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Anadvanced computational and experimental analysis has been performed upon a conventional aircraftwingwith

two outboard morphing partitions that are variable in twist and dihedral angles. Results are generated with the

intention of drawing meaningful comparisons with initial trends in aerodynamic and structural efficiency that have

been observed in previous optimization studies. Computational results are obtained with the DLR, German

Aerospace Center TAU computational fluid dynamics code, both for an aircraft wing in high-speed flight and for a

wing modeled at low speed with wind-tunnel wall constraints. An experimental testing has been performed at the

University of Bristol 7 × 5 ft low-speed wind tunnel. An outer-twist variation of �3 deg and dihedral angles from

planar up to 90 degC-wing geometries are tested for a range of incidence angles. Results demonstrate varying levels of

agreement between each form of analysis method, and offer insight into the aerodynamic and structural tradeoff

required to select an optimal configuration.

Nomenclature

CBM = root bending-moment coefficient
CD = drag coefficient
CL = lift coefficient
Cl = local lift coefficient
CLmax

= maximum lift coefficient
CLα

= lift-curve-slope gradient
CP = pressure coefficient
c = local chord
L∕D = lift-to-drag ratio
R = range metric
Re = Reynolds number
s0 = planar wing semispan
x = chordwise location
y = spanwise location
α = incidence angle

I. Introduction

A VARIETYof wing-tip designs have been proposed as a means
for reducing the vortex-induced drag of aircraft wings. Mini-

mizing the induced drag is an area of intense research as the industry
strives to reduce fuel consumption and to providemore economic and
environmentally friendly aircraft. In climb conditions with high lift
coefficients, induced drag accounts for the majority of the total
aircraft drag, and typically 30–40% in cruise. Since Whitcomb
proposed the complex Whitcomb winglet in 1976 [1], achieving
induced-drag reductions of up to 20%, more novel solutions such as
multiwinglets [2], wing grids [3], and C-wings [4] have been
investigated. In 2005, the morphing-aircraft project at the University
of Bristol proposed a morphing winglet, or morphlet, consisting of

two outboard partitions that are reconfigured in twist and cant angles
during flight. The morphlet system is intended to be retrofitted to an
existing commercial narrow-body aircraft with fixed sweep and
camber to improve fuel efficiency through drag reduction. Optimiza-
tion studies were performed [5,6] using low-fidelity methods to
ascertain the benefits in drag reduction through reoptimizing the
aircraft wingspan loading. Initial results revealed that, through
morphing the wing tips for each unique flight phase, a consistent 6%
specific-air-range improvement was achieved, by virtue not only of
reducing the induced drag via wake manipulation, but also by
reconfiguring the span loading for each phase so as to minimize
critical sizing loads, and thus, the wing structural weight and aircraft
maximum takeoff weight. These studies used the Tornado vortex-
lattice method (VLM) for aerodynamic predictions [7].
A number of wing-tip designs have been analyzed using the

Lanchester–Prandtl lifting-line theory [8] and using potential
methods, a popular choice given their relatively low computational
cost. These methods can be successfully applied to induced-drag
analysis, as the aircraft vortex-sheet structure leaving the trailing
edge is considered independent of viscosity, provided there is no
separation [9]. Therefore, these lower-fidelity methods provide fast
and accurate solutions. Such methods are also particularly useful for
optimization studies in the conceptual-design phase, in which large
numbers of geometric combinations are to be investigated, and thus,
were used in the initial studies.With regard to drag analysis, themain
weakness with these low-fidelity methods, however, is that the wake
is modeled based upon the geometry, and is done so before solving.
To replicate a more accurate freely deforming wake, an advanced
solution method is required. In addition to this, an experimental
testing is required to validate all computational results using real
flows. Therefore, to analyze the trends that have been observed,
further results are derived from two methods: high-level computa-
tional fluid dynamics (CFD) and experimental low-speed wind-
tunnel testing. This paper presents these results in comparison with
the low-fidelity predictions and trends established in a previouswork.
The authors wish to clarify that this paper is only intended

to identify the aerodynamic-performance benefits of such a wing
concept. It is limited in scope in this respect, and is not presented as a
refined solution, given the number of issues that are not addressed and
still need to be resolved, but merely serves to identify the possible
merits obtainable given an ideal system.
In order for the concept to be validated, further work is required

that considers the impact of the increased structural weight of the
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morphing mechanism and that addresses unsteady or dynamic
loading situations, as well as a flutter-stability analysis. The issue of
roll control throughout the flight envelope is also neglected from this
study.When such considerations are included, the question will arise
as to whether the gains outlined herein are able to overcome these
issues to a degree that makes the morphlet concept valid.

II. Computational Analysis

High-fidelity computational results are obtained using the DLR,
German Aerospace Center TAU CFD code [10]. An Euler solver is
used for aerodynamic computation of a half-wing model within a
hemispherical unstructured mesh. Euler solvers are less computa-
tionally expensive in comparison to full Reynolds-averaged Navier–
Stokes, as they neglect viscosity from the analysis, but consequently
do not capture boundary-layer growth or predict stall. However, as
the main parameters of interest, namely, the induced drag and
spanwise lift distribution, are fundamentally properties of the inviscid
flow regime, these are able to be computed. Additionally, the wetted
area of the wing remains constant, and thus, viscous skin-friction
drag variation can be neglected, although interference and wave-
drag effects may be of significance. As an alternative, viscous drag
estimations used and outlined in the optimization studies [5],
computed from the flight-test drag polar, are added to each of the drag
predictions for the CFD solutions.
The aircraft model investigated replicates a conventional commer-

cial passenger jet, in tandem with a previous work, along with the
morphlet system. This consists of two outboard panels, one replacing
the aileron partition and a further partition outboard of this. These
partitions vary in dihedral angle from planar up to 90 deg, and in twist
by �3 deg. The spans of the two morphing outboard partitions are
equal and fixed for this analysis, and are both 2.9 m in length,
representing the final third of the wingspan, giving an overall span
extension of 2.2 m over the datum wing.
For the computational analysis, to reduce the number of cases, the

two morphing partitions are modeled colinearly, such that the local
variations in twist and dihedral angles for each are equal, and thus,
accumulate for the outer of the two partitions. For the cases with
�3 deg twist or 90 deg dihedral, for example, the outer partition will
have an absolute twist of 6 or 180 deg dihedral, respectively.
The twist variation has been limited to �3 deg for two reasons.

First, the intention is to compare these results with the wind-tunnel
program and with the low-fidelity optimization work that used the
Tornado VLM. Within the optimization work, this twist-angle limit
was imposed as upper and lower bounds, as this constrained thewing
to a maximum cumulative twist angle for the outer partition of
�6 deg, above which the linear nature of the aerodynamic code
renders it less suitable as a prediction tool, as any tip-stall issues
would not be captured (norwill it for anEuler solution). Second, there
were concerns with regard to the wind-tunnel model that the outer
partitions would suffer from vibration at high speed and large
incidence angles, and that, particularly for the C-wing components
for which the connections were less secure, theywould be vulnerable
to failure.
Themeshes generated for TAUare converted fromSumomeshes, a

free-to-download surface-modeling tool sponsored by SimSAC.¶ An
initial Sumo mesh for a conventional passenger jet, as shown in
Fig. 1, is taken as the baseline aircraft to be analyzed. To generate the
mesh for utilization in TAU, the fuselage, nacelles, empennage, and
wing fences are removed, and two morphing outer partitions are
shaped onto the wing tip. The TAU mesh generated for the planar
wing case is displayed in Fig. 2.
Meshes are generated for the planar wing with the outer-twist

angles of bothmorphing partitions varying through angles of−3,−5,
0, 1.5, and 3 deg. In addition, meshes are generated with the two
morphing partitions deflecting with dihedral angles of 0, 15, 30, 45,
60, and 90 deg from the planar configuration with neutral outboard
twist. This gives 10 different configurations that are analyzed, a

datum wing along with four twist variations, and five dihedral
variations. The wing mesh with 45 deg inner- and outer-partition
dihedral angles is given in Fig. 3.
Two sets of results are calculated using TAU for each of these

configurations. The first set of computational results is generated to
replicate flight conditions typical of such a wing operating at initial
cruise. The Mach number for this analysis has been set to 0.78, and
atmospheric conditions are for a flight altitude of 35,000 ft, giving
a Reynolds number of 1.8 × 107. This represents the initial-cruise
flight phase from the optimization work [6].
For the second set of results, low-speed conditions are applied

to replicate those of the experimental wind-tunnel test. Sea-level

Fig. 1 Initial Sumo aircraft model.

Fig. 2 Planar wing mesh for the TAU solver.

Fig. 3 TAU mesh with 45 deg dihedral on both outer morphing

partitions.

¶Data available online at http://www.larosterna.com/sumo.html [retrieved
February 2013].
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atmospheric conditions and a much lower air velocity of 20 m∕s are
applied to give a Reynolds number of 3.5 × 105. Additionally, as
opposed to a hemispherical mesh, the grids for these computations
are generated with inviscid Euler walls around thewing that replicate
the effects of the wind-tunnel walls constraining the flow curvature
within the tunnel. An example of a low-speed tunnel replicationmesh
is given in Fig. 4.
These secondary results aim to provide a connection between

the high-speed computational results and the experimental testing,
ascertaining the effects of the wall constraints and the Mach-number
discrepancy. For both result sets, the meshes are investigated
with incidence angles from −5 to 15 deg to create result polars.
All computational results are run through the ONERA FFD70
postprocessor for TAU [11]. This allows the drag coefficient to be
subdivided into the pressure, wave, inviscid, and spurious drag
components, ofwhich the latter can be removed from the final results.

III. Experimental Testing

Experimental testing is an important tool required to validate all
computational results. With current technology, VLMs and CFD
remain attractive and relatively inexpensive tools to use for analysis
of aircraft wings. However, they still retainweaknesseswith regard to
the simulation of real flow conditions, such as separation, turbulence,
and boundary-layer growth. Experimental testing, therefore, remains
a primary analysis method for capturing such effects, and along with
flight testing and computational analysis, is a fundamental tool in
aircraft design. In itself, experimental wind-tunnel testing also
contains sources of error, with regard to the effects of the tunnel and
model support on the model and airflow, as well as potential
calibration and air-velocity discrepancies. Therefore, the intention is
for each of the multidisciplinary optimization, computational
analysis, and experimental-testing results to be assessed with respect
to the validity of the morphing-wing concept.

A. Wind-Tunnel Model

Awind-tunnelmodel has been designed and constructed for testing
at the University of Bristol 7 × 5 ft low-speed wind-tunnel facility,
a closed-circuit closed-section wind tunnel. It was decided that the
optimal construction for the model would be a half-wing model
with fixed baseline inboard sections, complete with a number of
detachable outboard partitions, each with a unique specific twist
or dihedral angle. The model features two replaceable outboard
partitions of equal span, scaled such that the inboard partition
replicates the span of the aileron partition for the true-size aircraft.
The wing has been sized to span 65% of the wind-tunnel cross-
sectional width when fully planar, in accordancewith standard wind-
tunnel-testing recommendations [12]. This results in a wing of 8%
scale relative to the datum aircraft from optimization and CFD
studies. The wing geometry assumes the same chordwise aerofoil
sections as the vortex-lattice and computational models.

The model has been designed using the Autodesk Inventor CAD
software, and is pictured in Fig. 5. Three inboard sections, one
modeling the fuselage-to-kink and two kink-to-aileron sections, have
been designed and constructed from Prolab WB-1222 [13], and
strengthened using silver steel rods along the quarter and half-chord
lines. The outboard sections were constructed via rapid prototyping
using ABS-M30 material [14] with 2-butanone applied to the upper
and lower surfaces to improve the smoothness of these parts.
The model features chordwise pressure tappings to additionally

validate the load and pressure distributions. In total, thewing contains
64 pressure tappings, distributed chordwise at the central spanwise
location of each of the three fixed inboard Prolab partitions. These are
at y∕s0 values of 0.13, 0.36, and 0.56, respectively. The chords at
these locations feature 10 to 12 pressure tappings on both upper
and lower surfaces that provide the chordwise pressure distribution,
from which the local load factor can be calculated for comparison.
The pressure distributions give interesting information on how the
loading is shifted along the span by the outer-wing shape,which bears
impact upon both the induced drag and the wing-root bending
moment, and ultimately upon thewing weight. The tapping positions
are displayed in Fig. 6.
The two outboard partitions of the wing that reflect its morphing

capability have each been divided into two sections. The smaller of
these sections provides the dihedral, whereas the other larger outer
section provides the twist-angle variation. This varies in twist angle
from inboard to outboard, and represents the main part of each
morphing partition. The smaller dihedral sections are used inboard
of each twisting section. These are fillet sections that provide the
variation in dihedral angle from the main wing to the two outboard
partitions. Thus, when a complete wing configuration is assembled,
this requires four outboard sections in total, two pairs of dihedral and
twist sections that represent the two morphing partitions.
Five aileron and five outboard twist sections have been manufac-

tured, varying from −3 to �3 deg in steps of 1.5 deg twist-angle
variation from root to tip. Additionally, six of each of the two dihedral
fillet sections have been produced, giving dihedral-angle variations
from fully planar, 15, 30, 45, 60, and up to 90 deg for both of the
twisting sections, replicating the ranges used in the CFD studies.
This spectrum of dihedral variation is displayed in Fig. 7. In total,
this gives 22 outboard parts that have been made for the test, with

Fig. 4 Mesh for low-speed wind-tunnel-condition replication.

Fig. 5 Wing CAD model design.

Fig. 6 Pressure-tapping locations.
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the capability of assembling 900 different morphing schedule con-
figurations. The assembled wind-tunnel model in its planar con-
figuration is displayed in Fig. 8.

B. Test Conditions

Thewind-tunnel tests are conducted at 20 m∕s, giving a Reynolds
number of 3.5 × 105. Ideally, the Reynolds number would be higher
to ensure fully turbulent flow over the wing, as per the full-size
aircraft, but due to restrictions on the wind-tunnel-model support,
load cell, and motor, and due to model flutter considerations, the
wind speed could not be increased for this purpose. Transition strips
have also been neglected to aid the comparison with the low-speed
computational results. Incidence polars are computed for each
configuration, using a steppermotor to increase the incidence in 1 deg
increments, from −5 to 15 deg as with computational results. The
error in incidence angle due tomovement in themechanical assembly
is difficult to ascertain. However, as the optimal configurations are
analyzed with respect to a given lift coefficient, any error in absolute
angle is not a factor, provided the wing remains rigid. Standard
correction factors are applied, relating to horizontal buoyancy, solid
blockage, wake blockage, and streamline curvature, although have
been found not to significantly affect the trends observed in the
results.
As with the computational analysis, parts with twist angles of −3,

−1.5, 0, 1.5, and 3 deg are fitted for both outboard partitions for the
planarwingmodel. Then, further runs are undertaken for partitions of
15, 30, 45, 60, and 90 deg colinear dihedral angle, as shown in the
example in Fig. 9, upon the outer partitions for the neutral twist
planform.Additionally, results are generated to examine the effects of
independent inner and outer dihedral and twist variations, with polars
generated for each unique dihedral combination pair and for each
unique inner- and outer-twist combination. Combinations of colinear
dihedral and colinear twist variations in tandem are also explored.

IV. Results

Results are presented for key parameter variations with dihedral
and twist angles as the model is morphed. Results focus on particular
trends observed in a previous work that are aimed to be repeated with
high-fidelity analysis. The effect of morphing on the lift and drag
coefficients is of particular interest, naturally. In addition, the impact
of twist and dihedral on the spanwise load distribution, and hence, on
the bending moments generated, is of importance. This bears a
significant impact upon the weight of the wing, and thus, in tandem
with the lift-to-drag ratio, the range. For this reason, a normalized
range metric calculation is made, computed as the L∕D divided by
the root bending-moment coefficient at a fixed CL. This acts as a
representation of the ratio between aerodynamic improvement and
wing-weight increase. In Secs. IV.A–IV.C, the results for experi-
mental testing and high-speed computational analysis are presented;
thus, the computational plots refer to the high-altitude flight condi-
tion, unconstrained TAUmesh solutions. Experimental results are for
the corrected wind-tunnel test data. Section IV.D then outlines the
results exploring the independent variation of inner and outer parti-
tions using the experimental cases in comparison with the Tornado
VLM results. Section IV.E explores pressure and span-loading data
to provide insight into the trends observed, whereas Sec. IV.F offers
a comparison of the high- and low-speed TAU solutions with and
without modeled tunnel walls to gain an understanding of the
possible effects of each upon the experimental-testing results. For
each twist or dihedral angle quoted in figures, other than those in
Sec. IV.D, this represents the local variation from root to tip of both
morphing partitions varying colinearly. The outer partition thus has
an absolute morphing angle double that of the stated number.

A. Lift and Drag Polars

The results are presented for lift- and drag-coefficient variation
with incidence angle. For each configuration, the referencewing area

Fig. 7 Demonstration of the ranges of dihedral variation for the wind-tunnel model.

Fig. 8 Planar wing model configuration. Fig. 9 C-wing configuration.
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used for the calculation of these coefficients is held constant and
taken as that of the half-model when fully planar. Figure 10 gives the
lift-curve slopes observed for each of the analyzed colinear dihedral
configurationswithout twist. Both TAUCFDandwind-tunnel results
are displayed, and thus, this acts as a comparison between the two
methods. It can be seen that, as expected, the lower dihedral-angle
configurations produce more lift, by virtue of having a greater lift
generating surface area. For the experimental results, each dihedral
case is still able to generate lift comparable to that of the planar wing,
with this difference increasing as the wing very gradually stalls. The
computational results show a much more consistent loss in lift with
dihedral angle and with increasing incidence. Additionally, the
computational results exhibit a stronger lift-curve-slope gradient.
This is due to the larger Mach number for the computational results,
in addition to the lack of boundary-layer separation in the inviscid
solution for higher angles, and thus, an increase in CLα

is to be
expected. The experimental graph also indicates that the stall
behavior is largely consistent across each dihedral-angle variant,
although perhaps is delayed by 1 deg angle of attack for more planar
configurations.
The lift-curve slopes for twist variation are given in Fig. 11. The

effects of twist variation exhibit much smaller increments in lift
change over the entire polar in comparison with the dihedral angle.
Similarly to Fig. 10, the computational results give a higher CLα

value, and thus, a higher CLmax
as both stall (pressure-induced

separation for the TAU cases) at similar α values. Both give a trend of
increasing lift with twist angle as is to be expected, although this
increase is more pronounced for lower incidence angles, and is lost as
the wing stalls, particularly for the computational results. Increased
twist also reduces the wing-stall angle. Experimental results show a
greater CLmax

for higher twist angles, but this is not repeated with
computational results in which CLmax

appears independent of twist.
The lift-curve-slope values for the planar wing computational and

experimental graphs are 7.9 and 5.1 rad−1, respectively. These are
close to the expected values of 7.3 and 5.6 rad−1 taken from flight-
test data for their respective Mach numbers.
Figure 12 offers another comparison between the computational

and experimental results, for the drag-coefficient variation with
incidence angle for differing dihedrals. Both sets of results show a
similar incidence angle of minimum drag at around −2 deg. The
minimum drag is relatively equal for each dihedral case, with the
exception of the 15 deg experimental result, demonstrating that the
zero-lift drag is roughly constant. The computational results show a
much steeper increase in drag with incidence, which is due to the
increased lift seen in Fig. 10. There is a greater drag variation between
the dihedral configurations at lower incidence angles for the
experimental data, and importantly, there is a drag increase observed
for the high dihedral configurations in the cruise region of 2 deg up to
the point of stall. Conversely, the computational results show a
decrease in drag for the 90 deg C-wing due to the loss in lift, and thus,

the lift-induced drag as thewing morphs, the significance of which is
discussed in more detail in Sec. IV.E. The vortex-lattice results also
show a drag reduction in this region, of even greater magnitude than
the computational results.
The drag polar for varying outboard twist angles is given in Fig. 13.

Both plots show a trend for drag increase as the wing twist increases
outboard due to the extra lift, with a comparable CDmin

value for each
configuration, in particular for the CFD results, again showing that
the zero-lift drag is constant with twist variation. The increase in drag
with twist angle is more accentuated in the computational results.
Figures 14 and 15 give the drag polars for the wind-tunnel and

high-speed TAU results, along with the additional Tornado VLM and
low-speed wall-constrained TAU plots. Both figures show similar
trends with regard to the comparison of the four solution types. The
high-speed TAU CFD results closely match those of the Tornado,
particularly for the cruiseCL values of 0.4–0.6, after which the high-
speed computational results begin to match more favorably with the
experimental results. These findings suggest that the transonic effects
and, indeed, the higher air-velocity effects are more significant than
the tunnel wall constraints on the virtual flow. The high-speed TAU
case gives a sharper drag increase with lift, most likely due to the
increased shock-wave strength at higher lift coefficients. The
experimental results bear a slightly stronger resemblance to the
vortex-lattice and low-speedTAU results for lowCL values, andmore
with the high-speedTAUresults atCL values above 0.5, inwhich they
both capture separation effects.
The minimum/zero-lift-drag values vary for the four solution

types, with the low-speed TAU results having the smallest value. The
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vortex-lattice and high-speed TAU results are expectedly higher due
to the increased Mach number of the flow for these solutions. The
drag values for the wind-tunnel-test results are greater than all
computational cases throughout the two polars despite the lower
Reynolds number, indicating that the computational methods
possibly underpredict aspects of the physical drag of the real flow.

Upon investigation, the horizontal shift of the graphs due to the zero-
lift drag notably does not affect the optimum configuration with
regard to the ideal dihedral and twist angles, which is the most
important aspect of the investigation.
The differences between the solution types are possibly attributed

to the differing flow qualities predicted for each. For the TAU CFD
solutions, using an inviscid solver, there are no losses in the flow,with
clean circulation over the wing, giving a much greater lift-curve
slope. This cleaner flow also gives a lower zero-lift drag. For the
wind-tunnel results, it is predicted that there are significant losses in
energy in the flow, due to the tunnel walls and viscous effects, which
cause a resultant reduction in effectiveness in the ability of thewing to
generate lift.

B. Colinear Dihedral Variation

This section examines further the impact of dihedral variation on
the wing efficiency. For the dihedral variation in Fig. 16, for the
experimental and high-speed computational results, when comparing
lift and drag directly, it can be seen that the planar wings generally
have a lower drag for a given lift across the polar, with drag increasing
as dihedral is added. Therefore, it can be concluded that the loss in
lift outweighs the reduction in drag as the wing is morphed. Both
the computational and experimental results show a similar trend,
although with an offset in drag for positive lift coefficients. In the
cruise CL region of 0.4–0.6, the wind-tunnel results show a steady
increase in drag as the dihedral is increased that is larger than that seen
in the other solution types. This is noticeably much smaller for the
TAU cases, although there is a large increase in drag for the high-
speed TAU C-wing case of 90 deg. As this does not appear for the
Tornado VLM case in Fig. 14, whereas the lower dihedral cases
match well, it is possible that this is caused by high-speed shock
interaction for this configuration.
Figure 17 additionally gives the normalized root bending-

moment-coefficient variation for the dihedral changes. There is a
consistent trend for the bending moment to decrease as the dihedral
angle is increased. The load alleviation and inward shift of spanwise
loading through increasing the outer-partition dihedral help to reduce
the bending moment at the wing root. These differences increase in
magnitude as the angle of attack is increased, which is notable as
these higher angles produce the critical loads, in climb or maximum
maneuver, for which the wing is sized. The bending moment from
TAU seems to reduce sinusoidally and by a greater amount with
dihedral, whereas the experimental results show a more linear
reduction. The wind-tunnel results reveal a sharper gradient of root
bending-moment increase with lift, indicating that there is more
outboard loading. This is discussed further in Secs. IV.E and IV.F.
The lift and drag polars are combined to give the lift-to-drag-ratio

variations in Fig. 18. As anticipated from Fig. 16, the planar wing
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gives the best lift-to-drag ratio over the useful CL range, whereas the
90 deg dihedral wing suffers the lowest with decreasing dihedral in
between. The computational results largely back up the trends from
the wind-tunnel tests, although with higher absolute values due to
lower overall drag. Both sets show that the optimal lift to drag occurs
at a similarCL of 0.3–0.4, althoughwith a greater drop-off inL∕D for
higher lift coefficients for TAU, as expected from Fig. 14. Very high
L∕D values are achieved as the fuselage, nacelle, and tail drag are not
modeled.
The preceding results all show conflicting trends, as was observed

in a previous work [6]. Increasing the dihedral angle decreases the lift
and increases the drag of thewing, but reduces thewing-root bending
moment. Similarly, increasing the wing outer twist reduces the drag
coefficient significantly, but also suffers the penalty of bending-
moment increase, as seen in Sec. IV.C. For the normalized range
metric plotted in Fig. 19 that is computed to amalgamate the
contrasting objectives, the two solution types continue to agree on the
optimal schedule. The results indicate that the increased lift-to-drag
ratio of the planar wing predominates over the increased bending
moment. For the computational cases, the 15 and 30 deg schedules
are able to perform almost to the same level as the planar wing, due to
the greater reduction in bendingmoment and reduced drag. The TAU
C-wing case, however, has theworst range prediction of all, due to the
drag increase seen in Fig. 16. Aside from this, the experimental
results generally show that high dihedral cases have a greater
reduction in range due to the higher drag values and smaller changes
in CMr

.

Interestingly, when looking at off-design conditions, at lower lift-
coefficient values in the region of 0.1, it is the high dihedral schedules
of 60 and 90 deg that perform best for the experimental results,
whereas for the computational results, these configurations are also
able to match the more planar wings up to CL values of 0.25. This
implies that the optimal configuration is dependent on the lift, with
results indicating that the C-wing becomes more favorable as CL is
reduced.

C. Colinear Twist Variation

When studying drag variationwith twist in Fig. 20, a trend emerges
that at cruise CL values from 0.4 to 0.6, the increase in lift with twist
slightly outweighs the consequential drag increase, although it is
much less conclusive than the dihedral-variation results, as drag
variations are much smaller. This is also more notable in the vortex-
lattice results. The−3 deg twist experimental result sees a significant
drag increase in the cruise region much like the C-wing case.
The bending-moment coefficients for each twist configuration are

given in Fig. 21. As is the casewith reducing outer-wing dihedral, the
increased loading toward the outboard wing sections due to the
increased twist (washin) drives up the bending-moment coefficient.
This will impact on the wing weight. This moment increase is
consistent over the range of lift coefficients, and only disappears at
stall. Once more, the wind-tunnel results show a steeper gradient of
sensitivity.
Figure 22 gives the lift-to-drag-ratio plots for twist variation. The

results show that a number of angles perform similarly well, namely,
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twists between−1.5 and�1.5 deg. Themore extreme twist angles of
�3 deg do not fare as well, either due to generating less lift or too
much drag. Both sets of results predict a similar CL in the region of
0.4–0.5 for optimal aerodynamic efficiency.

By again evaluating a normalized range value given in Fig. 23,
there is a clearer trend and optimum of −1.5 deg twist outlined by
both the experimental and computational results, with increased twist
beyond this consistently giving reduced range. The maximum-range
lift coefficient for the experimental results is shifted to 0.5. The
minimum twist (washout) case of −3 deg performs most poorly for
both solution types due to the drag increase seen in Fig. 20 near the
optimal CL. As with the dihedral variation, there is a change in
optimal configuration for the experimental results when considering
the lower CL values. Twist angles of �1.5 and �3 deg achieve the
highest range for lift coefficients of 0.1–0.2, in which a significant
drop in drag is seen in the wind tunnel. Overall, the two results
compare favorably in terms of the sensitivity of range to twist.

D. Independent and Combined Dihedral and Twist Variations

This section discusses the results for independent inboard and
outboard dihedral or twist deflection, as well as for combined
colinear dihedral- and twist-angle variation. This is done for both
wind-tunnel testing and Tornado VLM results.
Figures 24 and 25 give the variation in the normalized maximum

range metric computed with inboard and outboard dihedral variation
for thewind-tunnel and vortex-lattice results, respectively. Thewind-

tunnel-test results are much less consistent with more fluctuation due
to the inherent nature of experimentation, but both reveal a similar
trend for minimizing the dihedral of both partitions to achieve
maximum range. These results demonstrate an agreement between
the experimental and vortex-lattice trends in addition to those
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observed in Sec. IV.B with TAU. The experimental results reveal a
number of configurations, such as 0/45 deg and 90/0 deg (inner/
outer), that perform close to the fully planar wing. The vortex-lattice
results have a clearer pattern for smaller dihedral angles to maximize
the range with greater losses at higher angles. Both figures agree that
the results bear a greater sensitivity to the inner-partition dihedral.
Figures 26 and 27 give the variation in the maximum range for the

inner- and outer-twist morphing, again for the wind-tunnel and
Tornado results, respectively. For twist variation, there is again a
recognizable agreement between the two figures, both indicating that
the range is more sensitive to the inner twist and that the range is
optimized by the use of small inboard twist angles and byminimizing
the outer twist. The optimum twist distribution for the experimental
results is at angles of−1.5∕ − 3 deg (inner/outer), and has been seen
to agree with the computational TAU results in Fig. 23. There is a
sharp loss in performance for the −3 deg inner-twist cases. For the
vortex-lattice analysis, the optimum configuration for the inboard
twist is slightly shifted to a neutral 0 deg inboard section with
matchingminimum−3 degwashout at the tip. This is possibly due to
the fact that a much smaller drag increase with twist is observed in
Fig. 15 for this case. Additionally, aeroelastic effects upon the
effective twist angle for the wind-tunnel model may also account for
this variation.
The effects of combined colinear dihedral and twist variations on

the normalized range are given in Fig. 28 for experimental testing,
and in Fig. 29 for theVLMresults. Both show a similar trend to that of
the independent optimal configurations, namely, coupling the
minimum 0 deg dihedral with −1.5 deg (experimental) or 0 deg
(VLM) twist. In both cases, the optimal inboard angles from the
independent twist investigations in Figs. 26 and 27 are dominant, and
thus, the colinear optimum adopts this value. These data thus indicate

that the coupling effect of twist and dihedral together does not affect
their optimal schedules. The results can also be seen to have a
stronger sensitivity to dihedral changes over twist, as expected from
previous results.

E. Span Loadings and Pressure Distributions

To gain an understanding of the trends in optimal configurations
for the experimental and computational results for the maximum-
rangemetric cases and the differences between the solution types, the
span loadings and pressure distributions at spanwise cross sections
along the wing are investigated.
The span loadings for the experimental cases have been computed

using the integrated pressure distributions from the pressure-tapping
measurements at the three spanwise locations. For the computational
solutions, the pressures are integrated at 10 cross-sectional locations,
all of which are inboard of the morphing partitions. These are
compared in Fig. 30, in which the span loadings for the planar and C-
wing geometries are plotted for CL values of 0.21, 0.34, and 0.55.
From these results, it can be inferred that the wind-tunnel and TAU
CFD results exhibit differing trends in the properties of the span-
loading distribution. For the low-speed wind-tunnel cases, the
distribution is much flatter, particularly at the innermost station,
which implies more outboard loading, as discussed previously.
Furthermore, the change in loading as the wing is morphed is much
more sensitive to the lift coefficient, whichmay explain the change in
optimumat lowCL values in Sec. IV.B. For theCL value of 0.55, there
is much more of a shift in loading to the inboard cross section at 15%
semispan in comparisonwith the 55% station. This is a possible cause
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of the drag increase in this region observed in Fig. 16 as the load is
forced to shift away from the optimum distribution. This is to be
expected, as the more outboard loading of the planar wing implies a
greater changewhen outboard geometry is modified. The high-speed
TAU results show a much more consistent increase in span loading
between the planar and C-wing cases across the semispan and also
across the range of lift coefficients. The wing loading is also more
weighted toward the inner 25% of the span, which is likely to be the
reason for the lower bending-moment gradients in Fig. 17. Although
not presented in this figure, the vortex-lattice results also show an
even more consistent change between wing shapes, thus relating to
the drag trend commented on in Sec. IV.A for cruise CL values.
The span loadings for twist variation given in Fig. 31 show less

clear traits in the experimental results for the effects of morphing on
the inboard load. The computational graphs give a clearer indication
that the inboard loading increases as outboard twist is reduced, an
expected outcome given the consequential load reduction at the tip,
and that the inboard loading is higher than for the experimental cases.
The fact that this is not replicated by the wind-tunnel results and that
a consistent trend does not appear may suggest why the drag-
coefficient change is more erratic in Fig. 20.
Chordwise pressure distributions for the minimum and maximum

dihedral and twist variations are plotted in Figs. 32 and 33,
respectively. Experimental readings, as well as both high-speed (HS)
and low-speed (LS, wall constrained) computational values, are
studied. These pressures are obtained at a lift coefficient of 0.55 at the
outermost cross section in Fig. 6. For the high-speed TAU solutions
with a greater Mach number, the pressure distributions assume the
traditional form for a supercritical aerofoil with a low-pressure region

maintained over 0.4c to 0.5c. The main effect of increasing the
dihedral or twist is in altering the pressure distribution aft of this point
and delaying pressure recovery further toward thewing trailing edge.
The high-speed results also show a much greater increase in loading
at this station as the dihedral increases or twist decreases, which
validates the results of Figs. 30 and 31. Alternatively, both low-speed
TAU and wind-tunnel results match very closely, and show sharp
leading-edge suction peaks and pressure differentials across the
majority of the cross section as the wing is morphed.
Figures 34 and 35 give the pressure deltas across the upper and

lower surfaces for the innermost cross-sectional station at a lift
coefficient of 0.55. These emphasize the much stronger leading-edge
suction points for the low-speed test cases and the difference in the
center of pressure. They also show a dip in pressure at 0.4c for the
high-speed solution. It can be observed that the experimental results
show a slightly greater pressure increase as the wing becomes
nonplanar, again consistent with Fig. 30, in which the wind-tunnel
results show the greatest change in this region. Each case shows a
similar loss in inboard pressure as the twist is increased and the
outboard is loaded.
Figure 36 gives global Cp distributions for the low-speed planar

wing, high-speed planar wing, and high-speed C-wing TAU CFD
cases at an incidence of 2 deg. These further show the fundamental
difference in pressure distribution between the low- and high-Mach-
number cases, and also the minimal change in the loading pattern
over the wing for the high-speed case as the wing dihedral is
increased.
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F. Impact of Experimental-Testing Conditions

The following subsection attempts to examine the effect of running
at low-Mach-number conditions and with wall constraints in wind-
tunnel testing by the use of the constrainedmesh in TAUwith varying
flow conditions.
In Fig. 37, the drag polars are given for the high-Mach-number

unconstrained mesh case, the low-Mach-number constrained mesh
case, with also a third result for the unconstrainedmesh solved for the
low-Mach-number test conditions. Plots are given for both planar and
C-wing geometries. From this, it can be deduced that the biggest
effect from the change in conditions is due to the Mach-number

difference, which can be seen to cause a significant drag reduction.
The effect of the wind-tunnel walls begins to emerge as the lift
increases, and can be observed to cause a further drag reduction
relative to the low-speed unconstrained case. The high-Mach-number
TAU simulation can be seen to yield a greater difference between the
planar and C-wing configurations than the low-speed cases. This
implies that the low-speed wind-tunnel testing should be more
inclined toward high dihedral-angle schedules, which is contrary to
what is observed in Sec. IV.B, as this drag reduction is not observed in
the experimental results.
Figure 38 gives the variation in root bending-moment coefficient

for each solution type. The results reveal that this remains relatively
unchanged by the changes in Mach number and mesh type, although
there is a slight drop as the speed is reduced. The wall constraints
appear to have no effect, suggesting that the span loading is
unchanged by this feature. This is also confirmed in Fig. 39, in which
the span loading is given for each mesh at a lift-coefficient value of
0.55. Again, only a very small change can be seen between the low-
Mach-number cases, mostly close to the root, which explains the lack
in variation in bendingmoment. The high-speed effects show that the
span loading changes more significantly as the dihedral is increased,
which is the possible cause of the larger drag increase seen in Fig. 37.
The fact that the low-Mach-number cases mimic the same wing-
loading shape as the high-Mach-number values suggests that the
variation in this characteristic between the high-speed TAU and
experimental results seen in Fig. 30 is not due to the lower-Mach-
number effects of shifting the chordwise CP location, but is a
consequence of the difference between the real and virtual flows. The
reduction in wing-root loading seen in testing may be a result of the
wall boundary-layer interference in this area.
Finally, the effect of each solution type upon the outermost of the

inboard cross-sectional pressure distributions is presented in Fig. 40.
As with the span loading, the wall constraints do not appear to
significantly influence the chordwise pressure trends for both the
planar and C-wings. As has been previously observed in Fig. 32, the
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effect of solving at a higherMach number is for the negative pressure
regions to shift from the leading edge across the upper surface. This
fundamental difference in pattern is another possible cause for the
larger change in drag as thewingmorphs to higher dihedral angles for

high-speed in comparison with low-speed results, as the pressure
distribution can be seen to shift further aft and the load to increase
more significantly at this station.

V. Conclusions

The initial aims of the studies undertaken have been to validate the
aerodynamic and structural trends observed in optimizations using
the Tornado VLM. The experimental and computational results
both agree with the Tornado VLM on the aerodynamic trend for
maximizing the lift-to-drag ratio by adoptingminimum dihedral. The
results differ slightly on inboard twist, in which the experimental and
CFDdata both showan optimumof−1.5 to 0 deg twist. Alternatively,
for the Tornado, these computational data shift to a higher twist value
of �1.5 deg, although these are also seen to perform well in wind-
tunnel results. Outboard twist is observed to be much less significant
in all cases, although both the wind-tunnel results and the vortex-
lattice results suggest a maximum washout of −3 deg. For the
structural case of minimizing the root bending moment, all solution
types agree that Cmr decreases with greater dihedral and increases
with both inner- and outer-partition twist. The increase in root
bending moment to lift is greater for the experimental results, as the
outboard span loading is greater. For each case, Cmr is significantly
more sensitive to the inner partition for twist, but to the outer partition
for dihedral morphing. Looking further to the range metric analysis,
both the wind-tunnel and high-speed TAU results agree fully with
the Tornado for the dihedral test cases. Each solution proposes a
planar wing configuration for maximum range. With regard to twist
morphing, there is again a slight deviation, with the wind-tunnel and
high-speed TAU results favoring a slight washout of −1.5 deg,
whereas the Tornado favors 0 deg, for the inboard twist. All sets
of solutions indicate that −3 deg outer-partition twist gives the
optimal range.
The disparities between these cases may be the result of

drag increases observed in critical regions of the polars due to the
differing effects on span loading as the wing is morphed. There is,
in general, a smaller drag increase with the dihedral predicted for
the computational and VLM results in comparison with the
experimental, which encourages more nonplanar configurations
to perform better. This is because computational solutions show a
more inboard loaded spanwise distribution in comparison with
experimental testing; thus, there is a lesser change as the outer wing
morphs. However, a large drag increase is also observed for the
C-wing configuration for the high-speed TAU case only, which
is suggested to be a result of shock-wave interaction with this
unconventional wing shape, as it does not occur at lower Mach
numbers. Pressure distributions also reveal thatMach-number effects
cause a shift in CP location and a change in how morphing the wing
locally affects the loading. The Tornado VLM results differ from
those of the experiment and computation for twist, as this method
predicts a much lower drag sensitivity to twist, possibly due to
aeroelastic effects increasing the effective twist of the wind-tunnel
model. Attempts with the low-speed TAU computations with wall
constraints do not replicate the large drag increase or the span-loading
distribution observed for all experimental cases. This implies that the
variation in loading shape is a result of the difference between real
and virtual flows, causing a variation in drag prediction, and not due
to Mach effects. This overall drag increase may also be explained by
an increase in pressure and interference drag caused by the tunnel
walls. However, as has been seen, in spite of this, both sets of
solutions still share very similar optimum schedules. The results also
indicate that the coupling effect of combining dihedral with twist
does not change their independent optimal configurations.
In summary, a clear tradeoff is presented. As the wing

configuration morphs, increased dihedral angles shift load inward,
losing overall lift and potentially increasing drag, but are able to
counter this with reduced bending stress. As outer-wing twist is
increased, the lift-to-drag ratio is improved up to a point, but also to
the detriment of the root bending moment. Each set of results reveals
this effect, but in varying proportions, which bears significantly upon
the overall conclusions drawn. The results also indicate that, when

−0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
−2

0

2

4

6

8

10

C
L

C
B

M

0o

90o

High Speed, Unconstrained
Low Speed, Unconstrained
Low Speed, Constrained

Fig. 38 Mach-number and wall-constraint effects on root bending

moment.

0.1 0.2 0.3 0.4 0.5 0.6

−1.1

−1

−0.9

−0.8

−0.7

−0.6

−0.5

−0.4

y/s
0

C
l |c

|

High Speed, Unconstrained
Low Speed, Unconstrained
Low Speed, Constrained

0o

90o

Fig. 39 Mach-number and wall-constraint effects on span loading at a

CL of 0.55.

0 0.2 0.4 0.6 0.8 1

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

x/c

C
p

 0o

90o

High Speed, Unconstrained
Low Speed, Unconstrained
Low Speed, Constrained

Fig. 40 Impact of test conditions on pressures at y∕s0 � 0.56 at a CL of

0.55.

936 SMITH ETAL.



considering off-design performance, the optimal configuration
displays sensitivity to the lift coefficient, and thus, the flight
condition, with lower CL values favoring higher dihedral and twist
angles, particularly for the experimental cases. It should be noted that
the experimental results, given their low Mach number, represent
takeoff flow conditions, whereas the computational results are
primarily modeled to resemble flight cruise conditions, for which the
CFD solutions aremost accurate. Additionally, the optimal schedules
are sensitive to the structural metric used for wing-weight estimation.
These results thus reinforce the belief that there are unique and
contrasting optimal range schedules for each phase of the flight
envelope, and that, as has been witnessed, the methodology behind
the results can have a significant impact on determining the overall
effectiveness of each geometry.
As discussed previously, the validity and application of these

results must be assessed with a degree of caution given the lack of
unsteady dynamic structural analysis, mechanical system-weight
estimation, and flutter-stability and roll-control analysis, particularly
for the unconventional nonplanar cases for which a notable weight
penalty would be incurred. It is anticipated that when such factors are
considered that the potential of such a device may appear to be
significantly less favorable.
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