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A transonic natural-laminar-flow wing design procedure has been set up, integrating a parametric geometry

model with several analysis tools. A direct design strategy has been applied and three levels of aerodynamic analysis

have been used: a full-potential method (with which to rapidly iterate to obtain the target pressure distribution), an

Euler solution coupled with a boundary-layer solver and a semi-empirical stability analysis method (for an

intermediate evaluation that is able to include the laminar flow extension), and a full Navier–Stokes analysis with

fixed transition (for a final verification of the design quality). A transonic natural-laminar-flow wing suitable for

business aviation able to perform at least 40% of laminar flow in cruise with acceptable wave drag at Mach 0.78 has

been designed and tested at flight Reynolds numbers. The laminar flow has been verified by infrared cameras.

Nomenclature

b = wing span
CD = drag coefficient
CDw = wave drag coefficient
CL = lift coefficient
Cp = pressure coefficient
c = chord
P = static pressure
S = reference surface
t = thickness
V = velocity
� = angle of incidence
� = sweep angle
� = density
� = viscous stress tensor

I. Introduction

D URING the last decades, significant efforts have been
addressed to research in laminar flow technology, both hybrid

and natural. Several research projects financed by the European
Commission (ELFIN I and II, LARA, HYLDA, HYLTEC, and
ALTTA) evidence how strong the interest is in aeronautics about
laminar flow technology.

The work described in this paper was developed within the Italian
VITAS research project, which had the objective to acquire
knowledge, develop tools, and define new technologies for the
design of an innovative transport aircraft. Thewell-known benefits in
terms of friction drag reduction derived from the development of
extended regions of laminar flow over the wetted surfaces of aircraft
were convincing enough, together with the past European Union
research project experience, to dedicate a substantial part of the

project to the investigation of the practical feasibility of such
technology in the range of speed ofmodern business aviation. To this
aim, several steps were scheduled: development and assessment of
numerical tools, optimization and testing of a 2-D section, extension
of the experience to the 3-D design of a swept natural-laminar-flow
(NLF) wing, and verification of the laminar flow extension at flight
Reynolds andMach numbers in a high-speedwind tunnel. This paper
details the three-dimensional design phase and summarizes the
results of the tests performed in the German–Dutch wind tunnel,
DNW-HST.

The paper is divided into three parts:
1) The targets of the design are first listed, referring to a medium-

sized business jet. The aerodynamic tools and the design
methodology are described, detailing the philosophy of the main
wing-section design and reporting the three-dimensional design
strategy with its constraints and solutions.

2) The second part is dedicated to the postdesign numerical
verification. Several Navier–Stokes runs and stability evaluations are
reported to verify the quality of the design.

3) The wind-tunnel test setup and the comparison between
theoretical and experimental solutions are reported in the third part of
the paper.

II. Wing Design

The design of an aircraft is the resulting combination of the work
produced on several subjects (structures, avionics, plants, and
aerodynamics) that progress in parallel on the same object. Each of
them has different, and often conflicting, requirements. The aerody-
namic targets of a wing are usually revised during the predesign
phase tomeet the requirements of other groups, in some cases leading
to compromising solutions that are either not acceptable or not
interesting for the market.

The objective of this work is not only to create a purely research
wing that is able to exhibit a significant extension of laminar flow, but
it also demonstrates the feasibility of the NLF technology within the
integrated design process of the aircraft. Because the wing must
fulfill the requirements derived from other areas of study, the
aerodynamic design was performed in parallel with the predevelop-
ment activity, wing-box structure definition, plant installation, and
manufacturing methodology study.

The design refers to a family of business jets for which the weight
and selected flying conditions require wing target performances
across a large spectrum of aerodynamic conditions.
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A. Design Targets and Constraints

The selected design points derive from long-range cruising, high-
speed cruising, and stall requirements. An additional design point
regarding the climb condition has been added with lower priority. A
range of possible weights and operative altitudes has also been
considered that cause the wing to exhibit the required laminar
extension andwave drag in a range of the cruising polar curve instead
of at a single design point, but in a range of the cruising polar curve.
Table 1 summarizes the selected design requirements.

Figure 1 depicts a sketch of the wing planform. It is a tapered
sweptback wing with aspect ratio of 8 and taper ratio of 0.34. The
leading-edge sweep angle was 20 deg. Such a value is considered,
from the experience of the ELFIN flying tests, to be a limit for the
crossflow stability of the boundary layer [1]. The wing is mounted
below the fuselage. A dihedral angle of 2 deg was adopted.

For structural reasons and to maintain the fuel-storage capability
of the wing box, the root section has a minimum thickness require-
ment that, considering the reference-surface planform chord (gray
lines of Fig. 1), would correspond to a too-high value of thickness-to-
chord ratio (dotted curve of Fig. 2). To avoid strong compressibility
effects in this region, the root chordwas extended.With this solution,
the root t=c value was reduced (solid curve of Fig. 2). The inner
trailing edge is smoothly jointed to the outer trailing edge of thewing,
which is kept straight from this point.

Particular attention should be paid to the assembly of thewing box.
Laminar flows require a very high level of surface smoothness with-
out any visible excrescence (rivets, screws, gaps, etc.). A hypothesis
is to adopt the well-tested constructing methodology of the Piaggio
P180 Avanti. In this case, the ribs and the spars are riveted to the
integrated stringers of panels obtained by machining a thick
aluminum block. To limit the quantity of the raw material, such
panels should be as flat as possible (Fig. 3). This is a severe constraint
in the choice of the twist and thickness distribution and, in particular,
it conflicts with the necessity of having thick cambered airfoils on the
outer part of the wing (to reach high values of maximum lift), thin
airfoils in the inner part (to contain the wave drag at high speed), and
thick root sections (for the mentioned structural and fuel-storage
reasons).

The composite forming of the panels would significantly relax the
geometric constraints. It was, however, preferred during this phase to
adopt a traditional metal technology and for the quantification of the
advantage in adopting a composite wing box to be deferred to future
activities.

B. Three-Dimensional Aerodynamic Design

With so many imposed constraints, aerodynamic targets, and
project variables, a direct design strategy was preferred to an auto-

mated multi-objective optimization procedure. The wing geometry
was built from six airfoil sections. Particular care in the generation of
the airfoil spline curves is necessary for both aerodynamic (aerody-
namics are sensitive to the second derivative of the geometry) and
CADmodeling reasons (generation of smooth and regular 3-Dmodel
surfaces). Several sections must also be derived from a similar shape
to avoid deformation of the surface. This requirement obviously
conflicts with the different aerodynamic target of the various regions
of the wing. Simply put, the aerodynamic design and the CAD
geometry construction are strictly related and constrained each other.

Themain variables of the design are the positions of the six control
sections and their thicknesses, the local twist, and the airfoil
geometry. A typical design iteration starts with a first hypothesis of
twist, thickness, and relative lift coefficient distribution.§ The airfoil
modification follows with a nonviscous three-dimensional approach
(full-potential method). Refinement of the airfoils consists of a more
accurate viscous two-dimensional design of the airfoils by applying
the rule of cosine (using a coupled Euler/boundary-layer code [3]).
This phase is essentially performed with a 2-D inverse strategy. A
three-dimensional verification using a 3-DEuler code coupledwith a
boundary-layer code and a semi-empirical stability analysis method
(database) follows. This analysis is the first confirmation of the
stability of the three-dimensional laminar flow in the presence of
crossflow instability. The geometry must now be built and adjusted
by CAD. If it satisfies the geometry requirements, a complete 3-D
viscous Navier–Stokes verification concludes the iteration.

1. Thickness Distribution

The selection of the thickness distribution along the span is a
compromise between several requirements. The highest bending
moment of the wing is located at the root, which should then be as
thick as possible. Thickening the root also greatly increases the fuel-
storage capacity of the wing box. Moreover, the storage of the main
landing gear is usually located in this region, which very often
represents the first constraint for the structure. Increasing the thick-
ness, however, strongly conflicts with the high-speed performance
requirement of the mission (the wave drag effects grow approxi-
mately with the fourth power of the thickness-to-chord ratio). A
drastic reduction of the thickness, moving away from the root, is then
desirable. Relatively high thickness values are again required on the
tip region to maintain acceptable low-speed performance. In conclu-
sion, an ideal thickness-to-chord ratio distribution is characterized by
a very thick root airfoil followed by a strong spanwise thinning and
proceedingwith a relatively constant value. The surface development
of such awing will generate wing-box panels highly cambered in the
spanwise direction. Such a solution is not ideal for themanufacturing
methodology adopted (too much raw material). Single curvature
panels, however, would force the geometry to have thinner root and
tip sections (dashed curve in Fig. 2). A compromising solution (very
common on commercial aircraft) is to introduce a kink in the inner
part of the wing by increasing the chords of the root region. The
solution adopted in the present design allows the same root box
thickness to be kept and to reduce the thickness-to-chord ratio.

2. Twist Distribution

The spanwise load on the wing is primarily controlled by the twist
and by the airfoil geometry (camber). It particularly affects the

Table 1 Aerodynamic design targets of the wing

Design point Mach Reynolds CL CM Transition CDw

Long-range cruise 1 0.75 8:3 � 106 0.5 > � 0:11 >40%c 0
Long-range cruise 2 0.75 8:3 � 106 0.4 > � 0:11 >40%c 0
High-speed cruise 0.78 8:7 � 106 0.46 > � 0:13 >40%c <0:002
Climb 0.7 >10 � 106 0.6 —— >20%c 0

M
A

C
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°

Fig. 1 Wing planform.

§The philosophy of the design, in terms of compromising target pressure
distribution at several design points, has been previously investigated by a
2-D multi-objective numerical optimization using genetic algorithm [2].
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induced drag (vortex drag), whichmust, however, be evaluated in the
complete aircraft configuration [4]. The ideal minimum vortex drag
is achieved when the load distribution of the aircraft is elliptic
(including fuselage, nacelles, and tail load). This generally means,
considering the trimmed configuration with a negative lift tail, a non-
elliptic-wing load with some inboard loading [5]. Such a load
distribution has several advantages: it has a positive effect on the
pitching moment (for sweptback wings) and consequently on the
trim drag; it permits lower weight for the wing structure [6]; and it
reduces the risk of tip stall at low speed. The latter aspect is
particularly critical for sweptback wings, for which the vortices
generated by the inner load gradients have the tendency to increase

the lift on the outer regions. Furthermore, the thinner tip sections
together with their lower Reynolds numbers force the use of higher
cambered airfoils and require a particularly accurate design to meet
the clean-wing stall pattern target. All of these aspects lead to high
values of wing twist. Figure 4 reports the selected spanwise twist
distribution.

3. Airfoil Design

The thickness and twist configuration of the wing must be defined
in parallel with the design of the airfoils, which in turn must satisfy
the local geometric and aerodynamic requirements. In the root
region, the flow is strongly three-dimensional. The pressure isolines
are forced to be orthogonal to the symmetry plane, causing a loss of
pressure close to the nose (and consequently a lift loss) and ampl-
ifying the wave drag (with respect to the two-dimensional charac-
teristics of the airfoil) [7]. In this area, a strong three-dimensional
flow soon turns (after the first 10–15% of the exposed semispan) to
themore characteristic pressure distribution of thewing. The use of at
least two control sections is necessary here.

The airfoil designed for the central regionwill be the driving airfoil
responsible of the aerodynamic performance of the wing and will
characterize its design philosophy. All of the other sections should
refer to this airfoil (in both a geometric and aerodynamic sense) and
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Thickness distribution
Linear thickness distribution of the reference wing planform
Thickness distribution referred to the wing planform

Fig. 2 Thickness distribution.

Fig. 3 Source material block required for panel machining (example

without stringers).
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Fig. 4 Twist distribution.
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should be modified to meet the local requirements. The tip region
must be designed with reference to the low-speed requirement
constraints. The extreme tip will also generate a strong three-
dimensional flow, and therefore two control sections are required in
that region. With this vision, at least five sections are necessary to
build thewing. A sixth section permits achieving better control of the
geometry, but it is generally suggested to not exceed this number.

Three main airfoils have been designed: a base airfoil located at
37%of the semispan, a tip airfoil that defines the aerodynamics in the
region of the aileron, and a root airfoil located in the aerodynamic
symmetry plane of thewing, which was designed completely in 3-D.
The six control sections are derived from these three airfoils by
scaling or combining them as required.

C. Transonic Laminar Airfoil Design for a Swept Wing

Natural laminar airfoil design strategy conflicts in several aspects
with supercritical design. For stability reasons, a continuous stream-
wise decrease of pressure must be present. For two-dimensional
flows, the stability of the laminar boundary layer is roughly propor-
tional to the pressure gradient and inversely proportional to the
distance from the stagnation point [8]. The physics of this phenom-
enon are dominated by the propagation of the so-called Tollmien–
Schlichting instability [9]. A similarly shaped pressure profile would
lead to aft pressure values (high local Mach numbers), which restore
higher pressure through a relatively strong shock. If a low-drag
profile in high speed is required, particular attention must then be
paid to the selection of the target compromise pressure distribution.
In the case of a sweptback wing, the three-dimensionality of the flow
induces another instability type (crossflow) that, contrary to the
Tollmien–Schlichting instability, has a great evolution in the region
of the leading edge. Its importance grows with the sweep angle.

In this work, the airfoils have been analyzed using a so-called
quasi-3-D approach. The inviscid pressure distribution of the
considered section, derived froma3-D analysis of thewing, is used to
calculate the local boundary layer. The method (also known as the
Kaups–Cebeci approach [10]) is based on the conical-flow assump-
tion, which consists of analyzing the airfoil section of a wing
modeled as a cone (the twist is neglected) for which the generators
pass through the provided airfoil geometry. The root and the tip
airfoils are similar and simply scaled. The boundary-layer equations
are transformed in conical coordinates and solved along the arc
obtained from the intersection of thewingwith a sphere for which the
center is the origin of the wing generators. This approximation
permits obtaining a 3-D solution of the boundary layer of a swept
tapered wing, solving a form similar to two-dimensional boundary-
layer equations.

The transition location is estimated using the database method.
The principle is to simplify the stability analysis by an analytical
representation of the growth rate of the disturbances as a function of
certain relevant boundary-layer parameters [11]. The analytical

correlations have been obtained by an accurate investigation on the
growth rates of the disturbances computed using methods based on
the linear stability theory for a particular airfoil: the ONERA D
profile.

The operating conditions (lift coefficient and Mach and Reynolds
numbers) and the target compressibility drag of the airfoil to be
designed in two dimensions are obtained by referring to the rule of
cosine [12] (see Appendix A).

1. Base Airfoil Design

The design of the main airfoil takes into consideration three
configurations: climb, long-range cruise, and high-speed cruise.
From preliminary design activity, the following 2-D design points
were defined:

1) Climb is at Mach� 0:7 and Cl � 0:7.
2) Long-range cruise is at Mach� 0:75 and Cl � 0:62.
3) High-speed cruise is at Mach� 0:78 and Cl � 0:58.
Each region of the airfoil influences particular aspects of the

design. The final geometry must generate optimal pressure distrib-
utions at the three design conditions, thus accomplishing the required
tasks.

In Fig. 5 an example of the pressure distributions generated by the
same geometry at the three design conditions is plotted. The figure
highlights how several characteristics of the design can be
circumscribed into areas of influence. Inmore detail, the leading edge
of the airfoil is the region of the development of crossflow instab-
ilities. A steep pressure gradient is (in general) required here. If an
amount of laminar flow is required in climb condition, a sufficient
plateau must be present after the stagnation region. This requirement
limits the value ofCP that can be reached locally and imposes a kind
of round shape of pressure distribution in cruising condition that
causes lift reduction and introduces further stability constraints in the
following region. For this work, a compromising target of 20% of
laminar flow in climb condition was defined.

The laminar extension in cruise condition must be higher than
40%. The pressure distribution in the Tollmien–Schlichting-
dominated instability region is then constrained by the stability
requirements of the boundary layer. The following region (up to the
pressure recovery region) should be approached with a supercritical
design methodology [13], in which a design aimed at the generation
of a relatively weak shock in high speed will develop a second
recompression structure in cruise (double shock). The last 30%of the
upper surface is devoted to recovering a pressure as close as possible
to the stagnationvalue. The shape of the pressure risemust be defined
by investigating the separation limit of the boundary-layer using
viscous tools. A rough indication of the separationmargin is the local
value of the shape factor. A design with a constant value of the shape
factor up to the trailing edgewill delay the separation butwill lead to a
sudden stall of the entire recovery region, evidencing a discontinuity
in the lift curve of the airfoil at high incidences.

Region of 
crossflow 
instability 
development

Laminar 
region in 
climb 
condition

Tollmien-Schlichting instability development (transition should precede the pressure recovery)

Compressibility 
region (laminar 
separation risk 
in cruise)

Pressure 
recovery 
(separation 
risk)

Thickness 
control

High speed

Cruise

Climb

Lift and pitching moment control

Fig. 5 Typical pressure development at the three design conditions by the same geometry.
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The lower pressure distribution can be split in two regions. The
first part (usually up to around 60% of the chord) is strictly related to
the thickness of the airfoil. It is important, however, to be careful
when exceeding the criticalCP to not generate further shocks, which
might cause drag increase at offdesign conditions. The rear lower part
of the airfoil can be used to trim the lift coefficient. Two critical
aspects are associated with this region. For thick geometries, the
pressure recovery can be very strong, causing separation; in addition,
high pressure values here strongly contribute to increase the nose-
down pitching moment.

2. Root Airfoil

In the case of a swept wing, the two-dimensional approximation is
not valid for the section on the symmetry plane. The design of this
airfoil must be performed by verifying the complete three-
dimensional solution and should be oriented to the generation of a
pressure distribution, which minimizes the difference with the wing
design philosophy and then reduces its influence on the other parts of
thewing. Such geometrywill be significantly different from the other
airfoils. The nose region will evidence a nose-up shape and the upper
surface will be very flat up to the trailing edge. The camber will then
generally be negative and the airfoil must be set with a relatively high
angle of incidence to recover the local lift loss.

3. Tip Airfoil

The design of the tip geometry is driven by the stall requirement of
thewing.When the inner region begins to separate, the aileron region
must maintain the lift without separation and, in any case, the stall
must start as close as possible to the root of the wing.

Sweptback wings are overloaded in the tip region, and therefore a
reduction of the tip chord is necessary.Moreover, the lowerReynolds
numbers and the smaller thickness-to-chord ratios do not permit stall
at the root without twist values that strongly penalize the wing
performances at other flying conditions. For this reason, the tip
geometry design must be oriented toward the maximum lift opti-
mization, being careful to control the load of the rear part of the airfoil
(to limit the aileron hinge moment).

To design an airfoil with the aim of improving the maximum lift
without increasing the zero-incidence lift means focusing the
attention particularly on the leading-edge geometry. A first rough
indication of the airfoil stall limit can be obtained by evaluating the
minimum value of pressure coefficient reached at high incidence.
The order of critical values is between 10 and 13. The geometry
oriented to the minimization of the pressure peak has a drop nose
shape (high camber in the leading-edge region)with lowvalues of the
curvature. The first impact of this characteristic in the other design
conditions is a reduction of the nose pressure gradient, reducing the
crossflow stability of the boundary layer.

III. Postdesign Analysis

The performance of the wing has been verified by a 3-D Navier–
Stokes analysis using the Centro ItalianoRicercheAerospaziali ZEN
(zonal Euler Navier–Stokes) code. ZEN is a 3-D Reynolds-averaged
Navier–Stokes finite volume code using multiblock structured grid
[14]. Several computations have been performed with the transition
fixed to maintain 40% of laminar flow on both sides of the wing. The
performances in the case of fully turbulent flow have been also
verified. The solution presented in this paper has been obtained using
the k-! shear-stress-transport turbulence model.

The grid was generated using the ANSYS ICEM/CFD (compu-
tational fluid dynamics). It is a structured multiblock mesh with
2.8 million hexahedral cells (Fig. 6). The far field is extended 50
chords away from the wing in all directions. The boundary layer is
solved up to the wall. The closest layer of cells on the surface is
located at a Y� distance on the order of 1. There are 244 cells
clustered on the airfoils, 40 on the thick trailing edge, and 80 in the
spanwise direction.

A. Navier–Stokes Solutions

Figures 7 and 8 compare the two-dimensional viscous pressure
distribution in long-range and high-speed cruising conditions
(computed by theMSES code) with the three-dimensional Euler and

Fig. 6 Navier–Stokes computational domain.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c

Cp

MSES 2D
Eulero 3D
Navier Stokes 3D

Fig. 7 Base airfoil design verification in long-range cruising condi-
tion (transition at 40%c).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c

Cp

MSES 2D

Eulero 3D

Navier Stokes 3D

Fig. 8 Base airfoil design verification in high-speed cruising condition

(transition at 40%c).
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Navier–Stokes solutions. The two 3-D solutions are very similar
except in the compressibility region. The discrepancies between the
2-D and 3-D pressure distributions are related to the limit of the rule
of cosine (which is valid for infinite-span wings) and to the value of
the sweep angle used, which is higher than the aerodynamic sweep
angle.¶

The computed wing drag rise at CL � 0:5 passing fromMach 0.6
to 0.75 is only one drag count, and it is 19 drag counts passing from
Mach 0.6 to 0.78. The drag rise at CL � 0:46 and Mach 0.78 is 13
drag counts, well below the target limit. The drag rise in the case of
fully turbulentflowwas also evaluated, confirming the target value of
20 drag counts atCL � 0:46. Themoment coefficient atMach 0.75 is
�0:073 and �0:07 at Mach 0.78, also well below the target limit in
this case.

B. Low-Speed Performances

The stall characteristics of the wing have been evaluated with the
DATCOMcode [15]. This method, based on empirical formulations,
is used for preliminary design purposes. It evaluates the 3-D lift curve

0 10 20 30 40 50 60 70 80 90 100
y/b [%]

Wing stall path: Mach 0.15, α 14°

Cl Cp min

Fig. 9 Stall path of the wing (full-potential solution).

Mach 0.15

α [deg]

C
L

Panel method

DATCOM Reynolds 6x106

Fig. 10 Maximum lift estimation of the wing.

Fig. 11 Detail of the CAD model assembly.

Fig. 12 UW-5006 NLF wing/fuselage model installed in the wind-

tunnel test section.

Table 2 IR test points

Mach Reynolds CL

0.75, 0.78 4 � 106 0.4, 0.45, 0.5, 0.55
0.6, 0.7, 0.75, 0.78, 0.8 8 � 106 0.4, 0.45, 0.5, 0.55
0.6, 0.7, 0.75, 0.78, 0.8 10 � 106 0.4, 0.45, 0.5, 0.55

¶The airfoil commonly considered for a two-dimensional analysis of a
finite swept tapered wing is the sectionwith the plane orthogonal to the sweep
angle at 25%of the chord. In this work, the angle used in the application of the
rule of cosine is the leading-edge sweep angle. This choice is justified by the
necessity of having higher accuracy in the region of crossflow instability
development.
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Fig. 13 IR image at M � 0:75, Re� 8 � 106, and CL � 0. Fig. 14 IR image atM � 0:78, Re� 8 � 106, and CL � 0:45.

Laminar flow =  60 %

Laminar flow = 56 %

Laminar flow = 61 %

Laminar flow = 61 %

Laminar flow = 56 %

Laminar flow = 70 %

Laminar flow = 38 %

Laminar flow = 25 %

Fig. 15 Computed transition locations (database solution).
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and the maximum lift using the geometrical data of the wing and a
provided reference-airfoil low-speed lift curve.

In addition, the lift curve has also been computed using a panel
method. The upper limit (maximum lift) refers to the case in which a
pressure coefficient value of �13 is first reached somewhere on the
wing (Fig. 9). The DATCOM and the panel solutions are plotted in
Fig. 10. Both methods predict a maximum lift of 1.3.

IV. Wind-Tunnel Test Campaign

To check the performance of the newly designed laminar wing, a
wind-tunnel test campaign in the transonic regime at flight Reynolds
numbers was carried out on a 1:6 half-wing scaled model in the
DNW-HST facility in Amsterdam. Particular attention was paid to
designing a support solution that is able to reduce the interaction
between the wing and the tunnel wall boundary layer. A proper
fairing, not weighted by the side-wall balance, used to move the
model out of the test-section wall boundary layer was designed and
manufactured. Its shape also had to ensure that the load distribution
on themodelwas representative of the isolatedwing and that leading-
edge contamination was avoided.

A. Test-Rig Configuration

All model design activities [3-D CAD model, finite element
method (FEM) analysis, cable routing simulation, etc.] were
performed using the CATIA version 5 computer-aided engineering
and CAD integrated system. The model is made of a one-piece
machined main element, including an integrated mounting interface,
and is equipped with two cover panels located on the bottom side
(Fig. 11). A safety factor of 5, with reference to the maximum
expected loads based on FEM analysis, was required. The FEM
solution showed a deflection at the model tip lower than 30mm and a
rotation angle lower than 0.5 deg under the maximum expected load
conditions.

Themodel was equipped with 129 pressure taps located along two
chordwise stations at 30 and 70% of the span. A 0.25 mm tap
diameter was selected to avoid any contamination of the laminar
boundary layer. Five high-frequency pressure transducers were also
installed on the model.

Low-thermal-conductivity panels to be installed on the upper side
of the wing facilitated the use of the infrared thermography
technique. The panel thickness dimensioning is related to the
sensitivity of the thermocameras used for wind-tunnel measure-
ments. Based on previous experience of the DNW wind-tunnel
experts, a thickness of 2.5 mm was identified as sufficient to guar-
antee a correct measurement. To realize the panels, three dedicated
big pockets with a constant depth of 2.5 mm were machined on the
upper surface of the main model element. The pockets were succes-
sively coveredwith stainless-steel-filled epoxy putty (Devcon). Such
material has sufficiently low thermal conductivity to be machined
together with the steel surfaces. After the putty had completed the
hardening process, the external model surface was finished by
machining the whole assembly. After the painting process and hand-
finishing, a surface roughness value lower than 0:8 �mwas achieved
(the displacement thickness in the first 5% of the chord should be
higher than 10 �m).

B. Test Results

The HST is a variable-density closed-circuit wind tunnel. An
adjustable nozzle is followed by a test section with solid side walls
andmovable slotted top and bottomwalls (about 12%open perwall).
Top and bottom walls can be adjusted to obtain a test-section height
of 1.60 or 1.80 m. An excellent flow quality is achieved by a high
contraction ratio of 25 at a test-section height of 1.6 m and a
contraction ratio of 22.2 for a test-section height of 1.8 m. The UW-
5006NLFwing tests were performed at a test-section height of 1.8m
to reduce the wall interference as much as possible. Figure 12 shows
the installation of the model in the test section.

The test campaign was aimed primarily at the confirmation of the
wing design quality in terms of laminar flow characteristics. The
transition position on the upper side of the wing was evaluated using
an infrared thermography technique. The flow visualization was
performed using two Thermovision A40M infrared cameras. The
image resolution of both cameras was 320 � 240 pixels. Special
glass windows coated for infrared (IR) measurements were mounted
on the tunnel ceiling slats.

As summarized in Table 2, the selected test conditions for the IR
visualizations covered the cruising design points of thewing in terms
of Mach number and CL, as well as several points at offdesign
conditions.

Figures 13 and 14 show the results of the transition visualization
obtained, respectively, at Mach numbers of 0.75 and 0.78 at Re�
8 � 106 (long-range and high-speed cruise). The region in which the
flow is laminar appears colder than in the turbulent region. This is
due to the lower heat transfer that occurs in laminar flows. In other
words, the air, which has a temperature higher than the wing, warms
up the model more in the turbulent region than in the laminar region.
In the figures, the laminar regions are darker than the turbulent
regions. Two main turbulent spots are present, starting from the
pressure taps on the leading edge. These spots were present in all of
the tests performed. Other occasional spots appeared with the rise of
Reynolds number. At M� 0:78 a successful extension of natural
laminar flow was obtained on the model upper surface up to 70% of
the chord length, whereas the laminar extension at M� 0:75 was
around 40% of the chord (Fig. 15). In the central and outer parts of
the wing, the laminar flow extends up to the shock wave position.
In the region close to the root, the laminar flow is lower than
expected.

In Fig. 16 the IR image at Mach� 0:7, Reynolds� 10 � 106, and
CL � 0:55 is reported. This condition refers to the climb design
point, but at a lower lift. The target of 20% of laminar flow was not
reached.

C. Comparison with Numerical Solutions

The infrared visualizations evidenced a laminar flow extension in
the design points that was slightly lower than expected, particularly
at the root region of the wing. A first hypothesis was to ascribe this
failure to an insufficient accuracy of themodel geometry in the region
of the Devcon material. Slight waviness was, in fact, noticed in the

Fig. 16 IR image atM � 0:7, Re� 10 � 106, and CL � 0:55.

Fig. 17 Numerical domain in the wind-tunnel configuration.
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upper surface of thewing,whichmight be responsible for an irregular
pressure distribution. To investigate this and other aspects, a CFD test
session was planned on a new numerical configuration built by
generating the computational domain on the model geometry
measured after themanufacturing process. A newmesh including the
fairing, as in thewind-tunnel configuration, was used (Fig. 17). Fully
turbulent calculations using the CFD�� commercial code using

the two-equation k-! turbulence model were run. The analysis was
performed at the twomain design points: Mach 0.75 withCL 0.5 and
Mach 0.78 with CL 0.46.

In Figs. 18 and 19 the computed surface pressure coefficient,
respectively, for the theoretical designed wing and for the measured
wind tunnel model, is reported together with the CP plot at several
sections in cruise and in high-speed conditions. FromFigs. 20–23 the

Fig. 18 Three-dimensional Navier–Stokes pressure distribution (transition at 40%).
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experimental pressure measurement for both laminar and turbulent
cases is compared with the numerical solutions.

The irregularity of the geometry is reflected in both the numerical
and experimental pressure distributions. The laminar flow, however,
appears to tolerate such surface waviness. There is also a dis-
agreement in the angle of incidence between the experimental
and the numerical solutions, caused by the wind-tunnel wall
interference.

The influence of the nature of the boundary layer on the recom-
pression structure is evident by comparing the two experimental
laminar and turbulent measurements. The position of the recompres-

sion in the case of laminar flow is moved aft with respect to that
developed by the turbulent flow, giving the possibility of generating
the same lift at lower incidence. This behavior permits the laminar
flow to also benefit in terms of compressibility performance. The
position of the shockwith fully turbulent flow is not confirmed by the
numerical solution, which estimates a stronger and more aft
recompression than experiments at Mach 0.78 in both stations. The
reason for laminar flow loss in the inner region of the wing is
explained by the numerical solution, because in both cruise and high-
speed conditions, the streamwise pressure gradient close to the wing
root is more unfavorable than the theoretical design target.

Fig. 19 Three-dimensional Navier–Stokes pressure distribution of the wind-tunnel model.
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V. Conclusions

A transonic natural-laminar-flow wing has been designed using a
direct strategy. The geometry refers to a medium-sized business-jet-
class aircraft. The target design conditions selected are climb, long-
range cruise, and high-speed cruise. A minimum amount of 40% of
laminar flow was required for cruise and high speed. Several
geometric constraints were imposed by the structural requirements,
the fuel-storage capability, and the constructing methodology.

Dedicated design tools have been developed by integrating 3-D
geometry modification methods with aerodynamic codes and a
stability analysis criterion. For the transition evaluation, the database
method was adopted, which is able to evaluate both the Tollmien–
Schlichting and crossflow instability progress, coupled with a
boundary-layer analysis code based on the conical-flow assumption.

The principal design variables were the airfoil geometry, the
thickness, and the twist distributions. Six sections were used to build
the geometry, and a CAD constructing methodology was defined. A
base airfoil was first designed using a quasi-3-D approach. The other
sections were derived from the base geometry in such a way to
accomplish local requirements (both aerodynamic and structural).
Attention was devoted to the selection of the compromising twist
distribution that, associated with a careful aileron region design, had
to generate the appropriate stall pattern.

The 3-D iterative design process involved several cycles in which
three methods were used for the performance evaluation. A full-
potential method applied to a linear piecewise geometry defined by
the six control sections was used in a first preliminary geometry
definition. An Euler analysis coupled with the database method
followed, to have a more accurate evaluation of the wave drag and to
verify the stability properties of the boundary layer. The third phase
involved the CAD model construction, the computational domain
generation, and theNavier–Stokes analysis, with an imposed amount
of laminar flow.

The final design evidenced an extension of more than 40% of
laminar flow at cruise and at high speed. The target wave drag limit of
20 drag counts in high-speed cruising condition was respected, and
all the structural and aerodynamic constraints were accomplished. A
maximum lift coefficient of 1.3 at low speed was estimated.

A wind-tunnel test campaign at DNW-HST was carried out on a
half-wing model at flight Reynolds number conditions. Several
transition visualizations were performed using infrared cameras at
design and offdesign conditions. The tests confirmed the capability
of the wing to develop a wide stable region of laminar flow in all of
the design points except in climb condition. Nevertheless, a region
of premature transition was observed at the root region of the wing.
A subsequent numerical investigation attributed this unexpected
premature transition to small irregularities in themodel geometry and

Station 30%, Mach 0.75, Re 8e6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Exp. Laminar CL=0.493

Exp. Turbulent CL=0.51

CFD++ CL=0.5

Fig. 20 Numerical and experimental pressure in long-range cruising

condition at the inner pressure tap station.

Station 70%, Mach 0.75, Re 8e6
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Fig. 21 Numerical and experimental pressure in long-range cruising

condition at the outer pressure tap station.

Station 30%, Mach 0.78, Re 8e6
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Fig. 22 Numerical and experimental pressure in high-speed cruising

condition at the inner pressure tap station.

Station 70%, Mach 0.78, Re 8e6
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Fig. 23 Numerical and experimental pressure in high-speed cruising
condition at the outer pressure tap station.
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to the interference caused by the wing/fuselage configuration.
In any case, the laminar flow showed to be able to tolerate moderate
waviness on the surface.

Appendix A: Rule of Cosine

Thevalidity of a two-dimensional analysis is restricted to the plane
of an aerodynamic field in which the orthogonal gradients are zero.
For this reason, the two-dimensional analysis of the airfoil section of
a swept wing must refer to the so-called rule of cosine.

With the near-field approach, the total force that the fluid act on a
generic body is given by [16]

F�
Z
Sbody

��P � P1� � n � �� � n�	 dS (A1)

where P is the static pressure and � is the viscous stress tensor.
In the lift calculation, the viscous stress tensor component is

neglected and the lift is obtained by integrating the pressure distri-
bution around the body. Referring to a wing with infinite span and
leading-edge sweep angle�, the freestream velocity vector V1 can
be divided into the component orthogonal to the leading edge
V1 cos� and the component V1 sin� parallel to the leading edge.
Because the velocity component parallel to the leading edge of the
wing causes only a skim of the flow in the spanwise direction, the
only velocity component that contributes to the production of lift is
V1 cos�. For such a reason, the wing-section characteristics are
obtained by a two-dimensional analysis of the airfoil obtained by
projecting the airfoil AB on the plane orthogonal to the leading edge
(Fig. A1).

The effective incidence �eff of the airfoil AB
0 is given by

tan�eff �
V1 sin�

V1 cos� cos�
� tan�

cos�
(A2)

or, for small angles of attack,

�eff 

�

cos�
(A3)

The chord and the coordinates of the effective airfoil AB0 are

C0 � C cos�; X0 � X cos�; Y 0 � Y (A4)

The effective velocity component that concerns the profile AB0 is

V2
eff � V2

1�sin2�� cos2�cos2�� � V2
1�1 � cos2�sin2�� (A5)

or, for small �,

Veff � V1 cos� (A6)

Because the total lift must be independent of the airfoil that we
refer to (Galileo’s law), we can write

L� 1
2
�V2
1SCl � 1

2
�V2

effSCleff (A7)

from which we obtain

Cl � Cleff
V2
eff

V2
1

(A8)

and finally, considering Eq. (A6),

Cl � Cleff cos2�) CP � CPeff
cos2� (A9)

The effective Reynolds number is

Reeff �
VeffC

0

�
� V1 cos�C cos�

�
� V1C

�
cos2�� Re � cos2�

(A10)

In the same manner, from Eq. (A6), the Mach number is

Mach eff �Mach � cos� (A11)

To calculate the drag of thewing section, the integral component of
the viscous stress tensor can no longer be neglected.

The total drag of the wing section AB is given by

D�DP �DF (A12)

where DP is the pressure contribution and DF is the skin-friction
contribution.

Because, as already evidenced, only the V1 cos� component of
the velocity contributes to the generation of the pressure distribution
around the wing, the rule of cosine is applicable to estimate the
pressure drag component of the wing from the analysis of the profile
AB0, treating it as it was done for the lift coefficient:

DP �DPeff
cos�) CdP � CdPeff cos2� cos�� CdPeff cos3�

(A13)

Within this method, it is not possible to get any information on the
streamwise component of DF from a two-dimensional analysis.
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