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Abstract

Rotor wake interadions with statars is animportart
asped in turbomachinery noise gereration. This
paper deds with the time lagged periodic boundary
condition (chorochronic periodicity) usedin time
domain Navier-Stdkes equations solvers. Thetime
lag periodic b.c. is usedto solve the norlinea three
dimensional N-S ejuations using redizable k-epsilon
turbulence model ard time deperdert wake defined
attheinlet, with only alimited number of blade
passges discretized. The time lag periodic b.c. has
been validatedthrougha number of 3D testcases.|t
has been shown that the use of a periodic/tenporal
danpingtem is anefficient way to stahlize the time
lagged boundary condition without adding arny extra
gpatial dissipation to the computation. The amustic
respnse from a statar vare with wakes afinedatthe
inletis presered

Nomenclature

T Period

C Fourier coefficient

Q Vector with flow variables
€ Damping fador

m Targertial mode number
N Number of blades
Subscripts

k,l Fourier coefficient index
Superscripts

A Fourier represetation

— Vector
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Introduction

Aerodynamic interadion between rotor wakes and
statarsis one of the most importart saurcesin
turbomadhinery noise generation[1]. The rotor wake,
caused by the rotor boundary layer, is seen by the
statar as alocd change in velocity, rotating with the
same rotational speed ard pitch as he rotor. The
statar is therefore experiencing anunsteady velocity
field, ard anunstead pressire distribution onthe
blades iscreaed This in turn credes pessire waves,
which will take the form of spinning modes in the
turbomadinery duct, according to the well known
theay of Tyler ard Sdfrin [2]. Theresdting noiseis
atone that consist of the blade passng frequercy,
BPF, ard hamonics.

Whenpressire modes d an arbitrary axial stage are
to be predicted, some problems may arise. Oneisthat
the use of ordinary CFD can be computationally very
expersive if no periodicity can be usedto simplify
cdculations, i.e. number of rotors and number of
statars are such that alarge number of statars hasto
be discretized to fit the periodicity of the rotor wakes.
One solution to this problem isto use afrequercy
domain linearized Navier-Stokes guations solvers. A
norlinea mean flow solution is computedand on top
of thisthe wakes ae treaedaslinea perturbations
ard cdculatedin frequency domain. This has b be
dore for each harmonic to the BPF, i.e. each Fourier
coefficient in the Fourier series represetation of the
flow perturbations, that are of interest.The linea
respnse for eech harmonic can then be cdculatedby
using pseuwdo time marching, to reach convergence of
the Fourier coefficients. If the period of the rotor
wakes aes rot fit in asingle statar vare
discretizaion, it is easily solvedby introdwcing a
phaselag at the periodic boundaries. This method has
successully been usedate g. Volvo Aero [3], but it
has sone built i n limitations. Due to the lineaization,
the norlinea effedsin the wakes ae neglected.
Thesenoninea effeds deperd on the amplit ude of
the flow perturbations, ard it is unclea when they
become significant. The solutionis obtainedthrough
mary steps, i.e. first amean flow hasto be
cdculated then the wake respnse for each BPF
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hamonic has to be cdculatedseparately. This can be
seen as adrawbadk too.

Another way of cdculating rotor-wake interadion on
asingle or afew statar vane discretizdionsis to use
ordinary unstead; CFD with atime lagged periodic
boundary condition, i.e. chorochronic periodicity
[4,5]. A Fourier represemation of the information
nea the periodic boundaries can be made by
sampling the flow variables tere. The Fourier-series
can then be usedto insert atime shift into the
periodic boundary, which thenmakesit possite to
cdculatethe rotor wake respnse of an arbitrary axial
stage. In this case the unsteady effedsin the
perturbations are treaed ard all the frequercies of the
wake respnse together with the mean flow can be
obtainedin one cdculation. The drawbad is that the
timeit takes toreach periodic convergence can be
very long. Anyhow, it cansave computational cost
comparedto afull 360° simulation if thatisthe only
altemative.

Chor ochronic periodicity

The interadion between two arbitrary sets of blade
rows that are rotating with differert anguar velocities
can be computed by using chorochronic boundary
conditions [4,5]. Only the stators of afanstageis
consideredis this paper. The wakesfrom the rotor are

| Statorvane_|

modeledatthe inflow of the computational domain,
ard a chorochronic periodic b.c., i.e. time lagged
periodic b.c., is used at the pitch wise boundhries as
shown in Fig. 1. The fundamental frequercy in afan
stage is the blade passng frequercy (BPF), i.e. the
frequercy of the rotor wakes hat are entering the
domain, ard all deteministic flow perturbations that
are caused by the rotor wakescan then be desaibed
by the BPF and harmmornics toit. A rotor wake of
arbitrary pitch can, with a chorochronic b.c,, fit into
anarbitrary number of stator vane discretizaions.

The chorochronic b.c. worksin threesteps; First asa
filter, that samples \alues ateach side, to updatea
Fourier series represeiation of the flow variables
nea the boundaries. Thenit works as atime shift, by
evaluating the Fourier series at a time that
correspnds to the phaseshift between the periodic
sides,and uses te time shifted and rotatedflow
variables atthe other side. Next the Fourier
represemation is evaluatedagain, atthe currert time,
ard usedto damp out unperiodic flow pheromerain
the cdl where the sampling occurred A diagram of
how thisworksis shownin Fig. 2. The only thing
that changes f two or more statar vares ae
discretized is the timelag size/phaseshift, and the
rotational argle.

/

Step 1: Updating the Fourier coefficients

The Fourier coefficients are updatedwith amoving
average technique [4], and the computation shoud
converge to aperiodic solution, where the period is
the inverse of the BPF. The Fourier coefficients that
shoud represet the flow variables rea the periodic
boundhries can be cdculated by integration over one
period,

_ 1 t T .
Co=7 [Qtt)e T dt 1)

The time derivatives d theseFourier coefficients can
be foundby looking at the integration boundries,

~ L2, 2K
T Zlowe T -qu-me T
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where,

Qt-T)=QM)=>Ce T @
k

The approximatetime derivative of the Fourier
coefficients can then be foundwith the new sample
and the existing set of Fourier coefficients as,

dc 1 _ iﬁ{ _i%{
d—tk:?[Q(t)—leqe T }e ! (4)

or,

dC 1 L 1 o 2r(-k),
o SrQWe T -2 Ce T 6
|

The Fourier coefficients are updatedinside the
Runge-Kutta cycle thatis usedto updatethe solution
in time. The cdculation has @nvergedto a periodic
solution when the Fourier coefficients are stationary,
ard the flow throughthe boundary will not be
affededif asufficient amourt of Fourier coefficients
is usedateach cdl closeto the boundary.

"Periodic damping"

= "Time shift and rotate"

Fig. 2 Smplified diagram of how the periodic b.c. with time shift works. Rings represent physical cells inside the
domain and crosses are ghost cells used to calculate fluxes through the boundary. The Fourier representation of a
physical cell near a boundary isupdated continuously by sampling. It is used both to damp out unperiodic flow
phenomena (errors) in the physical cell and in ghost cells at the other side of the boundary.

Step 2: Time shift

A Fourier represetiation of the flow variables in two
cdl layers at eadh side of the periodic b.c. is needed,
because two cdls onead side of acdl face are
neededfor the convedive flux cdculation scheme
usedin this paper. The Fourier series ae evaluated at
atime that correspnds to the phaseshift between the
periodic sides and thenthe time shiftedvariables ae
usedin ghost cells atthe boundhriesateach side. The
ghost cells correspnds to physicalcdls nea the
other side of the boundary, ata different time. A
diagram of how datais trarsferred from one side to
the otheris shown in Fig. 2. It worksin the same

way, the other way around i.e. onthe other side of
the boundhry.

Step 3: Periodic damping

If only stepone and two are usedin a periodic b.c.
with time shift, it will be unstable. A 1D-Euler test
case was made to find out what causedthese
instakilities. The 1D problem represetts a tube with
periodic time lagged boundaries, ard the time lag was
inserted as dscibedin Stepl and Step 2. The
domain and the Fourier coefficierts was initialized
with an acoustic wave that had a wave length that
was 50% longer thanthe domain. The time lag ard
the period was spdfied so that the acoustic wave
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shoud be completely resdved The norinea effeds
will start to deform the wave when the simulation is
started The Fourier coefficients will adapt to the
deformedwave, but same refledions will occur atthe
boundaries,sincethe deformed waveis nat
completdy represemed atonce Thesereflected
waveswill travel in the oppasite diredion compared
to the wave that was nitialized, and therefore it will
not match the spedfied period ard time lag.
Nevertheless thesereflections will grow and
contaminatethe solution and the Fourier coefficients
until it diverges The first solution to this problem
was to make the time lagged periodic b.c. absorbing
[6]. It was $1own to be stalde, but it adds some extra
spatial dissipation close to the b.c. This extra
dissipation was shown to destioy the wake too much,
when the absorbing time lag periodic b.c. was teted
in a 3D computation. A bettersolution to stakilize the
b.c. is to use temporal damping, by evaluating the
Fourier coefficierts ard use the restt in a periodic
dampingtem;

(jj—?;..—a(Q—éj ©

where

A _ i%-t

Q=>CeT @
k

The danping term will damp out unperiodic
errorgreflections and stahlize the b.c. Whenthe
solution has reachedperiodic convergence, the
danpingtemm will be zero, and no extra spatial
dissipation is added The optimal size of the damping
fador is mesh deperent, because we only use
periodic danping in two cdl | ayers on each side of
the b.c., as slown in Fig. 2. For that reason the size of
the cdls close to the b.c. will have an influenceon
the amourt of damping. The solution will reach
periodic convergerce slower if the damping termis
setto a higher than optimal value, but onthe other
hard, if € is too small there will be instabilities ard
the computation will either be contaminatedwith

unperiodic flow phenomenonor diverge. Anyhow,
for our cases it semedto work well with adamping
fador somewhere between:

<o ®

Absorbing boundaries

Theinflow is definedwith the rotor wakes a top of
the mean inflow propetties, asradal profiles of wake
hamonics and mean flow. The inflow is azero order
absorbing boundary condition that absorbs most of
the upstream traveling waves.The outlet is cefined
with a static pressire profile. Upstream of the outlet
thereis abufferlayer, as $iownin Fig. 1, that works
as aow passfilter, and it will cancd out dl
trarsients before it reaches he outlet, to ensure that
no reflection of wawves occur.

Numerical schemes

The solver, basedon the G3D family of codes [7],
solves he unstealy Reynalds-averagedNavier-
Stkes euations with redizable k-¢ turbulence
model, by using a finite volume solver with a
standard third-order upwind scheme for the
convedive fluxes,and a seaondorder centered
difference scheme for the diffusive fluxes.The
solution is updatedwith a three stage Runge-K utta
techmique.

Results

A fanstage with arotor statar vare court ratio of
about 1:1.56is considered Two statars are here
discretized to reducethe time lag size in the
chorochronic periodic b.c. Thiswill speed up
convergencetime [6]. The wakesfrom the rotors
have been cdculatedin a separatesteads stateRANS
cdculation for the rotor blade row. The wakes ae
modeledatthe inflow of the statar domain by an
unstead/ inflow b.c., and can be seen by plotting
ertropy contours, as shown in Fig. 3.
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Fig. 3 Entropy contours at a mid-radius-surface and blades, over the two stator passages used in the wake
response computation. Wakes are entering from the left through the unsteady inflow b.c. and seen aslight strikes
that are convected downstream (to the right) with the flow.

The block structured mesh that has leen gererated
consist of ~6.3-10° nodes,and it has aresdution that
shoud be alle to cgpture acoustic response up to the
3 BPF harmonic. A sparse mesh ~1.0-10° nodes, is
alsocrededard usedto gereratea goodinitial
solution for the fine mesh.

Threehamonics is usedin the Fourier series
represetation of the flow throughthe time lagged
periodic b.c.

The wake resnse from the unstead (norinea)
RANS gjuations solver using chorochronic
periodicity is comparedto a solution obtainedwith a
frequency domain li nearized Navier-Stdkes equations
solver[6], thathas keen validated against
indeperdert data[3].

The aooustic respnse is evaluatedthrougha
decomposition into the Tyler-Sdfrin modes P] that
are of interest:

m=n-N +p-N

rotor p Stator (9)
where,
n=12---, p=----101-

(10

In this case the propagating modes aie m=-10 for the
BPF, m=-20, m=8 for 2" BPF harmonic, and m=-30,
m=-2, m=26, for the 3" BPF harmonic.

The cdculation onthe sparse mesh is simulatedfor
about 80 periodsto ersure periodic convergence
Thenthe solution and the Fourier coefficientsis
interpolatedonto the fine mesh and simulatedfor
arpther 20 periods, which seemedto be eroughfor
periodic convergence onthe acoustically suited mesh.

The maximum amplit ude of the pressire modes s
about the same or lower in the resuts from the
norlinea solver comparedto the linea frequency
domain solver,; Fig. 4-9. Also the shape of the
pressire modes & about the same for the 1% BPF, Fig.
4, but differs for the higher frequercies, Fig. 5-9.
Some discreparties are expeded since noninea
effeds areignoredin the linea solver, and at this
stage it can only be said that the resuts shows
promising ageament. It is al® unclea if it is enough
with athreehamonics represeantation of the flow
throughthe time lagged periodic b.c., but this will be
investigatedin a nea future.
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Results from the linear frequency domain solver is shown to the |eft and results from the nonlinear solver is shown
to theright. This correspondsto all the following plots; Fig. 4-9.

Fig. 4 Pressure fluctuations downstream of the stator vanes at BPF and tangential mode number m=-10. The
maximum amplitude of the nonlinear resultsis here about 10 % lower than in the linear results.

(3

Fig. 5 Pressure fluctuations downstream of the stator vanes at 2" BPF and tangential mode number m=-20. The
maximum amplitude of the nonlinear resultsis here about 40 % lower than in the linear results.

Fig. 6 Pressure fluctuations downstream of the stator vanes at 2™ BPF and tangential mode number m=8. The
maximum amplitude of the nonlinear resultsis here about the same the in the linear results.
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Fig. 7 Pressure fluctuations downstream of the stator vanes at 3" BPF and tangential mode number m=-30. The
maximum amplitude of the nonlinear resultsis here about 5 % lower than in the linear results.

Fig. 8 Pressure fluctuations downstream of the stator vanes at 3" BPF and tangential mode number m=-2. The
maximum amplitude of the nonlinear resultsis here about 40 % lower than the linear results.

Fig. 9 Pressure fluctuations downstream of the stator vanes at 3" BPF and tangential mode number m=26. The
maximum amplitude of the nonlinear resultsis here about 50 % lower than in the linear results.
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Conclusions

The method of cdculating acoustic respnse from
rotor wake interadions with statars by using
chorochronic periodicity and unstead/ CFD has keen
validatedagainst afrequercy domain lineaized
Navier-Stdkes equations solver method.

The use of a periodic danping termm is anefficient
way to stahilize the time lagged boundary condition
withou adding any extra spatial dissipation to the
computation.
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