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Multidisciplinary Simulation of the Gust Encounter
of an Aircraft with the CFD-Code TAU
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Hamburg, March 3, 2008, amateur video
Strong winter storm “Emma”
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Motivation

—~ It would be very beneficial, to simulate such scenarios before the first flight of
an aircraft

—Z “Virtual flight tests” can help to predict additional loads due to gusts / wake
vortices

—Z Important for the design of the structure

— Important for the design of control surfaces and the flight control
system

Aim

7 Development and realization of a strategy enabling to simulate the
interaction of an aircraft with gusts / wake vortices based on CFD solver TAU

7 Take into account the reaction of the aircraft by coupling to flight mechanics

7 One important step towards the “digital aircraft” vision
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CFD solver TAU

Grid strategy

~ unstructured/hybrid grids e (%%
— overset grids (Chimera) f;,ﬁ//[@{;{;},;" g Thens i
— deforming grids !{J’!f‘r @%{éﬁ%’ﬁ?ﬁ {%Qf?,

— grid adaptation (refinement, de- ?ésggg%gwf

L

refinement)

Physical model l%{gé%”"%’v}t" r 4
: : N AT
7 3D compressible Navier-Stokes gl Lol
equations e
: it =
—7 state-of-the-art turbulence models R
. . . . M%X@W)‘%ﬂ Y
~ arbitrarily moving bodies A W/

7 steady and time accurate flows

Numerical algorithms
7 2nd order finite volume discretization
based on dual grid approach
central and upwind schemes
multigrid based on agglomeration
Runge-Kutta or LU-SGS scheme
implicit schemes for time accurate
flows (dual time stepping)

7 MPI parallelization
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CFD solver TAU

Grid strategy
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CFD solver TAU

Grid strategy
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CFD solver TAU

Grid strategy

7 unstructured/hybrid grids

7 overset grids (Chimera)

7 deforming grids

— grid adaptation (refinement, de-
refinement)

Physical model

—7 3D compressible Navier-Stokes
equations

—7 state-of-the-art turbulence models

=7 arbitrarily moving bodies

7 steady and time accurate flows

Numerical algorithms 4
2nd order finite volume discretization d’ -
based on dual grid approach = AV OV oV e RS ol S
central and upwind schemes V(t) S(t) S(t)
multigrid based on agglomeration = sy vdv
Runge-Kutta or LU-SGS scheme V()

implicit schemes for time accurate

flows (dual time stepping) . . ' ' '
MPI parallelization Ve=Vans (t) - rot (l’ 1t) P flex (I’ !t)
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CFD solver TAU: What is missing?

~Z No efficient capability exists enabling the simulation of a gust or wake
vortices moving through the flow field

Possible outcome:

7 Implementation of an unsteady boundary condition enabling the
transport of a gust through the flowfield to the aircraft

il

Discretized flowfield

A, e

Additional inflow velocity
prescribed at the boundary
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CFD solver TAU: What is missing?

~Z No efficient capability exists enabling the simulation of a gust or wake
vortices moving through the flow field

Possible outcome:

7 Implementation of an unsteady boundary condition enabling the
transport of a gust through the flowfield to the aircraft (strategy a)

Advantage:

—~ Allows to capture the mutual interaction of
gust and aircraft

Disadvantage

—~ A high spatial resolution of the COMPLETE
flowfield is required, to transport the gust
without significant numerical losses

Very expensive . . .

A =

Additional inflow velocity
prescribed at the boundary
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Previous work in EU project WAVENC

—Z In the frame of the EU project WAVENC (Wake Vortex Evolution and Wake
Vortex Encounter) experiences have already been made with the FLOWer
code for simulation of steady wake vortex encounter phenomena

Ntest: 981115
Run/Pol: 04/07

Mach: 0.176
zm |- X = 17.6345
min V;:-z = 0'0012?104
02 \Pfﬂxa/?vg:nzm;o%gs;%%o
i T Experimental investigation
04 . 0500 of wake vortex encounter
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Previous work in EU project WAVENC

—Z In the frame of the EU project WAVENC (Wake Vortex Evolution and Wake
Vortex Encounter) experiences have already been made with the FLOWer
code for simulation of steady wake vortex encounter phenomena

Rolling moment

Numerical investigation compared to
experimental data



Previous work in EU project WAVENC

—Z In the frame of the EU project WAVENC (Wake Vortex Evolution and Wake
Vortex Encounter) experiences have already been made with the FLOWer
code for simulation of steady wake vortex encounter phenomena

Rolling moment

Approach a:

-

Implementation of a new boundary condition at the inflow
boundary

Usage of a very fine Cartesian background mesh with an
appropriate resolution to “transport” the vortices down to
the aircraft

This allows to simulate a mutual interaction of vortices
and aircraft

Approach b:

-
-

Usage of disturbance velocity approach

Takes into account the influence of the disturbance on
the aircraft, but not the other way round

Standard meshes can be used, very cheap compared to
approach a)

Decision
7 Realization of strategy b) in TAU, but for unsteady

applications



CFD solver TAU: Disturbance Velocity Approach

—Z In TAU / FLOWer the balance equations are formulated for arbitrarily moving control
volumes (example continuity equation)

d rdv+ or(v-vy)xdS=0

V(1) S(t)

L velocity of boundary of control volume

control volume



CFD solver TAU: Disturbance Velocity Approach

velocity of boundary of control volume

d rdv+ or(v-vg)xdS=0
tV(t) S(t) ?

Two different possibilities, to achieve equivalent results of a configuration
7 Goal: Simulation of a configuration, with on flow conditions v, and angle of attack a
— a: Set velocity v=v,; at the farfield, rotate configuration (angle a), vg=0

—

Vint
—~ b: Set velocity v=v,; cosa at the farfield, do not rotate configuration, move
configuration with vg= -v,; sina downwards

Vg IS constant in the
———= whole flowfield for
V= Vi COSa this example

Vg= -Vis Sina




CFD solver TAU: Disturbance Velocity Approach

—Z Superposition of additional disturbance velocity v,

d rdvV+ or(v- v, - v)xdS=0 additional disturbance velocity induced by
dt, ., st B e.g. gusts / wake vortices, which can be
t prescribed as function in space and time

_
V= Vs COSA
- V; = - v (Xt

Well suited for verification of the
implementation Vg (X,1)

T

Vg= Vips SiNa




CFD solver TAU: Disturbance Velocity Approach

—Z Superposition of additional disturbance velocity v,

d rdv+ or(v-vg-v)xdS=0 additional disturbance velocity induced by
dt ' e.g. gusts / wake vortices, which can be
prescribed as function in space and time

70 S() ’
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—Z Superposition of additional disturbance velocity v,
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CFD solver TAU: Disturbance Velocity Approach

—Z Superposition of additional disturbance velocity v,

d rdv+ or(v-vg-v)xdS=0 additional disturbance velocity induced by
dt ' e.g. gusts / wake vortices, which can be
prescribed as function in space and time
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CFD solver TAU: Disturbance Velocity Approach

—Z Superposition of additional disturbance velocity v,

d rdv+ or(v-vg-Vv)xdS=0 additional disturbance velocity induced by
dt ' e.g. gusts / wake vortices, which can be
prescribed as function in space and time
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CFD solver TAU: Disturbance Velocity Approach

Verification of implementation
7 Case RAE2822:

7 Re=6.5x10°

7 Ma,=0.73

Reference: a = 2.8°

V= (uinfvo)-r

Equivalent case: a = 0°

v=(UnCosa, 0)'  "y.= (0, u,, Sina)T

0 N O O N O O O O O O O O O O
Vgust: (O’uinf Sina)T

8-0.2 .

_— Reference
- Equivalent
case




CFD solver TAU: Disturbance Velocity Approach

—Z Implementation of gusts as defined in FAR Part 25.341

1 2p s
U(s):EU,;iS 1- cos%

U(s) 1:— I

Design gust velocity
Uss 08l
0.6 F
0.4
0.2F
0o 02 0.4 0.6 08 1

~|wn|



CFD solver TAU: Disturbance Velocity Approach

Verification of
implementation

—7 Case RAE2822:
7 Re=6.5x106

7 Ma,=0.73
(~244 m/s)

7 a=0°

Superposition
7 Gust with vertical

velocity amplitude of
~11 m/s

Z | =2m
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What else is missing ?

To take into account the reaction of the aircraft based on the additional airloads,
TAU has to be coupled to the flight mechanics equations!



TAU flight mechanics coupling procedure

7 Close coupling scheme
— Simultaneous solution for flow- and 6DoF flight mechanics equations
7 Solution is done iteratively according to dual time stepping approach

Start

Physical time loop

Inner

i T
FM AERO

U,;Hl' U n

n=n+1
t=t+Dt

Wn+l _ Wn "
————+RW"\W,,) =0

ot +RUS™U,,) =0

yes
t=t 7

max

no

yes
Ende




Application

Simple example for coupling of TAU, flight mechanic s module and
“flight control module”

7 Simulation of generic 2D
aircraft interacting with a gust

— Configuration with HTP
and elevator

V 150 m/s
Wavelength |, =30 m

Vertical veloc. of gust
Wmax, gust =5m/s

7 Started from trimmed
conditions

7 Configuration a :
7 Bary center in front of

| neut_ral point Bary center Bary center
7 Configuration b: config a) config b)

— Bary center behind
neutral point

\

\

\




Application

Simple example for coupling of TAU, flight mechanic

“flight control module”

Configuration a:

4

Bary center in front of neutral
point; M,(t=0) = 0

The gust will temporarily
increase the angle of attack; lift
will increase (DL)

The additional force DL creates
an additional pitch moment
rotating the aircraft back ,into
the wind“ (reduction of pitch
angle)

If the gust has passed the
aircraft, the trimmed state is
again established

Aircraft is flying stable

Bary center
config a)

cg

to

s module and



Application

Simple example for coupling of TAU, flight mechanic

“flight control module”

Configuration b:

7 Barycenter behind neutral
point; M,(t=0) = 0

7 The gust will temporarily
increase the angle of attack; lift
will increase (DL)

—7 The additional force DL creates
an additional pitch moment
increasing the pitch angle AND
the angle of attack

=7 Aircraft is flying unstable

-

-

Bary center
config b)

s module and



Application

Simple example for coupling of TAU, flight mechanic s module and

“flight control module”

7 Usage of a controller to
stabilize config. b)

7 The controller tries to keep
the pitch angle constant

7 This is realized by
movement of elevator
(Proportional controller):

h=k* (Q B Qequilibrium)

10

History of pitch angle during and
after the gust encounter

config. b: unstable

config. a: stable

config. b:
,1co‘ntr‘ollled‘“

1 2 3 4
t




Application
Encounter of an aircraft under cruise conditions wi th a generic gust

7 DLR F12 configuration scaled
to A380 size

Gust amplitude: 30 m/s

Gust wavelength: 60 m

Ma = 0.85, h = 11km, Re = 72
x 106

7 Step 1: Trim for horizontal
flight (steady)

\

\

\

IM



Application
Encounter of an aircraft under cruise conditions wi th a generic gust

7 DLR F12 configuration scaled
to A380 size

Gust amplitude: 30 m/s
Gust wavelength: 60 m

Ma =0.85, h=11km, Re =72
x 106

7 Step 1: Trim for horizontal

flight (steady) f%?iﬂﬁga block

\

\

\

—Z Trim-condition:
7 C =045
7 C,=0.0
—Z Trim-parameter
—~7 Angle of attack a
7 Angle of HTP h

Trim-iterations 0 1 2



Application
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—Z Platform: C2A2S2E
Cluster using 512 cores
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th a generic gust
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Application

Encounter of an aircraft under cruise conditions wi
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to A380 size

Gust amplitude: 30 m/s

Gust wavelength: 60 m
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7 Step 2: Coupling of TAU code
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—Z Platform: C2A2S2E
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\

\

\

t=0.5s

th a generic gust






Summary and outlook

—~ A disturbance velocity approach has been implemented in the DLR TAU-
code to enable the simulation of the interaction of aircrafts with atmospheric
effects like gusts

— To take into account the reaction of the aircraft due to additional
aerodynamic loads, a 6-DoF flight mechanics module has been developed
and coupled to the TAU code

7 A complex example for the validation of the CFD — FM coupling have been
presented

7 First promising result for the simulation of the interaction of an aircraft with a
gust

Outlook : Next step towards the realization of the “digital aircraft vision”
7 Simultaneous coupling of CFD / FM and CSM

—Z The work has been carried out in the frame of the CRP project IMPULSE
and the C2A2S2E project RealFlight
(A~

2z
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Thank you for your attention!



