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Abstract

The Future Forces Synthetic Environmentn (FFSE) Sectiobed¢nce R&D Canada -
Ottawa is currently embarked on an Advanced Research Rnogndtled “Synthetic En-
vironment Support to Uninhabited Aerial Vehicles (UAVsRs part of this project, FFSE
has already developed an agile, versatile synthetic emviemt (SE) tailored toward UAV
operations. An enhancement to this SE is being investigateereby wind gusts in urban
and mountainous environments and their resulting effetchetJAV flight path will be in-
tegrated in the FFSE UAV SE. This will give FFSE’s Clients alistic understanding of the
environmental issues associated with UAV operations imm@ind mountainous environ-
ments and aid in concept of operations development. It Vgl form the basis of designing
control algorithms to alleviate the UAV’s susceptibility wind gusts. This present study
reviews methods available to both quantify a wind gust aredths quantification in the
prediction of its effect on UAV stability.

Résum é

La Section des environnements synthétiques des force'swdmir (ESFA) de R-D Ca-
nada - Ottawa est présentement engagée dans un prograemecheérche avancée appelé
“soutien en matiere d’environnements synthétiques pesivehicules aériens télépilotées
(VAT)”. Dans le cadre de ce projet, la Section ESFA a dé&gé@@ré un environnement syn-
thtique (ES) agile et souple adapté aux opérations des @hTétudie une amélioration
possible de cet ES dans laquelle les rafales de vent en milidains et montagneux et
leurs effets résultants sur les trajectoires de vol des3&®nt intéegrés a 'ES de VAT de la
Section ESFA. Cela donnera aux clients de la section un apéatiste des questions en-
vironnementales liées aux opérations des VAT en milielpaims et montagneux et aidera
a concevoir I'elaboration des opérations. Cela ser@galement de base a la conception
d’algorithmes de commande visant a atténuer la sensilniés VAT aux rafales de vent.
Cette étude examine les méthodes disponibles pour dieantne rafale de vent et utiliser
cette quantification pour prévoir son effet sur la stabiditun VAT.
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Executive summary

Overview of Wind Gust Modelling with Application to

Autonomous Low-Level UAV Control

J. Etele; DRDC Ottawa CR 2006-221; Defence R&D Canada — Ottawa; November
2006.

The current trend towards the increasing use of Unmanne@lAéehicles (UAV) has
renewed the interest in gust modelling by virtue of the ddfeces between the effects
of wind gusts on traditional aircraft and UAVs. Currenthespite advances in modern
control theory and application, the primary means of ingirggan aircraft's gust resistance
is to either make the aircraft 'heavier’ (thereby making tieeraft harder to move) or
by flying the aircraft higher (thus allowing a larger margor fecovering the previous
flight condition). However, for many of the applications f@hich UAVs are designed
these options cannot be implemented. The relative size st AVs generally places
them under an increased susceptibility to variations indwéonditions, while many of
the missions for which these aircraft are used involve flyahgpw levels and in urban or
mountainous environments, where wind gusts are prevaléetefore, this report reviews
methods available to both quantify a wind gust and use thasitiication in the prediction
of its effect on UAV stability.

This report contains information relating to the descaptimodelling, and impact of gusts
as they pertain to aircraft. Special attention is given ®rlature of atmospheric distur-
bances near the ground which are of significant importantmtdevel flying Uninhabited
Aerial Vehicles (UAV). Both the details of the most commondetling techniques and
the underlying theory are presented so that the reader darapply the appropriate for-
mulae/equations and modify said equations with reasoraridence should additional
information or methods become available. The three maitiosecin this report each deal
with a specific aspect of the nature of the problem addreSdwalfirst describes the atmo-
sphere in general so that one is able to understand the ¢amtekich a gust exists. The
second describes the nature of a gust, both in a discretge ®aent sense, and as part of
the broader spectrum of turbulence in general. The finaiertlates the modelling of a
gust to its incorporation into modern control algorithmides The approaches suggested
in this work will be valuable for the modelling and integratiof wind gust effects on a
UAV in the FFSE UAV SE.
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La tendance actuelle vers une utilisation accrue de vidsagriens té’'epilotés (VAT) a
renouvelé l'intérét dans la modeélisation des rafalesasson des difféerences entre les ef-
fets des rafales de vent sur les aéronefs ordinaires etA€sA/I'heure actuelle, malgré
les progres de la théorie moderne de la commande et de gksatipns, les principaux
moyens pour accroitre la résistance d’un aéronef aatemkest de le rendre “plus lourd”
(et par conséquent, plus difficile a déplacer) ou de leefaoler plus haut (ce qui offre
une marge plus large pour recouvrer la condition de volgaénte). Toutefois, il n’est pas
possible d'utiliser ces options dans plusieurs des agmitspour lesquelles les VAT ont
été concgus. La taille relative de la plupart des VAT lesdrggénéralement plus sensibles
aux variations des conditions du vent, tandis que danseultsides types de mission ou
ces aéronefs sont utilisés, ceux-ci doivent voler adakude et dans des milieux urbains
ou montagneux, ou les rafales de vent sont courantes. Raégoent, les présents rap-
ports examinent les méthodes disponibles pour quantifierafale de vent et utiliser cette
quantification pour prévoir son effet sur la stabilité ¥3.

Ce document contient 'information dirigée a la déstidp, la simulation, et les conséquences
des rafales, spécifiguement en rélation aux aéronedffokt est surtout porté sur les va-
riations atmosphérique proches de la surface terrestreomqi tres importantes pour les
véhicules aériens télépilotés a faible altitudess Idétails des méthodes les plus utilisees
pour les simulations des rafales puis les théories pertésesont présentés pour que le
lecteur puisse les appliquer ou les modifier avec confientenfrmation additionelle
deveint disponible. Les trois sections majeures dans cendext contient I'information
concentrée sur un aspect spécifique du probleme étudipremiere décrit I'atmosphere
en général pour qu’on puisse comprendre I'environnerdans lequel les rafales existent.
La deuxieme décrit la nature d’'une rafale, commme uméntent isolé et comme une
partie du phenomeéne plus grand du turbulence atmospleeeio général. La section finale
décrit la simulation d’'une rafale et la rélation de ceswdations aux méthodes de contrble
modernes. Les approches suggérées dans ce travail pezor@uses pour la modélisation
et l'intégration aux ESFA des effets des rafales de ventus\AT.
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1 The Atmosphere

In order to properly assess the likelihood of encounteriggist of any given variety, the
medium in which these gusts exist must be understood. Tdresefome thought must
be given to the Earth’s atmosphere and its behavior. As withfluid medium flowing
over a solid object the flow can be divided into two distinaioms, one which can be
treated as inviscid (the free atmosphere), and the otherethe effects of viscosity cannot
be neglected (the boundary layer). This latter region elddn roughly half a kilometer
above the surface of the Earth, while the entire atmosplsek extends to approximately
1,250 km (or about 1% the diameter of the Earth). Above thentaty layer the winds
are referred to as geostrophic and flow parallel to the lifie®nstant pressure (isobars).
Within the boundary layer, the flow is generally considergtulent and is thus dependent
to a large extent on the roughness of the surface over whéectvitid is blowing.

The motions of the atmosphere are complex and can vary angdma number of factors.
However, in general one can describe the state of the atrecspising six variables: (i),
(ii) horizontal wind velocities (N-S, E-W); (iii) pressur@v) temperature; (v) density; (vi)
moisture. This leads to the requirement of six equation®beesor these six unknowns.
These are obtained from the principles of mass conservéfiorboth density and mois-
ture), momentum conservation (Newton’s second Law) in lolitlctions parallel to the
Earth’s surface, energy conservation (the First Law of irfoetynamics), and the equation
of state. Although in differential form, provided the siat variables are known at a given
time then these equations can be numerically integratedettiqi their values at various
times in the future (the success, or lack there of, of this@ggh can be inferred from the
accuracy of modern weather forecasts).

From the point of view of gust impact on aircraft, only the mas of the atmosphere on

the microscale are generally of interest (wind patterns soade less than 20 km and on
time scales less than one hour), however, in general signtfigeather patterns can extend
up to the synoptic scale (scales over 500 km and times exugédd days, such as the

tri-cellular meridional circulation model of the atmospéke

1.1 Geostrophic Wind

In the upper atmosphere the wind direction can be considesel balance between the
pressure force exerted normal to the isobars and the appameolis force. Although the
use of the term may be common, it should be noted that thelisofooce exists only due
to the rotation of the Earth with respect to a fixed, or ingrtieference frame. In fact,
the rotation of the Earth gives rise to a coricdisceleration, which when multiplied by
the mass of the air gives rise to an apparent force (from New/tecond LawF = ma).
Therefore, similar to an inertial reaction, there is no érnc the absence of the coriolis
acceleration (which can be expressed@s</). Treating the product of a mass times this

DRDC Ottawa CR 2006-221 1



Figure 1:
Component
of the Earth’s
rotation vector
acting perpen-
! dicular to a
given latitude
on the surface

acceleration as a force (similar to that exerted by pre¥saréhat it can be added directly
to any force balance equation requires changing the sigmegdtte coriolis force becomes
(using the property of cross products which stalesV = —(V x w)),

Fe =2m(V x @) 1)

whereV is the velocity as measured in the rotating reference frarae the velocity of
the air as seen by observers on the Earth’s surface). Singeneral we are concerned
with geostrophic winds which run parallel to the Earth’sface, the component of Earth’s
angular velocity acting perpendicular to the surface wejbeind on the latitude under con-
sideration as shown in Fig. 1. Therefore, for calculatiregdbriolis force at a given latitude
one must replac® in Eq. 1 withdsing,

Fe = 2m(V x @sing) 2)

To establish the direction of the coriolis force one can imeright hand rule while the
magnitude can be found from the definition of the cross produc
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V x @ = |V||w|sinB (3)

wheref is the angle between the vectdtsinda® (in this case, if the componedising is
used then the angle between this rotation and a velocityleki@the ground i3 = 90°.
Therefore, for a wind initially traveling to the North theraais force will act to incline the
motion to the East, while for a Southern velocity the cosidtirce will act to shift the air

to the West (see Fig. 2).

N N
T T T T T ] T T T T
\ |
\% l = wsing _
i | ]
| F 1 F [
w c E W |} c 1 E
o
¥ ] |
. |
wsing L i
: \%
|
B 7 v
Ll 1 TR - 1 1 1 L1 1
S S
(a) Northern Velocity (b) Southern Velocity

Figure 2: Direction of the coriolis force at a given Northern hemisgghlatitude
With the direction of the force established, one can comBige 2 and 3 to obtain,

Fe =2mV||w|sing (4)

where it is now this force that must balance the pressurefimrca constant wind direction
to exist. This is illustrated by Fig. 3, where for an air massally traveling towards the
South due to the pressure gradient, the coriolis force eititto veer the air mass to the
West (Fig. 3(a)). With the air mass traveling in this new dii@n the coriolis force will
change direction to maintain itself perpendicular to Bét#ndwsing, thereby continuing
to veer the motion towards the West. This process will caiantil the velocity is per-
pendicular to the pressure gradient at which point the tisrforce will exactly balance
the pressure force and thus the wind will be traveling parédl the isobars (Fig. 3(b)).

The only remaining force to be considered in the free atmesgpis that due to the inertial
reaction of the air mass traveling along a curved isobar.his ¢ase, in addition to the
coriolis acceleration the air will experience a centripetzceleration acting towards the

DRDC Ottawa CR 2006-221 3



centre of curvature (Fig. 3(c)). As with the coriolis effeahe can treat the product of the
air mass times the centripetal acceleration as a force, amymeferred to as centrifugal
force,Fr = (mV?)/r, wherer is the radius of curvature of the isobar. Therefore, for adwin
traveling along a curved isobar around a low pressure zbeesdntrifugal force acts in the
same direction as the coriolis force, while for isobars edrabout a high pressure zone
the centrifugal force acts counter to the coriolis forces(gsing a Northern hemisphere
latitude).

Expressing the pressure force as the quotient of the peegsanlien? p/dn and the density
allows the force balance for an air mass as shown in Fig. 8(og¢texpressed as,

2
ap Var
P o 2wVysinp+ <L 5
on =P o SiNg+— (5)
N N
r High Pressure ] r High Pressure
wi g ° 1e w VoS wse g
L \; B Fy 7 ] L B Fy 7 ]
r Low Pressure ] r Low Pressure ]

S S

(a)Fp # Fe (b) Fo=F;

N
r High Pressure ]

T
\
i
i
i

-~ Low Pressure "« ]
1 1 1 1 A
S

(c) 'Ep =F+F

Figure 3: Force balance to determine wind direction in the free atrhesp

4 DRDC Ottawa CR 2006-221



which can be used to determine the geostrophic, or gradiend velocity {/y) which
flows parallel to the isobars.

1.2 Atmospheric Boundary Layer

Having established a means of calculating both the magmi&nd direction of the wind
above the boundary layer, it still remains to determine tfoperties of the atmosphere
in the proximity of the Earth’s surface. Within the Earth’'sumdary layer, as with all
boundary layers, a force balance in the direction throughbthundary layer can be written,

10p

Y i 0 (6)

If one takes the derivative of Eq. 6 with respect to bo#imdy (which are the two directions
parallel to the surface of the Earth) and assumes that theAfltvin the boundary layer is
incompressible (which is valid for wind velocities lessrtapproximately Mach = 0.2 or
240 km/h), it is possible to conclude that the horizontaldwyradient (both in the and

y direction, thereforg¢dp)/(dn)) does not vary with altitude. Therefore, using the results
for the upper edge of the boundary layer where the wind vlagrelated to the pressure
gradient through Eq. 5, one can relate the edge velocitydwlts simply the gradient
wind since above the boundary layer frictional effects caméglected) to the horizontal
pressure gradients within the boundary layer.

However, unlike in the free atmosphere where the wind dwads a balance between the
coriolis, centrifugal, and pressure forces acting on therass (which leads to a wind
flowing parallel to the isobars), in the boundary layer onestaliso account for the fric-
tional force (Fig. 4(b)) since it is proportional to the clgann velocity with height (i.e.,
Fir = u(0V /0dh), Fig. 4(a)). This will cause the wind direction to flow at argbn o to

the isobars (Fig. 4(c)), this angle becoming more severeltdser to the ground the wind
is measured (since the frictional force increases as adtitiecreases due to the slope of the
velocity profile). Therefore, winds generally increasearirthe ground up, where at some
point the frictional force becomes zero and the wind reathegradient velocity aligned
with the isobars.

The actual shape of the velocity profile as it varies withtadle can be described using
theory related directly to the study of turbulent boundayeks. Therefore, dividing the
boundary layer into an outer layer and a surface layer, eaok zan be described by a
profile of a given shape. In the outer layer one can use thedef& to write,

V=V ) V=1 (3) ™)

DRDC Ottawa CR 2006-221 5



whereV* = |/(1,—0/p) is the friction velocity and is related to the shear stresthat

surface,
ov
o=t (). 4 )

which is itself a function of the terrain roughness throulgh value of the co-efficient of
friction (u). In the surface layer the law of the wall can be applied,

o= (g ) = 1) ©)

which reduces to the expressigriiV* = y* in the laminar sub-layer of a turbulent bound-
ary layer. In the overlapping region between these two kpeth Eqgs. 7 and 9 apply and

Altitude N

Free Atmosphere i HigI]h Prelssurel
Ol i
/ r Fc\\ Ftr
A | XK
| L [ ] 4
B / | w . wsing 1E
| a-
dh | v Fp
v .
Wind velocity Low Pressure
Vr S

(a) Wind profile with height (b) Force balance in boundary
layer

Altitude

Isobars Ground Level

(c) Directional shift with alti-
tude

Figure 4: Wind properties within the boundary layer
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thus the mean wind velocity as a function of height can beesq®d using the logarithmic
law,

V(2) = %V*In(%) (10)

wherek is the von Karman constant (approximately 0.4) arzds the height above the
surface. The quantity, is a roughness length and is directly related to the co-efftabf
friction between the air and surface over which the wind iwithgy. The expression in Eq.
10 is generally accepted as being valid up to heights of apiately,

V*

2wsing
whereb can range between 0.015 and 0.030. Therefore, by meashengind velocity
at a given height above the ground and estimating a valuehéordughness length (eg.
for open terrairg, = 0.05), one can obtain the wind profile up to the height indicdted
Zimit- At a latitude of 48, if one measures a 30 kt (15 m/s) wind at a height above ground
of 10 m, this can be used to calculate the correspondingdniatelocity (using Eq. 10)
which in turn can be used in Eq. 11 (assuming a valudéfof 0.02) to yield a height of
approximately 200 m~ 650 ft) over which Eq. 10 can be applied.

Zimit =D (11)

Since the relative size of the roughness elements on thexdr@e. height of trees, build-
ings, etc.) can be a significant fraction of a low flying aiftgaltitude (unlike the case
for most boundary layers where the roughness elements deesoof magnitude smaller
than the heights above the surface of interest), an embimodification is made where
represents not the absolute height above the surface,thet the height above the “zero
plane displacementZy,

2=2—1 (12)
wherezg is the height above the ground. Similarzg the zero plane displacement is a
function of the nature of the surface (terrain type, rougisredements and their distribution,
etc.) and for winds above urban environments can be relatédth the general rooftop
level (H) and the roughness length through,

zg=H— (13)

~| &

Typical values of the roughness length for various type®ofin are presented in Table
1.2 taken from Simiu and Scanlan[1].

The relation between the roughness length, which can begtitaf as a measure of the
turbulent eddy size at ground level, and the surface dragffc@ent can be expressed as,

DRDC Ottawa CR 2006-221 7



Table 1: Surface roughness lengttegand surface drag co-efficients)(
for various types of terrain (Ref.[1])

Type of Surface Zo [cm] K (10°)
Sand 0.01-01 1.2-1.9
Snow 0.1-0.6 1.9-29
High Grass 4-10 52-7.6
Pine Forest (mean height 15 m, 1 per 1&m 90 - 100 28 - 30
Sparsely Built-Up Suburb 20-40 10.5-154
Densely Built-Up Suburb 80-120 25.1-35.6
Large City Centres 200-300 61.8-110.4
I =In(10 K 14
n(z) = In(10) ~ (14)

1.2.1 Wind over water

In the case of winds flowing over water surfaces an additionaiplication is introduced
in that the relative “surface roughness” becomes a funcifahe state of the waves, which
themselves are a function of the wind speed. An empiricatiaa between the wind speed
10 m above the mean water level and the surface drag co-gefficés been proposed by
Amorocho and deVries [2] which applies to wind speeds up to( 80 kts),

k= 90015 60104 (15)

125-V(10)
l1+e 156

The value obtained from Eq. 15 can be used with Eq. 14 to obiteinoughness length for
use in calculating the wind velocity as a function of heighpar Eq. 10.

8 DRDC Ottawa CR 2006-221



2 Types of Modelling

The subject of gust modelling plays an important role in kb#hdesign and certification
of modern aircraft. From a design point of view, there are thaiinct perspectives in
terms of the effect of a gust. The first is the effect of a gusbenter on the flight path or
orientation of the aircraft. Effective design of auto-pitw stability augmentation systems
requires an accurate assessment of dynamic aircraft eh&ar improved gust response
this necessitates an accurate simulation of the types @$ gxpected to be encountered,
as the effectiveness of control inputs is inherently limhiby the fidelity of the gust model
considered.

The second perspective relates to structural limitatidnkenaircraft, where the impact of
a gust encounter on the major loads seen by the structureb@astcounted and designed
for. A static load analysis requires a simpler modelling lné gust, as regulations are
related to maximum loads experienced during operation ahthe manner in which these
maximums are developed. However, when considering thendignaotion of an aircraft
where the frequency content of a given gust can play an irapbrble in the excitation
of certain natural frequencies in the structure, a moreilddtgust model is required (or
rather the idea of turbulence must be considered).

2.1 Discrete Gusts

The standards for evaluating the effects of gusts on anadtirstructure are outlined in
FAR Part 25.341. To determine the loads experienced by araftirthe current practice
is to approximate a discrete gust (which can be consider@téegepresentative section
of the broader spectrum of continuous turbulence, see Bigisifig a one minus cosine
approximation. In this case, the gust velocity is defined as,

U(s) = %Uds[l — cos(%s)} (16)

wheres [ft] is the distance the aircraft has penetrated into the gndH [ft] is the distance
from the start of the gust to the point at which the gust v&jyo@aches a maximum. The
valueUgs is the design gust velocity which varies in strength withtadte in a manner
specified by the regulations through the reference gustitglo,es (56 ft/s at sea level).
This design gust velocity is a function of both the shape efdhst througtH, and the
aircraft design itself through the flight profile alleviatiéactor, /g (this last parameter is
used to account for the fact that different aircraft configians will react differently to the
same gust),

H 6
Uds = Uref Fg < ) (17)

DRDC Ottawa CR 2006-221 9



/\ Figure5: A
\\f distance discrete  gust
modelled using
a (1 - cos)
shape within a
larger continu-

ous turbulence
profile

This profile must be used in a dynamic analysis since the gagient can have a signifi-
cant impact on the dynamic loads experienced. This leadi®todncept of a tuned discrete
gust analysis, where numerous gust shapes are considereddiues oH are varied to
represent both sharp edged gusts (low values of H) to modugrgust build-ups (larger
values of H)). However, from a static loads point of view, therease in the load factor
caused by the gust is calculated based simply@n (assuming the lift acts approximately
normal to the aircraft),

(18)

PUrefVeruiseCL,
An=K
g< 2(W/S) )
The factorKg (which is always less than unity) acts to alleviate the ¢fféthe gust by ac-
counting for aircraft motion and the lag effect between tleemmant the aircraft encounters
the gust and the subsequent alteration of the lift genetatelde aircraft,

~0.88u
97 53+u

wherey is a non-dimensional fraction relating the aircraft weighé representative weight
of surrounding air that would occupy approximately the sapniame as the wing.

(19)
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In both cases, it can be seen that the actual effect of thegust simply taken as immedi-
ate, but rather efforts are taken to make the gust profile memesentative of what is seen
in practice and to model the delay in the aircraft response.

2.1.1 Linear Field Approximation

Although sufficient in terms of certain structural requiestts, the above gust approxima-
tion applied at a single point on the aircraft (i.e. the lamagt whichsis measured, often
taken as the aircraft nose or centre of mass) is often ingartifor accurately predicting
effects on the flight profile. This stems from the fact that doist wavelengths that are
large in comparison with the aircraft itself (Fig. 6), theiasion in the gust velocity along
any of the three spatial dimensions creates an effectiliagahoment. For the previously
considered gust which can be represented as,

g= [Ug, Vg Wg]T (20)

one can assume this vector to act at the aircraft centre of avabthus subtract it directly
from the aircraft airspeed to obtain the velocity relativeah Earth fixed reference frame
(note: a positive gust acts along the positive directions of andw),

Figure 6: Gust
wavelength relative
to aircraft size
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W = u-ug
VE V—Vg (21)
wE o= w—wy

However, if the wavelength of the gust is large, then locallgund the aircraft one can
assume a linear variation in the gust velocity. For examaésuming the vertical gust
componentyg varies with bothx andy, then the actual value of this component at a given
location on the aircraft can be expressed as (neglecting lib@ation as most aircraft are
approximately planar, i.e. they lie nearly completely inrge x-y plane),

_dwg dng

Wo = g Xt dy

(22)

By comparison, for an aircraft experiencing a pitching motbout its centre of mass at a
rateq, the vertical component of velocity created by this motiba given location away
from the y axis passing through the centre of mass is simphy(the negative implies the
positivez andy axes extend from the centre of mass downwards and towardgtt&ving
respectively) while for a rolling motiop about the longitudinal axis, again, the vertical
component of velocity induced by this motion can be exprssgpy. Comparing these
results to the expression in Eq. 22, one can represent ti@arlivariation in the vertical
gust velocity along andy as components of a rotational gust velocity,

Wy = [Pg,dg)" = [ (da_v;//g) ' (%) ]T (23)

Similarly, both(dug/dy) and(dvy/dx) can be related to a yawing motion about the centre
of mass. The latter gradient is related to the effects of éngoal stabilizer acting a distance

l; away from the centre of mass, while the former follows moucesely the analogy made
with bothg and p where the variation in the longitudinal gust velocity aldhg wing span
can be made equivalent to the effect of a yawing motion since-ry.

OUg 0V
-9 =3 24
Fg1 dy fo2 = 5 (24)

Since there is no reas@priori to assume that these gradients are such that their represen-
tative gust yaw rates would be equal, one must either caictil rates to be added (i.e.,

rqg1 andrgp) or neglect one of these two effects. Subtracting thesergtegions from those

of the aircraft in still air yields an effective angular veity for the aircratft,
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P = Psillair — Pg
d = Ogillar —0g (25)
r = TIgillair —I'g

Therefore, the vector representing a gust which variesadlyabver the aircraft can be
represented by including a rotational gust velocity arotivepitch, roll, and yaw axes in
addition to an average linear gust velocity taken to actestitcraft centre of mass,

g = [ugvvngg7 p97 q97 rg]T (26)

Using Egs. 21 and 25 it is possible to include a linearly vagygust field into the aircraft
state variables, which are used in conjuction with variousrat stability derivatives to
determine the forces and moments acting on an aircraft.mtkod is considered to yield
fairly accurate results as long as the gust wavelength isoappately 10 times the span or
tail arm of the aircratft.

2.2 Random Turbulence

The idea of a discrete gust as a subset of a much longer andomatiauous spectrum of
turbulence as in Fig. 5 leads to the conclusion that for ¢alig aircraft loads, especially
those associated with the dynamic behavior of the aircraft Gatural frequencies of the
structure, flutter modes, etc.), one cannot rely solely @approximation. Therefore, itis
necessary to consider the entire spectrum of possible tnagtsn aircraft may encounter, in
order to adequately ensure none of the possible gust fregegenill have an overly adverse
effect. The most common assumption is to assume that thelém® is a stationary,

Gaussian, random process. By being stationary this imghlesthe turbulence is infinite

in duration, while the idea of a Gaussian process is relat#ukt probability of obtaining a

given gust velocity at a specific time.

If the still air velocity is taken as the reference conditfomm which a gust is to be mea-
sured, then the mean value of any gust component can be takai@a About this mean
one can calculate the root mean square (rms) value,

— 1 /T 1 =N
S i 2T g~ i IS 2
%= \/‘; = \/T"L“oo 2T /T godt \/ MmN i; g 27)

where in the first case the continuous turbulence spectruiseid in the calculation, while
in the second a more practical approach is taken (under nrosthtstances the turbulent
gust velocity is sampled at various times and the total nurtieof these discrete values
is used to calculate the rms value). The assumption of a @augsocess implies that the
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probability of obtaining a given gust velocity can be exgessby the relation (assuming a
mean value of 0),

1 b

_ (&)°
p(g) \/ﬁage (28)

This has important implications as to the calculation oftdoads. Although there exists
experimental evidence to suggest that turbulence is niyt &riGaussian process in that
gusts of both small and large magnitudes occur more oftem phedicted by the normal
distribution in Eq. 28, the advantage of this assumptioa the statistical characteris-
tics of an aircrafts response can be calculated directiy fitee statistical characteristics of
the gusts themselves. In addition, by allowing for a congo$gtectrum of possible gusts,
both the short period gusts that tend to affect the airctaftie modes (i.e., wing twist-
ing/bending) and the longer period gusts which have moraentte on the aircraft rigid
modes (i.e., Phugoid) are included in this model (as opptsd¢ide discrete gust model,
which by definition must be tuned to account for gusts of vagyrequency or magnitude).

2.2.1 Power Spectral Density (PSD)

Through Eq. 28 one now has a means of calculating the protyadiilan aircraft encoun-
tering a gust of a given magnitudg)( where the only additional information required is
the rms value of the particular gust component under coretide (Eqg. 27). However, we
are still without a method to quantify the actual turbulepceefile. This is accomplished
by replacing the turbulence profile with the superpositib@m infinite number of sinu-
soidal components each varying in frequency infinitesiynithm one to another. Each
component has a specific magnitude which is dependent orathieyar frequency,

j=0
g(t) = > /P(wj)Awcog wit + ;) (29)
=1

where®(wj) is referred to as the power-spectral density. Each sinaso@mponent is
randomly phased relative to all the others by an agglevhere the probability of obtain-
ing a given value ofy; is equal over the entire range O tmr@.e., it is not Gaussian). This
process is shown in Fig. 7 using only a small number of comptsn¢he actual psd con-
tains contributions from all values of frequency from zewartfinity. This superposition
process is very similar to a Fourier sine series, althoughisncase each of the frequencies
is infinitesimally spaced while in a Fourier series the vasicomponents are at discrete
intervals of frequency (although there are still an infimtenber of components in both
cases).

Since®(w) is a continuous function of frequency, the psd contains titeeefrequency
content of the turbulence structure and thus ensures thavsdible gusts are considered
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Figure 7: vA : \/\/\/\/
Superposition t({t+7)
of sample
frequency .

components at

various wj that
can be used
to reconstruct

the actual
turbulence
profile

in any analysis with which this is used. The psd can be dyeelated to the rms value
of the gust, whereP(w)dw is the contribution tasy of the components with a frequency
betweenw andw + dw making the rms value the area under the psd curve,

o5 = /Zd)(w)dw (30)

Note: the psd is shown as two sided in that it exists for bositpe and negative values of
frequency. For a one sided spectrum (i.e., the integragipeiformed from zero to infinity)
the psd would be twice that obtained in Eq. 30

Therefore, with a psd one can re-create any given statipreargiom, Gaussian process and
thus for every experimental turbulence profile measuretnizches this description, one
can calculate a corresponding psd. This is often accongaisising the autocorrelation
function,

Rj(E,1) = Gi(F,Ogj(F+ & t+T) (31)

where the vectof = /(A2 +Ay2+ AZ2) for a Cartesian co-ordinate system ani a
time increment on the scale of the motion of the aircraft.
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In addition to the above mentioned assumptions, if one aldalsthe turbulence can be
treated as frozen in space (i.e., in the time it takes for esradt to traverse a given tur-
bulence field, the velocities have not had sufficient timehange significantly), then the
various components of turbulencg)(become solely a function of position amdt the
large scale time. Therefogg(r,t) — gi(r) (this is known as Taylor’s hypothesis) and under
these circumstances the one dimensional psd can be redettesl dutocorrelation function
as,

@j(Q)= - [ Rjcos08)ds (32)

whereQ is the reduced frequency, which is related to the circukgdency through,

Q=7 (33)

For turbulence as described by a stationary, random, Gaydsozen, process there are
two critical one dimensional psds, corresponding to therédtand longitudinal direc-
tions. In these cases one is primarily concerned with therdenation of only®11(Q)

and ®33(Q) = P(Q) respectively (requiring only thBi—; terms). For an aircraft pass-
ing through a turbulence field at a speédor for measurements of turbulence taken on a
tower with a mean wind speed equaMothe relation between distance and time is sim-
ply ¢ =V (thereforedé = dr) and thus the autocorrelation function in Eq. 31 can be
re-written as,

T

R(T) = g0gE+ 1) = fim [ _gtg(t+ et (34)

which for T = 0 yields the rms value dd.

For typical gusts encountered at altitude there are two rapproximations for the psd,

the von Karman and Dryden models, each proposing a separattion for gusts in the

longitudinal and lateral directions. Currently, the voarkian model is specified as the
required model in FAR 25 Appendix G which for vertical gusiteg,

8
_ 055 1+ §(1.339_Q)i
T1+(1.339.Q)7 ¢
To use Eq. 35 one must specify a turbulence length scale Lrenvippendix G of FAR
25 sets this value at 2,500 ft (762 m). This value determiheddcation of the point at
which the psd curve starts to slope downwards as shown irBFigherefore, the selection

of L has a greater influence on the lower frequency spectrutimegbsd, which in terms of
determining aircraft loads due to gusts tends to be relgtiveimportant when compared

®(Q)

(35)
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to the higher frequencies where the effect of L is minimal.rbtter where the curve starts
to slope downwards it always reduces to a slope of -5/3 atehifyfequencies on a log-log
scale, while the actual location of the curve for variousiealof L can be made to lie along
the same path through a variationag which is a measure of the magnitude of the gust

fluctuations gg [ L%).

/

Slope =-5/3

Power-Spectral Density (PSDP(Q)

Figure 8:
Lateral  gust
velocity  psd
as per the
von  Karmén e ———
approximation Reduced Frequencg

(Eq. 35)

As previously mentioned, there is a separate von Karmdrigrdongitudinal gusts which
can be written,

P(Q) = 022 1 (36)

g 5
14 (1.330.Q)2)¢

The difference between the two psds lies in the manner intwtiie gust is seen by the
aircraft. For the case of a transverse gust (vertical ord§tehe gust velocity field is seen
as a shearing type field with respect to the flight velocitywideer, for a longitudinal gust
an increase in the wind velocity parallel to the flight vetgenust actually be entraining air
from the lateral directions to supplement the required rflass while for a gust opposing
the flight velocity the opposite is true and airflow must bectgd laterally. In either case

DRDC Ottawa CR 2006-221 17



the variation in the psd is not due to the turbulence in eagtton being different, in fact,
for high altitude flight the turbulence is usually assumeteasotropic §y is the same in
all directions). Therefore, the turbulent gust profile is #ame independent of the direction
under consideration and the differences between Eqgs. 3B3&uade related solely to the
orientation of the aircraft with respect to the gust.
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3 Application to Aircraft

With both the atmosphere and the gusts within this mediunguately described, it re-
mains to apply the theory, or its relevant components, teasiins of importance to air-
craft. For instance, if one wishes to use the linear field apapration for a gust, it still
remains how to establish this variation so that it relatethéoactual situation experienced
by the aircraft. Furthermore, even with the gust field regnésd, it remains to be seen how
the aircraft will react under various circumstances.

From a structural point of view, it is the higher frequencgtdrbances which play a domi-
nant role in exciting the structure and thus create sigmfigast loading situations. There-
fore, under these circumstances the idea of a turbulenctrapeand corresponding psds
needs to be considered. However, from a navigational oragaiel point of view the oppo-
site is true, where it is the low frequency disturbances tilaiee more important thereby
indicating the importance of the discrete or linearly vagygust model. For the purposes of
this report since the flight path of a low flying aircraft mustdarefully controlled (more so
than for traditional aircraft operating altitudes) empbasll be given to the factors which
influence navigation, but this is not to imply that the stawat considerations of turbulence
can be neglected.

3.1 Four point model

For aircraft traveling through disturbances of variousgjérencies, a meaningful non dimen-
sional parameter which can be used to characterize the fltve iseduced frequency” or
“Strouhal number”. If a gust varies with a peridd= (211/w) and travels at a mean speed
V (or from the point of view of a stationary gust the aircrafiviels through at a spe&f),
then a distance, or wavelength, can be calculated as,

2y
W

A (37)

Therefore, using the wing half chord as a measure of theadirdimension and dividing
this by the “gust” wavelength above, one obtains a parantleteris directly proportional
to the reduced frequendy;,

(c/2) _wc Qc
) Ok= ~ = 2 (38)
In order to consider the aerodynamic forces and momentg) lzgiplied to the aircraft as
steady, it is generally accepted that the reduced frequenust be below approximately
0.1. Above this value there is a significant phase lag in tmeggion of lift with respect
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to wing movement in addition to a reduction in its magnitu@ieese are common factors
which must be considered in a dynamic analysis, where fangi&in considering flutter
Theodorsen’s function is often used to represent the uthgidagenerated by an oscillat-
ing wing (where the case of steady lift is obtained by allagyin— 0 thereby effectively
eliminatingw since the wing dimensioa# 0 whileV has practical upper limits). Under
this restriction, the limit on the gust wavelength as coreddo the wing chord is,

% > 107 (39)

which for an aircraft with a tail arm three times the lengthtioé wing chord yields a
minimum gust wavelength of approximately 10 times the taih.aRecalling the section
describing a linearly varying gust, this matches the liimpbsed on the use of a gust
rotational velocity to approximate a linearly varying gfistd (see Eq. 26). This indicates
that using this method of approximating a gust assumes -gteaily aerodynamics which
is indeed the case.

Since alinear variation in a particular gust component @arelated to a particular angular
velocity, by measuring the gust velocity at various pointsam aircraft separated by a
known distance one can obtain the desired gust rotatioris.céih be done using the “four
point model”, where the gust components are measured abtinéofcations shown in Fig.
9.

Figure 9: Four
points on an aircraft
for determining gust
gradients
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For both the horizontal components of a gust, the value atéhére of mass (point O in
Fig. 9) is used as the gust component without reference tottiee points (i.e.y = ug and
Vg = Vo) While the vertical component is taken as the average ofttreetmeasurements
along the wingspan,

1
Wy = 3 (Wo + Wq + Wo) (40)

As per Eq. 23 the roll and pitch rates associated with the anestalculated as,

Py =g (Wi —wp)
4y = (s~ wo) (41)

while for the two yaw rates one can use Egs. 24 to obtain,

=

g =

(up—uy)
o = (42)

(Vo —V3)

[=ea

=3

In this manner one now has the complete gust vector which earsed as a disturbance
vector in calculating the trajectory of an aircraft assugnénlinearly varying gust. This
method is based on one proposed by Holley and Bryson [3], aviier value fort' is
recommended as 85% of the wingspan.

From a structural point of view, the measurements taken esetfour points of the aircraft
can be related to the autocorrelation function defined inEgby noting that in a time
the aircraft (and hence any of the given points) has traeslatdistance equal ®=Vrt
and thus the autocorrelation function can be expressedamy(the gust roll ratepg, as an
example),

Rpp(T) = pg(t) pg(t+1) = ﬁ (WaW) — WiW, — Wi Wo + WoWs) (43)

where the primed variables are those measured at thetthne) (

3.2 Thunderstorms

Although there are numerous sources of turbulence, onesahttst common is the thun-
derstorm. Since storms are not stationary, unlike turlmderaused by terrain roughness,
thunderstorm turbulence can be a cause of concern for fiioparating at any location.
Typically characterized by significant wind shear in additio strong vertical up/down
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near a thunderstorm

drafts, for aircraft flying at low levels the consequenceshef wind fields generated by
thunderstorms can be significant.

The large horizontal wind shear associated with these stoem cause a large peak in the
aircraft velocity in the direction of flight (see Fig. 10), ede the characteristic windspeed
wavelength is near the aircraft Phugoid frequency. Sineé€tiugoid involves an exchange
of velocity and altitude, excitation of this mode can caugaificant variations in height
which must be carefully controlled for both low flying airéirand aircraft in general when
landing. In addition, the effect of a horizontal wind shearisolation compared to that in
conjunction with a downburst can be significantly differesiéspite the fact that vertical
gusts on their own have a much less pronounced effect oratiidynamic motion when
compared to horizontal gusts.

3.3 Flow past buildings

The study of wind flows past buildings is a subset of the studnw@ompressible flows
about bluff bodies. As such, the various flow regimes likelyoe encountered under any
given set of atmospheric conditions can be related to the®dg numberRe= (pVI) /).

Of particular interest are the low speed, low Reynolds nurfloe regimes typical of wind
speeds past structures on the Earth’s surface. In thesg itase¢he viscosity within the
flow which plays a dominant role in determining the size, ghand properties within the
wake behind any submersed body.

22 DRDC Ottawa CR 2006-221



At values ofRe ~ 10— 20 a pair of stable, symmetric vortices can form behind a body
creating a symmetrical flowfield, as illustrated in Fig. )1(a

T B
@\@

»—\/

\ortex Pair

(a) Symmetrical vortex pair for 18 Re < 20 (b) von Kdrman vortex street 36 Re < 5x10°

Figure 11: Flows with viscous effects dominant

As the Reynolds number increases to values between 30 and% (ddpending on the
shape of the object, i.e., flat plate, cylinder, etc.) thaiges formed behind the object are
shed from the downstream facing surface in an alternatittgnqpecreating what is known
as a “von Karman vortex street” as in Fig. 11(b). It is interesting to notattthis structure
can also be observed on a very large scale from satelliteamafcloud patterns trailing
high, isolated mountains (such as those found on islandshhese cases, since both the
upper level winds (recall the geostrophic wind) and the sizthe length dimension of
the island are very large in comparison to the average aiosity, the apparent Reynolds
number would seem to be in excess of the upper limit of apprately 5,000. However, if
one substitutes the turbulent eddy viscosity in place ofdhenar value to reflect the fact
that the mixing on this scale is more dependent on the lai@e stechanical motion of the
air as opposed to the laminar shear between air molecukssjrideedre falls within the
expected range for exhibiting this type of wake structure.

At even higher Reynolds numbers the inertial factors begiddaminate the flow and the

distinct shed vortices can no longer be observed, replarstead by a turbulent wake (Fig.

12(a)). Between this wake and the smooth flow outside of #ggon there exists a shear
layer of much smaller vortices (Fig. 12(b)). As the Reynaldsnber is increased even
further, or the building length is increased, it is posstioléave the wake re-attach to the
surface of a building thereby creating a small re-circolatitone immediately downstream
of the leading edge in addition to a turbulent wake trailing structure (Fig. 12(b)).
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3.4 Control Algorithms

The complete motion of an aircraft is described by a set ofsyenon-linear, ordinary,
differential equations: six “dynamic” equations resuitfinom the application of Newton’s
second law in each of the three linear and angular degreesaezfdm and six “kinematic”
equations resulting from a transformation of referencenéa from a body fixed to an Earth
fixed, or inertial, reference frame. It is common to simplif\ese by rephrasing them to
reflect small disturbances about a reference conditiors yiklds the significant result that
the equations can be written as two distinct sets of fouerkfitial equations, where each
set contains only longitudinal or lateral variables thgrdbcoupling these aircraft modes.

In addition to assuming small disturbances about a refereandition (whose characteris-
tics are specified), it is also common to assume that the geandic forces and moments
are linear functions of the derivatives at some initial titnehereby neglecting any un-
steady effects (which was the case when considering a neanying gust). With these
approximations one can write the equations of motion as,

X = Ax+ Bc (44)

wherex represents a vector of either longitudinal or lateral stateables,

x=[Au Aw Ag AB]T (45)

Separation

[T~

Wake — > Shear Layer
) k
Re-attachment

(a) Wake behind a buildingRe > 5x10°) (b) Separation/Re-attachmeRe(> 5x10°%)

Figure 12: Flows with inertial effects dominant
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x=[Av Ap Ar Ag]T (46)

In the case of the longitudinal motions the control statéarec, contains inputs capable of
altering any of the variables contained in Eq. 45 (which @megally an elevator deflection
(de) or a change in thrust settingg ). The main control inputs for affecting lateral motion
are a change in aileron angi@&] or rudder angled), where it should be kept in mind that
these are changes in these settings from the values reqainedintain the aircraft in the
reference condition. In both modes, the mafigontains the various stability derivatives
which are used to linearize the aerodynamic forces and mtaynehere if all the deriva-
tives with respect to a time rate of change are neglected(@M)/(0w) = My, = 0) one
can write,

Xu X 0 —g YW Yo (r—Uo) @
Zy, Zy U O Lv Lp L, 0
A = OR

O 0 1 o 0 1 0 0

Longi?udinal Lateral
while the effect of the controls can be modelled using
=7 ra o A
B = % ©a OR O O { } 48

Ms Mg { & } Ns, Ns & (49)
0O O 0O O

In order to incorporate the effects of a gust, it is possiblenetke use of the gust angular
velocity obtained by assuming a linearly varying gust asesgnted by Eq. 26. In the
presence of a gust, the governing equations as represeniaf 44 have to be modified
slightly,

X=Ax+Bc+Tg (49)

whereg now contains the components of the gust vector (Eq. 26) apiate to the direc-
tion of motion under consideration. Therefore, for the itudjnal modes the gust compo-
nents of interest argy, wy, andgg while for the lateral modes one must consiglgr pg,
and bothrg; andrg,. The linearization of the aerodynamic forces and momesststed in
expressions for the various quantities of the form (usimgctinge in the pitching moment
as an example),
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where in the presence of a gust the relations become,

AM = My(Au — Ug) + My (AW — Wg) + Mg(Ag — gg) (51)

This allows the longitudinal and lateral gust matrices iplytng the various components
of the vectorg to be expressed as,

Xy —Xw O
Tg = | & ~4 0 yvg (52)
9= | -My —My —Mq g

0o 0 o0 %

or in the lateral direction since there are two distinct gast rates one can write,

N Yy Y '

Tg = | tv ke L pi (53)
e T | rtre)
O 0 0

the difference between the two yaw rates stemming from hew déne calculated (Eq. 42).

A closer examination of Eq. 49 reveals thatB€ = —Tg then one would completely
eliminate the effect of the gust and thus the aircraft wohddve as if flying through still
air. Such a control input would take the form,

c=-B"!Tg (54)

where the problem then becomes one of finding the inver& ¢fowever, from Eq. 48
one can note that this matrix is not square since there arasotany control inputs as
there are state variables in either of the two modes of mofiberefore, even if one were
able to measure the gust vectpior use in Eqg. 54, it would be impossible to calculate the
required inverse without increasing the number of contiplis available.

In practice, gust alleviation is accomplished by choosing or more variables to be con-
trolled in some manner (held constant, eliminated, mingdjztc.) and designing an al-
gorithm around this goal. For example, with regards to fliggnough a thunderstorm, it
is possible to use tabulated data pertaining to the wind itiond measured during ac-
tual storms (similar to the profiles shown in Fig. 10) as gopuis and calculate elevator
and thrust control inputs that would minimize an aircragsgidtion from a given flight path

(i.e., adraped surface for low level flying or a glideslopeadanding approach). The accu-
racy of such methods depends to a large extent on the infanmagsumed available when
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developing the control algorithm, where results are likelype better as more feedback is
designed into the system.

Although a complete analysis of the methods available fatrobsystem design is beyond
the scope of this report, there are numerous referencesialeadon the subject (Etkin [4],

Nelson [5], or Stevens and Lewis [6]).
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List of Acronyms and Symbols

Greek Symbols

a

Q © T

~

Q8 £ 8

angle between wind vector and isobars [degrees]
ratio of specific heats

boundary layer height [m], change in control input
Euler angle [degrees]

surface drag co-efficient

gust wavelength [m]

viscosity co-efficient [kg/(m s)], mass ratio
density [kg/nd]

root mean square

time [s], shear stress [NAh

latitude [degrees], Euler angle [degrees]

angular velocity [rad/s], circular gust frequency [rad/s]
Power-Spectral Density (psd)

reduced frequency [rad/m]

Roman Symbols

C

CL

a

wing chord [m]

lift curve slope of aircraft [/rad]

gust velocity vector [m/s], gravitational acceleration/$fh
distance perpendicular to the Earth’s surface [m]

von Karman constant£ 0.4), reduced frequency

distance from aircraft centre of mass to aerodynamic ceftvertical
stabilizer [m]
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N

moSy &N

Re

30

mass [kg]

distance parallel to the Earth’s surface [m], load factdW(.

component of angular velocity about the x axis (roll ratajifs], probability
component of angular velocity about the y axis (pitch ratal{s]

component of angular velocity about the z axis (yaw ratej/fjaradius of
curvature [m]

distance of penetration into a gust [ft]

time [s]

component of velocity in the x direction [m/s]
reference condition airspeed [m/s]
component of velocity in the y direction [m/s]
component of velocity in the z direction [m/s]
effective height above ground [m]

zero plane displacement [m]

height above ground [m]

roughness length [m]

force [N]

flight profile alleviation factor

distance to maximum magnitude of a discrete gust [ft]

component of moment acting in about the x axis [N m], turboéelength scale

[ft]

component of moment acting in about the y axis [N m]
component of moment acting in about the z axis [N m]
Reynolds number

time [s], period [s]

total gust velocity [ft/s, m/s]
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\% velocity [m/s]
Var gradient wind velocity [m/s]
V* friction velocity [m/s]

W/S wing loading [kg/n¥]

X component of force acting in the x direction [N]
Y component of force acting in the y direction [N]
Z component of force acting in the z direction [N]
Subscripts

a aileron

C coriolis

ds design gust velocity [ft/s]

e elevator

fr friction

g gust

p pressure

r centrifugal, rudder

ref reference gust velocity [ft/s]

t thrust

Superscripts

E with respect to an Earth fixed reference frame

—

vector quantity
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