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Gust Response Decomposition in a Stator/Rotor Axial
Compressor with Varying Axial Gap

Andrew M. Wo,* Meng-Hsuan Chung,† and Shu-Tzung Hsu‡
National Taiwan University, Taipei 106, Taiwan, Republic of China

The objective of this paper is to decompose the unsteady force on the rotor of a stator/rotor axial
compressor into vortical and potential contributions, for axial gaps of 10, 20, and 30% chord between
blade rows. Three methods of decomposition are proposed. The � nal method adopted requires two steps.
First, the potential contributed gust within the gap region is found using a panel code for stator/rotor
con� guration and the vortical contributed gust from the difference between that calculated by a Navier
– Stokes code and the potential gust. Second, the rotor gust response is decomposed using the Navier –

Stokes code in the rotor cascade con� guration, with the vortical and potential disturbances as separate
inlet boundary conditions. Results show that the rotor gust response caused by vortical contribution is
dominant when the upstream wake impinges upon the rotor leading edge. The rotor gust response caused
by potential contribution reaches an extremum when the stator trailing edge is closest to the rotor leading
edge. Both vortical and potential contributions are important to determine the total blade response when
the axial gap is less than about 30% of the chord.

Nomenclature
C = chord
Cp = static pressure coef� cient
C1, C2, Cm = closure coef� cients of turbulence model
D = additional dissipation term of turbulence

kinetic energy
E, F = production and dissipation term of turbulence

dissipation rate, respectively
fm , ,f fm m1 2

= closure coef� cients of turbulence model
Gk = production term of turbulence kinetic energy
h = circumferential spacing of line vortices in

panel method
i, i = unit vector in axial direction, 21Ï
j = unit vector in tangential direction
k = turbulence kinetic energy
p = static pressure
Re = Reynolds number based on inlet � ow velocity

and blade chord
R t = turbulence Reynolds number
S = total length of a blade surface
s = coordinate along blade surface
T = blade-to-blade period or spanwise moment
t = time
Ut = wall shear velocity
U` = inlet uniform velocity
u = streamwise component of instantaneous

velocity
u = absolute � ow velocity vector, u i 1 v j
ub = rotor blade wheel velocity vector
V = magnitude of instantaneous absolute velocity
v = transverse component of instantaneous velocity
W = periodic unsteady relative velocity from NS

code
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w = complex velocity potential
x, x = position vector, axial direction
y = tangential direction
y 1 = wall variable used in fm

Zg = axial gap
z = complex number or radial direction
G = circulation
l = normalized turbulence length scale
« = dissipation rate of turbulence kinetic energy
m t = eddy viscosity coef� cient, rCm fuk

2/«
s«, sk = Prandtl number of turbulence dissipation rate

and kinetic energy, respectively
tw = wall shear stress

Subscripts
B = bound circulation
b = blade
NS = Navier– Stokes calculation
p = potential disturbance or panel code calculation
v = vortical disturbance
W = shedding or wake vortices
G = in� nite series of two-dimensional vortices
` = inlet condition

Superscripts

¯ = time mean

˜ = unsteady part, instantaneous minus time mean

I. Introduction

T HE unsteady force caused by forced response on a tur-
bomachinery blade is primarily because of � ow unstead-

iness in the vicinity of the blade, which includes passing of
wakes, the potential � eld from the upstream blade row, the
potential effect from the downstream row, and all other time-
varying � ow features. Disastrous blade failure can occur when
the � ow excitation matches the blade’s natural frequency.

Many researchers have undertaken studies of gust and gust
response in axial turbomachines. An excellent review of the
subject can be found by AGARD.1 Kielb and Chiang2 provided
a summary of recent advances in forced response analyses.
Verdon3 also reviewed unsteady aerodynamic methods for tur-
bomachinery aeroelastic and aeroacoustic applications.

Signi� cant progress in � ow modeling has been made in re-
cent years. Verdon and Hall4 developed a two-dimensional lin-
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Fig. 1 Computational grid for the stator/rotor con� guration
(one-quarter density shown for clarity).

earized � ow analysis with two different gust-modeling capa-
bilities: one termed frozen gust, in which the gust does not
interact with the mean � ow� eld and remains constant through
an airfoil row, and the second termed distorted gust, in which
the gust interacts with the mean � ow and changes the ampli-
tude and shape in the process. Hall and Crawley5 used a two-
dimensional linearized Euler analysis to predict unsteady pres-
sures caused by gusts. Giles6 calculated wake/rotor interaction
using nonlinear Euler analyses in two-dimensional � ows. A
three-dimensional unsteady Navier – Stokes solver was devel-
oped by Rai7 and Rai and Madavan.8 Manwaring and Wisler9

made a substantial contribution in comparing current state-of-
the-art gust response analyses with experimental data. They
showed that an approach in which the unsteady gust is line-
arized about the time – mean nonlinear � ow is appropriate.
Among other conclusions, they highlighted the importance of
properly accounting for both vortical and potential distur-
bances in predicting gust response. Henderson and Fleeter10

identi� ed the importance of pressure disturbance by showing
that airfoil wakes are not able to be modeled by the boundary
conditions of the current state-of-the-art linear vortical gust
unsteady aerodynamic theory. They also quantitatively showed
that the type of forcing function used signi� cantly affects the
resulting gust response, with the complexity of the response
characteristics increasing from the perforated plate to the air-
foil cascade forcing functions.11 Hence, modeling the static
pressure � uctuations as arising from the rotor airfoil potential
� eld and incorporating the rotor potential into the analysis may
improve the data – theory correlation.10 Chung and Wo12 pro-
posed a method of decomposing the � ow unsteadiness into
vortical and potential contributions using Navier– Stokes and
panel codes, which, in essence, include both velocity and pres-
sure disturbances (more details are provided in Sec. III).

The goal of this paper is to decompose the rotor gust re-
sponse into vortical and potential contributions, for various
axial gaps between stator/rotor blade rows, and to study their
individual effect on the total unsteady loading during a blade-
to-blade cycle.

II. Numerical Methods
A. Navier – Stokes Calculations

Calculations are performed using a two-dimensional incom-
pressible Reynolds-averaged Navier– Stokes code written for
multistage con� gurations. Numerical details and validations
are presented by Chung and Wo12 and Chung.13

The two-dimensional Reynolds-averaged Navier– Stokes
equations for incompressible � ow are used in this work. Gov-
erning equations in the blade relative frame are

= ? u = 0 (1)

u
1 = ? [(u 2 u )u] = 2=P 1 = ? [(m 1 m )=u] (2)b t

t

The modi� ed Launder– Sharma low-Re version of the k-« two-
equation model14 is used to close the previous equations via
the eddy viscosity coef� cient m t. The governing equations used
are

k m t
1 = ? [(u 2 u )k] = = ? m 1 =kb FS D Gt sk

1 G 2 « 2 D (3)k

« m t
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with Rt = rk 2/(m«), y 1 = ryUt /m, and Ut = .t /rÏ w

Equations (1 – 4), in their conservative form as shown, are
solved by a � nite volume approach using an iterative semi-
implicit method for pressure-linked equations15 (SIMPLE). In
this work, a nonstaggered grid is used with the computational
nodes located at the grid cell center. For time discretization, a
Crank – Nicolson-like scheme is used to achieve second-order
time accuracy. For space discretization, the convection term is
approximated by the QUICK scheme,16 whereas all other terms
use a central difference scheme. The spatial differences are
formally second-order accurate.

The computational domain is bounded by various bounda-
ries including in� ow/out� ow boundaries (located 1.5C up-
stream of the stator leading edge and 1.5C downstream of the
rotor trailing edge, respectively), blade row interface bounda-
ries, periodic boundaries, and rigid blade surfaces, as shown
in Fig. 1. In this work, each blade row is discretized using a
body-� tted embedded H-type grid. The main reason that the
conventional pinched H-type grid is not used is to avoid an
extremely skewed mesh near the blade leading edge. To verify
grid independence, two grid sizes were computed13: 1) 172 3
78 cells per row with 108 cells per blade surface and 2) 258
3 114 cells per row with 160 cells per blade surface. The
coarse grid was found to be satisfactory and is adopted
throughout this work.

A slip interface is located at the midgap between the two
blade rows, which separates two grid systems � xed with re-
spect to each blade. Numerics are passed through the interface
as provided in detail by Chung and Wo12 and Chung.13

Computation is performed using the in-house Cray YMP/EL
with four processors. Typical calculation for stator/rotor con-
� guration requires 3 3 1024 CPU second per iteration per cell,
with approximately 10 iterations per time step. About 20 – 30
blade-to-blade periods are required from impulsive start to pe-
riodic steady state. Thus, the total computational time is about
120 CPU hours.

Comparison of the unsteady force on the stator, of a rotor/
stator stage with an axial gap of 30% chord, between experi-
ment and calculation, is shown in Fig. 2. The data were taken
from an in-house, large-scale, low-speed, compressor rig with
10 surface-mounted Kulites per stator surface. The overall
comparison is considered acceptable. However, the amplitude
and � ne features are not as well predicted. The issue of tur-
bulence modeling is believed to be accountable for the dis-
crepancy, since the unsteady force is dominated by wake im-
pingement and subsequent wake convection within the blade
passage for an axial gap of 30% chord.
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Fig. 2 Comparison of the calculated unsteady force, in the di-
rection normal to the chord, on the stator of a rotor/stator con-
� guration with data from surface-mounted Kulites pressure trans-
ducers: a) high loading and b) design loading.

Fig. 3 Decomposition of vortical and potential gusts using
Navier – Stokes and potential codes.

B. Panel Method Calculations

The panel method solves for the velocity potential via = 2f
= 0. The boundary condition on the blade surface is f/n =
ub?n. Also, the circulation around a closed material loop re-
mains unchanged, i.e., Kelvin’s theorem, DG/Dt = 0. Finally,
the � ow must be smooth at the blade trailing edge, i.e., satisfy
the Kutta condition that the velocity is � nite at the trailing
edge. The static pressure is found using the unsteady Bernoulli
equation:

P p f 1` 2 2= 2 1 (U 2 v )`
r r t 2

A vortex panel method is used to solve this unsteady poten-
tial � ow� eld. A vorticity distribution of linearly varying
strength is located on each panel. Wake vortices are shed from
the blade trailing edge to satisfy Kelvin’s theorem at each in-
stant and the vorticity strength at the trailing edge is forced to
zero to satisfy the Kutta condition. The approach used here is
similar to that provided by Kuethe and Chow.17

To model the effects of blades in cascade, consider an in-
� nite number of two-dimensional vortices with the strength G
on each vortex being constant and separated by a distance h.
The complex velocity potential resulting from these vortices
is18

2ip (z 2 z )Gw (z) = iG <n sin (5)G F Gh

with each vortex located at zG 1 inh, where h is an integer.
From the relationship between the complex velocity and phys-
ical velocity, dw/d z = u 2 iv, the induced velocity in the � ow
can be found. The manner in which vortices are shed into the
� ow, to conserve Kelvin’s theorem, is based on the criterion
by Basu and Hancock.19 A total of 201 panels are used on each
blade. The interblade phase angle is set to zero, since it is
assumed that there is no phase angle between any pair of ad-
jacent blades in the process of vortex shedding and the blades
have no vibratory motion.

Numerical dif� culty exists when a shed vortex is near a
panel surface or even penetrating it. To avoid nonphysical ve-
locity, if the normal distance between the vortex and the sur-
face panel is less than 1% of h/p, the calculated velocity is
set to that of the nearest panel control point. If a vortex is
penetrating a panel, a fully elastic collision is assumed, which
relocates the vortex as rebounded from the panel surface.

To reduce computing cost as a result of a large number of
vortices in the � ow, a cutoff plane is located at three chord

lengths downstream of the trailing edge of the rotor blade row.
Vortices of the same sign beyond that plane are merged to one
vortex every 10 time steps. Its position and strength are such
that the total circulation and the � rst integral moment of the
vorticity distribution outside the cutoff plane are both con-
served.

Computation is performed in a DEC scalar workstation. A
typical calculation for a stator/rotor con� guration requires
about 6 CPU hours from impulsive start to periodic steady
state, corresponding to 12 blade-to-blade periods.

III. Gust Decomposition
The decomposition of gust in the gap region uses both the

Navier– Stokes and potential codes. The key concept here is
that the potential disturbance, as de� ned next, calculated by
the potential code, represents the potential disturbance in-
cluded in the Navier– Stokes results, i.e.,

˜ ˜ ˜u = u 1 u (6)NS v p

where is the gust calculated by the Navier– Stokes code,ũNS

is the potential gust from the potential code, and is the˜ ˜u up v

vortical gust from the difference between and . Figure 3˜ ˜u uNS p

illustrates this graphically. It is important to note that all dis-
turbances are treated as being normal and parallel to the local
time mean relative velocity vector as computed by the Na-
vier – Stokes code.

The manner in which the potential is extracted from theũp

potential code does not include contributions from shed vor-
tices. Of course, in the calculation procedure, vortices are shed
as dictated by Kelvin’s theorem. The primary reason for ex-
cluding contributions from shed vortices is that, in a real � uid,
shed vortices have their origin as a result of viscous phenom-
enon; they enter the � ow� eld via the boundary layer, which
results in the wake being unsteady.20 Moreover, for a stator/
rotor unsteady calculation, if the gust includes contributions
from shed vortices, this potential gust would persist far down-
stream since there is no mechanism for the shed vortices to
decay, which is not physical. Thus, shed vortices are included
in the vortical disturbance.

Feiereisen et al.21 proposed a disturbance-splitting method
in which the contribution of the unsteady static pressure is
incorporated through some weighting factors. Then the vortical
and potential disturbance amplitudes are overdetermined and
solved by developing a least-squares method. Comparing the
complete and reconstructed gusts for the perforated plate and
the airfoil cascade wake generators, they concluded that for a
more appropriate gust-splitting method, it should incorporate
not only velocity data, but also unsteady static pressure data.
Their formulation recovers Giles’ analysis6 (Appendix II of
Manwaring and Wisler9), or Method V in the original paper,9

when the static pressure weighting factor is set to zero.
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Table 1 Stator/rotor geometric and � ow
parameters used in calculations

Stator Rotor

Chord 1.00 1.00
Solidity 1.40 1.40
Trailing-edge radius, %C 1.0% 1.0%
Stagger, deg 20.67 239.50
Camber, deg 48.0 35.0
Inlet angle, b 1, deg 47.29 57.73
Exit angle, b 2, deg 4.76 30.26
Diffusion factor 0.485 0.407
Axial gap, %C 10, 20, and 30

The present gust-splitting method was compared with the
analysis of Feiereisen et al.21 by Chung and Wo,12 with more
details provided by Chung,13 which was proved to be physi-
cally sound. Although the present method only decomposes
the velocity disturbance, both velocity and pressure distur-
bances are taken into account in calculating the gust response
on a blade, since a Navier – Stokes code is used. Numerical
details on this point are provided in Sec. IV.C.

IV. Gust Response Decomposition
Three methods were examined to split the Navier– Stokes

calculated gust response into vortical and potential compo-
nents, i.e.,

˜ ˜ ˜P = P 1 P (7)NS v p

where P denotes the blade surface pressure. The following
sections outline these methods and describe their particular
features. Method 3 is � nally adopted in this work.

A. Control Volume Approach (Method 1)

Consider a control volume moving with the rotor blade and
bounded by the interfacial, periodic, suction, and pressure
blade surface boundaries. For this control volume, one can
derive an integral momentum equation that relates the instan-
taneous velocity and force, based on the Reynolds transport
theorem.13 Taking a suitable time mean of this equation and
subtracting it from the instantaneous equation results in an
equation governing unsteady quantities, where the nonlinear
gust can be linearized about the time mean. To decompose the
linearized equation into vortical and potential parts, split the
unsteady velocity into vortical and potential contributions and
substitute it into the linearized equation. To calculate the re-
sponse caused by an individual contribution, apply each de-
composed equation in the circumferential direction, neglecting
the shear force (proved to be reasonable by Navier– Stokes
calculations); thus, the decomposed unsteady pressure force on
the suction and pressure blade surfaces are related to the un-
steady � ow disturbance associated with the control volume.

The dif� culty in applying this method lies in the calculation
of the unsteady potential disturbance near the blade surface,
where it changes drastically and unphysically because of the
approaching shed vortices, which, in reality, should be suf� -
ciently diffused before reaching the blade surface. Thus, this
method, though physically sound, is abandoned because of nu-
merical dif� culties.

B. Splitting Based on Calculated Response from Panel Code
(Method 2)

The second method attempted is intuitive. Using the un-
steady Bernoulli’s equation, the response caused by potential
contribution is calculated directly from the panel code. The
response caused by vortical contribution is obtained by sub-
tracting the potential component from the Navier– Stokes cal-
culated response. This method is also tamed with the same
numerical trouble caused by shed vortices near the blade sur-
face, as that of Method 1.13

C. Splitting Based on Navier – Stokes Calculated Response
(Method 3)

To overcome the previous dif� culty, the rotor blade response
is calculated by the Navier– Stokes code in the rotor cascade
con� guration with either vortical or potential disturbances in
the gap region as separate boundary conditions. The calculated
response with the potential disturbance, plus the time mean,
as the inlet boundary condition is the gust response caused by
potential contribution, or simply, potential gust response. The
gust response caused by vortical contribution, or simply vor-
tical gust response, is found by subtracting the potential gust
response from the Navier– Stokes calculated response for the

stator/rotor con� guration. With the gust response caused by
both vortical and potential disturbances calculated from the
same Navier– Stokes code, a consistent treatment in decom-
posing both the gust and the gust response is formed.

Both velocity and pressure disturbances are, in essence,
taken into account when calculating the rotor gust response.
For the potential gust response, the potential gust enters the
problem as a direct boundary condition at the inlet, as previ-
ously mentioned. The potential contributed pressure distur-
bance is included via the nature of the Navier– Stokes calcu-
lation. At the inlet boundary condition of a rotor cascade
con� guration, the term p/x is calculated using the potential
gust from the panel code, where the term p/y is not needed
as a boundary condition. Since the gust and pressure distur-
bances resulting from potential contribution are governed by
the unsteady Bernoulli equation, which is just a simpli� ed
form of the Navier– Stokes equation, the pressure disturbance
is included automatically. This approach has an advantage of
a uniquely determined system of governing equations and
boundary conditions, while incorporating all physics involved.

In the rotor cascade calculation, the grid is exactly that used
in the stator/rotor calculations to avoid the effect of having
two grid arrangements. Because the QUICK scheme is used,
the nodal values of � ow variables, except the pressure on the
exterior two-column grid adjacent to the upstream interface,
must be given as the boundary condition. The values of ve-
locity and mass � ux, both vortical and potential, are obtained
from the corresponding stator/rotor calculation and the gust
decomposition method described previously. All other varia-
bles needed in the calculation, e.g., k and «, are the same as
those calculated in the corresponding stator/rotor interaction.

V. Compressor Parameters
The blades used in the calculation are that of a low-speed

three-repeating-stage axial compressor. The Reynolds number
used in the computations is 1.59 3 105, based on the inlet
axial velocity, or 2.91 3 105, based on the rotor inlet circum-
ferential-averaged relative velocity, which corresponds to the
near-design � ow coef� cient of 0.6. The blades are designed
using the controlled diffusion concept.22 As can be seen from
Fig. 1, the curvature of the suction surface is largest near the
minimum pressure region to encourage maximum � ow diffu-
sion. The surface curvature upstream of the trailing edge is
smaller, allowing less adverse pressure gradient, hence, easing
the diffusion process for the boundary layer. Both the stator
and rotor have the same chord, solidity, and trailing-edge
thickness. Table 1 gives the relevant blade and compressor
parameters used.

VI. Results and Discussions
A. Unsteady Velocities (Prior to Decomposition)

Figures 4 – 7 present the unsteady � ow, prior to decompo-
sition, for the axial gap of 20%C at t/T = 0.0, 0.2, 0.4, and
0.6. The unsteady velocity is de� ned as the local time mean
subtracted from the instantaneous velocity. These plots are
helpful, not only to get an overall view of the � ow in the gap
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Fig. 4 Unsteady velocity vector within the rotor passage for the
axial gap of 20%C at t/T = 0.0.

Fig. 5 Unsteady velocity vector within the rotor passage for the
axial gap of 20%C at t/T = 0.2.

Fig. 7 Unsteady velocity vector within the rotor passage for the
axial gap of 20%C at t/T = 0.6.

Fig. 6 Unsteady velocity vector within the rotor passage for the
axial gap of 20%C at t/T = 0.4.

and the blade-to-blade regions at a particular time instant, but
they also show the � ow process during an unsteady period.

At t/T = 0.0, which corresponds to the stator/rotor relative
position of Fig. 1, Fig. 4 shows the wake from the stator just
meets the rotor leading edge, which creates a large instanta-
neous suction region on the suction surface near the nose. As
will be shown later, this corresponds to a peak in the local
pressure distribution, which is a dominant feature in the overall
unsteady blade loading.

On the pressure surface, however, the local unsteady � ow
results in a jet-like structure toward the blade surface. This
feature is better shown at t/T = 0.2 (see Fig. 5) at about 10%C
position. The visual effect of velocity vectors penetrating the
blade surface indicates a large local unsteady � ow immediately
adjacent to and toward the wall. Comparing this structure for

t/T = 0.2, 0.4, and 0.6 indicates that it weakens as the wake is
convected along the pressure surface, which is also true for
the � ow structure adjacent to the suction surface.

There is a qualitative difference between the structure of the
two wake portions separated by the blade. The portion of the
wake adjacent to the suction side extends from the upstream
stator trailing edge and terminates on the downstream rotor
suction surface. The structure of this wake portion is mostly
dominated by a velocity defect, with its unsteady characteristic
in� uenced by the potential effect from the downstream blade
row.12 However, an additional mechanism has a pronounced
effect on the portion of the wake adjacent to the pressure sur-
face. The fact that this wake portion extends from the forward
region of the pressure surface to the aft of the suction surface
of a preceding blade (see Fig. 5) provides a clue. Prior to its
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Fig. 9 Instantaneous unsteady pressure on the rotor suction sur-
face, for the axial gap of 20%C, from a) vortical and b) potential
contributions. C, t/T = 0.0; n , t/T = 0.2; 1, t/T = 0.4; 3 , t/T = 0.6;
and L , t/T = 0.8.

Fig. 8 Instantaneous unsteady pressure, prior to decomposition,
on the rotor a) pressure and b) suction surfaces for the axial gap
of 20%C. C, t/T = 0.0; n , t/T = 0.2; 1, t/T = 0.4; 3, t/T = 0.6; and
L, t/T = 0.8.

present location, this wake portion was actually that from the
upstream stator trailing edge and ends on the suction surface
of the preceding rotor blade. As this wake convects down-
stream it interacts with the rotor suction surface of the preced-
ing rotor blade, and weakens the wake structure. As this wake
arrives at the leading edge of the current blade, it is chopped
and, thus, arrived at the present location adjacent to the pres-
sure surface. In other words, unlike the wake portion adjacent
to the suction surface, the wake portion adjacent to the pres-
sure surface has already experienced interaction from the suc-
tion surface of the preceding rotor blade. This is believed to
be the primary reason that the unsteadiness is much weaker
on the pressure surface than the suction surface.

The rate of wake convection through the blade row deserves
a comment. The wake takes approximately 1.4 unsteady per-
iods before convecting past the suction surface of a particular
blade, and takes two periods before convecting past the pres-
sure surface. This is primarily because of the time mean cir-
culation about a blade.

B. Unsteady Pressure Distribution (Prior to Decomposition)

The unsteady pressure along the rotor surface, prior to de-
composition into vortical and potential effects, is presented in
Figs. 8a and 8b. The chordwise distribution is distinct between
the pressure and suction surfaces. On the pressure surface,
apart from large variation near the leading-edge region, the
unsteady pressure is essentially constant along the chord. How-
ever, the suction surface exhibits a much stronger chordwise
pressure variation; there are local pressure maxima at various
times.

Close examination of these peaks reveal a temporal varia-
tion similar to that of a convective � ow phenomenon along
the suction surface. This can be seen from a peak located near
s/S = 0.2 at t/T = 0.2, which moves to s/S = 0.3 at t/T = 0.4,
then s/S = 0.4 at t/T = 0.6, with a decaying amplitude. Un-
steady vorticity contours reveal that these moving peaks cor-
respond to the location of distinct vortices near the suction
surface at that speci� c time.

The fundamental mechanism that induces these vortices is a
nonlinear interaction between the moving wake and the local
boundary layer, as demonstrated by Valkov and Tan.23 Using
a spectral– element Navier– Stokes solver to study the un-
steady � ow arising from wake – stator interaction, they found
that the unsteady � ow over the suction surface of the stator
blades is characterized by a moving row of vortical distur-
bances (B vortices) produced at the leading edge upon wake
interception. The B vortices consist of boundary-layer � uid

that is distorted and lifted off the suction surface by the con-
vective action of the wakes. These vortices are also identi� ed
in the unsteady vorticity calculation, it is believed that the gust
response behavior on the suction surface must be caused by
similar � ow mechanisms in the boundary layer.

C. Vortical and Potential Unsteady Pressure Distribution

The unsteady pressure on the downstream rotor suction sur-
face is decomposed into vortical and potential parts, and are
shown in Figs. 9a and 9b, respectively, for an axial gap of
20%C. The fact that the convective feature in the pressure
signature, as described in Sec. VI.B for Fig. 8b, is caused by
� ow phenomenon associated with the wake, is clearly shown
in the vortical contribution of Fig. 9a. The potential contri-
bution exhibits a constant phase excitation about the suction
surface, except very near the leading-edge region.

D. Unsteady Force Caused by Vortical and Potential
Contributions

The decomposed unsteady axial and tangential force are
shown in Fig. 10 for the three axial gaps calculated. The three
lines drawn on each plot are obtained from the integrated un-
steady pressure because of either a vortical and potential dis-
turbance or the sum of the two (note that the zero in the or-
dinate is offset).

First, all unsteady � ow interaction increases as the axial gap
decreases. The potential contribution is essentially zero for
30% gap, whereas the vortical contribution persists over a
large gap range.

Consider the axial force at the axial gap of 20%C. At t/T =
0.05, the total unsteady force is dominated by the vortical con-
tribution, which is an extremum. The reason for this extremum
is because of large pressure differences near the leading edge
as the wake just arrives at the rotor leading edge (see Fig. 4).
This can be inferred by Fig. 8, which shows a large unsteady
loading near the leading edge. (Although the unsteady pressure
in Fig. 8 is not yet decomposed, the potential contribution is
much smaller than the vortical part, as can be seen from Fig.
10.)

Similarly, at 10%C axial gap, the total unsteady force is
dominated by the vortical contribution at t/T = 0.0. For 0.3 <
t/T < 0.9, both vortical and potential parts are mutually im-
portant in determining the total unsteady force. This has a pro-
found implication to minimize the total unsteady force. Per-
haps one can tune either the vortical or potential contribution,
or both, by altering the fundamental mechanism involved. This
is currently under further investigation.

The vortical contribution in the blade force reaches an ex-
tremum when the upstream wake impinges upon the down-
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Fig. 10 Vortical and potential contributions to the unsteady force
on the rotor for axial gaps of 10, 20, and 30%C. Point A represents
the instant when the stator wake impinges at the rotor leading
edge, the vortical contribution reaches an extremum. Point B de-
notes the instant when the stator trailing edge is axially forward
of the rotor leading edge, the potential contribution reaches an
extremum. (The symbols in Fig. 10a apply to all plots.) Axial gap
= a) 10, b) 20, c) 30, d) 10, e) 20, and f ) 30%C.

stream rotor leading edge, as can be seen at approximately
t/T = 0.0 for 10% gap, at t/T = 0.05 for 20% gap, and at t/T
= 0.1 for 30% gap. As the axial gap increases, the wake arrives
at the rotor leading edge at a later time because of the effect
of the stator stagger angle. The extremum in the potential con-
tribution for 10% gap occurs at t/T = 0.9, which is the closest
distance between the upstream stator trailing edge and the
downstream rotor leading edge.

E. Effects of Compressibility

The following addresses the effect of compressibility. For
the potential disturbance, the dependence of axial decay factor
with Mach number can be calculated by a linearized analysis
of a row of moving vortices. However, for a real blade ge-
ometry and small axial gap, say 10% chord, knowing that the
axial dependence decays exponentially is insuf� cient. One thus
needs a Euler code for this purpose. For the vortical distur-
bance, the effect of compressibility is believed to be small, as
implied by Goldstein.24 The rotor– inlet Mach number in the
present work is 0.24, and the reduced frequency is 4.06, thus,
the � ow can be regarded as incompressible.

VII. Concluding Remarks
The unsteady pressure on a rotor blade surface because of

� ow unsteadiness has been decomposed into vortical and po-
tential contributions. The effect of blade row axial spacing on
the decomposition for a stator/rotor con� guration near the de-
sign point is studied numerically. Major results are as follows:

1) Three methods are outlined to perform such decomposi-
tion, based on the control volume approach, direct unsteady
pressure calculation from the panel and Navier– Stokes codes,
and the use of the Navier– Stokes code with either disturbance
as the inlet boundary condition. The latter method is demon-
strated in this work.

2) The extremum for the unsteady force caused by vortical
contribution occurs near the instant when the wake from the
upstream blade arrives at the leading edge of the downstream
blade. This causes a large local pressure difference near the
leading edge.

3) The extremum for the unsteady force caused by potential
contribution occurs when the trailing edge of the upstream
stator vane is closest to the leading edge of the downstream
blade.

4) Unlike the wake portion adjacent to the suction surface,
the wake portion adjacent to the pressure surface has already
experienced interaction with the suction surface of the preced-
ing blade. This is believed to be the primary reason that the
wake structure, and its associated unsteadiness, is much
weaker on the pressure surface than the suction surface.

5) A temporal variation of unsteady pressure exists similar
to that of a convective � ow phenomenon along the suction
surface of the downstream blade. This is because of a nonlin-
ear interaction between the moving wake and the local bound-
ary layer.23
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