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Abstract

Computational simulations of aerodynamic charactegstfthe Common Research Model (CRM), repre-
senting a typical transport airliner, are conducted usiRB G ethods in close proximity to the ground. The
obtained dependencies on bank angle for aerodynamic fancesioments are further used in stability and
controllability analysis of the lateral-directional aiaft motion. Essential changes in the lateral-directional
modes in close proximity to the ground have been identifiext.example, with approach to the ground,
the roll subsidence and spiral eigenvalues are mergingicgethe oscillatory Roll-Spiral mode with quite
significant frequency. This transformation of the latat@mkctional dynamics in piloted simulation may
affect the aircraft responses to external crosswind, modifndliag quality characteristics and improve
realism of crosswind landing.

1. Introduction

According to statistics of fatal accidents worldwide fonomercial Jet Fleet during the period 2002015 presented
by Boeing Company Ltd the number of fatalities during lamgditue to Abnormal Runway Contact (ARC) and Run-
way Excursion (RE) holds the second place with controllgghflinto terrain (CFIT) after the Loss-of-Control in
Flight (LOC-I).! Approach and landing accident reduction (ALAR) is the priyngoal of the Flight Safety Foundation
(FSF)? It is noted that a better knowledge of flight dynamics in clpseximity to the ground can provide increased
understanding of the various crosswind handling techrsigoiéncrease safety during a crosswind landing.

Aircraft aerodynamic characteristics and dynamic behavéwe subjected to changes in proximity to the ground
during landing approach and také&-#ight.* An increase in the lift force, reduction in the amount of indd drag,
onset of the pitching down moment requires control actiomithe pilot for retrimming aircraft. The above mentioned
aerodynamic changes due to groufiéet in the aircraft longitudinal dynamics and control ardl vexognised. Special
wind tunnel techniques are used for evaluation of the graafit in the longitudinal aerodynamic characteristics.
An analytical study of the groundfect on the airplane longitudinal stability can be found,deample, in papel?

During crosswind landing and takefahe aircraft lateral-directional dynamics can be excitagticraft can be
approaching and landing with sideslip and nonzero bankearlgis requires levelling aircraft in close proximity to
the runway. Therefore thefect of closeness to the ground on the lateral-directionady@mamic characteristics in
such situations should be seriously evaluated. To the Imestledge of the authors, changes in the lateral-directiona
airplane dynamics due to grounfiect have not been addressed in the aeronautical literatdreat introduced in the
flight simulation practice.

In this paper we approach the above problem by using CFD rdstfus computational prediction of airplane
aerodynamic characteristics in static conditions, whendiplane is flying above the runway with nonzero bank
angle. The Common Research Model (CR¥pf a generic modern transport airplane was considered ritse
configuration. The CFD simulations were conducted using X8 %luent and OpenFOAM open source softwére.
Most of the previously reported CFD simulations of aerodgita in ground &ect have been carried out for two
dimensional airfoils and low aspect ratio configuratiéfs’ 14

The ground #&ect in the CRM aerodynamic forces and moments dependenraselsden identified in the CFD
simulations and the obtained aerodynamic data were apfaiestability and controllability analysis in the lateral-
directional airplane motion. The performed dynamic analfar a typical transport airliner showed transformatidn o
the airplane lateral-directional modes of motion. For eplnthe roll subsidence and spiral eigenvalues in close-pro
imity to the ground are merging creating the oscillatorylF8giral mode with quite significant frequency. This trans-
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formation of the lateral-directional dynamics introdudegbiloted simulation may féect the flight simulator motion-
cueing and handling quality characteristics. The majotofaof the performed groundiect dynamic analysis was
the introduction of the rolling and yawing moments depemritsion the airplane bank angle, which was equivalent to
the "aerodynamic banking fiiness". The airplane responses to ailerons and rudder towgts also change in close
proximity to the ground.

The formulation of the computational framework and simolatresults for CRM groundféect aerodynamics
are presented in section 2. Section 3 discusses the resdifaamic analysis of the lateral-directional motion and th
6-DOF simulations of the full scale flight simulation modeldlose proximity to the ground.

2. CFD simulation of ground effect aerodynamics

For evaluation of the groundiect aerodynamics in this study the Common Research ModeWjGRometry of a
generic airliner was selected. This geometry of CRM in wiragly-horizontal tail configuration is available on NASA
repository for Drag Prediction Workshdprhe geometry is then modified to include the ONERA verticabfinilable
at® The reference area for CRM model, shown in Fig.Big = 3837n? andC,er = 7m, the wing has an aspect ratio
of AR=9.0.

\

—

Figure 1: Full configuration of the Common Research ModelNGR

2.1 Grid generation

The build topology of the CRM model has been checked and cieddo ensure air tightness on the model surfaces.
After this procedure a hexahedral type of mesh was genefatetthe full model. A structured mapped blocking
approach with appropriate splits and inclusion of O-gridswsed to better capture the boundary layer regions on the
airplane surfaces.

The blocks initially generated, were transformed througtations and translations to generate hexahedral un-
structured meshes according to flight conditions, i.e. lamp attitude and closeness to the ground. The boundary
conditions on the ground were implemented as a moving wali direction and velocity magnitude of incoming flow
and were resolved with inclusion of H-grid layers with agmiate wall distance (¥<1).

The initial meshes were generated foffelient altitudes above the grouhd- 4c, h = 2¢, h = 1c, andh = 0.5¢C.

At each altituden the grid was adapted for a number offdrent angles of attack settings= 4, 8,12°. At altitude
h = 0.5¢ additionally a number of bank angle settings was considg¢red4, 8, 12° with additional adaptation of the
grid. Fig. 2 shows dierent CRM attitudes at = 0.5¢ (different colors are used to highlightfidirent aerodynamic
surfaces of the model). The blue mesh in the bottom reprefemiground.

The numerical simulations were carried out within reastaabcuracy of a grid between coarse to medium, i.e.
10million cells for a full configuration. This seems suitalidr our purpose here to evaluate groufféet.

2.2 Governing equations and boundary conditions

The Navier-Stokes equations governing fluid flow are:

op _
R (pu) =0 (1)
‘;—l: +(u-V)u-vW2u=-Vp/p (2)

For the Reynolds numbers typical for industrial applicasiothe computational resources required for a Direct
Numerical Simulation (DNS) of equations (1),(2) are exdegthe currently available technical capabilities. THeet
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o =4deg, ¢ =4deg

a =8deg, ¢ =12deg

o =12deg, ¢=12deg

Figure 2: Generated meshes and flight settings.

of turbulence is normally simplified by solving the Reynoelilgeraged Navier-Stokes (RANS) equations, which are the
time averaged approximation of equations (1),(2). Theawiag of fluctuating velocities generates additional terms
known as the Reynolds stresses. To describe these strhssagditional empirical equations, generallffeliential
ones, are required to close the computational model. Theriyapf RANS models are based on the concept of an
eddy viscosity, equivalent to the kinematic viscosity of fluid, that describes the turbulent mixing or th&wlion

of momentum. For closure, the turbulerices SST formulation is used which is commonly used in compuretio
aerodynamic simulation'$:

opk  dujk 0 ok

2 G- B0wk + — =
o Tk = ek o |t o)z (3)

Opw OUjw vy , 0 ow
——+——=2G- — V) —|+D 4
e + %, th Bow* + %, (V+ ouW) i + (4)

where turbulent viscosity is defined as:

y = LK (5)

- maxayw, QF2)

2.3 Solver and numerical settings

The ground ffect aerodynamics was simulated using the steady-statergohthe Reynolds averaged Navier-Stokes
(RANS) equations closed by thew SST model for turbulence. Under relaxation is applied fdutson of steady
RANS equations to increase convergence stability. Secaiat discretization schemes were used to solve momentum
and pressure equations. All scalar variables are solvdutha first order accuracy. The residuals for all the equation
are allowed to reach a satisfactory convergencg®dod" of the initial values.

2.4 Simulation results

In close proximity to the ground the airplane wing tip voesicare modified giving a reduced downwash contribution.
This leads to increase in the lift force, reduction in the ammf induced drag, onset of the pitching down moment.
For illustration purposes, Fig. 3 shows a pressure didtdbwn the CRM surfaces, the ground and in a far field
cross-section at flight with altitude= 0.5¢, angle of attack = 8° and bank angle = 4°. Note, the wing closer to the
ground has a much weaker tip vortex than a similar vortex erutiper wing, which appears to be slightly elliptical.
There is also zones with increased pressure on the grourat tivelwing and horizontal tail.

Transformations of the wing tip vortices in grounfieet produce changes in the aerodynamic forces and mo-
ments acting on the aircraft. Fig.4 presents simulatedmdgrecies for the lift, drag and also for the pitching, rajlin
and yawing moment cdicients. The groundffect increments in the aerodynamic loads increase with aseref
the magnitude of the lift and strengthening the wing tip io@$ and downwash outside of the ground. For example,
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ata = 8° and zero bank anglg¢ = 0 the increase in the lift cdigcient isAC_ = 0.08, which is equivalent to in-
crease on 12% (see Fig.4, top left plot). Further increase in the lifeffigient takes place at bank angle= 12° -
AC_ = 0.217, which is equivalent to increase on2% (see Fig.4, top right plot). The drag ¢beient at bank angle
¢ = 12° decreases,Cp = —0.013, this is equivalent to decrease ong8Ph (see Fig.4, top right plot).

Pressure
ground

2.581e+003

1.615e+003

6.487e+002

Figure 3: Pressure distribution on CRM surface, the grounabfar field cross-section &t= 0.5¢, @ = 8° and¢ = 4°.
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Figure 4: Hfect of bank angle on aerodynamic @ogientsC, Cp, Cy, Ci, C, ath = 0.5¢, o = 8°.

The aerodynamic moments are aldteated by the bank angle in close proximity to the ground. &hera
significant pitching down féect at¢ = 12°, i.e. AC,, = —0.198 (see Fig.4, bottom left plot). The most important for

4
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our objectives are the rolling and yawing moment dependsram bank angle, shown in Fig.4, bottom right plot. The
rolling moment co#ficientC, proportionally decreases with increase of bank agglehich is acting in a way as a
stiff spring. The yawing moment cfigient increases with increase of bank angle unht 8°, but decreases with the
change of sign at = 12° (see Fig.4, bottom left plot).

3. Airplane lateral-directional dynamicsin close proximity to the ground

The obtained in CFD simulations dependencies for the a@adic codficients, presented in the previous section,
have been used for modification of the full flight simulatioonde! of a typical transport aircraft for conducting 6-
DOF simulations in a level trimmed flight in close proximity the ground. Trim and linearisation procedures have
been applied to evaluate aircraft stability conditions anthll amplitude modes of motion in the longitudinal and
lateral-directional motion. Additionally, the impact ofagind proximity on stability of the lateral-direction dymis

is addressed in this section with by the analysis of the lised lateral-directional equations eigenvalues.

3.1 Lateral-directional equations

For evaluation of the airplane lateral-directional dynesrin close proximity to the ground the stability-axis laler
directional equations are considered in the following @eahatrix form (see notations#):

f N Ng Np Ngl|r| [Ns, N
Bl _|-1 Y5 0 &|B |0 o
p L, Lﬁ Lp L¢ P L§a L(sr
) 0O 0 1 O0]|¢ 0O O
— 2 — 2

The new terms in the state matrix of equations (6)Myge= C%(h)’O\éIZSZb andL, = C.uﬁ(h)’%xsxb. They represent
the rolling and yawing accelerations induced by bank apnglBhe ground fect in this case is equivalent to a kind of
"aerodynamic roll sftness", which will tend to level the airplane above the runway

In flight away from the ground, wheN, = L, = O, the lateral-directional modes are defined by the Roll-
Dutch complex-conjugate eigenvaluis = —¢ + wn V(1 — £2), the roll subsidence eigenvalug and the spiral mode
eigenvaluels. It is reasonable to represent the groufiée on the eigenvalues in the form of a root-loci with a
parameter connected with variation of the reduced flightuakeh = h/c.

Ja

5 ®)

3.2 O<cillatory Roll-Spiral modein lateral-directional dynamics

The lateral-directional characteristic equation withaott of ground &ect can be represented in the following form:

(s— As)(s— AR)(S” + 2 wn + W)pR — Ly(S* + 1S+ Ao)ce = 0 (7)
where
8.1= %Lr_Nr_Y_ﬁ
Ly 8
N N (N = N VY ®)
- -y

Parametet, varies from zero value in flight with no groundfect ( = o) to its maximum value in close proximity
to the groundif = 0.5 + 1.0). TheN,/L, ratio in expressions; anda, (8) has a weak dependence on reduced
altitudeh. So, with increase of parametéy| the eigenvalues will move on the complex plane from thetidhvalues
Apr = —¢ + wn V(1 - £?),Ar andAAs towards the values defined by zemsz, of the second order polynomial equation
& + a;S+ ag = 0 and one pair of eigenvalues will migrate to infinity. Thedtion of zeros; andz, depends on lateral
directional coéicients in the expressions faf andag (8). These zeros can be located in the left half of the complex
plane, being a complex-conjugate pair, or move to the rigbtable half of the complex plane creating an opportunity
for onset of oscillatory instability due to grounffect, whera; < 0. There is also a possibility for onset of aperiodical
instability due to groundféect ifag < 0.

A full flight simulation model of a typical transport airctdfas been modified taking into account the aerody-
namic dependencies presented in the previous sectiond@-BDOF flight simulations in a level trimmed flight in close
proximity to the ground. The eigenvalues of the linearisgdagions of motion are presented in Fig. 5 with variation
of parameteh. The eigenvalues root-loci shows significant transforaratif the lateral-directional modes of motion.
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Figure 6: Airplane responses to doublet aileron contralitiag = +25° at different altitudes above the runway obtained

in 6-DOF simulation.

80
@
€ 70
>
60
0 10 20 30 40 50
200
€
~ 100 —V
I
0
0 10 20 30 40 50
= 20
Q
=
< 10 W_
ey
s
< 0
0 10 20 30 40 50
= 20
[}
k=]
©
=
= 0 H H H H i
0 10 20 30 40 50
10
2
a o
(e
_10 L L L L J
0 10 20 30 40 50
Time [s]

PhiDeg RDps PDps Beta [deg]

AilDeg, RudDeg

207
0
-20 a
0 10 20 30 40 50
501
O g
-50
10 20 30 40 50
207
-20
10 20 30 40 50
501
0 é
_50 L L L L J
10 20 30 40 50
501 ——h=4.0MAC
0t 18 ———h=25MAC
v " —— h=10MAC
_50 L L L L J
0 10 20 30 40 50
Time [s]

Figure 7: Airplane responses to doublet rudder controliidpe +35° at different altitudes above the runway obtained

in 6-DOF simulation.



DOI: 10.13009/EUCASS2017-376

GROUND EFFECT AERODYNAMICS AND AIRPLANE STABILITY

0.9

0.8

0.7

e

X
lateral

TLA

0.4r

Pilot control inputs
o
(&)

Figure 8: Trim control inputs required in landing approadthwonzero sideslip and bank angles£ 8°, 3 = 107,

¢ =&).

h/c

ref




DOI: 10.13009/EUCASS2017-376

GROUND EFFECT AERODYNAMICS AND AIRPLANE STABILITY

Table 1: Eigenvalues of Longitudinal and Lateral-DirenibDynamics Modes at = 8°.

Ground Effect  Short period (SP)  Phugoid (Ph) Rall (R) Spiral (S) Dutch Roll (DR)
h(c0) 0.549+ 0.742 -0.012+ 0.17i -0.8 —-0.008 —0.133+ 1.048
h=0.5c —0.554+ 0.8i -0.012+0.17 -0.344+0.538 -0.344-0.538 -0.2+1.335

aRoll and Spiral modes are merged in oscillatory Roll-SpiR$) mode

The roll subsidence and spiral eigenvalues in close prdyitaithe ground are merging creating the oscillatory
Roll-Spiral mode with quite significant frequeneys = 0.53&ad/s (see Fig.5(bottom plat = 8°)). Along with this
change, the Dutch-roll eigenvalues increase frequenaey the level ofwp = 1.05rad/sto wp = 1.34rad/s.

There is very little changes in the short-period longitadligigenvaluesisp and practically no changes in the
longitudinal phugoid modelp,. In Table 1 the eigenvalues for the lateral-directionalipromodes for flight ah = o
andh = 1.0c are presented for clarity showing a substantial transftonaf the lateral-directional dynamics.

The new factor introduced in the performed eigenvaluesyaisalvas the rolling and yawing moments depending
on the airplane bank angle, which was equivalent to the theramic banking sfiness". This "aerodynamic ftess"
is strongly d@fecting the airplane controllability in close proximity foetground. The airplane responses to aileron and
rudder control inputs obtained in the 6-DOF flight simulatire shown in Figs.6 and 7, respectively. The airplane
responses to pilot control inputs change in amplitudes eegliencies at low reduced altitudes h/c. This may lead
to changes in handling qualities at low altitudes wififeet on crosswind landing and onset of pilot induced os@ihtest.

In crosswind approach-and-landing the aircraft should fth wome nonzero sideslip angle to compensate side-
wind. To fly a straight line along the runway the aircraft a game time should have some non-zero sideslip and bank
angles. Fig.8 shows the required control pilot inputs imtfight with steady sideslip = 10°, « = 8° and¢ = 4°.

The control inputs are normalised with respect to maximuffedégons. One can see that during landing significant
retrimming is required in the longitudinal and lateral aohthannels and thrust control, and less sensitivity is\sho
in the directional channel.

4. Concluding remarks

The presented dynamic analysis of the lateral-directiomation modes and controllability during approach-and-
landing shows the importance of the grourtket for the improved realism of piloted simulation and estilon of
critical crosswinds. The introduced aerodynamic modglatiows improved pilot training on various types of flight
simulators.
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