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Accurate drag estimation is critical in making computational design studies. Drag may be estimated thousands of

times during a multidisciplinary design optimization, and computational fluid dynamics is not yet possible in these

studies. The current model has been developed as part of an air-vehicle conceptual-design multidisciplinary design

optimization framework. Its use for subsonic and transonic aircraft configurations is presented and validated. We

present our parametric geometry definition, followed by the drag model description. The drag model includes

induced, friction, wave, and interference drag. The model is compared with subsonic and transonic isolated wings,

and a wing/body configuration used previously in drag prediction workshops. The agreement between the

predictions of the drag model and test data is good, but lessens at high lift coefficients and high transonic Mach

numbers. In some cases the accuracy of this drag estimation method exceeds much more elaborate analyses.

Nomenclature

AR = aspect ratio
a, b = superellipse half-axes
CD;F = friction-drag coefficient
CDi = three-dimensional induced-drag coefficient
CD int = three-dimensional interference-drag coefficient
CDw = three-dimensional wave-drag coefficient
Cdi = two-dimensional induced-drag coefficient
CL = three-dimensional lift coefficient
Cl = two-dimensional lift coefficient
Cl� = two-dimensional lift-coefficient slope
Cn = two-dimensional normal-force-coefficient slope
c = local chord length
cavg = average chord length
dl = bound vortex length
FF = fuel flow
M = Mach number
Mcr = critical Mach number
MDD = drag divergence Mach number
m, n = superellipse powers
Rec = chord Reynolds number
Recavg = average chord Reynolds number
Rel = Reynolds number based on length l
Sref = reference area
Swet = wetted area
TF = technology factor
t=c = streamwise thickness-to-chord ratio
u1 = freestream airspeed
vi = induced velocity
W = aerodynamic influence matrix
�x=c�m = chordwise position of maximum thickness
y, z = coordinates
yc, zc = superellipse origin coordinates
� = angle of attack
�g = geometric angle of attack

�i = induced angle of attack
� = circulation
� = pitch angle
�A = Korn airfoil technology factor
�LE = leading-edge sweep angle
�m = maximum thickness line sweep angle
�0:25 = quarter-chord sweep angle
�0:5 = half-chord sweep angle
� = taper ratio
� = density
� = wing/body intersection angle

Subscripts

body = body coefficient
H = Hoerner model
i = induced
J = Jobe model
k, p = indices
L = lower
N = Nicolai model
R = Raymer model
S = Shevell model
T = Torenbeek model
U = upper
wing = wing coefficient

I. Introduction

A ERODYNAMICISTS have been looking for practical and effi-
cient ways to estimate drag since the first days of aeronautics.

These efforts resulted in empirical methods such as Hoerner’s drag
estimation methods [1] and other methods such as Prandtl’s land-
mark lifting-line model [2,3]. These methods were developed for
aerodynamic analysis before the computer era.

Today, computational fluid dynamics (CFD) is widely used in
aerodynamics. By discretizing the governing flowfield equations
(whether potential, Euler, or Reynolds-averaged Navier–Stokes,
etc.) the entire flowfield is found. Thus, CFD is invaluable in pro-
viding an understanding of the various flowfield phenomena. How-
ever, it is time-consuming to use in the early stages of design. In
particular, the difficulty of embedding automatic, accurate, and
reliable grid methodologywithin amultidisciplinary design optimiz-
ation (MDO) methodology remains. This is especially true for
complete three-dimensional configuration drag prediction, in which
thousands of calculations are needed when embedding CFD in a
computational design approach such as MDO. Numerous efforts are
being made to predict drag using CFD accurately [4–7], but it is still
difficult and considered a challenge. We have previously discussed
these issues relevant toMDO [8], as well as presented amethodology
that can be used once a configuration design has progressed to the
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point that CFD is needed [9]. Finally, the analytic methodology
developed in the past has provided the relationships and functional
forms of key drag parameters that are not available in CFD but are
critical to understanding how to design for low drag.

Paterson et al. [10] presented a description of semi-empirical drag
prediction techniques used at Lockheed. Although this survey was
made more than 30 years ago, it demonstrated good agreement with
test data and can still be used for current drag estimation. Filippone
[11] recently presented a comprehensive survey of drag prediction
for transport aircraft based on semi-empirical models. He then
demonstrated his method by calculating the performance of a Boeing
747 with good accuracy.

Air-vehicle conceptual design is based mainly on performance
goals and other design constraints (structural, controls, cost, etc.)
[12,13].Within this context, one of themain challenges in conceptual
design is finding the vehicle performance as a function of the vehicle
outer-mold-line geometry. The vehicle’s performance characteristics
are directly related to its drag polar; thus, finding the drag polar is a
major effort within the design process. Each design perturbation will
influence thevehicle geometry, thus requiring a new estimation of the
drag polar. Using CFD directly within a conceptual-design process is
still impractical.

The current paper describes a drag estimation method suitable for
use in the MDO design of transonic airplanes. The purpose of the
model is to give fast and accurate drag estimation within the MDO
design process. In this context, the parametric geometry of the
configuration is important, so it is described first.

Next, the drag estimation method based on a variety of simple
theoretical and semi-empirical models and targeted CFD results is
presented. The final model is then validated using three different
wind-tunnel tests: an unswept isolated subsonic wing [14], an
isolated swept transonic wing [15], and a simple fuselage/wing/body
configuration [16] used previously in the drag prediction workshop
series [5–7]. Although it is simple, the present model gives reliable
drag estimations for the lower-Mach-number transonic regime and
moderate lift coefficient; thus, it is suitable for use in MDO concep-
tual design. In addition, current research efforts use a combination of
classical low-fidelity and advanced high-fidelity methods in a
multilevel approach [17]. The presented method is a good candidate
for the low-fidelity part in these multilevel approaches.

II. Parametric Geometry

An essential part of aerodynamic analysis is a precise geometry
definition. The boundary conditions for aerodynamic analysis are
based on these definitions, so it is an important part of the analysis
process. Conducting numerous different configuration analyses
requires the use of parametric geometry, using a small number of
parameters to accurately represent a variety of configuration shapes.
One of the current uses of parametric geometry iswithin optimization
design processes that use the parameters as design variables. This
puts an emphasis on using a small number of parameters.

Examples of such processes can be found in airfoil designs using
shape-function parametric geometry [18–20]. In these examples, the
airfoil contour is defined by superposition of one-dimensional shape
functions. Each shape function is weighted differently, and thus the
weight coefficients are used as design variables. Shape-function
methods are also used for more complicated geometry, including full
configurations: for example, Vachris and Yaeger’s [21] quick-
geometry method and Kulfan’s [22] CST (class-function/shape-

function transformation). The main advantage of using shape func-
tions is the accurate definition of complex geometry using a small
number of design variables with an analytic formulation. This makes
shape functions natural candidates for parametric geometry in CFD
analysis.

For the present drag estimation method, which is not based on
CFD analysis, simpler methods should be considered, such as
Rodriguez andSturdza’s [23]RAGE (rapid-geometry engine). In this
method, two main entities are defined: winglike surfaces (wing,
horizontal/vertical tail, etc.) or bodies (fuselage, nacelle, external fuel
tank, etc.). RAGE defines the wing surfaces by lofting between
airfoils prescribed at a small number of wing stations. In a similar
way, bodies are defined by lofting between fuselagelike cross
sections. Barger [24] provided an excellent mathematical approach
for such a lofting procedure. Note that RAGE is also being used for
CFD analysis, although it is somewhat simpler than CST.

Filippone [11] used a simpler method that makes use of the wing
planform and equivalent bodies of revolution for fuselage represen-
tation. This geometry is somewhat less versatile than CSTor RAGE
and essentially applies to transport configurations. Although it is a
more basic representation, Filippone’s method exhibits good results
for drag estimation and performance calculation.

A different approach§ is based on parameterization of the wing/
body using geometrical properties such as span, aspect ratio, area,
length, etc. [25]. This kind of parametric geometry only suits
conventional configurations and presents some limitations for other
more elaborate designs.

The current research uses RAGE-like parametric geometry. The
wings are constructed by linearly joining two or more cross sections
(Fig. 1). The cross sections are defined by their midchord spatial
position, rotation angles of the section around its midchord, chord
length c and thickness ratio t=c. Although this parametric geometry
is not capable of precisely describing continually curving planforms
(e.g., an ellipticwing), it is capable of representing such surfaceswith
sufficient accuracy using a number of trapezoid surfaces. On the
other hand, this representation enables the usage of straight trailing
edges, thus eliminating trailing-edge warping due to a linear twist-
angle distribution.

A similar approach is used for the parametric geometry of bodies.
Multiple cross sections are connected linearly, so that general body
configurations can be defined. The body sections are defined by the
upper and lower parts of a superellipse (Lamé curve). For a two-
dimensional plane, Y-Z, the coordinates y and z of the superellipse
are defined using the following relation:

Y

X

Z

Mid-Chord
Cross-section 2 

Cross-section 3 

Cross-section 1 c

t/c  

Fig. 1 Parametric geometry representation of a wing.
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Fig. 2 Superellipse sections used for fuselage-type shapes; aU , aL, bU ,

and bL � 1:0.

§Data available online at http://www.avidaerospace.com/.
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where �yc; zc� are the origin coordinates;aU andaL are the horizontal
half-axis lengths of the upper and lower parts, respectively; bU and
bL are the vertical half-axis lengths of the upper and lower parts,
respectively; andmU,mL:nU, and nL are the superellipse powers that
control the cross sectional shape.

Figure 2 presents four different superellipses having aU, aL, bU,
and bL � 1:0 and using various powers mU �mL � nU � nL. For
mU �mL � nU � nL � 0 the superellipse is a circle, mU �mL �
nU � nL ��1:0 makes it a diamond shape, mU �mL � nU �
nL < �1:0 demonstrates a chine shape, and mU �mL � nU �
nL !1 leads to a square-shaped section. These examples exhibit
the versatility of using superellipse curves.

This parametric geometry enables a conventional fuselage/wing
representation as well as more complicated geometries such as a
joinedwing, as presented in Fig. 3.Note that thisfigurewas produced
using the NASA-developed Vehicle Sketch Pad (VSP), which is an
extension of the rapid aircraft modeler [25]. The current parametric
geometry can be imported into VSP, which enables a quick
visualization of various configurations [26].

III. Drag Model

It is common to divide a configuration’s total drag into two
components: induced and parasite. Several nomenclatures can be
found for the parasite-drag breakdown [10,11,27], whereas the
current research uses three components: friction/form, interference,
and wave drag. Figure 4 shows the drag breakdown into its various
components.

Each of the parasite-drag components include the influence of lift;
thus, the parasite drag cannot be defined as the zero-lift drag. Still, the
influence of lift on the total parasite drag is generally small.

The following sections describe the different components within
the drag breakdown and illustrate the models being used to estimates
these components.

A. Induced Drag

Induced drag often contributes about half of the entire vehicle
drag, and thus accurate induced-drag modeling is essential. Several
induced-drag models exist, such as the Trefftz plane [28], Prandtl’s
lifting-line theory [2,3], and the vortex lattice method [29]. The
current research uses a Weissinger nonlinear lifting-line model [30–
32]. This method takes advantage of two-dimensional lift data, and
thus the viscosity and compressibility effects can be included,
although the model was originally developed for linear aerody-
namics and incompressible flow. The airfoil two-dimensional lift
data only contributed at high-lift conditions, well away from most
conditions of interest. Thus, a linear 2-D lift model can be used at
low-lift conditions, and in some cases, the theoretical lift-slope value
2� can be used. Note that the current model does not make use of the
two-dimensional airfoil drag data. These data are sometimes of low
reliability, as demonstrated in [33] for the NACA-0012 airfoil. The
airfoil drag is calculated using the friction/form drag model. A
detailed description of the method that is used in the current model is
given in [34].

B. Friction/Form Drag

According to the drag breakdown shown in Fig. 4, the friction/
form drag can be divided into three components: skin friction,
pressure, and lift-related profile drag. The current model neglects the
third component, which is small, and the remaining two components
are addressed simultaneously. The friction/form drag coefficient
CD;F is calculated using the following relation for each component:

CD;F � CFFF
Swet
Sref

(2)

whereCF is a flat-plate skin-friction coefficient, FF is the form factor
of the component, and Swet and Sref are the wetted and reference
areas, respectively.

The full configuration is divided into components, and Eq. (2) is
used separately for each component. Finally, the total friction/form
drag is found by summing the contributions of these components.
The current model divides the wings into strips, and each of these
strips is treated as a separate component. Thewetted area of each strip
is found according to its chord and strip width. Bodies are treated
differently: each body (fuselage, nacelle, fuel tank, etc.) is a single
component with its own wetted area.

Fig. 3 Geometry visualization of a joined-wing configuration using

VSP.

Drag= Parasite Drag Induced Drag 

Due to Lift 
Generated Vorticity 
Shed into Wake 

Friction/Form Drag 

Skin Friction Pressure Drag  
Sometimes Called 
Form Drag 

Interference Drag 

Due to intersection 
geometry  

+

Additional Profile 
Drag Due to Lift  
(Drag from 2-D 
Airfoils at Lift) 

Due to Lift 
Due to 
Intersection 
Geometry 

Wave

Due to Volume Due to Lift 

Due to Generation 
of Shock Waves 

Fig. 4 Typical drag breakdown terminology.
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For each component, the reference area and wetted areas are well-
defined, but the flat-plate skin-friction coefficient and the form factor
are estimated based on semi-empirical models. Various skin-friction
and form-factor models exist in the literature [1,35,36]. Comparison
of these models reveals small differences [10], and thus we chose the
most well-known and validated models for the current method.

For laminar flow, the Eckert reference temperature method [37] is
used, and for turbulent flow, the Van Driest II method [38,39] (based
on the von Kármán–Schoenherr model) is used. The total skin-
friction coefficient is based on a composition of the laminar/turbulent
flow. Similar to the skin-friction models, several composition
formulas are available [40,41], and Schlichting’s composition
formula [42] is used for the current research. The complete rigorous
model for the flat-plate skin-friction coefficient can be found in [43].¶

For cases with natural transition, a simple method is used to
determine the chordwise location of the boundary-layer transition.
Figure 5 presents two curves of transition Reynolds number based on
the chordwise Reynolds number, Rel (taken from [44]). The dashed
curve designated as TF� 0 (technology factor of 0) is for natural
laminar flow on standard wings [45]. The solid curve, designated as
TF� 1, refers to natural-laminar-flow airfoils [46]. For the current
validation cases, we used TF� 0.

Form factor FF represents the drag correction due to thickness and
pressure drag, which is sometimes referred to as profile drag, which
contains skin friction and pressure drag. The current model makes
use of two basic form factors: wing (FFwing) and body of revolution
(FFbody). Although other form factors exist [47], these two covermost
of the drag estimation requirements for airplane configurations. The
authors find it helpful to present a short review of several form-factor
models, for both wings and bodies of revolution. The literature
contains many different models from which the following will be
considered here: Hoerner [1], Torenbeek [47], Jobe [48], Shevell
[49], Nicolai [50], and Raymer [51].

Hoerner’s [1]wing form-factormodel is a function of the thickness
ratio t=c:

FF wing;H � 1� 2
t

c
� 60

�
t

c

�
4

(3)

The linear term is considered as the supervelocity correction (due to
the airfoil thickness), and the quartic term represents the adverse
pressure drag.

A similar wing form-factor model with different constants is
suggested by Torenbeek [47]:

FF wing;T;J � 1� 2:7
t

c
� 100

�
t

c

�
4

(4)

Jobe [48] expands this model to include the chordwise position of the
maximal thickness �x=c�m. For a typical airfoil using �x=c�m � 0:3
(e.g., four-digit NACA series), Jobe’s form factor is identical to
Torenbeek’s [47].

Some other more elaborate models are given by Shevell [49],
Nicolai [50], and Raymer [51]. Shevell’s model depends on the
freestreamMach numberM and the quarter-chord sweep angle�c=4:

FF wing;S � 1� �2 �M
2� cos�0:25����������������������������������

1 �M2cos2�0:25

p t

c
� 100

�
t

c

�
4

(5)

Nicolai [50] and Raymer [51] suggest a model that uses the airfoil
maximal thickness �x=c�m:

FFwing;N;R �
�
1� 0:6

�x=c�m
t

c
� 100

�
t

c

�
4
�

� �1:34M0:18�cos�m�0:28� (6)

where�m is the maximum thickness line sweep, which is often close
to the quarter-chord sweep line.

For unswept wings, �x=c�m � 0:3, and low speed (M� 0 for
Shevell and M � 0:2 for Nicolai/Raymer), both Eqs. (5) and (6)
collapse to

FF wing;N;R � 1� 2
t

c
� 100

�
t

c

�
4

(7)

Figure 6 presents a comparison between the above models
[Eqs. (3), (4), and (7)]. The range of the form-factor values for a
typical t=c� 0:12 airfoil is 1:25< FFwing < 1:35, which suggests
less than a 10% difference.

A similar comparison is presented for body-of-revolution form
factors, in which the same references were used. All only depend
on the body fineness ratio, which is defined as the ratio between
the body length and its maximum diameter: l=d. Although length l
and maximum diameter d are well-defined for fuselages, the
proper fineness ratio is more ambiguous for nacelles or boat-tailed
bodies [47].

All of the followingmodels contain the same two terms that appear
in the wing form factor: one for supervelocity and one for adverse
pressure. The Hoerner [1] model is
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[44].
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Fig. 6 Comparison of wing form factors for different thickness ratios.

¶Data available online at http://www.aoe.vt.edu/~mason/Mason_f/
FRICTman.pdf [retrieved 1 April 2009].
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FF body;H � 1� 1:5

�l=d�1:5 �
7

�l=d�3 (8)

The Torenbeek [47] model is

FF body;T � 1� 2:2

�l=d�1:5 �
3:8

�l=d�3 (9)

Jobe [48], Nicolai [50], and Raymer [51] share the same model:

FF body;J;N;R � 1� 0:0025�l=d� � 60

�l=d�3 (10)

and the Shevell [49] model is

FF body;S � 1� 2:8

�l=d�1:5 �
3:8

�l=d�3 (11)

The results from these models are illustrated in Fig. 7. The
difference between the various models for high-fineness-ratio bodies
of revolution (l=d� 10) are small (1:05< FFbody < 1:09). For
lower-fineness-ratio bodies (l=d� 4) the difference between the
models is more significant (1:3< FFbody < 1:95).

C. Interference Drag

Interference drag arises from the intersection of a lifting surface
and body or the intersection between two lifting surfaces. Various
studies have been conducted analyzing such mutual interference (for
a thorough literature review, see [52]). Although various types of
intersections exist (wing/fuselage, wing/wing, strut/wing, etc.), only
wing/fuselage interference drag is considered here. Themodel uses a
combination of two interference-drag models: a CFD-based model
from Tétrault et al. [53] and Hoerner’s empirical model [1].

The CFD-based model relates to thin wings (t=c < 0:075) and is
based on RANS CFD analysis, leading to the following response
surface:

CD int

Sref
c2
�0:1112�0:2572sin��3:440t=c�0:02097log10Rec

�0:09009sin2��2:549t=csin��0:03010log10Rec sin�

�0:1462t=clog10Rec (12)

where Rec is the Reynolds number based on the wing chord c at the
intersection and �, which is the inclination angle defined as the angle
between thewing to a normal to the surface. This model is applicable
only for small thickness ratios (t=c < 0:075), so it can used only for a
wing/wing or wing/body intersection of very thin wings.

The Hoerner model is based on subsonic, incompressible, viscous
test data for high-thickness wings. For example, the inclination angle
� influence is based on a wind-tunnel test using a t=c� 0:43 wing.
Additional influence parameters are the wing two-dimensional
coefficient Cl, thickness ratio t=c, and quarter-chord sweep angle
�0:25. Because of the high thickness ratios, thismodel is suitable only
for thick-wing/wing or wing/body interactions.

To create amodel for reasonablewing thicknesses, the twomodels
are used together. A linear interpolation is made according to the
wing thickness ratio between the CFD-based model for t=c� 0:075
and the Hoerner model for t=c� 0:4. Although the two models are
very different, this interpolation enables the calculation of inter-
mediate thickness ratios, which characterize most current wing/
fuselage and wing/wing configurations.

D. Wave Drag

Drag increase due to compressibility effects appears at airspeeds
higher than the critical Mach numberMcr, due to shock waves. The
current research deals with subsonic configurations; thus, the drag
rise at transonic (M< 1) conditions is of interest. Figure 8 presents a
typical wave-drag coefficientCDw increase for the DC-9-30 [54] as a
function of the freestreamMach numberM. Above the critical Mach
number, the drag increase has a moderate slope (drag creep), and at
higher Mach numbers (the drag divergence Mach numberMDD) the
drag slope dCDw=dM experiences a sudden increase. Figure 8 shows
two definitions for the drag divergence Mach numberMDD. The first
is defined as the Mach number that causes a 20-drag-count increase
(CDw � 0:002). The second is defined using the drag-increase slope:

dCDw
dM
jM�MDD

� 0:1 (13)

According to Fig. 8, the difference between the results of these two
definitions is small.

The same criteria can be taken for a two-dimensional airfoil drag-
coefficient slope, dCdw=dM:

dCdw
dM
jM�MDD

� 0:1 (14)

According to [55,56], the drag rise can be modeled as the
following function of the Mach number (Lock’s fourth power law):

Cdw �
�
0 M 	 Mcr

20�M �Mcr�4 M>Mcr

(15)

The contribution of the wave drag on a wing strip relative to the
total three-dimensional wave drag is calculated using the area ratio
Sc=Sref :

CDw � Cdw
Sc
Sref

(16)

where Sc is the area of the wing strip represented by the two-
dimensional cross section.
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Fig. 7 Comparison between different body-of-revolution form factors.
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Substituting Eq. (15) into Eq. (13) gives the following estimation
for the critical Mach numberMcr:

Mcr �MDD �
�������
0:1

80

3

r
(17)

This implies that the critical Mach numberMcr is lower than the drag
divergence Mach number by a constant 0.108. The drag divergence
Mach number MDD for a specific wing cross section is found using
the Korn equation extended with simple sweep theory [57]:

MDD cos�0:5 �
Cl

10cos2�0:5

� t=c

cos�0:5

� �A (18)

where�0:5 is themidchord sweep angle and �A is theKorn factor. For
supercritical airfoils, �A � 0:95, and for conventional airfoils,
�A � 0:87. The validation of Eq. (18) is given in [57] for various
thickness ratios, lift coefficients, and airfoil types.

The presentwave-drag calculation procedure starts by dividing the
wing into strips, as in the friction-drag calculation. Each strip is
represented by its two-dimensional thickness ratio t=c, lift coeffi-
cientCl, and half-chord sweep�0:5. Then the drag divergence Mach
number is calculated using Eq. (18). Note that this calculation
includes the local lift coefficient, and thus the spanwise lift
distribution should be known a priori when making the wave-drag
estimate. Next, the local critical Mach number is found using
Eq. (17), and the cross-sectional wave-drag coefficient Cdw is found
using Eq. (15). Finally, the three-dimensional wave drag is calculated
using Eq. (16).

By summing the contributions of all the strips, the total wave drag
is found. The wave drag is calculated only for the wing. For a typical
fineness ratio of 8, the body critical Mach numberMcr is above 0.9
[51], and thus thewave drag due to bodies can be neglected. This puts
some constraints on the current model but still captures the main
compressibility effect for conventional lifting-surface-based
configurations. The following section provides validation for this
assumption for a fuselage atM� 0:8.

Note that Grasmeyer [58] used this method for prediction of the
Boeing 747 drag rise. The comparison shows good agreement, thus
validating the method. The following sections further validate this
model together with all other presented drag prediction models.

IV. Model Validation

Validation of the current model was achieved by comparing the
model predictions with three different wind-tunnel tests. The first
case is an experiment of a subsonic isolatedwing [14], the second is a
transonic swept-wing test [15], and the third is a wing/fuselage-
configuration wind-tunnel test [16]. All test configurations were
modeled using the current parametric geometry and then analyzed
using the drag estimation methods described above.

A. Subsonic Wing Case

A wind-tunnel test of an isolated, planar, elliptic wing was
conducted as part of a low induced-drag wing design work by Smith
[14]. The wing is characterized by 1.829 m span, 0:502 m2 area, and
anNACA0012 airfoil section. The test was conducted in a low-speed
wind tunnel at a Mach number of M � 0:18 and average chord
Reynolds number of Recavg � 1:12 
 106. Transition strips were

located at x=c� 0:15 of the chord. The wing is not twisted, and thus
the zero-lift drag represents only the friction-drag contribution.
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Although the wing is elliptic, the planform was modeled using
eight spanwise trapezoid sections connected through straight lines.
The induced- and friction-drag models were used to produce the
comparison, which is presented in Fig. 9. This figure contains the

drag polar, with a blowup of the zero-lift region. The agreement
between the test results and the drag estimation is good. The friction-
drag estimation can be examined by looking at the zero-lift drag
region. This shows a range of eight drag counts between the various
form-factor models. The test results were taken from Smith’s report
[14], and he reports an uncertainly of the test points of approximately
10 drag counts. Note that according to Smith’s report, there is an even
higher uncertainty due to the transition-strip drag.

The drag-coefficient values for higher lift coefficients CL agree
well with the test results; thus, the induced-drag model seems to
agree with the test trends. Using a constant two-dimensional curve-
lift slope of Cl� � 2�, the lift-curve (lift coefficient CL vs angle of
attack �) is presented in Fig. 10. This shows good agreement of the
three-dimensional curve-lift slope and further validates the induced-
drag model. Using a more accurate NACA-0012 two-dimensional
curve-lift slope (from [33]), Cl� � 5:88, improves the agreement
even more. Note that the two-dimensional curve-lift slope does not
affect the drag-polar calculation.
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Fig. 11 Tinling and Kolk’s [15] wing planform.
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B. Transonic Wing Case

The previous comparison was used to validate the induced- and
friction-drag models. Validation of the compressibility model
through the wave-drag model was done by comparing the model
results with transonic swept-wing wind-tunnel test data from Tinling
and Kolk [15]. Tinling and Kolk used six different wing models, all
having a 35 deg quarter-chord sweep. The current comparison uses
results for the wing of aspect ratio AR� 5 and symmetric 12%
thickness cross section, 651A012, shown in Fig. 11. The test was
conducted in a pressure wind tunnel at constant Reynolds number

Recavg � 12 
 106 (based on the average chord cavg � 0:355 m). The

wing does not include a transition trip; thus, the transition location
was found using TF� 0 and the curve defined in Fig. 5.

Figure 12 presents the wing total drag coefficientCD as a function
of Mach number M. This drag coefficient includes the induced,
friction, and wave drag. Examining the zero-lift drag at low subsonic
Mach numbers again validates the friction/form drag model. The

current drag model uses the Raymer form factor (6) and exhibits a
difference of less than 10 drag counts. In addition, the test results
were digitized directly from the NACA report with a tolerance of
about 10 drag counts, which is in the same order of magnitude of the
model prediction error.

According to the wave-drag model, Mach number increase causes
a drag increase. This trend is predictedwell in Fig. 12, thus validating
the drag divergence Mach MDD prediction: namely, Korn
equation (18). Tinling and Kolk’s [15] wing uses an NACA 6 series
airfoil, and thus the model used �A � 0:87. A higher value of �A
would have actually improved the comparison.

Figure 12 validates the induced-drag model as well. This is done
by comparing the drag coefficient CD at three different lift coeffi-
cients CL. Figure 13 presents the difference of the drag coefficient
between themodel and test results for different lift-coefficient values.
For zero-lift (CL � 0), good agreement is achieved up to M� 0:9
(�CD � 20 drag counts). As the lift coefficient increases, the
maximum Mach number that gives good agreement decreases. For
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CL � 0:2,�CD � 20 atM � 0:82, and for CL � 0:4,�CD � 20 at
M � 0:76

As mentioned before, the induced-drag model uses the two-
dimensional liftCl�. To correct the data for compressibility effects, a
simple Prandtl–Glauert correction for a swept wing is used:

Cl� �
2�����������������������������������

1 �M2cos2�0:25

p (19)

This way, although the Weissinger nonlinear lifting-line is incom-
pressible in nature, it can capture compressibility effects. This simple
compressibility correction is valid for the low transonic regime,
M > 0:7, as shown in Fig. 14.

Figure 14 shows the influence of Mach number on the three-
dimensional lift slope CL�. The compressibility effect is predicted
with good accuracy up to the critical Mach number; for higher Mach
numbers, the simple Prandtl–Glauert correction is not applicable.
Note that even though the lift-slope data and model prediction are in

poor agreement at high Mach numbers, the drag estimation exhibits
good results. In many situations (e.g., performance calculations), the
most important measure is the drag polar rather than the lift
characteristics. This implies that the current model can be used for
performance predictions in the transonic regime, although its lift
prediction capabilities at these conditions are somewhat poor.

C. Wing—Body Configuration Case

The first AIAADrag PredictionWorkshop (DPW) [5] followed by
the second [6] and third [7] DPWused a test case from [16] of awing/
fuselage configuration denoted as DLR-F4. This configuration was
tested in three different wind tunnels at three transonic Mach
numbers through a range of pitch angles �. The DLR-F4 config-
uration consists of a tapered swept wing and a typical transport-
shaped fuselage (Fig. 15). Thewing has an aspect ratio ofAR� 9:5,
leading-edge sweep angle of�LE � 27:1 deg, and dihedral angle of
4.8 deg. It is tapered, �� 0:3, twisted with tip washout of 2.8 deg,
and has asymmetric cross sections. The fuselage fineness ratio is
l=d� 8:0, based on maximum diameter. The current geometry
representation uses circular cross sections for the fuselage geometry;
thus, the superellipse sections use zero powers, mU �mL � nU�
nL � 0. The test was conducted at an average chord Reynolds
number of Recavg � 3 
 106 (cavg � 0:141 m) with the wing tripped

at x=c� 0:15 and the fuselage tripped at the nose.
Figure 16 shows the comparison of the isolated fuselage drag

coefficient for different pitch angles �. The drag prediction is based
only on the friction-drag model using different form factors.
Agreement of the friction model with the test results is good, even
though it does not take into consideration pitch angle or compress-
ibility effects. Thus, the drag coefficients presented in Fig. 16 are
constant. This is a reasonable approximation, demonstrating that the
dependencyof fuselage drag on pitch angle is small (�10 drag counts
for 5 deg of pitch angle). Note that the uncertainty of the test results is
10 drag counts. The fineness ratio of the body is 8.0, and thus the
range of drag prediction due to the different form factors is small (�5
drag counts).

The three-dimensional drag polar (CL vs CD) is presented in
Fig. 17 for three different Mach numbers. The current model
prediction uses Shevell’s wing form factor and Torenbeek’s body
form factor. The agreement of the results at low Mach number
implies that the wing friction-drag prediction is accurate. This is also
supported by the accurate prediction of the fuselage drag (Fig. 16).
The wing cross section (Fig. 15) features some supercritical
characteristics, and thus �A � 0:91 exhibits the best agreement rather
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than �A � 0:87. Further validation of the wave-drag prediction
is shown in Fig. 18, which presents the Mach number dependency
of the drag coefficient for different lift coefficients CL and Korn
factors �A. Again, the results prove that using �A � 0:91 gives good
agreement.

Figure 19 shows the drag breakdownof the �A � 0:91 polar,which
is also presented in Fig. 17. The drag breakdown contains the ideal
induced drag C2

L=�� � AR�; the actual induced drag CDi; the total
drag minus the wave drag, which represents the contribution of the
friction/form and interference drag, CD � CDw; and the total drag
CD. Note that the contribution of the interference drag is small.

The induced-dragmodel is validated through the trends of the drag
polars (Fig. 19) and the lift-curve slopes (Fig. 20). Note that Eq. (19)
is used for prediction of the two-dimensional lift-curve slopes Cl�,
and a two-dimensional zero-lift angle of 2.8 deg is used. In Fig. 19 a
representative scatter range of the CFD results from the DPW for
CL � 0 is shown [5]. This scatter range emphases the utility of the
current simplified method.

V. Conclusions

A comprehensive, simple, and rapid method for estimating the
drag of aircraft configurations is presented for use in transonic
conceptual design, which is especially well suited for MDO. The
method is used to estimate various configurations in the transonic
flow regime.

The drag estimation method uses a parametric geometry that
models the winglike surfaces and body entities separately. The wing
surfaces are modeled using a linear interpolation between
neighboring cross sections that are modeled using just the chord
and thickness-to-chord ratio. Note that the parametric geometry does
not include detailed cross-sectional shapes, but just the chord and
thickness ratio, which simplified the problem. Although the method
does not include detailed airfoil shapes, it is shown to provide a good
estimation of the three-dimensional drag polar, which is lessened at
high lift coefficients and high transonic Mach numbers.

Bodies are modeled using a similar method, except that the cross
section’s definition is done using superellipses. The main disad-
vantage of the suggested parametric geometry is the linear relation
between the different sections; thus,modeling a continuous planform
or fuselage is done by discretization using trapezoids. Nevertheless,
using this parametric geometry, one can accurately model elaborate
geometries simply with a small number of parameters.

The drag model uses different schemes for wings and bodies,
similar to the separation done by the parametric geometry. The drag

bookkeeping consists of four different components: induced,
friction/form, wave, and interference drag.

The induced drag is modeled using the Weissinger nonlinear
lifting-line method. The induced drag is found using simple vortex
systems that represent the lifting line and its wake. Using the
induced-velocity model and two-dimensional lift-coefficient data,
the lift and induced-drag distribution are found. Note that this model
can capture compressibility and viscosity effects through the cross
section’s lift data. This property was demonstrated using a simple
Prandtl-Glauert correction of the two-dimensional lift slope. Using
this correction, the three-dimensional lift slope is well predicted for
subcriticalMach numbers (M<Mcr). For higherMach numbers, the
agreement deteriorates. Nevertheless, the two-dimensional lift-curve
slope has a negligible effect on the three-dimensional drag polar. The
induced-drag model is not suitable for high angle of attack when
severe separation occurs. Some low stall angles can be estimated
using nonlinear two-dimensional lift data. The current paper does not
explore this possibility.

The friction-dragmodel is based on semi-empirical flat-plate skin-
friction models together with form-factor models. As with the
parametric geometry, the friction drag is calculated differently for
wings and bodies, using different form-factor models. A comparison
of several common form-factor models is presented, and it is shown
that the difference between these models is small, reaching, at most,
10 drag counts for average configurations. High-thickness-ratio
wings or low-fineness-ratio bodies show a higher difference.

The drag contribution of bodies is limited to the friction-drag
component alone. For the current method, body drag does not
include compressibility effects, pitch angles, or separation. It seems
that this might impose limitations on the model, but according to the
presented validation for streamlined fuselages, the influences of
compressibility, pitch angle, or separation are small.

Wave drag is predicted using Lock’s fourth-order law and theKorn
equation. Sensitivity to the Korn factor is high, and thus an accurate
value for this factor is important. The model is limited to transonic
speeds that are appropriate for transonic transports cruising near the
drag divergence Mach number, and it is accurate in this regime.

Interference drag is modeled using mixed CFD-based and empir-
ical models. There is a shortage of available interference models for
average-thickness-ratio wings. Still, the effect of interference drag
for wing/body configurations is small.

The present model can predict drag with good accuracy and
capture the main aerodynamic trends affecting the configuration
drag, validated through different data comparisons. Still, there are
several limitations to the present model that should be considered
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during its use. For example, themodel does not take into accountflow
separation, and thus it is not suitable for high-angle-of-attack
subsonic analysis. Thismeans that the currentmethod should be used
mainly in the conceptual-design phase or at later design stages as part
of amultifidelity drag estimationmethod, incorporating high-fidelity
methods (such as CFD) with the current efficient method.

Note that various aerodynamic influences are not taken into
account in the current scope, such as propulsion effects or high-lift
devices. These influences can be included in future versions of this
model.
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