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Abstract. A method for the computation of steady dynamic derivatives of aircraft is
described. Viscous simulations are performed with a multiblock, structured code, using
an ALE (Arbitrary Lagrangian Euler) finite volume formulation. The method was first
tested on a simple tri-dimensional wing and horizontal tailplane. The results were com-
pared with an engineering method, for which good accuracy is expected on these test cases.
Calculations were then performed on a complex Airbus civil aircraft configuration. On
this geometry, the results show good agreement with wind tunnel test measurements.
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1 INTRODUCTION

Stability derivatives of an aircraft are the derivatives of all aerodynamic forces and mo-
ments with respect to the independent variables of flight. They allow the characterization
of aircraft behavior in any flight conditions. These coefficients are essential for aircraft
manufacturers for the aircraft stability study, and for the fine tuning of control laws.

Most coefficients related to the flow velocity may be obtained by wind tunnel experi-
ments with sufficient accuracy. The estimation of dynamic derivatives using wind tunnel
tests is less accurate : the most frequently used technique (the forced oscillation tech-
nique) implies parasitic forces, especially inertia forces and model distortion, which are
dominant with respect to aerodynamic forces. Therefore, the availability of a reliable and
accurate numerical prediction method for dynamic derivatives would be a great help for
the aircraft manufacturer. Furthermore, the cost reduction related to the reduction of
wind tunnel tests would be significant.

The objective of the present study is to show the ability of a Navier-Stokes solver,
NSMB([1], to properly calculate the damping derivatives for typical civil aircraft con-
figurations, performing any kind of motion using ALE method (Arbitrary Lagrangian
Eulerian). The study is limited to the steady case, i.e. to derivatives related to angular
velocities.

In this paper, the numerical aspects are first presented. A simple test case, based on
the ONERA M6 wing geometry is then investigated for validation purpose. Finally, an
application is performed on a complex geometry, a transport civil aircraft, consisting of
a fuselage, a wing and the horizontal and vertical tailplanes.

2 GOVERNING EQUATIONS

We solve the tri-dimensional unsteady compressible Navier-Stokes equations, which
conservative form in a moving frame can be expressed as :

0 - 3 o
— dQ) H.ndS = 1
ot //Q(t) Qla,7) dd+ /89(t) nd3=0, (1)

where the control volume €(t) and its boundary 0€2(¢) are time-dependent, and with :

p 0 0
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J. Cormier, S. Champagneux, V. Moreux, and R. Collercandy

where p, \7, E, P and Y are respectively the density, the velocity vector, the total energy,

the pressure and the shear stress tensor. The flux H.i is decomposed into three compo-
nents, the convective flux, the pressure contribution and the viscous flux. 7 denotes the
outward normal of the moving boundary 9€2(¢) which has a velocity z.

To close the system, the gas is assumed to be thermally and calorically perfect providing
the state equation :

P V2

— 10, 2)
(y=Dp

For the viscous fluxes, Sutherland’s law is used to determine the molecular viscosity pu,

and the heat conductivity constant & is found assuming a constant Prandtl number (0.72
in all cases).

E =

3 FLOW SOLVER

The NSMB solver is developed in the frame of the European Academia-Industry
consortium/[1] : Aerospatiale Matra (France), SAAB (Sweden), CERFACS (France), EPFL
(Switzerland) and KTH (Sweden). The NSMB code is a parallelized Multi-Block Navier-
Stokes solver based on a finite volume approach. It uses a dynamic allocation and database
manager.

This solver is used in the aircraft design process of Aerospatiale Matra Airbus. To
achieve that goal, runs can be made on various computers and the numerical code is
optimized for use on vector computers as well as on scalar machines. It has been written
in parallel with a Message Passing Paradigm (MPI) to deal with this kind of complex
geometries which demand powerful resources.

4 NUMERICAL METHODS AND TURBULENCE MODELS

The Navier-Stokes equations are discretized using a space centered finite volume|2]
with second order artificial dissipation terms. The equations are integrated in time using
the implicit LU-SGS (Lower-Upper Symmetric Gauss-Seidel) scheme|3].

Turbulence in boundary layer is modeled using either the algebraic model of Baldwin-
Lomax[4] or the one-equation model of Spalart-Allmaras[5]. At last, characteristic bound-
ary conditions were used to model the far-field, and the solid wall is modeled using a
adiabatic non-slip condition.
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5 CALCULATION OF DYNAMIC DERIVATIVES
5.1 Notations

Figure 1 presents the different notations, used in this paper, and in particular, the force
components C,, C, and C;, and the moment components Cj, C,, and C,,. The wingspan
is called b, the mean aerodynamic chord Cy and the aerodynamic center F. At last, p, g
and r and the angular velocities.

P y
e_-g,u__ X
X Cx.Cl

Figure 1: Notations

5.2 Introduction to dynamic derivatives

The stability derivatives represent the coefficients of a Taylor series expansion of the
aerodynamic forces and moments of a configuration, which is subjected to a small pertur-
bation of the independent flight variables (velocity magnitude (V'), angle of attack and
sideslip («, ), angular velocity (p, ¢, r), acceleration (&, ), etc...). For instance, in the
longitudinal case we can write :

Colo,q,0) = Cpy +a.Cy +q.Cp + 6. Cy (3)

where : C,, = %Oof)o, Cyy = 8(9(/;] I)o and C,, = %Odf)o are the longitudinal derivatives,

estimated at equilibrium position (o« = ¢ = & = 0).

We can distinguish static derivatives, steady dynamic derivatives and unsteady dy-
namic derivatives. Static derivatives are terms due to variations of the linear velocities.
Steady dynamic derivatives are terms related to angular velocity. Unsteady dynamic
derivatives are terms due to variations of linear accelerations.
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In this study, we focus on static derivatives and steady dynamic derivatives (also called
quasi-stationary aerodynamic coefficients). Assuming that efforts vary linearly, we can
approach the derivatives by the rate of growth between two different states. For instance,
the lift derivative related to a pitching motion will be approximated by :

C.(q) — C.(g=0)
q

qu = (4)
In the case of static derivatives, the two calculations are static calculations, but in the
case of steady dynamic derivatives, we have to simulate at least one calculation of rotating

flow (p, ¢, 7 #0).

5.3 Arbitrary Lagrangian-Eulerian formulation

In order to account for the rotation of the computational domain, an Arbitrary Lagran-
gian-Euler (ALE) method has been used. This method, initially developed by Donea et
al.[6] for unsteady fluid-structure computations, consists in performing the Finite-Volume
integration of the Navier-Stokes equations over a moving and deforming cell (eqn. 1).

It leads to modifying the convective fluxes, including a grid velocity, but does not add
any source terms to the conservation equation, in contrast to the rotating frame formu-
lation of the Navier-Stokes equations|7]. Thus, the convergence properties of the implicit
method are preserved, without having to treat a source term implicitly.

The implementation of this method is quite elementary. The Jameson numerical flux

H jumeson-1 is modified as shown in eqn. 5.

— —

ﬁJamesonALE - ﬁJameson - (.’E’ﬁ:) f (5)

Concerning the calculation of the artificial dissipation, we have to subtract @7 from
the eigenvalues of the flux Jacobian matrix. Boundary conditions are modified to take
into account the grid velocity, and a local pressure gradient due to the movement of the
solid wall has to be added in the solid wall boundary condition[7].

The general formulation of ALE allows to solve fluid dynamic problems with the Eule-
rian approach (x = O) the Lagrangian approach (x = V) or any other approaches with
moving and deforming frames.

The ALE method used in this study is slightly simplified with regard to Donea’s for-
mulation. The grid velocity is given by ONOM , Where () is the constant angular velocity.
The mesh is moving, but not deforming, so no geometric conservation law is used. Fur-
thermore, the mesh coordinates do not have to be updated at each time-step, since the
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mesh performs a block-rotation in this particular case, and so computing time is saved.
At last, because the studied rotations are very small, the pressure gradient at the wall
surface has been neglected.

6 ONERA M6 WING

We first validate our implementation on the well-known ONERA M6 wing. This is a
swept back wing, designed to be used as an experimental support for CFD validation at
high Reynolds numbers[8]. The Reynolds number, based on the mean aerodynamic chord
is 11.74 million, and the Mach number varies from 0.5 to 0.7. We chose small angles of
attack (< 3.08°) so that the flow remains subsonic.
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Figure 2: Mesh used for Navier Stokes simulations

Two meshes were used. The first one is designed for Euler simulations and contains 38
blocks and 148758 nodes. The second, derived from the first one, is used for Navier-Stokes
simulations (Fig. 2). It contains 60 blocks and 237836 nodes and the size of near wall
cells is about y* = 1. The outer boundaries are located 12 chord lengths away from the
airfoil.

We present successively preliminary tests, validation in lateral cases, and validation in
longitudinal cases. In order to improve understanding, we shortly describe the physical
phenomena for each motion [9], [10].

6.1 Static longitudinal case

We first performed static simulations to ensure that the modeling (grid, schemes, mod-
els, ...) was accurate. We used successively Euler formulation, Baldwin-Lomax model
and Spalart-Allmaras model to estimate the influence of turbulence modeling on the so-
lution.
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As shown in Tab. 1, the position of the aerodynamic centre and the lift-curve slope
C,, are well predicted, even with an Euler simulation. On the contrary, because viscous
drag is not negligible, Euler calculations do not allow the prediction of the drag coefficient.

Measurements | NSMB Euler | NSMB BL | NSMB SpA
25 %Cy 24.9 %Cy 24.7 %Cy 24.8 %Cy
C.. (M =0.5) 4.00 4.00 4.02 -
C..(M =0.7) 4.33 4.50 4.41 4.36

Table 1: Static results at angle of attack of 0 degrees

We performed a viscous simulation at Mach number 0.7 and angle of attack 1.08 de-
grees, to compare the local pressure load with experimental data on 7 different sections
along the span. In figure 3 we present results in two sections (y = 20%b and y = 99%b).
As we can see, numerical results are in very good agreement with experimental data, even
near the wing tip. Comparison over all other sections are also very good.

Section1-y=20%Db Section7-y=99%b

1.0 1.0
-Cp ® Measurements -Cp ® Measurements
— NSMB — NSMB
05
0.0
> [ ]
-05¢ -0.5
[
[ )
_10 1 L L L L L 1 1 1
00 01 02 03 04 05 06 07 08 09 10

.0 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10

x/C x/C

Figure 3: Pressure coefficient on two sections

These results confirm that the problem is well modeled. Moreover, we saw that Euler
simulations are sufficient to predict phenomena governed by the lift like C,, C;, C,, and
their derivatives. For the other coefficients : C,, C, and C,, viscous calculation are
necessary. Because we focus on all the phenomena, we only present viscous calculations.
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6.2 Lateral cases

In this part, sideslip, yawing and rolling effects are studied. The results are compared
with data provided by the engineering method ESDU (cf [11]). All simulations were
performed at an angle of attack of 2 degrees. We used the Baldwin-Lomax model, which
is accurate on such lifting configuration (cf § 6.1).

Sideslip effect In case of sideslip, even in absence of dihedral, a flat lifting wing has a
Cy,, due to its swept back geometry. According to simple swept back theory, the velocity
normal to the wing reference line (1/4 chord line for subsonic, leading edge for supersonic)
determines the lift.

Theoretical approach :

IED

Numerical results : i T T T
0.10 - -
i\\\\\\

fffff Cz (B=0 deg, 0.=2 deg) N\

0.05 ——— Cz(B=2deg, a=2 deg) he
—— 5.ACz

0.00 Wﬂ%

-1.2 -0.8 -04 0.0 0.4 0.8 12
y

Figure 4: Sideslip description and numerical results
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Sideslip angle unbalances this normal velocity field between the two sides of the wing
(Fig. 4 - Theoretical approach). It follows obviously that it creates a positive and constant
incremental lift on the right wing and a negative and constant incremental lift on the left

wing. This lift unbalance generates a negative rolling moment Cj,. The non-zero C,,, and

C,, are secondary effects, mainly due to the modification of the induced drag distribution
along the span. They are negative and positive respectively.
ESDU | NSMB
Cys 0 0.010
Cy, | -0.11 | -0.117
Chny 0 -0.026

Table 2: Sideslip effect result

To increase the visibility, we multiplied the incremental lift by 5 (Fig. 4 - Numerical
results). As we can see its distribution is in fair agreement with the theoretical prediction :
the incremental lift is nearly constant on each side of the wing. Moreover, as shown in
Tab. 2, €y, is well predicted by the code. At last, whereas in absence of dihedral angle, the
ESDU method is insufficient to predict lateral effects, the code predicts non-zero values
for C,, and C,; and the sign is respected.

Rolling effect When a wing rolls with angular velocity p about its longitudinal axis, it
affects instantaneously the local angle of attack at all stations of the wing. This angle of
attack varies linearly across the span, from —% to % (Fig. 5 - Theoretical approach).
This antisymmetric « distribution produces an antisymmetric and linear increment in the
lift distribution, and so a negative rolling moment, the damping-in-roll derivative Cy,. As
for sideslip effect, C,, and C,, are effects governed by the distribution of induced drag,

but with higher intensity.

As we can see, the lift distribution is in good agreement with the theoretical prediction
(Fig. 5 - Numerical results) : the incremental lift induced by the rolling motion varies
linearly along the span. Furthermore, the rolling effect predicted by the code is in fair
agreement with the ESDU data (Tab. 3).

ESDU | NSMB
C,, | 015 [ 0.120
G, [ 216 | -2.43

P

C’np -0.23 | -0.226
Table 3: Rolling effect result
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Theoretical approach :

Numerical results : T T
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Figure 5: Rolling description and results

Yawing effect When a wing has a rate of yaw r superimposed on the forward motion,
its velocity field is altered significantly. Because of the swept back geometry of the wing
and the yawing motion, the normal velocity field varies almost linearly along the span
(Fig 6 - Theoretical approach). This phenomenon unbalances the drag distribution along
the span (even in absence of lift because of viscous effects), and creates a negative yawing
moment, the damping-in-yaw derivative C), , which resists to yawing motion. This un-
balance also creates a lateral force C), . Simultaneously, because the profile is lifting, the
antisymmetric change of the velocity field induces an antisymmetric increment in the lift
distribution, and so a rolling moment Cj, .

In this case, (), is only due to lift and so the numerical result is in good agreement with

the ESDU data (Tab. 4). The value obtained for C,, is not so good. Many reasons can
explain this error. First of all, this coefficient is so small that the absolute error due to

10
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Theoretical approach :
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Figure 6: Yawing description and results

approximations in the ESDU formulation and due to the discretization in the numerical
methods, becomes very important. Furthermore, this coefficient is mainly due to drag
phenomena, which are much more difficult to estimate than lift. Nevertheless, the sign of
this coefficient is correct, and the drag distribution is in good agreement with the theo-
retical approach (Fig. 6 - Numerical results).

Conclusion In this part we have shown that ALE method is able to predict stability
derivative coefficients with a good level of accuracy. In the case when phenomena are
governed by lift, results are in good agreement with the ESDU data. In the other case,
results are satisfying in comparison with currently available models.

11
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ESDU | NSMB
c, | - 0.010
C, | 0.30 | 0.261
C, | -0.02 | -0.011

Table 4: Yawing effect result

6.3 Dynamic longitudinal case

In this part we focus on phenomena due to the pitching of an horizontal stabilizer. The
main objective is to validate a relationship between the pitch damping coefficient C, and
the lift-curve slope C,,.

6.3.1 Geometric approach

When the wing represents an horizontal stabilizer, the pitching axis is located far up-
stream from the mean aerodynamic center. In this case, geometric approximations provide
a relationship between pitching effect and angle of attack effect.

The pitching angular velocity creates a local velocity (Fig 7) given by
—{ANOM .

In the plan (Oxy), this induced velocity field becomes

—

oar = (e —x0).q k. (6)
And so the total velocity is
Ve = Vo i + (a0 — 20).q (7)

Thus, the local angle of attack is :

ay = tan?
-

Along the wing, this angle of attack varies (Fig. 8) between :

. 1 ((@Ba—w0)q
apa = tan <T> s (8)

and

app = tan" ! <—(xBF‘; xo).q> = tan"! <(xBA +‘(/J — xo).q> . 9)

12
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Figure 7: Local velocity induced by the rotation

| L LAG,
| :
I

x=L+A.C,

Figure 8: Locale angle of attack

When the mean aerodynamic chord is negligible compared to the lever arm (C' <<
(xpa —9)), apa and app are almost identical and so we can assume that the local angle
of attack along the span is constant.

In this case, the pitching effect becomes very similar to an angle of attack effect, and
the angle of attack a., equivalent to the rotation q is bounded by aps (eqn. 8) and apg

(eqn. 9). In first approximation, we can assume that a., is the local angle of attack of
the mean aerodynamic center F :

Qg = tan™" (_q) . (10)
We can deduce successively

(11)
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(1 + tan® a)da = Viaq , (12)

da L)V
90 TT LV (13)

<‘9§;> /(%%) 1y (LL/.Z;OVOOV ’ (14)

and
C, oC. aC., L/Co
T / _ . (15)
C.., o(529) oo 14+ (L.q/Vw)?
For small angle of attack, (L.q/Vs)? << 1, so we can rewrite the final relationship :
C. L
i _ = 16
e (16)

According to simulation results (cf next section), this approach did not give an accurate
prediction C, . Because the point of equivalent angle of attack is not necessarily located
in F, we added a correcting term (A.Cy) to take into account the distance between the
point F and the point of equivalent angle of attack P (Fig. 8). In this case, the final
equation is changed into :

c., L
Cza B C10

+ A (17)

The difficulty comes from the determination of A\. This parameter can vary with ge-
ometry characteristics and with flow conditions. The use of numerical simulations allows
to solve this problem.

In this approach, two assumptions were made : C[v’a >> 1 and (L.q/V4)? << 1, the

first one corresponds to horizontal stabilizers, the second one is always satisfied in the
dynamic derivative approach : small variations of flight conditions around equilibrium.

6.3.2 Numerical validation

Parametric study The first test consists in calculating the pitch damping coefficient
for many lever arms and with two different Mach numbers. The objectives are to validate
the geometric approach and to determine the parameter A (eqn. 17).

14
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C., | C.
Mach Clv’a Ozi Ozi — C’LO
0.5 6 6.50 0.50
0.5 10 | 10.52 0.52
0.5 20 | 20.59 0.59
0.7 6 6.47 0.47

Table 5: Results with different lever arm

As shown in Tab.5, the expression gz‘z — CLO is almost independent of CL and of Mach

Za 0
number. So, the relationship 17 is verified and the parameter X is equal to 0.5 : the point
P is located about 0.5 chord length behind F.

Global efforts In the second test we tried to confirm the similarities between the two
kinds of motion. We compared a pitching effect with two angle of attack effects.

We simulated the three following cases :

o a=0deg, 40 = 0.0020, L = 6.735 C

e oy =1.12deg,q=0
e oy =1.19deg, q=0
When q"/—CO = 0.0029 and L = 6.735 Cj, the local angle of attack in F is :

oo

L.
ap = tan™! (V—q) =112=mo

o0

and the local angle of attack of the point located 0.5 chord length behind F is :
L+ 0. :
a=tan"! <( i (‘)/5 Co)-q

The results of the three simulations confirm the conclusions of the previous test. The
efforts calculated for the g-effect are very close to the efforts calculated with the angle of
attack ay :

) :1.192062

C.(¢q) = 0.0937 Cm(q) = —0.633
C.(ay) = 0.0879 Ch(ay) = —0.592
C.(az) = 0.0935 Ch(az) = —0.630

Moreover, this comparison shows that the equivalence between the two effects is also
valid for the pitching moment, and thus, for the aerodynamic center.

15
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Conclusion This longitudinal validation shows the great interest in using numerical
simulations in flight stability study. A simple geometric approach can not provide an
accurate empirical relation to predict dynamic derivatives, and numerical simulations can
be useful to perform parametric studies that are necessary to improve those methods.
Moreover, they provide much local information, which is very interesting to better under-
stand complex phenomena.

7 COMPLEX AIRCRAFT GEOMETRY

In this paragraph, we try to assess the ability of the numerical tool to correctly predict
the steady dynamic derivatives on a complex aircraft geometry. The calculated geometry
is a transport civil aircraft on which the DLR has performed some wind tunnel tests in
NWB (Braunchweig). It is composed of the fuselage, the wing with its winglets, and the
horizontal and vertical tailplanes. We only investigated the longitudinal derivatives at
subsonic velocity. A multiblock structured mesh has been generated for this geometry.
It is composed of 48 blocks and 3 millions nodes. Figure 9 shows the symmetry plane
(y = 0) of this mesh.

On this configuration, we first performed a Navier-Stokes calculation with no rotating
velocity (¢ = 0). The calculation parameters are :

e Mach number = 0.207,
e Angle of attack = 3°,
e Reynolds number = 4.74 . 105,

e Turbulence model of Spalart-Allmaras

The numerical results were compared with wind tunnel measurements. The relative
error is less than 4% for C,_ and about 10% for C,,,. This agreement between the results
ensure the reliability of this reference calculation.

In order to estimate the longitudinal derivatives with respect to the pitching velocity,
a calculation with a non-zero value of ¢ is performed. The coefficients are then computed

by finite differences between the two computational results : Cila) = (qu(q =0) (cfeqn. 4).

The unsteady contributions C,, and C,,, have been retrieved from the experimental re-
sults for which these coefficients cannot be obtained separately from the steady ones (C,
and C,, ). These unsteady coefficients have been estimated by an engineering method.

The comparison shows fair agreement between numerical and experimental results :
the relative error is about 9% for C,, and 13% for C,,,. For these coeflicients, the level

16
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Figure 9: Mesh and pressure coeflicient isolines for g-effect

Furthermore, CFD

which can be of great help for the understanding

Fig. 9),

(

of disparity between numerical and experimental results is compatible with the accuracy

requirement from aircraft manufacturers regarding handling qualities.

of the complex flow phenomena involved in this kind of motion.

gives access to local information

8 CONCLUSION

formulation for

the motion modelization. The ALE method used was slightly simplified with respect to

Donea’s formulation : the meshes are moving without any deformation.

)

Arbitrary Lagrangian Euler

A numerical method for the calculation of dynamic derivatives has been described.

This method consists in using the ALE (

Validation has been performed by applying the numerical method to tri-dimensional

17
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test cases based on the ONERA M6 wing geometry. For these simple test cases, we
compared the numerical results with validated engineering methods. The comparison
demonstrated the capability of the numerical tool to accurately predict steady dynamic
derivatives on simple geometries.

Derivatives for a complex transport civil aircraft geometry were then calculated. The
calculated configuration consists of a fuselage, a wing and the horizontal and vertical
tailplanes. The results were compared with experimental data from DLR. Good agree-
ment was shown, allowing us to be optimistic for the use of this numerical tool on complex
geometries.

This preliminary study demonstrates the promising perspectives related to the use
of this numerical tool for the industrial prediction of the steady dynamic derivatives of
complex civil aircraft geometries. Some complementary studies are needed :

e The validation of complex geometries will be continued.

e Investigations of extreme aerodynamic conditions (high Mach number, high angle
of attack) will be made.

e Unsteady simulations will be performed in order to assess the numerical ability to
predict derivatives with respect to variation of angle velocities.
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