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Fast Drag Prediction Method Using Euler Equations
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A technique to predict the aerodynamic drag from an Euler � ow solution is discussed. The method is based
on integration of pressure and skin friction on the surface of the body. For the skin-friction calculation, the van
Driest skin-friction model is used. Empirical base drag is also included to the drag calculations. Flow solutions
are obtained by an unstructured three-dimensional Euler solver. Supersonic attached � ows are the focus, rather
than subsonic and transonic � ows. The method cannot be applied to separated and vortical � ows at a high angle of
attack. Present calculation technique is applied to three-dimensional supersonic � ows around missile geometries.
The technique is applied to three different test cases for validation. The � rst test case is a conventional missile
geometry having a � neness ratio of 10 and rectangular � ns. The second test case is another conventional missile
geometry having a � neness ratio of 16 and sweptback � ns. The third test case is a missile geometry with a � neness
ratio of 13.06 and having cross-oriented sweptback tail � ns and boattail afterbody. Drag coef� cients predicted by
the present technique are compared with the experimental results obtained at different Mach numbers and angles
of attack.

Nomenclature
CD = drag coef� cient, 2D / q 1 V 2

1 Sref

C f = local skin-friction coef� cient
C p = pressure coef� cient
c = chord length, m
D = drag force, N
d = diameter, m
e = total energy per unit volume, J/m3

F = � ux vector
f = aerodynamic force vector, N
L = axial missile length, m
l = characteristic length, m
M = Mach number
n = surface normal unit vector
Pr = Prandtl number
p = pressure, Pa
Q = vector of conservativevariables
Re = Reynolds number, q V l / l
r = recovery factor
S = cross-sectionalarea, m2

s = Sutherland constant, K
T = temperature, K
t = thickness of the � n, m
u, v, w = velocity components in x , y, and z directions,m/s
V = velocity vector, m/s
V = volume, m3

x , y, z = Cartesian coordinates
a = angle of attack, deg
b = angle of side slip, deg
c = speci� c heats ratio
l = viscosity, N¢ s/m2

q = density, kg/m3

s = shear stress, Pa

Subscripts

BS = base
e = edge of boundary-layer
FB = forebody
FF = far � eld
ref = reference
w = wall
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x , y, z = Cartesian components
0 = stagnation value
1 = far � eld

Introduction

A CCURATE predictionof aerodynamicdrag of missiles has at-
tracted the attention of design engineers and aerodynamicists

for many years. Improvement in cruise and/or maneuveringperfor-
mance of missiles due to the drag reduction is still a high priority
challenge for missile design. Although wind-tunnel tests and � ight
tests are unavoidablerequirementsfor obtaining the drag in the � nal
phase of a missile design, fast prediction methods are preferred by
designers during the conceptual and preliminary phases.

There are many methods to predict aerodynamic drag, ranging
from semiempiricalcomponentbuildup methods and potential � ow
solvers to the Euler and Navier–Stokes solvers. One of the popu-
lar computer codes, which use a semiempirical component buildup
method, is the Missile DATCOM code.1 In this code, preliminary
body plus interference wave drag data are computed by means of
transfer rule method. Skin-friction estimation is also included in
the calculations.Another computer code, which is commonly used
during the preliminary design phase of the missile, is the SHABP
code,2 which is a panel code. In this code, viscous drag calculation
is based on the integrationof skin frictionon each panel. Limitation
of semiempirical methods in their applicability to complex missile
geometries and the de� ciencies of panel methods have forced aero-
dynamicists to use other methods, that is, full potential Euler and
Navier–Stokes solvers, to predict the aerodynamic drag.

In 1988, the AGARD Fluid Dynamics Panel held a technical sta-
tus review on computational � uid dynamics- (CFD-) based drag
prediction and analysis. In this technical review,3 various drag pre-
diction techniqueswere discussed.Although one of the main issues
of this study was to point out the important role of various CFD
techniques in the prediction of drag, it was stated that “accurate
and consistent computation of drag through CFD for complex con-
� gurations was not practical because of the time, speed and grid
resolutionlimitations.”Since then, signi� cant progress in computer
technology,numerical techniques,CAD, and mesh generation tools
has beenmade, and in particularduring the lastdecade,Euler solvers
have become an important reference tool for drag calculations.Re-
cently, van Dam et al.4,5 used an Euler method to predict drag at
subsonic and transonic speeds. Their method, which decomposes
the total drag into induced and wave drags, is based on the appli-
cation of the momentum theorem to a control surface enclosing the
con� guration.

In the current work, a method that is based on the integration
of the pressure and skin-friction distribution on the surface of the
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body is used. For the skin-friction calculation, the van Driest skin-
friction model6,7 is used. Empirical base drag is also included to
the drag calculations.The � ow solver used in this study is a three-
dimensional unstructured Euler solver, USER3D.8 This solver has
beenvalidatedagainstexperimentaltest results for various test cases
in previous work.9 ¡ 11

The present calculationtechniqueis applied to three-dimensional
� ows around missile geometries at supersonic speeds.Three differ-
ent test cases are used for the validation of the present technique.
The � rst test case is a conventionalmissile geometry having a � ne-
ness ratio of 10 and rectangular � ns. The second test case is an-
other conventional missile geometry having a � neness ratio of 16
and sweptback � ns. The third test case is a missile geometry with
a � neness ratio of 13.06 having cross-oriented sweptback tail � ns
and a boattail afterbody.Drag coef� cients obtainedwith the present
technique are compared to those of experimental results at different
Mach numbers and angles of attack.

Drag-Calculation Methodology
In the present method, total drag is divided into three parts; pres-

sure fore drag, base drag, and viscous drag. Pressure fore drag is
calculated by integrating the pressure distribution on the body sur-
face, excludingthe base of the missile, which is obtainedby a three-
dimensional unstructured Euler solver. Base drag is obtained from
an empirical formula, which will be given later. To � nd viscous
drag, skin friction that is calculated by the van Driest skin-friction
model6,7 is integrated on the surface of the body. For skin-friction
calculations,triangularmeshes on the body surface that are used for
the Euler solutionsare assumed to be individual� at plates. Because
the effect of viscosity is added on the inviscid solution using the
simple � at plate boundary-layerassumption instead of a viscous so-
lution, separated and vorticity dominated � ows cannot be handled
with this method.

Aerodynamic force acting on the body in a � ow can be obtained
by integratingthe pressureover the closed controlvolumeenclosing
the body.To simplify thecalculations,theclosedcontrolvolumecan
be decomposed of three parts as: forebody, base, and the far � eld:

f =
FB

pw n ds +
FF

p1 n ds +
FB

s w t ds +
BS

pw n ds (1)

To include the base drag, integration of the pressure over the far
� eld and on the base in Eq. (1) can be replaced by

FF

p1 n ds +
BS

pw n ds = ¡
2

c M 2
1

SBS

Sref

+ fBS (2)

By using Eq. (2), we can arrange Eq. (1) in the following form:

f =
FB

pw n ds +
FB

s w t ds ¡
2

c M2
1

SBS

Sref

+ fBS (3)

where in Eq. (3) force on the base of the body is to be obtained by
an empirical relation, which will be discussed later.

The surface friction stress in Eq. (3) is de� ned in terms of a
nondimensional local skin-friction coef� cient C f

s w = 1
2
C f q 1 V 2

1 (4)

Using the force components de� ned in Eq. (3), drag force can be
calculated as follows:

D = fx ¢ cos a ¢ cos b ¡ f y ¢ sin b + fz ¢ sin a ¢ cos b (5)

Calculation of Skin Friction
To obtain the local skin-friction coef� cient given in Eq. (3) for

high-speed turbulent compressible � ows around � at plates at zero
angle of attack, van Driest’s semianalytical method6,7 is used. The
skin-frictionmodels for laminar12 and turbulent� ows are as follows.

For Re < 2540 (laminar),

C f = 0.664 1
p

Re (6a)

and for Re > 2540 (turbulent),

0.242

C
1
2
f {[( c ¡ 1) /2]M2}

1
2

(sin ¡ 1 j + sin ¡ 1 r ) = 0.41

+ log10(Rex ¢ C f ) ¡ f (n)log10

Tw

Te

(6b)

where

j =
2A2 ¡ B

(B2 + 4A2)
1
2

, r =
B

(B2 + 4A2)
1
2

(6c)

A2 =
[( c ¡ 1) / 2]M 2

Tw / Te
, B =

1 + [( c ¡ 1) / 2]M 2

Tw / Te
¡ 1 (6d)

In Eq. (6) f (n) is a function of the exponent n in the power
viscosity law l = const ¢ T n and depends on the law assumed
for the mixing length l. Thus, when the Prandtl mixing length
l = K ¢ y is assumed, where y is the distance from the wall normal to
the � ow, then f (n) = 1

2
+ n; when the von Kármán mixing length

l = K (du /dy) / (d2u / dy2) is assumed, then f (n) = n. In the present
work, thevonKármánmixinglengthis assumed,and f (n) = n = 0.7
is used.12 The ratio of wall temperature to boundary-layeredge tem-
perature (Tw / Te) is obtained from the following recovery factor
de� nition12:

r =
Taw ¡ Te

T0e ¡ Te
¼ f (Pr) (7)

For high-speed � uid � ow, the wall is assumed to be insulated
and therefore adiabatic wall temperature may be used for the wall
temperature. Thus, by using Eq. (7), we can calculate (Tw / Te) as
follows:

Tw / Te = 1 + r[( c ¡ 1) /2]M2 (8)

The value of the recovery factor r varies from 0.85 for laminar
� ow to 0.88 for turbulent � ow.12 To calculate the local Reynolds
number Rel = q Vl / l , values of velocity V and density q , as well
as the Mach numberon the surfaceof the body, areobtainedfrom the
Euler � ow solver USER3D. Characteristic length l in the de� nition
of Reynolds number is set to be the distance from the center of the
surface mesh to the nose of the body or to the leading edge of the
� n. The viscosity l is calculated by Sutherland’s law as follows:

l / l 0 = (T / T0)
3
2 [(T0 + s) / (T + s)] (9)

where l 0 =1.716 £ 10 ¡ 5 N¢ s/m2, T0 =273 K, and s =111 K for
air.12

Equation (6b) is solved iterativelyby use of the Newton–Raphson
method.

Calculation of Base Drag
Base drag calculationsare based on the empirical method as sug-

gested by Refs. 13 and 14. In this method, the axial force acting
on the base is obtained by integrating the experimentally obtained
base pressure, which is assumed to be uniform throughout the base.
Figure 1 gives the base pressure variation as a function of Mach
number for a basic body shape with the following limitations: 1)
The body is axisymmetric, with zero boattail angle. 2) The � neness
ratio is greater than 5. 3) The Reynolds number based on missile
length is high enough(106 –108) to ensurea turbulentboundarylayer
over most of the body length. 4) The body has no � ns. These con-
ditions are not as restrictiveas they appear. The base pressure is not
dependenton the body lengthwhen the body is long enoughto allow
the surface pressure to return to ambient pressure before it reaches
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Fig. 1 Variation of the
pressure coef� cient at the
base.13

the base. Despite the � rst and the fourth limitations the method can
be applied to � nned bodies and bodies with boattail afterbody as
suggested in Refs. 14 and 15 provided that proper corrective terms
are included in the formulation.

Flow Solver
An unstructuredEuler solver, USER3D,8 is used to calculate the

� ow� eld around the missile con� gurations. This code, which was
previously validated with experimental test results,9 ¡ 11 employs a
fully conservative, cell-centered, � nite volume method applied to
the tetrahedral cells of the computationalgrid. Second-orderspatial
discretization is based on Roe’s � ux difference splitting method.16

An m-stage Runge–Kutta time-stepping scheme17 is used for time
integration. Local time stepping and implicit residual smoothing
accelerate convergence to steady state.

Higher-order interpolation and reconstruction schemes together
with a total variation diminishing limiter scheme are incorporated
into thecode to enhancethenumericalaccuracyof thecomputations.
In thisway, higher-orderaccuracyin space is obtainedeven in highly
stretched grids.

Governing Equations
The time-dependent Euler equations for an ideal compressible

� uid in the absence of external forces are given in integral form as

@

@t
X

Q dV +

@X

F(Q) ¢ n dS = 0 (10)

where X represents the physical domain with a boundary @X . The
vectors Q and F are given by

Q =

q

q u

q v

q w

e

, F(Q) ¢ n = (V ¢ n)

q

q u

q v

q w

e + p

+ p

0

nx

n y

nz

0

(11)

where nx , n y , and nz are the Cartesian components of the exterior
surfaceunitnormaln on theboundary@X . Pressurecanbe expressed
as

p = ( c ¡ 1) e ¡ 1
2
q (u2 + v2 + w 2) (12)

Boundary Conditions
A � ow tangency condition was imposed on the walls and sym-

metry planes by setting the velocitieson the boundary faces to their
cell-center values and then subtracting the component normal to
the solid surface. Density and pressure boundary conditions were
simply set to the cell-centeredvalues.

Characteristic boundary conditions were applied to the far-� eld
boundary for each computation using the � xed and extrapolated
Riemann invariants corresponding to the incoming and outgoing
waves. The incoming Riemann invariant is determined from the
freestream� ow, and the outgoing invariant is extrapolatedfrom the
interior domain. The invariants are used to determine the locally
normal velocity component and speed of sound. At the out� ow

boundary, the two tangential velocity components and the entropy
were extrapolated from the interior, whereas at the in� ow bound-
ary, they were speci� ed as having the far-� eld values. These � ve
quantities provide a complete de� nition of the � ow in the far � eld.

Grid Generation
The unstructuredgridsused for the Euler computationswere gen-

erated using I-DEASTM . Although this tool is not very convenient
for generating grids suitable for the present CFD studies, various
control featuresof the code are used until an appropriategrid distri-
bution is achieved.One of the basic advantagesof using this tool for
grid generation lies in that the geometry comes directly from this
design package. Thus, any major modi� cation made to the external
geometry of the missile is passed directly to the CFD analysis.

Results and Discussion
Test Case 1: NASA X-1839 Geometry

The details of the geometry used for this test case are given in
Ref. 18. It has a 3.5-caliberforebodywith an ogivenose followedby
a cylindricalbodyand four straight tail � ns with aspect ratio of 0.15.
The � neness ratio of the body is 10. Cross sections of � ns are of
modi� ed-wedge type with a constantthicknessratio of t / c = 0.0144
with 10-deg bevelled leading and trailing edges.

The unstructured Euler grid generated for this geometry with
315,286 tetrahedral cells with 58,518 nodes and 18,400 boundary
faces for the half-body is given in Fig. 2. All of the Euler compu-
tations are performed at zero angle of attack and at Mach numbers
ranging from M =2 to 4.

Mesh on the symmetry plane

Surface mesh on the geometry

Fig. 2 Mesh for NASA X1839 geometry.
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The present approach for predicting the drag coef� cient is
performed at a freestream Reynolds number per length of
9.84 £ 106 m ¡ 1. Turbulence is maintained throughout the experi-
ments by boundary-layer trips. Therefore, all calculations are per-
formed using a turbulent skin-friction model. The aim of this test
case is to see the effect of Mach number on the results of the present
technique.Figure 3 shows the variationof base drag, forebodydrag,
and total drag coef� cients with Mach number M and also com-
pares the computational drag results with the experimental data.18

Cross-sectional body area is used as the reference area. Observe
that the computationaltotal drag results are in good agreementwith
the experimental values. The computational total drag results over-
estimate the experimental values for smaller Mach numbers. The
accuracyof the results increaseswith increasingMach number.The
discrepancies observed between the computational and the exper-
imental results at low Mach numbers can be attributed to viscous
effects becoming more dominant at low speeds, as discussed in the
methodology section.

Test Case 2: ONERA Body–Tail Geometry
The second test case is another conventional missile geometry

whose details are given in Refs. 9–11. The nose section of this
geometry is a tangent ogive with a 3-caliber forebodyfollowed by a
cylindrical body and four straight tail � ns with an aspect ratio of 1.
The tail � ns have a wedge cross section and a constant thickness
ratio of t / c =0.07at themidchordalongthe span.The leadingedges
of � ns have a sweep angle of 33.69 deg. The � neness ratio of the
overall geometry is 16.

Figure 4 shows the unstructuredEuler grid generated for this ge-
ometry with 297,164 cells with 54,029 nodes and 17,602 boundary
faces for the half-body.All of the Euler computationsare performed
at a freestream Mach number of M = 2.0 and at different angles of
attack ranging from 1 to 20 deg. Calculations are performed at a
freestream Reynolds number per length of 0.7 £ 106 m ¡ 1 . Turbu-
lence is maintained throughout the experiments by boundary-layer
trips. Therefore, all calculations are performed using a turbulent
skin-frictionmodel.Comparisonof experimentalandcomputational
CD values is given in Table 1. Figure 5 presents the variation of
drag coef� cientCD with angle of attack a at constantMach number
M = 2.0 and also compares the present results with the experimen-
tal data. Cross-sectional body area is used as the reference area.
The results of the computation are in very good agreement with the
experimental results up to 15-deg angle of attack and in fairly good
agreement up to 20-deg angle of attack. The increasing deviations
with increasingangleof attack are believedto be due to the unsolved
viscosity effects, which become more dominant at high angles of

Fig. 3 Variation of total and base drag coef� cients for NASA X-1839
geometry.

Table 1 CD for ONERA body–tail geometry

a , deg CD , exp CD , computation

1 0.3132 0.3047
5 0.3967 0.3932
10 0.6935 0.6962
15 1.2864 1.3130
20 2.3427 2.5449

Mesh on the symmetry plane

Surface mesh on the geometry

Fig. 4 Mesh for ONERA body–tail geometry.

Fig. 5 Variation of the drag coef� cient for ONERA body–tail
geometry.
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attack as discussed in the methodology section. Comparison of the
base drag could not be made due to lack of experimental data.

Test Case 3: NASA X-2774 Geometry
The third test case is different from the other two test cases in

terms of its 45-deg roll orientationand its boattail-shapedafterbody.
The details of this geometry are given in Ref. 19. The body has a
� neness ratio of 13.06 and consists of a 3-calibernose, a cylindrical
afterbody,and a 4-deg boattail afterbody.The geometry is provided
with four tail � ns with aspect ratio of 0.418. Fins have wedge-type
cross section and a constant thickness ratio of t / c =0.07 at the
midchord along the span.

The unstructured Euler grid generated for this geometry with
225,600 cells with 43,482 nodes and 20,308 boundary faces for
the half-body is given in Fig. 6. All of the Euler computations

Mesh on the symmetry plane

Surface mesh on the geometry

Fig. 6 Mesh for NASA X-2774 geometry with T9 � ns.

Fig. 7 Variation of the drag coef� cient for NASA X-2774 geometry
with T9 � ns.

are performed at a freestream Mach number of M = 2.86 and at
different angles of attack ranging from 0 to 20 deg. The calcula-
tions are performed at a freestream Reynolds number per length
of 8.24 £ 106 m ¡ 1 . Turbulence is maintained throughout the ex-
periments by boundary-layer trips. Therefore, all calculations are
performed using a turbulent skin-friction model. The variation of
drag coef� cient CD with angle of attack a at constantMach number
M = 2.86 is indicated in Fig. 7. The results of the present tech-
nique are also comparedwith those of experiments in Fig. 7. Cross-
sectional body area is used as the reference area. It is observed that
all of the computational results up to 15-deg angle of attack are in
good agreement with the experimental data and are in fairly good
agreement up to 20-deg angle of attack, as in the second test case.
This similarity indicates that the 45-deg orientation of the tail � ns
does not have a signi� cant effect on the technique applied. It is
also seen that the computational results have not deviated due to
the presence of boattail afterbody, although a relatively simple base
drag model is used. The solutions are observed to deviate from the
experimental data with increasing angle of attack, due to the inher-
ent behaviorof Euler solutionsat high angles of attack. Comparison
of the base drag could not be made due to lack of experimentaldata.

Conclusions
An approach to predict aerodynamic drag coef� cient for missile

geometries based on addition of friction drag and base drag on an
Euler solution is discussed. Quite accurate results can be obtained
with this technique without solving the viscous � ow equations.

Compared to a Navier–Stokes solution, very signi� cant reduc-
tion in computational time is observed because the method does
not involve any differential equations for viscosity terms. Results
can be obtained within seconds (less than 1 min even for a � ne
mesh with a single processor of the SGI ORIGIN 2000 computer)
once the Euler solution is available. The drag prediction speed of
the present method depends on the speed of the Euler solver used.
The unstructured Euler solver, USER3D, used in the current work
is a fast upwind solver (predictionof one coef� cient takes 15 min in
SGI ORIGIN-2000 parallel computer with 8 processorsfor 200,000
cells). This techniquewith a powerfulCAD and grid generationtool
will speed up the preliminary design phase of a missile a consider-
able amount.

The three test casesused for the validationof thepresentapproach
to predictdrag coef� cient at supersonicspeeds give quite promising
results. The test cases are chosen so that the effects of different
geometrical considerations,Mach number, and angle of attack can
be observed on the results of the present technique. It is observed
that the present method can be applied to different geometries at
various � ight conditions.

As an overall evaluation, it can be said that the current approach
seems to be quite successful in predicting the drag coef� cient for
conventionalmissile geometries at supersonic speeds and at low to
moderate angles of attack. The accuracy of the results and the high
speed of the computations are the factors that make the technique
a very attractive and a reliable tool that can be used during the
preliminary design phases.
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