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Heat-Flux Measurements for the
Rotor of a Full-Stage Turbine:
Part Il—Description of Analysis
Technique and Typical Time-
Resolved Measurements

This paper presents a detailed description of an analysis technique and an applica-
tion of this technique to obtain time-resolved heat flux for the blade of a Garrett
TFE 731-2 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 heat-flux
measurements. To obtain the heat-flux values from the thin-film gage temperature
histories, a finite-difference procedure has been used to solve the heat equation, with
variable thermal properties. The data acquisition and the data analysis procedures
are described in detail and then their application is illustrated for three midspan
locations on the blade. The selected locations are the geometric stagnation point,
32.7 percent wetted distance on the suction surface, and 85.5 percent wetted distance
on the suction surface. For these measurements, the turbine was operating at the
design flow function and very near 100 percent corrected speed. The vane-blade ax-
ial spacing was consistent with the engine operating configuration. The results
demonstrate that the magnitude of the heat-flux fluctuation resulting from the
vane-blade interaction is large by comparison with the time-averaged heat flux at all
locations investigated. The magnitude of the fluctuation is greatest in the stagnation
region and decreases with increasing wetted distance along the surface. A Fourier
analysis by FFT of a portion of the heat-flux record illustrates that the dominant

frequencies occur at the wake-cutting frequency and its harmonics.

Introduction

One of the basic turbomachinery problems that remains of
interest concerns the unsteady flow environment generated as
a result of rotating blades cutting through nozzle guide vane
(NGV) wakes and the resulting influence of this unsteadiness
on the blade surface-pressure and heat-flux distributions, on
the inner blade-row gas-dynamic parameters, on the state of
the boundary layer, and on the stage efficiency. Significant
fluctuations in the local heat flux are important from a
material fatigue or life cycle point of view. The specific com-
ponent addressed in this paper is the turbine, but an early
paper by Kerrebrock and Mikolajczak [1] addressing a similar
problem for the compressor is very helpful in describing the
essential physical processes that occur. Lakshminarayana et
al. [2-4] have reported the results of several measurement
programs designed to measure the boundary-layer and tur-
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bulence characteristics inside turbomachinery rotor passages
using a large-scale slowly rotating rig as the test bed and hot-
wire anemometry as the prime diagnostic. Dring et al. [5-7]
have utilized a large-scale rotating rig which can be made to
look like either a compressor or a turbine and with this facility
they have performed many different types of measurements in
the rotating frame including blade surface heat transfer and
static pressure, total-pressure surveys and flow visualization.
In (7], Dring et al. present the detailed results of a rotor-stator
interaction study that included time-resolved thin-film gage
data obtained on the blade. The authors demonstrate a strong
unsteadiness near the blade leading edge that occurred at
stator passing frequency. The magnitude of this fluctuation
decreased with increasing distance away from the leading
edge. They also found regions of large random fluctuation due
to the turbulence in the stator wake that was superimposed on
the periodic fluctuation.

Hodson [8-10] has utilized several different facilities to ob-
tain measurements of wake-generated unsteadiness in the
rotor passages and to perform measurements of boundary-
layer transition and flow separation. In [9], detailed
measurements of the unsteadiness contained in the rotor in-
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flow are presented which illustrate the change in incidence
angle and the change in turbulence associated with the stator
wakes. The author does not present heat-flux data, but it is
felt that both the change in incidence angle and the increased
turbulence will influence the local blade heat transfer. Binder
et al. [11] have looked at the influence of NGV wakes on the
unsteady rotor flow using a laser velocimeter system. They il-
lustrate very high turbuence levels associated with the stator
wakes. The influence of this turbulence on the blade heat-flux
level is not addressed. Doorly et al. [12, 13] have used a short-
duration facility and a system of rotating bars to study the ef-
fects of shock waves and wakes shed by the NGV row on the
turbine rotor flow field and surface heat-flux distribution. The
authors have used thin-film heat flux gages to measure the
magnitude of the heat-flux fluctuation experienced by a rotor
blade in passing through the simulated wake. In [12] the
authors present very nice Schlieren photographs illustrating
the structure of the bar wake and its subsequent passage
through the cascade. The technique is ideal for providing an
environment in which detailed understanding of the flow
phenomena associated with vane/blade interactions can be
obtained.

The purpose of this paper is to present a detailed description
of an analysis technique used to deduce time-resolved heat-
flux data from thin-film heat-flux gages mounted on the rotor
of a full-stage rotating turbine (Garrett TFE 731-2 hp). The
long-range intent in this work is to spatially resolve the local
heat flux to as small an area as possible and to perform these
local measurements from the blade geometric stagnation point
to near the blade trailing edge and to obtain the measurements
in as realistic a turbine environment as is possible. Although a
great deal of these data have been obtained as part of this pro-
gram, it was felt that prior to presenting detailed time-resolved
heat-flux data for the entire blade surface that have been ob-
tained from such a complicated experiment, a thorough ex-
planation of the data reduction procedures was in order. It
should be kept in mind during this discussion that actual
engine components (NGVs and blades) are used and they are
not polished to a mirror finish. However, the heat transfer in-
strumentation is installed under a microscope and there is no
surface discontinuity at the junction between the instrumenta-
tion and the component. The experimental technique being
used is the short-duration, shock-tunnel approach, in which
fast-response, thin-film thermometers are used to measure the
surface temperature histories at prescribed locations on the
blade. Instantaneous heat-flux rates can then be deduced from
these temperature-time histories using a technique described
herein. The shock-tunnel technique allows one to use actual
turbine hardware and to operate it at the design flow function
and at 100 percent corrected speed. Because of the high wake
cutting frequency (approx. 13,000 wakes/s) and the short-
duration (~ 20 to 30 ms) nature of this experimental tech-
nique, many new data-analysis techniques had to be developed
in order to achieve the objectives. The rotor data of interest
have been obtained and analyzed successfully using techniques
that have not previously been applied to this problem and thus
have not previously been published in this context.

The specific topics that will be addressed in this paper are:
(@) description of the experimental technique, the heat-flux
gage instrumentation, and the data recording procedure; (b)
description of the analysis technique used to deduce the in-

stantaneous heat-flux values from the gage surface-
temperature histories; (¢) description of the fast-Fourier
transform analysis and associated data handling techniques
that are used to obtain time-resolved d£ta; and (d) application
of the techniques that have been developed using rotor blade
data obtained for a full-stage rotating turbine.

Experimental Apparatus

The experimental apparatus used in this measurement pro-
gram is described in detail in Part I of this paper and will not
be repeated here. That portion of the apparatus and in-
strumentation new to this work will be described.

For the rotor speeds used here, a blade traverses a vane exit
passage in approximately 75 us. However, the blade traverses
a vane wake in a significantly shorter time, on the order of 5 to
10 ps. In order to resolve vane wake cutting data and to avoid
aliasing, it is important to be able to sample the thin-film gage
output at a sampling rate of at least twice the highest fre-
quency present in the signal (100 kHz in this experiment, re-
quiring 200 kHz minimum sampling rate). In addition, one
needs a minimum of 10 bit resolution and as much storage per
channel as possible. Two different transient recorders, a Data
Laboratories 2000 series and a Physical Data 515A, were used.
Both of these were eight channel units with 4K words/channel
storage capability and each channel could be sampled at a rate
in the 200 kHz to 2 MHz range. Several other features of these
units are particularly useful for obtaining time-resolved heat-
flux data for a turbine stage: (¢) The dual time base capability
allows one to sample the early portion of a heat-flux gage
history at a low sampling rate and then at a predetermined
time to switch to a much higher sampling rate, (b) the multiple
channel data stored in the recorder can be simultaneously
displayed on an oscilloscope and photographed, (c) the stored
data can be transferred to an on-line minicomputer (DEC LSI
11/23 plus) for additional analysis, printing, and plotting, and
(d) the stored data can be transferred to tape and analyzed at a
later date. A Sangamo Sabre III FM tape recorder with an 80
kHz bandwidth is normally used to record an additional 13
channels of high-frequency thin-film data. The majority of the
data analysis is performed on a DEC VAX 11/780. A
schematic of the on-line data recording system is given in Part
I.

Data Processing

The voltage output history from the thin-film gages and
associated follower circuits shows typically a rapid rise in level
(~ r'“2) with superimposed fluctuations. As noted earlier, a
major objective of the present work has been to resolve quan-
titatively the time-dependent part of the heat transfer. Even
though this part is generally greater than 10 percent of the
time-averaged heat transfer rate, it is only a small fraction
(typically 5 percent) of the temperature signal from the gages.
Therefore, to resolve these fluctuations, it has been found
necessary to revise some of the data-reduction procedures that
have been used in the past.

The thin-film gage voltage output can be recorded digitally,
or it can first be passed through an analog network [16, 17].
Both the analog and digital implementations have problems
when applied to the gas turbine flow environment, especially
when the heat-flux fluctuations are of interest. When either
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Nomenclature
C = specific heat
S = frequency, Hz t = time 7, T = see equation (16)
Jj =+v-1 T = temperature p = density
k = thermal conductivity x = distance normal to gage ¢ = see equation (15)
n = quantization error surface _w = radian frequency
S = spectrum o = thermal diffusivity = k/pC ( ) = denotes Fourier transform
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Fig. 1(a) Surface temperature history at 32.7 percent wetted distance
on blade suction surface
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Fig. 1(b) Modulus of Fourier transform of temperature history given in
Fig. 1(a)

temperature or analog outputs are sampled digitally, the
subsequent analysis is limited by the quantization errors in-
herent in the A/D process. An additional problem arises from
the fact that analog or Q-meter techniques depend on the
assumption of the constant thermal properties of the
substrate, an assumption not valid in the current environment.
While computational algorithms can be devised which include
variable thermal properties, numerical errors arising from the
occurrence of a high-frequency skin depth preclude the use of
such algorithms for the determination of fluctuating heat-flux
values at frequencies approaching the sampling rate used here.

As part of this effort, a new approach to the problem has
been developed. Surface temperature and its first derivative
have been sampled digitally. From these a composite signal
has been constructed which minimizes the effects of the quan-
tization errors on the fluctuating signals. This composite
temperature signal is then analyzed by a combination of
numerical and Fourier transform techniques to yield a com-
posite time-dependent heat-flux value. This high-fidelity
signal is then available for subsequent analysis as will be
described.

Quantization Errors. Quantization errors arise from the
discretization of an analog signal. Whereas all values within a
given range are possible for an analog signal, only those par-
ticular values corresponding to integral multiples of the step
size are possible for a digitally sampled signal. Values of the
signal between these discrete levels are simply placed into the
nearest level. The sampled signal can thus be represented as
the sum of the original signal and a random quantization error
or noise.

The quantization noise can be modeled as being uncor-
related at different times and as having a uniform probability
of being between +A/2 where A is the step size of the A/D.
(The step size can be determined by dividing the range of the
A/D, say R, by the number of levels available. In our case the

100/ Vol. 108, JULY 1986

A/D was 10 bits so the number of levels was 21© = 1024, thus
A = R/1024.)

Figure 1(a) shows a typical surface temperature record from
a thin-film gage on the suction surface of the blade (see Part
I). The rapid rise in temperature signals the arrival of the test-
gas flow and thus the initiation of the experiment. If this were
the only phenomenon present, then heating the substrate
would cause the surface temperature to rise as T ~ "2 cor-
responding to a constant heat flux [19, 22]. As previously
noted, it is this temperature rise over the course of the experi-
ment which necessitates accounting for the variable thermal
properties of the substrate on which the gage is painted.

The passage of the blade through the NGV wakes and the
presence of turbulence and secondary flows in the NGV
passage flow give rise to the fluctuations which are superim-
posed on the temperature history. If the unsteady heat-flux
value is to be examined, it is these temperature fluctuations
which must be faithfully translated into an unsteady heat-flux
signal. Unfortunately, because the A/D converter must cap-
ture the entire range of temperature (since the instantaneous
heat flux represents an integral over the temperature history),
the fluctuating signal is discretized into only a small portion of
the total voltage level available. As a consequence, the
unsteady signal of interest is likely to be buried in the quan-
tization noise and the unsteady heat flux calculated from it
will be primarily noise.

The situation can best be illustrated by looking at the con-
stant properties solution to the one-dimensional heat transfer
equation

T o aT
C—=—\k— 1
P™ 9t "ax \ ax )
subject to the surface boundary condition
aT
ax lx=0

The objective is to relate the temperature at the surface to the
heat flux there.

Let ¢, (/) and T,,(f) be the Fourier-transformed heat flux
and surface temperature defined by

+o
G.(n={ e, (nar ®
and
-~ t
fn=| e, (i @
Then it is straightforward to show that
G (N =~j2at NoCk T, (f) ®)
or
1§, (N =NpCk Naf 1T, (N ©)
and
- Py ™
LQW(.f)=LTw(.f)+T (7)

where ~ denotes the ‘‘phase angle of.”> Thus the modulus of
the transform of the heat flux is proportional to the square
root of the frequency times the modulus of the temperature,
while the phase of the heat flux is the phase of the temperature
shifted by +45 deg.

The exact manner in which quantization errors affect the
calculation of heat flux from a quantized temperature will be
the subject of a subsequent paper. The problem can be il-
lustrated, however, by a simple example. Suppose that the
unsteady heat flux due to a wake crossing corresponds to a
square wave. Then the even harmonics are exactly zero, and
the odd harmonics are related to the amplitude of the fun-
damental by A,/A; = 1/n, where (n—1) is the order of the

Transactions of the ASME




R St

TEST TIME

|
-

0. Q000E+00

TEMPERATURE DERIVATIVE, dT/dt

-0, 2000£+00 T T T T T T T T T 1
0. 6000€-02 0. L60E-01
TIME, seconds

Fig. 2(a) Temperature derivative signal at 32.7 percent wetted distance
of blade suction surface
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Fig. 2(b) Modulus of Fourier transform on temperature derivative given
in Fig. 2(a)

harmonic. If the amplitude of the fundamental of the surface
temperature sensed by the gage is B, then it follows from
equation (6) that the odd harmonics are given by B,/B, = 1/n
« Vn. Thusif B; = 3 R (as in Fig. 1), B; ~ 0.55R, and B; <
0.28 R. If (as in Fig. 1), the range of the A/D is set to cor-
respond to approximately O to 102.4 R and the number of bits
of resolution is 10 corresponding to 1024 levels, the quantizing
step size is 0.1 R. Thus the directly recorded temperature will
have its harmonics largely obscured by the quantizing error.
Because the effect of the quantization noise on the Fourier
transform of the signal is random, the harmonics will be im-
possible to discern without substantial averaging of many in-
dependent experiments.

Figure 1(b) show the modulus squared of the Fourier
transform of the temperature trace shown in Fig. 1(a). Clearly
evident is the low-frequency portion of the signal associated
with the overall rise in level. Not at all evident are the fun-
damental and harmonics of the wake crossing frequency
which are buried in the random quantization noise (which is
below the threshold of the plotter sensitivity). Since the fluc-
tuating heat flux is proportional to the inverse transform of
this signal multiplied by the square root of frequency and since
the higher the frequency the weaker the Fourier components
of the signal, the quantization noise dominates the calculated
heat-flux transform as the frequency increases.

The statistics of the quantization noise can easily be com-
puted if its probability density is known. Usually the quantiza-
tion error is assumed to have a uniform probability of being
between +A/2. It follows that the mean square quantization
error is A2/12. Most important for our application is that the
spectrum of the quantization noise is white, that is, it is the
same at all frequencies. Thus, if S, is noise spectrum as a func-
tion of the frequency f
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{(AZ/IZfS . f<Sy
S, ) = ®

« 0 ., f>f
where f, is the sampling rate. The spectrum S, is calculated as
1 —
Sn(f):?‘anmlz (9)

where T is the length in time of each individual record, i (f) is
the Fourier transform of the noise for the record, and the
overbar indicates that many realizations are averaged
together.

In the data-analysis portions of this paper, plots of the
modulus of the Fourier transform of signal plus noise are
presented. It is important to note that although equations (8)
and (9) imply that the mean square value of the Fourier
transform of the noise is the same at all frequencies,
transforms of individual records (unaveraged) will vary ran-
domly from one frequency to another. Thus spurious peaks
can appear in individual records which have no physical
significance (certainly this is the case in Figs. 10-12).
Nonetheless, it is clear from equation (8) that these random
excursions are minimized by either decreasing the step size
(less range or more bits) or by increasing the sampling rate.

The randomness of individual records is a characteristic of
all random signals (such as turbulence) and is not unique to
quantization noise. This randomness only disappears as suc-
cessive independent records are averaged together. Thus care
must be taken in inferring frequency content from individual
records, and it should not be done unless there is a good
physical reason to suspect that a particular frequency
represents a nonrandom event. Such will be the case for the
blade crossing harmonics identified later.

It is clear from the above that if fluctuating heat-flux rates
are to be analyzed it is necessary to raise the fluctuating signal
above the quantization noise before digitization. The analog
Q-meter! accomplishes this by effectively multiplying the
transform of the temperature by V2w f before recording so
that the spectrum of the quantization noise (as it affects the
heat flux) is now white instead of increasing linearly with fre-
quency as in the directly recorded case. Another alternative
that was used in this investigation is to differentiate the
temperature before digitizing so that the transform of the
digitized signal is j2«f times that of the temperature. In this
case the noise spectrum of the computed heat-flux signal will
roll off linearly with frequency, thereby allowing even weaker
signals to be captured at the higher frequencies.

Figure 2(a) shows the unsteady temperature derivative
signal corresponding to Fig. 1(4). Gone is the rapid rise (since
the low-frequency part of the signal has been buried in the
noise by the multiplication of its transform by j2xf) while
present in abundance are the high-frequency fluctuations
which have been selectively and progressively amplified. In ef-
fect, the part of the signal corresponding to the unsteady flow
has been spread over the entire range of the A/D so that the
quantization errors are relatively much less. Figure 2(b) shows
the Fourier transform of the derivative signal which clearly in-
dicates how the higher frequencies have been raised above the
quantization noise level.

Composite Temperature. While taking the derivative raises
the fluctuations above the noise, it buries in the noise the
overall temperature rise from which the varying thermal prop-
erties must be computed. In order to simultaneously capture
both the overall rise and the unsteady characteristics with
minimum quantization error, a hybrid scheme has been

11t was discovered in the course of this investigation that the Q-meters in com-
mon use [17], including ours, do not maintain the phase relation demanded by
equation (7) over any of the frequency range of interest in this experiment (10 to
100 kHz). Therefore, the results obtained using the device are not reported here.
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Fig. 3(a) Comparison between temperature history as recorded and
composite temperature history at 32.7 percent wetted distance on blade
suction surface

600

COMPOSITE
TEMPERATURE

@

-]

w

-4

2

= 5875

-4

a

O

=

@

]
DIRECTLY RECORDED
TEMPERATURE

575 I T T T T l T T T T |
Q. 1600601 0. |6S0E-01 0. 1700E-01
TIME, seconds
Fig. 3(b) Comparison between directly recorded temperature and com-

posite temperature in time interval 16 to 17 ms

adopted which involves splicing two different signals in
Fourier space. This is accomplished by simultaneously re-
cording both the temperature and its derivative on separate
channels. The recorded data are then Fourier transformed us-
ing a FFT alogrithm.

A minor complication arises from the fact that the records
are of finite length. As a consequence, the transforms are not
of the temperature and its derivative, but rather of the
products of these functions with the time window w(r) given

by
1, O<t<t,
w(t)= (10)
0, otherwise
where ¢, is the record length. Thus
+ oo
T = S e 2 T(r) w(t)dt (11)
—00
and
- + o ) .
T(f)= S e~ 2T () w(t)dt (12)

It is well known that if a signal of infinite length is sampled
at a rate faster than twice the highest frequency present in the
signal, the signal can be completely reconstructed [18] (this is
the so-called Nyquist criterion). Moreover, the transforms of
the signal and its first derivative differ by only a factor of
Jj2xf. In our case, however, because of the window function
which truncates the record, this is not true, even if the Nyquist
criterion is satisfied. It is, however, straightforward to show
for these finite length signals that the finite transforms of the
recorded temperature and its derivative are related by

ej21rfl 1

PO = (F )~ [TO ™ ~ T(t)e=2]) (13)

2nf
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The term in brackets arises from the presence of the window
function in the Fourier transform.

The composite temperature as a function of time has been
assembled by carrying out the Fourier transform (using a FFT
algorithm) on the composite transform defined by

T, f<h
F 1 2 27 ft
Teomy () = 57 1T - (T — T(1,)e=7)),
f>f 14

The frequency f, corresponds to the unity-gain frequency of
the diffentiator and is chosen to be less than the primary wake
crossing frequency, but greater than the frequencies compris-
ing the overall temperature rise. In the experiments reported
here, f, was approximately 10 kHz.

Figure 3 shows a comparison between the directly recorded
temperature and the composite temperature computed from
the inverse Fourier transform of equation (14). All subsequent
references in the remainder of this paper to the temperature
field and all calculations of heat flux presented will use the
composite temperature field.

Variable Thermal Properties. The influence of variable
substrate thermal properties on the deduced heat-flux value
has been understood for a long time [19, 20], but until recently
it has not been accounted for in data-reduction procedures
[15]. The primary physical effect is an increase in the thermal
conductivity of the substrate; thus a given heat-flux value pro-
duces a lower rise in surface temperature than would be pro-
duced by a substrate whose properties remain fixed at their
pretest values. Conversely, the heat-flux value inferred from a
given surface-temperature history is larger when variable ther-
mal properties are accounted for. The error made by the
constant-property model can be on the order of 5-15 percent
[15], and is therefore not tolerable for the accuracy desired in
the present work.

Consequently, the constant-property data-reduction pro-
cedures [19, 21, 16, 22] have been replaced in the present work
by a finite-difference solution of equation (1), where it is con-
venient to employ the Kirchhoff transformation [23]

T k d 3?

Tref kref at ax
In this equation o = k/pC is the temperature-dependent ther-
mal diffusivity.

1s)

High-Frequency Fluctuation of Surface Temperature. For
the problem of interest here, one must also be concerned with
the high-frequency temperature fluctuations very near the
gage surface. In [15], numerical solutions of equation (15)
were reported, based on a Crank-Nicholson finite-difference
procedure. The actual equation solved was a transformed ver-
sion of equation (15), in which the x coordinate was scaled by
the thermal penetration depth

t=r, N=X/2V 0ty t (16)
In these variables, equation (15) is
a ¢ 290¢ ¢
+ =4 17
Qpep O an 7 aT an

This formulation has the advantage that the spatial scale is
uniform in time. Numerical solutions using a fixed step size Ay
can then be found, for given values of ¢ at the surface, and for
¢—0 when 7 is on the order of 3 to 5.

The above coordinate transformation is based on the
assumption that the thermal penetration depth Vat is the
significant length scale in the problem. Analytic solutions for
the constant-property case reveal that this is the proper scale
for a step-function time variation of the surface heat transfer.
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However, when the heat transfer rate contains a part that
fluctuates with frequency w, a second scale enters the prob-
lem, namely Va/w, which is properly called the skin depth and
is independent of time. The classical solution for a sinusoidal
surface-temperature variation [23]

ATSurface (t)y=Acos wt

contains an early-time transient plus the solution:

AT(x,t) =Aexp{ —xVw/2a} cos {wt—xVw/2a} (18)
Thus the high-frequency portion of the surface-temperature
rise has a very shallow penetration, and care must be taken in
the numerical work to resolve this thin layer properly. Solu-
tions of equation (17) which use a fixed step size in the -
direction will have a small value of Ax at early time, and a
large one at late time. It has been found that for the blade-
passing frequencies of interest here this procedure loses ac-
curacy at late time. Accordingly, a revised procedure has been
adopted, as described in the next paragraph.

Implicit numerical procedures for solving equation (17)
work best when the step-size ratio

r=oaAt/(Ax)?

is in the range 0.25 to 0.5. It happens that this criterion can be
met for the test conditions of interest here. The sampling inter-
val At is taken, on the basis of the Nyquist criterion, to be in-
versely proportional to the highest frequency of interest

At~1/w

The spatial step size Ax must be small enough to resolve the
skin depth; thus

Ax~~Na/w

Thus a constant value of the step-size ratio r will satisfy both
of these criteria.?

The finite-difference algorithm used is the simple implicit
one;:

¢, j+ D -0, ) _

i, =a(x;, tj)
S+ 1, j+1D)=20(, j+D+o(i—1,j+1)
8 (Axy? 4

This equation was solved on a grid of variable size: At
every time step, the boundary condition of zero temperature
rise was enforced at a depth of 5 V. The heat transfer
rate was found from a second-order-accurate expression for
the derivative at the surface. As noted in (24), this algorithm is
capable of following a rapidly fluctuating temperature more
accurately than its Crank-Nicholson counterpart. However,
numerical checks for a constant-property test case reveal that
it does introduce a phase shift into the inferred heat transfer
rate, and that accurate results require a time-step size small
enough to give approximately 30 data points per cycle. (The
test case used a heat-transfer rate consisting of a step function
followed by a pure sine wave. The corresponding surface-
temperature history contains a square root of time, plus a
Fresnel-integral term that rapidly approaches a sine wave
shifted by 45 deg.) In practice, because of memory limitations,
the number of samples per cycle actually available from the
A/D is usually much less then the 30 required; thus the
numerical treatment decribed above is suitable only for the
low-frequency portions of the recorded signal.

Practical Scheme. It is evident from the above that there is
little hope of calculating by numerical techniques the heat-flux

2The authors are grateful to Prof. Dale B. Taulbee, SUNY Buffalo, for call-
ing attention to this fact and for suggesting use of the simple implicit method.
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fluctuations at frequencies approaching the rate at which the
data have been sampled. While it is theoretically possible for
an infinitely long record (if the Nyquist criterion is satisfied) to
upward decimate the data to as fine a time grid as desired, this
is not true for a finite time record. Therefore, in principle, no
numerical technique will be able to produce a heat-flux history
with the bandwidth of the originally recorded temperature
signal. If a sufficiently fast A/D with sufficient storage
capacity were available, the problem could be easily solved by
sampling the data at a much higher rate than needed. Unfor-
tunately, the storage limitations of our hardware (4K/chan-
nel), the bandwidth of the experimental signals of interest
(80-100 kHz), and the length of the test (20-30 ms), preclude
this option. Fortunately, the nature of the signal itself pro-
vides an alternative.

It has already been pointed out that the temperature (and
heat flux) events can be characterized by two different time
scales: a slow time variation corresponding to the overall
temperature rise, and a fast time variation corresponding to
the gas dynamics associated with the rotating turbine. In fact,
this dual nature of the signals has already been exploited in
designing a recording scheme and in devising a computational
grid. It will again be exploited here.

The scheme which has been adopted is based on the fact that
it is the overall rise in temperature, or the slow process, which
is primarily responsible for the variation in the thermal prop-
erties of the gage. The turbine gas dynamics, or fasf process, is
merely riding on the slow process. (Note that this would not be
the case were the fluctuations due to the turbine of the same
order of magnitude as the overall rise.)

It has already been shown that the frequency content of the
overall rise is at frequencies substantially below the primary
wake crossing rate in our experiments. Therefore, two new
temperature signals can be created from the composite
temperature defined earlier—a low-passed temperature,
T,p(t), containing the slow process, and a high-passed
temperature, Typ(¢), containing the fast process. The heat
flux associated with the low-passed temperature can then be
analyzed by the variable property numerical technique
described above, while the high-passed signal can be analyzed
by applying the constant properties solution locally in time as
described below.

The high- and low-passed temperature signals must be
created by filtering the composite signal at any frequency
below the wake crossing frequency subject to the following
constraints:

() The low-passed signal must faithfully capture the overall
rise, especially near the beginning of the experiment.

(i) The sum of the high- and low-passed signals must equal
the original temperature signal.

(i) The filters must not introduce spurious oscillations or
phase shifts in the time-series data.

Condition (if) can be satisfied by any pair of linear filters.
Condition (jif) eliminates the simple splitting in Fourier space
used to develop the composite temperature since merely
discarding the information above a given frequency cor-
responds to multiplying by a box-car window in frequency
with the result that the low-passed signal oscillates badly in
the time domain. Condition (/) can be determined by trial and
error.

In our experiments, numerical RC-type filters were utilized
with the following frequency response functions:

1
HLP(.f)zm (20)
_ 1
Hyp () NYYZA @n

A cutoff frequency £, of 2.5 kHz (about 1/5 the wake cross-
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Fig. 4 History of the composite temperature, low-pass temperature,
the low-pass heat flux and the value of the variable thermal properties
for 32.7 percent wetted distance on blade suction surface

ing rate) was found to adequately capture the initial rise (see
Fig. 4).

The Fourier transforms of the low- and high-passed
temperature signals are given by

Typ () = Teomp N Hyp (N (22)
Trp () = Teomp (N Hyp (N (23)

The low-passed transformed composite temperature was then
inverse transformed to yield 7, (¢). This in turn was used as
input to the variable properties numerical code described
earlier to determine the low-passed heat-flux signal.

Figure 4 illustrates the composite and the low-passed
temperature signals, and the heat flux and thermal properties
history generated from the latter. Since the data were low-pass
filtered at 2.5 kHz and sampled at 200 kHz, approximately 40
points/cycle were available to the numerical code at the fre-
quency of the filter—well above any reasonable numerical
requirements.

The heat flux from the high-passed temperature signal was
computed directly from its Fourier transform using equation
(5). Thus

1 . _ ”
m Gup () =~NP27f Typ(f) (24)

from which the time-dependent high-passed heat flux (divided
by VpCk) can be obtained by inverse transformation. The ac-
tual time-dependent heat flux is computed by multiplying each
time value so obtained by the local value of VpCk determined
from T, (¢). This procedure can be formally justified by a
two time scale expansion of equation (1). This technique has
been utilized to obtain the results presented in the following
section of the paper.

Discussion of Results. A description of the experimental
conditions used in this work and a detailed discussion of the
time-averaged heat-flux distributions for the blade surface is
given in Part I of this paper. By way of a brief review, the flow
conditions at the inlet to the NGV were: total temperature =
1000 R, static pressure = 98.5 psia, weight flow = 20.5 Ib/s,
turbulence intensity = 5.5 percent, and model wall
temperature = 530 R. The turbine operates at 100 percent cor-
rected speed with a rotor/stator axial spacing of 0.18 stator
chord and a tip clearance of approximately 1.16 percent of
blade height. The TFE 731 vane row operates with a throat
Mach number on the order of 0.85. Therefore, the rotor gas
dynamics should not be influenced by the presence of signifi-
cant shock waves.
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Previous publications [25, 26] have presented oscilloscope
records and detailed discussions of pressure histories obtained
at various locations within the model. However, a brief review
of pressure records relevant to the heat-flux measurements
described in this paper is appropriate. Figure 5 presents a
typical shock tube reflected-shock pressure measurement and
the corresponding static pressure on the bullet nose just
upstream of the NGV row. The time at which the shock
reflects from the shock tube endwall is noted on Fig. 5(a). As
illustrated on Fig. 5(a), the pressure history of the reflected-
shock reservoir that is supplying the air flow for the turbine
model is very uniform for a substantial period of time. Figure
5(b) presents the corresponding static pressure obtained just
upstream of the stator. The period of flow establishment is
followed by the period of relatively uniform pressure called
the test time. The results presented in Part I are the time-
averaged heat-flux distributon over the test time shown in Fig.
5(b) while the results presented in this paper are obtained only
up to about the 26 ms location on Fig. 5(b). In order to obtain
the time-resolved data, the transient recorders dis-
cussed earlier must be used. These recorders have the disad-
vantage of limited storage (4K words/channel) but they have
the advantages of high sampling rates and a dual time base.
This dual time base can be used to sample the pretest base line
and the flow establishment period at a relatively low frequency
and then at a predetermined time, to initiate high-frequency
sampling. Another alternative is to delay the initiation of
sampling by a predetermined time selected on the basis of Fig.
5(b). Either of these techniques provides samples at constant
time. However, an external clock driven by a shaft encoder
has also been used in this work to sample at constant phase.
Several shaft encoders were used in this work providing 1, 6,
41, 82, 500, and 1000 pulses per revolution. It is not possible
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to discuss both data sets in this paper so the discussion will be
confined to the data sampled at constant time.

Figure 6 presents the composite temperature histories for
the geometric stagnation point, 32.7 percent wetted distance,
and 85.5 percent wetted distance on the blade suction surface.
The time at which uniform flow is established is denoted in
Fig. 6. The maximum substrate temperature rise occurs in the
stagnation region and it is in this region that the influence of
variable thermal properties of the substrate becomes most
important.

Figures 7-9 are the time-resolved heat-flux histories for the
locations noted above computed in the manner described
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earlier, for the time interval 22 to 24 ms. The time-averaged
heat-flux value that is obtained from a separate data recording
system and sampled at 20 kHz per channel is also shown on
each of these plots. Figure 7 illustrates substantial fluctuations
in the heat-flux value in the stagnation region. The magnitude
of the fluctuation is time dependent as would be anticipated
and a Fourier spectrum of the frequency content will be
presented later in the paper. Moving back on the blade to the
32.7 percent location, the pattern of the heat-flux history is
different as illustrated by Fig. 8. However, relative to the time-
averaged heat-flux, the magnitude of the fluctuations is still
significant at this location. Again, the value of the time-
averaged heat flux is shown for comparison purposes. Figure 9
presents the heat-flux time history recorded near the trailing
edge of the blade. The pattern at this location is similar to that
observed elsewhere. Relative to the time-averaged heat flux,
the fluctuations are significant even near the trailing edge of
the blade.

The burst-like behavior observed in Figs. 7-9 is felt to be
related to the period of the blade crossing the NGV exit
passages. The characteristic time for the blade to traverse a
single passage is denoted on each of the figures. In addition,
the fluctuations of the calculated heat flux can be observed to
go negative. The same features were observed when the
temperature signal was directly input to a high-frequency Q-
meter [17], and cannot, therefore, be readily attributed to the
analysis. Thus it must either represent a phenomenon in the
flow or be the effect of electronic noise.

Obviously, the heat-flux results given in Figs. 7-9 need to be
analyzed further to determine whether or not the observed
fluctuations are related to wake cutting. Figures 10-12 present
the modulus squared of the Fourier transform, over a signifi-
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cant portion of the test time, of the heat-flux histories for the
stagnation point, 32.7 percent, and 85.5 percent wetted
distance, respectively. During this time period, the flow does
work on the turbine, causing it to accelerate slightly. This ac-
celeration has the effect of broadening the energy peaks
associated with wake cutting. The frequency spectrum? is
presented over a range of 10 to 15 kHz and 24 to 29 kHz. The
previously mentioned shaft encoders were used to determine
that the rotor speed at the 22 to 24 ms time interval was on the
order of 19,200 rpm. For this turbine, there are 41 nozzle
guide vanes and 78 rotor blades giving a fundamental wake
cutting frequency of 13,100 Hz. Both the fundamental and the
first harmonic are noted on Figs. 10-12.

The results for the stagnation region given on Figs. 10(a)
and 10(b) demonstrate a sharp peak at the fundamental wake
cutting frequency and two other rather broad peaks, of
smaller magnitude, in the immediate vicinity. These later
peaks suggest that there is significant energy content in the fre-
quency range around the fundamental wake cutting frequen-
cy. The first harmonic peak at 26,300 Hz is shown on Fig.
10(b) as well as a relatively strong second peak at 25,000 Hz.
At this time, it is not clear just what causes the 25 kHz peak.

Figures 11(q) and 11(b) present similar frequency spectra for
32.7 percent wetted distance on the suction surface. At this
location, the FFT analysis suggests that the frequency content
in the neighborhood of the fundamental has broadened, but is
still very much related to wake cutting. The first harmonic at
26,300 Hz is very near a peak at 26,100 Hz and the previously
observed peak at 25,000 Hz is reduced.

Figures 12(a) and 12(b) illustrate what one observes by mov-
ing farther along the surface toward the trailing edge. The fre-

3The term ““spectrum’” is loosely used here to indicate the modulus squared of
the Fourier transform of the record and no averaging is implied.
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quency spectrum has a significant peak in the vicinity of the
fundamental wake cutting frequency, but it is not as pro-
nounced as at locations closer to the leading edge. The first
harmonic, however, is very pronounced and stands out above
all of the higher frequency content.

The results presented in Figs. 10-12 illustrate the presence
of wake cutting in the heat-flux data. However, these frequen-
cy spectra also suggest that wake cutting is not the only impor-
tant factor influencing blade heat transfer since there appears
to be significant energy contained in other portions of the fre-
quency domain.

Conclusions

A description of an analysis technique and its application
using typical data for time-resolved heat-flux measurements
on the blade of a full-stage rotating turbine has been
presented. The magnitude of the fluctuation is largest over the
forward portion of the blade and decreases as the trailing edge
is approached. However, relative to the time-averaged heat-
flux values at this downstream location, the magnitude of the
fluctuations is significant. An FFT analysis of the time-
resolved heat flux demonstrates the presence of peaks at the
fundamental and first harmonic of the wake cutting fre-
quency. The frequency spectra also demonstrate the presence
of energy at frequencies other than wake cutting.
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