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Abstract

Unsteady three-dimensional  Navier-Stokes
analyses are performed to predict the unsteady
pressures induced by rotor viscous wakes on
stator vanes. The primary object of this study is
to investigate the effects of axia spacing
between the rotor and the stator and three-
dimensional vane geometries such as stator
sweep and stator lean on the unsteady pressure
fluctuations on the stator vane.

Five different stator configurations with
three sets of stator geometries, which are three
radial stator configurations with different axial
spacing, the swept stator and the swept and
leaned stator, are used for this study.

A three-dimensional analytica method
using unsteady lifting-surface theory is aso
used to elucidate the mechanism of interaction
of passing rotor wakes with downstream stator.

It is found that, in axial spacing between
rotor and stator, the effect of radial phase skew
of incoming rotor wake is important for the
reduction in the induced unsteady pressure. It is
also shown that incorporation of stator sweep
and lean is effective to obtain a significant
reduction in the induced unsteady pressure.

Nomenclature

L axia distance between rotor and stator
R radius

V absolute velocity at rotor exit

V; swirl component of V

V, axial component of V

g changein the circumferential phase angle
of rotor wake during the wake convection
from rotor trailing edge to stator leading
edge

dq differencein the circumferential phase
angle of rotor wake between hub and tip at
stator inlet

W angular velocity of rotor rotation

1 Introduction

A maor source of current high bypass ratio
turbofan engine noise comes from fan rotor-
stator interaction. The pressure fluctuations
induced on the stator vanes as a result of
interaction of the rotor viscous wakes with
downstream stators generate discrete frequency
interaction tones and broadband noise.

Widely used approaches to reduce the fan
rotor-stator interaction noise for modern
turbofan engines have been to select blade/vane
ratios to satisfy the cutoff criterion for
propagation of the fundamental rotor tone and
increased axial distance between the rotor and
the stator. Recently, new attempts to reduce this
interaction noise using three dimensional blade
geometries, such as swept and/or leaned stator
vanes, have been conducted experimentally. A
model high-speed fan stage was tested by
Woodward et a. [1] to evaluate acoustic
benefits associated with a swept and leaned
stator and with a swept integral vane/frame
stator. Envia[2] measured time histories of vane
fluctuating pressures for both a radial and a
swept vane configuration. Significant reductions
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in sound pressure level were observed for the
swept vane relative to the radial vane for blade
passing frequency harmonics of vane pressure,
but vane broadband noise reductions due to
sweep turned out to be much smaller.

A number of analytical studies for a two-
dimensional cascade have appeared so far to
investigate the unsteady blade forces produced
by rotor-stator interaction, however very few
efforts exist for a three-dimensional cascade.
Namba [3] developed an unsteady lifting-
surface theory for a rotating subsonic annular
cascade to investigate the three-dimensiona
effects on the unsteady blade forces and the
acoustic power generation caused by interaction
of blades with inlet wakes. It was suggested that
increasing aradia phase skewing of inlet wakes
effectively reduced the generated sound power
especialy when the number of the super-

resonant acoustic modes (cut-on modes) is small.

Kodama and Namba [4] extended the analytical
method using the unsteady lifting-surface theory
to investigate the effects of blade sweep on the
acoustic power generated by interaction with a
convected sinusoidal gust. It was found that
increasing the sweep resulted in remarkable
reduction in the acoustic power for both forward
and backward sweeps.

A numerical approach to predict the rotor-
stator interaction in a high-speed fan stage was
acoustically attempted by Tsuchiya et a. [9].
The rotor-stator stage analysis using the three-
dimensional  unsteady  Reynolds-averaged
Navier-Stokes equations was conducted for the
fan stage with a radial stator to acquire the
unsteady pressures induced by the rotor viscous
wakes on the stator vanes, and the acoustic field
generated by the unsteady pressures in the duct
was obtained through an analytical model using
the unsteady lifting-surface theory developed by
Namba [3], in which the unsteady pressures
from the numerical results were imposed on the
lifting-surface in the form of pressure
differences across the stator vane. The
numerical approach was compared with the
analytical approach, in which the unsteady
pressures induced by the rotor viscous wakes on
the stator vanes were aso predicted by the
unsteady lifting surface theory, and it was
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shown that the surface distribution of vane
unsteady loadings predicted by the numerical
method was very similar to that predicted by the
analytical method, but the acoustic power level
obtained from the numerical results was more
realistic than the analytical prediction.

In the present study, the numerical method
developed by Tsuchiya et a. [5] was applied to
the analyses of five fan configurations with
three sets of stator geometries to investigate the
effects of axial spacing between the rotor and
the stator, stator sweep and stator lean on the
unsteady pressures induced by the rotor viscous
wakes on the stator vanes.

2 Numerical Procedure

2.1 Computational Scheme

The governing equations are the time-dependent
three-dimensional Reynolds-averaged Navier-
Stokes equations, and the turbulent viscosity is
determined by the two-layer Badwin-Lomax
algebraic turbulence model. An implicit finite
difference scheme, which is capable of using a
large CFL number, is used for time integration.
The convection terms are discretized using the
TVD scheme developed by Chakravarthy and
Osher and central differencing is used for the

b. Meridional plane

Figure 1. Computational grid for unsteady stage
analysis.
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diffusion terms. For the implicit time integration
approach, a Newton sub-iteration is performed
at each time step to increase stability and reduce
linearization errors.

A computational domain is divided into
sub-domains. The algorithm in the present code
is paraleled so that each sub-domain is
executed on a different processing element of
scalar-paralleled super computer system called
Numerical Simulator 1l in Japan Aerospace
Exploration Agency, and exchanges the
boundary information with neighboring sub-
domains.

2.2 Computational Grid

An H-type structured grid is used for each blade
passage, shown in Figure 1. In the case of stage
analysis, the grids for individua passages
overlap by one-mesh in the axia direction and
the grid lines correspond to each other in the
spanwise direction to reduce the two-
dimensional interpolation process  to
circumferential linear interpolation process.

2.3 Boundary Conditions

At the upstream boundary, the radial profiles of
total temperature, total pressure and flow angles
are fixed as inflow boundary conditions. Static
pressure is fixed at the exit boundary. Non-dlip
and adiabatic wall boundary conditions are
applied to blade surface and hub/casing walls.

3 Fan Configurations

The fan design parameters are summarized in
Table 1. The computational domain, which is
composed of 18 rotor blades and 45 stator vanes,
is reduced to a 1/9 sector of the annulus with 2
rotor blades and 5 stator vanes. Figure 1 shows
an example of the computational grid for the

Table 1. Fan design parameters

Number of rotor blades 18
Number of staor vanes 45
Hub to tip ratio 0.55
Rotor tip 80% speed 0.95
Mach number 100% speed 1.18
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unsteady stage analysis, in which total number
of gridsis about 4 million.

Five different stator configurations with
three sets of stator geometries, which are shown
in Figure 2, are utilized in this study. Three
radial stator configurations with different axial
distance between the rotor and the stator use the
same stator geometry. The radia stator with the
shortest axial distance (0.5 rotor axia chord) is
the basdline stator (AOl). And the moved
downstream radia stator (A02) and (A03) have
the axial distance of one rotor axial chord and
1.5 rotor axia chord, respectively. The swept
stator (B0O1), in which the stator has 20 degrees
of sweep, has the same axial distance as the
baseline stator (AOL) at the hub and amost the
same axia distance as the radial stator (A02) at
the tip. And in the swept and leaned stator (C01),
a stator lean of 30 deg in the direction of rotor
rotation is incorporated into the swept stator
(BO1) for the upper 70 percent of the span.

Swept (BO1), Moved
Baseline Swept & leaned  downstream
(A01) (co1) (A02, AO3)

| /
i

Rotor blade

s/ (||
chord 100%
chord | 15004
chord

a Meridiond plane.

Radial (AOL, AO2, A03),  Swept & leaned
Swept (BO1) (con)

V-

Rotating direction

b. Axial plane (looking forward).

Figure 2. Schematic of the fan rotor and stator
configurations.
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4 Reaults and Discussions

4.1 Axial Spacing between Rotor and Stator

With increasing the axia spacing from AOL to
AO03, the rotor wakes at stator inlet decay. A
Fourier anaysis was carried out for the
calculated rotor wakes at the stator inlet to
obtain the disturbance velocity with a
fundamental circumferential wave number.
Figure 3 shows a comparison of the radialy
averaged magnitudes of the upwash component
of the disturbance velocity between three radial
stator configurations. In the figure, the
comparison is made for 80 and 100 percent
rotation speeds, in which the average magnitude
is normalized by that of the baseline stator
(A01) for each rotation speed. The calculation
results show that the blade passing frequency
(BPF) component of upwash velocity decreases
in accordance with a power law, roughly in
proportion to L™ at 80 percent rotation speed
and L™ at 100 percent rotation speed.

For atypical fan stage, aradial phase skew
of the rotor wake usually occurs. Figure 4 shows
rotor and radial stator on a blade-to-blade plane.
A time required for the rotor wake to convect
from the rotor trailing edge to the stator leading
edgeis given by L / Vx. Therefore the change in
circumferential phase angle of the wake during
the convection can be represented by

>§Vx a eRQI (1)
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Normalized BPF component
of upweash vdodity
at stator inlet

0 05 1 15 2

Rotor-stator axial distance

Figure 3. Comparison of radially averaged
magnitudes of the upwash velocity at stator inlet.
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If it is assumed that V, at hub is equa to V, at
tip, then the difference in the circumferential
phase angle between the hub and the tip can be
expressed in the form

From this equation, it is found that the
variation in a radia phase skew of the rotor
wake with the axial spacing is attributed to the
difference in an angular velocity V: / R between
the hub and the tip and that the radial phase
skew variesin proportion to the axial distance L.
Figure 5 shows the rotor wake line at stator inlet
obtained from the numerical calculations. It can
be seen that the radial skew of the wake in the
opposite direction of rotor rotation is increased
as the axial spacing isincreased. Thisis because
the angular velocity of the swirl at hub (V: /
R)nuw is larger than that at tip (Vi / R)ip for the
fan model used in this study. The differencesin
the circumferential phase angle of a single rotor

Stator

Rotor

Figure 4. Schematic view of rotor and stator.

Baseline Moved downstream
(A01) (A02) (A03)

N

Stator vane

<

Figure 5. Rotor wakes at stator inlet at 100% rotation
Speed.



CFD PREDICTION OF UNSTEADY PRESSURESDUE TO FAN

50

40

30 -

20 +

—e— Radial 80%N

wr —o— Radial 100%N

0 05 1 15 2

Dif ference in circumferertid phase angle of
asingle rotor wake between hub and tip

Rotor-stator axial distance

Figure 6. Differencesin the circumferential phase
angle of asingle rotor wake between the tip and the
hub.

wake between the tip and the hub are compared
in Figure 6. The numerical calculation results
show amost linear variation in the radial phase
skew with increasing axia distance for both 80
and 100 percent rotation speed as indicated by
equation (2). The results also show the same
level of the radia skew between 80 and 100
percent rotation speed for each axia spacing. It
is understandable from equation (2), because the
numerical calculation results showed a similar
swirl angle (that isV, / V) at rotor exit between
80 and 100 percent rotation speed.

For the three radial stator configurations
(AO1, A02 and AO03), the three-dimensional
analytical prediction of unsteady pressures
induced by the rotor wakes on the stator vanes
was aso conducted using an unsteady lifting-
surface theory. The BPF component of the
upwash velocity at 10 percent stator chord
upstream from the stator leading edge was
obtained from the numerical calculation results
using a Fourier analysis, and used as an
incoming sinusoidal gust in the anaytica
prediction. The radial phase skew of the rotor
wake as shown in Figure 5 was aso given in the
analysis.

Figure 7 and 8 show surface contours of a
BPF component of the unsteady pressure
difference across the stator vane for the radial
stator (A02) at 80 and 100 percent rotation
speed, respectively. In each figure, a
comparison between the analytical calculation
and the numerical calculation is made. Left
figure shows the amplitude of unsteady pressure
difference across the stator vane, and center and
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right figures, respectively, ae read and
imaginary part of instantaneous unsteady
pressure difference. Both numerical and
analytical calculation results similarly show the
distinctive features of the unsteady pressure
distribution that, in addition to the leading edge
region, some rounded regions of high amplitude
pressure difference (red regions in the figure)

Lmplinyde Eealpart

a. Mumencal results.

§ VI
!
| —
Ampliide

Fealpart Inagirarypart
b, Analyrtical vesults,

Figure 7. Surface contours of a BPF component of the
unsteady pressure difference across the radial stator
vane at 80% rotation speed.

b Analytical msults.

Figure 8. Surface contours of a BPF component of the
unsteady pressure difference across the radial stator

vane at 100% rotation speed.
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appear in the spanwise direction near the mid-
chord on a stator vane and that the number of
high amplitude regions varies from three to four
with changing the rotor rotation speed from 80
to 100 percent. Tsuchiya et al. suggested in Ref.
[5] that this was attributed to three-dimensional
effects, which could not be predicted by a two-
dimensional approach. The nature of the
distinctive distribution was also discussed by
Tsuchiyaet a. in Ref. [6].

In Figure 9, overall amplitudes of the BPF
component of unsteady pressure difference
across the stator vane, which were obtained by
area-averaging of the local BPF amplitude over
the stator surface, are compared between three
radia stator configurations for both 80 and 100
percent rotation speed. The average amplitudeis
again normalized by that of the baseline stator
(A01) for each rotation speed. In a quantitative
comparison, the overall amplitudes obtained
from the numerical calculation were
considerably larger than those from the
analytical calculation, however a comparison of
the rate of decrease in the overal amplitude
with increasing axial distance from the baseline

12 O Radid Wake
decay

—8— Radia
Unsteady CFD

s
E 0.8 —&— Radial 3D
o % linear
E £ 06
5B
& o4
S
P4 02
0
0 05 1 15 2
Rotor-stator axial distance
a. 80 percent rotation speed
12 O Radiad Wake
decay
1 —8— Radia
- Unsteady CFD
g 08 —#&— Radia 3D
&) % 06 linear
BE
E E 04
=z 0.2

0
0 0.5 1 15 2

Rotor-stator axial distance
b. 100 percent rotation speed

Figure 9. Overall amplitudes of the BPF component
of unsteady pressure difference across the stator vane.
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stator shows a good agreement between the
numerical calculation and the anaytica
caculation for both 80 (Figure 9a) and 100
percent rotation speed (Figure 9b). In the figure,
the variation of incoming upwash velocity
(Figure 3) is also plotted for each rotation speed.
It can be seen that the rate of decrease in the
unsteady pressure with increasing axial distance
is larger than the rate of decay in the incoming
upwash velocity for 80 percent rotation speed,
whereas it is smaller for 100 percent rotation
speed. In the lifting surface theory used in the
analytical calculation, the effect of the
magnitude of upwash velocity on the amplitude
of unsteady pressure difference is linear. As
seen in Figure 3, there is not a significant
difference in the rate of decrease in the upwash
velocity between 80 and 100 percent rotation
speed. Therefore a remarkable difference in the
rate of unsteady pressure reduction between
these two rotation speeds may be attributed to
the effect of radial phase skew of the rotor wake.

In order to clarify the effect of the phase
skew of incoming rotor wake on the unsteady
pressure difference, further calculations using
the anaytical method, in which only a phase
skew of incoming rotor wake is varied with
keeping upwash velocity component constant,
were conducted for both 80 and 100 percent
rotation speeds. Figure 10 shows the variation
of resulting overal amplitude of unsteady
pressure difference with the difference in the
circumferential phase angle between the hub
and the tip dg. In the figure, the overal

=
i

—o— 80%N

12 —e— 100N

difference

06 S,

04

Nomalized overall
Ampli tude of unsteady ressure

0.2 +
0 10 20 30 40 50 60

Differencein circumferentia phase angle
between hub andtip

Figure 10. Variation of overall amplitudes of
unsteady pressure difference with the differencein
the circumferential phase angle between the hub and
thetip dq.
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amplitude is normalized by that at the dq of
baseline stator (A0l) in Figure 6 for each
rotation speed (around 20 deg for both rotation
speeds). It is found that the amplitude of
unsteady pressure difference has a peak value at
a certain dq and the dq at the peak differs
depending on a rotation speed. The peak of 80
percent rotation speed locates near the dg of
baseline stator (A01), so the unsteady pressure
difference decreases at larger dq, that is, dq of
radia stator (A02) and radial stator (A03). On
the other hand, the peak of 100 percent rotation
speed locates near the dq of radial stator (A02),
therefore the unsteady pressure difference once
increases from the dq of baseline stator (A01) to
the dq of radia stator (A02) and then decreases.
The consequent level of the unsteady pressure
difference at the dq of radial stator (A03) is not
much different from that at the dq of baseline
stator (AO0l). These variations can clearly
explain the reason why the reduction in
unsteady pressure difference with increasing
axial distance is significantly large compared
with the decay in the incoming upwash velocity
for 80 percent rotation speed, while the
reduction is unexpectedly small for 100 percent
rotation speed.

From the above investigations for the radial
stator configurations with different rotor-stator
spacing, it can be said that the effect of radia
phase skew of incoming rotor wake should be
carefully considered in determining an axial
distance between rotor and stator.

4.2 Stator Sweep and Lean

The numerical predictions for the swept stator
(BO1) and the swept and leaned stator (C01)
were also conducted for both 80 and 100
percent rotation speed. These two stators have
the same sweep so that the stator leading edges
are located at the same axia position along the
span. The backward displacement of the leading
edge from the baseline stator (AOl) leading
edge position allows the rotor wakes to decay
further. Figure 11 shows the variation of
radially averaged magnitudes of upwash
velocity at 10 percent stator chord upstream

ROTOR-STATOR INTERACTION
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Figure 11. Comparison of radialy averaged
magnitudes of the upwash velocity at stator inlet.

from the stator leading edge with the rotor-stator
axia distance. For both the swept stator and the
swept and leaned stator, the upwash velocities
are considerably decreased from the baseline
stator (AQ1), but still larger than those for the
radial stator (A02).

The radial phase skewing is also increased
by a stator sweep as shown in Figure 13, but the
reason is different from that in the case of a
moved downstream radial stator. A schematic
view of swept stator and the notation are shown
in Figure 12. In the case of a backward swept
stator, a time required for the rotor wake to

Hub Tip

Rotor

tip

Figure 12. Schematic view of rotor and swept stator.

Baseline Moved Swept Swept leaned
(A01) downstream (B01) (Coy)
(A02)

rdiys

Radial or Leaned stator
Swept only vane &
stator vane

Figure 13. Rotor wakes at stator inlet at 100%
rotation speed.
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convect from the rotor trailing edge to the stator
leading edge at tip is longer than that at hub.
Therefore the tip portion of the rotor wake that
has reached to the stator leading edge was
discharged from the rotor trailing edge earlier
than the hub portion that has reached to the
stator leading edge at the same time. Then the
change in circumferential phase angle of the
wake at tip should be corrected as shown in
equation (3).

%1 hub
8- ¢ ’2 -y -

O T T e B

Using the same assumption used in equation (2),
the difference in the circumferential phase angle
between the hub and the tip can be expressed in
the form

dd = - Aeip
TaNo A, 6 ULhub+T

TgRﬂmb gRQng V }W gﬁalp% Vx
) (4)
Ort&lo _éé/to PLtlp_'_:W_%g ULtip-Lhub
TeRﬂmb eRQIp V T eRﬂ\ubg Vx
(5)

The first term of equation (4) is equivalent to
the dq of the baseline stator (AO1l) and the
second term is positive, because the angular
velocity of rotor rotation is larger than the
angular velocity of the swirl a tip. This

Baseline Moved Swept Swept leaned
(AO1l) downstream (BO1) (Co1)
(A02)

rdirs

Radia or Leaned stator

Swept only vane 3
stator vane

Figure 13. Rotor wakes at stator inlet at 100%
rotation speed.
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Figure 14. Differencesin the circumferential phase
angle of asingle rotor wake between the tip and the
hub.

indicates that the dg of swept stator is larger
than the dq of baseline stator (A01). It is also
indicated by equation (5) that the dg of swept
stator is till larger than the dq of baseline stator
(A02), because the positive second term, where
the angular velocity of rotor rotation is still
larger than the angular velocity of the swirl at
hub in the current fan model, is added to the
first term which is equivalent to the dq of the
radial stator (A02). As seen in Figure 14, the
resultant phase differences between the tip and
the hub of swept stators obtained from the
numerical calculations are larger than that for
the baseline stator (A01), and still larger than
that for the radia stator (A02) as indicated by
equation (4) and (5).

Stator lean makes a difference in the
number of individual rotor wakes that intersect a
given stator vane. Figure 13 shows that the
number of intersections is increased by one in
the case of the swept and leaned stator
compared with the swept stator.

In Figure 15, the surface contours of a BPF
component of the unsteady pressure difference
across the stator vane are compared between the
baseline stator (AO1) and the swept stator (B01)
at 100 percent rotation speed. It can be seen that
the amplitude of unsteady pressure difference
near the leading edge is still high in the swept
stator, however it is significantly decreased in
the rounded regions of high amplitude pressure
difference near the mid-chord. Figure 16
compares the surface contours of unsteady
pressure difference between the swept stator
(BO1) and the swept and leaned stator (CO1) at
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Figure 15. Comparison of surface contours of a BPF
component of the unsteady pressure difference
between the baseline stator (A01) and the swept stator
(B0O1) at 100% rotation speed.

tmplhde Fealpart
b Swept ard leaned stator (CO1).

Im aginarypart

Figure 16. Comparison of surface contours of a BPF
component of the unsteady pressure difference
between the swept stator (BO1) and the swept and
leaned stator (CO1) at 100% rotation speed.

100 percent rotation speed with different
magnitude of the color from Figure 15. It can be
also seen that incorporation of lean in the swept
stator reduces the unsteady pressure difference
mainly in the rounded regions near the mid-
chord.
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Figure 17. Overall amplitudes of the BPF component
of unsteady pressure difference across the stator vane.

In Figure 17, overall amplitudes of the BPF
component of unsteady pressure difference
across the stator vane for the swept stator and
the swept and leaned stator are compared with
the radia stator configurations for both 80 and
100 percent rotation speed. The average
amplitude is again normalized by that of the
baseline stator (AOL) for each rotation speed. A
significant decrease in the unsteady pressure
difference from the baseline stator (A01) is
shown for the swept stator (BO1), but the rate of
the decrease is different between 80 and 100
percent rotation speed. This may be due to the
difference in variation of unsteady pressure
difference with increasing dg between two
rotation speeds, as observed in the radial stator
configurations. As seen in Figure 11, the
radialy averaged magnitudes of upwash
velocity for the swept stator (BO1) are larger
than those of the radial stator (A02) (about 30
and 40 percent larger, respectively, for 80 and
100 percent rotation speed) whereas the area-
averaged amplitudes of unsteady pressure
difference for the swept stator (BO1) are about
20 percent smaller than those of the radial stator
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(AO02) for both 80 and 100 percent rotation
speed. The difference in the dg between the
swept stator (BO1) and the radial stator (A02)
seems to be too small (only about 5 deg for both
80 and 100 percent rotation speeds as seen in
Figure 14) to explain that the difference in the
amplitude of unsteady pressure between them.
In a swept stator, there may be other beneficial
effect for the unsteady pressure reduction than
the effects of decay in rotor wake and increase
in radial phase skew of rotor wake due to blade
sweep.

It can be found from Figure 17 that the
unsteady  pressure  reduction due to
incorporation of lean in the swept stator is about
20 percent for both 80 and 100 percent rotation
speed.

5 Conclusions

Unsteady three-dimensiona  Navier-Stokes
analysis was conducted to predict the unsteady
pressures induced by rotor viscous wakes on
stator vanes. A three-dimensiona anaytical
calculation using unsteady lifting-surface theory
was also performed to e ucidate the mechanism
of the interaction.

1. Inaxia spacing between rotor and stator,
the effect of radia phase skew of
incoming rotor wake takes an important
role in the reduction in the induced
unsteady pressure. Increasing the radial
phase skew doesn’t always decrease the
unsteady pressure.

2. Use of stator sweep and lean is an
effective way to obtain a significant
reduction in the induced unsteady
pressure.

3. Itisindicated that, in the use of a swept
stator, there may be other beneficia
effect for the unsteady pressure
reduction than the effects of decay in
rotor wake and increase in radia phase
skew of rotor wake due to the blade

sweep.
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