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ABSTRACT

This paper demonstrates reduction of stator unsteady
loading due to forced response in a large-scale, low-speed,
rotor/stator/rotor axial compressor rig by clocking the
downstream rotor. Data from the rotor/stator configuration
showed that the stator response due to the upstream vortical
disturbance reaches a maximum when the wake impinges
against the suction surface immediately downstream of the
leading edge. Results from the stator/rotor configuration
revealed that the stator response due to the downstream
potential disturbance reaches a minimum with a slight time
delay after the rotor sweeps pass the stator trailing edge. For
the rotor/stator/rotor configuration, with Gapl= 10% chord
and Gap2= 30% chord, results showed a 60% reduction in the
stator force amplitude by clocking the downstream rotor so that
the time occurrence of the maximum force due to the upstream
vortical disturbance coincides with that of the minimem force
due to the downstream potential disturbance. This is the first
time, the authors believe, that beneficial use of flow
unsteadiness is definitively demonstrated to reduce the blade
unsteady loading.

1.0 INTRODUCTION

Multi-stage turbomachinery blades experience filuid-
induced, unsteady force either due to self-excited instability or
forced response. The first situation arises when a blade is able
to extract energy from the upsiream steady flow in order to
sustain its own unsteady motion. The latter case involves flow
disturbances, or gust, which usually arise due to the passing
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of upstream wakes, potential effect from upstream and
downstream blade rows, and other time varying local flows. In
both situations, disastrous blade failure can occur when the
excitation force is beyond the structural limit of the blade.

Forced response had been studied by many researchers.
Theoretical work on unsteady disturbances includes Goldstein
and Atassi (1976) and Goldstein (1978). Excellent series of
experiments (Henderson and Fleeter, 19932 & 1993b;
Feiereisen et al., 1993; Weaver and Fleeter, 1994) were
conducted by Professor Fleeter and his students on illuminating
the physics of vortical and potential disturbances. Gallus et al.
(1982) also studied potential and wake interactions
experimentally, The work by Manwaring and Wisler (1993)
provided extensive comparison between the state-of-the-art
analysis methods and data. Chung and Wo (1995) used both
Navier-Stokes and panel codes to split the gust between blade
rows into vortical and potential contributions, and Wo et al.
(1997} provided details on decomposition of gust response.
Although the researchers aforementioned differ somewhat in
their approach to decompose disturbances into vortical and
potential contributions all agree that both need to be considered
for loaded compressors and turbines, especially at small axial
gap.

Clocking, or indexing, of blade rows had been conducted
in a few studies. Capece and Fleeter (1987) circumferentially
clocked the first and second stator rows independently to study
their effects on aerodynamic forcing function input to the
downstream stator row, and its gust response. This form of
clocking mostly affected the chordwise gust of the aerodynamic
function, with a small effect on the overall blade unsteady
loading, since the clocked stators upstream were in the same
reference frame as the downstream stator of interest.
Manwaring and Wisler (1993) clocked both the IGV of the GE
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compressor and the inlet nozzle of the turbine in order to
average the effect of their wakes on the instrumented stationary
blades downstream. The authors believe that the present study
is the first that documented concrete reduction of unsteady
blade loading using clocking.

2.0 OBJECTIVE AND APPROACH

This paper attempis to test a straightforward hypothesis
— distinct physical sources of disturbance will cause an unique
“footprint” on the unsteady blade response, and these
“footprints” may partially cancel each other if, somehow, their
phase relationship can be altered. This hypothesis will be tested
experimentally for a rotor/stator/rotor compressor with the
focus on the stator unsteady response. Sources of unsteadiness
experience by the stator include’'

1. vortical disturbance from the upstream rotor (R1),

2. potential disturbance from the upstream rotor and -

3. potential disturbance from the downstream rotor (R2).
These are shown in Fig. 1, calculated using a2 Navier-Stokes
code (Chung and Wo, 1995).

To test the hypothesis and to provide physical insight the
following approach is taken. First, a rotor/stator configuration
is tested to study the first two sources of unsteadiness. The axial
gap between the rotor and stator is varied since the gap can
affect the stator response due to the potential contribution.
Second, a stator/rotor configuration is studied to focus on the
third source of unsteadiness considered. Third, a
rotor/stator/rotor configuration is tested to account for all three
sources. The circumferential relative position between the two
rotor rows are adjusted, or clocked, to vary the phase
relationship among the unsteady sources, with the ultimate goal
of minimizing the stator unsteady response. This goal is
justified since a small percentage reduction in the blade force
amplitude can lead to a substantial increase in blade life, as
suggested by the blade stresscycle, or Goodmann, diagram.

3.0 EXPERIMENTAL SETUP

The experimental compressor is a low-speed, large-scale,
one-to-three stage rig, designed after modern compressors, see
Table 1 and Fig. 2. Flow enters the compressor through a bell-
mouth contraction and into the constant biade height annulus.
The IGV trailing edge is located 1.75 chord upstream of the
rotor leading edge to allow for wake dissipation. The blades

! To address the issue of the importance of entropic disturbance raised
by a reviewer, consider the lincarized disturbance pDs5'fDr=

(C'v!!b YOp' I Dt - (Cp!po Y Dp' t Dt (Kerrebrock, 1992), where

the subscript 0 denotes the mean state and the superscript * denotes
disturbed state. In the experiment the change in the particle density
term can be ignored since the stator inlet Mach number is 0,113. An
order of magnitude calculation shows the entropic disturbance is less
than 1% of the pressure disturbance.

were designed using controlled diffusion concept of Hobbs and
Weingold (1984), with the coordinates provided in the
Appendix. Two special features are designed in the rig: axial
gaps between blade rows are variable, from 10% to 60% chord,
and the clocking position between rotor rows can be adjusted.

The measured static-to-static pressure rise characteristic
is shown in Fig. 3. The pressure rise obtained is believed to be
representative of highly loaded btade of modern design. In this

Fig. 1 Sources of disturbance acting on the stator:
vortical and potential disturbances from upstream and
potential disturbance from downstream {Navier-Stokes
calculaticon).

9% cm (35.43 In)) Thrattle '
- -
Flow - — = | 1
- )

P i 1 2,

Fig.2 Experimental compressor in the rotor/stator/rotor
configuration.

Nomenclature
C chord
F,  force on the stator, normal to chord

P static pressurg

S blade pitch

1, T time, blade-to-blade period

Vb rotor blade wheel velocity vector

vt transverse component of unsteady velocity
p density of fluid

&  flow coefficient

Cx  axial velocity

APs static pressure rise

Headed Quantities
—— time mean
~~  unsteady part, instantancous minus time mean
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wark, tests were conducted at near-design loading (@ = 0.60)
and high loading (®= 0.53). The compressor achieves an
efficiency, based on static-to-static pressure rise, of slightly
over 90% for rotor/stator configuration at both 10% and 30%
chord axial gaps.

In this work, three compressor configurations were
tested: rotor/stator, stator/rotor and rolor/stator/rotor, as
sketched in Figs. 4, 5 and 6, respectively. In all these figures,
the dash lines defined the blade relative position a1 time t/T=
0.0 in an unsteady period. Figure 4 shows the definition of
positive stator unsteady force normal to the chord, which is
used throughout this work for all configurations. In the
stator/rotor configuration, a row of upstream rotors, with its
trailing edge located two chord-length upstream of the stator
leading edge, provided correct flow angles entering the stators.
To establish the baseline for this arrangement, tests were
conducted with the upstream rotors and the stators but without
the downstream rotors. The gust at the stator leading edge
plane was measured to be less than 2% of the time mean flow,
and the stator response was also measured, which was
subtracted from all stator/rotor data reported herein. For the
rotor/stator/rotor configuration, Fig. 6 serves to define the
clocking between Rotor 1 and Rotor 2, which is the distance
that the leading edge of Rotor 2 is offset circumferentially from

IGV Rotor Stator
(R1 or R2)

Blade Number 60 58 60
Chord (cm), C 6.00 (2.36in.)| 6.00 (2.36in.) |6.00 (2.36in.)
Span (em), S 8.88 (3.50in.)] 8.88 (3.50in.) |8.88 (3.50in.)
Solidity 1.415 1.368 1.415
Tip Clearance (cm) 0.12 (2.0%C)[ 0.12 (2.0%C) |0.12 (2.0%C)
[Aspect Ratio (S/C) 1.48 148 1.48
Trailing Edge Radius 1.0 %C 1.0 %C 1.0 %C
Stagger (deg.) 6.58 ° -39.50 ° 20.67°
Camber (deg.) 32° 350° 430"
IJet Angle, 8 1(deg)| 0.0° 56.21° 46.80
[Exit Angle, 8 2(deg) | 9.78° 31.03° 476"
Diffusion Factor - 0.407 0.485
Axial Gap (% chord) | 175%  |variable; see text
Casing Diameter (cm) 90.0(35.43 in.)
Hub/Tip Ratio’ 0.8
Mass Flow Coefficient 0.53100.70
Shaft Speed (RPM) 1050 (max, 1500)
Reduced Frequency (0C/2C,) 7.161
Mach number (Cy/a) 0.0776
chynold's Number at 1050RPM (rotor relative) 1.92x10°

" from hot-wire at mid-gap, mid-pitch, for axial gap of 30% chord. -

Table 1 General compressor and blade parameters at
design condltion.
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Fig. 3 Measured static-to-static pressure rise
characteristic for rotor/stator and rotor/stator/rotor
configurations with varying axial gaps.
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Rotor 1\ 7\
\ Ref. Stator
t“ Gap 1

Flg 4 Rotor!stator configuration at time t/T= D 0; rotor
trailing edge is axially upstream of the stator leading edge.
Direction of positive stator force, norrnal to chord, is also
shown.

RIS

\

SIR|

Vb

Ref. Statorf

Gap 2 —

Fig. 5 Stator/rotor configuration at time t/T= 0.0; rotor
leading edge is axially downstream of the stator trailing
edge.

Rotor 2
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the stator trailing edge when the Rotor 1 trailing edge is axially
upstream of the stator leading edge. In the compressor rig, the
hub was designed in three cylindrical pieces, each can mount a
row of rotor blades (thus the rig can be tested as a three-stage
compressor), with the two downstream pieces movable
circumferentially up to one blade pitch with respect to the
adjacent piece.

The unsteady pressure on the stator suction and pressure
surfaces were measured using fast-response pressure
transducers (Kulite LQ-125), which were embedded within two
adjacent blades (10 transducers per surface). The system
response, calculated from Doebelin (1990), was found to be
determined by the isolated transducer alone. Transducer signal
of 128 data points in a rotor blade-to-blade period were
acquired per shaft revolution, thus data from the same rotor
wake were recorded. The pressure transducer output, as a
differential signal, was connected to a low-noise amplifier
(Stanford Rescarch SR560), then digitized with a 12-bit
analog-to-digital resolution. The accuracy of the surface
pressure measurement is +/- 3% determined from calibration.

To provide timing information, a photo-sensitive diode
was used to sense the passing of a metal protrusion rotating
with the shaft, with a timing accuracy of 0.1% of a blade-to-
blade period. To preserve the time series, an analog filter was
not used prior to digitization, but the signal was monitored
using a spectrum analyzer (HP 3561A) — no high frequency
content exists which could aliase the blade-to-blade frequency
and next few higher modes. Moreover, phase-locked averaging
technique was also used to filter non-blade-to-blade periodic
signals (240 typical ensembles were used).

Hsu et al. (1996) provides details on gust measurement
using the slanted hot-wire technique, with an accyracy from
calibration of +/- 1% in magnitude and +/- 1.5 degree in flow
angles.

4.0 ROTOR/STATOR RESULTS: VORTICAL AND
POTENTIAL DISTURBANCES FROM UPSTREAM
OF STATOR

The rotor/stator configuration includes the effect of (a)
rotor wake impinging upon the stator and subsequent wake
convection along the stator passage and (b) the potential field
of the rotor on the stator. Results due 1o these two phenomena
follow for two axial gaps, Gapl= 10% and 30% chord.

41 Vortical and Potentiai Disturbances

Figure 7 presents the transverse vortical and potential
gusts decomposed from slanted hot-wire data using the
procedure described in Hsu et al. (1996) (also see Chung and
Wo (1995), which used Navier-Stokes results where Hsu et al.
used experimental data). The hot-wire was located axially
upstream of the stator lecading edge at the mid-gap position for
both 10% and 30% chord gap cases.

Ref. Stator

& R/S/R
Rotor 1 k- d
I .
__|
Gap 1 ", - Rotor 2

Gap 2

(a)Rotor/Stator/Rotor configuration at clocking = d/S,

Ref. Stator R/S/R
_*_9.25.
- Rotor 1 ' T be
\ IS e

Rotor 2

{b)Rotor/Stator/Rotor configuration at clocking = 0.2

'Fig. 6 Rotor/stator/rotor configuration at time t7=0.0

with downstream rotor clocked by d/Ss. Figure (a) shows
clocking = 0.7 and (b) clocking = 0.2,

0.2 0.2f f=h 4
+ d
v 0.0 0.0 \
[ @ Total (Exp.)
b-ﬂz & = M. potential gust a2t 4 Vor. »
““ b= max vortical gust - — Pot. (Num.)
0.0 0.5 10 00 0.5 1.0

(a) Gap 1 =10%C tT (b) Gap 1 =30%C T

Fig.7 Vortical and potential transverse gusts at the mid-
gap point axially upstream of the stator leading edge [R/S).

The vortical gust signature shows an abrupt increase as
the wake passes, which is the dominant feature for both gap
cases. The vortical contribution essentialty represents the total
{prior to decomposition) transverse gust, since the potential
contribution is small even at 10% chord gap between blade
rows. Figure 7 thus provides further justification for using
wake/blade calculation to model the unsteady effect from the
upstream blade on the downstream blade (e.g., Giles, 1988 and
Hall and Crawiey, 1989). Moreover, the distinct difference in
time scale between the vortical and potenuial gusts — the
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vortical gust on the order of passing of the wake width and the
potential gust being blade-to-blade period - can be clearly seen.

In this work, it is important to note the time when the
gust reaches a maximum since phase information is vital to test

the hypothesis stated in Section 2.0. Location ‘a’ represents the.

maximum value of the potential gust which occurs at vT= 1.0,
or 0.0 - this coincides with the time instant when the rotor
trailing edge is axially forward of the stator leading edge, as
shown in Fig. 4. The location marked ‘b’ represents the instant
wher the vortical gust is largest, which occurs at the time when
the wake passes the hot-wire. Thus, the maximum vortical gust
occurs when the rotor wake passes and the maximum potential
gust occurs when the rotor blade itself passes. The reason that
the time occurrence of location *a’ precedes that of ‘b’ is due to
the rotor exit flow angle,

4.2 Stator Unsteady Loading

Figure 8 shows the near-design stator unsteady pressure
on the suction and pressure surfaces for several time instants of
interest. As can be seen spatial pressure variation is generally
greater on the suction than that on the pressure surface, with a
strong spike near the leading edge on the suction surface. This
is due to the rotor wake impinges near the stator leading edge
region, as confirmed by the time occurrence of maximum
vortical gust (Fig. 7) essentially coincides with that of the

pressure spike, The pressure spike occurs near tT=0.2 for 10% -

chord gap and t/T= 0.4 for 30% chord gap, which agree well
with the wake impinges near the leading edge at vT= 0.16 for
10% chord gap and t/T= 0.32" for 30% chord gap. The slight
time delay between the pressure spike and the wake
impingement suggests the response reaches a maximum when
the wake arrives on the suction surface just downstream of the
leading edge.

Secondary in importance is the pressure variation along
the surface, as seen most prominently in Fig. 8a. Navier-Stokes
calculation, which provides greater flow details within the
stator passage, suggests that this is related to the wake
requiring two blade-to-blade periods to convect through the
stator passage on the suction surface. Numerics show that at
time UT= 0.3 the wakes are located near the leading edge and
at x/C= 0.6 on the suction surface, Vorticity contour results
suggest there is a region of concentrated vorticity adjacent to
the suction surface at x/C= 0.6, which corresponds to the
pressure variation tear x/C= 0.6 in Fig. 8a. This is likely
related 10 the work of Valkov and Tan (1995) which provides
insight into the convection of, so-called, “B-vortices” on the
suction surface. These vortices are formed upon wake

"This value is twice that corresponds to the maximum vortical gust in
Fig. 7 since the data of Fig. 7 were obtained with the hot-wire located
at the mid-gap position,
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(b)Gap 1=30%C (d)Gap 1=30%C

Fig. 8 Unsteady pressure on the stator surfaces with
varying axial gap (R/S). ’

08 05 0 90 05 1.0
(a)high loading ¢/T (b)near design /T

Fig. 9 Unsteady force on stator due to total and potential
contributions with varying axial gap {R/S).

Ref. stator

V

b

ake

Fig. 10 Sketch of the time Instant when the statorl force
reaches maximum (R/S).

impingement on the leading edge and move along the suction
surface, which resulted in local pressure variation.

Figure 9 shows the stator unsteady force, in the
direction normal to the chord, oblained by integrating the
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unsteady pressure of Fig. 8. Results are shown for the total

force, from surface Kulite output, and the potential contribution.

The near-design loading result shows that the maximum
unsteady force occurs at ¥T= 0.3 for 10% chord gap and t/T=
0.4 at 30% chord gap. These times are in reasonable agreement
with that of the pressure spike (t/T= 0.2 for 10% chord gap and
vT= 0.4 for 30% chord gap) of Fig. 8. Thus the maximum
stator force occurs when the upstream wake impinges on the
stator suction surface immediately downstream of the leading
edge, as illustrated in Fig. 10.

The potential contribution in Fig. 8 is Shown to be small
even for 10% chord gap between blade rows. Thus the total
force in Fig. 9 is almost entirely due to vortical contribution.
This fact greatly simplifies testing of the hypothesis for
totor/stator/rotor configuration since the balance between
unsteady forces on the stator iS then between the vortical
contribution from the upstream rotor wake and the potential
contribution from the downstream rotor.

5.0 STATOR/ROTOR RESULTS: POTENTIAL
DISTURBANCE FROM STATOR DOWNSTREAM

For the stator/rotor configuration, the stator experiences
a gust response originated from the moving pressure field of the
downstream rotor, if the axial gap between blade rows is not
too large. Thus, this response is purely potential in nature;
other sources of disturbance, e.g. the rotor wake, is small in
comparison.

5.1 Stator Unsteady Loading

Figure 11 presents the stator suction surface unsteady
pressure distribution at four consecutive time instants when the
rotor leading edge sweeps pass the stator trailing edge. For
Gap2= 10% chord, the time variation near the trailing edge
suggests the stator begins to respond to the rotor passage near
v/T= 0.0 to 0.1. (Recall that t/T= 0.0 is when the rotor leading
edge is axially downstream of the stator trailing edge, see Fig.
5) At ¢T= 0.2 and 0.3, large suction spikes can be clearly
seen. This feature is also present for Gap2= 30% chord but to a
lesser degree. Data show that the time variation near the
leading edge is much smaller than that at the trailing edge,
which agrees with the understanding that potential disturbance
decays exponentially, as shown by Chung and Wo (1995) and
others. The unsteady pressure distribution on the stator
pressure surface exhibits similar overall trend with
approximately half the pressure amplitude of that on the
suction surface.

Figure 12 shows the stator unsteady force normal 1o the
chord. Data show a clear maximum and minimum in the
signature, with the amplitude decreases with increased axial
gap. This is certainly expected since the only unsteady source,
the rotor downstream, is further separated from the stator. As
before, the time instant when the force signature reaches an

< 2
-0.6 -0.6 T
2
o 04 04} @000 02
: - 02l A 01 A 03]
Q 0.2 0.2
= 00 N S W e,
!n.- Q.2 02f 4
K 1 4 L .
e %5 05 x/C1.0 04% 05 10
(a)Gap 2=10%C (b)Gap 2=30%C .
Fig. 11 Unsteady pressure on stator suction surface when

1he downstream rotor passes (S/R).

0.2k L
1.0 0.0 a5 1.0

{(b)near design t/T

00 05
(a)high loading t/T
Fig. 12 Unsteady force on stator due to downstream
potentiai disturbance with varying axial gap (S/R).

extremum is of primary interest. In the case of stator/rotor, the

minimum in the force excursion is of concern since this is _

needed to, hopefully, offset the maximum in the rotor/stator
configuration to reduce the unsteady loading for the
rotor/stator/rotor configuration. At Gap2= 10% chord and
near-design condition, Fig. 12b shows the unsteady force
reaches a minimum near t/T= 0.05, which is prior to the
occurrence of large pressure spike near the stator trailing edge
as the rotor passes (see Fig. 11a). In other words, minimum
force on the stator (defined in Fig. 4) is reached shortly afier
the rotor leading edge passes the stator trailing edge. This time
lag increases with increasing axial gap, as shown by the path of
minimum force in Fig. 12. Figure 12b shows the force
minimum is delayed to t/T= 0.2 for an axial gap of 30% chord,
along with a decrease in the amplitude.

5.2 Potential Disturbances from Upsiream and

Downstream

Results thus far show a curious fact that the extent of the
effect of potential disturbance differ greatly between
rotor/stator and stator/rotot configurations. Figure 13 presents
the potential induced unsteady force on the stator for the two
configurations, with axial gaps of 10% and 30% chord for both
cases. (The rotor/stator results are taken from Fig. 9 and the
stator/rotor from Fig. I12.) Results suggest that the unsteady
force response contributed by downstream potential disturbance
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is substantially larger than that contributed by upstream
potential disturbance for the same axial gap. At 30% chord gap,
the effect of upstream disturbance is essentially zero while the
downstream effect is clearly shown. The implication of this

* result for multi-stage compressors, where the rolor response is

of primary interest, is that the axial gap between a stator and
the downstream rotor can be smaller than that between the
rotor and the successive stator, from the standpoint of potential
disturbance alone.

6.0 ROTOR/STATOR/ROTOR RESULTS: WITH ALL
THREE SOURCES OF DISTURBANCE

One of the main goals of this work is 1o reduce the
unsteady loading on the stator, which arises from the three
sources of disturbance as shown in Fig. 1. Results from the
rotor/stator configuration suggest that the stator response due
to vortical disturbance from upstream is much larger than that
due to upstream potential disturbance, even for as small an
axial gap as 10% chord, and thus can be ignored to first order
approximation (Fig. 9). We now proceed to the case of
rotor/stator/rotor, using results from rotor/stator and
stator/rotor to help interpret the data.

6.1 Effect of Downstream Gap

Figure 14 presents the excursion of the stator suction
surface unsteady pressure measured at the 5% chord (Fig. 14a)
and 95% chord position (Fig. 14b), for Gapl= 10% chord and
Gap2= 10% and 30% chord, at near-design loading. Near the
leading edge, Fig. 14a suggests the unsteady pressure is
dominated by the upstream rotor, as shown by similarity in the
two signatures. Near the trailing edge, Fig. 14b suggests that
the unsteady pressure is strongly dependent on the downstream
gap spacing, with closer gap produces greater time variation as
expected. Note that this variation does nat affect the pressure
near the leading edge, the exponential decay characteristic of
potential disturbance has reached a negligible level at
approximately one chord-length upstream.

Figure 15 presents the unsteady force excursion. The
force signature shows a large amplitude with the blade-to-blade
frequency dominating. Interpretation of this must consider both
the effect of upstream vortical and downstream potential
disturbances. At this clocking position, 0.7 as shown in Fig. 6a,
the force amplitude is twice that of Fig. 9 with only upstream
vortical disturbance, and the time occurrence of maximum
force, a1 UT= 0.3, in Fig. 15b coincides with that of Fig. 9b.
These facts suggest that effect of the downstream potential
disturbance might be adding to that due to the upstream
vortical, thus causing the large amplitude. This proves this to
be the case based on the force signature from stator/rotor (Fig,
12) and consideration of rotor clocking. For the
rotor/stator/rotor configuration, the instantaneous position of
the downstream rotor for clocking = 0.7 at t/T= 0.0 is the same
as that at ¥T = 0.7, or VT= (.3, for stator/rotor (Fig. 6a).
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0.0 0.5 1.0
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Fig. 13 Potential contributed stator force from upstream
(R/S) and downstream (S/R). :
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Fig. 14 Unsteady pressure on stator suction surface at 5%

and 95% chord, for Gap1= 10% chord and varying Gap2
(clocking = 0.7, RIS/R).
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Fig. 15 Unsteady force on stator for Gap1= 10% chord and
varying Gap2 (clocking = 0.7, RIS/R).

At non-dimensional time 0.3 later, the rotor/stator/rotor
configuration is at t/T= 0.3, when the maximum force occurs,
which corresponds to t/T= 0.6 for stator/rotor. At this time,
Figs. 12a and 12b show the force is near maximum. Thus
contributions due to the upstream vorticat and downstream
potential disturbances add for clocking = 0.7.
6.2 Effect of Rotor Clocking

We now discuss the effect of clocking the downstream
rotor, with respect to the upstream rotor, for rotot/stator/rotor
configuration for Gapt= 10% chord and Gap2= 30% chord.
Two clocking positions, 0.2 and 0.7, will .be presented since
they contain major flow phenomena of interest.
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Fig. 16 Unsteady pressure on stator suction surface for
clocking = 0.2 and 0.7 (Gap1= 10%C, Gap2= 30%C, R/S/R).
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Fig. 17 Unsteady pressure on stator suction surface with
clocking = 0.7 data time-shifted by t/T= 0.5 (Gap1= 10%C,
Gap2= 30%C, R/S/R).
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Fig. 18 Unsteady force on stator for clocking = 0.2 and 0.7
(Gap1= 10%C, Gap2= J0%C, R/S/R).

Figure 16 compares the near-design stator suction
surface unsteady pressure for both clockings at several time
instants. Qverall, the chordwise pressure variation of the two
curves are similar over the unsteady period, with the major
difference in the spatial mean component. Figure 16b shows
that both clocking positions have a leading edge suction spike
near ¢/T= 0.3, which is the occurrence of maximum force for
rotor/stator configuration {Fig. 9b). The reason for this is that
clocking is adjusted for the downstream rotor only; the relative
position between the upstream rotor and the stator remains the
same for both clocking positions.

Near the trailing edge the unsteady pressure is
dominated by the effect of the downstream rotor. Knowing that
minimum stator force for stator/rotor configuration occurs at
t/T= 0.2, for Gap2= 30% chord (Fig. 12b), this suggesis that
the trailing edge should have a large positive pressure near t/T=
clocking + 0.2, or t/T= 0.4 for clocking = 0.2 and v'T= 0.9 for
clocking = 0.7. Figure 16¢ (t/T= 0.4) for clocking = 0.2 indeed
shows that the trailing edge pressure on the suction surface is
near maximum before abruptly decreases at t/'T= 0.5. Similar
trend for clocking = 0.7 is also shown in Fig. 16h (¥T= 0.9),
which shows the pressure at the trailing edge already begins to
decrease.

Further data interrogation allows one to conclude that
the trailing edge pressure is essentially unaffected by the
vortical disturbance from upstream. Figure 17 presents results
of Fig. 16 at two time instants but with data from clocking =
0.7 case phase-shifted by t/T= 0.5. Physically, the comparison
of the two cases - clocking = 0.2 and clocking = 0.7 phase-
shified - implies clocking the wpstream rotor, with the
downstream rotor at the same location for both cases. Figures
17a and 17b, which are representative of all time instants, show
that the pressure at the trailing edge is equal for both clocking
positions, with a large variation in the pressure near the leading

edge.
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Figure 18 compares the unsteady force, integrated from
Fig, 16, for both clocking positions near design loading, Data
show a reduction of 60% in the force amplitude is achieved by
~ clocking the downstream rotor from 0.7 to 0.2 position.
Physical reason for the drastic reduction is as follows. Recall
that the stator response due to upstream vortical disturbance
alone reaches a maximum when the wake impinges against the
stator suction surface immediately downstream of the leading
edge (Fig. 10), which is near T= 0.3 for Gapl= 10% chord
(Fig. 9b). Also the stator response due to downstream potential
disturbance alone reaches a minimum with a slight time delay
afier the rotor sweeps pass the stator trailing edge, which is
near t/T= 0.2 for Gap3= 30% chord (Fig. 12b). Reduction of
the overall stator response is achieved by clocking the
downstream rotor so that the time instant when the contribution
due to upstream vortical disturbance reaches a maximum
coincides with the minimum of that due to downstream
potential disturbance. Clocking of 0.2 (see Fig. 6) means the
downstream rotor will require t/T= clocking + 0.2= 0.4 to
arrive at the same circumferential location, relative to the stator,
that will result in minimum stator force for stator/rotor
" configuration. This vT= 0.4 is close to the time which
maximumn force occurs, ¥T= 0.3, for stator/rotor configuration,
thus contributions to the unsteady force partialty cancels. Fine
tuning of clocking and axial gap can probably produce further
force amplitude decrease, but it is of second order. At high
loading, reduction of 56% is achieved with a similar force
signature as that at near-design.

6.3 Superposition of Stator Unsteady Loading

With the results for the three configurations it is
worthwhile to compare the unsteady response from superposing
rotor/stator and  stator/rotor configurations with that of
rotor/stator/rotor configuration. This is a more strenuous check
of the linearity relationship between gust and gust response
than that by Giles, in Manwaring and Wisler (1993), using a
Navier-Stokes code (UNSFLO). With the inlet boundary
condition of a wake/stator calculation based on purely first
harmonic (blade-to-blade) gust, measured in the mid-gap of the
GE large-scale compressor rig, Giles found that the calculated
stator response of the second harmonic was less than 2% of that
of the first harmonic. This suggests that non-linearity can be
neglected; the gust response, even though scales with velocity
squared, can indeed be linearized, about a non-linear time-
mean (Hall and Crawley, 1989). In the present study, response
to gust from upstream and downstream of the stator are
considered.

The results are presented in Figs. 19 and 20 for clocking
= 0.2 and 0.7. Figure 19 shows the stator unsteady force for
rotor/stator (Gapl= 10% chord) and stator/roter (Gap2= 30%
chord) configurations with the result of stator/rotor time shifted
by UT= -0.2 and -0.7. The sum of the two curves in each sub-

figure can thus be used to compare with that of the
rotor/stator/rotor configuration for clocking = 0.2 and 0.7,
which is shown in Fig. 20. At near-design loading, good
agreement in the amplitude is obtained for both ¢lockings (Figs.
20c & 20d). Close examination reveal, however, that for
clocking = 0.2 (Fig. 20c) the phase is better matched near the
end of the blade-to-blade period than the beginning. This is
also seen in Fig. 20d where the phase is slightly off between
t/T= 0.7 and 0.9. At high loading, although the agreement in
the phase is rather poor for clocking = 0.2 (Fig. 20a) lincarity
certainly applies for the amplitude. For clocking = 0.7 (Fig.
20b), matching of the amplitude is not as desirable. Overall,
data show that linearity is valid with both vpstream and
downstream gusts, but the agreement for the phase is not as
desirable as that for the amplitude.

7.0 FURTHER DISCUSSIONS
7.1 - Effect of Clocking on Moment about Mid-chord

Data show clocking of the downstream rotor also
reduces the moment about the mid-chord, which is of
importance for blade torsional mode. For rotor/stator/rotor
configuration with Gapl= 10% chord and Gap2= 30% chord,
moment amplitude reduction of 13% is achieved at near-design
and 20% at high loading, when the downstream rotor clocking
is changed from 0.7 to 0.2 position. The flow physics is
essentially identical to that which resulted in force amplitude
reduction.

7.2 Different Blade Counts

Results presented herein are for equal count of upstream
and downstream rotor blades. If the blade count between
successive rotor rows differ then, in a shaft revolution, a stator
would experience variation of unsteady amplitude ranging from
a minitnum, if the rotor rows are optimally clocked at some
circumferential location, to 8 maximum, if the rotor rows are
arranged so that the worst clocked position occurs at another
circumferential position, The difference between the rotor and
stator blade count, however, does not alter results presented,
since the disturbances which give rise 10 stator unsteady load
reduction are originated from the upstream and downstream
rotors. Hence, the kinematic consideration of interaction tone
noise (Tyler and Sofrin, 1962), which is based on the rotor and
stator count, is not affected.

8.0 CONCLUSIONS

Experimental study is conducted on rotor/stator,
stator/rotor, and rotor/stator/rofor configurations to test a
hypothesis — unsteady stator response due to distinct sources of
disturbance may partially cancel if their resulted phase
relationship can be altered. Sources of disturbances considered
are vortical disturbance from the upstream rotor, potential
disturbance from the upstream rotor, and potential disturbance
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Fig. 19 Unsteady force on stator for rotor/stator and
stator/rotor configurations with data from stator/rotor
time-shifted (Gap1= 10%C, Gap2= 30%C, R/S, S/R).
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Fig. 20 Comparison of stator unsteady force between the
sum of rotor/stator and stator/rotor (time-shifted as in Fig.
19) and that directly from rotor/stator/rotor configuration
(Gap1= 10%C, Gap2= 30%C, R/S, S/R, RIS/R).

from the downstream roter. Alteration in the phase relationship
of the unsteady sources is achieved by clocking the downstream
rotor with respect to the upstream roter. Major findings are
summarized as follow:

® A 60% reduction in the stator unsteady force is found
when the clocking of the downstream rotor is changed from 0.7

to 0.2, for rotor/stator/rotor configuration with Gapi= 10%

chord and Gap2= 30% chord (Fig. 18).

® In this case, dominant sources of disturbance are vortical
disturbance from the upstream rotor and potential disturbance
from the downstream rotor, with the upstream potential
disturbance negligible (Figs. 9 and 12).

®  Stator response due to upstream vortical disturbance
reaches a maximum when the wake impinges against the stator
suction surface immediately downstream of the leading edge
(Fig. 10). This causes a pressure spike near the leading edge
region, which is the dominant feature of the unsteady force
signature (Fig. 8).

@  Stator response due 1o downstream potential disturbance
reaches a minimum with a slight time delay after the rotor
sweeps pass the stator trailing edge. The time delay is shown i0
increase with downstream gap (Fig. 12).

®  Physically, reduction of the stator response is achieved by
clocking the downstream rotor so that the time instant when the
contribution due to upstream vortical disturbance reaches a
maximum (Fig. 10) coincides with the minimum of that due 10
downstream potential disturbance (Fig. 12). (As sketched in
Fig. 6b.) :

® The unsteady force response contributed by downstream
potential disturbance is much larger than that contributed by
upstream potential disturbance for the same Gapl and Gap2.
For Gapl=30% chord, the stator responsc due to upstream
disturbance is essentially zero while that due 1o downstream
disturbance is still substantial (Fig. 13).

®  Superposing the unsteady response of rotor/stator and
stator/rotor configurations and compare with that of
rotor/stator/rotor configuration provide a check for the linearity
relationship between gust and gust response, Data show that
linearity is valid with both upstream and downstream gusts, but
the agreement for the phase is not as desirable as that for the
amplitude (Fig. 20).
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Appendix Rotor and the stator coordinates .
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* For code validation contact the second author (E-mail address on

the first page) if you need the coordinates in a file or other
additional information.
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