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Abstract Laminar-turbulent transition in swept-wing boundary ley/és typically
caused by secondary instabilities of steady crossflowcast{CFVs). So far, suc-
tion for laminar flow control (LFC) in three-dimensional balary layers has been
applied to reduce the crossflow and thus the growth of thegsir@€FV modes to
CFVs. We investigate the influence of strong, localizedisacfpinpoint suction)
on developed high-amplitude CFVs and their secondary bilgie By means of
direct numerical simulation we show the successful apfiinaf pinpoint suction
resulting in a significant delay of transition. Strong soietat the wall turned out to
require an extremely small wall-normal grid spacing nearwll for our incom-
pressible vorticity-based codNSD. For verification of the results a comparison with
our compressible cod¥S3D has been performed.

1 Introduction

During the last decades both ecological and economicabnsalead to a strong
demand on LFC technology development. Little potentiahizught to be left in
research areas like enhanced shaping and higher surfality gfiavetted areas or
engine improvement, but the overall drag of a current arlimith nearly fully turbu-
lent flow could be reduced by 16% if the flow over 40% of the stafawere laminar
[12]. Nowadays, the two-dimensional breakdown caused biynien-Schlichting
(T-S) waves can be successfully controlled, see e.g. [1BEitanot yet applied
at airliners cruise conditions). In a three-dimensionalratary layer however the
physical mechanism of transition to turbulence is compjetéferent and methods
like T-S wave cancelation cannot be applied.

Detailed studies on the three-dimensional transitionggsetiave been carried out
in the last decades: Experiments [16], theoretical re$d]tand DNS [14, 15] en-
tirely revealed the secondary instability mechanism of €FSeveral control meth-
ods have been developed since: Saric et al. [11] proposadidtidbuted roughness
elements method (DRE), where a one-time excitation of tfagmced steady CFVs
generates a (secondarily) more stable flow scenario andiglags transition. The
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concept of upstream flow deformation (UFD), suggested bys@éfasann & Kloker
[13, 14], pursues the same goal, not necessarily conneztedghness.

Messing & Kloker [9], [6] proposed a combination of UFD anctson, called
distributed flow deformation (DFD) or formative suctionattaims at a persistent
suppression of (secondarily) unstable CFVs in altering flasvs.

Investigations by Bonfigli & Kloker [3] revealed that the alifipation of sec-
ondary instability modes of CFVs depends rather strongtyemwall-normal veloc-
ity component of the underlying base flow which lead to th&ahidea of pinpoint
suction by Friederich & Kloker [4].

Up to now all results including pinpoint suction have beertaated using our
well-tested incompressible cot8D. As it turned out the code needs an extremely
well-resolved wall-normal grid at the wall whestrong suction is applied. This is
due to the vorticity formulation and the strong velocity djemts at the wall con-
nected to a large wall-normal velocity component at the vialihis paper we com-
pare results for one selected pinpoint-suction case wghli®from our compress-
ible codeNS3D to verify our converged incompressible results.

2 Numerical Methods and Simulation Setups

For both numerical methods all flow variables are non-direradised with ref-
erence values including the reference lengthvelocity Us.,, Reynolds number
Re = UL /Vs and in addition for the compressible cakeand p., where the bar
denotes dimensional values.

2.1 Incompressible Code N3D

N3D solves the incompressible three-dimensional Navier<tekjuations in veloc-
ity-vorticity formulation. All flow quantities are split o a steady part (base flow)
and an unsteady pagt= gg + ¢ to ease the formulation of boundary conditions.
Note that the time mea# g > is non-zero for large/. Sixth-order compact finite
differences are used to discretize the streamwdisar(d wall-normaly) directions.

A Fourier spectral ansatz with KMAX 1 modes is chosen for the spanwise direc-
tion z, where the fundamental wavelength is defined.as 21/ y. The integration
domain is shown in Fig. 1, and for the detailed method seedhd][3].

Instead of using our explicit standard fourth-order RuKgkta time-integration
scheme a semi-implicit method has been developed due tardibiive viscous
time-step limit caused by the necessary fipresolution at the wall. A three-stage
second-order predictor-corrector method has been setaipstibased on Heun’s
method with an additional corrector step to secure A-stghibr the explicitly
treated convective terms. In this method the viscous termaaill-normal direc-
tion are simultaneously treated by the fully implicit trapélal rule. In addition, an
iteration method is necessary for the vorticity equationthea wall (see Eq. 2.15
in [14]). The convective terms ig-direction still impose a small time step that re-
quired the implementation of a spatial filterxrdirection since the slightly dissi-
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Fig. 1 Integration domain,
body-fixed &,y,2) and
streamline-orientedx§, y, zs)
coordinate systems.

damping zone

3(x)

potential streamline

pinpoint-suction holes

secondary-disturbance strip

primary-disturbance strip

pative forward-backward differencing for the convectierts inx-direction did not
provide enough damping of high wavenumber modes due to th# 8me step.

2.2 Compressible Code NS3D

NS3D solves the compressible three-dimensional Navier-Stelestions in con-
servative formulation and total variables wh&e-= (p, pu, pv, pw,E)" represents
the solution vector. The specific heat capacitgsandc, as well as the Prandtl
number are assumed to be constant whereas temperatuosiyjistependence is
modeled by Sutherland’s law. Similarly to the incomprelesitbde a rectangular
integration domain on a flat plate is considered with similamenclature and dis-
cretization. In contrast tdi3D, NS3D computes mainly in physical space and the
Fourier space is used for obtaining tkelerivatives only. For time integration a
standard explicit fourth-order Runge-Kutta method is usem numerical details
see [1] and [8].

2.3 Implementation of Suction

For both codes the suction holes are modeled using fixed watdary conditions:
The wall-normal velocity componemt,s (N3D) or the wall-normal momentum
pViwal (NS3D) are prescribed with aos®(r)-function wherer is the radial coor-
dinate such that the maximum velocity in the hole centerllis, = 0.5. For the
compressible case, this is checked in a post-processipdastel in case corrected
by updatingov). Details on the suction implementation can be found in [9].

2.4 Base Flows and Simulation Setups

A reference case and a pinpoint-suction case are evaluatedth the incompress-
ible and the compressible code, namely cd®€eE;, REF, PR, andPP;. The base
flow is taken from the DLR-Prinzipexperiment Gottingen,[2¢e also Bonfigli &
Kloker [3]. The free-stream velocity. was 14 m/s in the experiment, with cord-
wise Mach numbeMa., ~ 0.04. ForNS3D Ma,, = 0.21 has been chosen since the
time-step limit is approximately proportional to Ma for IdMa, and still to ensure
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Table 1 Simulation parameters.
incompressible setup  compressible setup

X0 1.655 1.900
Axx 103 1.309 1.309
Aywal x 10* 0.066 2.300
Aye/AYwal 120 12
Ye 0.077 0.116
Azx 108 3.747 3.747
KMAX 10 10
Yo 52.400 52.400
At x 10° 6.550 1.047
grid pointsx x y x z 2162x 225x 32 1816x 95x 32
Re 92000 92000
L 0.10m 0.0197 m
Veo 1.5-10 > m?/s 15-10 5 m?/s
U 14.00 m/s 71.03 m/s
be = Wa 12.83 m/s 65.09 m/s
M - 0.21
Too = Tall - 28815 K
Poo - 0.9649 bar
@, 425° 425°
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Fig. 2 Boundary layer parameters for the incompressible (lineg)c@mpressible base flow (sym-
bols). Right ordinates shoRes;, and ®se, respectively. Values in the right plot are basedJgg.

predominantely incompressible behaviour. The integnadiomains cover the same
Res, range to ensure flow similarity. Simulation parameters anarsarized in Ta-
ble 1 and a comparison of the respective boundary-layenpeteas is provided in
Fig. 2.

The compressible base flow is computed W{B3D using a solution of the
parabolized Navier-Stokes equations as initial condititvere the free-stream ve-
locity Ue(X) is chosen as design variable and prescribed to be idertitiad incom-
pressible case.

Note that the base flows are two-dimensional (infinite wipgrsassumption),
but include a spanwise velocity compon#&t where the edge velocity is kept
constant. For the compressible case the temperajued densityy, vary less than
by 0.5% within our integration domain.
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3 Secondary Instability and Pinpoint Suction Concept

At x = 2.2 the unstable primary crossflow vortex mode (0,1) is trigdgwe use
the common double-spectral notation (h,k), where freqgiesift= h- 3y and span-
wise wave numberg = k- yp). After the crossflow vortex has developed to a finite
amplitude level, a pulse-like disturbance containing fiertcies betweefi = 6.0
andf = 3000 with A3 = 6.0 is periodically excited at = 3.0 to initiate controlled
secondary instability (ca$REF). Fig. 3 shows the pinpoint suction setup. The main
crossflow vortex (marked by the dashedvalues, right) is turning clockwise (look-
ing downstream). The eigenfunction of the typical unsta@leondary instability
mode withf3 = 90 is concentrated at the location of the high-shear lay#reatip-
draft side of the vortex. Clearly, the suction hole positiorarked by the arrows) is
right beneath this layer.
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Fig. 3 Left: Pinpoint suction concept: Crosscutxat 3.36 through a crossflow vortex without suc-
tion (lines:ug-isocontours; dashed lines;-isocontours; colored: modak-amplitude distribution
of high-frequency secondary instability mode h=15) andgitesxample of pinpoint-suction posi-
tion at the wall (arrows, crosscut through center of suchiole). Right:u,-velocity profiles above
the suction hole (black: reference case, red: suction c@ke)profiles are located at = 1.32 and

z = 0.03,0.04,0.05 (cf. Fig. 5).

4 Results

For a maximum suction velocity &fU, = 0.5 within the holes the incompressible
simulation demands an extreme wall-normal resolutioAwf, ~ ﬁooél for con-
verged results to adequately capture the occuring largegres (see Fig. 3, right).
Since there are - to the authors’ knowledge - no publicat@nstrong suction in
three-dimensional boundary layers available our comfiriessumerical method is
chosen as verification source since it solves a differemtfsgjuations with different
numerics and coding.

The compressible simulation is carried out triggering toeh perturbations as
in the incompressible case (primary mode, secondary medesec. 3) resulting in
caseREF.. The downstream amplitude development of selected steatyrasteady
modes of the streamline-oriented disturbance velocitypmmentus = Us/Up se is
shown in Fig. 4 (comparing black lines for caREF and black symbols for case
REF;). Almost no differences for the steady modes can be obsemves devel-
opment of the purely three-dimensional steady deformaien0 — (0, 0), serving
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as measure for the vortex strength, is nearly identical dsasethe steady two-
dimensional deformation (0,0) and as an example for a sgentvde (0,3) reveals
no deviations as well. The unsteady modes seem to have #dstiifferent receptiv-
ity which is most likely due to weakly deviatingvelocity profiles of the base flow
(not shown). But the growth rates € [3.3,3.8]) and also the non-linear behaviour
of modef3 = 36 forx > 3.9 match perfectly.

For the pinpoint suction cases one hole withiax = —0.5 Us, is modeled at
x = 3.36 with a diameter ofl = 0.0262 which equals approximately the boundary-
layer thickness and covers about 22% of one fundamentaldparwavelength
Azo. The influence of the suction hole on the vortex stren§tk=(0 — (0, 0)) shows
a touch more attenuation for the incompressible case (congpeed lines for case
PR and red symbols for cageP;). This observation is confirmed when looking
at the high-frequeny growth rat@ & 90) where the compressible one is slightly
higher & € [3.8,4.1]) whereas for the low-frequency mode identical growth rate a
tenuation is found. The overall agreement is excellent hadricompressible result
is confirmed.

Regarding aspects like resolution, further downstreaneldgvnent of the atten-
uated secondary growth, or different suction scenarids &i. additional holes we
note that the purpose of the current paper is verificationrandmmend reference
[5] for further physical aspects. We note also that althadgh i ~ 1/35Aywal ¢
we find At; =~ 6 At; and the numerical effort turns out to be still 10 times lariger
the compressible method. Thus a case with rather smallratieg-domain exten-
sions and resolution was chosen as verification case.

Fig. 5 shows a comparison of all four cases in physical spaget snapshots
of vortex-visualisations are shown in a rotated refererystéesn. Additionally, the
velocity components are shown in cross-cuts at three ssivesgownstream loca-
tions. Albeit the weakening of the vortices is small for tlases with suction the
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Fig. 4 Downstream development of selected madfghmplitudes from Fourier analysis in time
(maximum overy and z). Shown are caseBEF, (black lines),REF; (black symbols)PR (red
lines), andPP; (red symbols).
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Fig. 5 Snapshots of crossflow-vortex visualisationg=-5) in a rotated reference systemy &
245,75 = 0.06, @ =45.0°, X =Xg + X% - COSQ — Z - SiNQY, Z= Zy + Z - COSY + X, - Sing) for cases
a) REF; b) REF. c) PR d) PR.. Shown are approximately two spanwise fundamental wagéhsn
The suction holes in c) and d) are marked in blackat() = (1.3, 0.03) and (1.4, 0.12).
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effect in secondary instability is significant. Deviatidretween the reference cases
are negligible. For the suction cases we observe minordiifees in the vortex size
downstream of the suction hole when comparingytevels for subpictures c) and
d) which is already indicated in the amplitude plot. Agaie #yreement is excellent.

5 Conclusions

DNS results based on the incompressible vorticity-veydoitmulation for crossflow-
transition control by pinpoint suction have been succdlgsferified by compress-
ible DNS. Despite the vorticity-velocity DNS needs a 35 tinfmer wall-normal
resolution near the wall for a grid-independent result duthé high (0.8Je) suc-
tion velocity it is still by about one order of magnitude fasthan the compressible
DNS (Ma=0.21) for the investigated Prinzipexperiment peaib (Ma=0.04). Most
importantly however, the results for the attenuation ofttigga-frequency secondary
instability match it being understood that it is sensitiodtie crossflow-vortex in-
duced shear layers. The next step is including suction aiann

The authors would like to thank O. Schmidt (IAG, UniversitiyStuttgart) for
providing the PNS code.
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