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momentum thickness Reynolds number was 4:1 £ 103, but did not
report any value of L22 . Using these anisotropic values of the rms
velocity and length scale in Eq. (11) results in the measured 10 dB
spread between the low-wave-number longitudinal and transverse
spectra. However, in an isotropic model u1 D u2 and L11 D 2L22,
resulting in only a 3-dB spread. Therefore, the best possible � t
for an isotropic model is a .10 ¡ 3/=2 D 3:5 dB underprediction
of the longitudinal spectrum and overprediction of the transverse
spectrum. This is very close to what is obtained by the CFD-based
prediction.

Although the predicted low-wave-number spectrum using the
isotropic model has errors of 3–4 dB in a boundary layer, the
effect of anisotropy on turbulence ingestion noise calculations is
likely to be less signi� cant. This is because unsteady lift is pro-
duced by the � uctuating velocity component normal to the blade,
which, because of the blade stagger angle, rake, and skew, is gen-
erally a combination of u1, u2, and u3 (Ref. 4). Therefore, an
isotropic model based on an average of the three velocity com-
ponents is likely to provide a reasonable approximation of the
blade-normalvelocity spectrumfor rotor turbulenceingestionnoise
predictions.

V. Conclusions
A model that can be used to predict the turbulencevelocity spec-

trumand correlationfunctiongiven the k–" outputof a CFD solution
has been presented. The model is most accurate in the inertial sub-
range because of the assumption of isotropy, as demonstrated for
a turbulent boundary layer. Because the model is based on the tur-
bulence energy spectrum, it is reasonably independent of the class
of � ow. For use in predicting turbulence ingestion noise in turbo-
machinery, the model should provide a reasonable approximation
for the entire wave-number range regardless of whether the turbu-
lence is caused by a hull boundary layer, a wake from an upstream
obstruction, or a jet from an upstream impeller.
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I. Introduction

S HOCK-INDUCED oscillations (SIO) are a pure aerodynamic
problem that can occur over rigid airfoils as a result of the de-

velopment of instabilities caused by the boundary-layerseparation
and the shock-wave interaction. This problem is extremely impor-
tant because it can lead to the buffeting phenomenon through the
mechanical response of the wing structure. A detailed description
of the physical features of SIO is given by Lee.1 Computations
have been essentiellydone over thick airfoils to investigate the SIO
problem.2¡4

Numerically, the local time-step technique, which is ef� cient to
accelerate the convergence towards the steady state, cannot be ap-
plied forunsteadycomputationsthat imperativelyneeda globaltime
step. This constraint drastically reduces the method ef� ciency be-
cause of the Courant–Friedrichs–Lewy stability criterion. To over-
come this dif� culty, the dual time-stepping approach has been pro-
posed by Jameson. It has also been used recently by Furlano et al.5

and Renaud et al.6 for SIO computations.
In the present study a wall law approach is used to relax the mesh

re� nement near the wall and therefore to increase the value of the
global time step. Then, the computational ef� ciency of the explicit
method is restored. Providing large CPU cost savings, the wall law
approachhas also proved to be attractive for the quality of its results
in computing separated � ows and for the robustness improvment it
brings.7

Moreover, the eddy viscosity models based on the linear
Boussinesqrelationare known to be unable to capture the boundary-
layer separation and unable to take into consideration the nonequi-
librium effects. A consequenceof these weakness observed for un-
steady computations is the overproductionof eddy viscosity, which
limits the developmentof naturalunsteadinessand modi� es the � ow
topology. In this Note, we show that the turbulencemodel behavior
can be remarkably improved by limiting the eddy viscosity with the
shear-stress-transport (SST) correction associated with a wall law
approach.

II. Numerical Methods
A code solving the uncoupled Reynolds-averaged Navier–

Stokes/turbulentsystems for multidomain structuredmeshes is used
for the present study.This code is basedon a cell-centered� nite vol-
ume discretization.Fluxes are computed with the Jameson scheme,
and time integration is realized through a four-stage Runge–Kutta
algorithm. More details about the solver can be found in Ref. 8.

Various two-equation turbulence models are used in the present
study: the Menter9 SST k–! model and also the high-Reynolds-
numberversionof the Jones–Launder10 k–" model,with andwithout
the Menter SST correction.
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At the wall a no-slip condition is used coupled to a wall law treat-
ment. It consists in imposing the diffusive � ux densities, required
for the integration process, in adjacent cells to a wall. More details
concerning the wall law approach are given in Ref. 7. For unsteady
boundary layers the existenceof a wall law is assumed valid at each
instant. As shown in Cousteix et al.,11 the velocity phase shift is
nearly constant in the logarithmic region and equal to the shift of
the wall shear-stress phase. This is true for a Strouhal number up
to 10.

III. Flow Conditions
The experimentalstudyhasbeenconductedin theS3MA ONERA

wind tunnel12 with the supercritical RA16SC1 airfoil. The Mach
number and the Reynolds number based on the chord are respec-
tively M1 D 0:732 and Rec D 4:2 £ 106 . The angle of attack varies
from 0 to 4.5 deg. Transition is � xed near the leading edge at
x=c D 7.5% on both sides of the model.

For the computations experimental corrections are used in order
to take into account wind-tunnel wall effects. The Mach number is
decreased by 0.09, and the angle of attack is decreased by 1 deg
at all incidences with respect to experiment. The grid has a C-type
topology. It contains 321 nodes, 241 of which are on the airfoil.
The yC values of the coarse mesh, at the center of the � rst cell,
vary between 1 and 80 for a steady computation at 4-deg angle of
attack.

IV. Comparison to Experiments
A. Four-Deg-Incidence, k–! SST Model

To describe the buffet phenomenon, one period of the lift co-
ef� cient is divided into 10 equal parts, as shown in Fig. 1. The
skin-friction coef� cient C f0 D ¿w=0:5½1U 2

1 is plotted in Figs. 2

Fig. 1 Lift coef� cient over one period of the cycle: 4-deg angle of
attack, k–! with SST correction.

Fig. 2 Skin-friction coef� cient during the downward shock
displacement: 4-deg angle of attack, k–! with SST correction.

Fig. 3 Skin-friction coef� cient during the upward shock
displacement: 4-deg angle of attack, k–! with SST correction.

and 3. At t=T D 0:5 when the shock is at the most downstream po-
sition, separationoccurs at x=c D 40% without reattachmentbefore
the trailing edge, although the back� ow intensity is very small after
x=c D 70%. As the shock moves upward, the separated region in-
creases and so does the back� ow intensity, around t=T D 0:7. The
magnitude of the negative skin friction does not change a lot during
the cycle near the shock. Actually, this change is important on the
rear part of the airfoil. When the shock reaches its most upward
position, reattachment takes place between x=c D 40 and 70%, and
the strengthof the back� ow is stronglyreduced.With the downward
shock displacement the intensity of the skin friction increases in the
reattached region, up to x=c D 90%. A small separation bubble is
always present near the foot of the shock.

The developmentof a mixing layer downstream of the shock can
be evidenced by using the Q criterion. During the downward shock
displacement, the vorticespropagate,with pairing, up to the trailing
edge. As the shock moves upward, they are shed in the wake and
dissipatedvery quickly (less than one chord from the trailing edge).

B. Other Results
The rms values of the pressure� uctuationsare compared in Fig. 4

with experimental results for three turbulencemodels and 4-deg an-
gle of attack.The pressure side is representedby the negativevalues
of the abscissa x=c. The maximum value is obtained at x=c D 40%,
justafter themost downwardshocklocation.The largestdiscrepancy
with experiment is observed downstream the shock location, on the
rear part of the airfoil and at the trailing edge.

Figure 4 clearly shows the in� uence of the SST correction.With
the baseline Menter k–! model no unsteady � uctuationsdevelop at
® D 4 deg. With the k–" model shock-inducedoscillationsexist, but
the amplitude of the pressure � uctuations is underestimated. The
SST correction increases the oscillationamplitude up to the correct
level over all of the suction side.Unfortunately,it also overestimates
the pressure � uctuation on the pressure side.

The use of the SST correctionand the use of a wall law approach,
which removes the wall damping functions in separatedregions, are
the key points of the present study,both for the numerical ef� ciency
of the time integration and for the quality of the results.

The reduced frequency 2¼ f c=U1 of the SIO phenomenon and
the rms amplitudeof the lift coef� cient are plotted in Figs. 5 and 6 as
a function of the angle of attack. The experiment clearly shows that
the reduced frequency increases with incidence. This tendency is
reproducedby the computationsand particularlywell with the k–!
SST model, which gives the reduced frequency within 10% of the
experimental results. The k–" model with SST correction does not
seem to render this evolutionas well. However, this model correctly
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Fig. 4 Rms pressure � uctuationsover the airfoil:4-deg angleof attack,
k–! and k–" models.

Fig. 5 Reduced frequency parameter vs angle of attack.

predicts the entrancein the SIO domain.Without the SST correction
the correspondingangle of attack is shifted by 0.6 deg.

The amplitude of oscillations of the lift coef� cient is probably
more dif� cult to compute than the reduced frequencyparameter be-
cause it directly relies on the correct description of the separated
region. The experiment shows that the SIO phenomenonoccurs just
before the 3-deg angle of attack. The amplitude reaches a maxi-
mum value at 4-deg incidence and decreases at larger values. This
evolution is remarkably well reproduced by the k–! SST model,
which indicates a return to a steady state at 5-deg incidence.Unfor-
tunately, there are no experimental results at this incidence because

Fig. 6 Amplitude of the lift coef� cient � uctuation vs angle of attack.

the emphasis has been put on the buffet appearance.The k–" model
with SST correction also correctly predicts the entrance in the SIO
domain but overpredicts the amplitude of oscillationsat 4-deg inci-
dence. Without the SST correction the results are shifted by 0.6-deg
incidence, as for the reduced frequency parameter.

V. Conclusions
The predictionof shock-inducedoscillationshasproved to be sen-

sitive to the turbulence modeling and numerical integration meth-
ods. The present Note shows the interest of the use of a wall law
approach for unsteady computations over a transonic airfoil. First,
the numerical ef� ciency and the CPU cost saving by relaxing the
mesh are very signi� cant. Moreover, the treatment associated to the
k–! and k–" models with the SST limiter is able to predict periodic
self-sustained oscillations for the RA16SC1 airfoil correctly. Not
only is the frequency of the SIO correctly computed, but also its
evolution with the angle of attack as well as the amplitude of the
lift coef� cient. Comparisons with experimental values of the rms
pressure � uctuations clearly indicate the great in� uence of the SST
correction for the quality of results.

References
1Lee, B., “Self-Sustained Shock Oscillations on Airfoils at transonic

speeds,” Progress in Aerospace Sciences, Vol. 37, 2001, pp. 147–196.
2Raghunathan, S., Gillan, M., Cooper, R., Mitchell, R., and Cole, J.,

“Shock Oscillations on Biconvex Aerofoils,” Aerospace Science and Tech-
nology, Vol. 3, 1999, pp. 1–9.

3Barakos, G., and Drikakis, D., “Numerical Simulation of Transonic Buf-
fet FlowsUsingVariousTurbulenceClosures,” InternationalJournalofHeat
and Fluid Flow, Vol. 21, 2000, pp. 620–626.

4Wang, D., Wallin, S., Berggren, M., and Eliasson, P., “A Computational
Study of Unsteady Turbulent Buffet Aerodynamics,” AIAA Paper 2000-
2657, June 2000.

5Furlano, F., Goncalves, E., Houdeville, R., and Coustols, E., “Unsteady
RANS Computations: Simulation of the Buffeting over an Airfoil,” IUTAM
Symposium on Unsteady Separated Flows, International Union of Theoret-
ical and Applied Mechanics, Toulouse, France, April 2002.

6Renaud, T., Corre, C., and Lerat, A., “Ef� cient Numerical Simulation of
Buffet for Airfoils in Transonic Regime,” IFASD, Madrid, June 2001.

7Goncalves, E., and Houdeville, R., “Reassessment of the Wall Functions
Approach for RANS Computations,” Aerospace Science and Technology,
Vol. 5, 2001, pp. 1–14.



1832 AIAA JOURNAL, VOL. 41, NO. 9: TECHNICAL NOTES

8Couaillier, V., “Numerical Simulation of Separated Turbulent Flows
Based on the Solution of RANS/Low Reynolds Two-Equation Model,”
AIAA Paper 99-0154, Jan. 1999.

9Menter, F., “Two-Equation Eddy-Viscosity Turbulence Models for
Engineering Applications,” AIAA Journal, Vol. 32, No. 8, 1994,
pp. 1598–1605.

10Jones, W., and Launder, B., “The Prediction of Laminarization with
a Two-Equation Model of Turbulence,” International Journal of Heat and
Mass Transfer, Vol. 15, 1972, pp. 301–314.

11Cousteix, J., Houdeville, R., and Javelle, J., “Response of a Turbu-
lent Boundary Layer to a Pulsation of the External Flow with and Without
Adverse Pressure Gradient,” IUTAM Symposium, International Union of
Theoretical and Applied Mechanics, Toulouse, France, May 1981.

12Benoit, B., and Legrain, I., “Buffeting Prediction for Transport Aircraft
Applications Based on Unsteady Pressure Measurements,” AIAA Paper 87-
2356, Aug. 1987.

R. M. C. So
Associate Editor

Onset of Condensation in Vortical
Flow over Sharp-Edged Delta Wing

Satoru Yamamoto¤

Tohoku University, Sendai 980-8579, Japan

Introduction

T HE actual atmosphere of the Earth includes a � nite amount
of water vapor, which plays an important role in weather con-

ditions and in the Earth’s various environments. Water vapor also
plays an interesting role in the � ight of airplanes. Water vapor may
occasionally condense around the airplane. The phase change may
be generallydominatedby heterogeneousnucleationof water vapor,
because small particulates such as soot or aerosols may behave as a
nucleus of condensation.

The condensationaround an airplane is the so-called vapor trail.
Vapor trails are occasionally observed in the takeoff, landing, and
transonic cruising of airplanes. A vapor trail appears as a white
cloudover the wing or extendingfrom the wing tip. Campbell et al.1

summarized a number of photographsof natural condensation.
Because time and space scales in a wind tunnelare fundamentally

smaller than those in � ight, actual condensationin � ight may not be
recreatedby a � ow arounda small-scaledwing in thewind tunnel.In
atmospheric wind-tunnel conditions, the supersaturation ratio S of
water vapor may quickly go beyond the saturation ratio S D 1 due
to homogeneous nucleation through the inlet of the wind tunnel;
it reaches S À 1 rapidly around the wing without condensation.
After this process, a huge amount of water droplets is nucleated
in a highly supersaturatedcondition. This process is dominated by
nonequilibrium condensation. As a result, condensation increases
temperature and pressure due to the release of the latent heat of
water vapor. In atmospheric � ight conditions,on the other hand, the
chord length of the wing is much longer than that of wind-tunnel
models. Furthermore, small particulates,in the atmosphere, such as
dust, soot, ions, and aerosols, may play the role of the nucleus for
heterogeneous processes. Therefore, actual condensation in � ight
may be dominated by almost equilibrium condensation.
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Recently, Schnerr and Dohrmann2 studied two-dimensionaltran-
sonic � ows of moist air aroundan airfoil in atmosphericwind-tunnel
conditionsexperimentallyand numerically.Transonicviscous� ows
of moist air around a NACA0012 airfoil at 2-deg angle of attack in
atmospheric wind-tunnel conditions were studied by Iriya et al.3

Three-dimensional transonic turbulent � ows around the ONERA
M6 wing were calculated by Yamamoto et al.4 assuming atmo-
spheric wind tunnel conditions. In this study, the computational
code is applied to the calculation of condensation in a streamwise
vortexproducedovera singledeltawing in atmosphericwind-tunnel
and � ight conditions.

Low-speed � ows over a delta wing or a double delta wing at
high angle of attack have been widely studied by Hsu et al.,5 Fujii
and Schiff,6 and Gordnier and Visbal.7 It is known that a strong
streamwise vortex is produced from the apex of the delta wing.
All delta-wing studies that we know of have assumed ideal gas
without water vapor (zero humidity). However, condensate stream-
wise vortices are occasionallyobservedaround the delta wing in ac-
tual � ight.1 Although condensation is known as quite an important
phenomenon affecting wing performance, the physics of condensa-
tion in the streamwise vortex over the delta wing is still unknown.
Therefore,a study to understandthe mechanismunderlyingthe phe-
nomenon would be quite valuable even if it is done at a preliminary
level. We provide a preliminary numerical result for the condensa-
tion in a streamwise vortex around a delta wing in this Note to fur-
ther the study of condensate � ows in atmospheric � ight conditions.
As a numerical example, three-dimensionalsubsonic laminar � ows
over the 76-deg, sharp-edgedsingle delta wing without thicknessat
20.5-deginclinationare calculatedunder varying inlet or freestream
Mach numbers and atmospheric � ow conditions, and the onset and
the rate of condensation in each � ow condition are compared.

Fundamental Equations
The fundamental equations for three-dimensional compressible

laminar � ows of moist air consist of conservation laws of the to-
tal density, the momentums, the total energy, the density of water
vapor, the density of liquid water, and the number density of water
droplets. This set of equations has been well evaluated in previous
studies.3;4 Flow is supposed to be homogeneous in this study from
the assumption that water droplets occurring due to condensation
are suf� ciently small. Then, velocity slips among air, water vapor,
and liquid water are neglected.The equations of state and the speed
of sound in this study are those introduced by Ishizaka et al.,8 as-
suming that the mass fraction of liquid water, ¯ is suf� ciently small
(¯ < 0:1). These equations are given as follows:

p D ½ RT .1 ¡ ¯/

D .1 ¡ ¯/R

C pm ¡ .1 ¡ ¯/R

³
e ¡ 1

2
½u i u i ¡ ½h0m

´
(1)

c D
µ

Cpm

C pm ¡ .1 ¡ ¯/R

p

½

¶ 1
2

(2)

where

R D .½a Ru=½g Ma C ½v Ru=½g Mv/

½a and ½g are the densities of dry air and mixed gas; Ma and Mv are
the molecularweights of dry air and water vapor, respectively;Ru is
the universalgas constant;Cpm is de� ned by the linear combination
of the speci� c heat at constantpressurebetweengas phaseand liquid
phase using ¯ ; and h0m is the heat of formation.

Condensation Model
In wind-tunnel experiments, onset of condensationmay be dom-

inated by homogeneous nucleation,2 whereas natural condensation
observed in the � ight of airplanes is governedby heterogeneousnu-
cleation and almost equilibrium condensation. Homogeneous nu-
cleation in this study is based on the classical condensation theory


