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Jet Transport Response to a Horizontal Wind Vortex

Darin R. Spilman* and Robert F. Stengelt
Princeton University, Princeton, New Jersey 08544

The dynamic response of a twin-jet transport aircraft encountering a horizontal wind vortex (or rotor) on
final approach to landing is investigated. Computer simulations determine the effects of vortex strength, vortex
length, lateral entry position, vertical entry position, and encounter incidence angle on the aircraft's roll response.
Maximum roll rate and roll angle increase proportionally with vortex strength and length until a saturation
length is reached. Roll response is highly dependent on entry location: changes in lateral entry position largely
affect maximum roll angle while changes in vertical entry position affect maximum roll rate. Peak roll rate and
roll angle obtain their largest values at near-zero incidence angles. The response is highly dependent on the
precise initial conditions of the encounter—even small variations in initial condition cause significant changes
in aircraft roll response.

Introduction

A IRCRAFT that encounter strong vortical winds during
flight can experience violent angular and translational

motions. Rotating wind fields are produced by the tip vortices
of other aircraft or by naturally occurring sheared wind flows.
As a consequence of structural similarities in the flows, studies
of aircraft encounters with wake and wind vortices are com-
plementary. Greater knowledge of aircraft-vortex interactions
is needed for the investigation of unsolved accidents and for
preventing future accidents through the development of new
vortex detection and warning systems, pilot training pro-
grams, and departure-preventing control system designs.

The importance of understanding aircraft/wind-vortex in-
teractions was highlighted by a recent jet transport accident
that may have been caused by a mountain-wave wind vortex
(also called a "wind rotor").1 On March 3, 1991, a twin-jet
transport aircraft on final approach to landing rolled upside
down and pitched nose down before contacting the ground
at high speed. The entire event, from steady, level flight 1000
ft above the ground to impact, took less than 10 s. All pas-
sengers and crew members perished.

The National Transportation Safety Board (NTSB) consid-
ered a mountain-wave wind vortex as a possible cause of the
accident. Strong winds flowing over mountains prevailed on
the day of the accident; such winds can produce "downslope
windstorms" characterized by wave features extending for
many miles beyond the mountains.2"4 If encountered at the
proper orientation, a wind vortex may well have the strength
to roll the aircraft to an unrecoverable roll angle. Neverthe-
less, limited knowledge of how a wind vortex affects a trans-
port aircraft along with lack of flight evidence prevented pos-
itive determination of this accident's cause.1

While the research reported here is motivated by the ref-
erenced accident, it is not a study of that specific accident.
Instead, it is an exploration of the wind rotor and aircraft
flight conditions that could lead to severe flight path upset
for small jet transports, with emphasis on "open-loop" aircraft
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response (i.e., unopposed by pilot control). This analysis uses
computer simulation to better understand how mountain-wave-
induced wind rotors can affect aircraft flight. Details of the
study, and of closed-loop control effects, are contained in
Ref. 5.

Background
There is considerable qualitative evidence to support the

existence of hazardous wind rotors, but because they are rare
events, there is an absence of quantitative observational data.
The principal perceived risk occurs when an aircraft encoun-
ters a rotor axially, i.e., along the core of a cylindrical vortex,
although substantial normal load factor could be experienced
in a transverse encounter. Mountain-wave wind vorticity has
contributed to numerous aviation accidents and incidents,6-7

and the dynamic effects of aircraft encountering clear air tur-
bulence at cruising altitude have been studied.8-9 However,
the impact of large-scale wind vorticity on landing aircraft
remains to be determined.

Mechanisms for low-altitude wind rotor formation typically
involve a high-speed wind flowing over one or more mountain
ridges. In one model, an air mass trapped between ridges
sloshes in a resonant cavity, with a fully formed vortex oc-
casionally spilling over the peak of the leeward ridge.10 In a
ground-based temperature-inversion model, a high-speed flow
down the leeward slope of a mountain encounters denser air
and undergoes a hydraulic jump, forcing the air to roll up
into a horizontal vortex.2-4 In a third model, an unsteady wind
surge over an obstacle produces a "starting" vortex that is
shed downstream.11 Once formed, the wind rotor convects
with the prevailing winds away from the mountains. Traveling
over flat terrain, the wind rotor is relatively stable, not dis-
sipating until it has progressed perhaps tens of miles from the
formation point. A wind rotor may be assumed to have a
classical vortex profile (discussed below), much like a single
tip vortex shed by an aircraft wing; however, its core radius
is measured in hundreds of feet, whereas the radius of a
hazardous wingtip vortex is measured in feet.

Because of its localized meteorological scale, transient na-
ture, and lack of visual signs, a wind rotor is difficult to de-
tect.11 The presence of rolling, elongated cloud formations
may infer wind vorticity at high altitude, and ground soil or
vegetation could be visibly disturbed by a low-altitude rotor.
Neither of these is a quantitative or deterministic indicator of
wind vorticity. Doppler radar or lidar can measure slant-range
rate of the rotor from an airborne or ground-based installation
(given enough suspended particles for signal return), but there
are problems of coverage, alignment, accuracy, and rotor
signature to be surmounted. The low-altitude wind rotor haz-
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ard is geographically restricted and strongly dependent on
prevailing weather conditions. It is never a hazard in some
locales, but is a potentially serious hazard in others. Limited
measurements and weather forecasts at those airports where
rotors are most likely to occur may provide a basis for pre-
dictive hazard alerts.

Smaller aircraft trailing larger aircraft are at considerable
risk, especially when the following aircraft is aligned with one
of the leading aircraft's tip-vortex cores. A number of inves-
tigations have described the dynamics of such an encounter
and possible control strategies. 12~18 While the general problem
of rolling upset due to wind- or wake-vortex encounter is the
same, aerodynamic moment generation is substantially dif-
ferent in the two cases because of the differing vortex scales.
In axial wake-vortex encounter, core diameter is small com-
pared to the following aircraft's wingspan, whereas in wind-
vortex encounter, the opposite is true.

Modeling for Dynamic Simulation
Aircraft motions are modeled by six-degree-of-freedom

nonlinear differential equations. The aerodynamic model in-
cludes the spatial shear-gradient effects on the aircraft forces
and moments, in the spirit of Ref. 19, but containing the
corrections of Refs. 20 and 21. The cylindrical horizontal wind
vortex is based on the Lamb-Oseen model, in which a classical
rectilinear line vortex is modified to account for viscosity.22

The model is further simplified, as noted below.

Aircraft Equations of Motion with Wind Terms
It is convenient to express translational velocity in an air-

relative frame, whereas body-axis rotational rate, transla-
tional position, and angular orientation are expressed in an
Earth-relative frame. Because the wind field is changing, the
air-relative frame is non-Newtonian, and so coriolis and wind
acceleration terms are added to the differential equation for
translational velocity:

(1)

VB is the body-axis, air-relative velocity vector (u, v, H>), FB
is the body-axis vector of aerodynamic and thrust forces, m
is aircraft mass, HE is the direction-cosine matrix for Earth-
to-body-axis transformation, gE is the Earth-relative gravi-
tational-acceleration vector, a)B is the cross-product equiva-
lent matrix of body-axis angular rate UB (/?, q, r), and WB is
the time-rate-of-change of the wind velocity field, expressed
in body axes. The corresponding Earth-relative translational
position equation is

rE = WE (2)

where rE is the position vector (*, y z), //f is the inverse of
//|, and WE is the Earth-relative wind field. The differential
equations for angular-rate and angular-position vectors are

a)B = IB
l(MB - a)BIB0)B)

0 = L\

(3)

(4)

where IB is the inertia matrix, MB is the vector of aerodynamic
and thrust moments, the vector 0 contains the roll-pitch-yaw
Euler angles (</>, 0, i/>) that describe body orientation in the
Earth-relative .frame, and Lf transforms body-axis angular
rates to Euler-angle rates.

Aerodynamic Modeling
The aerodynamic model represents a twin-jet transport air-

craft, and it includes wind-gradient effects. Because the rotor
scale is large compared to aircraft dimensions, the sheared
wind flow produces approximately linear flow gradients over
the wing, horizontal tail, and vertical tail; hence, the aero-

dynamic shear effects are equivalent to angular rates of the
individual surfaces.19-20 Consequently, the shear-induced mo-
ments are related to the aircraft's rotary stability derivatives,
accounting for aircraft geometry, and they add to the more
conventional contributions due to angle of attack, sideslip
angle, angular rates, and control deflections. For example, a
spanwise normal-velocity gradient changes pressure distri-
butions on the wing and horizontal tail, but has negligible
effect on the vertical tail.20 Similarly, a vertical gradient in
lateral velocity affects the vertical tail, but has little effect on
the wing and horizontal tail.5

Horizontal-Vortex Wind Model
The two-dimensional Lamb-Oseen

pressed as

Vt = {kc[l - e<-'2»*

model22 can be ex-

(5)

where Vt is the tangential flow velocity, kc is a constant, r is
the radius from the axis, and r0 is a reference length. The
vortex core can be defined as the area within the radius for
maximum tangential velocity, which occurs when r ~ 1.12r0;
hence a vortex can be specified by two parameters: core radius
rc and core tangential velocity Vc, with kc ~ \AVcrc. The
vortex is extended into the third dimension as a line vortex,
with zero radial and axial components. Near the core's axis,
the flow rotates as a solid-body, while far from the axis, tan-
gential velocity is inversely proportional to the radius (Fig. 1).

A piecewise-linear model provides a simple approximation
to the Lamb-Oseen vortex (Fig. 1):

V, =

Vcrlrc 0 < rlrc
Vc(1.15 - 0.15r/rc) 1 < rlrc
Vc(0.88 - 0.06r/rc) 3 < rlrc

0 r/rr > 1

(6)

This model produces a two-dimensional solid-body-rotational
core with constant intensity inside the core and decreasing
velocity outside the core. It has a finite extent, yielding un-
disturbed flow outside a radius of lrc. The flow is extended
to the third dimension along an axis perpendicular to the
rotary motion. In application, the wind velocity and gradient
at the aircraft's origin are rotated into the aircraft's instan-
taneous body axes, and moments generated by the equivalent
rotary stability derivatives described above force the aircraft's
rotational motion.

r/rc

0<r / rc<l :Vt /Vc = r/rc
1 < r/rc < 3: Vt/Vc = 1.15 - 0.15(r/rc)
3 < r/rc < 7: Vt/Vc = 0.88 - 0.06(r/rc)

Fig. 1 Single-axis vortex velocity profile.
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Results and Discussion
Simulation conditions for the nominal vortex encounter are

presented. The roll response to a single-axis horizontal wind
vortex is examined for a range of vortex initial conditions,
including vortex strength 77, vortex axis length /, distances
from the vortex centerline (including lateral entry position y0
and vertical entry position /z()), and encounter incidence angle
i//. The roll parameters of particular interest are the aircraft's
roll rate p and roll angle <j>.

The nonlinear nature of the aircraft's controls-fixed re-
sponse to a wind vortex is demonstrated by performing a full-
length simulation for a 60-deg incidence-angle, off-center en-
counter and comparing the response to that of a coaxial,
direct-center encounter. Both of these cases can result in large
roll angles, even though the forcing dynamics are quite dif-
ferent. The 60-deg off-center encounter is primarily affected
by sideslip-angle effects that are strongest near the core ra-
dius, whereas the coaxial encounter is affected by the shear
over the wing (Fig. 2).

A parametric study determined that roll response is difficult
to characterize due to numerous nonlinearities and coupling
effects.5 The forces and moments depend on aircraft entry
location and path relative to the vortex core. The moments
are also affected by the shear gradients that act over the
aircraft's aerodynamic surfaces, including the angular orien-
tation of the individual surfaces with respect to the incident
winds. Such shear effects may exhibit large magnitudes, par-
ticularly in the vortex core region.

Nominal Flight Condition
During landing approach, the aircraft maintains a low air-

speed and flies close to the ground, leaving little margin for
upset or error. Because mountain-wave wind vortices typically
occur in turbulent or gusty conditions, a 20-kt "pad" is added
to the nominal 140-kt approach speed. The nominal trimmed
condition is

True airspeed
Altitude
Flight-path angle
Thrust coefficient
Weight

= 160 kt
= 1000 ft above ground level
= - 3 deg
- 0.45
= 76,000 Ib

Center of gravity location = 25.7% root chord, measured
from leading edge

Elevator deflection = -0.04 deg
Flaps = 30 deg

The controls are fixed, and the yaw damper is off.

Vortex Parameters
The vortex velocity profile is specified by the core velocity

Vc, and the core radius rc. Vortex rotational strength 17 is
defined by the ratio of core velocity to core radius:

77 = Ve/rc (7)

The core velocity was chosen to be Vc = 125 ft/s, and the
core radius was fixed at rc = 200 ft, corresponding to a vortex

rotational strength 17 = 0.625 s"1. This model is consistent
with wind rotors considered in Ref. 1. The vortex length was
arbitrarily chosen to be 2500 ft.

Coaxial, Centered Wind Vortex Encounter
The aircraft, trimmed at the nominal condition, encounters

the direct center (_y0 = 0 ft, H0 = 0 ft) of the wind vortex at
an altitude 1000 ft above the ground. The vortex axis is parallel
to the ground plane and is aligned with the flight path (iff =
0 deg). Peak values of aircraft roll response and time in the
vortex core are presented for each change in vortex param-
eter. Previous studies of aircraft response to a wake vortex
indicate that the coaxial, centered encounter represents a great
hazard to aircraft.12^18

Effects of Vortex Strength
The vortex strength 77 was varied through the specification

of the core velocity Vc. Core velocity values between 50-175
ft/s produced vortex strengths of 0.25-0.875 s"1. Increasing
the vortex strength increases the magnitude of the shear over
the wing. In the coaxial encounter, the primary effect of in-
creasing vortex strength is on the roll-moment response. The
roll rate increases in a nearly linear manner with increasing
strength. For the highest vortex strength tested, the maximum
induced roll rate is 45 deg/s (Fig. 3).

The vortex strength has a significant effect on the peak roll
magnitude, but it does not have a substantial effect on the
forces that cause translation from the core center. For the
range of values tested, the time the aircraft spends in the core
varies by only 1.5 s. The aircraft tends to remain in the core
even with increased vortex strength, and so the strong shear-
induced rolling moments act for a relatively long time, pro-
ducing a large peak roll angle. For 17 = 0.875 s"1, the max-
imum-induced roll angle is 218 deg (Fig. 3).

Effects of Vortex Axis Length
The effect of vortex axis length / on aircraft dynamic re-

sponse is tested for length values from 300 to 2500 ft. Peak
responses vary for changes in length up to 1500 ft; for greater
lengths the response is unchanged. For these values, the air-
craft has already departed the vortex core and is in a region
where the vortex-induced effects are considerably smaller.
This "saturation" length depends on the specifics of each
encounter.

For vortex lengths below 1500 ft, the aircraft exits the end
of the vortex without encountering the strong tangential-ve-
locity components near the core radius. Because roll rate is
due primarily to the shear effects of the inner-core region,
the maximum roll rate is largely unaffected by changes in
vortex axis length (Fig. 4). The maximum roll angle increases
from 36 to 169 deg with increased time in the vortex core,
although the roll rate remains approximately constant.

Fig. 2 Top view of aircraft encounter with wind vortex for a) t/r =
0 and b) if/ ± 0.

0U_ttr±r
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

T [deg]

Fig. 3 Maximum-induced roll rate, maximum-induced roll angle,
and time in vortex core vs vortex strength.
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Fig. 4 Maximum-induced roll rate, maximum-induced roll angle,
and time in vortex core vs vortex axis length.
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Fig. 6 Peak-induced roll rate, peak-induced roll angle, and time in
vortex core vs vertical entry position.
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Fig. 5 Peak-induced roll rate, peak-induced roll angle, and time in
vortex core vs lateral entry position.
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Fig. 7 Maximum-induced roll rate, maximum-induced roll angle,
and time in vortex core vs vortex incidence angle.

Effects of Lateral Entry Position
The lateral entry position is varied ± 250 ft from the vortex

center. The extreme points are outside the core radius, and
the remaining points are within the core. Simulation responses
are qualitatively different inside and outside the core.

The most significant effect of varying the lateral entry po-
sition is in the pitch response. Peak angle of attack increases
with the stronger vortical velocities incident on the aircraft as
the initial point moves away from the vortex center in either
direction. This pitching motion is a short-period-mode tran-
sient in which the aircraft responds to the large induced angle
of attack. Lateral-directional dynamics are affected indirectly
through kinematic coupling. Sideslip angle is induced by the
nonzero angle of attack combined with nonzero roll rate,
primarily affecting the yaw dynamics. Peak roll rate remains
nearly constant at about 40 deg/s (Fig. 5).

The core shear rolls the aircraft to the right; therefore,
initial encounters to the left of the vortex center roll the
aircraft toward the core center. Aircraft encounters to the
right of the vortex center tend to roll the aircraft away from
the center and out of the core. As a result, the time in the
core decreases from 5.5 to 2.2 s as the entry point moves from
the farthest point left of center, y0 = -150 ft, to the farthest
point right of center, yQ = 150 ft. This increased time spent
in the core has a large effect on peak roll angle. The maximum
roll angle (238 deg) occurs for entry to the left of the vortex
center, and it steadily decreases to 60 deg as the entry position
moves to the right, even though roll rate is relatively constant
(Fig. 5).

Effects of Vertical Entry Position
The vertical entry position is varied ± 250 ft from the vortex

center. Responses to the entry points inside and outside the
core radius are qualitatively different. As vertical entry po-
sition is varied, the initial response is a perturbation to sideslip

angle. For entries below the vortex center, large sideslip an-
gles combine with the core shear to produce enormous peak
roll rates. The maximum roll rate (for points inside the core)
is 69 deg/s (Fig. 6). Peak roll rates for entries above the vortex
center are reduced by the sideslip angle, since it is in the
opposite direction.

The time in the core decreases as the entry point is moved
from above to below the vortex core. Loss of wing lift due
to redirection of the lift vector in roll causes the aircraft to
lose altitude. Thus, entries above center cause the aircraft to
descend through the core and eventually exit through the
bottom of the vortex. Entries below center rapidly exit the
core. The time in the core decreases from 6 to 2.6 s as the
entry point is changed from 150 ft above to 150 ft below the
vortex center (Fig. 6).

The maximum roll angle due to changes in vertical entry
position remains relatively constant near 180 deg, even though
roll rate varies significantly. The effects of roll rate and time
in the vortex core offset each other. Encounters below the
vortex center spend less time in the core, although the roll
rates are larger, whereas the more moderate roll rates ex-
perienced for entries above the center spend more time in
the core (Fig. 6).

Effects of Vortex Incidence Angle
The effect of the vortex incidence angle ^ on aircraft roll

response is studied for incidence angles within ± 75 deg (Fig.
2). The largest roll rates are experienced as the vortex angle
approaches the coaxial case. The maximum roll moment is
almost entirely due to shear across the wing; in the coaxial
orientation, the shear effects are directly aligned with the
wingspan. Maximum roll rate achieves a value of 48 deg/s for
a vortex incidence angle of 15 deg (Fig. 7).

Smaller vortex incidence angles cause the aircraft to spend
more time in the core because the flight path is nearly aligned
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Fig. 8 Flight path with respect to vortex for nonzero incidence angle
and entry point wind vortex encounter.
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Fig. 9 Maximum roll angle vs vertical initial entry position for two
wind vortex encounters.

with the vortex. Conversely, the aircraft quickly crosses through
the core for large vortex incidence angles. The time in the
core varies from 6.1 s for a 15-deg incidence angle, to less
than 1 s for incidence angles outside ± 60 deg. Larger peak
roll rates combined with a greater length of time in the core
cause the more severe roll angles for smaller vortex incidence
angles. The maximum roll angle is 235 deg for a vortex in-
cidence angle of 15 deg (Fig. 7).

Oblique, Offset Wind Vortex Encounter
An encounter that combines several of the above vortex

initial conditions is examined. The trimmed aircraft enters a
vortex aligned at a 60-deg angle to the flight heading, at a
vertical entry point 180 ft above the vortex centerline, and
1000 ft to the right of the vortex centerline. This simulation
is like the 60-deg-incidence-angle case considered above, ex-
cept that the vortex length is extended, causing the aircraft
to encounter strong vortex winds at the perimeter of the vor-
tex core before traversing the core.

The initial effect is a nose-up pitch attitude due to the strong
headwind that is experienced as the aircraft descends upon
the vortex core (Fig. 8). There also is a crosswind component
that results in a counterclockwise roll and left yaw due to the
airplane's weathercocking stability. As the aircraft encounters
the peak vortical winds near the core radius, large angles of
attack and sideslip are induced, dominating the force and
moment response. The core encounter time is short, but the
large roll rates and pitch rates result in extreme aircraft at-
titudes. The maximum roll angle before ground contact is 238
deg.

The response is highly dependent on the relative location
of the aircraft with respect to the vortex core, rather than to
the magnitude and orientation of the shear effects with respect
to the aerodynamic surfaces. As a result, the dynamic re-
sponse is extremely sensitive to initial conditions—even small
variations in a single condition may significantly reduce the
vortex-induced roll. The maximum-induced roll angles as
functions of vertical entry position for ^ = 60 deg and y0 =
1000 ft are shown in Fig. 9. The plot depicts a narrow peak
roll angle response that is largest at h0 = 180 ft. Even small
changes in vertical entry position—on the order of 50 ft—
result in much smaller roll angles. The maximum roll angles
from the case where vertical entry point is varied from the
baseline encounter are shown on the same plot; the roll angle
obtains a large value for a much broader range of vertical
entry positions.

This encounter highlights the nonlinearity of the aircraft/
wind-vortex system. Results from varying single parameters
do not accurately predict the aircraft response when multiple
initial conditions exist simultaneously. Large roll rate and
angle result from the combination of entry conditions, even
though previous results suggest that roll should be minimal.
For vortex incidence angles greater than 60 deg, the maximum
roll rate remains below 15 deg/s and the maximum roll angle
remains below 20 deg (Fig. 7). However, the roll response to

the encounter considered here is even more severe than that
of the coaxial case.

Conclusions
Simulations of jet transport aircraft encountering a hori-

zontal wind vortex reveal that the most significant perfor-
mance hazard is the moment response. Moments are induced
both by vortex core shear effects that arise from spatial gra-
dients acting over the aerodynamic surfaces and by the vor-
tical-velocity components that are strongest near the vortex
core radius. For the coaxial-incidence-angle, direct-center en-
try case, the roll moments are primarily affected by the shear-
ing effects of the inner-core region.

A parametric study yields considerable information about
the effects of vortex encounter conditions on aircraft roll re-
sponse for a coaxial, direct-center encounter. As vortex strength
increases, the maximum roll rate and roll angle increase pro-
portionally. As vortex axis length is increased, the dynamic
response remains constant beyond a certain length value; above
this "saturation length," increases in vortex axis length have
no effect on aircraft dynamics, as the aircraft has exited the
vortex core. Peak roll parameters achieve larger values up to
the point of exit. Lateral entry position affects the longitudinal
dynamics, but peak roll rate is largely unaffected. Entries to
the left of the vortex core produce roll "into" the vortex,
causing larger peak roll angles. Vertical entry position pro-
duces sideslip angles that increase with distance from the core
center. Sideslip combines with shear for entries below vortex
center to produce large peak roll rates; however, peak roll
angle is relatively unaffected. Peak roll rate and roll angle
are both largest for near-coaxial encounters.

The nonlinear nature of aircraft response to a wind vortex
is demonstrated by a simulation with multiple variations in
initial conditions. Such an encounter produces a severe roll
response, even though results from individual parameter var-
iations suggest that roll angle response should be minimal.
The response is highly dependent on the precise initial con-
ditions of the encounter—even small variations from this ini-
tial condition cause large changes in aircraft roll response.

Acknowledgments
This research was supported by the Federal Aviation

Administration and the National Aeronautics and Space
Administration, Grant NGL 31-001-252.

References
'Anon., "United Airlines Flight 585, Boeing 737-291, N999UA,

Uncontrolled Collision with Terrain for Undetermined Reasons,"
National Transportation Safety Board, Washington, DC, Dec. 8,
1992.

2Lilly, D. K., "A Severe Downslope Windstorm and Aircraft Tur-
bulence Event Induced by a Mountain Wave," Journal of Atmo-
spheric Sciences, Vol. 35, Jan. 1978, pp. 59-77.

3Bedard, A. J., Jr., "Sources and Detection of Atmospheric Wind



SPILMAN AND STENGEL: HORIZONTAL WIND VORTEX 485

Shear," AIAA Journal, Vol. 20, No. 7, 1982, pp. 940-945.
4Bedard, A. J., Jr., "A Review of the Evidence for Strong, Small-

Scale Vortical Flows During Downslope Windstorms," Journal of
Wind Engineering and Industrial Aerodynamics, Vol. 36, 1990, pp.
97-106.

5Spilman, D. R., "Dynamic Response and Control of a Jet Trans-
port Aircraft to a Single-Axis Wind Vortex," M.S. Thesis MAE 1951-
T, Princeton Univ., Princeton, NJ, Jan. 1993.

6Anon., "Braniff Airways Inc., BAC-111, N1553, Near Falls City,
Nebraska, August 6, 1966," National Transportation Safety Board,
Washington, DC, Jan. 1967.

7Anon., "B-52 Incident Sangre de Cristo Mountains, Colorado,"
Aerospace Safety, April 1964.

8Lilly, D. K., and Lester, P. F., "Waves and Turbulence in the
Stratosphere," Journal of Atmospheric Sciences, Vol. 31, April 1974,
pp. 800-812.

9Parks, E. K., Wingrove, R. C, Bach, R. E., and Mehta, R. S.,
"Identification of Vortex-Induced Clear Air Turbulence Using Air-
line Flight Records," Journal of Aircraft, Vol. 22, No. 2, 1985, pp.
124-129.

'"Cunningham, W. J., Jr., and Bedard, A. J., Jr., "Mountain
Valley Evacuation by Upper Level Flows: A Scale Model Study,"
AIAA Journal, Vol. 31, No. 9, 1993, pp. 1569-1573.

"Bedard, A. J., Jr., "Atmospheric Turbulence Aloft: A Review
of Possible Methods for Detection, Warning, and Validation of Pre-
diction Models," AIAA Paper 93-0847, Jan. 1993.

l2Johnson, W. A., Teper, G. L., and Rediess, H. A., "Study of
Control System Effectiveness in Alleviating Vortex Wake Upsets,"
Journal of Aircraft, Vol. 11, No. 3, 1974, pp. 148-155.

13Nelson, R. C., "The Response of Aircraft Encountering Aircraft
Wake Turbulence," Air Force Flight Dynamics Lab., AFFDL-TR-
74-29, Wright-Patterson AFB, OH, June 1974.

14Nelson, R* C., "Dynamic Behavior of an Aircraft Encountering
Aircraft Wake Turbulence," Journal of Aircraft, Vol. 13, No. 3,1976,
pp. 704-708.

15Sammonds, R. I., Stinnett, G. W., Jr., and Larson, W. E.,
"Criteria Relating Wake Vortex Encounter Hazard to Aircraft Re-
sponse," Journal of Aircraft, Vol. 14, No. 10, 1977, pp. 981-987.

16Tinling, B. E., "Estimates of the Effectiveness of Automatic
Control in Alleviating Wake Vortex Induced Roll Excursions," NASA
TM-73267, Aug. 1977.

17Hastings, E. C., Jr., and Keyser, G. L., Jr., "Simulator Study
of Vortex Encounters by a Twin-Engine Commercial, Jet Transport
Airplane," NASA TP-1966, Feb. 1982.

18Rossow, V. J., and Tinling, B. E., "Research on Aircraft/Vortex-
Wake Interactions to Determine Acceptable Level of Wake Inten-
sity," Journal of Aircraft, Vol. 25, No. 6, 1988, pp. 481-492.

19Frost, W., and Bowles, R. L., "Wind Shear Terms in the Equa-
tions of Aircraft Motion," Journal of Aircraft, Vol. 21, No. 11, 1984,
pp. 866-872.

2()Etkin, B., "Comment on 'Wind Shear Terms in the Equations
of Aircraft Motion,'" Journal of Aircraft, Vol. 24, No. 7, 1987, pp.
477, 478.

21Etkin, B., "The Turbulent Wind and Its Effect on Flight," 1980
AIAA Wright Brothers Lecture, UTIAS Review 44, Univ. Toronto,
Toronto, Ontario, Canada, Aug. 1980.

22Saffman, P. G., Vortex Dynamics, Cambridge Univ. Press, Cam-
bridge, England, UK, 1992.

Fundamentals of Tactical and Strategic Missile Guidance I
Paul Zarchan, C.S., Draper Laboratories
October 30 - November 1,1995 Washington, DC
The course mathematics, arguments, and examples are non-intimidating and are presented in common language. This course
is designed for managers, engineers, and programmers who work with or need to know about interceptor guidance system
technology. Topics include: Method of Adjoints and the Homing Loop, Proportional Navigation and Miss Distance, Advanced
Guidance Laws, and more. You'll find the detailed course material and FORTRAN source code listings invaluable for reference.
For more information contact: Susan Tolbert, Marketing, Phone 202/646-7529 or AIAA Customer Service,
Phone 800/639-2422. Fax 202/646-7508.

Fundamentals of Tactical and Strategic Missile Guidance II
Paul Zarchan, C.S. Draper Laboratories
November 2-3,1995 Washington, DC
This course will benefit those who have already taken Fundamentals of Tactical and Strategic Missile Guidance I or anyone
interested in the specialized topics of this intensive two-day course. Easy to understand numerical examples and computer
animations are used to communicate important concepts. Topics include: Multiple Target Problem, Theater Missile Defense,
Three Loop Autopilot, Nonlinear Computerized Analysis Methods that Work, and more.

For more information contact AIAA Customer Service,
Phone 202/646/7400 or 800/639-2422 or Fax 202/646-7508.
e-mail custerv@aiaa.org
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