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This paper describes a study of the effects of several key aerodynamic considerations on the conceptual design of
minimum-fuel/emissions, long-range transport, transonic, truss-braced-wing aircraft configurations. This
unconventional configuration has a large benefit over conventional cantilever wing configurations. The truss
system enables an increased aspect ratio with lower sweep, thickness ratio, and chords, thus exploiting natural
laminar flow. The design problem is solved by a multidisciplinary optimization process, which takes into account
both aerodynamic and structural considerations. This paper contains several studies, each of which investigates the
dependency of the design space on a specific aerodynamic parameter such as the extent of laminar flow on the wing,
cruise Mach number, maximum cruise two-dimensional lift coefficient, supercritical characteristics of the airfoil,
winglet influence, and intersection fairing design. In addition, various fuselage drag-reduction technologies are
investigated: fuselage relaminarization, surface riblets, tailless arrangements, and Goldschmied propulsion
apparatus. All of these studies illustrate the large potential of the truss-braced wing along with additional drag-
reduction technologies, which may substantially decrease the fuel weight and vehicle emissions.

Nomenclature

AR = aspect ratio
b = span
Cfaiﬁng = fairing factor
CGoldschmicd = Goldschmied factor

T = 3-D lift coefficient
C, = 2-D section lift coefficient
Clmax = maximum lift coefficient
c = chord
D = drag
e = Oswald efficiency factor
FFoqy = body form factor

FGowschmica = corrected Goldschmied form factor
FFing = wing form factor
H, = average cruise altitude
K, = Korn factor
L = lift
quselage = fuselage length

Jaminar = laminar flow length
l/d = fineness ratio
M = Mach number
Mpp = drag divergence Mach number
Re, = transition Reynolds number
Sw = wing area
Thax.req = maximum required thrust
t/c = section thickness ratio
W, = fuel weight
Wy = wing weight
X, Y, Z = coordinates
ACypuen: = change of the turbulent skin friction
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Arg leading-edge sweep angle
Ay = midchord sweep angle
Ayys = quarter-chord sweep angle

o€ max taminar maximum laminar chordwise extent ratio

1. Introduction

OST current subsonic transport aircraft bear a close

resemblance to one another in their external configurations:
cylindrical fuselage and cantilever wing. Such a convergence in
airframe design has unfortunately resulted in a slowdown in the
improvement of the aerodynamics, stability and control and struc-
tures aspects of the design, whereas impressive advancements have
been reported in the development and integration of aeronautical
avionics, propulsion systems, and subsystems. Industry and NASA
have sought changes in the configuration of conventional takeoff and
landing aircraft that could make major increases in performance [1].
One approach is to pursue substantial increases in the lift-to-drag
ratio L/D with a recent goal stated to be double that of existing
configurations. This would result in major reductions in fuel
consumption, emissions, and noise. Another approach is to directly
pursue significant reductions in fuel consumption and the corre-
sponding emissions. Truss-braced-wing (TBW) configurations are
one attractive path to considerably enhancing the aerodynamic
efficiency of a conventional takeoff and landing aircraft [2].

Some of the technological advances that will enable achievement
of the aggressive goal of large improvements in aircraft performance
can be summarized as 1) truss-braced wings, 2) natural laminar flow,
3) fuselage modifications to reduce wetted area, 4) engines buried in
the fuselage and Goldschmied apparatus [3], 5) thrust vectoring, and
6) wing-tip-mounted engines or other wing-tip treatments. Modifica-
tions in the flight path and the use of biofuels are also attractive
possibilities.

An early suggestion for a truss-braced-wing arrangement for a
large transonic transport aircraft is shown in Fig. 1. Following
Pfenninger’s footsteps [4], the concept of a strut-braced-wing (SBW)
configuration was investigated using multidisciplinary design opti-
mization (MDO) tools [5-7]. These studies established the potential
benefits of such configurations. Truss-braced wings can be thin and
with reduced sweep, which are both important for achieving
significant areas of natural laminar flow as well as reducing manu-
facturing costs. Of course, the issue of interference drag penalties
needs careful study [8]. This configuration also has the potential to
reduce wing weight by as much as 70%. Large decreases in induced
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Fig. 1 One of Pfenninger’s visions [4] for a truss-braced-wing aircraft.

drag can be attained by increasing the wingspan. The use of trusses
and folding wing extensions make this possible. Induced drag
reductions of about 75% have been projected. The attendant
reductions in wing chord imply more drag reduction from natural
laminar flow.

Successful implementation of this concept will clearly require
careful structural analysis and design. Stiffness and aeroelastic
considerations will play an important role in the design. The key
problem will be to optimize the locations and appropriate stiffness of
each of the truss members. An MDO framework that was developed
especially for this purpose is used in the current research [9]. This
paper contains a brief description of this framework and its main
design modules.

Green [10] reviewed some of the aerodynamic aspects while
focusing on friction-drag reduction using laminar flow control. Struc-
tural aspects for a conventional cantilever wing limit the potential
reduction of thickness-to-chord ratio or an increase in wingspan,
due to the large weight penalty, thereby limiting performance im-
provements for a conventional cantilever wing configuration.

Changes in the current fuselage configuration can lead to
significant reductions in viscous drag. The basic notion is to reduce
wetted area. The use of riblets and other surface features also lead to
reduced viscous drag. One should also consider mounting the
engines in the fuselage base along with boundary-layer inlets and
Goldschmied shrouds. This is estimated to produce about a 20%
increase in propulsive efficiency. Thrust vectoring can be employed
for control, possibly eliminating the empennage, provided vehicle
airworthiness can be guaranteed through a fault-tolerant design.

This paper will focus on aerodynamic considerations in the design
of truss-braced-wing aircraft. The main topics covered will include
effects of the various aerodynamic parameters, each of which refers
to different aerodynamic technologies: natural laminar flow (NLF),
maximum 2-D lift coefficient, airfoil design, cruise Mach number,
winglets, interference drag and fairing; fuselage treatments including
riblets, relaminarization, Goldschmied apparatus, and tailless config-
urations. These studies shed light on the potential of the aerodynamic
design of the truss-braced wing and in some cases for other
configurations. In addition, comparing the various studies reveals the
relative importance of each technology, and thus giving some idea
into which of these technologies is worthwhile to be further
developed.

II. TBW Problem Statement

The main TBW design requirement considered here is the
accomplishment of a mission that is defined here as flying a range of
7730 NM with 305 passengers (see Fig. 2), which is very similar to
that of the Boeing 777-200ER. The aircraft is a high-wing config-
uration, integrated with truss structures, T-tail, with fuselage based
on the Boeing 777-200ER, and it is powered by two high-bypass-
ratio turbofan fuselage-mounted engines.

Mach 0.85

Mach 0.85

Climb 69.4 m/sec (135 kn)

Approach Speed

< o - P

3,353 m (11,000 ft) 14,316 km (7,730 NM) 648 km (350 NM)
TO & LDG Field Length Range

Reserve Range
Fig. 2 Basic mission used for our design.

Various goals can be considered when designing an air vehicle
[11,12], with an appropriate definition of the objective function for
each goal. Possible goals may be minimum takeoff gross weight
(TOGW), minimum fuel/emissions, and maximum lift-to-drag ratio.
These three figures of merit represent different emphases. The
minimum-fuel objective function emphasizes lower operational cost
and lower emissions and is used in the current MDO study.

Design constraints are imposed on performance, such as takeoff
and landing field length, minimum rate of climb after takeoft, single
engine flight, etc. Additional constraints are imposed on maximum
wing deflection while encountering a taxi bump and sufficient fuel
capacity as dictated by the mission.

The design variables include geometric parameters for both the
wing and the truss system: wingspan; wing thickness-to-chord ratios,
chords, and sweep; and strut/truss-member length. In addition, two
operational variables are used as design variables: required thrust and
cruise altitude.

III. Design Environment Description

A detailed description of the design environment and its various
analysis modules is presented in [9], and a schematic of the
framework components is shown in Fig. 3. The main analyses
(propulsion, aerodynamics, structures, and weight estimation) are
located in the weight convergence loop, while the calculation of the
design goals and constraints is done as part of the outer optimization
loop.

For a given set of design variables (configuration) and flight
conditions, the TOGW is found iteratively. Note that the cost
function that is used here is the fuel weight and not TOGW. This is
done mainly due to the varying engine size, which influences the
vehicle TOGW and drag, and also due to the c.g. location, which
influences the trim drag. The outer optimizer loop includes the
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Fig. 3 TBW design framework schematic.
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Fig. 4 Wing and truss-member cross sections are idealized to be made
up of upper and lower equivalent skins.

different optimizer modules such as the Vanderplaats Research &
Development Design Optimization Tools [13], Design Explorer [14],
etc. In the current research, the DOT optimizer with a modified
feasible direction scheme is used.

The following sections present short descriptions of the structural
design module and the aerodynamic analysis module, which are the
main components of the design environment.

A. Structural Design Module

The structural design module calculates the structural weight and
deflections of the wing under various loading conditions. For a given
wing/truss geometric configuration, aerodynamic load, and fuel
loading distribution, the structural module is used to calculate the
minimum amount of material required such that the maximum stress
in all structural members is below the specified material limit, and
that none of the truss members buckle under a negative 1-g-load
case [9].

The structural module is based on a combination of finite element
analysis of the wing/truss configuration and the fully stressed design
criteria. The structure is modeled with beam finite elements that have
four stiffness components related to transverse and chordwise
bending displacements, axial displacement, and torsional rotation.
The stiffness is calculated using an equivalent beam model of the
wing box, as shown in Fig. 4. The upper-skin thickness is assumed to
be equal to the lower-skin thickness, and the leading-edge spar web is
assumed to have the same skin thickness as the trailing-edge spar
web.

The material properties assumed for the current study are given in
Table 1. Note that the use of composite materials is outside the scope
of this study. A safety factor of 1.5 is used for each load case, and the
total loading is a combination of the aerodynamic lift, fuel inertia
loads and self-weight inertia of the structural elements.

A total of 19 load cases are considered for structural sizing:

1) A +2.5 g pull-up maneuver occurs at 0, 50, and 100% fuel.

2) A —1.0 g maneuver occurs at 0, 50, and 100% fuel.

3) A 2 g taxi bump occurs at 100% fuel (does not include
aerodynamic lift).

4) Six gust-load cases occur with 0% fuel, and Federal Aviation
Regulations (FAR) discrete vertical gusts are specified at different
altitudes: 0 ft, 3048 m (10,000 ft), 6096 m (20,000 ft), 9144 m
(30,000 ft), and 12,192 m (40,000 ft).

5) Six gust-load cases occur with 100% fuel, and FAR discrete
vertical gusts are specified at different altitudes: 0 ft, 3048 m
(10,000 ft), 6096 m (20,000 ft), 9144 m (30,000 ft), and 12,192 m
(40,000 ft).

Although these load cases do not cover the entire FAR
requirements, they represent most of the flight envelope.

The different flight conditions that are used as structural load cases
are defined by the flight altitude, Mach number, lift coefficient,
configuration (fuel and cargo percentage), and inertial load factor.

Table 1 Aluminum material (Al-7075 [15])
properties assumed for current study

Material property Value

Young’s modulus 71.8 x 10° Pa (1.5 x 10° psf)
Poisson ratio 0.33

Density 2883 kg/m® (180 Ib/ft%)
Max allowable stress 383 x 10° Pa (8 x 10° psf)

The gust loading is derived from a simple one-degree-of-freedom
representation [16].

The gate-box limit of 80 m (262.5 ft)} is addressed by assuming
that a folding mechanism can be designed to fold the wings and
reduce the parking width of the aircraft. The folding joint is assumed
to be at 40 m (131 ft) on the wing, and a weight penalty is added as a
dead mass at the joint location, following the Boeing design for a
folding-tip option on the 777 [17]. Detailed description of this weight
penalty model is available in [9]. Note that except for the 80 m gate-
box limit, no other wingspan limit is considered.

Note that the fully stressed design approach dictates that each
element be sized so that it carries the maximum allowable stress.
Hence, this approach cannot be used to satisfy a displacement
constraint if the design process involves only structural sizing. The
displacement constraint is handled by the outer MDO process.

The module calculates the load bearing mass of the wing. The
other components of the wing mass (spar and rib webs and secondary
structure) are added using FLOPS (Flight Optimization System),
developed by NASA [18].

B. Aerodynamic Analysis Module

The aerodynamic module calculates the drag and structural
loading for a given configuration. The drag bookkeeping is based on
semi-empirical methods presented in [19].

The optimum wing loading for a given geometry is calculated
using a Trefftz Plane analysis [20,21]. In addition to the optimal
spanwise lift distribution, this analysis computes the minimum
induced drag. Each flight condition (representing a different load
case or performance constraint) is defined using the Mach number,
flight altitude, and lift coefficient. For this set of parameters, the
optimized wing loading is calculated and used as input for the struc-
tural module or for the performance calculation through the induced
drag.

The induced drag, combined with the friction, wave, and inter-
ference drag components define the total drag of the vehicle config-
uration. This drag breakdown is presented in Fig. 5 and thoroughly
described in [19].

The friction-drag calculation is based on the wetted area and uses
predictions from skin-friction models and form-factor estimations.
The skin-friction prediction uses laminar and turbulent boundary-
layer models. For laminar flow, the Eckert reference-temperature
method [22] is used, and for turbulent flow the Van Driest II method
[23,24] (based on the von Kdarmadn—Schoenherr model) is used. The
total skin-friction coefficient is based on a composite of the laminar/
turbulent flow. For the current research, Schlichting’s composite
formula is used [25]. The complete model for the flat-plate skin-
friction coefficient is available online.

Different transition criteria are considered through a technology
factor (TF) parameter, where 0 < TF < 1. This simple approach is
used to determine the chordwise location of boundary-layer
transition dependencies on sweep and Reynolds number. Figure 6
presents two curves of transition Reynolds number based on the
chordwise Reynolds number Re,, taken from [26]. The dashed curve
designated as TF = 0 (technology factor of 0) is for natural laminar
flow on standard wings [27]. The solid curve, designated as TF = 1,
refers to natural-laminar-flow airfoils [28].

The flat-plate equivalent transition Reynolds number on the
fuselage can also be estimated. In addition, riblets can be used, and
thus the turbulent friction coefficient for the fuselage can be
decreased between 3 and 7% [29].

A form factor is used to represent the drag correction due to both
thickness and pressure drag, which is sometimes referred to as profile
drag. Many form-factor models exist [30-35]; the current research
uses the Grumman lifting-surface form factor for the wing, truss
members, and tail (FF iy, ):

SThis is the FAA category VI (or ICAO category F) limit that is currently
applicable for the Airbus 380.

IData available online at http://www.aoe.vt.edu/~mason/Mason_f/
FRICTman.pdf [retrieved 1 July 2010].
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where t/c is the maximum thickness ratio of the cross section.
The Hoerner [30] body-of-revolution form factor, FFyq,, Was
used for the fuselage and nacelles:

1.5 7
s way

FFbody:1+ (2)

where 1/d is the body fineness ratio.

The wave-drag model used in this study is based on the Korn
equation extended to swept wings , where a Korn factor of 0.95
implies the use of advanced supercritical airfoils, and a Korn factor of

Table 2 Design constraints

Constraint Value
Range >14,316 km (7730 n mile) with
additional 648 km (350 n mile) for
reserve
Initial cruise rate of climb > 1.524 m/s (300 ft/ min)
Maximum section C, in cruise <038

Auvailable fuel volume
Wing deflection

> required fuel
< 6.19 m (20.3 ft)

Second-segment climb >2.4%
gradient
Approach velocity > 68.16 m/s (132.5 KTAS)
Missed approach climb >2.1%
gradient
Balanced field length < 3353 m (11,000 ft)

0.87 represents the use of a conventional airfoil. Along with Lock’s
fourth power law [37-39], the drag rise, critical Mach number, and
drag-divergence Mach number Mpp, can be estimated.

Interference drag results from the airflow over the intersection of a
lifting or truss-member surface with either the fuselage or with
another lifting surface. The fuselage/wing and truss/wing inter-
ference drag are modeled using methods given by Hoerner [30] and
precomputed drag response-surface models obtained from viscous
computational fluid dynamics simulations [40]. The truss/strut
intersections share similar chord lengths; thus, the interference drag
is based on drag response surfaces obtained from viscous compu-
tational fluid dynamics simulations of two similar-chord wing
intersections [8].

Note that these interference drag models do not include any fairing
effects. According to the literature, a fairing is able to reduce the
interference drag by at least by 90% (a factor of 0.1) [30] and in
certain cases even to make the interference drag negligible
[33,35,41]. This suggests that a conventional fairing factor is about
0.1, and aggressive fairing is represented by factor of 0.02.

IV. Baseline Design

The baseline design was a two-jury TBW presented previously in
[9]. Four different configurations were designed: cantilever, SBW,
single-jury TBW, and two-jury TBW. The cost function was
minimum-fuel weight/emissions, and the design constraints are
summarized in Table 2 and detailed in [2]. Most of the constraints
relate to performance and some to other considerations such as
available fuel volume and wing deflection constraints.

The design variables are the wing and truss-system sizing
variables. These include the definition of the wing-section midchord
coordinates, chords, and thickness ratios. Figure 7 presents the
section locations for the two-jury TBW configuration, and Table 3
contains the design variables used for this configuration. Note that
the truss members have both a constant chord and constant thickness-
to-chord ratio, and the wing has a constant quarter-chord sweep. This
reduces the number of design variable [9], since some of the cross
section’s properties are prescribed using interpolation of other cross
sections. Similar design variables and considerations are also used
for the single-jury TBW, SBW, and the cantilever configuration.

Two additional design variables appear in Table 3: thrust and fuel
weight. The thrust is the engine sizing variable, and the fuel weight is
found based on to the required range constraint.

The cruise is flown at an average cruise altitude of H, =
14,630 m (48,000 ft) and constant Mach number M = 0.85.
Previously, the average cruise altitude was one of the design
variables, with a side constraint of H., < 14,630 m (48,000 ft). All
of the resulting minimum-fuel/emissions designs reached this side
constraint; thus, it was decided to prescribe the altitude and remove it
from the design variables. A weight penalty model is used to account
for the fuselage pressurization weight due to this increased altitude
[31]. Note that the Concorde was cruising at 56,000 ft; thus, an
altitude of 48,000 is not considered to be extremely high.

The baseline configurations were designed considering an
aggressive NLF; thus, the laminar technology factor is set to TF = 1
(see Fig. 6). The chordwise length of the laminar flow is limited to
70% of the local chord. The airfoil is considered to be a supercritical
one (Korn factor of 0.95), and the maximum 2-D cruise lift
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Fig. 7 Definition of two-jury TBW cross sections.

coefficient is set to C; ,,, = 0.8. These considerations represent a
very advanced airfoil and wing design, as expected from an N + 3
(2030) design.z The fairing factor is set to 0.02, representing an
advance fairing design that minimized the interference drag
penalties.

As stated above, the fuselage is similar to the 777-200ER, 62.8 m
(206 ft) length, but with fuselage-mounted engines and a T-tail. The
transition Reynolds of the fuselage is assumed to be Re;=
2.5 x 105, At the specified cruise conditions, the value of 2.5 x 10°
(which might represent an aggressive laminar condition) is
equivalent to about 0.7 m (2.2 ft), which for the 62.8 m (206 ft)
fuselage means practically a fully turbulent fuselage, Liyminar/
Liysetage = 0.01. Ligmingr and Liygerope are the lengths of the laminar
flow and the fuselage, respectively. In addition, the fuselage and
engine nacelles are considered to be covered with riblets that
decrease the turbulent friction drag by AC tyyient Of 5%.

Figure § presents the optimized configuration for the minimum-
fuel design cases for the cantilever (Fig. 8a), strut-braced wing
(Fig. 8b), jury truss-braced wing (Fig. 8c), and two-jury truss-braced
wing (Fig. 8d). The most noticeable feature is the change of planform
with increased complexity of the wing topology. As additional truss
members increase the wingspan and decrease the chords, the wing
aspect ratio is increased. In addition, the chord of the main strut is
decreased as truss members are added, and the strut-wing
intersection is pushed toward the wing tip.

These trends are shown in Fig. 9, which presents the change of the
following parameters for the four different configurations: fuel
weight (the design cost function) W, TOGW, wing weight Wy, , wing
area Sy, quarter-chord sweep angle A ,s, half-span b/2, lift-to-drag
ratio L/ D, aspect ratio AR, and wing loading TOGW/S),.

Of the four configurations, the two-jury TBW exhibits the lowest
fuel weight; thus, it is used for the trend studies that are presented in
the following sections.

V. Aerodynamic Trend Study

As stated above, the baseline configuration for the following
aerodynamic study is the two-jury TBW optimized for minimum
fuel/emissions, as presented in Fig. 8d. To explore the aerodynamic
considerations that influence the optimized design, a sensitivity
study was performed for the various aerodynamic parameters. For
each study, one parameter is altered and the others are kept the same
asin the baseline configuration (Fig. 8d). Then a new optimized set of
the design variables (Table 3) is found by the MDO process. This is
repeated for different values of the relevant parameter; thus, the
dependency of the design with that parameter is investigated.

Table 4 summarizes the following parameters, which are used in
this study, and they are described below.

1) Laminar technology factor TF: As shown in Fig. 6 the range of
the laminar TF is O (conventional wing) to 1 (aggressive laminar
wing). The baseline configuration uses the aggressive laminar,
TF = 1, which is based on the F-14 glove experiment [42]. The study

**NASA study looking at advanced concepts and technologies for aircraft
in the 2030-2035 time frame.

Table 3 Two-jury TBW design variables

No. Variable Nomenclature
1 Cross section 1: chord c
2 Cross section 1: thickness ratio t/c
3 Cross section 2: Y coordinate Y,.
4 Cross section 3: Y coordinate Y;
5  Cross section 4: Y coordinate Y,
6 Cross section 4: chord Cy
7  Cross section 4: thickness ratio t/cy
8  Cross section 5: X coordinate X5
9  Cross section 5: Y coordinate Ys
10 Cross section 5: chord Cs
11 Cross section 5: thickness ratio t/cs
12 Cross section 6: X coordinate X
13 Cross section 6: chord Cq
14 Cross section 6 thickness ratio t/cs
15  Cross section 7: Y coordinate Y,
16  Cross section 8: Y coordinate Yg
17 Cross section 9: Z coordinate Zy
18  Cross section 10: chord Cio
19 Cross section 10 thickness ratio t/cio

20  Cross section 12: chord C,
21  Cross section 12: thickness ratio t/cp,
22 Average cruise altitude H,,
23 Takeoff fuel weight W
24  Maximum required thrust Tnax req

was done for the range 0 < TF < 1.2, where TF = 1.2 represents a
futuristic wing design that has a higher transition Reynolds than
the one stated in Fig. 6 for TF = 1. Such a curve was suggested by
Green [10].

2) Quarter-chord sweep angle A,,,: The baseline design main
wing has a quarter-chord sweep angle of A,, =27.2 deg. To
explore the reason for such high sweep although using TF = 1, fixed
quarter-chord sweep configurations were designed using A, = 20
and 15 deg.

3) Maximum chordwise laminar extent ratio %cCyay jaminar: 10€
baseline lifting surfaces are limited to 70% chordwise laminar flow
(%€ max 1aminar)- Note that this limitation is implied for both the upper
and lower part of the lifting surfaces (wing, truss members, tail). The
study used a range of 40 to 100% chordwise laminar flow limit. The
baseline configuration also uses TF =1; thus, the wing has
aggressive NLF characteristics, which emphasizes the importance of
the chordwise laminar ratio limitation.

4) Maximum 2-D cruise lift coefficient C;,,.: The 2-D sectional
lift coefficient at cruise is limited to C;,,x = 0.8 for the baseline
design. To explore the influence of this parameter, a range of 0.6 to
1.0 was investigated.

5) Korn factor K,: A Korn factor of K, = 0.87 represents a
conventional airfoil, and K, = 0.95 stands for supercritical airfoil.
The baseline design uses 0.95; thus, the influence of a less advanced
supercritical design was investigated.

6) Cruise Mach number M: The common assumption is that flying
at a lower Mach number might improve the vehicle efficiency. While
the baseline vehicle is considered to fly at M = 0.85, the impact of
lower Mach numbers in the 0.7-0.85 range was investigated. The
study is conducted twice, once with a fixed cruise altitude and then
using the cruise altitude as a design variable.

7) Wing-tip-treatment influence: The baseline configuration has a
planar main wing with an additional truss system. To find the
influence of a nonplanar wing, the influence of a simple winglet tip
was investigated.

8) Fairing factor Ctyyiy,: The interference drag was studied with a
fairing factor Ciyip, that ranges from 0.02 (baseline configuration) to
0.2. This illustrates the effect of very careful or minimal fairing of the
wing and truss-member intersection.

9) Fuselage relaminarization, or fuselage laminar flow ratio
Liaminar/ Ltuselage: A Way of decreasing the fuselage drag is through
relaminarization of the fuselage boundary layer. This is proposed
to be done after the cockpit area and entrance door through



924 GUR, SCHETZ, AND MASON

g

a) Cantilever

¢) Jury-TBW

b) SBW

d) 2-Jury-TBW

Fig. 8 Baseline optimized minimum-fuel configurations.

boundary-layer suction. To model this option, the transition
Reynolds number for the fuselage was increased up to a value of
169.3 x 10°, which is equivalent (at cruise flight conditions) to
Liaminar/ Ltusetage = 0.75 (0.75 of the fuselage length experiences
laminar flow). The weight penalty due to the relaminarization
devices has not been modeled.

10) Riblet turbulent skin-friction reduction AC' pyien: The use of
riblets decreases the turbulent skin friction. The baseline uses a
AC wyrpuient Of 5%, and values of 0 and 7% were studied.

11) Goldschmied fuselage factor Cgegsenmica: A pOssible potential
for fuselage drag reduction is the Goldschmied apparatus [3].
Goldschmied proposed sucking off the turbulent boundary layer
through a slot toward the rear of the fuselage and using that fluid in a
submerged engine (see Fig. 10). This is claimed to produce increased
static pressure on the rear of the fuselage resulting in thrust. Although
this apparatus was presented by Goldschmied [3] as a means of “self-
propulsion by static-pressure thrust,” he also admitted that: “. . .any
device which can manipulate the boundary layer...would be able to
eliminate the form drag...” and in a different place: “what body thrust
force occurs to offset most of the turbulent friction drag.” Thus,
aerodynamic representation of the Goldschmied apparatus is
introduced here as an updated form factor, FFgojqschmied:

FFGoldschmied = FFbody - CGoldschmied (3)

where F Fyqy is the original body form factor and Cggigschmiea 15 the
Goldschmied factor, which ranges from O (for a conventional
fuselage) to 1 (for total elimination of the friction drag). The authors
are aware that the Goldschmied apparatus will include some weight
penalty. But for the current trend study, no model of that effect was
included.

12) To explore a possible use of thrust vectoring, a tailless
configuration was designed. This configuration exploits aerody-
namic trim; thus, the thrust penalty of the propulsion system is
neglected. To explore the influence of using thrust vectoring along
with a Goldschmied apparatus, a combined configuration was
designed.

A. Laminar TF Influence

Figure 11 shows the optimized configurations for three different
technology factors, TF = 0.0, 1.0 (baseline), and 1.2. Figure 12
presents the dependency of the following parameters with the TF:
fuel weight W/, aspect ratio AR, lift-to-drag ratio L/ D, quarter-chord
sweep Ag s, TOGW, wing weight Wy, half-span b/2, wing area Sy,
and wing loading TOGW/ S} .

Table 4 Sensitivity-study parameters

Parameter Nomenclature  Min. value Max. value Baseline value
Laminar technology factor 0.0 1.2 1.0
Quarter-chord sweep angle, deg Ay 15 27.2 27.2
Maximum chordwise laminar extent ratio 9o Caminar 40% 100% 70%
Maximum 2-D section lift coefficient Cl max 0.6 1.0 0.8
Korn factor 0.87 0.95 0.95
Cruise Mach number 0.7 0.85 0.85
Fairing factor Chairing 0.02 0.2 0.02
Fuselage laminar flow ratio Liaminar/ Liuselage 0.01 0.75 0.01
Riblet turbulent skin-friction reduction AC wurbutent 0% 7% 5%

Goldschmied factor

Cooldschmied 0.0 1.0 0.0
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Suction Figure 14 presents the dependency of the wave and friction drag
/ Slot with varying quarter-chord sweep angle of the baseline config-
— uration. These results were obtained by changing the main wing
—_— . . . .
e . sweep of the baseline design. The baseline configuration represents
— Fuselage = - the sweep angle where the rate of change of the friction drag starts to
—_— .
—_— increase and the rate of change of the wave drag starts to decrease.

_—/
Fig. 10 Schematic of Goldschmied apparatus.

The active constraints for all of the configurations are the range
and the maximum 2-D lift coefficient. Note that the 2-D maximum
cruise lift coefficient constraint is the one that limits the wing chord
from becoming too small, while higher aspect ratio (decreased
chords) increases the vehicle efficiency.

As the technology factor is increased, the fuel weight is decreased
due to the increased laminar flow. This is accompanied with
increased lift-to-drag ratio and increased aspect ratio.

Comparing the vehicle planforms shows a small difference. As the
technology factor is increased, the wing sweep is decreased from
28 deg (TF = 0) to 27 deg (TF = 1.2). This minor reduction shows
that although lower sweep contributes to NLF (as shown in Fig. 6),
the sweep angle has to remain relatively high. This is further
explained in Fig. 13, which shows the configuration drag break-
downs. Although the friction drag of the wing is decreased as TF
increases, the wave drag is increased due to the lower sweep angle.
This places the increased wave drag as a counterbalance to the
decreased friction drag.

Thus, at a sweep angle of 27 deg the gradient of the friction and wave
drag share similar values with opposite signs.

Recall that the chordwise transition location is limited to 0.70
(%€ max taminar = 70). Figure 15 shows the main wing chordwise
transition ratio. Itis clear that the chordwise transition ratio limitation
is an important parameter, which together with TF establishes the
laminar flow properties of the wing. This is true mainly for the outer
part of the wing, which has a smaller chord; thus, the chordwise
transition limitation is reached even for low TF.

B. Quarter-Chord Sweep Angle

As stated in the previous section, the influence of the NLF on the
wing sweep angle is small. To investigate it, two fixed-sweep
configurations were designed with A,,, = 20 and 15 deg. Figure 16
shows the optimized configurations. Figure 17 presents the depen-
dency of the design parameters on the quarter-chord sweep. The
active constraint for the A, =20 deg is still the range and the
maximum 2-D lift coefficient, but for the A/, = 15 deg the fuel
volume constraint is active. This is due to the increased required fuel
volume for the lower-sweep-angle configuration.

b) TF = 1.0 (baseline)

¢ TF=1.2

Fig. 11 Laminar TF study, configurations.
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Fig. 12 Laminar TF study, key parameters.

As the quarter-chord sweep is decreased, the L/D is decreased
because the wave drag goes up sharply and the friction drag hardly
changes (see Fig. 18). The gain in NLF at lower sweep angles is only
to maintain laminar flow up to the 70% limit over the whole wing,
compared with 60% in the inboard region of the wing for the baseline
design (see Fig. 19). Note that the truss does its job, not only leading
to lower chords and thus lower chord Reynolds numbers to help with
NLF, but also leading to low-#/c¢ wings and truss members. This
helps to minimize wave drag.
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Fig. 13 Laminar TF study, drag breakdown.
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Fig. 14 Dependency of the friction and wave drag with quarter-chord
sweep angle.

C. Maximum Chordwise Laminar Extent Ratio Influence

To investigate the influence of the chordwise laminar extent ratio
limit, several configurations were designed with different values of
the maximum chordwise laminar ratios, %cx jaminar- Figure 20
shows the optimized configurations for three different chordwise
laminar length limits: %¢ ux laminar = 40, 70 (baseline), and 100.
Figure 21 presents dependency of the design parameters on
the chordwise laminar length limits. The active constraint is still the
range and the maximum 2-D lift coefficient for all of the
configurations.

The maximum chordwise laminar extent ratio has a distinct impact
on the vehicle geometry. As the chordwise length of laminar flow is
increased, the wing chord is reduced, aspectratio is increased and the
lift-to-drag ratio is increased. All of these trends result in a decreased
fuel weight.

As in the TF study, the wing sweep is decreased slightly as
90 € ax laminar 18 increased. This results in decreased friction drag (due
to higher transition Reynolds number) and increased wave drag
(Fig. 22). The chordwise laminar extent ratios of the main wing are
presented in Fig. 23. As in the TF study (Fig. 15), it emphasizes the
close relation of TF and %¢ .y jaminar- The use of high TF with low
90C max laminar dO€s Ot enable full exploitation of NLF potential.
Still, even when a full exploitation of the NLF occurs,
(%€ max Jaminar = 100) the sweep angle does not decrease significantly.
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s 050 7
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2 / Change
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“ 030
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Span, m
Fig. 15 Laminar TF study, main wing chordwise transition location.
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a) Ay, =15 deg

b) Ay, =20 deg

c) Ay, =27.2 deg

Fig. 16 Quarter-chord sweep-angle study, configurations.
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Fig. 17 Quarter-chord sweep-angle study, key parameters.

D. Maximum 2-D Cruise Lift Coefficient Influence

Figure 24 shows the optimized configurations for three different
maximum 2-D cruise lift coefficients: C, ., = 0.6, 0.8 (baseline),
1.0, and Fig. 25 presents the dependency of the design parameters on
that parameter. For the C;,,,x = 0.6 and 0.8 designs, the active
constraints are the range and the maximum 2-D cruise lift coefficient,
but for the C; . = 1.0 design the active constraints are the range,
fuel volume, and approach speed. The fuel volume constraint
becomes active due to the lower wing chords, and the approach speed
constraint is active due to the increased wing loading.
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Z
o 40000 Wave
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uselagg r Form
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Fig. 18 Quarter-chord sweep-angle study, drag breakdown.

As the maximum 2-D cruise lift coefficient is increased, the fuel
weight is decreased. The wing aspect ratio is increased with C; ,;
thus, the wing chord is decreased, enabling the local cruise lift
coefficient to increase. Observe that the lift-to-drag ratio remains
practically constant. The decreased chord enables a higher laminar
chordwise ratio, which reduces the friction drag (see Fig. 26).
Increased local cruise lift coefficient causes higher wing sweep,
which maintains a similar wave drag. This can be directly concluded
from the Korn equation [19]:

1.0

0.9

0.8

Ay, =20, 15 deg

0.7

1
06 1=, =272 (Baseline) ¥’

0.5

0.4

Chordwise Transition Location / ¢

0.3

0 20 40 60
Span, m

Fig. 19 Quarter-chord sweep-angle study, main wing chordwise
transition location.
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Fig. 20 Maximum chordwise laminar extent ratio study, configurations.
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Fig. 21 Maximum chordwise laminar extent ratio study, key parameters.
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For a given Korn factor K4, drag divergence Mach number M,
and thickness-to-chord ratio 7/ ¢, as the local cruise lift coefficient C,
is increased, and the midchord sweep angle A/, increases as well.
Figure 26 shows that the final design results in a decreased wave drag
for higher C; -
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Fig. 22 Maximum chordwise laminar extent ratio study, drag
breakdown.

The 2-D cruise lift coefficient distributions for the wing, main
strut, and horizontal tail are presented in Fig. 27. The aerodynamic
loading is trimmed around the vehicle center of gravity; thus, the
horizontal tail loading is negative. As shown in Fig. 27, the maximum
cruise lift coefficient is reached on the inner part of the main wing.
The difference between the C; ,,,, = 0.8 design and the C; ., = 1.0
design is small, and this occurs because the maximum 2-D cruise lift
coefficient constraint is no longer active for the C; ., = 1.0 case.
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Fig. 23 Maximum chordwise laminar ratio study, main wing

chordwise transition location.
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Fig. 25 Maximum 2-D cruise lift coefficient study, key parameters.

a) C g, = 0.6 b) C; ;qx = 0.8 (baseline) €) Cpppay = 1.0
Fig. 24 Maximum 2-D cruise lift coefficient study, configurations.
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E. Korn-Factor Influence

As discussed in the previous section, the Korn factor has a
significant role in the wave-drag model. Figure 28 shows the
optimized configurations for three different Korn factors: K, = 0.87,
0.91, and 0.95 (baseline). The active constraints for the three
configurations are the range and the maximum 2-D cruise lift
coefficient. For the K, = 0.87 design, the fuel capacity constraint is
active as well due to the increased fuel weight.

Figure 29 illustrates the dependency of the design parameters with
the Korn factor. It is clear that as the Korn factor is decreased, the
wing sweep is increased, span is decreased, and the fuel weight is

increased. All of the above relate to the decreased wave drag (see
Fig. 30) as the airfoil supercritical properties are improved (higher
Korn factor). The wing sweep of a fully supercritical airfoil
(K4 = 0.95)1s 27 deg, and for a conventional airfoil (K, = 0.87) the
wing sweep is 38 deg. As points of reference, one can refer to the
conventional-airfoil Boeing 707, which has a sweep angle of 35 deg,
and to the supercritical-airfoil Boeing 777 (31.6 deg) and Boeing 787
(32.2 deg); both are marked in Fig. 29.
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Maximum 2-D cruise lift coefficient study, drag breakdown.
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Fig. 29 Korn-factor study, key parameters.

As the Korn factor is increased, the friction drag is decreased (see
Fig. 30). The lower sweep angle and lower chords permit an
increased use of NLF.

All of the above emphasize the importance of airfoil design. The
authors are aware of the conflicting criteria for such an airfoil design:
supercritical, laminar, low drag, and high lift [43].

F. Cruise Mach Number Influence
The usual assumption relating to the cruise Mach number is that as
it decreases, the vehicle drag decreases due to decreased wave drag.
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Fig. 30 Korn-factor study, drag breakdown.

This has influenced several researchers to pursue lower cruise Mach
designs [1]. To explore the validity of this assumption, a design study
was performed using different cruise Mach numbers. Because of the
close interaction of the cruise Mach number and altitude, two studies
were conducted. One used a constant cruise altitude of H, =
14, 630 m (48,000 ft), and the second used the cruise altitude H,, as a
design variable. For that case, as the Mach number is decreased the
cruise altitude is decreased (see Fig. 31).

Figure 32 shows the optimized configuration for three different
cruise Mach numbers: M = 0.75, 0.80, 0.85 (baseline). The active
constraints for all configurations are the range and maximum 2-D
cruise lift coefficient. Figure 33 presents the dependency of the
design parameters on the cruise Mach number.
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Fig. 31 Cruise Mach number study, cruise altitude.
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Fig. 32 Cruise Mach number study, configurations.
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Fig. 33 Cruise Mach number study, key parameters.
The wave-drag reduction is noticeable as the Mach number
decreases (see Fig. 34), but it is accompanied by an increased wing
1 area. This increased wing area keeps the 3-D cruise lift coefficient,
Induced| CL,. low,. althqugh the dynamic pressure is df.:c.reased. When the
i cruise altitude is used as a design variable, in addition to the increased
wing area the cruise altitude is decreased. Still, the same trends exist;
i Wave thus, when the cruise altitude is decreased due to the decreased Mach
Interf. A number, the wing area is increased. These trends were already
Wing presented in [39].
| e The increased wing area causes an increased wing weight, which
— then influences the vehicle TOGW. This is the reason that although
1 igr‘;;“’" the drag is reduced as the Mach number is decreased, there is a
[ minimum-fuel point that results in an optimized Mach number. For
Nacelld the current case, the lowest fuel consumption is reached for
M =085 M =0.80 M =0.75 0.75<M <0.8. For M <0.75 the increased wing weight

Fig. 34 Cruise Mach number study, drag breakdown.
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Fig. 35 Cruise Mach number study, cruise figures of merit.
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overcomes the reduced drag, and as the Mach number is decreased
the vehicle efficiency is reduced.

The reduced Mach number causes a reduction of the wing sweep,
while the wave drag is decreased. The lower sweep angle, lower
cruise Mach number and increased wing area, keep the wing friction
drag almost the same. The fuselage friction drag is decreased due to
the lower airspeed, and the induced drag is increased due to the higher
vehicle weight (see Fig. 34).

It is clear that the total drag is decreased as the cruise Mach
number is decreased, but using MDO techniques reveals counter-
influences leading to increased vehicle weight. Figure 35 shows
three different range figures of merit: ML/D, ML /D (W;/TOGW),
and ML/D (W,/TOGW), where W, is the payload weight. These
three parameters exhibit the same optimum Mach number; thus, they
also reflect the equilibrium between the vehicle drag and wing
weight.
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Fig. 38 Winglet influence study, drag breakdown.

Fig. 39 Wing-tip influence study, Oswald coefficient for different
winglet heights.
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Fig. 40 Fairing-factor study, configurations.
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Fig. 41 Fairing-factor study, key parameters.

G. Wing-Tip-Treatment Influence

A common means for induced-drag reduction are wing-tip
installations. To explore the influence of wing-tip treatments, simple
vertical winglets were considered. Kroo compared several nonplanar
wings and showed that vertical winglets are comparable to C-wings
and box wings [44]. Thus, for vertical winglets, the potential of
induced drag reduction is high. The winglet length is set to 5% of the
wingspan, which for the optimized configuration is 5 m (17 ft).
Figure 36 shows the optimized configuration for two different
configurations: with and without (baseline) winglets. Figure 37
presents the design parameters for these two configurations.

The Oswald efficiency coefficient e for the baseline configuration
is e = 0.93, and for the winglet configuration it is ¢ = 0.99. Recall
that the trim drag is included in these calculations. Analysis of the
same configurations without the trim process results in an Oswald
coefficient of e = 1.02 for the baseline configuration, and e = 1.13
for the wing-tip configuration. Kroo [44] showed that for vertical
winglets with 20% span length, the Oswald coefficient is e = 1.41.
For 20% span-length wing tip, the optimized configuration results in
atrimmed e = 1.12 and an untrimmed e = 1.42 (Fig. 38). Note that
20% span for this configuration is 21.2 m (69 ft), which is probably
impractical.

The difference between fuel weight for the two configurations is
negligible. The use of winglets reduces the vehicle induced drag, but
increases the friction drag due to the increased wetted area (see
Fig. 39); thus, the total drag of the two configurations is similar.

The use of winglets is based on the assumption that the induced
drag is reduced while the span remains the same or even decreases;
thus, the wing bending moment remains the same as well and the
wing weight is not increased. This is true for a given vehicle that was
already designed with planar wings and then the winglets were
added. As demonstrated here, for a new design, the use of winglets is
not beneficial.

70000
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z 40000 Wave
Q 30000 4 Interf.
wi
20000 -
Tail
10000 Friction
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CFmriug= 0.2 CFniriug: 0.1 Crmring: 0.02

Fig. 42 Fairing-factor study, drag breakdown.
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Fig. 43 Fuselage relaminarization study, configurations.
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Fig. 44 Fuselage relaminarization study, key parameters.

H. Fairing-Factor Influence

The intersection drag is found from data for unfaired wings
intersections. It is possible to design an effective fairing; thus, the
interference drag can be reduced dramatically and in some cases
eliminated. The fairing factor Cpyn, is applied to the unfaired
calculated interference drag; thus, it represents a fairing efficiency,
except that low values are better.

Figure 40 shows the optimized configurations for three different
fairing factors: Ceying = 0.2, 0.1, and 0.02 (baseline). The use of
Chairing = 0.2 is very pessimistic, and Cpysine = 0.1 represents a
conventional intersection design. For the entire range of fairing
factor, the active constraints are the range and maximum 2-D cruise
lift coefficient. The front view shows that as the fairing factor
increases the jury truss members become more vertical; thus, the
intersection angles approach normal.

Figure 41 presents the design parameters for these configurations.
As the fairing factor is increased, the fuel weight is increased due to
the increased interference drag (see Fig. 42), while the other drag
components remain practically the same.

I. Fuselage Relaminarization Influence

One of the ways to reduce the fuselage friction drag is to use
relaminarization. By sucking the turbulent boundary layer after the
cockpit and entrance doors, one can cause parts of the fuselage to
experience laminar conditions. Figure 43 shows the optimized

configuration for three different fuselage laminar length ratios,
Liyminar/ Liuselage = 0.01 (baseline), 0.5, and 0.75. Active constraints
for all configurations are the range and maximum 2-D cruise lift
coefficient.

Figure 44 presents the design parameters for these configurations,
and Fig. 45 shows the drag breakdown. As expected, the main impact
of increased laminar length ratio is a reduction of the fuselage
friction/form drag. This drag-reduction results in sharply higher
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Fig. 45 Fuselage relaminarization study, drag breakdown.
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a) ACf,turbulent =0%
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Fig. 46 Riblet turbulent skin-friction-reduction study, configurations.
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Fig. 47 Riblet turbulent skin-friction-reduction study, key parameters.

lift-to-drag ratio, lower fuel weight, and lower TOGW. Note that the
wing planform does not change significantly for different fuselage
laminar length ratios.

J. Fuselage Turbulent Skin-Friction Reduction with
Riblets’ Influence

A different way to reduce the fuselage friction/form drag is by
using riblets, which reduce the turbulent skin friction ACy ypuient-
Figure 46 shows the optimized configurations for three different
fuselage riblet turbulent skin-friction reductions: AC yyient = 0%,
5% (baseline), and 7%. All of these configurations share the same
active constraints: range and maximum 2-D cruise lift coefficient.

Figure 47 presents the design parameters for these configurations.
Comparing Figs. 44 and 47 reveals that the influence of the riblets on
the fuel consumption is small compared with other techniques such
as fuselage relaminarization. Note that this study does not include
any weight or cost penalty due to riblet installation. However, some
claim that the weight and cost of riblets is about the same as paint. As
in the fuselage relaminarization influence study, the main influence
of the riblets is on the fuselage friction drag while the other drag
components remain almost constant (see Fig. 48).

K. Goldschmied-Factor Influence

A third possibility to reduce the fuselage friction/form drag is with
the Goldschmied apparatus. Figure 49 shows the optimized
configuration for three different values of the Goldschmied factors:

Coolaschmica = 0.0 (baseline), 0.5, and 1.0 (see Sec. V, item 10, for an
explanation). All configurations share the same active constraints:
range and maximum 2-D cruise lift coefficient.

Figure 50 presents the design parameters for these configurations,
and Fig. 51 shows the drag breakdown. As in the previous two
sections, which dealt with fuselage friction/form drag reduction,
most of the vehicle geometry parameters do not change significantly.
The vehicle drag is reduced, lift-to-drag ratio is increased, and, as a
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Fig. 48 Riblet turbulent skin-friction-reduction study, drag break-
down.
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Fig. 49 Goldschmied-factor study, configurations.
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60000 consequence, the fuel weightis reduced. The fuel weight reduction is
similar to that in the fuselage relaminarization study and much higher
500007 nduced than in the riblets study. Note that any weight penalty due to the
Goldschmied apparatus is not available and is thus not taken into
40000 account here, so these results should be considered as optimistic.
Z Wave
o 30000 jyter
ST L. Influence of Tailless and Tailless-Plus-Goldschmied
20000 £ Configurations
Tail ‘ One can envision a tailless configuration with thrust-vector control
10000 - Fii from the engine nozzles. The aim is to reduce the tail drag. Further,
Fusel Form . . . .
the Goldschmied apparatus might be combined with a thrust-
0 -Nacell ZA— : vectoring concept, and the combination of the two technologies can
Cootasemiea = 0.0 Cootaschmied = 0.5 Cootaschmica = 1.0 result in substantial fuel reduction. Figure 52 shows the optimized

Fig. 51 Goldschmied-factor study, drag breakdown.

AN

configuration of fuselage buildup of the baseline, tailless, and

a) Baseline

b) Tailless

¢) Tailless + Goldschmied

Fig. 52 Fuselage buildup study, configurations.
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focused on a specific aerodynamic parameter that represents a
60000 . . .
different technology. Two combined effect studies were also
50000 4 conducted.
Induced The first group of technologies considered relates to the lifting-
20000 4 surface aerodynamic properties and results, with the following
conclusions:
Z 30000 Wave 1) As the natural-laminar-flow technology factor is increased, the
I ineerf fuel weight is decreased, due to the increased extent of laminar flow.
Wing This is accompanied with increased lift-to-drag ratio and increased
200001 el aspect ratio. The influence of the laminar technology factor on the
Friction wing sweep is small due to the counterbalance of the wave drag.
100001 Fusclagd [Form 2) As the quarter-chord sweep is decreased, the L/D is decreased
 Racelle bﬁcause ﬂ"}i wave Qral%l 1%1(;65 111p sharply and thle fpctloln drag hard!y
Baseline No Tail No Tail changes. The gain in at lower sweep angles is only to maintain
Cooaschmiea = 0.5 laminar flow up to the 70% limit over the whole wing, compared with

Fig. 54 Fuselage buildup study, drag breakdown.

tailless-plus-Goldschmied coefficient Cgggschmied = 0-5 designs. All
configurations have the same active constraints: range and maximum
2-D cruise lift coefficient.

Note that the tailless configuration is aerodynamically trimmed;
thus, no additional penalty is introduced to the thrust, which is
produced by propulsion system. As in the previous studies, no weight
penalties are considered here due to the thrust vectoring or the
Goldschmied apparatus.

Figure 53 presents the design parameters for these configurations.
The tailless configuration eliminates the tail wave and friction/form
drag (see Fig. 54). This results in substantial fuel weight reduction.
Adding the Goldschmied apparatus enables further reduction of the
fuel weight. This buildup does not change the wing loading
significantly, whereas the TOGW decreases; thus, the wing area
decreases as well and the wing aspect ratio increases.

VI. Conclusions

Several trend studies are described in this paper. The baseline
design is a two-jury truss-braced-wing long-range transport aircraft
that was designed using aggressive natural laminar flow and has a
conventional fuselage, empennage, and engines. In all cases, the
minimum-fuel/emissions optimum design was sought. Each study

60% in the inboard region of the wing for the baseline design.

3) The maximum chordwise laminar extent limit has a distinct
impact on the vehicle geometry. As the chordwise limit is increased,
the wing chord is reduced, aspect ratio is increased and the lift-to-
drag ratio is increased. All of these trends result in a decreased fuel
weight. The chordwise transition extent ratio limitation is an
important parameter, which together with TF establishes the laminar
properties of the wing. The use of a high laminar technology factor
with a low maximum chordwise laminar extent limit does not enable
full exploitation of NLF potential.

4) As the maximum 2-D cruise lift coefficient is increased, the fuel
weight is decreased. The wing aspect ratio is increased with the
maximum 2-D cruise lift coefficient; thus, the wing chord is
decreased, enabling the local cruise lift coefficient to increase. This
happens while the lift-to-drag ratio remains practically constant.

5) As the Korn factor is increased, the wing sweep is decreased,
span is increased, and the fuel weight is increased. All of the above
relate to the decreased wave drag as the airfoil supercritical properties
are improved (higher Korn factor). This emphasizes the critical
importance of airfoil design. The wing sweep of a fully supercritical
airfoil (K, =0.95) is 27 deg, and for a conventional airfoil
(K, = 0.87) the wing sweep is 38 deg.

6) Decreased cruise Mach number reduces the wave drag but
causes an increased wing area. This is the reason that although the
drag is reduced as the Mach number is decreased, there is a point that
results in a minimum-fuel Mach number. For the current case, the
lowest fuel consumption is reached for 0.75 < M < 0.8.
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7) The use of winglets reduces the vehicle induced drag, but
increases the friction drag due to the increased wetted area; thus, the
total drag of the two configurations is similar. The use of winglets is
based on the assumption that the induced drag is reduced for a given
wing weight. This is true for a given vehicle that has already been
designed with a planar wing or where a span constraint exists. For
these cases, additional wing tips might be beneficial. As demon-
strated here, for a new design, the use of winglets is not beneficial.
Note that although a gate-box limit of 80 m is used, the span in the
current effort is not constrained due to the assumed use of a folding-
wing mechanism.

8) As the fairing factor increases (less effective fairing) the jury
truss members become more vertical; thus, the intersection angles
approach normal angles. In addition, the fuel weight is increased due
to the increased interference drag, while the other drag components
remain practically the same.

The second group of case studies relates to the aerodynamic
technologies of the fuselage results, with the following conclusions:

1) Increased laminar length ratio reduces the fuselage friction
drag. This drag-reduction results in sharply higher lift-to-drag ratio,
lower fuel weight, and lower TOGW. The wing planform does not
change significantly for different fuselage laminar length ratios.

2) The riblets’ effect on fuel consumption is small compared with
other techniques such as fuselage relaminarization. The main
influence of the riblets is on the fuselage friction drag, while the other
drag components remain almost constant.

3) With a Goldschmied apparatus, most of the vehicle geometry
parameters do not change significantly. The vehicle drag is reduced,
lift-to-drag ratio is increased, and, as a consequence, the fuel weight
is reduced. Careful studies of the Goldschmied concept in transonic
flow are needed. Note that the study presented here does not consider
any weight penalty due to the Goldschmied device.

4) The tailless configuration eliminates the tail wave and friction/
form drag.

This results in substantial fuel weight reduction. Adding the
Goldschmied apparatus enables further reduction of the fuel weight.
This buildup does not change the wing loading significantly, while
the TOGW decreases; thus, the wing area decreases as well and the
wing aspect ratio increases.

The study presented here shows that the TBW concept is
considerably better than a conventional wing configuration. Using
the truss system, the wing can have an increased span and aspect
ratio, while the structural weight is kept the same or lower. This
activates the two-dimensional cruise lift coefficient constraint due to
the decreased chord length.

With the increased aspect ratio, the importance of the two-
dimensional airfoil section is increased; thus, the maximum benefit
requires superior airfoil design technology. The design criteria
present a challenge to the airfoil designer and include a swept, NLF
wing, excellent supercritical characteristics, high design lift
coefficient, and low drag.

In all cases studied, the wings continue to be swept. This is true
also for a combination of low Mach number and high Korn factor.
The benefit of an unswept wing due to higher laminar flow is
overcome by the wave drag, which tries to increase the wing sweep.

One of the key ways to reduce the vehicle drag and improve its
efficiency is treating the fuselage drag. This may reduce dramatically
the vehicle fuel consumption along with emissions. This is
especially true for a low induced drag design with NLF like TBW,
but this conclusion is applicable also for a conventional aircraft
configuration.
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