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1.0 SUMMARY

1.1 Introduction

This document constitutes the final report on a multi-investigator research program
on “Aerospace Turbo machinery Flow Physics”. The research program encompasses the
following four technical areas:

(1)  Flutter clearance in aircraft engine compressors

(2)  Physics of coolant/main flow interactions in advanced aircraft/rocket turbines
(3)  Tip clearance flow effects in axial and centrifugal turbomachines

(4)  Use of an active rotor to delineate parametric dependence of aerodynamic
damping

A common theme that threaded through these research areas is three dimensional
and/or unsteady flow phenomena, and the enhancement of overall performance of
turbomachines through flow management and design. In other words it is our view that
the primary challenges to achieving increased overall performance of turbomachines are
linked to local phenomena which are inherently three-dimensional and/or unsteady.

1.2 Research Abstracts

1.2.1 Flutter Clearance in aircraft engine compressors

A framework for flutter operability assessment, based upon a new set of similarity
parameters, has been developed. This set consists of four parameters which embrace both
the performance characteristics in terms of corrected mass flow and corrected speed, and
the flight condition in terms of inlet temperature and density (or, equivalently, inlet
pressure). It is shown that a combined mass-damping parameter, g/ p*, novel in the field
of turbo machinery aeroelasticity, can summarize the individual effects of mechanical
~damping, g, and blade mass ratio, p(ec 1/p*). A particular selection of four non-
dimensional parameters, including g/p* and a compressible reduced frequency parameter,
K*, allows for a decoupling of corrected performance effects from purely aeroelastic
effects, for a given machine and a specific mode shape. This view of flutter operability is
applied to the analysis of a set of full-scale engine data. The data exhibits the trend that
increasing K* and increasing g/ p* have stabilizing effects, which is consistent with
previous work on flutter stability. We propose that these trends hold generally, and apply
the trends towards constructing a flutter clearance methodology, a test procedure that
satisfies the requirements for comprehensive flutter stability testing.




1.2.2 Physics of coolant/main flow interactions in advanced aircraft/rocket turbines

Modern high performance gas turbine engines utilize film cooling to reduce the
heat load on high-pressure turbine stage components, thereby increasing the maximum
turbine inlet temperature at which the cycle can operate. The aerodynamic performance
of a film cooled turbine stage and the loss caused by film cooling have been measured
and quantified in a series of test carried out in the MIT Blow-down Turbine Facility. An
un-cooled turbine stage was first fabricated with solid blading and tested using a newly
developed short duration measurement technique. The stage was then modified to
incorporate vane, blade and rotor casing film cooling. The film-cooled stage was then
tested over a range of coolant-to-mainstream mass flow and temperature ratios for the
same range of operating conditions (pressure ratios and corrected speeds) as the un-

cooled turbine.

1.2.3 Role of Tip Clearance Flow on Axial Compressor Stability

An examination of the fluid dynamic phenomena that link tip clearance flow to
the formation of short length-scale (spike) rotating stall disturbances has been carried out.
It is found that the onset of growth in tip clearance blockage characterizes the lowest flow
coefficient for which a steady blade passage solution exists. It is also found that this
condition leads to the formation of spike disturbances. A scenario and criteria for this tip
clearance blockage behavior are proposed based on trailing edge backflow and leading
edge spillage to the adjacent blade passage. Both are associated with tip clearance flow
and occur below the blade tip. Trailing edge backflow involves tip clearance fluid from
adjacent blade passages. The leading edge spillage consists of tip clearance fluid from the
local blade passage. These two criteria explain the observed length-scale of spike
disturbances. This scenario is consistent with several experimental observations on axial
compfessor stall inception. The implications of these results on the role of single blade
passage computations in stall prediction and on the effectiveness of techniques used to

delay stall are also discussed.
1.2.4 Impact of Tip Clearance Flow on Centrifugal Impeller Pump Performance

A computational study has been conducted to evaluate the effects of tip-clearance
on centrifugal pump impeller efficiency and pressure rise and to identify specific
phenomena that lead to performance decrease with increased tip-clearance. Analysis of
the flow field shows that there are two principal mechanisms responsible for the
performance changes with tip-clearance. First, tip-leakage flow partially mixes with the
core flow when it enters the channel. Second the resulting low streamwise velocity region



(compared to the core flow) is responsible for flow blockage and decreased pressure rise.
The tip-vortex structure associated with the tip-clearance flow has also been examined.
The tip-vortex, which dominates the secondary flow patterns, increases in size with
downstream distance. Low streamwise velocity flow is embedded in the tip vortex flow
region. A simple analysis of the tip-vortex center trajectory has been developed which
enables prediction of the wake flow trajectory. A model for the tip-clearance related
decrease in pressure rise and efficiency has been developed, which accounts for both
mixing and blockage effects. The model has been assessed against CFD results as well as
published results and is found to capture performance sensitivity to tip-clearance
variation for the examined data. The model also provides approximate analytical
expressions for efficiency séns'itivity.

- 1.2.5 Fabrication and Testing of a Spar-Actuated Active Compressor Rotor Blade

Design and development of rotor blades for an active aeroelastic rotor has been an
ongoing research activity in the Gas Turbine Laboratory. New prototypes of an active
rotor blade design were tested in the MIT/GTL spin test facility during 2002 and 2003.
These blades achieve an industrial transonic blade shape (GE “Fan C”) using graphite-
epoxy spars and a high strength Rohacell core. Active control is achieved through piezo
actuation and strain gauge sensing. The active rotor concept provides a vehicle for
demonstration of modeling, passive control, and active control of aeroelastic phenomena
in turbomachinery. Significant testing and development of this concept were completed
under the program. Active rotor research has concentrated on the technologies and
processes that would make an active rotor feasible, and on quantitative determination of
the bending and twisting displacement capability of the device. Results are outlined in
greater detail in Section 7.




2.0 NEW FINDINGS AND ACCOMPLISHMENTS

A framework for flutter stability was developed for the case of an axial-flow
machine with specified flowpath geometry and a particular modeshape. Such a
framework can be described in terms of four nondimensional parameters, by combining
the mechanical damping and the fluid inertia into a single reduced damping parameter, g/
p*, a novel development in the context of turbo machinery flutter. The framework can be
applied to the requirement of flutter clearance via testing.

Newly developed short duration measurement techniques have enabled cost-
effective studies on influence of film cooling on the aérodynamic performance of a
turbine stage. The performance of a un-cooled stage was measured and the influence of
the rotor tip gap quantified. The stage efficiency was reduced by 1.7% for each percent
increase in rotor tip gap. For the film-cooled stage, the stage efficiency was reduced by
1.75% (at the reference coolant mass flow and temperature ratio) when compared to the
baseline. Each additional percent of cooling flow reduced the stage efficiency by 0.5%.

The connection of short length-scale stall inception to two specific simultaneous
threshold flow events on axial compressor blade passage level has been established.
These two threshold flow events are trailing edge backflow that involves tip clearance
fluid from adjacent blade passages and the leading edge flow spillage that consists of tip
clearance fluid from the local blade passage. These two events explain the observed
length-scale of spike disturbances (~ two to three blade pitches). The results also suggest
the utility of single-blade passage computations for stall inception prediction and
effective means of delaying stall.

In centrifugal pump the secondary flow structure in an unshrouded impeller is
dominated by tip vortex. The two principal mechanisms responsible for the performance
changes with tip-clearance are: (1) tip-leakage flow partially mixes with the core flow
when it enters the channel; and (2) the resulting low streamwise velocity region
(compared to the core flow) is responsible for flow blockage and decreased pressure rise.
A model for the tip-clearance related decrease in pressure rise and efficiency has been
developed, which accounts for both mixing and blockage effects. It is deduced from the
model that impeller efficiency sensitivity increases with increasing blade exit angle,
decreasing flow coefficient and decreasing number of blades.

Finally, active rotor concept testing was completed during the Spring of 2003.
The technologies and processes needed for an active rotor have been demonstrated with




the completion of a composite rotor blade with the strength and actuation properties
required for aeroelastic diagnostics, system identification, mistuning studies, and control.
The effectiveness of this rotor was quantified in terms of bending and twisting
displacement, both in bench tests and in situ (rotating environment). Results indicate that
for broadband excitation of aeroelastic modes associated with the rotor first bending
mode (that is, for system identification of the associated blade row aerodynamics), the
active rotor achieves about half the desired excitation level of 0.5 mm. For the first twist
mode, the active rotor achieves less than half the desired twist of 0.5 degrees. On the
other hand, for demonstration of active damping of rotating stall, or mistuning, an active
rotor would be more than adequate, since these types of tests would be conducted at or
near the natural frequency of the active rotor blades, where displacements are large. Thus
the way forward to a full active rotor facility has been developed.



3.0 TASK I: COMPRESSOR FLUTTER CLEARANCE METHODOLOGY
(J. L. Kerrebrock) \

3.1 Introduction

To assure reliability and safety of jet propulsion, the potential for blade flutter
must be eliminated from the turbomachinery stages. Rig and engine testing are therefore
necessary in any engine development program to ensure that flutter does not occur in the
operational regime. The relevant regime for assessing performance (i.e., pressure ratio
and efficiency) is typically measured in terms of corrected mass flow, m, , and corrected
speed. For a given machine, these are equivalent to the axial and tangential blade relative
Mach number, respectively. Flutter stability, however, is not solely described by these
variables, but requires other variables as well. In particular, the flight condition in terms
of inlet temperature and pressure is known to influence flutter stability. This task
addressed the effects upon flutter stability from the full (non-dimensional) set of
parameters which span the operating space for a given flow-path geometry.

The problem of flight condition effects upon flutter stability was first identified by
Jeffers and Meece [1975] in the context of a fan flutter problem during the development
of the F100 engine. While flutter tests at sea level ambient conditions initially suggested
that the engine would not flutter; subsequent flight and ground tests confirmed that
changes in inlet temperature and density led to a flutter problem in the initial design.
Further laboratory testing [Mahalic et al. 1977] corroborated these results on the F100.
Such behavior is shown schematically in Figure 3.1. A more comprehensive parameter
study of the effects of flight condition was included in experiments on an annular cascade
[Jutras et al. 1980] which focused upon choke flutter in mid-stage compressors. That
study also showed temperature effects to be a significant contributor to stability, but did
not find inlet density to be a significant factor. Using the results derived in this Task, the
discrepancy in the density effects between these studies can be attributed to differing
blade root attachments (as will be explained in the following). Stargardter [1979] showed
that the classical procedure of correlating flutter onset with reduced velocity, U*, and
flow incidence angle was not valid in his tests. Since Stargardter’s tests were conducted
at constant inlet temperature and density, increases in reduced velocity, U*, resulted in
Mach number increases as well. The classical correlation procedure could not account for
such mixing of Mach number effects and reduced velocity effects, which underscores the
need to account for all the relevant parameters in assessing acroengine flutter stability.




Task 1 focused upon developing a rational methodology for flutter clearance; that
is, for determining that flutter does not occur in the intended operating regime of a given
engine. To accomplish this, we develop a minimal parameter space in terms of similarity
parameters. Further, parameters are selected which separate the effects of performance
point and of flight condition. A set of full-scale engine test data, provided by the Volvo
Corporation, is analyzed using this new framework. Finally, we describe a flutter

clearance procedure.
3.2 Stability Boundary Representation

For flutter clearance, we must assess the flutter stability boundary of a given
machine. The six parameters, Mach number, M, flow angle, o, reduced frequency, £,
temperature, T, density, p, and blade mechanical damping, g are needed to characterize
the flutter boundary. We propose that a set of four similarity parameters that are
especially useful for stability boundaries. These four are corrected mass flow, m, ,
corrected speed, N, , and two new parameters, reduced damping, g/ p*, and compressible
reduced frequency, K*. Note that the vibrational mode-shapes are presumed to be
specified, and that each relevant mode-shape should be considered.

3.2.1 Development of Parameters

The parameter development begins with the linear stability criterion for single-mode
flutter of a tuned rotor. Note that complications such as mistuning (with a specified
amount and pattern) and nonlinearities will not change the governing parameters, though
they can alter the form of the stability criterion. We begin with the structural dynamic
equation (Crawley [1988], or Forsching [1994]) of a specific mode, m, on blade j

(3.1)

| ,
Z)Tﬂj+(1+lg)ﬂj=

2
0 cm @,

where wy is the modal natural frequency, F is the fluid force, c is the chord, and my is the
modal mass. The imaginary damping term, ig, presumes that 1 is complex with an
imaginary part phase-lagged by 90° from the real part (true for positive frequencies).

For a tuned rotor, the use of interblade phase coordinates (Lane, 1956) decouples
the fluid forces between blades. For interblade phase, o; , we use the following model for

the fluid forces
FU
_CT;EJT=[ZUI(M ,a,k)]7701+h.o.t (32)




where U is inlet blade-relative velocity, k is the reduced frequency, and / is a non-
dimensional force coefficient. For the linear stability criterion, the higher order terms are

‘neglected.

Substituting the expression (3.2) into the interblade-phase version of the structural
equation, (3.1), one obtains a linear, second-order equation for 1. Using a harmonic time-
dependence, =1 e, one obtains the following equation for @,

2
_(2.) 1
@) P

where p* is a fluid inertia parameter, ¢ p/mo, which is equivalent to the traditionally
defined mass ratio, u = 4/mp*. We prefer p* since it highlights the dependence upon inlet
density. For linear stability, Im(w), must be positive for all possible interblade-phases, o;
. Taking the imaginary part of (3.3), we find the following criterion for stability:

g/p‘>k—12—m?)j( fm 1, (M ,a,0)} (3.4)

This demonstrates that the parameter space is four-dimensional: (g/p*, k, M, o), and that
the separate parameters of damping, g, and fluid inertia, p*, may be combined into a
single parameter for purposes of stability. We term this new parameter, g/p*, the reduced
damping. Although this is novel in the context of turbomachinery flutter, it is not an
entirely new idea, and has been applied in bluff-body interactions (Vickery and Watkins,
1964, and Scruton, 1965). It should be recognized that the vibration-induced fluid force
coefficient, /5, is independent of g/p*, but still depends on M, o, and £.

3.2.2 Implications of g/p*

This result has some important implications to aeroengine flutter. For example,
the reduced damping parameter summarizes the interdependent effects of mass and
damping as discussed in the parameter study of Forsching (1994).

An estimate of the fluid inertia at sea level is p* ~ 0(0.01), for a metal fan blade
in bending. The mechanical damping depends upon whether the vibrating blade rubs



against other surfaces, causing friction. Srinivasan (1981, 1987) estimates that the
frictional damping in bending for inserted metal blades is of order g ~ 0(0.01), while
material damping alone (i.e. no friction) gives g ~ 0(0.0001). Thus, with friction, g/p* is
of the same order as the fluid term (3.3) and is significant towards assessing stability.
Without friction, g/p* is too small and therefore is not a significant factor.

This observation helps explain the discrepancy in density effects between the
experiments on the F100 and the annular cascade experiments, as mentioned in the
introduction. The F100 engine had the inserted blades with frictional damping, while the
annular cascade had a special root attachment (described in Rukowski et. al., 1978) with
no rubbing or friction. Thus, the presence of density effects upon flutter stability in the
F100, should be expected since g/p*~ O(1), while the absence of density effects in the
annular cascade should also be expected since g/p*~ 0(0.01) was too small to be relevant
in this case. Note that these “density effects” (i.e. g/p* effects) are considered for

constant M, o and k.
3.2.3 Decoupling performance from flight condition

Using the parameter space developed above, we can fully describe flutter stability
for a given structural mode and flowpath geometry, throughout its operational regime.
Although the above parameters (M, a, k, and g/p*) span this space, we find it more
convenient to use another set of four parameters for operability assessment. First, it is
useful to use the corrected mass flow, m,. and corrected speed, N, which are equivalent to
Mach number, M, and flow angle, a, for a given geometry.

The main reason, however, is to separate the performance effects from the flight
condition effects. Specifying the modal parameters (which sets wp) and the flight
condition (which fixes T), the parameters M and k become linearly proportional, making
their individual effects indistinguishable. To address this, we replace k with K, a
parameter which depends only upon the modal parameters and the flight condition,
defined as

k ,C
K* = = 0 3.5
M \[yRT G35

where y is the ratio of specifc heats, R is the gas constant, and 7 is the temperature.
Physically, K is the ratio between the acoustic timescale and the oscillation timescale. For
constant modal parameters (mo,g,w0), using the parameter set ( m.,N.,K*,g/p*) decouples




the performance effects from the flight condition. The first two parameters, ( mc, N),
alone account for the corrected performance, and the latter two, (K*,g/p*), alone account
for the flight condition in terms of inlet temperature and density. In the case of a front
stage with an ideal inlet and given modal parameters, T and p can be expressed in terms
of the aircraft flight Mach number, My, and altitude, a. Figure 3.2 shows this relationship
for a typical supersonic aircraft (taken from McCormick, 1995).

Using K*, the stability criterion (3.4) can be rewritten as follows:
[p*> = max §, (M ,a,K%} (3.6)
g/ p K *2 o, Yo, » & .

where [ is the fluid force, F, non-dimensionalized by yc* po, with py being the inlet
pressure. It can be shown (see Khalak,2000, for details) that for constant modal
parameters, K*, or a function thereof, is the only replacement for k¥ which decouples the
performance from the flight condition and satisfies a stability criterion of the form (3.6).

3.2.4 Varying Modal Parameters

Sometimes the modal parameters vary with operating condition, notably in the
case of centrifugal stiffening. To maintain the separation of performance effects and
flight condition effects, K* and g/p*, which were defined for constant modal parameters,
should be generalized. In the case of centrifugal stiffening, for example, we can
generalize K* using the non-rotating natural frequency (i.e. at rest) in the definition of
K*, This keeps only the speed-independent effects of frequency in K*, and maintains the
separation of performance from flight condition. Generalizations to other dependencies of
the modal parameters should be based on the specific form of the dependency.

3.2.5 Flutter boundaries

The four parameters, (m., N,, K*, g/p*), offer a view of flutter stability which
completes the performance map view of Figure 3.1, in which the flutter boundary moves
with changes in inlet temperature. In’ general, the flutter boundary on the performance
map can move with changes in K* and g/p*. A useful diagram is a simultaneous view of
the performance map, of pressure ratio, m,, versus corrected mass flow, m,, on a pair of
axes, and a K-g/p* map on another pair of axes, as shown in Figure 3.3.

In the dual plots of Figure 3.3, a x is drawn on each map to fully specify the
operating point, and the boundary is shown by the hatched curves. Movement of the

10




operating point, X, on one map affects the position of the flutter boundary on the other
map. For example, if there is an increase in inlet temperature at constant corrected
performance, the X moves on the K*-g/p* map, and the boundary moves on the

performance map.

Conversely, for changes in corrected performance, the boundary on the K*-g/p*
map moves. Figure 3.4 shows this behavior for a 2-D, subsonic, linearized-unsteady,
potential flow model as described by Hall (1993) for a cascade in the 10th Standard
Configuration. This model was used to compute /’ in the stability criterion (3.6), for a
fixed inlet flow angle, o, and varying inlet relative Mach numbers from M = 0.4 to M =

0.7.

The flutter boundary on the K*-g/p* map, for a given performance point as in
Figures 3.3 and 3.4, is downward sloping. Thus, increases in g/p* and in K* are
stabilizing. That increasing g/p* is stabilizing can be seen by inspection of the stability
criterion, (3.6). Increasing K* is stabilizing as well, although this trend ultimately has an
empirical basis. By similarity, an increase in K* (for constant g/p*, m., and N,) is
equivalent to an increase in the modal frequency, wo, whose stabilizing effect is
established in design practice (Snyder and Burns, Chapter 22 of AGARD Manual, 1987).
Moreover, models in many special cases exhibit this tendency, such as those for cascades
in potential flow (Whitehead, 1960), inviscid cascades with strong shocks (Goldstein, et.
al. 1977), and fully stalled cascades in incompressible flow (Chi, 1980). These trends in
K* and g/p* can be used to assist in data interpretation and testing.

3.3 APPLICATION TO FULL-SCALE ENGINE TESTS

The above framework was applied to the interpretation of full scale engine tests.
First, development tests upon an early multi-mission aircraft engine are discussed, and
then a particular case of fan flutter data, provided by the Volvo corporation, from full
scale engine tests is treated in detail. |

Figure 3.5 shows a summary of results from flutter testing on several fan builds for a
historic, multimission aircraft engine. In each case, the flutter occurred at approximately
the same point on the operating map (at part speed); therefore, only the data on the K*-
g/p* map is shown. Although the actual flight envelope was not available, the “generic”
supersonic envelope from Figure 3.2 is used. Initial rig testing at SLS(sea-level static) (*)
indicated that the engine would be stable, but engine testing at other flight conditions
(cluster of O’s) exhibited a flutter. Several minor modifications to the design were tested

11



(also in the cluster of O’s), but none of these increased K* enough for stability. The final
redesign, x, did significantly increase K*, and it is clear that the corresponding flight
envelope is completely to the right of the SLS (*) point. This view shows that the stable
measurements of the SLS rig test were actually consistent with the engine tests at other
flight conditions, a point which was not apparent otherwise.

3.3.1 Volvo Data

The Volvo engine test data of fan flutter in the 2nd bending mode are rare in the
sense that the full 4-dimensional parameter space was explored. For each combination of
parameters, a frequency and magnitude of a stress signal associated with blade vibrations
was recorded. The mechanical damping, g, was not explicitly measured, but it was known
that there was friction at the root attachment and the part-span shroud. In the current
analysis, it is assumed that the value of g was constant, and the subsequent values of g/p*
listed for this data are normalized relative to the sea-level static condition at g/p* = 1.

Due to centrifugal stiffening, the rotating natural frequency, oy, differed from the
non-rotating natural frequency, s In the computation of K*, the non-rotating
frequency, orest, was used as described in the previous section, which ensures that flight
condition effects and performance effects remain decoupled. However, one would expect
the oscillation frequency in flutter to be @t

To distinguish between stable points and flutter points, both the frequency and
magnitude information was used, since some of the vibrations were a result of upstream
forcing. The following criteria were used to separate the data into stable and flutter data:

Stress > 1 MPa Freq. within 2% of @ Category
No - Stable
Yes No Discard
Yes Yes Flutter

The data were arranged in clusters on the K*-g/p* map, with each cluster

spanning a portion of the performance map. Each cluster did not necessarily contain
enough data, alone, to obtain an accurate estimate of the stability boundary. However,
data from other clusters could be used to generate upper and lower bounds for stability
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and thus lead to an accurate boundary. Here, we use the trend identified in the previous
section that increases in g/p* and in K* are stabilizing.

Figure 3.6 shows the stability boundary estimate for the cluster, or “analysis box,”
with 0.68 < K* < 0.69, and 0.74 < g/p* <0.75. The stability boundary is a polynomial fit
using a classification algorithm (see Khalak, 2000, for details) which puts stable points
on one side (lower bound) of the boundary and unstable points on the other (upper
bound). The lower bound of stable points is formed from the stable points in the analysis
box (*) and the stable points (+) from regions of equal or lower stability, K* < 0.69 and
g/p* <0.75. Conversely, the upper bound of unstable points is taken from measurements
in the box (O) and unstable points (V) from regions of equal or greater stability, K* >

0.68 and g/p* > 0.74.
3.3.2 Results of Volvo data analysis

The trends in the flutter boundary with changes in X* and g/p* are shown in
Figure 3.7a. As expected, an increase in g/p* stabilizes the flutter boundary, moving the
flutter region away from the operating region. The range of movement with g/p* is
striking since it spans nearly half the speed-line for a change in g/p* from 0.6 to 1.0. For
example, at 83% corrected speed on Figure 3.7a, a change in the reduced damping, g/p*,
from 0.6 to 1 leads to an increase in the pressure ratio at the boundary of about 15%.

The case of changing K* is shown in Figure 3.7b for g/p* ~ 1, for values of K*
from 0.68 to 0.75. Increasing the compressible reduced frequency, K*, tends to stabilize
the boundary, as expected. The stabilizing effect of increasing K* is prominent at lower

corrected speeds.

In the context of corrected performance, flight condition effects are reducible to
changes in the inlet stagnation pressure. For flutter stability, however, the inlet pressure
alone can not always account for the flight condition effects. In the case of the supersonic
aircraft of Figure 3.2, for example, there are independent variations in K* and g/p* with
flight condition. To demonstrate that flight condition effects are not merely reducible to
inlet pressure effects, analysis boxes at the same inlet pressure and varying inlet

temperature are compared in Figure 3.8.

Instead of looking at the flutter boundaries on the performance map, we can also
look at the dual view of the boundary on the K*-g/p* map. This view is useful since, for
given structural quantities, it is understandable in terms of the flight envelope of the
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aircraft powered by the engine, as depicted in Figure 3.2. We consider boundaries on the
K*-g/p* map, as shown in Figure 3.9, at a constant point on the corrected performance
map ( m., N;), similar to those depicted in Figures 3.3 and 3.4. For each of the 11 points
(*) on the K*-g/p* map, a flutter boundary was estimated on the performance map. Then,
for any given performance map point, each of the 11 points could be classified as either
stable or unstable depending upon its corresponding boundary location. The dashed
boundaries of Figure 3.9 divide the stable *’s from the unstable *’s for a specific
performance map point. In particular, the dashed boundaries correspond to a corrected
speed of N = 74%, for various critical pressure ratios, 7.

This series of boundaries gives an indication of the coupled effects of K* and
g/p*. The boundaries tend to curve downward, being flatter for lower K* and lower g/p*,
but steeper for higher K* and higher g/p*. The curvature in the boundaries indicates that
the sensitivity changes as one moves in the parameter space. Similar behavior was

observed for other values of N,.
3.4 FLUTTER CLEARANCE

Flutter clearance refers to the testing procedure performed to ensure that the
engine blades will not flutter throughout the intended operating regime. The testing
environment for aeroengine flutter is harsh on the measurement equipment and the
machine being tested, making it importaht to minimize the required testing effort.

The design of a flutter test, can be framed in terms of a test matrix, or a testing
schedule, which spans the relevant factors. In this case, the factors are given by the
similarity variables: ( m,, N., K*, g/p*). The requirement for flutter clearance is that the
machine must be stable for every combination of factors, ( me, N, K* g/,b*), that it is
designed to encounter. Testing évery permutation of factors is performed in a so-called
“full factorial” test. ‘

Although this would satisfy the requirement, it is neither practical nor essential
for flutter clearance. Using the concept that flutter stability increases with increases in K*
and g/p*, the test matrix can be simplified. At a given (K*, g/p*) location, a stable
measurement also holds for higher values of (K*, g/p*), and an unstable measurement is
relevant for lower values of (K*, g/p*). This principle is outlined in Figure 3.10. |

Using this trend, we can modify the above stability requirement in the following
manner: for every performance point of operation, ( m., N,), the machine is stable at (min
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K* min (g/p*)), where min denotes the minimum value encountered for the given ( mc,
N,). The behavior at this minimum (K*, g/p*) pair must be estimated by some reliable
means, the most straightforward of which is to take experimental measurements there.

To illustrate, a flutter clearance example is presented for a supersonic aircraft,
using the Volvo engine data for the stability characteristics in non-dimensional form;
however, since different structural parameters and a different flight envelope is used, the
results are not related to any real case. This fictitious example is meant only to
demonstrate the flutter clearance methodology, rather than to precisely simulate any

specific application.
3.4.1 Example: High Speed Aircraft

We consider a front stage fan of a high-speed (i.e. supersonic) aircraft with the
following assumptions, for simplicity: (a) the mechanical damping does not vary
significantly during operation, (b) the relevant mode-shape has been identified.

The value of K* is taken to be 0.8 at sea level static (SLS) conditions, and the
mechanical damping remains unchanged from the Volvo data. Furthermore, we assume
that SLS testing does not indicate flutter.

The minimal region for clearance on the K*-g/p* map depends upon the mission
requirements, which for a high-speed aircraft are relatively sophisticated, and are based
upon accomplishing specific scenarios. For this simplified example, the requirements are
depicted in Figure 3.11a. Minimum required Mach numbers are specified for low altitude
(take-off and climb), and for higher altitudes (cruise and supersonic dash). There are two
critical points for -the purposes of flutter, labeled 2’ and 2”, respectively. The
corresponding region on the K*-g/p* map is shown in Figure 3.11b. Furthermore, for this
simplified example, we require that the operating line be clear of flutter throughout the
entire specified region of the K*-g/p* map. A more sophisticated approach might require
a desired flutter margin, or limit the range of the operating line depending upon the

values of K* and g/p*.

It is proposed to test the engine successively at the numbered points: 1, 2, and 3
on the K*-g/p* map, depicted on Figure 3.11b. At each point, the engine should be run
along the operating line to check for possible intersections with the cutter boundary. This
type of testing requires the capability to adjust the values of K* and g/p*, which may be
accomplished by setting the temperature and the pressure of the inlet flow to achieve the
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desired K* and g/p*. Using the principle shown in Figure 3.10, if point 2 is confirmed to
be clear of flutter, then the entire region in Figure 3.11b is clear. However, if a flutter
event occurs at point 2, then the minimal region may still be cleared if points 2’ and 2”

are clear.

The relationship between the flutter boundary and the operating line, using the
Volvo data, is depicted in Figure 3.12. By assumption, point 1 (the SLS point) does not
exhibit flutter. However, point 2 would show a flutter event on the operating line. Further
~testing at points 2’ and 2”, however, would reveal that the operating line is clear
throughout the minimally acceptable range of flight conditions, but that extensions
beyond this minimally acceptable range (e.g. to point 2) can lead to a flutter event.

3.5 SUMMARY AND CONCLUSIONS

A framework for flutter stability was developed for the case of a machine with
specified flowpath geometry and a particular mode-shape. Such a framework can be
described in terms of four non-dimensional parameters, by combining the mechanical
damping and the fluid inertia into a single reduced damping parameter, g/p*, a novel
development in the context of turbomachinery flutter. Consideration of the reduced
damping implies that density effects upon Cutter are only significant in the case of
-significant mechanical damping, usually achieved with frictional supports.

Besides corrected performance, flight condition in terms of inlet temperature and
density influences flutter stability. In general, the performance can be described by m,
and N, while the flight condition for given modal parameters corresponds to the
similarity parameters K* and g/p*. Increasing g/p* has a stabilizing effect on flutter, a
trend which is based in the analytical form of the stability criterion. Increasing K* is also
stabilizing, which has been shown to hold in a variety of idealized cases, but whose
application to aeroengines is ultimately empirical.

The framework was used in the interpretation of full-scale flutter data, showing
how one could quantify the trends in a real case. In particular, the data also exhibited the
trend that increasing K* and g/p* were both stabilizing influences towards flutter. Also, it
was shown that these quantities affect flutter differently, and that inlet pressure is not the
only relevant inlet condition, but rather that two thermodynamic states (e.g. temperature
and density) must be specified.
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Finally, these concepts were applied to the problem of flutter clearance testing.
The basic requirement that the machine must be confirmed to be stable at every point of
operation, can be simplified by utilizing the trend that increasing K* and g/p* is
stabilizing. This helps identify critical points in the required operating regime for

clearance testing.

3.6 References

R.M. Chi, 1980, “Unsteady aerodynamics in stalled cascade and stall flutter
prediction,” ASME Paper 80-C2/Aero-1.

H. Forsching, 1994, “Aeroelastic stability of cascades in turbo machinery,”
Progress in Aerospace Sciences, 30:213-266.

G.A. Gerolymos, 1993, “Advances in the numerical integration of the three-
dimensional Euler equations in vibrating cascades,” Journal of Turbomcahinery,
115:781-790.

M.E. Goldstein, W. Braun, and J.J. Adamczyk, 1977, “Unsteady Flow in a
supersonic cascade with strong in-passage shocks,” Journal of Fluid Mechanics, 83:569—
604.

K.C. Hall, 1993, “Deforming grid variational principle for unsteady small
disturbance Flows in cascades,” AI4AA Journal, 31:777-787.

K. Isomura, 1996, “A numerical investigation of “utter in a transonic fan,”
Technical report, MIT Gas Turbine Laboratory, GTL Report 223.

J.D. Jeffers and C.E. Meece, 1975, “F100 fan stall Flutter problem review and
solution,” Journal of Aircraft, 12:350-357.

R.R. Jutras, R.B. Fost, RM. Chi, and B.F. Beacher, 1983, “Subsonic/transonic
stall Flutter investigation of a rotating rig,” Technical Report, NASA CR-174625.

R.R. Jutras, M.J. Stallone, and H.R. Bankhead, 1980, “Experimental investigation
of Flutter in mid-stage compressor designs,” AIAA Paper 80-0786.

J. L. Kerrebrock, 1992, Aircraft Engines and Gas Turbines. MIT Press.

A. Khalak, 2000, “Parametric Dependencies of Aeroengine Flutter for Flutter
Clearance Applications,” GTL Report No. 231, Gas Turbine Laboratory, MIT.

F. Lane, 1956, “System mode shapes in the tutter of compressor blade rows,”
Journal of the Aerospace Sciences, 54—66.

B. McCormick, 1995, Aerodynamics, Aeronautics, and Flight Mechanics, Wiley.

C.M. Mehalic, H.G. Hurrel, J.H. Dicus, J.F. Lubomski, A.P. Kurkov, and D.G.
Evans, 1977, “ Experimental results and data format of preliminary fan Flutter
investigation using YF100 engine,” Technical Report NASA TM SX-3444, NASA.

17



W.J. Rakowski, D.H. Ellis, and H.R. Bankhead, 1978, “A research program for
the experimental analysis of blade instability,” In AIAA/SAE 14th Joint Propulsion
Conference.

C. Scruton, 1965, “On the wind-excited oscillations of towers, stacks, and masts,”
In Proceedings of the Symposium on Wind Effects on Buildings and Structures, pages
798-836, London, Her Majesty’s Stationary Office.

F. Sisto and F.O. Carta (ed), 1988, AGARD Manual on Aeroelasticity in Axial-
Flow Turbomachines Volumes 1 and 2 AGARDograph No. 298.

A.V. Srinivasan, D.G. Cutts, and S. Sridhar, 1981, “Turbojet engine blade
damping. Technical report, NASA Contractor Report, No. 165406.

A.V. Srinivasan, 1997, “Flutter and resonant vibration characteristics of engine
blades,” ASME Journal of Engineering for Gas Turbines and Power, 119:742-775.

H. Stargardter, 1979, “Subsonic/transonic stall Flutter study. Technical report
NASA CR-165356.

JM. Verdon., 1993, “Review of wunsteady aerodynamic methods for
turbomachinery aeroelastic and aeroacoustic applications”, AIA4 Journal, 31:235-250.

B.J. Vickery and R.D. Watkins, 1964, “Flow-induced vibrations of cylindrical
structures,” In R. Silvester, editor, Proceedings of the First Austrailian Conference on
Hydraulics and Fluid Mechanics. Pergamon Press.

D.S. Whitehead, 1960, “Force and moment coeffcients for aerofoils vibrating in
cascade. Technical Report R.&M. 3254, British A.R.C.

high temperature 0
stall flutter ..,\'a\\\\

stall

operating
flutter P =

line

Pressure Ratio, &

Corrected Mass Flow, m

Fig. 3.1 Schematic of performance map with stall flutter boundary. Changes in the
thermodynamic conditions can move the boundary, as shown.
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Fig. 3.3 Dual view of performance map and K*-g/p* map. Two simultaneous views
depict a point (denoted by the x) in relation to the flutter boundary in the four parameter
space, (mg, N, K*, g/p*). Movement of the x on one set of axes affects the flutter
boundary location on the other set of axes. A full description of the operating point

requires an X on both axes.
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(K*, g/p*) is destabilizing.

original : !
envelope —t=/ H
(estimated) | !
' & & i
5 ' =]
* o ?
S e /
FC T
4 i / \
B ,'gc,":"," final
< ¢ envelope
e r (estimated)
% * stable
o unstable

K*
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Fig. 3.10 Schematic of flutter clearance rule on K*-g/p* map
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then at points 2’ and 2”’, which establish that the minimally acceptable envelope is clear,
but is close to a flutter event on operating line at point 2.
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4.0 TASK II: PHYSICS OF COOLANT/MAIN FLOW INTERACTIONS IN
ADVANCED AIRCRAFT/ROCKET TURBINES (A. Epstein, G. Guenette)

4.1 Introduction

To meet the demand for higher power densities from gas turbine systems,
designers have devoted much effort over the past half-century toward increasing turbine
inlet temperatures. This has been accomplished through the development of both
extraordinary turbine materials and sophisticated internal and external cooling
arrangements. The aerodynamic performance of turbines has likewise increased
enormously, leading to efficiencies in the low 90% range. This efficiency increase has
come through improved design techniques based on a better understanding of the fluid
mechanics of turbines and the application of increasingly more powerful computational
tools.

Supporting these improvements are empirical observations acquired through
many years of testing on engines, component test rigs, and sub-scale experiments. Each
of these test options has their advantages and limitations. For an engine test, the
measurement uncertainty for individual component efficiencies is high, while sub-scale
experiments may not simulate all relevant physical phenomena. An option is the full-
scale steady state test rig, however the high cost of running such facilities has limited
turbine research at this level.

Over the past two decades a technology based on short-duration testing
techniques has been developed. Short duration tests can provide highly accurate, detailed
turbine measurements at relatively low cost. The methodology was made possible by the
rapid advancement of high frequency response instrumentation and data acquisition
technologies and by a realization that the physically relevant time scales of the processes
within a turbine are on the order of hundreds of microseconds. Under suitable conditions,
test durations of less than a second can provide tens of thousands of characteristic flow
times over which to conduct an experimental investigation. Test facilities based on these
methods can provide significant benefits to measurement resolution and flexibility while
reducing the costs of the test hardware and operation.

Short duration techniques have subsequently been developed and successfully
applied by a number of investigators to the detailed study of cooled turbine heat transfer.
Methods have also been developed Keogh (2000) to measure turbine aerodynamic
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performance in short duration environments. The aim of the present work is to utilize
these techniques to provide a detailed study on the influence of film cooling on the
aerodynamic performance of a fully scaled film cooled turbine stage. The work
presented herein covers the experimental results obtained with a film-cooled turbine stage

and a corresponding uncooled stage.
4.2 Experimental Approach

The tests were conducted in the MIT Blowdown Turbine Facility which is a short
duration wind tunnel capable of testing a complete rotating stage in an environment
which fully simulates the fluid physics and heat transfer phenomena of an operational
turbine. The overall configuration and operational procedures of the facility are briefly
reviewed as well as the instrumentation and coolant feed system. The scaling of the test

conditions to achieve full-scale similarity is discussed.
4.2.1 Facility Description

The facility, shown in Figure 4.1, is composed of seven primary components: the
supply tank, fast acting valve, test section, eddy current brake torque meter, critical flow
venturi nozzle, coolant feed system, and dump tank. A detailed review of the overall

design can be found in Guenette (1985).

Supply Tank and Valve The supply tank is a 364 cubic foot pressure vessel
surrounded by a circulating oil heating system to achieve the desired inlet gas
temperature. It is separated from the test section by a fast acting (~50ms) plug valve that
introduces a disturbance free flow into the test section entrance annulus.

Test Section The test section consists of the forward frame, main frame and
rotor unit as shown in Figures 4.2 and 4.3. The forward frame contains the nozzle guide
vanes, the nozzle coolant plenum and the inlet boundary layer bleed, and mates with the
fast acting valve. The forward frame is followed by the main frame which houses the
turbine rotor assembly, the downstream probe translator, the eddy current brake magnet
and torque measuring load cells, the turbine throttle and drive motor. The rotor unit
contains the disks, blades, bearings, shaft, and the eddy current brake loss drum, (not
shown in Figure 4.3). As shown in Figure 2, the drum is inserted into the eddy current

magnet assembly.
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Figure 4.2. Test section flow path

A boundary layer bleed system upstream of the turbine provides a uniform inlet
flow. The rotor exit flow is exhausted through an adjustable throttle ring to set the
desired test pressure ratio. Also shown are the upstream and downstream measurement
locations. Upstream, total temperature is measured by a six element radial rake and three
center-annulus probes spaced equally around the circumference. A five element radial
rake and three circumferential probes provide total pressure measurements.

The downstream translator houses three canisters, spaced twenty degrees apart,
which contain the appropriate connections to support either pressure or temperature
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measurement instrumentation. Connections are also provided for several wall static
pressure taps. For these tests an eight element total pressure rake, a four element total
temperature rake and a five element total temperature rake were employed. The
translator can be set to perform a programmed circumferential sweep during the test

interval.

Eddy Current Brake Torque Meter The eddy current brake (figure 4.4) serves
as both the turbine load and turbine torque meter. It consists of two components: 1) a
cylindrical, INCONEL drum directly attached to the shaft and 2) a stationary array of DC
excited electromagnets arranged circumferentially around the drum. Electric currents,
induced by the motion of the drum through the applied magnetic ficld, lead to resistive
heating of the drum and dissipate the power produced by the turbine. The brake load is
controlled by the magnitude of the applied magnetic field. The braking system was
modified by Keogh (2000) to serve as a shaft torque meter. The electromagnet assembly
was mounted on bearings and two load cells measured the force required to restrain the

assembly. Figure 4 shows a cross section through the brake.

Critical Flow Venturi Mass flow measurement was accomplished by the
installation of an ASME/ANSI (1987) standard toroidal throat critical flow venturi nozzle
downstream of the turbine throttle. The nozzle and its required entrance duct were
installed in the facility dump tank. An extension was added to the dump tank inlet to
accommodate an inlet conditioning duct and a 50% open area screen to smooth the flow
transition from the annular turbine exit to the circular venturi inlet. The system was
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Fig. 4.3 Test section detail
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designed and built by Flow Systems Inc. of Bolder Colorado and calibrated by Colorado
Experimental Station Incorporated. The calibration is traceable to the National Institute
of Standards and Technology. More detail on its design and usage can be found in
Keogh (2000).

Coolant Feed System The coolant feed system, Spadaccini (1999), consists of a

liquid nitrogen chilled supply tank, a fast acting pneumatic ball valve, and several mass
flow metering orifice plates. Like the main facility, the cooling system operates in a
blowdown mode. It provides three independent and separately metered flows to the
vanes, blades, and rotor tip casing. Figure 4.5 shows a schematic of the cooling system,
indicating the locations of the pressure and temperature instrumentation and each
metering orifice.

4.2.2 Film-Cooled Turbine Stage

A Vi-scale film cooled turbine stage was manufactured maintaining the external
profile, film cooling hole quantity, location, and injection angle. The internal passages
were not directly replicated as the focus of the program was on external aerodynamics.
Electro-discharge and laser machining techniques were used to fabricate the film-cooled
airfoils, Spadaccini (1999).
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Fig. 4.4 Eddy current brake. Fig. 4.5 Coolant feed system schematic.

Film-Cooled Nozzle Guide Vanes A scaled, film-cooled nozzle guide vane is

shown in Figure 4.6. The vane cooling configuration consists of 12 rows of coolant
injection holes on the airfoil surface, as well as holes on the upper and lower platforms
and trailing edge. Two internal channels were required to feed the cooling holes.
Coolant was supplied via manifolds surrounding the hub and tip platforms.
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Film-Cooled Rotor Blades The scaled film-cooled rotor blade is also shown in
Figure 4.6. The blade cooling configuration consists of four rows of coolant injection
holes: two on the leading edge, one on the suction surface, and one on the pressure
surface. The leading edge holes are also oriented at compound angles.. Two channels
were used to feed the blade cooling holes, one for the leading edge and suction surface
rows and one for the pressure surface row. The blade plenums were sealed at the blade

tips by laser welded caps.

Film-Cooled Rotor Tip Casing The engine rotor tip casing configuration could not
be directly incorporated into the MIT test facility. As a result, a geometry was chosen
that provided the same coolant mass flow rate but with a modified injection distribution.

4.2.3 Scaling and Test Conditions

In dimensionless form, the equations for mass, momentum and energy plus the
associated geometric boundary conditions produce non-dimensional parameters that
completely govern the flow. Similarity between experimental and full-scale flow only
requires that these non-dimensional parameters be reproduced. For the adiabatic un-
cooled turbine, corrected mass flow and total temperature ratio depend on total pressure
ratio, corrected speed, gas specific heat ratio, and Reynolds number. Two additional
parameters are required to simulate the heat flux distribution, the gas to wall temperature
ratio and the Prandtl number. For the film-cooled turbine, the coolant mass flux and

momentum flux ratios must be reproduced.

These governing parameters can be matched by properly setting the facility initial
operating conditions. The operating conditions include the test gas composition, the
turbine inlet total pressure and temperature, the coolant inlet total pressure and
temperature, the mechanical speed, the throttle position, the coolant metering orifice
diameters, and the brake excitation. The supply tank temperature is set by matching the
gas to wall temperature ratio. Specific heat ratio is set by the gas composition, typically a
mixture of argon and carbon dioxide. The shaft speed is set to match the turbine
corrected speed. Initial supply pressure and throttle position are set to match the desired
Reynolds Number and the stage pressure ratio.

4.3 Results

Representative data for the aerodynamic performance experiments are presented.
Although dimensional quantities vary significantly over the test window, the non-
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dimensional parameters remain constant to within several percent. The test conditions
for the film-cooled and un-cooled experiments are presented and the data reduction
procedures are outlined. A performance comparison, with and without film cooling is
presented. For the un-cooled configuration, the performance of the turbine stage is also
compared for two rotor tip gaps.

Fig. 4.6 Film-cooled NGV and blade

The turbine efficiency is defined as the ratio of the turbine power to ideal power,
n= P/Pideal (4.1)

Turbine power is obtained from the measurements of shaft speed and brake toque,

P=r1,, 0+1%q
dt

Figures 4.7 and 4.8 show the mechanical speed and the brake torque measurements
for a typical blow down run. Figure 4.9 shows the brake and turbine power, and
illustrates the influence of rotational inertia on the results because of the shaft
acceleration. The ideal turbine power is calculated from the turbine and coolant mass
flows and from a computed ideal total enthalpy drop across the turbine. As the test gas
exhibits significant non-ideal behavior over the experimental conditions, use of a
calorically perfect gas model would under-predict the efficiency by several per-cent.
Therefore real gas thermodynamic properties must be employed and are obtained from
the NIST Mixture Property Database, NIST14 (1992).
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The ideal enthalpy change across the un-cooled stage is calculated using,
Pideal = mt [:h (Tt,in ’ Pt,in ) ~h (T;.foub R,out ):' (4-3)

In this and the following equation, T and P refer to the total conditions and the

subscript, ¢, refers to the turbine main flow.

The inlet enthalpy is evaluated from the NIST14 tables using the measured inlet
pressure and temperature. The ideal outlet enthalpy is determined from the measured
outlet pressure and the ‘isentropic’ outlet temperature, which is defined as that
temperature at which the outlet entropy is equal to the inlet entropy. It is obtained by an
iteration on the NIST14 tables.
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Fig. 4.9 Turbine and brake power. Fig. 4.10 Turbine inlet temperature.
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The ideal enthalpy change across the film-cooled turbine stage is the mass
weighted ideal enthalpy change of the mainstream, nozzle, rotor and tip casing streams:
Pideal = (mt,out - mn - ’hr - ’hh )(h (Tt,in s Pt,in ) —h (Ttisout ’ Pl,out ))
+1it, (h (Tn,in’Pn,in)—h(Tr:four’B,out)) (4.4)
+ mr (h (Tr,in ’ Pr,in ) —h (Tis,ﬂuf’ Pt,out ))
+ mh (h (Th,in ’ Ph,in ) —h (Tlffout s E,out ))
where, n, r, h refer to the nozzle, rotor, and tip casing coolant flows, respectively.

Turbine outlet mass flow is obtained by correcting the mass flow obtained from
the critical flow venturi to account for the rate of change of mass storage in the ducting, j,
between the turbine and the venturi throat,

dp,
. — J
My ot = mcﬁ, + Z V] —CE— 4.5)
8 R E— 25
;
= - Outlet Pressure .
225f  “~._
8 Tees ~
E
5 %) 20
¢
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E'.. § Turbine Mass Flow
g = 150
-
ot
12.5f
Go J 0‘5 1' ;5 2 ’8.4 0:5 0:6 Ti 0.7 0:8 0:9 1
’ Time, sec ’ ime, ms
Fig. 4.11. Turbine inlet and outlet total pressure. Fig. 4.12 Venturi nozzle and

turbine mass flow.

Pressure and temperature measurements in ducting between the turbine and venturi

nozzle are used to obtain the stored mass.

Upstream of the turbine, the mass flow for each of the coolant streams is metered
using a choked orifice and a similar correction for the mass storage is employed,
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. dp;
m; = Myificei Vi dt’ 4.6)

where, i = n, r, h, refers to nozzle, rotor, or tip casing coolant streams.

The turbine inlet temperature, inlet and outlet total pressures, and outlet mass flow
are shown in Figures 4.10-4.12. Figures 4.7 through 4.12 show that the dimensional
parameters vary significantly over the test window. In contrast, the non-dimensional
parameters, as shown in Figures 4.13 through 4.16, remain constant for a significant
period. For the test window of 0.6 to 0.9 seconds, the pressure ratio, Figure 4.13, remains
within +/- 1%, the corrected speed, Figure 4.14, within +/- 2%, and the coolant mass flow
ratios, Figure 4.15, within +/- 4%. As the through-flow time for the turbine is ~5
milliseconds, there is approximately two orders of magnitude more test time than
required for steady operation of the turbine.
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Fig. 4.13 Turbine total pressure ratio. Fig. 4.14 Turbine corrected speed.

Figure 4.17 shows the pressure ratios and corrected speeds at which the un-cooled
turbine was tested (with the 50% of reference tip gap). The un-cooled stage (with 100%
tip gap) and the film-cool stage (with 100% tip gap) were tested at conditions as close to
these as possible. As the operating points for each of the test series do not overlap, a
quadratic least squares fit of efficiency was used to compare the changes with respect to
pressure ratio and corrected speed.

Figure 4.18 shows the ef