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Experimental data have shown that combustor temperature nonuniformities can lead to the excessive heating of
first-stage rotor blades in turbines. This heating of the rotor blades can lead to thermal fatigue and degrade turbine
performance. The results of recent studies have shown that variations in the circumferential location, or clocking,
of the first-stage stator airfoils can be used to control the adverse effects of the hot streaks by mixing hot streak fluid
with the cooler fluid contained in the first-stage stator wake. Less emphasis has been placed on determining the
optimal radial location of the hot streaks at the inlet to the first-stage stator blade row. In the present investigation,
three-dimensional unsteady Navier-Stokes simulations have been performed for a 1 % -stage high-pressure turbine
geometry operating in subsonic flow. Combustor hot streaks were included in the simulations. The radial location
and the clocking position of the hot streak were varied across the inlet relative to the first-stage stator.
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speed of sound

x, y, and z components of flux
static pressure

vector of flow variables

heat flux per unit area,g = —k(07/0n)
static temperature

rotor velocity
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Subscripts

hot streak

inviscid quantity

midspan value

normal direction

turbulent quantity

stagnation quantity, time derivative
viscous quantity

first derivative with respectto x, y, and z
first stator inlet quantity

rotor inlet quantity

rotor exit quantity

second stator exit quantity
freestream quantity
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Introduction

OT streaks are known to have a significant impact on the wall
temperature distributions of first-stage turbine rotors. The ex-
perimental geometry most often employed to simulate hot streak
migration is the large-scalerotating rig (LSRR) turbine model used
by Butleret al.! and Roback and Dring.> The LSRR is a large-scale,
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low-speed, rotating-rig wind-tunnel facility designed to simulate
the flowfield in an axial-flow turbine. The migration of hot streaks
through the LSRR has been simulated by many researchers, in-
cluding Krouthen and Giles,® Rai and Dring,* Takahashi and Ni,>-6
Dorney et al.,” Dorney and Davis,® Dorney and Gundy-Burlet,” and
Gundy-Burletand Dorney.!” Although these numerical simulations
have produced significant insights into the mechanisms controlling
hot streak migration, there is still a significant amount of research
needed to formulate design criteria for controlling the adverse ef-
fects of hot streaks.

The focus of the present effort has been to study the effects of
varying the radial and circumferentiallocations of hot streaks at the
inlet to a high-pressure turbine, with the goal of developing pas-
sive and inexpensive techniques for controlling the adverse effects
caused by the hot streaks. A three-dimensional, unsteady Navier-
Stokes analysis has been used to study the 1 %-stage configuration of
the LSRR turbine. The hot streak was located at three separateradial
locations and two different circumferential (clocking) positions at
the inlet to the first-stage stator. The time-averaged and unsteady
temperature data have been used to analyze the effects of hot streak
placement on the heating of turbine airfoils.

Algorithm

The current work is based on an extension of an approach devel-
oped by Rai and is discussed in detail in the work of Rai'! and Rai
et al.!? The approach is reviewed in brief here. The flowfield is di-
videdinto two basic types of zones. Inner O grids are used to resolve
the flowfield near the airfoils. These O grids are overlaid on outer
H grids that are used to resolve the flowfield in the passagesbetween
airfoils. The H grids are allowed to slip relative to one another to
simulate the relative motion between rotors and stators. The thin-
layer Navier-Stokes equations'® are solved in all zones. The gov-
erning equations are cast in the strong conservation form. A fully
implicit, finite difference method is used to advance the solution of
the governingequationsin time. Adiabatic boundary conditions are
enforced at all wall boundaries. A Newton-Raphson subiteration
scheme is used to reduce the linearization and factorization errors
at each time step. The convective terms are evaluated using a third-
order-accurate, upwind-biased Roe!* scheme. The viscous terms
are evaluated using second-order-accuratecentral differences. The
Baldwin-Lomax'?® turbulence model is used to compute the turbu-
lent eddy viscosity. Details of the turbulence model, zonal and nat-
ural boundary conditions, grid configuration, bookkeeping system,
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and database management systems are discussed by Gundy-Burlet
and Dorney'® and Gundy-Burletet al.'?

Geometry and Grid

The three-dimensional turbine model is based on the LSRR ge-
ometry used in the experiments performed by Dring et al.'®!7 and
Joslyn and Dring."® The LSRR is a 14-stage turbine with a 27-in.
midspanradius,6-in. span, and airfoil aspectratios of approximately
unity. The turbine hub and casing are at constantradii. The axial gap
between the first stator and rotor is approximately 50% of the first-
stage average axial chord, whereas the gap between the rotor and the
second stator is approximately 67% of their average chord. The ro-
tor tip clearanceis approximately 1% of span. A large experimental
database exists for this turbine, including time-averaged pressures
at several spanwise locations on each airfoil, traverse data behind
each airfoil, and surface flow visualizations.

The experimental configuration has 22 airfoils in the first stator
row and 28 airfoils in each of the rotor and second-stagestator rows,
foratotal of 78 airfoils. A three-dimensionalcomputationof the flow
through the complete turbine configuration would be prohibitively
expensive. To reduce the cost of the computation, the number of
stators in the first row was increased to 28, and the size of the stators
was reduced by a factor of 22/28 to maintain the same blockage.
The flow is then assumed to be periodic from passage to passage,
thereby allowing a reductionto a single blade or vane in each of the
rOwS.

The grids used to describe the hub and airfoil surfaces of the tur-
bine are shown in Fig. 1. The stator O grid contains 214 points in
the wrap-around direction, 26 points in the surface-normal direc-
tion, and 51 points in the radial direction. The rotor O grid contains
214 points in the wrap-around direction, 45 points in the surface-
normaldirection,and 51 pointsin the radialdirection. The additional
points in the rotor grid exist to discretize the rotor tip region. The
dimensions of the H grids vary, but average 123 points in the axial
direction, 81 points in the circumferential direction, and 51 points
radially. The dimensions of the H grids used to discretize the inlet
and outlet regions of the turbine stage are 34 X81 X51. These rel-
atively fine grid dimensions were arrived at through the use of a
two-dimensional code used to evaluate the grid density needed to
support the convection of the wakes with minimal dissipation. The
total number of grid points used for the grid system was approxi-
mately 2.7 X 10°.

Numerical Results

The inlet Mach number to the first-stage stator was 0.07, and
the inlet flow was assumed to be axial. The rotor rotational speed
was 410 rpm. The freestream Reynolds number was 39,370/cm.
The midspan pressure coefficient at 14% of the chord aft of the
second-stage stator trailing edge was C,_, =—9.395, where C,
is defined as C,=(P — P,)/(0.5Xp; X U?). The hot streak
temperature was chosen to be 1.2 times the temperature of the
freestream inlet flow. Actual hot streak temperatures 1.1-1.6 of the
temperature of the freestream are typical of engine operating envi-
ronments (R. K. Takahashi, Pratt and Whitney, August 1996, private
communication).

Comparisons of the predicted time-averaged and unsteady pres-
sure distributions with experimentaldata were presentedin Refs. 10
and 19, and are notrepeated here. The method for estimating the grid
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Fig. 1 Zonal grid topology.

density requirements was based on the work in Ref. 20, in which a
detailed grid resolution study was performed to determine the grid
resolution needed to predict accurately both aerodynamic and heat
transfer quantities.

To study the effects of radial placement, a hot streak was in-
troduced at 20, 40, and 60% of the span at the inlet to the first
stator. In addition, simulations were performed in which the hot
streak was 1) directly aligned (fully impinging) with the first-stage
stator, and 2) introduced midpassage (nonimpinging) between ad-
jacent first-stage stator airfoils (see Dorney and Gundy-Burle? for
the importance of the relative position between the hot streak and
first-stage stator and the effects on rotor heating). Thus, a total of
six computations were performed.

These numerical simulations were run at 2000 time steps (with
two Newton subiterations at each time step) per cycle on the Cray
J90 supercomputerat NASA Ames Research Center. A cycle corre-
sponds to the rotor blade rotating throughan angle of 27 n/ N, where
n is the number of stator blades (i.e., n =1) used in the simulation
and N is the number of stator airfoils in the modeled machine, that
is, N =28. The code was benchmarkedat 31 pus/iteration/grid point
and 384 megafloating point operations per second (MFLOPS) on a
Cray C90.

Figures 2-8 show surface temperatures. Figs. 2, 3, and 5-8 show
instantaneoussurface temperaturesand an instantaneousisocontour
of temperature (T'/ To, = 1.08, colored red) for each of the six hot
streak inlet positions. In these Figs. 2, 3, and 5-8, the change in
coloron the surface from blue to red indicates an increase in surface
temperature. The same color map was used for each of Figs. 2,
3, and 5-8 so that surface temperatures can be easily compared
between all of the images. Each figure consists of two views of the
turbine, and all of the views have the inlet flow entering from the
left. The upper image displays the suction surface of the rotor and
the pressure surfaces of the stators. In the lower image, the suction
surfaces of the stators and the pressure surface of the rotor are seen.
The 20% midpassage case is shown in Fig. 2. The hot streak flows
smoothly between adjacent first-stage stators (stator 1) and enters
the rotor passage still essentially intact near the 20%-span station.
On the suction side of the rotor, a fragment of the hot streak can
be seen convecting along the surface and extending down into the
hub endwall region, causing hub surface temperatures on par with
those of the rotor airfoil suction surface. The lower image shows
the classic migration of the hot streak toward the pressuresurface of
the rotor and the typical spreadout and buildup of hot streaks from
successivecycles. The hot streak moves toward the hub and spreads
down into the hub boundary-layer region. The hot streak induces
higher hub temperatures that extend through the second-stagestator
(stator 2) passage.

In Fig. 3, instantaneous surface temperatures and isotherms can
be seen for the directly impacting 20%-span case. On the pressure
surface of stator 1, the hot streak spreads out radially toward the
hub and continuesto spread through the hub boundary layer toward
the suction surface of the adjacent stator. The entrainment of the
hot streak in the hub boundary layer continues until it is convected
into the rotor passage, where the rotor passing and the leading-edge
horseshoe vortex sufficiently energize the boundary layer to mix out
this leg of the hot streak. The part of the hot streak convectingalong
the stator 1 suction surface becomes entrained in the trailing-edge
shedding and is partially mixed out by the time it reaches the rotor
surface. The hot streak is redirected toward the rotor suction sur-
face, so that pressure surface temperatures are significantly lower
than they are for the case shown in Fig. 2. Because the hot streak
is partially mixed out by the time it reaches the rotor, surface tem-
peratures in the rotor and stator 2 passages, particularly in the hub
region, are significantly lower for the 20% directly impacting case
than for the 20% midpassage case. This is at the expense of much
higher heating in the hub endwall region in the stator 1 passage.

These observations are supported through inspection of the time-
averaged temperatures on the hub surface for the 20%-span cases
in Fig. 4. Discontinuities occur at the slip boundaries because the
temperatureis time averagedrelative to the local airfoil frame of ref-
erence. When the hot streak is introduced at midpassage and 20%
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Fig. 3 Instantaneous surface temperature and isotherm: hot streak directly impacting and 20 % span.

span (upperimage), hub temperatures within the stator 1 passage are
near freestream, but become significant near the trailing-edge rotor
pressure surface region. Hot streak clocking effects become evident
in the stator 2 passage. The hot streak appears to directly impact
stator 2 and is entrained in the horseshoe vortex leading to signifi-
canttime-averagedsurface temperaturesin the stator2 leading-edge
region. The lower image shows the time-averaged hub surface tem-
peratures for the directly impacting 20%-span case. The hot streak

is concentrated on the pressure surface side of stator 1 and can be
seen to be migrating toward the suction side through the boundary
layer. The high, time-averaged temperatures extend into the rotor
passage where they substantially mix out through their interaction
with the rotor horseshoe vortex. Peak time-averaged surface tem-
peratures for this case are on the order of the freestream hot streak
temperature. However, the hot streak remains in a stable location,
which has implicationsfor developing successfulcooling strategies.
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Fig. 5 Instantaneous surface temperature and isotherm: hot streak at midpassage and 40 % span.

Instantaneoussurface temperatures and an isotherm for the 40%-
span, midpassage case are shown in Fig. 5. The hot streak convects
between adjacent stators and is relatively unaffected as it migrates
toward the pressure surface of the rotor. It spreads radially over
the pressure surface, with higher heating on the rotor tip than is
seen in either of the 20% cases. The hot streak is chopped but
convects fairly intact into the stator 2 passage where it induces
significant heating on both surfaces of stator 2. The effect of the

hot streak is primarily felt in the midspan region throughout the
machine.

Similar data for the 40%-span, directly impacting case are shown
in Fig. 6. The hot streak impacts stator 1 at a well-defined, span-
wise location and convects downstreamto be entrainedin the vortex
shedding off the trailing edge of stator 1. This entrainment partially
mixes out the hot streak by the time it impacts the rotor. The ex-
tent of the elevated surface temperatures on the rotor are reduced
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Fig. 7 Instantaneous surface temperature and isotherm: hot streak at midpassage and 60 % span.

as compared to those for the 40%-midspan case, and surface tem-
peratures on stator 2 are nearly freestream. The hot streak again is
largely limited to the midspan region of the turbine.

Figure 7 shows instantaneous surface temperatures and an
isotherm for the 60%-span midpassage case. In this case, even
though the hot streak is not directly impacting the stator surface,
the hot streak is affected more by the stronger secondary flows near
the stator 1 outer casing than it is in the other midpassage cases.

It appears to neck down more and can be seen to interact with the
trailing-edge shedding from stator 1. It also appears to twist in the
passage because it is affected by the outer casing secondary flows
of stator 1. Even though the isotherm value chosen for these images
does not appear in the rotor tip region, surface temperatures on the
tip are higher than for any case presented thus far. The hot streak
is entrained in the tip leakage flow and convects to the suction sur-
face of the rotor, where it increases surface temperature. Significant



382 GUNDY-BURLET AND DORNEY

surface temperatures are evident in the outer casing region of sta-
tor 2, and a hot streak remnant can be seen convecting along the
outer casing in the stator 2 passage.

The 60% directly impacting case is presented in Fig. 8. Here,
the isotherm can be seen spreading radially over stator 1 to within
approximately 5% of the span of the casing. The entrainment of the
hotstreak within the trailing-edgeshedding of stator 1 can clearly be
seen, and the hot streak twists with the outer casing secondary flow

irst Stage Rotor

Hot Streak at Midp

as it convects toward the rotor. Surface temperatures on the rotor
indicate a fair amount of mixing-out in the parts of the hot streak
convecting through the core flow. However, part of the isotherm
convects sufficiently close to the tip casing that it is eventually
entrained in the rotor tip leakage flow. Remnants of the isotherm
extruded through the rotor tip region can be seen convecting along
the casing outside of the boundary layer. The surface temperature
for stator 2 is elevated slightly in the extreme tip region.

assage

Hot Streak Directly Impacting Stator-1

Fig. 9 Time-averaged surface temperature on the outer casing: hot streak at 60 % span.
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Time-averaged surface temperatures for the casing are shown for
the 60% midpassage (upper image) and 60% directly impacting
(lower image) cases in Fig. 9. The casing surface temperature is
significantly increased in the rotor passage for the midpassage case.
The elevated temperatures persist into the stator 2 passage, where
clocking effects become evident. The hot streak remnant is striking
the suction side of the leading edge of stator 2. The case with the
hot streak directly impacting stator 1 at 60% span indicates that the

Hot Streak Directly Impinging, 20% Span

Hot Streak Directly Impinging. 40% Span

hot streak has been sufficiently mixed-out and redirected so that no
significant heating occurs on the casing.

Figures 10-15 show contours of the time-averaged surface tem-
peratures overlaid with time-averaged particle traces on the suction
and pressure surfaces of each airfoil for all six hot streak posi-
tions. Note that the colors associated with each contour value are
the same for Figs. 10-15. Black is associated with the lowest tem-
peratures, and white indicates the highest temperatures. The flow

Hot Streak at Midpassage, 60% Span

e

Hot Streak Directly Impinging, 60% Span
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Fig. 10 Time-averaged surface temperature: suction surface of first-stage stator.

Hot Streak Directly Impinging. 20% Span

Hot Streak Directly Impinging. 40% Span

Hot Streak Directly Impinging, 60% Span

Fig. 11 Time-averaged surface temperature: pressure surface of first-stage stator.
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Hot Streak Directly Impinging, 20% Span
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Hot Streak Directly Impinging, 40% Span

Hot Streak at Midpassage. 60% Span

Hot Streak Directly Impinging, 60% Span
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Fig. 13 Time-averaged surface temperature: pressure surface of first-stage rotor.

is from right to left in Figs. 10, 13, and 14 (so that the blade
and vane leading edges are on the right) and goes from left to
right in Figs. 11, 12, and 15 (so that the leading edges are on the
left).

Figure 10 shows contours of the time-averaged temperature over-
laid with the time-averaged particle traces on the suction surface of
the first-stage stator for each of the six simulations. For the cases in
which the hot streak directly impacts the first-stage stator, there is

a substantial surface temperature increase due to the hot streak, and
it clearly reflects the radial span station at which the hot streak was
introduced. When the hot streak is introduced at 20% span and im-
pingeson the stator, the hub secondary flows prevent the heated fluid
from penetratinginto the trailing-edge surface hub end wall region.
A similar effect is seen for the 60% fully impinging case where the
shroud secondary flow limits the radial extent of the surface imprint
ofthe hot streak. Itis observedthat, when the hot streak is introduced
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Hot Streak Directly Impinging, 40% Span

Hot Streak Directly Impinging, 60% Span
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Fig. 15 Time-averaged surface temperature: pressure surface of second-stage stator.

at 60% span and midpassage, the shroud endwall secondary flows
become stronger.

Figure 11 shows contours of the time-averaged surface tem-
perature on the pressure surface of the first-stage stator. When
the hot streak is introduced directly impacting stator 1 at 20%
span, the hot streak interacts with the endwall flow to redirect
the flow and itself toward the hub. In Fig. 3, the hot streak was
seen migrating onto the hub, verifying this assessment. The parti-

cle traces are also slightly redirected in the 40% directly impact-
ing case relative to the 40% midpassage case. In the 60% fully
impinging case, the hot fluids migrate radially toward both the
shroud and hub endwalls. It is also evident, especially when the
hot streak is introduced at 60% span, that the velocity jet asso-
ciated with the hot streak has a significant impact on the direc-
tion of the streamlines. In general, it appears that introducing the
hot streak at 60% span, and impinging it on the stator, causes
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the greater heating over more of the surface than do the other
cases.

The time-averaged surface temperatures on the suction surface
of the rotor are shown in Fig. 12. All of the cases indicate the pres-
ence of strong endwall secondary flows. It is observed in the 40%
midpassage case that the endwall flows pinch off the hot streak
at approximately 80% of the axial chord. This phenomenon was
observed in both the experiments of Butler et al.' and the simu-
lations of Dorney et al.” The 40% midpassage case also exhibits
heating in the trailing-edge tip region that is caused by hot fluid
leaking over from the pressure surface of the airfoil. The results
of the 20% midpassage simulation show elevated surface temper-
atures in the lower half-span, with some of the hot streak becom-
ing entrained in the hub secondary flows. The most severe surface
heating occurs when the hot streak is introduced at 60% span and
midpassage. In this case, the entire outboard and tip region of the
pressure surface exhibit very high time-averaged temperatures. Part
of the heating is caused by leakage of hot fluid from the suction
surface to the pressure surface, whereas some of the heating is a
result of the hot streak mixing with the tip clearance vortex. In
operation, this type of surface heating would probably lead to pre-
mature blade failure in the tip region. All of the cases where the hot
streak fully impinges on the first-stage stator show much less sur-
faceheating than do the midpassagecases. The impinging cases also
show much less leakage of hot fluid from the suction surface of the
rotor.

Figure 13 shows contours of the time-averaged surface tempera-
tures on the pressure surface of the rotor. The rotor pressure surface
is traditionally the region subjected to the highest time-averaged
surface temperatures. As expected, the cases where the hot streak
is introduced midpassage between two first-stage stators exhibit the
mostsevere surfaceheating. The 40% midpassage simulation shows
the hot streak fluid migrating radially towards both the hub and
tip endwalls. The radial migration of the hot fluid along with the
low convection velocities on the pressure side of the rotor passage
combine to generate high, time-averaged temperatures. The 20%
midpassage solution indicates a significant region of elevated tem-
peratures, although these temperatures are lower than those in the
40% midpassage case. The 60% midpassage solution shows less
surface heating than there is in the 20 and 40% midpassage cases,
but from a durability aspect the heating at the tip would probably
still be a concern. Note that the hot streak significantly alters the
direction of the fluid streamlines. Similar to the results presented in
Refs. 9 and 10, the results of the fully impinging cases show much
less airfoil surface heating than do the midpassage cases. In particu-
lar, the cases where the hot streak is introduced at 20 and 60% span
show minimal surface heating of the airfoil surface as the hot streak
is partially mixed-out and redirected toward the hub and tip casings,
respectively.

The time-averaged surface temperatures on the suction surface
of the second-stage stator are shown in Fig. 14. The midpassage
cases again show higher surface temperatures than do the imping-
ing cases. The 20% midpassage case in particular shows signifi-
cantly elevated temperatures in the hub endwall region. Note that
even after passing through the two blade rows and migrating ra-
dially on pressure surface of both the first-stage stator and rotor
airfoils, the high-temperature regions in the midpassage cases are
still close (radially) to their original introduction locations. Only
nominal heating is observed on the suction surface in the impinging
solutions.

The time-averaged surface temperatures on the pressure surface
of the second-stage stator are shown in Fig. 15. The midpassage
cases shown suggest that the hot streak fluid undergoes a redistri-
bution process in the second-stage stator passage, similar to that in
the rotor passage. This finding agrees with the results of Ref. 21,
but stand in contrast to those of Ref. 6. The same blade count ra-
tios were used in this study and Ref. 21, whereas a different ratio
was used in Ref. 6, suggesting that temperature redistribution in
downstream stages may be a function of the airfoil counts. Simi-
lar to the pressure surface, the impinging cases show little surface
heating.
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Fig. 16 Radial profiles of T; aft of stator 1.
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Fig. 17 Radial profiles of T; aft of rotor 1.

100
Hot Streak Position
—e— 20% span, mid-passage
i —x— 40% span, mid-passage
80 —s— 60% span, mid-passage
—=— 20% span, impinging
~—+— 40% span, impinging

=1 L&
< —a— 60% span, impinging
2 607
w
—
=
3
5 407
=¥
207

0.98 1.00 1.02 1.04 1.06 1.08

Tt/ Tinf
Fig. 18 Radial profiles of T; aft of stator 2.

Figures 16-18 contain time- and circumferentially averaged ra-
dial profiles of the total temperature at the exit of each blade row. At
the exit of the first-stage stator (Fig. 16), the peak total temperatures
are greater in the nonimpinging calculations with the exception of
the 60%-span case. Inspectionof Figs. 7 and 8 indicates that the sec-
ondary flows concentrate the core of the isotherm for the impacting
case and neck it out for the midpassage case. A redistributionof the
hot streak onto the tip case can be seen for the 60% impacting case.
The effect of the entrainment of the hot streak in the hub secondary
flow canbe seenin the 20%-spanimpinging case. The imprint of the
hot streak as it migrates from the pressure side of stator 1 to the hub
boundary layer can clearly be seen in the elevated total temperature
values at the hub. The peak temperature of 7/ T,, =1.11 near the
hub for this case is substantially elevated over all other cases for this
axial location.
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At the exit of the rotor (Fig. 17), the high total temperatures
exhibited near the hub for the 20% directly impacting case have
been substantially mixed-out through the interaction with the flows
induced by the rotor and rotating hub. The peak total temperatures
now occur for the 20%-span midpassage case, and this case now
shows a migration of the hot streak toward the hub. The results of the
cases in which the hot streak is introduced at midspan indicate that
the hotstreak has only minimally interacted with the secondaryflows
ateitherend wall. The 60% midpassagecase exhibitsaredistribution
of the hot streak into the tip casing boundary-layer flow. The total
temperatures at the exit of stator 2 (Fig. 18) indicate that the peak
total temperature still occurs for the 20% midpassage case and that
the peak total temperatures are concentrated at the hub.

Conclusions

Previous numerical and experimental studies have shown that
combustor hot streaks can cause significant temperature increases
along the pressure surface of first-stage turbine rotors. In the current
investigation, the effects of combustor hot streaks have been studied
for a group of six parametric cases, that is, fully impinging and
midpassagehot streaksintroducedat 20,40, and 60% of span. Based
on the matrix of simulations the following conclusions have been
drawn:

1) Direct impingement of the hot streak on the first-stage stator
increases the heat load on this airfoil, but significantly reduces the
heatload on the rotor and second-stagestator. This condition should
be acceptable because first-stage stators are normally designed to
withstand these high temperatures (through the use of film cooling,
etc.).

2) The increased heat load (associated with impinging the hot
streak) on the first-stage stator does not vary significantly with time.
This should allow the use of film cooling schemes that minimize the
amount of wasted cooling flow.

3) Impingement of the hot streak on the first stator in the hub
region causes migration of the hot streak from the stator pressure
surface into the hub boundary layer and induces substantial, but
stable in time, heating of the hub in the stator 1 passage.

4) Introducingthe hot streak at midspan and midpassageresultsin
less end wall heating but generates severe heat loads on the pressure
surface of the rotor.

5) Placement of the hot streak near the tip region causes increased
time-averagedtemperaturesin a region already proneto burning and
failure.

6) Impinging the hot streak on the first-stage stage stator desensi-
tizes the rotor and second-stage stator heating patterns to the radial
placement of the hot streak.

Based on these findings, we suggestintroductionof the hot streak
in the lower half-span of the airfoil passage, such that it impinges
directly on the first-stage stator.
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