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Nomenclature
C, = ratio of local-to-freestream temperature
X = axial distance

Introduction

G AS turbine combustors can contain both circumferential
and radial temperature gradients. These temperature gra-

dients arise from the combination of the combustor core flow
with the combustor bypass and combustor surface cooling
flows. It has been shown both experimentally (e.g., Ref. 1) and
numerically (e.g., Ref. 2) that temperature gradients can have
a significant impact on the secondary flow and wall tempera-
ture of the first-stage rotor. A recent numerical study has
shown that this phenomenon can also extend to second-stage
stator airfoils.3 A combustor hot streak such as this has a
greater streamwise velocity than the surrounding fluid, and
therefore, a larger positive incidence angle to the rotor (or
other downstream blade row) as compared to the freestream.
For hot streaks that do not impinge upon the first-stage stator
airfoils, the rotor incidence variation through the hot streak
and the slow convection speeds on the pressure side of airfoil
surfaces combine to cause the hot-streak gases to accumulate
on the pressure surfaces of downstream blade rows. The focus
of the current effort has been to study the effects of the com-
bustor hot-streak position on the temperature distributions of
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downstream airfoil surfaces. Two- and three-dimensional un-
steady Navier- Stokes analyses have been used to study a 1-
stator/1-rotor/l-stator/l-hot-streak configuration, and deter-
mine the impact of the combustor hot-streak position on the
time-averaged first-stage rotor and second-stage stator surface
temperatures.

Solution Procedure
The two- and three-dimensional computational analyses use

a time-marching, implicit, finite difference scheme. The pro-
cedure is third-order spatially accurate and second-order tem-
porally accurate. The inviscid fluxes are discretized according
to an upwind-biased scheme, whereas the viscous fluxes are
calculated using central differences. An alternating direction,
approximate-factorization technique is used to compute the
time-rate changes in the primary variables. In addition, Newton
subiterations are used at each global time step to increase sta-
bility and reduce linearization errors. In this study, two Newton
subiterations were performed at each time step.

Numerical Experiments
A series of numerical simulations of hot-streak migration

through a 1-1/2 stage turbine have been conducted using both
two- and three-dimensional unsteady Navier-Stokes proce-
dures. The geometry used in the experimental hot-streak tests
was the 1-1/2 stage turbine configuration of the United Tech-
nologies Large Scale Rotating Rig (LSRR) (Ref. 1). For the
hot-streak experiments, the LSRR was configured to resemble
the first 1-1/2 stages of a high-pressure turbine, typical of those
used in aircraft gas turbine designs. In the experiment1 and
previous numerical studies,2 the hot streaks were introduced
between two stator airfoils of the LSRR. The temperature of
the hot streak was twice that of the surrounding inlet flow,
whereas the hot-streak static and stagnation pressures were
identical to the freestream. The hot streak was seeded with
CO2 and the path of the hot streak determined by measuring
CO2 concentrations at various locations within the turbine
stage using the blade surface static pressure taps. In the current
two-dimensional numerical simulations, the hot streak is intro-
duced to the inlet of the first stator passage in the form of a
sine-wave temperature profile. In the three-dimensional simu-
lations, similar to the experiment, the hot streak is modeled as
a circular jet at 40% of the span. In both the two- and three-
dimensional simulations, the hot-streak position has been var-
ied in the gapwise direction along the first-stator inlet. The two
positions of primary interest are 1) when the hot streak does
not impinge on the first-stage stator and 2) when the hot streak
fully impinges upon the first-stage stator. A hot-streak temper-
ature of 1.2 times that of the surrounding inlet flow was chosen
for this investigation.

The computational grid topology used in the 1-stator/1-rotor/
1-stator/1-hot-streak two-dimensional simulations contained
29,733 computational grid points. The two-dimensional sim-
ulations were run for 18 blade-passing cycles, at 3000 time
steps per cycle, on a DEC Alpha 3000-400 workstation. The
computational grid used in the three-dimensional simulations
contained approximately 2,700,000 grid points. The three-di-
mensional simulations were run for 10 cycles on a Cray C90
supercomputer.

Two-Dimensional Simulations
Figure 1 shows the minimum, maximum, and time-averaged

surface temperatures along the surface of the rotor for the case
in which the hot streak does not impinge upon the first stator.
The temperatures along the suction surface show large excur-
sions from the time-averaged temperature distribution, while
the variations along the pressure surface are much smaller. The
time-averaged temperatures along the pressure surface of the
blade, however, are higher than along the suction surface. This
phenomenon is similar to that observed in previous experi-
ments1 and numerical simulations,2 in which the hot streak was



620 J. PROPULSION, VOL. 12, NO. 3: TECHNICAL NOTES

introduced between the first-stage stator blades. The current
results for the second-stage stator suggest the same type of
temperature redistribution as the rotor. Figure 2 illustrates the
minimum, maximum, and time-averaged surface temperatures
along the rotor for the case in which the hot streak fully im-
pinges on the first-stage stator. In this case the time-averaged
temperatures along the suction surface of the blade are higher
than along the pressure surface. It is hypothesized that the hot
streak is convected with the low-momentum fluid of the stator
wake, and therefore, is not predisposed to migrate towards the
pressure surface of the rotor. The results for the second-stage
stator are very similar to those for the rotor.

Three-Dimensional Simulations
Three-dimensional simulations have been performed to de-

termine if radial and secondary flows modify the conclusions
drawn from the two-dimensional simulations. Figure 3 shows
the time-averaged temperature distribution along the rotor at
50% span and at the no-impingement conditions. The pressure
surface of rotor experiences much higher time-averaged tem-
peratures than the suction surface. This phenomenon was ob-
served across almost the entire span of the blade. Similar re-
sults were observed on the second-stage stator. Figure 4
illustrates the rotor time-averaged temperature distribution at
the 50% span location for the full-impingement conditions.
The temperatures on the pressure surface of the rotor are sig-
nificantly reduced, and are lower than the temperatures on the
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Fig. 1 Minimum, maximum, and time-averaged temperatures
for the rotor (no impingement).
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Fig. 2 Minimum, maximum, and time-averaged temperatures
for the rotor (full impingement).
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Fig. 3 Time-averaged temperatures along the rotor, 50.0% span
(no impingement).
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Fig. 4 Time-averaged temperatures along the rotor, 50.0% span
(full impingement).

suction surface over the aft 30% of the blade. Again, similar
trends were observed for the second-stage stator.

Thus, Figs. 1-4 suggest that a possible strategy for mini-
mizing the surface temperatures of downstream blade rows
may be to impinge the hot streak on the first-stage stator so
that it mixes with the stator wake. Although impinging the hot
streak on the first stator will increase the need for cooling this
blade, the cooling requirements of subsequent blade rows will
be significantly reduced.

Conclusions
Two- and three-dimensional simulations have been per-

formed for a 1-1/2 stage turbine geometry in which the posi-
tion of the hot streak was varied to produce different levels of
impingement upon the first-stage stator. If the hot streak im-
pacts upon the first-stage stator, the hot gases are convected
with the stator wake, causing a significant reduction in the
time-averaged temperatures on the pressure surfaces of the
downstream blade rows. If the hot streak does not impinge on
the first-stage stator, the pressure surfaces of the downstream
blade rows reach much higher time-averaged temperatures.
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