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Abstract

Combat aircraft forebody vortex flow at high an-
gles of attack is complex and non-linear: the sta-
ble and symmetric vortices generated by the nose
at lower angles can become asymmetric and un-
stable as alpha is increased. The forces and mo-
ments resulting from such asymmetry may be the
determining factor for control power and thus it
is necessary to be able to predict the high-alpha
characteristics of the forebody accurately as early
as possible in the design process. CFD should be
the ideal evaluation tool, however, this problem
has been shown numerous times to be a challenge
for computational simulation.

Using the NSMB Navier-Stokes Multi-Block
code, an attempt is being made to develop an im-
proved, more physically representative, approach
to dealing with this type of problem. Results
from preliminary computations using tip excres-
cences and non-symmetrical solution methods on
a tangent-ogive geometry are presented, together
with initial solutions for the Saab JAS-39 Gripen
forebody.

The next stages in the work and proposed
code improvements for tackling high angle-of-
attack forebody flows are also briefly discussed.

Copyright c
2000 by K.Petterson & D.I.A.Poll. Published
by the International Council of the Aeronautical Sciences,
with permission.

Nomenclature

Cd drag coefficient
Cl lift coefficient
Cp pressure coefficient
Cy sideforce coefficient
D base diameter
M Mach number
Re Reynolds number
T temperature
U velocity
a speed of sound
p pressure
ρ density
∞ denotes freestream value

1 Introduction

Recent years have seen combat aircraft become
increasingly agile. Subsonic manoeuvers such
as the Herbst manoeuver or the Cobra were un-
thinkable a few years ago, but the modern dog-
fighter has to be capable of operating effectively
throughout the high-alpha regime. It is well
known that a key factor affecting the stability and
control of the aircraft in these conditions is the
behaviour of the vortex flowfield generated in the
lee of the forebody. Large sideforces and yawing
moments can be generated by the nose vortices,
even at zero sideslip, whilst conventional control
power may be limited by blanking of the tail and
rudder by the fuselage. In extreme cases this may
lead to directional instability and spin departure.
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Manipulation and control of the nose vortices to
stabilise the aircraft is an obvious solution. A
number of systems have been proposed includ-
ing boundary-layer devices, passive and active
strakes and slot or port blowing/suction.

Partly funded by Saab Aerospace, this on-
going research has the objective of developing
an improved computational approach for high-
alpha forebody flow using the CFD code NSMB.
The difficulties associated with the computa-
tional prediction of such flows have been well
documented over the past ten years or so, (see
for example [3, 6, 9]), and mainly stem from un-
certainty over the exact mechanisms driving the
flowfield. Even for simplified tangent-ogive fore-
bodies, wind-tunnel tests have shown the magni-
tude and direction of the sideforces to be sensi-
tive to Mach number, roll angle, free-stream tur-
bulence level, surface roughness and microscopic
tip asymmetries. The Reynolds numbers typi-
cal of subsonic manoeuvering flight are also low
enough to result in large regions of laminar or
transitional flow remaining near the nose apex,
as was evident during flight test of the NASA F-
18 HARV1. Clearly then, as with the numerical
modelling of any physical system, certain sim-
plifying assumptions must be made. However,
the nature of the forebody vortex problem is such
that if subtleties are ignored totally the resulting
model may be so far removed from reality that
the results are meaningless.

The nature of the vortex wake changes con-
siderably as the angle of attack of the fore-
body increases, but can be described as moving
through four main phases: stable symmetric vor-
tices; stable asymmetric vortices; unstable asym-
metric vortices; time dependent Karmann shed-
ding. The initial aim of the project was to pro-
duce a modelling methodology that would enable
the flowfield around an arbitrary slender forebody
to be computed at any angle of attack. However,
it was quickly realised that this is no trivial task.
The area of interest has thus been narrowed to the
first and second phases in the development of the
flow.

1High Alpha Research Vehicle

2 Computational Details

2.1 The Numerical Solver

The flow solver being used for this work is
NSMB, [13], a three-dimensional multiblock
Navier-Stokes code being developed as a joint
research project by two universities, (EPFL in
Lausanne, Switzerland, and KTH in Stock-
holm, Sweden), a research institute, (CER-
FACS, Toulouse, France), and two industrial
partners, (Aerospatiale Avions of France and
Saab Aerospace of Sweden). Several time- and
space-marching schemes are implemented, solu-
tion acceleration is available through multigrid
and preconditioning, and turbulent closure can be
achieved utilising any one of a number of alge-
braic, one- or two-equation models. Aside from
the computations involving tip excrescences, all
computations have been run using implicit scalar
LU-SGS time integration, [7], and a central spa-
tial discretisation. Multigrid and precondition-
ing, although available, were not used. Turbu-
lent closure for these initial computations was
achieved with the one-equation model of Spalart-
Allmaras, [11]. Domain decomposition to en-
able parallel computation on Cray T3E is accom-
plished using MB-Split, [14], a mesh partitioning
tool developed at KTH.

2.2 Grids

For the initial evaluation of the existing code, the
chosen geometry was the ogive-cylinder combi-
nation tested experimentally by Lamont in the
NASA Ames 12ft low turbulence wind-tunnel,
[8]. In Lamont’s experiments, a 152.4mm (6in)
diameter 3.5 calibre tangent-ogive forebody was
mated to a 4.0 calibre cylindrical afterbody, giv-
ing a total model length of 1143mm. Pressure
data was taken from circumferential tappings at
12 axial locations along the model for 20o � α �
90o, with 12 roll orientations examined at each
angle of attack.

The first grid used, G3, is H-O type, with
62� 69� 78 cells in the axial, radial and cir-
cumferential directions giving a total grid size of
333,684. Small geometric imperfections were su-
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perimposed on the initial axisymmetric grid by
radially displacing two surface vertices at the first
station downstream of the forebody apex. Three
modified grids were created with a small bump
at 90o to the windward meridian, the cell vertices
being displaced by 1mm, 0.5mm and 0.1mm re-
spectively2.

Fig. 1 : 3.5D tangent-ogive grid G5. 60� 80� 120
giving 576;000 cells.

For the subsequent calculations with the
non-symmetric LU-SGS algorithm, a new C-
O grid was produced, G5, which addressed

2Corresponding to h/D=0.066, 0.0033, 0.00066

the deficiencies of the previous grid with re-
spect to cell size and clustering. G5 was pro-
duced using the ICEMCFD 3-D meshing pack-
age with CAD surface mapping and is, as a re-
sult, not axisymmetric. It is, however, symmet-
ric about the pitching plane. Grid size is 60�
80� 120, giving a total of 576,000 cells. The
cylindrical afterbody was extended by a further
3.0D, giving a total L/D of 10.5. A hemisphere-
cylinder farfield boundary was generated with
Rmax=D = 30 at the exit plane. Two views are
shown in Fig.(1).

Fig. 2 : JAS-39 grid BSL1, C-O grid, 74� 85� 120
giving 754;800 cells.

Two different grids have been used for the
JAS-39 computations, these being referred to as
BSL1 and BSL2, where BSL denotes the baseline
or ‘clean’ forebody without pitot-tube, nose-tip
strakes or rhino-horn3. Both grids were of C-O
type with the outer domain of the mesh forming
a hemisphere-cylinder, the radius of which was
50m full-scale for grid BSL1 and 100m full-scale
for grid BSL2. Grid sizes were 74�85�120 and
74� 101� 120 respectively, with BSL2 having
an improved boundary-layer mesh as well as the
extended farfield. The surface mesh, which was
identical for both grids, is shown in Fig.(2). By
far the most serious problem encountered during

3Each computation has been given a run number, e.g.
bsl1001 denotes run number 001 on grid bsl1.
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the mesh generation process was the question of
the exit boundary. For low angle-of-attack calcu-
lations it would be appropriate to extend the rear-
most cross-section of the forebody prismatically.
However, at high angles-of-attack this extension
would generate additional vortices which would
interact with those on the forebody. The answer
was to simply truncate the domain at the rear of
the forebody. The final boundary-conditions cho-
sen were free-stream for the outer domain and
linear extrapolation for the exit. These conditions
were also used for the earlier ogive computations.

The relevant flow conditions are tabulated be-
low in Tables (1) & (2).

Case 1 Case 2

ReD 200;000 800;000
Re=m 1:312�106 5:249�106

Mach No: 0:2 0:2
ρ∞ (kg=m3

) 0:300 1:198
P∞ (kPa) 24:63 98:51
T∞ (K) 286:6 286:6
a∞ (m=s2

) 339:346 339:346
U∞ (m=s) 67:9 67:9

Table 1: Flow conditions for tangent-ogive calcula-
tions (from Lamont)

3 Preliminary Results

3.1 Tip excrescences

Tip excrescences are a well-known method of
generating vortex asymmetry, see for example
Degani, [1], and Degani & Levy, [2]. A com-
putation was run at α = 40o for the tangent-ogive
geometry with each of three different sized ex-
crescences. Each calculation was initialised with
a converged α = 40o Spalart-Allmaras solution
for the unmodified configuration and the com-
putations continued, using the same turbulence
model, until the normalised density residual had
dropped to below 0:1� 10�7, a level of conver-
gence far greater than that required for stable
force coefficients. This model, [11] was cho-
sen for all the preliminary calculations since it
has developed a reputation for being considerably

more robust than two-equation models whilst
also being capable of resolving complicated flow-
fields reasonably well.

Case 1

ReL 3:174�106

Re=m 4:059�106

Mach no: 0:176
ρ∞ (kg=m3

) 1:225
p∞ (kPa) 101:3
T∞ (K) 288:2
a∞ (m=s2

) 340:0
U∞ (m=s) 60:0

Table 2: Flow conditions for JAS-39 calculations
(Saab AB)

Comparing overall force and moment values
generated by each configuration showed that the
addition of a bump could increase normal force
by as much as 22% above the ‘clean’ value, and
generate a sideforce almost equal in magnitude
to the normal force on the unmodified geome-
try. The two larger bumps produced comparable
increases in normal force but that generated by
the smallest bump was significantly lower. This
seems to indicate that there may be a critical size
for the bump when trying to provoke asymmetry
in this way4. The computed circumferential pres-
sure coefficient distributions for the bump calcu-
lations are compared with those obtained experi-
mentally by Lamont in Fig.(3). It should be noted
here that the experimental data was gathered at
ReD = 0:8� 106, whereas the computation was
run under the case 1 conditions, see Tab.(1). The
data is compared in this way since the computa-
tion was run fully turbulent and thus cannot be
meaningfully compared with experimental data
taken when large regions of laminar or transi-
tional flow exist.

4It is worth noting here that only overall sideforce along
the body has been considered and, generally speaking, this
is not an adequate measure of the degree of asymmetry of
the vortex wake. It is, of course, possible for the flow to
be highly asymmetric but with the sideforce distribution
giving a net value of zero. In this case, however, the asym-
metry generated by the smallest bump was negligible.
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Fig. 3 : Tangent-Ogive Cp profiles for clean configu-
ration and with bumps, Grid G3, α = 40o,
Case 2 conditions. All calculations run with
R-K4.

Unsurprisingly, continuation of the calcula-
tions with the bumps removed caused the flow to
lapse back into symmetry.

3.2 LU-SGS Algorithm

The possibility of using an LU-SGS scheme to
calculate asymmetric flow has been demonstrated
by Vanden & Belk, [12], and Hwang & Rho, [6].
A small, transient, numerical error is present due
to the non-symmetric factorisation of the scheme
and, whilst this has negligible effect at low alpha,
an asymmetric flowfield develops at high angles
of attack. Hwang & Rho showed the asymmetric
flowfield to be stable when the calculation was
continued using a symmetric solver.

In order to ascertain whether the LU-SGS
scheme in NSMB was capable of producing a

symmetric flowfield at low angles of attack, sev-
eral computations were run on G5 at α = 20o un-
der case 1 conditions. No turbulence modelling
was used at first to remove one possible source of
complication.
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Fig. 4 : Tangent-Ogive Cp profiles, Grid G5, α = 20o,
Case 1 conditions. All calculations run with
LU-SGS.

Running with the upwind third-order Roe
scheme, convergence effectively ceased when the
normalised residual had reached approximately
1:0� 10�4. By this time, sideforce had almost
settled at zero but was still oscillating slightly.
Agreement with the Cp data of Lamont is rea-
sonable near the nose, see Fig.(4). Further aft,
however, whilst the computed Cp is accurate
to approximately 90o either side of the wind-
ward generator, (θ = 180o

), from (θ = 90o
) and

(θ= 270o
) round to the leeward generator, (θ=

0o
), there are large pressure peaks and troughs.

These correspond to several vortices which are
not present in the real wake but seem to be
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purely a result of the absence of turbulence in
the computation. This appears to have been con-
firmed by several calculations run using the LU-
SGS scheme with the central spatial discretisa-
tion. Looking again at Fig.(4), it is clear that
this combination proved more suited to the prob-
lem than that used initially, even with no second-
order damping and fourth-order damping set low.
However, switching to the central scheme did not
produce an improved flowfield prediction.
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Fig. 5 : Convergence history, tangent-ogive grid G5,
laminar computation, LU-SGS, α = 40o

Introducing the Spalart-Allmaras model, cal-
culations run at α = 20o and case 1 conditions
converged rapidly and almost monotonically to a
zero sideforce solution. The computed Cp pro-
files can be seen in Fig.(4). Whilst agreement
near the nose is not as good as for the laminar
calculations, the match with experiment is signif-
icantly improved downstream, emphasising the
mixed laminar/turbulent nature of the real flow-
field.
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Fig. 6 : Convergence history, tangent-ogive grid G5,
turbulent computation (Spalart-Allmaras),
LU-SGS, α = 40o

At α = 40o and case 2 conditions, where
the flowfield was shown by Lamont to be highly
asymmetric, no converged solution could be pro-
duced either with the purely laminar calculation
or with the Spalart-Allmaras model. Time his-
tories of normalised density residual and side-
force coefficient are shown in Figures (5) & (6).
In both cases the oscillations seem almost com-
pletely random in nature with the solution not
even shifting between the bistable states sug-
gested by Fiddes, [4]. It did not prove possible
to stabilise these sideforces either by increasing
the artificial dissipation or, in the case of the Roe
Scheme, changing limiter.

3.3 JAS-39 forebody

Solutions have been obtained at α = 0o, 20o, 40o

and 50o for both JAS-39 grids. The convergence
histories for the solutions obtained at α = 0o and
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α = 50o at zero sideslip on both grids are shown
in Figures (7) & (8). Evaluating these first, a
noticeable reduction in the level of convergence
achieved can be seen with the 50o solutions com-
pared to those at lower α for grid BSL1. The
residual becomes relatively oscillatory and ‘bot-
toms out’, however, the level of convergence is
markedly better with the second grid. This is
thought to be due to the higher cell density in the
near-forebody region. (Obviously the required
region of high cell density will necessarily in-
crease in extent as α increases, since the vortices
will be moving further away from the surface.
All calculations were run for 5000 iterations with
identical CFL numbers and other numerical pa-
rameters.
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Fig. 7 : Normalised density residuals, JAS-39 geome-
try, α = 0o

Computed surface Cp at each longitudinal
section has been plotted versus angular loca-
tion around the forebody, with θ = 0o the up-
per meridian and θ increasing in a clockwise di-
rection looking aft. Fig.(9) shows experimental
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Fig. 8 : Normalised density residuals, JAS-39 geome-
try, α = 50o

and computed Cp at sections 1, 7 and 14 (6:2%,
26:1% and 76:2% of model length) for α = 0o

on BSL2. It can be seen that, as for the tangent-
ogive calculations, agreement is poor where the
flow is laminar or transitional near the nose but
improves further aft. The position of the longi-
tudinal vortices has been predicted correctly but
vortex strength, particularly further aft is notice-
ably weaker than experiment shows to be the
case. Increased cell densities may improve this.
Agreement with experiment was improved for
the α = 20o computation (not shown here), al-
though vortex strength was still low towards the
rear of the body. The inability of the turbulence
model to accurately resolve the vortex structure
are clearly demonstrated in the Cp profiles for
the α = 50o calculation, see Fig.(10). Surface
Cp for the α = 50o computation on grid BSL1
is shown as Fig.(11(a)). Slight vortex asymmetry
was computed at α = 50o, this being visible in
the particle trace shown in Fig.(11(b)).
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Fig. 9 : JAS-39 Cp profiles, α = 0o

4 Concluding Remarks

From the initial computational studies presented
above, it has been concluded that previous ap-
proaches to dealing with high-alpha forebody
flows are not physically representative enough of
the problem to allow either qualitative or quanti-
tative prediction of such flowfields.

All future work will be based around the JAS-
39 Gripen forebody geometry supplied by Saab
Aerospace. The baseline forebody grid shown in
Fig.(2) will be expanded to include the Pitot-tube
and nose strakes to mirror the production nose
before a small vertical strake, known as a rhino-
horn, is added near the apex. The rhino-horn acts
as a splitter-plate when in a central position, pre-
venting interaction between the nose vortices just
after formation, but it can be pivoted about a ver-
tical axis to add a measure of active control. So-
lutions are to be obtained using the modified code
with the k-ω-SST turbulence model. The correc-
tions proposed by Hellsten, [5], to account for
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Fig. 10 : JAS-39 Cp profiles, α = 50o

streamline curvature are also be be included. It is
also intended to simulate the effects of boundary-
layer transition in some way, either by the impo-
sition of a transition plane or by including a lo-
cal Reynolds number based transition trigger in
a low Reynolds number version of the k-ω-SST
model as in the work of Liu & Tsai, [10]. Tran-
sition is an important, but often ignored, feature
of forebody flow and its inclusion should signif-
icantly improve the correlation of the computa-
tional solutions with experiment.
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(a) Surf aceCp, bsl1005, α=50o, β=0o
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Fig. 11 : Surface Cp contours, JAS-39 forebody grid
bsl1. Computations were fully turbulent us-
ing Spalart-Allmaras.
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