = 0.033 
tmax 

klw(w,x,t) -=h-dwdt( w, x,t) 

kix(w,x,t) -=h-dxdt( w, x,t) 

k2w( w, x,t) "= h-dwat(w + = k1w( w,x,t),x+ 5 KIX( w,x,t),tt 3) 

k2x(w,x,t) -= h-adxat( + 5 kiw( w,x,t),x+ = Kix w,Xx,t),t+ 3) 

2nd order: 

("= — (" 1 + RW (Wy — 1 %m— 1 tm — | 

Xm — 1 + k2x(wy, — 1%m—1->M— 1) 

compare with series solution: 

Xm 

p :=0. numpts + numpts2 

  

  

      
  

ww, := 8s(t,) 

] 7 
Ls Check for convergence 

“Wy of numerical method 

- with this plot 

na 1 ot — 

— ner_| <- two solutions should 
a | a e 

5 30D 504 006 match at this point. 

to bo 
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overlap series solution to cover start-up of numerical solution: 

1 :=0. numpts + numpts2 — 1 

w; := Os (t;) Ki = ys(t)) 

Finish solution with larger step change 

tmax3 := 1.0 

numpts3 :-= 150 

m := numpts2 + numpts + 1. numpts2 + numpts + numpts3 

  

tno-= tmax3 ~ tmax2 ¢ y— numpts — numpts2) + tmax2 
numpts3 

h := —| _.( tmax3 — tmax2) 
numpts3 h = 0.006 

klw(w,x,t) ‘=h-dwdt( w,x,t) 

klx(w,x,t) :=h-dxdt( w,x,t) 

k2w( w, x,t) =. dwat(w + 5 kw w,Xx,t),x+ = Kix( w,x,t),tt 3) 

k2x(w,x,t) -= h-dxat(w + 5 kiw(w, x,t),x+ 5 Kix w,x,t),tt+ 5) 

Xm 

("= _ reo oe DXm— ie | 

Xm — 1 + K2x (Wy — 1>%m— 1+ 'm— 1) 

re-assign variable names: 

k -= 0. numpts + numpts2 + numpts3 

Or, -= Wy Ot, -= Wo 

YT -= Xq *o “ * 

1h =k No “= % 
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plots: 
shock trajectory: 

i 

    

  

      
    

  
  

— j++ 

Rsp = 0 

1 —T J 

50 - “ 

Rs - k Or, = — — k 0.5 Ro -” 

0 0 — 
0 0.5 1 0 0.5 1 

' MK 

curve-fit a function for theta(eta): 

  

6( m) ‘= linterp( y, Or, m) 

y(m) ‘= linterp(n, yr, m) ° I 

8) os 
  

    
  

71 
0 0.5 1 

Density distribution (assume power law): 

qin) -= (i+ 1)-Cpl(m) — 1) 

WE, y) “= yl(y) Ee) 

Velocity distribution: 

~n) pl(y)-pl(y) | a | 

@E,n) = pl(y)-&(1—- Q&y)-In(§)) 
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Pressure distribution: 

yis Q(n)?- 91(n)* pln) 
  

+ 2-Q()-l(n)? — O(n) 2: pl(n)? 

f4(ny 

(a(n) + 2)° 

B(y) ‘=v _. an)-| ¢m)-o169 = 2n-€ (n)-01(n)) |= OC) -#10 - 
(q(n) + 2) | an 

    

  

-— wl(n) 2 -2 
P22 je ee li- . ] — ql —@ . 1 — 2-1- (ys |‘ @(n))- (etm) — g1(n)2) — On) « (n) «loro ||| 

f(&,n) [= f1(n) + 2m) (EK) F 2-1) 
+ £8(m)-[ EXD F 2.((q(m) + 2)-In(&) — 1) +1] 
+ £4(y)-[2— e0D +2.[ (qo) + 2)?-In( &)? — 2-(q(n) + 2)-In(&) + 2] ] 

plot variables vs. r/Rs: 

  

  

  

      

    

  

        

oplot ‘= 50 
i -=Q. nplot nuse := 0.9 

-— i 

Si nplot 

1 | 

w/é., nuse 

wl( use ) 

0 | 

0 0.5 ] 

Si 
1 ] 1 r 

f a3 ss & nuse) 05 _ o(§; nuse) 

f1( nuse ) - pl( muse) 9 - 

0 — ; 
0 0.5 1 0 0.5 1 
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shock trajectory: ntime ‘= 30 
n -=0. ntiime— 1 

  

  

  

      

  

Y -- t i= 
— " n ntime 

-tRo | ym Ft! t(m) =" > | = dn 
a J 7-1) 

0 

in terms of eta: 

time, ‘= tt(mt i _ 
" Y n) Ntntime *~ 9-99 Omentime *~ tt (tntime) 

n -=0. ntime 

l 

0.002 + - 

time, 

0 
0 0.5 

nth 

curve fit time asa 
curve fit eta as a function of time: function of eta: 

(tt) -= linterp( ime, yt, t) t,(m) -=linterp( nt, time, n) 

in terms of Rs: 

1 
to i+ 1 time2, -=t Ry = Ro y(n)? k “= tt(Mk) 

TT . . 
aL curve fit Rs as a function of time: 

R, R ,(t) :=linterp( time2,R, t) 
  

curve fit time as a function of Rs: 

    t,(r) := linterp( R, time?2, r) 
  

0 | l | 
0 0.001 0.002 0.003 

"t(K) 
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Find time when shock passes radius of interest: 

T= 20 (meters) 

start, (= until (t ( r) — te(M) >‘) 

Istart -= rows( start) — 1 

Istart = 288 

p := Istart. numpts + numpts2 + numpts3 — 1 

  

  

      

Et x__ start Ms, = 1077 

P Re(Ee(p)) 

| _ f(t. n,) poe 
pt,--= Ty 

Et 

os} - _ P(Btp- Mp) a ut, T 

P 
l l 

0.001 0.002 — 
pt, -=po p(Et,.n 

tt(™p) P ( P ) 

. , | Pt , pt 
q :— 0. Istart— 1 cr ‘= until/—P — 1, Tt. i= p OSS (? 0 | P pt, Rgas Rgas 
Pty -=po uty -=ug 

pt, -=p0 Ttg -=To 

Icross := rows( cross) — 1 

Icross = 298 

p -=0. numpts + numpts2 + numpts3 — 1 
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peak pressure: decay time(in microseconds): 
Plstart 6 = 1.171 (tt (eros) - te (“start) ) -10° = 2953 
PO 

find density asa find pressure asa 

function of time: function of time: 

I 

Lie = 

ep pt 11 _ 

PO _ 
Po 

1 — 

te 1 

ee 0 
0.002 

  

  
  

a
 

os 

  

  

        
  

  

    

  

  

  
  
      

  

0.002 5 

't("p) tr(",) 

find velocity as a Find temp. as a 
function of time: function of time: 

I I 

ut_— ug20 = ~“ ™ 
Pp To 

] —_ 

0 | | 

0 0.002 0 0.002 

tp) 't@,) 

write flow variables to file: 

out, o -=te(Mp) 
._ Pty ._ Pt, ._ Itp -- 

ow i ir ou 20° oul . — —— ou -—~uUlL, 7" u bine 255? 3 =a tp, 4 = Uy — Uo 
WRITEPRN( model) ‘= out 
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12.4 MATLAB Gain Program 

MATLAB script to compute channel gains. Number of points in the FFT is n. 

Input file is x, output file is y (both single column), which must be loaded before 

the script is run. 

% form data sets of size n 

yy=reshape(y,n,size(y)/n); 

xx=reshape(x,n,size(x)/n); 

% subtract mean of each data set from the set 

XxX=xx-ones(n, 1)*mean(xx); 

yy=yy-ones(n,1)*mean(yy); 
% perform DFT’s 

X=fft(xx); 

Y=fft(yy); 
% form spectra 

Gxx=conj(X).*X; 

Gxy=conj(X).*Y; 

Gyy=conj(Y).*Y; 

% average spectra 

Gxx=sum(Gxx’)’; 

Gxy=sum(Gxy’)’; 

Gyy=sum(Gyy’)’; 
% form transfer function 

H=Gxy./Gxx; 

% calculate coherence 

gamsq=Gxy.*conj(Gxy)./Gxx./Gyy; 

% find number of data sets 

[a,len]=size(x); 

nd=len/n; 

% find random error in H 

er=eqrt(1-gamsq(2))/gamsq(2)/sqrt(2*nd); 

% print results at first positive frequency 

abs(H(2));gamsq(2);er 
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