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The problem of an airplane being upset by encountering the vortex wake of a large transport on
takeoff or landing is currently receiving considerable attention. This paper describes the technique
and results of a study to assess the effectiveness of automatic control systems in alleviating vortex
wake upsets. A six-degree-of-freedom nonlinear digital simulation was used for this purpose. The
analysis included establishing the disturbance input due to penetrating a vortex wake from an arbi-
trary position and angle. Simulations were computed for both a general aviation airplane and a
commercial jet transport. Dynamic responses were obtained for the penetrating aircraft with no
augmentation, and with various command augmentation systems. The results of this preliminary
study indicate that it is feasible to use an automatic control system to alleviate vortex encounter

upsets.

1. Introduction

SEVERAL incidences have occurred in which an airplane
has been severely upset by flying into the vortex wake of a
large jet transport during landing approach or takeoff. A
number of these encounters involving general aviation
type aircraft and one involving a transport resulted in
fatal crashes.! Flight tests reported in Ref. 2 further con-
firm the inability of a pilot to cope with the severe upsets.
To reduce such severity, considerable effort is being spent
to predict the wake locations, and to find ways of dissi-
pating the vortices without degrading the performance of
the generating aircraft. An alternate approach is to at-
tempt to reduce the response of the penetrating aircraft to
an acceptable level by means of an automatic control sys-
tem.

A brief study was conducted to determine the potential
usefulness of command augmentation systems for alleviat-
ing vortex wake encounter upsets and to identify those
characteristics of the system that are desirable and those
that are undesirable. It is emphasized that the study was
preliminary and only meant to give a first-order assess-
ment of the feasibility of the approach.

A six-degree-of-freedom, nonlinear digital simulation
was used to analyze the dynamic response of the aircraft
as it traversed the vortex wake. The study consisted of:
establishing the disturbance input due to penetrating a
vortex wake; developing a dynamic simulation of an air-
craft penetrating a vortex wake from an arbitrary position
and angle; computing the responses of two types of air-
craft with and without automatic control systems when
penetrating the vortex wake from the most critical angles
and displacements; and assessing the effectiveness of the
various automatic control systems to alleviate vortex wake
encounter upsets.
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The two example aircraft simulated were a general
aviation airplane penetrating the vortex wake of an execu-
tive jet transport at separations of 3 and 10 miles, and a
commercial jet transport penetrating the vortex wake of a
jumbo jet transport at a separation of 3 miles. The types
of automatic control systems considered were bank angle
command, heading command, and roll rate command. In
each case a pitch command system was also used. The
simulation did not include pilot control inputs.

This paper describes the simulation used and the pre-
liminary results obtained and indicates the follow-on
study effort now underway. Previous studies have consid-
ered the effects of a vortex wake on a trailing aircraft.
Reference 3 calculated the static moments produced as-
suming the aircraft was placed at the worst location in the
vortex. A complete digital simulation of the dynamic re-
sponse of an aircraft penetrating a vortex wake was used
in Ref. 1; however, it did not assess automatic control sys-
tems for possibly alleviating the upset, the primary thrust
of this paper.

I1. Digital Simulation Description

A general nonlinear six-degree-of-freedom digital simu-
lation for rigid body aircraft dynamics was available at
Systems Technology, Inc., for use in this study. Therefore,
it was only necessary to implement the desired automatic
control systems and to develop a disturbance function due
to vortex wake penetration. The latter was accomplished
using aerodynamic strip theory and an existing mathe-
matical model for the vortex velocity field, as outlined
below.

Vortex Model

The vortex model used, which was taken from Ref. 3, is
defined by the tangential flow characteristics given below
(axial flow was ignored, giving a two-dimensional flow).
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where Vrp the tangential vortex velocity, To = 4Wg/
mp Vb represents the strength of the vortex (it is a func-
tion of the weight, speed, and wing span of the generating
airplane), ¢ = 0.0002 I'o represents the vortex decay effect,

Ty

l VT} = oy



MARCH 1974 STUDY OF CONTROL SYSTEM EFFECTIVENESS IN ALLEVIATING VORTEX WAKE UPSETS

Generating
Airplane

&

Q . @/— Vortex

‘*—Zbe—’i
N

\/\J

Sketch of the vortex flowfield.

Verticai
Flow

Fig. 1

Table 1 Tangential flow characteristics
- of a single vortex

Radius for
Generating Separation maximum Maximum
airplane distance velocity velocity
C-5A 3 mile 19.5 ft 34 fps
Jetstar 3 mile 8.5 ft 17 fps
10 mile 15.6 ft 9 fps

7 represents the age of the vortex, and r is the radial dis-
tance from the center of the vortex.

The centers of the two vortices from the generating air-
plane are assumed to be straight lines at a constant alti-
tude, parallel to each other at a distance (7/4)b; apart.?
A sketch of the resulting vertical flow from both vortices
is shown in Fig. 1, and some pertinent numerical values
for a single vortex are given in Table 1.

Strip Theory

Because the vortices produce a highly nonuniform local
flow over the lifting surfaces of the penetrating airplane,
strip theory was used to compute the forces and moments
caused by the vortex flow (see Ref. 4). To implement this,
the penetrating airplane was assumed to have three lifting
surfaces: a wing, a horizontal tail, and a vertical tail.
Each of these surfaces was divided into chord-wise strips
as shown in Fig. 2. The wing was divided into 20 strips
per semispan, while the horizontal and vertical tails were
each divided into 6 strips per semispan. The distributed
forces along the fuselage were modeled via a pitching mo-
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6 Strips
20 Strips
per Semi-Span
6 Strips per Semi-Span
Fig. 2 Strip theory geometry.
Flow at Each Strip
Wig) = (wx, Wy, W2)E is the velocity vector of the wind

at any point (i) in space (due to both vortices) expressed
in “earth-fixed” axes. From Fig. 3 it can be seen that
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where w; and wgr are the tangential flow magnitudes of
the left and right vortices, respectively.

Clearly, wy (g, is a function of the position of the point in
space being considered (Rie); ie., Wir = Wik (Rik).
But points of interest for flow calculations will be points
on the airplane expressed in airplane body axes. Thus

R, =Ry +TR;
where R.q is the position of the airplane c.g. in earth axes,
T is the transformation matrix from airplane body axes to
earth axes, and R; g, is the position of a point on the air-
plane expressed in airplane body axes.

For force calculations we need to know the flow (due to
the vortices) in airplane body axes. Thus
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The incremental angles of attack and sideslip are de-
fined as

Note that:
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Left Vortex

Fig. 3 Flow at an arbitrary point (¥, z) due to the left and
right vortices of a generating airplane.

Incremental Forces Induced on Each Strip

The incremental force on each strip is assumed to act at
the intersection. of the 0.25 ¢ and the centerline of the
strip and is proportional to the incremental angle of at-
tack at the 0.75 ¢ of the strip.* The incremental forces on
each strip are summed as shown below to give the net
forces and moments on the airplane. The notation used
here is defined as follows:

W = wing

H = horizontal tail
V = vertical tail
F = fuselage

NW = 20
Ny=Ny=6

u 3]

The subscript is used for the right side of the airplane
and for the Vertlcal tail, while 47 is used for the left side
of the airplane.
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ar and (r are evaluated at the 0.25 ¢ of the wing root
chord.
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Table 2 Parameters used for matching strip theory
results to known vehicle characteristics

Known vehicle Strip theory parameters

characteristics to be adjusted
Zw CLaW
M, CLaH, (de/da), M
Ng CL"‘V’ (de/dB), NBF
L, Cra,, as f(y)

Matching Strip Theory to Known Vehicle Characteristics

For the example vehicles the airplane stability deriva-
tives were known. To insure that the vehicle dynamics re-
sulting from the strip theory calculations would agree
with these known vehicle characteristics, the magnitudes
of several of the strip theory parameters were adjusted
slightly. Table 2 lists the four stability derivatives that
were matched, as well as the strip theory parameters that
were adjusted to effect the matching.

III. Computation Logic

The basic logic for computing the dynamic effects of a
vortex encounter are listed below.

1) Start with known aircraft c.g. location and attitude,

2) Select strip to be considered,

3) Define location of point on desired strip in body
axis system,

4) Transform location of desired point to earth-fixed
axis system,

5) Compute two-dimensional earth-referenced flow at
point of interest in space due to both vortices,

6) Transform earth-referenced flow at point of interest
to body axis system in aircraft.

7) Compute Aa (or AB, as appropriate) on desired
strip,

8) Compute AForce on strip (due to vortex flow),

9) Repeat 2 through 8 for each strip,

10) Sum the forces and forces X lever arms for each
strip to get forces and moments on aircraft due to vortex
flow,

11) Add forces and moments due to vortices to forces
and moments due to aircraft attitude and velocity (ob-
tained via nondimensional stability derivatives), giving
total forces and moments on aircraft,

12) Integrate aircraft equations of motion over small At
to obtain new c.g. location and attitude,

13) Repeat 1 through 12 until desired time of flight is
reached, and

14) Store results and then plot.

V. Simulation Features

The salient features of the computer simulation are list-
ed in Table 3.

V. Aircraft and Test Conditions

Example vortex wake encounters were simulated for two
classes of aircraft: a 3200 pound, twin-engine general avia-
tion airplane (PA-30) penetrating the vortex wake of a
30,000 pound executive jet transport (Jetstar); and a
126,000 pound commercial jet transport (CV-880) pene-
trating the vortex wake of a 580,000 pound jet transport
(C-5A). For the PA-30, 3 and 10 mile separations were
used, while for the CV-880 a 3 mile separation was simu-
lated. These aircraft were selected because the aerody-
namic data were readily available to the investigators.
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Table 3 Salient features of the computer simulation

¢ 6-degree-of-freedom nonlinear digital simulation

® Arbitrary generating and penetrating airplanes

¢ Arbitrary initial conditions (penetration angles and position)
* Can use any vortex model desired

* No small-angle approximations for Euler angles

* Includes control surface position and rate limits

o Arbitrary control system logic

* Subroutine calculations:

1) Vortex flow at any point

2) Transform flow into body axes

3) Compute force on each strip via strip theory
4) Sum individual forces and forces X lever arms
5) Numerical integration of equations of motion

Digital simulations were calculated for penetrations
both normal and parallel (approximately) to the vortex
wake axes. Only the roughly parallel penetrations will be
discussed here because these were the most serious en-
counters considered. For these glancing encounters the
primary measure of the severity of an upset is the maxi-
mum bank angle during the upset.

Two types of glancing encounters were considered—a
glancing entry into the side of one vortex (from ‘‘outside”
the vortex pair), and a glancing entry into the bottom of
one vortex. These differed in one significant aspect. The
side entry first produced roll in one direction (as the vor-
tex was approached), and then suddenly rolled the vehicle
over in the opposite direction (as the center of the vortex
was encountered). The entry from below produced roll in
one direction only. For the particular control systems
used, and the entry conditions tried, larger bank angles
were obtained with the entries from below. Therefore, all
of the various comparisons made were based on results for
entries from below. :

All the simulated penetrations, with and without the
control systems, were made with no pilot control action.
The comparisons are made between the situation in which
no action is taken to arrest the upset and that in which
the control system is attempting to arrest the upset. A
better comparison would include the action of the pilot-
in-the-loop but that was not possible within the scope of
this study. It will be considered in a follow-on study.
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VI. Control Systems Description

Two different approaches were taken in defining control
systems to use in the. simulation tests for the PA-30 and
the CV-880. Command augmentation systems had been
designed and flight tested in a PA-30 aircraft at the
NASA Flight Research Center.5 Those systems were used
as a starting point and modified primarily by increasing
rate feedback gains for this study. The resulting systems
are shown in Fig. 4.

New command augmentation systems were designed in
this study for the CV-880. Figures 5a and 5b present com-
posite lateral and longitudinal block diagrams for the con-
trol systems used with the CV-880 (i.e., rate command,
attitude command, and heading command systems).

Because of the relatively low aileron control power avail-
able for the PA-30 (compared to the vortex strength used)
full aileron was required to minimize the bank angle during
an upset. The proper control strategy thus resembled that
of a bang-bang system until the bank angle and roll rate
were both relatively small. However, a bang-bang aileron
position could not be achieved because of the low rate limit
used for the aileron actuator. This resulted in a lag be-
tween the commanded aileron and the actual aileron posi-
tion. To compensate for this lag the roll rate gain was in-
creased to a value that would typically be considered as
higher than normal. The identification of such an “abnor-
mal” system characteristic as being desirable for minimiz-
ing vortex upsets was one of the goals of the study.
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VII. Results and Discussion

Calculated Time Responses

Five example vortex encounters for a 3 mile separation
are presented to show the details of the upsets with and
without augmentation systems. Figures 6 and 7 show the
PA-30 and CV-880 without augmentation systems. Figure
8 shows a PA-30 with a bank angle command system. Fig-
ures 9 and 10 then show a CV-880 with heading command,
and bank angle command systems, respectively. The roll
rate command systems are not shown because they were
not very effective in alleviating the upsets.
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Figure 6 shows that the PA-30 rolls inverted when no
control is applied. It also shows that the peak yaw rate oc-
curs at about the time the vortex center is reached. How-
ever, the interesting aspect of the peak yaw rate is the di-
rection of yawing. The vortex is rolling the airplane to the
left, but yawing it to the right. Thus, the encounter pro-
duces an uncoordinated situation wherein the motion cues
could be confusing to a pilot.

Figure 7 shows the CV-880 response to a vortex encoun-
ter when no control is applied. It is qualitatively similar
to the PA-30, including the uncoordinated yawing, but the
maximum bank angle is less.

Figure 8 shows that for the PA-30 with a bank angle
command system the aileron position limit is reached
prior to encountering the center of the vortex. The bank
angle trace shows the airplane rolling over to about 60°
in 2% sec, and then rolling back to wing level in an-
other 2 sec. Notice that even though the aileron position
and rate limits were reached, roll control is quite good
once the central region of the vortex is passed.

Figure 9 shows an interesting point to be considered
with regard to the useful control system feedback vari-
ables. In this situation the CV-880 has a heading feedback
as well as a bank angle feedback to the aileron. Due to the
large adverse yaw the aileron command due to heading
subtracts from the aileron command due to bank angle.
(The traces show y and ¢ to be very similar, but with op-
posite signs.) Thus, the net aileron command is quite
small even though the bank angle is about 35°. This
is not a good situation. During a vortex upset the
control of bank angle is more important than maintaining
a given heading. In fact, better heading control will ulti-
mately be realized if good bank angle control is achieved.
The conclusion to be drawn here is that a straight heading
feedback is detrimental to good bank angle control.
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Fig.8 PA-30 bank angle command system; 3 mile separation.
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Fig.9 CV-880 heading command system; 3 mile separation.

Figure 10 shows the traces for a control system that is
the same as that used in Fig. 9, except for the removal of
the heading feedback. This system is called a bank angle
command system. Here it is readily seen that the bank
angle never builds up, and the maximum heading change
is actually about the same as that found using the head-
ing command system! This is clearly a better system for
controlling vortex wake upsets.

VIII. Summary of Results

The lateral situation was found to be more critical than
the longitudinal situation, and more amenable to allevia-
tion of vortex response via automatic control systems. The
key performance metric for evaluating the upsets is the
maximum bank angle experienced. Tables 4 and 5 present
maximum bank angle comparisons for several types of
control systems on the two example aircraft considered.

As can be seen in the comparisons in Tables 4 and 5,
the automatic control systems provide a significant reduc-
tion in the maximum bank angle experienced in a vortex
wake upset for both types of aircraft. However, the control
systems used were specifically designed to counteract the
effects of a vortex encounter, and their acceptability for
suppressing motions due to random turbulence (for exam-
ple) or for improving handling qualities has not been in-
vestigated.

IX. Follow-On Study

The preliminary study reported here was only intended
to give a first-order assessment of the feasibility of using
automatic control systems for alleviating vortex wake en-
counter upsets. Having shown the feasibility of such sys-
tems, a follow-on study is currently under way to answer
some of the questions not addressed in the initial study.
This contemplated work will include the addition of
human pilot models so that comparisons can be made be-
tween a manually controlled bare airplane and a manually
controlled augmented airplane, as well as between manual
and automatic control during vortex encounters. The con-
sequences of using a different vortex model will also be in-
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Fig. 10 CV-880 bank angle command system;
3 mile separation.

Table 4 General aviation aireraft penetrating
executive jet transport wake:
maximum bank angle comparison

Separation
3 Mile 10 Mile
No augmentation system 180° 105°
Bank angle command system 60° 3°

Table 5 Commercial jet transport penetrating
jumbo jet transport wake:
maximum bank angle comparison
(3 mile separation)

No augmentation system 90°
Heading command system 35°
Bank angle command system 7°
{oll rate command system 25°

vestigated, as will the abovementioned issue of the ac-
ceptability of a vortex alleviating system from handling
qualities and gust regulation points of view.

X. Conclusions

As a result of a preliminary study of the effectiveness of
automatic control systems in alleviating vortex wake up-
sets, the following conclusions were reached:

1) Specifically designed attitude command augmenta-
tion systems can provide significant alleviation of vortex
wake upsets.

2) A rate damper or rate command system alone does -
not significantly alleviate the upsets. ‘

3) A good vortex upset alleviating system has a higher
roll rate gain than a conventional SAS.

4) A heading to aileron loop is detrimental.

5) High authority and high surface rate limits are need-
ed for a good vortex upset alleviating system.

6) Control surface rate and position saturation effects
are important particularly when a small airplane is fol-
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lowing a larger one; however, significant alleviation is still
possible with some saturation.

It must be emphasized that these conclusions are only
meant to indicate a first-order feasibility. Further study is
necessary to assess the effect of pilot action and the ac-
ceptability of this type of vortex upset alleviation system
from a normal handling qualities viewpoint.
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Reduction of TACY Power Requirements
by Multiple-Stage Air Cushions

William R. Eberle*
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One of the problems associated with tracked air cushion vehicles is their high power requirement.
This paper shows that the power required for levitation for such vehicles can be significantly re-
duced by the use of multiple stage air cushions. A mathematical model for these air cushions is devel-
oped, and the air cushion pressures obtained from the model are compared with experimental pres-
sures. It is shown that one of the most significant features of multiple stage air cushions is their in-
herent roll stability as opposed to an inherent instability for conventional air cushion designs. This
inherent roll stability allows a significant reduction in the power required for levitation for tracked

air cushion vehicles.

Introduction

ONE of the promising solutions for the high speed trans-
portation requirements of the United States is the tracked
air cushion vehicle. Such vehicles are capable of top
speeds of 150 mph to 400 mph and, therefore, represent a
significant potential increase in the speed of ground trans-
portation vehicles. Historically, the concept of tracked air
cushion vehicles has been derived from many experimen-
tal ground effects machines of the late 1950’s and the
1960’s. In general, these ground effects machines were de-
signed for transportation over water or over unimproved
terrain. Therefore, the designer had no control over the
shape of the surface over which the vehicle operated.
However, for the tracked air cushion vehicle, the vehicle
travels on a track which is specifically designed for such
purposes. Therefore, it is expedient to explore techniques
by which the designer may reduce the power required for
levitation of tracked air cushion vehicles by proper track
design. This paper describes one promising method of re-
ducing the levitation power for tracked air cushion vehi-
cles.

The proposed method of achieving a power reduction is
to provide for several stages, each of which has a peripher-
al jet. The resulting pressure differentials across all of the
Stages provide a net lift which is greater than would be
achieved by one peripheral jet. The research reported in
this paper has included both analytical and experimental
investigations of this concept.
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Figure 1 shows a cross section of a two-stage air cushion
for which the air from the first stage peripheral jet is deflect-
ed into the second stage by a ramp which is part of the
guideway. This ramp allows the use of two jets in series
on the underside of the air cushion and results in an air
cushion pressure which is greater than that obtainable for
a similar flow rate with a single stage. Although other re-
circulation and multiple stage concepts have previously
appeared in the literature,’-3 this concept is the first to
take advantage of the designer’s freedom to design the
track as well as the air cushion.

Analytical Model for Multiple-Stage Air Cushions

A diagram for a two-stage peripheral jet air cushion is
shown in Fig. 1. The geometrical parameters associated
with a two-stage air cushion are defined in Fig. 1. The
first stage is like a conventional peripheral jet for which
the pressure under the air cushion is maintained by the
change in momentum of the jet from inward-directed to
outward-directed.

Although a multiple-stage air cushion contains elements
of a conventional air cushion, the analysis is more com-
plex for the multiple-stage air cushion because of the pos-
sibility of flow beneath the outer stages. As shown in Fig.
1, the analytical model allows for air flow in both the
upper and lower channels.

Air flow through the channels was assumed to be one-
dimensional. This allowed rapid calculation of perfor-
mance for a wide range of geometric parameters. The ana-
lytical model was used to calculate the properties of the
air at stations r, ¢, o, [, and n. Equations which relate the
fluid properties at each of the five stations are



