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Abstract

Terminal flight phases, particularly landing, are among the most critical, due to low altitude,
low speed and the possible presence of crosswinds. Tools capable of accurately modeling
and simulating these phases are essential for identifying potential issues and assessing
airplane safety integrity. This work focuses on the development of a nonlinear flight
simulator devised to handle terminal maneuvers, including ground effect and wind. Such
a simulator incorporates the six-degree-of-freedom rigid body equations of motion coupled
with a landing gear model and with a basic control that emulates the action of the pilot,
while the aircraft aerodynamic characteristics are estimated through a dedicated semi-
empirical procedure. The proposed simulator is employed to assess the effect of crosswind
and approach speed on different performance indicators, considering a general aviation
airplane (Ryan Navion). These indicators include ground roll distance, wing-tip clearance
and lateral forces exerted on the landing gear. The results demonstrate that landings
are achievable even beyond the demonstrated crosswind limits without encountering
wing-tip strikes or rollover and that higher approach speeds could be advisable in strong
crosswind conditions.

Keywords: flight dynamics; terminal maneuvers; simulation; crosswind; landing gear;
ground effect

1. Introduction

Landing is one of the most critical phases of a flight because the aircraft operates at low
altitude and speed, while external disturbances, most notably wind, may bring the airplane
into dangerous conditions due to the proximity to the terrain [1,2]. The safety of landing
maneuvers is ensured by effective and consolidated airport procedures, improved weather
awareness, and the use of automatic controls for approach and landing; however, despite
these precautions, the final phases, particularly landing, still remain critical for flight safety.
As noted in the Flight Safety Foundation (FSF) report, a better knowledge of flight dynamics
near the ground may improve safety during crosswind terminal maneuvers [3].

For this reason, accurate modeling of takeoff, landing, and the associated airborne
phases is essential to analyze the aircraft behavior in these conditions and identify potential
safety concerns.

Although simple simulation methods, based on lumped elements, are accurate enough
for many applications, such as preliminary aircraft design, to provide a general under-
standing of aircraft behavior during takeoff and landing, a more sophisticated modeling
approach is necessary when analyzing realistic terminal maneuvers. This is particularly
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true in windy conditions, where several factors must be considered. First, the kinematics of
the aircraft movement must be accurately reproduced, as touchdown or liftoff may occur
asymmetrically, with one leg making contact first. Second, the contact between each leg and
the ground requires consideration of the nonlinear dynamics of the landing gear and tires,
including their interaction with the ground. Third, the variation in aerodynamic properties
due to ground effects, affecting lift, drag, and moment coefficients, must be appropriately
reproduced. Similarly, configuration changes, such as landing gear and flap extraction or
retraction, must also be accounted for in the aerodynamic modeling. Finally, the influence
of the ground proximity on the aerodynamic properties must be adequately captured [4].

Notable examples of tools for simulating landing maneuvers can be found
in [5-8], where landing gear dynamic models of different complexities were proposed. Tire
dynamics are analyzed in [9], where the authors concluded that even simple models with
low computational costs may provide good approximations in the case of contact over flat
surfaces. A tire friction model is introduced in [10], and subsequently used in [11,12] for
landing simulations.

In order to develop a general-purpose terminal maneuver simulator, aircraft and
landing gear and tire dynamics shall be integrated, finding a good compromise between
modeling complexity and computational costs, as suggested in [6,13,14]. This goal is
far from trivial, as in the literature, many simulators neglect the modifications of the
aerodynamics induced by the ground effect [6,7,15].

The aim of this work is to develop a nonlinear flight simulator tailored to terminal
maneuvers, capable of adequately handling both takeoff and landing, as well as all airborne
flight conditions. This simulator is built upon the one described in Ref. [15], utilizing
standard rigid-body dynamics equations to model the aircraft motion, with its orientation
parameterized using Cardan angles. The rigid-body dynamics are supplemented by the
dynamics of the tires and landing gear, along with a specialized function to detect which
landing gear leg, if any, has contacted the ground. The simulator proposed in [15], despite
its overall capabilities, used a simplified aerodynamic model that was fully linear and
based on constant stability and control derivatives, even if significant variations in the
aerodynamic parameters due to ground proximity are expected. Furthermore, the model
omitted nose-wheel steering, which is crucial for maintaining directional control after
touchdown, particularly under strong crosswind conditions. These limitations prevent an
accurate simulation of a complete terminal maneuver, restricting the use of the simulator
to only a few seconds before and after touchdown, i.e., during a phase where nose-wheel
steering is not employed and the changes in the aerodynamics due to ground effect can
be ignored.

The work presented in this paper addresses these limitations by incorporating a dedi-
cated tool to model the aircraft aerodynamics, partially based on Digital Datcom [16]. Due
to certain limitations of the Datcom software (https:/ /www.pdas.com/datcomdownload.
html, last accessed on 3 April 2025), such as analyzing only one movable surface at a time,
the derivation of the aerodynamic model is performed through multiple analyses in a
prescribed process, as also suggested for unusual configurations [17]. Moreover, the simu-
lator includes a simplified pilot model, implemented through simple proportional controls.
These controls manage all actions required in terminal phases, including flare, braking
and steering of the nosewheel to maintain the alignment of the airplane with the runway
during terminal phases.

The main findings of this work can be summarized as follows:

¢  Variation of the aerodynamic coefficients due to ground effect must be taken into
account to adequately simulate takeoff and landing maneuvers.
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*  The impact of ground effect on the moment coefficient is of paramount impor-
tance, as nose-down or nose-up moments can be experienced as airplanes approach
the terrain.

¢  To reduce lateral loads on the landing gear during landing in strong crosswind con-
ditions, it is advisable to slightly increase the approach speed at the expense of an
increased ground run and a reduced wing-tip clearance, aspects that can be easily
managed to avoid safety issues.

* A comprehensive aerodynamic model of an airplane, even if based on semi-empirical
methodologies, coupled with a suitable flight dynamics simulator, can help engineers
explore potentially critical conditions, such as landing in strong crosswind, that were
not encountered during the flight testing executed for airplane certification.

The paper is organized according to the following plan. Section 2 introduces the
reference aircraft used for all computations, the Ryan Navion. The procedure to com-
pute the aerodynamic database through the semiempirical methodologies is provided
in Section 3, while Section 4 details the developed simulation environment. Several ter-
minal maneuvers are simulated to illustrate the effects of ground proximity and evaluate
terminal performance indices in Section 5, including a takeoff simulation, landing in calm
air and crosswind conditions. Section 6 deals with a parametric study on landings under
varying crosswind intensities and approach speeds. Finally, Section 7 summarizes the
main results obtained in this work and provides insights into potential improvements and
future developments.

2. Reference Aircraft

The reference aircraft for this thesis, used for all the proposed analyses, is the Ryan
Navion. The Ryan (originally North American) Navion is a single-engine, retractable-gear,
four-seat aircraft originally designed and built by North American Aviation in the 1940s.
The airplane features a standard back-tail configuration with a low wing characterized by a
significant dihedral angle. Figure 1 shows a three-view of the airplane, taken from Ref. [18].
Tables 1 and 2 report the main geometry and inertia properties of the reference airplane,
while Table 3 deals with the landing gear properties, which were derived from the Navion
tire specifications [19].

Moment center
0.25 M.A.C.

2.44m

Figure 1. Ryan Navion three-view (based on [18]).
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Table 1. Ryan Navion geometric parameters.
Parameter Symbol Value
Wing area S 17.112 m?
Mean aerodynamic chord c 1.74 m
Wingspan b 10.20 m
Aspect ratio AR 6.04
on  Taper ratio A 0.54
-é Sweep angle, leading edge ALE 2.996 deg
Dihedral angle r 7.5 deg
Tail incidence Tw 2 deg
Twist angle Kppist —3 deg
Tip airfoil NACA 6410 R
Root airfoil NACA 4415 R
= Area SHT 4.0 m?
~ Aspect ratio ARHT 4.0
e Taper ratio AHT 0.67
_@ Sweep angle, leading edge AHRT 6 deg
& Wing incidence igT —1 deg
T Airfoil NACA 0012
5 Area (above HT) svT 1.163 m?
‘5 Tip airfoil NACA 0012.04
” Root airfoil NACA 0013.2
Table 2. Ryan Navion inertia properties [18].
Parameter Symbol Value
Mass m 1293 kg
Center of gravity position 25% ¢
I 1742.33 kg m?
2
Moments of inertia % iggg% Oklgénmz
] xz 0 kg m2
Table 3. Ryan Navion landing gear properties.
Parameter Symbol Value
Main Gear attachment longitudinal position B 033 m
with respect to CG in body axes S/Bumc :
Main Gear attachment lateral position B 133m
with respect to CG in body axes Y5 /By '
Main Gear attachment vertical position B 0.28 m
with respect to CG in body axes S/Bumgc '
Main Gear leg assembly mass MG 259 kg
Main Gear shock absorber stroke Fsuc 0.23m
Main Gear shock absorber length S0pc 0.55m
Main Gear shock absorber cylinder diameter eMe 0.045 m
Main Gear shock absorber orifice diameter oMe 0.0025 m
Main Gear shock absorber internal volume Voue 1.83 x 1074 m?3
Main Gear shock absorber preload pressure Poyc 1.8 x 10° Pa
Orifice discharge coefficient 4 0.61
Main Gear tire undeformed radius Tt 0.255m
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Table 3. Cont.
Parameter Symbol Value
Main Gear tire equivalent stiffness coefficient kit 5.64 x 10° N/m
Main Gear tire equivalent damping coefficient Chrc 763 Ns/kg
Nose Gear attachment longitudinal position B 141 m
with respect to CG in body axes §/Bng :
Nose Gear attachment lateral position B 0
with respect to CG in body axes Ys/Bxe m
Nose Gear attachment vertical position B 037 m
with respect to CG in body axes S/Bne '
Nose Gear leg assembly mass MNG 129 kg
Nose Gear shock absorber stroke Osne 0.19 m
Nose Gear shock absorber length Sonc 0.52m
Nose Gear shock absorber cylinder diameter NG 0.030 m
Nose Gear shock absorber orifice diameter oNG 0.0015m
Nose Gear shock absorber internal volume Vone 1.07 x 10~* m3
Nose Gear shock absorber preload pressure Poyc 1.8 x 10° Pa
Orifice discharge coefficient 4 0.61
Nose Gear tire undeformed radius Ttone 0.215m
Nose Gear tire equivalent stiffness coefficient NG 5.64 x 10° N/m
Nose Gear tire equivalent damping coefficient Cine 763 Ns/kg

3. A Procedure for Modeling the Airplane Aerodynamics Based on
Semiempirical Methods

The aim of this section is to define a procedure for generating an aircraft aerody-
namic database using semi-empirical methodologies. The database should be potentially
nonlinear in the flight mechanics parameters, i.e., aerodynamic angles, their derivatives,
rates and Mach numbers, and should include all features needed to accurately predict the
aerodynamic behavior during terminal maneuvers. Hence, it should consider different
configurations (with flaps and gear extended or retracted), the impact of ground effect
and different Mach numbers. Clearly, the process requires multiple analyses and the use
of semi-empirical methodologies allows the user to obtain the dataset in a couple of min-
utes, making this tool a valuable option also for preliminary investigations and design
optimizations, which can complement traditional simplified approaches [20,21].

Due to certain limitations of the Datcom software, and in particular that only
one movable surface can be analyzed at a time, the derivation of the aerodynamic model is
performed by simulating multiple analyses in a prescribed process, consisting of seven steps.

Table 4 reports the seven analyses that are performed, the goal of each analysis, and a
typical computational time on an off-the-shelf laptop. Each analysis will then be thoroughly
described in the forthcoming paragraphs.

Table 4. List of the semiempirical analyses to derive the overall aerodynamic dataset.

# Elements in the Analysis Tool Obtained Sub-Model Cor;}ipx ng
1 Entire airplane + Ailerons Datcom A Il stability derlv.atlv.es 60s
aileron control derivatives
. Lift, drag and moment coefficients
2 Wing + Body + Flap Datcom with and without flaps 100 s
3 Wing + Body + Flap Datcom Lift, drag and moment coefficients 0s

+ Ground effect with and without flaps, in ground effect

https:/ /doi.org/10.3390/app16041686


https://doi.org/10.3390/app16041686

Appl. Sci. 2026, 16, 1686 6 of 26
Table 4. Cont.
# Elements in the Analysis Tool Obtained Sub-Model Con;g:: :-lng
4 Entire airplane + Elevator Datcom Elevator impact on 1.1 f.t’ drag 250 s
and moment coefficients

Isolated fuselage Drag of the fuselage

5 (rotated by 90 deg) Datcom for different sideslip angles 30s
. Landing gear drag

6 Isolated landing gear Ref. [20] and pitching moment 0s
7 Vertical tail and rudder Ref. [20] Rudder control derivatives 0s

3.1. First Analysis: Entire Airplane with Ailerons

The first analysis considers the entire airplane, i.e., fuselage, wing, horizontal and
vertical tails, and includes the presence of the ailerons. This step is mainly performed
with Datcom through the analysis type, called wing-body-horizontal tail-vertical
tail-ventral fin in the manual [22].

With this analysis, Datcom provides look-up tables with the entire set of stability
derivatives and the aileron control derivatives as functions of different altitudes i and
Mach numbers M. In terms of the longitudinal variables, the resulting submodel consists
of the coefficients of lift, drag and pitching moment about a reference point G, denoted
respectively as Cp(«, M, h), Cr(«, M, h) and C G (2, M, h), the derivatives of lift and
moment coefficients with respect to the pitch rate g, Cr,(a, M, h) and Cp Gq(oc, M, h).
Dealing with the lateral-directional variables, the output of this analysis consists of the
derivatives of the lateral forces, rolling moment and yawing moment with respect to
the sideslip angle B, Cylg(M, h), Cgcﬁ(oc, M, h) and CNGﬁ(zx, M, h), as well as their
derivatives with respect to roll and yaw rates p and r, Cy,(a, M, h), C gcp(tx, M, h)
and CNGP(M, h), Cy,(a, M, h), Cr,(a, M, h) and Cpy; (M, h). Note that the yawing
moment derivatives are assumed to be independent of the angle of attack. The aileron
control derivatives, C . ia (04, M, h) and Cy, ia (a0, 64 M, h), are provided as well.

The stability derivative Cy, (M, h), not directly computed by Datcom, is evaluated as

21
Cy;(M, h) = === Cyp(M, h) (1)
where [, is the distance between the reference point G and the aerodynamic center of the
vertical tail, measured along the airplane longitudinal axis.

It is noteworthy that Matlab R2022b has a function, sdatcomimport, which automati-
cally reads the output files and generates a dedicated structure with all results. Additionally,
the aileron control derivatives are also provided. Given the symmetry of the problem,
aileron analysis is performed only for positive deflections corresponding to right-aileron-
down. Then, estimated control effects are mirrored to obtain the values for negative
deflections. As a final remark, notice that to avoid computational issues, the entire set of
analyses should be split into multiple sub-analyses.

3.2. Second Analysis: Wing-Body and Flaps

This analysis, aimed specifically at computing the impact of flap deflections on
the steady lift, drag and moment coefficients for different Mach numbers and altitudes,
is performed in Datcom through the analysis called Body + Wing in [22]. The output
of this analysis consists of the variation of the lift coefficient at zero angle of attack
ACL(0g, M, h), where J is the flap deflection, the variation of the maximum lift coefficient

ACy,..(6p, M, h), the variation of the minimum drag coefficient ACp . (6p, M, h) and

min

https:/ /doi.org/10.3390/app16041686
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induced drag ACp, («, 6p, M, h), and finally, the variation in pitching moment coefficient
ACH(6p, M, ).

All these incremental values must be added to the unflapped values obtained in the
first analysis (Section 3.1).

3.3. Third Analysis: Evaluation of Ground Effect

The ground effect analysis is performed in conjunction with flaps. As reported in [22],
ground effect is essentially negligible for ground heights greater than the wingspan b.
The analysis consists of computing the steady lift, drag and pitching moment coefficients
for every combination of flap deflection and ground height.

Although the literature recognizes that ground effect may significantly influence
lateral-directional derivatives [23], Datcom does not include any corrections to
lateral-directional derivatives.

It is worth noting that the native Matlab function »datcomimport does not properly
read the Datcom output files for ground effect analyses, and consequently, a dedicated
function was created.

Figure 2 shows some examples of the variation of the polar data with flaps and
ground effect: Each subplot refers to a different flap deflection (left plot 6r = 0, center plot
6r = 15 deg and right plot 6r = 40 deg), whereas each line in the plot refers to the specific
height as indicated in the legend.

57 = 0deg 87 =15 deg 57 = 40 deg

o
o
o

1 1
#

05 —=—h=10m-h/b=010 05 & [—=—h=10m-b/b=010 05 h=10m-h/b=010
—A—h=20m-h/b =020 £ |—a—nh=20m-n/b=020 h=20m-h/b=020
—w—h=41m-h/b=040 ——h=41m-h/b =040 h=41m-h/b=040
—e—h=6.1m-h/b=0.60 —e—h=6.1m-h/b=0.60 h=6.1m-h/b=0.60

0 0 0
0 ) 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
Cn Cp [ Ch [
(a) Polar data for different flap deflections and ground distances.
5 = 5, =15 5 = 4
65 =0deg . 02 L 5 deg . 02 o5 0 deg .
—&—h=10m-h/b=0.10 -h/b=0.10 h=1.0m-h/b=0.10
0.2 _ |—A&—h=20m-h/b=020 -h/b = 0.20 h=20m-h/b=020
“BRg——h=41m-h/b=040 §—%—h=4.1m-h/b =040 0 h=41m-h/b=040
. A h=61m-h/b=060 0 %Y —6—h = 6.1 m - h/b = 0.60 h=6.1m-h/b=060
0 NNy !
W 0.2
-0.1 -0.2¢}
= = s
< 0.2 < <04
S} O <

-04}

C

-0.6
{Unreliable
1 values

'

-5 0 5 10 15 20 -5 0 5 10 15 20 -5 0 5 10 15 20
a [deg] a [deg] a [deg]

(b) Pitching moment coefficient for different flap deflections and ground distances.

Figure 2. Ground effect on polar and pitching moment coefficient, for different flap deflections.

It can be observed that all curves tend to overlap for /b values close to 0.6, indicating
that for /1/b between 0.7 and 1, the ground effect is negligible. In the polar data, displayed in
the upper plots, the reduction in the drag coefficient for a given lift due to ground proximity
is evident as is a mild increase in the maximum lift coefficient. Additionally, a crucial aspect
that can be observed in the behavior of the pitching moment is the pitch-down effect caused
by ground effect. A similar effect on pitching moment was also noted in Ref. [24] for a
larger transport aircraft, the Comet 3B. Additionally, the modeling approach predicts a
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mild reduction in the stall angle of attack due to ground effect, which is not shown here for
the sake of brevity. This indication is consistent with practical stall testing experience [25].

Furthermore, Figure 2 allows a basic but important validation of the polar data con-
cerning the maximum lift coefficients. Ref. [26] provides specification data for the Navion
airplane, including the maximum takeoff weight of 12,677 kN and the stall speed in clean
configuration, equal to 27.7 m/s, and in landing configuration, equal to 24.14 m/s. Such
indications yield, via straightforward computations, the values of the maximum lift coeffi-
cients in clean and landing configurations, respectively equal to 1.57 and 2.07. Both values
are perfectly matched by the Datcom estimation as visible in the polar data with null and
40 deg flap deflection (Figure 2, up-left and up-right plots).

3.4. Fourth Analysis: Entire Airplane and Elevator

The elevator is treated by Datcom as a flap positioned on the horizontal tail. Similar to
the second analysis (Section 3.2), this analysis allows one to obtain the variation in lift, drag
and moment coefficients as functions of the angle of attack «, Mach number M, altitude h
and elevator deflection Jg. In particular, the variation in lift coefficient and in its maximum
value are indicated as AC (6g, M, h) and ACy,, (6, M, h), the variation in minimum
0g, M, h) and ACp, (a, 6, M, h), and the variation in the
pitching moment coefficient as ACE\/IG (6p, M, ).

drag and induced drag as ACp

min (

3.5. Fifth Analysis: Isolated Fuselage

In order to estimate the increase in the drag due to the sideslip angle, an analysis of
the isolated fuselage is performed. Since Datcom does not support analyses with variable
B, to obtain the desired drag increment ACp fus (B), one may define a 90-degree rotated
fuselage in Datcom, as shown in Figure 3. In this configuration, the simulated angle of
attack represents the physical sideslip angle. Consequently, the analysis for varying «,
which in Datcom is called Body alone, gives the drag coefficient of the fuselage as a function
of the physical sideslip angle.

x-body

Wind
velocity

Wind
velocity

Figure 3. Fuselage rotation in Datcom to obtain ACp,, (B).

Once the drag coefficient of the rotated fuselage Cp,,, (B) is obtained, the specific
increase due to the sole variation of 8, denoted as ACp s (B), is computed by subtracting
the value of the fuselage drag at null sideslip, as ACp,, (B) =Cp fus (B) —Cp s (0). Figure 4
illustrates the resulting ACp . (B) function, where it is possible to notice that the impact of
the fuselage lateral misalignment on the drag coefficient rapidly becomes significant for
sideslip angles greater than 10 deg.

It is important to note that the rotated fuselage is not exactly identical to the original
body, as the rotated one exhibits an additional symmetry with respect to the physical x — y
plane, which does not exist in the original configuration. Consequently, the geometric
model of the fuselage is not physically accurate but still preserves the overall dimensions.
The resulting drag function ACp,, (B), although affected by this discrepancy, provides for
a good approximation of the impact of sideslip angles on the overall drag.
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0 L 1 L
—-40 =30 =20 -10 0
B ldeg]

Figure 4. Drag coefficient increment due to fuselage misalignment with airspeed.

3.6. Sixth and Seventh Analyses: Landing Gear Drag and Rudder Control Derivatives

In the previous analyses, there are still some significant aerodynamic characteristics to
be evaluated. Specifically, the lateral force derivative with respect to the rudder deflection
CY&R is computed using the classical Roskam estimation procedure ([20], pt. VI, Section 6)
while C, oy and C N, are estimated as follows:

Cr,, (Ma) = 3 Cy, (Ma) (2a)

Cay, (Ma) =~ Cy, (Ma) (2b)

where z; and [, are the vertical and longitudinal distances between the center of gravity
and the aerodynamic center of the vertical tail.

The nose and main landing gears are aerodynamically characterized by an additional
contribution to the parasite drag and pitching moment coefficients, following the Roskam
procedure [27]. For the reference aircraft, the parasite drag is estimated as

CDgear (5(;) =0.0148 - 5(;, 5(; S [O, 1] (3)

where §;, a variable representing the landing gear position, is equal to 1 when the gear is
fully deployed and 0 when retracted. Assuming that the vertical position of the application
point of the resultant of the landing gear frictional and pressure force distributions is
located at the center of the main landing gear wheel, the pitching moment coefficient due
to the landing gear can be evaluated as

2G
CMG gear(96) = = Cpgear (66) (4)
where z; is the distance between the aircraft center of gravity and the main gear wheels.

3.7. Overall Aerodynamic Model

In the previous sections, from Sections 3.1-3.6, all contributions to the overall airplane
aerodynamic model were computed, yielding a series of look-up tables depending on
the most important flight mechanics variables. All these look-up tables should now be
combined and integrated into the simulation environment.

https:/ /doi.org/10.3390/app16041686
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The lift coefficient is expressed as

CL([X’M’h’(SFféE’q’&) :‘/—:th(“/Mrh) + .FLh(DC,h,ép)+
+ Frr(a, M, h, 6p) + Frg(a, M, h, 6p)+

c c
. h
+ Cp, (M, h) q+ Cr,(a, M, ) Wrre

2Vras

i, )

The look-up table Fp,(«, M, h) represents the static lift coefficient computed in the
first analysis, Section 3.1, that considers the entire aircraft excluding the movable surfaces.

The look-up table Fyj(«, h, dr) corresponds to the variation in the static lift coefficient
due to the ground effect, as it is computed in the third analysis and described in Section 3.3.
The dependence on Jr stresses the fact that the ground effect may be slightly different for
different flap deflections, as pointed out in Section 3.3.

Furthermore, the look-up tables Fyp(a, M, h,d0p) and Fig(a, M, h,0g) consider the
variation in the static lift coefficient due to the flap and elevator deflection, respectively,
as extracted from the analyses described in Sections 3.2 and 3.4. In both cases, Datcom
provides the variation in the coefficient at the null and maximum angles of attack, in-
dicated respectively with ACy ey (0p, M, h) and ACpp(dF, M, h) for flap deflection and
with ACp yax g (0r, M, h) and ACpg(0g, M, h) for elevator deflection. For a generic «, the lift
coefficient can be evaluated by interpolating between the two values as

_ ACLmax(0r, M, h) ACL(0p, M, h)

'FLF(“/ M, h, (SF) - aCL,mﬂx (M, ”l) o+ “CL,,,,M (M, h) (‘XCL,max (M/ h) - D‘) (6)

and

_ ACL,max(éEr M/h) ACL(ég,M,h)
e ) B YA B S

Finally, the dimensionless coefficients C;, (M, h) and Cp, («, Ma, h) are the derivatives
of the lift coefficient with respect to the pitch rate and to the variation of the angle of attack,
which are directly provided by Datcom, as outputs of the first analysis, Section 3.1.

The drag coefficient is expressed as

Cp(a, B, M, h,0F,0p,6G) =Fpa(a, M, h) + Fpy(a, h, o)+
+ FDF(“,M,h,(SF) +FDE(0€,M,h,(5E)+
+ ACDfus (ﬁ’ M’ h) + CDgear ((5(;) (8)

Function Fp,(a, M, h) represents the look-up table of the Cp of the whole aircraft
(wing, fuselage and empannges) obtained through the first analysis, Section 3.1. Look-up
table Fpj,(a, h, 6r) includes the impact of the ground effect that depends also on flap deflec-
tion obtained from the analysis in Section 3.3. Tables Fpr(«, M, h,6p) and Fpg(a, M, h, 0g)
include the increase in drag coefficient due to flap deflection and elevator deflection, re-
spectively, as described in Sections 3.2 and 3.4. For flap analysis, the increases in minimum
ACp,,, F(&p, M, h) and induced ACp, F(rx, 0, M, h) drag are available and allow for the
quantification of the flap impact on drag as

]:Dp(tx, M, h, (51:) = ACDminF((SF’ M, h) + ACDiP(“/ o, M, h) 9)
The elevator impact is evaluated in the same way as

fDE(“/ M, h, 5E) = ACDminE((sE’ M,]’l) + ACDiE(er‘SE/ M,h) (10)
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Here, ACp,,. . (
induced drag coefficients due to elevator deflection.

dg, M, h) and ACD,-E(OC/ dg, M, h) are the increases in minimum and

Finally, ACp,,, (B, M, h) represents the look-up table describing the increase in the
drag coefficient due to the fuselage operating in misaligned conditions, as described in
Section 3.5, whereas Cp g, (dG) is the drag increase due to the extension of the landing
gear, depending on its position 6 with null value associated with retracted and 1 with
fully extended landing gear, as described in Section 3.6.

To obtain the longitudinal and vertical load coefficients, i.e., the body force coefficients,
the usual relationships are used:

Cx = +Cy sina — Cp cosa, (11a)
Cyz = —Cp, cosa — Cp sina. (11b)

The pitching moment coefficient is formulated as

Cpmg (2, M, h,0F, 6,06, 4,&) = Faua (e, M, h) + Fpuy(a, b, 5p) +AC§VI(5F,M,h)+
+ ACK, (6, M, h)+ch(M h)

zv Al

+ C/\/l,x (D‘ M, h) &+ C./\/lgear (5G) (12)

VTAS
where F ), and Fy, are the look-up tables for the pitching moment of the whole airplane
(wing, fuselage, and empennages) in free air and ground effect, respectively, derived from
Sections 3.1 and 3.3, the latter also dependent on flap deflection dr. The modification of the
pitching moment coefficient due to flap and elevator deflections is captured by the look-up
table ACiA (6, M, k) and ACEM (6g, M, h), obtained from analysis in Sections 3.2 and 3.4.
Cm, (M, h) and Cpq, (a, M, ) are the derivatives of the pitching moment coefficient with
respect to the pitch rate and to the angle of attack acceleration, respectively, both estimated
in the first analysis, Section 3.1.
The side force coefficient, Cy, is formulated as

b
2Vras

Cy(a, B, Ma,h,p,r,0r) = Cyﬁ (M,h) B+ Cyp (x, M, h) p+

b
+Cyr(M h) T+Cy5 ( )(SR. (13)
TA

Look-up tables Cy, (Ma, h) and Cy, (x, M, h) and Cy, (M, h) represent the derivatives
of the lateral force coefficient with respect to the sideslip angle and pitch rate, obtained
from Section 3.1. The look-up table Cy,(Ma, h), as seen in Section 3, is evaluated from
Cyﬁ, as in Equation (1). The rudder-side-force control derivative CYJR (Ma) is computed
using Roskam method, as described in Section 3.6. Finally, C, gear(5G> represents the
contribution to the aircraft pitching moment due to the landing gear.

The rolling moment coefficient, C G’ is formulated as

b
+
2Vras :

Cee (a, B, M, h,p,7,04,0R) = Cﬁcﬂ(lX,M,h) B+ Cﬁcp(oc,M,h)

+C£Gr(0é,M,h) T+C£G

e (5A,M,h) +Croy (M)OR. (14)

The look-up table C, e (Ma), representing the rudder control derivative, is computed
through Equation (2a). The other contributions, i.e., the lateral stability C_ s (a, M, h),
the damping in roll Cﬁcp(zx, M, h), the roll-due-to-yaw derivative Cﬁcr(ﬂé, M, h) and
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the aileron control derivative Cr,| b (64, M, h), are computed through the analysis
in Section 3.1.
Similarly, the yawing moment coefficient Cy/, is modeled as

Cn (e, B, Ma, b, p,7,04,0R) = CNGﬂ(Ma,h) B+ CNGp(rx, Ma, h) p+

2Vras

+Cn;, (&, Ma, h) r+ Car 5 (x,04,Ma,h) + CNGJR (Ma) o, (15)

b
2Vras
where the rudder control derivative C N (Ma) is evaluated through Equation (2b), while
the directional derivative Cy, 5 (Ma, h), the yawing-due-to-roll derivative C Ne, (x, Ma, h),
the damping in yaw Cp (a, Ma, ) and the cross-coupling effect of the aileron deflec-

tion on the yawing moment coefficient C N «,64,Ma,h) are obtained through the

5,
first analysis, Section 3.1.
Finally, the components of aerodynamic and propulsive loads in the body reference

frame are expressed as

X = qDSCX—FCX&T or (16a)
Y =4qpSCy (16b)
4 ZQD5C2+CZ,5T or (16¢)
Lc=qpSbCg, (16d)
MG:qDSCCMG+CMG5T(5T (16e)
Ng =qpSbChy (16f)

where gp is the dynamic pressure, S the wing area, ¢ the mean aerodynamic chord and b the
wingspan. Since the thrust in the Navion is considered aligned with the body longitudinal
x-axis, CX(sT is set to 1, and CZo"T to 0. Hence, d7 corresponds exactly to the thrust value.
Similarly, the coefficient C . P which accounts for the pitching moment contribution due
to thrust, is set to zero. Additionally, any thrust effect on the lateral-directional loads is
considered null.

The entire aerodynamic database of the reference airplane, generated through the
present process, is available in an online repository [28].

4. Simulation Environment

The simulator, capable of handling the entire flight, including terminal maneuvers
(i.e., between the pre-flight and post-flight stationary ground conditions), is an evolution
of the one described in [15]. It relies on standard rigid-body dynamics equations for the
airplane motion. Cardan angles are used to parameterize the orientation of the airframe
with respect to the navigational frame, while the aerodynamic angles are calculated taking
into account the presence of wind with a specified magnitude and direction.

The dynamics of landing gears, including shock absorber strokes and tire deformations,
complementing the rigid-body dynamics, are activated by a specialized function that
detects which leg, if any, has made contact with the ground. Specifically, a simplified
tricycle landing gear geometry, consisting of a tire and an oleo-pneumatic shock absorber, is
considered. Tire behavior is rendered through a point-contact model, represented by a linear
spring-damper system. The values of the equivalent tire spring and damper characteristics
are chosen from the literature to yield realistic deformations during simulations. The shock
absorbers are modeled using the usual physical nonlinear equations linking the elastic force
to the stroke and the pressure inside the absorber gas chamber, whereas the dissipative
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component is modeled through the damping arising from the flow of the oil through an
equivalent orifice.

Friction between tires and ground is formulated according to [10], which provides a
suitable formulation for longitudinal and lateral friction coefficients. Braking is simulated
as an additional friction force.

The forces generated at each landing gear contact point are integrated into the overall
equations of motion of the aircraft, along with the aeropropulsive forces computed through
the process described in Section 3.

The entire virtual model, including both the airplane rigid body dynamics, the dy-
namics of the shock absorbers and tires, results in a stiff problem, primarily because of the
landing gear dynamics. To cope with that, the system was simulated using the variable-step
integrator implemented in the Matlab [29] function ode15s, tailored for stiff systems.

Whenever a contact or impact event (i.e., a leg touching or lifting-off the ground) is
detected, the system dynamics and the number of states must be modified. To handle such
discontinuities, the simulation is broken into a variable number of sub-simulations: The
simulation is halted and restarted, modifying the state variables and the system dynamics
when an event is detected.

The entire mathematical formulation is reported in [15] and is not part of the
present paper.

To allow for a complete simulation of the terminal maneuvers, the simulator is here
complemented with a simplified model of the pilot, rendered as a controller acting on the
commanded inputs to follow prescribed flight trajectories. In particular, three controllers
has been implemented. The first considers a deflection of the elevator to maintain a certain
descent velocity during the approach in landing simulations; the second considers a thrust
control to maintain the flight speed, again during landing; finally, a nose wheel steer control
is used to maintain the runway after touchdown. The first two controls are inspired by
Ref. [30].

The control applied to the descent speed follows a simple proportional relationship:

5E(t) = 5Etrim + KVD(VD(t) - VD,L,f(t)) (17)

where Jg, . is the elevator deflection in the approach phase, Ky, is the proportional gain
and Vp(t) is the actual descent speed and Vp,, y (t) is the desired one.
In order to maintain a constant Vr4g, the throttle is set according to this controller:

or(t) = OT,yim T Kvrpag (Vras(t) — VTAStVim) (18)

where dt,, is the throttle in the approach phase and Vras(t) and Vryg, , represent the
actual flight speed and the desired one.

The proportional gains Ky, and Ky,,,, were set using a trial and error approach.

With the goal of increasing the robustness against possible changes in pitching moment
due to the ground effect, it is possible to include an additional term proportional to the
pitch rate or to the ground distance in the elevator control law.

The steering control is designed to maintain the airplane trajectory on the ground,
after landing, parallel to the runway direction. To this end, the angle ¢, representing the
nose wheel rotation (positive to the right), is formulated as

U= Kl/}(lr’) - Xrunway> + KyAyce (19)
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where 1 is the airplane heading angle, Xrunway is the runway direction and Ay is the
lateral deviation of the airplane center of gravity from the runway centerline. The control
gains Ky and K, are again set through a trial and error approach.

5. Results

In this section, different simulation tests are presented, with the goal of showing the
features of the developed tool and studying landing performance as a function of several
parameters. At first, in Section 5.1, an example of a takeoff is presented. Then, Section 5.2
deals with the landing simulations. Finally, a parametric analysis of landing for differ-
ent values of the approach speed and the crosswind velocity is performed and reported
in Section 6.

5.1. Takeoff Simulations

An example of a takeoff simulation in calm air is now presented. The simulation is
realistic and includes the retraction of both the landing gear and the flaps. The airplane
starts at rest on the ground and accelerates following the throttle control similar to that
of Equation (18):

or(t) = min{4000 N, Kyy,; - (Vras(t) = Vras,,;)} (20)

where Vrgs ;= 50 m/s and dryax = 4000 N. The maximum thrust dryax Was set to
obtain a ground roll similar to that reported in [26].

The ground acceleration continues until the airplane reaches the rotation speed
VR equal to 35 m/s, when the elevator control is imposed according to the rule based
on Equation (21):

0 deg, if V. t) <V
Se(t) = eg 1 Tas(t) < VR 1)
Ky, - (Vp(t) = Vp,,;) + 0k, if Vras(t) > Vg

where Vp__ is —4.2 m/s corresponding to a rate of climb equal to 830 fpm). Jg,, was set

i
ref
equal to 4.1 deg, a value that, according to the aerodynamic model, corresponds to the
deflection for trimming the airplane at speed equal to 50 m /s, with a climb rate of 42 m/s,
in clean configuration, i.e., with both gear and flaps retracted.

Landing gear é; and flap Jf retractions were defined as

1, if t < t50m
og(t) = ¢ 1—58m,  if tsgy <t < tsom + 58 (22)
0, ift > tsom +5s
15 deg, if t < toom
Or(t) = { 15 deg — .88 (¢t — togy,), if toom < t < foom + 58 (23)
0 deg, if t > togm +5 s

where t50, and foom, refer to the time instants where the airplane center of gravity respec-
tively reaches the altitude of 50 m and 90 m. The time to retract the landing gear from its
full-extended, dg = 1, to full-retracted, 6 = 0, position was set to a reasonable value, here
chosen as 5 s. The same value was also selected as the time to retract the flaps.

Figure 5 shows the resulting time histories of landing gear and flap positions.
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Figure 5. Landing gear position and flaps deflection during takeoff.

The resulting elevator deflection and the thrust are shown in Figure 6, along with the

feedback variables Vp and Vras.
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Figure 6. Time histories of control input and feedback variables during takeoff.

Figure 7 shows the time histories of the trajectory, aerodynamic and Euler angles,
while the deformations of the landing gear are shown in Figure 8.
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Figure 7. Trajectory, aerodynamic and Euler angles during takeoff.
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Figure 8. Landing gear deformations during takeoff.

Looking at Figure 8, it is possible to notice that tire and strut deformations decrease as
the aircraft accelerates along the runway due to the increase in airplane lift. Additionally,
small oscillations are present in the initial instants due to initial conditions that do not
exactly correspond to airplane equilibrium on the ground.

From the plots, it is possible to distinguish the different phases of the takeoff that are
managed within a single model. In particular, discontinuities present in all plots correspond
to changes in the airplane configurations and the lift-off events.

From second 0 to 12, the airplane accelerates on the ground, then the elevator input to
lift-off occurs at t = 12 s, when the true airspeed reaches 35 m/s, as in Figure 6. At the same
time, as in Figure 8, the nose gear lifts off the ground and its tire deformation becomes zero,
while the absorber stroke takes longer to return to the nominal position due to its damping.
Immediately after the nose wheel lifts, its normal reaction, no longer balanced by the lift,
is transferred to the main landing gear, causing a small increase in the deformation of the
struts. At second 20, the desired speed is reached and the thrust is reduced.

Just before t = 305, the landing gear retraction begins. Its contribution to the pitching
moment gradually disappears and the aircraft settles into a new equilibrium configuration,
characterized by a slightly different elevator deflection and a lower thrust, as appreciable
from Figure 6b. Shortly after t = 40, the flaps retraction starts and both elevator deflection
and thrust are adjusted to follow the prescribed path, causing a significant variation in the
angle of attack and pitch angle, as in Figure 7. At the end of the simulation, the airplane is
trimmed in the desired climbing flight.

5.2. Landing Simulations

In order to show the importance of a good characterization of the ground effect, two
cases were simulated, one including the variation in the airplane aerodynamics due to the
ground effect and the other considering constant aerodynamic coefficients regardless of
the ground proximity. To isolate the ground effect impact, the analyses are conducted in
calm air and without performing a flare maneuver, i.e., fixing elevator, aileron, rudder and
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thrust inputs. Without flare, the simulations are not realistic but are still useful to evaluate
the impact of the ground effect in terms of the landing performance. The initial conditions
for both cases are listed in Table 5.

Table 5. Initial condition for landing simulations.

Parameter Symbol Value

Initial airplane height ho 15m

Airspeed Vras 30m/s

Track angle and runway direction X Xrunway 0 deg

Heading angle Otrim 0 deg

Descent angle Yd 1deg

Flaps deflection oF 40 deg

Landing gear position e Full down
Wind speed oW 0 m/s (calm air)

Figure 9 shows the output of these simulations, in terms of the airplane trajectory (top
plot) and flight angles (bottom plot) as functions of the horizontal location of the airplane
center of gravity, xc GN. The plots compare the case where the ground effect is considered
(solid lines) with that where it is not (dashed lines). As clearly seen from the plot, due to the
combined modification of the aerodynamics of the wing and tail, the overall aerodynamic
pitch moment increases in magnitude while the airplane descends, causing a tendency to
pitch down the airplane nose, and the airplane touches the gound with a descent angle of
about 3 deg. Such an effect does not always happen, as it is airplane-specific and dependent
on the location of the center of gravity and wing aerodynamic center. However, this is a
behavior already observed on the de Havilland DH.106 Comet [24].

15

——with ground effect
- - - -withouth ground effect

a, 0, v [deg]

_4 1 1 | 1 |
0 200 400 600 800 1000

wjga [m]

Figure 9. Example of the effect of ground effect on a landing simulation in calm air. Top plot: aircraft
trajectory. Bottom plot: pitch angle (green line), climb angle (red line) and angle of attack (blue line).
Solid lines refer to the simulation including ground effect, while dashed lines refer to that without
ground effect.

5.3. Landing in Crosswind Conditions

In this section, a landing maneuver under crosswind conditions is presented. Specif-
ically, the sideslipped method will be considered, in which the approach is performed
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by aligning the airplane heading with the runway orientation, leading to a misaligned
descent. In this condition, the wing is not level and the upwind landing gear touches the
ground first.

Table 6 reports the initial conditions of the simulation. The components of the wind
velocity in the navigational frame are

oY = (vwn, owe owp)! = (0,8,0) m/s (24)

with oy and vy, respectively, being the northward and eastward wind components,
and vy being the vertical component positive if downward.

Table 6. Initial conditions for landing in crosswind conditions.

Parameter Symbol Value
Initial airplane height ho 30 m
Airspeed Vras 35m/s
Heading angle Ptrim 0 deg
Track angle and runway direction X Xrunway 0 deg
Descent angle Yd 3 deg
Flaps deflection OF 40 deg
Landing gear position oG 1 (down)
Northward wind component UVWN Om/s
Eastward wind component UWE 8m/s
Vertical wind component UWD Om/s

The wind is maintained constant throughout the entire simulation but the actual
wind component felt in the body reference frame can vary according to the orientation
of the airplane at each instant of time. In the initial state, since the runway orientation is
towards the North and the airplane heading is aligned with the runway, the wind, defined
in Equation (24), represents a classical crosswind situation.

The aileron and rudder deflections are maintained constant at their trim positions
throughout the simulation, while d7, 0 and the steering of the nose wheel are configured
based on the control logic that emulates pilot actions, as described in Section 4.

Aircraft trajectory for the sideslip landing with the steering control is represented
in Figure 10, where it is possible to appreciate the trace of the airplane on the ground,
mainly resulting from the lateral forces due to crosswind and the nose wheel steering: The
aircraft stays close to the runway center without skidding out.

The steering variable ¢ is shown in Figure 11 (bottom plot), along with the heading
angle ¢ (top plot) and the lateral location of the airplane center of gravity with respect to
the runway centerline yéfG (middle plot). The action of the steer is able to make the airplane
follow both the runway direction and its center line, producing the ground trajectory that
was already visualized in Figure 10. The maximum lateral excursion of the center of gravity
with respect to the runway centerline results in about 2.5 m, a reasonable value for the
aircraft considered in this work.

Airplane body-framed speed components are displayed in Figure 12, where it is
possible to notice the impact of the flare on the vertical component W (15-21 s), the effect
of the asymmetric touchdown and nose steering on lateral component V' (21-30 s) and
the effect of brakes on the airplane speed, especially on the longitudinal component U.
The landing ends at second 35, about 14 s after the first contact with the ground with the
left main gear.
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Figure 10. Aircraft trajectory in the sideslip landing, with the steering of the nose wheel. The red
marker on the runway indicates the touchdown point.
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Figure 11. Nose wheel steering control in the sideslip landing: control variable ¢ and controlled
variables ¢ and ij\[G.

Figure 13 shows the trajectory, aerodynamic and Euler angles. Here again, the different
phases of the whole landing are clearly visible in all plots through the detection of the
abrupt chagnes in the variable trends. Between seconds 0 and 9, the airplane is descending
in trimmed asymmetric conditions, as witnessed by the sideslip and roll angles. At 9s,
the pilot starts the flare and interestingly, as the as pitch angle 6 increases, the airplane also
experiences a decrease in the roll angle ¢. This is due to the fact that the pull-up performed
with non-null sideslip angle also affects the lateral degrees of freedom. Finally, as the air-
plane is breaking, the sideslip angle increases dramatically due to the fact that the crosswind
component becomes greater than the longitudinal airplane speed. The touchdown occurs
at second 20, leading to visible oscillations in &, 6 and -y. Subsequently, between seconds 20
and 34, the behavior of the airplane during the ground roll is visible until the complete
airplane stop.
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Figure 12. Aircraft velocity components in the body reference frame.
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Figure 13. Trajectory, aerodynamic and Euler angles in the sideslip landing.

To better show the asymmetry in the landing, Figure 14 displays the deflections of the
landing gears and tires. Clearly, the left gear impacts the terrain first, at second 21, while
right and nose gears touch the runway about 0.5 s later. Additionally, Figure 15 shows the
lateral forces acting on each landing gear F; (top plots) and the lateral wheel velocities V,
(bottom plots). The left and right landing gears are displayed in the left and center plots,
while the nose gear is displayed in the right plot. From the time histories, one may observe
the different forces exerted on each leg and the oscillations, which are more visible in the

left gear that touches the ground first.
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Figure 14. Landing gear deformations in the sideslip landing.
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Figure 15. Landing gear lateral force and velocity in the sideslip landing.

6. Parametric Study of Sideslip Landing Maneuver in
Crosswind Conditions

The results described in Sections 5.1 and 5.2 suggest that the simulator linked to the
aerodynamic database (Section 3) can be used profitably to perform realistic simulations of
entire terminal maneuvers, considering the control inputs provided by a pilot and including
the airplane rest state on ground.

At this point, we can perform a parametric study to analyze the landing maneuvers in
terms of crosswind and approach speeds. The analysis considers several key performance
indicators associated with flight mechanics quantities, loading and safety. In particular,
the maximum lateral force exchanged between the ground and the landing gear, the mini-
mum wingtip clearance, the maximum deviation from the runway centerline, the maximum
nose wheel steering angle and the landing distance are analyzed. The minimum tip clear-
ance is computed taking into account the actual orientation of the aircraft, with its roll,
pitch and heading angles, and the deformation of each landing gear and tire, as depicted in
Figure 16, showing a snapshot of the airplane during a landing with 10 deg of roll angle.
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Both analyses are performed considering the sideslip landing case, i.e., when the
airplane approach is made with the heading aligned with the runway direction, as
in Section 5.3.

| wingtip clearance
1 1

4 -6 -8

Figure 16. The wingtip clearance is positive for a touchdown with ¢ = —10 deg.
Table 7 reports the initial variables for all landing simulations of the parametric analysis.

Table 7. Conditions for the simulations of the landing parametric analysis.

Parameter Symbol Value
Initial airplane height ho 20m
Track angle and runway direction X Xrunway 0 deg
Descent angle Yd 3 deg
Flaps deflection OF 40 deg
Landing gear position oG full down
Heading angle Wtrim 0 deg
Flight speed Vras 3044 m/s
Northward wind component VWN Om/s
Eastward wind component UYWE 0-14 m/s
Vertical wind component YWD Om/s

Figure 17 reports the most significant key indicators as functions of both the lateral
wind component and approach speed. It should be noted that some combinations of
low airspeeds and high crosswind speeds are not associated with the performance indices,
because in such conditions it was not possible to find an equilibrium point due to limitations
or stalling of lateral-directional surfaces and controls. A close look at the results allows us
to derive some relevant considerations.

The minimum wingtip clearance remains positive for each combination of airspeed
and crosswind speed, with crosswind being the variable that most affects the index. Notice
that the clearance is also satisfied with a lateral wind equal to 14 m/s, corresponding to
nearly 150% of the maximum demonstrated value. Clearly, for that lateral wind value,
the approach speed should be increased up to 40 m/s to ensure lateral-directional equilib-
rium in the approach phase.

The maximum lateral force exerted on the landing gear becomes higher as the lateral
wind grows. A notable result, however, is that, for a given lateral wind value, increasing
the landing speed is beneficial to minimize the lateral forces exerted on landing gears. This
effect is certainly due to the reduction in the sideslip angle entailed by the increment in the
approach speed.

From the results, it is possible to assess that both the maximum lateral deviation and
the maximum steering angle do not represent issues, as their values are limited.

The landing distance clearly shows a strong dependence on the landing speed and
the wind speed. In particular, increasing the lateral wind and approach speed entails an
increase in the landing distance as opposed to what happens for the wingtip clearance and
lateral landing gear force. Therefore, wingtip clearance, landing gear loads and landing
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distance represent three competing goals in optimizing the landing maneuvers. Clearly,
if the runway is long enough, it is advisable to land at higher speeds.
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Figure 17. Maximum wingtip clearance, maximum landing gear lateral force, maximum deviation
with respect to the runway centerline, maximum nosewheel steering angle and landing distance,
as functions of the approach speed and the lateral wind speed.

7. Conclusions and Outlook

A flight dynamics simulator has been developed, coupled with landing gear dynamics
and with a simple control emulating the presence of a pilot, capable of simulating any flight
phase, including terminal maneuvers. The nonlinear aerodynamic characteristics of the
airplane are obtained through a dedicated set of Datcom analyses that generate a database
accounting for ground effect. The use of nonlinear aerodynamics, unlike linearized models,
avoids introducing additional errors caused by deviations from the equilibrium point
around which the linear model is built. The presence of the pilot acting on all control
surfaces, throttle and nose wheel steering is replicated by a simple controller, which allows
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for the simulation of an entire flight, from rest condition before takeoff to rest condition after
landing. The tool also accounts for wind, without introducing significant simplifications
into the dynamics and aerodynamics modeling.

A parametric study further demonstrated that, with the aerodynamic and landing
gear models used in the simulations, the reference Navion airplane can perform landings
in crosswind conditions exceeding the demonstrated maximum limits for the aircraft,
without veering off the runway, tipping over, or striking the wingtip. These studies also
showed that, to reduce lateral forces on the landing gear, typical of asymmetric landings in
crosswind conditions, it is advisable to land at higher speeds. In fact, for a given crosswind
speed, the maximum value of the lateral gear force reaches a maximum at an approach
speed slightly higher than 30 m/s, but consistently reduces as the approach speed increases.
This happens because, for a given crosswind speed, higher approach speeds are associated
with a lower sideslip angle, with a beneficial impact on most of the landing indicators.
However, higher approach speeds also entail longer landing distances, which must be
carefully evaluated in terms of the available runway length.

In terms of possible extensions of the proposed work, one should certainly consider
the simulations of the terminal maneuvers of airplanes of varying dimensions and weights,
in order to assess whether the results of the present analysis remain valid for other aircraft
types. Furthermore, a broader validation of the database, generated with the procedure
described in this work, should be carried out. Given the complexity of the database,
which includes ground effect and sideslip, such validation represents an essential yet
non-trivial task.

The simulator and aerodynamic estimation tool could be used for synthesizing and
evaluating the performance of a comprehensive automatic control system for rejection of
gusts. Additionally, the aerodynamic estimation tool can be employed to assist preliminary
aircraft optimization designs.
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