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Controlled Recovery of Payloads at Large
Glide Distances, Using the Para-Foil
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Recent progress of Sandia Laboratory in the development of a small guidance and control
system and by the University of Notre Dame on the Para-Foil has indicated that the design of a
system capable of recovering a 150-Ib payload from altitudes greater than 300,000 ft and ranges
of from three to five times the deployment height (60,000 ft) is quite feasible. The Para-Foil is
a completely nonrigid, self-inflating flying wing, capable of being packed and deployed like a
conventional parachute and able to glide large distances. The guidance package is an elec-
tromechanical control system employing a direction-finding antenna to control the direction
of the Para-Foil's glide path with respect to a ground or shipboard transmitter. The recovery
system design program includes such parameters as size and weight of the recovery unit, size
of the payload (W/S wing loading), glide ratio and wind structure, and flare-out capabilities
in the recovery area. The full-scale recovery program includes numerous packing, deploy-
ment, and glide tests. These tests demonstrated successful deployment, excellent gliding
performance (JL/D = 3.88) and dynamic flight stability, and very low impact velocities during
the final recovery phases. Recent guidance and control tests also demonstrated excellent re-
sponse in maneuverability of the Para-Foil. This paper summarizes the design program and
the results of full-scale deployment and guided recovery flight tests and demonstrates the
potential of the Para-Foil for use in many space-age recovery programs.

Nomenclature

AR = aspect ratio (dimensionless)
6 = span, ft
C = chord, ft
CD = drag coefficient (dimensionless)
CL = lift coefficient (dimensionless)
VH — horizontal velocity with respect to air, fps
Vh — horizontal velocity, with respect to ground, fps
Vv = vertical velocity, fps
W = weight (payload), Ibs
Wi = wind velocity, ft/sec
W/S = wing loading, lb/ft2

x = horizontal space coordinate fixed to earth, ft
X = coordinate aligned with the velocity vector V, ft
z = vertical space coordinate fixed to earth, ft
Z = coordinate perpendicular to the velocity vector V, ft
a. = angle of attack, deg
7 = glide angle, deg
yw = glide angle with respect to ground, deg
p = density, slugs/ft3

Po = standard sea level density, slugs/ft3

a = density ratio p/t-0 (dimensionless)
X = wavelength, in.

Introduction

SINCE the middle of the 1940's, sounding rocket flights
have been conducted in order to make observations of the

earth's upper atmosphere. As the program progressed, in-
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creasingly sophisticated equipment was incorporated into the
launch vehicle, emphasizing the need for recovery of the
payloads.

Heretofore, primary recovery has been accomplished by
conventional parachutes which basically follow ballistic
trajectories due to drag and gravity. However, because of the
winds aloft, such a technique can cause large dispersion in the
final impact area or even loss of the payload.

The recent development of the Para-Foil1"10 now offers the
possibility of a recovery system possessing large glide ratios
in excess of 4 to 1. With a guidance and control system, the
Para-Foil can deliver a payload from large distances to pre-
determined locations.

The launch and recovery operation is shown in Fig. 1. The
launch vehicle carries the payload to an altitude of approxi-
mately 100 miles. The payload then follows a ballistic tra-
jectory until an altitude of 60,000 ft where a small conventional
drag chute will decelerate the payload to approximately 250
fps, at which time the Para-Foil system is deployed for the
final controlled gliding phase. Figure 1 also illustrates the
expected idealized glide path for the Para-Foil system under
no-wind and head-wind conditions.

Description of the Para-Foil J

The Para-Foil is a flying wing with an airfoil section and a
rectangular plan form (Fig. 2). It differs from the con-
ventional wing in the very important feature that it is com-
pletely nonrigid and therefore can be packed and deployed
like a conventional parachute. The Para-Foil obtains its
rigid flight configuration from the ram air pressure entering
the open leading edge and from the negative or reduced

t The Parafoil was invented by D. Jalbert and is a proprietary
product (patent 3285546) of Space Recovery Research Center
Inc., Boca Raton, Fla. It was later learned that the name
"Parafoil" had first been used by H. G. Geinrich of the University
of Minnesota, for some of his parachutes; however, with his con-
currence, the name "Para-Foil" or Jalbert Para-Foil, has been
applied to the new designs.
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pressures over the top cambered surface. It is actually com-
posed of individual air cells connected by porous nylon cloth
ribs to allow pressure equalization throughout the interior.
The exterior, i.e., the side profiles, and top and bottom sur-
faces are made of a nonporous nylon fabric. Therefore, the
air in each cell and in the Para-Foil as a whole is essentially
stagnant.

The flares, or pennants, along the bottom surface serve a)
to distribute evenly the payload forces along the bottom
surface, b) to reduce aerodynamic losses at the sides of the
unit, and c) to provide side area for obtaining dynamic flight
stability. Turn control is accomplished by asymmetrically
pulling on the outer rear shroud lines. Pitch control and
flare out capabilities can be accomplished by an even pull on
both lines. Furthermore, full-scale packing and deployment
tests demonstrate that this new system can be deployed like a
parachute and glide like a conventional rigid airplane wing.

Results of two years of research and development of the
Para-Foil at the University of Notre Dame,§ plus joint tests
with Sandia Laboratory, the Air Force, and NASA, have
yielded significant progress so that the full-scale guidance and
control tests necessary for the recovery operation could be
carried out. The design and testing of a special Para-Foil
and the associated Sandia Laboratory guidance and control
package are presented in the following sections.

Objectives of the Recovery Program

The goal of the sounding rocket recovery program is the
controlled recovery of a 150-lb payload after separation from
the booster system at altitudes of greater than 300,000 ft.
The payload would decelerate to subsonic velocities (250 fps)
after deployment of a small drag chute, at which time the
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Fig. 1 Typical launch and recovery operation.

Fig. 2 Para-Foil attached to nose cone.

Para-Foil could be deployed (60,000 ft) for the final con-
trolled glide phase to a predetermined recovery site.

The requirements10 for the gliding portion of the recovery
operation are 1) the system must be able to penetrate a 30-
knot head wind at sea level, while 2) maintaining a ground
trajectory of at least 1 to 1, 3) with a rate of descent of 30 fps
or less. The equations of gliding flight that follow will allow
the construction of a set of Para-Foil design curves for the
foregoing requirements.

Para-Foil Design Parameters

Gliding Flight

A Para-Foil in free gliding steady flight is shown in Fig. 3.
From the equations for its motions the glide angle is given by

7 = tan"
1

L/D (1)

This is the classic equation for the aerodynamic efficiency of
gliding flight. The higher the L/D ratio, the smaller the

FLIGHT IN THE WIND

Fig. 3 Para-Foil in
steady-state gliding
flight; glide require-
ments, Vh — Vv =
30 fps, wi = 50.7 fps,

yw = 45°.

§ All of the research studies were performed with wind tunnel
and full-scale Para-Foils provided by the Space Recovery Re-
search Center Inc.
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Fig. 4 Para-Foil gliding flight design curves; a = 0°-10°.

glide angle and, of course, the greater the gliding range. It is
important to notice that Eq. (1) is independent of the weight.

The velocity of the Para-Foil in gliding steady flight is

V = [2MG/pS(CL cosy + CD siny)]l/» (2)

V « [(2/pCL)(W/S)]1/* for small 7 (3)

Also, the horizontal and vertical components of velocity
may be computed from

and

VH = V COS7

Vv = V shi7

(4)

(5)

Gliding Requirements

One of the most important parameters required in the re-
covery operation is the wind-penetration ability of the system.
The requirement for wind penetration is that the Para-Foil
must maintain a jw = 45° in a 30-knot (50.7 fps) head wind
while maintaining a rate of descent of 30 fps or less at sea
level. This requirement may now be investigated by using the
concepts already developed. Using Fig. 3 it is seen that the
horizontal velocity of the Para-Foil must be at least VH =
80.7 fps. The total flight velocity must be at least V =
[80.72 + 302]1/2 = 86.1 fps. In addition, from Fig. 3, and
using Eq. (1), the minimum required L/D ratio must be 2.69;
i.e.,

L/D = 1 1
taii7 30/80.7 = 2.69

Furthermore, the gliding performance of the Para-Foil is
the same in a steady wind as in the no-wind condition. How-
ever, the Para-FoiPs ground speed changes with the wind
condition. Figure 3 represents this wind condition. Thus, to
an observer on the ground, the glide angle jw is quite different
under different wind conditions.

The glide angle which a ground observer would see is given
as

yw = tsm~l[Vv/(VH — Wi)] (head-wind case) (6)
It is readily seen that the Para-Foil would make no head-
way into the wind if Wi = VH. Therefore, the ability of the
Para-Foil to glide into a strong wind requires large velocity
and small 7. This means that a large wing loading (W/S),
Eq. (3), and a good L/D ratio, Eq. (1), are desired.

General Glide Angle Formula for yw = 45°

With the requirement that yw = 45°, VH can be set equal to
Vvj Fig. 3, from which it is seen that

f Vy) (7)

However, substituting Eq. (1) into Eq. (7),

Vv 1
Wi + VV~ (L/D)

is obtained, from which rate of descent is obtained as

Vv = (L/D) - 1

8a)

(8b)

This equation satisfies the mission requirement for jw =
45° and allows the determination of the necessary L/D and
rate of descent for any particular value of the head wind.
Values of the variables L/D, Vv, Wi, and W/S are plotted in
Fig. 4. As before, for a head wind of 30 knots (50.7 fps) and
a rate of descent of 30 fps, the required value of L/D is 2.69.
Equation (9), however, is a general equation that enables the
consideration of any wind, any rate of descent, and any L/D
ratio for which yw = 45°.

Wing Loading Requirements

Thus far, the wing loading required to produce the neces-
sary total velocity (of at least 86.1 fps) for a given L/D ratio
has not been considered. The wing loading is found from Fig.
3 to be

W
~S

CLp
2 cos7

72 =
CLP (Vv+

Substituting Eq. (8a) yields

W/S = (CLpVv*/2 cos7) [1 + (L/D)2]

(9)

(10)
This is the second basic equation used in the Para-Foil sys-

tem design to satisfy the mission requirement. Since CL,
L/D, and 7 are functions of a, then CL, 7, and a may be ex-
pressed as functions of L/D.

The necessary wing loading may be computed from Eq. (10)
for the values of Vv and L/D found from Eq. (8b) for a par-
ticular head wind, and for p. Once the wing loading is
known, the area of the Para-Foil required to carry the payload
may be determined.

To summarize, Eq. (8b) and Eq. (10) serve as the two
basic equations for Para-Foil design. Once the aerodynamic
characteristics of the Para-Foil are known, the basic design
charts based on these equations can be prepared and the
special Para-Foil area selected. Also, for a given area of the
Para-Foil the "off-design" performance can be computed from
these same general equations.

Aerodynamic Characteristics^

From wind-tunnel and full-scale free flight tests of various
Para-Foil configurations, Para-Foil model 125 was chosen as
the best unit for the recovery operation. The airfoil profile
of model 125 is presented in Fig. 5. This unit has a maximum
thickness of 21.5% at 0.25% chord.

The aerodynamic characteristics for this unit, CL, and L/D,
which are needed for the design equations, are presented in
Figs. 6 and 7. These data were obtained from wind-tunnel
tests of small models, both rigid and nonrigid, and gliding
tests for L/D values of full-scale models. These curves have
been adjusted for the proper aspect ratio and Reynolds num-
ber of the Para-Foil under consideration, and are believed to
represent a conservative estimate of the aerodynamic charac-
teristics of the full-scale model 125 in free gliding flight. De-
tails of the wind-tunnel testing procedure and the full-scale
free flight test program are presented in Ref. 6.

^ Subsequent to the preparation of this paper, full-scale Para-
Foils of AR — 2.0 and 2.5 have been successfully flight tested,
also wind-tunnel models of AR — 3 have been tested. Substantial
improvements in lift curve slope and L/D have been obtained.
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Fig. 5 Para-Foil design, model 125.

Mission Design Curves

The aerodynamic data for the Para-Foil may now be sub-
stituted into Eq. (10) and the basic Para-Foil design curve
prepared. Actually, two curves are prepared since there are
two angles of attack at which the same L/D ratio can be ob-
tained. One curve is for a < 10° and the other for a > 10°
(not shown). Figure 4 may now be used to determine the
area of the Para-Foil required to satisfy the mission specifica-
tions for various combinations of L/D, Vv, and Wi.

From Fig. 4 it is seen that for a Para-Foil with an L/D of
3.6 entering a 30-knot (50.7-fps) wind, the vertical velocity
(Vv) will be 19.5 fps (solid line). For this value of Vv the
required wing loading W/S is 2.25 lb/ft2 (dotted line). The
curves at sea level are used since the W/S for wind penetra-
tion is the most critical. For example, at 60,000 ft a Para-
Foil with the same L/D and W/S can penetrate a head wind
(Wi) of 163 fps and maintain a 1:1 trajectory. The Wi at
any altitude is the Wi at sea level divided by the density ratio
(a) at that altitude. Thus, a Para-Foil with a W/S of 2.3
and an area of 65.6 sq. feet is required.

Recommended Aspect Ratio (Span/Chord)

Parameters that must be taken into account in choosing
the aspect ratio are the aerodynamic efficiency (L/D) and the
payload location8 to insure proper inflation. Ideally, very
large aspect ratios would be preferred in order to obtain large
values of L/D. However, for the case of the Para-Foil, this
is not always practical. Since the Para-Foil is a completely

R I G I D WIND
TUNNEL MODEL
RN (Corrected) O x 106

AR = 2.0

Fig. 7 L/D vs a for
Para-Foil model 125.

5 10 15

ANGLE OF ATTACK « (DEGREES)

nonrigid system and dependent upon the dynamic pressure
for its inflation, it is of prime importance that the payload be
located at the proper position below the bottom surface to in-
sure proper inflation.

In order to achieve a conservative design and insure span-
wise rigidity, an aspect ratio of 1.5 was selected for the re-
covery Para-Foil. Such an aspect ratio is considered con-
servative for safe deployment, good aerodynamic efficiency,
and excellent flight stability. A summary of the design data
for the recovery Para-Foil is listed in Fig. 8.

Guidance Package Design

A block diagram of the control system for the automatic
parachute guidance unit is shown in Fig. 9. The basic system
consists of 1) a ground transmitter, 2) a specially designed
receiving antenna, 3) a receiver capable of AM reception, 4)
a reference oscillator, 5) a comparison circuit to operate the
proper control relay, and 6) a motor to drive the control line
of the parachute.

The system is designed to keep the unit pointed toward an
unmodulated transmitter by using the receiver antenna pat-
tern to determine the proper direction of control. The
reference oscillator drives the antenna switching network at
1-kHz. The switching network thus allows the receiver to
receive the rf signal from each antenna one-half of the time at
a rate of 1-kHz. The receiver output is amplified by an audio
amplifier and is then fed to a comparison circuit. The com-
parison circuit switching transistors are switched by the
same 1-kHz oscillator used with the antenna switching net-
work. The voltage difference is detected by the comparison
circuit. When a difference exists, there will be an output to
close a control relay to the control motor, to drive the control
lines of the Para-Foil. When no voltage difference exists,
neither control relay is closed. Thus, when the unit revolves

PAYLOAD LOCATION

MODEL #125
X = 5.74'
Y = 4.95'
2 =15.84'
SPAN =9.9'
AR= 1.5
CHORD = 6.6'
AREA = 65. 6 FT2

SHROUD LINES-7

-5 0 5 10 15 20

ANGLE OF ATTACK <* (DEGREES)

Fig. 6 CL vs a. for Para-Foil model 125. Fig. 8 Para-Foil nodal point rigging diagram.
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Fig. 9 Control system block diagram.

to either side of the desired flight path, the antenna closest to
the transmitter will have a larger rf signal, and a voltage dif-
ference is provided to operate the control lines to drive the unit
back to the null position.

Receiver Antenna

One method of obtaining guidance information is to utilize
the horizontal radiation pattern of two vertical antennas.
Terman11 shows that with appropriate spacing and phasing, a
cardioid pattern can be obtained. Also if the feedpoint is
switched from one antenna to the other, the cardioid pattern
is reversed. A combination of these patterns will then have
two crossover points of equal signal voltage. Guidance in-
formation can then be obtained by comparing the difference
in signal levels between the two patterns as they are alter-
nately switched. The problem of finding the optimum phas-
ing and spacing for high signal level and a steep slope at the
pattern cross-over points was simplified by using the data in
Ref. 12.

The antenna parameters are as follows:

length of antenna elements = 7.375 in.
spacing of antenna elements = 4.250 in.
diameter of ground plane = 12 in.
length of phasing line == 0.20X

The antenna system has a 2.8 to 1 voltage standing wave ratio
when measured at the base of the antenna. By use of a A/4
35-ohm transformer, this was improved to 1.7 to 1. A more
complete description of the control system is contained in Ref.
13.

Control of Para-Foil

Control of the Para-Foil is achieved by pulling on shroud
lines attached to flares in the rear corners. The number of
flares used depends upon the length of control line, travel of
the guidance system, and the control response time desired.
It was found for this control unit that a group of four lines on
each side consisting of two outboard trailing lines and the two
lines in front of these provided the most effective control.

ANTENNAS

o

The maneuverability of the Para-Foil is accomplished by
pulling on one of the two sets of control lines. A pull on the
right set causes the unit to bank to the right, whereas a pull on
the left causes a bank to the left. With this type of control,
lift is lost on the side deformed by the pull of the control line.
Therefore, control of this Para-Foil is produced by a "spoiler
effect" as opposed to the conventional aileron effect.

This method of control, therefore, necessitated that the con-
trol unit be attached to the Para-Foil so that the antenna
nearest the transmitter will cause the chain on its side to be
pulled down and thereby initiate a turn toward the trans-
mitter. The attachment of the guidance package and the
control sequence are illustrated in Fig. 10.

Flare-Out Capabilities

The ability of the Para-Foil to flare out upon landing has
been demonstrated very successfully in manned flights. By
pulling simultaneously on both control lines at about 5 to 10 ft
from the ground the jumper can abruptly increase the lift and
drag and thereby slow the vertical and forward speeds of the
Para-Foil to values which will allow a standup landing.

a) Accordian-folded, Para-Foil canopy

b) Para-Foil suspension line attachment to guidance
package, showing guidance chain

TRANSMITTER

Fig. 10 Para-Foil guidance sequence.

c) Packed Para-Foil

Fig. 11 Para-Foil packing procedure.
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The same control maneuver can be accomplished in the
unmanned system by causing an abrupt simultaneous pull on
the control lines of the guidance package or by a change in the
center of gravity of the system, i.e., by shifting the payload.
Either of these methods can be accomplished by conventional
sensing or pyrotechnique devices.

At the present time flare-out capabilities have not been
built into the guidance systems since the payloads have suc-
cessfully withstood the landings of the preliminary tests.
However, for more optimum and complex recovery require-
ments, flare-out upon landing may be desirable.

Para-Foil Packing and Deployment Procedures

Full-scale tests demonstrated the Para-FoiPs capability for
successful deployment from the packed condition. Pre-
liminary tests were carried out on numerous full-scale Para-
Foils (six designs) at Notre Dame University and at Sandia
Laboratory. These drop tests were conducted from aircraft
(15 drops), helicopter (16 drops), and from tethered units
(numerous), at altitudes ranging from 50 to 3000 ft. More
recently, successful drop tests have been carried on by the Air
Force at Wright Field, and in a new series by Sandia Labora-
tory.

A very successful packing technique has been developed by
Sandia in conjunction with the Kirtland Air Force Base Proto-
type Packing Facility. Two packing methods have been used
and found to give reliable deployment. The first method
consists of a series of light line ties which insure orderly de-
ployment of the accordian folded lines and canopy. The
second method presently being used is a deployment sleeve
into which the spanwise accordian folded canopy, Fig. 11, is
inserted. The sleeve is then accordian folded chord wise and
inserted in a cylindrical bag with canopy locking flaps to
insure lines-first deployment. The sleeve method is similar
to that used with personnel parachutes.

Flight Test Results

Deployment

Numerous tests to develop packing procedures for reliable
deployment and inflation have been made. These tests have
shown that several packing techniques can be used, two of
which are presented, and that the deployment of the Para-Foil
is extremely reliable.

Glide Ratio (L/D)

Tests to obtain L/D values on full-scale free gliding Para-
Foils have been carried out at the University of Notre Dame.
L/D values of 2.9 at a = 5° on model l2o?AR = 1.67, have
been obtained. This same model was then tested at Sandia
Laboratory's Tonopah Test Range (TTR), Tonopah Nev.,
on May 6, 1966. This test14 had full cinetheodolite camera

TRANSMITTER^

^^TRANSMITTER

IMPACT© ^\

IMPACTQ

TRANSMITTER
TURNED ON

Fig. 12 Radar plot
of a head-wind con-
trolled flight (1 in. =

1000 ft). / WINDS 21 KNOTS
/ FROM 277°

Fig. 13 Radar plot of a side-wind controlled flight (1 in.
1000 ft).

coverage. The average L/D for this flight, subtracting the
winds, was 3.88. This higher L/D ratio is probably due to a
higher trim a as can be seen from Fig. 7. The L/D values
from these tests demonstrates the ability of the Para-Foil to
successfully meet the gliding requirement.

Controllability

Of particular importance were the guidance and control
tests by the Sandia Laboratory. During the week of October
17, 1966, guidance tests were conducted at TTR, using the
standard Sandia Laboratory guidance package. Adequate
control and proper guidance are shown in the two radar plots
of Figs. 12 and 13. In Fig. 12, Para-Foil (AR = 1.86) with a
wing loading of 1.4 was dropped at an altitude of 5120 ft abs.
and a downwind range of 6500 ft. This Para-Foil was guided
to within 1800 ft of the transmitter while penetrating a 21-
knot head wind. This results in a 1:1 traj ectory for a 21-knot
head wind and a wing loading of only 1.4.

Figure 13 is the radar plot for the cross wind condition.
The same system was released at an altitude of 4200 ft abs.
and a range of 5000 ft. During this test, the guidance and
control transmitter was not turned on until later in the flight
(Fig. 13). As can be seen in the plot, at that time the Para-
Foil then homed on the transmitter and landed only 600 ft
away. The results of these preliminary tests confirm the
capability of the Sandia Laboratory guidance system and the
Para-Foil to be successfully controlled and guided to a pre-
determined location.

Future Plans

Plans are under way to further optimize the guidance pack-
age performance and to reduce its size by the use of integrated
circuits. A new test vehicle is being designed and fabricated
to allow the guided Para-Foil system to be carried by any
fighter aircraft with 14-in. lug spacing on an external pylon.
The test vehicle is identical with Sandia Laboratory's Nike-
Tomahawk payload, except for the addition of lugs and fins
for aircraft carriage and safe release and separation. This
vehicle will contain a telemetry package to measure the open-
ing and initial deceleration characteristics of the Para-Foil.
The antenna signal strength and operating characteristics of
the guidance package will also be telemetered during flight.

Future test plans include high-altitude, high Mach number
tests and low-altitude, high dynamic pressure tests with and
without the guidance package. Upon the successful com-
pletion of the flight test program, the Sandia Para-Foil re-
covery system will be used to return the payload from a high-
altitude Nike-Tomahawk rocket flight.

RELEASE-O-/"'
/COURSELINE

277°
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Some Contributions on a Control-Surface Buzz
at High Subsonic Speeds

YASUHARU NAKAMURA*
National Aerospace Laboratory, Tokyo, Japan

A type of control-surf ace buzz occurring at high subsonic speeds where the shock waves
form upstream of the flap is investigated. Experiments are made with a two-dimensional,
airfoil-flap combination model at Mach numbers ranging from 0.78 to 0.81. First, measure-
ments are taken of the amplitudes of the flap angle at the limit cycle of buzz and of the un-
steady aerodynamic hinge moment for small oscillations using a free oscillation method.
Second, optical observations of the flow around the model during the growth of buzz are made
by means of a high-speed schlieren cinematography. The effects of frequency parameter
and Reynolds number on the buzz characteristics are studied. It is shown that the separated
flow behind the shock is responsible for the onset of the instability. On the basis of the pres-
ent experimental results, a semi-empirical method of obtaining the unsteady pressure dis-
tribution over the surface of an airfoil at high subsonic speeds including shock wave is dis-
cussed and a possible mechanism of the onset of buzz is proposed. Furthermore, a method
depending on the use of an air jet issuing from the upper surface of the airfoil was successfully
devised in order to prevent the onset of this type of instability.

Nomenclature
ai = local speed of sound immediately upstream of shock
c, CF = chord length of airfoil and flap
hp = aerodynamic stiffness derivative of unsteady hinge

moment [= pV2cF
2(hp + ivh^}(3eiut]

— hp = aerodynamic damping derivative of unsteady hinge
moment
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H = total unsteady hinge moment derivative vector =
h& + ivhp

H0 = unsteady hinge moment derivative vector for hypo-
thetical nonseparated flow

AH = incremental hinge moment derivative vector due to
flow separation

| AH | = magnitude of AH
Ho = stagnation pressure of freestream
MI = local Mach number of flow immediately upstream of

shock
M = Mach number of freestream
p0 = static pressure of shock-free distribution at mean

position of shock
Pit P^ = static pressures of flow immediately upstream and

downstream of shock
R = Reynolds number based on chord length of airfoil
t = time
us = velocity of forward movement of shock
V = air velocity
x, xs = distance along chord from leading edge
|8 = flap angle


