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In this paper we apply the harmonic balance technique to analyze an inlet guide vane and rotor interaction
problem, and compare the computed flow solutions to existing experimental data. The computed results, which
compare well with the experimental data, demonstrate that the technique can accurately and efficiently model
strongly nonlinear periodic flows, including shock/vane interaction and unsteady shock motion. Using the
harmonic balance approach, each blade row is modeled using a computational grid spanning just a single blade
passage regardless of the actual blade counts. For each blade row, several subtime level solutions that span a single
time period are stored. These subtime level solutions are related to each other through the time derivative term in
the Euler (or Navier—Stokes) equations, which is approximated by a pseudo-spectral operator, by complex
periodicity conditions along the periodic boundary of each blade row’s computational domain, and by the interface
boundary conditions between the vane and rotor. Casting the governing equations in harmonic balance form
removes the explicit dependence on time. Mathematically, the equations to be solved are similar in form to the
steady Euler (or Navier—Stokes) equations with an additional source term proportional to the fundamental
frequency of the unsteadiness. Thus, conventional steady-state computational fluid dynamics techniques, including
local time stepping and multigrid acceleration, are used to accelerate convergence, resulting in a very efficient

unsteady flow solver.
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Ay, By = kth temporal Fourier coefficients

Imth Fourier coefficients in time and space
number of blades in inlet guide vane and rotor rows
chord

pseudo-spectral operator

discrete Fourier and inverse Fourier transformation
matrices

flux vectors

nodal diameters

pressure

source vector

time

vector of conservation variables

vector of conservation variables in all subtime
levels

vector of Fourier coefficients

Cartesian coordinates

relative cylindrical coordinates
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interblade phase angle
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1. Introduction

LADE row interactions in multistage turbomachinery play a

vital role in the overall aerodynamic and aeromechanical
performance of modern gas turbine engines [1-6]. Therefore, the
accurate prediction of such interactions is critically important as such
predictions can improve the fundamental understanding of complex
flow physics, reduce development time, and more important, reduce
the occurrence of engine failures. In the past three decades, with the
advancement in the computer technology, increasingly sophisticated
computer fluid dynamic models of unsteady flows that involve blade
row interactions have been developed. Most of these numerical
models were based on time-accurate methods, which are well
documented in the literature [7-11]. In general, the unsteady flow
calculations in multistage turbomachinery using direct time
simulation techniques are very expensive in terms of both com-
putational time and memory storage. If the blade counts for
neighboring blade rows are different, then it may be necessary to
model multiple passages, or even the whole annulus of the domain,
increasing the computational time and storage. Also, depending on
the temporal discretization used, several solutions at previous time
steps must be stored, thereby increasing the memory requirements.
These requirements put an increased pressure on the industry as the
gas turbine design cycle is getting more and more compressed.

To reduce such computational and memory requirements, and to
improve the accuracy of unsteady flow models, investigators have
developed efficient nonlinear frequency-domain techniques. The
harmonic balance method, a computationally efficient technique,
was first used by Hall et al. [12,13] for the analysis of nonlinear flows
in turbomachinery. In recent years, a number of investigators have
contributed to the development of the harmonic balance technique,
or have used the technique to solve interesting physical problems
[14-22]. Using this approach, the unsteady flow is assumed to be
temporally periodic, a condition satisfied for many unsteady flows of
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interest. The flow conservation variables are stored at a number of
subtime levels over one temporal period. The time derivative term in
the conservation equations (Euler or Navier—Stokes) is replaced by a
time-spectral operator that is proportional to the fundamental
frequency of the unsteadiness, eliminating the explicit dependence
on time from the governing equations. Finally, the solution at
multiple subtime levels are obtained using standard steady flow
computational fluid dynamics (CFD) techniques.

The main advantages of the harmonic balance approach compared
with a time-accurate method are its computational efficiency and its
ability to more accurately model certain parts of the unsteady flow
problem. For instance, the specification of both far-field and periodic
boundary conditions are greatly simplified in the frequency domain.
Complex periodicity conditions allow one to reduce the com-
putational domain to a single blade passage in each row of a
turbomachine, greatly reducing the computational cost. On the other
hand, the main disadvantage of the harmonic balance approach is the
increased memory requirement due to the storage of different time
level solutions.

Recently, Ekici and Hall [23,24] have developed a variation of the
harmonic balance technique that can model unsteady flows in
multistage turbomachinery. In that earlier work, the source of the
flow unsteadiness was blade vibration (the flutter problem) and
relatively weak pressure disturbances associated with the mean
circumferential pressure variation associated with subsonic flow
through a compressor blade row. This paper investigates whether the
harmonic balance technique can model multistage flows with strong
blade row interactions. In particular, we compare the results of the
harmonic balance analysis to the experimental results presented by
Richman and Fleeter [1], who examined the interaction of strong
shocks propagating upstream of a compressor rotor and impinging
on the upstream inlet guide vane. Such upstream propagating shocks
can cause large unsteady forcing on the blade rows, potentially
resulting in high-cycle-fatigue failure. In this paper we also examine
the convergence of the harmonic balance method with increasing
number of time levels (Fourier modes) retained in the computational
model and demonstrate that the current approach predicts accurately
the unsteady pressures, which can be used in a subsequent forced
response analysis. Furthermore, we show that the unsteadiness is
well modeled with a modest number of subtime levels. To the best of
our knowledge, this is the first paper in the literature that presents a
detailed comparison of the harmonic balance method to experimental
data for a strongly nonlinear shock/vane interaction problem.

II. Flowfield Kinematics

The details of the harmonic balance technique used in this work
was previously presented by Ekici and Hall [24]. For completeness,
the salient features of that analysis are presented here.

Consider the case where two blade rows operate in close proximity
to one another, as in the case of an inlet guide vane (IGV) and first
rotor. Suppose there are B; blades in the IGV row, and B, blades in
the rotor row. In the absence of blade vibration or some other external
forcing mechanism, the flow between the blade rows can be decom-
posed into a Fourier series in the circumferential direction. The flow
will have N nodal diameters so that

N =B, + mB, (1)

where [ and m can take on all integer values. In the rotor frame of
reference, the temporal frequency of the unsteadiness of a particular
nodal diameter mode will be

w=—IBQ @

where 2 is the rotational speed of the rotor. Similarly, in the IGV
frame of reference the frequency is given by

o = mB,Q 3)

These discrete frequencies represent the possible frequencies that
will appear in the flow (absent any self-induced flow unsteadiness or

subharmonics). Therefore, the flow in the rotor, for example, may be
represented by the time series

Ux,r,0.0) =Y > [Ay,(x.r) cos(@pt + N, 0)

! m

+ Elm(x’ r) Sin(wlmt + Nlme)] (4)

or more generally

K
Ux,r.0.1) = Ag(x.7.0) + > _[A;(x. 1, 6) cos(ey1)

k=1

+ B, (x, r, 0) sin(w;1)] 5

where now wy, is the kth nonrepeated nonzero frequency and A, and
B, are the Fourier coefficients of mode k.

In the present computational method, we store the conservation
variables in each blade row at a number of subtime levels. Assembled
together into one vector, these solutions are denoted by the vector U*.

We denote the vector of Fourier coefficients by lj, that is,

Ay

Ul Al

* U2 7 .
vi=1y,t. U=1" ©®)

B,

For temporally periodic flows, the Fourier coefficients can be
determined from the subtime level solutions by a discrete Fourier
transform. Conversely, the conservation variables at the subtime level
can be determined from the Fourier coefficients by the inverse discrete
Fourier transform. These relations can be written in matrix form as

U=EU* (@)

U*=E"'U ®)

where E is the discrete Fourier transform operator written in matrix
form. E is a square matrix as the number of time sublevels is equal to
the number of Fourier coefficients. Note that in our computational
code, we store U* as our working variable, and only compute U atthe
computational boundaries when applying periodic, far-field, and
interrow connectivity boundary conditions.

III. Harmonic Balance Equations

Having described the kinematics of the flow, we now turn our
attention to the development of the harmonic balance equations.
Here, we consider the Euler equations for simplicity, although our
computer code is implemented for the Navier—Stokes equations. In
conservation form, the Euler equations in relative frame of reference
may be written as

ou OF 0G OoH
— Attt =S )
ot dx Jdy 0z

Note that Eq. (9) contains five equations: one conservation of mass
equation, three conservation of momentum equations, and one
conservation of energy equation. Next, we write these equations at all
subtime levels simultaneously, so that

au* JdF* dG* OH*

ot ox dy + 0z =5 (19
where, for example, F* is the vector of x fluxes evaluated at U*.
Hence, Eq. (10) has 5 x M equations, where M is the number of
subtime levels.

Note that the M sets of conservation equations in Eq. (10) are
coupled only through the time derivative term, which is approxi-
mated by the pseudospectral operator D given by
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* E—l
%:%EU*:DU* (11)

Finally, substitution of Eq. (11) into Eq. (10) gives the desired
harmonic balance equations, that is,
JaF* dG* OH*
DU+ —+——+—F=8" (12)
dx dy a9z
To solve the harmonic balance equations, we introduce a
pseudotime term so that the equations may be marched rapidly to a
steady-state condition using a conventional CFD scheme. Thus,
Eq. (12) becomes
U™ JoF* 0G* OoH*

pp + DU* + ox +W+3—Z:S (13)

where 7 is fictitious or pseudotime, used only to march Eq. (13) to
steady state, driving the pseudotime term to zero. Note that
pseudotime harmonic balance equations are similar in form to the
original time-domain form of the Euler equations. Thus, existing
well-developed steady CFD techniques may be used to efficiently
solve the nonlinear harmonic balance equations, with comparable
number of iterations required.

In the present work, we use a Lax—Wendroff [25] flow solver to
discretize and solve the pseudotime for the harmonic balance
equation, Eq. (13).

IV. Periodicity Boundary Conditions

The computational domain can be reduced to a single blade
passage within each blade row by making use of complex periodicity
conditions along the periodic boundaries. To apply these conditions,
the solution U* is transformed along the periodic boundaries using
Eq. (7) to find the vector of Fourier coefficients U (which contains the
cosine and sine coefficients A and B;). Inspection of Eq. (5) reveals
that the appropriate boundary conditions are given by

Ap(x,r,0+65) = Ap(x,r,0) - cos(N.6;)
— By (x,r,0) -sin(N,0;) (14)

B, (x,r,0+ 05) = Ay(x, r,0) -sin(Nb0;)
+ By(x,r,0) - cos(Ny65) (15)

These boundary conditions, similar to those developed by He and
Denton [26] and He [27] for time-accurate time-marching flow
solvers, are applied at every iteration of the Lax—Wendroff solver.

V. Multistage Coupling

At each iteration of the harmonic balance scheme, the solutions
along the interrow boundaries of the computational grids are
matched to one another. The process is as follows. The subtime level
solutions U* along the interrow boundaries of the IGV and rotor
passages are Fourier transformed in time using Eq. (7) to compute
the temporal Fourier coefficients A; and B,. Next, a spatial Fourier
transform in the circumferential direction is performed on these
coefficients to obtain the Fourier coefficients A,,, and l?,,,,. These
coefficients are then matched across the interrow boundaries. This
matching is done for each circumferential mode originally
hypothesized as one of the (I, m) modes present in the solution. To
eliminate spurious reflections off the interrow boundaries, two-
dimensional nonreflecting boundary conditions are applied to those
possible circumferential modes not included in the hypothesized
mode set. Thus, these higher circumferential modes pass out of the
computational domain and simply disappear, that is, the outgoing
waves do not influence the solution in the neighboring blade row, nor
are they reflected.

Once the matching and nonreflecting boundary conditions have
been applied to the Fourier coefficients A, and B,,,, a spatial inverse

Fourier transform is performed to find the temporal Fourier
coefficients (A, and B)) at each circumferential node location along
the interrow interface. Finally, a temporal inverse Fourier transform
is performed [Eq. (8)] to determine the conservation variables U* at
each subtime level.

VI. Numerical Results

In this paper, we demonstrate the use of harmonic balance
technique to model the nonlinear blade row interaction phenomenon
in multistage turbomachinery. Specifically, we consider the first two
rows (IGV/rotor) of the Purdue Transonic Multistage Research
Compressor. The IGV blades have control diffusion airfoil profiles,
whereas the rotor blades have NACA 65 series profiles. The blade
counts for the IGV and the rotor rows are 18 and 19, respectively. For
the IGV blade row, experimental data is available at the compressor
design speed of 20,000 RPM. At design conditions the inlet Mach
number and the compressor total pressure ratio are 0.35 and 1.32,
respectively. The transonic rotor operates at a supersonic relative
velocity with a shock formation on the suction side of the blade.
The shock propagates upstream and interacts with the IGV blade
row with the potential of causing high-cycle fatigue failure. Further
details about the geometry and the flow conditions can be found in a
paper written by Richman and Fleeter [1]; unsteady surface pressure
and PIV data are presented at 90% span location.

A. Grid Convergence

Before any detailed unsteady computations are carried out, a grid
convergence study is performed to ensure the grid independence of

L T T 1T
T RERREEETARLLES T

Fig. 1 Computational grids used for grid convergence study. Top
represents the coarse grid, middle represents the medium grid, and
bottom represents the fine grid.
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Fig. 2 Steady pressure distribution at 90% span of the IGV blades
using the fine, medium, and coarse grids.

the inviscid steady computations. Note that although a similar grid
convergence study was performed for the viscous grid used in this
paper, we only consider the inviscid grids in this section. To begin,
three grids with different resolutions (355 x 49 x 49,179 x 25 x 25,
and 81 x 13 x 13 nodes) are generated for each blade row. For
comparison, Fig. 1 shows the inviscid computational grids at 90%
span at different passages. Note that using the harmonic balance
technique and complex periodic boundary conditions, the computa-
tional domain is reduced to a single blade passage in each blade row.
In comparison, a typical dual time-stepping time-accurate solver
would need to model the entire wheel for both blade rows since the
number of blades in the two blade rows have no common divisors.

To assess the quality of the grids, we compare the surface pressure
distributions obtained for inviscid computations at the 90% span of
the IGV blade row. As can be seen from Fig. 2, the differences
between the fine and the medium grid solutions are indistinguishable
whereas a slight but visible difference exists for the coarse grid near
the leading and the trailing edges. Although not presented here, a
detailed comparison of the entire flowfield for these grids was
performed and grid convergence was achieved for the inviscid
computations using the medium grid (179 x 25 x 25 nodes).
Similarly, a 211 x 49 x 49 node grid was found to be adequate for
viscous computations.

B. Steady Flowfield

Next, the steady flow through the multirow configuration is
computed without any unsteady excitation, that is, (I, m) = (0, 0).

— Present Solver (Inviscid)

0.8~ — - Present Solver (Viscous)
N O Experiment: pressure side |
O Experiment: suction side
0.75 1 I 1 I 1 I 1 I 1
0 0.2 0.4 0.6 0.8 1

x/c, Chordwise location
Fig. 3 Steady pressure distribution at 90% span of the IGV blades.

Shown in Fig. 3 is the computed pressure distributions as well as
the experimental data as reported by Richman and Fleeter [1] on
the blade surface at 90% span of the IGV row. As can be seen, the
predicted surface pressure values for the inviscid computations are
lower than the experimentally measured values. This is mainly due
to the fact that the predicted shock location in the rotor row is
further downstream of the actual shock location, which affects the
pressure field in the IGV blade row. However, the viscous
computations are in better agreement with the experiments. We
must note that the viscous computations did not include a tip-
clearance gap, and flow tangency boundary conditions were used at
the hub and tip walls.

Figure 4 shows the static pressure contour plots at 90% span for the
steady computations. Note the complex shock structure in the rotor
blade row for both viscous and inviscid calculations. It is clear that
the captured shock is further downstream for the inviscid case, which
results in lower pressure on the IGV blade surface compared with the
experimental data. Also note that because only one mode is retained,
which is equivalent to a steady mixing-plane computation, the
pressure contours do not match at the interrow boundary and the
shock wave cannot propagate upstream. However, the circum-
ferential average of the pressure values are matched in both cases.

Fig. 4 Steady pressure contours at 90 % span. Top represents inviscid,
and bottom represents viscous.
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Fig. 5 Instantaneous unsteady pressure contours at 30% span. Left shows 4-mode solution, middle shows 9-mode solution, and right shows 16-mode

solution.

\!

Fig. 6 Instantaneous unsteady pressure contours at 90% span. Left shows 4-mode solution, middle shows 9-mode solution, and right shows 16-mode

solution.

Fig. 7 First harmonic of unsteady pressure at 90 % span. Left shows 4-
mode solution, middle shows 9-mode solution, and right shows 16-mode
solution.

C. Inviscid Unsteady Flowfield

Next, we use the present method to compute the inviscid unsteady
flowfield. As mentioned previously, before any unsteady
computation one needs to select a set of modes associated with the
indices (/, m) and compute the discrete frequencies and interblade
phase angles for each blade row. For this case, three different
unsteady runs were performed. In the first run, a total of four modes
were retained, which resulted in a single blade passing frequency,
or equivalently, three subtime level solutions in each blade row.
Similarly, for runs two and three, 9 and 16 modes were retained in the
unsteady computation, which resulted in two and three discrete
nonzero frequencies, respectively.

Shown in Fig. 5 are the unsteady pressure contours at 30% span for
4,9, and 16 modes. As can be seen, the unsteady pressure waves
propagate upstream of the rotor blade row. The pressure contours
match relatively well at the interrow boundary for 4- and 9-mode
computations, whereas they match perfectly for the 16-mode model.
In addition, the unsteady flow in the rotor row is nearly unchanged for
all solutions; the blade row coupling effects are more pronounced for
the IGV blade row.

‘We now consider the solutions at 90% span, a location for which
there is experimental data available. Shown in Fig. 6 are the unsteady
pressure contours for this spanwise location. It can be seen that unlike
the solutions at 30% span, the unsteady solutions do not match well at
the interrow boundary when four modes are retained in the model. It



340 EKICI, HALL, AND KIELB

05— 71— F——— 17—

p/P,;,, Mean surface pressure

- 1 Mode
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O—0O 9 Modes
— 16 Modes
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0 0.2 0.4 0.6 0.8 1

x/c, Chordwise location
Fig. 8 Mean surface pressure distribution at 90% span of the IGV
blades.

is obvious that a single harmonic is not adequate to pass the shock
wave smoothly across the interrow interface. However, the quality of
the solution improves as the number of modes, and hence the number
of harmonics, is increased and the unsteady solutions clearly match
better at the interrow boundary.

0.2 T T T T T T T T T

Re(p’), Real part of unsteady pressure

,' —— 4 Modes
0.2 O—0 9 Modes N
— 16 Modes
1 I 1 I 1 I 1 I 1
0'30 0.2 0.4 0.6 0.8 1
x/c, Chordwise location
0.2 T T T T T T T T T

Im(p’), Imag part of unsteady pressure

-01 No_.’ =- 4Modes
O—0 9 Modes
L — 16 Modes i
} . | . | . | . | .
0'20 0.2 0.4 0.6 0.8 1

x/c, Chordwise location

Fig. 9 Unsteady surface pressure distribution at 90% span of the IGV
blades.

Fig. 10 Unsteady pressure flowfield at 90% span of the IGV blades.
Top represents inviscid, and bottom represents viscous.

D. Mode Convergence

Up to this point, we have presented inviscid unsteady results in the
time domain, computed by summing all terms retained in the Fourier
series. However, often it is important to predict accurately only one
or a very few of the Fourier coefficients of the unsteady flow. For
example, if one needed to calculate the forced response of a blade row
at a natural frequency near the first harmonic, then it is only the first
harmonic of the unsteady pressure (or more precisely the generalized
force) that is important. As an example, Fig. 7 shows contours of
the first harmonic of unsteady pressure within the inlet guide vane
passages computed using 4, 9, and 16 modes (corresponding to
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p/P,,

"0 0.2 0.4 0.6 0.8 1
x/c, Chordwise location

— Inviscid solver: pressure side
—— Inviscid solver: suction side
O Experiment: pressure side
O Experiment: suction side
Fig. 11 Unsteady pressure over one rotor passing period at 90% span
of the IGV blades (inviscid).

frequencies one, two, or three times the rotor passing frequency). We
note that all three solutions are very similar, with the 9- and 16-mode
solutions being almost indistinguishable. Thus, the first harmonic of
unsteady pressure is mode-converged with just nine modes, even
though higher harmonics may not be mode-converged.

Next, we plot the mean pressure on the blade surface at 90% span
when 4, 9, and 16 modes are kept for unsteady computations (see
Fig. 8). Also shown in the same figure is the pressure distribution for
the multirow steady solution. It is clear that although the differences
are small, the mean (time-averaged) surface pressure obtained from
the unsteady computations is different than the one obtained from
the steady computation. This clearly indicates a nonlinear effect, and
for the purpose of computing mean flow quantities nonlinear
interactions of unsteadiness in the flow may be important. Also note
that as the number of modes are increased, the mean pressure solution
converges to a fixed value. Next, we investigate the effect of number
of modes on the unsteady pressure at the rotor passing frequency.
Shown in Fig. 9 are the real and imaginary parts of the first harmonic
of the unsteady pressure. The mode convergence can clearly be seen
as the number of modes is increased and all three computations
capture the unsteady effects quite well. These results indicate one
only needs as few as four modes for engineering accuracy, and only
nine modes to obtain mode-converged solutions at rotor passing
frequency.

E. Solver Accuracy

Having investigated the effect of the number of modes retained in
the model for inviscid computations, we now compare our viscous
and inviscid solutions. Figure 10 shows the calculated contour plots
of pressure when 16 modes are retained in the model. As expected,
the viscous and inviscid flowfield solutions differ significantly in the

p/Pt,in

p/Pl,in

p/Pt,in

p/Pt,in

p/P,;

0.7

0 0.2 0.4 0.6 0.8 1
x/c, Chordwise location

— Viscous solver: pressure side
—— Viscous solver: suction side
O Experiment: pressure side
o Experiment: suction side
Fig. 12 Unsteady pressure over one rotor passing period at 90% span
of the IGV blades (viscous).

rotor, with the shock sitting further forward in the viscous solution.
However, in both cases the shock propagates upstream and impinges
on the IGV blades, forming a lambda structure in the IGV. Overall,
the viscous and inviscid solutions seem to be in better agreement in
the IGV blade row, although there are minor but visible differences in
both solutions. The presence of the shock in the IGV is due entirely to
the propagation of the shock emanating from the rotor. Its interaction
with the IGV is highly dynamic, with unsteady refections off of the
IGV blade surfaces. Such dynamic shock interactions are, perhaps,
less dependent on viscous effects.

Next we compare our inviscid and viscous calculations to
experimental data presented by Richman and Fleeter [1]. Shown in
Figs. 11 and 12 are the computed unsteady surface pressure
distributions at 90% span location of the IGV blade row for the
inviscid and viscous computations, respectively, together with the
experimental data. The computed results correspond to the 16-mode
(seven subtime level) runs. One can see that overall the agreement
between the numerical results and the experimental data is good.
Both inviscid and viscous solutions capture the amplitude and the
phase of the unsteady pressure wave reasonably well for all time
instances over a single period. Finally, we compare the instantaneous
Mach number contours obtained using the current unsteady analysis
with the available PIV [1] data (see Fig. 13). As can be seen, our
results are in good qualitative agreement with the measurements
performed at Purdue University. Similar flow features were reported
by Richman and Fleeter [1] and Silkowski et al. [2] using time-
accurate solvers. However, in both papers a one-to-one blade count
was used to avoid high computational and memory requirements of
the time-accurate solution. No such simplifications were made in this
paper. Note, however, the appearance of small islands of contours
and a general “waviness in the computed solution. The shocks, for
example, appear smeared and irregular. This is because the harmonic
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Fig. 13 Instantaneous Mach contours at 90 % span. Top shows Purdue
PIV data [1] (used with permission). Bottom shows present computation.

balance solution is designed to compute the lower harmonics of the
unsteady flow accurately; detailed instantaneous flow features can be
resolved, but only if more subtime levels (harmonics) are included in
the model. Nevertheless, the solution shown predicts accurately the
mean flow and unsteady flow associated with the fundamental
excitation frequency.

F. Computational Efficiency

Having computed the unsteady flow, we return to the issue of
computational efficiency of the present method. Figure 14 shows the
convergence histories for the present harmonic balance method with
seven subtime level solutions (16 modes) and for the steady flow
solver (1 mode). Note that in both cases the terminal convergence
rates of the two solutions are the same. Thus, because the
computation time scales linearly with the number of subtime levels,
the computational time required for unsteady computation is
approximately equal to seven times the computational time required
for a single steady flow calculation. The present method also benefits

-4 T T

— Steady solution
O—0 Unsteady solution (16 modes) |

Log(Global residual)

| | | |
0 1000 2000 3000 4000 5000
Iteration number

Fig. 14 Convergence history.

-10

greatly from the fact that only a single blade passage is required in
each blade row, and from the fact that only a small number of subtime
levels are needed to obtain accurate solutions.

VI. Conclusions

An important component of vane and blade design is the analysis
of the vane/blade excitation problem. Industry needs fast and
accurate methods to predict the resonant response amplitudes. The
most difficult and time-consuming part of such analysis is the deter-
mination of unsteady pressures due to the blade row interactions. In
this paper, we have presented an efficient harmonic balance tech-
nique for computing strongly nonlinear blade row interaction
problems in turbomachinery.

The present method was applied to the problem of IGV/rotor
interaction and was found to predict accurately the complex unsteady
flowfield associated with transonic IGV/rotor shock interaction. In
particular, we have shown that the first harmonic of the unsteady
pressure on the surface of the inlet guide vanes is accurately predicted
with a modest number of harmonics (time levels), with only one to
two harmonics (three to five time levels) giving converged solutions
that are in good agreement with the experiment. We believe this is
the first work in the literature to compare results for shock/vane
interactions obtained from a multistage harmonic balance analysis
to experimental data.

In addition, we have found the harmonic balance method to be
very computationally efficient, mainly for three reasons. First, the
computational domain can be reduced to a single blade passage
regardless of the blade counts. Second, time derivatives are computed
using a very accurate spectral operator, reducing the number of time
levels that must be retained in the model. And third, because the time
derivative in the Euler or Navier-Stokes equation is replaced by a
time-spectral operator, the explicit dependence on time is eliminated,
and very powerful convergence acceleration techniques originally
developed for steady flow problems can be used to speed
convergence. With these computational savings, nonlinear harmonic
balance analysis of unsteady flow investigated in this paper takes
between three and seven times the computational time required for a
steady flow computation.
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