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Flow� eld Around Spike-Tipped Bodies
for High Attack Angles at Mach 4.5
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The requirements for the design of a new short-range high-velocity missile are both the drag reduction and the
correct information acquisition for the optoelectronic sensors embedded in the hemispherical nose. High angles
of attack must be studied to ful� ll the maneuverability requirements of present and future missiles. A supersonic
missile generates a bow shock around its blunt nose, which causes rather high surface pressure and temperature
and, as a result, the developmentof high drag and damageof embedded sensors. The pressure and the temperature
on the hemispherical nose surface can be substantiallyreduced if an oblique shock is generated by a forward-facing
spike. Both the experiments and the computations are carried out to study the � ow� eld around three-dimensional
bluntbodiesequipped with forward-facingspikes for a large rangeof attackanglesat a Mach numberof 4.5.A blunt
body, a classical disk-tip spike, a sphere-tip spike, and a biconical-tip spike are studied. The experiments involve
high-pressure shock tunnel investigations using a shock tube facility. The differential interferometry technique
is applied to visualize the � ow� eld around the different missile spike geometries. The differential interferogram
pictures as well as surface pressure measurements are compared with numerical results. Numerical simulations
based on steady-state three-dimensional Navier–Stokes computations are performed to predict the drag, the lift,
and the pitching moment for the blunt body and for each spike-tipped missile. The computationsallow one to bring
out the advantages of each spike geometry in comparison to the blunt body.

Nomenclature
Cd = drag coef� cient
Cl = lift coef� cient
Cm = pitching moment coef� cient
C p = pressure coef� cient
c¹ = turbulence model constant
H = total enthalpy, J/kg
h = static enthalpy, J/kg
k = turbulent kinetic energy, m2/s2

P = static pressure, Pa
Prt = turbulent Prandtl number
q j = heat � uxes, W/m2

Sui ; SE = source terms, kg/(m2 ¢ s2/, kg/(m ¢ s3/
t = time, s
u i = � uid velocity in the xi -coordinate direction, m/s
xi = Cartesian coordinate, m
® = angle of attack, deg
±i j = Kronecker symbol, 1 if i D j and if i 6D j
" = dissipation of turbulent kinetic energy, m2/s3

¸ = thermal conductivity,W/(m ¢ K)
¹ = dynamic viscosity, kg/(m ¢ s)
¹t = eddy viscosity, kg/(m ¢ s)
½ = � uid density, kg/m3

¿i j = viscous stress tensor, N/m2

Received 16 May 2001; revision received 13 January 2003; accepted for
publication13 January 2003.Copyright c° 2003by the American Instituteof
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0022-4650/03 $10.00 in
correspondence with the CCC.

¤Senior Scientist, Aerodynamics and External Ballistics Department, 5
rue du General Cassagnou. Member AIAA.

†Senior Scientist, Shock Tube Department, 5 rue du General Cassagnou.
‡Trainee Engineer, Aerodynamics and External Ballistics Department, 5

rue du General Cassagnou.
§System Engineer, Aerodynamics, Flight Mechanics, Propulsion.

Introduction

T HE speci� cations imposed by the European Aeronautic De-
fense and Space Company in Germany for the design of a

new high-velocity missile of the very/short range air defense sys-
tem (V/SHORADS) program are both the drag reduction and the
correct information acquisition for the optoelectronic sensors em-
bedded in the hemispherical nose.

A blunt-bodymissile traveling at supersonicor hypersonicspeed
generatesa strong bow shock ahead of the blunt nose, which causes
rather high pressure and temperature on the hemispherical dome
surface. The high surface pressure causes the development of high
drag of the body. The high � ow� eld temperature may cause dam-
age to the optical and other sensing equipment typically mounted
in the dome of the body nose. The pressure on the nose surface
of the body can be substantially reduced if an oblique shock is
generated by attaching a spike in front of the blunt body. This con-
cept was � rst discussed in the 1950s as a means to reduce the heat
� ux and the drag on axisymmetric blunt bodies.1¡6 The pressure
and the enthalpy of the � uid behind the oblique shock are lower
than behind the normal shock. The spike provokes a conical sepa-
rated � ow zone when it has a proper length.7 In addition, the use
of a spike tip, a disk tip, for example, produces a separated re-
gion ahead of the nose cap that is a complicated merging of the
spike-tip wake with the backward step-induced separation.5 As a
consequence, the blunt-body nose is shielded from the oncoming
� ow by the region of separation, and the spike tip reduces the drag
as well as the temperature acting on the body nose and protects
the surface in the case of embedded optoelectronic sensors. These
sensors should be placed behind the region of separation because
the interaction of the shock coming from the spike with the blunt
body causes a reattachment shock with an increase of pressure and
wall temperature. The effect of protection is especially desirable
at high velocities to reduce the heating rate on these sensors. The
optimal spike length to produce this favorable aerodynamic � ow
environment varies with the Mach number and the altitude of the
missile at a de� ned angle of attack. However, when classical spikes
are used, the nose drag increasesdrastically as the angle of attack of
the body increases.8
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The � nal goal of our study is to � nd new spike geometries and
to optimize these to reach high angles of attack without losing the
drag reduction effect. A bibliographicalanalysis9 highlights an in-
teresting experimental study on the feasibility of an aerospike for
hypersonicmissiles10: Drag reductionof themissile is obtainedup to
14 deg of angle of attack with the use of an aerospike3 calibers long
for a Mach number of 6. The correspondingcomputationalanalysis
has been carried out recently, and a modi� cation of the k–" turbu-
lence model is proposed to better predict the pressure distribution
on the missile.11;12

Preliminary experimentswere carried out in the French–German
Research Institute of Saint-Louis (ISL) shock tube facility for the
visualizationof the � ow� eld around several spike-tipped bodies.13

Pressure on the blunt nose surface has been measured at the same
time with � ush-mounted gauges giving not enough accurate infor-
mation, due to the large diameter (5.5 mm) of the sensitive part of
the gauges. Consistent experimental results and � rst computations
were presented in Ref. 14.

The objective of the current paper is to perform computationsof
the � ow� eld around the tested missiles at a Mach number of 4.5
for different spike-tip geometries and for a large range of angles of
attack from 0 to 45 deg. Some computation results are compared
with experimental ones to validate the numerical simulation. The
aim is to evaluate the bene� ts of each spike geometry.

The present study involves high-pressureshock tunnel investiga-
tions using the ISL shock tube facility.The differential interferome-
try technique is applied to visualize the � ow� eld around the missile
to compare the � ow patterns with numerical results coming from
the solution of the full conservation equations. Reliable pressure
measurements are carried out with transducers, allowing compari-
son with computations. Shock tube experiments are in progress to
measure the heat � ux distribution on the dome of the missiles.

Three-dimensional steady-state numerical simulations are per-
formed,althoughtheproblemmightbe time dependent.In this study,
we only look for the steady-state aerodynamic coef� cients. How-
ever, for some steady-statecomputations, there is great dif� culty to
obtainconvergenceand, therefore,probably,transientcomputations
couldbe better. This in turn will increasethe computationcosts con-
siderably.Numerical simulationsbasedon Navier–Stokes equations
are carried out to predict the drag, the lift, and the pitching moment
of each con� guration. In addition, the heat � ux distributionfor each
spike geometry is predicted but not presented yet.

Experimental Setup
Shock Tube Facility

The experiments are carried out in the ISL shock tube laboratory
(Fig. 1), which has two high-pressureshock tubes (tube A and tube
B) with a 100-mm inner diameter and a total length of about 30 m
for both.15¡17 High-pressureshock tube B facility is used as a shock
tunnel for experimentally investigatingthe � ow� eld around projec-
tiles or missiles. For all our experiments, shock tube B is used as
a shock tunnel in which the shock tube � ow is expanded inside a
circular parallel � ow nozzle operating in the re� ected mode.

Fig. 1 ISL shock tube laboratory.

Fig. 2 Shock tunnel facility.

Fig. 3 V/SHORADS model with
disk-tip spike.

Fig. 4 V/SHORADS model with
sphere-tip spike.

Fig. 5 V/SHORADS model with
biconical-tip spike.

The shock tunnel consists of a high-pressuredriver tube, a driven
tube, and a circular parallel � ow nozzle attached at the end of the
shock tube, as shown in principle in Fig. 2. A steel diaphragm sep-
arates the hydrogen- or helium-� lled driver tube from the air-� lled
driven tube. A Mylar diaphragm isolates the driven tube from the
nozzle.The driver gas pressurereachesup to 60 MPa, and the initial
driven gas pressure varies between 100 and 600 kPa.

After the diaphragm bursts, a shock wave is generated inside
the driven tube and moves toward the end of the shock tube. At
the nozzle throat, the incident shock wave is re� ected, generating a
quiescenthigh-pressureandhigh-temperaturegas volume in frontof
the nozzle. This gas is expanded and accelerated inside the nozzle
in such a way that the desired � ight conditions are present at the
nozzle exit.

Atmospheric � ight conditions can be duplicated in the ISL shock
tube facility, ranging from ground level up to more than 10 km in
altitude. To reproduce � ight conditions in the test facility, the body
is � xed in a test chamber at the front of the nozzle and the air� ow is
accelerated to the desired pressure, temperature, and � ight velocity.

Missile Model
In the study, the � ow� eld around missile models of 70-mm diam

is investigated. Different models have been studied in the prelimi-
nary experiments.13;14 In the currentpaper,we focusour attentionon
fourmodels: the basicone is a 2.5-caliber-longhemisphere–cylinder
body. The second model has a disk-tip spike added in front of the
basic model (Fig. 3). The third one has a sphere tip instead of a disk
tip (Fig. 4). Based on the dimensionsof these spikes and inspiredby
the work of Shoemaker,18 a fourth model has a biconical-tip spike.
That spike has a 20–40-deg bicone at the tip (Fig. 5). Note that this
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biconical tip is not optimized for our � ow conditions.The diameter
of the disk tip, the sphere tip, and the biconical tip is 17.5 mm.

The in� uence of the spike length was experimentally studied for
the imposed � ight conditions for 0-deg of angle of attack (AOA).13

The results of that study suggest that the most interesting length to
be studiedcorrespondsto a spike lengthof aboutone missile caliber:
The spike length is then 70 mm for the three cases.

Flow Visualization
A differential interferometer (DI) is used as a � ow visualization

technique19 to gather information about the � ow pattern around the
missile based on the the density gradient � eld. Two perpendicularly
polarized widened light bundles, which are separated by a prism,
pass throughthe � ow� eld in parallel.They are separatedby a certain
distance from each other (some tenths of millimeter). The light
beams are brought together by a second prism, are analyzed by
a polarizer, and are focused on a drum camera by a lens system.
The density changes produced in the � ow� eld generate different
optical path lengths between the two split light bundles, giving an
interference pattern on the � lm inside the drum camera. The DI
can be adjusted to obtain fringe patterns or an in� nite fringe width
showing a homogeneous light intensity distribution. In this case,
the pictures look like schlieren pictures. In that way, the density
gradient � eld in the gas � ow is visualized in terms of light intensity
distribution shown on the interferogram pictures.

By its nature, this method, although providing integral informa-
tion along the opticallight path,cannotprovideinformationin detail
in three-dimensional� ow� elds.Thus, numericalinvestigationsmay
be helpful for analyzing three-dimensional� ow� elds such as those
suggested in the present paper.

Pressure Measurements
There are 10 pressure transducers with diameters of 2 mm that

allow a measuring diameter of 1 mm mounted in the blunt-body
part of the model. These transducers are located behind a hole of
0.5-mm diam and of 1.5-mm depth. In addition, a pressure gauge is
mounted on the rear upper side of the cylindrical part of the model.
The uncertainty of the measured pressure coef� cients reported is
estimated to be less than §5%.

Numerical Simulations
Numerical simulations of the steady-state � ow� eld around the

missile are conductedby means of the three-dimensionalcompress-
ible turbulent CFX-TASC� ow20 code.

Governing Equations
The computational � uid dynamics (CFD) code models the con-

servation equations of mass, momentum, and energy in terms of
the dependent variables (velocity, pressure, and enthalpy): They
are time dependent in a turbulent � ow. These quantities are decom-
posed into a mean componentand a � uctuatingone, and the original
conservationequationsare converted to an averagedform. For com-
pressible � ows, the mean form of the equations is obtained through
a time-averaging process, usually called Reynolds-stress averag-
ing, and a techniqueof mass-averaging,also called Favre averaging
(see Refs. 20 and 21). The original equations for the conservation
of mass, momentum, and energy may be expressed in tensor form
(with the Einstein summation convention) in terms of time- and
Favre-averagedquantities:
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In theequations,anoverbarrepresentsthe time-averagedcomponent
of a variable, a tilde indicates the Favre-averaged component of a
variable, and the double prime expresses the � uctuatingcomponent
coming from the mass-averaged process. Here q j is the molecu-
lar energy transport due to heat conduction, and the S terms are
additional source terms.

Equations (2) and (3) contain terms that cannot be expressed as
functionsof the mean � ow variables:the Reynoldsstresses(½u00
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turbulence model before a close solution of the equations becomes
possible. For the computations presented here, the well-known k–"
two-equationmodelof turbulence21 is used to providea linkbetween
the turbulent transportof momentum and energy and the mean � ow
variables and � uid properties.

Because all of the variables are mean � ow quantities, it is cus-
tomary to drop the symbols of time and Favre averaging. Finally,
the mean conservationequations are as follows:
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in which ¹eff D ¹t C ¹. The eddy viscosity ¹t is modeled as the
product of a turbulence velocity scale (¼

p
k/ and of a turbulent

length scale (¼ k3=2="/ as proposed by Prandtl and Komolgorov; it
yields

¹t D ½c¹.k2="/ (7)

where " is the dissipation rate of the turbulentkinetic energy k, ¹ is
thedynamicviscosityof the � uid, and¸ is the � uidheatconductivity.
Local values of k and " are obtained from a solution of two semi-
empirical transport equations.22

The standard k–" turbulencemodel and its Kato–Launder exten-
sion used in the present computations employ compressible wall
functions (see Ref. 23) to model the viscous near-wall layer for
high-speed � ows. The wall function approach eliminates the neces-
sity of numerically solving the large gradients in the thin near-wall
region, thus saving valuable computer resources.

Grid Speci� cation
The disk-spike, the sphere-spike, and the biconical-spike � ow-

� elds are numerically studied. The computation domain is reduced
to one-halfof the completedomaindue to the symmetryof the prob-
lem. The computation is only focused on the forebody, so that the
wake of the model is not meshed.

The model is located in a cylindricalvolume,which is includedin
a prismatic volume. The boundariesof the prismatic volume are the
outer limits of the computational domain. The mesh of the domain
is a multiblock structured grid. The upstream boundary surface of
the grid is located 1 caliber ahead of the spike tip. In the radial
direction, the boundary surfaces lie at 3 calibers from the rotational
axis. There are 150 £ 25 £ 70, 130 £ 25 £ 75, and 164 £ 25 £ 104
nodesdistributedin the � ow� eld of the disk-spike,the sphere-spike,
and the biconical-spikemodels, respectively (Fig. 6).
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Fig. 6 Computationalgrids of the disk-spike, the sphere-spike, and the biconical-spike models.

The grids are built so that the mesh volumes surrounding the
missiles have about the same size. The optimal performanceof tur-
bulencemodels is theproperresolutionof theboundarylayerand the
correct spacing of the � rst point near the missile wall. The bound-
ary layer is resolved with 10 nodes in the normal direction to the
wall. The � rst node next to the wall is located so that 20 · yC · 100
because of the use of wall functions. Finally, the distributions of
nodes on the blunt-bodysurface and on the forebody surface of the
spike-tippedmissiles are identical.The distributionsof nodes on the
spike sting are also similar.

Boundary Conditions
The � ow� eld isassumedtobe compressibleand turbulent.Having

no information about the turbulent aspect of the � ow, one speci� es
that the turbulent kinetic energy k and its dissipation rate " are
constant along inlet regions.

The boundary conditions of the cross-�ow are similar to those
of the shock tube. The velocity vector, the static temperature, and
the static pressure are set at the nodes of inlet regions, whereas a
supersonicoutlet is used for the nodesof outlet regions.A symmetry
boundary condition is set in the plane of symmetry of the problem.

Solver
The CFX-TASC� ow code is a � nite volumemethod that uses four

discretization schemes: the upstream differencing scheme (UDS),
the mass-weightedscheme (MWS), the linearpro� le scheme (LPS),
and a scheme that is intermediatebetween the last two, the modi� ed
linear pro� le scheme (MLPS). The UDS discretization scheme is
the most robust scheme, giving a � rst-order prediction with a fast
convergence.The LPS is numerically the most accurate discretiza-
tion scheme, giving a second-order solution. A physical advection
correction (PAC) can be activated for each discretizationscheme to
increase the accuracy of the computation.

A convergence criterion ends the computation, and a stationary
converged solution of the problem is obtained. This criterion is de-
� ned as themaximumof thecurrentdimensionlessresidualvaluefor
each of Eqs. (4–6). A computation is started from a constant initial
� ow� eld by using the most robust discretizationscheme and a local
time step. The major computed solutions presented in this paper
are converged up to 10¡3. They are carried out by using the MLPS
discretizationscheme and the PAC scheme to obtain a second-order
solution.

Numerical Accuracy
A complete detailed study on supersonicprojectiles and missiles

has been recently carried out to examine the in� uence of turbu-
lence models and grid re� nements on numerical results.24;25 Stan-
dard and renormalizationgroup (RNG) k–" turbulencemodels,22;26

using different near-wall treatments,23;27 have been studied. Cou-
pled k–"=k–! turbulence models with different blending functions
[baseline(BSL) and shear stress transport(SST) models] developed
by Menter,28 using automatic near-wall treatment,27 have also been
applied. Reynolds stress turbulence models designed by Launder
et al.29 and Speziale et al.,30 using the same near-wall treatment as

for k–" turbulence models, have also been studied. The � ow� eld
around different forebodiesat several Mach numbers and attack an-
gles has been computed, including � ow separation in some cases.
The analysis of the huge amount of computational results leads to
the conclusion that the aerodynamic coef� cients are slightly in� u-
enced by the choice of turbulence model based on two transport
equations(k–" and k–"=k–!) and by the node density in the bound-
ary layer. The accuracy of the prediction of surface pressure, axial
force, normal force, and pitching moment coef� cients is estimated
to be §2%. Moreover, the computed global coef� cients have been
compared with experimental ones: The axial force coef� cient and
the derivative of the normal force coef� cient are overestimated by
2 and 8%, respectively; the derivative of the pitching moment is
underestimatedby 5%.

The present computations are performed to mainly compare the
ef� ciency of each spike geometry with the same accuracy. The
meshes aroundthe differentspike-tippedmissiles are very compara-
ble, and the same turbulence model is applied for all computations.
When the conclusionof the completedetailedstudy24;25 is taken into
account, the accuracyof the predictionof surfacepressure,drag, lift,
and pitching moment coef� cients is estimated to be around §2%.

Results and Discussion
The � ow� eld around the blunt body, the disk-spike, the sphere-

spike, and the biconical-spikemodels is experimentallyand numer-
ically studied. The experiments discussed herein have been carried
out for a Mach numberof 4.5 and for AOA ranging from 0 to 24 deg,
except for the biconical spike. The � ow� eld around the biconical
spike is experimentally investigated at only 0-deg AOA.

The static pressureand temperaturein the test chamberare 40 kPa
and 240 K, respectively,correspondingto a missile altitudeof about
7 km. The shock tunnel � ow duration is about 4 ms. The � ow� eld
is visualized by a series of interferogram pictures taken with a ro-
tating drum camera. For these pictures, the � ow is focused on the
rotating � lm and eight parallax-free successive air sparks are used
as light source. The time interval between the sparks is adjustable,
and the start is triggeredby the incident shock wave. Only one of the
eight pictures, taken always at about the same time after triggering,
is shown, except, for example, in the case of the sphere spike at
0-deg AOA.

Numerical simulations of the three-dimensional steady-state
� ow� eld around the blunt body and the three spike-tipped bodies
are performed for the � ow conditions imposed in the experiments
for AOA ranging from 0 to 45 deg. The computed aerodynamic
coef� cients of each spike-tipped body are then examined, and the
bene� ts are discussed afterward.

0-Degree AOA
Figure 7 is the interferogram of the � ow� eld around the disk-

spike model for 0-deg AOA. The bow shock and the detachment
zone in front of the nose model can be clearly recognized by light
intensity differences on the interferogram. Remember, the light in-
tensity distributiongive integral informationon the density gradient
� eld in the gas � ow.
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Figure 8 shows the computed isobars in the plane of symmetry
obtained by numerical simulation for conditions corresponding to
the earlier experiment. The experimental and numerical results do
not give the same physical quantity; however, the comparison is
nevertheless possible. The visualized � ow structure is accurately
predicted by the CFD code except behind the disk, where the � ow
separates prematurely.

Figure 9a presents four interferograms of the � ow� eld around
the sphere-spike model for 0-deg AOA. The consecutive pictures
are extracted from a series of eight, obtainedduring a test: Two � ow
regimes are clearly highlighted. The transient � ow regime, visible
on the two � rst pictures from the left, starts immediately after the
diaphragmbursts.The established� ow regime is visibleon the other
two pictures and remains up to the end of the test.

Previousexperiments31 did not reveal these two � ow regimes.Re-
cent experiments32 seem to show that for all spikes the � ow structure
is very sensitive to the � ight conditions and to the spike length.

Figure 9b is an enlarged view of the last picture of Fig. 9a, which
is comparable to the numerical simulation.

Figure 10 shows the computed isobars in the plane of symmetry
obtained by numerical simulation for conditions corresponding to
the earlier experiment. The visualized � ow structure of the estab-
lished � ow regime is accurately predicted by the CFD code.

Figure 11 shows the interferogram of the � ow� eld around the
biconical-spikemodel for the same angle of attack.

Figure12also shows the computedisobars in theplaneof symme-
try obtained by numerical simulation for conditions corresponding
to the earlier experiment. The visualized � ow structure is correctly
reproduced by the computation.

When the resultsobtainedfor the three spikesare compared,it can
be seen that the angles of the shock in front of the disk spike, the
sphere spike, and the biconical spike are quite similar. However,

Fig. 7 DI for the disk-spike
model, ® = 0 deg.

Fig. 8 Computed isobars
for the disk-spike model,
® = 0 deg.

Fig. 9a DI for the sphere-spike model, ® = 0 deg, two � ow regimes.

Fig. 9b DI for the sphere-
spike model, ® = 0 deg, sec-
ond � ow regime.

Fig. 10 Computed isobars
for the sphere-spike model,
® = 0 deg.

Fig. 11 DI for the biconi-
calspike model, ® = 0 deg.

Fig. 12 Computed isobars
for the biconical-spikemodel,
® = 0 deg.



GNEMMI ET AL. 627

the distance between the shock and the body shoulder is shorter for
the sphere spike and the biconical spike than for the disk spike.

The computation has the advantage of giving a quantitative in-
sight into the � ow� eld. Thus, a higher pressure is found in cases of
the sphere-spike and the biconical-spikemodels in the dome–nose
region near the sting and in the shoulder region.

Figure 13 shows the comparison between the measured pressure
coef� cient distributions (symbols) on the forebody nose and the
computed ones (solid lines). The blunt body, the disk-spike, and
the sphere-spike models are studied. The results for the biconical
spike are not available for the moment. Pretty good agreement is
found: It is clear that the blunt-body pressure is much higher than
that of the spike models. As a consequence, the drag of the blunt
body is much higher than that of the spike models. The pressure on
the sphere-spikemodel is slightly higher than that on the disk-spike
model. This tendency is reproduced by the computation.

® = 16 and 20 Deg
Figure 14 shows the comparison of the numerical results for the

spike-tipped models in the case of an angle of attack of 16 deg.
The pressure on the models is represented by isolines. The major
differences in the pressure distributions appear on the leeward side
of the forebody noses, just above the spike sting.

Figure 15 presents the comparison between the measured pres-
sure coef� cient distributions on the domes and the computed dis-
tributions for the 16-deg AOA. Distributions on the windward, the
middle (lateral), and the leeward sides are shown. The computation
gives a good prediction of the pressure on the forebody surface,
except near the nose of the forebody (X ¼ 70 mm) in the stagna-
tion region. At this location, the pressuregradient is very important,
and the node distribution on the forebody surface should proba-
bly be re� ned. The � ow in the stagnation region should also be
better predicted by using another turbulence model to obtain a bet-
ter agreement. However, the computation respects the experimental
tendency.

Figure 16 shows the same kind of comparison between measure-
ments and computations for the angle of attack of 20 deg: Again,
the agreement is good.

Fig. 13 Measured and computed pressure coef� cients on the forebody,
® = 0 deg.

Fig. 14 Computed pressure for three spike-tipped models, ® = 16 deg.

® = 24 Deg
Figures 17 and 18 show the same kind of experimental images

as Figs. 7 and 9b under the same � ow conditions for an AOA of
24 deg. The � ow pattern is different in the two cases. Differences
can be clearly seen in the bow shock wave in front of the spike
and near the center of the hemispherical forebody. The detachment
of the � ow at the sphere spike is less abrupt than the one at the
classical disk spike. The � ow structures A identi� ed on the lee-
ward side near the model domes are the result of the density gra-
dient integration of the three-dimensional shock surrounding the
domes.

Figures 19 and 20 show the same kind of computed results as
Figs. 8 and 10, which correspond to the earlier experiments.Again,
the CFD code predicts quite well the experimental � ow structure.
The three-dimensional � ow structures A found in the experiments
are not visible because Figs. 19 and 20 show the computed isobars
in the symmetry plane. A higher pressure is found in the blunt nose
region on the leeward side for the disk-spike model than for the
sphere-spikemodel.

Figure 21 presents the comparison between the measured pres-
sure coef� cient distributions on the forebodies and the computed

Fig. 15 Measured and computed pressure coef� cients on the forebody,
® = 16 deg.

Fig. 16 Measured and computed pressure coef� cients on the forebody,
® = 20 deg.
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Fig. 17 DI for the disk-
spike model, ® = 24 deg.

Fig. 18 DI for the sphere-
spike model, ® = 24 deg.

Fig. 19 Computed isobars for
the disk-spike model, ® = 24 deg.

Fig. 20 Computed isobars for
the sphere-spike model, ® =
24 deg.

distributions for the 24-deg AOA. Once more, the CFD code re-
produces the pressure distribution on the forebody, except near the
stagnation zone, where slight discrepancies exist.

When the pressure distributionsfor the presentedAOA (Figs. 15,
16, and 21) are examined, the main differences between the mod-
els are located from the forebody nose (X D 70 mm) up to around
6 mm along the model axis (X ¼ 76 mm), corresponding to a cap
area of about 68 deg of the forebody nose. The pressure rise at the
dome shoulder characterizes the � ow reattachment. In the case of
the sphere spike, it lags behind the one obtained in the case of the
disk spike, and consequently, the sphere-spikedrag will be smaller
than that of the disk spike.

® = 30 and 45 Deg
Figures 22 and 23 show the comparison of the numerical results

for the spike-tipped models in the case of AOA of 30 and 45 deg,
respectively.The pressure on the models is represented by isolines.
For the 30-deg AOA, the major differences in the pressure distribu-
tions appear on the leeward side of the forebodies, just above the
spike sting. For the 45-deg AOA, the pressure distributions on the
forebodies are quite similar, indicating a quite similar drag.

Fig. 21 Measured and computed pressure coef� cients on the forebody,
® = 24 deg.

Aerodynamic Coef� cients, Spike Bene� ts
The computationsallow one to determinethe global aerodynamic

forces and moments, such as the drag, the lift, and the pitching
moment. These results are presented to discuss the bene� ts of each
spike-tippedgeometry.

Figure 24 shows the spike contribution to the drag reduction:
(Cdhemis ¡ Cdspike /=Cdhemis . Cdhemis is the blunt-body drag, and Cdspike

is the drag of the model with a spike. The disk-spikedrag reduction
ranges from 0 to 15 deg AOA. The sphere spike reduces the drag
from 0 up to 19 deg AOA, and the biconical spike reduces the
drag up to 21 deg. For AOA smaller than 5 deg, a 30–50% drag
reduction is found, and the disk spike is the most ef� cient. For
5 · ® · 20 deg, the biconical spike and the sphere spike are more
ef� cient than the disk spike. Despite that the spike is penalizing for
angles of attack greater than 21 deg, the biconical spike and the
sphere spike are better than the disk spike for 20 · ® · 35 deg. An
increase in the drag of about 5% is found for 35 · ® · 45 deg for all
spikes.

Figure 25presentsthe spikein� uenceon the lift increase:(Clspike ¡
Clhemis /=Clhemis . Clhemis is the blunt-body lift, and Clspike is the lift of
the model with a spike.This formula is used althoughit is unde� ned
for 0-deg AOA: In fact, the lift coef� cient goes to zero in all studied
cases at this AOA. The disk-spikeef� ciency ranges from 0 to 25 deg
AOA. The spherespike and the biconical spike increasethe lift up to
30 and up to 35 deg, respectively.The spherespikeand the biconical
spike are more ef� cient than the disk spike up to 35 deg. There is a
reduction of about 5% for 35 · ® · 45 deg for all spikes.

Figure 26 combines the earlier results by showing the
lift over drag increase, which is calculated by (Cl=Cdspike ¡
Cl =Cdhemis /=Cl=Cdhemis . Again, this formula is deliberately used for
the lift-to-dragratio of the blunt body and the spike-tippedmissiles;
this quantity is presented although the formula is unde� ned for 0
deg AOA.

The use of the disk spike is only bene� cial up to about 21 deg,
whereas use of the sphere spike and use of the biconical spike are
bene� cial up to about 26- and 28-deg AOA, respectively.

Figure 27 shows the spike in� uence on the pitching moment in-
crease: .Cmspike ¡Cmhemis /=Cmhemis . Cmhemis is the blunt-bodypitching
moment, and Cmspike is the pitching moment of the model with a
spike. This formula is deliberatelyused, although it is unde� ned for
0-deg AOA. The moments are evaluated on the rotation axis at the
base of the models.

An increase of the pitching moment is obtained for all spike ge-
ometries; however, the sphere spike is the most ef� cient, especially
for AOA higher than 20 deg.

Figure 28 shows thecenterof pressurelocationfor thehemisphere
model and for the spike-tippedmodels. That location is determined
from the forebodynose, and it is normalizedby the model diameter.
There are few modi� cations of the center of pressure locationof the
spike-tipped models compared to the model without a spike. The
center of pressure moves backward with the AOA increase, which
has a bene� cial effect on the missile maneuverability.



GNEMMI ET AL. 629

Fig. 22 Computed pressure for three spike-tipped models, ® = 30 deg.

Fig. 23 Computed pressure for three spike-tipped models, ® = 45 deg.

Fig. 24 Drag reduction for three spike-tipped models.

Fig. 25 Lift increase for three spike-tipped models.

Fig. 26 Lift over drag increase for three spike-tipped models.

Fig. 27 Pitching moment increase for three spike-tipped models.
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Fig. 28 Center of pressure for three spike-tipped models.

As a consequenceof all the obtainedresults,missiles can be � own
at higher AOA with the sphere spike and the biconical spike than
with the disk spike.

Conclusions
Experimental investigationson disk-spike and sphere-spikemis-

sile models are successfully carried out at ISL using a shock tube
as shock tunnel. Preliminary experimental investigations are also
performed for a biconical-spike missile model. Interferograms are
taken for � ow visualization to study the � ow� eld around the spike-
tipped bodies. Pressure measurements are also carried out on the
nose of the dome models.

Steady-statenumericalsimulationsof correspondingexperiments
are performed with a three-dimensional Navier–Stokes code to
quantifythe bene� ts obtainedfor each spike-tipgeometrycompared
to theblunt body.The experimentaland numericalinvestigationsare
carried out for a Mach number of 4.5 and for angles of attack rang-
ing from 0 to 24 deg. The comparison of the computations with
the experiments shows good agreement, especially for high AOA.
However, agreement can probably be increased by using more re-
� ned meshes in the stagnation region and by using a more accurate
turbulence model to better predict the separation.

Numerical investigationsare alsoperformedfor thedisk spike, the
sphere spike, and a biconical spike for very high AOA (® · 45 deg).
Computations highlight a drag reduction from 0 up to 15, 19, and
21 deg for the disk spike, the sphere spike, and the biconical spike,
respectively, compared to the blunt nose missile. The lift over drag
ratio is signi� cantlyincreasedup to 21,26, and28deg with theuseof
the disk spike, the spherespike, and the biconicalspike, respectively.
The pitching moment is increased for all spikes and for all AOA.
There are few changes in the positionof the center of pressureof the
spike-tippedmissiles comparedto the blunt nose missile.The center
of pressuremoves backward with the AOA increase for all missiles,
which is bene� cial to their maneuverability.The superiority of the
aerodynamicbehaviorof the sphere spike and of the biconical spike
for high and very high AOA is, therefore, clearly evident.

Experimental and numerical investigationsof the heat � ux on the
forebody noses, where optoelectronic sensors will be placed, are
in progress. Experiments with the biconical-spike model will also
continue.
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