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Euler and Navier–Stokes Solutions for Missiles
at High Angles of Attack

E. Oktay,¤ N. Alemdaro Æglu,† and E. Tarhan‡

ROKETSAN, Missiles Industries, Inc., 06780 Ankara, Turkey
and

P. Champigny§ and P. d’Espiney¶

ONERA, F-92322 Chatillon CEDEX, France

An unstructured Euler � ow solver and a structured thin-layer Navier–Stokes solver are validated against experi-
mental data and compared with other solvers for two different missile geometries at a Mach number of M = 2 and at
angles of attack ranging between 0 and 20 deg. The � rst geometry is a conventional missile geometry with an ogive
nose, a cylindrical body, and four straight tail � ns. The second geometry is an unconventional missile geometry
with a lenticular body and no tail � ns. Present results are found to be in good agreement with the available results,
and the differences observed between them are explained in detail. The present unstructured Euler code proved
to be accurate, fast, and reliable for determining the overall aerodynamic characteristics of the missiles, whereas
the thin-layer Navier–Stokes solutions are found to be effective in predicting the detailed viscous behavior of the
� ow� eld over the conventional and unconventional missile geometries studied.

Nomenclature
Cm = pitch moment coef� cient
CN = normal force coef� cient
C p = pressure coef� cient
c = chord length of the � n
D = missile diameter
e = total energy per unit volume
f , g, h = inviscid � ux vectors in transformed coordinates
h = exposed half span of the � n
L = axial missile length
M1 = freestream Mach number
n = surface normal unit vector
p = pressure
Q = vector of conservativevariables
ReD = Reynolds number based on the diameter D, V1 D/ m 1
ReL = Reynolds number based on the length L , V1 L / m 1
S = cross-sectionalarea
s = viscous � ux vector
t = thickness of the � n
t = time
u, v, w = velocity components in x , y, and z directions
X cp = x location of the center of pressure
x , y, z = axial, lateral, and vertical coordinates
Ycp = y location of the center of pressure
a = angle of attack
c = ratio of speci� c heats
n , g , f = transformed coordinates
q = density
t = dimensionless time

Subscript

x , y, z = Cartesian components
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Introduction

C OMPUTATIONAL � uid dynamics (CFD) has become a very
important and effective design tool in aerodynamics research.

Besides reducing the time required for expensive wind-tunnel test-
ing, CFD can provide additional insight to the analysis and design
of aerodynamic vehicles. Today CFD has become a standard and
an inevitabledesign tool for the aerodynamicist.Although the com-
putational time increases with the geometrical complexity of the
vehicle, it is still much less expensive to obtain solutions by CFD
methods as compared to experimental work. One of the important
applications of CFD is de� nitely the design of missiles.

An unstructured three-dimensional Euler solver,1,2 USER3D, is
developed and used extensively as a design tool for predicting as
well as for improvingtheperformancesofmissiles.The reliabilityof
any kind of � ight simulation for missiles depends on the accuracies
with which the aerodynamic coef� cients of the complex missile
geometriesarepredicted.Hence,the resultsofCFD predictionsmust
be carefully tuned and validated against available experimentaldata
such that they can be applied without any ambiguity and questions.
The starting point of this research was to validate the USER3D and
thin-layer Navier–Stokes (TLNS) codes against experimental data
and other available CFD codes. In particular, these codes will be
validated for applicationsat high Mach numbers and at high angles
of attack.

Schiff and Steger3 solved supersonic high-incidence turbulent
� ow using a parabolized Navier–Stokes method and a modi� ed
Baldwin–Lomax turbulencemodel.4 Schiff et al. also applieda time-
marching TLNS code to compute laminar and turbulent � ow over
bodies at large angles of attack.5 Physical aspects governing accu-
rate numerical simulation of turbulent � ows over bodies at large
incidence are also reexamined in Ref. 6.

In the current work, two different missile geometries are stud-
ied at high angles of attack. The � rst one is a conventional missile
geometry with an ogive nose, a cylindrical body, and four straight
tail � ns on which experimental studies were performed previously
at ONERA (Champigny, private communication,March 1996). The
second one is an unconventionalmissile geometry with a lenticular
body shape and no tail � ns. This geometry was previously investi-
gated by d’Espiney,7 using different computationalmethods such as
a panel method and a semi-empirical method, as well as ONERA’s
Euler code. Reference 7 also details the experimental investigations
performedon this geometryand compares the computationalresults
with experimental data. Further computations on the same geome-
try using the thin-layer and space-marchingNavier–Stokes solvers
are performed, and the results were compared with the Euler and
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experimental results.8 Further studies on the same geometry using
the three-dimensionallaminar and two-dimensional turbulent com-
putations with the Navier–Stokes solver called FLU3M are also
given by Jouet and d’Espiney.9 The details of the experiments car-
ried out at ONERA on this model are also reported.10

The results of the Euler computations that will be given in this
paper were previously presented in detail.2 Although the main em-
phasis here will be mostly on the computations performed by the
TLNS solver, the sameEuler computationswill also be presentedfor
the sake of completeness of the discussions. All of the Euler com-
putationsare performedat a freestreamMach number of M1 D 2.0
and at different angles of attack a , 0 deg · a · 20 deg. On the other
hand, TLNS computations are presented only for some selected
cases: for the conventionalmissile geometry M D 2.0, a D 5 and
10 deg, and for the lenticular body, M D 2.0, a D 10 deg. The
computational results obtained by USER3D and TLNS for each of
the test cases are compared with each other, as well as with the
computational results of FLU3M.7¡9 All of these results are then
compared with the experimental results of ONERA. In general, it
is observed that the predictions of the unstructured Euler and the
TLNS codes are in good agreementwith both the numerical and the
experimental results of ONERA.

USER3D Flow Solver
The unstructured Euler � ow solver USER3D that is used in this

study was developed at ROKETSAN, and details about the code
are given in Refs. 1 and 2. This code employs a fully conserva-
tive, cell-centered, � nite volume method applied to the tetrahedral
cells of the computational grid. Second-order spatial discretization
is based on Roe’s � ux difference splitting method.11 An m-stage
Runge–Kutta time-stepping scheme12 is used for time integration.
Local time steppingand implicit residualsmoothingacceleratecon-
vergence 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
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where nx , n y , and nz are the Cartesian components of the exterior
surfaceunitnormaln on theboundary ¶ \ . Pressurecanbe expressed
as

p D ( c ¡ 1) e ¡ 1
2
q (u2 C v2 C w2) (3)

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 extrapolated from the
interior domain. The invariants are used to determine the locally
normal velocity component and the 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.

TLNS Flow Solver
The three-dimensional structured TLNS solver that was used in

this study is a multiblock � nite difference � ow solver with second-
orderaccuracyin spaceand time.This codeuses the implicitapprox-
imate factorization algorithm of Beam and Warming13 and a diag-
onalization procedure with similarity transformation suggested by
Pulliam and Chaussee.14 An alternating direction implicit method
with lower and upper bidiagonalization is applied in the matrix
solution. This � ow solver is also capable of using variable time
stepping for faster convergence to steady-state solutions. The dis-
sipation model includes fourth-order explicit and second-order im-
plicit smoothing terms (see Ref. 15 for further details). The original
Baldwin–Lomax turbulencemodel is incorporatedinto the code for
turbulent � ow calculations.

Governing Equations
For theTLNS equations,theviscouseffectsin thedirectionsalong

the solid boundary are neglected compared with those in normal
direction to the solid boundary. Because of this assumption, the
TLNS equations can be expressed in the generalized curvilinear
coordinates (n , g , f ) as
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The details of the formulation can be found in Ref. 15.

Boundary Conditions
Adiabatic walls and no-slip boundary conditionsare imposed for

solid boundaries. Pressure is obtained from the normal momentum
equation, and the energy is updated by using the wall pressure. For
supersonic in� ow, the � ow variables are taken from the freestream
values, and for supersonic out�ow, the � ow variables are extrapo-
lated from the computational domain. A three-point linear interpo-
lation technique is used for matching the surface conditions in the
multiblock cases.

Grid Generation
The unstructuredgridsused for the Euler computationswere gen-

erated using I-DEASTM . Although this tool is not very convenient
for generatinggrids suitable for our present studies, various control
features of the code are used until an appropriate grid distribution
is achieved. One of the basic advantages of using this tool for grid
generation lies in that the geometry directly comes from this de-
sign package. Thus, any major modi� cation made to the external
geometry of the missile is passed directly to the CFD analysis. To
get nearly the same grid distribution as in the ONERA studies, an-
other in-house grid generation code was used. Although this is a
structured grid generation code, it has the capability of generating
structured tetrahedral grids with appropriate grid interconnectivity
suitable for interfacing with the USER3D code.2

The grids used for TLNS computationsare providedby ONERA,
and thereforetheyarethe samegridsas usedin theircomputations.8,9

To observe the effect of grid size on viscous calculations two dif-
ferent grids were generated for the lenticular body. They were
59 £ 91 £ 70 and 59 £ 91 £ 85 points in axial, circumferential,and
radial directions, respectively. The sensitivity of computations on
the grid sizes will be discussed in the next section.

Results and Discussion
Conventional Missile

The geometry for the conventionalmissile is shown in Fig. 1. The
missile has a three-caliber tangent ogive nose section followed by a
cylindrical body and four straight cruciform tail � ns. The � ns have
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Fig. 1 Conventional missile geometry with four tail � ns.

a) Unstructured Euler grid

b) Structured Navier–Stokes grid

Fig. 2 Grids for the conventional missile geometry.

a constant thickness ratio of t / c D 0.07 along their span. The un-
structured Euler grid generated for this geometry has 297,164 cells
with 54,029 nodes and 603,129 faces for half-bodyand is shown in
Fig. 2a. The structuredgrid used for the TLNS solutions is shown in
Fig. 2b, which is the same grid used by ONERA. The ogive-cylinder
body is de� ned by two blocks, each composed of 54£ 73 £ 85 grid
points. The tail � n region is divided into four blocks, each having
40 £ 37 £ 85 grid points. All of the Euler computations are per-

Fig. 3 Mach contours (USER3D) at M = 2.0 and ® = 20 deg.

formed at a freestream Mach number of M1 D 2.0 and at different
angles of attack a , 0 deg · a · 20 deg. On the other hand, TLNS
computations are presented only for some selected cases: M D 2.0,
a D 5 and 10 deg, Re D 0.7 £ 106 (based on missile diameter) and
for turbulent � ow. The complete � ow� eld around the missile calcu-
lated by the Euler solverUSER3D is presentedin Fig. 3 for M D 2.0
and a D 20 deg as iso-Mach contours. Figure 4 shows the varia-
tion of the normal force coef� cient CN with angle of attack a . The
results of Euler computations are compared with those of experi-
ments as well as with the results of FLU3M. The TLNS results for
10 and 20 deg are also plotted in Fig. 4. It is observed that all of
the results are in very good agreement until 5-deg angle of attack,
after which the present results overestimate and the FLU3M results
underestimate the experimental values. However, the present Euler
and TLNS resultsare observedto bemuch closerto the experimental
data.The increasingdiscrepancybetween the computationaland the
experimental results can be attributed to viscous effects becoming
dominant, especiallyat high anglesof attack. The comparisonof the
FLU3M result with experimental data at 20-deg angle of attack is
fortuitous for an inviscid Euler solution. The variation of the pitch-
ing moment coef� cient about the 8D axial position with respect to
the angle of attack is given in Fig. 5. Remarkably good agreement
between all of the methods used and the experimental values are
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Fig. 4 Variation of normal force coef� cient with angle of attack.

Fig. 5 Variationofpitchingmoment coef� cient aboutX/D = 8 location.

Fig. 6 Variation of pressure coef� cient on the surface with axial
distance.

observed up to 10-deg angle of attack, after which both of the solu-
tions are observed to deviate from the experimental data due to the
inherent behavior of Euler solutions at high angles of attack. The
distribution of pressure coef� cient C p with axial distance x / D, at
20-deg angle of attack, both on the windward and on the leeward
sides of the missile surface are given in Fig. 6 up to a distance of
12D, which is just prior to the � n location. The two Euler results
(USER3D and FLU3M) are in good agreementbetween each other,
as well as with the experimental data. At this high angle of attack,
the body vortices interact with the tail � ns, and the � ow around the

Fig. 7 Variation of the axial location of center of pressure with angle
of attack.

Fig. 8 Variation of normal force coef� cient for � n 1 with angle of
attack.

Fig. 9 Variation of axial location center of pressure for � n 1 with angle
of attack.

tail � ns will be governed by these vortices. These complicated � ow
phenomenaexplainthedifferencesobservedbetweentheEuler com-
putationsand the experiments at high angles of attack (a D 20 deg)
in Figs. 4–6. Variation of the center of pressure location in the ax-
ial direction at different angles of attack is given in Fig. 7. Here
USER3D underpredictsand FLU3M overpredicts the X cp locations
up to 15-deg angle of attack, after which all of the values coincide.
This behaviorcan be explainedby the cancellationsof the opposing
predictionsobserved in Cm and CN coef� cientsdue to the de� nition
of Xcp being proportional to the ratio of Cm to CN .

Results for the individual� n aerodynamiccharacteristicsare now
shown.Figure8 showsthepredictionsofCN for � n 1.The agreement
between the two computational methods and the experimental data
are very good for all of the angles of attack studied. The variation
of the center of pressure location, Xcp , for this � n is given in Fig. 9.
Both of the computational methods slightly overpredict the exper-
imental data. The maximum difference is around 6% of the base
chord and decreases with increasing angle of attack. This behavior
is exactly opposite to the behaviorobserved in Fig. 10, which shows
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the variation of Ycp with respect to angle of attack. Both of the nu-
merical methods underpredict the experimental data for this case.
The maximum difference is around 3% of the base chord of the � n.
It should be noted that Ycp is measured from the centerline of the
missile, whereas Xcp is measured from the tip of the root chord. For
overall CN and center of pressure location calculations, the cross-
sectional area of the body is used as the reference area, whereas for
the � ns, the � n planform area is used as the reference area.

Unconventional Missile
The geometry of the unconventionalmissile is shown in Fig. 11.

The unstructured grid used for Euler computations is given in
Fig. 12a. This grid was generatedby using I-DEAS and has 297,778
cells, 55,667 nodes, and 605,379 faces for a half-body. The struc-
tured Navier–Stokes grid generated for this unconventional lentic-
ular body geometry is given in Fig. 12b. This grid was provided by
ONERA and is the same grid that was used in their Navier–Stokes
calculations,8 consisting of 59 £ 91 £ 85 grid points.

All of the Euler computations are performed at a freestream
Mach number of M1 D 2.0 and at different angles of attack a ,
0 deg · a · 20 deg. On the other hand, TLNS computations are
presented for M D 2.0, a D 10 deg, and Re D 3 £ 106 (based on
missile length). The normal force coef� cient variationwith angle of
attack as calculated by the Euler and TLNS solvers is presented in
Fig. 13. The results of Euler computations of ONERA, as well as
their experimentalresults, are also plotted in Fig. 13. Navier–Stokes
computationsareperformedforonlyone angleofattack, a D 10deg.
Contrary to our expectations,and regardless of its de� ciency in de-
picting the complete physical features of the � ow� eld, the results
of the Euler codes are observed to be in good agreement with the
experimental data. The same behavior is observed in Fig. 14, where
the surface pressure coef� cients calculated by the Euler methods

Fig. 10 Variation of y location center of pressure for � n 1 with angle
of attack.

Fig. 11 Unconventional missile geometry having lenticular cross section.

are plotted for a D 20 deg. In Fig. 14, one can also see the close
match between the Euler computations and the experiments on the
windward and the leeward sides except for the separated regions
near and behind the sharp edges of the lenticular body. All of the
aerodynamiccoef� cients are de� ned using the base cross-sectional
area (Sbase / L2 D 0.004176) as the reference area.

The overall � ow� eld around the lenticular body as calculated by
the TLNS solver is shown in Fig. 15 with iso-Mach contour plots

a) Unstructured Euler grid

b) Structured Navier–Stokes grid

Fig. 12 Grids for the unconventional missile geometry.
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Fig. 13 Variation of normal force coef� cient with angle of attack for
the lenticular body.

Fig. 14 Pressure coef� cient distribution on the surface at a cross� ow
plane located at X/L = 0.915.

at an angle of attack of a D 10 deg. This prediction is in very good
agreement with those of Euler computations2 and those of experi-
mental data.10 At this angleof attack, more interestingis the vortical
� ow structureon the leeward side of the body. The detail of this vor-
tical � ow is shown in Fig. 16 as iso-stagnationpressurecontourplots
at various cross� ow planes. The complete and detailed evolution of
the vortical � ow pattern on the leeward surface is clearly shown in
Fig. 17. Initially there is a single vortex closer to the vertical cen-
tral plane (xz plane) of the body (inner vortex) that subsequently
evolves into a double corotating vortex with the addition of a sec-
ondary outer vortex (the sharp edge vortex) at around x / L D 0.571.
Farther downstream, this vortex outgrows the � rst vortex at a faster
rate and eventuallymerges with it at about x / L D 0.62. The merger
of these two vortices accelerates the growth rate of this single uni-
� ed vortex, giving rise to a secondary small counter-rotatingvortex
at about the same location as the merger. Farther downstream one
can observe the pairing of these secondarycounter-rotatingvortices
at around x / L D 0.756.

Figures 18a and 18b show the experimentalsurface oil � ow visu-
alization and computed surface skin friction lines along the leeward
side of the lenticular body. One can observe the close agreement of
separationand reattachmentlines from the experimentsand compu-
tations.A possibleinterpretationfor the reattachmentandseparation
lines observed at x / L D 0.571 can be given in conjunction with the
cross� ow vortical structure in this plane. The schematic represen-
tation of the � ow is given in Fig. 18c. The two corotating vortices,
designated as F1 and F3, are the inner and outer vortices. The � ow
separates from the sharp edge of the body (separation line S1 ), reat-
taches at the centerlineas R1 , and follows the surface.Reattachment
line R2 and separation line S2 are both related to the secondary
counter-rotating vortex F2 . Although the innermost line (line C)

a) Side view

b) Top view

Fig. 15 Iso-Mach lines (TLNS) around the unconventional missile.

Fig. 16 Iso-stagnation pressure contours (TLNS) on the unconven-
tional missile: M = 2.0, ® = 10.0 deg, and ReL = 3.0E6.

can be thought as another separation line, it is interpreted as con-
centrated surface skin friction lines.8 The extent of line C given by
the computationsin Fig. 18b is shorter than what is observedexperi-
mentally in the oil � ow visualizationin Fig. 18a. Full Navier–Stokes
solutionsof ONERA9 gave a larger extent for this line C that agreed
better with the oil � ow visualizations.Therefore, it is likely that the
present results would be better if the computationswere performed
with an appropriateturbulencemodel. Schiff et al.5 have reportedon
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a) X/L = 0.412 c) X/L = 0.624

b) X/L = 0.571 d) X/L = 0.756

Fig. 17 TLNS solutions showing cross� ow streamlines at various planes.

a) Experiment

b) TLNS solution

c) Cross� ow organization

Fig. 18 Surface skin friction lines: R, reattachment; S, separation; C,
concentrated streamlines; and F, vortices.

the effects of grid resolution and turbulence model on the primary
and secondary cross�ow separation lines. They have corrected the
physically unrealistic case of a primary cross� ow separation line
originating from the nose and becoming the secondary cross� ow
separation line on the aft portion of the body by doubling the cir-
cumferentialgrid resolution.With this modi� cation, they were able
to obtain a primary cross�ow separationline that ran the total length
of the body. Although in the present study two different grid dis-
tributions were used, grid re� nement was mainly performed in the
radial direction, increasing from 70 to 85 points, to compensate for
boundary-layereffects; no grid re� nement was done in the circum-
ferential direction.Such a re� nementwould be much more effective
to resolve the vortical � ow structureon the leeward side of the body.
The comparisonof calculatedand experimentalsurface pressureco-
ef� cients is given in Figs. 19a and 19b for x / L D 0.571 and 0.915,
respectively,for the 10-deg angle-of-attackcase. Although the gen-
eral behavior of the pressure coef� cients is well predicted with the
TLNS computations, discrepancies are observed, in particular on
the leeward side of the missile. At x / L D 0.571, the two corotat-
ing vortices on the leeward side are clearly evidenced by the two
suction peaks. Although the measured suction peak corresponding
to the outer vortex (sharp edge vortex) is more pronounced than
the computed values, this behavior is exactly reversed for the inner
vortex, where the experimental values are lower than the computa-
tionalpredictions.At x / L D 0.915, the Cp distributionis completely
different and the windward pressure coef� cient falls below that of
the leeward value around the sharp edge, most probably due to the
boattail effect and the separation of � ow from the sharp edge. The
differencesobserved in the Cp values between the experiments and
the calculations can be explained in terms of the de� ciency of the
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a) b)

Fig. 19 Pressure coef� cient distribution on the surface: M = 2.0, ® = 10.0 deg, and ReL = 3.0E6.

a) USER3D b) TLNS

Fig. 20 Convergence history for the solution of unconventional missile geometry.

turbulencemodel employed. Present calculationsare performed by
using the original Baldwin–Lomax turbulence model without any
modi� cations. However, to account for the complex vortical struc-
tures foundin this highlyseparated� owregion,theBaldwin–Lomax
turbulence model must be modi� ed. As stated in Ref. 5, with these
modi� cationsmade to theBaldwin–Lomax turbulencemodel, it was
possible to predict accurately the high incidence � ow.

Typical convergencehistoriesfor USER3D and TLNS solversare
given in Figs. 20a and 20b. For unconventionalmissile geometry, the
USER3D solutionswere obtained with approximately3000 time it-
erations for a reduction of about 3.5 orders of magnitude in the total
average residuals. Typical runtimes are about 17 h of CPU time on
a Hewlett–Packard 730 workstation, 8.5 h on a Hewlett–Packard-
C110 workstation, or 4 h on a single-processor Silicon Graphics,
Inc., ORIGIN2000 parallel machine. However, the TLNS solution
for the same geometry takes about 250 h on the single processor of
the ORIGIN2000 parallel machine at the end of 45,000 time steps
with different Courant–Friedrichs–Lewy (CFL) numbers (20,000
iterations with CFL D 0.1, next 10,000 iterations with CFL D 0.5,
and then 15,000 iterations with CFL D 1.0) to achieve 3.6 orders of
magnitude of reduction in the total average residual.

Conclusions
The main emphasis has been on the TLNS computational re-

sults for the conventional and unconventional missile geometries
for which Euler results have alreadybeen presented.2 The TLNS re-
sults are comparedwith previousEuler and Navier–Stokes solutions
from ONERA, as well as their experimental results.

The aerodynamic force and moment coef� cients for the conven-
tional and the unconventional missile geometries calculated with

the present Euler and TLNS codes are found to agree well with
the calculations of ONERA’s Navier–Stokes solver as well as with
their experimental data. The detailed � ow� eld predictions of the
present TLNS solver showed slight discrepancies with the exper-
imental data. Several interesting features of this vortical � ow are
evidenced, such as the existence of two corotating vortices: the in-
ner and the outer vortices, the domination of the sharp edge vortex
(outer vortex), and their coalescing into a single vortex. These dis-
crepanciesare mainly due to the Baldwin–Lomax turbulencemodel
used without appropriate modi� cations to account for the complex
vortical structure in the highly separated � ow region.5 Compari-
son of these vortical � ow structureswith the available experimental
results of ONERA reveals good agreement.Although thin-layer as-
sumptions are used throughoutthese calculations,the physicsof the
vortical � ow� eld are surprisinglywell predicted.Comparisonof the
computed surface skin friction lines with those of oil � ow visual-
ization provides good insight into the explanation of the separation
and reattachment lines on the leeward surface. On the other hand,
the predictions of Euler computations for the overall coef� cients
are also in good agreement with the TLNS solutions. Therefore,
when the overall coef� cients are the main concern, it is suf� cient
to solve the Euler equations.However, when details of the � ow� eld
are required,one must solve the full or the thin-layerNavier–Stokes
equations.
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