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ABSTRACT sults, compared with experiments and the predictions of othe
researchers, show reasonable agreement for inviscid and visco

7Dur|ng the_de5|gn of the compressor and tur_blne_stages Of0- fiow cases for the investigated flow situations with respect to the
day’s aeroengines, aerodynamically induced vibrations become steady and unsteady pressure distribution on the blade in sep

increasingly important since higher blade load and better effi- rated flow areas as well as the aeroelastic damping
ciency are desired. In this paper .the devglopment ofa m?‘tho‘? The results show the applicability of the scheme for stalled flow
based on the unsteady, compressible Navier-Stokes equations INyround cascaded blades. As expected the viscous and invisc

two dimensions is_described in order to study the phys?cs of flut- computations show different results in regions where viscous ef
ter for unsteady viscous flow around cascaded vibrating blades fects are important, i.e. in separated flow areas. In particular

at stall. ) ) o different predictions for inviscid and viscous flow for the aero-
The governing equations are solved by a finite difference tech- dynamic damping for the investigated flow cases are found.

nigue in boundary fitted coordinates. The numerical scheme
uses the Advection Upstream Splitting Method to discretize the
convective terms and central differences discretizing the viscous
terms of the fully non-linear Navier-Stokes equations on a mov-
ing H-type mesh. The unsteady governing equations are explic-
ity and implicitly marched in time in a time-accurate way us-
ing a four stage Runge-Kutta scheme on a parallel computer or
an implicit scheme of the Beam-Warming type on a single pro- | frequency . .

cessor. Turbulence is modelled using the Baldwin-Lomax tur- N Pending-or torsion-amplitude

bulence model. The blade flutter phenomenon is simulated by | @ngle of incidence

imposing a harmonic motion on the blade, which consists of K redl_Jced frequency

harmonic body translation in two directions and a rotation, al- P Static pressure

lowing an interblade phase angle between neighboring blades. d Vvelocity

Non-reflecting boundary conditions are used for the unsteady t time

analysis at inlet and outlet of the computational domain. The U,V fluid velocity components in the x,y direction
computations are performed on multiple blade passages in order u; friction velocity

to account for nonlinear effects. A subsonic massively stalled x coordinate in axial direction

unsteady flow case in a compressor cascade is studied. The rey coordinate in circumferential direction

NOMENCLATURE

a speed of sound

¢ chordlength

Cp pressure coefficient
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D diameter

H total enthalpy

J Jacobi determinant

L characteristic length scale
M  Mach number

P pitch

Pr Prandtl number

Re Reynolds number

T blade passing period, temperature
o incidence angle
B flow angle in moving coordinate system
o partial derivative
y stagger angle, ratio of specific heats
K dynamic viscosity
p density
T shear stress (tensor), time in computational space
a circumferential coordinate in the computational space
¢ axial coordinate in the computational space
@ flux limiter
Superscripts
mean value

', * dimensionless value

+ dimensionless turbulent value

—,- vector notation

Subscripts

t turbulent value, stagnation flow quantity
w value at the wall

L left

R right

T total value

—oo reference value at inlet

t, X, y,N, T, & partial derivative with respecttot, x, §, T, §

INTRODUCTION
Due to the compact design of turbomachines with higher

loaded blades and increased flow temperatures and velocities, as

well as improved lighter blade materials, the understanding of

unsteady flow phenomena is an issue of increasing importance

during the development of new gasturbines. The most important

the classical blade flutter. Within such approaches the unsteac
equations of motion are linearized with respect to small har-
monic perturbationsin time. Consequently, the unsteady surface
pressure distribution is independent of the magnitude of the sma
harmonic motion, i.e. in the linear range. In order to inves-
tigate realistic modern flow configurations, non-linear and vis-
cous effects are far from negligible, especially in the vicinity of
shocks as well as for shock boundary-layer interaction. Due tc
this circumstance the aerodynamic work of the fluid on the struc:
ture can be strongly influenced by separated flow situations i
compressors and by shocks occurring in turbine cascades. Se
eral Euler [Fransson and Pandolfi, 1986; Huff et al., 1991] anc
Navier-Stokes procedures [Siden, 1991] have been developed !
study these flow regimes. Recent investigations using Navier
Stokes solvers [Weber et al., 1997; Ayer and Verdon, 1996] shov
that viscous effects cannot be neglected in particular in transoni
flows regimes.

The numerical method presented here accounts for unstead
viscous, fully turbulent flow around cascaded blades towards «
better understanding of the above mentioned flow situations. |
uses the "Advection Upstream Splitting Method” (AUSM) [Wa-
da and Liou, 1994] for the discretization of the convective terms
and central differences for the viscous terms of the Navier-Stoke
equations. The blade flutter phenomenon is simulated by im
posing a motion on the blade, which consists of harmonic body
translation in two directions and rotation, allowing an interblade
phase angle between two neighboring blades.

First the results for basic flow cases are shown in order tc
demonstrate that the developed method can resolve typical vis
cous flow phenomena, i.e. the viscous boundary layer and sep:
ration.

Thereafter, a compressor test case, where unsteady visco
effects occur, is investigated. The 2nd test case is a compress
cascade near stall conditions. This case serve as test in order
study the viscous effects on the unsteady pressure distribution c
the blade.

The test case has not previously been investigated numer
cally for such high incidence angles.

unsteady effects occurring in turbomachines are forced response GOVERNING EQUATIONS

and flutter. The latter denotes self-exited vibrations, which are of

The presented method applies the non-dimensionalize

serious concern, because once started they can lead to the brealReynolds-averaged Navier-Stokes equations for the conservatic

of a blade due to high cycle fatigue causing a major damage to
the whole machine. In order to understand and avoid flutter oc-
curring in turbomachines, it is useful to have powerful prediction

models to calculate the unsteady flow through cascaded blades.
Then, some of the costly and time consuming experiments can be

avoided and the different parameters which influence the flutter
phenomena can be studied.

So far a number of methods using time-linearized models,
for instance Whitehead [1990], have been developed to study

2

of mass, momentum and energy and read in a boundary-fitte
moving co-ordinate system pih, 2000], applying a general
transformatior = & (x,y,t),n =n(xy,t), T =t:

;U + 0¢F +0nG

= 2= (3¢ (1nR-09)) + (@n (~¥eR+%9)

(1)
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with

_ U _
U= j,F = ((=%Yn +YrXn) U +ynF —xG),
G = ((—xe —ye) U — y¢F —%:G)
p pu pv
U= (e pU?+p puv
v | T puv |’ pv2+p |’
pe puH pvH
0
Txx
R= Ty R
UTyx + Vyy + B0
0
Txy
S= Ty (2)
/dh
UTyy + VTyy + Sr—ay

Algebraic Turbulence Model

Turbulence is modelled by the algebraic turbulence model
of Baldwin and Lomax [1978] after the Reynolds stresses in the
Reynolds averaged Navier-Stokes equations are modelled via the
Boussinesq approximation [Boussinesq, 1877; Wilcox, 1993].
In the stress terms of the laminar Navier-Stokes equations, the
molecular coefficient of viscosity is replaced byi+ p. In the
heat flux the ternk/cp = p/Pr is changed tq/Pr + p/Pry.

Boundary Conditions

The boundary condition for the calculations is no slip at the
adiabatic blade walls.

Along the inlet and outlet of the computational domain for
steady state flow conditions, boundary conditions based on the
theory of characteristics for the locally one-dimensional problem
are used [Ott, 1991]. The unsteady computations are performed
using locally non-reflecting boundary conditions [Chakravarthy,
1983]. No investigations have been made, if these boundary con-
ditions allow small reflections or are really highly non-reflecting.

The computations are performed on multiple blade passages
allowing an interblade phase angle between adjacent blades.

Details about the boundary conditions can be foundahid™
[2000].

NUMERICAL METHOD
Discretization of the Inviscid Terms

For the convective terms of the Reynolds-averaged Navier-
Stokes equations the Advection Upstream Splitting Method
(AUSM) is used. The AUSM scheme is applied on a quasi one
- dimensional formulation in generalized coordinates for a mov-
ing grid. The convective flux, for example F, is splitted at the cell

3

face (1/2) of the computational grid according to the direction of
propagation into

F1/2 — % ((pﬁz) " (WL+WR)1)n+
(65,

with WT = (1,u,v,H). W /r denote the upwind extrapolated
variables, where the state vector at the cell face is obtained by uy
wind extrapolation, i.e. the MUSCL approach [van Leer, 1979].

The so-called AUSMD [Wada and Liou, 1994] splitting is
used, it reads

®3)

(WL — LPR)l/2> + P12

(pﬁi) Y2~ l]f_erL + GE;QR 4)

for the mass flux. The splittings ftmf*', J’E{ are given as

G +em

4cm

> Jf++26f+> N

Jif ®)

|.—

<1

(o]

m

+ .
J—1 otherwise

=

with

2(p/P),

(P/0)+ (P/0)m 7

oL =

2(p/P)r

(PPt (B/P)L ®)

andcm = max(a, ;aR). Note thaté on the right hand side of the
equations (5) and (6) denote the contravariant velocityhji]”
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2000].
Secondly, the pressure flux is

P12 = P + PR, 9)

where

pt/” =

m
E/— |/ -
U r U R
=+~
20 )¢

PL/R ,otherwise

\

The present method is easier to implement, computation-
ally less expensive than the flux difference splitting methods, but
has in the boundary layer still the same accuracy [Bergamini and
Cinella, 1994]. Moreover, there is no need to specify a numerical
dissipation in the code due to the upwind formulation.

Discretization of the Viscous Terms

The second order partial derivatives appearing in the stress
tensor components and the heat transfer terms of equation (2)
correspond to a second order accurate central difference in which

second derivatives are treated as differences across cell interfaces

of first order derivative terms, as

S~ &S, = (S j+1/2—Sj-1/2) - (11)
The term
2 ou ov
Txx = éu <2& - &) (12)

applying the chain rule becomes

e B0le(3n 20

and is differenced i§ 1 1/> as

ou

on

v v
FI3AT

ou,
e

xz> ) (13)

2
Txx = §M+1/2,j3i+1/2,j [2 (6Eui+1/27jyni+1/2,j _6r|ui+1/27jyzi+l/2,j)
- (_62Vi+1/27jxni+1/2,j +5ﬂvi+1/zvszi+1/21i)] (14)
with dy, Ui j+1/2 = Uij+1 — Ui j.
4

Time Discretization

The Runge-Kutta four-step integration scheme which is usec
for the steady state and the unsteady equations, is second orc
accurate in time [ldhn, 2000]. The steady computations as well
as the unsteady computations using reflecting boundary cond
tions are performed on a parallel computer (IBM-SP2) with a
parallel version of the code using MPI. For the steady computa
tions local time stepping is applied.

For the unsteady computations using non-reflecting bound
ary conditions an implicit factorized scheme [Beam and Warm-
ing, 1978] is applied on a single processor computer.

The implicit scheme, which has first order accuracy in time,
follows to:

piooqtoo a a 1 "
A e F <0—> >
aG\"
(I +AT0— (W)

(15)

=\ N
The Jacobian matri@—ﬁ) is developed with respect to the
extrapolated variabldg" andUg as

(

n
) (U_n+1 _ Jn)
FA"/ —p1 —
( ) (URn+1 _ URn)
n f—
+ < > ( ULn)
The same treatment is applied to the other Jacobian matri
ces. The fluxes used on the left hand side of the implicit schem

are extrapolated with first order following the MUSCL approach
which leads to a tridiagonal system. On the right hand side the

2%

(=)

(7]
|
X

F
UL

U n+1

L - (16)
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inviscid fluxed are extrapolated with second order accuracy to close to the wall, at two positions on the plate, against the 'lam-

the cell face. _
The termsR, and$; representing the viscous terms includ-
ing cross derivatives with respect§@ndn are lagged in time.

The present method can be easily extended to 3D. All details

of the present method can be found inhth[2000].

RESULTS

First the results for steady state flow are presented. After
that unsteady results are presented for a compressor cascade case. g
The results obtained by the present method are always denoted

with INSTHPTL.

Steady State Results
Viscous laminar calculations on a flat plate The
figure 1 shows the velocity distribution in comparison with the

Blasius solution for a Reynolds number of 1 000 000 at a cer-
tain position on the plate. This flow case is characterized by
sharp gradients perpendicular to the streamwise velocity direc-
tion near the wall. Nevertheless, the AUSM-scheme is able to
resolve these gradients with a reasonable accuracy in contrast

inar’ sublayer and the law of the wall. Again, the agreement is
reasonably good.

25.0
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|
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INSTHPT: Navier—Stokes: Re —» =1
-~ Pr = 0.72, M —= = 0.675,
x = 0.15
——x = 0.90
=4~ laminar sublayer
=~ log. law of the wall

0.0

10° 10?

000 000,
AY min = 0.00004,

to the results which can be obtained with the classical van Leer Figure2. u* = f(y™) onaflat plate Re= 1000000 in comparison

flux splitting scheme [l@hn, 2000], where the high production
of artificial viscosity in the viscous boundary layer leads to fuller
velocity profiles.
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INSTHPT: Navier—Stokes: Re —~ = 1 000 000,
® Pr =072, M —= = 0.3, AY min = 0.0004,

x = 0.5
— blasius solution

Figure 1. Velocity distribution on a flat plate Re = 1000000, 100
X 100 meshpoints

Viscous turbulent calculations on a flat plate Fig-
ure 2 shows the velocity profile for the turbulent boundary layer

1The blade flutter code INST-HPT is developed at the Chair eatHand
Power Technology, Royal Institute of Technology in Stockholm, Sweden.

with the " log law” of the wall and the law for the ” laminar”
sublayer, 100 x 100 meshpoints

Steady state viscous, laminar flow around a 2D-
cylinder In order to study the separational behavior of the
laminar code, this test case was chosen. Diagram 3 shows tt
separation angl® and the length of the separation bubble L/D
for different Reynolds numbers ReD against results obtained b
other authors, here Dennis and Chang [1970] and Bouard an
Coutanceau [1980]. Both, the separation point and the length o
the separation bubble are reasonably predicted.

Stef 5 (Standard Configuration 5) This two-
dimensional cascade was investigated at the Office Natione
d’Etudes et de Recherchefdspatiales (ONERA). The configu-
ration consists of six fan stage tip sections [Soize, 1992].

4 degreesincidence Figure 4 shows the cascade geometry and
the mesh used for the calculations of the program INSTHPT witf
80 points on the blade on the upper and the lower side, respe
tively and 120x100 meshpoints in total. The Reynolds numbel
based on the inlet velocity and the chord length is 1400000 for
this flow case [Fransson and Verdon, 1993]* is about 1.5
close to the leading edge for the calculations conducted with IN.
STHPT.

The results for steady state viscous flow shown in figure
5, the steady state pressure distribution, agree with VOLFAP

2The viscous blade flutter code VOLFAP was develc%?ed at VOLVO Aero
Copyright 0 2001 by ASME
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Figure 3. Separation angle and length of the separation bubble
in comparison with other authors, 106 x 100 meshpoints

[Sidén, 1991]. Both calculations are conducted with an incidence
angle of 4 degrees, i.e. the value measured in the experiments.
However, a difference to the experimental data (seke8and
Fransson [1986]) is found. Predictions of another viscous flow
solver VOLSOL? (see Groth et al. [1996]) conducted with an

the experimental data. This is confirmed by other researchers as

well. Hedberg [1994] performed calculations with the Q3D code  the angle of incidence. Comparison is made again with VOL-
VOLFAP varying the streamtube thickness. The numerical re- goL [Groth et al., 1996] and VOLFAP [Siden, 1991] and good
sults could not match the experiments. However, by decreasing agreement is found. VOLSOL seems to predict smaller separz
the angle of incidence to 2.5 degrees using the potential method tjon pubbles than the other two codes especially for small angle
FINSUP [Bdlcs and Fransson, 1986] and 3.1 degrees with the of incidence. The computations for all three codes are performe
with the turbulence model of Baldwin and Lomax [1978]. Val-

ues for higher angles of attack than six degrees are not shown i
Figure 6 shows the length of the separation bubble against the diagram because for eight degrees incidence angle the flow
completely separated in the predictions of INSTHPT and more

present viscous method i, 2000] good agreement with the
experiments can be achieved.

Corporation. The used scheme applies central differences incl. artificial viscosity
for the discretization of the governing equations.
3VOLSOL is a multipurpose code for inviscid and viscous flow and presently

cretization of the governing equations.
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=+ INSTHPT: pressure side

=+ INSTHPT: suction side

A experiments: pressure side
<& experiments: suction side
+++ VOLFAP: pressure side

«++ VOLFAP: suction side

—— VOLSOL: pressure side

—— VOLSOL: suction side

I L
0.8

Il
1.0

0 x 100

Figure 5. Steady state surface pressure distribution of standard
angle of incidence of 3.1 degrees show a better agreement with configuration 5, case 2

or less fully separated in the results obtained with VOLSOL.

10degreesincidence This case is characterized by a complete
developed at VOLVO Aero Corporation. An upwind scheme is used for the dis- S€paration of the flow on the suction side of the blade in the com
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e
~

g - INSTHPT (Hoha, 1005) o and the velocity gradient perpendicular to the mean flow:
= - VOLFAP (Hedberg, 1994)
O -8~ VOLSOL /
0.3
e _ ouU
. 0.2 ¢ y
o
%
S One can show that this assumption does not account for ro
5 0.1 tational effects. This is the major drawback of the models base
%" on the Boussinesq assumption. The Baldwin Lomax turbulenc:
=00 D s model is based on this assumption and can therefore not reall
0.0 2.0 4.0 6.0 8.0 describe rotational turbulent flow, i.e. the turbulent viscosity

_ Angle of incidence, degree in turbulent separated flow.
Figure 6. Length of the separation bubble against the angle of The Baldwin and Lomax turbulence model is a two-layer
incidence, standard configuration 5 zero equation (algebraic) model. Is is patterned after the Cebec

_ i _ ) Smith model [Cebeci and Smith, 1974] and introduces a mod
putations as well as in the experiments. The numerical results for is.ation that eliminates the need to search for the edge of the

steady state viscous flow presented in figure 7 show higher pres- boundary layer to determine the length scale. Its strength an

sure values than measured in the experiments, though the baCkweakness are well known in the CFD community: it predicts ac-

pressure from the experiments is taken for the numerical calcula- o, rately the steady flows with little or no separation and performs
tions. Lower values could be achieved by decreasing the angle of 4y it there is large separation, either shock-induced or other
incidence as in the previous case. So far no other numerical data

wise.
Despite its disadvantages the model is used as a first ste
10 because of its simple implementation and the fact that it is com
putationally less expensive than one equation or two equatiol
0.6 }\ models, like the ke turbulence model [dFin, 2000].
r D\ T - - - _ _ R
0o2f ~“P0o0DoeTgoeo
N i ~ = oo°® . Cor_1verge_nce Convergence. for the steady state compu-
© B o o0 tations is achieved when the maximum value for the change o
02 s o0 density during one time step has a drop of about t010’ de-
/7 ° pending on the flow case.
0.8/ © For the steady state viscous computations mesh sensitivity stu
:/{ L ies have been performed to ensure that the solution is indepel
0T o2 04 06  o0s  1o dent of the mesh resolution.
Chordwise Distance
— INSTHPT viscous: M; = 0.57, My = 0.38, 8, = 69.3°, f, = 61.3° Unsteady Results
o cxperiments; Suction side. 4 degrees incidence The shown unsteady viscous flow situa-
M, = 0.5, B,= 69.3° 7 = 59.3°

tion is case 7 of standard configuration 5 according to Fransso
and Verdon [1993]. The cascade is forced into a pure torsiona
vibration mode of a frequency of 550 Hz and an amplitude of
0.1° with an interblade phase angle of 8@nd a reduced fre-

is published on this case. Further investigations should show if quency of 2.04 based on full chord. The steady state initial solu
a better agreement with the experiments can be achieved whention used is characterized by an incidence angle’afad an inlet

the calculations are performed with a lower inlet Mach number Mach number of 0.5, see above. As the figures 8 and 9 show, th
(according to the experiments). However, the present study usesresults for the unsteady amplitude and phase of the surface pre

Figure 7. Steady state surface pressure distribution of standard
configuration 5, case 18, i = 10°

the values given by Fransson and Verdon [1993]. sure distribution are in reasonable agreement with experiment
presented by Fransson and Verdon [1993]. The results are bast
Baldwin Lomax turbulence model for separated flow on the fundamental Fourier coefficient of the unsteady pressur

Boussinesq [1877] introduced an analogy for the turbulent obtained by a Fourier analysis in time. The viscous computatior
stresses similar to the viscous, laminar stresses. He described thés performed with the explicit parallelized unsteady version of the
turbulent shear stresw as a product of the turbulent viscosity code on an IBM SP2 [Blfin, 1996]. The inviscid code, using the

7 Copyright 0 2001 by ASME



same capacitive boundary conditions and running for 12 cycles
as well (which is found to be sufficient for an unsteady periodic
solution), shows on the pressure side (LS) as expected no big
difference to the viscous code for the unsteady amplitude. The
difference in the leading edge region is due to a coarser mesh for
the inviscid solution. The used mesh had 80 x 40 mesh points for
the inviscid computations. On the other hand, the suction side
shows a big difference, which is expected due to the fact that
separation occurs in the viscous solution. Since the results are
compared with the experiments where only one blade is excited
4, a comparison with the Navier-Stokes code VOLFAP §id”
1991] is made under the same conditions as for the results ob-
tained with the present method. The results obtained with VOL-
FAP [Sidn, 1991] by Hedberg [1994], see figure 8, agree well
with the present viscous method on the pressure side but gener-
ally have higher amplitudes for the unsteady pressure amplitude
on the suction side, especially close to the leading edge where
separation occurs. The results agree fairly well in phase with the
present method for the suction side as well as for the pressure
side, as it can be seen in figure 9.

T T LT

0.0

0.2 0.4 0.6 0.8
CHORDWISE DISTANCE

—— INSTHPT: AUSM explicit viscous
— VOLFAP

«++ INSTHPT: AUSM explicit inviscid
A Experiments: suction side

< Experiments: pressure side

Figure 8. Amplitude of the unsteady pressure over chord for stan-
dard configuration 5 case 7, i = 49, reflecting boundary condi-
tionsapplied in INSTHPT

Figure 10 and figure 11 show the unsteady pressure with re-
spect to amplitude and phase for case 7 for INSTHPT and VOL-
FAP. The viscous and inviscid results for INSTHPT are obtained
using the implicit time marching method with non-reflecting

4Consequently, the experiments show only the eigeninfluence of the blade on
itself, which is shown to be the biggest contributioro[8 and Fransson, 1986].
The movement of the neighboring blades in the numerical predictions give only
a minor contribution on the amplitude of the unsteady pressure distribution and
almost no influence on the unsteady phasal¢B and Fransson 1986]. Therefore,
the computation with two passages and an interblade phase angle of 180 degree
is a good approximation. 8

180.0

90.0

0.0

Cp phase

-90.0
n

—_— =

—_— =

g

{3 T T Y T T |

-180.0
0.0

0.2 0.4 0.6 0.8
CHORDWISE DISTANCE

1.0

— INSTHPT: AUSM explicit viscous
— VOLFAP

« -+ INSTHPT: AUSM explicit inviscid
A Experiments: suction side

< Experiments: pressure side

Figure 9. Phase of the unsteady pressure over chord for standard
configuration 5 case 7, i = 4°, reflecting boundary conditions
applied in INSTHPT

B - s
O Y Y Y T Y Y

0.2 0.4 0.6 0.8 1.0
CHORDWISE DISTANCE

—— INSTHPT: AUSM implicit viscous
— VOLFAP

«++ INSTHPT: AUSM implicit inviscid
A Experiments: suction side

< Experiments: pressure side

Figure 10. Amplitude of the unsteady pressure over chord for
standard configuration 5 case 7, i = 4°, nonreflecting boundary
conditionsapplied in INSTHPT

boundary conditions. In general, good agreement with VOLFAP
is found with respect to the prediction of the unsteady amplitude
and phase.

Comparing these results with the results obtained by the pat
allel, viscous, explicit version of the code using capacitive (non-
reflecting) boundary conditions, see figures 8 and 9, one can se
that the unsteady pressure amplitude is higher for the calculatior
using non-reflecting boundary conditions, especially on the suc
tion side of the blade. The predicted phase is almost the same fi
the computations performed with the explicit viscous unsteady
version of INSTHPT and the implicit viscous unsteady version
of INSTHPT, which leads to the conclusion that the influence
(S)f the boundary conditions, i.e. the use of reflecting or non-
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e INSTH_PT: AUSM im_plicil._ inviscid O Experiments: pressure side
S Dxberiments: pressare side Figure 12. Amplitude of unsteady surface pressure distribution
Figure 11. Phase of the unsteady pressure over chord for stan- of standard configuration 5, case 18, i = 10°
dard configuration 5 case 7, i = 4°, nonreflecting boundary con- 180.0

ditionsapplied in INSTHPT

R

reflecting boundary conditions, is significant on the suction side 90.0
of the blade for this particular test case.

0.0

o
\

Cp phase

L B B
(e}
O
>

10 degreesincidence This present unsteady viscous flow situ-
ation is case 18 of standard configuration 5 according to Frans-
son and Verdon [1993]. Based on the steady state initial solution
which is characterized by an incidence angle of 4@d an inlet
Mach number of 0.5 and given in the previous steady state sec- -180.0 L1 N ‘ e
tion, the cascade is forced into a pure torsional vibration mode 0.0 o0& 04 06 08 10
of a frequency of 550 Hz and an amplitude oL ®with an in- CHORDWISE DISTANCE

-90.0

terblade phase angle of 18@nd a reduced frequency of 2.04 — INSTHPT: AUSM implicit viscous
A Experiments: suction side
based on fu” ChOI’d O Experiments: pressure side

Figure 12 shows the amplitude of the unsteady surface pres- Figure 13. Phase of unsteady surface pressure distribution of
sure obtained on the suction and the pressure side of the bladeStandard configuration5, case 18, i = 10°
in comparison with experiments [Fransson and Verdon, 1993]
based on a Fourier decomposition in time for the first harmonic. and the inviscid code FINSUP [Hedberg, 1994] and the viscous
On the suction side the separated flow causes a peak in the un-code VOLFAP [Hedberg, 1994]. The tendency for the damp-
steady pressure amplitude which is shown in the experiments anding measured in the experiments is predicted by the viscous cod
weakly shown in the numerical predictions. In general the ampli- INSTHPT. However, for small incidence angles (less th&h 6
tudes are higher than for the experiments, which is probably due lower damping values are predicted and for high angle of inci-
to the fact that only one blade is oscillating in the experiments dence higher positive damping rates are computed. The invisci
[Bdlcs and Fransson, 1986]. method of INSTHPT gives lower values for the damping than the

Figure 13 shows the phase of the unsteady surface pressureviscous code of INSTHPT. The same tendency is shown by FIN
The experimental results are considerably off on the suction side SUP and VOLFAP. No published numerical data is available for
of the blade, whereas the pressure side is in good agreement withthe angle of incidence of 7.5 and 10 degrees. In general the vis
the experiments. Unfortunately, no published numerical data at cous predictions are more stable in an aeroelastic sense than t
all is available for this case. inviscid predictions for the present method. This is confirmed by

the calculations performed by Hedberg [1994] with FINSUP and

Damping Figure 14 shows the computed aerodynamic damp- VOLFAP.
ing as a function of the incidence angle for standard configuration
5 for the implicit inviscid and viscous codes of INSTHPT com- Convergenceand performance Table 1 gives the mostimpor-
pared with the experimental data [Fransson and Verdon, 1993] tant convergence and performance data of the present numeric
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Damping coefficient
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10.0 12.0

Incidence angle

<>00+

INSTHPT viscous implicit
INSTHPT inviscid implicit

Experiments: one blade moving

VOLFAP
FINSUP

Figure 14. Damping as a function of incidence angle standard
configuration 5

length of the separation bubble generally agree with the experi
ments and results obtained by other flow solvers.

Unsteady computations are performed on STCF 5 at the an
gles of incidences of% 6°, 8° and 10. In the separated regions
the present method accounts for viscous effects, which is see
in the computed unsteady surface pressure distribution and th
aeroelastic damping, and good agreement is found with othe
numerical methods [Siden, 1991; Whitehead, 1990]. The un-
steady predictions for viscous flow show a higher damping coef
ficient than for the inviscid computations, which is in agreement
with the results of other authors. The viscous predictions of the
present method give a good agreement with the measured aerc
lastic damping for STCF 5.

The unsteady results show that the present method can t
used for massively separated stalled subsonic flow. However, th
author is aware that the Baldwin-Lomax turbulence model is not
the best choice for flow cases, where large separation occurs.

Case CFL | iterat. | cycles CPU time | expl./
] ACKNOWLEDGMENT
/cycle | * passageg *nodes [h] | impl. | would like to express my gratitude to Professor Torsten
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Royal Institute of Technology of Stockholm, who made this work
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