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Summary. Recent investigations of laminar 
ow control for swept-win g boundary-
layer 
ows provide promising results with respect to cross
 ow-transition delay using
a technique called pinpoint suction . Strong, localized suction through holes accu-
rately positioned with respect to the cross
ow-vortex posi tion can directly weaken
the growth of secondary instabilities that are responsible for the �nal laminar break-
down. With our incompressible code N3D extremely resolved grids in wall-normal
direction have to be used to obtain numerical convergence. In order to con�rm the
results with such strong, localized suction, a single suction hole has been simulated
in a Blasius boundary layer with the N3D code and additionally with our compress-
ible code NS3D. Results from grid studies carried out for both codes as well as a
comparison of the compressible/incompressible results are provided. Incompressible
simulations with various pinpoint suction scenarios in the swept-wing 
ow show the
application of successful pinpoint suction. Performance data for both codes focusing
on a comparison of the NEC SX-8/SX-9 conclude this report.

1 Introduction

Improving the fuel e�ciency of aircrafts has become an impor tant task within the
last decades. Not only do airlines bene�t from saving fuel by decreasing their di-
rect operation costs regarding the oil price development but also the environmental
aspect has gained growing interest and it will only be a matte r of time until environ-
mental laws limiting exhaust gases will be approved. Curren t commercials for newly
designed aircrafts are inconceivable without sentences like \The 787 Dreamliner is
using 20 percent less fuel than any other airplane of its size" (Boeing homepage).

Until today actually applied optimisations for new airplan es are limited to en-
hanced shaping, higher surface quality and engine improvement, but little potential
is thought to be left in these research �elds. New concepts have therefore to be en-
visaged. Laminar 
ow control (LFC) provides a total drag red uction potential of up
to 16 % by e.g. realizing 40% laminar 
ow on wings and control s urfaces of a current
airliner. Much LFC research has been carried out for two-dim ensional 
ow scenar-
ios: By methods like boundary-layer suction or active T-S wa ve control; triggering
anti-phase disturbances; transition to turbulence caused by travelling disturbances
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can nowadays be successfully controlled, see, e.g. Peltzeret al. [14] and Liepmann
et al. for the fundamentals [8] and Liepmann & Nosenchuck [9] .

However, the physical mechanisms in a three-dimensional 
ow, present on ev-
ery swept (airliner) wing, are more di�cult to in
uence. Ste ady cross
ow vortices
(CFVs) typically trigger early transition whereas in a two- dimensional scenario un-
steady T-S waves cause transition to turbulence. After the h igh-frequency secondary
instability of CFVs had been fully eludicated by means of exp eriments, theory and
DNS within the last decades (White & Saric [23], Koch et al. [7 ], Wassermann &
Kloker [20], [21], [22]), several methods aiming at cross
ow transition control have
been developed since: Saric proposed the distributed roughness elements (DRE)
method, see e.g. [15], [16] and for a more recent overview [17]. A one-time excitation
of steady CFVs that are spaced narrower than the naturally mo st ampli�ed ones
creates a 
ow scenario with, at �rst, secondarily stable CFV s and thus delayed tran-
sition to turbulence. The upstream 
ow deformation concept (UFD), proposed by
Wassermann & Kloker [18], [19] and also [20], pursues a similar goal, not necessarily
connected with roughness.

Messing & Kloker [12], [13] and also [6] proposed a combination of UFD and
suction leading to the general concept of distributed 
ow de formation (DFD) and in
particular formative suction. By designing a slot-suction panel the narrower-spaced
useful vortices are continuously excited and additionally suction is present. Also,
succeeding panels can be adapted to the changing stability characteristics when
proceeding downstream and thus continuously excite the locally optimal DFD mode.

A new idea of directly in
uencing already growing secondary instabilities, called
pinpoint suction (see Friederich & Kloker [5] and [6] for a tentative study) is currently
developed at our institute and topic of this report. The idea to use this specialized,
pinpointed suction arose from the discovery that even a small velocity component
normal to a local shear layer can substantially reduce the shear-layer instability
(Bon�gli & Kloker [3], Friederich [4]). Localized, strong s uction through a hole at the
updraft side of the cross
ow vortex, i.e. the position of the eigenfunction maximum
of high-frequency secodary modes, directly reduces their growth while also reducing
the vortex strength. For a recent overview including UFD, DF D and pinpoint suction
see also Kloker [6].

2 Numerics

2.1 Incompressible code N3D

Our code N3D solves the full 3-d unsteady incompressible Navier-Stokesequations
using a disturbance formulation. A velocity-vorticity for mulation is chosen. Each 
ow
quantity q is divided into its steady base
ow part qB and its unsteady component q0

to ease formulation of the boundary-conditions. For the dow nstream and wall-normal
directions x and y sixth-order compact (splitted) �nite di�erences are imple mented
whereas for the spanwise direction z we use a Fourier spectral representation with
K +1 modes. A sketch of the considered domain is shown in Figure 1, and for a
detailed description of the numerical method see [20] and [3]. The necessity of a
highly-resolved wall-normal coordinate for strong suctio n (�vwall;max =�u1 > 10%)
demanded the development of a new semi-implicit time-integ ration scheme. Due
to the inhibiting viscous time-step limit arising from the y-direction the standard
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Fig. 1. Flat plate (top view) with integration domain and rotated re ference system
(x r , zr ) used for visualization purposes.

fully explicit RK4-O4 time integrator was replaced by a thre e-stage Heun method
- standard Heun method plus and additional, second corrector step - where the
secondy-derivatives are treated implicitly. The vorticity-formu lation required then
an iteration method for the equations at the wall. The still s mall time step forced by
the convective terms in y-direction made a spatial �lter necessary for the downstrea m
direction since the alternating forward-backward di�eren ces did not provide enough
numerical damping of high wavenumber modes.

2.2 Compressible code NS3D

The DNS code NS3D (see Babucke, Linn, Kloker, and Rist [1]) is used for the
compressible test simulations. This code is based on the complete 3-d unsteady
compressible Navier-Stokes equations and a calorically perfect gas. The equation set
is also solved in a rectangular integration domain on the 
at plate. In streamwise
(x-) and wall-normal ( y-) direction, the discretization is realized by splitted co mpact
�nite di�erences of 6 th order. In the spanwise (z-) direction, the 
ow is assumed to
be periodic, thus a Fourier spectral representation is employed to compute the z-
derivatives. In contrast to the incompressible code N3D, NS3D largely computes in
physical space. After transformation to Fourier space and simple computation of the
z-derivatives, the back transformation is done with de-alia sing using the 2/3-rule.
For time integration the classical 4 th -order Runge-Kutta method is employed as in
the incompressible case. A detailed description of the discretization algorithm and
boundary conditions is given in Babucke & al. [1] and Linn & Kl oker [10].

3 Results

For the incompressible codeN3D a strong dependence of the necessary wall-normal
resolution at the wall, �y wall , and the maximum suction amplitude prescribed at
the hole was found. In order to con�rm the results with very hi gh suction ampli-
tudes, a grid-study test case was simulated with the incompr essible and compressible
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codesN3D and NS3D, respectively, with varying �y wall . A single suction hole with
30% maximum suction velocity in a two-dimensional Blasius b oundary layer 
ow
(U1 =15.0 m

s ) was chosen. All remaining 
ow parameters were matched to Me itz's
case of Goldstein [11]. Since for the compressible code the allowable time step is
roughly proportional to the Mach number, U1 of the compressible boundary layer
was chosen to be 4.6 times higher in order to achieveMa =0.2 and thus a reasonable
time step. In order to allow for comparison, Re� 1 (xhole ), dhole =� 1 and dhole =sz have
been kept constant for both codes, where dhole is the hole diameter, � 1 the local
displacement thickness, and sz = � z; 0 is the spanwise spacing of the holes and equal
to the fundamental spanwise wavelength. The parameters for both simulations can
be found in Table 1. Figure 2 provides the displacement thick ness for both cases and
the corresponding x-locations for the suction hole centers can directly be extracted
for � 1 = 0 :01224.

N3D NS3D
U1 15.0m

s 69.5m
s

Ma 1 - 0.2
T1 - 270.0K
p1 - 1.0511bar

� 1 1:5 � 10� 5 m 2

s 1:5 � 10� 5 m 2

s
L 0.1m 22.7�10� 3 m

Re 100000 100000
Re� 1 ;hole 1224 1224

� 1;hole 0.01224 0.01224
dhole 0.84426�� 1 =0.0103 0.84426�� 1 =0.0103
� z; 0 2�dhole =0.0206 2�dhole =0.0206
xhole 5.0797 4.9649

Table 1. Parameters for the test case.

x

d 1

4.7 4.75 4.8 4.85 4.9 4.95 5 5.05 5.1 5.15 5.2 5.25 5.3

0.012

0.0122

0.0124

0.0126

d1 compr
d1 incompr

Fig. 2. Displacement thickness � 1 for compressible and incompressible Blasius test
cases of the corresponding, unperturbed base
ows.
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3.1 Incompressible test case

A two-dimensional self-similar solution with zero streamw ise pressure gradient is
chosen as base
ow for this test case. The extensions of the integration domain in
streamwise and wall-normal direction are (short/long case ) L x = 0 :48/ L x = 0 :72
(Nx = 642=962, �x = 7 :50 � 10� 4) and L y = 0 :056 (Ny = 233, step size decreases
while approaching the wall, various �y wall ). The suction hole in these cases is mod-
eled by prescribing

v(x; 0; z) = � vmax cos3(
�r
d

) (1)

where

d = dhole ; r =
p

(x � xhole )2 + ( z � zhole )2 ; r �
dhole

2
: (2)

Later on, also a di�erent function for v(x,0,z) has been used .
Figure 3 provides results for three di�erent values of �y wall . Convergence for

30% suction can be found for �y wall = 1 =1320� � 1 .

x

u­
A

m
pl

itu
de

5.08 5.1 5.12 5.14 5.16 5.18 5.2 5.22
10­5

10­4

10­3

10­2

10­1

Dyw = 1/1320 d1

Dyw = 1/800 d1

Dyw = 1/400 d1

(0,2)

(0,1)

(0,3)

Fig. 3. Results from a grid study with the incompressible code N3D. Downstream
modal development of stationary u-amplitudes for the short Blasius test case with
one 30% suction hole. The suction hole is modeled using a cos3 -function for the
suction velocity. Mode designation (h,k): frequency h! 0 , spanwise wavenumberk
 0 :

3.2 Compressible test case

A Blasius similarity solution is used as compressible base
ow as well whereMa =0.2
is chosen in order to achieve a reasonable time step limit as explained above. The
pressurep1 is chosen such that the kinematic viscosity � =1 :5�10� 5 m 2

s is equal to the
incompressible case. Physical parameters are provided in Table 1. The correct suction
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hole x-location can be extracted from Figure 2. The extensions of the integration
domain in streamwise and wall-normal direction are L x = 0 :60 (Nx = 598, stretched
grid before and after suction hole, �x min = 6 :68� 10� 4) and L y = 0 :105 (Ny = 142,
step size decreases while approaching the wall, various�y wall ). The suction hole in
these cases is modeled by

v(x; 0; z) = � vmax � (1 � 6(
r

r hole
)5 + 15(

r
r hole

)4 � 10(
r

r hole
)3) (3)

where
r =

p
(x � xhole )2 + ( z � zhole )2 ; r � r hole : (4)

Figure 4 shows that all resolutions provide useful results, convergence can be
found for �y wall = 1 =80 � � 1 which is larger by more than an order of magnitude
compared to the incompressible case.

x

u­
A

m
pl

itu
de

4.96 4.98 5 5.02 5.04 5.06 5.08 5.1 5.12
10­5

10­4

10­3

10­2

10­1

Dyw = 1/315 d1

Dyw = 1/80 d1

Dyw = 1/40 d1

(0,2)

(0,1)

(0,3)

Fig. 4. Results from a grid study with the compressible code NS3D. Downstream
modal development of stationary u-amplitudes for the Blasius test case with one
30% suction hole. The suction distribution is modeled using a 5th-order polynomial.

3.3 Comparison

In order to directly compare results from both codes, one more test case was simu-
lated with the incompressible code N3D. The suction distribution was changed from
the cos3-function to the polynomial distribution in order to prescr ibe the identical
boundary condition. Also, since the compressible code prescribes the quantity �v , the
value of vhole;max was extracted once a steady state was reached and fed into the
incompressible simulation (�v max;compr = � 0:295000, vmax;incompr = � 0:295878.
Results from both simulations are displayed in Figure 5. The highest wall-normal
resolutions are used for the comparison. The important modes (0,1), (0,2) match
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perfectly. Slight deviations can be found for the higher mod es. Figure 6 shows a
comparison of the physical 
ow domain. The velocity distrib utions match almost
perfectly and so do the u = 0 :0 isocontours which mark areas of reversed 
ow. Only
the wall-normal velocity component v shows some deviations in the outer 
ow �eld.
The � 2-isosurface reveals slight di�erences in the streamwise vortex extension. Ve-
locity pro�les at four downstream locations including the p osition of the suction
hole are provided in Figure 7. Obviously, the upper boundary condition produces
minor di�erences in the far-�eld of the wall-normal velocit y component. For the
incompressible code exponential decay@v0=@y= v0

y = � � v0 is prescribed for the
spanwise modesk > 0 whereas for the 2-D mode k=0 vy = 0 is used in order to
allow mass to stream into the integration domain. For the bas e
ow vB y = 0 holds.
In the compressible code a potential-
ow boundary conditio n is used that keeps u
from the base
ow and sets v0

y = w0
y = 0. Despite the minor di�erences in v these

results con�rm the fully converged, correct solution for bo th codes.
The very low �y wall value for the incompressible case - the compressible value is

about a factor of 16 higher - is probably due to the incompressible code formulation
in velocity-vorticity variables and due to the fact that the wall-vorticities have to
be calculated using di�erent equations. It turned out that u p to maximum suction
values �vwall;max =�u1 = 10% the wall-normal resolution has not to be speci�cally
re�ned. Note that the overall computational e�ort is still h igher for the compressible
code, see section 3.5.

xincompr.

xcompr.

u­
A

m
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itu
de

5.08 5.1 5.12 5.14 5.16 5.18 5.2

4.96 4.98 5 5.02 5.04 5.06 5.08

10­6

10­5

10­4

10­3

10­2

10­1

Dyw = 1/1320 d1 (incompr.)
Dyw = 1/315 d1 (compr.)

(0,1)

(0,2)

(0,3)

(0,4)

(0,5)

Fig. 5. Comparison of results from incompressible codeN3D and compressible code
NS3D. Downstream modal development of stationary u-amplitudes for the Blasius
test case with one 30% suction hole. The suction distributio n is modeled using a
5th-order polynomial in both codes.
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Fig. 6. Blasius test case with onevmax = 30% suction hole (grey color scheme at the
wall) per spanwise wavelength. Result from incompressible codeN3D (top) and com-
pressible codeNS3D (bottom). Shown are two fundamental spanwise wavelengths.
Isosurfaces showu=0 (blue) and vortex identi�cation value � 2=-1 (grey). Longi-
tudinal cut at z=0.0 shows u-isocontours. The �rst crosscut shows ! x -isocontours,
the secondv-isocontours, the third w-isocontours. In both graphs the crosscuts are
approximately at the same downstream distance from the suct ion hole.
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Fig. 7. u-, v-, and w-pro�les at four downstream locations (given are compress-
ible/incompressible coordinates). x=4.964/5.078 is the respective center of the suc-
tion hole. Note the di�erent v- and w-scales. Each sub�gure contains pro�les at 4
equidistant spanwise locations (z 2 [0:00; � z; 0=2]).

x=5.096/5.210

x=5.015/5.130

x=4.964/5.078

x=4.930/5.045
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3.4 Pinpoint suction results

Here, we use the base
ow corresponding to the DLR-G•ottinge n Prinzip-Experiment
[2, 3], where a 
at-plate 
ow with negative streamwise press ure gradient was gener-
ated by a displacement body above. The free-stream velocity q�

1 = 19 m
s and a sweep

angle of the plate � 1 = 42:5� were chosen. Thus, the componentU �
1 = 14 m

s and
a reference length ofL � = 0 :1m are used for non-dimensionalization. The Reynolds
number is Re = 92000 based onU �

1 and L � . The extensions of the integration do-
main in streamwise and wall-normal direction are L x = 0 :42m (Nx = 3202) and
L y = 0 :0076m (Ny = 225, step size decreases while approaching the wall). The fun-
damental wavelength in spanwise direction � z; 0 = 0 :012m is discretized with K = 15
harmonics and the fundamental reference frequency is! 0 = 6 ( f � = 133Hz ).

For pinpoint-suction amplitudes of 50%, convergence was achieved with �y wall =
1=2500�� 1 . The grid is continuously stretched up to the upper edge of th e integration
domain (�y edge � 120�y wall ).

Figure 8 shows an example of a pinpoint suction setup. The cross
ow-vortex
position is marked by the � 2-isocontours. The eigenfunction of a high-frequency z-
mode is located at the updraft side of the vortex. A crosscut t hrough the suction
hole (arrows) shows schematically the correct position of pinpoint suction. For all
pinpoint cases, the cos3 -function from Equations 1 and 2 are used to prescribe the
wall-normal velocity distribution inside the hole surface .

After a reference caseREF has reached a quasi-steady state, the exact CFV
position is determined and di�erent suction scenarios can b e set up. A case with a
single 50%-suction hole (case1-50p) is setup to verify the pinpoint idea, i.e. strong
single-hole suction is applied. To improve the pinpoint suc tion e�ect on the vortex

z

y

0 0.02 0.04 0.06 0.08 0.1 0.12
­0.04

­0.02

0

0.02

0.04

F_t (us/ubse) h=15

0.95
0.75
0.55
0.35

Level us/ubse

11 0.95
10 0.85
9 0.75
8 0.65
7 0.55
6 0.45
5 0.35
4 0.25
3 0.15
2 0.05
1 0

Level l 2

5 ­5
4 ­10
3 ­15
2 ­20
1 ­25

Fig. 8. Pinpoint concept: Crosscut through a cross
ow vortex witho ut suction
(lines: ~us = us=ub;s;e -isocontours; dashed lines: � 2-isocontours; colored: modal ~us -
amplitude distribution of high-frequency secondary insta bility mode h=15) and de-
sign example of pinpoint-suction position at the wall (arro ws, crosscut through center
of suction hole).
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without increasing the maximal suction amplitude (and thus dodging wall-normal
resolution problems) various scenarios with consecutive 50%-suction holes have been
considered. In case2-50p one additional suction hole has been added at some down-
stream distance. Cases3-50p and 9-50p provide setups with 3 or 9 narrow-spaced
holes in downstream direction. In order to compare the three -dimensional contribu-
tion of pinpoint suction, a \two-dimensional" case has been simulated (case 3-2D)
corresponding to case3-50p, i.e. only the spanwise average suction part is activated
resulting in 3 consecutive 2-D slits with equivalent cq = �v � P =�Us;e (�v: average suction
of the hole; P : porosity of the suction panel, �Us;e : local streamwise edge velocity).
As a last reference case, also thex-variation has been eliminated and perfectly ho-
mogeneous suction has been applied for casehom. Results are provided as follows:
Figures 9 and 10 show vortical structures (snapshots) for casesREF, 1-50p, 2-50p,
3-50p, 3-2D, and 9-50p. The small top-view plots have been added to point out the
respective suction hole position for each case. The color scheme represents the wall-
normal distance of the vortex. The red, fuzzy structures rep resent transitional or
already turbulent 
ow. The exact same unsteady background d isturbance input is
included in every simulation. Note the streamwise shift of t ransition for the pinpoint
suction cases. The comparison between cases3-50p and 3-2D shows that the 3-D
part of pinpoint suction indeed helps transition delay by a s tronger reduction of the
CFV. For case 9-50p no transitional 
ow can be observed.

For a quantitative representation the 
ow is Fourier-analy sed in time over one
fundamental period and the downstream development of the di sturbance quantity
~u0

s is analyzed and shown in Figure 11 for all cases. The pure steady 3-D deformation
h=0-(0,0), serving as a measure for the vortex strength, shows di�erent attenuation
e�ects of the di�erent suction scenarios. The evaluation of unsteady, high-frequency
secondary instability modes reveals transition delay for a ll suction scenarios com-
pared to the reference caseREF. The suction case hom reveals the weakest delay
(cq equivalent to case 3-50p), followed by cases 1-50p and 3-2D. Cases2-50p and
3-50p achieve approximately the same shifted transition positio n whereas for case
9-50p transition and also secondary growth is eliminated complet ely.

Following the goal of skin-friction reduction by means of tr ansition delay using
suction one must keep in mind that suction generally produce s \fuller" streamwise
velocity pro�les that result in higher skin friction. The wa ll-normal gradient of the
velocity component in direction of the oncoming 
ow has been evaluated in order to
compare the overall e�ect of the suction setups on the skin fr iction coe�cient. For
all cases, the maximum at each downstream location over one fundamental period
in time has been used in order to compensate for intermittency e�ects. For the
reference case this means that not single, traveling pulsesare considered but a fully
turbulent 
ow scenario. The same procedure is carried out fo r the pinpoint suction
cases. Results ofmax t f @u45 � =@yg and the integral value

R
max t f @u45 � =@ygdx are

provided in Figure 12. The local values at the suction holes achieve extremely high
values up to 4000 (not shown). However, the integral e�ect fo r all suction cases is
small enough to outperform the reference case. The slope of the integrated value
for the reference case rises strongly starting at x=4.0 due to turbulent 
ow. The
suction drawback is compensated for all cases as can be seen from the intersection
between the curve (

R
max t f @u45 � =@ygdx)REF and the corresponding suction curves.

Starting at the intersection less overall skin friction is a chieved.
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Reference caseREF

Case 1-50p with 1 x hole suction ( vmax = 50%)

Case 2-50p with 2 x hole suction ( vmax = 50%)

Fig. 9. Visualisation (snapshots) of vortical structures using th e � 2-criterion - color
indicates the position in wall-normal coordinate y - for the reference case and two
suction setups in a rotated reference system (� r = 45 � ). Note the compression of
the x r -axis. For each case, suction is marked in a small top-view (black ori�ces).
Shown are three fundamental spanwise wavelengths.
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Case 3-50p with 3 x hole suction ( vmax = 50%)

Case 3-2D with 3 x 2D suction ( vmax = 4 :63%)

Case 9-50p with 9 x hole suction ( vmax = 50%)

Fig. 10. For caption see Figure 9. Three more suction cases.
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Fig. 11. Downstream development of modal ~us = us=ub;s;e -amplitudes. Shown
are the y-maxima of the mean 
ow deformation (0,0), the pure 3-D defor mation
h=0-(0,0), and of some important high-frequency modes h=16 , 17, 18, 19 for
the reference case and various suction scenarios.
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Fig. 12. Local and (in downstream direction) integrated wall-norma l gradient
of velocity component in direction of the oncoming 
ow ( � = 45 � ) serving as a
measure of the skin friction coe�cient. Reference case, thr ee pinpoint suction
cases, and the case3-2D with slits for comparison (cf. Figures 9, 10).
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Another illustration of the pinpoint suction concept is giv en in Figure 13. Snap-
shots of vortex visualisations using the � 2-criterion from three di�erent simulations
are included. The reference caseREF (red) with oncoming CFVs and no suction
exhibits early transition to turbulence. Note that values f or zr > 1:4 and x r > 1:9
are blanked for visual clarity. The result for suction holes without oncoming vortices
is provided by the green structures with blanking for x r > 1:0. Evolving CFVs can
be observed that develop in between the red ones. The �nal scenario (blue) with
oncoming vortices and pinpointed hole suction (case 3-50p, cf. Figure 10 shows the
successful transition delay where early stages of turbulent 
ow can be detected only
at the end of the visualisation domain. Obviously, nonlinea r superposition hinders
the growth of the oncoming main vortex and its secondary inst ability.

Fig. 13. Visualization of successful transition delay for unstable cross
ow vortices
using the � 2-criterion in a rotated reference system (� r = 45 � ). Snapshot in time.
Note the compression of the x r -axis. Three scenarios are shown: Reference case
without suction (red); case with suction hole only, i.e. no o ncoming cross
ow vortex
(green); combined case, i.e. with oncoming cross
ow vortex and successfulpinpoint
suction (blue), case 3-50p is shown here. Shown are three fundamental spanwise
wavelengths.

3.5 Computational aspects

General overview

The incompressible codeN3D has been optimized in the frame of a former Tera
op
workbench project for the NEC SX-8 with its 8 CPUs per node (se e also [12]). It
primarily computes in Fourier space because of the Fourier-spectral ansatz in span-
wise direction that decouples the (discretizedly huge) thr ee-dimensional Poisson-
type equations in ( K + 1) independent two-dimensional problems, where K is the
maximum Fourier-mode number. The code is parallelized using OpenMP (intran-
odal) and MPI (typically internodal), and a speed-up of a fac tor of about 2 has been
achieved by improving the communication and employing opti mized FFTs within
the workbench project.
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Each node works on 8 spectral components in the optimal case for the Poisson-
equation part, or 16 on the NEC SX-9. The nonlinear convectiv e terms are computed
pseudospectrally, i.e in physical space, and thus a transformation to physical space
and back is performed using optimized FFTs. To avoid aliasin g by the nonlinear
generation of higher modes only 2=3 of the gained modes are used: UsingK = 10
modes for example means adding 6 modes with zero values, transformation to 32
points (2K exp , K exp = 5) in physical space, computation of the nonlinear terms, a nd
back transformation keeping only 10 modes of the 16. The MPI p arallelization is
then done for blocks in the chordwise x-direction, without necessity for computing
derivatives, and within each node the CPUs do slices of the wall-normal y-direction
in parallel.

The compressible codeNS3D primarily computes in physical space. A true do-
main decomposition (in the x-y plane) is implemented, i.e. derivatives by compact
�nite di�erences have to be computed over domain boundaries , and the number
of domains typically limits the number of used nodes. Increa sing the number of
domains then can signi�cantly decrease the turnaround time for a job by using
many nodes, whereas forN3D in its present form K is decisive. The CPUs within
a node compute longitudinal cuts of the 
ow �eld by working on a given number
of z-positions. Optimal combinations of spanwise-mode numbers and domains exist,
di�erent for symmetric and non-symmetric 
ow �elds. A grid t ransformation is em-
bedded so that arbitrary bodies can be considered. Thus the code is more 
exible
coping also with aero-acoustic problems. However it needs much smaller time steps
- about one order of magnitude - for subsonic 
ows than N3D because of the time
step limit governed by the transport of fast sound waves. For a typical subsonic
laminar-turbulent transition problem the compressible co de would need about 20
times as long in CPU time.

Until now our typical supercomputing data, including simul ations in the group
of U. Rist at IAG, were for:

� N3D, laminar 
ow control of a swept-wing 
ow by suction or act ive control,
turbulent separation control using inclined slot blowing, control of laminar sep-
aration bubbles, mechanisms/control of boundary-layer tr ansition. Largest Sim-
ulations on NEC SX-8: 1 billion grid points, 0.4 Tb RAM (0.4 kb /point), 34
nodes, 4.0 G
op/s per CPU, 1.1 T
op/s, 100 h wall time.

� NS3D, mechanisms and control of shear-layer noise, hypersonic transitional
boundary-layer 
ow on plates/cones: Largest Simulations o n NEC SX-8: 283
million grid points, 0.307 Tb RAM (1.1 kb/point), 16 nodes, 6 .1 G
op/s per
CPU, 0.8 T
op/s, 100 h wall time.

Our plans for the near future are:

� N3D, more transition/turbulence/active control in two- and th ree-dimensional
base 
ows, higher Reynolds numbers, larger domains for wings, possibly more
complex geometry - needing 5 billion grid points and about 10 .0 G
op/s per
CPU.

� NS3D, disturbance receptivity/transition/control in three-d imensional base 
ows
for high subsonic Mach numbers and supersonic Mach numbers with shock layers,
complete 
ow around wing pro�les with disturbance feed back , high-temperature
e�ects in hypersonic shear 
ows including ducts in the wall - needing 20 billion
grid points, more nodes, and for a compressible biglobal stability eigenvalue
solver 1 Tb RAM per node.
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Performance data for SX-8/SX-9

A performance analysis for the incompressible codeN3D on the NEC SX-9 machine
(1 node, 16 CPUs) was carried out for case9-50p (Nx x Ny x Nz : 4862 x 225 x 64,
KMAX=15, IMAX=2). With the new semi-implicit 3-stage Heun t ime integrator
and activated iterative solver for the wall vorticity (5, 4, and 3 iterations for the
�rst, second, and third Heun stage, respectively) the code achieved 8.8 G
op/s per
CPU and 0.181 �s per point and timestep. For comparison, a similar case with
coarser wall-normal resolution was simulated using the original explicit RK-4 time
integrator that has been used until now in our N3D code. The performance data
showed 11.4 G
op/s per CPU and 0.089 �s per point and timestep. The higher value
of 0.181 �s (factor two) for the iterative solver is due to the iteration procedure in
the semi-implicit scheme, where the expensivev-poisson equation has to be solved
many times.

Executed on 1 node (8 CPUs) NEC SX-8, the case with the Heun-3 integrator
achieved 3.8 G
op/s per CPU and 0.457 �s per point and timestep. This means the
same problem is simulated on NEC SX-9 roughly 2.5 times faster.

The incompressible 2-D test case from section 3.1 (Nx x Ny x Nz : 642 x 257 x
64, KMAX=15, IMAX=1) was executed on SX-8 and SX-9: The Heun- 3 integrator
is used and 4, 3, and 2 iterations for the successive Heun substages are chosen which
results in 2.8 G
op/s per CPU and 0.235 �s per point and timestep on 1 node
(8 CPUs) SX-8. 5.4 G
op/s per CPU and 0.127 �s per point and timestep on 1
node (16 CPUs) SX-9 are obtained. This means the same problemcan be simulated
on SX-9 roughly 2 times faster. The test case is obviously not large enough for a
meaningful comparison of performance data on SX-8 and SX-9.

For the compressible NS3D code, a large symmetrical case with 16 x 425 x 325
x 64 points (no. of domains x Nx x Ny x Nz ) reached 5.5 G
op/s per CPU on 16
nodes NEC SX-8 whereas the NEC SX-9 achieved 14.3 G
op/s per CPU on 4 nodes
which is a factor of 2.6 higher. Values of 1.792 �s per point and timestep (SX-8)
compared to 0.677 �s per point and timestep (SX-9) con�rm this factor.

Finally, a comparison of computation time between the incom pressible and com-
pressible code for the 2-D test case is provided. The only reasonable value to compare
is the total computational time necessary for a speci�c phys ical result. Computations
on SX-9 are compared:

� N3D : As mentioned above, the computational performance is 5.4 G
op/s per
CPU and 0.127 �s per point and timestep on 1 node (16 CPUs) SX-9. For the
case with �y wall = 1 =1320� � 1 , resulting in �t = 2 :0944� 10� 4 , 20000 timesteps
have to be simulated to reach a steady state, where the amplitudes of unsteady
modes from a Fourier analysis are less than a certain threshold value. This
corresponds to a running length of approximately 341 � 1 . A total CPU time of
26897 secwas necessary.

� NS3D: For the case with �y wall = 1 =315 � � 1 (�t = 5 :236 � 10� 6 ) 390000 time
steps were necessary corresponding to a running length of roughly 167 � 1 . Despite
diminished necessary running length, a total CPU time of 1002608 secresults,
being a factor of 40 higher than using N3D. For the cases with �y wall = 1 =80� � 1

(�t = 6 :283�10� 5 , 130000 time steps) and�y wall = 1 =40� � 1 (�t = 3 :1416�10� 5 ,
65000 time steps) this factor reduces to 10 or 5, respectively.
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