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Effects of Shock Wave Passing on Turbine Blade Heat

Transfer in a Transonic Turbine Cascade
by
Andrew Carl Nix
Dr. Thomas E. Diller and Dr. Wing F. Ng, Co-chairmen

Mechanical Engineering

(ABSTRACT)

The effects of a shock wave passing through a blade passage on surface heat
transfer to turbine blades were measured experimentally. The experiments were
performed in a transonic linear cascade which matched engine Reynolds number, Mach
number, and shock strength. Unsteady heat flux measurements were made with Heat
Flux Microsensors on both the pressure and suction surfaces of a single blade passage.
Unsteady static pressure measurements were made using Kulite pressure transducers on
the blade surface and end walls of the cascade. The experiments were conducted in a
stationary linear cascade of blades with heated transonic air flow using a shock tube to
introduce shock waves into the cascade.

A time-resolved model based on conduction in the gas was found to accurately
predict heat transfer due to shock heating measured during experimental tests without
flow. The model under-predicted the experimental results with flow, however, by a
factor of three. The heat transfer increase resulting from shock passing in heated flow
averaged over 200 us (typical blade passing period) was found to be a maximum of 60%
on the pressure surface near the leading edge. Based on experimental results at different
flow temperatures, it was determined that shock heating has the primary effect on heat

transfer, while heat transfer increase due to boundary layer disturbance is small.

Abstract
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Chapter 1.0

Introduction

1.1 Turbine Blade Heat Transfer

The efficiency of gas turbine engines due to unsteady flow conditions is of
particular importance in current research efforts. Improvements in the efficiency of gas
turbines under steady flow conditions have been studied extensively, however, the effects
of unsteady phenomena such as freestream turbulence, wake impingement, and shock
wave passing on gas turbine performance have begun to draw considerable attention.
Recent research has suggested that significant fluctuations in heat transfer exist due to
freestream turbulence and the impingement of wakes and shock waves from upstream
blade rows. Understanding of the unsteady flow field and its effects on heat transfer in

high pressure gas turbine stages are, therefore, of utmost importance.

Increasing the efficiency of gas turbines and the thrust to weight ratio increases
the thermal loads and thermal stresses on the blading in the turbine section due to higher
combustor temperatures. Higher combustor temperatures increase the heat transfer
between the flow through the turbine and the turbine blades. The increase in thermal load
then makes it necessary to understand the effects that unsteady flow phenomena have on
the heat transfer in the turbine. Predicting blade temperatures in the high pressure turbine
stages, where hot combustor gases enter the turbine, is of primary importance. These
blades operate near their thermal limits, and any increase in blade temperature due to
unsteady flow phenomena needs to be quantified. Analysis of the heat transfer increase
due to unsteady flow phenomena in these stages will help in prediction of blade
temperatures. Cooling schemes can then be implemented to decrease blade temperatures,
therefore decreasing the thermal loads and stresses on the turbine blading and avoiding
engine failure. Blade cooling schemes were first implemented in the early 1950°s (Hale,

1996). The use of blade cooling schemes in conjunction with advances in blade materials
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has allowed the gas temperature at the inlet to the high pressure turbine to increase from
approximately 1050 K in the 1950’s to approximately 1800 K in the 1980’s (Sieverding,
1995).

The unsteady flow factors which affect turbine blade heat transfer, as mentioned
earlier, include freestream turbulence, wakes, and shock waves generated by upstream
blade rows. Of particular importance is the effects which shock waves passing through
the turbine blade passages have on heat transfer to the turbine blading. Studies have been
performed which focus on the effects that shocks coupled with wakes have on turbine
blade heat transfer by passing a rotating bar along the leading edge of a cascade of turbine
blades. However, to date, studies which uncouple the effects of wake passing and shock

impingement on turbine blade heat transfer have not been performed.

1.2 Objective

Testing of gas turbine heat transfer using instrumentation mounted into an actual
high pressure turbine is difficult and is complicated by the rotating blade rows and
extreme temperatures. Experimentation is therefore performed in either rotating rigs or
stationary cascades with conditions (Reynolds number, Mach number, and temperature
ratios) similar to those seen in an actual working gas turbine. The focus of this thesis is
the measurement of the time-resolved heat flux resulting from weak shock waves passing
through the blade rows in a stationary, linear turbine cascade. The cascade of turbine
blades is subjected to a moving shock wave propagating tangentially along the leading
edge of the cascade (Figure 1.1). This simulates the interaction between an upstream
nozzle guide vane and a downstream rotor in a stage or the interaction between a rotor
and downstream stator in successive turbine stages (Figure 1.2). The common method
for producing shocks for cascade tests is to pass a rotating bar along the leading edge of
the cascade. This method, however, introduces wakes in addition to shock waves. The

shock waves in the present work were produced using a shock tube and shock shaper
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configuration. The shock shaper is responsible for changing the geometry of the shock
wave introduced into the test section such that it is a roughly planar shock. This
configuration has the advantage of allowing an isolated shock wave to be introduced into

the cascade without a wake present as seen in the rotating bar mechanism.

Unsteady blade surface heat flux and temperature measurements were made using
new thin film gages. The gage used was the Heat Flux Microsensor (HFM-6)
manufactured by Vatell Corporation. The HFM gage is capable of measuring both heat
flux and surface temperature simultaneously, at frequencies of up to 100 kHz. The heat
flux sensors were located at four positions in a single blade passage, one on the suction
surface and three on the pressure surface. The new thin film heat flux microsensor is
described in detail in Chapter 2, along with background on previous studies and moving
shock theory. The blow down test facility, cascade and test section, instrumentation, data
acquisition system, and testing and data reduction procedures are described in detail in
Chapter 3. A theoretical model developed for this work to predict unsteady heat transfer
due to shock wave passing (or impingement) is presented in Chapter 4. Experimental
data analysis and results are presented in detail in Chapter 5. Chapter 6 provides a
detailed discussion of the results. Chapter 7 contains conclusions and recommendations
for future work. The appendices contain data plots for each individual run, computer
programs, and a detailed analysis of the progression of shock waves and reflections

through the turbine cascade blade passages.
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Chapter 2.0
Background

2.1 Previous Studies

In the last decade, researchers have been focusing on understanding shock wave
progression through turbine cascades and analyzing the unsteady effects of shock waves
on heat transfer in gas turbines. The majority of the studies to date have employed a high
speed rotating disk with radial bars attached to the circumference which pass along the
leading edge of a turbine cascade to produce shocks and wakes. This rotating bar
mechanism simulates the effects of a nozzle guide vane (NGV) on the downstream rotor.
This mechanism, however, cannot produce shocks independent of wakes generated by the

rotating bars.

Oxford researchers, Doorly and Oldfield (1985) employed the rotating bar
mechanism to study the effects of isolated wakes and weak shock waves on rotor heat
transfer. Their primary findings were that shock-boundary layer interaction did not have
a direct effect on heat transfer. Instead, they reported that the incident shock wave
produces a separation “bubble” which forms near the leading edge of the suction surface
and collapses after propagating a short distance along the suction surface. They
concluded that the disintegration of this separation bubble produces a turbulent patch
which is responsible for fluctuations in transient heat transfer as it is swept down the
boundary layer. They also concluded that successive disturbances may eventually merge,

forming a continuously turbulent boundary layer.

Ashworth, et al. (1985) conducted experiments with a rotating bar mechanism
which produced stronger shock waves (blade relative Mach number of 1.165). They
reported the shock waves, coupled with wakes, to have a profound effect on suction

surface heat transfer along approximately 35% of the blade from the leading edge. The
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heat transfer increase was thought to be caused by separation and reattachment of the
boundary layer as a result of shock impingement. The increase in heat transfer caused by
this separation-reattachment process was shown to be preceded by a decrease in heat

transfer from the mean level, however, the cause of this effect was not identified.

Johnson et al. (1989) studied surface heat transfer fluctuations on turbine rotor
blades due to upstream shock passing using a rotating bar mechanism. They developed a
theoretical model for predicting the unsteady heat transfer due to a step change in gas
temperature resulting from shock wave passing using theory for one-dimensional
unsteady heat transfer in solids. They identified five mechanisms by which the shock
waves affect rotor blade surface heat transfer. The two primary mechanisms they
identified were shock heating (increase in heat transfer due to shock temperature ratio)
and boundary layer disruption. They suggested that the shock wave compresses the
boundary layer, increasing the pressure gradient and thus increasing the temperature
gradient and subsequent heat transfer. These two effects, shock heating and boundary
layer modulation, were assumed to be additive té give the total increase in heat transfer
due to shock wave passing. They also concluded that the effects of shock passing on heat

transfer will persist until the arrival of the next rotating bar shock wave.

Numerical work by Saxer and Felici (1994) focused on three-dimensional hot
streak migration and shock interaction in a rotor passage. The numerical work tracked
the progression of gas hot streaks caused by shock passing in the blade passage.
Numerical results determined that the increase in time averaged rotor stagnation

temperature was larger on the pressure side than on the suction side of the passage.
2.2 Moving Shock Theory

In order to simplify later discussion of shock progression, pressure ratios, and

temperature ratios, a brief overview of moving shock theory will be discussed.
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Shock waves are essentially discontinuities in flow properties of infinitesimal
thickness (Zucker, 1977). The thickness of shock waves has been shown through
experiments to be on the order of a few mean free molecular path lengths (Shapiro, 1954).
In other words, the properties of a moving fluid change from one value to the next
discontinuously. This discontinuity is then a shock process. The process of moving
across a standing normal shock is non-isentropic. Only one fluid property remains
constant across a normal shock, the total temperature (T,), and, assuming constant
specific heats, the total enthalpy (h). A complete discussion of the physics of shock
waves through the analysis of continuity, and conservation of energy and momentum will
not be discussed here, rather the equations for calculating the fluid properties across a
shock wave will be presented. The governing equations for a standing normal shock

wave for a perfect gas are as follows:

My py M, [2.1]
N
-1
. {H(}/?—)-M,z}
TR (Temperature Ratio) = — = - [2.2]
Tl ‘: (7—1) z—l
I+— M,
2 T
1+y-M}?
PR (Pressure Ratio) = 22 ——[———l—] [2.3]

;1—-[1+7-M22]

where p is the static pressure of the flow, T is the static temperature of the flow, M is the
Mach number of the flow, and v is the specific heat ratio of the gas. The subscripts, 1 and
2, refer to the state before and after the shock wave, respectively. These equations can be

solved if either the state before or after the shock (p, T, and M) is known and at least one
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property is known on the other side of the shock. Analysis of moving shock waves can

be simplified such that standing, normal shock equations can be used as follows:

Figure 2.1 (taken from Zucker, 1977) shows a moving shock traveling into
standard sea level air in the same direction as the flow with the ground as a reference
point. In order to transform this picture such that we can apply standing normal shock
equations, a flow field of velocity V, (velocity of the moving shock wave) is
superimposed to the right. An alternative way of accomplishing this is to move the
reference point from the ground and “ride along” with the shock wave. Figure 2.2 (taken
from Zucker, 1977) demonstrates the results of transforming the frame of reference in this
way. What is left is a standing normal shock. The normal shock equations presented

earlier can then be used by adding the following equations:

Vi=V,-1, [2.4]

M=—Y_ [2.5]

VIRT

where V, is the velocity behind the shock, V,’ is the velocity behind the shock in the
transformed reference frame, M is the Mach number, and T is the static temperature at
one state for the flow. R and vy are the ideal gas constant and specific heat ratio of the gas,
respectively. Using the above equations and changing the reference frame of the shock
wave allow the properties of the flow across a moving shock wave to be calculated,
including the pressure and temperature ratios of the moving shock. The shock waves
seen in this work, due to their curvature, are not one-dimensional; however, to simplify

analysis, they were assumed to be roughly one-dimensional for a small segment.

A useful tool for visualizing shock waves is through the use of flow visualization

techniques. Two common forms of flow visualization which capture changes in density
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Figure 2.1 Moving Normal Shock with Ground (Lab) as Reference
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Figure 2.2 Moving Normal Shock Transformed into Stationary Shock
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