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ABSTRACT

A Natural Laminar Flow, forward swept wing with a lift
coefficient of 0.52, a wingspan of 34 meters and an as-
pect ratio of 9.47 for a Reynolds number of 23.83 Mil-
lion and a Mach number of 0.78 has been developed dur-
ing the TuLam/EcoWing projects. In order to tackle
wing-fuselage interaction, a new belly-fairing has been
designed. The belly-fairing is based on parameterized
B-Splines in Catia. On the present study a characteri-
zation of the most important parameters and their influ-
ence in performance metrics has been assessed and re-
fined by the surrogate model approach with SMARTY.
The meshes have been generated with SOLAR and the
RANS solver TAU has been used for the simulations. The
results show the high degree of influence that the belly-
fairing has in the overall performance. Some geometries
achieve a glide ratio close to 23.5 for cruise conditions
with free transition and 20.5 with 5% tripped transition.

1. NOMENCLATURE

ALT Attachment line transition
BSW Backward swept wing
C chord

CF, CFI  Cross flow, cross flow instabilities
CL.Cp Lift and drag coefficient

Cp Pressure coefficient

Cp* Critical pressure coefficient

CS Cross section

Cy Force coefficient in the x direction
Cy Force coefficient in the y direction
AV Transversal speed variation due to

displacement effects
d.c. Drag counts 0,001 Cp

DOF Degrees of freedom

E=CL/Cp Glide ratio

NBr Non-dimensional position of the
given CS

FSW Forward swept wing

Ma Mach number

MAC Mean aerodynamic chord

NLF Natural laminar flow

0. Pefr Geometrical and effective sweep
angle

R1 Ratio 1

R2 Ratio 2

RA Reference angle

Re Reynolds number

TS, TSI Tollmien-Schlichting, Tollmien-

Schlichting instabilities
Ve, Vy, V7 Free-stream, normal and transversal

velocity
X, Y, Z Aircraft fixed coordinate system
YR Y ratio
ZR Z ratio

2. INTRODUCTION

Reduction of greenhouse emissions is and has been for
a long time a strong motivation for the aerospace indus-
try to pursue efficiency improvements, furthermore, due
to the current energy crisis that the world currently faces
and the high cost associated to new propulsion technolo-
gies, such as hydrogen or synthetic fuels, the energy con-
sumption reduction of aircraft is imperative .

Laminar flow is one of the most promising technolo-
gies in current development due to the potential for high
reduction in drag that the technology offers, but at the
same time, as history has proven, it is not a straight for-
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Figure 1: Influence of the configuration in the leading edge sweep for a given re-compression shock sweep in a tapered
swept wing. While both configurations offer a 24° sweep at the re-compression shock region, the forward swept wing of-
fers a much lower leading edge sweep which leads to lower cross-flow instabilities and therefore better laminar conditions.

Sketch based on Seitz [12]

Figure 2: Influence of the displacement in a tapered swept wing. The displacement reduction along the wingspan due to
the taper causes a variation of the transverse velocity AV, which adds to the Transverse velocity in BSWs and subtracts
for FSWs, causing an additional effective sweep in a BSW and a reduced effective sweep in a FSW. Sketch based on

Redecker and Wichmann. [8]

ward technology to be implemented. Laminar flow is
present in subsonic aircraft such as sailplanes or some
private aircraft such as the HondaJet [4] or the Piaggio
P.180 [13], but it has not yet been implemented in larger
transport aircraft.

The required laminar technology for regional, low
Mach number turboprop aircraft such as the Do328 or
the ATR 42 is available since many years [14]. Transonic
middle range aircraft such as the Airbus A320 family or
the Boeing 737 do have more complex flows, but as will
be discussed are also feasible. As the european aviation
environmental report 2022 shows [1], 65% of the flights
and 46.3% of the CO2 emissions are generated by mid-
dle range, single aisle jets, which provides an untapped
potential to reduce CO2 emissions.

The other main source of CO2 emissions are long
range, twin aisle jets, which according to the european
aviation environmental report 2022 [1], despite only be-
ing 6.6% of the total flights, produce 48.1% of the CO2
emissions. The European HLFC-Win project aims to
demonstrate that the laminar technology for long range
aircraft have reached a technology readiness level 4 [16].

The main aerodynamic obstacle towards laminar flow
in middle range aircraft are high Reynolds numbers and

high flying Mach number. The high Reynolds numbers
makes the laminar to turbulent transition much more dif-
ficult to avoid, the high flying Mach number requires a
sweep angle, which has big impact in two of the main
laminar to turbulent transition mechanisms, attachment
line transition (ALT) and cross-flow instabilities (CF) [7].

There are different methods to achieve laminar flow,
the most straight forward method is called natural lam-
inar flow (NLF), it is a passive method in which lami-
nar flow is obtained by aerodynamic wing shape design.
Another, more complex method is called laminar flow
control (LFC) and is based in active methods to archive
laminar flow, such as suction. LFC has less constrains
than NLF but requires more energy and additional equip-
ment. Additionally, there is a middle ground technology,
called hybrid laminar flow control (HLFC), which uses
NLF where possible and LFC were needed.

Transonic middle range aircraft need either wing
sweep or thin airfoils in order to cruise with low wave
drag, usually a mix of both is used since overuse of ei-
ther can lead to increased structure weight. Middle range
design cruise Mach number usually is 0.78, whereas long
range aircraft have a cruise Mach number ranging from
0.82-0.85. Although there is some examples of forward



Figure 3: Representation of the middle plane effect, also known as 3D effects on the re-compression shock for a BSW and
a FSW configuration at the wing root. The solid line represents the ideal isobar distribution, the dashed line represents
the shock position found if no 3D integration takes place, which is characterized by a large region with a normal re-

compression shock and a high wave drag.

swept wings (FSWs) such as the HFB 320 [3], most tran-
sonic aircraft have backward swept wings (BSWs), the
reason is that, for a turbulent configuration with a proper
designed pressure distribution, BSWs are enough to ob-
tain low wave drag configurations, furthermore due to
the isotropic metal wings BSWs offer an aeroelastic ad-
vantage against FSWs. Since modern composite wings
can be tailored to counteract aeroelastic disadvantages [5]
and FSWs provide fundamental advantages towards NLF,
FSWs are being considered for next generation aircraft.

FSWs offer better conditions than backward swept
wings for NLF in a transonic configuration with tapered
swept wings. For a given, moderate re-compression
shock sweep angle, necessary to achieve low wave drag
with NLF airfoils, with an optimal isobar pressure dis-
tribution, FSWs have lower leading edge sweep, which
limits the growth cross-flow instabilities and prevents at-
tachment line transition. Fig. 1 provides an overview
of the influence of the configuration in the leading edge
sweep and the re-compression shock sweep. Further-
more, FSWs offer an advantage against BSWs, since, as
Redeker and Wichmann [8] found out, FSWs reduce ef-
fective sweep at the leading edge, which further reduces
the risk of CF and ALT transition. Fig. 2 shows the
effects of displacement on the effective sweep angle for
BSWs and FSWs.

NLF profiles are characterized by a constant accel-
eration, followed by a re-compression shock which is
usually found between 50 and 65 % of the chord length.
the constant acceleration is necessary in order to keep
Tollmien-Schlichting (TS) instabilities under control,
the re-compression shock is common method used to
bring the highly accelerated supersonic flow back to
subsonic flow, which has to be carefully balanced with
the laminar flow drag reduction and the local sweep
angle to provide an overall benefit. In order to achieve
low wave drag despite the re-compression shock, a
moderate sweep is necessary in the re-compression
region. Since laminar profiles need a moderate sweep
angle in the re-compression shock and a low sweep angle

in the leading edge, for tapered FSWs arise as a straight
forward method to design NLF wings.

Due to the re-compression shock found in laminar pro-
files, a mindful 3D integration is necessary in the 3D re-
gions found at the wing root and wing tip, as the de-sweep
known as middle plane effect can increase the wave drag
substantially, as Streit and Hoffrogge found out [15], the
middle plane effect causes for BSWs a more gradual gra-
dient in the first half of the profile and a sharper gradi-
ent in the second half of the profile. FSWs are affected
the other way around. As it can be observed in Fig. 3,
the middle plane effect has also an influence in the re-
compression shock position, due to the middle plane ef-
fect, the re-compression shock tends to run normal to the
fuselage and has also a large section perpendicular to the
oncoming flow, which is coupled together with high wave
drag due to the low local sweep. Furthermore, the normal
re-compression shock can also lead to phenomena such
as double shocks or flow separation.

In order to tackle the middle plane effect, 3D inverse
design methods are a tremendous help, as the designer
provides the desired pressure distribution and the 3D in-
verse method finds the necessary geometry accounting
for the 3D effects. Nevertheless, as Streit and Hoffrogge
found out [15], the middle plane effect has such intensity,
that big geometry modifications may be needed in order
to achieve the same pressure distribution as outside of the
3D region. However, due to the geometry restrictions,
middle plane effects can only be partially mitigated.

In order to provide a proper 3D integration at the wing
root and counteract the middle plane effect, Belly fair-
ings can be designed to support the wing gradients. At
the current time, there is no simultaneous inverse design
method for the wing and the belly fairing available, there-
fore usually an iterative process is necessary in which
a 3D inverse designed wing is coupled with a generic,
parametric belly fairing, then an appropriate geometry of
the belly fairing is searched which at wing fuselage root
leads to similar pressure distributions as the ones found
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Figure 4: Representation of the methodology used to generate the belly fairing, on the left, the cross section generation
with the parameters used, on the right, the alignment of the cross sections to generate the belly fairing.

for spanwise sections lying more outboard.

During the DLR Project TuLam a Forward Swept
Wing NLF configuration was designed by Seitz et al.
[12]. In order to provide an appropriate pressure distri-
bution in the influence region of the fuselage a new belly
faring was necessary. Therefore a parameterized belly
fairing design has been explored in this work. The para-
metric geometry allows to assess the level of influence
that each parameter has over the performance, and to sin-
gle out the parameters according to the desired influence.
Additionally a data set of belly fairings has been built
which allows to correlate the performance metrics with
the flow phenomena. The impact of the belly fairing has
been compared using performance metrics such as lami-
nar overall drag, wave drag, shock de-sweeping and tur-
bulent overall drag in order to determine which belly fair-
ing is best performing. Turbulent performance at cruise
conditions has been also considered to choose the best
performing geometry.

3. METHODOLOGY

3.1 Flowfield

The TuLam/EcoWing configuration is a FSW-NLF con-
figuration with similar top level aircraft requirements as
the Airbus A320. It is a clean configuration for cruise
flight without tail-plane or engines, wing area is 122 m?,
wing span is 34 m and the aspect ration is 9.47. The lead-
ing edge sweep is -17°, the trailing edge sweep is -27.8°
and the sweep at the 65% chord length is -24°. The cruise
lift coefficient is 0.52, the cruise altitude is FL370 and
the cruise Mach number is 0.78. The Reynolds number is
23.83 Million at the mean aerodynamic chord.

3.2 Belly fairing generation

In order to parameterize the belly faring a cross-section
methodology developed by Ronzheimer [9] has been
used. The software used for the belly fairing genera-
tion is catia v5. Each of the cross sections are contained
in a plane normal to x-axis as Fig. 4b shows and can
be moved along the x-axis with the npr (Eta) parame-
ter. The npr parameter has been non-dimensionalized
with the reference chord length and uses the intersec-
tion of the wing and the cylindrical fuselage as reference
point. Four parameterized B-spline cross sections (CS)
have been used to generate a multi section surface. As
Fig. 4a shows, each of the cross-sections is a 4th degree
B-spline with 5 points. The points have been constrained
in a way that only 6 parameters are necessary to vary the
B-spline geometry. In total, the 4-cross-section belly fair-
ing has 24 degrees of freedom (DOF). In order to reduce
the number of DOF, the work has been limited to the pa-
rameters that influence the suction side of the two inner
cross-sections. That is to say, Npr, Y Ratio (YR) and
Reference Angle (RA) of the cross-sections 2 and 3. Fur-
thermore, since the third cross-section is closest to the
re-compression shock, it was decided to lock the Y Ra-
tio of the third section at the lowest (thickest belly fairing
in this region) value possible of 0.001. By doing this the
total number of DOFs was reduced to 5.

3.3 Mesh generation

Due to the high degree of influence that the re-
compression shock has in the overall performance and the
high degree of influence that the discretization has on the
re-compression shock, it was decided to perform high fi-
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Figure 5: mesh independence study

delity simulations. In order to simplify the meshing step
no mesh adaptation was used. The meshes were done
with SOLAR [6] and a grid independence study was per-
formed, the results of the study can be observed in Fig.
5. The number of nodes chosen were 55 million for a
half-model.

3.4 Solver and sampling strategy

The DLR RANS solver TAU [11] was used for the simu-
lations, the simulations were performed with the Spalart-
Allmaras turbulence model and the transition module of
TAU based on the e method, Coco and Lilo [10].

Due to the novelty of the configuration, no previous
data was available regarding suitable parameters for the
belly faring generation. In order to generate an initial
parametric belly fairing, a preliminary study was per-
formed, in which the parameter limits were explored. An
available belly fairing from previous work in DLR [9]
was adapted.

In order to fit the simulation domain a fully factorial
simulation was performed. The simulation domain was
then expanded according to the results obtained in an it-
erative manner where good performance was observed.

Once the simulation domain was obtained, the surro-
gate approach was implemented in order to find good per-
forming geometries in an efficient manner due to the high
cost of the high fidelity simulations. The Surrogate model
was performed with the DLR software SMARTY [2].

The fixed parameters chosen are displayed on Tab. 1.
The limits of the explored parameters are shown in Tab.
2.

3.5 Post processing

In order to choose the best performing geometries, dif-
ferent strategies have been used. The angle of attack, lift
and drag coefficients are of foremost importance and have
been heavily weighed. Also wave drag has been consid-

belly fairing fix parameters
CS npr YR RAJ[deg] R2 ZR R1

1 -0.5 0.2 4 0.25 0.082 0.25
2 n/a n/a n/a 0.8 -0.056 0.7
3 n/a  0.001 n/a 0.8 -0.01 0.8
4 1.4 0.1 8 0.3 0.2 0.357

Table 1: Fixed parameters in the belly fairing

Limits of the variables

Variable min.  max.
Ner2 [/] 0 0.3
Reference angle 2 [deg] 2 10
Y Ratio 2 [/] 0.012 0.07
NBF3 [/] 0.55 0.95
Reference angle 3 [deg] 0 10

Table 2: Limits of the variables used for the belly fairing
generation

ered, due to the role that it plays in this work and the
high correlation between wave drag and drag rise Mach
number. In order to obtain the wave drag coefficient, a
post processor by Streit et al. [17] has been implemented.
Although the post processor is very useful, it can only
recognize one re-compression shock, which leads to un-
derestimate the wave drag in geometries with a double
re-compression shock. Geometries in which a large sec-
ond shock is found, are not desired in the first place but it
is important to note this limitation. The wave drag for ge-
ometries with a double re-compression shock have been
noted in the results with the * superscript to denote that
the value is underestimating wave drag. In order to ana-
lyze the flow field, Tecplot macros have been developed
to generate automatically figures of pressure distributions
and surface contours of pressure coefficient and laminar
extent. Together with the pressure distributions the out-
put of the stability analysis, the CF and TS N-factors
envelope, the transition position and the Cp* has been
drawn. All this info has been plotted at the span positions
where the generated airfoils are located in order to com-
pare the influence of the belly fairing. In order to show
the re-compression shock de-sweep the desired 65% po-
sition re-compression shock position has been plotted in
the contour figures.

4. RESULTS

The methodology chosen has generated a few geometries
with outstanding performance, additionally the study has
also shown the level of influence that the belly fairing
has in the overall performance. Tab. 3 shows the perfor-
mance of some of the best performing geometries under
laminar flow, additionally, Geo762, one of the bad per-
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Figure 6: Comparison the Cp distribution between Geo432 and Geo594 at 1 = 0.16332 (position shown as a green line
in in Fig. 7, Fig. 8 and Fig. 9). Geo594 is a very good performing geometry with a single shock, Geo432 is a good
performing geometry but has a double re-compression shock with higher wave drag.

forming geometries has been also included, to show the
level of penalty that can be expected from a bad geome-
try. It is worth to mention that although Geo762 shows
bad performance and has flow separation at the wing
root, it still achieves the design Cr of 0.52. The results
show also, that a bad belly fairing can have a large re-
compression shock induced flow separation which lead
to an even higher lift loss and therefore the design Cy. can
no longer be achieved.

The shown geometries have also been simulated under
turbulent conditions, which is also of major importance as
during the operation of the aircraft contamination could
lead to early transition. Although the performance loss is
evident, accounting to an increment of drag between 32
and 35 d.c., all the good geometries show performance
close to what could be expected from a classic turbulent
BSW for the chosen aspect ratio of 9.47. The turbulent
performance of the different geometries can be observed
in Tab. 4. With turbulent flow Geo762 no longer achieves
the design CL..

4.1 Belly fairing influence

In order to understand what kind of influence do the belly
fairing have in the performance of the aircraft, a very
good performing geometry, Geo594 has been chosen and
it is compared with another, also good performing geom-
etry, Geo432.

Fig. 6 shows the pressure distribution of both geome-
tries for an inner wing section at an wingspan of 1 =
0.16332. The result show that the CF instability does
not lead to transition, this being one of the advantages
of FSWs. Geo594 has a single shock while Geo432 has a
double re-compression shock. Furthermore, as it can be

Laminar performance metrics

Name o [deg| Cr Cp Cpw E

Geo267  0.763  0.5201 0.02208  0.0010  23.557

Geo294  0.772  0.5201 0.02215  0.0010  23.481

Geo301  0.799 05201 0.02237 0.0011*  23.254

Geo356  0.814  0.5200 0.02229 0.0008*  23.330

Geo357 0.785 05201 0.02225 0.0010*  23.375

Geo358  0.781  0.5201 0.02223  0.0009*  23.399

Geo432  0.818  0.5201  0.2240  0.0010*  23.219

Geo594  0.758  0.5201 0.02204  0.0008  23.598

Geo598  0.756  0.5201 0.02212  0.0012  23.509

Geo762 1915 05195 0.03588 0.0025* 14.478

Geo777  0.760  0.5201 0.02211  0.0009  23.524

Table 3: Laminar performance metrics of the geometries
with a laminar gliding ratio over 23. Note: all Cpy val-
ues with the * superscript are geometries with a double
re-compression shock, due to the limitations of the post
processor used, the values of Cpy in this geometries is
underestimated

observed in Fig. 7, the middle plane effect is more present
in Geo432, that is to say, the re-compression shock is fur-
ther away from the desired 65% position, which is rep-
resented with a dashed red line, for a larger region than
Geo594. Fig. 8 shows the laminar extent of both ge-
ometries, and only small differences can be found, which
leads to believe that the 4 d.c. difference between Geo594
and Geo432 are mostly due to the double re-compression
shock. Apart from Geo594 and Geo432 also Geo762
is shown, which as previously mentioned, is being dis-
played to show to what kind of influence can a bad belly
fairing lead. As Fig. 9 shows, Geo762 has for a large



(a) Geo762 (b) Geo432 (c) Geo59%4

Figure 7: Cp Contours of Geo762, Geo432 and Geo594. Geo594 and Geo432 are both good performing geometries with
small differences in the wing root. On the other hand, Geo762 is a bad performing geometry with a strong re-compression
shock with a large region normal to the free-stream and flow separation in the inner region of the wing. For all geometries
the wing is the same, only the belly fairing is different. All geometries achieve the design Cy, of 0.52. The Cp is 0.03588
for Geo762, 0.02240 for Geo432 and 0.02204 for Geo594.

(a) Geo762 (b) Geo432 (c) Geo594

Figure 8: Laminar region in Geo762, Geo432 and Geo594. Geo432 and Geo594 show a very similar laminar region,
Geo762 on the other hand shows a strong reduction of the laminar region due to the advance of the re-compression shock.
The 4 drag counts difference between Geo594 and Geo432 are mostly due to the differences in wave drag, since only
small differences are found in the laminar extent.



(a) Geo762

(b) Geo432

(c) Geo594

Figure 9: Cp Level lines of Geo762, Geo432 and Geo594. Geo594 shows an single re-compression shock and Geo432
shows a double re-compression shock in the wing root. On the other hand, Geo762 shows a large region with a re-

compression perpendicular to the oncoming flow.

Turbulent performance metrics

Name o [deg] CL Cp E

Geo267 1.258 0.5199 0.02528 20.570
Geo294 1261  0.5199 0.02530 20.547
Geo301 1277  0.5199 0.02545 20.428
Geo356 1.300  0.5200 0.02552 20.378
Geo357 1270  0.5199 0.02538 20.481
Geo358  1.272  0.5199 0.02538 20.484
Geod32 1.301 0.5199 0.02560 20.309
Geo594 1274  0.5198 0.02553  20.355
Geo598  1.251  0.5199 0.02531 20.536
Geo762 1414  0.4800 0.02977 16.122
Geo777 1256  0.5199 0.02523  20.608

Table 4: Turbulent performance metrics of geometries
with a laminar gliding ratio over 23

portion of the wing, a re-compression shock with little to
none sweep, furthermore as can be seen in Fig. 8 due
to the early position of the shock the laminar region has
been greatly reduced, and as flow analysis shows, the is
separated flow after the shock. All three effects combined
lead to the bad performance of Geo762.

S. CONCLUSION

The main goal of the work of finding a suitable belly fair-
ing for the new DLR FSW-NLF configuration and eval-
uating performance metrics for high fidelity methods has
been completed, furthermore, a data set of good perform-
ing geometries has been generated which enables further
research in more complex belly fairings and more com-
plex design strategies with higher DOFs. Additionally,
the results of the work show, the level of influence of a
belly fairing, which can diminish all the advantages of a
good performing laminar wing to the point that it is no
longer able to achieve cruise flight conditions if it is not
properly designed.

The best performing belly fairings show a turbulent
performance similar to what could be expected from a
turbulent BSW, that is to say a NLF aircraft can still op-
erate when for operational reasons the surface is contami-
nated to the point of early transition over the whole wing.

Further work in belly fairing design may still lead to
some performance gains as it has been shown that the



middle plane effect is still present in Geo594.

The results for the current configuration show astonish-
ing performance, even more if considering that the aspect
ratio of the configuration is 9.47, similar to current fly-
ing aircraft. If new generation geometries are considered,
with higher aspect ratios and reduced mean aerodynamic
chord (MAC), lower Reynolds number will be operated
in cruise flight, which will enable expanding NLF differ-
ent scenarios, such as:

* Higher cruise speeds with NLF. Current aerospace
development shows a strong tendency towards sin-
gle aisle long range flights, a product of this devel-
opment is the Airbus A321XLR, which could profit
from higher, optimal cruise speeds for this kind of
mission as the ones found in the Boeing 757, with
the additional advantage of NLF and reduced fuel
consumption.

Improved laminar off-design performance for lower
flight level. While on climb flight, the decreas-
ing density leads to a decreasing Reynolds number,
therefore, although laminar flow can be found in
the wing tips already early climbing phase, the full
potential of laminar flow is found in cruise condi-
tions or cruise off-design. Lower MAC would ex-
pand the laminar advantages during climb and de-
scent phases, which translates in better laminar per-
formance in short to medium range flights.

e Better cruise laminar performance, reduced
Reynolds number lead to lower sensitivity to CFI,
TSI and ALT, depending on the the mission of the
aircraft, the laminar envelope could be expanded as
just explained above or better performing airfoils
could be designed, the lower Reynolds number
allows to counteract the TSI with lower suction
gradient, which leads to smaller re-compression
shocks therefore lower wave drag.
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