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An engineering study of the unsteady response of a jet transport during
a wake encounter in a transitional state of potential Crow instability

A P Brown
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ABSTRACT

An engineering study has been conducted into the unsteady
motion and loads response of a widebody jet transport
encountering a vortex wake from a preceding ‘heavy’ aircraft,
the wake undergoing a transitional change of flow-state from
a trailing-pair through a Crow instability mechanjsm 1o a train
. of vortex rings. It is postulated that, having formed, the
migratory Crow instability vortex rings have then rotated to
the more stable upright position (coaxial with the downwash
vector). The second aircrafi is assumed to follow a flight path
through the vortex cores of the right side of the vortex rings at
260 knots. On this flight path the estimated strength of the
vortex rings is such that the induced velocity produces sideslip
angle excursions to +10°, with extremely dynamic reversals,
up to 200%sec. Accounting for sideslip, lateral and yaw
accelerations, the fin loads have been estimated using indicial
functions. A yaw damper operating on a simple rate law is
calculated o slightly reduce the responsive motion, afbeit
with a mild increase in fin loads. If reactive pilot n:dder
inputs are assumed, the analysis indicates that, depending
upon sensory/system input-cutput kag, it could be possible to
couple the rudder activity in-phase 1o each subsequent vortex
ring encounter in which case, significant magnification of fin
loads is estimated to occur, of the order of 30-35% greater
than that estimated without reactive, dynamic rudder input
commands. For the subject transport aircraft, this would
represent peak load values of the order of twice the estimated
critical design manoeuvre limit load case.

NOMENCLATURE

a vortex ring radius, m

A sectional area, m?

b wingspan (wake-generating aircraft of following aircraft,
as applicable), m

c mean aerodynamic chord, m

C wave transmission speed, m/s

Cyj derivative coefficient of aerodynamic sideforce with
respect to kinematic quantity j, Cy=0(Y/VapU*S¥8)j

Co derivative coefficient of aerodynamic yawing moment

with respect o kinematic quantity j, C,=a(N/%pUSb)/d)
E Young’s medulus, N/m?
E elliptic integral of the second kind
f frequency, s

i pertaining to the /* vortex ring

I, sectional moment of area, m*

lzz polar moment of inertia, about aeroplane normal axis,
passing through the centre of gravity, kgm?

K elliptic integral of the first kind

Kw Wagner function

I length from the CG to the FLT.STA, following aircraft, m

' Copyright® 2002 by the National Research Council Canada.
Published by the American Institute of Acronautics and
Astronautics, Inc. with permission.

2

length from the aerodynamic centre of the finfrudder
(ACy) to the FLT.STA, m

L length, m

m aeroplane mass, kg

m elliptic integral parameter

N aerodynamic yawing mement

r yaw rate, rad/sec

5 non-dimensienal time, Ut/ ¢

g wing area, m*

t time, sec

9) freestream air velocity, m/s

v induced velocity components, m/s

Xi axial distance (i.e. along flight path and nommal to the
vortex ring plane) from the plane of the i*" vortex ring, m

v aeroplane lateral displacement, m

Y aerpdynamic sideforce

z aeroplane normal axis direction

g sideslip angle, deg

AX vortex ring separation, m

Ax small axial distance increment, used in the numencal
formulation of V,, m

r vortex strength, m*/s

© yaw angle, dep

“ inertial parameter, 2m/pS ¢

" inertial parameter, 212/pbS ¢

o air density, kg/m®

p structural material density, kg/m*

a radial distance from the vortex ring axis (in cylindrical co-
ordinates), ¢,=0;=0:, M

IS rudder deflection, deg

w{x,c)  stream function

W yaw angle, rad

subscripts:

i i" vortex ring

r rudder

t time

v fin/rudder location

X axijal direction

G radial direction

BACKGROUND

Contemporary takeoff and landing separation standards
for civil transpor aircraft (for example, those of Ref.1) have
beer established by considerations of the strength and
migratory trajectories {against the influence of the earth
ground-plane) of the trailing vortices of preceding transport
aircraft wakes. Separation standards have been established by
consideration of the dissipative and migratory vortex wake
characteristics in eonjunction with influential variables, which
include wind strength, wind direction, atmospheric profile,
atmospheric turbulence and the preceding aircraft parameters
of Type Design, mass, airspeed and configuration.

In establishing separation standards, the vortex
interaction of concemn is a ‘near-coaxial’ encounter between
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the voriex wake (developed as a highly-discretised — in terms
of vortex-scale — trailing pair of line vortices) and a following
aircraft with a nearly-paralle! flight path. As such, the
acrodynamic effect of the interaction is principally a roll
upset, which potentially could become a rolliyaw departure
from controlled flight, due to the Telatively low-speed (and
high angle-of-attack} of the following aircraft. Hence, the
fluid dynamic research emphasis for the determination of
separation standards has been based upon wake lengths of 1 to
6 miles, relative to the ground, and age % to 3 minutes.

Rossow and James® present the results of an
observational study inio interactions between following
aircrafi and preceding aircraft wakes, with an emphasis upon
the cruise condition of flight. In cruise encounters, compared
to takeoff/landing approach, three other additional parameters
are significant — high speed, across-trail encounter angle and
wake age. Cruise interactions involve much greater
longitudinal separation (by an order of magnitude) and hence
wake ape than that used for establishing takeoff and landing
separation standards.

In some contemporary ATC radar environments, jet
transports are typically climbing at airspeeds of 250 knots IAS
within two minutes of lift-off and upon descent, are often
permitted to maintain high airspeeds within the range of 250
to 340 knots LAS until initial approach or base-tum altitudes
of a few thousand feet. With this in mind, the cruise wake
considerations of Ref 2 can be extended to 4% segment
(enroute) takeoff climb and descent/initial approach flight
phases,

In terms of the magnitude of unsteady aerodynamic
toading during such encounters, wake age may be a
fundamentally determining parameter. In the consideration of
takeoff and landing separation standards', the preceding
aircraft wake is generally in the rolled-up vortex sheet state
(ie. a pair of stable counter-rotating trailing line vortices).
The takeoff or landing stable vortex pair state can last for
several minutes, depending upon the spanwise distribution of
bound-circulation and the distribution/characteristics of shed
vorticity. However, for crutse altitude, speed and circulation
conditions, Ref.2 defines the observed ageing-wake states as:

State: Time:
(1) Vortex sheet toll-up 0-10 sec
(2} instability development & wake division 0-2 min
(3)  Vortex loop subsidence, wake reformation 2-5 min
(4)  Wake re-organisation to a vortex patr 5-15 min
(5)  Development of condensation striations 15 min-1 hr
(6)  Loss of condensation trial identity >l hr

The first three states are depicted in Figure 1.
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Figure 1 - Pictorial description of Crow instability process in a vortex wake
consisting initially of a developed pair of railing line vortices (not to scale),
refs. 1, 2 and the authar's observations,

untif the arched and forming ¥ings
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States 2 and 3 are states of vortex transition andfor
breakdown. Of significance in the above list is the lack of a
stable vortex-pair state following roll-up, unlike takeoff or
landing approach. It is probable that lesser circulation in
cruise, compared to takeoff or landing approach, is an
important reason for the difference. Therefore, it is possible
that during climb-out transition to high speed, and during
descent transition from high speed, the types of wake-state
may transition from stable vortex-pair types to early-
instability types, and vice versa, respectively,

Hence, upon climb-out or initial approach, a following
aircraft at two minute takeoff separation could encounter a
preceding wake which is not in a stable vortex-pair state, but
rather which is in a state of breakdown or transition.
Concerning State 2 instability modes: one such mode is the
long-wave or Crow instability®, wherein the tip/rolled-up sheet
voriex pair divides into a broken chain of vortex rings. It is
reasoned that this process would result in temporarily and
tocally higher induced wvelocity magnitudes and would
increase the vortex-crossing angle for a following aircraft on a
coaxial flight path; in comparison, other State 2 instability
mechanisms ate short-period and involve the re-distribution of
vorticity from discrete large-scale eddy cores to distributed
scales of turbulent eddy sizes, mechanisms which could
involve the production (*bursts’ of localised higher velocities)
and dissipation of turbulent energy.

Encounters, coaxial or otherwise, with such wake stales
might give rise to transient acrodynamic loads of magnitudes
beyond that induced by stable trailing vortex states — which
have been analysed and measured in detail. In comparisor, an
understanding of the fluid mechanics of wake states 2 and 3
arpuably suffers from a lack of full-scale flight data. In the
view of Rassow and James®, studies of the fluid dynamics of
cruise wakes by inflight probing are warranted.

In the present papet, considerations are limited to Crow
instability State 2 wakes. [n particular, an engineering study
has been conducted of the response of a following widebody
jet transport during a Crow instability wake encounter,
wherein the vortex rings are assumed to have rotated to the
downwash-normal direction.

CROW INSTABILITY WAKE

The process of long-wave or Crow instability is
fllustrated in Figure 1. In cruise vortex wakes visualised by
condensation, the instability appears to consist of a mutuai
attraction between trailing vortices, resulting in spatiatly-
periodic migration of the line vortices together or ‘waisting’,
arching or ‘hogging’ (Fig. 1) due to the increased mutually-
induced downwards velocity, and finally pinching and linking
to become a series of curved vortex segments or possibly
rings, perhaps inclined more-or-less vertically, Thereafier, the
vortex elements dissipate in a wake reformation process. The
ring formation and dissipation/wake reformation process
might occur quickly (e.g, for the Hawker Sea Fury aircraft,
the vortex rings have been observed by the author to ocour in
a wake age of about five seconds and last for about fifteen
seconds). On the other hand, depending upon vortex scale-
size and characteristics, notably the core and core-edge
vorticity distribution, they may last for a significant time.

Condensation trail observations of cruising jet transports
indicate relatively long Crow instability durations of about Y
to | minute. The author’s inflight observations of Crow
instability vortex elements indicate that following the waisting
and hogging process, the loops then appear to separate at the
botlom of inverted ‘U’ shapes, forming upright arched vortex
rings, which may possibly then separate at the top to form
smaller rings. It is conjectured that, before dissipation and
wake reformation occurs, the waisting and separating process
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could result in upright vortex ring elements which are upright
(as hypothesised in Figure 1) and coaxially alipred with the
downwash flow of the wake before further breakdown. For
analytical simplification in this directional interaction study, a
vortex flow-state consisting of quasi-steady vertical rings has
been chosen for the study. -

As shown in Figure 2, a following aircraft, outside or
near the lateral edges of vortex rings, would encounter lateral-
direction induced velocities — for an aircraft on the equatorial
line of the ring the encounter would consist of a series of
reversing directional perturbations, due to unsteady finfrudder
sideforces, the development of which will at least partly shear
the vortex. The interaction between the sheared vortex and
fin/rudder may lead to increased circulation and aerodynamic
forces produced at the finfrudder.

/7 Flight
Path

Figure 2 — [dealised train of vortex rings, vertically inclined with axes parallel
and collinear, as assumed in the present study

VORTEX RING
MODEL

INDUCED VELOCITY

For the present engineering study, an encounter with
three vortex rings is assumed. The vortex ring axes are
assumed to be coincident. The aircraft undergoing the
encounter is assumed to be flying parallel to the vorex ring
system axis, along an equatorial flight path through the vortex
cores, as shown in Figure 2.

For such a model, due to the highly spatially-discretised
nature of the vorticity distribution, potential flow theory is
presumed to provide a reasonable approximation, Certainly
this has been an accurate representation for numerous studies
of the trailing vortex pair, prior to the development of
instabilities (for example, the work of Mather' and
Treddenick®).  Also supporting this assertion indirectly, the
author® has analysed a thermally-driven free vortex inflight
encounter, from MacPherson and Betts’, and demonstrated
that a potential flow line vortex model represented the mean
flow structure accurately on that occasion. Furthermore, the
analysis® indicated that RMS turbulent velocity levels of 10 1o
15% of mean induced velocity magnitude existed at the
axisymmetric edge of the vortex core. For the present study,
no core-edge turbulence has been assumed, a non-
conservative simplification from the viewpoint of unsteady
loads analysis.

4
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From potential-flow theory, the axisymmetric flow
stream function for each vortex ring is given, for example
Batchelor®, as:

4
wi(x,0,)= FW{(i—mJK(m, )—lE(m,)}
: i

I )
with
3 dao,

f
V

- ) +(o, +a)'}

K and E are the elliptic integrals of the first and second kinds
respectively, I" is vortex ring strength and (x;0)) is the axis
system for each vortex, in cylindrical polar coordinates; as the
vortex rings are coaxial, 0,=0,=0;=0. Superposition can be
applied, such that the stream function for the total induced
velocity due to the three vortex rings becomes:

3
¥(x,0) = Z¥(x,,0)

Thence, the x (axial) and o (radial) direction resultant velocity
components are given by®

y, - 1o
g do
and
y -.Lo¥w
o dx

From these relations, the flowfield velocities along the flight
path have been determined by numerical analysis, using
forward differencing:

V, — i r//a+A0' _WU

o Ao
and

Va- :_i WX+AX _'rl/,r
o Ax

In accordance with the Biot-Savart law, vortex strength is
conserved, so that I')=I,=['=I' and is estimated from
T=(L/beyipV for the wake-generating aircrafi, which is taken
to be a large transport flying of wingspan b=79.8 m, flying at
250 KCAS with an assumed effective span loading of 69,646
N/m, giving I'=511m*s at 3,000f/ISA.

DIRECTIONAL EQUATION OF MOTION
SOLUTION

For simplification of the present engineering study, the
lateral-directional equations of motion have been decoupled.
Given the highly dynamic nature of the encounters, the event
duration of which is decoupled from the significantly longer
period of lateral/directional modes, notably dutch roll (time
comparisons being about one second and roughly five
seconds, respectively), this is an acceptable simplification.
Thence,

N

with
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Y Y, Y. X g
NN, NN
g

as the unsteady aerodynamic forcing functions, in which: [, is
the resultant sideslip angle which is the sum of the extemnally-
induced sideslip B, the yaw angle y from the =0 undisturbed
position and the lateral velocity Oy/8t, again from the
undisturbed position (using the standard aircraft displacement
sign convention):

I =ﬁ+[—1}%—w

Although included in the formulation for §, changes in
longitudinal airspeed due to V, are neglected in the above
equation of motion formulation and in the derivation of the
progressive  build-up i aerodynamic  force/moment
magnitudes — based upon order of magnitude considerations,
an acceptabie simplification for the study.

For the unsteady growth of acrodynamic force and
moment, indicial functions are used. Neglecting V, as
discussed above, ali growth effects are a result of “directional”
angle changes (from an acrodynamic viewpoint, changes in
fuselage and vertical surface incidence — the resuftant angle of
sideslip P, ; any momentary super-circulation effect associated
with the convection of the locally sheared voriex rings are not
included in the model}, for which the Wagner function Ky 1s
an applicable indicial function, so that at time t:

Cm! IKW(I_t|)ﬁrdt‘
]uﬁ:%pUzsb +C, [Ky (- 0)et
+C, [Ky (-t

and

) o0 Cy, [Kytt—1)8,dr

2 +C, ij(t—t')édi'
With non-dimensionaf time as
s=Utle
the equations reduce to
W88
c, jK,,,(s~s )Ea’s
-
o=(] e, -0 Zw
c ) M ‘ s

82
+C, _[K,‘, (s—s')aTgfds'

8
<y, jK,,,(s —s')%ds'

1
TS
n||Q
S

~
= |0l

+Cy [Ky (s—s')%ds'

wherein the inertial group parameters are

My, =215,/ pSbe

5
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and

u=2mlpSc

The Wagner function nurnerical expression for small
aspect ratio, from R. T. Jones®, as recounted by Fung'“, and as
typically applied in design {see Lomax'') has been used in the
present study.

The [Y N]7 pair of equations are interdependent. They
have been solved for induced sideslip B(t) as the a priori
aerodynamic forcing function waveform, using an iterative
time-marching algorithm. At time t=t+At following each
time-step, an initial [Y¥ N]7 solution loop establishes initial
values for the responsive state vector:

[P/t dyidn y B yiot Byidt v],

Thereafter, an iterative-solution loop of the [Y N7
equation pair updates this vector. For cases (i) and (iii)
below, five iterations provide a fully-converged solution at
time t.

Three cases have been included in the study:

(1) zero rudder deflection, simulating yaw damper {YD}
OFF;

(i) rudder deflection, in accordance with the solution of a
vaw damper model, included in the iterative loop
(simulating YD ON}; and

(iii} rudder deflection, in accordance with the superposition
of;

- the YD model output rudder deflection, and
- a pilot-input rudder pedal deflection, in accordance
with a behavioural model.

For cases (i) and {ii), the equations have been solved for
rigid-body solutions.  For case (iii), fuselage transverse
bending flexibility dynamics have been accounted for, using a
simplistic  and  approximate  methodology, which s
nevertheless suitable to the study.

Wake-encounter aircraft data

For the study, all inertial, geometric and aerodynamic
input data for the aircraft undergoing the wake encounter has
been chosen to be representative of a swept-wing widebody
Jet transport.

For the aircrafi, the following inertial and geometric
data was used as input;

Mass: 154898 kg
Wingspan, b: 44 85m
Length: 54,1m

Iy, length, ACy-FLTSTA: 25.1 m

lp, length, CG-FLTSTA: 203 m
Finfrudder MAC: 45Tm
Izz: 18.77x10% kgm’

Likewise, the following acrodynamic derivatives were
used for all cases, primarily drawn from an average of the jet
transport derivative data presented in Nelson'?:

Cyp -0.90
Cypy -0.38
Cys 0.19
CNﬂ 015
CNp, 0.19
Cig -0.10
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Vortex ring train sizing

In the idealised model of the present engineering study,
the dimensions of each vortex ring have been assumed to be
identical. The selection of dimensiGns has been based upon
the approximate sizing of cruise wake Crow instability vortex
rings, as indicated by the present author’s observations and by
the photographic observations of Ref. 3. Based upon these
limited observations, the study has conducted analyses for the
hypothesised vortex ring spacings of 3a and 5a, a being the
vortex ring radius. Using the size parameters of Figure 2:

Vortex ring radius, a:
Vortex core radius, r.:
Longitudinal separation, Ax:

2(ber’2) = 63.8m
0.1(be2) =3.2m
3a=1915m

(5a is also considered,
see later)

for which by is the effective span of the wake-generating
aircraft, assumed to be 80% of the peometric span, b, and
assumed to equate to the lateral separation of the trailing fine
vortices (see Figure 2).

Yaw damper model

The yaw damper model was chosen to be a simple yaw
rate-feedback system, no long-period washout (which would
not be responsive in this study, in any case) or yaw
acceleration sensing (for “feedforward’ gust alleviation) with
the fotlowing assumed system characteristics:

System gain: -1, defined as output rudder
deflection rate to sensed yaw rate,
fe. Oc/Ot=-C\/A1, up to a max. ¢
actuation rate of 39 degfsec, as
limited by a YD rate limniter,

System/actuator iag: 6,25 milliseconds (ms)

Human-machine interface model — rudder deflection

The fin/rudder unsteady air loads accompanying the
vortex ring encounters are very short duration events. In
practice, it is likely that they would be preceded by some
initial wake turbulence, to which the pilot response may well
be to ‘ride-through’, without intervention — but which would
conceivably ‘key’ the pilot towards an interventionary frame
of mind. If a subsequent walke-induced perturbation was of an
alarming magnitude and rapidity, in deciding to intervene the
pilot response would conceivably be a rate-saturating reactive
response rather than a proportional response.

Therefore, for modelling the highly dynamic
environment, the human-machine-interface (HMI) rudder
deflection mode! was chosen as a high gain reactive system,
such that rudder deflection would be limited by the rudder
deflection rate limiter, rather than by rudder pedal actuation
rate. The following HMI system characteristics were used:

Controller: reactive human control, requiring an initial
‘GO’ decision, thereafter an ON-OFF-ON
switch-reversal type of control: switching
being based upon the perceived lateral
acceleration reaction at the flight station
(FLT.STA}; assumed switch thresholds of:

ON: ac/or=-[og/a)s wi- ((BPyianty | Fyiot | Y
at a threshold of A | &y/3¢ | ;s> 0.3
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OFF-ON:  a rudder reversal applied when the
(62y/6t2)ws magnitude reverses through
0.1g in the other direction

System gain: High gain piloting, resulting in rate
saturaticn, such that rudder pedal actuation
rate exceeds rudder actuation rate, which
is therefore limited to that of the assumed
maximum  rate  limiter  value  of
[Be/dit]s =39 deg/sec,

System lag:  various lags have been studied over the
range from 23 to 100 ms; although it is
questionable whether this value is realistic
for inttial intervention (for which lags of
120-250ms might be more realistic),
arguably such fast response limes might
very well be realistic for high gain
reactive control reversal inputs afler the
initial intervention.

The choice of reactive human control and the
compulsion to ‘GO’ (the reactive trigger) in the HMI
decision-making process are discussed in the relevant results
and discussion section.

Vertical stabiliser design manoeuvre foads

For jet transport aircraft, the design manoeuvre load
cases are specified in FAR 25.351(2)" and JAR 25.351(a)'%.

The three cases represent:

(1) maximum & at zero sideslip,

(2) resultant § with maximum ¢; and
(3) zero £ at resultant steady B.

For each case, the design load on the vertical stabiliser
{fin/rudder combination) at any particular [V C]pgsign will be
proportional to the sideforce coefficient, in general:

Co=CypB+Cycl

so that for each of the three cases,

(1) Cv=Cyilmax

(2) GGy fovn(Cog/Crpllimax  {expressing the peak
sideslip angle as a factor fyn>1 and noting that in
steady state B='(CnC'ICnD)CMAX

(3 CY:'C\’[}V(CM;"CnB)CMAX

Of these, for the derivative values chosen for the aircraft
of the present study, case (3) is critical. Accordingly, noting
that for typical design cdc values of about 28% Cypyv=2 Cyg ,
the limit load at the datum flight condition is selected as:

Pyiim = Y60 V*S[-2Cy(Cogf Cap}onmax]
with §uax=10° and V=260 KCAS, for the present study.
Fuselage transverse bending flexibility

The equation of motion solution for the three cases have
been conducted as rigid body analyses. However, in the case
of the pilot-activated rudder deflection, the inputs would be
highly dependent upon the lag introduced by fuselage
flexibility, in this case to transverse bending.
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A rigorous analysis of the dynamic response of the
fuseiage and wing, since for yaw acceleration under fin loads
the wing is accelerated in response to fuselage flexibility also
would require a numerical solution. This could be based upon
discretisation of mass-stiffness properties along the length of
the fuselage, with the wing mass arid inertia lumped onto the
fuselage (acceptable becausc of the very high transverse
stiffness of the wing) and solution of the matrix of Lagrange
equations.

As a simplification acceptable for the purposes of the
present study, the global effects of fuselage transverse
bending flexibility have been modelled. The global effects are
a dynamic magnification of impulsive loads {i.e. overswings)
and a load-lag, due to strain wave transmission.
Conservatively, a dynamic magnification factor of [ for all
loads, has been chosen for the present study. The lag
introduced by flexibility is modelled by the wave transmission
solution of Hussey'® - the wave transmission speed for
transverse flexure is given by

P A fusei - loaded

and the associated vibratory modal frequencies are given by:

z ﬂ,ﬂ
= 0.067254781...
8L [P‘I pa— ( 25 )

The frequency equation is used to check the sensibility
of modal frequencies, for the widebody aircraft used in the
present study. For a loaded fuselage mass of 73,500 kg, and
sectional 1/A=33m’, the so-calculated frequencies of 6.1,
16.9 and 31.7 Hz are sensible.

Typically, for engineering  purposes, bending
transmission can be described by the first two wave
frequencies, for example Abramson'’. For the present study,
the fundamental, first and second harmonics have been chosen
to be sufficient to contain the flexural strain energy, which is
assumed to be transmitted in distributed percentages of:

[F 19 2"=[57 29 14}

RESULTS AND DISCUSSION

The results for the three cases, using the models and
solution methodology as described are presented herein, for
cach of the three cases, in turn. Case results and discussions
are preceded by a discussion on the perturbing flowfield.

Time reference, t

For all solutions, the time origin =0 equates to the
encounter aircraft being a short distance {(approximately one
vortex ring radius) upstream of the plane of the first vortex
ring at x,.

Flowfield, vortex ring train-induced sideslip, f§

For the selected flight path, traversing the vortex cores
along the vortex ring equatorial line, the solution of the
induced flow stream function equation and numerical
differentiation of the stream function gives rise to the
perturbing sideslip function as presented in Figure 3, for
which sideslip angle is defined in the axis sign convention as:

7
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=
b= arctan[m]

with the flight direction as positive in the same sense as the
cylindrical polar x-direction, the o-direction being positive
outwards (refer Fig, 2).

p {deg) from presumed Crow instability-induced flow

beta {deg)
o

2.5 i 15 2 25 3 35 4
time {sec)

Figure 3 - Sideslip angle induced along a flight path in the axial direction,
traversing each vortex core 2t the equatorial position, by the vortex ring train.

[t is seen in Figure 3 that maximum perturbing sideslip
values of +10° would be encountered along such a flight line.
As each vortex core is traversed, the sideslip rate change B/t
would be enormous, approximatety +200 deg/sec. Dunng
these periods, the development of acrodynamic force would
be dominated by induced and convected local circulation due
to the sheared vortex, for similar scale sizes between vortex
core and fin/radder mean aerodynamic chord (MAC}).

dPyict? (g} & o%yra? ngid body, CG {radisec®)
02 : T T

P SK 1 PR ROV MUY SRR | X SO SUERU NSRS | U S

o2 i i i
2

02 — dzw,'dtg
| ——  dyatyo] [

0.1 hihadl I

ZT J\
0 - — -
b V" l J\/
IR S ¥ £} JOR B SR,
g s r
i
3 05 1 15 2 25 3 3.5 4

lime (sec)

Figure 4 — CG Laterat acceleration and yaw acceleration, Case (3) and Case (i}

Cases (i), zero rudder deflection, £, and (ii), yaw damper-
driven rudder deflection (YD-ON)

The analyses for zero rudder deflection £, and for the
yaw damper-driven rudder deflection c¢ase, have been
underiaken as rigid body analyses, using the equations and
solution methodology outlined previously.

In both cases, of particular interest are the output lateral
and yaw accelerations, developed yaw rate, YD-driven rudder
deflection and momentary fin loads, when compared to the
most critical of design manoeuvre load cases.

The aircraft CG lateral and yaw accelerations for the
two cases are shown in Figure 4, with reference to which it is
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seen that YD-ON is mildly successful in ameliorating the
effect of the impulsive lateral loading of each of the three
sequential encounters with a vortex ring, insofar as the yaw
acceleration following vortex-core passage subsides more
quickly. As expected, without feedforward (i.e. such as yaw
acceleration sensing or, most responsively lateral acceleration
sensing at the location of the fin), YD-ON does not reduce the
responsive yaw acceleration peak values, approximately 0.14
rad/sec?.  Although not apparent in Figure 4, the yaw
acceleration values during sccond and third ring encounters
are slightly increased — most probably attributable to the
system-lag and resultant phase-shift in rudder deflection.
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Figure 5 — YD-ON rudder deflection, and 2 comparison between yaw rate with
zero § {Case (i)} and yaw rate with YD-ON { (Case (ii)).

The rudder deflection, driven by YD-ON is shown in
Figure 5. At the selected gain of ~1 and with very small time
interval between vortex core passages, the developed yaw rate
and subsequently developed rudder deflection (£=J{a¢/at}dt)
magnitudes are small, and the YD is not able to soften the yaw
rate peaks associated with the yaw acceleration impulses
through each vortex core.
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Fipure 6 ~ Lateral acceleration at the CG and !ateral acceleration at the
FLT.STA (expressed as an inertial reaction acceleration, in other words a lateral
acceleration to the left will result in an inertial acceleration to the right, which is

selected as the positive direction for inertial reaction accelerations).

Figure 6 illustrates the calculated inertial reaction
accelerations at the FLT.STA. Also reproduced is the CG
lateral acceleration. Compared to the latter, the FLT.STA.
inertial reaction accelerations are roughly anti-phase,
principally because the dominant term is the vaw acceleration,
due to the large moment armmn between CG and FLT.STA.
positions. The moment arm ‘magnifies’ the effects of yaw
acceleration - neglecting lag, a -0.15 radfsec® yaw
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acceleration equates to about +0.3 lateral g inertial reaction at
the FLT.STA. Peak lateral g reaction values at the FLT.STA,
are seen to vary between about 0.17g and —0.21g. The YD-
ON reduces the FLT.STA. lateral ‘g’ reaction by about 0.03g.

Finfrudder Limil Load Factor, mementary load/sleady limd ioad case
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Figure 7 - Lamit Load Factor for the vertical stabiliser (finfrudder), expressed as
the ratio between momentary unsteady load, as calculated, and the rationalised
critical design limit load case.

For the two cases, the derived Limit Load Factor (LLFy)
curves for the vertical stabiliser (finfrudder combination) are
presented in Figure 7. The peak LLFy magnitudes vary
between about 1.3 and 1.6, a value of 1.0 equating to the
magnitude of the critical manoeuvre design limit load, as
rationalised carlier. -Often in aeronautical structural design a
factor of 1.5 is used to differentiate between limit and ultimate
design loads.

The use of the LLFy formulation emphasises the
asymmetry between positive and negative (i.e. right and left,
respectively) loading as each vortex core is traversed, partly
attributable to the asymmetry of the induced-sideslip curve of
Figure 3, the assumed unperturbed state at =0, and the
responsive motion to each vortex passage.

The operation of the yaw damper does not have any
significant effect upon peak LLFy magnitudes (Figure 7).
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Figure 8 — Applied rudder defiection, in accordance with the HMl-system
madel, and resultant yaw rate (Case (i} yaw rate included for comparison).

Case (iii), Pilot-actuated rudder deflection

The pilot-actuated rudder deflection analyses {Case (iii})
have been undertaken in the same manner as the previous
cases — injtially the same YD-ON rigid body analysis,
thereafter taking into account the lags ntroduced by loaded-
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fuselage transverse-bending flexibility, again using the model
described previously. The lateral accelerations and associated
inertial reaction accelerations at the FLT.STA position have
been calculated using a range of HMI-system lags from 25ms
to 100ms. _

The resultant Case (iii} applied rudder deflection curve
for a HMI-system lag of 50ms is shown in Figure 8, together
with the developed yaw rate curves (the Case (i) curve is also
replicated in Figure 8). It is seen that the rudder deflection
curve exhibits reversals between about +10° £ In response,
the yaw rate reverses, but, principally due to the short duration
of each rudder application, developed yaw rates are of low
magnitude.

Resultant yaw acceleration and CG lateral acceleration
(rigid body} curves are presented in Figure 9, for an HMI-
system lag of 50ms. There is observed to be significant
coupling between pilot-actuated rudder deflections and
induced-sideslip from the right, upon approaching and
penetrating each vortex core. The resultant yaw accelerations
increase by 30-35%, compared to Case (i) yaw acceleration
magnitudes.
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Figure 9 — Case (iii} yaw acceleration and CG lateral acceleration for S0ms
HMI-system lag, Case (i) results are replicated for comparisen.

The resulting inertial reaction to the lateral acceleration
at the FLT.STA is presented in Figure 10 (note the change of
sign, as a reaction). By the time of the third vortex ring
encounter, the rudder/vortex coupling has amplified the
inertial reactions by 0.1g. Encounters with subsequent vortex
rings possibly might result in further increases in lateral
acceleration.

The associated LLFy peak values have been amplified
by the rudder/vortex coupling (refer to Figure £1). LLFy
magnitudes of 2 have been achieved, which amount to twice
the rationalised critical design limit load case.

Choice of HMI-system model and decision-making

Having observed the output for the chosen HMI-system
model, it is now worthwhile to examine the decision-making,
if any, that would be associated with such a model.

Because the vortex encounter environment is highly
dynamic within the time domain, high gain human processing
of input data and high bandwidth outputs may be appropriate
- to the point where sideslip reversal rates of 200 deg/sec and
resultant yaw acceleration reversal rates (Figure 9) of about
2.8 rad/sec’ might result in reactive human control. Reactive
control for the present model has been selected and is defined
as the condition where human ocufput is the result of reactive
brain processing, without conscious decision-making being
involved in the processing loop. Furthermore, it is assumed in
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this instance that reactive control results in control actuator
rate saturation.
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Figure 10 - Responsive lateral inertial reaction acceleration curve at the
FLT.STA,, Case (iii) with 50 ms lag — for comaprison, CG lateral load
acceleration, Case (i) presented for both also,

Various scenarios can be considered: if a pilot,
recovering from sensory g-loc whilst tactically manoeuvring,
visually senses that the aircraft is flying i close proximity
towards the ground, a stick-back recovery would be reactive,
most probably commenced without any conscions decision
being made that the actions should be undertaken. On the
other hand, a pilot encounfering pitch-plane homogenous
turbulence of monotonically-increasing  intensity, most
probably would decide to do nothing initially, except monitor
the sensory inputs. At some point the pilot would make a
conscious decision to ameliorate the turbulence loading and
provide measured control systems-inputs (as an output of
conscious-loop brain processing). However, if a marked step-
increase in turbulence intensity coincided with the decision to
intervene, the brain processing and output might possibly
become reactive — such as an immediate prab-for and
retardation of the thrust levers and immediate grab-for the
control column/stick and activation of the autopilet disconnect
switch on the column. If the turbulence intensity was high
enough, it might cause autopilot disconnect, the effect of
which could possibly exacerbate tusbulence-induced loads and
accelerations and result in a reactive human pilot response
also.

Fin/rudder Limit Load Factor, momentary loadfsteady limit!oad case
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Figure 11 - Case (i) LLFy curve, 50ms lag.

Homogenous turbulence will also provide lateral and
directional perturbations — mostly felt as sideways
accelerations at the FLT.STA. A pilol, experienced on Type,
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would accept some level, set by experience, of such vibratory
excitation without initiating intervention.  Sensorily, the
excitation would be perceived by seat-cushion pressure and
bodily sway. At what point would reactive intervention be
initiated?

The point of reactive conirol ifiitiation would require an
extremely compelling sensory cue. Hence, it is reasoned that
the point of reactive intervention would coincide with the
occurrence of one or more sensory inputs which are
overwhelmingly compelling: for example, that peint at which
any unrestrained ilem was laterally accelerated from its resting
position and visually observed to slide or aurally heard to
stide or fly across the flight station. Noting that resting
frictional force is generally about 0.3g, any lateral acceleration
or acceleration reversal above this value would overcome
resting fricti