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Abstract

This paper demonstrates coupled time domain computational fluid dynamics and computa-
tional structural dynamics simulations for flutter analysis of a real aircraft in the transonic regime.
It is shown that a major consideration for a certain class of structural models is the transformation
method which is used to pass information between the fluid and structural grids. The aircraft used
for the calculations is the BAE SYSTEMS Hawk. The structural model, which has been developed
by BAE SYSTEMS for linear flutter calculations, has only O(10) degrees of freedom. There is
therefore a significant mismatch between this and the surface grid on which loads and deflections
are defined in the CFD calculation. This paper extends the Constant Volume Tetrahedron tranfor-
mation, previously demonstrated for wing-only aeroelastic calculations, to multi-component, or
full aircraft, cases and demonstrates this for the Hawk aircraft. A comparison is made with the
predictions of a BAE SYSTEMS linear flutter code.

1 Introduction

The demonstration of aeroelastic stability is a key part of the aircraft design and qualification process.

Linear methods are the standard industry analysis tool, backed up by extensive flight testing. It

is well known that linear theories, based on potential flow models, cannot give good predictions
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of aerodynamics in the transonic regime in which civil and military aircraft often fly. Potentially

Computational Fluid Dynamics (CFD) is a powerful tool for transonic flows and in recent years

convincing demonstrations of the predictions of both steady and unsteady flows have been made for

many complex configurations.

Coupled CFD/Computational Structural Dynamics (CSD) calculations have become increasingly

common in recent years, driving developments in grid movement [1] [2], geometric conservation laws

[3], solution sequencing in time [4] and inter-grid transformation of data [5] [6]. The latter problem,

especially for structural models which feature simplified geometric representations, can be a delicate

matter, as shown for some wing responses in [7].

The routine solution of complete aircraft problems is essential for coupled simulations to start

making a significant impact on industrial practice. There are several examples discussed in the lit-

erature. The CAP-TSD code was used to investigate residual pitch oscillations experienced by the

B2 stealth bomber. The convincing analysis showed that these were due to a low frequency shock

wave motion on the wing [8], something that linear analysis had inevitably missed. Due to the level

of modelling used, both the structural and aerodynamic grids were defined on plates and hence well-

established methods from linear analysis could be used to transfer information between the grids.

Some recent examples based on the Euler or RANS models have been motivated by store induced

limit cycle oscillation behaviour for the F-16 aircraft. Melville [9] solved a RANS model on a struc-

tured grid, with a simplified structural description, to simulate this problem. A transformation based

on a componentwise method was used which forced components to remain attached at junctions.

Farhat [10] simplified the transfer of information, for the F-16 problem, by defining both grids on the

same surface and using an unstructured, Euler CFD solver and a detailed structural model. Finally,

simulations by Pranata [11] used a block structured grid and a simplified structural model to simulate

the same problem, with transformation being done by volume splines. In all cases at least qualita-

tively correct behaviour was obtained, but it is difficult to assess the precision of the simulations due

to a lack of suitable data with which to compare, and to the cost of making detailed grid and time

refinement studies.

This paper builds on previous work by the authors that has demonstrated time domain aeroelastic
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analysis of wings. Particular attention has been paid to the issue of transferring information between

simplified structural models and CFD surface grids. A simple method to achieve this, called the

Constant Volume Tetrahedron (CVT) transformation was proposed [12]. This was then extended

to multi-component configurations [13]. The current paper demonstrates the method for the time

marching aeroelastic analysis of a real aircraft.

The Hawk family of aircraft, manufactured by BAE SYSTEMS, first entered service with the

Royal Air Force in 1976. The finite element structural model used in linear flutter calculations is a

stick model that has been built up by BAE SYSTEMS using Ground Resonance Test (GRT) data.

This provides a model with a small number of degrees of freedom that can realistically reproduce

the frequency, mode shapes and damping of the aircraft. The use of low order models is desirable

since every possible configuration of stores must be considered. The number of cases can run into the

thousands and even at few minutes per configuration a complete analysis can take weeks to perform.

The symmetric modes have been observed from linear analysis to be the most critical for exhibiting

instability.

The current paper continues with a description of the CFD, CSD and time marching formulations.

Then, the transfer of information between the structural and fluid surface grids is considered. Due

to the sparseness of the structural grid this turns out to be problematic. Finally, time domain results

based on the Euler equations are presented.

2 Formulation

2.1 Flow Solver

The three-dimensional Euler equations can be written in non-dimensional conservative form as

∂W

∂t
+
∂F

∂x
+
∂G

∂y
+
∂H

∂z
= 0 (1)

where W = (ρ, ρu, ρv, ρw, ρE)T denotes the vector of conservative variables. The flux vectors F, G
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In the above ρ, u, v, w, p and E denote the density, the three Cartesian components of the velocity,

the pressure and the specific total energy respectively. The terms U , V and W are the contravariant

velocities defined by

U = u− xt, V = v − yt, W = w − zt, (2)

where xt, yt and zt are the grid speeds in the Cartesian directions.

The Euler equations are discretised on curvilinear multi-block body conforming grids using a

cell-centred finite volume method which converts the partial differential equations of (1) into a set of

ordinary differential equations which can be written as

d

dt
(Vi,j,kWi,j,k) = −Ri,j,k(W). (3)

The convective terms are discretised using Osher’s [14] upwind method. MUSCL variable extrapo-

lation [15] is used to provide second-order accuracy with the Van Albada limiter to prevent spurious

oscillations around shock waves.

Following Jameson [16], the time derivative is approximated by a second-order backward differ-

ence and equation (3) becomes

R
?
i,j,k(W

n+1

i,j,k) ≡
3V n+1

i,j,k W
n+1

i,j,k − 4V n
i,j,kW

n
i,j,k + V n−1

i,j,k W
n−1

i,j,k

2∆t
+ Ri,j,k(W

n+1

i,j,k) = 0. (4)

To get an expression in terms of known quantities the term R
?
i,j,k(W

n+1

i,j,k) is linearized with respect

to the pseudo-time variable t?. Hence one implicit time step takes the form

[(

V

∆t?
+

3V

2∆t

)

I +
∂R

∂W

]

(

W
m+1 − W

m
)

= −R
?(Wm) (5)

where the superscript m denotes a time level m∆t? in pseudo-time. Equation (5) is solved in the

following primitive form

[(

V

∆t?
+

3V

2∆t

)

∂W

∂P
+
∂R

∂W

∂W

∂P

]

(

P
m+1 − P

m
)

= −R
?(Wm). (6)

This linear system is solved in unfactored form using a Krylov subspace method with Block In-

complete Upper Lower (BILU) preconditioning. The preconditioner is decoupled between blocks to

allow a very high efficiency on parallel computers with little detriment to the convergence of the linear
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solver. For the Jacobian matrix of the CFD residual function, approximations are made which reduce

the size and improve the conditioning of the linear system without compromising the stability of the

time marching. Full details are given in reference [18].

This formulation is implemented in the Glasgow University flow code PMB. This solves the Euler

(and RANS) equations on block structured grids. A wide variety of unsteady flow problems, including

cavity flows, aerospike flows, delta wing aerodynamics, rotorcraft problems and transonic buffet have

been studied using this code. More details on the flow solver can be found in reference [18].

The geometries of interest deform during the motion. This means that unlike the rigid aerofoil

problem, the aerodynamic mesh must be deformed rather than rigidly translated and rotated. This

is achieved using Transfinite Interpolation of Displacements (TFI) within the blocks containing the

wing. More elaborate treatments which move blocks to maintain grid orthogonality are possible [1]

but are not necessary here because only small wing deflections are encountered. The wing surface

deflections are interpolated to the volume grid points xijk as

δxijk = ψ0

j δxa,ik (7)

where ψ0
j are values of a blending function [17] which varies between one at the wing surface (here

j=1) and zero at the block face opposite. The surface deflections xa,ik are obtained from the transfor-

mation of the deflections on the structural grid and so ultimately depend on the values of αi. The grid

speeds can be obtained by differentiating equation 7 to obtain their explicit dependence on the values

of α̇i.

2.2 Structural Solver

Finite element methods allow for the static and dynamic response of a structure to be determined.

Stiffness (K) and mass (M) matrices are used to determine the equation of motion of an elastic

structure subjected to an external force fs as

M ¨δxs + Kδxs = fs (8)

where δxs is a vector of displacements on a grid of points xs. Because the structural system under

consideration is linear it is assumed that the structural characteristics are determined once and for all
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prior to making the flutter calculations, so that M and K are constant matrices generated, in this case,

by the commercial package NASTRAN.

The aircraft deflections δxs are defined at a set of grid points xs by

δxs =
∑

αiφi (9)

where φi are the mode shapes and αi the generalised displacements. Here the αi depend on time but

the mode shapes are fixed. The values of φi and ωi are calculated by solving the eigenvalue problem

[M − ω2

i K]φi = 0. (10)

The eigenvectors are scaled so that

[φi]
T
M[φi] = 1. (11)

Projecting the finite element equations onto the mode shapes results in the equations

d2αi

dt2
+ ω2

i αi = φT
i fs (12)

where fs is the vector of external forces at the structural grid points. This equation can be solved by

a two stage Runge-Kutta method, which requires a knowledge of f
n
s and f

n+1
s . To avoid introducing

sequencing errors by approximating the term f
n+1
s the Runge-Kutta solution is iterated in pseudo time

along with the fluid solution i.e. the latest estimate for f
n+1
s is used in the Runge Kutta solution. At

convergence of the pseudo time iterations the structural and fluid solutions are properly sequenced in

time. It should be noted that the cost of the coupled calculation resides with the CFD solver when

modal structural models are used. The CFD solver used in the current work is of good efficiency in

the sense that the time step is always chosen to adequately resolve the solution temporally and is never

chosen to facilitate the operation of the solver due to stability or any other numerical considerations. It

is our experience that building the structural solution into the pseudo time loop does nothing to change

the performance of the flow solver, and there would be nothing to gain from using, for example, the

family of staggered schemes [4], as we have shown for the AGARD wing test case in reference [19].

Finally, it is important to note that the structural models used for flutter prediction by industry

usually have geometric simplifications, such as representing the wings as plates or the fuselage as a
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beam. There is a good case, especially if the modes have been derived from a finite element model,

for using a detailed structural model for CFD-CSD simulations. This resolves a number of questions

introduced by the use of simplified models and sits more comfortably with the desire to carry out high

fidelity simulations. However, there is a need for consistency of models across the range of methods

used in flutter analysis and legacy models (such as the one used here) will continue to be used. It

is necessary, therefore, that in practical terms these simplified models are used in demonstration

calculations of CFD based aeroelastic analysis. A complementary research activity (eg [20]) aims

to derive low order aerodynamics models for transonic analysis, in which case a change to detailed

structural models is not necessarily appropriate. It is the authors’ opinion that simplified structural

models will be in use for some time to come and that CFD based analysis methods must be able to

cope with the problems introduced thereby.

2.3 Linear Methods

The Doublet-Lattice Method (DLM) is a method for modelling the aerodynamics of oscillating lifting

surfaces that reduces to the Vortex-Lattice Method at zero reduced frequency. Based on potential

flow theory, the DLM cannot describe compressible or viscous aerodynamic effects. Industry flutter

analysis tends to use the DLM for flutter prediction work (this is the case for the Hawk), and the linear

predictions have been used successfully as part of an overall process for predicting flutter, despite the

theoretical limitations. They therefore provide an essential point of reference for more sophisticated

methods, such as those based on the Euler equations for aerodynamic modelling. Linear flutter speeds

for the test case used in this paper have been derived using the BAE SYSTEMS codes BAKAIC and

FLUMOX. The former generates Aerodynamic Influence Coefficient matrices using DLM, and the

latter uses these matrices to interpolate the aerodynamic forces to the structural grid and carry out a

P-k flutter analysis.

3 Transformation Methods

The complexity of achieving effective information transfer between the structural and fluid grids is

often underestimated. The coupled solver needs to determine accurately the displacement of the fluid

grids points (δxf ) based on the deflections of the structural grid points (δxs). These latter are caused
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by the fluid forces on the structural grid points (fs) which must be accurately determined from the

known forces on the fluid surface grid points (ff ). The two grids are not, in general, coincident and

where CFD is used to derive the aerodynamic forces it is likely that the grids will have no common

interface; as is the case for the Hawk example considered here. The CVT scheme was proposed in

[12] to provide a consistent and accurate transformation procedure for coupling fluid and structure

under these circumstances. Each fluid grid point (xf,l) is first associated with a triangular element

constructed from three structural grid points (xs,i, xs,j and xs,k); its projection onto the plane of the

triangle formed by the structural points is denoted xp,l. The displacement of the fluid point (δxf,l)

is calculated in two stages. First, the displacement of the projected point (δxp,l) is calculated using

linear interpolation of the displacements of the three associated structural points. Secondly the out-

plane vector from xp,l to xf,l is rotated to keep it orthogonal to the plane of the structural triangle,

and its magnitude is rescaled so that the volume of the tetrahedron formed by the fluid and the three

structural points is kept constant.

These considerations lead to a non-linear relationship between the fluid and structural displace-

ments, which is then linearised in the structural displacements. To avoid incurring significant errors

from this linearisation, it is always applied about the current structural locations, as opposed to the

original (undeflected) one. Hence there is a linear relationship for any one application of the transfor-

mation, and the principle of virtual work is then used to give the force transformation. This method

was used for single component aeroelastic calculations in [12] and [5]. A version of this method that

deals with structural models that use a beam was developed in [13].

Problems arise at junctions when the method is applied componentwise for complete aircraft

cases. In particular, gaps can appear since there is no guarantee that a point lying on a junction will be

identically transformed for the two components meeting at the junction. This is illustrated in figure

2(a) where the tailplane and fuselage junction becomes cross over and the vertical fin detaches from

the fuselage. Even very small mismatches like this can lead to poor grid quality [13].

To overcome this a multi-level mapping is used [13]. The idea is that the motion of points on, for

example, the wing is not independent of the fuselage to which the wing is attached. The wing points

must therefore attach to the fuselage as the wing root is approached. A transformation is defined
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for each component and is then averaged according to a hierachy to ensure that components match

at junctions. In the current case two levels are defined, one for the fuselage and one for all other

components. The fuselage is defined as being predominant so all components attach to the fuselage

as it is approached. The distance from the nearest fuselage fluid point is calculated for all fluid surface

points. This is then used to weight the transformations obtained from the two levels, one based on

linking all components to a triangle on the fuselage structural grid and the other based on linking to

a triangle on the correct component (i.e. wing fluid points to triangles on the wing structural grid,

fuselage fluid points to the fuselage structural points etc). As the fuselage is approached, all the

weight is put on the fuselage based transformation, ensuring that the junctions are properly defined.

The resulting improvements in the surface definition are shown in figure 2(b).

The triangulation of the Hawk structural model leads to only 78 elements as shown in figure 1.

The lack of stuctural elements means that the method used to associate fluid points with a triangle 4i

becomes critical. The method used previously [12] [13] was to select the triangle which minimises

the distance between the projected fluid point and the centroid of the structural triangles. This works

well when the structural grid is finer than in the current case. However, for coarse structural grids

the situation shown in figure 3 arises. The line P1P2 shows the transition between 4ABD and 4BCD

when nearest centroids are used. This method of association means extrapolation is used, for example

near corner D of 4ABD when it is preferable to use linear interpolation within triangle 4ABD. To

keep extrapolation to a minimum the following straightforward refinement was made.

For each triangle in the structual model we calculate the area of the jth triangle ABC and the

sum of the areas of triangles APB, BPC, and APC where P is the projected point xp,i, as shown

in figure 4. The difference in the sum of the three triangles containing the projected point and the

original triangle is defined as

X4j
= |4ABC −4APB −4BPC −4APC| . (13)

The minimization of X4j
is used to associate 4i to point xf,i and since X4j

is zero if the projected

point is inside the triangle this also minimises the number of displacements calculated using extrapo-

lation.

Figure 5 shows the difference between the two methods of association when used to transform the
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seventh structural mode. The fuselage is much smoother using the new scheme.

4 Results

The simulation method described above is demonstrated for the Hawk aircraft in level flight, zero

angle of attack and in the transonic flow regime. Some simplifications to the Hawk geometry have

been made to reduce the complexity of the grid generation task. This is in common with other com-

plete aircraft demonstrations where various combinations of the intake, vertical fin and tip missiles

have been removed [9] [10] [11]. In the current case the wing tip missiles and the intakes have been

removed. In addition, linear analysis has shown that for this aircraft in this flight condition the sym-

metric modes are most unstable. It is the intention here to apply as rigorous an assessment of the

results as is practically possible and therefore the symmetric case is simulated to allow greater grid

density to be used. However it is stressed that none of these simplifications are essential and all of

these effects can be included as the codes stand. In addition, no jet condition was applied at the back

of the aircraft and to avoid problems in predicting the aerodynamics in that region, particularly since

we are using the Euler equations, a rigid sting was extended from the rear of the fuselage to the far

field.

The influence of the fuselage on the aerodynamics is not included for the linear results and since

we are dealing with the symmetric modes only, the vertical fin makes no contribution to the aerody-

namics. This is consistent with the usual practice.

4.1 Grid

A multiblock structured grid consisting of 141 blocks was constructed around the symmetric half of

the aircraft using ICEMCFD. The farfield is shaped as a bullet with the farfield 20 wing root chords

ahead of the nose and 19.5 chords behind the tail. The farfield is 16 chords in diameter. An O-type

blocking is used to grid the fuselage and C-H-type blocking to grid the wing and the elevator i.e.

C-type around the rounded leading edges and H-type around the collapsed wing tips. The vertical

fin is gridded with H-H-type blocking. The normal cell spacings on the wing and elevator surfaces

are 10−3 chords. The fine volume grid has 4.45 million points. A medium grid is extracted from the

fine grid by removing every alternate point in all three directions. A coarse grid is extracted from the
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medium grid in the same manner. The medium and coarse volume grids have 610,000 and 91,000

points respectively and the respective grids have 14,000 and 3500 points on the surface of the aircraft.

The grid in [10] has 403,000 vertices for an Euler calculation around the full F-16 (but without the

wing tip missiles). Melville [9] uses 1.7 million points for the full F-16 RANS calculations, including

the wing tip missiles but excluding the intake. These grids are likely to be comparable in density to

the medium grid defined here.

4.2 CFD Simulation

A grid sensitivity study based on steady flow was first performed to establish confidence in the reso-

lution used. The surface plots of pressure coefficient for the rigid steady state calculation are shown

in figure 7. The shock over the upper surface of the wing is sharp and well defined in the fine grid but

is a little smeared in the coarse. The coarse grid is however able to capture the location of the shock

quite reasonably. Overall the results are remarkably similar between the three grid levels and indicate

that the medium grid will be satisfactory for the aeroelastic calculations.

All the calculations were run on a cluster of 2.5 GHz PC’s running under Linux and connected by

100 Mbit Fast Ethernet. The CFD group at Glasgow has a cluster of 72 machines and this represents

a powerful and affordable system. For the medium grid, driving the residual down 6 orders on 8

processors, the calculation required 35 minutes. Solving on the coarse grid on 1 processor, a final

convergence of eight orders required 22 minutes.

4.3 Coupled CFD/CSD Simulation

Dynamic calculations were then carried out. A rigid steady state calculation is used to initialise a

static aeroelastic calculation, which in fact converged rapidly since a very small deformation was

observed. Then, a non zero generalised velocity for the second mode was set and the time marching

calculations started. The freestream fluid density was set to be consistent with flight at sea level and

the freetsream Mach number. The airspeed at flutter predicted by linear theory is denoted as Vlin.

Time marching CFD calculations were carried out above and below Vlin. To be consistent with the

linear analysis a structural damping value of 0.5% was used in the modal equations.

Some tests were carried out to determine the influence of grid and time resolution. The medium
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and coarse grids were used to calculate the cases at 0.77Vlin. A reduced time step of 0.45 was used,

giving over 50 time steps per cycle of the aeroelastic response. Figure 8 shows the displacement of the

first four modes against time on both grids. They show remarkable agreement in terms of frequency

and amplitude considering the sparsity of the coarse grid. A similar agreement was obtained for a

flutter case at 1.17Vlin. To test the influence of the time step, an additional coarse grid calculation

was run for 1.17Vlin using a time step of 0.225. The results were identical to those obtained using the

larger time step.

Next a set of calculations were carried out to bracket the flutter speed. This was done on the coarse

grid. Traces at 1.11Vlin and 1.17Vlin are shown in figure 9. The flutter speed predicted by the CFD is

within this range and shows that for this case the linear prediction is around 15% conservative.

Again the coarse grid calculations were run on a single processor and the medium ones on eight

processors. A tight convergence criterion criteria was adopted and the calculations were run forward

for 1600 real steps. The coarse grid calculations (with a tighter convergence criterion) required 12

hours and the medium grid calculations 7 hours.

5 Conclusions

Time marching CFD based aeroelastic calculations for the Hawk aircraft have been demonstrated. A

structural model developed by BAE SYSTEMS for linear flutter calculations was used and the coarse-

ness of this model posed problems for the transfer of information to the fluid grid. Various elements

of the transformation method, including how the fluid points are mapped to the structural elements,

and how the different components are tied together, were reconsidered to meet the challenges posed

by the complete aircraft.

Flutter calculations were run on a sequence of grids at values of the airspeed above and below the

linear flutter speed. The convergence of the solutions with grid density and time step was considered.

It was found that the CFD prediction for the flutter speed was about 15% above the linear flutter point.

The calculations here did not require expensive computer resources. The worst case would allow

two calculations on the medium grid to be run overnight using 8 modern PC nodes. This level of

performance demonstrates the feasibility of exploiting this capability for routine nonlinear flutter
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prediction.
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Figure 1: The triangular surface elements for the production structural model of the Hawk
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Figure 2: Difference in One and Two levels transformed surfaces
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Figure 3: Search domains when using the triangle centroids to map fluid points onto triangles
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Figure 4: Search cases when placing projected points into triangles.
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Figure 5: Difference in the transformed surface due to search method used.
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Figure 6: Transformation of the Two modes from the Hawk structural model
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(a) Surface Cp contours on the coarse grid

(b) Surface Cp contours on the medium grid

(c) Surface Cp contours on the fine grid

Figure 7: Cp Contours
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Figure 8: Comparison of the Modal Displacements in modes 1 to 4 on the coarse and medium grids
at 0.77Vlin.
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(c) Mode 3
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Figure 9: Comparison of the Modal Displacements in modes 1 to 4 on the coarse for 1.11Vlin and
1.17Vlin.


