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Fast Drag Prediction Method Using Euler Equations

E. Oktay*and C. O. Asma’
ROKETSAN, Missiles Industries, Inc., ElImadag, 06780 Ankara, Turkey

A technique to predict the aerodynamic drag from an Euler flow 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 flows are the focus, rather
than subsonic and transonic flows. The method cannot be applied to separated and vortical flows at a high angle of
attack. Present calculation technique is applied to three-dimensional supersonic flows around missile geometries.
The technique is applied to three different test cases for validation. The first test case is a conventional missile
geometry having a fineness ratio of 10 and rectangular fins. The second test case is another conventional missile
geometry having a fineness ratio of 16 and sweptback fins. The third test case is a missile geometry with a fineness
ratio of 13.06 and having cross-oriented sweptback tail fins and boattail afterbody. Drag coefficients predicted by
the present technique are compared with the experimental results obtained at different Mach numbers and angles

of attack.

Nomenclature

Cp = drag coefficient, 2D/ py, V2 Sier

= local skin-friction coefficient
» pressure coefficient
chord length, m
drag force, N
diameter, m
total energy per unit volume, J/m?
flux vector
aerodynamic force vector, N
axial missile length, m
characteristiclength, m
Mach number
surface normal unit vector
Prandtl number
pressure, Pa
vector of conservative variables
Reynolds number, pVI/pu
recovery factor
cross-sectional area, m>
Sutherland constant, K
temperature, K
thickness of the fin, m
velocity componentsin x, y, and z directions, m/s
velocity vector, m/s
volume, m?
Cartesian coordinates
angle of attack, deg
angle of side slip, deg
specific heats ratio
viscosity, N - s/m’
density, kg/m?
= shear stress, Pa
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Subscripts

BS base

e = edge of boundary-layer
FB forebody

FF far field

ref reference

w = wall
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Introduction

CCURATE prediction of aerodynamic drag of missiles has at-

tracted the attention of design engineers and aerodynamicists
for many years. Improvementin cruise and/or maneuvering perfor-
mance of missiles due to the drag reduction is still a high priority
challenge for missile design. Although wind-tunnel tests and flight
tests are unavoidablerequirementsfor obtaining the drag in the final
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 semiempirical component buildup methods and potential flow
solvers to the Euler and Navier-Stokes solvers. One of the popu-
lar computer codes, which use a semiempirical componentbuildup
method, is the Missile DATCOM code.! 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,> which is a panel code. In this code, viscous drag calculation
is based on the integration of skin friction on each panel. Limitation
of semiempirical methods in their applicability to complex missile
geometries and the deficiencies 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 fluid dynamics- (CFD-) based drag
prediction and analysis. In this technical review,? various drag pre-
diction techniques were 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-
figurations was not practical because of the time, speed and grid
resolution limitations.” Since then, significant progressin 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.*> 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
configuration.

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 model®’ is used. Empirical base drag is also included to
the drag calculations. The flow solver used in this study is a three-
dimensional unstructured Euler solver, USER3D.? This solver has
been validatedagainstexperimentaltestresults for various test cases
in previous work.>~!!

The present calculationtechniqueis applied to three-dimensional
flows around missile geometries at supersonic speeds. Three differ-
ent test cases are used for the validation of the present technique.
The first test case is a conventional missile geometry having a fine-
ness ratio of 10 and rectangular fins. The second test case is an-
other conventional missile geometry having a fineness ratio of 16
and sweptback fins. The third test case is a missile geometry with
a fineness ratio of 13.06 having cross-oriented sweptback tail fins
and a boattail afterbody. Drag coefficients obtained with the present
technique are compared to those of experimentalresults 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, excluding the base of the missile, which is obtained by a three-
dimensional unstructured Euler solver. Base drag is obtained from
an empirical formula, which will be given later. To find viscous
drag, skin friction that is calculated by the van Driest skin-friction
model®’ is integrated on the surface of the body. For skin-friction
calculations, triangular meshes on the body surface that are used for
the Euler solutions are assumed to be individual flat plates. Because
the effect of viscosity is added on the inviscid solution using the
simple flat plate boundary-layerassumptioninstead of a viscous so-
lution, separated and vorticity dominated flows cannot be handled
with this method.

Aerodynamic force acting on the body in a flow can be obtained
by integratingthe pressure over the closed control volume enclosing
the body. To simplify the calculations,the closed control volume can
be decomposed of three parts as: forebody, base, and the far field:

f=/ pwnds+/ pmnds+/ rwtds+/ p.nds (1)
FB FF FB BS

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

2 Sps
Ponds + / punds = ———— + fis 2)
\/I;F BS yMOZO Srcf

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

2§
f =/ pwih ds + / thds - > 28BS
FB FB Y M, Ster

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 defined in terms of a
nondimensionallocal skin-friction coefficient C

+ fas 3)

Tw = %Cfpoo Vo?; (4)

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

D = f.-cosa-cosf — f,-sinff + f,-sina-cosf  (5)

Calculation of Skin Friction

To obtain the local skin-friction coefficient given in Eq. (3) for
high-speed turbulent compressible flows around flat plates at zero
angle of attack, van Driest’s semianalytical method®” is used. The
skin-frictionmodels for laminar'? and turbulentflows are as follows.

For Re < 2540 (laminar),
C; =0.664(1/ VRe) (62)

and for Re > 2540 (turbulent),
0.242

CIHi(y - Dr2lm2p?

(sin”' k + sin”! &) =0.41

’Z-VW'
+logo(Re, - Cy) — f(m)logy, (T) (6b)
where
2A*-B B
K=—, o= (6¢)
(B2 +4A%)2 (B% +4A%)2

Iy —n/2m?

A2 =1+[(y—1)/2]M2_
T,/T,

TIT, 1 (6d)

s

In Eq. (6) f(n) is a function of the exponent n in the power
viscosity law p =const - 7" and depends on the law assumed
for the mixing length /. Thus, when the Prandtl mixing length
| =K -y isassumed, where y is the distance from the wall normal to
the flow, then f(n) =% + n; when the von Kdrmdn mixing length
[ =K (du/dy)/(d*u/dy?) is assumed, then f(n) =n. In the present
work, the von Kdrmdn mixinglengthis assumed,and f(n) =n =0.7
is used.!? The ratio of wall temperature to boundary-layeredge tem-
perature (7,,/T,) is obtained from the following recovery factor
definition'?:

Iw =T o pipn) (7)
r= = r
TOL)_TL)

For high-speed fluid flow, 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 (7,,/ T,) as
follows:

T,/T, =1+r[(y = 1)/2IM? ®)

The value of the recovery factor r varies from 0.85 for laminar
flow to 0.88 for turbulent flow.!? To calculate the local Reynolds
number Re; =pVI/u, values of velocity V and density p, as well
as the Mach number on the surface of the body, are obtained from the
Euler flow solver USER3D. Characteristiclength/ in the definition
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
fin. The viscosity u is calculated by Sutherland’s law as follows:

uluy = (T1T)I[(Ty + )/(T + 5)] ©)

where o =1.716 X107 N-s/m?, T, =273 K, and s =111 K for
air.1?
Equation (6b) is solved iteratively by use of the Newton-Raphson

method.

Calculation of Base Drag

Base drag calculations are 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 throughoutthe 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 fineness
ratio is greater than 5. 3) The Reynolds number based on missile
lengthis highenough(10°-10%) to ensure a turbulentboundarylayer
over most of the body length. 4) The body has no fins. These con-
ditions are not as restrictive as they appear. The base pressure is not
dependenton the body length when the body is long enoughto allow
the surface pressure to return to ambient pressure before it reaches
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the base. Despite the first and the fourth limitations the method can
be applied to finned bodies and bodies with boattail afterbody as
suggestedin Refs. 14 and 15 provided that proper corrective terms
are included in the formulation.

Flow Solver

An unstructured Euler solver, USER3D,? is used to calculate the
flowfield around the missile configurations. This code, which was
previously validated with experimental test results,~!! employs a
fully conservative, cell-centered, finite volume method applied to
the tetrahedral cells of the computational grid. Second-orderspatial
discretizationis based on Roe’s flux difference splitting method.!®
An m-stage Runge-Kutta time-stepping scheme!” 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 the code to enhancethe numericalaccuracy of the computations.
Inthis way, higher-orderaccuracyin spaceis obtainedevenin highly
stretched grids.

Governing Equations
The time-dependent Euler equations for an ideal compressible
fluid in the absence of external forces are given in integral form as

%/// de+// F(Q)-ndS =0 (10)
Q 20

where €2 represents the physical domain with a boundary 0€2. The
vectors Q and F are given by

p p 0

pu pu n,
0={{pvy, FQ)-n=V-n)y pv +pin, (11)

pw pw n,

e e+p 0

where n,, n, and n, are the Cartesian components of the exterior
surfaceunitnormaln on the boundary 0.Q2. Pressure can be expressed
as

p =@ = Dle=1p® +v* +wh] (12)

Boundary Conditions

A flow tangency condition was imposed on the walls and sym-
metry planes by setting the velocities on 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-centered values.

Characteristic boundary conditions were applied to the far-field
boundary for each computation using the fixed and extrapolated
Riemann invariants corresponding to the incoming and outgoing
waves. The incoming Riemann invariant is determined from the
freestream flow, and the outgoing invariantis extrapolated from the
interior domain. The invariants are used to determine the locally
normal velocity component and speed of sound. At the outflow

boundary, the two tangential velocity components and the entropy
were extrapolated from the interior, whereas at the inflow bound-
ary, they were specified as having the far-field values. These five
quantities provide a complete definition of the flow in the far field.

Grid Generation

The unstructured grids used for the Euler computations were gen-
erated using -DEAS™. Although this tool is not very convenient
for generating grids suitable for the present CFD studies, various
control features of the code are used until an appropriate grid distri-
butionis achieved. One of the basic advantages of using this tool for
grid generation lies in that the geometry comes directly from this
design package. Thus, any major modification 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.Ithas a 3.5-caliberforebody with an ogive nose followed by
a cylindricalbody and four straighttail fins with aspectratio of 0.15.
The fineness ratio of the body is 10. Cross sections of fins are of
modified-wedge type with a constantthicknessratioof /¢ =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 coefficient is
performed at a freestream Reynolds number per length of
9.84 X 10° m™!. 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 variation of base drag, forebody drag,
and total drag coefficients with Mach number M and also com-
pares the computational drag results with the experimental data.!®
Cross-sectional body area is used as the reference area. Observe
that the computational total drag results are in good agreement with
the experimental values. The computational total drag results over-
estimate the experimental values for smaller Mach numbers. The
accuracy of the results increases with increasing Mach 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
geometryis a tangentogive with a 3-caliber forebody followed by a
cylindrical body and four straight tail fins with an aspect ratio of 1.
The tail fins have a wedge cross section and a constant thickness
ratioof 7/ ¢ =0.07 at the midchord along the span. The leadingedges
of fins have a sweep angle of 33.69 deg. The fineness ratio of the
overall geometry is 16.

Figure 4 shows the unstructured Euler 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 X 10 m~!. Turbu-
lence is maintained throughout the experiments by boundary-layer
trips. Therefore, all calculations are performed using a turbulent
skin-frictionmodel. Comparisonof experimentaland computational
Cp values is given in Table 1. Figure 5 presents the variation of
drag coefficient Cp with angle of attack o at constant Mach 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 increasingangle of attack are believed to be due to the unsolved
viscosity effects, which become more dominant at high angles of
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Fig. 3 Variation of total and base drag coefficients for NASA X-1839
geometry.

Table1 Cp for ONERA body-tail geometry

a, deg Cp, exp Cp, 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
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Mesh on the symmetry plane

Surface mesh on the geometry

Fig. 4 Mesh for ONERA body-tail geometry.
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Fig. 5 Variation of the drag coefficient 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-degroll orientationand its boattail-shapedafterbody.
The details of this geometry are given in Ref. 19. The body has a
finenessratio 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 fins with aspectratio of 0.418. Fins have wedge-type
cross section and a constant thickness ratio of /¢ =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 fins.
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Fig. 7 Variation of the drag coefficient for NASA X-2774 geometry
with T9 fins.

are performed at a freestream Mach number of M =2.86 and at
different angles of attack ranging from O to 20 deg. The calcula-
tions are performed at a freestream Reynolds number per length
of 8.24 X 10° m™!. 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 coefficient C, with angle of attack o at constant Mach number
M =2.86 is indicated in Fig. 7. The results of the present tech-
nique are also compared with those of experimentsin 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 fins
does not have a significant 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 solutions at high angles of attack. Comparison
of the base drag could not be made due to lack of experimental data.

Conclusions

An approach to predict aerodynamic drag coefficient 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 flow equations.

Compared to a Navier-Stokes solution, very significant 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 fine
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 (prediction of one coefficient takes 15 min in
SGI ORIGIN-2000 parallel computer with 8 processorsfor 200,000
cells). This technique with a powerful CAD and grid generationtool
will speed up the preliminary design phase of a missile a consider-
able amount.

The three test cases used for the validationof the presentapproach
to predictdrag coefficient at supersonic speeds 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 flight conditions.

As an overall evaluation, it can be said that the current approach
seems to be quite successful in predicting the drag coefficient for
conventional missile 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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