i Phase-Resolved Heat-Flux
Measurements on the Blade of a
Full-Scale Rotating Turbine

This paper presents detailed phase-resolved heat-flux data obtained on the blade of a
Teledyne 702 HP full-stage rotating turbine. A shock tube is used as a short-
duration source of heated air and platinum thin-film gages are used to obtain the i
heat-flux measurements. Results are presented along the midspan at several loca- -
tions on the blade suction and pressure surfaces from the stagnation point 10 near s
the trailing edge. For these measurements, the turbine was operating at the design :
Sflow function and at 100 percent corrected speed. Results are presented for the H
design vane/blade spacing (0.19 C,) and at a wide spacing (0.50 C;). Data are also ‘
presented illustrating the phase-resolved blade heat-flux distribution with upstream g
cold gas injection from discrete holes on the vane surface. The results illustrate that :
several successive passages can be superimposed upon each other and that a heat-
Sflux pattern can be determined within the passage. A Fourier analysis of the heat-
Sflux record reveals contributions from the fundamental and first harmonic of the
passage cutting frequency. Time-resolved surface pressure data obtained on the
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1 Introduction

Turbomachinery flow fields are inherently unsteady because
of the disturbances generated when rotating blades transit
nozzle vane wakes and exit passages. Years of experience has
illustrated that these flows can be considered to be quasi-
steady and satisfactory flow field predictions can be per-
formed. However, the state of the art has progressed to the
point where relevant unsteady calculations can now be per-
formed and supporting measurements of the unsteady flow
field can be made. Significant current research is directed at
determining the influence of flow-field unsteadiness on the
blade heat-flux and surface-pressure distributions, on the in-
ner blade-row gas-dynamic parameters, on the state of the
blade and vane surface boundary layers, and on the stage effi-
ciency. The results reported in this paper will emphasize
phase-resolved' heat-flux data on the rotating blade and will
demonstrate the influence of vane/blade spacing and cold gas
injection on these phase-resolved data. Limited time-resolved
surface pressure data obtained on the rotating blade will also
be presented.

"The term “‘phase’” is used here 1o denote the pitchwise angular displacement
of a given rotor blade with respect to the stator vanes. It varies across each stator
passage, in a sawtooth fashion, between the limits zero and 360 deg /B, where B
is the number of stators. The term “‘phase resolved”’ denotes time-resolved data
that are presented as a function of phase, rather than as a function of time. The
term “‘phase averaged™ denotes an ensemble average in which phase-resolved
data at a given phase, over a succession of stator passages, are taken to be dif-
ferent realizations of the same event. This averaging is referred to by Adamczyk
(1985) as passage-to-passage averaging.
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blade pressure surface are compared with heat-flux data.

Papers relevant to unsteady flow fields in turbomachinery
have been present in the literature for at least the past 35 years.
Early work by Kemp and Sears (1953, 1955) provided the
ground work for much of the research that was to follow.
Subsequently, Giesing (1968), Parker (1969), and Kerrebrock
and Mikolajczak (1970) made valuable contributions to the
understanding of these problems. More recently, Dring et al.
(1980, 1981, 1982) have used a large-scale rotating axial tur-
bine stage to obtain valuable experimental data on the nature
of the unsteady flow field. Also, Hodson (1984, 1985a, 1985b)
has used several different facilities to study wake-generated
unsteadiness in vane exit passages and to perform
measurements of boundary-layer transition and flow separa-
tion. Detailed measurements of the unsteadiness in the rotor
incoming flow are presented in Hodson (1985b) that illustrate
the change in incidence angle and the change in turbulence
associated with the vane wakes.

Another extensive research program concerned with
unsteady flow fields was reported by Gorton and
Lakshminarayana (1976). They reported the results of several
programs designed to measure the boundary-laver and tur-
bulence characteristics inside turbomachinery rotor passages
using a large-scale, slowly rotating rig as the test device.
Binder et al. (1985, 1987) reported the results of laser
velocimeter measurements in the unsteady rotor flow field.
These authors demonstrate very high turbulence levels
associated with the vane wakes. Sharma et al. (1985) presented
the results of an extensive study conducted to obtain low-
speed rig data on the unsteady flow environment associated
with axial flow turbines. Doorly and Oldfield (1985) used a
piston-driven tunnel and a system of rotating bars to simulate
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the effects of shock waves and wakes shed from a nozzle on
the blade. The Schlieren photographs presented by Doorly and
Oldfield (1985) are helpful in interpreting the results presented
herein because they illustrate the rather extensive nature of the
vane wake, and the manner in which these wakes interact with
the blade.

The purpose of this paper is to present a detailed set of
phase-resolved heat-flux data obtained on the blade of the
Teledyne CAE full-stage rotating turbine. For several blade
locations, the predicted heat-flux values are compared here to
the measured phase-dependent heat flux. Two previous papers
by Dunn and Chupp (1987, 1988) have described in detail the
steady-state gas-dynamic parameters and Stanton number
distributions for this turbine. In Dunn and Chupp (1988), the
distribution of nozzle inlet and rotor exit total pressure and
total temperature, the stage static pressures, the turbine
operating conditions, the steady-state vane and blade Stanton
number distributions, and comparisons of these distributions
with various prediction techniques were all presented. In Dunn
and Chupp (1987), the influence of vane/blade spacing on the
steady-state vane and blade Stanton number distributions at
two different spacings (0.19 C, and 0.50 C,), with and without
diserete hole injection, was presented. While the
measurements noted above were being performed, the time-
resolved (or phase-resolved) data reported in this paper were
also being obtained. Two earlier papers (Dunn et al., 1986;
George et al., 1987) provide a description of the analysis
techniques that werc previously developed at the Calspan-UB
Research Center to obtain instantaneous heat-flux values from
the thin-film gages at a sampling frequency consistent with the
requirements of this experiment. Several changes have been
made to the electronics of the data recording system since the
experimental data reported by Dunn et al. (1986) were taken.
These changes were incorporated into the data collection
system used for this work and they will be described later in
this paper. Previous papers by Dunn et al. (1986), Dunn and
Hause (1982), Dunn et al. (1984a), and Dunn (1986) have
described time-resolved rotor shroud pressure and time-
resolved blade heat-flux measurements for a different turbine,
the Garrett TFE 731-2 HP.

2 Experimental Apparatus

The experimental apparatus used in this work has previous-
ly been described in depth and will not be repeated here. Only
those portions of the apparatus important to the clarity of this
paper will be included.

The high-pressure turbine stage was taken from a Teledyne
J402-CA-702 turbojet engine. The turbine stage of this engine
is a highly loaded, moderately high reaction, state-of-the-art
design with an aspect ratio near unity. The corrected speed is
19,510 rpm, the corrected weight flow is 3.92 Ib/s, and the
overall total-to-total pressure ratio is 3.62. There are 23 nozzle
guide vanes, which are convectively cooled and have pressure-
side and suction-side discrete hole injection. The injection on
each side is from a single spanwise row of circular cooling
holes. The turbine has 35 uncooled blades, which are highly
tapered, highly cambered, and have elliptical leading edges.
The model constructed to house the turbine stage was designed
so that the vane/blade spacing could be either 0.19 C; (close
spacing) or 0.50 C; (wide spacing). The spacing was increased

y moving the nozzle forward and inserting a spacer to pro-
vide the proper air seal between the vane exit and the rotor
entrance. .

The thin-film gage instrumentation used to perform the
Measurements described here consisted of contoured leading-
edge inserts and flush-mounted button-type gages. The in-
Strumentation was concentrated on the blade meanline but a
few measurements were obtained at other sclected locations as
described in Dunn and Chupp (1988). Heat-flux
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measurements were obtained for 21 locations on the vane and
for 45 locations on the blade.

Figure 1 is a photograph of one of two blade-leading-edge
inserts. Each insert had 12 gages, with the distribution of
gages selected so that one insert provided a close spacing on
one surface (on the order of I mm or 0.040 in.) and a wider
spacing on the other surface. The second insert has a close
gage spacing on the side for which the first insert had a wide
spacing. Each of these inserts was contoured to the blade
leading-edge profile prior to painting the thin-film gages. The
particular insert shown in Fig. 1 contains one gage at the
geometric stagnation point, eight gages on the suction surface,
and three on the pressure surface.

For the rotor speeds used here (27,000 rpm), a blade
traverses a vane passage in 97 us, which corresponds to a
wake-cutting frequency of approximately 10 kHz. However,
in order to sample these data properly as described in Dunn et
al. (1986), the overall system frequency response must be
substantially greater than 10 kHz. The frequency response of
the system used here was limited by the bandwidth of the gage
follower amplifiers and subsequent low pass filters, which for
this experiment were set with the -3 dB point at 100 kHz.

The output from the gage amplifiers was directly recorded
on two 10-bit transient recorders, a Data Laboratories 2000
series and a Physical Data 515A. Both of these were eight-
channel units with a storage capability of 4K words/channel
and could be sampled at a frequeney in the 200 kHz to 2 MHz
range. The sampling on these devices was controlled by means
of a shaft encoder installed on the rotor assembly providing
720 pulses per revolution and one pulse per revolution. At the
time of model assembly, the leading edge of one of the inserts
was carefully aligned with the trailing edge of a known vane,
as will be described in Section 5.1. The shaft encoder was then
adjusted so that the one pulse per revolution always occurred
at this alignment point. The vane passages are then 15.65 deg
or 31.3 pulses apart. The output signal from the shaft encoder
was used as an input to the recording equipment in order to
sample the blade data at the same angular location within the
passage from one revolution to the next, thus phase resolving
the data. This technique resulted in an average sampling fre-
quency on the order of 315 kHz, a value well above twice the
highest frequency as required by the Nyquist criterion. The
recorder used to store these data had capacity for 4000
words/channel. Therefore, it was possible to record two and

Fig. 1 Photograph of blade suction surface leading edge insert
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one half to three rotor revolutions during the test-time dura-
tion. One channel of the recorder was used to record a 10 kHz
timing pulse in the form of a ramp signal in order to derive the
arrival time of each encoder pulse. The absolute time and
angular location of each sample is then known.

Dunn et al. (1986) noted that some of the features of the
data could not be readily explained by the analysis and that
electronic noise combined with frequency splitting due to
sampling the slightly accelerating turbine data at constant time
intervals made it difficult to recognize the character of the
passage heat flux easily. Therefore, prior to obtaining the
results reported here, the electronic system and the amplifiers
used in the thin-film gage temperature recording circuits were
redesigned and rebuilt. These amplifiers were constructed to
provide capability of wide band (200 kHz), low noise (less
than 3 bits out of 1024 bits), single gain data recording and
were powered by d-c voltage (batteries). Great care was taken
in providing electrical shielding and adequate grounding for
all of the equipment. Where possible, batteries were used as
the power supply for the electronic equipment. The noise level
on each individual heat-flux gage channel was measured
through the entire recording system (including the slip ring)
with the turbine rotating. For all channels, the prerun system
noise measured at the recording device just prier to recording
the data (with the turbine at full speed) was less than 5 bits out
of 1024 bits. Throughout the measurement program, an at-
tempt was made to use as large a portion of the 1024 bits as
possible for data recording. Figure 2 is a schematic of the data
recording system used in this work. For the data presented
here, the number of bits utilized on any given channel ranged
from 600 to 1000. In several cases, the data range for a par-
ticular channel was from 10 to 1000 bits.

3 Data Processing

The technique for recording the unsteady heat-flux values
from the phase-sampled gage temperature data was shown
schematically in Fig. 2. The digital surface temperature data
were converted to unsteady heat flux by utilizing the simple
implicit code described by Dunn et al. (1986). No attempt was
made to correct the heat-flux data presented here for variable
substrate thermal properties. For the purposes of this paper,
this correction is estimated to be generally less than 10 percent.
The algorithm and a detailed analysis of the simple implicit
procedure are presented by George et al. (1987). Briefly, it was
concluded that the effective frequency response of the simple
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Fig. 2 Schematic of data recording system
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implicit code (as determined by the frequency at which the
calculated heat flux is 3 dB below the actual value) was one
fourth of the rate at which the temperature data were sampled.
Thus in the work reported here, the effective bandwidth of the
calculated heat flux was approximately 80 kHz, well above the
frequency at which quantization and electronic noise would
mask the vane-crossing harmonics. |

In order further to reduce the effect of the quantization er-
rors and electronic noise on the calculated heat flux, the
sampled temperature data were digitally filtered with a simple
five-point top-hat filter before utilization in the simple implicit
code. This further reduced the effective bandwidth to approx-
imately 65 kHz. This bandwidth was sufficient to capture all
of the harmonics present in the original signal as clearly evi-
dent from the spectra of the directly recorded data.

4 Experimental Conditions

A table giving the experimental conditions at which the
measurements reported here were performed is given in both
Dunn and Chupp (1987, 1988) and will not be repeated here. A
detailed description of the vane/blade spacing and coolant gas
injection parameters was also given. The turbine was
operating at nearly the design values of corrected speed, flow
function, and total-to-total pressure ratio. The temperature of
the injected coolant gas was always 530 R and the total
temperature of the free-stream gas was always about 1010 R.
The metal surface temperature of the stage components was
always nearly equal to 530 R. For this particular turbine, the
incoming turbulence intensity was not measured. However,
for a comparable experiment, Dunn et al. (1984b) measured
the turbulence intensity upstream of the vane row to be about
5 percent. The actual engine values are unknown but estimates
in the range of 10 to 20 percent are common.

5 Discussion of Results

A typical thin-film gage temperature history for one revolu-
tion at a blade suction-surface location of 14.9 percent wetted
distance is given in Fig. 3. For a constant heat-flux input to the
gage, the temperature history should have a parabolic shape as
illustrated by this figure. The nozzle has 23 vanes, so that for
one revolution of the rotor, one observes 23 distinct events, as
illustrated in Fig. 3. It can be seen from this thin-film gage
temperature history that not all passages produce the identical
exit flow. This can be caused by many different factors in-
cluding turbulence and unsteady flow, as well as the fact that
the components used here are actual engine hardware and
some manufacturing variation must be expected. Figure 4(a) is
the heat-flux history calculated from the temperature history
described above using the techniques reported by George et al.
(1987). Once again, 23 distinct passages are obvious from the
heat-flux history for the single rotor revolution. The experi-
ment is structured so that the rotor completes several revolu-
tions during the useful test time, as has been explained in
previous publications. Note that the excursion of the heat flux
about an average value is significant, but the heat flux is
always positive. Plots for other rotor revolutions within the
test time and for different blade locations are similar to those
shown here.

Figure 4(b) is an example of the revolution to revolution
reproducibility of the heat-flux history. The data shown on
this figure were obtained at 10 percent wetted distance on the
blade suction surface for the case of close spacing with vane
injection (see Fig. 12 for a more detailed description of results
obtained at his particular location). Figure 4(b) is presented
for one-half revolution so as to illustrate the nature of the
flow. Even though the passage-to-passage and revolution-to-
revolution details are not reproduced exactly, the overall
characteristics of the passage signature are reproduced.
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Fig. 3 Thin-film gage temperature history on blade for one revolution
of the rotor
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Fig. 4(a) Heat-flux history for one revolution
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Fig. 4(b) Heat-tlux history for two revolutions obtained at 10 percent
wetted distance on blade suction surface (see Fig. 12)

Phase-resolved heat-flux data obtained from the in-
strumented blades will be presented for the cases of: (a) close
spacing, no injection, () close spacing, with injection, and (¢)
wide spacing, with injection. An illustration of the time-
resolved surface pressure data obtained on the blade pressure
surface will also be presented.
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Fig. 5 Sketch of stage and phase angle reference

5.1 Phase-Resolved Heat-Flux Data for Close Spacing in
the Absence of Injection. Heat-flux measurements were ob-
tained at several spanwise locations on the blade but the
results described herein will be confined to the blade midspan
region. As stated previously, the shaft encoder was aligned
during model assembly to provide a single pulse each time the
blade containing the insert shown to Fig. 1 passed a particular
location relative to the vane trailing edge. Thus, by knowing
the geometry of the stage, the relative location of the blade
with respect to the vane wake can be determined in order to
resolve the wake and passage flow. A sketch of the physical
arrangement of the vane, blade, and the orientation of the
blade at 0 deg and 15.65 deg phase (360 deg/23 vanes) is given
in Fig. 5. This alignment procedure is consistent with that
used by Dring et al. (1982), thus permitting direct comparison
of the results. An extension of the vane mean camber line il-
lustrates that the approximate centerline of the wake would in-
tersect the blade at a phase angle of about 7.6 deg. Exactly
where the vane wake is located with respect to the blade phase
angle is difficult to predict for this unsteady environment.

It was noted earlier that there are 45 heat-flux gages on the
instrumented blades but that space permits discussion of only
a few. The specific gages that were utilized to obtain the
results presented here were located at the geometric stagnation
point, 2.1, 10, 16, 51, and 78 percent wetted distance on the
suction surface, and 12.7, 22, 34.7, and 76 percent wetted
distance on the pressure surface. These gage locations are
denoted on the sketch in Fig. 5.

The heat transfer data presented in this paper will be given
in the form of heat-flux (BTU/fts) history as a function of
phase angle instead of in the form of the nondimensior_&al
Stanton or Nusselt number. However, the authors recognize
that some may prefer the nondimensional format, so Table 1
is given to provide all of the parameters necessary for the con-
version from heat flux to Stanton or Nusselt number.
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Table 1 Teledyne 702-HP flow parameters

Vane inlet total temperature 561°K 1010°R
Vane inlet total pressure 6.67 x 102k pa 96.8 psia
Vane inlet static pressure 6.60 x 102k Pa  95.7 psia
Approximate weight flow 8.61 kg/s 19 Ib/s
Wall temperature 2949 530°R
Rotor inlet relative total pressure 3.29 x 102 pa 47.8 psia
Rotor inlet relative total temperature 476°K 847°R
Rotor inlet relative velocity 158.6 m/s 520 ft/s
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1) BLADE ROTATION IS CLOCKWISE LOOKING FROM FRONT
2) VANE PASSAGES TRAVERSED 3,6,7,23 ‘

| 3) ROTOR SPEED=27,000 rpm

' 4) CLOSE SPACING

| 5) NOINJECTION

88 — |
i |
‘ MEAN CAMBER LINE |
|
R |
|
!
" |
N.‘ I
£
ER | |
(=4
) i |
x | - [
X713 !
-
w 3 "
-
( df—&-/‘—\
w | |
T |
) I
I
g - !
—._r/ ]
, I
] I
88—
0 7.83 15.65

PHASE, DEGREES

Fig. 6(a) Phase-resolved heat-flux data at geometric stagnation point
on blade
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Fig. 6(b) Modulus of Fourier transform of heat-flux data at geometric
stagnation point on blade

Figure 6(a) presents the passage phase-resolved heat-flux
history for the blade geometric stagnation point. Data from
four different passages have been overlaid on this plot to pro-
vide an illustration of the passage heat-flux history. As
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Fig. 7(a) Phase-resolved heat-flux data at 2.07 percent wetted distance
on blade suction surface
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previously noted, the passage separation is approximately
15.65 deg, which results in 31.3 data points per passage for an
encoder with 720 pulses/rev. The blade is rotating clockwise
when viewed from the front at a speed of nearly 27,000 rpm.
On all of the plots presented in Fig. 6(a), 7, 8(a), Na), 10,
11(a), and 12(a) the phase position O deg corresponds to the in-
itial blade/vane alignment illustrated in Fig. 5 and the phase
position 15.65 deg corresponds to the arrival of the blade at
the next vane. The location of the intersection of the vane
mean camber line with the plane of the blade leading edge is
noted on Fig. 6(a), 7, 8(a), 12(a), and 13(a). Previous work by
Dring et al. (1985) using photographs with smoke in the free-
stream flow and the detailed rotating bar measurements of
Doorly and Oldficld (1985) have illustrated the nature of the

vane trailing cdge wake. In addition, there are probably
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several interacting vortex flows coming through the passage
flow. The extent of these disturbances is not well known for a
three-dimensional, compressible turbine flow of the type used
here and some definition of their influence on the blade heat-
flux distribution is a portion of the intent of this work.

The ordinate on Fig. 6(a) has been expanded to illustrate the
variation in heat flux. Note that the scale begins at 58 and goes
to 88 Btu/ft2s. The heat-flux level is lowest in the vicinity of 0
deg phase angle, which presumably corresponds to flow out-
side the vane wake and remains relatively low for the initial 6
deg of the passage and then begins to increase rapidly,
reaching a peak in the vicinity of 10.3 deg, and then falls off
again. An extension of the vane mean camber line as shown on
Fig. 5 would suggest that the blade would intercept this wake
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Fig. 8(a) Phase-resolved heat-flux data at 10 percent wetted distance

on blade suction surface
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flow at about 7.6 deg. The rapid increase in heat flux near 6
deg is consistent with this interaction. The stagnation-point
flow is unsteady as the blade moves from passage to passage.
However, the general characteristics of the passage distribu-
tion are repeatable showing the peak heat flux occurring in the
vicinity of 10 deg and then falling off rapidly. There appears
to be a broader region of increased heat flux associated with
the flow in the region of the wake location suggesting that the
wake region is not a small, well-defined one at this location,
consistent with the visual observations of Doorly and Oldfield
(1985). This same general pattern will be shown for the initial
four locations on the suction surface, but it will change for the
pressure surface. Figure 6(b) is the modulus squared of the
FFT? of a single record of the stagnation point heat-flux data

2The phrase “‘modulus of the FFT'’ is used to refer to the modulus of the
Fourier series coefficients obtained by an FFT algorithm. The square of the

modulus corresponds to the Fourier line spectrum of the data record.
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Fig. 9a) Phase-resolved heat-flux data at 16.1 percent wetted distance
on blade suction surface
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illustrating a relatively broad peak in the distribution at 23
cycles/rev and the first harmonic at 46 cycles/rev. As noted
earlier, there are 23 passages in the nozzle so one would expect
to see a significant peak in the modulus at 23 cycles/rev. As
discussed in Dunn et al. (1986), the lower frequency peaks are
associated with the short-duration nature of the experiment
and the unsteady nature of the flow.

Figure 7(a) presents a phase-resolved distribution of heat
flux for a location of 2.07 percent wetted distance on the blade
suction surface and includes the steady-state predicted heat-
flux values taken from Dunn and Chupp (1988) for the flat-
plate case. The ordinate on Fig. 7(a) has again been expanded
in order to illustrate the heat-flux variation. The general
characteristic of the heat-flux history is similar to that seen for
the stagnation-point gage. Four of the five passages shown on
Fig. 7(a) have a suppressed heat-flux value in that portion of
the flow corresponding to the initial 4.6 deg of phase or to the
flow that is outside the anticipated vane wake location. At
about 5 deg, the heat-flux value increases rapidly reaching a
peak in the vicinity of 10 deg as was observed for the stagna-
tion point gage. The fifth passage shown starts out with a
heat-flux value at 0 deg that is about 5.5 Btu/ft?s greater than
the average of the other four. However, once the blade moves
about 5 deg into this passage, the remainder of the profile is
very similar. The predicted turbulent flat plate value of heat
flux is in reasonable agreement with the peak passage values
and the predicted laminar value is in reasonable agreement
with the minimum: passage values.

It was noted in Section 2 that at the sampling frequency:
used in this work and because of the necessity to record the
early portion of the gage temperature-time history, storage
space was available to record two and one half to three rotor
revolutions during the useful test time. Figure 7(b) shows the
phase-resolved heat-flux history- for passage #1 obtained for
two successive rotor revolutions. The heat-flux levels for the
two revolutions are in-very good agreement but there is a
displacement of about one degree in phase. Review of the
phase-resolved data presented in later figures will indicate that
passage-to-passage phase displacements on the order of one
degree are not unusual.

| NOTE: X
| 1) BLADE ROTATION IS CLOCKWISE LOOKING FROM FRONT |
2} VANE PASSAGES TRAVERSED 1, 9, 20, 21
3) ROTOR SPEED & 27,000 rpm
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Fig. 10 Phase-reso!ved heat-flux data at 12.7 percent wetted distance
on blade pressure surface
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Moving farther along on the suction surface of the blade to
10 percent wetted distance, a heat-flux history very similar to
the stagnation-point history was measured and is shown in
Fig. 8(a) along with the predicted steady-state heat-flux
values. For this comparison, the k-¢ and the laminar flat plate
values were used because the turbulent flat plate prediction is
known to overpredict the blade suction surface heat flux
significantly. The general unsteadiness of the flow at this loca-
tion is somewhat less than that observed at the 2.07 percent
location and the profiles nicely overlay. Again, the trend of
the results is for the heat flux to be lowest in the region
hypothesized to be outside of the wake. The peak heat-flux
values occur at a phase angle in the vicinity of 10 deg as noted
for the previous locations. Figure 8(b) is the modulus squared

GEOMETRIC STAGNATION POINT

2.07%
WETTED
DISTANCE
10%
WETTED
DISTANCE
16.1%
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DISTANCE
51%
WETTED
DISTANCE

78%
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DISTANCE

Fig. 11(a) Phase-resolved contour plot of heat-flux distribution on
blade suction surface
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Fig. 11(b) plot of heat-flyx distribution on
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Fig. 12(a) Phase-resolved heat-flux data at 10 percent wetted distance
on blade suction surface
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Fig. 12(b) Modulus of Fourier transform of heat-flux data at 10 percent
wetted distance on blade suction surface

pf the heat-flux data at the 100 percent location and this plot
illustrates the strong signal at 23 cycles/rev corresponding to
the 23 vanes in the nozzle. The first harmonic is visible, but by
this point in the flow its contribution is reduced.

The final location on the suction surface for which detailed
results will be presented is at 16.1 percent wetted distance and
the phase-resolved heat-flux history is shown in Fig. 9(a). The
heat flux starts out low as it did at previous locations, but the
Increase near 5 deg is more gradual than observed closer to the
geometric stagnation point. However, the peak heat-flux value
continues to occur in the vicinity of 9 deg. Figure 9(a) also in-
cludes the predicted heat-flux values obtained from the k-e
prediction and the laminar flat-plate prediction reported in
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Fig. 12(c) Phase-resolved heat-flux data at 10 percent wetted distance
on blade suction surface
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Fig. 12(d) Phase-resolved heat-flux data at 10 percent wetted distance
on blade suction surface for passage #13 on successive revolutions

Taulbee et al. (1989). At this particular blade location, the
predicted values bound the measured unsteady results. Figure
9(b) is the modulus squared of the phase-resolved data il-
lustrating the fundamental at 23 cycles/rev, but the first har-
monic is no longer clearly shown. Its absence is consistent with
a wake that is becoming less spatially confined as it moves
through the passage.

The results presented in Fig. 6-9 suggest that the gages
located between 0 and 16 percent on the suction surface all in-
tercepted the vane wake at about the same relative location
and reached the peak heat-flux value at about the same loca-
tion. This trend is consistent with the observations of Dring et
al. (1982, 1985) and Doorly and Oldfield (1985). The thin-film
rotor data shown by Dring et al. (1982) illustrate a depressed
heat-flux value associated with the passage flow and a much
broader and considerably greater heat-flux value associated
with the vane wake region. A similar picture was described by
Doorly and Oldfield (1985), which also included the complica-
tion of a shock wave in the flow. In that regard, it should be
noted that the vane exit Mach number for the Teledyne 702
turbine used here was slightly greater than 1.0 but the manner
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Fig. 13(a) Phase-resolved heat-flux data at 14.9 percent wetted
distance on blade suction surface
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Fig. 13(b) Modulus ot Fourier transform of heat-flux data at 14.9 per-
cent wetted distance on blade suction surface

in which potential shock waves interact with the flow field has
not been obtained from the data.

The predicted heat-flux values previously reported for this
turbine were also noted on Figs. 7-9. Comparison of these
predictions with the time-resolved data suggests that the blade
boundary layer state was probably fluctuating between
laminar and turbulent as the blade interacts with the NGV
flow field. This influence of vane rows on the blade boundary
layer has previously been described by Evans (1978), Dring et
al. (1982), and Doorly and Oldfield (1985).

Figure 10 presents phase-resolved heat-flux data for the
blade pressure surface at 12.7 percent wetted distance. All of
the gages used to obtain the data reported in Figs. 6(a) to 10
were located on the same blade. The pressure surface heat-flux
history for the passage is significantly different from the suc-
tion surface histories. The heat-flux value over the initial 2 deg
is relatively high, but falls rapidly to a minimum in the vicinity
of 5 deg and then peaks again near 8 deg. This peak near 8 deg
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Fig. 13(c) Phase-resolved heat-flux data at 14.9 percent wetted

distance on blade suction surface for passage #18 and three successive
revolutions

is present on many of the passages but not all of them, as il-
lustrated in Fig. 10, indicating a substantial random compo-
nent to the flow disturbances at this location.

Contour plots have been constructed from the blade phase-
resolved heat-flux distributions. Figure 11(a) presents the
blade suction contour plot for the geometric stagnation point,
2.07, 10, 16.1, 51, and 78 percent wetted distance for a given
blade passage at a selected time. The blade location relative to
the vane trailing edge is again referenced according to Fig. §.
The plot illustrates the magnitude of the phase-varying por-
tion of the heat flux, and shows clearly the high degree of cor-
relation of the disturbances. Also illustrated is the very rapid
decrease in heat flux as one moves from the geometric stagna-
tion point to the location at 2.07 percent wetted distance. This
rapid decrease can be associated with a broadening of the
disturbance, a fact also consistent with the reduction in the
first harmonic in the blade crossing rate. Figure 11(b) presents
a similar contour plot for the blade pressure surface con-
structed from measurements performed at the geometric
stagnation point, 12.7, 22, 34.7, and 76 percent wetted
distance. Once again, the heat flux falls off rapidly between
the stagnation point and 12.7 percent wetted distance. Figures
11(a) and 11(b) were constructed from heat-flux data taken
from the same rotor revolution on the same test run. Note that
the characteristics of the unsteady components for the
pressure-surface data are different from the corresponding
characteristics on the suction-surface results.

5.2 Phase-Resolved Heat-Flux Data on the Blade With
Discrete-Hole Vane Injection. A description of the influence
of discrete hole injection on the blade steady-state Stanton-
number distribution and the influence of vane/blade spacing
on this distribution was reported by Dunn and Chupp (1987).
While obtaining those steady-state data, a limited quantity of
phase-resolved data was also obtained. Figure 12(a) presents
phase-resolved heat-flux data obtained at 10 percent wetted
distance on the blade suction surface at close (0.19 C,)
vane/blade spacing with upstream injection. The injection
holes were located at 18.4 percent wetted distance on the vane
suction surface and at 71.8 percent wetted distance on the
pressure surface. Air at a temperature of 530 R was injected at
a flow rate of 0.23 Ib/s through the suction surface holes and
at 0.20 Ib/s through the pressure surface holes for a total of
0.43 Ib/s. Comparison of Figs. 12(a) and 8(a) suggests that the
character of the blade flow in the early portion of the passage
(see Fig. 5) has been influenced by the cold £as injection.
However, the peak heat‘-ﬂuxlvalue again occurred at that
phase angle associated with this wake flow and the standard
deviations of the time averaged heat flux with and without in-
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jection overlapped. Thus, although the presence of injection
resulted in a change in the character of the passage heat-flux
history, it did not significantly alter the time-averaged level.
Figure 12(b) is the modulus squared of the heat-flux data
reported in Fig. 12(a) and this plot clearly shows the fun-
damental 23 cycles/rev and the first harmonic at 46 cycles/rev.
Figure 12(c) has been included to demonstrate the nature of
the data if seven passages are overlaid. The particular passages
are identified by the numbers in circles. The general
characteristic of this plot is consistent with the data obtained
at other locations and illustrates that an average phase-
resolved heat-flux distribution can be obtained from the data.
Figure 12(d) is another example of the passage phase-resolved
heat flux for two successive revolutions of the rotor. These
particular data were obtained for passage #13 and illustrate
reasonable revolution-to-revolution agreement.

A sample of the blade data obtained with cold gas injection
for a vane/blade spacing of 0.5 €, at 14.9 percent wetted
distance on the suction surface is shown in Fig. 13(a). The
details of the time-averaged data for this configuration are
¢given by Dunn and Chupp (1988). Air was the cooling gas, in-
jected at the locations described in the preceding paragraph,
and with a flow rate of 0.13 lb/s through the suction surface
holes and 0.11 1b/s through the pressure surface holes. The
total weight flow of gas injected through the vane for this case
was 0.24 1b/s compared to 0.43 Ib/s for the data shown in Fig.
12(a). The results shown in Fig. 13(a) suggest that the in-
fluence of vane/blade spacing was to diffuse the sharp in-
crease in heat flux previously observed to begin in the vicinity
of § or 6 deg (see Figs. 8(a), 9(a), and 12(a)). At the wider
vane/blade spacing, the heat-flux profile increases from 0 deg
more slowly, reaching a peak in the vicinity of 12 deg. These
results suggest that the blade intersects the vane wake flow at a
larger phase angle as would be expected from the geometry of
the configuration. The thin-film gage results reported by
Dring et al. (1982) illustrate a similar finding for a gap of 0.65
€,. The modulus squared of the blade data are presented in
Fig. 13(b) and these results illustrate the fundamental peak at
23 passages/rev. However, because of the diffusing effect of
the vane/blade spacing and the greater distance from the
stagnation region, the first harmonic is suppressed. The result
shown in Fig. 9(b) for 16.1 percent wetted distance and close
spacing also illustrated a suppressed first harmonic.

Figure 13(c) presents the phase-resolved heat-flux history
for three successive rotor revolutions for a location of 14.9
percent wetted distance on the blade suction surface. The par-
ticular passage selected for this presentation was #18. The
phase-resolved data are in reasonably good agreement with
each other demonstrating the same type of variation in heat-
flux and phase angle as demonstrated for the passage-to-
passage variation for a particular revolution.

60 ~

4.3 psi

50 - \

SURFACE PRESSURE, psi

, 1
a0-L !
18 19
TIME, ms

Ff9~ 14 Blade pressure surtace pressure history at 39.3 percent wetted
distance
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5.3 Time-Resolved Surface Pressure Data on the Blade
Pressure Surface. The blade pressure and suction surfaces
were instrumented with flush-mounted miniature Kulite
pressure transducers. A limited amount of surface pressure
data was obtained and a sample of the time-resolved surface
pressure history is shown in Fig. 14. The pressure data shown
on this figure are for a portion of one revolution (nine
passages) obtained from the pressure transducer located at
39.3 percent wetted distance on the blade pressure surface.
The pressure data were sampled at a frequency of approx-
imately 70 kHz in constant time intervals. (The one pulse per
revolution shaft encoder used to determine the location of the
blade relative to the vane trailing edge was not carried on the
data system from which the pressure data were obtained.) The
steady-state pressure level at this location on the blade surface
was approximately 46 psi and the peak-to-peak fluctuation on
the time-resolved signal shown on Fig. 14 is on the order of 10
to 15 percent of the time-averaged value. Also it should be
noted that the nine passages shown, as defined by the
minimum in the pressure data, are not identical in width. This
observation is not surprising since the sampling frequency is
such that the minimum might have been missed and because
the vane is engine hardware and some manufacturing
tolerance is to be anticipated. It is planned to obtain
significantly more time-resolved and phase-resolved blade
pressure data in the near future. These data will be reported as
they become available. However, on the basis of the pressure
data reported by Dring et al. (1982), and the phase-resolved
heat-flux data obtained for this particular blade location in
these experiments, the pressure valley is felt to be associated
with the vane wake region and the pressure peaks with the
passage flow. The magnitude of the fluctuating pressure
measured here is of the same order as that reported by Dring et
al. (1982).

A heat-flux gage located at 34.7 percent wetted distance on
the pressure surface was sufficiently close to the pressure gage
location of 39.3 percent to make a meaningful comparison
between the general flow characteristics obtained with the two
diagnostics. Figure 15 presents the phase resolved heat-flux
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Fig. 15 Phase-resolved heat-flux data at 34.7 percent wetted distance
on blade pressure surface
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result at 34.7 percent wetted distance. These results were ob-
tained for the same test conditions as the pressure data. The
relative location of the vane is again illustrated on Fig. 5. Only
a qualitative comparison can be made between Figs. 14 and 15
because the pressure data were not phase resolved as noted
above. Comparison of Fig. 15 with Fig. 10 illustrates that far-
ther back on the pressure surface, the general character of this
phase-resolved heat-flux history is relatively uniform with
peaks occurring at about 6.5 and 12 deg. The minimum again
occurs near 0 deg phase angle. However, the general character
of the phase-resolved heat-flux history at the farther
downstream location appears to be more steady than it was at
12.7 percent wetted distance.

5.4 Consideration of Unsteady Heat-Flux Impact on Blade
Durability. The primary purposes of obtaining the unsteady
heat-flux and pressure data are to get a better understanding
of the flow field around a rotating turbine blade and to obtain
validation data for unsteady aerodynamie codes. A separate
issue is the impact of the rapidly varying heat flux at the blade
surface on blade durability in an engine application. For an
uncooled blade such as considered in this experiment, the
varying heat flux will be small because the temperature dif-
ference between the gas stream and the blade surface is small
and durability should not be affected. For a cooled airfoil, the
temperature difference can be significant so that the heat flux
does vary considerably. Typical heat-flux variation data from
this test were corrected to an engine condition with a 1200°F
temperature difference between the gas stream and the blade
surface. The blade material temperature variation was
calculated using an exact solution for a semi-finite solid given
by Carslaw and Jaeger (1959). The results show that the sur-
face temperature of a metallic blade would change about
1.5°F in the 21 us over which the heat flux varied from
minimum to maximum (see Fig. 12(c¢) for example). This
temperature change dampens quickly into the wall away from
the surface (within 0.001 in.). If the blade were coated with a
thermal barrier coating, the surface temperature change would
be of the order of 6°F and would dampen within 0.00015 in.
from the surface. Even though these temperature changes are
small, the gradient at the surface is large (3,000 to
40,000°F/in.). Gradients of this magnitude, occurring at such
high frequencies, may play a role in determining the fatigue
life of blading, particularly since the number of repetitions
over the life of an engine is large (typically, 23 vanes X 27,000
rpm X 60 s/min X 1000 h lifetime = 1.3 x 10'°). Further
studies, including laboratory testing of blade samples, are re-
quired in order to bring these heat transfer results to bear on
engine durability problems.

6 Conclusions

Time-resolved or phase-resolved heat-flux data have been
presented for the blade of the Teledyne 702 HP turbine.
Detailed results have been presented at several locations on the
blade. Other results have been shown to illustrate the influence
of vane cold-gas injection and vane/blade spacing on the time-
resolved blade heat-flux history. All of the blade suction sur-
face data presented illustrate that the peak heat-flux value oc-
curs in that portion of the flow which can be associated with
the vane wake. The suction surface boundary layer appears to
fluctuate between laminar and turbulent as the blade moves
from the passage flow into the vane wake and then out again.
The blade pressure surface heat-flux history is shown to be
somewhat more unsteady than the suction surface history. The
effect of injection at close spacing is shown to influence the
carly portion of the wake flow resulting in an extended period
of low heat flux. The effect of increasing the vane/blade spac-
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ing is shown to diffuse the character of the passage heat-flux
history.
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