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SECTION I
INTRODUCTION

Turbine airfoil design is presently at the point where accurate design
analyses are available for the compressible potential (inviscid) flow through
cascades and for the boundary layer flows on airfoil surfaces. The designer
can, through subtle changes in the airfoil contour, carefully optimize both
the inviscid and viscous character of the flow. This optimization includes not
only the aerodynamic performance but also the thermal performance, i.e. the
cooling design. The vast majority of these analyses, however, are based on the
assumption that the rotor and stator rows are spaced far enough apart such that
the flow in each is steady, i.e. that there is no unsteadiness of any sort due
to rotor-stator aerodynamic interaction. It is clear, however, that when rows
are closely spaced there can be a strong interaction which will impact the aerodynamic, thermal, and structural performance of the airfoils. Furthermore,
the rows of current turbines (and compressors) are already very closely spaced.
Axial gaps between adjacent rows of approximately 1/4 to 1/2 of the airfoil
chord are common practice. Thus, the problem of rotor-stator interaction is
having an impact on existing turbine designs. Future designs with higher loading
and lower aspect ratios, i.e. fewer and bigger airfoils, and the ever present
desire to minimize engine length, will aggravate this condition even further.
The reason for this problem is that currently there are no practical anal%'tical tools or detailed experimental results that can provide guidance' to th.
designer as to the magnitude or impact of this unsteadiness.
The phenomenology or rotor-stator aerodynamic interaction may be divided
into two separate areas: potential flow (inviscid) interaction and wake
(viscous) interaction. The gradients due to the potential flow over an
airfoil extend
both upstream and downstream of the airfoil and typically
these gradients decay with a length scale equal to the pitch (or chord) of the
cascsde. The potential flow over a row of airfoils can cause unsteadiness in
both the upstream and downstream rows if the axial gap between them is less
than approximately the airfoil chord. The wake, on the other hand, is convected
downstream. The far field rate of decay of the wake, however, is much more
gradual than that of the potential flow. It may still be felt several chords
downstream. Thus, wake interaction will be present even when adjacent rows are
spaced far apart. Under most circumstances, both mechanisms occur simultaneously.
Both mechanisms have been investigated to some degree, over the
past twenty-five years and are discussed in the literature.
One of the earliest studies of the interaction problem was conducted by Kemp
and Sears (Refs. I and 2).
After applying a number of "classical" simplifying
assumptions, that is, a linearized potential flow solution for thin airfoils
with small turning, they came to the conclusion that for realistically close

axial spacing of two rows of airfoils the unsteady lift amplitude could be as much
as 18 percent of the steady value. Furthermore, the unsteadiness of the flow over
the upstream row was much larger than that of the downstream row. They also found
that "the unsteady forces arising from passage (of an airfoil) through viscous
,:akes are of about the same size" as those due to the potential flow interaction.
Giesing (Refs. 3 and 4) carried out an "exact" solution of unsteady potential
flow, and in particular, for the case of the interaction of two moving lifting
bodies. Although there were no quantitative results of direct value to the
present problem, the qualitative results were impressive as to the complexity
of the problem' and the flows that were produced.
In a series of combined analytical and experimental studies, Parker et al.
(Refs. 5 through 8) provided a number of significant insights into the nature
of rotor-stator interaction. They carried out a solution for the quasi-steady
potential flow interaction of two rows of airfoils accounting for their relative
motion. They concluded that the principal mechanism of potential flow interaction
was the prevention of the accelerations normal to the surface of the closely
coupled airfoils which would have occurred at those locations if the rows were
not closely spaced. In addition, the unsteady pressure differences they computed
on the surface of one of the airfoils of two interacting rows was roughly three
times the computed pressure fluctuation amplitude at the same point without interaction, i.e., with only the moving row present.
From these results, Parker
raised the question of cyclic separation resulting from periodic locally strong
negative pressure gradients. This would have strong implications for both the
aerodynamic and thermal (heat transfer) performance of an airfoil. Although
these solutions did not account for unsteady shed vorticity, they did show
better agreement with measured data trends with the assumption of constant
airfoil circulation than for the assumption of a fixed Kutta point.
This question of an appropriate Kutta condition for unsteady flow at intermediate values of the frequency parameter (k) was the subject of papers by Gostelow
(Ref. 9) and by Satyanarayana and Davis (Ref. 10).
For steady flow and in fact
even in unsteady flow at low values of the frequency parameter (k < 0.6) the classical Kutta condition, i.e. no trailing edge loading, appeared to be reasonably
accurate. However, "For problems involving rotor-stator interaction, usually
at frequency parameters higher by an order of magnitude or more, the probability
of instantaneous trailing edge loading is strong" (Ref. 9).
Such trailing edge
loading was subsequently demonstrated experimentally (Ref. 10).
The importance
of this question and its centrality to any analytical attack on the rotor-stator
interaction problem was evident from the discussion following the presentation
of the papers at the AGARD conference on unsteady phenomena in turbomachinery,
Ref. I1.
Adachi and Murakami (Ref. 12) studied the passage of a wake from a moving
circular cylinder as it was convected through a row of compressor stator airfoils.
The instantaneous stator pressure distribution was also measured and its fluctuations were related to the instantaneous wake disturbance in the blade channel.

2

Callus et al. (Ref. 13), examined rotor-stator interaction in a compressor stage
having an axial gap of 60 percent of the rotor axial chord. Unsteady pressures
were measured at midspan at seven locations on the rotor and at ten locations on
the stator. The unsteady lift coefficient calculated from this data for the
stator was sensitive to flow coefficient but typically had an amplitude of + 0.04.
The rotor data indicated only very weak potential flow interaction with the stator
at this large axial spacing. Scholz (Ref. 14) reported data taken by Ohashi and
by Speidel which indicated how the total pressure loss of a row of airfoils could
vary as a function of the location and motion of an upstream blade row. He described
how a suitably defined Strouhal number could characterize this rotor-stator wake
interaction effect.
The physics here were much the same as those described by Evans
(Ref. 15) when he showed that the boundary layer profile on a downstream airfoil
could oscillate between characteristically laminar and turbulent conditions periodically with the passing of the wake of a moving upstream blade row.
Although investigators have been examining the problem for many years, the main
result is that more questions and concerns have been raised. There is still precious
little in the way of analytical tools or experimental results to guide the designer.
The only exception to this is that there is a great deal of overall performance
data for turbines and compressors from a wide variety of sources (Refs. 16 through
22).
The, conclusions from reviewing all of these results are:
(1) that there is an
optimum axial gap between rotors and stators, (2) that the value of this optimum
spacing is hard to generalize, and (3) that for changes in axial spacing over the
ranges commonly found in current engines the change in overall turbine or compressor
efficiency can be as much as 2 percent. From this alone the need for a basic understanding of the impact and mechanisms of rotor-stator aerodynamic interaction is
abundantly clear. The present state-of-the-art is that rotor-stator axial spacing
is set based typically on mechanical (no-rub) considerations with no aerodynamic
criteria at all.
Studies of two other aspects of the flow through an axial turbine stage
are included in this report. First, it is well documented by Blair (Ref. 23)
that unsteadiness due to free-stream turbulence can significantly increase the
heat transfer of a turbulent boundary layer. As Dunn and Hause (Ref. 24) have
demonstrated, the unsteadiness due to a rotor aft of a turbine stator can significantly increase the stator heat transfer. This entire area of the impact of
the unsteadiness due to rotor-stator axial spacing on heat transfer is of extreme
importance to the designer and could ultimately be the determining feature in
setting rotor-stator axial gaps. Currently, however, very little information
is available to provide this guidance.
Finally, the area of negative incidence (pressure surface) stall is also
of considerable concern to the designer. This is particularly true in variable
cycle engines where large variations in rotor incidence may occur.
It has already
been demonstrated by Dring et al. (Refs. 25 and 26) that the flow on the pressure surface of a turbine rotor blade can be highly three-dimensional in nature.
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The strong radial flows that have been seen to occur are a direct result of the
typically very low flow velocity on the pressure surface. When negative
incidence stall occurs it is likely the three-dimensionality of the flow will
become even more severe. At present there is little available to guide the
designer either as to the nature of the radial flow when the pressure surface
boundary layer is attached, or to the nature of the flow when negative incidence
stall occurs.
This report presents the results of a research program aimed at clarifying
three aspects of turbine stage fluid dynamics.
I.

Rotor-stator aerodynamic interaction

2.

The effect of rotor-stator gap on stator heat transfer

3.

The full span aerodynamics of a rotor blade from design
incidence to negative incidence stall.
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SECTION II

EXPERIMENTAL FACILITY

The United Technologies Research Center (UTRC) Large Scale Rotating Rig No. I
(LSRR-I) is 5 feet (1.52 meters) in diameter and it can accept a wide variety of
turbine and compressor models ranging in hub/tip ratio from 0.5 to 0.8. The
turbine model (0.8 hub/tip ratio) has three rows of airfoils; first vane, first
blade and second vane. For the present program only the first vane (stator) and
the first blade (rotor) were installed (Fig. l)*. Both airfoils had aspect ratios
(span/axial chord) of approximately unity. The airfoil chords are approximately
5 times engine scale. The large scale of the rig is a distinct advantage
because it permits the use of extensive instrumentation on both the stationary and
rotating airfoils. The large scale also has the advantage of giving Reynolds
numbers which are typical of high pressure turbines at nominal model running
conditionL ,f 410 rpm and a test section average axial flow velocity of 75 ft/sec
(23 m/s). The various absolute and relative flow angles and the airfoils that
produce them (Fig. i) are also typical of current high pressure turbine stages.
Airfoil geometry and nominal operating conditions are summarized in Table 1.**
Unless otherwise stated, all conditions and dimensions quoted are at midspan
(rm = 27 in.).
The major departure from actual engine aerodynamic parameters is
that the flow is virtually incompressible. The airfoil exit Mach numbers are
approximately 0.2.
Thus, the facility is limited to the study of phenomena which
are insensitive to compressibility effects. This would include the three phenomena
being examined under the present program, namely:
(1) rotor-stator aerodynamic
interaction, (2) unsteady effects on stator heat transfer and (3) rotor fullspan
aerodynamics.
For all values of (Cx/U) at which data was obtained the axial flow velocity
was held constant at a nominal value of 75 ft/sec. Variation of (Cx/U) was
achieved by varying the rotor speed. The motivation for this approach was to
hold the airfoil Reynolds numbers (based on exit velocity) constant at all test
conditions. The only exception to this was that at the largest negative incidences
(very low values of Cx/U) the rotor speed was held at 700 rpm and lower values of
the axial flow velocity were used. The motivation here was a vibration problem
that developed at very high speeds.
A complete description of the computerized steady state data acquisition and
control system and the steady state transducer calibration procedure were presented
by Dring and Joslyn (Ref. 26).
The specialized instrumentation used in each cf the
three tests of the present program are described in context throughout this report.

*Figures are located on pages 46 through 94.
**See page 45.
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SECTION III
DISCUSSION

A.

Rotor-Stator Aerodynamic Interaction

The turbine rotor-stator aerodynamic interaction program consisted of acquiring
and analyzing high response pressure and thin film gage data at midspan on the rotor
and stator airfoils at three flow conditions corresponding to the rotor design incidence (Cx/U f 0.78, 01
400) and at ± 5* of rotor incidence (Cx/U = 0.96, 01
35* and Cx /U = 0.68, 81
450). Data were acquired at two rotor-stator axial
spacings. The closest spacing was 15 percent of the nominal (average) axial chord,
as in Fig. 1, and the largest spacing was 65 percent of the nominal axial chord.
1.

Steady State and High Response Instrumentation

Both the rotor and the stator had 22 pressure taps around their perimeters at
midspan which were used to establish the steady state, or time averaged, pressure
distributions. These rotor and stator pressure taps were each connected to 48
channel Scanivalves (Scanivalve, model 48J9-1290) mounted in the rotating and
stationary frames of reference, respectively. Transducer calibration procedures
for these Scanivalves were discussed in Ref. 26.
Both the rotor and the stator also had 15 miniature high response pressure
transducers (Kulite, model XCS-093 ± 2D) distributed around each airfoil at
midspan (Figs. 2 and 3).
The transducers were inserted into chambers which were
connected to the airfoil surface by a 0.020 in. diameter hole. The geometry of the
installation was such that a frequency response of approximately 10 kHz was
realized. This response was 50 times blade passing frequency and hence it was
judged to be adequate for the present application. The transducers and all
wiring were recessed into channels machined into the airfoils' surfaces. After
installation was completed, these channels were filled and the airfoils were
restored to their original contours.
As can be seen in Figs. I and 2 the stator transducers were concentrated on
the suction surface, toward the trailing edge, in the uncovered portion of the
airfoil surface. Sites I through 10 were on the suction surface. Site 11 was on
the trailing edge mean camber line and Sites 12 through 15 were on the pressure
surface toward the trailing edge. Site 12 was shifted slightly spanwise so as not
to interfere with Site 10 on the opposite side of the airfoil. The transducers
were concentrated toward the aft end of the stator since the interaction was expected to be strongest here due to close proximity to the rotor.
As can be seen in Figs. I and 3 the rotor transducers were concentrated on
the suction surface, toward the leading edge. Sites I through 10 were on the
suction surface. Site II was on the leading edge mean camber line and Sites 12
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through 15 were on the pressure surface toward the leading edge. The transducers
were concentrated toward the front of the rotor since the interaction was expected
to be strongest here due to close proximity to the stator.
Signal conditioning and preliminary amplification for the transducers were
provided by a circuit developed specifically for this type of application by
UTRC. These units were mounted as near to the transducers as possible to minimize
noise pickup. In the case of the rotor transducers, the electronics were located
within the rotor hub. The electronics for the stator transducers were mounted to
the rig outer casing adjacent to the instrumented stator. The signals were then
appropriately routed to the high response data system.
Both the rotor and the stator had 10 thin film gages distributed around
each airfoil at midspan (Figs. 4 and 5).
These gages were custom manufactured
for this application by DISA. The custom gage configuration was similar to
the DISA model 55R47 but it allowed all lead connections to be confined to a
region near the tip of the stator and to a region near the root of the rotor
where they would create no significant disturbances in the airfoil boundary
layers. The gages themselves were bonded into depressions which had been chemically etched into the airfoil surfaces to a depth of 0.003 inch. The result
was a smooth airfoil surface which would not artificially trip the boundary layer.
As can be seen in Figs. 1 and 4, the stator gages were concentrated on the
suction surface and toward the aft end. Gages were mounted at Sites 1 through 7
(Fig. 1), between Sites 7 and 8 (referred to as Site 7.5), at Site 9 and
on the pressure surface at Site 13. The numbers on Fig. 4 do not refer to Site
numbers.
As can be seen in Figs. 1 and 5, the rotor gages were also concentrated on
the suction surface but toward the leading edge. Gages were mounted on the
suction surface at Sites 2 through 9, and on the pressure surface between
Sites 13 and 14 (referred to as Site 13.5) and between Sites 14 and 15 (referred
to as Site 14.5).
The gages were operated in a constant temperature mode at a nominal resistance ratio of 1.5.
The anemometer modules for the rotor gages were located
within the rotor hub. These units were developed at UTRC specifically for
on-rotor measurements and require no adjustments after initial setup. The
gages mounted on the stator were operated by rack-mounted equipment, placed as
close as possible to the rig. All anemometer outputs were appropriately routed
to the high response data system.
The high response pressure transducer output and the thin film gage output
were acquired and recorded in digital form for subsequent off-line processing by
the Aeromechanics Transient Logging and Analysis System (ATLAS) which accepted
up to 26 channels of data. Each channel may be amplified and filtered as required.
The heart of the system was a 26 channel transient recorder which digitized and
stored each channel simultaneously at sampling rates up to 200 kHz as selected
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by the operator.

System control was provided by an Perkin Elmer 7/16 minicomputer

system which interfaced with the operator through a graphics display terminal.
The data system was capable of self-calibration using a built in programmable
voltage standard which was under computer control.
Data were recorded on a
9-track digital magnetic tape for subsequent processing. The system offered
several modes of operation ranging from fully manual, where each step in the
sequence (calibration, acquisition, and recording) was under operator control
with the capability of aborting at any time, to fully automatic where these
tasks were computer controlled according to preset parameters.
Data acquisition may be initiated manually, by the computer, or on receipt of an external
trigger pulse.
For this program, the system was run in the external trigger
mode so that data could be synchronized with the rotor position. An optical
sensor (Optron, OPB-253-A) which detected the passing of a polished rotor blade
tip provided the trigger pulse. The system was programmed to self-calibrate
and then to acquire and write onto tape 100 scans (i.e., 100 rotor revolutions)
of data. Each scan consisted of 1024 samples for each channel acquired at
40,000 samples per second. Typical rotor speeds yielded data over approximately
5 blade pitches (roughly 200 samples per blade passing period).
The external
triggering insured that data acquisition always began at the same relative
position of the rotor and stator.
Since the speed of the rig was very stable,
the 100 scans taken at each flow configuration could be averaged to remove
random variatiOs Ln the blade surface pressures (referred to as phase-locked
or ensembi
averaging). This was done in an off-line reduction program which
simultaneotr lv converted the system output to pressure coefficient form using
the interr.. volt.ge calibration and operator supplied scale factors for the
transducers
The thin film gage data were not averaged but rather was reduced
on an n
-!'ous
(rev. by rev.) basis to preserve any random fluctuations
which 'ght signify turbulence or separation.
2.

Rotor- ;tator Aerodynamic Interaction
2.a

Steady--State Pressure Distributions

The results of the steady-state stator and rotor midspan pressure distribution
measurements are summarized in Figs. 6 and 7 respectively. The steady pressure
coefficient ( p) for the stator (Fig. 6) was based on the measured stator
inlet total pressure and a midspan exit static pressure based on a free vortex
interpolation between the measured flowpath static pressures at the hub and
tip.
The measured data (symbols) were compared with a theoretical distribution
(curve) based on the method of Caspar et al. (Ref. 27).
The total pressure
loss input to the analysis was based on the measured loss (Y2 = 0.04) and the
stream tube contraction (h2 /h, = 0.996) was based on a design through-flow
analysis.
The excellent agreement between the measured and computed results
was obtained by varying the exit flow angle until a best match occurred. For
the 15 percent axial gap this occurred at an exit flow angle of 22.50 for all
three values of (Cx/U) and at which data was obtained (0.68, 0.78 and 0.96).
At the 65 percent axial gap the data was also invariant with (C/U) and differed from the 15 percent gap data by no more than 0.03 in
This very
•p- CP
small difference occurred in the throat.
Practically speaking then, the stator
steady-state pressure distribution was invariant with rotor speed and rotor-stator
axial gap and the data agreed well with potential flow for an exit angle of

8'
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22.5.
From the pressure distribution it could be seen that the suction surface
recompression occurred smoothly from the throat to the trailing edge, showing no
evidence of boundary layer separation. Previous surface flow visualization
studies had indicated the same result of attached and nearly two-dimensional
boundary layers on both the suction and pressure surfaces of the stator at midspan.
The steady state pressure coefficient for the rotor (Fig. 7) was based on an
incident relative total pressure whose level was inferred from the surface static
pressure measured on the rotor pressure surface at 24-percent chord. This method
was described in greater detail in Refs. 25 and 26. As with the stator, the rotor
exit midspan static pressure was based on a free vortex interpolation between
measured values at the hub and tip. Measured and computed (Ref. 27) pressure distributions are shown for all three values of (Cx/U) examined. The total pressure
lobs input to the analysis was based on a previously measured value (Yl = 0.33,
Ref. 26) and the stream tube contraction (h2 /h, = 1.015) was based on a design
through-flow analysis. Here again the excellent agreement between the measured and
computed results was obtained by varying the inlet and exit flow angles until a best
match occurred. At the 15 percent axial gap (Fig. 7) this occurred for an exit
angle of 26.20 for all three values of (Cx/U). At the 65-percent axial gap the
pressure coefficient in the throat region (X/Bx = 0.7) was slightly higher
(Wp = 0.06) and a match was obtained for an exit flow angle of 25.5 ° for all
three values of (Cx/U). The present data taken at this larger spacing was practically
identical with data taken earlier at this spacing (Refs. 25 and 26) where the same
exit angle provided a best match. The rotor thus did indicate a weak dependence
of the steady state pressure distribution on axial spacing.
The best match with the data at the three values of (CX/U), 0.68, 0.78 and
0.96 occurred at rotor relative

inlet angles of 450,

40* and 35 ° respectively.

These inlet flow angles gave excellent agreement at both axial spacings and they
correspond to an absolute stator exit angle of 220 (compared to the 22.5 ° flow angle
inferred from the stator pressure distributions). This agreement was believed to
be excellent and within the level of experimental and analytical matching uncertainty.
In summary, the steady-state flow over the rotor showed a weak dependence on
axial gap and the expected dependence on relative inlet air angle. The suction and
pressure surface flows were well behaved, showing no indication of boundary layer
separation over the entire inlet flow angle range from 350 to 45° . The absence of
midspan boundary layer separation on either surface had been demonstrated by previous flow visualization (Ref. 26) and by more extensive flow visualization
described in part III.C of this report. Note, however, that there was strong radial
flow on the pressure surface (Refs. 25, 26 and part III.C below) due to inviscid
effects. For reasons that were suggested in Ref. 26, and which will be discussed
in part III.C below, these radial flows had little impact on the pressure distribution. There were also strong radial flows on the rotor suction surface due to
secondary flow in the endwall regions. It was shown in Ref. 26, (and also in part
III.C below) that these radial flows do penetrate to the midspan region downstream

9

..
,

.

0

.

..........
.

.

t

...

-

..
=

m

-. '..

I

of the throat.

It will be shown in part III.C below, however, that these endwall
secondary flows had a relatively weak impact on the pressure distributions,
particularly at midspan.
2.b

Unsteady Pressure Envelopes

The envelopes defined by the maximum and minimum unsteady pressures on the
stator and rotor at the 15 percent gap and at the design conditions (CX/U) = 0.78
(01 = 40°), are shown superimposed on the theoretical steady state pressure distributions in Figs. 8 and 9 respectively. The maximum and minimum of the periodic
(phase-lock-averaged) pressure fluctuations are plotted symmetrically above and
below the computed result at each site. In order to relate this data to physical
locations on the airfoils (Fig. 1), Site numbers are indicated (Figs. 8 and 9).
For the stator (Fig. 8) it may be seen that the amplitude decreased on the suction
surface going from Site I aft to Site 4 (which was located just downstream of the
throat, on the uncovered portion of the suction surface, Fig. I). From Site 4 aft
toward the trailing edge (Site 10) the amplitude increased to ± 15 percent of
Q 2 . There was an abrupt drop in amplitude at the trailing edge at Site II on
the mean camber line. The amplitude increased going around to the pressure surface
(Site 12) and then decreased gradually going forward on the pressure surface (to
Site 15).
This periodically fluctuating pressure on the stator was due to the
potential flow interaction with the rotor passing by downstream. Of particular
interest were the relatively large amplitude (± 15 percent of Q 2 ) and the fact
that the pressure fluctuations penetrate very far forward on the stator. The minimum
amplitude at Site 4 was also of interest and it will be discussed below. When
considering the unsteady potential flow fluctuations on the stator due to the
rotor it should be kept in mind that the rotor was moving relatively slowly, i.e.,
at typically half the stator exit absolute flow speed (see Fig. 1).
The rotor unsteady pressure envelope at the 15 percent gap and at an inlet
angle of 40* is shown in Fig. 9. There was a failure in the transducer at Site 1
and no data was obtained there. The amplitude generally decreased toward the
trailing edge. On the suction surface, however, there was a weak minimum at Site
7 (reminiscent of the minimum at Site 4 on the stator) and on the pressure surface
the decay with distance aft was very gradual. The amplitude at Site 5 on the suction
surface was ± 18 percent of Q 2 . Near the leading edge (at Site 10) the amplitude
of the fluctuation is ± 36 percent of Q2 or ± 80 percent of QI. On the pressure surface the amplitude is typically ± 9 percent of Q 2 . These large amplitude
periodic pressure fluctuations on the rotor pressure and suction surfaces were due
to the combined influences of (1) the potential (inviscid) flow and (2) the viscous
wake of the stator passing by upstream. In the light of the presence of the
stator wake it was not surprising that the fluctuation amplitude on the rotor
(Fig. 9) was in general larger than that on the stator (Fig. 8).
When considering
the fluctuations on the rotor due to the stator it should be kept in mind that the
stator was moving (relative to the rotor) at typically 80% of the rotor inlet
relative flow speed (see Fig. 1).
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2.c

Unsteady Pressure Wave Amplitude and Phase

The unsteady pressure distributions on the rotor and on the stator all had as
their reference initial time (t = 0) the instant when the stator trailing edge circle center was in line with the rotor leading edge circle center. This condition
is

illustrated by the top two airfoils

this moment
and stators.

in Fig I.

All events were referenced to

for both high response pressure and thin film gage instrumented rotors
The unsteady stator and rotor pressures were examined in terms of

fluctuation amplitude and phase (relative to t = 0).
This data is presented in
Fig. 10 for the stator at the 15 percent gap and in Figs. 11 and 12 for the rotor
at the 15 percent and 65 percent gaps respectively. The stator results at the
large spacing were not included here due to their very small amplitude but they
will be discussed subsequently.
The fluctuating pressure data for the stator for the
in Fig. 10.

Included on the figure

shown

is (1) the theoretical steady state pressure

distribution (p ), (2) the fluctuating pressure amplitude
tribution (C ) and

15 percent gap is
(max to min) dis-

(3) the phase relationships of the various pressure

maxima and minima (relative to t = 0), all three plotted against arc length from
the trailing edge mean camber line (S) normalized by stator axial chord (Bx).
For reference purposes the transducer sites are also indicated in the figure.
The
figure includes data for all three values of (Cx/U) , 0.68, 0.78 and 0.96.
Recall
that Fp was

invariant with (Cx/U).

The variation in unsteady pressure amplitude around the stator can be seen
clearly here (Fig. 10).
The increase in amplitude on the uncovered portion of
the suction surface toward the trailing edge and the minima occurring at Site 4
and at the trailing edge (Site 11) are particularly evident.
The phase is indicated for the high (H) points of the pressure wave (maxima) and
L2) points of the wave

(minima).

for the low (LI and

Included on the figure for comparison purposes

is the phase of a disturbance traveling at the local convective velocity (C) and
also the phase of a disturbance traveling at wheel speed MU).
It can be seen that
pressure waves were traveling upstream and downstream from about Site 5.
close to the

This was

location where the fluctuation amplitude was at a minimum (Site 4).

It appeared from the data that the pressure wave from the rotor blade first struck
the uncovered portion of the stator suction surface around Sites 4 and 5 and that
waves traveled fore and aft from that point.
The low-pressure region of the forward
traveling wave (L2) was distinctly separate from the low-pressure region of
rearward traveling wave (L).
pressure region

(H).

in the uncovered portion of the channel (Sites 4 through 10)
maxima (H) were traveling aft
(LI) were

phase plots

local flow velocity but not as

These differences were evident

in these regions.

This

in the different

indicated a steepening of

1]

iI

the pressure

faster than the local flow velocity and the minima

traveling aft more slowly than the

as wheel speed.

the

Such a distinction could not be made for the high-

slow

slopes of the

the pressure rise

portion of the wave as

it proceeded aft.

seen in the data near the

This distorted wave form was

trailing edge (Fig.

14) and

its source will

indeed
be discussed

subsequently. There was a sudden variation in amplitude and phase around the
trailing edge.
This indicated that for unsteady flow of this type, i.e. with
reduced frequency on the order of unity, that

the steady Kutta condition of no

loading at the trailing edge no longer applied.

This matter will

be explored

more fully below in the discussion of Fig. 17.
Another interesting feature of the unsteady pressures on the stator was
seen by comparing the nearly constant phase on the suction surface between
Sites 2 and 4 (located
surface at Sites

just upstream of the throat) with that

12 through 15.

instead of on the same airfoil,

i.e.,

if Sites

pressure surface of the adjacent airfoil
surface,

on the pressure

If these sites had been on the same channel
12 through 15 had been on the

facing Sites 2 and 4 on the suction

then they would all have been very nearly

in phase.

Moving Sites 12

through 15 to the adjacent airfoil would have advanced their phase by [I

- (22/28)]

= 0.21 of a blade passing period (or an inter-stator phase angle of 77°).
would be very close to the phase of Sites 2 and 4.
viewed as a channel, the

The conclusion was

fluctuations of the flow on both sides of

This

that when

the channel

were nearly in phase.
The fluctuating pressure data for the rotor for the 15 percent gap is shown
The format is the same as that for the stator (Fig. 10) except that
in Fig. II.
for the rotor arc length (S) was measured from the leading edge stagnation point
location at

a (Cx/U) = 0.78

(a1

= 400).

Unlike the stator, the rotor steady

state pressure distribution was a function of (Cx/U).

The three distributions

of the computed steady pressure distribution (C p ) have been included in the
figure.
Aspects of the fluctuating pressure distribution ( p) evident in the
data

include very high amplitudes at the leading edge

in the figure),

(truncated at tp = 0.5

an amplitude decreasing with distance on the pressure surface, a

local minimum amplitude on the suction surface between Sites 6 and 7, a local
maximum between Sites 4 and 5 and a rapid decay in amplitude back to Site 2.
The peak in amplitude at
Recall that the transducer at Site I was inoperative.
the leading edge occurred at Site 10 which was at the minimum X location (Fig. 1).
°
(0.78) and 450 (0.68) the flucFor inlet flow angles (Cx/U) of 350 (0.96), 40
tuation amplitude ( p) at Site 10 was 0.98, 0.72 and 0.61 respectively.

The phase behavior of the rotor was considerably more complicated than that
of the stator.

The high pressure part of the wave (H) and one of the low pressure

parts (Ll) were moving aft on the suction surface at approximately the local
These high and low pressure regions will be shown to be
convective velocity (W).
associated with the flow between stator wakes.

The

low pressure region UP

will be shown to be associated with the flow in the stator wake and

it could be

0.5), i.e.,
seen to impact the entire suction surface almost at once (at t
with a very high phase velocity. This matter will be discussed below in conjuction
with Fig. 22, however, the possibility that

12

the stator wake

impacted a long region

ot

the rotor suct ion surface all at once at t

Jr 0.5 was not

inr

t
The uncovered portion of rotor suction surface (Sites 5 through 9) reac(-h,
stator
wake at about t r 0.5.
This could be seen in Fig. 1 by extundju4 tiukstator
trailing edge mean camber line into the rotor channel.
Using thi: oxt.,ld.d
mean camber
when

the

line as an estimate of

rotor had moved

down

the stator

portion of the rotor suction surface was
on the rotor occurring at t = 0.5
t = 0.5 x (NR/NS) = 0.64.
phase

t

(Fig. 10).

P 0.64

nation point

low piessure

U

2 )

it

could

= 0.5)

pitch (t

occurred at

streamline and the rotor

An event

in line with the stator wakt-.

instant

suction

at
ru in

instant ;'- tr,

uLfdc

the stator

statv;r

low pressure

nearly the same

region on the stator

Note that at this

ste.,n toat

be

the uncovere-d

(such as L 2 ) would occur on the

Thus, the nearly constant phase

on the rotor suction surface
constant

wake position

1/2 of the stator

i.e.,

'L),

at.

trailing edge stag-

leading edge stagnation point streamline

were nearly coincident.
The

fluctuation on the rotor pressure surface was

As with the

stator,

in nearly constant

if the pressure surface sites had been

in the same

the suction surface sites (as opposed to on the same airfoil),

i.e.

phase.

channel as

if Sites 13

through 15 had been on the pressure surface of the adjacent airfoil facing Sites 2
through 10 on the suction surface, then the low pressure regions L2 and L 3
would have been approximately in phase.

Moving Sites 13 through 15 tn

airfoil would have retarded their phase by
period

(or an

[(28/22) -1]

inter-rotor phase angle of 980).

the phase of Sites 2 through 10.

the adjacent

= 0.27 of a stator passing

This would have put

Thus, when viewed as a channel

them close to

th,- ovents

at

L 2 arid L 3 were occurring nearly simultaneously, particularly for the two
higher values of (C x/U).
The fluctuating pressure data for the rotor at the 65-percent gap is shown
in Fig. 12.
The fluctuation amplitude at this larger spacing is reduced by typically a factor of 2 relative to that at
at

the leading edge had moved

the 15-percent gap.

The high amplitude

from Site 10 (the minimum X location, Fig.

i) at

the 15-percent gap to Site II (the mean camber line location) at the 65-percent
gap.
The magnitude of this peak had been reduced by typically a factor of 6.
There was a second amplitude maximum at Site 9 for a (C x/U) of 0.96.
maximum may be related to the very steep gradient
distribution ( p) at this

location due to the positive incidence

edge overspeed.
It seemed reasonable to expect
tuations to occur at regions of steep gradients

This

in the steady state pressure
leading

relatively high amplituide fl'icin the steady state pressure.

This same reasoning provided some explanation for the curious increase in
fluctuation amplitude observed on the stator at Site I toward tihe leading ,

,c.

The gradient of the steady state pressure was relatively steep there also.
The phase plot indicated that the high pressure part of the wave ()
on the
suction surface was moving aft at about

the local convective velocitv but that
the low pressure part (L) was moving aft much more slowly, at about wheel speed.
This was similar to what occurred on the stator. A large phase shift arouid tke
leading edge was also evident

in the data.
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The stator data at the 65 percent gap was not presented in the manner of
Figs. 10 through 12 due to the relatively low amplitude of the pressure flucuations that occurred at this larger spacing (6p a 0.02).
The reason for
this rapid drop in stator amplitude with increased axial gap will be discussed
in conjunction with Fig. 18.
2.d

Instantaneous Pressure Distributions

In an effort to provide some indication of the complex nature of the instantaneous pressure distributions (Cp'), the data was plotted at several instants,
i.e. at several values of t, for the stator and the rotor in Figs. 13 and 14 respectively for the 15 percent gap and for a (CX/U) of 0.78. The figures included
the steady state distributions ( ), the symmetric envelope formed by the
maximum and minimum local instantaneous pressure fluctuations (6P) and the
distributions of the instantaneous pressure fluctuations (C ') within the
envelope, all versus normalized axial distance. For the sate of clarity only
suction surface fluctuating pressure data has been plotted.
The stator results (Fig. 13) have been plotted when the fluctuating pressure (C ') at Site 8 was a maximum (t = 0.05), when it was zero and dropping
(t = 0.33), when it was a minimum (t = 0.71). These events were roughly evenly
spaced in time due to the non-sinusoidal wave shape of the fluctuation (mentioned
above in conjunction with Fig. 10) which had a rapid pressure rise and a relatively
slow drop. Since the instantaneous fluctuating pressure distributions had many
extremes and many zero crossings it would be difficult to make an accurate estimate of the instantaneous force on the airfoil without a far more dense array of
instrumentation around the entire perimeter of the airfoil.
Similar results for
the rotor were presented in Fig. 14 when the fluctuating pressure (Cp') at Site 8
was zero and dropping (t = 0.15), when it was a minimum (t = 0.42), when it was
zero and rising (t = 0.68) and when it was maximum (t = 0.87). These events were
roughly evenly spaced in time due to the more sinusoidal nature of the wave form
on the rotor. As with the stator, any estimate of unsteady force would clearly
require many more transducer sites than were available in this experiment. Both
the stator and the rotor data demonstrated the very complex nature of the pressure
fluctuation that occur at reduced frequencies on the order of unity.
This same stator and rotor data was presented in a different format in
Figs. 15 and 16. These plots were prepared by Dr. V.
Mach'
AL) using the
PERSYS graphics routine. These figures were composit pressure-time histories
for each pressure transducers. The data for both airfoils included the suction
and pressure surface sites and they were located along the coordinate axis at
distances proportional to their arc length distance from the leading or trailing
edge. Data was shown for several blade passing periods but for the sake of clarity
the data at every instantaneous time was not inclurd.e.
Only enough instantaneous
data was included to give a clear indication of the pressure-time history.
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Since the most interesting features of the stator data were the low pressure
regions it has been plotted with pressure decreasing in the upward direction (Fig.
15), i.e., low pressure regions appear as ridges and high-pressure regions appear
as valleys. The increase in unsteadiness amplitude from Site 5 aft toward the
trailing edge at Site 11 can be seen along with the fact that the low-pressure
region Ll was a wave moving slowly aft on the airfoil, i.e., it was moving aft
at a finite speed as seen by the way in which the wave crossed the lines of
In contrast, the wave moving forward from Site 5 toward Site 1
constant time.
(L2) was nearly at a constant phase, i.e., the low pressure occurred at nearly
the same instant for Sites 4 through 2. These phase relationships have also been
An unusual feature evident in Fig. 15
discussed above in connection with Fig. 10.
was that the minimum amplitude at Site 4 (see also Fig. 10) occurred due to the
wave moving toward the trailing edge being out of phase with the wave on the
forward portion of the suction surface. Said another way, the low pressure region
at Sites 1 through 3 (L2) had its origin in the high-pressure region at Site 5
and the low-pressure region moving aft from Site 5 (LI) had its origin in the
high-pressure region at Site 4. The abrupt changes in amplitude and phase at the
trailing edge and the nearly constant phase behavior on the pressure surface could
also be seen.
The rotor data is presented viewed from a different perspective and with
The salient feature here
pressure increasing in the upward direction in Fig. 16.
was the high amplitude on the suction surface near the leading edge. The phase
shift in the high-pressure region (H) and in the low-pressure region (L) as they
moved aft along the siiction surface was evident here (and also in Fig. 11). The
nearly constant phase of the suction surface low-pressure region (L2) and the
pressure surface high (H) and low (L3) regions could also be seen. This figure
clearly illustrated the extremely high amplitude near the leading edge and its
decay along the suction surface as well as the abrupt drop in amplitude going
towarl the pressure surface.
2.e

Unsteady Trailing Edge Loading

The fact that the fluctuating pressure produced unsteady loading at the
stator trailing edge was illustrated in Fig. 17 where the pressure time history
at the trailing edge mean camber line (Site 11) was compared with those slightly
upstream on the suction and pressure surfaces (Sites 10 and 12 respectively).
The eKistence of this unsteady loading at the stator trailing edge was mentioned
above in conjunction with Fig. 10. From Fig. 10 it could also be seen that any
phase shift in the pressure wave as it proceeded from Sites 10 and 12 downstream
to the trailing edge (a distance of 5.3 percent to 6.3 percent of axial chord)
was small relative to the phase differences that existed between these sites.
This was particularly true in comparing Sites II and 12 since the phase gradient
on the pressure surface was very small.
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The fact that the pressure fluctuations at Sites 10, 11 and 12 were (I) all
considerably out of phase and (2) of significantly different amplitude, indicated
the existence of unsteady trailing edge loading. The expectation (by Gostelow,
Ref. 9 and by Satyanarayana and Davis, Ref. 10) that unsteady trailing edge
loading would become significant above a reduced frequency of 0.6 was born
out by this data. The reduced frequency for the stator was based on the true
chord (B) and the absolute stator exit velocity (C) as follows.
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For the range of values of (Cx/U) tested, 0.68, 0.78 and 0.96, the reduced frequencies were 2.7, 2.3 and 1.9.
From these results it appeared likely that any
analtycal model of the rotor-stator interaction process that did not account for
unsteady trailing edge loading would be limited to low reduced frequencies.
The stator trailing edge pressure fluctuations (Fig. 17) were also examined
with respect to their wave shape. In the discussion of Figs. 10 and 13 it had
been pointed out that near the stator trailing edge the wave form was one of a
rapid pressure rise (at = 0.3 - 0.4) and a relatively slow pressure drop
(At = 0.6 -P0.7).
This could be seen in the data from Sites 10, 11 and 12.
Also included in Fig. 17 was a prediction of the unsteady pressure wave based
on the predicted (Ref. 27) steady potential flow around the rotor. At an axial
location upstream of the rotor leading edge corresponding to the 15 percent axial
gap between the stator trailing edge and the rotor leading edge, the steady rotor
pitchwise static pressure variation was used to determine Cp' at the stator
trailing edge, i.e. the steady spatial variation in the rotor frame of reference
was viewed as a temporal variation in the stator frame of reference (ignoring the
presence of the stator).
It was seen that this rather simple approach resulted in
a surprisingly accurate prediction of the wave form, amplitude and phase of the
stator trailing edge pressure fluctuations. This relatively close agreement was
contrary to the results by Parker (Ref. 5) which indicated that the local amplitude
with interaction was roughly three times that without interaction. Had this been
the case the computed amplitude in Fig. 17 would have been approximately half its
actual value. This point will also be discussed in conjunction with Fig. 18.
The stator trailing edge data was also examined to see if there was any
evidence of pressure fluctuations due to the Karman vortex street.
For a
Strouhal number (St) of 0.21 the shedding frequency was determined as follows.

f = St

• C/d
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Spectral analysis of the analog (on-line) output from the high-response
10 through 12 revealed a small peak at a frequency

pressure transducers at Sites
of 11.5

times rotor passing frequency (at a Cx/U of 0.78) at all three sites.

The Reynolds number based on trailing edge diameter (dS) and stator absolute
This was well above the minimum Reynolds number
exit velocity (C) was 2.2 x 104.
(103) at which Roshko (Ref. 28) demonstrated that a constant Strouhal number of
The existence of a Karman
0.21 was established for flow past a circular cylinder.
vortex street on a turbine airfoil was in agreement with similar observations by
Lawaczeck and Heinemann (Ref. 29).
Ensemble averaging the data over 100 rotor
revolutions totally supressed this effect in the averaged data.
2.f

Decay of Unsteadiness with Axial Gap

The same potential

flow analysis (Ref. 27)

that was used to predict the ampli-

tude, phase and wave form at the stator trailing edge (Fig. 17) was also used to
predict the amplitude of the pressure fluctuations ( p) on the rotor and the stator
as the axial gap separating them was changed from 15 percent to 65 percent of axial
chord.

The theoretical potential flow results and the measured data are shown in

18.
As in Fig. 17, the tangential variations in the computed static pressure
downstream of the stator and upstream of the rotor were normalized with the exit dyFig.

namic pressure of the rotor and the stator respectively.

Note that

the predicted

ep for the stator was a function of (Cx/U) due to the changing rotor incidence
The measured data were from the
but that for the rotor it was independent of (Cx/U).
aft end of the stator suction surface, Sites 7 through 10 (see Figs. I and 10), and
from the midchord region of the rotor suction surface, Sites 4 and 5 (see Figs.
and 11).

1

For the prediction on the stator the agreement between the measured and
predicted results was excellent as

to

level and the

trends with (Cx/U) and

When the data was viewed in this manner it appeared
with relative axial spacing.
that
the
indications
from Parker's (Ref. 5) results, that the presence
possible
of the upstream airfoil increased the fluctuation amplitude over what it would
that point without the airfoil present, may indeed be qualitatively

have been at
correct.

For the change

in axial

spacing from 15 percent

to 65 percent gap there

was a reduction by about a factor of ten in unsteady pressure amplitude.

Paren-

thetically, it was because of this very low amplitude that the stator data at 65
percent gap was not presented in the manner of Fig. 10.
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For the unsteady pressure amplitude on the rotor, however, the decrease
with axial gap predicted by potential flow was much too strong and in general
the predicted amplitude was much too low. This suggested that the influence
of the stator wake was considerably stronger than that of the stator potential
flow in determining the amplitudes on the rotor (at least at Sites 4 and 5).
The possibility that this unsteadiness on the rotor was primarily due to the
stator wake was further strengthened when it was observed that the amplitude
decay was nearly proportional to X -I 2 , i.e. the amplitude was decaying in
the same manner as a wake. This observation was further supported by the fact
that due to the velocity triangles of a turbine one would expect the stator
wakes to migrate toward the rotor suction surface. In contrast to this behavior
on the suction surface it was noticed that near the rotor leading edge stagnation point (Sites II and 12), while the amplitudes were still much larger
than predicted by potential flow, the decay in amplitude with increasing axial
gap was much closer to the potential flow prediction. On the rotor both viscous and inviscid mechanisms of rotor-stator interaction are occurring, whereas on the stator it is purely a potential flow effect.
The computed results shown in Figs. 17 and 18 made possible a number of
ad!jitio'nal observations regarding the stator data presented in Fig. 10. Based on
the decay with axial distance of the potential flow unsteadiness on the stator due
to the rotor (Fig. 18), one would expect the unsteady pressure amplitude at the
15% gap condition to decrease by approximately a factor of ten going from the
trailing edge forward on the stator suction surface to Site 4. From Fig. 10 it
can be seen that this is very close to what was measured. From Fig. 17 it was
shown that the unsteady pressure wave form on the stator (due to the rotor potential flow) closely matched the measured wave form near the trailing edge (at Sites
10, Il, 12).
It is reasonable, therefore, that the low pressure region (Li ) is
moving downstream on the stator suction surface at a speed very close to wheel
speed (U), i.e., it is moving with the rotor. However, the reason for the much
higher phase velocity of the high pressure region (H) on the suction surface is
not clear. As mentioned above, the different phase velocities of the high and low
pressure regions cause a steepening of the pressure rise portion of the wave as it
travels downstream. This change in wave form is also evident in the potential
flow results. At an axial location 15% ahead of the rotor the wave has a nonHowever, as also seen in the
sinusoidal rapid pressure rise (as seen in Fig. 17).
data, at an axial location 50% ahead of the rotor the wave was nearly sinusoidal.
2.g

Thin Film Gae Results

-

Stator

Up to this point discussion of the high response data has been focused
purely on the ensemble averaged pressures. Turning our attention now to the
thin film gage data it must be kept in mind that this data must be viewed on
an instantaneous basis. All of the thin film data represented a portion of
the data acquired over a single rotor revolution. It was not averaged over
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100 revolutions as was the pressure data. This approach permitted one to distinguish, for example, the difference between laminar and turbulent portions
of the flow. On all of the thin film data plots increased power input
to the gage resulted in an increased output, i.e. positive (upward) deflection. The gages were all operated at the same sensitivity and hence the output
amplitudes were directly comparable.
Typical thin film data for the stator at a (Cx/U) of 0.78 and a 15-percent
gap is shown in Fig. 19 for most of the gages located on the suction surface
(Sites 2 through 9).
Site 2 upstream of the throat (Figs.l and 10), indicated
nearly steady laminar flow (as did Site 1).
This was somewhat surprising in light
of the pressure fluctuation at this Site (Fig. 10). At Site 3, at the throat and
just downstream of the minimum pressure, the flow was still laminar but there was
a weak oscillation at rotor passing frequency. At Site 4, in the recompression
region, a very distinct high frequency oscillation was present superimposed on the
oscillation at rotor passing frequency. This high frequency (approximately 6 kHz
based on Fig. 19) was independent of (Cx/U) i.e., rotor speed.
It was seen on
the spectrum analyses as a broad band from 5 to 7.5 kHz.
It was seen in the
instantaneous Kulite data and also, surprisingly, in the ensemble averz;ed Kulite
data. Since boundary layer transition was expected to occur at or about Site 4,
these oscillations were examined in the light of Tollmien-Schlichting waves.
Based on the results presented in Ref. 30 (Figs. 16.12 and 16.18), and those
presented by Fink (Ref. 31) and by Erens and Chasteau (Ref. 32) it was estimated
that Tollmien-Schlichting waves would have had a frequency of 4 to 7 kHz in the
present stator situation. The conclusion reached was that these were indeed
Tollmien-Schlichting waves.
In addition, their presence gave a high level of
confidence that the thin film gages had been mounted sufficiently flush to the
airfoil surface so as to have no significant effects on the boundary layer. It
was also noteworthy that the Tollmien-Schlichting waves could be observed on the
high-response pressure transducer at this location. The stator suction surface
boundary layer was turbulent from Site 5 downstream to Site 9 near the trailing
edge (Figs. I and 19).
Recall that Site 9 was the aft-most gage. The superimposed
periodic unsteadiness increased in magnitude significantly as the trailing edge
was approached.
On the pressure surface the thin film gage at Site 13 indicated a laminar
boundary layer with a weak periodic oscillation at blade passing frequency. The
data was very similar to that at Site 3 on the suction surface. That the flow was
laminar was not unexpected due to the strong acceleration up to this point (Fig. 8).
When the rotor-stator axial gap was increased from 15 percent to 65 percent
the frequency of the Tollmien-Schlichting waves and the Site at which they were
observed on the suction surface were unchanged. The random fluctuations in the
turbulent region were of the same magnitude (as at 15 percent) but the periodic
fluctuations were virtually eliminated. This was consistent with the large reduction in the amplitude of the periodic pressure fluctuations that occurred when
the gap was increased to 65 percent.
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2.h

Thin Film Gage Results

Rotor

-

Samples of the rotor thin film gage data for the three rotor inlet gas angles
(35, 40" and 45*) were shown for the 15 percent gap in Fig. 20 and for the 65 percent gap in Fig. 21. Data was shown for Sites 5 and 7 located on the suction surface toward the leading edge. For the rotor, periodic events occurred at the stator
passing frequency which was indicated on the figures relative to t = 0. There
was a strong unsteadiness at stator passing frequency at Site 7 (near the leading
edge) which was greatly reduced at the further downstream location on the rotor
(Site 5).
Both locations for both spacings showed regions of large random fluctuation due to the turbulence in the stator wake superimposed on the periodic
fluctuation. At Site 7 there were portions of the stator passing period (between
the stator wakes) where the randomness was very small. These occured where the
gage output was near a minimum. There were also indications of this type of behavior at Site 5, especially at the 45* inlet angle (Cx/U = 0.68) for 65 percent
axial spacing. In general the portion of the stator passing period where the
random fluctuations were small increased with increasing inlet gas angle, i.e.
with reduced (Cx/U) or reduced turning. The reduced leading edge overspeed with
reduced (Cx/U) at P1 = 45' produced a laminar boundary layer on the rotor
suction surface which was interrupted periodically by the impingement of the
turbulent upstream stator wake. Evidence of these laminar regions at an inlet gas
angle of 450 (Cx/U = 0.68) persisted all the way to the rotor trailing edge,
particularly at the 65 percent gap. The gage near the leading edge at Site 8
indicated primarily periodic laminar flow (at all incidences) at the 15 percent
gap and only a slight increase in randomness at the 65 percent gap.
(The gage at
Site 9 had become inoperative early in the program.)
The essentially laminar
behavior at Site 8 indicated that the leading edge overspeeds (Fig. 7) did not
trip the boundary layer immediately. At the most positive incidence, however, the
overspeed did appear to accelerate the transition process as seen by the increased
random fluctuations in the low output regions between the stator wakes at both
spacings. The periodic oscillation between laminar and turbulent boundary layer
flow on the rotor suction surface was in agreement with similar observations made
by Evans (Ref. 15) and by Speidel (as reported by Scholz, Ref. 14).
The output of the high response pressure transducer and the thin film gage at
Site 7 on the rotor suction surface were compared at a (Cx/U) of 0.78 (Pl = 40')
at both axial spacings in Fig. 22. At the 15 percent gap it was seen that the high
pressure region (H, as in Fig. 11) corresponded to the laminar region between stator
wakes and that the low pressure region (L2 ) corresponded to the turbulent region
within the stator wakes. As the rotor passed through the stator wake, the wake
impacted a long region along the suction surface at about the same instant. This
can be seen in Fig. 11 by the fact that the phase of L 2 is nearly contant from
Site 2 to Site 10. This effect could be seen in the thin film output as well as in
the pressures. The initial development of the second low pressure region (LI ) is
also indicated (Figs. 11 and 22).
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At the 65 percent gap the high-pressure region (H) at Site 7 was again between
the stator wakes and the low-pressure region (L) was in the wakes. It was observed
that at this downstream location the increased width of the turbulent region was in
agreement with the increase in wake width expected with downstream distance. The
phase of the thin film output could only be distinguished in the data at the inlet
flow angle of 45.
For this case the phase was not constant as L2 has been at
the close spacing (Fig. 11), but rather the wake moved down the airfoil as indicated by the (H) and (L) in Fig. 12.
The rotor pressure surface thin film gage output (Site 13.5) indicated weakly
periodic turbulent flow at all combinations of spacing and incidence. The gage at
Site 14.5 was inoperative. Note from Fig. 12 that even though the motion of the
wake on the pressure surface could not be clearly distinguished in the thin film
gage data, its effect on surface pressure was distinct. In particular, unlike the
constant wake phase on the pressure surface (L3 ) at the close spacing, at the
large spacing the wake effect was proceeding aft on the pressure surface in a
manner similar to that on the suction surface, i.e., the phase was not constant.
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B.
The stator heat
simultaneously with

Unsteady Effects on Stator Heat Transfer
transfer phase of the present program was conducted
the aerodynamic measurements described above.

At both axial

spacings (15 percent and 65 percent axial gap) stator heat transfer data was
acquired at the same three flow conditions at which aerodynamic data had been
acquired, i.e., values of (C x/U) of 0.68, 0.78 and 0.96.
The results indicated
that reducing the axial gap

from 65 percent

to 15 percent caused an increase in

the heat transfer coefficient of typically 25 percent.
The measurement
and the experimental results are discussed in the following sections.
I.

technique

Stator Heat Transfer Model and Instrumentation

The basic approach to the heat transfer measurement was the same as that
employed in Refs. 23 and 33.
It consisted of fabricating a low thermal conductivity foam model of the stator and covering it with an instrumented heater
strip. As with the aerodynamic measurements described above, the heat transfer
measurements were made at the midspan section of the stator.
As discussed in
Section III.A.l

the flow in this midspan region was known to be strongly twodimensional, free of end effects and attached all the way to the trailing edge.
Two stator heat transfer models were fabricated, one for the suction surface
for the pressure surface.
The partially completed pressure surface model
was shown in Fig. 23 viewed from the suction surface.
An aluminum stator airfoil
used in the turbine model was used to make a mold.
This mold was constructed using
Hydrocalic cement which had extremely low shrinkage and gave an accurate duplicate
and one

of the original metal airfoil.

A metal structure consisting of hub and tip airfoil

sections and two spanwise spars was constructed to provide structural integrity to
the model.
Urethane foam (IsofoamR, Witco Chemical) was poured into the mold
around the metal structure to form an accurate duplicate of the metal airfoil.
This

foam was chosen as a suitable airfoil material since its thermal conductivity
was very low (0.02 -P 0.03 Btu/hr ft °F), being close to that of still air. The
effect was to minimize thermal conduction within the model.
Bus bars (visiblc in
Fig. 23) were installed to provide power to the heater foils.
The foil was 0.001
inch thick stainless steel, which when electrical current was passed through it
provided a nearly uniform surface heat flux.
This foil was glued to one surface
(pressure or suction) of the airfoil and typically 20 thermocouples (0.003 inch
diameter Chromel-Alumel) were welded to its back surface through predrilled holes
in the foam. The foil was then wralped around and glued to the remaining surface
of the airfoil and connected to the bus bars .
This was the condition of the airfoil

in

Fig. 23.

The back surface of the airfoil (i.e. with the buss bars and thermocouple
leads) was restored to its original contour with joint compound and the entire
airfoil

was sprayed with flat black paint

to obtain a known emissivity.

The

separate suction and pressure surface instrumented airfoils were mounted in
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the

tur-bine model with several unheated airfoils separating them.

and endwalls

in the channels facing the

The airfoils

instrumented stator surfaces were also

spray painted flat black to obtain a known emissivity.

The thermocouples were

connected to a programmable thermocouple scanning device.
Power to heat the
foil was provided by a single low ripple regulated D.C. power supply. The D.C.
power passing through the foil was measured using two precision shunt

resistors

and a digital voltmeter.
2.

Unsteady Effects on Stator Heat Transfer - Results
All of the stator heat transfer testing was conducted at a constant

stator

Reynolds number (based on axial chord and exit velocity) of 5.9 x 10 5 . All
variations of (C x/U) were obtained by changing the rotor speed.
The tests
were conducted with a nearly constant heater power input which gave temperature
differences of typically 10 F° to 49 F ° . At these levels, the radiant flux and
the conduction loss (based on thermocouples on the back side of the airfoils)
were typically 2 to 10 percent and 0 to 3 percent respectively of the total
generated surface heat flux.
Several thermocouples indicated little in the way
of spanwise gradients on either airfoil.
The measured suction and pressure surface heat transfer data are presented
in Fig. 24 along with the surface velocity distribution for a (Cx/U) of 0.78 as
a function of distance from the stagnation point.

The velocity distributions were

included to provide perspective on the heat transfer data. The relative magnitude
of the rotor speed (U/C 1 = 0.78 - 1 = 1.28) was included to demonstrate that it was
moving relatively slowly behind the stator (see Fig.

1).

The measured and

computed (Ref. 27) velocity distributions and the locations where the boundary
layers were either laminar, turbulent or had Tollmien-Schlichting oscillations,
were all

included. Recall that all of these were very insensitive to (Cx/U) as

well as to axial gap.
The same could not be said for the heat transfer results.
They were presented in terms of a Stanton number based on the inlet flow velocity.
The Stanton number distribution directly reflected the heat transfer coefficient
distribution. A significant drop was observed in the Stanton numbers as the
rotor-stator axial gap was increased from 15 percent to 65 percent, particularly
on the suction surface.

The heat

transfer data were compared with laminar and

fully turbulent calculations based on the theory by Carter and Edwards

(Ref. 34).

The boundary layer calculations were in turn based on the surface velocity distribution computed by the method of Caspar et al. (Ref. 27).
The suction surface heat transfer results (Fig. 24)

indicated that

layer was laminar to an (S/BX) of about 0.75 and turbulent
trailing edge.
transitional
airfoil).

from about

This was in good agreement with the known locations

and turbulent

flow based on the thin

the boundary

1.0 to the

of laminar,

film data (from another stator

The source of the small difference in transition location for the two

gaps was uncertain since the thin film (and Xulite) data
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indicated no change.

Generally speaking, at the 65 percent gap the measured and computed heat transfer
results were in rather good agreement. However, with the rotor stator gap reduced
to 15 percent the measured suction surface heat transfer coefficients increased by
typically 25 percent. At this time the fundamental mechanism behird this increase
is unclear. The pressure surface heat transfer results indicated that the boundary
layer was transitional over its entire length and that the change in .axial gap
had a much weaker impact on the heat transfer coefficient there.
As indicated in Fig. 25, the Stanton number behavior at the higher and lower
values of (Cx/U) was very similar.xi There were slight variations on the suction
surface and little or no variations on the pressure surface. The data reported
here were in qualitative agreement with that reported by Dunn and Hause (Ref. 24)
where stator heat transfer data was reported both with and without a rotor present. Their data, however, indicated some sensitivity to the presence of the
rotor on both the suction and pressure surface heat transfer.
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C.

Rotor Fullspan Aerodynamics

Upon completion of the unsteady aerodynamics

and heat transfer phases of the

program the fullspan rotor aerodynamics were examined.
exclusively at the larger axial

spacing (65 percent

gap used in all previous testing with this

This testing was conducted

gap).

turbine model

This was

the axial

(Refs. 25 and 26).

Two aspects of the flow were given particular attention.
The first objective
was to examine the strong radial flow known to be present on the rotor pressure
surface (Refs. 25 and 26).

The second objective was to examine

the natut.,

of the

pressure surface flow under conditions of strong negative

incidence stall.
To
these ends fullspan flow visualization and fullspan rotor pressure distribution
data were acquired over a range of relative rotor inlet flow angles at midspan up
to 85*

(nearly axial).

The bulk of this data was acquired at a fixed flow rate

(fixed airfoil Reynolds numbers based on exit
rotor speed.

At

the largest

relative flow speed) by varying the

incidence, however, a somewhat lower flow speeu was

used in order to keep the rotor speed down to a reasonable value

(approximately

700 rpm).
The root, midspan and tip contours of the rotor
The airfoil axial chord was constant with span. The
the direction of wheel speed and the

airfoil were shown in Fig. 26.
leading edge was leaned in

trailing edge was leaned approximately the

same amount in the opposite direction.
of the rotor span.

The

nominal tip clearance was

1.4 percent

The running conditions, that is, the values of (C /1U) at which the flow
visualization and pressure distributions were to be acquired were established
as follows.

The

inlet

flow angle at midspan was deduced

from the measured

rotor midspan pressure distribution by comparing measured and computed results.
This process was described earlier in the discussion of the rotor-stator aerodynamic interaction results.
Recall that in matching the measured and computed
results the exit

static pressure was based on measured hub and tip values,

stream tube contraction was based on the design value,
was based on the measured results

the

the total pressure loss

in Ref. 26 and the rotor inlet relative total

pressure was
percent

inferred from the measured pressure surface static pressure at 24
axial chord.
The deduced exit flow angle used in Ref. 25 and 26 of 25.5'

was shown to give excellent

results in the present study (at

the 65 percent gap).

An inlet relative flow angle at midspan of 40' was deduced at a value of
(C x/I) of 0.78.
The rotor inlet flow angle was then calculated as a function of
(Cx/Ul)
assuming that the absolute stator exit velocity was invariant with wheel
x

speed.

The results are shown in Fig. 27.

quired to obtain a relative inlet
selected which vould provide 10
450 to 850.
at midspan.

A value of (Cx/li)

flow angle of 85 ° .
steps

in the relative

of 0.42 was re-

Values of (Cx /U)
inlet

flow angle

were
from

Also shown in the figure is the rotor inlet relative total presslre
This was calculated in the same manner as th. flow angle.

~
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1.

Flow Visualization Technique

The flow visualization technique was the same as that employed in Refs. 25
and 26.
In brief, it consisted of flowing a small amount of ammonia out of
the rotor pressure taps. The ammonia caused blue streaks to appear on Ozalid
paper which had been glued to the surface of the airfoil. The earlier studies
had indicated that the limiting streamlines produced in this way are very insensitive to ammonia blowing rate.
2.

Rotor Fullspan Aerodynamics-

Results

With the test conditions established,
carried out at each selected rotor midspan
shown in Figs. 28 through 34 for the inlet
40* (Cx/U = 0.78) and at 85* (Cx/U = 0.42)
the suction surface and on the tip as well

fullspan flow visualization was
inlet flow angle. The results are
angle varying from 35' to 85*.
At
flow visualization was obtained on
as on the pressure surface.

At 350 (Cx/U = 0.96, Fig. 28) the pressure surface had a strong radial flow
toward the tip. Toward the trailing edge, where the flow accelerated strongly,
the radial flow was greatly reduced. In addition, at the hub there was also
relatively little radial displacement. This may have been due to the presence of
the endwall corner and to the somewhat higher pressure surface flow velocity at
the hub.
At 40* (Cx/U = 0.78, Fig. 29) the pressure surface limiting streamlines were
similar to those at 35*.
It was demonstrated by Dring and Joslyn (Ref. 26) that
these pressure surface flow patterns were not a result of tip leakage.
When the
tip clearance was reduced from 1.4 to 0.1 percent span the flow pattern was the
same except in the immediate vicinity of the tip.
It will be demonstrated below
that these radial deflections on the pressure surface can be attributed to the
"relative eddy" present in the blade-to-blade flow.
The rotor suction surface (at 40*) was free of boundary laver separation and
was very two-dimensional until it is influenced by the hub and tip secondary flow
vortices downstream of the throat. The tip leakage flow is in the direction of
the pressure gradient on the tip. An interesting feature of the tip leakage flow
was the vena contracta located on the tip at the pressure surface corner (Fig. 29).
The vena contracta was evident as a separation bubble on the pressure surface
corner of the tip. Evidence of its presence co,,ld be seen in the increased width
of the flow visualization streak at the corner. Its presence is more apparent on
the actual airfoil than in the photograph. The blockage to the flow caused by
this bubble could be expected to produce very high leakage flow velocities and
very high heat loads along the pressure surface side of the tip.
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change was

observed

in

the

nature of

the pressure

Sur tace

ilmitL Ing

streamlines as (Cx/U) was towered and the rotor inlet flow angle was intreased
(Figs. 30 and 31), as long as the boundary layer remained attachtd.
However, at
a (Cx/U) of 0.50 (l3l = 650) the pressure surface boundary laver was separated
at the leading edge and over the entire span (Fig. 32).
The f'a., /ithin ti
he
bubble was generally radially outward and reattachment occurred at locations
varying from about 20 percent axial chord at the root to no perc,.nt .xi.i!
herd
at the tip. As the rotor inlet angle was increased further the chordwise extent
of the bubble also increased (Fig. 33).
At the largest inlet flow a1l1t
'xamined
(85*) the reattachment location varied from 50 percent chord axially ,,L tlom root
to 70 percent at the tip (Fig. 34).
The impact of this separation huhbly 'n the
rotor pressure distribution will be discussed below.
As seen in Figs. 29 and 34 the suction surface limiting streamlines w.ore seen
to have changed little with the increase in inlet angle from 40' to 85'.
However,
the greater flow acceleration (convergence) in the totor channel at 85' caused
some reduction in the spanwise extent of the endwall secondary flow cells and zin
increased region of nearly two-dimensional flow at midspan.
The tip leakage flow changed significantly as a result of the incrcased inlet
angle. At 85* there was flow from the suction surface onto the tip of the- airfoil
and then returning to the suction surface (Fig. 34).
This reversal in the nature
of the tip flow was a result of the severe leading edge overspeed occurring o:
the pressure surface due to the large negative incidence. This mat tei wiii !)c
discussed in greater detail below.
Ii the analysis of the rotor fulispan pressure distributions b-,oth tht- inlot
relative total pressure and the inlet relative flow angle had to he
,duiccd.
Iho,
nidspan values of these parameters were shown in Fig. 27 as a funct ion of (Cx/ U).
Recall that they were based on the assumption thzat the stator e-:it absolute velocity
vector was invariant with the rotor speed. An extension of this rcaesenting
was
applied for the fulspan data. The spanwise distribution of relative irlet total
pressure (deduced from the rotor pressure surface static pressure at 24 percent
chord) corresponded very closely to a constant rotary total pressure (P.l
,rot =
.onst) as shown in Fig. 35.
The deduced relative total pressure tr tn sevn
3panwise locations from 6.25 percent span to 98 percent span and f.,r the seven
values of (Cx/U) examined are shown and compared to a curve corro.,,,n(:ion to
:onstant rotary total pressure. Except near- the hub at the largest lnga t ivt.
incidenc, (CxU = 0.42) the agreement is excellent. The inlet flow alle,,'s hd
,o be treated differently.
Inlet flow angles were deduced at the seven spanwise locat ois at a (t '1')
Of 0.78.
Based again on the assumption that the absolute velocitv wt tor was
invariant with rotor speed, the spanwise distributions at the other stv val, ,s o,
C/1) were calculated.
The results are shown in Fig. 3f). Note tht:
tht, ranme
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of angle variation increases considerably with span. In all forty nine cases
(seven spans and seven inlet flow angles) the constant exit angle of 25.5 ° was
found to give best agreement. As mentioned above, this was consistent with earlier
experience (Refs. 25 and 26) with this rotor at this axial gap (65 percent).
The midspan measured and predicted pressure distributions are shown in
Fig. 37 for the seven inlet flow angles from 35° to 850. At 350 tho suction
surface decelerated from the leading edge overspeed all the way to the trailing
edge. The pressure surface, on the other hand, accelerated from the leading edge
stagnation point to the trailing edge. At 40* much of the suction surface had
only a very small pressure gradient. At inlet angles from 45* to 850 the suction
surface boundary layer accelerated smoothly to the throat (at about 60 percent
chord) and then decelerated to the trailing edge. On the pressure surface there
was a weak overspeed at 450 which increased in depth as the inlet angle was increased.
It was known from the flow visualization results that pressure surface
separation first appeared at 65° (Cx/U = 0.50).
Its impact on the pressure
distribution could be seen clearly at inlet flow angles of 750 and 85* where the
predicted pressure surface leading edge overspeeds were not present in the data
and where the predicted recompressions in the midchord region did not occur. The
measured and computed pressure surface results came together at about the location where the reattachment was seen to occur, e.g. at 60 percent chord at 85 °
(Fig. 34).
Finally, as could be seen from the measured and computed results,
the stagnation point moved from a location at about 5 percent axial chord on the
pressure surface at 35° , around toward the suction surface to a location at 0
percent axial chord at 85° . This would be an important consideration in any rotor
leading edge cooling scheme design.
The fullspan nature of the rotor pressure distributions for the seven values
of (Cx/U) examined is illustrated in Figs. 38 through 44. Each figure contains
the measured and computed pressure distributions for the seven spanwise locations
from 6.25 percent to 98 percent span. Recall that the tip clearance was 1.4
percent span. The input to the computed distributions was illustrated in Figs. 35
and 36. For values of (Cx/U) from 0.96 0, m = 35*) down to 0.56 (81m = 55*)
the agreement between the measured and computed results was excellent from 12.5
percent span out to 87.5 percent span on both the suction and pressure surfaces.
The strong radial flow due to the hub and tip secondary flow vortices appeared to
have no significant effect on the pressure distributions at these span locations.
As pointed out in Ref. 26, the strong radial flow on the pressure surface had
little effect on the pressure distribution because the radiol component was
small relative to the total flow speed and the total dynamic pressure itself was
very small there. Close to the hub at 6.25 percent span there was considerable unloading on the suction surface relative to the computed result. A very similar
effect was observed by Langston et. al. (Ref. 35) in a turbine cascade experiment of similar geometry. At 98 percent there was a large departure from the
computed results. The velocities on the pressure surface were much higher due to
the close proximity of the tip corner. The suction surface velocities aft of
the throat were also much higher than predicted. This was probably a result of
the combined influences of the tip leakage and the tip secondary flow.

28

s

4

.

As (C /1)

was reduced from 0.50 to 0.45 to 0.42, th,.

negative incidence

stall on the pressure surface became

At 0.50 (Fig. 42, p m = 65°)

the leading edge overspeed was

predicted from 75 percent span outward as it
0.45

(Fig. 43, Plm = 75°)

over the entire span.
sure surface
evident

the

at 0.42

(Fig.

incidence

44,

plm

t,,

not nearly as w.ll

had been at 0.56 (Fig.

impact of negative

Likewise

d

tectts

increasinIv stevere.

=

'41).

stall wa.

85°)

the

sever,'

leading edge overspeed predicted by the analysis was not

in the data.

At

see-n
rs-

at

all

Rather, the data showed a long separation bubble extending

back to about 60 percent axial chord at midspan.

The more extreme nature of the

leading edge overspeed predicted at the tip relative to
root was due to the much larger incidence variation at

that predicted at
the

tip relat ive

the

t, that

at the hub (Fig. 36).
It was interesting to note that as the inlet angl- was
increased (and also the rotor convergence ratio) the agreement between the mea-sured and computed results on the suction surface near the hub (at
span) was
was at
3.

improved.

At 850

the tip (98 percent

6.25 percent

the area of poorest agreement on the suction surface
span) and aft of the throat.

Radial Flow Analysis
Radial flows are of concern to the turbine designer for a number of reasons.

The assumption of strip-theory is at the heart

of many design analyses and the

degree to which it is violated can influence many aspects of the turbine
design.
Radial flows, for example, will cause a spanwise redistribution of
total pressure loss and total

temperature.

This greatly complicates the task

of deducing spanwise performance, or efficiency, distributions.
It was demonstrated above

that strong radial flows can occur on the pressure

surtace of a turbine rotor blade and that
trajectory of
(Ref. 26)

they have a powerful impact

film cooling air discharged there

it was demonstrated that

(Ref. 25).

on the

In a previous study

the source of the radial flo,, on this rotor

blade was not significantly related to any of
pumping of the blade boundary layer,

the following mechanisms:

leakage over the unshrouded blade

secondary flow in the blade-to-blade channel.

It was suggested that

likely source of the radial flow was the three-dimensional
airfoil.

centr:.fugal
tip, or

the most

inviscid flow over the

Subsequent testing of a compressor rotor (Ref. 36) had demonstrated the presence of the "relative eddy" (Ref. 37) in the flow downstream of that rotor.
It,
will be demonstrated in the following paragraphs

that prior to separation, the

radial flow on the turbine rotor pressure surface (Figs.
due to the relative eddy, a three-dimensional

28 through 31) was pr'.maril,,

inviscid mechanism.

The axial component of relative vorticity was expressed

in terms of the

relative velocity components as follows.

29

S.

+ WO

-)
r(

-(-r,

-

(1)

A convenient location in the rotor blade channel at which to examine this
expression was at the axial plane where We and its radial derivative are
small. For the particular rotor airfoil of the present program and in Refs. 25
and 26, shown in Figs. I and 26, this occurred at the plane 30% of the way from
the leading edge to the trailing edge at midspan (Fig. 45). At this axial location (and only at this axial location) We was very small and the local velocity
vectors were close to axial. This was true across the entire blade channel and
from hub to tip since the maximum blade heights on both the suction and pressure
surfaces occurred close to the 30% chord location (see Figs. 26 and 45). At this
plane, since W and its radial derivative were small the following approximation
was made.

This was integrated across the blade-to-blade channel to yield
(Wr/U)p

=_

- (Wr/U)

f

p (4x/-)

de

(2)

0s
S

Strictly speaking, this was only true near midspan on a relatively high aspect
ratio airfoil where hub and tip effects were not important. It was now necessary
to determine the distribution of relative vorticity across the rotor blade
channel, i.e. ;x(e).
The relative vorticity was related to the absolute vorticity as follows.
v x W = Vx(C - U) =

(3)

-

Hawthorne (Ref. 38) had shown that for the flow through an axial turbomachine
(where the axial and circumferential gradients are zero in the axial region between
blade rows) the streamwise growth of the streamwise component of absolute vorticity
is given by the following expression (Ref. 38, Eq. 54).
WS
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Rn was the geodesic curvature of the relative streamline passing through the rotor
blade channel. The term in braces was evaluated at the rotor inlet (Station 1) where
axial and circumferential gradients are assumed to be negligible.
This was the "small
disturbance, large turning" case and the rotation of Bernoulli surfaces was neglected.
For uniform density flow this reduced to the following.

_s

-s

=

2

2
R
~pW

n

/

T~rot
r

(5)

where PT rot is the "rotary total pressure". If the flow entering the
turbine stage had a uniform total pressure and if the stator total pressure
loss was constant with span then-

and from Eq. 5

as

Rn

r3r

(6)

22C

where

K1

=

1~r~)

~(7)

Note that the parameter K I depended only on the stator and that it was independent
of the rotor speed. Equation (6) was integrated along streamlines to arrive at
the following expression.
2 -2
(W=(Zjw)-2KI

Sin6f(Wdt

ahere a was the local streamline turning, given by
ds
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The integral in Eq. 8 was from station 1 upstream of the rotor to station 2 within
the rotor channel. The streamwise component of vorticity in the flow approaching
the rotor was expressed as follows.

(Ws

K2

(Cx)

Cos(

(9)

1 -at

where
U

K2

CX

i1

x
a was the angle of the absolute vorticity vector (from tangential) and ($,-a )
was the angle between the absolute vorticity vector and the relative velocity
vector at the rotor inlet. Note that K 2 depended only on the stator and that it
was independent of the rotor speed.

If station 2 was taken to be the axial location in the blade channel
where the local flow vectors are nearly axial, i.e. at the 30% chord location
for the blade in Fig. 45, then the streamwise direction was the axial direction
and equations 3, 8, and 9 were combined to give
2

2+(~

LUx Cos( l_1%

I

-

[fKI

it

J()d
\1WI

(10)

1
The first term (-2) was due to the rotating frame of reference. The first term
in the braces was the component of absolute vorticity in the relative velocity
direction at the rotor inlet. The second term in the braces was the generation
of streamwise absolute vorticity due to turning of the flow.
This distribution of relative vorticity was integrated across the channel
(in the plane at the 30% chord location) according to Eq. (2) to give the
gapwise variation of radial velocity between adjacent rotor blades. The fact
that there could be no net radial in- or out-flow required that the gap averaged
value of Wr be zero. This established the magnitude of the radial velocity
on the suction and pressure surfaces.

zero.

For free vortex flow at the rotor inlet both K, and K 2 are identically
This approximation was reasonably accurate for the present test since,
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as shown in Fig. 35, the inlet relative total pressure corresponded very
closely to a radially constant rotary total pressure (Eq. 5).
Under this
condition the radial velocity in the blade channel came about purely due to the
rotating frame of reference relative eddy. Equation (10) then reduced to

(Cx/)

= -2

and Equation 2 could be integrated to give

(k /U)
r
p

(WrU)

s

= -2 (a - a

p

The blade channel shown in Fig. 45 had a (6
8s ) of 0.17 radians. Thus, the
radial velocity (Wr/U) varied from -0.17 on the suction surface to +0.17 on the
pressure surface at the 30% chord location as shown in Fig. 46. Also plotted
in this figure was the gapwise variation of the axial component of velocity
(Wx/U) at the 30% chord location. This was based on a blade-to-blade potential
flow analysis (Ref. 27) which very closely matched the measured blade pressure
distribution (Figs. 37 through 41). The gapwise pitch angle distribution based on
these radial and axial velocity components was also shown in the figure. On the
suction surface, the high value of W x resulted in a small pitch angle (-4.4*)
toward the hub. On the pressure surface, however, the low value of W x resulted
in a large pitch angle (+25.5*) toward the tip.
As the flow coefficient (C /U) of the turbine stage was changed the rotor
incidence changed and this changed the rotor pressure distribution (Fig. 37).
The calculation described above for free vortex flow at the rotor inlet was
carried out over a range of rotor inlet angle. The results were shown in Figure
47.
There was a gradual increase in the radial out-flow angle on the pressure
surface and in the radial in-flow angle on the suction surface with increasing
rotor inlet angle (i.e., with higher rotor speed). These changes were due to
changes in the airfoil pressure distribution, i.e. changes in (Wx/U). (Wr/U)
was independent of flow coefficient for this free vortex case. Parenthetically,
it was observed that at the largest inlet angles, i.e. at large negative
incidence, the assumption of axial flow at the 30% chord location was beginning
to break down.
For controlled vortex (non-free vortex) flow at the rotor inlet, both K1
and K 2 had to be included in the calculation of the relative vorticity (Eq.
10). The through-flow design of this stage had been slightly non-free vortex
in nature. This design calculation was used to determine the values of K1
and K 2 which were used in the solution of Eq. (10).
For this design the vane
produced an absolute vorticity (K2 ) of 1.74 oriented at an angle (a.) of
26.6 ° from tangential (in the wheel speed direction). The value of K i for
this design was 0.78.
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The parameter K, was related to the radial variation of rotary total
pressure as follows (from Eq. 7 with PT constant).
(

PTrot\

-

_PCxKi

Experimental evidence based on a circumferential traverse in the stationary
frame of reference in the axial gap between the stator and the rotor indicated
that K, was approximately 70% of its design value. This estimate was based on
relating the radial derivative of rC required in Eq. 7 to the measured circumferential derivative of Cr assuming that the flow between the stator wakes was
irrotational. The non-zero radial gradient of PT,rot that this implied was within the uncertainty of the deduced values of PT,rel in Fig. 35. This gradient
would have decreased CPT rel by 0.09 at the root and increased it by 0.09 at
the tip (varying linearly in between).
Equation (10) was employed to give the gapwise distribution of the axial
component of relative vorticity at the 30% chord plane, using the design values
of K, and K 2 and using the analysis of Ref. 27 to provide the velocity field
and streamline information necessary to evaluate the integral. This distribution of (4x//) was integrated across the channel (according to Eq. 2) to give the
gapwise distribution of radial velocity. The gap averaged radial velocity was
again set to zero to satisfy continuity. The resulting distribution of the radial
flow angle was shown in Fig. 46. In comparing the controlled vortex and free
vortex radial angle distributions it should be noted that for this design the two
terms inside the braces in Eq. (10) are of opposite sign. The streamwise component
of the rotor inlet absolute vorticity was in the streamwise direction for this
design. Thus, the first term (involving K2 ) had a positive contribution to
x" It tended to produce negative radial velocity on the rotor pressure surface
(i.e. toward the hub). The streamwise component of secondary vorticity that was
generated within the channel, for this design, had a negative contribution to
x" This occurred since K 1 was positive (a radially decreasing PT ,rot )
and the integral in Eq. (10) was generally positive. Thus, the second term in
the braces tended to produce a positive radial velocity on the pressure surface.
Considering the effect of a positive K 1 in another way, low rotary total pressure
fluid at the tip would be carried toward the suction surface by secondary flow.
This would produce a positive radial velocity on the rotor pressure surface and a
negative one on the blade suction surface. In summary, for this stage design, the
two terms inside the braces in Eq. (10) tended to cancel causing the dominant
influence to be the "-2" due to the rotating frame of reference.
The major deviation between the controlled vortex and the free vortex radial
This was seen in Fig.
angle profiles was near the blade surfaces (Fig. 46).
47 where results were shown for a range of rotor inlet angles. The effect of
the slightly non-free vortex nature of the flow was to reduce the already small
radial inflow angle on the suction surface and to increase slightly the radial
out-flow angle on the pressure surface.
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The major uncertainty areas of this analysis were:
(1) the distortion of
the absolute vorticity, i.e. Bernoulli surface rotation in the blade channel,
(2) the approximation of W 8 being small at the 30% chord location, (3) the
approximate nature of the solution of Eq. I and (4) other three-dimensional
inviscid effects due to the radial variations of blade geometry (Fig. 26).
The
arguments given above were not valid close to the hub or the tip. The flow near
the hub was influenced by the higher pressure surface velocity there which greatly
reduced the radial flow angle (Fig. 29). The flow close to the tip was influenced
by leakage flow over the blade tip (Fig. 29).
As the flow speed on the pressure
surface increased as the flow accelerated toward the blade trailing edge, the
pitch angle also dropped. This was seen in the flow visualization results of
Fig. 29.
The large region of relatively low velocity fluid adjacent to the pressure
surface experienced the strongest radial displacement due to this mechanism.
Thus, in addition to producing a radial component to the trajectory of any
pressure surface film cooling air (Ref. 25), this flow mechanism would also
produce a significant radial redistribution of fluid from the rotor inlet to the
rotor exit.
Specifically, one would expect this mechanism to cause considerable
attenuation to the radial profile of total temperature as the flow passed through
the rotor.
From the point of view of the designer the main concern is what control he
can exercise over this mechanism. There are at least three ways in which the
turbine designer can reflect the presence of the relative eddy. First, its
strength could, to some extent, be influenced by the degree of "non-free
vortex" flow in his through-flow design. Second, for a given strength of the
relative eddy, i.e. for a given relative vorticity, the radial displacement
(pitch angle) on the pressure surface could be reduced by increasing the
pressure surface flow velocity. Finally, for a given radial displacement, film
coolant blowing sites could be positioned in order to compensate for the radial
component of the coolant trajectory.
4.

Potential Flow Modeling of Separation Bubbles

The powerful impact that negative incidence stall could have on the rotor
pressure distribution was seen in the midspan data in Fig. 37 and in the fullspan
data in Fig. 44.

The pressure

stirfac,

stall

bbl e, had

its

orig in

ill th,

i n; , il it\

of the boundary layer to negotiate the severe recompression of the leading edge
over-speed. The effect of the stall was to greatly reduce the depth of the overspeed (from a C of 0.3 to 0.6 at Sim = 85° ) and to greatly increase the distance over whicJ recompression occurred. The bubble was seen to close at about
60% chord in both the flow visualization (Fig. 34) and in the pressure distribution (Fig. 44).
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In an attempt to estimate the size and shape of the stall bubble at midspan
and at 85" two approaches were explored:
(1) modeling the bubble by changing
the airfoil pressure surface contour and (2) modeling the bubble by mass addition and removal along the pressure surface. The results of the first approach
are illustrated in Figs. 48 and 49.
The actual airfoil contour and the hypothetical contour used to model the pressure surface bubble are shown in
Fig. 48. The hypothetical contour was arrived at by adjusting the pressure
surface contour until reasonably close agreement had been obtained with the
measured data. The measured data and the computed results for the actual and
hypothetical contours are shown in Fig. 49. The hypothetical contour provided
an excellent match between the measured and computed results along the entire
pressure surface and also along the suction surface. The increased blockage
due to the bubble had caused higher velocities (lower pressure) not only on
the pressure surface but also on the suction surface.
There was a feature of this comparison which, however, was not totally
defensible. The measured data and the computed results for the actual contour
represented pressures along the actual contour. For the hypothetical contour
the computed results represented pressures along the bubble displacement surface (i.e. on the hypothetical contour) which were not necessarily the same as
those on the actual contour.
In the second approach to modeling the size and shape of the stall bubble
a distribution of the normal velocity component was specified along the pressure surface. Here again the distribution of normal velocity was adjusted
until reasonably close agreement had been obtained with the measured pressure
data. The distribution of positive and negative normal velocity was specified
in such a way that there was no net addition of mass to the flow. The measured
results and the computed results both with and without blowing on the pressure
surface are shown in Fig. 50. Also shown is the distribution of normal velocity.
The results are much the same as in Fig. 49 but in the present case both the
measured and computed results are on the actual airfoil contour. The pressure
distribution in the fluid along the dividing stream line between the fluid in the
separation bubble and the mainstream flow over it is also shown in Fig. 50. As
can be seen the differences between the pressure on the surface and along this
dividing streamline are substantial. The dividing streamline is shown in Fig. 51.
It is similar to the hypothetical contour shown in Fig. 4 but local differences
here are also substantial.
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IV.

CONCLUSIONS

An extensive body of experimental data and analytical results for an axial
turbine stage have been presented which provide detailed information on (1) the
nature of the unsteadiness in the midspan flow over the rotor and the stator due
to rotor-stator interaction, (2) the impact of this unsteadiness on the stator
midspan time averaged heat transfer and (3) the fullspan nature of the flow over
the rotor with particular attention given to the relative eddy and negative
incidence stall. Specific conclusions in each of these areas were as follows.
Rotor-Stator Aerodynamic Interact ion
I.

The stator midspan time averaged pressure distribution was in agreement
with potential flow and it was independent of rotor speed and only a very
weak function of rotor-stator axial gap.

2.

The rotor midspan time averaged pressure distribution was in excellent
agreement with potential flow over a wide range of incidence and it was
only a weak function of rotor-stator axial gap.

3.

The unsteady pressures on the stator at the 15% gap were as high as +15%
of the dynamic pressure with waves propagating both upstream and downstream on the suction surface.

4.

The unsteady pressures on the rotor leading edge at the
as +80% of the incident relative dynamic pressure.

5.

Unsteady stator trailing edge loading was observed to occur at the reduced
frequencies present in this experiment (k = 1.9 to 2.7) and it is probably
a required feature in any analytical model of rotor-stator interaction.

6.

The variation of the fluctuating pressure on the stator with axial gal) was
well predicted by a steady rotor potential flow cailcilition.

7.

The fluctuating pressure on the rotor was of a much larger amplitude than
could be explained by the stator potential flow alone and its decay with
increased axial gap was similar to that of wake decay ( X-1/2).

8.

The high response pressure transducers at the stator trailing edge
gave evidence of a Karman vortex street at a Strouhal numhr of 0."1
based on trailing edge diameter.

9.

The stator boundary layer (as evidenced by thin film gages) evolved
from laminar, to transitional (with Tollmien-Schlichting waves), to
turbulent, all with a periodic oscillation at rotor passing frequency.
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10. The Tollmien-Schlichting waves were evident in the high response pressure transducer output.
11. The rotor suction surface boundary layer varied periodically between
turbulent and laminar flow as it passed into and out of the stator wakes.
This was particularly evident when the rotor was at negative incidence.
12. The instantaneous high or low pressures on the rotor suction surface
occurred when the rotor was between or within the stator wakes respectively.
13. No evidence was found to indicate that either the stator or the
rotor was experiencing periodic separation and reattachment due to
rotor-stator interaction.
Unsteady Effects on Stator Heat Transfer (Stanton number)
1.

At the 65% gap the stator suction surface Stanton number was initially at
a laminar level, went through transition, and was at a turbulent level to
the trailing edge.

2.

At the 65% gap the laminar and turbulent suction surface Stanton number
levels were in good agreement with a theoretical prediction.

3.

At the 15% axial gap (on the suction surface) the same laminar, transitional and turbulent flow was observed but the Stanton number was higher
by typically 25%.

4.

At both axial gaps, the transition location on the suction surface, as
indicated by the Stanton number distributions, was very close to that
indicated by the thin film gages and by the high response pressure
transducers.

5.

The pressure surface Stanton number distributions indicated transitional
flow along the entire surface at both axial gaps and a much smaller
increase due to reduced axial gap.

6.

The stator Stanton number distribution was only a very weak function of
rotor speed.

Rotor Fullspan Aerodynamics
I.

Strong radial out-flow was observed on the rotor pressure surface in the
vicinity of design incidence.

2.

It was demonstrated that the strong radial out-flow on the rotor pressure
surface was due to the relative eddy and that its magnitude and variation
with rotor incidence could be predicted.
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3.

Fullspan negative
grew in extent

incidence stall occurred above an inlet angle of 55*

to 60% of axial

and

chord at 85.

4.

Strong radial

5.

The rotor pressure distributions were

flow existed within the stall bubble.

flow from 12 1/2%

span to 87 1/2%

in excellent agreement with potential

span, prior to negative incidence

stall.

6.

The rotor suction surface was influenced by the hub and tip secondary flow
vortices but a major portion of it was covered by attached, nearly twodimensional boundary layer flow.

7.

Evidence of the secondary flow at the root was seen in the pressure distribution at 6.25% span and evidence of the secondary flow and the leakage
flow at the tip was seen in the pressure distribution at 98% span.

8.

At large negative incidence, due to the strong leading edge overspeed, tip
leakage flow passed from the suction surface onto tne tip.

9.

A vena contracta was present on the unshrouded rotor tip as the leakage
flow passed from the pressure surface, across the tip to the suction
surface.

10.

The effect of negative incidence stall on the rotor pressure distribution
at midspan was accurately simulated by computing the pressure distribution
for a hypothetical airfoil, that is, one with its pressure surface contour
thickened to simulate the stall bubble.

11.

The effect of negative incidence stall was also accurately simulated by
computing the pressure distribution for an airfoil with a pressure
surface distribution of blowing and suction used to simulate the stall
bubble.
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APPENDIX
STATOR WAKE CHARACTERIZATION

The stator wake at midspan was documented in an effort to provide a basis
for any future analytical efforts in the area of the gust response of the rotor.
The wake documentation was accomplished using a 5-hole probe at midspan at a
flow coefficient (Cx/U) of 0.78. The circumferential traverse was conducted
at a plane 17% of the stator axial chord axially aft of the stator trailing
edge. The traverse was by necessity conducted with the 65% rotor-stator axial
gap. The wake shape was analyzed in the same manner as in Ref. 36, i.e. using
a linear variation for the "inviscid" velocity across the wake to establish
the "ideal" velocity at the wake center (Vc). The present wake profile
shape was in excellent agreement with the Gaussian and polynomial profiles
discussed in Ref. 36. The stator wake was summarized by the following
parameters.
=

0.036

-=

0.0172

e/T

-

0.0149

H

-

1.154

(Vc-Vm)/Vc

-

0.182

Y2
6w /T

"0.045

Vc -Vm
K'

1.358

Vc
1- I
H

Recall that the wake shape parameter (K') was 1.414 for a Gaussian profile,
1.40 for the polynomial profile in Ref. 36 and that it averaged out to 1.39 ± 0.06
for the sixteen mispan wake profiles of the compressor rotor reported in Ref. 36.
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TABLE I
Airfoil Geometry and Nominal Operating Conditions, (Cx/U)

=0.78

Airfoil

Stator Vane

Rotor Blade

Number

22

28

B x (ins)

5.93

6.34

(rIBX)

1.30

0.96

Span (ins)

6.00

6.00

(Span/B X)

1.01

0.95

Inlet flow angle (deg.)

90.0

40.0

Exit flow angle (deg.)

22.5

25.5

Re(Bx,
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N

5.9x10 5

or W 2 )
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